Mahar et al. / J Zhejiang Univ SCI 2004 5(10):1183-1190 1183

Journal of Zhejiang University SCIENCE
ISSN 1009-3095
http://www.zju.edu.cn/jzus

E-mail: jzus@zju.edu.cn

ZUS

Microbial control of diamondback moth, Plutella xylostella L.
(Lepidoptera: Yponomeutidae) using bacteria (Xenorhabdus
nematophila) and its metabolites from the entomopathogenic

nematode Steinernema carpocapsae

MAHAR Ali Nawaz', MUNIR Muhammad™, ELAWAD Sami',

GOWEN Simon Richard', HAGUE Nigel Graham Meckenzi'

('Department of Agriculture, University of Reading, Reading RG6 6AT, UK)
(*School of Plant Sciences, University of Reading, Reading RG6 6AS, UK)
"E-mail: m_munir66@yahoo.co.uk

Received May 24, 2004; revision accepted Aug. 2, 2004

Abstract:
from the entomopathogenic nematode Steinernema carpocapsae in aqueous broth suspensions were lethal to larvae of the
diamondback moth Plutella xylostella. Their application on leaves of Chinese cabbage indicated that the cells can penetrate

Cells and cell-free solutions of the culture filtrate of the bacterial symbiont, Xenorhabdus nematophila taken

into the insects in the absence of the nematode vector. Cell-free solutions containing metabolites were also proved as ef-
fective as bacterial cells suspension. The application of aqueous suspensions of cells of X. nematophila or solutions con-

taining its toxic metabolites to the leaves represents a possible new strategy for controlling insect pests on foliage.
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INTRODUCTION

The diamondback moth Plutella xylostella L.,
(DBM) is an important and cosmopolitan pest of
cruciferous crops (Harcourt, 1962). DBM has been
controlled by various chemical pesticides but in
recent years resistance to most of the conventional
insecticides has developed (Sun et al., 1986). Ba-
cillus thuringiensis is used also to control this pest
but there are reports that DBM has developed re-
sistance against the bacteria (Tabashink et al.,
1990). The rapid development of resistance is
probably associated with the very rapid reproduc-
tion of DBM i.e. more than 25 generations per year

Document code: A

Bacterial symbionts, Xenorhabdus nematophila, Entomopathogenic nematode, Steinernema carpocapsae,

CLC number: TQ150.9; 0646.5; X783

in the tropics (Keinmeesuke et al., 1985). The
problems of insecticide resistance as well as the
environmental and consumer health hazards asso-
ciated with insecticide residues in plant material
have focused attention on alternative methods for
the control of DBM, hence the search for biocontrol
agents for incorporation into IPM programmes
against this insect is a dire need.
Entomopathogenic nematodes in the families
Steinernematidae and Heterorhabditidae have been
shown to be pathogenic to a wide range of agri-
culturally important pests and are useful alterna-
tives to chemical insecticides for insect control
(Kaya and Gaugler, 1993). The steinernematid,
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Steinernema carpocapsae has been shown to be
effective against DBM (Morris, 1985; Ratnasinghe
and Hague, 1997) but desiccation of the infective
juveniles (IJs) on foliage reduces their effective-
ness. Poinar and Thomas (1966) first reported that a
single species of bacterium in the family Entero-
bacteriaceae was present in the anterior region of
the 1J of S. carpocapsae. Since then investigators
have shown that Steinernema species always carry
bacteria of the genus Xenorhabdus (Akhurst and
Boemare, 1990). The relationship between the
nematode and the associated bacterium is mutual-
istic (Poinar, 1979) i.e. the association is essential
for the survival of both the nematode and its sym-
biotic bacteria. Once an 1J has penetrated into the
host haemocoele, the bacterial symbiont is released
from the 1J gut, septicemia occurs and, within 48 h,
insect death occurs. The bacteria reproduce rapidly
and the IJs feed on bacteria and develop through
2-3 generations when new IJs are produced which
leave the insect cadaver to search for new hosts.
Although IJs play an important role in the
death of the insect host as the vector of the bacterial
symbiont, the bacteria alone have been shown to
cause insect death when injected into the haemo-
coele (Balcerzak, 1991; Gotz et al., 1981). The
nematode, S. carpocapsae, carries a specific bac-
terium, Xenorhabdus nematophila. When the bac-
teria are reared in culture they have been shown to
secrete a high-molecular weight protein into the
growth medium which is lethal when injected into
or fed to members of at least five insect genera
(ffrench-Constant and Bowen, 1999). Xenorhabdus
nematophila is a gram negative aerobic bacterium
with numerous petririchous flagella and has been
shown to have swarming motility under moist
conditions (Forst and Nealson, 1996; Givaudan et
al., 1995). However, X. nematophila was not
thought to have a free-living existence outside the
nematode vector (IJ) or its predated host until the
recent reports that the bacterium controlled the fire
ant, Solenopsis invicta (Dudney, 1997) and the beet
armyworm, Spodoptera exigua (Elawad et al.,
1999). We describe here the effect of applying
suspensions containing cells of the bacterial sym-
biont, X. nematophila, and its metabolites onto
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leaves of Chinese cabbage for the control of larvae
of the diamondback moth, P. xylostella.

MATERIAL AND METHOD

Plants of Chinese cabbage cv. Wong Bok were
obtained from the School of Plant Sciences, Uni-
versity of Reading, U.K. Plutella xylostella were
reared on these plants in a growth room at 25 °C.
Steinernema carpocapsae (All isolate), originally
obtained from Biosys, U.S.A. was cultured in the
greater wax moth, Galleria mellonella using the
techniques described by Woodring and Kaya
(1988).

Isolation of the bacterial symbiont

Galleria mellonella larvae after being infected
with 1Js of S. carpocapsae that had died 24-28 h
were surface-sterilised in 70% alcohol for 10 min,
flamed and allowed to dry in a laminar airflow
cabinet for 2 min. Larvae were opened with sterile
needles and scissors, care being taken not to dam-
age the gut epithelium, and a drop of the oozing
haemolymph was streaked with a needle onto nu-
trient agar [37 g nutrient agar (BDH); 25 mg bro-
mothymol blue powder (Raymond); 4 ml of 1% 2, 3,
5 triphenyl-tetrerzolium chloride (BDH); 1000 ml
distilled water] in Petri dishes which were sealed
with Parafilm and incubated at 28 °C in the dark for
24 h. Single colonies of the bacterium X. nemato-
phila were then selected and streaked onto new
plates of nutrient agar, and sub-culturing continu-
ally until colonies of uniform size and morphology
were obtained. The pathogenicity of isolates was
confirmed by inoculating the bacteria into G. mel-
lonella larvae and streaking the haemolymph of
dead larvae onto nutrient agar. To produce large
quantities of the bacterial symbiont, a single colony
was selected and inoculated into a nutrient broth
solution containing 15 g nutrient broth in 500 ml
distilled water in a flask stoppered by sterile cotton
wool. The flask was then placed in a shaking in-
cubator at 150 rpm for 24 h at 28 °C. The concen-
tration of bacterial cells in the broth suspension was
determined by measuring the optical density in a
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spectrophotometer adjusted to 600 nm wavelength.
For the experiments, the concentration of X.
nematophila cells in the suspension was adjusted to
4x107 cells/ml, a dosage shown to be effective
against larvae of S. exigua (Elawad et al., 1999). To
obtain cell-free metabolites of the bacterial sym-
biont, the broth suspension of cells was filtered
through a bacterial filter (pore size 0.2 um). The
efficiency of the filter was tested by streaking out
small samples of the filtrate on NBTA agar.

Experiment 1: Application of cells and cells-free
broth suspensions of X. nematophila against
different DBM larval instars

One ml of a broth suspension containing cells
of X. nematophila (4x10” cells/ml) and cell-free
metabolites were sprayed onto both sides of de-
tached leaves (7 cmx6 cm size) of Chinese cabbage
with a small hand sprayer. 3% Tween-80 (Poly-
oxyethylene 20 sorbitan mono-oleate) was added as
emulsifier in all experiments. Control was broth
alone plus 3% Tween-80. Ten DBM larvae from
each instar (2nd, 3rd and 4th) were placed on each
leaf, which was dipped by its stalk into water in a
small plastic container. Each leaf was placed in a
larger plastic container (10 cmx6 cmx6 cm) to
conserve moisture at 25 °C. Replication was 4-fold.
Numbers of dead larval instars were counted after
48 h of application. All dead larval instars that had
been treated with bacterial suspension were surface
sterilized by immersion in 70% industrial methy-
lated sprit (IMS) for 5 min. to kill the bacteria on
the outside of the larvae. A small sample was taken
from the haemolymph of dead larvae and streaked
onto NBTA agar to determine whether cells of X.
nematophila had penetrated into the larval
haemocoele.

Experiment 2: Application of cells and cells-free
broth suspensions of X. nematophila against
DBM larvae at different temperatures

For this experiment three different tempera-
tures were selected to determine the effect of
temperature on the mortality of DBM larvae.
Method of spraying of cells and cells-free broth
suspensions on single detached Chinese cabbage

leaves is already described in experiment 1. Ten 3rd
instar DBM larvae were placed on each leaf and
incubated at 20, 25 and 30 °C. Replication was
4-fold. The number of dead larvae was determined
after 2 days of application. Confirmation of dead
larvae was done as described in Experiment 1.

Experiment 3: Application of cells and cells-free
broth suspensions of X. nematophila against
DBM larvae at different time intervals

Two ml of broth suspensions containing cells
of X. nematophila and cell-free solution (containing
3% Tweer80) were sprayed onto both sides of de-
tached leaves (7 cmx6 cm size) of Chinese cabbage
(see Experiment 1 for detail). Control was broth
alone plus 3% Tween-80. Ten 3rd instar DBM
larvae were placed on each leaf and placed at 25 °C.
Replication was 4-fold. The numbers of dead larvae
were determined at 6, 12, 18, 24, 30, 36,42 and 48 h
after application. Confirmation of dead larvae was
done as described in Experiment 1.

Experiment 4: Effect of different dose concen-
trations of X. nematophila on mortality of DBM
larvae

A broth suspension containing 4x10’ ml™' of X.
nematophila plus 3% Tween-80 was prepared as
explained previously (Experiment 1) and diluted
with broth solution to give suspensions containing
the following dosage of cells: 4><102, 4><103, 4><104,
4x10°, 4x10° and 4x10’ cells/ml. Two ml of each
suspension was sprayed onto the upper and lower
sides of detached Chinese cabbage leaves (7 cmx6
cm size). Ten 3rd instar DBM larvae were placed on
each leaf in a small container containing water
which was then placed in a larger sealed container
at 25 °C. Replication was 4-fold and mortality was
determined after 2 days of application.

Experiment 5: Application of cells and cell-free
broth suspensions of X. nematophila against
DBM larvae using moist and dry Chinese cab-
bage leaves

The influence of moisture on the efficacy of
cell suspensions and cell-free solutions of broth
was investigated. Single detached leaves of Chi-
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nese cabbage (7 cmx6 cm) were sprayed on both
sides with 2 ml of either a broth suspension con-
taining 4x10" cells/ml or cell-free solution con-
taining only metabolites, with 3% Tween-80 added
as emulsifier. In first treatment (moist) the meth-
odology was exactly the same as described above in
the Experiment 1. In the second treatment (dry) the
leaves treated with the cell suspensions and
cell-free solutions of metabolites were dried in a
laminar air-flow cabinet for 4 h before the DBM
larvae were placed on the leaves which were then
placed in a plastic container covered with muslin to
maintain relatively dry atmosphere compared to the
moist treatment. For both treatments ten 3rd instar
DBM larvae were placed on each leaf and incubated
at 25 °C. Mortality was determined after 2 days and
replication was 4-fold.

Experiment 6: Effect of cells and cell-free sus-
pensions of X. nematophila on DBM larvae using
potted Chinese cabbage plants

In this experiment, one month old Chinese
cabbage plants (10 leaves) growing in 9 cm pots
(370 ml volume) were sprayed with 2 ml of either a
broth suspension containing 4x10’ cells/ml of X.
nematophila or a cell-free solution of broth and
metabolites. The control treatment was broth alone.
Ten 3rd instar DBM larvae were placed on each
plant, which was covered by a plastic cone to retain
moisture. Plants were placed in a glasshouse at 25
°C. Insect mortality was determined after 2 days
and replication was 4-fold.

Data taken from all experiments were trans-
formed (arcsin transformation) prior to analyse
statistically using regression technique of
GENSTAT-5, Release 4.2 (Lawes Agricultural
Trust, Rothamsted Experimental Station, UK). The
same statistical package was used to determine any
significant difference between means (z-test).

RESULTS

The cell and cell-free metabolites in broth
treatments were significantly (P<0.05) effective as
compared with broth alone against all DBM larval
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instars (Fig.1). Mortality was found to be 90% to
100% in all DBM larval instars when treated with
either bacterial suspension or their metabolites
solutions. Temperature showed a significant
(P<0.05) effect on the mortality of DBM larvae
(Fig.2). Application of either X. nematophila cell
suspension or their toxic metabolites solution at 25
°C and 30 °C temperature resulted in higher mor-
tality (92.5% to 100%) than 20 °C and caused only
65% mortality. However, no significant difference
was found between X. nematophila cell suspension
and their toxic metabolites solution. Insect mortal-
ity was increased as their exposure time to bacterial
treatments increased (Fig.3). After 6 h, mortality
was 7.5% and then significantly (P<0.05) increased
to 65% and 77.5% when cells (R2:0.99) or cell-free
solutions (R*=0.99) respectively were applied after
24 h. After 48 h post application insect mortality
was observed to be 97.5% for both treatments, and
there was no significant difference between the X.
nematophila cell suspension and the cell-free broth
metabolites solution. Broth alone had no significant
effect on insect mortality (R*=0.96). A linear
(R2=0.99) and significant (P<0.05) increase in
mortality percentage of DBM larvae was observed
with increasing in X. nematophila bacterial cell
concentrations (Fig.4). Minimum dose of bacterial
cells (4><102 rnlfl) was less effective for controlling
larvae (57.5%) than the high dose (4x107 ml™")
which resulted in 97.5% mortality. Both cell sus-
pensions and cell-free broth-metabolites solution
were significantly (P<0.05) most effective against
DBM larvae when applied on moist leaves than was
the broth control (Fig.5). Comparing both bacterial
treatments (cells and cell-free broth-metabolites),
cell-free broth-metabolites proved to be more ef-
fective (92.5% mortality) than the bacterial cells
(62.5% mortality) when applied on moist leaves of
Chinese cabbage than the respective treatments,
27.5% and 37.5%, on dry leaves. The application of
X. nematophila cell suspensions and cell-free
broth-metabolites solution against DBM larvae on
whole Chinese cabbage plants were significantly
(P<0.05) most effective than the broth control
(Fig.6). However, there was no significant dif-
ference was observed between the bacterial cell
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Fig.1 Effects of broth (»), cells suspension (v) and cell-free
metabolites (o) of X. nematophila on mortality percentage
of different diamondback moth larvae instars. Vertical
bars (where larger than the points) represent the standard
error (s.e.) of variability at 5% level of probability
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Fig.3 Mortality response of diamondback moth larvae to
cells suspension (v) and cell-free metabolites () of Xenor-
habdus nematophila and broth (») after different time
intervals. Vertical bars (where larger than the points)
represent the standard error (s.e.) of variability at 5%
level of probability
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Fig.5 Effect of moist and dry condition of Chinese cabbage
leaves on mortality of diamondback moth larvae treated
with cells suspension (v), cell-free solutions (o) of Xenor-
habdus nematophila and broth control (2).Vertical bars
(where larger than the points) represent the standard
error (s.e.) of variability at 5% level of probability
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Fig.2 Mortality response of diamondback moth larvae to
bacterial treatments, cells suspension (v) and cell-free
metabolites (o) of X. nematophila and broth (») at 20, 25
and 30 °C temperature. Vertical bars (where larger than
the points) represent the standard error (s.e.) of variability
at 5% level of probability
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suspensions and its cell-free broth-metabolites
solution as a mortality of 95% and 97.5% respec-
tively was attained in both treatments.

DISCUSSION

Cells of X. nematophila, normally found in the
1J of S. carpocapsae or in the cadavers of S. car-
pocapsae infected insect hosts, have been shown
here to kill the larvae of P. xylostella when applied
to foliar food of the larvae in the absence of
nematode vector. Cell-free broth-metabolites solu-
tion from X. nematophila culture was more lethal to
DBM larvae than the broth control, but bacterial
cells of X. nematophila have numerous peritrichous
flagella and exhibit swarming motility when grown
under moist conditions on suitable solid media
(Boemare et al., 1997; Elawad, 1998; Forst and
Nealson, 1996). It is possible that cells can enter
insects through the same natural openings that have
been shown to be entry points for IJ of entomopa-
thogenic nematodes i.e. mouth, anus and spiracles
(Georgis and Hague, 1981; Mracek et al., 1988).
The bacterial symbionts, X. nematophila and
Photorhabdus luminescens, were unable to pene-
trate into the abdominal haemocoele when fed
orally to the nymphs of the locust, Schistocerca
gregaria (Mahar, 2003) but the 1Js of S. feltiae and
Heterorhabditis megidis were pathogenic to locusts
when fed orally (Sambeek and Wiesner, 1999).
Cells of X. nematophila were recovered from the
pupae of the beet army worm S. exigua (Elawad et
al., 1999) so it is possible that the spiracle, the only
organ in pupae open to the external environment, is
a possible point of entry for cells into the haemo-
coele. Further research is required to determine
whether cells enter through the tracheal system and
if they do, how they then penetrate in the haemo-
coele.

The results of the experiment on the effec-
tiveness of different dosages of cells of X. nema-
tophila indicate that relatively few cells of X
nematophila are lethal to DBM larvae. These fig-
ures for the number of cells of X. nematophila
which cause 50% mortality of the targeted insect

are much lower than the level of treatment proposed
by Elawad et al.(1999) for S. exigua larvae. Though
this may be explained by the general observations
that Lepidoptera are more susceptible than Or-
thoptera to the entomopathogenic nematodes and
their bacterial symbionts.

Broth suspensions containing cells of X
nematophila or solutions containing its cell-free
metabolites are equally effective at controlling the
DBM larvae though the broth control was not ef-
fective indicating that it is the bacterial metabolites
which are probably responsible for the lethal effects
observed because the metabolites are also present
in cell suspensions. Our results are very similar to
those in the reports by ffrench-Constant and Bowen
(1999) who showed that toxins from the X. nema-
tophila were lethal to insects when fed in artificial
diet.

Since the bacterial symbionts, cells and their
metabolites from entomopathogenic nematodes are
able to enter insects in the absence of the nematode
vector there may be environmental concerns if large
numbers of bacteria or their toxic metabolites were
applied either to foliage or to the soil. The bacterial
cells carried by the IJs of nematodes are released
from insect cadavers to infect larvae and pupae in
the soil, so their environmental impact needs to be
investigated in detail, particularly if the treatments
were applied in soil. S. carpocapsae which carries
X. nematophila is currently exempt from pesticide
regulations in Europe and the U.S.A., but efforts to
use the bacterial symbionts themselves or their
toxic metabolites may need to proceed cautiously
because of the nature of the broad spectrum of the
symbiont’s bioactivity (Webster et al., 2002), par-
ticularly in the rhizosphere.

The results presented here indicate that it is
possible to apply either bacterial suspensions con-
taining cells of X. nematophila or cell-free solu-
tions containing its metabolites to control larvae of
P. xylostella. The results with cell suspensions of X.
nematophila support those in earlier reports by
Elawad et al.(1999) on the control of larvae and
pupae of S. exigua and by Dudney (1997) for the
control of S. invicta. Since the application of cell
suspensions may be environmentally undesirable it
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is probable that the application of toxic metabolites
will be more commercially acceptable (Ensign et
al., 2002). The effectiveness of both the cell sus-
pensions and cell-free broth-metabolites was im-
proved if the leaves remained moist during the
application indicating that the activity of both the
cells and their metabolites may be impaired if fo-
liage became desiccated, a matter which needs
more investigation. Further research is required
also on the shelf-life of the toxic metabolites and on
their persistence in soil if used against soil insects
such as the black vine weevil, Otiorhynchus sul-
catus. As indicated above, the nematode, S. car-
pocapsae which carries the bacterium, X. nemato-
phila, is exempted from pesticide regulation. It
seems likely that cell suspensions of the bacterium
itself or solutions containing its toxic metabolites
will have to be subjected to thorough testing and
regulatory approval before they alone are used as a
bio-pesticides.
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