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LC50, Plutella xylostella, Zoophthora radicans. ~ Aims: To isolate and formulate a native strain of Zoophthora radicans naturally

infecting larvae of diamondback moth, Plutella xylostella, existing in South
Australia and to provide evidence that formulation of the fungus is effective
against P. xylostella larvae, and therefore, it could be used as a tool in pest
management of this insect.

Methods and Results: Dose—response bioassays using formulated and unformu-
lated forms of the fungus strain were carried out against third instar larvae of
P. xylostella. Results obtained have indicated a significant increase in the larval
mortality when higher concentrations of a formulated form of the fungus strain
were applied compared to the treatments with the unformulated form (850 vs
57-5% of larval mortality, respectively, at the top concentration of 107 coni-
dia/ml). The median lethal concentration (LC50) for a formulated form was
100 times less than that of the unformulated form when they were applied
against the third instar larvae of P. xylostella. In addition, the formulation used
in the present bioassays has preserved the viability of introduced fungus coni-
dia for longer time in comparison with the unformulated conidia.

Conclusions: The effective application of a formulated fungus strain against
P. xylostella larvae constitutes the first step towards its use in pest management
of this insect.

Significance and Impact of the Study: The formulated fungus in inverted
emulsion could be used as an alternative tool to insecticides in pest manage-
ment of P. xylostella larvae because of the development of resistance to insecti-
cides in the treated larvae.
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creating large holes in the attacked leaves (Talekar and

Intreduction Shelton 1993; Lingappa et al. 2004).

Diamondback moth (DBM), Plutella xylostella, is an
important cosmopolitan insect pest of crucifers, such as,
cabbage, cauliflower, radish, turnip, beet root, mustard
and rape seed (Talekar and Shelton 1993; Sayyed et al.
2005). This insect pest can cause yield reduction in
attacked crops varying from 30 to 100% (Lingappa et al.
2004). The larvae are considered the damaging form of
this insect as they feed on the leaves of attacked plants
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Control of DBM is usually practiced by applying vari-
ous synthetic chemical insecticides such as Emamectin
benzoate (Proclaim®; Syngenta, Basel, Switzerland),
Spinosad (Success®; Dow AgroSciences, Indianapolis, IN)
and Indoxacarb (Avatar®; DuPont, Wilmington, DE), in
addition to the large use of Bt-toxin (Dipel®; Valent
Agricultural Products, Walnut Creek, CA) (Thompson
et al. 2000; McCann et al. 2001; Zhao et al. 2002, 2006;
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Liu et al. 2003; Syngenta 2004). However, frequent appli-
cations of increasingly larger doses of these insecticides
against P. xylostella cause the development of resistance
to these insecticides by the insect (Tabashnik et al. 1987,
2000; Zhao et al. 2002, 2006).

Alternative approaches to the conventional use of syn-
thetic insecticides and Bt-toxins for the control of DBM
are highly appreciated because of increasing importance
of integrated management strategies relying on biocon-
trol possibly combined with selective insecticide applica-
tion. Entomopathogenic fungi (EPF) are considered the
most promising alternative approach because they are
currently being developed as biocontrol agents of many
insect species (Ibrahim and Low 1993; Padin et al. 1996,
1997, 2002; Selman et al. 1997; Hidalgo et al. 1998;
Moino et al. 1998; Rice and Cogburn 1999; Odour et al.
2000; Toshio 2000; Dal-Bello et al. 2001; Sheeba et al.
2001). Recently, formulated forms of EPF have been
used against various insect species, and inverted emul-
sion formulations (water-in-oil type) are used as a
promising formulation for these entomopathogens when
applied as biocontrol agents of insects (Batta 2003a,b,
2004, 2005, 2007, 2008; Batta and Abu-Safieh 2005;
Michalaki ef al. 2006). Some authors have reported the
infection of DBM larvae with Zoophthora radicans in
Australia (Furlong and Pell 2000, 2001; Vickers et al.
2004; CSIRO-Entomology 2008). This pathogen is found
naturally infecting the DBM larvae in cabbage and cauli-
flower plantations, but its capacity to control the insect
under field conditions is variable as the larval mortality
attributed to fungus infection does not exceed 50%
under the most favourable conditions (Pell and Wilding
1992, 1993, 1994; Pell et al. 1993; Furlong et al. 1995;
Furlong and Pell 1996, 1997; Sarfraz et al. 2005).
However, no investigations have been made to use this
fungus as biocontrol agent against DBM larvae in any
formulated form including inverted emulsion formula-
tion. According to our experience regarding the formu-
lation of other EPF like Beauveria bassiana and
Metarhizium anisopliae (Batta 2003a,b, 2004, 2005, 2007,
2008; Batta and Abu-Safieh 2005), we think that the for-
mulation of the present strain of Z. radicans in inverted
emulsion has the potential to enhance its capacity for
control of DBM larvae. Therefore, the objectives of the
present research were the following: (i) to isolate a
native strain of Z. radicans naturally infecting DBM
larvae on cabbage fields in South Australia; (i) to for-
mulate the fungus strain using inverted emulsion as this
formulation enhanced the efficacy of other EPF; (iii) to
test the efficacy of treatment with the formulated fungus
strain against DBM larvae; and (iv) to check the coni-
dial viability of the fungus strain after introduction into
the inverted emulsion used in the formulation.
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Materials and methods

Strain of Zoophthora radicans used in the study

A native strain (designate as ZRYAC) of Z. radicans was
used in this study. It was isolated and then characterized
by our team. Isolation was performed from naturally
infected DBM larvae infesting cabbage plantations in
Wanilla Ayer Peninsula in South Australia in October
2008. Sabouraud dextrose agar (SDA) culture medium
(Difco) amended with an antibiotic (chloramphenicole
250 g/1) was used in the isolation. Subculturing of the
strain was performed on SDA medium plus 0-25% (w/V)
yeast extract (Pell and Wilding 1993). The isolated strain
is characterized by the production of a relatively long
dense yellowish mycelium when subcultured on plates of
SDA medium + 0-25% (w/v) yeast extract. It also pro-
duces small microscopic oval to elongate spores typical to
Z. radicans called primary conidia. These conidia are dif-
ferent from those of Deuteromycotinous fungi, which usu-
ally produce true conidia when subcultured on a culture
medium. Under certain environmental conditions espe-
cially at high humidity, the primary conidia of the fungus
produced in the culture plates give smaller size secondary
conidia with elongate shape called capilliconidia. Produc-
tion of these conidia (capilliconidia) from primary conidia
is typical to entomophthorales especially for Z. radicans
(Furlong and Pell 1997; Griggs ef al. 1999). Zygospores
are also typical type of resting spores that can be produced
by this fungus strain but their production requires certain
environmental conditions that are not available in the cul-
ture plates. Among the above-mentioned types of spores
produced by the fungus strain, the secondary conidia
(infective type of conidia) were used for bioassays of this
study. During the preliminary experiments, we have
noticed that the fungus strain killed the infected DBM lar-
vae within 4 days of treatment. Therefore, the assessment
of treatment effects in bioassays of this study was per-
formed within 96 h of treatment. When the treated larvae
become infected by the fungus strain, they turn soft and
become flattened and their colour changes first from
emerald green to buff yellow then finally to black colour
when larvae were completely killed by the fungus. Concen-
tration of the secondary conidia (capilliconidia) used in
the formulation of the fungus was standardized at
107 conidia/ml. Serial successive dilutions of this concen-
tration was involved in bioassays of the study.

Formulation of ZRYAC strain of Zoophthora radicans

Formulation of the isolated fungus strain (Z. radicans
ZRYAC) was carried out in inverted emulsion (water-
in-oil formulation) because this formulation has been
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shown to be the most appropriate for other EPF like
B. bassiana and M. anisopliae. For the preparation of this
formulation, the ingredients of each one of the two phases
constituting the formulation were first mixed separately
and then the two phases were combined in a 50 : 50%
ratio by adding the aqueous phase onto the oil phase to
obtain water-in-oil formulation. The mixture of the two
phases was then homogenized mechanically using a high-
speed homogenizer (model: Gastro 350, Bamix®, Basel,
Switzerland). The speed and duration of homogenization
were adjusted at 21 000 rev min~' for 1-5 min. The
resulted inverted emulsion should be stable (no separation
of the two phases comprising the emulsion for at least
24 h after preparation), so it becomes appropriate for the
introduction of the fungus conidia. The aqueous phase of
the formulation was consisted of a mixture of sterile
de-ionized water (45-25% w/w), glycerine (4:00% w/w)
and water-soluble emulsifier (Dehymuls® LS: 0-75% w/w;
Carechemicals, Cognis, http://www.cognis.com, Germany).
Before adding to the formulation, the water-soluble emul-
sifier ‘Dehymuls® LS’ was first melted in sterile de-ionized
water at 75°C using water bath for 10 min. Glycerine was
added to this mixture because it acts as a depressor of
water molecule activity through reduction in water evapo-
ration during application. The oil phase of the formulation
consists of a mixture of two oils of plant origin containing
a high content of monounsaturated fat (Rape seed oil
known commercially as Canola oil: 24:00% w/w and
Camelia oil known commercially as Tea oil: 24:00% w/w)
and oil-soluble emulsifier: Tween 20 (2:00% w/w).

Introduction of conidia of ZRYAC strain of Zoophthora
radicans into the formulation

The strain ZRYAC of Z. radicans was first subcultured on
SDA medium plus 0:25% (w/v) yeast extract and then
incubated at 25 + 1-0°C for 4 days before the primary
conidia of the fungus were produced. The secondary con-
idia (capilliconidia) of the fungus were then produced
from the primary conidia within 2 days following the
appearance of the primary conidia. The capilliconidia
(infective form of the fungus conidia) were harvested and
then used for fungus formulation. Conidial harvesting
was carried out by scraping the conidia from the surface
of culture medium using sterile scalpel blades and then
suspended in sterile de-ionized water. Suspended conidia
were then separated from fragments of fungus mycelium
by sieving through a 75-um mesh. The conidial suspen-
sion was then standardized at 4-0 x 107 conidia/ml to get
a final conidial concentration of 1-0 x 10” conidia/ml in
the prepared formulation. Introduction of standardized
conidial suspension into emulsion was performed during
preparation of the ingredients by mixing them first with
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sterile de-ionized water which comprised 45-25% w/w
of total volume of the emulsion. The part of sterile
de-ionized water was also used to melt the water-soluble
emulsifier Dehymuls® LS (0-75% w/w of the total volume
of the emulsion) as described in the previous section on
the formulation of the strain. Mixing and homogenization
of this phase with the oil phase of the emulsion was
carried out as described in the previous section on
formulation of the strain. The concentration of the
fungus conidia in the final emulsion was fixed at
1:0 X 107 conidia/ml. This is because the introduced
conidial suspension in the aqueous phase was standard-
ized at 4-0 x 107 conidia/ml as determined by a haemocy-
tometer. The prepared emulsion was held in screw-caped
glass bottles (500-ml capacity) and stored at 25 + 1-0°C
for the whole duration of bioassays.

Effect of formulation on conidial viability of ZRYAC
strain of Zoophthora radicans

Two techniques were used to assess the conidial viability
of Z. radicans strain incorporated into emulsion over time
by taking two samples of the emulsion (100 ul each) at
weekly intervals. One sample was spread on the surface of
plates containing SDA medium plus 025% (w/v) yeast
extract and then incubated at 25 £ 1-0°C for 6 days, at
which time plates were examined for the appearance of
typical Z. radicans colonies. This indicates that the coni-
dia have remained viable in the emulsion. The second
sample was spread in a thin layer on the surface of glass
slides then transferred to a Petri dish with moistened fil-
ter paper at the bottom to secure humid conditions
needed for germination. Petri dishes were then incubated
at 25 £ 1-0°C. Conidial germination was assessed 24 h
later under the microscope, and average per cent germi-
nation was calculated for each sampling time. Ten repli-
cates were set up for each method of assessment at each
sampling time. To determine whether the formulation
prompted conidial viability or was detrimental to it, via-
bility of the unformulated fungal conidia was also
assessed over the same experimental period as in formu-
lated conidia by suspending them in sterile de-ionized
water and storing them under the same conditions as in
the formulated conidia. The same techniques described
previously for formulated conidia were used during the
assessment of unformulated conidial viability.

Population of DBM used in bioassays

A susceptible population of the DBM known as ‘Waite
susceptible’ has been used in bioassays. This population
has been left for reproduction for many generations and
for long time (>10 years) without being exposed to any
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type of insecticides and/or natural enemies including
pathogens. During this period, it has been maintained on
cabbage seedlings (Brassica oleracae var. capitata cultivar
Green Coronet) grown under the insectary conditions
(25 £ 1:0°C, 14/10 h, L/D photoperiod) in separately
caged cultures at South Australian Research and Develop-
ment Institute (SARDI)-Entomology Unit, Waite
Campus, South Australia, Australia. The cabbage seedlings
were produced in the laboratory by planting the seeds in
500 ml Plaspak® (St Arndell Park, NSW, Australia) plastic
pots with compost and vermiculite (3 : 1 ratio). A thin
layer of honey on masking tape and 10% honey solution
with 0-1% sorbic acid were provided as food source for
DBM adults during rearing. Third stage larvae produced
during rearing of the susceptible population were col-
lected then used for bioassays.

Bioassays using formulated and unformulated conidia of
Zoophthora radicans (ZRYAC strain)

Cabbage leaf discs of 90 mm diameter were cut from
washed cabbage leaves taken from healthy 8-week-old
plants grown under the glass house conditions at SARDI-
Entomology Unit, Waite Campus, South Australia,
Australia. The leaf discs were then embedded into agar
that has been poured into 90 mm diameter Petri dishes
with the underside of leaf discs facing upwards. Before
formal bioassays, preliminary assays were conducted using
a broad range of concentrations of the fungus preparation
containing known conidial concentration to determine
the proper concentrations for the formal assays. Each for-
mal bioassay included eight concentrations of the fungus
preparation containing the fungus conidia (capilliconidia)
starting from 10”7 to 0 conidia/ml (0 concentration was
sterile de-ionized water used as a control). Therefore, suc-
cessive dilutions of ten times each were performed using
the highest concentration (107 conidia/ml) until reaching
the lowest one (0 conidia/ml). Four leaf discs represent-
ing four replicates were used for each concentration. The
successive dilutions were made up in sterile de-ionized
water to obtain the specific concentrations using volumet-
ric flasks. A precise deposit of each concentration
(4-0 ml) was administered using a Potter precision labora-
tory spray tower (Burkard manufacturing Co Ltd,
Rickmansworth Herts, UK). Eight to ten-third instar lar-
vae of DBM were placed on each leaf disc in a Petri dish,
and then each Petri dish was sprayed with 40 ml of each
concentration using the Potter spray tower. Once
removed from the tower, the dishes were covered with a
plastic film that was secured with a rubber band, and
then about 200-250 tiny holes were then punched into
the plastic film using a very fine needle to allow the
exchange of air. The tower was calibrated before and after
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each trial allotment, and rinsed three times with ethyl
alcohol (70%) and sterile de-ionized water between each
change in treatment. The treated Petri dishes were then
kept in an incubator at 25 + 0-5°C (14/10 h, L/D photo-
period). The treatment effects at the different concentra-
tions were assessed 96 h after the treatment. Assessment
of the treatment effect was performed by counting dead
and living larvae in each Petri dish and then calculating
the per cent mortality of treated larvae. The mean per
cent mortality was calculated for each concentration. Each
type of the aforementioned bioassays was repeated three
times for the confirmation of the results and for obtain-
ing more reliable data set.

Statistical analysis

The data obtained on percentage of larval mortality were
statistically analysed using one- or two-way ANOVA to
compare mortality caused by the application of concen-
trations of serial successive dilutions within a treatment
and between treatments. Tukey’s HSD was used to sepa-
rate means when significant treatment effects were
detected (JMP version 8 was used). Probit analysis was
used to determine the median lethal concentration
(LC50) of a formulated and an unformulated fungus
strain for the comparison of these treatment effects.

Results

Treatment effect of DBM larvae with a formulated versus
unformulated conidia of Zoophthora radicans

Results obtained from bioassays compared the larval
mortality caused by the application of different concen-
trations of serial successive dilutions within a treatment
and between the treatments.

Comparison of larval mortality within a treatment

Results indicate that significant differences (at P = 0-05)
were obtained between the means of per cent mortality of
treated larvae with a formulated conidia of fungus strain
(ZRYAC) for the first two highest concentrations of the
formulation (107 and 10° conidia/ml) and the other con-
centrations used in bioassays (Table 1). Similar significant
differences were obtained for the medium concentrations
of the formulated fungus conidia used in the treatment:
10° and 10* conidia/ml (Table 1). Overall, the treatment
effect with a formulated fungus was the most effective at
higher concentrations that exceeded 10* conidia/ml. Sig-
nificant differences (at P = 0-05) were also obtained
between the means of per cent mortality of treated larvae
with an unformulated conidia of fungus strain for the
first two highest concentrations of the fungus conidial
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Table 1 Mean (xSE) mortality (%)T of diamondback moth third larval instar treated with unformulated (aqueous suspension) and formulated
(inverted emulsion) conidia of Zoophthora radicans (strain ZRYAC) at different concentrations (four replicates per treatment, n = 8-10 larvae per

replicate)

Comparison of larval response to serial dilution concentrations Comparison of larval response to serial dilution concentrations

within a treatment*

between the treatments*

Formulated Blank formulation Formulated Blank formulation
Concentration Unformulated  fungus conidia and its successive Unformulated  fungus conidia in  and its successive
(conidia/ml) fungus conidia in invert emulsion dilutions fungus conidia invert emulsion dilutions
107 575+ 48e 85+ 29e 35 + 2-9 d (undiluted) 575+ 48b 85+ 29c 35 + 2:9 a (undiluted)
10° 45+29d 775x25e 22:5 + 2:5 ¢ (107" dilution) 45+29b  775+25c 22:5 + 2-5 a (107" dilution)
10° 375+49cd 575+25d 12:5 + 2-4 b (1072 dilution) 375+49b 575+ 2-5¢ 12-5 + 2-4 a (1072 dilution)
10 275+ 48c 325+24c 5+ 2-8 ab (1072 dilution) 27-5+48b  325x24b 5 + 2-8 a (1072 dilution)
10° 225 + 2:5 bc 25+ 2:8 bc 25+ 25 a (107 dilution) ~ 22'5 + 2-5ab 25+2-8b 2:5 + 25 a (107~ dilution)
10? 15+29b 175%23b 0+ 0 a (107> dilution) 15+29ab 175+23b 0+ 0 a (107> dilution)
10 5+28ab 75%22a 0+ 0 a (107° dilution) 5+28a 75+22a 0+ 0 a (107° dilution)
0 (control) 25+25a 0+x0a 0+ 0a (1077 dilution) 25+25a 0+x0a 0+ 0 a (1077 dilution)

*Means of larval mortality caused by concentrations of serial dilutions within a treatment and those caused by concentrations of serial dilutions
between the treatments followed by the same letter are not significantly different at P = 0-05.
tStatistical analysis using anova and Tukey’s HSD test for means separation was performed for the data.

suspension: 107 and 10° conidia/ml (Table 1) but no sig-
nificant differences were obtained between the means of
per cent mortality of treated larvae with the fungus strain
for the concentrations of the fungus: 10°, 10%, 10° and
10 conidia/ml (Table 1). Overall, the treatment with
unformulated fungus conidia was the most effective at
higher concentrations that exceeded 10> conidia/ml.

Comparison of larval mortality between the treatments

Results indicate that significant differences (at P = 0-05)
were obtained between the means of per cent mortality of
treated larvae with a formulated and an unformulated
conidia of fungus strain (ZRYAC) for the first three high-
est concentrations of these treatments (107, 10° and
10° conidia/ml)  (Table 1).
differences were obtained for the other concentrations of
a formulated and unformulated fungus conidia used in
these treatments: 10% 10°, 10%, 10 and 0 conidia/ml
(Table 1). Overall, the treatment effect with a formulated
and an unformulated fungus was most effective at higher

However, no significant

concentrations that exceeded 10* conidia/ml. These values
of conidial concentration are similar to those that have
been obtained from comparisons within a treatment for
the formulated and unformulated forms of the fungus.

The LC50 of this formulated strain was 34 928 coni-
dia/ml (3-5 x 10* conidia/ml) compared to a higher
LC50 of the unformulated strain 4778 694 conidia/ml
(478 x 10° conidia/ml), which means that this LC50 was
100 times less than that of the unformulated form of the
fungus strain (Table 2). Moreover, the LC90 of the
formulated strain was 38 704 932 conidia/ml (39 x 107
conidia/ml) compared to an extremely high LC90 for the
unformulated fungus form (Table 2).

© 2011 The Authors

Results obtained on the treatment effect with the blank
formulation of inverted emulsion as a control treatment
of the formulated form of the fungus strain indicate that
means of per cent mortality of treated larvae decreased
significantly from 35 to 5% when the blank formulation
was diluted into three successive dilutions of ten times
each (Table 1). Further successive dilutions of ten times
each did not significantly decrease the mean of per cent
larval mortality (Table 1). It is important to note that sig-
nificant differences (at P = 0-05) were obtained between
the formulated form of the fungus and the blank formu-
lation at all concentrations used except for the lowest one
(10 conidia/ml) (Table 1).

Viability of formulated conidia of Zoophthora radicans
in inverted emulsion

Conidial viability of the fungus strain ZRYAC formulated
in inverted emulsion has not significantly reduced during
a four-week period of storage at 25 + 1°C following prep-
aration of emulsion and subsequent introduction of the
conidia. The total values of reduction in conidial viability
did not exceed 3% (reduced from 818 to 79:0%)
(Table 3). In comparison with the conidial viability of the
same strain in aqueous suspension stored at the same
conditions (25 + 1°C), the fungus has lost its viability
because of the germination of its conidia within one week
of their suspension in water and storage. The loss may be
also attributed to subsequent formation of dense myce-
lium within 1 week of conidial germination so that they
could not be stored for long time compared with the
unformulated conidia. Moreover, the direct effect of
preparation technique of the emulsion especially using
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Table 2 Probit analysis of the treatment effect of diamondback moth third instar larvae with a formulated and an unformulated conidia of
Zoophthora radicans (strain ZRYAC) (four replicates per treatment, n = 8-10 larvae per replicate)

Treatment with an unformulated
fungus conidia

Treatment with a

Results of Probit analysis formulated fungus conidia

LC50 (conidia/ml) 34 928302 (3-5 x 10%)
95% CL (conidia/ml) for the 14 035-473 — 93 736:177
LC50 (1440 x 10* = 9:37 x 10% (5442 x 10° — 3-15 x 10%)
LC90 (conidia/ml) 38 704 932:691 (3:9 x 107) 0-000 (extremely high)
95% CL (conidia/ml) for 7614 140-476 — 432 258 684-054 -
the LC90 (761 x 10° to 4-32 x 108

47 78 694-888 (478 x 10°)
541 735419 — 314 954 493-741

Table 3 Mean (+SE) conidial germination (%) of a formulated and an unformulated strain (ZRYAC) of Zoophthora radicans stored at 25 + 1°C.
Ten replicates representing ten samples taken from unformulated and formulated conidia per sampling time

Sampling time Conidial germination Re-isolation of a Conidial germination Re-isolation of an

(in weeks) after (%) of a formulated formulated (%) of an unformulated unformulated
formulation of the fungus fungus fungus fungus fungus

0% 81-8 + 42 +1 852 + 51 +

1 801 + 3-8 + * -t

2 798 + 46 + * -

3 790 £ 49 + * -

4 790 = 37 + * -

*Conidial germination % is difficult to be assigned because of a previous germination and/or subsequent formation of a dense mycelium.

+The sign + (positive test) or — (negative test) indicates whether the fungus was recovered from the one hundred microliters of the formulation or
conidial suspension spread on the plate’s surface of Sabouraud agar culture medium (SDA) + 0-25% (w/V) yeast extract. Negative test (- sign) for
re-isolation of the fungus in the aqueous suspension may be attributed to its previous germination and/or subsequent formation of a dense

mycelium.

tWeek 0 indicates the day on which the invert emulsion was prepared and the fungus strain was introduced.

high speed for homogenization (21 000 rev min~" for
15 min) on conidial viability was so small because the
reduction in conidial viability was <3-5% (reduced from
852 to 81-8%) (Table 3).

Discussion

The frequent isolation of the fungus strain (ZRYAC of
Z. radicans) from naturally infected DBM larvae in cab-
bage plantations in South Australia indicates that this
entomopathogenic fungus is a native pathogen of the
insect in South Australia. This is confirmed by other
researchers who have reported that the fungus is a native
pathogen of DBM larvae in other Australian states and
elsewhere in the world (Furlong and Pell 2000, 2001;
Vickers et al. 2004; CSIRO-Entomology 2008). Moreover,
the characteristics of this native strain (e.g. morphological
and entomopathological) were described and studied in
the present research. These characteristics are typical to
the fungus Z. radicans and conform to the characteristics
of other fungus strains reported by other authors (Glare
et al. 1987; Furlong and Pell 1997; Griggs et al. 1999).

The present research is considered the first attempt to
develop an effective formulation of this entomophthora-
lean fungus. The formulation developed in this research
has improved the efficacy of the fungus against the DBM
larvae, and the results obtained in this respect would be a
very important advance in this field of research. The
results have also confirmed the effectiveness of the devel-
oped formulation through conduction of bioassays for
reaching such important finding.

The fungus strain (ZRYAC) has shown a moderate effi-
cacy when an unformulated form of the fungus strain has
been applied using the top concentration of 107 coni-
dia/ml (57-5% of larval mortality), but the efficacy has
significantly increased (reached at 85% of larval mortal-
ity) when a formulated form of the same strain has been
applied using the same concentration. This significant
increase in efficacy could be attributed to the effect of
inverted emulsion formulation used in bioassays because
this formulation has maintained the viability of intro-
duced fungus conidia and enhanced their effect. More-
over, the present formulation may offer the following
additional advantages when used: (i) ingredients of the
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present formulation are cheap and easy to obtain from
local commercial sources; (ii) the technique used for the
preparation of the formulation is simple and does not
need sophisticated tools; (iii) the formulation could be
applied in liquid formulation (spray form) with or with-
out dilution in water at the time of application especially
under field conditions; and (iv) although we did not per-
form any toxicological assay, the ingredients are not likely
to be toxic as all of them are used as food additives or in
manufacturing of cosmetics.

In this study, the median lethal concentration (LC50)
of a formulated form of the fungus strain was 100 times
less than that of the unformulated form (35 x 10* vs
478 x 10° conidia/ml, respectively). This means that the
fungus strain was much more effective when applied in a
formulated form against DBM larvae than when applied
in an unformulated form. The earlier discussion relating
to the higher efficacy of a formulated form of the strain
suggests the possibility of using it as biocontrol agent in
pest management strategies of this serious insect pest of
crucifers under field conditions but further studies are
needed to be performed before conducting any field
experiment.

It is important to note that the effect of formulation
ingredients on the conidial viability of the introduced
fungus strain compared to the unformulated form was
small (79 vs 852% of conidial germination during a
4-week period of storage at 25 £ 1°C; respectively). In
contrast, the conidial viability of the unformulated strain
in form of conidial suspension in water was completely
lost within 1 week of storage at the same conditions
because of early conidial germination and subsequent
formation of mycelium. This will make the fungus
unsuitable for storage in water for long time until appli-
cation. These results are similar to previous results that
have been obtained when another entomopathogenic
fungus M. anisopliae was formulated in inverted emul-
sion (Batta 2003a), but no previous studies have been
reported on measuring the viability of Z. radicans for-
mulated in inverted emulsion. Therefore, these results
represent the first attempt to investigate the viability of
Z. radicans formulated in invert emulsion by measuring
its conidial viability in the formulation over time, but
further studies on conidial viability of the fungus are
recommended to be carried out at longer term (e.g.
6 months or more).

In conclusion, the present research constitutes the first
investigations into the formulation and application of this
fungus against the larvae of P. xylostella. However, further
research studies are needed in this respect especially
under field conditions before using this fungus in pest
management of P. xylostella or of other related insect
species that may be infected with the fungus.

© 2011 The Authors

Formulation and application of Z. radicans

Acknowledgement

This research was supported by a University of Adelaide
fellowship accorded to Prof. Yacoub Batta. Many thanks
to Mr Greg Baker, the acting director of the Entomology
Unit in South Australian Research and Development
Institute (SARDI) for his help in the accomplishment of
this research.

References

Batta, Y.A. (2003a) Production and testing of novel formula-
tion of the entomopathogenic fungus Metarhizium anisop-
liae (Metch.) Sorokin (Deuteromycetes: Hyphomycetes).
Crop Prot 22, 415-422.

Batta, Y.A. (2003b) Symptomatology of tobacco whitefly and
red spidermite infection with entomopathogenic fungus
Metarhizium anisopliae (Metch.) Sorokin. Dirasat: Agric Sci
30, 294-303.

Batta, Y.A. (2004) Control of rice weevil (Sitophilus oryzae L.,
Coleoptera: Curculionidae) with various formulations of
Metarhizium anisopliae. Crop Prot 23, 103—108.

Batta, Y.A. (2005) Control of the lesser grain borer
(Rhyzopertha dominica Fab., Coleoptera: Bostrichidae)
by treatments with residual formulations of
Metarhizium anisopliae (Metch.) Sorokin (Deutero-
mycetes: Hyphomycetes). ] Stored Products Res 41,
221-229.

Batta, Y.A. (2007) Biocontrol of almond bark beetle (Scolytus
amygdali Geurin-Meneville, Coleoptera: Scolytidae) using
Beauveria bassiana (Bals.) Vuill. (Deuteromycotina:
Hyphomycetes). ] Appl Microbiol 103, 1406—1414.

Batta, Y.A. (2008) Control of main stored-grain insects with
new formulations of entomopathogenic fungi in diato-
maceous earth dusts. Internat | Food Engin 4, Art. 9 (16
pp.). Available at: http://www.bepress.com/ijfe/vol4/
iss1/art9.

Batta, Y.A. and Abu-Safieh, D.I. (2005) A study of treatment
effect with Metarhizium anisopliae and four types of dusts
on wheat grain infestation with red flour beetles
(Tribolium castaneum Herbs, Coleoptera: Tenebrionidae).
The Islamic Univer Gaza ] 13, 11-22.

CSIRO-Entomology (2008) Biocontrol: an overview of biologi-
cal control research in CSIRO-Entomology. http://
www.ent.csiro.au/bioontrol/dbmoth.html.

Dal-Bello, G., Padin, S., Lopez-Lastra, C. and Fabrizio, M.
(2001) Laboratory evaluation of chemical-biological con-
trol of the rice weevil (Sitophilus oryzae L.) in stored
grains. ] Stored Products Res 37, 77-84.

Furlong, M.J. and Pell, J.K. (1996) Interactions between the
fungal entomopathogen Zoophthora radicans Brefeld
(Entomophthorales) and two hymenopteran parasitoids
attacking the diamondback moth, Plutella xylostella L.

J Invertebr Pathol 68, 15-21.

Journal of Applied Microbiology 110, 831-839 © 2011 The Society for Applied Microbiology 837



Formulation and application of Z. radicans

Furlong, M.J. and Pell, J.K. (1997) The influence of environ-
mental factors on persistence of Zoophthora radicans coni-
dia. J Invertebr Pathol 69, 223-233.

Furlong, M.J. and Pell, J.K. (2000) Conflicts between a fungal
entomopathogen, Zoophthora radicans, and two larval par-
asitoids of the diamondback moth. J Invertebr Pathol 76,
85-94.

Furlong, M.J. and Pell, J.K. (2001) Horizontal transmission of
entomopathogenic fungi by the diamondback moth. Biol
Cont 22, 288-299.

Furlong, M., Pell, J.K., Pek, C.O. and Rahman, S.A. (1995)
Field and laboratory evaluation of a sex pheromone trap
for the autodissemination of the fungal entomopathogen
Zoophthora radicans (Entomophthorales) by the diamond-
back moth, Plutella xylostella (Lepidoptera: Yponomeuti-
dae). Bull Entomol Res 85, 331-337.

Glare, T.R., Milner, R.J., Chilvers, G.A., Mahon, R.J. and
Brown, W.V. (1987) Taxonomic implications of intraspe-
cific variation among isolates of the aphid-pathogenic
fungi Zoophthora radicans Brefeld and Z. phalloides Batko
(Zygomycetes: Entomophthoraceae). Austral ] Bot 35, 49—
67.

Griggs, M.H., Vandenberge, J.D. and Sawyer, A.J. (1999) Effect
of relative humidity on viability of primary conidia of
Zoophthora radicans. ] Invertebr Pathol 73, 315-320.

Hidalgo, E., Moore, D. and Le Patourel, G. (1998) The effect
of different formulations of Beauveria bassiana on
Sitophilus zeamais in stored maize. ] Stored Products Res
34, 171-179.

Ibrahim, Y.B. and Low, W. (1993) Potential of mass-produc-
tion and field efficacy of isolates of the entomopathogenic
fungi Beauveria bassiana and Paecilomyces fumosoroseus
against Plutella xylostella. Internat ] Pest Manag 39, 288—
292.

Lingappa, S., Basavanagoud, K., Kulkarni, K.A., Patil, R.S. and
Kambrekar, D.N. (2004) Threat to vegetable production by
Diamondback Moth and its management strategies. In
Disease Management of Fruits and Vegetables, Vol. 1 ed.
Mukerji, K.G. pp. 357-396. Netherlands: Springer.

Liu, T.X., Sparks, A.N. and Chen, W. (2003) Toxicity, persis-
tence and efficacy of indoxacarb and two other insecticides
on Plutella xylostella (Lepidoptera: Plutellidae) immature
in cabbage. Internat ] Pest Manag 49, 235-241.

McCann, S.F., Annis, G.D., Shapiro, R., Piotrowski, D.W.,
Lhm, G.P., Long, J.K., Lee, K.C., Hughes, M.M. et al.
(2001) The discovery of indoxacarb: oxadiazines as a new
class of pyrazoline-type insecticides. Pest Manag Sci 57,
153-164.

Michalaki, M., Athanassiou, C., Kavallieratos, N., Batta, Y.
and Balotis, G. (2006) Effectiveness of Metarhizium ani-
sopliae (Metchinkoff) Sorokin applied alone or in combi-
nation with diatomaceous earth against Tribolium
confusum (Du Val) larvae: influence of temperature,
relative humidity and type of commodity. Crop Prot 25,
418-425.

Y.A. Batta et al.

Moino, A. Jr, Alves, S.B. and Pereira, R M. (1998) Efficacy of
Beauveria bassiana (Bal.) Vuilemin isolates for control
of stored-grain pests. ] Appl Entomol 122, 201-205.

Odour, G.I., Smith, S.M., Chandi, E.A., Karanja, L.W., Agano,
J.0. and Moore, D. (2000) Occurrence of Beauveria bassi-
ana on insect pests of stored maize in Kenya. | Stored
Products Res 36, 177-185.

Padin, S.B., Bello, G.M., Vasicek, A.L. and Dal-Bello, G. (1996)
Bioinsecticide potential of entomopathogenic fungi for
stored-grain pests. Revista Facul Agronomia, Univer Buenos
Aires 15, 1-7.

Padin, S.B., Bello, G.M. and Vasicek, A.L. (1997) Pathogenicity
of Beauveria bassiana for adults of Tribolium castaneum
(Coleoptera: Tenebrionidae) in stored grain. BioControl
42, 569-574.

Padin, S.B., Dal-Bello, G. and Fabrizio, M. (2002) Grain loss
caused by Tribolium castaneum, Sitophilus oryzae and
Acanthoscelides obtecus in stored durum wheat and beans
treated with Beauveria bassiana. ] Stored Products Res 38,
69-74.

Pell, J.K. and Wilding, N. (1992) The survival of Zoophthora
radians (Zygomycetes: Entomophthorales) isolates as
hyphal bodies in mummified larvae of Plutella xylostella
(Lep.: Yponomeutidae). Entomophgaga 37, 649-954.

Pell, J.K. and Wilding, W. (1993) Selection of an isolate of
Zoophthora radicans (Zygomycetes: Entomophthorales) for
biocontrol of the diamonback moth Plutella xylostella
(Lepidoptera: Yponomeutidae). J Invertebr Pathol 61, 75—
80.

Pell, J.K. and Wilding, W. (1994) Preliminary caged-field trial,
using the fungal pathogen Zoophthora radicans brefeld
(Zygomycetes: Entomophthorales) against the diamond-
back moth Plutella xylostella L. (Lepidoptera: Yponomeuti-
dae). Biocont Sci Technol 4, 71-75.

Pell, J.K., MaCaulay, E.D.M. and Wilding, W. (1993) A phero-
mone trap for dispersal of the pathogen Zoophthora radi-
cans Brefeld. (Zygomycetes: Entomophthorales) amongst
populations of the diamondback moth, Plutella xylostella
L. (Lepidoptera: Yponomeutidae). Biocont Sci Technol 3,
315-320.

Rice, W.C. and Cogburn, R.R. (1999) Activity of the entomo-
pathogenic fungus Beauveria bassiana (Deuteromycotina:
Hyphomycetes) against three coleopteran pests of stored
grains. J Econ Entomol 92, 691-694.

Sarfraz, M., Keddie, A.B. and Dosdall, M.L. (2005) Biological
control of the diamondback moth, Plutella xylostella: a
review 1. Biocont Sci Technol 15, 763-789.

Sayyed, A.H., Attique, M.N. and Khaliq, A. (2005) Stability of
field-selected resistance to insecticides in Plutella xylostella
(Lepidoptera, Plutellidae) from Pakistan. ] Appl Entomol
129, 542-547.

Selman, B.J., Dayer, S. and Hasan, M. (1997) Pathogenicity of
Beauveria bassiana (Bals.) Vuill. to the larvae of diamond-
back moth, Plutella xylostella L. (Lep., Yponomeutidae).

J Appl Entomol 121, 47—49.

© 2011 The Authors

838 Journal of Applied Microbiology 110, 831-839 © 2011 The Society for Applied Microbiology



Y.A. Batta et al.

Sheeba, G., Seshardi, S., Raja, N., Janarthana, S. and Ignacinu-
tha, S. (2001) Efficacy of Beauveria bassiana for control of
the rice weevil Sitophilus oryzae L. (Coleoptera: Curculioni-
dae). Appl Entomol Zool 36, 117-120.

Syngenta (2004) Proclaim Insecticides. http://www.syngen-
ta.com/en/products_brands/proclaim_window.html

Tabashnik, B. E., Cushing, N. L. and Johnson, M. W. (1987)
Diamondback moth Plutella xylostella (Lepidoptera, Plu-
tellidae) resistance to insecticides in Hawaii intra-island
variation and cross-resistance. | Econ Entomol 80, 1091—
1099.

Tabashnik, B. E., Roush, R. T., Earle, E.D. and Shelton, A. M.
(2000) Resistance to Bt-toxins. Science 287, 7.

Talekar, N. S. and Shelton, A. M. (1993) Biology, ecology and
management of the diamondback moth. Ann Rev Entomol
38, 275-301.

Thompson, G. D., Dutton, R. and Sparks, T. C. (2000) Spino-
sad a case study: an example from natural products dis-
covery programme. Pest Manag Sci 56, 696—702.

© 2011 The Authors

Formulation and application of Z. radicans

Toshio, M. (2000) Microbial control of the Diamondback
moth, Plutella xylostella, by an entomopathogenic fungus,
Beauveria bassiana. 11. Effect of temperature on mycoses
and conidial invasion time. Japanese ] Appl Entomol Zool
44, 177-182.

Vickers, R. A., Furlong, M. J., White, A. and Pell, J. K. (2004)
Initiation of fungal epizootics in diamondback moth pop-
ulations within a large field cage: proof of concept for
auto-dissemination. Entomol Exper Appl 111, 7-17.

Zhao, J. Z., Li, Y. X., Collins, H. L., Gusukuma-Minuto, L.,
Mau, R. F. L., Thompson, G. D. and Shelton, A. M.
(2002) Monitoring and characterization of Diamondback
moth (Lepidoptera, Plutellidae) resistance to spinosad.

J Econ Entomol 95, 430-436.

Zhao, J. Z., Collins, H. L., Li, Y. X., Mau, R. F. L., Thompson,
G. D., Hertlein, M., Andaloro, J. T., Boykin, R. et al.
(2006) Monitoring of Diamondback moth (Lepidoptera,
Plutellidae) resistance to spinosad, indoxacarb and
emamectin benzoate. | Econ Entomol 99, 176-181.

Journal of Applied Microbiology 110, 831-839 © 2011 The Society for Applied Microbiology 839



