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Abstract The striped flea beetle, Phyllotreta strio-
lata (F.) (Coleoptera: Chrysomelidae) is a key pest of
crucifer vegetables in Southern China. The use of

entomopathogenic nematodes (EPNs) within an inte-

grated pest management approach may offer an
effective and environmentally safe strategy to sup-

press outbreaks of this pest. In the present study, the
efficacy of Steinernema carpocapsae All and Het-
erorhabditis indica LN2 for the control of P. striolata
in the field was evaluated, as well as the combined
application of EPNs and azadirachtin against the pest.

Both nematode species were capable of reducing

populations of the soil-dwelling stages of P. striolata,

thus leading to a reduction of the adult populations and

the associated shot-hole damage on the leaves. Nem-
atode treatments also increased cabbage yields as

compared to the control and azadirachtin treatments

alone. Azadirachtin alone was not effective to prevent
damage by P. striolata, but it could enhance the

control effect of S. carpocapsae shortly after applica-
tion. Osmotically treated infective juveniles (IJs) of S.
carpocapsae All performed as well as untreated IJs.

Keywords Entomopathogenic nematodes ! Field

application ! Azadirachtin ! Phyllotreta striolata !
Steinernema carpocapsae ! Heterorhabditis indica

Introduction

The striped flea beetle, Phyllotreta striolata (F.)
(Coleoptera: Chrysomelidae), is a key pest of crucifer

vegetables, including flowering Chinese cabbage

Brassica parachinensis Bailey, seedy mustard Bras-
sica juncea Tsen et Lee, and radish Raphanus sativus
L. in southern China (Gao et al. 2000; Zhang et al.

2000). Adults of P. striolata feed on the above-ground
parts of the plants, leaving a distinct ‘‘shot-hole’’

pattern on leaves, and snap the stems of seedlings.

Eggs are laid at the soil-stem interface of the host plant
and hatch 3–5 days after oviposition. Each larval

instar takes 2–3 days. The hatched larvae feed on fine

roots and root hairs, and eventually pupate in the soil.
The pupal stage takes about seven days (Burgess
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1977; Wylie 1979; Zhang et al. 2000). In Southern
China, P. striolata causes year-around damage

because of the suitable climate and the continuous

cultivation of their preferred food plants. There is a
spring peak population from April to May and an

autumn peak from September to November (Zhang

et al. 2000). The farmers often grow different crops
suitable for this pest in the same field, which favors

outbreaks of the pest.

The control of this pest in China and other parts of
the world still heavily depends on the application of

chemical insecticides, including fipronil, chlorpyrifos,

phoxim, and imidacloprid (Li et al. 2007; Wei et al.
2008; Qiao et al. 2009). On the negative side, heavy

use of chemical insecticides leads to operator and

consumer poisoning, limitation of vegetable export,
and serious environmental pollution. Moreover, the

high frequency of pesticide applications has led to the

development of insecticide resistance in P. striolata
(Feng et al. 2000). Although different arthropod

predators and parasitoids have been assessed for their

potential to control populations of the flea beetle, the
results were overall not satisfactory (Wylie and Loan

1984). Further, a number of secondary plant metab-

olites have been evaluated in China for the control of
P. striolata adults both in the laboratory and in the

field, but the results were also variable (Lai and You

2005; Guo et al. 2006). Thus, new effective and
environmentally friendly methods for controlling

striped flea beetle populations are urgently needed.

Entomopathogenic nematodes (EPNs) of the gen-
era Steinernema and Heterorhabditis (Rhabditida:

Steinernematidae and Heterorhabditidae) may be

potential alternatives for the control of soil-dwelling
pests because of their ability to actively search for

their hosts (Grewal et al. 2005). A number of earlier

studies have assessed the control potential of EPNs
against P. striolata (Wei et al. 1992; Hou et al. 2001;

Trdan et al. 2008). However, control was not always

satisfactory in the field (Wei and Wang 1993). In order
to select more effective nematode isolates for the

biological control of the striped flea beetle, several
EPN isolates, including local isolates from Southern

China, were screened for their efficacy against the

different instars of the pest at different temperatures
and concentrations of infective juveniles (IJs) (Xu

et al. 2010). The findings from the latter laboratory

study indicated that Steinernema carpocapsae Weiser
and Heterorhabditis indica Poinar, Karunaka and

David yielded more than 90 % larval mortality at 36
IJs cm-2 and affected both the larval and pupal stages

of the striped flea beetle. In the present study, we

investigated the efficacy of strains S. carpocapsae All
and H. indica LN2 for the control of P. striolata in the

field, determined the effect of the applied concentra-

tion of IJs and assessed the control success of a
combined application of EPNs and azadirachtin

against the pest. The field performance of osmotically

treated IJs (Yan et al. 2010, 2011) of S. carpocapsae
was compared with that of untreated nematodes.

Materials and methods

Nematodes

Steinernema carpocapsae All and H. indica LN2 were

reared from an in vitro solid sponge culture in 1,000 ml
flasks according to the method of Bedding (1981) with

modifications (Han 1996). Nematodes were soaked out

of the medium, washed with tap water and stored at
15 "C for less than one week before use in the

experiments. Prior to field application, the viability

and the concentrations of the IJs were checked under a
microscope. IJs were considered alive when actively

moving or showing response after probing with a

needle. Two days before field application, part of the
IJs of S. carpocapsae All were osmotically treated for

24 h and then recovered in sterilized water for 24 h as

described by Yan et al. (2010).

Field experiments

Two experiments were conducted in vegetable fields

naturally infested with P. striolata at two locations in

Guangzhou, China in September 2011. At both
locations, the experiments were conducted when the

cabbages were 20 days old and 15–20 cm in height. At

the time of the experiments, larval populations of the
pest were mainly in the second instar. In both

experiments, rotenone (EC 2.5 %, Shenzhen Huanong
Biological Engineering Co., Ltd, Shenzhen, China)

was used as a positive control at a rate of 2,000 ml

ha-1. Water without nematodes or insecticide was
used as a negative control.

The first experiment was conducted in Maofeng-

shan, located in the Zengcheng district of Guangzhou
on September 9th, 2011 (sandy soil, applications done
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at 4:00 PM, sunny, air temperature 33 "C, soil
temperature 29 "C at -5 cm). Experimental plots

were approximately 3.6 m2 (360 cm long and 100 cm

wide). Each plot was planted with 300 Chinese white
cabbages Brassica rapa L. (var. Kuaicai 20). Both

S. carpocapsae and H. indica were applied at 0.75 9

109, 1.5 9 109, and 2.25 9 109 IJs ha-1.
The second experiment was conducted in Zhong-

cun, located in Panyu district of Guangzhou on

September 26th, 2011 (sandy soil, applications done
at 4:00 PM, cloudy, air temperature 31 "C, soil

temperature 29 "C at -5 cm). Experimental plots

were again approximately 3.6 m2 (240 cm long and
140 cm wide). Each plot was planted with 300

flowering Chinese cabbages Brassica campestris L.

(var. Baishun No. 2). Both nematode species were
applied at 1.5 9 109 IJs ha-1. Combinations of the IJs

of both nematode species (1.5 9 109 IJs ha-1) with

azadirachtin (EC 0.3 %, Chengdu Green the High-
Tech Co., Ltd, Chengdu, China) at recommended field

rate (RC, 1,200 ml ha-1) and at 1/10 RC (120 ml ha-1)

were also tested. Finally, plots were also treated with
azadirachtin alone at RC and 1/10 RC. The second field

experiment also included a treatment with osmotically

treated IJs of S. carpocapsae (Yan et al. 2010).
Nematode suspensions with or without azadirachtin

were applied on the soil using a backpack sprayer with

a flat-fan nozzle at 206 kPa, without a screen. One liter
of IJs suspension was evenly sprayed onto the soil for

each plot. A similar volume was used for the rotenone

and water treatments.
The cabbages in each plot were caged with nylon

mesh (mesh size = 1 mm) using a bamboo frame-

work (approximately 0.5 m high) right after
insecticide application, to prevent the escape of the

P. striolata adults and to protect the plants from other

pests. Each treatment had three replicates (plots)
arranged in a randomized complete block design. Soil

temperature at 5 cm depth ranged from 26 to 30 "C

during the experimental period in both experiments.
Larval and pupal populations of P. striolata in the

soil were monitored using a soil auger (8 9 10 cm
deep). Before sampling, the above-ground parts of ten

randomly chosen cabbage plants per plot were cut.

Soil samples including the roots of the sampled plants
were taken to the laboratory where they were carefully

examined for the presence of larvae and pupae.

Samples were taken seven and 14 days after applica-
tion. Adult populations of P. striolata were also

monitored seven and 14 days after application by
carefully counting all the adults on 50 cabbages.

Nematode persistence in the soil was evaluated by

assessing the mortality of larvae of the greater wax
moth, Galleria mellonella L. (Lepidoptera: Pyralidae),

buried in the field seven and 14 days after application

of EPNs. Ten larvae were individually caged in wire
meshes and buried in each plot. Four days after

burying the larvae, they were retrieved and taken back

to the laboratory. Live and dead G. mellonella larvae
were counted. Dead larvae were incubated in clean

Petri dishes and dissected three days later to estimate

infection by EPNs.
Eighteen days after application, ten cabbages per

plot were randomly harvested according to routine

procedures for preparing the cabbages for the market.
The weights of cabbages from different treatments

were recorded immediately upon harvesting. Numbers

of shot holes produced by the adult insects from
five randomly selected leaves per cabbage were

counted.

Statistical analysis

The numbers of larvae, prepupae and pupae of
P. striolata were summed to obtain the total numbers

of soil-dwelling stages. The numbers of surviving soil-

dwelling stages and adults of each plot were analyzed
using one-way ANOVA, followed by Tukey’s multi-

ple means comparison procedure at P = 0.05 (SPSS

16.0, SPSS Inc., Chicago, IL, USA).
Reduction rate of the P. striolata adult population

was calculated for each treatment using the following

equation: RA (%) = (Ac - At)/Ac 9 100, where RA is
the reduction rate of the P. striolata adults in the

treatment, and Ac and At indicate the number of adults

in the (water) control and the treatment, respectively.
Reduction rate of leaf damage by P. striolata
adults was calculated using the following equation:

Rw (%) = (Wc - Wt)/Wc 9 100, where Rw is the
reduction of leaf damage in the treatment, and Wc

and Wt indicate the number of shot holes in the control
and treatment, respectively. Increase rate of the

cabbage yield was calculated using the following

equation: Iy (%) = (Yt - Yc)/Yc 9 100, where Iy is the
increase of the cabbage yield in the treatment, and Yc

and Yt represent the average weights of ten cabbages

per plot in the control and treatment, respectively (Qiao

Field evaluation of entomopathogenic nematodes 249

123

Author's personal copy



et al. 2009). RA, Rw and Iy were arcsine transformed
before analysis by one-way ANOVA, followed by

Tukey’s test at P = 0.05.

Results

Effects on soil-dwelling stages of P. striolata

In the first experiment, numbers of soil-dwelling
individuals of P. striolata (Fig. 1a) were significantly

higher in the water control than in the different

treatments seven days after application, except for H.
indica applied at 1.5 9 109 IJs ha-1 (F = 4.731;

df = 7, 15; P = 0.006). However, no significant

differences were observed among the different treat-
ments and the control 14 days after application

(F = 2.471; df = 7, 15; P = 0.067). In the second
experiment, the numbers of soil-dwelling individuals

of P. striolata (Fig. 1b) were significantly higher in

the water control than in all other treatments seven
days after application (F = 4.356; df = 10, 20;

P = 0.002). Fourteen days after application, insect

numbers in the control were again higher than those in
the treatments except for the combination of

S. carpocapsae All and azadirachtin at 1/10 RC

(F = 3.568; df = 10, 20; P = 0.007). There were no
significant differences among the EPNs and rotenone

treatments at both times. Also, no differences in the

numbers of soil-dwelling individuals were found
between the treatments with osmotically treated

S. carpocapsae All and those with untreated S.
carpocapsae All.

Effects on adults of P. striolata

Reduction rates of adult populations in the different

treatments seven and 14 days after treatment are

shown in Fig. 2. In the first experiment, reduction rates
did not differ among treatments seven days after

application (F = 1.814; df = 6, 13; P = 0.173), but

significant differences did occur 14 days after appli-
cation (F = 16.047; df = 6, 13; P \ 0.001). At the

latter time, adult reduction rates were overall higher in

treatments with different concentrations of S. carpo-
capsae All than with those of H. indica LN2. The

reduction rate by the rotenone treatment 14 days after

application was -0.9 %, indicating that adult popu-
lations were not reduced by the rotenone as compared

with the water control. In the second experiment,

reduction rates differed significantly among treat-
ments both after seven days (F = 10.869; df = 9, 18;

P \ 0.001) and 14 days (F = 37.106; df = 9, 18;

P \ 0.001). After seven days, a combined treatment
of S. carpocapsae All and azadirachtin at RC yielded

the highest reduction rate (70.5 %), whereas treat-

ments with rotenone and a combination of H. indica
LN2 and azadirachtin at 1/10 RC resulted in reduction

rates of only 5.3–6.3 %. After 14 days, treatments
with azadirachtin and rotenone yielded very poor

reduction rates ranging from -7.7 to 2.9 %, whereas

the reduction rates of adults in treatments with EPNs
or in combinations of EPNs with azadirachtin were all

higher than 42 %. Reduction rates of adult populations

did not differ between the treatments with osmotically

Fig. 1 Numbers (mean ± SE) of individuals of the soil-
dwelling stages of Phyllotreta striolata in 80 cm2 samples
seven and 14 days after treatment. a Experiment 1 conducted in
a field grown with Chinese white cabbages Brassica rapa on 9
September, 2011; b Experiment 2 conducted in a field grown
with Chinese cabbages Brassica campestris on 26 September,
2011. Sca: Steinernema carpocapsae All; Hin: Heterorhabditis
indica LN2; azad: azadirachtin at recommended field rate
(1200 ml ha-1); 1/10 azad: azadirachtin at 1/10 recommended
field rate (120 ml ha-1); OT: osmotically treated IJs; CK: water
control. 1 = 0.75 9 109 IJs ha-1, 2 = 1.5 9 109 IJs ha-1,
3 = 2.25 9 109 IJs ha-1. Bars with the same letter (uppercase
letters for data seven days after treatment and lowercase letters
for data 14 days after treatment) do not differ significantly
according to Tukey’s test at P = 0.05
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treated S. carpocapsae All and those with untreated
nematodes.

Nematode persistence

Mortality rates of G. mellonella bait larvae are shown

in Tables 1 and 2. In both experiments, S. carpocapsae
All and H. indica LN2 were able to persist in the soil

14 days after application, both in treatments with

EPNs only and in those combining EPNs with
azadirachtin. In both experiments, mortality rates of

G. mellonella larvae did not differ among treatments

(experiment 1, seven days: F = 0.640; df = 5, 12;
P = 0.674; experiment 1, 14 days: F = 0.934;

df = 5, 12; P = 0.493; experiment 2, seven days:
F = 2.232; df = 6, 12; P = 0.111; experiment 2,

14 days: F = 3.810; df = 6, 12; P = 0.023) and

among assessment times (experiment 1: t = 0.215;

df = 17; P = 0.833; experiment 2: t = 1.501;

df = 18; P = 0.151).

Effects on leaf damage and cabbage yields

After harvest, reduction rates of shot-hole damage

caused by adults on the leaves were calculated

(Fig. 3). In the first experiment, reduction rates of

Fig. 2 Reduction rates (mean ± SE) of adult populations of
Phyllotreta striolata seven and 14 days after treatment.
a Experiment 1 conducted in a field grown with Chinese white
cabbages Brassica rapa on 9 September, 2011; b Experiment 2
conducted in a field grown with Chinese cabbages Brassica
campestris on 26 September, 2011. Sca: Steinernema carpo-
capsae All; Hin: Heterorhabditis indica LN2; azad: azadirach-
tin at recommended field rate (1,200 ml ha-1); 1/10 azad:
azadirachtin at 1/10 recommended field rate (120 ml ha-1); OT:
osmotically treated IJs; CK: water control. 1 = 0.75 9 109 IJs
ha-1, 2 = 1.5 9 109 IJs ha-1, 3 = 2.25 9 109 IJs ha-1. Bars
with the same letter (uppercase letters for data 7 days after
treatment and lowercase letters for data 14 days after treatment)
do not differ significantly according to Tukey’s test at P = 0.05

Table 1 Mortality of Galleria mellonella bait larvae infected
by Steinernema carpocapsae All and Heterorhabditis indica
LN2 seven and 14 days after application in the first experiment

Treatmenta Mortalityb (%)

After seven days After 14 days

Sca1 30.00 ± 4.08 26.67 ± 5.44

Sca2 27.22 ± 5.57 36.67 ± 7.20

Sca3 26.67 ± 5.44 26.67 ± 5.44

Hin1 23.33 ± 4.16 33.33 ± 5.44

Hin2 34.44 ± 7.09 21.67 ± 1.36

Hin3 39.44 ± 8.61 42.22 ± 10.70

a Sca: Steinernema carpocapsae All; Hin: Heterorhabditis
indica LN2; 1 = 0.75 9 109 IJs ha-1, 2 = 1.5 9 109 IJs ha-1,
3 = 2.25 9 109 IJs ha-1

b Mean ± SE; there were no significant differences among
treatments both seven (F = 0.640; df = 5, 12; P = 0.674) and
14 (F = 0.934; df = 5, 12; P = 0.493) days after application

Table 2 Mortality of Galleria mellonella bait larvae infected
by Steinernema carpocapsae All and Heterorhabditis indica
LN2 seven and 14 days after application in the second
experiment

Treatmenta Mortalityb (%)

After seven days After 14 days

Sca2 20.00 ± 0.00 13.33 ± 10.89

Sca2-azad 55.56 ± 4.54 21.67 ± 9.53

Sca2-1/10 azad 46.67 ± 10.89 16.67 ± 13.61

Hin2 38.33 ± 5.93 65.00 ± 5.30

Hin2-azad 55.00 ± 3.54 60.00 ± 0.00

Hin2-1/10 azad 80.00 ± 14.14 54.17 ± 14.73

Sca-OT 31.67 ± 18.31 20.00 ± 0.00

a Sca: Steinernema carpocapsae All; Hin: Heterorhabditis
indica LN2; azad: azadirachtin at recommended field rate
(1,200 ml ha-1); 1/10 azad: azadirachtin at 1/10 recommended
field rate (120 ml ha-1); OT: osmotically treated IJs; 2 =
1.5 9 109 IJs ha-1

b Mean ± SE; there were no significant differences among
treatments both seven (F = 2.232; df = 6, 12; P = 0.111) and
14 (F = 3.810; df = 6, 12; P = 0.023) days after application
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leaf damage varied significantly among treatments

(F = 9.440; df = 6, 13; P \ 0.001). The treatment

with S. carpocapsae All at 2.25 9 109 IJs ha-1

showed the highest reduction rate (67 %), whereas

treatments with H. indica LN2 at 0.75 9 109 IJs ha-1

and rotenone showed the lowest reduction rates of 18.0

and 14.5 %, respectively. In the second experiment,

reduction rates of leaf damage were also significantly
affected by treatment (F = 9.240; df = 9, 18;

P \ 0.001). Treatments with EPNs alone or combi-

nations of EPNs and azadirachtin resulted in reduction
rates of 32–61 %. On the other hand, azadirachtin

applied at both tested rates did not reduce damage,

with mean reduction rates of 2.7 and -1.0 %,
respectively. Reduction rates of shot-hole damage

did not differ between the treatments with osmotically

treated S. carpocapsae All and those with untreated
nematodes.

Yield increases in the different treatments as
compared with the water control are shown in Fig. 4.

In the first experiment, all treatments resulted in a

positive increase in cabbage yield. Increase rates of
cabbage yield in treatments with either EPNs species

at 2.25 9 109 IJs ha-1 and S. carpocapsae All at

1.5 9 109 IJs ha-1 were significantly higher than in
treatments with EPNs at 0.75 9 109 IJs ha-1 or in

those with rotenone (F = 18.931; df = 6, 13;

P \ 0.001). In the second experiment, yield increase
rates again varied significantly among treatments

(F = 11.607; df = 9, 18; P \ 0.001). Treatments

combining S. carpocapsae All or H. indica LN2 and
azadirachtin at 1200 ml ha-1 showed the highest

increase rates, averaging 56.1 and 51.1 %, respec-

tively. Rotenone increased yield by only 13.8 %.
Applying azadirachtin at both rates did not increase

cabbage yields as compared with the water control.

Again, there were no differences in the increase rates

Fig. 3 Reduction rates (means ? SE) of shot-hole damage
caused by Phyllotreta striolata on the leaves 18 days after
treatment. a Experiment 1 conducted in a field grown with
Chinese white cabbages Brassica rapa on 9 September, 2011;
b Experiment 2 conducted in a field grown with Chinese
cabbages Brassica campestris on 26 September, 2011. Sca:
Steinernema carpocapsae All; Hin: Heterorhabditis indica
LN2; azad: azadirachtin at recommended field rate (1,200 ml
ha-1); 1/10 azad: azadirachtin at 1/10 recommended field rate
(120 ml ha-1); OT: osmotically treated IJs; 1 = 0.75 9 109 IJs
ha-1, 2 = 1.5 9 109 IJs ha-1, 3 = 2.25 9 109 IJs ha-1. Bars
with the same letter do not differ significantly according to
Tukey’s test at P = 0.05

Fig. 4 Increase rates (means ? SE) of cabbage yields 18 days
after treatment. a Experiment 1 conducted in a field grown with
Chinese white cabbages Brassica rapa on 9 September, 2011;
b Experiment 2 conducted in a field grown with Chinese
cabbages Brassica campestris on 26 September, 2011. Sca:
Steinernema carpocapsae All; Hin: Heterorhabditis indica
LN2; azad: azadirachtin at recommended field rate (1,200 ml
ha-1); 1/10 azad: azadirachtin at 1/10 recommended field rate
(120 ml ha-1); OT: osmotically treated IJs; 1 = 0.75 9 109 IJs
ha-1, 2 = 1.5 9 109 IJs ha-1, 3 = 2.25 9 109 IJs ha-1. Bars
with the same letter do not differ significantly according to
Tukey’s test at P = 0.05
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of cabbage yield between osmotically treated and
untreated S. carpocapsae All.

Discussion

In previous studies, applications of S. carpocapsae or
H. indica have performed well against various insect

pests (Yang et al. 2003; Dillon et al. 2006; Lacey et al.

2006; Oestergaard et al. 2006; Ansari et al. 2008).
Both S. carpocapsae and H. indica were also deemed

to be promising biocontrol agents against P. striolata
in laboratory screening experiments (Xu et al. 2010).
In the latter study, both EPNs caused over 80 %

mortality of P. striolata third instars, with LC50-values

of 17.1 and 6.5 IJs cm-2, respectively, and were able to
infect all soil-dwelling stages of the pest except for the

first instars in the case of S. carpocapsae. In the

present study, both nematode species were capable of
reducing populations of the soil-dwelling stages of the

striped flea beetle in cabbage fields, thus leading to a

reduction of the adult populations and the associated
shot-hole damage on the leaves. Nematode treatments

also increased cabbage yields as compared to the

control and azadirachtin treatments alone and in
several cases showed better control effects than a

one-time application of rotenone.

Although H. indica was expected to yield better
control than S. carpocapsae in the field because of its

reported higher virulence (lower LC50) and higher

activity (higher reproduction rate and good perfor-
mance at different temperatures) against the younger

larval instars of P. striolata in the laboratory (Xu et al.

2010), no clear difference in efficacy was observed in
the present field study. Although in the first experi-

ment, less adult flea beetles emerged from soil treated

with S. carpocapsae All than after treatment with
H. indica LN2, no differences were noted in the second

experiment. The results of both experiments fluctuated

with time and IJs concentration applied, which may in
part be due to differences in the existing population

densities of the soil-dwelling stages of the pest at the
start of the experiments. Further, the experimental field

conditions, including soil type, temperature, and

moisture, may have influenced the efficacy of the
nematodes in both experiments. Further studies at

different locations and at different times of the season

may indicate which species is more effective against
the soil-dwelling stages of P. striolata.

The concentration of nematodes applied did not
significantly affect populations of soil-dwelling stages

and adults of the pest, but the combined application of

S. carpocapsae All at a relatively low rate of
1.5 9 109 IJs ha-1 with azadirachtin at RC signifi-

cantly increased reduction rates of the emerging adults

seven days after insecticide application. An applica-
tion rate of 25 IJs cm-2 of S. carpocapsae has been

reported for successful suppression of Diaprepes
abbreviatus L. (Coleoptera: Curculionidae), which is
slightly higher than the highest concentration in our

study (2.25 9 109 IJs ha-1 being equal to 22 IJs cm-2).

In other field studies, at least 100 IJs cm-2 were needed
for successful control of the citrus root weevil (Shap-

iro-Ilan et al. 2002). Higher concentrations of IJs may

thus also be required to achieve full control of
P. striolata populations. However, the cost for apply-

ing higher concentrations of EPNs may not be accept-

able for farmers in China. The combined use of EPNs
and environmentally friendly insecticides like azadi-

rachtin may therefore constitute a cost effective

alternative strategy for P. striolata control.
Like other biocontrol agents, EPNs are applied in

practice almost exclusively in a curative rather than

prophylactic manner (Grewal et al. 2005). The
potential for a preventative approach was confirmed

in several cases. Shapiro-Ilan et al. (2009) reported

that S. carpocapsae applied in a preventative manner
during the oviposition period of the peach tree borer,

Synanthedon exitiosa Say (Lepidoptera: Sesiidae),

was able to reduce damage to levels similar to what
could be achieved with recommended chemical treat-

ments. Damage caused by the western corn rootworm,

Diabrotica virgifera virgifera LeConte (Coleoptera:
Chrysomelidae), was reduced when EPNs were

applied during sowing of corn (Toepfer et al. 2008).

A prophylactic strategy could also be attempted to
control the early larval stages of P. striolata by

application of EPNs when early stages of the pest are

present in the field as they proved susceptible to the
nematodes (Xu et al. 2010).

Previously it was found that imidacloprid interacted
synergistically with S. glaseri and in certain cases with

H. bacteriophora (Koppenhöfer et al. 2000; Cappaert

and Koppenhöfer 2003; Koppenhöfer and Fuzy 2003).
Although compatibility of numerous insecticides with

EPNs has been studied in the laboratory (Koppenhöfer

and Fuzy 2008; Negrisoli et al. 2010), the control
efficiency of combined application of EPNs with
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certain chemical insecticides in the field needs to be
further studied. Laboratory assays indicated that

azadirachtin causes no direct harm to EPNs (unpub-

lished results). Azadirachtin was reported to suppress
adult populations of P. striolata in China (Hou et al.

2002, 2003; He and Xu 2005). Our results indicate,

however, that azadirachtin alone was not effective to
prevent crop damage by P. striolata, but it could

enhance the control effect of S. carpocapsae shortly

after application. Azadirachtin did not yield a long
term control effect on P. striolata populations, which

may be due to its rapid biodegradation under the

experimental conditions of the present study. Early
autumn in the south of China is characterized by high

temperatures and strong sunlight, which may impair

the activity of azadirachtin. The poor performance of
rotenone, a compound that is widely used in organic

farming in China, may also be related to its rapid

biodegradation under warm conditions (Ling 2003).
Therefore, it may be warranted to investigate the

efficacy of the combined use of S. carpocapsae or

H. indica with other environmentally friendly insec-
ticides for the control of P. striolata under the

conditions of Southern China.

In the present study, osmotically treated S. carpo-
capsae All caused similar reduction of adult popula-

tions, reduction of shot-holes on the leaves and

increase of cabbage yield as did the untreated IJs.
Persistence of the osmotically treated S. carpocapsae
All in the field was also not different from that of the

untreated IJs. These results indicate that osmotically
treated IJs can perform equally well as untreated IJs in

the field and thus, that osmotic treatment is a viable

method to increase storage time of IJs (Yan et al. 2010,
2011).

The use of G. mellonella larvae as baits followed by

dissection in the laboratory proved a useful approach to
investigate the persistence of EPNs in the field.

Fourteen days after application, wax moth larvae

infected by EPNs could still be found, suggesting that
the EPNs persisted in the field for at least two weeks.

Generally, nematode populations can be expected to
remain high enough to provide effective pest control

for 2–8 weeks after application into the soil under field

conditions (Kaya 1990; Duncan and McCoy 1996;
McCoy et al. 2000; Shapiro-Ilan et al. 2002). As a

consequence, in various cropping systems re-applica-

tion of the nematodes is often necessary. Steinernema
carpocapsae, Heterorhabditis megidis Poinar, Jackson

& Klein, Heterorhabditis downesi Stock, Griffin &
Burnell and S. feltiae were reported to persist for at

least three years after application in a forest in Ireland,

which allowed control of pests with longer life cycles
(Dillon et al. 2008). A single crop cycle of the preferred

host plants of P. striolata in Southern China takes on

average one month and the growers usually rotate with
other vegetable crops, like water spinach Ipomoea
aquatica Forsk and lettuce Lactuca sativa L., which are

not host plants for P. striolata. Therefore, re-applica-
tion of EPNs may be not necessary for the effective

biological control of P. striolata. However, the proper

timing for applications of EPNs in combination with
insecticides needs more study in order to increase the

efficacy of IPM programs against this key pest.

In conclusion, both S. carpocapsae and H. indica
were capable of controlling P. striolata populations

when applied at least at 0.75 9 109 IJs ha-1. The use

of both EPNs at the latter field rate resulted in an
increase of cabbage yield as compared to the control

and insecticide treatments alone. However, in the

framework of an integrated approach for the control of
this economically important pest, the combination of

these EPNs with chemical insecticides needs further

study.
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