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Abstract

This study aimed to evaluate the entomopathogenic activity of
Fusarium avenaceum (strain 10A) against adults of Sitophilus oryzae
infesting wheat grain. Bioassays were carried out to determine the
adult mortality of S. oryzae when the conidial suspension of the fungus
strain was applied using three types of fungus treatment. Results
obtained have indicated significant differences (P=0.05) in the mean
percentage of adult mortality due to the treatment with the fungus
compared to the control. The highest mean percentage of adult mortal-
ity was obtained by the direct spraying of S. oryzae adults with the fun-
gus conidial suspension before introduction of the treated adults into
pots containing wheat grain; the lowest mean percentage of adult mor-
tality was obtained by spraying the inner surfaces of pots with the fun-
gus conidial suspension before introducing the grain and insects. This
study demonstrated the typical growth of F avenaceum on the outer
surfaces of the dead treated adults of S. oryzae. Presence of the exter-
nal fungus growth on the dead insects indicated that the death of S.
oryzae adults was attributed to the fungus infection. Results obtained
in the present paper represent the first record of efficacy of F ave-
naceumn against a coleopteran stored-grain insect, mainly including S.
oryzae.
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Introduction

Rice weevil (Sitophilus oryzae) is one of the most serious threats to
stored grain. Adults and larvae of this insect attack healthy grain, espe-
cially cereals, causing extensive damage, especially to those cereals
stored under high temperatures and medium relative humidity (RH)
(>25°C and 80%) (Padin et al., 2002). During feeding, these insects
consume all of the internal contents of the attacked grain leaving them
as empty shells (Dal Bello et al., 2000).

Many types of control measures can be undertaken against S.
oryzae. Chemical and biological control measures are the most com-
mon (Dal Bello et al., 2000; Lee et al., 2001; Fang et al., 2002; Pungitore
et al., 2005; Batta, 2008; Govindan & Nelson, 2009; Yankanchi &
Gadache, 2010). Biocontrol of S. oryzae using entomopathogenic fungi
is still uncommon and very few species of these fungi (e.g.,
Metarhizium anisopliae and Beauveria bassiana) have been used to
control S. oryzae (Padin et al., 2002; Batta, 2004).

Fusarium species are generally considered soil borne fungi because
of their abundance in the soil and their frequent association with plant
roots as parasites or saprophytes. These species have usually been
reported as plant pathogens causing serious diseases on many plant
species (e.g., vascular wilts on a wide range of horticultural crops,
crown rot and root rot diseases on many crops, head blight on cereal
grain and other plant species) (Booth, 1971). However, some of these
species may act as weak to virulent entomopathogens and may live as
saprophyte on dead insects (Teetor-Barsch & Roberts, 1983). As ento-
mopathogens, some Fusarium species have been reported to cause
moderate to high levels of infection, principally against homopterous
and dipterous insects. However, low to moderate levels of infections
with these entomopathogens have been reported from insects of other
orders (e.g., Coleoptera and Lepidoptera) (Teetor-Barsch & Roberts,
1983). Many species of entomopathogenic Fusarium may kill their host
insects through the activity of toxins produced by penetrating hyphae
(Gupta et al,, 1991).

Fusarium avenaceum was one of the entomopathogenic species of
Fusarium that has been isolated from a number of insect species, and
its pathogenicity to insects has been demonstrated in few species,
such as greenhouse whitefly, Trialeurodes vaporariorum (Eleonora-
Rojas et al., 2003), spruce budworm, Choristoneura fumiferana,
(Strunz & Strongman, 1988) and wheat stem sawfly, Cephus cinctus,
(Sun, 2008). To the best of our knowledge, no reports are yet available
on the entomopathogenic activity of £ avenaceum against S. oryzae or
any other coleopteran insects of stored grain. Therefore, the objectives
of the present research were: i) to assess the efficacy of F avenaceum
(strain 10A) against S. oryzae adults by applying the fungus conidial
suspension in different ways, then comparing the treatment effect by
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calculating the adult mortality percentage in the different types of
treatments; and ii) to demonstrate that infection with £ avenaceum
(strain 10A) can kill the adults of S. oryzae by first colonizing the inter-
nal organs of treated insects and then by the growth of the internal
hyphae of the fungus on the outer surfaces of dead insects.

Materials and methods

Insect rearing

A local strain of Sitophilus oryzae (S025) was used in the present
bioassays. Adults of this strain were reared on wheat grain (variety:
Anbar) stored in plastic pots (90 mm diameter and 140 mm deep).
During rearing, each pot was covered with a piece of cheesecloth fas-
tened with a rubber band on the top. The rearing pots containing the
grain and insects were kept in an incubator with fixed conditions
(20+1°C, 80+5% RH, 14/10 h light/dark (/D) photoperiod). To exclude
any possibility of insect mortality during bioassays due to aging, young
adults of F1 generation were collected from rearing pots and then used
for conducting bioassays.

Fungus strain

Strain (10A) of Fusarium avenaceum was used in the present study.
It was originally isolated by our laboratory from infected nymphs of cit-
rus whitefly (Dialeurodes citri Ashmead, Aleyrodidae, Homoptera) on
Sabouraud dextrose agar (SDA) culture medium amended with chlo-
ramphenicol (250 mg/L, w/v) then sub-cultured on SDA medium for ten
days before being stored at 4°C as a pure culture of the fungus. To con-
duct bioassays, the fungus obtained from the pure culture was sub-cul-
tured on SDA medium. Morphological and molecular characteristics of
the fungus species, such as Fusarium avenaceum, were confirmed both
by our laboratory and by the molecular biology laboratory at An-Najah
National University. These characteristics conform to those described
by other investigators for the genus and species of the fungus (Nelson
et al., 1994; Satyaprasad et al., 2000; Waalwijk et al., 2004; Leslie &
Summerell, 2006). A pure culture of the fungus strain grown for 15 days
on the same medium was used to conduct bioassays. The fungus cul-
ture was characterized by an abundant cottony mycelial growth that
varies from white to light yellow in color with pale orange sporodochia

Figure 1. Typical macroconidia of Fusarium avenaceum (strain
10A) formed in sporodochia observed in the fungus culture on
Sabouraud dextrose agar medium or borne by the mycelium of
the fungus strain appeared on the external surfaces of dead
Sitophilus oryzae adults due to infection with the fungus as shown
in Figure 2. Each mature macroconidium consists of 6 cells (mul-
ticellular with 5 internal septa) and its apical cell is long and
tapering to a point; it may be bent (arrows). Average dimensions
are 57.7 um long and 4.8 pm wide (n=100 macroconidia; scale bar
20 um; magnification: 950x).
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containing macroconidia, the typical conidia of the fungus species.
These macroconidia are long and slender, straight to slightly curved in
shape. The mature conidia are multicellular with 6 cells and usually
have 5 internal septa (Figure 1). The basal cell of these conidia may
have a slight notch but the apical cell is long and tapering to a point; it
may be bent (arrows in Figure 1).

Neither microconidia (fusoid in shape with 1 or 2 septa) nor chlamy-
dospores (single or clustered or chain) were observed in the fungus
culture. Therefore, the conidial suspension of the fungus that has been
prepared from this culture and used for bioassays has contained only
the typical macroconidia of the fungus strain.

Inoculation method

A conidial suspension of F avenaceum was prepared from a 15-day
old pure culture of the fungus strain on SDA medium. The concentra-
tion of conidia in the suspension was 4.0x10* conidia/mL and the total
volume of conidial suspension that has been used for inoculation was
2.0 mL per replicate. The technique of inoculation used during bioas-
says consisted of spraying the conidial suspension of the fungus onto:
i) adult insects of S. oryzae before their introduction into grains placed
in plastic pots; or ii) inner surfaces of plastic pots (treated before intro-
duction of insects and wheat grains); or iii) grains already placed in
plastic pots (treated before introduction of insects). The details of the
technique will be described below.

Bioassays

Plastic pots (90 mm diameter, 140 mm deep) were used to carry out
bioassays. Each pot was covered with a piece of cheesecloth fastened
with a rubber band after introduction of 10 g of wheat grain (variety:
Anbar) and 20 insects of S. oryzae adults (young F1 adults). Four types of
treatments were used during bioassays: i) Treatment 1 represents spray-
ing of the inner surfaces of each plastic pot with the conidial suspension
before introduction of wheat grain and adult insects; ii) Treatment 2 rep-
resents direct spraying of the adult insects with the conidial suspension
before their introduction into each pot with wheat grain already intro-
duced; iii) Treatment 3 represents direct spraying of the grain with the
conidial suspension after their introduction into each pot. The insects
were introduced into grain after the treatment; and iv) the control which
represents pots containing non-treated insects and non-treated grain
with conidial suspension. Spraying of the conidial suspension during
bioassays was performed using a small-calibrated hand sprayer (1 L
capacity). The sprayer was standardized to apply fine jetting sprays with
0.5 mL spray volume for each jetting spray. A total volume of 2.0 mL (4
jetting sprays) of the conidial suspension was applied per replicate and
four replicates were used per treatment. The treatments were distributed
in a completely randomized design and the experiment was repeated 3
times under the same conditions to confirm the results. An incubator
with fixed conditions (20+1°C, 80+5% RH and 14/10 h, L/D photoperiod)
was used during bioassays. Results were the average of the 3 repeated
experiments conducted under the same conditions. To ensure that the
infection with the fungus was the cause of death of treated adult insects,
the dead insects were incubated under humid conditions at 20+1°C for
three days using tightly closed Petri dishes with moistened filter papers.
Before introduction into dishes, the dead insects were surface sterilized
using 2% sodium hypochlorite solution for 3 min then rinsed three times
with sterile distilled water then placed on clean glass slides to avoid the
dead insects getting too wet if placed directly in the bottom of dishes.

Assessment

After ten days of applying the conidial suspension of the fungus in
each type of the treatments, the dead adults of S. oryzae in each repli-
cate were counted. The mean percentage of adult mortality was then
calculated in each treatment type. This calculated mortality is called
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observed mortality. Corrected mortality using Abbott’s formula for con-
trol mortality was calculated from observed mortality then used to
assess the entomopathogenic effect of the fungus. The mycosis that
appeared on the outer surfaces of the dead insects after incubation
under humid conditions was microscopically examined to verify
whether the fungus growth and the conidia produced on the outer sur-
faces conformed to those that characterize our fungus strain.

Statistical analysis

The data obtained from bioassays on the mean percentage of cor-
rected S. oryzae adult mortality were angularly transformed and then
analyzed statistically using analysis of variance (ANOVA). Abbott’s
formula for calculating the corrected mortality from observed mortal-
ity was used [Abbott’s formula=(Mortality observed-Mortality con-
trol/100-Mortality control)x100]. The significant differences between
the treatment means at P=0.05 were determined by F-test and the
treatment means were separated using Tukey’s HSD test. SAS soft-
ware version 8 (2000) was used for statistical analysis (Institute Inc.,
Cary, NC, USA).

Results

Comparison of the treatment effect with £ avenaceum against S.
oryzae adults has indicated that significant differences (P=0.05) were
obtained in the mean percentage of corrected adult mortality in the dif-
ferent types of treatments used in bioassays (Table 1). Therefore, the
highest mean percentage of corrected adult mortality (94.86%) was
obtained with Treatment 2 by direct spraying of insects with conidial
suspension before their introduction into pots containing wheat grain,
followed by the mean percentage of corrected adult mortality (68.88%)
obtained in Treatment 3 by direct spraying of the grain already intro-
duced into pots before introduction of insects, and then by the mean
percentage of corrected adult mortality (52.22%) obtained in Treatment
1 by spraying inner surfaces of pots before introduction of the grain
and insects. However, the lowest mean percentage of adult mortality
(5%) was obtained in the control (Table 1). Therefore, the most effec-
tive treatment was the direct spraying of the adult insects with the
conidial suspension of the fungus; this gave the highest mortality per-
centage in the treated adults.

Incubation of dead insects of S. oryzae obtained from bioassays,

under humid conditions at 20+1°C for three days resulted in the
appearance of white to light-yellow cottony mycelium growth, typical of
F avenaceun on the outer surfaces (Figure 2).

Microscopic examination of this mycelium has indicated the pres-
ence of aerial multicellular conidia typical of £ avenaceum macroco-
didia. These macroconidia were long and slender, straight to slightly
curved in shape (Figure 1). At maturity, they consist of 6 cells with 5
internal septa and the apical cell of these conidia is long and tapering
to a point; it may be bent (arrows in Figure 1). These conidia (n=100
conidia) were on average 57.7 um long (48-63 um) and 4.8 um wide
(4-6 um).

Figure 2. Typical mycosis observed on the external surfaces of
dead Sitophilus oryzae adults due to infection with Fusarium ave-
naceum (strain 10A). A white cottony mycelium growth charac-
teristic of F. avenaceum appeared on the external surfaces of dead
adults after three days of incubation under humid conditions at
20+1°C. Typical macroconidia formed by the fungus on the dead
insects were microscopically observed and examined.

Table 1. Percentage of mortality (%) of Sitophilus oryzae adults ten days after treatment with conidial suspension of Fusareum ave-
naceum (strain 10A). Incubation was carried out at 20+1°C, 80+5% RH and 14/10 h, L/D photoperiod. Four replicates per treatment
were used and 20 adults per replicate were introduced into each plastic pot with wheat grain. The experiment was repeated 3 times and
average data were presented and then corrected according to Abbott's formula for corrected mortality.

Treatment type Mortality % of S. oryzae adults
Rep I Rep 11 Rep 111 Rep IV Mean
Treatment 1 65 60 55 40 55.00
(65) (55.55) (55) (33.33) (52.22)2
Treatment 2 100 100 85 95 95.00
(100) (100) (85) (94.44) (94.86)¢
Treatment 3 40 90 80 70 70.00
(40) (88.88) (80) (66.66) (68.88)®
Control 0 10 0 10 5.00

- Percentage of mortality between two bracts represent the corrected mortality according to Abbott’s formula for control mortality. Other values mortality (%) in the table represent the observed mortality.

- Abbott’s formula for corrected mortality=(M observed—M control/100-M control)x100.

- Treatment means followed by the same letter are not significantly different at P=0.05 using ANOVA and Tukey’s HSD test.

- Treatment I represents spraying inner surfaces of pots with the conidial suspension before introduction of the grain and the insects; Treatment 2 represents direct spraying of the insects with the conidial sus-
pension before introduction into pots with the grain; Treatment 3 represents direct spraying of the grain with the conidial suspension introduced into pots before introduction of the insects; Control represents
non-treated pots or insects or grain.
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Discussion

It is well known that Fusarium avenaceum is a soil borne fungus. It
may act as a saprophyte in the soil or plant pathogen of roots and stems
of plants. As a plant pathogen, it can cause serious diseases to the
plants it attacks, such as seed borne diseases of legumes (Kelloc et al.,
1978), stem and root rot diseases in various pasture legumes (McGee
& Kellock, 1974; Lamprecht et al., 1988; Satyaprasad et al., 2000), head
blight of wheat (Kang et al., 2005). However, the entomopathogenic
effect of this fungus has been recently reported by a few investigators
on certain insect species, such as the greenhouse whitefly,
Trialeurodes vaporariorum, spruce budworm, Choristoneura fumifer-
ana, and wheat stem sawfly, Cephus cinctus, (Strunz & Strongman,
1988; Eleonora-Rojas et al., 2003; Sun, 2008). Our strain of F ave-
naceum has demonstrated a high level of entomopathogenic effect
against S. oryzae adults, and the direct spraying of the adult weevils
with the fungus conidial suspension gave the highest mortality per-
centage compared to the other types of treatment or the Control. It is
worthy of note that the emtomopathogenic activity of the fungus
against S. oryzae adults has been demonstrated and reported here for
the first time. In addition, there have been no reports of the ento-
mopathogenic effect of £ avenaceum against any other coleopteran
insects of stored grain.

The inoculation method used during bioassays through the direct
spraying of the adult insects with the conidial suspension has been
shown to be the most effective due to the direct contact of applied coni-
dia with the treated insect’s cuticle, so that the direct germination of
applied conidia and the subsequent penetration of the germ tube into
the insect’s cuticle took place within a short time. This mode of action
may explain the occurrence of the highest mortality percentage in the
treated S. oryzae adults. It is known that the most common entomopath-
ogenic fungi, such as Beauveria bassiana and Metarhizium anisopliae,
can cause the highest mortalities in their host insects when applied
directly to their host insects as biocontrol agents (Hidalgo et al., 1998;
Moino et al., 1998; Rice & Cogburn, 1999; Odour et al., 2000; Toshio,
2000; Sheeba et al., 2001). However, there are some limitations to this
method of large-scale fungus inoculation to control S. oryzae infesting
stored grain in large containers. For example, the relative increase in
humidity in the vicinity of storage containers causes an increase in
mold development that is not favorable for storage of stocked cereals.
To reduce this effect, a certain number of fungus applications (e.g., 2 or
3 applications during the storage period) should be applied. The fre-
quent application of entomopathogenic fungi as biocontrol agents of
storage insects is not favorable for the stocked cereals due to the rela-
tive increase in the atmospheric humidity after application. However,
the low number of applications for these biocontrol agents could be
compensated by the horizontal transmission of these agents already
introduced into storage containers during the earlier applications
(Furlong & Pell, 2001; Quesada-Moraga et al., 2004). The dead insects
infected with the fungus with sporulation on the outer surfaces consti-
tute the inoculum that can be horizontally transmitted to new insect
infestation occurring during the storage period. This low number of
fungus applications could be integrated into programs of S. oryzae man-
agement.

Morphological characteristics of the fungus strain described in the
present research, especially those relevant to macroconidia and myceli-
um growth obtained in the fungus culture on SDA medium, conform to
those described by other researchers. For example, Leslie and
Summerell (2006) used Carnation Leaf Pieces Agar to cultivate the fun-
gus but obtained similar effects. However, the culture of our fungus
strain on SDA medium did not produce either microconidia or chlamy-
dopspores so that the conidial suspension prepared from this culture
and used for conducting bioassays has only contained the typical
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macroconidia of the fungus. The lack of microconidia and chlamy-
dospores was explained by Nelson et al. (1994), Leslie and Summerell
(2006), and Latiffa et al. (2010) who stated that the isolates of £ ave-
naceum did not usually produce chlamydospores, whereas some of
these isolates may produce microconidia. Furthermore, they stated that
if the microconidia are produced, they will be rare or only few in num-
ber, and have a fusoid shape with 1 or 2 septa.

The shape of macroconidia is the principal characteristic used to dis-
tinguish F avenaceum species from other Fusarium species (Leslie &
Summerell, 2006). Accordingly, this characteristic is consistent and it
can be applied if the cultures are carefully prepared and macroconidia
are obtained from sporodochia; in this way, the shape of macroconidia
can be used to identify the fungus species. Recently, a more accurate
molecular identification of ' avenaceum isolates from other isolates of
Fusarium species could be made, and more precisely, when primers and
protocols for detecting F avenaceum through real-time polymerase
chain reaction assays are available (Waalwijk et a/., 2004).

Until now, it has not been known how F avenaceum, as ento-
mopathogen, can kill its host insects. However, it is well known how
this fungus, as plant pathogen, can attack and kill its host plant. Some
explanation of the entomopathogenic effect of the fungus was based on
production of toxins, such as beauvericin (Logrieco et al., 2002),
fusarin C (Thrane, 1988; Abbas et al., 1989), and moniliformin (Rabie
et al., 1982; Abbas et al., 1989; Chelkowski ez al., 1990). Some strains of
F avenaceum can synthesize Enniatin cyclic peptides, primarily
Enniatins A, B and Bl under laboratory conditions (Logrieco et al.,
2002) but these Enniatins may have a role in plant pathogenicity
(Haschek et al., 2001).

In conclusion, overall results indicate the effectiveness of F
avenceum against S. oryzae adults when applied directly to the adults by
the spraying method of fungus conidia. However, further experiments
are recommended using different doses of the fungus under a wide
range of storage conditions of grain (e.g., different levels of tempera-
ture and relative humidity). Results obtained in the present research,
in addition to those that could be obtained after conducting the recom-
mended experiments, may be exploited in pest management strategies
of . oryzae on stored grain. This will be possible when virulent strains
of the fungus with high entomopathogenic activity are available.
Formulation of these effective strains can increase their efficacy, since
it has already been shown that the formulation of other entomopatho-
genic fungi, such as Beauveria bassiana and Metarhizium anisopliae,
increased their effectiveness and kept them viable for a longer period
of time (Batta, 2004, 2008).
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