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Abstract

Formulations of Metarhizium anisopliae conidia with oven ash, chalk powder, charcoal and wheat flour at a ratio of 1:4 (W/W)
were prepared. Formulations containing charcoal and oven ash had a conidial viability half-life of 4.1–4.3 months at 2071!C. In
comparison, unformulated conidia held under the same conditions had a viability half-life of 0.9 month. Bioassays carried out at
2872!C and 7075% RH indicated that the treatments with charcoal and oven ash formulations at a rate of 2.0% or 2.8mg/cm2 of
treated area resulted in 73.3–86.7% mortality of adult Sitophilus oryzae after 7 days when treatments were applied before or after
pest infestations. Mortality in F1 adults was 28.9–47.5% when exposed, upon emergence, to the same formulations previously
applied against their parents. Treatments applied before pest infestation with charcoal or oven ash formulation reduced damage
rates to wheat grains to 0.5% compared to the control (6.0%). Development time of S. oryzae was prolonged 4–8 days when the
grains were treated before pest infestation with fungal formulations in charcoal or oven ash. A synergistic effect between the fungus
and the most effective dusts, charcoal or oven ash, for the ‘‘after pest infestation’’ treatments was obtained during bioassays for
evaluation of S. oryzae adult mortality. Additional experiments are required to explain the mechanism of this synergism.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Rice weevils (Sitophilus oryzae) are considered a
primary stored-grain insects in warm climate areas.
They cause significant losses to stored grains, especially
cereals, at conditions favorable to their development
(25–35!C and low RH). Integrated management of these
insects is considered the most effective approach for
their control. Potential for the use of entomopathogenic
fungi to control S. oryzae and other stored grain insects
has been recently reported (Padin et al., 1996, 1997,
2002; Rice and Cogburn, 1999; Dal-Bello et al., 2001;
Stathers et al., 2002; Wakefield et al., 2002). Beauveria
bassiana has proven highly effective against the major
stored-grain insects: S. oryzae, Rhyzopertha dominica,
and Tribolium castaneum (Padin et al., 1996, 1997, 2002;

Rice and Cogburn, 1999; Dal-Bello et al., 2001).
Metarhizium anisopliae is less frequently reported for
the control of stored-grain insects although it has been
used to actively control other insect species infestations
(Prior and Greathead, 1989; Rath, 1992; Zimmermann,
1993; Quarles, 1995; Milner et al., 1996; Lomer et al.,
1997; Ludwig and Oetting, 1998; Batta, 2003). Mixtures
of M. anisopliae conidial suspensions with that of B.
bassiana has been used against S. oryzae on wheat grains
(Dal-Bello et al., 2001). However, other investigators
have demonstrated M. anisopliae’s lack of efficacy for S.
oryzae or other stored-grain insects when used alone
(Padin et al., 1996; Moino et al., 1998). The use of
diatomaceous earth as an effective dust for suppressing
several stored-grain beetles especially red flour beetles,
T. castaneum, has been studied (Subramanyan et al.,
1994; Quarles and Winn, 1996; Dowdy, 1999). However,
enhancing the effectiveness of M. anisopliae for S.
oryzae or other stored-grain insects by combining its
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conidia with various types of dusts has not been
investigated. The objectives of this research were: (i) to
assess viability of the M. anisopliae conidia over time in
prepared fungal formulations with four types of dust
carriers and (ii) to assess the efficacy of prepared fungal
formulations for the control of rice weevils and the
damage they cause to stored wheat grains.

2. Materials and methods

2.1. Insect rearing

Adults of S. oryzae (strain RW1) collected from
infested stored wheat grains were reared on healthy
wheat grains (CV: Anbar) held in cloth mesh covered
plastic pots (15 cm diameter by 20 cm high) at 2872!C,
7075% RH, and 16:8 L:D cycle. Newly emerged adults
(males and females) were used in the experiments.

2.2. Fungal formulations

Five fungal formulations were prepared using strain
Meta. 1 of M. anisopliae (obtained from the Galillee
Regional Research and Development Center in Eila-
poun, Israel). Each formulation contained fungal con-
idia and a dust carrier at 1:4 ratio (W/W). The dust
carriers that were obtained from local sources are wheat
flour (milled durum wheat grains of CV: Anbar), oven
ash (completely burned paper sheets), chalk powder
(finely ground board chalks) and charcoal (finely ground
coal pieces). Comparative treatments were unformu-
lated conidia and fungus-free dust carriers. Conidia
harvested from 14-day-old cultures of M. anisopliae
grown on oat meal agar medium (OMA) plates were
thoroughly mixed with the carrier in screw capped
bottles. The formulations contained 5.2" 108 conidia/g
determined by dilution of 1 g of the formulation in 50ml
of sterile distilled water held in screw-capped vials
followed by vigorous shaking before counting by
hemacytometer. The same stock fungal conidia were
used in preparing the formulations to ensure that no
differences were present among the individual formula-
tions. The initial water content measured on a dry
weight basis was 6% for unformulated conidia and
3–4% for the formulations, according to the type of dust
carrier.

2.3. Conidial viability

Suspensions of 0.5% (W/W) of formulations or 0.1%
(W/W) of unformulated conidia in sterile distilled water
were prepared and then diluted 100-fold. Twenty-five
microliters of diluted suspensions were spread onto the
surface of glass slides held in Petri dishes under humid
conditions and scored for germination after 24 h of

incubation at 2572!C. No wetting agent or agar
medium for coating the slides was used in this test.
The assessment of conidial viability was determined
each week for a 22-week period. The formulated and
unformulated conidia were stored during the study in
tightly closed screw capped bottles under a constant
temperature of 2071!C. This was to exclude the effect
of variable environmental conditions on conidial viabi-
lity during the assessment. Three replicates representing
three glass slides per formulated or unformulated
conidia were used and three counts were performed on
each. The mean percent conidial germination was
calculated. Log-linear regression analyses of viability
(% conidial germination) versus time were performed to
determine the viability half-life of each formulated and
unformulated conidia treatment.

2.4. Bioassays

The application of fungal treatments was carried out
by adding 0.2 g of each formulation containing
1.04" 108 conidia to 200 wheat grains (mean weight=
10.02 g) held in a small, cloth-mesh covered plastic can
(9.5 cm diameter, height 5 cm and area 70.85 cm2). This
resulted in an application rate of 2.8mg/cm2 of treated
area or 2.0% (W/W of formulation to wheat grains). As
control treatments, 0.16 g of each fungus-free dust and
0.04 g of unformulated conidia were applied versus 0.2 g
of prepared formulation. Ten newly emerged adults (five
males and five females) of S. oryzae were introduced
using a small brush into each replicate can. Infested cans
were then incubated at 2872!C, 7075% RH, and 16:8
L:D cycle. Three replicate cans per treatment and 1–2-
week-old preparations of formulated and unformulated
conidia were used in all tests.

2.4.1. Adult insect mortality and wheat grain damage
To assess efficacy against S. oryzae, treatments were

applied either before or after pest infestations. Accord-
ingly, introduction of insects was done either on the
same day of the treatment or 14 days before the
treatment. The 14-day period was sufficient for the
insect to cause damage to the grains. Dead and living
adults were counted 7 days after the treatment and used
to the percentage of adult mortality. The damage rate to
wheat grains by the insect was assessed with the
treatments applied before pest infestation. The number
of damaged grains was counted 21 days after the
treatment and percentage of damage was calculated
for each replicate can.

2.4.2. Development time and mortality of F1 adults
To assess treatment effects on subsequent S. oryzae

development time, all adults surviving treatment were
removed from cans 14 days following treatment. The
14-day period was sufficient for egg deposition and
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subsequent hatching. All replicate cans were then
incubated as indicated above until peak emergence of
F1 adults. Development time was defined as the time
period from egg deposition to peak emergence of F1
adults. The effect of the previously applied treatments
on the mortality of emerged F1 adults was also assessed.
Dead and living F1 adults were counted 7 days after
treatment and peak emergence, and the percentage of
adult mortality was calculated.

2.5. Statistical analyses

Means of percentage of adult mortality, percentage of
damaged grains, and development time of the insect
were statistically analyzed using ANOVA followed by
Tukey-HSD test.

3. Results

3.1. Conidial viability

Mean percentage of conidial germination of M.
anisopliae decreased over a 22-week period of regular
observation for all tested formulations (Fig. 1). The log-
linear regression analyses of the mean percent conidial
germination versus time indicate that the time period for
50% conidial germination were 17.7, 18.6, 12.4, 6.0, and
3.7 weeks for oven ash+conidia, charcoal+conidia,
chalk powder+conidia, wheat flour+conidia, and
unformulated conidia, respectively (the half-life time

was calculated from regression equations in Fig. 1). It is
concluded that the time periods for 50% reduction in
conidial viability was the longest for conidia formulated
in oven ash or charcoal and the shortest for the
unformulated conidia.

3.2. Effect of fungal treatments on adult insect mortality
and wheat grain damage

Treatments with conidia formulated in charcoal or
oven ash and applied either before or after pest
infestations resulted in the highest adult mortalities of
S. oryzae compared to other types of formulations and
ash alone treatments (Table 1). Mean mortalities were
73.3% and 80.0% when treatments with the two
formulations were applied before pest infestation, and
73.3% and 86.7% when treatments were applied after
pest infestation. These mortalities were significantly
higher (at Po0:05) compared with the other formula-
tions and ash alone treatments when applied after pest
infestations, but not significantly higher when applied
before pest infestation (Table 1). This indicates that a
synergistic effect was obtained for the first case, but
mere additivity for the second case. Treatments with the
conidial formulations in charcoal and oven ash resulted
in the lowest damage rates to grains by S. oryzae when
applied before pest infestation (0.5% for both formula-
tions) (Table 2). Significant differences (at Po0:05) were
obtained when the treatments with the two formulations
were compared to treatments with wheat flour only,
wheat flour+conidia or chalk powder only, but not with
charcoal or oven ash alone treatments (Table 2). This
indicates an additive effect of the treatment. It is
important to mention that adult mortalities of
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Fig. 1. Log mean percent conidial germination on time of the for-
mulated conidia of M. anisopliae (strain Meta 1) in oven ash (Y1),
charcoal (Y2), chalk powder (Y3), wheat flour (Y4), and unformu-
lated conidia (Y5). Log-linear regression equations for the above
relationships are: Y1 # 1:911935$ 0:012017 Time, r2 # 0:98; Y2 #
1:931427$ 0:012491 Time, r2 # 0:99; Y3 # 1:915121$ 0:017480
Time, r2 # 0:96; Y4 # 1:854614$ 0:026027 Time, r2 # 0:97; Y5 #
2:281319$ 0:157289 Time, r2 # 0:73:

Table 1
Effect of fungal treatment applied either before or after pest
infestations on the mortality of S. oryzae adults on wheat grains
(CV: Anbar) 7 days after treatment (2872!C, 7075% RH, and 16:8
L:D cycle)

Treatments Mean percent adult mortality (7SEM)a

Treatment before
pest infestation

Treatment after pest
infestation

Wheat flour only 13.374.3a 6.772.6a
Chalk powder only 26.776.9ab 13.374.2ab
Charcoal only 46.779.2ab 33.377.5abc
Oven ash only 46.778.8ab 40.078.1bc
Wheat flour+conidia 33.377.8ab 40.078.4bc
Chalk
powder+conidia

46.778.9ab 46.779.1bc

Charcoal+conidia 73.377.7b 73.377.6bcd
Oven ash+conidia 80.079.3b 86.7710.8bcde
Unformulated
conidia

26.777.0ab 26.776.8abc

aMeans of percent adult mortality within the column followed by
different letters are significantly different at Po0:05 according to
Tukey-HSD test.
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70.576.9% and 79.778.3% were obtained when 4-
month-old preparations of conidial formulations in
charcoal and oven ash were applied, respectively,
against S. oryzae adults for the ‘‘before pest infestation’’
treatments. These mortalities are similar to that
obtained in Table 1 when 1- to 2-week-old preparations
of the same treatments (before pest infestation techni-
que) were used.

3.3. Effect of fungal treatments on the development
time and mortality of F1 adults

The development time of S. oryzae at 2872!C and
7075% RH increased from 36.6 days on wheat grains
treated with oven ash alone to 45.0 days on the grains
treated with oven ash+conidia (Table 3). This differ-
ence was significant (at Po0:05) when compared to the
unformulated conidia or other ash alone treatments
(Table 3). The highest mortality in F1 adults (47.5%)

occurred with oven ash+conidia treatment followed by
the mortality with charcoal+conidia treatment (28.9%)
(Table 4). Adult mortality caused by the first type of
treatment was significantly different (at Po0:05) from
other treatments including that of oven ash alone. This
indicates a synergistic effect of this treatment on F1-
adult mortality. This effect was similar to that obtained
by the same treatment when applied against the parents
of F1-adults.

4. Discussion

Results suggest that some of the dust carriers can
prolong the shelf-life of M. anisopliae conidia, but
further experiments should be conducted to prove this
suggestion since no previous studies have been carried
out in this respect. Depending on the initial water
content of the conidia formulated with various dusts
(3–4% on dry weight basis) or unformulated (6% on dry
weight basis), some or all dusts used in the formulations
may serve as slow desiccants. The results also suggest
that the conidia with less water content, such as conidia
combined with the dusts, were more stable than the
unformulated conidia, given that the formulated and
unformulated conidia used in the assays were obtained
from a common lot of the same fungal culture.
Although conidial viability of the fungus was reduced
by 50% after 4.1–4.3 months with the most effective
dusts (charcoal and oven ash), no significant losses in
the fungal efficacy resulted as adult mortality of S.
oryzae remained 70–80% when 4-month-old formula-
tions were tested against the insect. This result indicates
that the shelf life of the fungus was not affected during
the time it was mixed with the two dusts. This is in
agreement with the limits of permissible loss in conidial
viability which are acceptable in less regulated countries
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Table 2
Effect of fungal treatment applied before pest infestation on damage
caused by S. oryzae on wheat grains 21 days after treatment (2872!C,
7075% RH, and 16:8 L:D cycle)

Treatments Mean percent damage to
wheat grains (7SEM)a

Wheat flour only 6.071.4bc
Chalk powder only 3.370.5b
Charcoal only 1.270.4ab
Oven ash only 1.270.3ab
Wheat flour+conidia 4.271.5bc
Chalk powder+conidia 2.570.7ab
Charcoal+conidia 0.570.1a
Oven ash+conidia 0.570.2a
Unformulated conidia 2.370.9ab

aMeans of percent damage to grains within the column followed by
different letters are significantly different at Po0:05 according to
Tukey-HSD test.

Table 3
Effect of fungal treatment applied before pest infestation on develop-
ment time of S. oryzae on wheat grains at 2872!C, 7075% RH, and
16:8 L:D cycle

Treatments Mean development time in days
on wheat grains (7SEM)a

Wheat flour only 32.371.7a
Chalk powder only 34.371.6a
Charcoal only 37.071.1ab
Oven ash only 36.671.3ab
Wheat flour+conidia 33.071.8a
Chalk powder+conidia 35.371.7a
Charcoal+conidia 41.372.8ab
Oven ash+conidia 45.071.9b
Unformulated conidia 35.071.8a

aDevelopment time was calculated from the infestation date (egg
deposition) until the peak emergence of adults. Means of development
time within the column followed by different letters are significantly
different at Po0:05 according to Tukey-HSD test.

Table 4
Effect of fungal treatment applied after pest infestation on F1 adult
mortality of S. oryzae on wheat grains 7 days after peak emergence
(2872!C, 7075% RH, and 16:8 L:D cycle)

Treatments Mean percent F1
adult mortality
(7SEM)a

Wheat flour only 3.371.1a
Chalk powder only 5.672.4a
Charcoal only 16.271.4a
Oven ash only 17.371.5a
Wheat flour+conidia 7.972.1a
Chalk powder+conidia 14.871.7a
Charcoal+conidia 28.976.9ab
Oven ash+conidia 47.575.2b
Unformulated conidia 7.572.0a

aMeans of percent F1 adult mortality within the column followed by
different letters are significantly different at Po0:05 according to
Tukey-HSD test.
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and is reflected by a non-significant loss in fungal
efficacy. The short half-life of unformulated M. aniso-
pliae conidia (o1 month) obtained here was similar to
that found by other investigators under similar storage
conditions (Daoust et al., 1982, 1983; Daoust and
Roberts, 1983; Burges, 1998).

Results obtained here show that adult mortality of S.
oryzae was high. It ranged from 73.3% to 86.7% with
M. anisopliae conidia formulated in charcoal and oven
ash, and applied either before or after pest infestations.
These results contrast with the results obtained by
Dal-Bello et al. (2001), who reported that the treatment
of S. oryzae on wheat grains with M. anisopliae alone
was not effective, but produced 50% adult mortality of
S. oryzae after 30 days of treatment with a conidial
suspension mixture of M. anisopliae and B. bassiana.
The treatment of S. oryzae with a conidial powder of B.
bassiana alone resulted in >80% mortality of the adults
reared on three types of food substrates for 21 days
following the treatment (Rice and Cogburn, 1999). Also,
the treatment of stored wheat grains with formulated B.
bassiana in milled rice significantly reduced the total
grain weight loss due to S. oryzae infestation during 4
months of storage (Padin et al., 2002). Comparing the
above results with our results may indicate that different
isolates of the same fungus can have different infectivity
for S. oryzae. Thus, it is conceivable that our isolate of
M. anisopliae is effective, but Dal-Bello’s isolate is not
equally effective or less effective. The same can be
mentioned in comparing species of fungi such as
Metarhizium vs. Beauveria.

Our results on treatment of S. oryzae with the dust
carriers alone indicated moderate levels of adult
mortality (33.3–46.7%) after 7 days of the treatment,
the most effective dusts being charcoal and oven ash.
Comparable mortality levels were obtained by certain
investigators when they used diatomaceous earth dust
for treatment of stored-grain beetles especially red flour
beetles, T. castaneum (Subramanyan et al., 1994;
Quarles and Winn, 1996; Dowdy, 1999). Higher adult
mortalities of T. castaneum (up to 100%) were obtained
when combination treatments of heat (50!C for 30min.)
with the most effective diatomaceous earth formulation
were applied (Dowdy, 1999). Our combination treat-
ments of M. anisopliae conidia with the most effective
dusts of charcoal and oven ash resulted in comparably
higher adult mortalities of S. oryzae. Synergistic effect
between the two types of dusts and M. anisopliae for S.
oryzae adult mortality (e.g. after pest infestation
treatments) was statistically obtained in this work. This
is in agreement with the synergism obtained by Padin
et al. (2002) for B. bassiana and milled rice (as desiccant
dust) against the stored-grain beetles.

In conclusion, overall results obtained here demon-
strated thatM. anisopliae was not effective for control of
rice weevils on stored wheat grains when used alone as it

did not cause more than 26.7% adult mortality in all
bioassays even at high doses. Dust carriers significantly
contributed to efficacy when combined with the fungus,
so that additive or synergistic effect between them was
produced. Additional experiments will be required to
explain the mechanism by which this increased efficacy
is produced. All of the mortalities among S. oryzae
adults that were observed were taken at a 7-day
incubation period. It should be interesting to see what
would happen with a 10-, 20- or 30-day incubation as
other studies especially on B. bassiana efficacy were
carried out over an extended period. The residual
effectiveness of our fungal formulations against S.
oryzae on wheat grains was demonstrated by delayed
development of the insect and mortality obtained in F1-
adults. Integration of using fungal formulations in
charcoal or oven ash into the insect management plans
is possible after confirmation of the results at a large
scale in stored grains facilities.
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