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Abstract Holotrichia longipennis Blanch. (Coleoptera:
Scarabaeidae) is a serious pest of commercial crops in
Siduwa, Dhankuta, Nepal. Seven indigenous isolates of
entomopathogenic nematodes (Steinernema lamjungense
LMTS, S. lamjungense SS4, S. everestense DKP4, S. ab-
basi CS1, S. sp. KL1, Heterorhabditis indica CK2 and
H. indica CK6) were used in a series of bioassays against
the insect. All isolates showed an increased dispersal in
response to H. longipennis. Nematodes were more attracted
towards third instar larvae than to second instars. Differ-
ences in penetration and multiplication in the insect were
observed amongst the seven isolates. Steinernema lam-
jungense LMTS5, S. everestense DKP4 and S. abbasi CS1
caused greater mortality than other isolates to different
developmental stages. Pupae and second instar larvae were
more susceptible than third instar larvae. Significant dif-
ferences were observed in LTso, values of the isolates
against different stages of H. longipennis. Three isolates
(S. lamjungense LMTS5, S. everestense DKP4 and S. abbasi
CS1) along with a commonly wused insecticide
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(chlorpyrifos) were tested against this insect in pot and
field experiments. In pot experiments using maize and
cabbage as a host crop, S. lamjungense LMTS and
S. everestense DKP4 performed better than S. abbasi CS1
and yielded a mortality comparable with chlorpyrifos.
Similar results were observed in field experiments 3 weeks
after nematode application. These experiments overall
suggest S. lamjungense LMTS5 to be a promising biocontrol
agent against H. longipennis followed by S. everestense
DKP4 and S. abbasi CS1.
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Introduction

White grubs are the soil inhabiting root-feeding larvae of
scarab beetles (Coleoptera: Scarabaeidae). They cause
significant damage to many agricultural and horticultural
crops, ornamentals, plantation crops, lawn, turf, pasture
and forest trees around the world (Jackson 1992; Grewal
et al. 2005). In Nepal, white grubs are important pests of
many crops including cereals (maize, millet and upland
rice), spices (ginger and large cardamom), potato, vegeta-
bles and tea. White grubs of the genera Phyllophaga
Harris, Holotrichia Hope, Anomala Samouelle, Maladera
Mulsant and Rey and Popillia Serville are reported as
major pests (GhartyChhetry et al. 2009). Within the genus
Holotrichia, H. longipennis Blanch. is one of the major
species damaging maize, potato and vegetable crops in
Sidhuwa, Dhankuta (2,200 m asl). Holotrichia longipennis
is also one of the dominant species in the hilly region of
north western India, causing severe damage to various
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crops like finger millet, upland paddy, maize, soybean,
potato, chilli, tomato, cabbage, aubergine and black gram
(Singh et al. 2004). The species has a 1-year life cycle
(Mishra and Singh 1993). The total larval period ranges
from 214 to 262 days. Grubs overwinter in the third instar
stage.

Farmers in Sidhuwa are using cultural (summer
ploughing and exposing larvae to outer environment),
mechanical (collecting and killing of grubs) and chemical
(e.g. carbofuran and chlorpyrifos) strategies to reduce the
damage caused by H. longipennis. However, none of these
approaches are successful. Therefore, farmers are looking
for effective, ecologically and economically viable alter-
natives for the control of this pest.

Entomopathogenic nematodes (EPN) of the genera
Steinernema Travassos and Heterorhabditis Poinar are
extensively studied biological control agents and com-
mercially used around the world (Ehlers 2001). These
nematodes are highly virulent, kill their hosts quickly and
can be cultured in vivo or in vitro (Ehlers 1996). They
persist long time in soil (Susurluk and Ehlers 2008) and
offer further control of target pests in the field. Nematode
induced mortality in the field differs with the soil temper-
ature (Susurluk 2008) and soil type (Toepfer et al. 2010).
The biocontrol potentiality of any EPN strain/species also
differs with different host species (Herrera and Gutiérrez
2009). Many EPN species have been tested against
different species of white grubs. Laboratory experiments
showed that EPN species differ in their virulence to dif-
ferent white grub species ranging from 0 to 100% (Grewal
et al. 2005).

A recent survey on native EPN in Nepal recovered
29 isolates of steinernematids and heterorhabditids (Khatri-
Chhetri et al. 2010); two new species have been described,
viz. S. everestense (Khatri-Chhetri et al. 2011a) and
S. lamjungense (Khatri-Chhetri et al. 2011b). In view of the

problem caused by H. longipennis in Sidhuwa, we aimed to
screen the collected isolates for their potential as biocontrol
agents against this insect. We examined different phases of
the interaction between the EPN and their host: viz. the
degree of attraction towards the host, the ability to pene-
trate the host, the virulence in different experimental arenas
and the extent of nematode propagation in the host. Thus, a
series of laboratory bioassays, pot and field experiments
were conducted to clear-up these phenomena and to find
the most suitable EPNs candidates.

Materials and methods
The insects

Second and third instars of H. longipennis were collected
from Sidhuwa, Dhankuta during November 2008, and
February and August 2009. Grubs were kept individually in
60-ml plastic containers filled with soil to which carrot
slices were added. The containers were stored at room
temperature (22 £ 2°C) before use in the experiments.

The nematodes

Based on a preliminary screening considering the virulence
of 1,000 IJs of the 29 isolates to third instar larvae (L3) of
H. longipennis, seven isolates (Table 1) were selected for
all bioassays, except for the third assay on migration in
response of H. longipennis in which only five isolates
(Table 1) were used. In the pot and field experiments, three
isolates were compared (Table 1). The nematode isolates
were cultured in Galleria mellonella L., collected from the
cadavers in modified White traps (Woodring and Kaya
1988) and stored at 12—-15°C. The nematodes used in the
experiments were 15-30 days old.

Table 1 Species/isolates of Nepalese entomopathogenic nematodes used in bioassays, pot and field experiments against Holotrichia longipennis

Species Isolate Experiments
code - - } B .
Migration Penetration Multiplication Virulence
Horizontal and Horizontal (L2 Bioassays Pot Field
vertical (L3) & L3) experiments experiments
Steinernema CS1 + + + + + + +
abbasi
S. lamjungense ~ LMTS + + + + + + +
SS4 + - + + + — -
S. everestense DKP4 + + + + + + +
S.sp. C KL1 + + + + + - _
Heterorhabditis  CK2 + + + + + — _
indica CK6 + _ + T + _ B
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Nematode dispersal

Vertical or horizontal migration in response
to H. longipennis

Three bioassays were conducted to observe the response of
the isolates to the presence of H. longipennis larvae. Two of
them were to measure the vertical or horizontal migration of
nematodes in response to third instar larvae. In these bio-
assays, three pieces (each of 3 cm length) of PVC pipes
(2.5 cm diameter) were taped together. The pipes were filled
with autoclaved sand (moisture: 10-12%, particle size:
125-500 pm) that was washed with tap water to remove
extra fine particles before autoclaving. A single L3 was
caged within an aluminium mesh stapled carefully around
the grub (Koppenhofer and Fuzy 2008) at the last section at
one end; pipes were closed with adhesive tape at both ends.
Twenty-four hours after set-up of the experiment, 1,000 1Js
of one of the selected isolates suspended in 1 ml of water
was administered at the end opposite to the insect. The
treatments were replicated 15 times; five additional pipes
were kept without insects and used as control in each
treatment. Pipes were kept vertically or horizontally at 20°C.

Influence of host stage on nematode migration

This bioassay was conducted to measure the response of
nematodes to a simultaneous exposure of different devel-
opmental stages, viz. second instar larvae (L2, 370 %+
48 mg) and third instar larvae (L3, 1,002 £ 85 mg) of
H. longipennis. The experimental set-up was similar to the
one used in the assay on horizontal migration. Six pieces of
PVC pipes were tied together. One L3 and L2 were placed at
the last section of opposite ends of the pipes. A total of
1,500 1Js (the number was increased in this larger arena in
order to secure enough nematodes during observation and
extraction) suspended in 1 ml of water were administered at
the centre. Each treatment was replicated 12 times.

In each of the three bioassays, the pieces of PVC pipes
were untied 24 h after nematode application; sand from
each piece was collected in individual beakers. Grubs were
also rinsed and rinsate was added to the sand of the end
section. By agitation and decantation, the supernatant was
collected and all nematodes present were counted. Grubs
were kept 3—4 days in isolation in 60-ml plastic containers
filled with autoclaved sand before checking whether they
were dead. As none of the grubs were dead after isolation,
the grubs were not dissected.

Virulence in bioassays

Two bioassays were conducted to estimate the virulence
of the isolates to different developmental stages of

H. longipennis. The bioassays were done in 60-ml plastic
containers filled with 25 g autoclaved sand (moisture:
10-12%, particle size: 125-500 um) and kept at 22 + 2°C.
In the first bioassay, L2 (370 + 48 mg) and L3 (1,002 £
85 mg) were used whereas in the second one, L3 and pupae
were considered. One millilitre of distilled water contain-
ing 1,000 IJs (equivalent of 5 x 10° IJ/ha) was adminis-
tered per insect/container. Control treatments received 1 ml
of distilled water only. The treatments were replicated 20
times, and each assay was repeated two more times.
Observations on number of dead and living insects were
taken at weekly interval during four (first assay) or 3 weeks
(second assay). The cadavers were dissected to confirm
nematode infection.

Host penetration and multiplication

At the first observation (1 week after inoculation) of the
first virulence bioassay (see above), 10 L3 cadavers caused
by each isolate were selected from the first experiment and
its repetitions and dissected in distilled water, and nema-
todes were counted. From the later observations of the first
bioassay, 10 L3 cadavers caused by each isolate were
selected randomly and kept in individual modified White
traps (Woodring and Kaya 1988) for 1Js emergence. The
emerging juveniles were collected and stored in an incu-
bator; nematodes present in five sub samples of each rep-
lication were counted.

Pot experiments
Maize

Plastic 5-1 pots were filled with 6,500 g autoclaved sand
(75.9% sand, 16.2% silt, 7.9% clay; pH: 5.1; OM: 3.1%;
N: 0.15%, P,Os: 259 kg/ha and K,O 134 kg/ha; 12%
moisture content). Maize (cv. Hill Pool) was seeded and
allowed to grow (8 plants/pot) for 4 weeks before eight
L3 (255/m?) were introduced per pot. Grubs that did not
enter the soil before the two following hours were
replaced.

Seventy-two hours after the introduction of the grubs,
approximately 7,000 IJs were inoculated as a 10-ml sus-
pension per pot (2.5 x 10° IJ/ha) in a circular furrow
around the plants. Chorpyriphos (Deviban 1.5 DP, Dev-
idayal Agro Chemicals, India) was applied in a similar way
at 1.2 mg a.i. (25 kg/ha) as a chemical reference. The
untreated control pots received only the same quantity of
water. Pots were kept in a completely randomized design in
a screen-house (25 £ 2°C) of Plant Pathology Division of
Nepal Agricultural Research Council (NARC) at Khum-
altar, Lalitpur, Nepal. Soil moisture was maintained. Each
treatment was replicated 16 times. After 7, 14, 21 and
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28 days of EPN application, four pots of each treatment
were observed destructively and the number of live grubs
counted. Whenever dead grubs were found, their death
caused by nematodes was confirmed after dissection. Live
grubs collected were kept for incubation for 1 week more,
and the number of dead grubs was added up to the previous
data.

Cabbage

A second series of pot experiments was conducted with
cabbage as host for the insect. The experimental set-up was
the same as for maize. In this experiment, the 5-1 pots were
filled with 5,500 g EPN-free sandy soil; two cabbage
seedlings (cv. Green coronet) at four leaves stage were
planted per pot. The plants were allowed to grow for
4 weeks before eight L3 (255/m?) were introduced per pot.
The five treatments were replicated 15 times. The insect
larvae were observed at 7, 14 and 21 days after EPN
application. For each treatment, five pots were observed at
a time.

Field experiments

A white grubs-infested field with loamy soil (47.9% sand,
36.2% silt, 15.95% clay; OM: 6.20%, pH: 4.8; N: 0.3%,
P,Os5: 156 kg/ha and K,O: 672 kg/ha) was selected in the
vegetable and potato production area of Sidhuwa, Dhank-
uta, Nepal. The absence of EPN was confirmed before
planting by baiting soil samples with G. mellonella. The
cropping pattern on the field was cabbage—mix of maize
and potato—cabbage. Twenty ton farm yard manure and
70:50:40 kg NPK/ha were applied per hectare before
planting cabbage (cv. Green coronet) at a density of
50 cm x 30 cm.

The experiment was organised as a randomised com-
plete block design with five treatments and five replicates.
The plots (2 m x 2 m) were separated by a 50-cm border.
The treatments consisted of: the application of 10° IJs
(2.5 x 10” IJ/ha) of one of the selected nematode isolates
at 21 days after transplanting (DAT) with a watering can
(2.5 1/plot); chorpyrifos at 0.15 g a.i. (Deviban 1.5 DP at
25 kg/ha as recommended by the company) suspended in
the same volume of water and applied with the watering
can; and the untreated control that received only 2.51
water. The treatments took place at 5:00 pm. At that time,
the air and soil temperature (—5 cm) were 19°C and 17°C,
respectively. The application was followed immediately by
a light sprinkler irrigation that was repeated the following
day.

The start population of grubs was estimated in each plot
with 3 sampling units of 50 cm x 50 cm each (30 cm
deep). The field population in different plots (35-50 grubs/
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sq m) was composed of 85-90% H. longipennis (75% L3
and 25% L2); the remaining grubs could not be identified.
The whole population was considered for further obser-
vations. The reduction of the grub population was esti-
mated 3 and 19 weeks after nematode application using the
same procedure.

Statistical analyses

In the assays examining the migration of nematodes in sand
column, the total number of nematodes found in all sec-
tions was calculated and taken as 100%. Subsequently, the
percentage of nematodes found in each section was cal-
culated. Data were normalised by arcsine square root
transformation. Data obtained in other bioassays were
square root (% data) or log (number) transformed whenever
necessary for normalisation. In all experiments measuring
the mortality of the grubs, mortality was corrected
according to Abbott (1925) prior to statistical analysis.
Data from repeated virulence bioassays were combined for
analysis with repetition being a factor. Cumulative data on
mortality of grubs along with time were used for analysis.
Data were subjected to analysis of variance or Kruskal—
Wallis test whenever assumptions for ANOVA were not
met. When differences were found, means were separated
with Duncan’s test or Tamhane’s test. In the bioassays
comparing the nematode migration towards L2 or L3, data
were subjected to a non-parametric Wilcoxon signed
ranked test. Similarly, in the experiments comparing the
mortality of two stages, data were subjected to independent
sample ¢ test. LTso-values of isolates against different
developmental stages of H. longipennis were calculated
using Probit analysis. Data of time series were analysed
using a regression analysis. Differences amongst means in
all experiments were considered significant at P < 0.05.
All analyses were conducted using SPSS. Mean + SE are
presented.

Results
Nematode dispersal
Vertical migration

In general, the majority of nematodes remained in the
section of application; gradually smaller numbers of nem-
atodes were found in subsequent sections. In the control
pipes without insect, none of the isolates moved up to the
last section thereby covering a 6 cm distance (Fig. la).
Significant differences in movement were found amongst
different isolates in both first and second sections (0-3 cm:
F=36,df =6,28, P <0.0l;3-6 cm: F = 3.70, df = 6,
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Fig. 1 Vertical migration in absence a and in presence b of third
instar larvae of Holotrichia longipennis in 24 h at 20°C to three
different sections of sand columns of 3 cm each in PVC pipes (2.5 cm
diam) (mean % =+ SE) of seven isolates of entomopathogenic
nematodes. To the opposite end of the caged grub, 1,000 IJs were
applied. Bars headed (different case and fonts used for different
distances from the point of application) by the same letter are not
significantly different (P > 0.05). LMTS and SS4 = Steinernema
lamjungense, CS1 = S. abbasi, CK2 and CK6 = Heterorhabditis
indica, KL1 = S. sp. E and DKP4 = S. everestense

28, P < 0.01, respectively). In the first section (0-3 cm),
the lowest numbers of nematodes was found for isolates S.
lamjungense SS4 (86.6%) and S. lamjungense LMTS5
(88.8%), whereas the highest number was obtained for
isolates H. indica CK6 (94.9%) and H. indica CK2 (94.8%).
In the middle section (3—6 cm), the lowest number of
nematodes was found for isolates H. indica CK6 (5.1%),
H. indica CK2 (5.2%) and S. sp. KL1 (5.6%), whereas the
highest number was found for isolates S. lamjungense SS4
(13.4%) and S. lamjungense LMTS5 (11.1%).

When exposed to H. longipennis, significant differences
in migration (Fig. 1b) were observed amongst the isolates
in each section (0-3cm: F =1242, df=6, 98,
P <0.001; 3-6cm: F =956, df =6, 98, P <0.001;
6-9cm: F=16.5, df=6, 98, P <0.001). In general,
S.  lamjungense LMTS5, S. lamjungense SS4 and

S. everestense DKP4 migrated in greater numbers than
other isolates towards the grub (Fig. 1b).

Horizontal migration

As observed in the vertical migration experiment, the
majority of nematodes remained in the section of appli-
cation; gradually smaller numbers of nematodes were
found in subsequent sections. In tubes without insect, none
of the isolates moved up to the last section thereby cov-
ering a 6 cm distance (Fig. 2a). Significant differences
were found amongst different isolates in both first sections
(03 cm: F=474, df=6, 28, P<0.01; 3-6cm:
F =6.58, df =6, 28, P <0.001). In the first section
(0-3 cm), the smallest numbers were found for all isolates
(82.5-91.5%), except for S. abbasi CS1 (95.7%). In the
middle section (3—6 cm), the smallest numbers were found
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Fig. 2 Horizontal migration in absence a and in presence b of third
instar larvae of Holotrichia longipennis in 24 h at 20°C to three
different sections of sand columns of 3 cm each in PVC pipes (2.5 cm
diam) (mean % =+ SE) of seven isolates of entomopathogenic
nematodes. To the opposite end of the caged grub, 1,000 IJs were
applied. Bars headed (different case and fonts used for different
distances from the point of application) by the same letter are not
significantly different (P > 0.05). LMTS5 and SS4 = Steinernema
lamjungense, CS1 = S. abbasi, CK2 and CK6 = Heterorhabditis
indica, KL1 = S. sp. E and DKP4 = S. everestense
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for S. abbasi CS1 (4.3%) and S. sp. KL1 (8.5%); the
greatest number was observed for all other isolates
(11.2-17.5%).

When exposed to H. longipennis, significant differences
in migration (Fig. 2b) were observed amongst the isolates
in each sections (0-3 cm: F = 13.16, df=6, 98,
P <0.001; 3-6cm: F=8.7, df =6, 98, P <0.001;
6-9 cm: ;{2 = 64.963, df = 6, P < 0.001). In general, five
isolates (S. lamjungense LMTS, S. lamjungense SS4, S.
everestense DKP4, H. indica CK2 and H. indica CK6)
migrated in greater numbers simultaneously towards the
grub whereas S. abbasi CS1 and S. sp. KL1 migrated in
lower numbers (Fig. 2b).

Influence of host stages on horizontal nematode dispersal

Significantly greater numbers of nematodes were observed
in the sections leading to the L3 than to the opposite sec-
tions (leading to L2) for all steinernematid isolates
(S. lamjungense LMTS: z =290, P <0.01; S. abbasi
CS1: z = 2.74, P < 0.01; S. everestense DKP4: 7z = 2.98,
P <0.01 and S. sp. KL1: z = 2.82, P < 0.001); no dif-
ferences were observed for H. indica CK2 (z = 0.17,
P > 0.05). Between 37 and 39% of the steinernematid
isolates were found towards L2 (Fig. 3a). Similar results
were observed when comparing the percentage of nema-
todes that had reached the last section (6-9 cm) (S. lam-
jungense LMTS: z =2.82, P <0.01; S. abbasi CSl:
z =2.03, P <0.05; S. everestense DKP4: z =2.74, P <
0.01; S. sp. KL1: z =2.66, P <0.01; H. indica CK2:
z = 0.10, P > 0.05). 0.5% (S. abbasi CS1) to 2% (S. lam-
jungense LMTS) of the nematodes were extracted from the
last section towards L2; 0.82% (H. indica CK2) to 5.9%
(S. lamjungense LMTS5) of the nematodes were extracted
from the last section towards the L3 (Fig. 3b).

Virulence
Mortality rates of larval stages in bioassays

The overall mortality induced by the EPNs to L2 and L3
ranged from 35.6 to 83%. In general, L2 were more sus-
ceptible than L3. The greatest mortality of L2 was
observed for S. everestense DKP4 (83%), S. lamjungense
LMTS5 (78.3%) and S. abbasi CS1 (75%) and the lowest for
H. indica CK6 (44.8%). In case of L3, the greatest mor-
tality was observed for S. lamjungense LMTS (72.8% to
L3) and the lowest for H. indica CK6 (35.6%) and
H. indica CK2 (41%) (Fig. 4a). In overall statistics, sig-
nificant differences in virulence were observed amongst the
isolates (F = 66.09, df =6, 112, P < 0.001), time of
observation (F = 323.47, df =3, 112, P <0.001) and
stage of host insect (F = 107.16, df = 1, 112, P < 0.001).
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Fig. 3 Migration (mean % =+ SE) in 24 h at 20°C of five isolates of
entomopathogenic nematodes in sand columns (PVC pipes: 2.5 cm
diam) in response to concurrent exposure to second (L2) and third
(L3) instar larvae of Holotrichia longipennis. Grubs were caged in
two opposite ends of PVC pipes, and 1,500 1Js were applied at the
centre of the sand column. a Percentage of nematodes found at either
side of point of application, b Percentage of nematodes in the section
(6-9 cm). For each isolate, bars or figures without asterisk are not
significantly different (P > 0.05). LMT5 = Steinernema lamjun-
gense, CS1 = S. abbasi, CK2 = Heterorhabditis indica, KL1 =
S. sp. E and DKP4 = S. everestense

Significant interactions were observed between iso-
lates * time of observation (F = 3.04, df =18, 112,
P < 0.001), isolates * stage of host insect (F = 6.85,
df =6, 112, P < 0.001) and time of observation * stage
(F =859, df =6, 112, P <0.001). Regression of cor-
rected mortality on time of observation indicated a sig-
nificant linear relationship between mortality and time with
variation in slopes between isolates (Table 2). Significant
differences in LT, values for L2 (F = 16.80, df = 6, 14,
P < 0.001) and L3 (F = 3.46, df = 6, 14 P < 0.05) were
observed (Table 2). The analysis of cumulative mortality
as observed at the end of the bioassay yielded significant
differences in virulence between the isolates (L2:
F=17.65,df =6, 14, P <0.001; L3: F =9.84, df = 6,
14, P < 0.001). Differences in mortality of L2 and L3 were
observed for S. lamjungense SS4 (t = 4.85, df =4,
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Fig. 4 Cumulative corrected mortality (mean % =+ SE) caused by
seven isolates of entomopathogenic nematodes at 22 + 2°C to different
stages of Holotrichia longipennis after four a or three b weeks exposure
to L2 and L3 (a) and, pupae and L3 (b). In the sand filled plastic
container (60 ml), 1,000 IJs per insect were administered and obser-
vation taken at weekly interval after inoculation. Bars headed (different
case used for different stage) by the same letter are not significantly
different (P > 0.05). For each isolate, bars without asterisk are not
significantly different (P > 0.05). LMT5 and SS4 = Steinernema
lamjungense, CS1 = S. abbasi, CK2 and CK6 = Heterorhabditis
indica, KL1 = S. sp. E and DKP4 = S. everestense

P <0.01), S. abbasi CS1(t = 3.25, df =4, P <0.05),
H. indica CK2 (t = 3.20, df = 4, P < 0.05), S. sp. KL1
(t=23.71, df =4, P<0.05) and S. everestense DKP4
(t =445, df =4, P <0.05), but not for S. lamjungense
LMTS5 (t = 1.12, df = 4, P > 0.05) and H. indica CK6
(t=1.72,df = 4, P > 0.05).

Mortality rates of L3 and pupae in bioassays

The overall mortality induced by the EPNs to L3 and pupae
ranged from 32.3 to 93.3%. In general, pupae were more
susceptible than L3. With respect to the mortality of both
L3 and pupae, S. lamjungense LMT5 caused the greatest
mortality (69% to L3 and 93.3% to pupae); the smallest
mortality was observed for H. indica CK2 (32.3% to L3 &
70% to pupae) (Fig. 4b). In overall statistics, significant

differences in virulence were observed amongst the isolates
(F = 56.15, df = 6, 84, P < 0.001), time of observation
(F = 385.50, df =2, 84, P <0.001) and stage of host
insect (F = 532.27, df = 1, 84, P < 0.001). Insignificant
interactions were observed between isolates * time
(F = 0.525,df = 12, 84, P > 0.05) and isolates * stage of
host insect (F = 0.685, df = 6, 84, P > 0.05), but there
was a significant interaction between observation time * -
stage of host insect (F = 21.06, df = 2, 84, P < 0.001).
Regression of corrected mortality of pupae on duration of
time indicated a significant linear relationship with varia-
tion in slopes (Table 2). Significant differences in LTsq
values for pupae (F = 10.96, df = 6, 14, P < 0.001) were
observed (Table 2). The trends of isolates causing mor-
tality of L3 were similar as in the previous bioassay; hence
the regression analysis and Probit analysis were not done.
The analysis of cumulative mortality at the end the bio-
assay yielded significant differences between the isolates
for both L3 and pupae (L3: F =8.96, df =6, 14,
P < 0.001; pupae: F = 8.16, df = 6, 14, P < 0.001). In
general, greater mortality was observed in pupae than in
L3. Significant differences in mortality of L3 and pupae
were observed for all isolates: S. lamjungense LMTS
(t=542, df=4, P<0.01), S. Ilamjungense SS4
(t=17.33, df =4, P <0.005), S. abbasi CS1 (t =7.16,
df =4, P <0.005), H. indica CK2 (t = 6.68, df =4,
P < 0.005), H. indica CK6 (t = 10.58, df = 4, P > 0.001),
S.sp. KL1 (t = 4.67,df = 4, P < 0.05), and S. everestense
DKP4 (t = 4.79, df = 4, P < 0.05).

Host penetration and multiplication

Significant differences in nematode penetration into L3 of
H. longipennis were observed between isolates (F = 6.19,
df = 6,63, P < 0.001). The greatest penetration was found
for S. lamjungense LMTS (7.3%), S. sp. KL1 (6.8%) and S.
everestense DKP4 (5.8%); the lowest penetration was
observed for H. indica CK2 (3.8%), H. indica CK6 (4.3%)
and S. abbasi CS1 (4.9%) (Fig. 5a). Similarly, significant
differences between nematode isolates in multiplication
were observed on L3 of H. longipennis (F = 107.114,
df =6, 63, P <0.001), the greatest multiplication was
observed for S. lamjungense LMT5 (39.9 1J/mg) and the
smallest for H. indica CK2 (7.9 1J/mg), H. indica CK6 (8.2
1J/mg) (Fig. 5b).

Mortality in pot experiments
Maize

At the last observation (28 days), the greatest mortality
(65.63%) was observed for both S. lamjungense LMTS and
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Table 2 Regression analysis and LTsq values (in weeks) of seven entomopathogenic nematode isolates against different stages of Holotrichia

longipennis

EPN isolate Regression equation F df P R’ LTso 95% CL
Second instar larvae (L2)

LMTS Y = 2728 + 13.38X 60.31 1, 10 <0.001 0.858 1.69a 1.24-2.04
SS4 Y =956 + 12.53X 239.29 1, 10 <0.001 0.960 3.23¢ 3.0-35
CS1 Y =13.77 4+ 15X 172.78 1, 10 <0.001 0.945 2.34b 215-2.52
CK2 Y = 20.57 + 10.74X 45.82 1, 10 <0.001 0.821 2.74bc 2.36-3.18
CK6 Y =399 + 10.97X 50.71 1, 10 <0.001 0.835 4.12d 3.7-4.4
KL1 Y = -223 4 18.69X 114.07 1, 10 <0.001 0.919 2.82bc 2.54-3.13
DKP4 Y =3.56 4+ 21.59X 86.14 1, 10 <0.001 0.896 2.13ab 1.83-2.40
Third instar larvae (L3)

LMTS Y =29.65 + 11.39X 46.14 1, 10 <0.001 0.822 1.78a 1.21-2.16
SS4 Y =1224 4+ 9.67X 27.55 1, 10 <0.001 0.734 3.87bc 3.26-5.17
CS1 Y = 13.67 + 11.64X 128.49 1, 10 <0.001 0.928 3.13ab 2.88-3.43
CK2 Y =4.65 + 9.54X 48.96 1, 10 <0.001 0.830 4.53¢ 4.1-5.20
CK6 Y=13.11 + 6.2X 15.03 1, 10 0.003 0.600 5.98d 4.47-9.88
KL1 Y =461+ 11.30X 18.63 1, 10 0.002 0.651 3.94bc 3.23-5.84
DKP4 Y =12.07 + 12.7X 43.11 1, 10 <0.001 0.812 3.00ab 2.5-35
Pupae

LMTS5 Y = 3722 + 20X 36.88 , <0.001 0.840 0.64a 0.49-0.93
SS4 Y =333+ 275X 101.64 1, <0.001 0.936 1.63 cd 1.41-1.84
CS1 Y = 1833 + 21.67X 107.54 1, <0.001 0.939 1.48bc 1.26-1.70
CK2 Y =3.89 + 23.33X 50.19 1, <0.001 0.878 1.98d 1.77-2.19
CK6 Y =11.67 + 22.50X 68.04 1,7 <0.001 0.907 1.71 cd 1.49-1.92
KL1 Y =222+42417X 36.72 1,7 <0.001 0.840 1.98d 1.77-2.19
DKP4 Y =30 + 20X 28.00 1,7 0.001 0.800 1.09ab 085-1.32

The data on LTsq values of respective stage followed by same letter(s) are not significantly different (P > 0.05). LMTS5 and SS4 = Steinernema
lamjungense, CS1 S. abbasi, CK2 and CK6 Heterorhabditis indica, KL1 S. sp. E and DKP4 S. everestense

chlorpyrifos followed by S. everestense DKP4 (54.91%)
(Fig. 6a); the mortality obtained after S. abbasi CS1 was
significantly lower. Significant differences in grub mor-
tality were observed between the treatments (F' = 12.49;
df =3, 48; P <0.001) and times of observation
(F =22.69; df=3, 48; P <0.001); the interaction
between isolates and moment of observation, however, was
not significant (F = 0.467; df =9, 48; P > 0.05). The
mortality gradually increased over time; the regression
analysis of corrected mortality over time indicated a sig-
nificant linear relationship (Table 3). Between the nema-
tode isolates, the coefficient indicating the intercept of the
regression equation was the highest for S. lamjungense
LMTS; the intercept for chlorpyrifos was the double as the
one for the nematode.

Cabbage
At the last observation (21 days), the greatest mortality

(55.71-61.90%) was observed for S. lamjungense LMTS
(55.71%), S. everestense DKP4 (59.05%) and chlorpyrifos
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(61.90%) (Fig. 6b); the mortality obtained after S. abbasi
CS1 was significantly lower. Significant differences in grub
mortality were observed amongst the treatments
(F =9.86; df=3, 48; P <0.001) and moments of
observation (F = 33.55; df =3, 48; P <0.001); the
interaction between isolates and time of observation was
not significant (F = 1.035; df =6, 48; P > 0.05). As
observed in the maize pot experiment, the mortality grad-
ually increased over time; the regression analysis of the
corrected mortality over time indicated a significant linear
relationship (Table 3). The coefficient indicating the
intercept of the regression equation was comparable with
the one obtained for S. abbasi CS1 and S. lamjungense
LMTS5 on maize. The value of the intercept of the equation
for S. everestense DKP4, however, was negative and
combined with a high value for the slope of the equation.

Population reduction in the field experiments

Three weeks after EPN application, treatments differed
significantly (F = 3.64; df = 3, 16; P < 0.05) in reduction
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Fig. 6 Corrected mortality of Holotrichia longipennis (mean

Fig. 5 Penetration (mean % =+ SE) (a) and multiplication per
milligram body weight of host (mean number of 1J £ SE) (b) of
seven isolates of entomopathogenic nematodes at 22 £ 2°C into last
instar larvae of Holotrichia longipennis. 1,000 IJs per insect were
administered in the sand filled plastic container containing 1 insect
larva (60 ml). Bars headed by the same letter are not significantly
different (P > 0.05). LMT5 and SS4 = Steinernema lamjungense,
CS1 = S. abbasi, CK2 and CK6 = Heterorhabditis indica, KL1 =
S. sp. E and DKP4 = S. everestense

of the white grub population. Reduction of the grubs was
lowest (34.29%) after S. abbasi CS1 and highest (58.61%)
after S. lamjungense LMTS5, chlorpyrifos (52.85%) and
S. everestense DKP4 (43.58%) (Fig. 7). No significant
differences ()(2 = 0.089; df = 3; P > 0.05) were observed
in reduction of white grub population between the four
treatments at 19 weeks after EPN application (Fig. 7).
Population decline varied between 73 and 80% (S. lamjun-
gense LMT5: 80.19%, chlorpyrifos: 79.58%, S. everestense
DKP4: 73.64% and S. abbasi CS1: 78.47%).

Discussion
This is the first report on screening of EPN against insects in

Nepal. The screening was restricted to indigenous isolates
that were previously detected during a survey. A preliminary

% + SE) caused by different treatments in pot experiments using
maize (a) and cabbage (b) as a host plant of the insect. Bars headed by
the same letter(s) are not significantly different (P > 0.05). Nema-
todes and chlorpyrifos were used at the rate of 2.5 x 10° IJ/ha
and 25 kg/ha, respectively. CS1 = Steinernema abbasi, LMT5 =
S. lamjungense and DKP4 = S. everestense

screening considering all isolates showed clear differences
amongst species. This difference was also obvious between
isolates of the same species.

In the present study, in both vertical and horizontal
migration set-ups and with or without insect, all isolates
migrated over 3 cm, but not over 6 cm in the absence of an
insect. In the presence of H. longipennis, however, all
isolates covered a 6 cm distance over 24 h. This demon-
strates a degree of cruising behaviour of the Nepalese
isolates. Obviously, this behaviour differs between species/
isolates. In vertical as well as in horizontal assays with
H. longipennis, both isolates of S. lamjungense (LMT5 and
SS4) and S. everestense DKP4 migrated in greatest num-
bers. Heterorhabditis indica (CK2 & CK6) showed faster
migration horizontally than vertically. The positive influ-
ence of host insect cues on the migration of EPN is well
documented (e.g. Lacey et al. 2001; Koppenhofer and Fuzy
2008). Nematode attraction in response to insects is
reported to be due to host cues like CO, (Gaugler et al.
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Table 3 Regression analysis of mortality caused to third instar larvae of Holotrichia longipennis by three entomopathogenic nematode isolates
and chlorpyrifos in screenhouse pot experiments using maize and cabbage as host crops

Treatments Regression equation F df P R?
Maize

Steinernema abbasi CS1 Y = 5.580 + 10.967X 13.517 1, 14 0.002 0.491

S. everestense DKP4 Y = 8.036 +13.036X 19.003 1, 14 <0.001 0.576

S. lamjungense LMTS Y = 18.527 + 12.560X 19.682 1, 14 <0.001 0.584

Chloropyriphos Y = 39.955 4 6.890X 18.801 1, 14 <0.001 0.573
Cabbage

S. abbasi CS1 Y =3.095 + 12.262X 10.085 1, 13 0.007 0.437

S. everestense DKP4 Y = —9.881 + 23.810X 47.148 1, 13 <0.001 0.784

S. lamjungense LMTS5 Y = 18413 + 12.679X 16.657 1, 13 0.001 0.562

Chlorpyrifos Y = 25.437 4 13.095X 11.331 1, 13 0.005 0.466

Observations were taken for 4 weeks and 3 weeks in the experiment with maize and cabbage respectively
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Fig. 7 Corrected population reduction of Holotrichia longipennis
(mean % =+ SE) 3 and 19 weeks after different treatments in field
experiments using cabbage as a host for the insect. Bars headed by the
same letter are not significantly different (P > 0.05). Nematodes and
chlorpyrifos were used at the rate of 2.5 x 10° IJ/ha and 25 kg/ha,
respectively. CS1 = Steinernema abbasi, LMTS5 = S. lamjungense
and DKP4 = S. everestense

1980; Lewis et al. 1993) and/or gut fluids (Grewal et al.
1993a, b). In general, more nematodes migrated towards
L3 than to L2. Differences in CO, production by different
insects have been reported by many authors (e.g. Gaugler
et al. 1991; Ramos-Rodriguez et al. 2007). Smaller hosts
are reported to be less attractive to EPN because of their
reduced CO, output (Kaya 1985). The larger L3 might
have higher metabolic activities than the smaller L2; one
can predict higher concentrations of CO, and gut fluids
produced by L3 than by L2.

Attraction of nematodes does not always result in higher
penetration. As there is no chance of reverse reaction,
successful penetration defines the fate of nematodes. Our
isolates showed differences in ability to penetrate the host
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insects. The penetration rates into H. longipennis are
greater for most of the steinernematid isolates than for the
H. indica isolates. White grubs have developed a number
of defence mechanisms (Forschler and Gardner 1991; Cui
et al. 1993; Gaugler et al. 1994; Wang et al. 1995). Nem-
atodes that have penetrated into the grubs’ haemocoel may
still have to face a strong immune response, viz. melanotic
encapsulation (Wang et al. 1994, 1995). The establishment
of nematode species and isolates in H. longipennis varied
between 3.77% (H. indica CK2) and 7.29% (S. lamjun-
gense LMTS). Similar differences in penetration into other
white grub species were observed amongst different other
species (Koppenhofer et al. 2007) and varied from very low
1% (S. scarabaei to Cyclocephala borealis) to as high as
22% (S. scarabaei to Anomala orientalis).

After the successful establishment in the host, nema-
todes undergo several cycles of multiplication. The success
of this process determines their fate to establish in the field.
Our observations clearly demonstrated that most of the
steinernematid isolates multiplied better than H. indica
isolates. Many authors reported factors like initial inocu-
lum density (Selvan et al. 1993; Shapiro-Ilan et al. 1999;
Susurluk 2008), host species (Elawad et al. 2001; Phan
et al. 2005), size of the host (Flander et al. 1996) and IJs
body size of nematodes (Bhatnagar et al. 2004) determin-
ing the total number of nematode production of any species
or strain.

Virulence to the target host is after all the most impor-
tant feature of any isolate used as a biological control
agent. In the field, the different larval stages (L2 and L3,
July—September) and pupae (April-May) of H. longipennis
prevail simultaneously for quite some time. Hence, infor-
mation on preference and virulence of putative biocontrol
agents to these different stages is important, especially in
view of the application of the correct species/strain at the
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right time. Nepalese isolates showed differences in viru-
lence to different stages of H. longipennis. Three steiner-
nematids (S. lamjungense LMTS5, S. everestense DKP4 and
S. abbasi CS1) proved to be more pathogenic than the
H. indica and other steinernematid isolates to all stages.
Compared with the other species/isolates, S. lamjungense
LMTS killed relatively fast. Immediately after application,
S. everestense DKP4 and S. abbasi CS1 were intermediate
in virulence but eventually yielded a virulence similar to
that of S. lamjungense LMTS5. Variations in virulence of
different EPN species to different white grub species
ranging from 0 to 100% have been observed in many
laboratory experiments (Grewal et al. 2005). Susceptibility
of different developmental stages differs with the nematode
species and white grub species (Fujiie et al. 1993; Smits
et al. 1994; Lee et al. 2002; Koppenhofer and Fuzy 2004;
Ansari et al. 2006; Power et al. 2009). We observed a
greater virulence to L2 than to L3 for all isolates, except for
S. lamjungense LMTS5 and H. indica CK6 for which similar
mortalities were observed. The immune system of matured
larvae may be stronger than earlier stages, increasing their
ability to eliminate invading pathogens (Watanabe 1987).
In general, pupae of white grubs are more susceptible to
EPN than active feeding larvae (Lacey et al. 2001; Lee
et al. 2002; Koppenhofer and Fuzy 2004). Our bioassays
yielded similar results for all isolates. These differences
might be explained by a weaker defence mechanism of
pupae compared to active stages.

In the pot experiments, grub mortality was already at
quite high level 1 week after the treatments. At that
moment, the effect obtained by applications of S. lam-
jungense LMT5 did not differ statistically from that
obtained with chlorpyrifos. Similar results were obtained
in the field experiment 19 weeks after all applications.
Unlike applications of chlorpyrifos, the effect of treat-
ments with EPN drastically increased over time in the pot
experiment with maize. In the cabbage pots, this dynamic
was also observed for chlorpyrifos. The fastest increase
was observed after applications of S. everestense DKP4
on cabbage. Obviously, the host of the insect influences
the efficacy of the EPN. In field studies with cabbage as
host for the insect, insect control comparable to chlor-
pyrifos was only obtained with S. lamjungense LMT5 and
S. everestense DKP4. This explains a part of the results
obtained with both nematode species. The reduction of
the grub population was almost the same for all tested
nematodes, 19 weeks after the applications. Steinernema
abbasi CS1 had caught up with the other nematode spe-
cies and chlorpyrifos. The change can be explained by the
fact that S. abbasi CS1 multiplies very well in H. longi-
pennis, whilst it was intermediate in host searching
behaviour and pathogenicity. The fact that the grub
reduction caused by EPN is comparable to that of

chorpyriphos is a good indication of the potentiality to
replace chlorpyrifos by EPN application.

In summary, steinernematid isolates generally per-
formed better than did isolates of H. indica and within the
steinernematids, S. lamjungense LMTS and S. everestense
DKP4 were generally better than the other isolates in all
bioassays, pot and field studies. Both species were isolated
from regions comparable in climate and geography with
that of H. longipennis; hence, they probably are better
adapted to the insect. Moreover, in screening experiments,
both isolates have demonstrated the fastest movement
when exposed to H. longipennis. It is well known that
nematodes having a good cruising behaviour are more
suitable for sedentary hosts like white grub control (Grewal
et al. 2005). Steinernema lamjungense LMTS is a member
of the ‘glaseri’ group (Khatri-Chhetri et al. 2011b), which
has a close relation to scarabaeids. Similarly S. everestense
DKP4 is close to S. kushidai (Khatri-Chhetri et al. 2011a)
that is also a scarab adapted EPN species (Mamiya 1988;
Fujiie et al. 1993). Steinernema everestense DKP4 was
recovered from an area where H. longipennis is prevalent.
Steinernema abbasi CS1, on the other hand, was recovered
from relatively low altitude experiencing higher tempera-
ture. As a matter of fact, infectivity might have been
reduced at Sidhuwa, a region with lower temperatures are
prevailing.

The results of our experiments clearly demonstrate the
potential of indigenous EPN isolates for the control the
economically important white grub species, H. longipennis,
in Nepal. Both, pot and field experiments showed the
efficacy of EPN to be comparable with that of the widely
practised treatment with chlorpyrifos. Our observations on
laboratory bioassays also suggest that an application of the
selected species/isolates at the time L2 are present (August-
September) may generate a better control of both stages
right from the time of application with a further multipli-
cation in the host cadavers.

The positive results we obtained with EPN applications
urge further research under different conditions like geo-
graphical localities and other grub species. The combina-
tion of these isolates with chemicals and or other
biologicals like Metarhizium anisopliae may also be a
potential area for developing a successful and sustainable
management strategy against H. longipennis. Their appli-
cation may reduce the use of insecticides and guarantee the
export of vegetables.
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