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The cactus Opuntia ficus-indica L. is widly cultivated in Morocco and has a very an important economic role as a source of food, livestock feed and not forgetting that it is considered to be an income for people in rural communities. This crop is subject to the attack of a serious insect pest, the Dactylopius opuntiae (Cockerell), which sucks the sap from the plant causing huge production losses since its introduction to the country in 2014. The present study investigated the entomopathogenic effect of six fungal isolates {Beauveria bassiana [HASS; RFSL10; SPT 011(a)]; Akanthomyces lecanii [RFSLV; SPT R 215] and Cordyceps farinosa [SPSBI4]} for controlling of both nymphs and adult females of D. opuntiae in laboratory and greenhouse bioassays. Under laboratory conditions, the highest mortality of female D. opuntiae was registered by B. bassiana strain HASS at 108 conidia ml−1 with 100%, followed by B. bassiana strain RFSL10, A. lecanii RFSLV, and C. farinosa SPSBI4 isolates with 98%, respectively, 10 days after treatments. Similarly, the highest level of nymph mortality (100%) was recorded by B. bassiana RFSL10 and HASS isolates at 108 conidia ml1, respectively, 4 and 5 days after application. Under greenhouse conditions, B. bassiana (HASS and RFSL10) and A. lecanii (RFSLV) isolates sprayed alone expressed a higher toxicity on nymphs with 75, 68.5 and 58%, respectively, 12 days after treatments. However, no significant difference was observed in adult female's mortality between different fungal isolates, where B. bassiana (HASS) at 108 conidia ml−1 presented a moderate mortality rate with 55%, 12 days after application. In fact, the combination of black soap (60 g/L) with B. bassiana HASS and RFSL10 and A. lecanii (RFSLV) isolates at 108 conidia ml−1 caused the highest toxic activity on D. opuntiae adult females, with 70.5, 68.75 and 67.65%, respectively. These findings showed that entomopathogenic fungi are promising for developing a biopesticide formulation for the management of D. opuntiae as an adequate and safe alternative to chemical pesticides.
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Introduction

The prickly pear Opuntia ficus-indica (L.) Mill. belongs to the family of Cactaceae which is composed of 178 genera, with about 2,000 known species typically distributed in arid and semi-arid zones. The cactus is native to Mexico, which is an important reservoir of several species of cacti of the genus opuntia, and currently widely cultivated worldwide (Bravo-Hollis, 1978; Griffith, 2004; Silva Neto et al., 2008; Chávez-Moreno et al., 2009).

The cactus is a very polyvalent crop that plays an ecological and economical important role. Cactus provides human food in the form of fruits and vegetables, fodder for animals, in the pharmaceutical and cosmetics industry, to produce natural dyes through Carminic acid extracted from cochineal insects (Gebreegziabher and Tsegay, 2015). Furthermore, the cactus pear is recognized for its great nutritional importance due to its high content of soluble carbohydrates, copper, iron, calcium, phenolic acids, vitamins, sodium, potassium (Santos et al., 2006; Chougui et al., 2013; Pretti et al., 2014). On the other hand, the physiological and morphological characteristics of prickly pears allow them to tolerate high temperatures, and low water availability (Arba, 2009).

Currently, the cochineal scale (Dactylopius opuntiae) (Hemiptera: Dactylopiidae) has come to be a serious pest of prickly pear crops Opuntia ficus-indica (L.) in a large number of countries, particularly in the Mediterranean basin (Mazzeo et al., 2019). It was described for the first time in Mexico by Cockerell in 1896 (De Lotto, 1974), and then in Australia (Dodd, 1940), South Africa (Pettey, 1950; Annecke and Moran, 1978), India, Sri Lanka and Brazil (Pérez Guerra and Kosztarab, 1992), and other countries (Foldi, 2001; Moussa et al., 2017). In Morocco, D. opuntiae was introduced in 2015 in Sidi Benour region, 70 km from El Jadida city (Bouharroud et al., 2016), then the insect has spread quickly several regions in the country. Nymphs and adult females of D. opuntiae feed on cladode plants by sucking the sap, and causing chlorosis, desiccation, weakening of the plants and eventually death in in case of heavy infestations (Vanegas-Rico et al., 2010).

The excessive use of chemical insecticides in the control of the wild cochineal can lead to the accumulation of residues in the cladodes (Ramírez-Bustos et al., 2018). However, a number of interesting studies have been conducted recently on the biological control of D. opuntiae as safe, and effective tools using botanical extracts, plant essential oils, detergents and entomopathogenic fungi (EPF), natural enemies and the use of resistant ecotypes (Vigueras et al., 2009; Carneiro-Leão et al., 2017; Bouharroud et al., 2018; Lopes et al., 2018; El Aalaoui et al., 2019a,b; Ramírez-Sánchez et al., 2019; Sbaghi et al., 2019; Ramdani et al., 2021a,b). Indeed, entomopathogenic fungi used as biopesticides are respectful of the environment and provide multiple advantages in the control of insects pests, such as by minimizing the risk of developing resistance (Gao et al., 2017), and offers more safety for humans and other non-target vertebrate or invertebrate species (Hajek and Meyling, 2018). They kill insects at various life cycle stages of due to their biopersistence (Gul et al., 2014). Species such as Beauveria bassiana, Metarhizium anisopliae, Cordyceps fumosorosea, and Akanthomyces lecaniiare the most common and commercial entomopathogenic fungi with potentials as biocontrol agents for different insect pests (Shia and Feng, 2004; Wright et al., 2004; Panyasiri et al., 2007; Mantzoukas and Grammatikopoulos, 2020).

The objective of this work was to investigate the insecticidal effect of six entomopathogenic fungal isolates at three different concentrations (106, 107 and 108 conidia ml−1) applied alone or in combination with detergent black soap to control nymphs and females of D. opuntiae under laboratory and greenhouse conditions.



Materials and methods


Insect rearing

Non-infested cladodes of cactus pear (Opuntia ficus indica) were cultivated with a mixture of one third soil, one third sand and one third peat in plastic pots (27 cm diameter and 24 cm height) under greenhouse at 30°C. The plants were exposed to strongly infested cladodes collected in the Marchouch area (33°56′10″ N 6°69′21″ W).

Each infested cladode was put between two pots, and after 20 days of exposition, a successful artificial infestation took place with colonies showing mature females with wax covering their body that are carefully selected for use in the experiments.



Laboratory bioassays
 
Fungal isolates

To carry out the study, six isolates of entomopathogenic fungi from 3 species: Beauveria bassiana [HASS, RFSL10, SPT 011(a)], Akanthomyces lecanii (RFSLV, SPT R 215) and Cordyceps farinosa (SPSBI4). These fungi were obtained from the Fungal Culture Collection of ICARDA Terboul, Lebanon (Table 1).


TABLE 1 Six isolates of entomopathogenic fungi used in the laboratory bioassay on D. opuntiae nymphs and females.
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Preparation and production of isolates fungal spores

The six fungal isolates were inoculated into Potato Dextrose Agar medium (PDA) in sterile Petri dishes and then incubated at 25 ± 1°C temperature, and 14:10 L/D photoperiod for 14 days. 10 ml of sterile distilled water containing Tween-80 (0.01%) was put into each Petri dish and the spores were scratched with a sterile scalpel. The spore suspensions obtained were adjusted to a concentration of 1 × 108 conidia ml−1 using Neubauer haemocytometer counting chamber under microscope (Motic, BA410E).



Entomopathogenic test

The entomopathogenic effect of six fungal isolates was evaluated at constant laboratory conditions of 25 ± 1°C temperature, 75 ± 5% relative humidity and a photoperiod of 14:10 (L:D). Three concentrations (106, 107 and 108 conidia ml−1) were used, mixed with sterile distilled water containing 0.01% Tween-80. The control nymphs and females of D. opuntiae were sprayed with distilled water containing Tween-80 (0.01%). The biological trials were performed using a completely randomized design (CRD) with five replicates per concentration for each treatment.

A total of ten females of similar age and ten first instar nymphs of D. opuntiae were separately placed on cladodes of the same size with an entomological brush deposited in Petri dishes (9 cm diameter).

The adult females mortality was recorded for 10 days, while the mortality of nymphs was registered for 5 days after treatment using the binocular microscope (Motic DM-143). Dead females presented dark brown color and deshydratation of their bodies, while no movement and no color change was observed in the dead nymphs.

Mortality was calculated according to Abbott's (1925) formula:
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Greenhouse assay
 
Toxicity of fungal isolates used singly and in combination with black soap for control of D. opuntiae nymphs and adult females

Fungal entomopathogenic isolates that showed high toxicity against both females and nymphs of D. opuntiae under laboratory conditions were selected for evaluation of their efficacy in the greenhouse at temperatures ranging from 24 to 30°C during April–July 2021. Healthy young cladodes of O. fícus-indica were placed in plastic pots (27 cm in diameter by 24 cm in height), and maintained in the greenhouse for a period of 2 months. After this period, the cladodes were infested artificially using the method described above and conserved for an additional 20 days for the development of adult females.

The experiment was performed using a randomized complete block design with four replicates for each treatment. The most effective treatments included fungal isolates selected from laboratory trials: B. bassiana (HASS); B. bassiana (RFSL10); A. lecanii (RFSLV); A. lecanii (SPTR 215); B. bassiana (SPT 011 a); C. farinosa (SPSBI4). The six conidial suspensions containing Tween-80 (0.01%) were applied alone on cladodes at concentration of 108 conidia ml−1 and on cladodes pre-sprayed with the detergent black soap (60 g/L) with the detergent black soap at (60 g/L) over a 2-h spray interval which served to remove the cuticular wax and exposed the females and nymphs to fungal isolates using a 1 L hand sprayer (Ramdani et al., 2021a). The cladodes treated with distilled sterile water suspended in 0.01% Tween-80 as a control. The mortalities of nymphs and females were registered at 3, 6, 9 and 12 days after spraying using a binocular magnifier. The treatments were applied on selected cladodes at medium infestation levels (26–50%) using a modified Silva (1991) rating scale.




Data analyses

The percentages of mortality were converted to angular values (arcsine √P) before the statistical analysis. Under laboratory conditions, Transformed percentages were analyzed by two-way analysis of variance ANOVA (concentration and isolate). Under greenhouse conditions, the transformed percentages were analyzed by one-way analysis of variance. Means were separated by Tukey's test (p < 0.05) with Genstat (20th edition, VSN International, Hemel Hempstead, UK).




Results


Laboratory bioassays
 
Effect of the fungal isolates on D. opuntiae adult females and nymphs

Mortality of D. opuntiae nymphs and adult females after treatment with different fungal isolates is shown in Tables 2, 3. The results revealed that the efficacy of entomopathogenic fungi varies considerably according to the isolates tested and concentration. There was a significant difference (p < 0.001) in nymphs and adult females mortality of D. opuntiae, due to the six fungal isolates at different tested concentrations during various periods of time exposure.


TABLE 2 Mean percentage mortality ±SE of D. opuntiae adult females after exposure to six tested entomopathogenic fungi isolates at 3 concentrations.
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TABLE 3 Mean percentage of D. opuntiae nymphs mortality after exposure to different entomopathogenic fungi isolates at 3 concentrations.
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Among all the tested isolates, B. bassiana (HASS) was the most virulent than the other isolates. At 6 after treatment, the highest percentage of mortality (88.00%) of adult females was registered for B. bassiana (HASS) strain followed by B. bassiana (RFSL10) and C. farinosa (SPSBI4) with 76.00% at 108 conidia ml−1, respectively. However, 10 days after treatments, the maximum mortality of D. opuntiae females was recorded by B. bassiana (HASS) with 100%, followed by B. bassiana (RFSL10) and A. lecanii (RFSLV) and C. farinosa (SPSBI4) isolates at 108 conidia ml−1 with a mortality percentage of 98.00%, respectively.

Data analysis indicated a significant difference in the percentage of nymph mortality of all fungal isolates tested during various time periods of exposure (p < 0.001). The mortality of nymphs for different fungal isolates increased with increasing concentrations for different exposure times.

At 3 days after treatment, the highest percentage mortality (87.58%) of nymphs was registered for B. bassiana (HASS) at 108 conidia ml−1, followed by A. lecanii (RFSLV) and B. bassiana (RFSL10) isolates with (86.54%) and (83.14%) at 108 conidia ml−1, respectively. At 5 days post-application, B. bassiana (HASS and RFSL10) isolates showed the highest levels of nymph mortality (100%) at 108 conidia ml−1, respectively. The second most effective fungal isolates were A. lecanii (RFSLV), C. farinosa (SPSBI4), A. lecanii (SPTR 215), causing 98.00% of nymphal mortality at 108 conidia ml−1, respectively.




Greenhouse assay
 
Insecticidal effects of fungal isolates applied on nymphs and adult females of D. opuntiae

The ANOVA revealed a significant difference in the mortality of adult females of D. opuntiae induced by different fungal isolates at 6 days after treatments (p < 0.001; Table 4), while no significant difference was observed in mortality between treatment groups after 9 and 12 days after application (P > 0.001). At 6 days, B. bassiana (RFSL10 and HASS) isolates caused highest mortality rates compared to other isolates, with 27.50 and 20.00%, respectively. Mortalities of D. opuntiae females have increased at 9 days after treatment for B. bassiana (HASS) strain with 52.50% and for both isolates B. bassiana (RFSL10) and A. lecanii (RFSLV) with 40.00% at 108 conidia ml−1, respectively. At 12 days post application, B. bassiana (HASS) reached 55.00% as a maximum mortality.


TABLE 4 Mean percentage of D. opuntiae adult females mortality ±SE after exposure to six tested entomopathogenic fungi isolates at 108 conidia ml−1 under greenhouse conditions.
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The mortality of D. opuntiae nymphs treated by the six fungal isolates is shown in Table 5. Analysis of the data indicated a significant difference in nymph mortality caused by fungal isolates applied alone at 108 conidia ml−1 after 6 d (p < 0.001). The toxicity of different isolates was low during the first week after application. However, 9 days after sprays, the toxicity of B. bassiana (HASS and RFSL10) and A. lecanii (RFSLV) isolates sprayed alone expressed a higher toxicity with 70.00, 67.50 and 52.00%, respectively. The high percentage mortality of D. opuntiae nymphs was observed 12 days after treatment by B. bassiana (HASS and RFSL10) and A. lecanii (RFSLV) with 75.00, 68.00 and 58.00%, respectively.


TABLE 5 Mean percentage of D. opuntiae nymphs mortality ±SE after exposure to six tested entomopathogenic fungi isolates at 108 conidia ml−1 under greenhouse conditions.
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Insecticidal effects of fungal isolates combined with black soap on nymphs and adult females of D. opuntiae

Mortality of nymphs and adult females of D. opuntiae after exposure to entomopathogenic fungi isolates at 108 conidia ml−1 in combination with black soap (60 g/L) for different exposure times is shown in Tables 6, 7.


TABLE 6 Mean percentage mortality ±SE of D. opuntiae adult females after exposure to six tested entomopathogenic fungi isolates at 108 conidia ml−1 in combination with black soap (60 g/L).
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TABLE 7 Mean percentage mortality ±SE of D. opuntiae nymphs' mortality after exposure to six tested entomopathogenic fungi isolates at 108 conidia ml−1 in combination with black soap (60g/L).
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The ANOVA demonstrated significant differences in adult females mortality resulted by the six isolates at different periods of exposure (p < 0.001, Table 6). According to these observations, both isolates of B. bassiana (HASS and RFSL10) applied in combination with black soap revealed a significant difference in percentage of nymph mortality among all isolates tested, 3 days of application, with 43.50 and 42.33%, respectively. A moderate increase in adult females mortality was recorded 6 days after application for all tested isolates. At 12 d after treatments, three fungal isolates caused the highest toxicity, B. bassiana (HASS and RFSL10) isolates and A. lecanii (RFSLV) at 108 conidia ml−1 combined with black soap (60 g/L), with a percentage mortality of 70.50, 68.75% and 67.65%, respectively.

Analysis of the data indicated a significant difference in percentage of nymph mortality among all the tested isolates for different periods of exposure (p < 0.001, Table 7). The entomopathogenic fungal isolates of A. lecanii (RFSLV) and B. bassiana (HASS and RFSL10) at a concentration of 108 conidia ml−1, and in combination with black soap (60 g/L), presented the highest insecticidal activity with a mortality of 71.25, 70.00 and 70.00%, respectively, 3 days after treatment. The mortality rate of nymphs increased significantly as exposed time was increased. At 12 days after treatments, the use of black soap (60 g/L) followed by B. bassiana (HASS) at 108 conidia ml−1 showed the highest mortality of nymphs with 92.00%, followed by both B. bassiana (RFSL10) and A. lecanii (RFSLV) with 90.00% nymphs' mortality, respectively.





Discussion

The current study was carried out in laboratory and greenhouse conditions to assess the potential effect of six entomopathogenic fungal isolates alone or in combination with a black soap for controlling of nymphs and adult females of D. opuntiae. Of all the fungal isolates tested, B. bassiana (HASS and RFSL10) and A. lecanii (RFSLV) applied at 108 conidia ml−1 in combination with 60 g/L of black soap, provided the highest toxicity on D. opuntiae nymphs and adult females under greenhouse conditions. The toxicity of the six fungal isolates against adult females of D. opuntiae was higher under laboratory bioassays compared to the greenhouse trials; the females under laboratory conditions did not have the filamentous layer of wax, which could reduce fungal penetration. The nymphs were also exposed to the various treatments without any protection. The potential of entomopathogenic fungi as biopesticides has been shown against a broad spectrum of insects (Van Den Berg et al., 2001; Pedrini et al., 2006; Fang et al., 2008). The variation in potency of fungal isolates may be influenced by many parameters including temperature, humidity, experimental conditions, and the concentrations of the isolates used, the site of collection and the origin of the isolate (Meyling and Eilenberg, 2007; Herrero et al., 2012).

Fungal species of tested genera have been previously evaluated as entomopathogenic on several insect pests from different orders with a strong potential for use as biocontrol agent The present study corroborates the findings of Andaló et al. (2004) using B. bassiana isolates, which caused a mortality rate of 50–65% against Dysmicoccus texensis (Hemiptera: Pseudococcidae), while, Metarhizium anisopliae isolates caused mortalities between 30 and 50% against Praelongorthezia praelonga (Hemiptera: Ortheziidae). Likewise, a study conducted by Kulkarni and Patil (2013) confirmed the effectiveness of A. lecanii at the rate of 6 x 105 spore/g and B. bassiana at 106 spores/g in controlling the mealybug Planococcus citri (Hemiptera: Pseudococcidae), in two sprays applied at an interval of 15 days. Also, Mohamed (2016) reported that B. bassiana at 5 x 107 conidia/ml in a dipping bioassay, was the most effective fungus causing 98% mortality of the vine adults mealybug Planococcus ficus (Signoret) (Hemiptera: Pseudococcidae). Similarly, Mantzoukas and Grammatikopoulos (2020) confirmed the good efficacy of B. bassiana at 108 conidial concentration with 87% against third instar Sesamia nonagrioides (Lepidoptera: Noctuidae), 7 days after treatment. For the control of the wild cochineal, Menezes et al. (2008) proved that B. bassiana (LCB62) strain was found to be the most effective against the nymphs of D. opuntiae with 96.80% mortality, 15 days after inoculation. While, Oliveira et al. (2019) found that ten isolates of B. bassiana were not pathogenic to D. opuntiae at 108 (conidia/ ml) causing low mortality rates ranging from 2 to 10% in the laboratory conditions.

Other studies have highlighted the use of entomopathogenic fungi isolates alone, as B. bassiana to control D. opuntiae (Santos et al., 2011) or the use of other species like Fusarium incarnatum-equiseti combined with botanical extracts (Da Silva et al., 2016) with promising results. According to a recent study by Diniz et al. (2020) confirmed the effectiveness of Fusarium caatingaense isolates (URM 6779 w) combined with the 10% aqueous extract of Nicotiana tabacum (w/v), causing 98.7% of the mortality of adult females of D. opuntiae under greenhouse conditions, 10 days after application. Similarly, Santos et al. (2016) reported that the combination of Fusarium incarnatum-equiseti species complex (FIESC) 20-b (URM6778) with a 5% aqueous extract of Ricinus communis caused 100% adult females of D. opuntiae, 10 days after application, while, this mortality decreased by 83.89% using the isolate only.

Likewise the Potential use of F.incarnatum-equisetispecies complex isolates URM6779 + 5% aqueous extract of Enterolobium contortisiliquum and URM6777 + 5% aqueous extract of E. contortisiliquum induced the highest mortality rates with 73.64 and 70.34%, respectively, 10 days after application (Velez et al., 2019). However, the use of the Fusarium isolates URM6779 and URM6777 alone gives 50.60 and 51.69%, respectively. The same study showed that the mortality of the wild cochineal caused by different FIESC 20 isolates was not affected when extracts of C. ambrosioides or E. contortisiliquum were added.

The current study showed that the insecticidal effect of fungal isolates on nymphs and females of D. opuntiae was enhanced by the application of the detergent black soap at 60 g/L. The first application of black soap is applied to remove the thicker wax, leading to exposure of D. opuntiae females and nymphs to the contact toxicity of the fungal isolates tested. The present study corroborates the findings of Ramdani et al. (2021a) using the black soap solution at 60 g/L combined with Capsicum annuum fruit extract at 200 g/L. This combination exhibited great control of D. opuntiae females with 87.31% at 7 days after treatment.

This study reported that the black soap (60 g/L) used in combination with Mentha pulegium and Origanum vulgare at 5% gave the highest mortality of adult female mortalities with 96.33 and 92.56%, respectively, 7 days after the first spraying (Ramdani et al., 2021b). The mechanisms implicated in the use of soaps and detergents are elimination of waxes, repellency or the disruption of the cell membrane, dislodging of arthropod, and drowning (Butler et al., 1993; Curkovic, 2016).

Fungi have a unique mode of infection; they get to the hemocoel via the cuticle or mouthparts. Infection results after contact with a virulent inoculum and the cuticle of a susceptible insect, the spores germinate and the germ tubes penetrate eventually the pathogen spreads through the tissues of the host. After penetrating the integument, the fungi spread to the internal tissues. Entomopathogenic fungi produced mycotoxins, which cause the death of the host by causing a progressive degeneration of their tissues dehydration (Ferron, 1981).

The results of the present study proved that the application of B. bassiana (HASS and RFSL10) and A. lecanii (RFSLV) applied at 108 conidia ml−1 in combination with black soap (60 g/L) may be used as one of the components of integrated pest management against D. opuntiae as a good alternative to chemical pesticides. However, additional are necessary to establish adequate fungal formulations, their compatibility with other bio pesticide (Botanical extracts or Oils). Laboratory and greenhouse studies should be supported by field experiments to find the optimal use of the most effective fungal isolates on the wild cochineal, in addition to determine the most effective method of application under field conditions.
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