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Abstract

:

The red palm weevil (RPW), Rhynchophorus ferrugineus (Olivier) (Coleoptera: Dryophthoridae), is a destructive and voracious pest of palm species worldwide. Due to environmental and regulatory concerns, ecologically safe alternatives to synthetic chemical insecticides are needed to manage this cryptic insect species. Entomopathogenic fungi have the potential to manage this pest. The scope of management and effectiveness can be improved by direct control or horizontal transmission of entomopathogenic fungal isolates. We tested in the laboratory the virulence and pathogenicity of fifteen different entomopathogenic fungal isolates belonging to the following species: Beauveria bassiana, Metarhizium anisopliae, Beauveria brongniartii and Purpureocillium lilacinum. All fungal isolates were found virulent against larvae (14.9 ± 1.06 to 81.5 ± 1.48% mortality) and adults (5.6 ± 1.12 to 51.7 ± 1.51% mortality) at 12 d post-treatment. From a screening bioassay, five M. anisopliae (WG-08, WG-09) and B. bassiana (WG-23, WG-24, WG-25) isolates were tested for their concentration response mortality against larvae and adults after 7, 14 and 21 days (d) of treatment. Mortality was found positively correlated with concentration and time. At 21 d of treatment, WG-23 and WG-25 1 × 108 conidia/mL resulted in 100% mortality against larvae while only WG-25 1 × 109 conidia/mL caused 100% mortality of adults. Along with mortality, all the potential isolates have strong ovicidal effects that reduced 81.49% at 1 × 108 conidia/mL. The horizontal transmission bioassay indicated that the infected adults transmitted the disease to healthy individuals. Horizontal transmission of fungi from infected to non-infected adults not only caused significant mortality but also had a serious sublethal impact on insect development and fitness including reduced number of eggs/d fecundity, egg viability and neonate survival. Isolate WG-25 reduced oviposition (0.5 eggs/d), fecundity (11.7 eggs/female), egg viability (11.6%) along with larval survival 25.9% when infected male mated with normal female. In semi-field trials, all fungal isolates reduced survival of larvae found inside the palms and ultimately reduced infestations over a period of two months. The results of this study indicate that entomopathogenic fungi should be further tested for sustainable and efficient control of RPW in date palm production systems.
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1. Introduction


Date palm, Phoenix dactylifera L. (Arecales: Arecaceae) is a diploid perennial plant known as one of the oldest and most common crops to Southwest Asia and North Africa. Over time, it spread to Australia, South America, southern Africa, Mexico, Pakistan and the United States [1] The red palm weevil (RPW) Rhynchophorus ferrugineus (Olivier) (Coleoptera: Dryophthoridae), is considered to be one of the most devastating insect pests of palm species [2]. It was first reported in India, but now it is widely distributed in Africa, America, Asia, Europe and Oceania [3,4].



In Pakistan, it is a serious pest of date palms [5,6]. The weevil has invaded a total of 69 countries over the last 30 years, and the host range has expanded from only 4 species in the mid-1950s to 40 species in 2020 [4,7]. It is an important insect pest against which quarantine and biosecurity measures should be taken by countries to try to limit its further spread, as it attacks 19 species from 15 genera [8]. It reproduces within the tree stem, damaging the vascular system which leads to the gradual death of the entire palm [9,10]. The female lays eggs in injured parts such as stems, leaf bases, offshoots, and tree crowns where larvae bore in and are usually invisible until infested palms die [11,12]. The concerns of farmers regarding economic and environmental issues of RPW are genuine and considerable. It severely affects the produce, as well as exerting negative impact on cultural and aesthetic values of palm trees [6,13].



Present management approaches against R. ferrugineus involve various control methods such as cultural techniques including burning of dead tree trunks to destroy immature stages inside, cutting down the infected palms, fertilization and irrigation, mass trapping, as well as monitoring, early detection, applications of acoustic devices, male sterile techniques, host plant resistance, entomopathogenic nematodes, insecticide applications, including fumigation, or application of natural substances [14,15,16,17,18,19,20]. Due to the high cost of pheromone traps and the prevalence of hot summers in date-producing areas, the trap strategy has not attained wide acceptance against R. ferrugineus [21]. Similarly, the sterile insect technique is also not an effective approach in the field as R. ferrugineus mates in a concealed environment, i.e., within the palm tree. Chemical insecticides have two major limitations: they harm the environment and have little or no effectiveness against the later larval stages of R. ferrugineus [21]. As curative and preventive treatments against R. ferrugineus, insecticides are usually applied on an irregular basis, which may result in environmental pollution, risks to human health and decreases in natural enemy fauna [22]. With these reservations associated with the use of traditional control approaches, there is an urgent need for novel techniques and methods for the control of invasive R. ferrugineus. In that vein, microbial control agents, particularly entomopathogenic fungi (EPF), may be considered as promising aids to existing control strategies against RPW [23].



Entomopathogenic fungi contribute to insect population regulation in natural habitats, and are usually harmless to non-target organisms, humans, and the environment [24,25]. EPFs are widely distributed in forest ecosystems and agricultural habitats; commercialized EPF products are used for the successful management of various insect pests [26,27,28]. Unlike other microbial agents (viruses, protozoa and bacteria) which need to be ingested by the host insect for the initiation of the infection process [29], fungal pathogens can directly penetrate the insect host’s cuticle [30]. Entomopathogenic fungi should be considered for inclusion in IPM programs for R. ferrugineus [20,31,32,33]. EPF can affect survival and reproduction of RPW [12,34]. However, there are certain limitations in the use of EPF such as issues during their production, interactions with fungicides, the feasibility of applying them in large-scale agricultural settings, the long-term sustainability of these biological control measures, and potential environmental impacts of widespread EPF use [20]



Horizontal transmission of a pathogen within a target population can extend the potential scope of microbial control for various insect species [35]. Auto-dissemination via the horizontal transmission of pathogens within a species has been used for biocontrol of insect pests belonging to different insect orders [36,37]. Horizontal transmission of EPFs offers advantages including reduction in area treated and volume of inoculums, diminishing harmful effects on non-target individuals [38,39] as well as providing another advantage over chemical insecticides as its impact on the pest population increases beyond the zone of direct contact [40]. Auto-dissemination in different target coleopteran hosts by Metarhizium brunneum Petch (Hypocreales: Clavicipitaceae) [37,41] has been previously documented.



Keeping in view the importance of EPF as potential candidates for biological control of RPW, this study was carried out to assess the efficacy of native isolates of B. bassiana, M. anisopliae, Purpureocillium lilacinum (Thom) Luangsa-ard, Houbraken, Hywel-Jones & Samson (Hypocereales: Ophiocordycipitaceae), recovered from soil and insect infected cadavers, to select the most virulent. This study also assessed, for the first time in RPW, the horizontal transmission of the most virulent fungal isolates and to determine the subsequent effects on oviposition, fecundity, egg hatching and larval survival among all four mating combinations of non-infected/infected males and females of R. ferrugineus. The efficacy of different EPF isolates was evaluated in semi-field trials, their persistence and impact on survival of R. ferrugineus was also assessed.




2. Materials and Methods


2.1. Insect Collection and Rearing RPW


The different developmental stages of RPW were manually collected from fallen and damaged trees of date palm, Jhang, Bahawalpur, Lodhran, Multan, Layyah and Bhakar districts of Punjab province, Pakistan. Each development stage was placed individually in boxes and transferred to the laboratory. Collected pupae were taken to the laboratory in clean perforated zip lock plastic bags.



In the laboratory, larvae were fed on sugarcane stalks depending upon the size of the larval instar. To induce larval feeding, a hole according to the size of larvae was made in the upper portion of sugarcane and larvae were released into these holes on each sugarcane stalks. The food was changed on average every three days, and larvae were allowed to feed on these pieces until they pupated. The pupae were placed in a plastic box (15 cm × 30 cm × 30 cm), which was kept moistened with distilled water using a hand sprayer; the pupae were examined daily to check adult emergence from pupae. The adults were placed in aerated plastic boxes (15 cm × 30 cm × 30 cm). Adults were fed on shredded sugarcane stems, which had been soaked in distilled water for one minute. In each box equal numbers of males and females were placed. The diet for adults was changed on alternate days and sugarcane stalks in which egg-laying occurred were moved to separate boxes for larval emergence. The sugarcane stalks were monitored daily and larvae hatching from eggs or loose in the box were transferred onto sugarcanes stalks with a camel hairbrush. The incubator was set for all the stages at 28 ± 2 °C and 65 ± 5% relative humidity (RH) and 16: 8 h (Light/Dark) photoperiod [42].




2.2. Culturing of Fungal Isolates


The virulence of fifteen isolates of different EPF including B. bassiana (WG-14, WG-21, WG-22, WG-23, WG-24, WG-25), M. anisopliae (WG-08, WG-09), Beauveria brongniartii (Sacc.) Petch (Hypocreales: Cordycipitaceae) (WG-26, WG-27) and P. lilacinum (WG-33, WG-34, WG-35, WG-36, WG-37) was evaluated against R. ferrugineus (Table S1). These isolates were obtained previously from insect cadavers and soil samples collected from various geographical areas (Table S1). The fungal isolates from soil samples were recovered using potato dextrose agar (PDA) (BD, Franklin Lakes, NJ, USA) with chloramphenicol (50 µg/mL), streptomycin sulphate (50 µg/mL) (Sigma, St Louis, MO, USA) and 0.5 g/L of dodine 65% w/w WP. All isolates were identified using taxonomic keys [43,44,45,46,47]). The cultures were stored at the Microbial Control Laboratory at Department of Entomology, University of Agriculture, Faisalabad (Pakistan) [48,49]. The isolates were inoculated in PDA Petri dishes (100 mm) and sealed with parafilm (Sigma Aldrich Chemie GmbH, Taufkirchen, Germany) at 25 °C with a 14: 10 h (Light/Dark) illumination period for 14 d. Conidia were harvested with sterile scalpel and suspended in a 50 mL conical tube with 30 mL of 0.05% Tween 80. The tubes were agitated with eight glass beads and vortexed for 5 min. The required conidial concentrations were ascertained using a hemocytometer under 400× magnification. Conidial germination was determined by spreading 0.1 mL (1 × 106 conidia/mL) suspensions on two sabouraud dextrose agar (SDA) (BD, Franklin Lakes, NJ, USA) in Petri dishes (100 mm) and incubated at 25 °C with a 14:10 h (Light/Dark) illumination period for 16–18 h. Germination was recorded by placing cover slips on plates and assessing 200 spores from each plate. We averaged two counts from two plates, and the final concentration was adjusted using serial dilutions, based on germinated conidia [50]. Germination of conidia of all the EPF was assessed under 400× magnification and found to be greater than 90%.




2.3. Screening of Fungal Isolates against RPW Larvae and Adults


Fifteen isolates were evaluated against 4th instars and adults (48–72 h old) of R. ferrugineus at two concentrations 1 × 107 and 1 × 108 conidia/mL. These rates were selected based on preliminary concentration assays conducted in the laboratory. Larvae were dipped into either concentration for 60 s while adults were immersed for 90 s [51]. The treated insects were then separately placed on sterile filter paper to dry. After 24 h, the insects were placed individually in plastic cups (150 mL) to avoid cannibalism. Larvae were provided with artificial diet [42,52], while adults were provided with shredded sugarcane (3 cm × 3 cm) for feeding. The plastic cups were covered with perforated lids for the purpose of aeration and were placed in an incubator (MIR-254, Sanyo, Tokyo, Japan) maintained at 25 °C and 75% RH with a 16: 8 h (Light/Dark) illumination period. For the control, individuals were dipped for same period in a 0.05% Tween 80 and otherwise handled the same as the treated insects. A total of 15 larvae and adults were used per replicate, and each treatment had 3 replicates (45 individuals per treatment). The entire experiment was repeated twice with 2880 individuals used in the experiment. The experiment end point was 12 d after treatment and mortality was observed on daily basis. After the last count, the remaining live individuals (larvae and adults) were disposed of. The dead larvae and adults were individually placed on sterile moistened filter paper and observed for mycosis on cadavers. The cadavers with no visible symptoms after 24 h were surface sterilized with sodium hypochlorite (0.1%) solution followed by three rinses with distilled water. Then, cadavers were placed on sterile moistened filter paper and incubated at 25 °C, 75 RH and 16: 8 h (Light/Dark) to stimulate the fungal growth [51].




2.4. Concentration Response Bioassay against Larvae and Adults of RPW


The isolates which caused the highest larval mortalities (M. anisopliae WG-08 and WG-09; B. bassiana WG-23, WG-24, and WG-25) during preliminary screening were selected for further study against both larvae and adults at different concentrations and exposure intervals. Each fungal isolate was applied at four concentrations (1 × 106, 1 × 107, 1 × 108 and 1 × 109 conidia/mL) against 6th instars and adults (48–72 h old) by dipping. Larvae were dipped into the four different concentrations for 60 s, while adults were dipped for 90 s [51]. For post-application, insects were handled as described in Section 2.3. Mortality counts were made at 7, 14 and 21 d post-treatment. For each replication, 15 insects were used making a total of 45 individuals per treatment in three replicates. The experiment was repeated twice.




2.5. Bioassay against Eggs


The ovicidal activity of the five previously selected fungal isolates (WG-08, WG-09, WG-23, WG-24 and WG-25) was evaluated using recently laid eggs. Before the bioassay, eggs (<24 h of age) were surface sterilized by immersing them in a 3% solution of sodium hypochlorite (NaClO) and then washing with distilled water three times [53]. Fifteen eggs per replicate were immersed into two fungal concentrations (1 × 106 and 1 × 108 conidia/mL) of each isolate for 1 min by placing them in a clean stainless steel mesh basket with dimensions of 16 × 17 mm [51]. A batch of eggs immersed in distilled water containing only 0.01% Tween 80 [54] served as the control. After dipping, eggs were moved to Petri dishes (2.5 cm diameter) lined with sterile moistened filter paper and incubated (MIR-254, Sanyo, Tokyo, Japan) at 25 °C with 75 RH and a 16: 8 h (Light/Dark) illumination period. Each treatment was replicated three times and the entire experiment was also repeated three times with new biotic and abiotic materials each time. Hatching data for eggs were recorded daily up to 5 d although most hatching occurred between 3 and 4 days; eggs not hatched by the 5th day were considered dead. After hatching, newly emerged neonates were transferred to another Petri dish and provided with clean sugarcane slices for feeding. Neonate survival times were recorded daily for 5 d.




2.6. Horizontal Transmission of Fungal Isolates among Adults and Effectiveness of Sublethal Concentrations on Reproductive Stages of RPW


The potential for horizontal transmission of five pre-selected EPF isolates (WG-08, WG-09, WG-23, WG-24, WG-25) was assessed in R. ferrugineus adults. EPF were applied at concentration 1 × 105 conidia/mL. Laboratory reared 48–72 h old male and female adults were immersed in a suspension of different isolates for 90 s and then allowed to mate. Four different mating pairs (10 adults with 1:1 ratio of both male and female) were arranged for each isolate: (1) non-infected females + non-infected males, (2) infected females + non-infected males, (3) non-infected females + infected males and (4) infected females + infected males. After treatment, each mating pair was transferred together into plastic boxes and provided with cotton wicks dipped into a 5% solution of sugar for feeding; the cotton wicks additionally served as a substrate for oviposition. Adult mortality and fecundity were recorded daily up to 28 d. Oviposition was recorded daily up to 7 d. Eggs laid by treated females from each combination were collected randomly and kept in Petri dishes lined with moistened filter paper. From each replication, 3 eggs/d were randomly selected up to 7 d post-treatment (21 eggs from each replicate) and hatching (%) was noted for the following 5 days (because most of hatching occurred between 3 and 4 days). The percent survival of the hatched neonates was then noted for up to 5 d. Each mating combination represented a single treatment with three replicates for individual isolates and the whole experiment was repeated three times [51].




2.7. Semi-Field Trials for RPW Survival


This experiment was conducted with 5 years old date palm plants that were purchased from a nursery with no infestation detected after careful visual observation. The plants were watered as needed and kept under a double mesh security enclosure. Each treatment consisted of six different treatments including five fungal isolates (WG-08, WG-09, WG-23, WG-24 and WG-25) and a control. Fungal isolates were suspended individually at concentration 1 × 109 conidia/mL in a 0.05% Tween 80 and 2000 mL of fungal solution. The fungal suspensions of each isolate were sprayed around the trunk with a knapsack sprayer while for the control, 2000 mL of 0.05% Tween 80 was sprayed without fungal conidia. Two hours post-application, a group of three female adults and two males were released on each plant and the trunk was wrapped with double mesh wire gauze to avoid the escape of weevils. Adults were removed 7 d post-release, and the palm plants were cut with a chainsaw at 30 d post-insect released. First, the palm plants were categorized as infested if a single larva was found inside or un-infested if no larva was found inside. The total numbers of dead and live individuals found inside were counted. The trial was arranged in a randomized complete block design (RCBD). Each treatment comprised five palm plants with four replications (total of 20 palms per treatment and total of 120 palms per trial).




2.8. Fungal Persistence over Time and Its Effectiveness against Larvae of RPW


This trial was aimed to assess the persistence of fungal isolates (WG-08, WG-09, WG-23, WG-24, WG-25) in palm plants over time. The treatment application and protocol were the same as in the previous trial. The treated and control plants were divided into five different groups that were infested with adults at 1, 15, 30, 45 and 60 d post-treatment application. Adults remained on the plants for 7 d and then were removed. Treatment efficacy was determined by dissecting palm plants at 30 d post-insect release and the total number of larvae present inside was counted as either live or dead [51].




2.9. Statistical Analysis


The normality of the distribution of the percentages of RPW mortality and mycosis was checked by Shapiro–Wilk test [55]). All data were not normally distributed and all percentages were log-transformed before further analysis. The mortality data from different treatments were corrected using Abbott’s [56]) formula and tested for comparison using Tukey HSD post hoc test [57]) at a 5% significance level. The statistical package Minitab [58] was used for analysis. Median lethal concentration (LC50) and Lethal time (LT50) values for fungal concentrations of isolates at different exposure intervals were calculated by Probit analysis. For semi-field trials, the mean number of live larvae per plant was analyzed (ANOVA) and significant differences were subjected to Duncan’s test at 5% level of significance for comparison. The efficacy of fungal isolates against larvae on palm trees was computed following Abbott’s [56] formula [51].





3. Results


3.1. Screening of Fungal Isolates against Larvae and Adults


The main effects and their possible associated interaction fungal isolates × concentration for mortality and mycosis were significant for both larvae and adults (Table S2). Larvae were more susceptible to fungal infection than adults (Figure 1 and Figure 2) at the two different concentrations. Mortality ranged from 14.9–52.9%, at 1 × 107 conidia/mL, to 18.3–81.5% at 1 × 108 conidia/mL for larvae and 5.6–31.8%, at 1 × 107 conidia/mL, to 9.1–51.7% at 1 × 108 conidia/mL in adults.



At 1 × 108 conidia/mL, only five isolates (WG-08, WG-09, WG-23, WG-24 and WG-25) against larvae and one isolate (WG-25) against adults caused >50% mortality at 12 d post-inoculation. At the same concentration, five isolates (WG-08, WG-09, WG-23, WG-24 and WG-25) against larvae and four isolates (WG-09, WG-23, WG-24 and WG-25) against the adults produced >50% mycosis (Figure 1 and Figure 2). Control mortality was lower than 5% against both developmental stages.




3.2. Concentration Response Bioassay against RPW Larvae and Adults


The main effects and their possible associated interactions isolate × concentration and isolate × interval, concentration × interval, and isolate × concentration × interval were significant for both larvae and adults (Table S3). Up to 7 d post-treatment, none of the isolates provided 100% mortality of larvae or adults. At 1 × 109 conidia/mL all isolates except WG-08 caused >50% mortality in larvae and only two isolates WG-23 and WG-25 caused >50% mortality in adults (Figure 3). Again, no isolate caused 100% mortality neither larval nor adult stage at 14 d post-inoculation. Maximum mortality of 98.5% and 79.3% were reported by isolate WG-25 in larvae and adults, respectively (1 × 109 conidia/mL) (Figure 3). After 21 d post-treatment, WG-23 and WG-25 caused 100% mortality of larvae at the two highest spore concentrations (1 × 108 and 1 × 109 conidia/mL) while WG-25 caused 100% mortality of adults at 1 × 109 conidia/mL (Figure 3).




3.3. Lethal Concentration and Lethal Time


Lethal concentration (LC50) values for all tested isolates ranged from 2.6 × 105–1.7 × 106 conidia/mL for larvae and 8.9 × 105–3.1 × 107 conidia/mL for adults. The most virulent isolate WG-25 caused LC50 2.6 × 105 conidia/mL for larvae and 8.9 × 105 conidia/mL for larvae (Table 1).



Lethal time (LT50) values for all five isolates ranged from 7.5–22.3 d (WG-08), 5.5–19.5 d (WG-09), 3.6–14.2 d (WG-23), 4.4–17.4 (WG-24), and 3.2–14.2 (WG-25) for larvae. Similarly, LT50 values for the tested isolates ranged from 12.2–31.6 d (WG-08), 9.7–25.8 d (WG-09), 7.0–21.4 d (WG-23), 8.2–24.8 d (WG-24), and 5.7–19.5 d (WG-25) for adults, against four different concentrations (Table 2 and Table 3).




3.4. Bioassay against Eggs


All tested isolates were virulent against R. ferrugineus eggs. Hatching (%) was significantly lower in treated eggs compared to non-treated eggs. Egg hatching was directly correlated with application rate as hatching (%) ranged from 49.6–75.5% and 18.5–46.6% at 1 × 106 and 1 × 108 conidia/mL, respectively (Table 4). Minimum hatching was reported with WG-25, 49.6% and 18.5% using 1 × 106 and 1 × 108 conidia/mL, respectively. The lowest AST was observed in WG-25 treated eggs, at 1.7 and 0.5 d at 1 × 106 and 1 × 108 conidia/mL, respectively, and compared to the controls. The controls normally had longer larval periods and control insects were not included in the interpretation of data (Table 4).




3.5. Horizontal Transmission of Fungal Isolates among Adults and Effectiveness of Sublethal Concentrations on Reproductive Stages of RPW


The results of horizontal transmission showed that mortality in non-treated pairs was significantly lower than in treated pairs. Isolate type and sex of insects significantly affected the results. For infected pairs, mortalities were 11.1–61.6% for females and 13.3–78.8% for males. Maximum mortality was observed with WG-25 against females (45.5–61.6%) and males (46.6–78.8%) (Table 5). Mortality was always observed to be less than 5% among all the non-infected pairs, not included in the analysis. Significant reductions in oviposition, fecundity, egg hatching and larval survival was observed when compared to the control (non-infected female) and were also dependent on the isolate and type of pair combination. The combination of infected females with infected males was highly significant when compared to other combinations. The results indicate that WG-25 was the most virulent isolate followed by WG-23, WG-24, WG-09 and WG-08 (Table 6).




3.6. Semi-Field Trials for RPW Survival


Significantly lower palm infestation was observed following treatment with different fungal isolates (F = 17.78; df = 5, 23; p < 0.01) compared to the controls. The lowest palm infestation was observed when palms treated with WG-25 (90.50% efficacy). From the non-treated palms, all of them were found to be infested. Statistically no difference was observed between WG-08 and control palms. For palm infestation, significantly lower numbers of larvae were observed from fungus-treated palms (F = 70.57; df = 5, 23; p < 0.01) when compared with control palms. Among the different fungal isolates, the lowest number of larvae per palm (4.15) was observed for WG-25-treated palms followed by WG-23 (13.30 larvae per palm) (Table 7).




3.7. Fungal Persistence over Time and Its Effectiveness against RPW Larvae


Significant differences among all the fungal isolates (F = 70.57; df = 5, 23; p < 0.01) on the basis of the total number of larvae captured, with a maximum efficacy (82.21%) observed in WG-25 at 1 d post-insect release. At 15 d post-insect release, fungi persisted in a positive manner with lowest palm infestation (20.00%) and with maximum efficacy (85.77%) observed for the WG-25 treatment. From 30 to 60 d, efficacy exhibited a decreasing trend with a maximum treatment efficacy (57.65%) observed for WG-25 at 60 d. The lowest palm infestation for all the intervals was observed when using WG-23 and WG-25 (Table 8).





4. Discussion


Exotic fungal isolates previously deployed against a variety of insect pests in different countries have often been unsatisfactory due to factors such as differences between hosts, isolates and climatic conditions [59,60]. Noting this constraint in the present study, we used native 15 EPF isolates of different developmental stages of R. ferrugineus. Prior to use under field conditions, the most important aspect is to identify highly virulent isolates through laboratory screening bioassays [61]. Results of our screening assay showed that all isolates were pathogenic to R. ferrugineus and further supported the findings of Sun et al. and Yang et al. [61,62] who worked with different B. bassiana and M. anisopliae isolates. Although, R. ferrugineus was susceptible to all isolates, the isolates varied in their virulence. This is not an unusual phenomenon as Serna-Domínguez et al. Qayyum et al. and Ullah et al. [63,64,65] noted variation in virulence and attributed it to genetic variations among different isolates from specific geographical origins.



The current study did not support the hypothesis that virulent isolates must be isolated from the target or closely related organisms [66,67]. Five isolates (WG-08, WG-09, WG-23, WG-24 and WG-25) that we used in virulence assay were of B. bassiana and M. anisopliae, but none was originally isolated from R. ferrugineus and instead they originated from stored-grain insect pests and soil samples. Several studies [68,69,70] favored the concept that pathogens isolated from R. ferrugineus were more virulent to this invasive pest compared to non-host isolates. However, our result aligns with the findings of Liu et al. [71] who evaluated different fungal isolates against tarnished plant bug Lygus lineolaris (Palisot de Beauvois) (Hemiptera: Miridae) and found that the M. anisopliae isolate ARSEF 3540, originating from soil, was a suitable biological control agent for the mirid. Similar results were described by Qayyum et al. [72], who found that a virulent isolate of B. bassiana recovered from soil, caused >80% mortality. Although we did not use any isolates recovered from R. ferrugineus, our results indicate that strains obtained from a variety of media or non-hosts have potential to manage R. ferrugineus populations.



Mycosed cadavers play a key role in regulating the pest population by producing conidia, which may cause secondary infection and increase the persistence of the pathogen for a longer period [73]. We observed that some cadavers did not show any fungal outgrowth, which was similar to the studies by [74] in which no fungal outgrowth on the surface of Lycorma delicatula (White) (Hemiptera: Fulgoridae) living insects was observed and rarely from cadavers; however, the growth appeared when incubated under humid conditions in the laboratory. Due to their concealed nature, and suitable humid condition inside the palm tree, mycosed cadavers may play a significant role for secondary infection of R. ferrugineus.



Developmental stages of insects differ in their susceptibility towards different strains of EPF [75], and this was also noted in our study for R. ferrugineus larvae and adults. Both screening and virulence assays showed that larvae of R. ferrugineus were more susceptible than adults. Our results were similar to the findings of Dembilio et al., Francardi et al., Gindin et al., Güerri-Agulló et al., and Lo Verde et al. [22,51,53,68,76] in that adults were less susceptible than larvae to the fungal treatments. Güerri-Agulló et al. [76] claimed that the soft cuticle of larvae is more vulnerable to fungi than that of adults. During another investigation, Ansari and Butt [77] found that pine weevil Hylobius abietis (L.) (Coleoptera: Curculionidae) larvae and pupae were more susceptible than adults when treated with B. bassiana and M. anisoplaie. The reason behind the low susceptibility of adults compared to larvae is generally attributed to differences in biochemical composition of cuticle and the immune system of both stages [78], while it is suggested that during molting the shedding of the larva may get rid of infectious conidia [79]. Based on the current findings, to control R. ferrugineus the larval stage seems to be the best one to target, but keeping in mind their cryptic nature, it is essential to develop an effective method to infect the R. ferrugineus larvae with fungi.



In the screening assay, we identified five isolates with potential for development as biological control agents, three B. bassiana and two M. anisopliae. Beauveria bassiana performed well with higher mortality compared to M. anisopliae against different insect stages (larvae and adults) of R. ferrugineus irrespective of isolate origin (soil or insect cadaver). Lo Verde et al. [53] tested different isolates of EPF obtained from different stages of R. ferrugineus and found that B. bassiana was more effective than other fungi tested. El Kichaou et al. [80] found mortality in larvae of R. ferrugineus of 100% and 90% at six days post-inoculation with B. bassiana and M. anisopliae, respectively. Cherry et al. [81] tested 12 isolates of M. anisopliae and B. bassiana against cowpea weevil Callosobruchus maculatus (Fabricius) (Coleoptera: Chrysomelidae) and amongst the two highly effective isolates (B. bassiana 0362 and M. anisopliae 0351), B. bassiana 0362 was consistently more virulent against this insect. Contrary to our results Gindin et al. [68] and Francardi et al. [22] identified M. anisopliae as more virulent against R. ferrugineus compared with B. bassiana. We conclude that both species have considerable potential to control larvae and adults of R. ferrugineus with B. bassiana generally exhibiting higher virulence compared to M. anisopliae.



When eggs of R. ferrugineus were treated with fungi, the eggs showed a level of tolerance to infection. Previously, Gindin et al. [68] tested M. anisopliae against eggs of R. ferrugineus and obtained 43.5–80% egg mortality. Dembilio et al. [51] observed that B. bassiana caused a significant reduction in egg hatching compared with controls but concluded that eggs were less susceptible than 4th instar larvae, while more susceptible than adults [51]. In our study, neonates that emerged from eggs did not survive more than three days and this was in accordance with the findings of Dembilio et al. [82], Gindin et al. [68], and Lo Verde et al. [53]. The reason behind the low average survival rate of neonates could be the inability of fungi to infect the eggs due to the presence of chorion [33] and, consequently, they can infect the neonates. Under field conditions, damaged parts of the palm are where females are attracted for egg laying; therefore, treatment of these parts with fungi may increase the death of emerged neonates resulting in reduction of R. ferrugineus populations.



Several studies have confirmed the efficacy of various isolates of EPF against different developmental stages of R. ferrugineus [28,61,62,72,83,84]. In the field, larvae due to their cryptic nature [85], are difficult to infect with EPF. Only adults are mobile and able to disperse, remaining alive for a few days after becoming infected [76]. During infection, adults have conidia on their surface, and thus horizontal transmission between adults and its effect on subsequent progeny has been investigated [38,51,86]. Horizontal transmission of B. bassiana and M. anisopliae against different insect pests has been studied previously [36,86,87,88,89]. Mortality in the present study after 28 d post-infection confirmed the findings of Gindin et al. [68] and Dembilio et al. [51], which indicated that R. ferrugineus can transmit the pathogen from infected to normal adults. We found that the mortality was comparatively high in the case of mating with infected adult males which agrees with studies by Quesada-Moraga et al. [38] and Dembilio et al. [51]. According to Quesada-Moraga et al. [90], when adult males of the Mediterranean fruit fly, Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) were infected by inoculated adult females with dry conidia of the M. anisopliae isolate EAMa 01/58-Su, 100% mortality was obtained. Wai et al. [91] concluded that mated female R. ferrugineus consume much of their energy during their reproductive cycle. Consequently, they remain with less potential to survive in comparison to virgin females. The reason behind this observation may be because of the large number of conidia received by males from females and their mating behavior plays an important role. Contradictory to our results, Kaaya and Okech [92] reported that infected female tsetse flies, Glossina morsitans Wiedemann (Diptera: Glossinidae), caused higher mortality compared to males because the fly males are smaller in size and more susceptible compared to females. In another study, Quesada-Moraga et al. [88] found that mortality of the German cockroach Blattella germanica L. (Blattodea: Ectobiidae) was uniform irrespective of sex. The present study indicated that along with mortality against adults, fungal infection also reduced oviposition rate, fecundity and egg hatching. Dembilio et al. [51] found significant reduction in oviposition and fecundity against R. ferrugienus when treated with B. bassiana at a concentration rate of 1.5 × 109 conidia/mL. There was up to 70% reduction in fecundity when Western corn root worm Diabrotica virgifera virgifera LeConte (Coleoptera: Chrysomelidae) was infected with B. bassiana [93]. Castillo et al. [94] observed reductions in fecundity of C. capitata of up to 65% and 40–50% when treated with M. anisopliae and P. fumosoroseus, respectively. The reduction in oviposition we observed was in line with Meadow et al. [95], who showed that reduced oviposition was related to insect pathogens that weaken the female. Along with oviposition, infection also reduced fecundity. Fragues et al. [96] observed significant reductions in fecundity when Colorado potato beetle, Leptinotarsa decemlineata Say (Coleoptera: Chrysomelidae), was treated with B. bassiana. Sikura et al. [97] determined that B. bassiana induced histological and cytological types of injuries in the ovaries of L. decemlineata, which prevents follicle development and caused reductions in fecundity.



In semi-field survival and persistence trials, all of the tested EPF isolates significantly reduced R. ferrugineus larval survival with efficacy of WG-25 being as high as 90% compared to the control. In the persistence bioassay, although persistence decreased with the passage of time, significant levels of control were achieved even after 60 d post application. Similar findings were observed by Dembilio et al. [51], indicating that EPF persisted in palm plants over 45 d.




5. Conclusions


The present study showed that a range of EPF isolates have considerable potential against certain life stages of R. ferrugineus. The larval stage was found to be the most susceptible stage, due to its cryptic nature and the high humidity inside the trunk that favor the infection process. But a major constraint is how these microbial agents can be delivered to larvae within the palm trunk, and so further research is needed on application methods. Adults are the only freely mobile stage, able to horizontally transmit fungi to members of their colonies and are attracted to pheromone traps. Fungus treated traps could be developed to attract and infect adults which could in turn infect other adults during mating and also infect the immature stages. Eggs were also found to be susceptible to fungi, hence cut or injured parts of the palms suitable for egg laying could be treated with EPF to reduce the pest population. There is a need for field-oriented studies to assess the efficacy of fungal isolates in different climatic conditions. The impact of temperature, humidity and post-application persistence of these fungal isolates should be tested to identify the optimum conditions for infection of the target insect pests. These virulent fungal isolates may be helpful for developing a sustainable integrated management program of the red palm weevil in date palm production systems.
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Figure 1. Mean (A) mortality (% ± SE) and (B) mycosis (% ± SE) of 15 isolates of entomopathogenic fungi against Rhynchophorus ferrugineus larvae 12 d post-treatment. Means followed by the same lowercase letter each for mortality (F = 11.45, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 18.23, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) and mycosis (F = 21.87, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 29.34, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) are not significantly different, Tukey HSD test at p = 0.05. 
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Figure 2. Mean (A) mortality (% ± SE) and (B) mycosis (% ± SE) of 15 isolates of entomopathogenic fungi against Rhynchophorus ferrugineus adults 12 d post-treatment. Means followed by the same lowercase letter each for mortality (F = 14.56, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 23.48, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) and mycosis, F = 13.71, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 16.12, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) are not significantly different, Tukey HSD test at p = 0.05. 






Figure 2. Mean (A) mortality (% ± SE) and (B) mycosis (% ± SE) of 15 isolates of entomopathogenic fungi against Rhynchophorus ferrugineus adults 12 d post-treatment. Means followed by the same lowercase letter each for mortality (F = 14.56, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 23.48, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) and mycosis, F = 13.71, df = 14, 89, p < 0.01 for 1 × 107 conidia/mL and F = 16.12, df = 14, 89, p < 0.01 for 1 × 108 conidia/mL) are not significantly different, Tukey HSD test at p = 0.05.



[image: Agronomy 14 00642 g002]







[image: Agronomy 14 00642 g003] 





Figure 3. Mean mortality (% ± SE) of larvae and adults of Rhynchophorus ferrugineus 7, 14 and 21 d post-treatment with selected isolates of entomopathogenic fungi. Per exposure and life stage, within each concentration (7 d, larvae F = 36.04; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 39.70; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 53.24; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 97.07; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL; adults F = 31.84; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 37.28; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 93.15; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 110.91; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL; 14 d, larvae F = 26.08; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 77.45; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 72.29; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 93.30; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL; adults F = 54.27; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 66.05; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 87.23; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 53.11; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL; 21 d, larvae F = 33.94; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 48.26; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 21.09; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 39.46; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL; adults F = 56.31; df = 4, 44; p < 0.01 for 1 × 106 conidia/mL, F = 31.09; df = 4, 44; p < 0.01 for 1 × 107 conidia/mL, F = 45.06; df = 4, 44; p < 0.01 for 1 × 108 conidia/mL, and F = 29.41; df = 4, 44; p < 0.01 for 1 × 1010 conidia/mL), means followed by the same lowercase letter are not significantly different, respectively, Tukey HSD test at p = 0.05. Per exposure and life stage, within each isolate (7 d, larvae F = 41.46; df = 3, 35; p < 0.01 for WG-08, F = 54.09; df = 3, 35; p < 0.01 for WG-09, F = 68.32; df = 3, 35; p < 0.01 for WG-23, F = 61.29; df = 3, 35; p < 0.01 for WG-24, F = 88.30; df = 3, 35; p < 0.01 for WG-25; adults F = 23.34; df = 3, 35; p < 0.01 for WG-08, F = 29.91; df = 3, 35; p < 0.01 for WG-09, F = 45.05; df = 3, 35; p < 0.01 for WG-23, F = 61.29; df = 3, 35; p < 0.01 for WG-24, F = 88.30; df = 3, 35; p < 0.01 for WG-25; 14 d larvae F = 39.29; df = 3, 35; p < 0.01 for WG-08, F = 78.90; df = 3, 35; p < 0.01 for WG-09, F = 28.42; df = 3, 35; p < 0.01 for WG-23, F = 30.06; df = 3, 35; p < 0.01 for WG-24, F = 27.13; df = 3, 35; p < 0.01 for WG-25; adults F = 33.14; df = 3, 35; p < 0.01 for WG-08, F = 67.36; df = 3, 35; p < 0.01 for WG-09, F = 58.19; df = 3, 35; p < 0.01 for WG-23, F = 36.65; df = 3, 35; p < 0.01 for WG-24, F = 20.08; df = 3, 35; p < 0.01 for WG-25; 21 d, larvae F = 21.14; df = 3, 35; p < 0.01 for WG-08, F = 23.46; df = 3, 35; p < 0.01 for WG-09, F = 47.27; df = 3, 35; p < 0.01 for WG-23, F = 30.41; df = 3, 35; p < 0.01 for WG-24, F = 19.95; df = 3, 35; p < 0.01 for WG-25; adults F = 100.02; df = 3, 35; p < 0.01 for WG-08, F = 90.27; df = 3, 35; p < 0.01 for WG-09, F = 43.15; df = 3, 35; p < 0.01 for WG-23, F = 79.21; df = 3, 35; p < 0.01 for WG-24, F = 42.09; df = 3, 35; p < 0.01 for WG-25), means followed by the same uppercase letter are not significantly different, respectively, Tukey HSD test at p = 0.05. Control mortality was <3% against both developmental stages and data were not included in analysis. 
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Table 1. Lethal concentration (LC50) estimates of five native entomopathogenic fungal isolates tested against Rhynchophorus ferrugineus larvae and adults.
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Insect Stage

	
Isolate Code

	
LC50 (conidia/mL)

	
95% Fiducial Limits

	
Slope

	
X2 (df = 2)

	
p






	
Larvae

	
WG-08

	
1.72 × 106

	
7.67 × 105–3.14 × 106

	
0.24 ± 0.02

	
1.42

	
0.73




	
WG-09

	
8.25 × 105

	
3.30 × 105–1.58 × 106

	
0.25 ± 0.02

	
3.05

	
0.81




	
WG-23

	
4.30 × 105

	
1.81 × 105–7.57 × 105

	
0.39 ± 0.05

	
7.19

	
0.63




	
WG-24

	
4.96 × 105

	
1.88 × 105–9.70 × 105

	
0.28 ± 0.03

	
2.19

	
0.47




	
WG-25

	
2.61 × 105

	
8.29 × 104–5.18 × 105

	
0.38 ± 0.05

	
5.04

	
0.68




	
Adults

	
WG-08

	
3.15 × 107

	
1.66 × 107–5.97 × 107

	
0.17 ± 0.02

	
0.27

	
0.56




	
WG-09

	
8.20 × 106

	
3.92 × 106–1.50 × 107

	
0.18 ± 0.02

	
3.29

	
0.91




	
WG-23

	
1.36 × 106

	
5.63 × 105–2.60 × 106

	
0.23 ± 0.02

	
1.94

	
0.61




	
WG-24

	
3.63 × 106

	
1.80 × 106–6.33 × 106

	
0.23 ± 0.02

	
1.40

	
0.83




	
WG-25

	
8.97 × 105

	
4.28 × 105–1.54 × 106

	
0.31 ± 0.03

	
5.75

	
0.24











 





Table 2. Lethal time (LT50) estimates of five native entomopathogenic fungal isolates tested against Rhynchophorus ferrugineus larvae.
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Isolate Code

	
Concentration

	
LT50 (d)

	
95% Fiducial Limits

	
Slope

	
X2 (df = 2)

	
p






	
WG-08

	
106

	
22.28

	
20.00–26.07

	
0.07 ± 0.01

	
0.83

	
0.36




	
107

	
16.52

	
15.00–18.37

	
0.08 ± 0.01

	
0.40

	
0.71




	
108

	
10.93

	
9.26–12.30

	
0.09 ± 0.01

	
2.23

	
0.53




	
109

	
7.54

	
5.68–8.90

	
0.12 ± 0.01

	
0.29

	
0.47




	
WG-09

	
106

	
19.58

	
17.63–22.55

	
0.07 ± 0.01

	
0.31

	
0.76




	
107

	
14.12

	
12.64–15.61

	
0.08 ± 0.01

	
0.75

	
0.35




	
108

	
8.98

	
7.00–10.45

	
0.09 ± 0.01

	
1.80

	
0.92




	
109

	
5.59

	
3.28–7.15

	
0.12 ± 0.01

	
1.21

	
0.80




	
WG-23

	
106

	
14.28

	
12.57–15.84

	
0.08 ± 0.01

	
0.49

	
0.44




	
107

	
11.71

	
10.36–12.91

	
0.07 ± 0.01

	
0.19

	
0.28




	
108

	
7.52

	
6.13–8.58

	
0.16 ± 0.01

	
5.68

	
0.68




	
109

	
3.64

	
0.66 -5.39

	
0.15 ± 0.02

	
1.35

	
0.74




	
WG-24

	
106

	
17.49

	
15.81–19.75

	
0.08 ± 0.01

	
0.71

	
0.37




	
107

	
13.21

	
11.78–14.57

	
0.09 ± 0.01

	
0.69

	
0.56




	
108

	
8.24

	
6.63–9.48

	
0.12 ± 0.01

	
0.30

	
0.29




	
109

	
4.49

	
1.75–6.24

	
0.12 ± 0.01

	
0.11

	
0.83




	
WG-25

	
106

	
14.28

	
12.75–15.84

	
0.08 ± 0.01

	
0.82

	
0.49




	
107

	
9.67

	
8.00–10.99

	
0.10 ± 0.01

	
0.22

	
0.75




	
108

	
6.50

	
4.86–7.68

	
0.16 ± 0.01

	
3.71

	
0.19




	
109

	
3.24

	
0.308–4.91

	
0.20 ± 0.04

	
0.14

	
0.38











 





Table 3. Lethal time (LT50) estimates of five native entomopathogenic fungal isolates tested against Rhynchophorus ferrugineus adults.
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Isolate Code

	
Concentration

	
LT50 (d)

	
95% Fiducial Limits

	
Slope

	
X2 (df = 2)

	
p






	
WG-08

	
106

	
31.65

	
26.03–46.38

	
0.05 ± 0.01

	
0.28

	
0.45




	
107

	
23.63

	
20.84–28.80

	
0.06 ± 0.01

	
0.08

	
0.16




	
108

	
18.46

	
16.59–21.19

	
0.07 ± 0.01

	
0.36

	
0.37




	
109

	
12.18

	
10.10–13.92

	
0.07 ± 0.01

	
0.61

	
0.62




	
WG-09

	
106

	
25.81

	
22.48–32.43

	
0.06 ± 0.01

	
0.28

	
0.43




	
107

	
21.35

	
18.96–25.50

	
0.06 ± 0.01

	
0.47

	
0.51




	
108

	
15.91

	
14.17–18.00

	
0.07 ± 0.01

	
0.17

	
0.73




	
109

	
9.76

	
7.73–11.28

	
0.09 ± 0.01

	
0.15

	
0.28




	
WG-23

	
106

	
21.40

	
19.17–25.09

	
0.07 ± 0.01

	
0.26

	
0.56




	
107

	
16.25

	
14.67–18.17

	
0.08 ± 0.01

	
0.52

	
0.67




	
108

	
11.56

	
9.97–12.92

	
0.09 ± 0.01

	
0.85

	
0.25




	
109

	
7.07

	
4.81–8.64

	
0.10 ± 0.01

	
3.77

	
0.92




	
WG-24

	
106

	
24.85

	
21.65–31.16

	
0.06 ± 0.01

	
0.25

	
0.58




	
107

	
18.73

	
16.84–21.52

	
0.07 ± 0.01

	
0.63

	
0.24




	
108

	
13.34

	
11.86–14.75

	
0.09 ± 0.01

	
0.32

	
0.69




	
109

	
8.24

	
6.16–9.75

	
0.10 ± 0.01

	
1.22

	
0.47




	
WG-25

	
106

	
19.58

	
17.63–22.57

	
0.07 ± 0.01

	
0.12

	
0.84




	
107

	
14.11

	
12.63–15.60

	
0.08 ± 0.01

	
0.44

	
0.99




	
108

	
9.78

	
8.35–10.96

	
0.12 ± 0.01

	
0.61

	
0.68




	
109

	
5.74

	
3.49–7.25

	
0.13 ± 0.01

	
10.57

	
0.71











 





Table 4. Egg hatching (% ± SE) and Average Survival Time (AST) (in days) for larvae which had been exposed to five selected entomopathogenic fungi isolates at two concentration rates. Means followed by the same lowercase letter in each column are not significantly different, Tukey HSD test at p = 0.05. Dashes (-) mean that all controls survived after five days and data were not included in analysis.
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Isolate Code

	
Hatching (%)

	
Average Survival Time (AST)




	
1 × 106 conidia/mL

	
1 × 108 conidia/mL

	
1 × 106 conidia/mL

	
1 × 108 conidia/mL






	
WG-08

	
75.55 ± 1.92 b

	
46.67 ± 1.92 b

	
3.02 ± 0.06 a

	
1.51 ± 0.05 a




	
WG-09

	
68.14 ± 1.85 b

	
42.96 ± 1.17 b

	
2.55 ± 0.07 b

	
1.20 ± 0.09 ab




	
WG-23

	
54.07 ± 1.73 c

	
27.40 ± 1.33 d

	
1.93 ± 0.08 cd

	
0.73 ± 0.08 cd




	
WG-24

	
61.48 ± 1.48 b

	
35.55 ± 1.11 c

	
2.11 ± 0.07 c

	
1.02 ± 0.08 bc




	
WG-25

	
49.63 ± 2.25 c

	
18.51 ± 0.97 e

	
1.71 ± 0.06 d

	
0.55 ± 0.06 d




	
Control

	
78.51 ± 0.97 a

	
72.52 ± 0.74 a

	
-

	
-




	
df

	
5, 53

	
5, 53

	
4, 44

	
4, 44




	
F

	
43.8

	
219

	
52.7

	
22.6




	
p

	
<0.01

	
<0.01

	
<0.01

	
<0.01











 





Table 5. Mortality (% ± SE) of Rhynchophorus ferrugineus pairs with five selected isolates of Beauveria bassiana and Metarhizium anisopliae. Means followed by same lowercase letter for each isolate in columns were not significantly different, df = 2, 26; Tukey HSD test at p = 0.05.
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Isolate Code

	
Treatment

	
Mortality




	
Female

	
Male

	
Female

	
Male






	
WG-08

	
Non-infected

	
Infected

	
11.11 ± 3.51 a

	
27.22 ± 3.23 a




	

	
Infected

	
Non-infected

	
15.55 ± 2.93 a

	
13.33 ± 3.33 b




	

	
Infected

	
Infected

	
20.00 ± 3.33 a

	
36.11 ± 2.60 a




	
F

	

	

	
29.46

	
21.63




	
p

	

	

	
<0.01

	
<0.01




	
WG-09

	
Non-infected

	
Infected

	
23.33 ± 2.20 b

	
43.88 ± 3.70 a




	

	
Infected

	
Non-infected

	
29.44 ± 4.74 ab

	
25.00 ± 2.88 b




	

	
Infected

	
Infected

	
36.66 ± 2.20 a

	
47.77 ± 3.23 a




	
F

	

	

	
33.17

	
24.35




	
p

	

	

	
<0.01

	
<0.01




	
WG-23

	
Non-infected

	
Infected

	
36.66 ± 3.99 b

	
54.44 ± 2.93 b




	

	
Infected

	
Non-infected

	
48.33 ± 4.24 ab

	
41.11 ± 3.51 c




	

	
Infected

	
Infected

	
53.33 ± 2.88 a

	
67.77 ± 4.00 a




	
F

	

	

	
27.36

	
21.53




	
p

	

	

	
<0.01

	
<0.01




	
WG-24

	
Non-infected

	
Infected

	
33.88 ± 3.09 a

	
47.77 ± 3.23 a




	

	
Infected

	
Non-infected

	
36.11 ± 4.23 a

	
33.88 ± 3.09 b




	

	
Infected

	
Infected

	
40.55 ± 5.55 a

	
56.66 ± 4.08 a




	
F

	

	

	
25.93

	
32.69




	
p

	

	

	
<0.01

	
<0.01




	
WG-25

	
Non-infected

	
Infected

	
45.55 ± 2.93 b

	
64.44 ± 4.12 b




	

	
Infected

	
Non-infected

	
54.44 ± 2.93 ab

	
46.66 ± 2.88 c




	

	
Infected

	
Infected

	
61.66 ± 1.66 a

	
78.88 ± 3.41 a




	
F

	

	

	
35.78

	
22.53




	
p

	

	

	
<0.01

	
<0.01











 





Table 6. Oviposition rate (eggs per female per day up to 7 d), fecundity (eggs per female up to 28 d), egg hatching (% ± SE) up to 5 d and larval survival (% ± SE) 5 d after hatching of Rhynchophorus ferrugineus pairs infected in different combinations with five isolates of Beauveria bassiana and Metarhizium anisopliae 1 × 105 conidia/mL. Means followed by the same lowercase letter for each isolate in the columns were not significantly different, df = 3, 35; Tukey HSD test at p = 0.05.
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Isolate Code

	
Treatment of Pairs

	
Oviposition Rate

	
Fecundity

	
Egg Hatching (%)

	
Larval Survival




	
Female

	
Male






	
WG-08

	
Control

	
3.28 ± 0.10 a

	
61.62 ± 1.68 a

	
70.37 ± 1.32 a

	
80.38 ± 0.86 a




	
Non-infected

	
Infected

	
3.04 ± 0.08 ab

	
46.22 ± 1.32 b

	
67.72 ± 1.73 ab

	
78.85 ± 1.21 ab




	
Infected

	
Non-infected

	
2.86 ± 0.10 b

	
41.62 ± 1.47 b

	
64.02 ± 1.39 b

	
75.27 ± 0.87 bc




	
Infected

	
Infected

	
2.28 ± 0.11 c

	
32.26 ± 1.67 c

	
55.55 ± 1.12 c

	
71.49 ± 1.06 c




	
F

	

	

	
14.52

	
23.18

	
27.59

	
33.61




	
p

	

	

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
WG-09

	
Control

	
2.93 ± 0.09 a

	
54.11 ± 1.26 a

	
68.78 ± 1.15 a

	
86.27 ± 1.45 a




	
Non-infected

	
Infected

	
2.51 ± 0.12 b

	
38.57 ± 1.24 b

	
57.67 ± 1.24 b

	
65.99 ± 0.86 b




	
Infected

	
Non-infected

	
2.08 ± 0.10 c

	
33.57 ± 0.78 c

	
53.43 ± 1.05 b

	
63.31 ± 0.90 bc




	
Infected

	
Infected

	
1.75 ± 0.09 c

	
27.02 ± 1.13 d

	
46.03 ± 1.12 c

	
58.67 ± 2.82 c




	
F

	

	

	
18.73

	
26.31

	
24.15

	
29.37




	
p

	

	

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
WG-23

	
Control

	
3.20 ± 0.11 a

	
56.02 ± 0.87 a

	
73.01 ± 0.79 a

	
84.12 ± 1.01 a




	
Non-infected

	
Infected

	
1.24 ± 0.11 b

	
26.08 ± 1.74 b

	
35.97 ± 1.15 b

	
47.00 ± 1.68 b




	
Infected

	
Non-infected

	
1.01 ± 0.06 bc

	
20.60 ± 1.06 c

	
30.15 ± 1.37 c

	
43.59 ± 2.32 b




	
Infected

	
Infected

	
0.75 ± 0.05 c

	
13.00 ± 0.37 d

	
23.28 ± 2.16 d

	
41.75 ± 2.99 b




	
F

	

	

	
21.66

	
19.27

	
34.12

	
38.80




	
p

	

	

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
WG-24

	
Control

	
2.86 ± 0.03 a

	
57.28 ± 1.20 a

	
64.55 ± 0.83 a

	
77.83 ± 0.28 a




	
Non-infected

	
Infected

	
2.17 ± 0.10 b

	
33.06 ± 0.62 b

	
46.03 ± 1.37 b

	
55.08 ± 1.50 b




	
Infected

	
Non-infected

	
1.73 ± 0.08 c

	
25.44 ± 0.56 c

	
44.44 ± 1.12 b

	
47.77 ± 1.96 c




	
Infected

	
Infected

	
1.20 ± 0.10 d

	
18.35 ± 0.48 d

	
39.68 ± 1.37 c

	
42.69 ± 1.67 c




	
F

	

	

	
25.84

	
31.36

	
39.04

	
44.59




	
p

	

	

	
<0.01

	
<0.01

	
<0.01

	
<0.01




	
WG-25

	
Control

	
3.07 ± 0.07 a

	
53.55 ± 1.16 a

	
65.07 ± 0.79 a

	
81.31 ± 1.23 a




	
Non-infected

	
Infected

	
1.00 ± 0.07 b

	
17.13 ± 0.54 b

	
21.69 ± 0.83 b

	
33.33 ± 2.63 b




	
Infected

	
Non-infected

	
0.86 ± 0.06 b

	
15.04 ± 0.69 b

	
16.40 ± 0.83 c

	
29.63 ± 1.46 b




	
Infected

	
Infected

	
0.57 ± 0.04 c

	
11.75 ± 0.74 c

	
11.64 ± 0.83 d

	
25.92 ± 6.86 b




	
F

	

	

	
28.01

	
37.96

	
46.18

	
51.06




	
p

	

	

	
<0.01

	
<0.01

	
<0.01

	
<0.01











 





Table 7. Mean (% ± SE) number of infested palms, larvae of Rhynchophorus ferrugineus (number ± SE) and control efficacy when palms were treated with two isolates of Metarhizium anisopliae (WG-08 and WG-09) and three isolates of Beauveria bassiana (WG-23, WG-24 and WG-25) under semi-field conditions. Means followed by the same lowercase letter in the columns were not significantly different, Duncan test at p = 0.05. Dashes (-) mean that data for controls were not included in analysis and run after Abbott’s formula [56].
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	Treatments
	Palm Infested
	Number of Larvae
	Efficacy (%)





	WG-08
	80.00 ± 0.00 ab
	36.05 ± 1.75 a
	16.91 ± 7.47 d



	WG-09
	65.00 ± 9.57 bc
	27.15 ± 1.94 b
	37.99 ± 3.86 c



	WG-23
	40.00 ± 8.16 cd
	13.30 ± 2.08 c
	69.38 ± 5.13 b



	WG-24
	55.00 ± 5.00 bcd
	19.45 ± 1.32 bc
	55.28 ± 3.93 bc



	WG-25
	35.00 ± 9.57 d
	4.15 ± 0.95 d
	90.50 ± 2.14 a



	Control
	100.00 ± 0.00 a
	43.85 ± 1.90 a
	-



	df
	5, 119
	5, 119
	4, 99



	F
	17.78
	70.57
	43.33



	p
	<0.01
	<0.01
	<0.01










 





Table 8. Mean (% ± SE) infested palms, larvae (number ± SE) and treatment efficacy when palms were treated with two isolates of Metarhizium anisopliae (WG-08 and WG-09) and three isolates of Beauveria bassiana (WG-23, WG-24 and WG-25). Adults were released over time intervals (1, 15, 30, 45 and 60 d) under semi-field setting. Within each interval, means followed by the same lowercase letter in the columns were not significantly different, Duncan test at p = 0.05. Dashes (-) mean that data for controls were not included in analysis and run after Abbott’s formula [56].
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Interval (d)

	
Treatments

	
Palm Infest

	
Number of Larvae

	
Efficacy (%)






	
1

	
WG-08

	
100.00 ± 0.00 a

	
37.15 ± 2.01 b

	
27.62 ± 4.38 d




	
WG-09

	
80.00 ± 8.16 ab

	
32.05 ± 2.61 bc

	
37.92 ± 3.66 cd




	
WG-23

	
45.00 ± 15.00 bc

	
17.75 ± 2.20 d

	
65.69 ± 3.62 ab




	
WG-24

	
60.00 ± 8.16 bc

	
25.00 ± 1.87 cd

	
51.06 ± 4.69 bc




	
WG-25

	
30.00 ± 10.00 c

	
9.10 ± 0.69 e

	
82.21 ± 1.64 a




	
Control

	
100.00 ± 0.00 a

	
51.45 ± 1.57 a

	
-




	
df

	
5, 119

	
5, 119

	
4, 99




	
F

	
12.30

	
65.40

	
32.71




	
p

	
<0.01

	
<0.01

	
<0.01




	
15

	
WG-08

	
100.00 ± 0.00 a

	
31.70 ± 1.53 b

	
34.10 ± 5.45 d




	
WG-09

	
85.00 ± 9.57 ab

	
26.65 ± 2.29 bc

	
44.89 ± 5.06 cd




	
WG-23

	
30.00 ± 5.77 c

	
12.75 ± 2.35 de

	
72.84 ± 6.15 ab




	
WG-24

	
50.00 ± 12.91 bc

	
19.50 ± 1.29 cd

	
59.78 ± 2.55 bc




	
WG-25

	
20.00 ± 8.16 c

	
6.90 ± 0.38 e

	
85.77 ± 0.76 a




	
Control

	
100.00 ± 0.00 a

	
48.75 ± 2.98 a

	
-




	
df

	
5, 119

	
5, 119

	
4, 99




	
F

	
18.43

	
55.17

	
37.52




	
p

	
<0.01

	
<0.01

	
<0.01




	
30

	
WG-08

	
100.00 ± 0.00 a

	
38.50 ± 2.72 ab

	
22.16 ± 8.27 c




	
WG-09

	
85.00 ± 9.57 a

	
29.25 ± 2.80 bc

	
41.52 ± 5.08 bc




	
WG-23

	
30.00 ± 12.91 b

	
20.00 ± 3.17 cd

	
59.03 ± 8.05 ab




	
WG-24

	
80.00 ± 8.16 a

	
25.50 ± 3.09 cd

	
49.54 ± 4.14 ab




	
WG-25

	
40.00 ± 8.16 b

	
13.85 ± 1.15 d

	
72.27 ± 2.28 a




	
Control

	
100.00 ± 0.00 a

	
50.05 ± 2.12 a

	
-




	
df

	
5, 119

	
5, 119

	
4, 99




	
F

	
12.95

	
23.57

	
10.81




	
p

	
<0.01

	
<0.01

	
<0.01




	
45

	
WG-08

	
100.00 ± 0.00 a

	
42.30 ± 3.18 ab

	
18.68 ± 8.55 c




	
WG-09

	
100.00 ± 0.00 a

	
36.10 ± 3.51 bc

	
30.18 ± 9.85 bc




	
WG-23

	
80.00 ± 8.16 ab

	
24.00 ± 2.79 cd

	
53.55 ± 7.45 ab




	
WG-24

	
100.00 ± 0.00 a

	
34.45 ± 2.25 bc

	
34.02 ± 5.44 bc




	
WG-25

	
60.00 ± 14.14 b

	
18.50 ± 3.05 d

	
63.88 ± 7.54 a




	
Control

	
100.00 ± 0.00 a

	
52.70 ± 2.77 a

	
-




	
df

	
5, 119

	
5, 119

	
4, 99




	
F

	
6.63

	
15.51

	
11.16




	
p

	
<0.01

	
<0.01

	
<0.01




	
60

	
WG-08

	
100.00 ± 0.00 a

	
45.50 ± 3.61 ab

	
14.65 ± 7.23 c




	
WG-09

	
100.00 ± 0.00 a

	
43.40 ± 3.60 ab

	
18.34 ± 7.96 c




	
WG-23

	
80.00 ± 8.16 b

	
29.65 ± 2.69 cd

	
43.90 ± 7.08 ab




	
WG-24

	
100.00 ± 0.00 a

	
37.80 ± 3.68 bc

	
29.27 ± 7.04 bc




	
WG-25

	
60.00 ± 8.16 c

	
22.45 ± 2.31 d

	
57.65 ± 5.47 a




	
Control

	
100.00 ± 0.00 a

	
53.55 ± 1.99 a

	
-




	
5, 119

	
5, 119

	
4, 99

	
df




	
F

	
15.75

	
14.44

	
10.47




	
p

	
<0.01

	
<0.01

	
<0.01
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