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Abstract

:

Fall armyworm (FAW), Spodoptera frugiperda, has recently invaded Africa where it is seriously threatening food security. Current management methods rely heavily on synthetic insecticides which are harmful to humans, the environment, and non-target beneficial insects. Cotesia icipe was recently identified as a major FAW-associated indigenous parasitoid causing a high parasitism rate on the pest in Kenya. Previous studies have demonstrated the efficacy of Metarhizium anisopliae ICIPE 7, ICIPE 41, ICIPE 78, and Beauveria bassiana ICIPE 621 against FAW. However, limited information is available on the interactions between these potent isolates and C. icipe. This study therefore assessed direct and indirect infection effects of these fungal isolates on C. icipe, induced 2nd instar FAW mortality, and parasitism rates of the infected C. icipe. Results showed that when C. icipe were directly exposed to dry conidia of the fungal isolates, ICIPE 7 and ICIPE 41 caused the highest (100%) C. icipe adult mortality seven days post-exposure. Both isolates also induced the highest FAW larval mortality of 55% and 53%, respectively. ICIPE 78 recorded the highest parasitism rates after direct infection. In the indirect exposure (fungal-infected FAW larvae exposed to the parasitoid), 1 × 109 conidia mL−1 recorded high C. icipe adult and FAW 2nd instar mortalities for all fungal isolates. This study provides an important baseline for effective fungal-based biopesticides development that could also be used in augmentative biological control. However, further studies are warranted to assess the performance of C. icipe in combination with these potent biopesticides in the field.
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1. Introduction


Many agricultural systems are cereal-based in tropical Africa. These cereals include maize, sorghum, millet, wheat, and rice, which constitute major staple food crops for the majority of the populations living in the area [1]. However, currently, their production and productivity are threatened by several abiotic and biotic factors. For instance, damage by lepidopteran pests such as stemborers inflict 15–90% losses in cereals [2]. These losses have been aggravated by the recent invasion of fall armyworm (FAW), Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae), which constitutes a high threat to food security in Africa. The pest was first reported in Africa in early 2016 in the rainforest zones of Nigeria [3]. In Kenya, the pest was first reported in Trans Nzoia County by farmers in March 2017 and immediately confirmed by the Kenya Plant Health Inspectorate Service [4]. FAW is native to tropical and sub-tropical America and is known as one of the most damaging crop pests. It has been reported to feed on over 80 host plants and devastate most cereals (with a special preference for maize and sorghum causing yield losses of up to 70%) and has spread across the African and Asian continents [5].



Due to the presence of several host plants, favorable climatic conditions and probably the absence of its effective native natural enemies in Sub-Saharan Africa, this pest has spread very fast [2,3,4]. It is capable of persisting over long periods causing serious damage to crops, therefore, affecting the livelihoods of resource-poor farmers [5]. The absence of adequate management strategies in the newly invaded zones has led to smallholder farmers relying on the use of synthetic pesticides, which in most cases are ineffective and unsustainable in the long term, with negative impacts on humans, non-target organisms, and the environment [6]. However, entomopathogenic fungi (EPF) have been found to be effective against several species of insect pests including lepidopterans in Africa [7], and could also be explored to tackle this notorious invasive fall armyworm.



In the pursuit of developing sustainable and environmentally friendly approaches, some key potent entomopathogenic fungal-based biopesticides were identified to be effective against eggs and neonates of FAW [8]. The authors reported that Metarhizium anisopliae isolates ICIPE 78, ICIPE 40, and ICIPE 20 outperformed all the other tested isolates by reducing eggs’ hatchability by 87%, 83%, and 79.5%, respectively. In addition to the eggs’ mortality, the fungal isolates also induced mortality to the newly emerged larvae (neonates) from the fungus-treated eggs 7 days post-emergence, where M. anisopliae isolates ICIPE 41 and ICIPE 7 outperformed all the others by causing 96.49% and 93.66% larval mortality, respectively [8]. Recently, Beauveria bassiana ICIPE 621 and M. anisopliae ICIPE 7 were also reported to be highly effective against adult FAW by causing 100% mortality of the moths with the lowest LT50 values of 3.6 ± 0.1 and 3.9 ± 0.0 days, respectively [9]. Both isolates were also found to be compatible with FALLTRACT lure, as the lure had no effect on the conidial germination in the laboratory [9].



Furthermore, some parasitoids such as Cotesia icipe, Chelonus curvimaculatus, Charops ater, Telenomus remus, Trichogramma chilonis, Palexorista zonata, and Coccygidium luteum were also locally found to be associated with and efficient against FAW egg and larval stages [10]. Among them, C. icipe has been identified as a major FAW larval parasitoid causing a more than 60% parasitism rate [11]. Cotesia icipe is a solitary larval endoparasitoid and it was observed to parasitize Spodoptera littoralis and Spodoptera exigua larvae (Lepidoptera: Noctuidae) under laboratory conditions at icipe in Kenya [12]. Therefore, for effective deployment of the potent fungal-based biopesticides in the same existing parasitoids environment, there is an urgent need to evaluate the interactions between these effective biopesticides and native parasitoids to boost the control of FAW under an integrated pest management (IPM) umbrella in Africa. The aim of this study was to assess the non-target effects of the key identified effective commercialized (M. anisopliae ICIPE 7, ICIPE 78) and non-commercialized (M. anisopliae ICIPE 41 and B. bassiana ICIPE 621) fungal-based biopesticides on C. icipe for sustainable management of FAW.




2. Materials and Methods


2.1. Fall Armyworm Rearing


Spodoptera frugiperda originally collected from maize plants at Siaya and Homa Bay counties (−0.61401° Latitude, 34.09095° Longitude; 1215 m.a.s.l.), Kenya, from April–July 2017 were reared in small cages (30 × 30 × 30 cm) under laboratory-controlled ambient conditions of 25 ± 2 °C temperature, 70 ± 10% relative humidity, and 12L:12D photoperiod. The field-collected larvae were reared on a semi-synthetic diet until pupation [9]. The pupae were held in sleeved Perspex cages (40 × 40 × 45 cm) until adult emergence. Moths were fed on 10% honey solution soaked in cotton wool balls. Potted maize plants were placed in the cages and female moths were released for oviposition. Upon oviposition, the plants were removed after 24 h post-exposure (to ensure eggs and larvae of homogenous age for the experiments) and transferred to a separate ventilated cage (50 × 50 × 60 cm) to facilitate egg hatchability. Leaves with larvae were removed from these plants three days after the larvae hatched and placed into clean cages (50 × 50 × 60 cm) with a fine netting lid for ventilation. The cages were lined with paper towel to absorb excess moisture. The larvae were supplied daily with fresh maize leaves as food until they pupated. The pupae were collected from the cages using a fine camel hair brush and placed inside sleeved Perspex cages (40 × 40 × 45 cm) for adult emergence.




2.2. Cotesia icipe Parasitoid Rearing


The colony of C. icipe was initiated from parasitized Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae) larvae collected from Amaranth plants from Yatta (01.23044° S; 37.45789° E) and Mwea (0.6309° S; 37.35117° E). A parasitoid colony was established in 2018 using S. frugiperda and maintained in the laboratory for several generations before any experiments were carried out. Cotesia icipe adults were reared in Perspex cages (30 × 30 × 30 cm) at room temperature of 25 °C, a 12L:12D photoperiod, and 60–70 percent relative humility (RH). Drops of 10% honey solution were supplied to the adult parasitoids, together with moist cotton wool balls placed in a Petri dish (9 cm). The wasps in the rearing cage were fed on (1st and 2nd instar larvae) of S. frugiperda on fresh maize leaves for colony maintenance. Upon 24 h, the exposed larvae were transferred into rectangular plastic jars measuring (20.5 × 14.5 × 8 cm) bearing fresh maize leaves as food. The larvae were kept until cocoons formed or FAW pupation occurred. The cocoons were regularly removed as they formed and kept in clean Perspex cages (40 × 40 × 45 cm) for parasitoid emergence.




2.3. Fungal Isolates Culture and Conidia Viability Assessment


The fungal isolates used in this study were obtained from icipe’s Arthropod Germplasm Centre. The source and origin of the fungal isolates (three Metarhizium and one Beauveria) are summarized in Table 1 below. Metarhizium anisopliae ICIPE 7, ICIPE 78, and ICIPE 41 isolates were cultured on Sabouraud dextrose agar (SDA), while B. bassiana ICIPE 621 was cultured on Potato dextrose agar (PDA) in Petri dishes (9 cm diameter). The inoculated plates were incubated at 25 ± 2 °C in complete darkness. Conidia were harvested after three weeks from surface cultures and suspended in 10 ml distilled water with 0.05% Triton X-100 in universal bottles (30 mL) containing glass beads (4 beads per bottle). The suspension was vortexed for 5 min at about 700 rpm to break the conidial clumps and ensure a homogeneous suspension. Conidial concentrations were quantified using a hemocytometer under a light microscope. Prior to bioassays, the conidial suspensions were adjusted to a concentration of 1 × 109 conidia mL−1 and other concentrations were achieved through serial dilution [13]. Conidia viability was determined by spread plating 0.1 mL of 3 × 106 conidia mL−1 onto 9 cm Petri dishes containing SDA or PDA medium. A sterile microscope cover slip (2 × 2 cm) was placed on top of the agar in each plate. Plates were sealed with parafilm and incubated in complete darkness at 25 ± 2 °C and examined after 18–20 h. The percentage of germination of conidia was determined from 100 random conidia on the surface area covered by each coverslip under the light microscope (400×) [14]. Conidia was considered to have germinated when the length of the germ tube was at least twice the diameter of the conidium [14]. Each plate represented a replicate and each isolate had four replicates.




2.4. Direct Infection Effects of Metarhizium anisopliae and Beauveria bassiana Isolates on Cotesia icipe


Four entomopathogenic fungal isolates M. anisopliae ICIPE 7, 78, 41, and B. bassiana ICIPE 621 were screened for their pathogenicity/virulence against C. icipe adult parasitoids. For each fungal isolate (treatment), 20 1-day-old adult C. icipe parasitoids (at a ratio of 1:2/male:female) were contaminated with EPF using velvet-coated plastic jars (150 × 80 mm) following the procedure described by Migiro et al. [15] and Opisa et al. [16]. The devices were contaminated with 1 g of dry conidia. The 20 adult parasitoids were introduced into the contamination device for 3 min to pick up spores. Control treatments were exposed to fungus-free velvet plastic jars also for 3 min. After 3 min of exposure, contaminated insects were transferred into Perspex cages as described above and provided with honey as food. Adult mortality was recorded daily for seven days by counting all dead parasitoids. A mycosis test was conducted to confirm mortality due to infection by the fungus treated, where the dead insects were surface sterilized with 70% alcohol and then rinsed thrice in distilled water. The surface-sterilized cadavers were kept separately in Petri dishes lined with sterile moistened filter paper to record fungal outgrowth and verify if mortality could be attributed to the respective fungal isolates they were treated with. Mortality due to fungal infection was confirmed by the presence of hyphae and conidia on the surface of the cadaver [9,16]. All the treatments were arranged in a completely randomized design with each treatment replicated four times as well as the controls.



In addition, after infection, the 20 infected parasitoids (ratio 1:2 male to female) were exposed to 50 2nd instar larvae for 24 h. The larvae were then removed and kept in separate clean lunch boxes (19 × 13 × 8 cm) and fed with fresh maize leaves until adults emerged. Adult parasitoids were kept in the cages and fed with honey when assessing their mortality until all parasitoids died. In addition to adult mortality, FAW larval mortality and parasitism rates were also recorded.




2.5. Indirect Infection Effects of Metarhizium anisopliae and Beauveria bassiana Isolates on Cotesia icipe


The 50 2nd instar of S. frugiperda larvae were sprayed directly with 10 ml fungal suspension at different concentrations (1 × 105, 1 × 106, 1 × 107, 1 × 108, and 1 × 109 conidia mL−1) of M. anisopliae isolates (ICIPE 7, 78, and 41) and B. bassiana ICIPE 621, using the Burgerjon’s spray tower [17], before transferring them onto potted maize plants. Control treatments were sprayed with sterile distilled water containing 0.05% Triton X-100. The sprayed larvae were air-dried before being transferred into clean Perspex cages containing the potted maize plants. A total of 20 1-day-old adult C. icipe parasitoids at a ratio of 1:2/male:female were then introduced into each of the cages containing sprayed 2nd instar FAW larvae for 24 h for parasitism assessment. After 24 h, sprayed and exposed larvae were transferred into clean cages containing fresh maize leaves, and C. icipe were maintained with honey as the food source. The bioassays were maintained at 25–27 °C, 50–70% RH, and a 12L:12D photoperiod. Mortality rates were recorded daily until all parasitoids died. Dead parasitoids were surface sterilized and placed in Petri dishes lined with damp sterilized filter paper to allow fungal growth on the surface of the cadaver, and mycosis rate was determined. Mortality of the FAW larvae and parasitism rates were also assessed. The experiment was replicated four times and arranged in a complete randomized design.




2.6. Effect of Entomopathogenic fungi on Cotesia icipe Emergence and Sex Ratio


The cocoons that formed from the parasitized larvae both in the direct and indirect infection experiments were counted and kept in petri dishes inside the Perspex cages until emergence of adult parasitoids. The total number of parasitoids that emerged in each treatment was counted and their sex ratios were determined.




2.7. Data Analysis


FAW larvae and adult C. icipe mortality data were corrected for natural mortality in controls using Abbott’s formula [18] and their assumption of homogeneity of variance was tested using Bartlett’s test before subjecting the data to one-way analysis of variance (ANOVA). The percentage mortalities were analyzed using a binomial generalized linear model (GLM) with logit link [19]. Whenever treatments were found to be significantly different (p < 0.05), means were separated using the Student–Newman–Keuls (SNK) test. The lethal time for 50% mortality (LT50) was analyzed by GLM using the function ‘dose.p’ from the MASS library to estimate the lethal time to 50% mortality (LT50). Parasitism rate was calculated as the percentage of the number of parasitoid adults divided by the sum of larvae of the host and subjected to ANOVA. The sex ratios were analyzed using the chi-squared test (χ2 test), while mycosis data were analyzed using one-way ANOVA. All data analyses were performed using R (version 3.2.5) statistical software packages [20].





3. Results


3.1. Direct Effects of Entomopathogenic fungal Isolates on Cotesia icipe and FAW Larvae


There were significant differences in mortality of C. icipe adults between the treatments (F = 1.72; df = 3, 12; p = 0.02) 7 days after treatment (Table 2). However, the mortality rates of M. anisopliae ICIPE 7 and ICIPE 41 did not differ significantly among these isolates and similar trends were also observed between M. anisopliae ICIPE 78 and B. bassiana ICIPE 621. The lowest adult mortality rate was recorded in the M. anisopliae ICIPE 78 treatment, whereas the highest mortality was recorded in ICIPE 7 and ICIPE 41 (Table 2). The most virulent isolates with LT50 of less than 3 days were M. anisopliae isolates ICIPE 7 and ICIPE 41, whereas ICIPE 78 and B. bassiana ICIPE 621 had LT50 values of 5.2 and 5.0 days, respectively (Table 2).



In addition, significant differences in mortality of FAW larvae exposed to the infected parasitoid were observed between M. anisopliae ICIPE 7 and ICIPE 41 versus M. anisopliae ICIPE 78 and B. bassiana ICIPE 621 treatments (F = 7.27; df = 3, 12; p < 0.001), 7 days post-treatment (Table 2). Metarhizium anisopliae ICIPE 7 caused the highest FAW larval mortality, while ICIPE 78 recorded the lowest among the isolates (Table 2).



Furthermore, significant variations in parasitism rates were also observed among the tested fungal isolates (F = 8.61; df = 3, 12; p < 0.001) 7 days post-treatment (Table 2). The highest and lowest parasitism rates were recorded in the ICIPE 78 (62.0%) and ICIPE 7 (35.7%) treatments, respectively (Table 2). However, there were no significant differences between ICIPE 78 and ICIPE 621, as well as between ICIPE 7 and ICIPE 41.



There were also no significant differences in the sex ratios among the different fungal isolates (p > 0.05, χ2 test), but the F1 parasitoid generations were female biased.




3.2. Indirect Effects of Entomopathogenic fungal Isolates on Cotesia icipe Adults


3.2.1. Mortality Rates of Cotesia icipe Adults and 2nd Instar Larvae of FAW after Indirect Exposure to FAW Larvae infected with Different Fungal Isolate Concentrations


The results showed significant differences in mortality of C. icipe adults in all the concentrations of M. anisopliae isolates: ICIPE 41 (F = 60.63; df = 4, 15; p < 0.0001); ICIPE 7 (F = 273.8; df = 4, 15; p < 0.001); ICIPE 78 (F = 6.03; df = 4, 15; p < 0.001); and B. bassiana ICIPE 621 (F = 152.3; df = 4, 15; p < 0.001) 7 days after treatment. For all the tested fungal isolates, the highest concentration always recorded the highest C. icipe adult mortality with cumulative mortalities of 94.1%, 81.25%, 67.00%, and 88.75% for M. anisopliae ICIPE 41, ICIPE 7, ICIPE 78, and B. bassiana 621, respectively (Figure 1).



Moreover, significant differences in mortality of FAW larvae were observed among all the concentrations of M. anisopliae: ICIPE 41 (F = 17.13; df = 4, 15; p < 0.001); ICIPE 7 (F = 38.88; df = 4, 15; p < 0.001); ICIPE 78 (F = 24.85; df = 4, 15; p < 0.001); and B. bassiana 621 (F = 10.86; df = 4, 15; p < 0.001) 7 days post-treatment. For all the tested fungal isolates, the highest concentration recorded the highest FAW larval mortality with cumulative larval mortalities of 25.75%, 31.58%, 29.50%, and 19.00% for M. anisopliae ICIPE 41, ICIPE 7, ICIPE 78, and B. bassiana ICIPE 621, respectively (Figure 2).




3.2.2. Effect of Entomopathogenic fungal Isolate Concentrations on Cotesia icipe Emergence


Parasitism rates of C. icipe varied among the fungal isolates after exposing the infected FAW larvae to the parasitoid. Significant differences in emergence of C. icipe were observed among all the concentrations of M. anisopliae: ICIPE 41 (F = 4.70; df = 5, 18; p = 0.006); ICIPE 7 (F = 3.291; df = 5, 18; p = 0.0027); and ICIPE 78 (F = 10.83; df = 5, 18; p < 0.0001). However, no significant difference was observed for B. bassiana ICIPE 621 (F = 2.10; df = 5, 18; p = 0.1). Control treatments had the highest parasitoid emergence. For all the tested fungal isolates, the least concentration always recorded the highest parasitoid emergence, while the high concentrations yielded moderate parasitism rates (Table 3).



In addition, the sex ratios of the F1 C. icipe generations were females biased for all the tested isolates and at all concentrations, except for ICIPE 41 and ICIPE 78 where the sex ratios were balanced at the concentrations of 1 × 109, and 1 × 109 and 1 × 108, respectively (Table 3).






4. Discussion


A simultaneous use of entomopathogenic fungi (EPF) and parasitoids could be harmful to the parasitoids when host searching occurs at sites that are contaminated with the EPF conidia. The potential of an entomopathogenic fungus to attach, germinate, penetrate, and colonize the body of the host insect determines its efficacy [21]. The results of this study showed that direct infection of parasitoids with dry conidia has significant effects on the parasitoid. Cotesia icipe adults were susceptible to infection by the tested fungal isolates. It was observed that M. anisopliae isolates have a more detrimental effect on C. icipe adults leading to their high mortality rates. Metarhizium anisopliae ICIPE 7 and ICIPE 41 recorded 100% adult parasitoid mortality, whereas B. bassiana ICIPE 621 showed less effect on direct infection of the conidia. The differences in the pathogenicity and virulence of the different isolates was also reported for fungal pathogens tested in different insect species [15,22]. Differences in components that induce virulence, including proteinases, chitinases, and lipases, which are essential for cuticle destruction and entry into the insect, could explain the variation in pathogenicity among isolates. Given that various fungal species or isolates produce these proteins differently, this could explain the discrepancies in pathogenicity and “speed of kill” identified among the isolates in the study [23]. These results are also similar to studies conducted by Ansari et al. [24] that showed that dry conidia considerably outperformed wet-formulated conidia. The authors found that the dry conidia of M. anisopliae were shown to be effective in infecting mosquitoes. They further reported that dry conidia were more virulent to the mosquitoes compared with the oil-formulated ones, and there was also transfer of M. anisopliae conidia between Anopheles gambiae mosquitoes (Diptera: Culicidae) [24]. However, it is important to note that the virulence of dry conidia applied in the field may decrease faster due to the environmental conditions, thus posing an advantage to the parasitoids. Furthermore, since dry conidia are always applied in combination with the pest attractants to target the adult of the pests, there would be less interactions of the fungus with the natural enemies that might not negatively affect the parasitoids performance under field conditions.



Alves et al. [25] confirmed horizontal transfer of M. anisopliae isolate from honeybees to the pollen beetle Meligethes aeneus (Coleoptera: Nitidulidae). Other studies have also reported high mortality of adult parasitoids caused by EPF applications. For example, Abbas et al. [26] reported 40% mortality from M. anisopliae to Cephalonomia stephanoderis Betrem (Hymenoptera: Bethylidae) adult, the parasitoid of coffee berry borer (Hypothenemus hampei). Sisay et al. [27] reported that parasitoids Bracon hebetor (Hymenoptera: Braconidae) and Anagyrus lopezi (Hymenoptera: Encyrtidae) were highly susceptible to infection by 11 strains of M. anisopliae. Uma Devi et al. [28] showed a low risk for the parasitoid wasp Trybliographa rapae after they parasitized larvae of the cabbage root fly Delia radicum previously infected with a strain of M. brunneum; therefore, they recommended the combined use of both agents to control D. radicum. The isolates also showed different killing speeds on the parasitoid with the most virulent isolates with a LT50 of less than 3 days being those of M. anisopliae.



The results also showed that there was subsequent transmission of conidia between C. icipe-infected adults and FAW larvae during parasitization, which was evident in the FAW larval mortality that was recorded. Horizontal pathogen transmission among insects is a key measure of how well a pathogen can establish and propagate in the environment, resulting in increased epizootics in target host populations. The results of this study also showed that direct infection of M. anisopliae ICIPE 7 and ICIPE 41 isolates had the potential to affect C. icipe emergence. Metarhizium anisopliae ICIPE 7 recorded the lowest parasitism rates as compared with the control treatments.



Studies have shown that different fungal isolates have varying degrees of specificity. Such interaction is complementary and not pathogenic. For instance, Encarsia formosa, a parasitoid of greenhouse whitefly, was able to detect virus-infected hosts and, therefore, only oviposits in hosts not infected with Aschersonia aleyrodis [29]. Furthermore, Caballero et al. [30] reported that the survival of Serangium parcesetosum Sicard (Coleoptera: Coccinellidae), a whitefly predator, was lower when they were sprayed with B. bassiana as opposed to sprays from Isaria fumosorosea, and that survivorship was not affected by the concentration of each pathogen. The ability of parasitoids to detect and avoid hosts infected by entomopathogenic fungi seems to be crucial for the combined use of both biocontrol agents [26]. Further studies are therefore warranted to assess this behavioral aspect of C. icipe after infecting FAW larvae. Dimbi et al. [31] found that Eretmocerus sp. avoided oviposition on Bemisia argentifolii Bellows infected with B. bassiana. Production of antifungal compounds by both host and parasitoid has also been reported as a response to the presence of B. bassiana.



The results of C. icipe adults after their indirect exposure to FAW larvae infected with different fungal isolate concentrations also showed that the fungal inoculum was transmitted from infected larvae to the adult parasitoids. Metarhizium anisopliae ICIPE 41 caused the highest C. icipe cumulated adult mortality rate of 94.1%, whereas B. bassiana ICIPE 621 recorded adult mortality of 88.75%. Moreover, the highest concentrations of 1 × 109 conidia mL−1 in M. anisopliae ICIPE 78 and ICIPE 41 recorded low parasitoid emergence. Similar results were reported by Migiro et al. [15] where M. anisopliae has the potential to infect the ectoparasitoid of Liriomyza leafminer Diglyphus isaea after indirect infection and thus could not be used indiscriminately.



Förster et al. [32] also evaluated the effect of five entomopathogenic fungi, M. anisopliae, Isaria fumosorosea, Nomuraea rileyi, and two strains of B. bassiana against the predatory lady beetle, Hippodamia convergens (Colepotera: Coccinellidae) in the laboratory and reported that the fungal isolates caused mortality rates ranging from 56 to 95%, and the mortality was dose-dependent except for Nomuraea rileyi. In addition, the four fungal isolates tested in the current study on the FAW larvae showed low larval mortality rates at all the concentrations, where only M. anisopliae ICIPE 7 recorded the highest moderate larval mortality of 31.58%. Ramanujam et al. [33] reported that strains of M. anisopliae ICAR-NBAIR Ma-35 and B. bassiana ICAR-NBAIR Bb-45 were effective against 2nd instar larvae of FAW with mortalities of 67.8% and 64.3%, respectively. Reports by Akutse et al. [8] also revealed that, M. anisopliae isolates caused 92% and 97% mortality to FAW eggs and 1st instar larvae, respectively, but these isolates were less pathogenic to the 2nd instar larvae of FAW, where only 30% larval mortality was recorded in B. bassiana ICIPE 676. Akutse et al. [9] further reported that M. anisopliae ICIPE 7 and B. bassiana ICIPE 621 caused 100% mortality to adult FAW but less pathogenic to its 2nd instar larvae. Morales-Reyes et al. [34] reported that M. anisopliae and B. bassiana at the concentrations of 1 × 106 and 1 × 107 caused FAW 2nd instar larval mortality ranging between 45% to 65%. García-Munguía et al. [35] reported 96.6% and 78.6% mortality on 2nd instar larvae of FAW with B. bassiana and M. anisopliae strains, respectively, at a concentration of 1 × 109 conidia mL−1. Mumo et al. [36] also documented the important role played by entomopathogenic fungal enzymes in the virulence of insect pest species, with variations in different strains, which could also explain the differential responses of the FAW and its associated larval parasitoid C. icipe to the tested fungal isolates.



When compared with the controls, the fungal isolates had no effect on the sex ratios of the emerging C. icipe parasitoids in both direct and indirect applications. Furthermore, at all concentrations, the F1 progenies revealed dominant female bias populations, which is critical for parasitoid reproduction in the system. More research is needed to determine the lifetime and survival of F1 progenies from the different infection approaches. Similarly, Polanczyk et al. [37] found that M. anisopliae did not influence the sex ratios of Trichogramma atopovirilia (Hymenoptera: Trichogrammatidae) by contaminating the diet and immersing eggs in conidial solutions.



These results show that the adult parasitoids have the potential to pick dry conidia of M. anisopliae when they come into contact, but autodissemination application of the dry spores of these potent isolates in combination with an attractant [9] will limit this effect. The indirect exposure, however, indicates that the lowest concentrations had less or no effect on the parasitoids, whereas the highest concentrations had significant effects on the parasitoids; therefore, lower concentrations could be recommended for use in association with the parasitoid to suppress the pest populations because these lower concentrations do not affect C. icipe performance.




5. Conclusions


This laboratory experiment showed that direct application of the fungi may cause detrimental effects to the parasitoids. Therefore, the use of autodissemination devices that combine pheromones/attractants with these potent isolates (especially for ICIPE 7 and ICIPE 621 which are very virulent against adult FAW) should also be evaluated under field conditions, as this application strategy may limit parasitoids’ contact with the fungal inoculum. Direct infection of both M. anisopliae ICIPE 7 and ICIPE 41 were more pathogenic to C. icipe, while the indirect exposure of the parasitoids to infected FAW eggs and larvae showed negative effects on the parasitoids with significant mortalities at high concentrations compared with the lowest concentrations. The highest concentrations of 1 × 109 conidia mL−1 of M. anisopliae ICIPE 78 and ICIPE 41 recorded low emergence of the parasitoid compared with B. bassiana 621. It is worth noting that, the lower concentrations (1 × 105–1 × 107 conidia mL−1) of all the tested isolates did not show any significant detrimental effects to the parasitoids, especially with B. bassiana ICIPE 621. Low concentrations of these potent fungal isolates could therefore be applied together with the parasitoids for sustainable management of the FAW management without affecting the C. icipe performance. Metarhizium anisopliae ICIPE 7 showed a high potential in the management of the FAW larvae, as it recorded a higher mortality rate in both direct and indirect applications. However, applications of high concentrations (1 × 109 and 1 × 108 conidia mL−1) together with the parasitoid should be timed in order to achieve more effective management of FAW larvae under different cropping systems. More field evaluations are thus required to identify the degree of impact due to different environmental conditions which could also interfere with fungus transmission.
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Figure 1. Cumulative mortalities of Cotesia icipe indirectly exposed to FAW larvae infected with Metarhizium anisopliae: (a) ICIPE 7, (b) ICIPE 41, (c) ICIPE 78, and (d) Beauveria bassiana ICIPE 621 at different concentrations. Line graph points denote means ± standard errors. 
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Figure 2. Cumulative mortalities of 2nd instar larvae of FAW infected with Metarhizium anisopliae: (a) ICIPE 7, (b) ICIPE 41, (c) ICIPE 78 and Beauveria bassiana, and (d) ICIPE 621 at different concentrations. Line graph points denote means ± standard errors. 
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Table 1. Identity of fungal isolates screened against Cotesia icipe for pathogenicity under laboratory conditions.
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Fungal Species

	
Isolates

	
Source

	
Location/Country

	
Year of Isolation

	
% Germination ± SE






	
Metarhizium anisopliae

	
ICIPE 7

	
Rhipicephalus appendiculatus

	
Rusinga island (Kenya)

	
1996

	
93.0 ± 1.3 a




	
ICIPE 78

	
Temnoschoita nigroplagiata

	
Ungoe (Kenya)

	
1990

	
94.2 ± 1.7 a




	
ICIPE 41

	
Soil

	
Kenya

	
1990

	
87.3 ± 2.3 b




	
Beauveria bassiana

	
ICIPE 621

	
Soil

	
Kericho (Kenya)

	
2008

	
91.2 ± 1.04 ab








Means within a column followed by the same letter are not significantly different by the Student–Newman–Keuls (SKN) test (p ˂ 0.05).
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Table 2. Percentage of mortality of Cotesia icipe adults; LT50 and FAW larvae induced mortality by the different fungal isolates.
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	Fungal Isolates
	Mean Adult Mortality (%)
	FAW Larval Mortality (%)
	Parasitism Rates (%)
	Sex Ratios

(F:M)
	Cotesia icipe LT50 (days)
	% Mycosis of C. icipe Cadavers





	ICIPE 7
	73.95 ± 7.49 a
	55.25 ± 6.74 a
	35.75 ± 4.80 b
	2:1
	2.3 ± 0.0 a
	65.75 ± 6.69 a



	ICIPE 78
	33.63 ± 6.63 b
	28.25 ± 4.41 b
	62.00 ± 5.02 a
	2:1
	5.2 ± 0.0 c
	43.75 ± 5.91 ab



	ICIPE 41
	66.33 ± 7.29 a
	53.75 ± 3.91 a
	36.75 ± 3.82 b
	2:1
	2.8 ± 0.0 b
	57.25 ± 6.84 ab



	ICIPE 621
	36.59 ± 6.65 b
	31.00 ± 5.29 b
	58.00 ± 5.24 a
	2:1
	5.0 ± 0.0 d
	35.00 ± 4.56 b







Means within a column followed by the same letters are not significantly different by Student–Newman–Keuls.
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Table 3. Effects of the various fungal isolate concentrations on the number of emerged Cotesia icipe (parasitism rates) in the laboratory (Mean ± SE) and their sex ratios (F:M).
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	Concentration
	M. anisopliae

ICIPE 7
	M. anisopliae

ICIPE 41
	M. anisopliae

ICIPE 78
	B. bassiana ICIPE 621





	1 × 109
	54.75 ± 3.33 bA (2:1)
	46.50 ± 7.27 cA (1:1)
	44.75 ± 2.90 dA (1:1)
	56.25 ± 3.40 aA (2:1)



	1 × 108
	60.25 ± 5.14 bA (2:1)
	51.25 ± 5.84 bcA (2:1)
	56.00 ± 6.56 cdA (1:1)
	59.25 ± 3.74 aA (2:1)



	1 × 107
	64.75 ± 3.84 abA (2:1)
	61.50±5.58 abcA (2:1)
	65.75 ± 4.53 bcA (2:1)
	61.25 ± 4.60 aA (2:1)



	1 × 106
	66.50 ± 8.91 abA (2:1)
	67.25±4.73 abcA (2:1)
	71.50 ± 4.33 abA (2:1)
	66.75 ± 6.14 aA (2:1)



	1 × 105
	70.50 ± 7.37 abA (2:1)
	74.25±10.05 abA (2:1)
	76.75 ± 3.66 abA (2:1)
	69.50 ± 8.68 aA (2:1)



	Control
	85.75 ± 4.46 aA (2:1)
	83.50 ± 2.47 aA (2:1)
	82.75 ± 3.47 aA (2:1)
	77.25 ± 3.33 aA (2:1)







Means within a column (row) followed by the same lower (upper) case letters are not significantly different by Student–Newman–Keuls at p < 0.05.
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