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Abstract

Rhynchophorus ferrugineus, commonly
referred to as red palm weevil (RPW), is an invasive Indian
sub-continent pest that infests date palms in the Arabian
peninsula and dates-growing countries. In an effort to
manage red palm weevil infestations, exotic isolates of
entomopathogenic fungi, especially Metarhizium anisopliae
were procured from different sources for possible use against
red palm weevil larvae. In this study, we evaluated the
virulence attributes including the viability and relative
hydrophobicity of the spores of M. anisopliae isolates 8453,
7234 and 406; and their impact on the host susceptibility,
growth and antioxidant defense. Results indicated that isolate
8453 had 20.64 % higher relative hydrophobicity compared
with the least virulent isolate 406 that showed the highest
LT50 value (10.90 days). The feeding performance
experiment revealed significant differences in ECI and ECD
indexes. The most virulent isolate 8453 (LT50 = 7.55 days)
established in the current study tremendously declined ECI
(26.15 %) and ECD (39.84 %) indexes compared to control
treatment larvae. However, the least virulent isolate 406
(LT50 = 10.90 days) could only reduce 7.38 % and 12.06 % of
ECI and ECD indexes, respectively. Furthermore, the
virulent isolate 8453 established in the current study
successful imparted 100 % larval mortality compared with
other tested isolates of M. anisopliae. Host antioxidant
defense from hemolymph, gut and fat was explored after 24 h
of infection by qRT-PCR. The quantification of catalase and
peroxidase genes revealed significant differences in their
expressions. Overall, the least virulent isolate (406) failed to
induce the expression of catalase and peroxidase. However,
isolate 8453 greatly induced the expression of studied
antioxidant genes. These results indicated that M. anisopliae
isolate 8453 seems to be a promising bio-control agent
against the infestations of red palm weevils.
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1. Introduction
Red Palm Weevil, Rhynchophorus ferrugineus Olivier
(Coleoptera, Curculionidae), is a serious pest of numerous
palm species in Asia, Africa, Central America, Caribbean,
Oceania and Europe [1]. Red palm weevil status as a pest
elevated considerably since its invasion in the Arabian
Peninsula on date palms. Heavy infestations of red palm
weevils are mainly responsible for the destruction of palms
that worth millions of dollars annually.
Grubs of red palm weevil feeding inside the palm are the
main destructive stage. They chew the soft, tender tissues of
the infested palm. This cryptic mode of feeding made red
palm weevil management challenging for the farmers and
date palm growers. A great variety of synthetic insecticides,
including organophosphates [2–6], carbamates [4,5,7],
pyrethroids [4,5,8], and new chemistry insecticides [5,6,9],
by various methods [3,5,8,10,11], have been tried to manage
the populations of R. ferrugineus. Although several
insecticides from these groups are found to be potent,
however, applicator safety, environmental pollution and
development of insecticide resistance limit their efficacy
against red palm weevils [1,12]. Integration of
entomopathogenic fungi in the integrated pest management
program for the management of red palm weevils could
minimize the reliance on environmentally harmful synthetic
pesticides. In addition, entomopathogenic fungi are
ready-made elements of red palm weevil IPM due to their
compatibility with other biological [13–15], and chemical
agents [16–19].
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Entomopathogenic fungi remained the subject of many
insect pest species belonging to various orders, especially
Blattodea [20], Diptera [21], Coleoptera [22,23], Hemiptera
[24], Homoptera [25], Hymenoptera [26], Isoptera
[16,27,28], Lepidoptera [29], Orthoptera [30] and
Thysanoptera [31]. Until now, over nine thousand isolates of
entomopathogenic fungi belonging to different genera are
available for research purpose for the scientists [32]. In the
past, a number of research investigations were conducted to
screen the most virulent isolates against red palm weevils
[22,23,33–37]. Unfortunately, no product containing
entomopathogenic fungi for red palm weevil control is
registered anywhere. The reasons for the unavailability of
these products are because of the limited number of studies
on pathogen screening and host defense throughout the
world. It was the aim of the current research to investigate
the virulence of exotic isolates of M. anisopliae by mortality,
growth indices and antioxidant mechanism of red palm
weevils.

2. Materials and Methods
2.1. Insect Rearing
Adults of red palm weevil were collected from the
pheromone traps set up in the date palm plantations in
Al-Ahsa, Kingdom of Saudi Arabia. The trapped red palm
weevils were taken to the laboratory and placed in
perforated cages (57.5 × 29 × 58 cm) provided with
pineapples and maintained at 16-h L:D photoperiod, 75% ±
5% relative humidity and 30 ± 1 °C. The hatched larvae
were reared in a cage until molt to second instar larvae.
Newly molted second instar red palm weevil larvae were
maintained in perforated plastic cups on artificial diet
standardized in our previous laboratory experimentation at
16-h L:D photoperiod, 75% ± 5% relative humidity and 30
± 1 °C [22].
2.2. Entomopathogenic Fungal Isolates and Their
Preparations
Isolates of entomopathogenic fungi, Metarhizium
anisopliae sensu lato 7234 (Origin = USA) and 8453 (Origin
= Turkey) tested in the current study were procured from the
USDA-ARS cultures collection service designated as
“Agricultural
Research
Service
collection
of
Entomopathogenic Fungal Cultures” (ARSEF). However,
isolate 406 originally isolated from soil in China was
procured from the cultures collection center, South China
Agricultural University, Guangzhou, China. All the isolates
were cultured in complete darkness on potato dextrose agar
(Oxoid, Hampshire, UK) and maintained at 25 ± 0.5 °C, and
70% ± 5% RH. After 24 days of incubation, conidia were
dislodged from the petri plates using 0.05 % Tween 80
(Sigma Aldrich, UK). Neubauer hemocytometer (Wertheim,

Germany) under the microscope (×400) was used to make
the required concentration (1 × 107 spores/ml) of each
isolate separately.
2.3. Virulence Screening Methodologies
2.3.1. Viability of the Spores
Twenty-four-days old, the culture of each fungal isolate
was used to evaluate the viability. Fifty-microliter
suspension at a concentration of 1 × 107 spores/ml of each
isolate was pipetted on PDA Petri plates (115 mm × 20 mm).
Each experimental unit (petri plate) after ceiling with
parafilm was incubated at 25 ± 0.5 °C, and 70% ± 5% RH in
complete darkness. For each treatment, five petri plates
representing five replicates were prepared likewise. After
16 h of incubation, the viability of the spores of each
experimental unit was calculated by counting both
un-germinated and germinated spores under the compound
microscope (×400) from ten different fields of vision from
each petri plate. The previously reported criterion that was
based on the germ tube length was used for spore viability
[38]. One-way ANOVA was used to analyze percent
germination data of each isolate. The significant differences
among all the tested isolates were compared by Fisher’s
LSD test [39].
2.3.2. Relative Hydrophobicity of the Spores
The similar aged (24-day-old) culture of each isolate was
used to determine the relative hydrophobicity by
aqueous-solvent partitioning assay [40]. In brief, spores of
each isolate were suspended in 0.1 M KNO3.at a
concentration of 1 × 107 spores/ml. The optical density
(ODtotal) of each tested isolates was recorded at 660 nm
using a microplate reader. A specific quantity (6 ml) of each
isolate suspension was transferred to a universal bottle
already having 2 ml of hexadecane. The mixture was
agitated for 20 s. For aqueous phase separation, the mixture
was shifted into a separation funnel. Subsequently, the
optical density of the aqueous phase (ODaq) at 660 nm was
recorded using a microplate reader. The relative
hydrophobicity of the spores of each isolate was calculated
using the equation mentioned in our previous
experimentation [22]. Five readings from five different
preparations were recorded to get five independent
replicates. The relative hydrophobicity data were analyzed
by one-way ANOVA and their means were compared by
Fisher’s LSD test [39].
2.3.3. Laboratory Pathogenicity Bioassays
Susceptibility of the mid-aged newly molted eighth-instar
R. ferrugineus larvae was evaluated using immersion method.
In brief, 25 mid-aged newly molted red palm weevil larvae
were individually dipped for 10 s in a glass beaker having 30
ml of each isolates suspension separately at a concentration
of 1 × 107 spores/ml under the laminar airflow cabinet. The
control treatment larvae were dipped into a 0.05 % Tween
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80 solution. Infected and control treatment larvae were
incubated individually into a perforated 400 ml plastic cups
provided with a measured quantity of artificial diet. Each
experimental unit was incubated at 16-h L:D photoperiod,
75% ± 5% relative humidity and 30 ± 1 °C. Five replicates
were prepared likewise. Mortality data were recorded daily
until 15-days of post-exposure. The cadavers of dead larvae
were shifted under laminar airflow cabinet into a sterilized
petri plate provided with wet filter paper to promote fungal
outgrowths. The fungal outgrowths were observed under the
compound microscope to affirm the cause of larval
mortality. Time-mortality-response bioassays were repeated
at different time occasions. Dead larvae in the control
treatment were adjusted by commonly used Abbott’s
formulae [41]. The corrected angularly transformed
cumulative mortality data were analyzed by repeated
measure ANOVA. The significant differences among means
were compared by Fisher’s LSD test [42]. The
time-mortality-response (LT50) for each isolate was
calculated with the help of POLO software by probit
analysis [43].
2.4. Impact of M. Anisopliae Isolates on the Larval
Growth of Rhynchophorus ferrugineus
Twenty-five newly molted eighth-instar R. ferrugineus
larvae were dipped in the spore suspension (1 × 107
spores/ml) of each tested isolate for 10 s under the laminar
airflow cabinet. Each larva from all the treatments (control
and infected) was separately fed for 72 h on a measured
artificial diet in perforated plastic cups (400 ml capacity). All
the experimental units were incubated at 16-h L:D
photoperiod, 75% ± 5% relative humidity and 30 ± 1 °C.
Five replicates with each prepared on different dates were
prepared. Final larval weights, frass produced during the
experimentation and remaining artificial diets after 72 h were
weighted to calculate efficacy of conversion of ingested food
and efficacy of conversion of digested food on dry matter
basis [29]. Feeding performance data were analyzed by
one-way ANOVA. However, variations among their indices
were compared by Fisher's LSD test [39].
2.5. Exploring the Host Antioxidant Defense against the
Infection of M. anisopliae Isolates
The quantitative expression patterns of antioxidant genes,
including catalases and peroxidases from eighth-instar red
palm weevil larvae were evaluated to gain antioxidant
defense insights. The newly molted eighth-instar control
(Tween 80) and infected (1 × 107 spores/ml) larvae were
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individually fed on artificial diet for 24 h in perforated plastic
cups at 16-h L:D photoperiod, 75% ± 5% relative humidity
and 30 ± 1 °C. Five replicates, each with one larva was
prepared separately on different dates from different
generations. After 24 h, larvae were dissected in saline to
separate gut, fat and hemolymph. The grinding of each
sample was done in a mortar and pestle using liquid nitrogen.
Total RNA from the gut, fat and hemolymph was extracted
separately for each experimental unit by Qiagen RNeasy
Plus Universal Mini Kit. A Clontech commercially available
First strand cDNA synthesis kit was used to reverse
transcribed the total RNA of each sample. The quantification
of catalase (Forward 5'-TGGTTATGGCTCCCACACAT-3'
& Reverse 5'-CCGGATCGCTTCCTGCTAAT-3') and
peroxidase (Forward 5'-TGATGGTTGTAACCGGGAGG 3' & Reverse 5'- GCCCATATCAAGTGCATGCTT-3') was
done by specific primers in CFX96 Real-Time System
(Bio-Rad) using SYBR® Premix Ex TaqTM II kit from
Clontech.
Beta-Actin
(Forward
5'AAAGGTTCCGTTGCCCTGAA-3'
&
Reverse
5'-TGGCGTACAAGTCCTTCCTG-3') was used as a
housekeeping gene to normalize the expression of target
genes i.e. catalase and peroxidase. The expression values of
target genes were calculated by following the Livak and
Schmittgen methodology [44]. The relative fold expressions
of testing genes from hemolymph, gut and fat were analyzed
by two-factor CRD (Completely Randomized Design) and
their variations were compared by Fisher's LSD test [39].

3. Results
3.1. Pathogen Virulence-related Characteristics of M.
anisopliae Isolates
The virulence of the tested isolates exhibited variations
resulting significant differences in relative hydrophobicity
(F = 20.8; df = 2, 12; p < 0.0001) and LT50 values (F =
19.3; df = 2, 12; p < 0.0001). Isolate 8453 exhibited the
highest relative hydrophobicity that ultimately led to the
reduction in lethal time to impart 50 % mortality (LT50) as
shown in table 1. The least virulent isolate (406) established
in the current study produced spores with low
hydrophobicity that ultimately led to the highest LT50 values
(Table 1). However, the viability of all the tested isolates
remained significantly at the same level and we have
observed a non-significant difference among the isolates of
M. anisopliae (F = 0.12; df = 2, 12; p = 0.8883).

Table 1. Virulence-related characteristics of the isolates of M. anisopliae
Isolate

Germination (%)
NS

Relative hydrophobicity
c

LT50 (days)
10.90 ± 0.44a

M. anisopliae 406

96.40 ± 1.21

M. anisopliae 7234

96.20 ± 0.80 NS

80.40 ± 1.66b

9.68 ± 0.32b

M. anisopliae 8453

NS

a

7.55 ± 0.39c

95.80 ± 0.49

69.20 ± 2.20
87.20 ± 2.08
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3.2. Larval Susceptibility of Red Palm Weevils against
the Isolates of M. anisopliae
Larval mortality tests (Figure 1, presented as corrected
cumulative percent mortality at specific time intervals)
showed that all the isolates (F = 57.56; df = 2, 24;
p < 0.0001), at all the mentioned time intervals (F = 742.16;
df = 2, 24; p < 0.0001) exhibited significant larval mortality.
In addition, we have observed significant differences in their
interaction (F = 4.57; df = 2, 24; p = 0.0069). Among all the
isolates, only 8453 showed 100 % mortality during the
course of the whole experimentation (Figure 1). In contrary,
isolate 406 like isolate 7234 failed to show 100 % mortality
and remained statistically at the lowest level at all the
mentioned time intervals (Figure 1).

Figure 1. Corrected cumulative percent larval mortality at different time
intervals (Fisher's LSD test, α = 0.05).

Similarly, ECD index calculated from each treatment also
showed significant differences (F = 8.19; df = 3, 16;
p < 0.0001). Among all the tested isolates, 406 remained
statistically at the lowest level, resulting in the lowest
reduction (12.06 %) in ECD index compared to control
treatment larvae (Table 2). On the other hand, the isolate
8453 showed the least LT50 values (7.55 days), greatly
reduced the ECD index resulting in the highest reduction
(39.84 %) in ECD index compared to control larvae. Isolate
7234 imparted 21.90 % reduction in ECD index compared
to the larvae immersed in 0.05 % Tween 80 solution as a
control treatment (Table 2).
3.4. Antioxidant Defense of Red Palm Weevils against M.
anisopliae Infection
Isolate 8453 established as the most virulent in the current
study markedly induced the expression of catalase in the
target larval instar after 24 h of infection. The catalase
expression pattern among different body components
(F = 798.40; df = 2, 36; p < 0.0001), against the infection of
different isolates (F = 1069.16; df = 2, 36; p < 0.0001), and
their interactions (F = 182.42; df = 4, 36; p < 0.0001),
exhibited significant differences. Among all the components,
gut exhibited the highest expression of catalase. On the other
hand, the lowest expression of catalase was observed from
the hemolymph of red palm weevil larvae (Figure 2). Overall,
the isolate with the least LT50 (7.55 days) induced the highest
expression of catalase, and isolate 406 negligibly induced
the expression of catalase in the target larval instar.

3.3. Larval Feeding Performance against the Infection of
the Isolates of M. anisopliae
Infection of the isolates of M. anisopliae against red palm
weevils by immersion greatly disturbed the larval growth
(Table 2). The ECI index of the tested larvae upon infection
with the isolates of M. anisopliae differed significantly
(F = 45.40; df = 3, 16; p < 0.0001). The most virulent
isolate imparted the highest reduction (26.15 %) in ECI
compared to the control treatment (0.05 % Tween 80) larvae.
On the other hand, the least virulent isolate 406 caused a
7.38 % reduction in ECI compared to control treatment
larvae. However, isolate 7234 remained intermediate
resulting 13.56 % reduction in ECI index compared to
control treatment larvae.
Table 2. Feeding performance of Rhynchophorus ferrugineus larvae
against different isolates of M. anisopliae
Isolate
Control (Tween 80)
M. anisopliae 406
M. anisopliae 7234
M. anisopliae 8453

ECI (%)
18.38 ± 0.09a
17.03 ± 0.30b
15.89 ± 0.14c
13.58 ± 0.49d

ECD (%)
34.25 ± 0.17a
30.13 ± 0.87b
26.75 ± 0.18c
20.62 ± 0.90d

ECD represents Efficacy of conversion of digested food, while ECI
represents Efficacy conversion of ingested food into biomass. The
numerical values (n = 25) represent the means of five independent
replicates prepared at different time intervals. Nutritional indices means ±
SE within each column followed by different letter(s) are statistically
significant different (Fisher's LSD test, α = 0.05)

Figure 2.
Relative folds expression pattern of Rhynchophorus
ferrugineus catalase in response to the infection of the isolates of M.
anisopliae. Means ± SE of catalase with different letter(s) are statistically
significant different (Fisher's LSD, α = 0.05)

Expression of peroxidase in three different components
(F = 154.79; df = 2, 36; p < 0.0001), upon infection with
different isolates (F = 353.83; df = 2, 36; p < 0.0001), and
their interactions (F = 34.46; df = 4, 36; p < 0.0001), differ
significantly after 24 h post-infection among target larval
instars. Overall, hemolymph exhibited the highest
expression of peroxidase from all the experimental units
(Figure 3). Peroxidase expression from gut remained
statistically at par with fat. However, the infection of the
least virulent isolate (406) could not induce the highest
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expression and remained significantly at the lowest level
compared to the highest virulent isolate (8453) and
moderately virulent isolate (7234).

Figure 3. Relative folds expression pattern of Rhynchophorus ferrugineus
peroxidase in response to the infection of the isolates of M. anisopliae.
Means ± SE of peroxidase with different letter(s) are statistically significant
different (Fisher's LSD, α = 0.05)

4. Discussion
Screening the most virulent isolate is the foundation of
successful pest management strategy for the eco-friendly
development of microbial pesticide for sustainable crop
production. Current study disclosed that the spores with
higher hydrophobicity and viability greatly disturbed the
feeding performance and host antioxidant defense that
ultimately lead to the 100 % larval mortality.
The Success or failure of the fungal isolate is mapped
through the virulence determining attributes of the fungi
and host defense mechanisms. A fruitful infection starts
with the attachment of spores with the host cuticle. Previous
research investigations rightly demonstrated that
hydrophobicity of the spores is of prime importance for
conidial adhesion that leads towards mycosis [32]. In the
current study, we found variations in relative
hydrophobicity of the spores of the tested isolates of M.
anisopliae. The spores of a most virulent isolate 8453
exhibited 20.64 % higher relative hydrophobicity compared
to the least virulent isolate 406 enabling us to suggest that
the higher estimates of relative hydrophobicity directly
related to the host pathogenicity. Our findings further
strengthened from previous investigations in which virulent
transgenic strain of B. bassiana was developed that showed
higher expression of genes encoding hydrophobicity of the
spores [45]. In addition, our results are in agreement with
previous findings against other genera of entomopathogenic
fungi, including Beauveria bassiana [23], and Isaria
fumosorosea [22]. Another important virulence attribute
studied in the current investigation was the germination of
the spores. However, we found over 95 % viability from all
the tested isolates enabling us to suggest that viability is an
important virulence parameter, but high viability did not
mean highly virulent isolate as depicted from the viability

21

results of less virulent isolate 406. These results corroborate
with our previous results against other isolates of
entomopathogenic fungi [22,23].
Robust indices calculated in the feeding performance
experiment unveiled significant differences in ECI and ECD
indexes. The most virulent isolate 8453 established in the
current study tremendously declined these indexes of
growth. The reason for reduced indexes might because of
deficiency in available food reserves that may arise due to 1)
low food intake due to infection, 2) high energy utilization
for host defense instead of growth to combat pathogen
attack. Enhanced expression of peroxidase and catalase
among red palm weevil larvae infected with 8463 depicted
in the current study and low food intake in nutritional
experiment provides the experimental evidence for these
two conditions. These inferences enabled us to describe that
the major portion of the larval food intake transformed into
energy to combat the attack of invading pathogen, and less
energy remained to channel larval growth. The earlier
research investigations against lepidopteran pests also
claimed the reductions in these indexes due to fungal
infections [29,46], and botanicals [47]. In addition, isolates
of B. bassiana also exhibited similarly disturbed growth and
antioxidant defense pattern among target pest red palm
weevils [23]. Similarly, reduced ECI and ECD indexes due
to virulent pathogens [22,23,29,46], potent botanicals [47–
49], and toxic insecticides [12], revealed that host spent
most of his energy reserves to combat attacks through
physiological activities. In these situations, the host became
vulnerable to any attack that ultimately leads towards host
mortality. This may clearly explain the difference in
mortality results of red palm weevil larvae against different
infections. The superiority of some isolates in terms of
infection over others reported in the past and confirmed in
the current study, improve host-pathogen understanding that
will benefit the development of fungal-based pathogens.

5. Conclusions
In conclusion, these findings revealed that isolate 8453
greatly disturbed the nutritional indices and host antioxidant
defense, ultimately leading to the death of infected red palm
weevil larvae. Significant differences in feeding
performance and mortality among exposed red palm weevil
larvae might considerably influence through viability and
relative hydrophobicity of the spores of invading pathogens.
In the future, more attention should be devoted to
formulating the most virulent isolate to manage the
populations of red palm weevil that damage different
species of palms.
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