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Introduction: Phenacoccus solenopsis Tinsley, poses a significant threat 
to a range of crops worldwide. This study aimed to evaluate the efficacy of 
entomopathogenic fungi (Alternaria murispora and Alternaria destruens) and 
bacteria (Streptomyces bellus-E23-2) against adult females of P. solenopsis 
under laboratory (26  ±  2°C) and greenhouse conditions.

Methods: Laboratory trials tested A. murispora, A. destruens (104–1010 conidia 
mL−1), and S. bellus E23-2 (104–1010  cfu  mL−1), alone and in combination, 
recording mortality rates and LC50 values. Greenhouse trials tested the best lab 
treatments on infested potato plants, monitoring pest density and plant quality.

Results and discussion: In laboratory trials, A. murispora at 1010 conidia mL−1 
was the most effective, achieved 79.7% mortality (LC50  =  1.338  ×  108 conidia mL−1 
after 14  days). Combination treatments significantly enhanced efficacy, with A. 
murispora  +  S. bellus E23-2 (1010 conidia mL−1  +  1010  cfu  mL−1) reaching 85.3% 
mortality. In greenhouse trials, the combination treatments notably reduced 
P. solenopsis densities and increased the number of infected mealybugs, with 
A. murispora  +  S. bellus E23-2 being the most effective. These treatments 
did not harm plant quality, unlike imidacloprid, which reduced visual quality 
despite its high efficacy. Alternaria murispora and S. bellus E23-2 effectively 
control P. solenopsis, providing a sustainable, plant-safe alternative to chemical 
insecticides.
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1 Introduction

The polyphagous mealybug Phenacoccus solenopsis Tinsley 
(Hemiptera: Pseudococcidae) is native to North America (USA), and in 
the past decade, it has spread to Africa, Europe, Asia, and other parts of 
the Americas (https://gd.eppo.int/taxon/PHENSO/distribution). This 
pest targets a wide range of tropical and subtropical host plants, affecting 
more than 200 species from 60 botanical families (Fand and Suroshe, 
2015). It harms vegetables, weeds, field crops, greenhouse plants, and 
ornamentals, including tomato (Lycopersicon esculentum L.), cotton 
(Gossypium hirsutum L.), and potato (Solanum tuberosum L.) (Fand and 
Suroshe, 2015; Chen H. Y. et al., 2021; Chen A. et al., 2021). This mealybug 
infests all parts of the host plant, including leaves, roots, and branches, but 
it prefers roots and young leaves because of their high nutrient content (El 
Aalaoui and Sbaghi, 2024). It excretes large amounts of honeydew, 
promoting the growth of sooty mold, and injects toxins that can cause 
stunted growth, wilting, and, in extreme cases, the death of the entire plant 
(Tong et al., 2019). Additionally, P. solenopsis can transmit various viruses 
to important crops, including hairy virus, cocoa bud virus, cotton leaf curl 
virus, and cocoa spotted leaf virus (Saeed et al., 2007; Xi et al., 2019). 
Phenacoccus solenopsis reproduces at a high rate, both sexually and 
through ovoviviparity, with each female capable of laying 200 to 600 eggs 
in a white, waxy sac (Abbas et al., 2010; Fand and Suroshe, 2015). This 
mealybug can produce 12 to 15 generations each year, contributing to its 
rapid spread and making it challenging to control (Arif et al., 2012).

Various synthetic pesticides are used to manage P. solenopsis (Fand 
and Suroshe, 2015). However, the mealybug’s waxy coating and hidden 
nature often diminish the effectiveness of conventional pesticides, leading 
to limited short-term control and requiring repeated applications (Nawaz 
and Freed, 2022). Excessive use of these synthetic chemicals has caused 
significant resistance issues and has harmed the mealybug’s natural 
enemies, resulting in its resurgence and causing secondary pest outbreaks 
(Ramakrishnan et al., 1984; Cloyd and Dickinson, 2006). Given these 
limitations, there is a need for alternative strategies like biological control, 
which are more environmentally friendly. Biological control uses insect 
pathogens, predators, and parasitoids to effectively suppress mealybugs. 
This approach has proven successful with other mealybug species, such 
as Planococcus citri (Risso) (Singh, 2004), Maconellicoccus hirsutus 
(Green) (Kairo et al., 2000), and Phenacoccus manihoti Matile-Ferrero 
(Herren and Neuenschwander, 1991).

The use of entomopathogenic fungi (EPF) and bacteria (EPB) as 
potential bioinsecticides, noted for their environmental benefits, has 
been studied in several countries (Fand and Suroshe, 2015; Gao et al., 
2017; Chen H. Y. et al., 2021; Chen A. et al., 2021). Key fungal species 
employed in biological control include Alternaria sp., Lecanicillium 
muscarium Zare & Gams, Beauveria bassiana (Balsamo), Paecilomyces 
farinosus (Holm ex S.F. Gray) Brown & Smith, and Metarhizium sp. 
(Sharma and Sharma, 2014; Gonthier et  al., 2023). These fungi 
typically infect insects by germinating on the cuticle, penetrating the 
insect’s body, and eventually leading to death (Vega et al., 2012; Shin 
et al., 2020). Many strains of EPF have been tested against P. solenopsis, 
with some showing control efficacy (Nagrare et al., 2011; Fand and 
Suroshe, 2015). Beauveria bassiana (Bals.), Verticillium lecanii 
(Zimm.), and Metarhizium anisopliae (Metchnikoff) Sorokin have 
shown a mortality rate of 45–60% in P. solenopsis under laboratory 
conditions (Nagrare et al., 2011). These fungi can affect insects in 
various life stages due to their longevity (Gul et al., 2014).

Among the key bacteria used in biological control are Xenorhabdus 
spp., Streptomyces spp., Yersinia entomophaga, Chromobacterium spp., 

Burkholderia spp., and Bacillus spp. (Arasu et al., 2013; Ruiu, 2015; Kim 
et al., 2022). Streptomyces species, noted for their production of toxic 
proteins harmful to insects (Ganesan et al., 2018). Among microbial 
natural products, fungi contribute the most (40%), followed closely by 
Actinobacteria and single-celled bacteria (Gopalakrishnan et al., 2016). 
Notably, the genus Streptomyces alone accounts for a significant portion 
of Actinobacteria-derived products (Bérdy, 2012; Gopalakrishnan et al., 
2016). These filamentous soil bacteria are prolific producers of bioactive 
molecules, including chitinase and protease enzymes that disrupt insects’ 
peritrophic membranes (Singh et al., 2011). Research highlights their role 
in managing major agricultural pests such as Spodoptera littoralis 
(Biosduval) (Lepidoptera: Noctuidae) (Bream et al., 2001), Helicoverpa 
armigera (Hubner) (Lepidoptera: Noctuidae), and Spodoptera litura 
(Fabricius) (Lepidoptera: Noctuidae) by targeting chitin in their 
peritrophic membranes (Binod et al., 2007). Streptomyces extracts have 
demonstrated significant larvicidal activity, with studies showing 
complete mortality of Sitophilus oryzae (Linnaeus) (Coleoptera: 
Curculionidae) larvae at 24 mg mL−1 concentrations (Rishikesh et al., 
2013). Similarly, Streptomyces sp. AP-123 polyketide metabolite exhibited 
larvicidal efficacy against H. armigera and S. litura, with mortality rates of 
68.41 and 60.02%, respectively, at 1,000 ppm (Arasu et al., 2013). Despite 
these successes, research on controlling P. solenopsis using Streptomyces 
species remains scarce. Environmental conditions and pest-crop 
specificity influence the efficacy of bacterial-derived biomolecules, which 
can be  integrated into IPM strategies either alone, in rotation, or 
combined with other approaches like beneficial insects and resistant 
cultivars (Mazzeo et al., 2019). In addition, bio-formulations with the 
insect-pathogenic bacterium Photorhabdus luminescens Thomas and 
Poinar have proven effective in controlling P. solenopsis under laboratory 
conditions (Fand and Suroshe, 2015). EPB primarily infect insects 
through ingestion, and some produce chitinases, enzymes effective 
against various agricultural pests (Binod et al., 2007; Salunkhe et al., 2013; 
Okongo et al., 2019). The effectiveness of biological control depends on 
various factors such as temperature, and humidity, which affect 
entomopathogenic microorganisms (Sabbahi et al., 2022). EPF and EPB 
are often combined to create biopesticides against various insects, with 
studies showing both synergistic and antagonistic effects (Iqbal et al., 
2019; Ebani and Mancianti, 2021; Quesada-Moraga et al., 2022). In this 
study, a mixture of the entomopathogenic fungi (Alternaria murispora 
and Alternaria destruens), along with bacteria (Streptomyces bellus-E23-2), 
each singly and in combination, was applied to control P. solenopsis (adult 
female) under laboratory and greenhouse conditions.

2 Materials and methods

2.1 Rearing of P. solenopsis

The initial culture of P. solenopsis was established on sprouted 
potatoes (Solanum tuberosum L.). After washing the potatoes with 
distilled water and drying them in the shade for 30 min, uniform-sized 
potatoes were placed in plastic containers (40 cm × 30 cm × 30 cm) 
containing soil treated with carbendazim at 5 g/kg. Water was added 
every other day to maintain moisture for sprout growth. After 35 days, 
the potatoes had 6–8 buds with sprouts measuring 6–10 cm, ideal for 
P. solenopsis inoculation. Mature female mealybugs were collected 
from an infested purslane (Portulaca oleracea L.) field in Zemamra, 
Morocco (32°37′48″ N, 8°42′0″ W, Elevation 165 m). The mealybugs 
were then transferred to the entomology lab at the National Institute 
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of Agricultural Research (INRA), Zemamra, Morocco, and introduced 
to the sprouted potatoes using a camel hair brush. The inoculated 
containers were placed in separate entomological cages 
(80 cm × 80 cm × 80 cm) with mesh covers for ventilation and cross-
contamination prevention. The culture was maintained at 26 ± 2°C, 
60 ± 10% relative humidity, with a photoperiod of 8:16 h (L:D). To 
control age and increase the mealybug population, 24-h-old first-
instar nymphs were transferred to similar containers. To sustain the 
colony, infested and uninfested sprouted potatoes were added weekly. 
The mealybugs settled, laid eggs, and the first-instar nymphs, or 
crawlers, emerged. When the F2 generation matured, adult female 
mealybugs were removed for bioassays.

2.2 Entomopathogenic fungi (EPF)

Two entomopathogenic fungi, Alternaria murispora (NCBI 
GenBank Acc. No: PP264308) and Alternaria destruens (NCBI 
GenBank Acc. No: PP264311), were isolated from sterilized cadavers 
of Dactylopius opuntiae (Cockerell) (Hemiptera: Dactylopiidae) 
(Moroccan biotype). Identification of these fungi was based on spore 
and colony morphology, with additional confirmation via ITS region 
sequencing. For cultivation, the fungi were grown on Sabouraud’s 
dextrose agar supplemented with yeast extra, following the method 
outlined by Goettel and Inglis (1997).

2.3 Entomopathogenic bacteria

The Streptomyces strain used in this study was Streptomyces bellus 
E23-2 (NCBI GenBank Acc. No: OM883988). It was isolated from soil 
samples collected in northwest Morocco during February and early 
March 2019 (Rammali et al., 2022). This strain was grown on ISP2 
medium using the streak method and was stored at 4°C for short-term 
storage and in 20% glycerol at −20°C for long-term storage 
(Marimuthu et al., 2020). It exhibited antimicrobial and antioxidant 
activities (Rammali et al., 2022) and was also effective in laboratory 
and greenhouse tests for controlling D. opuntiae (Rammali 
et al., 2023).

2.4 Laboratory trials

Bio-efficacy trials were conducted to evaluate different treatments 
of entomopathogenic fungi (EPFs) and bacteria (EPBs), both alone 
and in combination, against adult females of P. solenopsis (Table 1). 
The experiments were conducted in plastic containers 
(15 cm × 10 cm × 5 cm), each containing a potato with 6–8 buds and 
sprouts measuring 6–10 cm, hosting 50 adult female mealybugs 
(20 days old, weighing 5.5 ± 0.5 mg, and measuring 2.4–3.5 mm). The 
trials were carried out under controlled conditions at 26 ± 2°C, 
60 ± 10% relative humidity, and a photoperiod of 8:16 h (L:D). For the 
EPFs, conidial suspensions were prepared from two-week-old Potato 
Dextrose Agar (PDA) cultures. Conidia were harvested, suspended in 
sterile distilled water, and then filtered through four layers of cotton 
cloth. The concentration of conidia (measured in conidia per mL) was 
determined using a hemocytometer (HGB, Germany). The 
Streptomyces strain, bacterial concentrations was obtained following 

culturing in nutrient broth, incubating at 28°C and 150 rpm for 24 h 
in an orbital shaker (Kuhner Shaker Ltd., Switzerland), and subsequent 
centrifugation at 10,000 rpm. The bacterial cell concentration was 
measured at 640 nm using a spectrophotometer (Optizen 3220UV/
VIS, Mecasys, South Korea) (Rammali et al., 2023). Control groups 
were sprayed with distilled water, while a positive control group 
received imipower (imidacloprid 35% SC, Nanjing Red Sun Co. Ltd.—
China) applied at 0.75 cm3 L−1. Imidacloprid at a concentration of 
0.75 cm3  L−1 and Chlorpyrifos were found to be  the most toxic 
insecticides against P. solenopsis under field conditions (El-Mageed 
et al., 2018). A hand sprayer was used to apply 2 mL of each treatment 
solution as a mist over the adult female mealybugs and the potato 
sprouts. The insect Mortality and LC50 were recorded at 3, 6, and 
14 days post-treatment. The study included 10 replicates for each 
treatment, with all experiments repeated twice to 
ensure reproducibility.

2.5 Greenhouse trials

The study was conducted in two greenhouses (11 m in length, 7 m 
in width, 3 m in height), located at the experimental station of the 
National Institute of Agricultural Research (INRA), Zemamra 
(32°37′48″ N, 8°42′0″ W). The environmental conditions were 
maintained at a temperature of 28 ± 2°C, 65% relative humidity, and 
under natural light conditions. The six treatments with the highest 
mortality rates in the laboratory were selected for the study, including 
A. murispora at 1010 conidia mL−1, A. destruens at 1010 conidia mL−1, 
S. bellus-E23-2 at 1010 cfu mL−1, A. murispora + S. bellus-E23-2 (1010 
conidia mL−1 + 1010 cfu mL−1), A. murispora + S. bellus-E23-2 (108 
conidia mL−1 + 1010 cfu mL−1), and A. destruens + S. bellus-E23-2 (1010 
conidia mL−1 + 1010 cfu mL−1). For the experiments, three-month-old 

TABLE 1 List of tested entomopathogens fungi (EPF) and bacteria (EPB) 
treatments applied against adult female of P. solenopsis under laboratory 
conditions.

Entomopathogens
Concentrations measured in 

conidia mL−1 for EPF and cfu mL−1 
for EPB

A. murispora 104 

conidia 

mL−1

106 

conidia 

mL−1

108 

conidia 

mL−1

1010 

conidia 

mL−1

A. destruens 104 

conidia 

mL−1

106 

conidia 

mL−1

108 

conidia 

mL−1

1010 

conidia 

mL−1

S. bellus-E23-2 104 cfu 

mL−1

106 cfu 

mL−1

108 cfu 

mL−1

1010 cfu 

mL−1

A. murispora + S. 

bellus-E23-2

104 

conidia 

mL−1 + 

1010 cfu 

mL−1

106 

conidia 

mL−1 + 

1010 cfu 

mL−1

108 

conidia 

mL−1 + 

1010 cfu 

mL−1

1010 

conidia 

mL−1 + 

1010 cfu 

mL−1

A. destruens + S. 

bellus-E23-2

104 

conidia 

mL−1 + 

1010 cfu 

mL−1

106 

conidia 

mL−1 + 

1010 cfu 

mL−1

108 

conidia 

mL−1 + 

1010 cfu 

mL−1

1010 

conidia 

mL−1 + 

1010 cfu 

mL−1
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FIGURE 1

P. solenopsis colonized by A. murispora (A) and A. destruens (B).

potato plants (Solanum tuberosum L.) were grown in plastic pots 
(33 cm diameter, 12 cm height) filled with a mixture of fine sand (2/3) 
and peat (1/3). These plants were artificially infested with P. solenopsis 
by introducing five gravid females onto each potted plant. The plants 
were irrigated as necessary. Twenty days after infestation, each EP 
treatment solution (50 mL) was applied as a mist over the infested 
plants using a laboratory sprayer to ensure complete coverage. Control 
plants were sprayed only with distilled water, while imidacloprid at a 
concentration of 0.75 cm3 L−1 was used as a positive control. Before 
treatment application, three potato leaves were randomly selected and 
destructively sampled per replicate per treatment to determine the 
starting density of the mealybug in all experiments. Ten replicates, 
each with ten plants, were set up for each treatment in a completely 
randomized experimental block design. The experiment was repeated 
twice in two separate greenhouses. The greenhouses were divided into 
chambers, and treatments were randomly assigned to chambers to 
minimize movements of EPs among treatments. Monitoring of the 
treatments began 1 week after treatment and continued on a weekly 
basis for 5 consecutive weeks. During each sampling date, three potato 
leaves were randomly selected and destructively sampled per replicate 
per treatment. Eggs and active stages of P. solenopsis (nymphs, 
cocoons, and adults), as well as the number of mummies (i.e., 
P. solenopsis killed by entomopathogens), were counted in the 
laboratory under a dissecting binocular loupe (Motic). Additionally, 
four adult females per leaf were selected to confirm mortality based 
on the presence of fungal mycelia (Cuthbertson et  al., 2005) or 
entomopathogenic bacteria (Rammali et  al., 2023). Furthermore, 
treated plants were monitored weekly for 5 weeks post-treatment, and 
a numerical scale ranging from 0 to 10 was used to describe visual 
quality, as reported by Gettys et al. (2021). This scale assessed plant 
responses in terms of quality, ranging from 0 (dead) to 10 (excellent 
quality). This parameter has been previously utilized in assessing 
various experimental factors including herbicides, salt stress, and 
other conditions (Gettys and Haller, 2012; Smith et  al., 2014; 
Tootoonchi et al., 2020).

2.6 Statistical analysis

The study was conducted over 2 years (2023–2024) in both 
laboratory and greenhouse settings. In laboratory conditions, data 

on mortality rates were compared across treatments and controls 
using ANOVA on arcsine-transformed means. Tukey’s LSD test was 
used for pairwise comparisons if ANOVA showed significance at 
p < 0.05. LC50 values for different entomopathogen treatments were 
determined via Probit analysis using IBM SPSS 23.0 (SPSS Inc., 
Chicago, Illinois, United States). The impact of each treatment on 
P. solenopsis densities, mummy counts, and treated plants’ visual 
quality in greenhouse conditions was assessed with one-way 
ANOVA. Tukey’s LSD test was applied for separating treatment 
means in significant ANOVA cases. Mealybug counts were 
transformed using log10(x + 1) to address variance homogeneity. 
Visual quality data were arcsine-transformed to ensure a normalized 
distribution. Mean visual quality values for treated plants were 
compared with untreated controls (distilled water) using one-way 
ANOVA at p = 0.05, with Tukey’s LSD test for post-hoc comparisons. 
All analyses were performed using IBM SPSS Statistics version 23.0, 
maintaining a significance level of 0.05.

3 Results

3.1 Laboratory trials

The study assesses the efficacy of different entomopathogenic 
fungi and bacteria on P. solenopsis adult female mortality (Figure 1, 
Table 2). Alternaria murispora exhibited increasing mortality rates 
with both higher concentrations and longer exposure times, achieving 
79.7% mortality at 1010 conidia mL−1 after 14 days. Alternaria destruens 
showed a similar pattern but was less effective, with 57.4% mortality 
at the same concentration and duration. S. bellus-E23-2 demonstrated 
increasing mortality with higher concentrations and time, reaching 
58.8% at 1010 cfu mL−1 after 14 days. Combination treatments were 
more effective, with A. murispora + S. bellus-E23-2 achieving 85.3% 
mortality at 1010 conidia mL−1 + 1010 cfu mL−1 after 14 days, and 
A. destruens + S. bellus-E23-2 reaching 64.1% mortality under the 
same conditions. The positive control, Imidacloprid, showed high 
efficacy with 76.9% mortality after 14 days. The control group 
exhibited negligible mortality. All treatments were statistically 
significant (p < 0.0001), indicating dose-dependent effects.

Further analysis in Table  3 revealed the LC50 values for 
A. murispora and A. destruens, with A. murispora showing LC50 values 
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TABLE 2 Effects of different entomopathogenic fungi and bacteria, both alone and in combination on the percentage mortality of P. solenopsis, adult 
females.

EPF Concentrations
Time (Days)

p value
3 6 14

A. murispora 104 conidia mL−1 11.9 ± 2.4GHIJc 21.7 ± 4.4GHIb 39.0 ± 8.4GHIa p < 0.0001

106 conidia mL−1 14.7 ± 1.8DEFGHc 25.8 ± 4.4DEFGHb 48.7 ± 10.3DEFa p < 0.0001

108 conidia mL−1 16.6 ± 2.4CDEc 28.7 ± 3.7CDEFb 53.2 ± 8.0CDEa p < 0.0001

1010 conidia mL−1 19.1 ± 2.3BCc 32.7 ± 4.1ABCb 79.7 ± 8.3Aa p < 0.0001

A. destruens 104 conidia mL−1 11.0 ± 1.7IJKc 20.8 ± 5.5HIb 35.5 ± 6.3HIa p < 0.0001

106 conidia mL−1 11.7 ± 2.5HIJc 23.1 ± 4.0GHIb 42.7 ± 8.3FGHIa p < 0.0001

108 conidia mL−1 12.7 ± 2.5FGHIJc 25.8 ± 4.7DEFGHb 48.4 ± 8.0DEFGa p < 0.0001

1010 conidia mL−1 13.3 ± 2.0FGHIc 29.7 ± 4.6BCDEb 57.4 ± 8.4BCDa p < 0.0001

S. bellus-E23-2 104 cfu mL−1 7.8 ± 1.4Kc 18.7 ± 3.0Ib 34.4 ± 6.2Ia p < 0.0001

106 cfu mL−1 9.5 ± 1.7JKc 21.9 ± 3.5GHIb 41.8 ± 9.0FGHIa p < 0.0001

108 cfu mL−1 11.3 ± 1.5IJc 25.7 ± 3.4DEFGHb 49.3 ± 7.0CDEFa p < 0.0001

1010 cfu mL−1 13.7 ± 2.0EFGHIc 30.1 ± 3.2BCDb 58.8 ± 8.7BCa p < 0.0001

A. murispora+

S. bellus-E23-2

104 conidia mL−1

+ 1010 cfu mL−1

15.0 ± 3.9DEFGc 24.8 ± 4.8EFGHb 44.4 ± 9.3EFGHa p < 0.0001

106 conidia mL−1

+ 1010 cfu mL−1

17.7 ± 2.4CDc 29.5 ± 4.8BCDEFb 53.7 ± 12.0CDEa p < 0.0001

108 conidia mL−1

+ 1010 cfu mL−1

19.8 ± 3.8ABCc 32.8 ± 4.4ABCb 58.5 ± 9.0BCa p < 0.0001

1010 conidia mL−1

+ 1010 cfu mL−1

22.3 ± 4.8ABc 36.8 ± 6.6Ab 85.3 ± 8.5Aa p < 0.0001

A. destruens +

S. bellus-E23-2

104 conidia mL−1

+ 1010 cfu mL−1

13.5 ± 3.9EFGHIc 24.5 ± 3.9FGHb 41.2 ± 11.0FGHIa p < 0.0001

106 conidia mL−1

+ 1010 cfu mL−1

14.1 ± 3.5EFGHIc 26.4 ± 3.7DEFGb 48.4 ± 9.6DEFGa p < 0.0001

108 conidia mL−1

+ 1010 cfu mL−1

15.7 ± 4.1DEFc 28.9 ± 5.8BCDEFb 53.9 ± 7.0CDEa p < 0.0001

1010 conidia mL−1

+ 1010 cfu mL−1

16.7 ± 4.6CDEc 33.2 ± 5.0ABCb 64.1 ± 9.0Ba p < 0.0001

Imidacloprid 0.75 cm3 L−1 22.5 ± 1.9Ac 33.8 ± 5.1ABb 76.9 ± 6.7Aa p < 0.0001

Control 1.6 ± 0.8Lb 1.6 ± 0.8Jb 2.8 ± 1.0Ja p < 0.0001

Statistical analysis F = 55.614

df = 21, 418

p < 0.0001

F = 51.308

df = 21, 418

p < 0.0001

F = 83.431

df = 21, 418

p < 0.0001

Within columns means followed by the same capital letters are not statistically different according to Tukey’s LSD test at α = 0.05. Within lines means followed by the same lower case letters are 
not statistically different according to Tukey’s LSD test at α = 0.05.

TABLE 3 Median lethal concentration LC50 (conidia mL−1) of P. solenopsis treated by A. murispora, and A. destruens (ANOVA, α  =  0.05).

EPF DAT Slope  ±  SE LC%50
Chi-test (χ2) 

Sig
df p-value

A. murispora 3 0.050 ± 0.011 3.596 × 1027 14.923 78 p < 0.0001

6 0.054 ± 0.010 1.684 × 1018 34.527 78 p < 0.0001

14 0.167 ± 0.009 1.446 × 106 183.418 78 p < 0.0001

A. destruens 3 0.020 ± 0.011 4.303 × 1066 17.338 78 p < 0.0001

6 0.047 ± 0.010 4.730 × 1021 46.565 78 p < 0.0001

14 0.091 ± 0.009 1.338 × 108 95.570 78 p < 0.0001

DAT, Day after the treatment.
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TABLE 4 Median lethal concentration LC50 (cfu mL−1) of P. solenopsis treated by Streptomyces bellus E23-2 strain. (ANOVA, α  =  0.05).

Streptomyces sp. 
strains

DAT Slope  ±  SE LC%50
Chi-test (χ2) 

Sig
df p-value

E23-2 3 0.054 ± 0.012 2.462 × 1030 11.195 78 p < 0.0001

6 0.061 ± 0.010 3.646 × 1018 22.891 78 p < 0.0001

14 0.103 ± 0.009 9.564 × 107 96.026 78 p < 0.0001

DAT, Day after the treatment.

decreasing from 3.596 × 1027 conidia mL−1 at 3 days to 1.446 × 106 
conidia mL−1 at 14 days. Alternaria destruens had LC50 values from 
4.303 × 1066 conidia mL−1 at 3 days to 1.338 × 108 conidia mL−1 at 
14 days, indicating higher concentrations are required for efficacy. 
Table  4 reported the LC50 for S. bellus-E23-2, showing values of 
2.462 × 1030 cfu mL−1 at 3 days, 3.646 × 1018 cfu mL−1 at 6 days, and 
9.564 × 107 cfu mL−1 at 14 days. These findings illustrate the progressive 
effectiveness of the pathogens over time and highlight the superior 
efficacy of combination treatments, particularly involving 
A. murispora.

3.2 Greenhouse trials

3.2.1 Effect of single release of A. murispora on 
the population density of P. solenopsis

After treatment with A. murispora at 1010 conidia mL−1, 
P. solenopsis densities increased from 23.3 insects per potato leaf 
before treatment (D0) to a peak of 297.9 in the fourth week (D4), then 
declined to 206.5 in the fifth week (D5) (Figure 2A). In contrast, the 
control (distilled water) showed an increase from 24.7 insects per leaf 
to a peak of 697.3 in the third week (D3), then declined to 397.3 in the 

FIGURE 2

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and A. murispora treatments. (B) Changes in A. murispora population 
(mean  ±  SE) in the A. murispora treatments. D0 date before A. murispora release. D1, D2, D3, D4, and D5 subsequent sampling days at one week-
intervals.
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fifth week. The imidacloprid treatment had much lower densities, 
peaking at 137.0  in the fourth week. The number of infected 
mealybugs (mummies) in the A. murispora treatment increased from 
0.0 at D0 to a peak of 136.2 at D3, then declined to 19.7 at D5 
(Figure 2B).

3.2.2 Effect of a single release of A. destruens on 
the population density of P. solenopsis

After treatment with A. destruens at 1010 conidia mL−1, P. solenopsis 
densities increased from 22.3 insects per potato leaf before treatment 
(D0) to a peak of 307.8 in the fourth week, then declined to 223.6 in 
the fifth week (Figure  3A). The number of infected mealybugs 
(mummies) in the A. destruens treatment increased from 0.0 at D0 to 
a peak of 107.9 at D3, then declined to 12.6 at D5 (Figure 3B).

3.2.3 Effect of a single release of S. bellus-E23-2 
on the population density of P. solenopsis

After treatment with S. bellus-E23-2 at 1010 cfu mL−1, P. solenopsis 
densities increased from 22.9 insects per potato leaf before treatment 
(D0) to a peak of 302.2 in the fourth week (D4), then declined to 213.0 in 
the fifth week (D5) (Figure 4A). The number of infected mealybugs 
(mummies) in the S. bellus-E23-2 treatment increased from 0.0 at D0 to 
a peak of 122.0 at D3, then declined to 16.0 at D5 (Figure 4B).

3.2.4 Effect of simultaneous release of 
A. murispora and S. bellus-E23-2 on the 
population density of P. solenopsis

After simultaneous treatment with A. murispora (108 conidia 
mL−1) and S. bellus-E23-2 (1010 cfu mL−1), P. solenopsis densities 

FIGURE 3

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and A. destruens treatments. (B) Changes in A. destruens population 
(mean  ±  SE) in the A. destruens treatments. D0 date before A. destruens release. D1, D2, D3, D4, and D5 subsequent sampling days at one week-
intervals.
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increased from 22.8 insects per potato leaf before treatment (D0) to a 
peak of 177.6 in the fourth week (D4), then declined to 81.0 in the fifth 
week (D5) (Figure 5A). For the higher concentration treatment (1010 
conidia mL−1 + 1010 cfu mL−1), densities increased from 21.9 before 
treatment to a peak of 156.6  in the fourth week, then declined to 
68.2 in the fifth week (Figure 6A). The number of infected mealybugs 
(mummies) in the lower concentration treatment increased from 0.0 
at D0 to a peak of 146.8 at D3, then declined to 24.5 at D5 (Figure 5B). 
In the higher concentration treatment, mummies increased from 0.0 
at D0 to a peak of 151.4 at D3, then declined to 29.6 at D5 (Figure 6B).

3.2.5 Effect of simultaneous release of 
A. destruens and S. bellus-E23-2 on the 
population density of P. solenopsis

After simultaneous treatment with A. destruens (1010 conidia 
mL−1) and S. bellus-E23-2 (1,010 cfu mL−1), P. solenopsis densities 
increased from 22.1 insects per potato leaf before treatment (D0) to 
a peak of 159.8 in the fourth week (D4), then declined to 71.3 in the 
fifth week (D5) (Figure  7A). The number of infected mealybugs 
(mummies) in the A. destruens and S. bellus-E23-2 treatment 

increased from 0.0 at D0 to a peak of 148.0 at D3, then declined to 
23.0 at D5 (Figure 7B).

3.2.6 Comparison of P. solenopsis density and the 
number of mummies among the treatments

The control group’s density peaked at 697.3 (D3) and ended at 397.3 
(D5). Imidacloprid maintained the lowest density, peaking at 137.0 5 
(D4). Alternaria murispora at 1010 conidia mL−1 peaked at 297.9 (D4) 
and decreased to 206.5 (D5). Alternaria destruens at 1010 conidia mL−1 
peaked at 307.8 (D4) and ended at 223.6 (D5). Streptomyces bellus-
E23-2 at 1010 cfu mL−1 showed a peak of 302.2 0 (D4). The combinations 
of A. murispora + S. bellus-E23-2 (1010 conidia mL−1 + 1010 cfu mL−1), 
A. murispora + S. bellus-E23-2 (108 conidia mL−1 + 1010 cfu mL−1), and 
A. destruens + S. bellus-E23-2 (1010 conidia mL−1 + 1010 cfu mL−1) were 
most effective, reducing density to 68.2, 81.0, and 71.3, respectively, by 
the fifth week (D5) (first week F7,232 = 635.097; p < 0.0001; second week 
F7,232 = 698.530; p < 0.0001; third week F7,232 = 9285.563; p < 0.0001; fourth 
week F7,232 = 5579.626; p < 0.0001; fifth week F7,232 = 725.434; p < 0.0001). 
The highest number of mummies was seen with A. murispora + S. bellus-
E23-2 (1010 conidia mL−1 + 1010 cfu mL−1) treatment, peaking at 151.4 

FIGURE 4

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and S. bellus-E23-2 treatments. (B) Changes in S. bellus-E23-2 
population (mean  ±  SE) in the S. bellus-E23-2 treatments. D0 date before S. bellus-E23-2 release. D1, D2, D3, D4, and D5 subsequent sampling days at 
one week-intervals.
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(D3) (first week F5,174 = 216.693; p < 0.0001; second week F5,174 = 213.336; 
p < 0.0001; third week F5,174 = 131.542; p < 0.0001; fourth week 
F5,174 = 197.696; p < 0.0001; fifth week F5,174 = 44.518; p < 0.0001). All the 
tested treatments did not reduce the visual quality of the treated potato 
plants by 50%, and no significant difference was recorded among the 
control, and A. murispora at 1010 conidia mL−1, and S. bellus-E23-2 at 
1010 cfu mL−1 treatments (F7,152 = 44.224; p < 0.0001), indicating the 
effectiveness of these treatments (Figure  8). The most promising 
combinations in terms of treated plants’ visual quality, in descending 
order, were A. murispora + S. bellus-E23-2 (108 conidia mL−1 + 1010 cfu 
mL−1), A. murispora + S. bellus-E23-2 (1010 conidia mL−1 + 1010 cfu mL−1), 
and A. destruens + S. bellus-E23-2 (1010 conidia mL−1 + 1010 cfu mL−1). 
Imidacloprid at 0.75 cm3 L−1 significantly affected the visual quality of 
the treated plants compared to the control and other treatments tested, 
which calls into question its validity as an effective method to combat 
this insect pest.

4 Discussion

In the present study, the efficacy of different entomopathogenic 
fungi and bacteria in controlling P. solenopsis was demonstrated 
through both laboratory and greenhouse trials. Laboratory results 
indicated that while single treatments with A. murispora, A. destruens, 
and S. bellus-E23-2 were effective in increasing mortality rates of 
P. solenopsis, combination treatments significantly enhanced this 
efficacy. The combination of A. murispora and S. bellus-E23-2 was 
particularly notable, achieving the highest mortality rates, which 
suggests a synergistic effect between the fungus and the bacterium. The 
greenhouse trials further validated these findings, showing that the 
combined treatments consistently reduced the population density of 
P. solenopsis more effectively than single treatments or the control. The 
combination treatments not only reduced pest densities but also 
resulted in a higher number of mummified insects, indicating 

FIGURE 5

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and combined A. murispora  +  S. bellus-E23-2 (108 conidia 
mL−1  +  1010  cfu  mL−1) treatments. (B) Changes in A. murispora and S. bellus-E23-2 populations (mean  ±  SE) in the combined A. murispora  +  S. 
bellus-E23-2 (108 conidia mL−1  +  1010  cfu  mL−1) treatments. D0 date before A. murispora  +  S. bellus-E23-2 release. D1, D2, D3, D4, and D5 subsequent 
sampling days at one week-intervals.
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successful pathogen infection and subsequent pest mortality. It is 
important to note that A. murispora and A. destruens are not exclusively 
entomopathogenic since they occupy other ecological niches in nature; 
A. murispora is also known as a foliar endophyte in olive trees 
(Nicoletti et al., 2020), and A. destruens is a parasite in Cuscuta spp.; 
additionally, A. destruens (strain 059) is commercially available as a 
herbicide in the USA and some European countries.1 These alternative 
roles highlight the ecological versatility of these fungi beyond their use 
in insect control. Regarding potential risks associated with their use as 
biopesticides, it is pertinent to consider the production of secondary 
metabolites such as mycotoxins by A. murispora and A. destruens. 
Current literature underscores the presence of Alternaria mycotoxins 
in processed plant foods and agricultural products, albeit at low 
concentrations, without specific legislative regulations (Chen 

1 https://sitem.herts.ac.uk/aeru/ppdb/en/Reports/2471.htm

H. Y. et al., 2021; Chen A. et al., 2021). This aspect necessitates further 
investigation into the metabolic profiles of A. murispora and 
A. destruens to evaluate any associated risks in agricultural applications. 
Understanding these potential risks is crucial for ensuring the safe and 
effective deployment of these fungi in integrated pest management 
strategies. Interestingly, while Imidacloprid showed high efficacy in 
reducing pest density, it also negatively impacted the visual quality of 
the treated potato plants, highlighting a significant drawback of this 
chemical treatment. In contrast, the biological treatments did not 
adversely affect plant quality, reinforcing their potential as safer and 
more sustainable pest management options. Our study’s findings align 
with and expand upon previous research exploring the use of 
entomopathogenic fungi and bacteria for pest control. Ujjan et al. 
(2015) found virulence of Metarhizium anisopliae (Metschn.) in a 
screen house test on cotton plants against mealybugs. Mohammadbeige 
and Port (2013) observed 100% mortality in long-horned grasshopper 
Uvarovistia zebra (Uvarov) (Orthoptera: Tettigoniidae) nymphs with 
B. bassiana and M. anisopliae treatments. Similarly, Herker et al. (2010) 

FIGURE 6

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and combined A. murispora  +  S. bellus-E23-2 (1010 conidia 
mL−1  +  1010  cfu  mL−1) treatments. (B) Changes in A. murispora and S. bellus-E23-2 populations (mean  ±  SE) in the combined A. murispora  +  S. 
bellus-E23-2 (1010 conidia mL−1  +  1010  cfu  mL−1) treatments. D0 date before A. murispora  +  S. bellus-E23-2 release. D1, D2, D3, D4, and D5 subsequent 
sampling days at one week-intervals.
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found that M. anisopliae and Paecilomyces fumosoroseus (Wise) Brown 
& Smith produced the highest mycosis rate and mortality against 
Cydia pomonella (Linnaeus), and Cydia funebrana (Treitschke) 
(Lepidoptera: Tortricidae) under laboratory conditions. In field 
applications, fungal biocontrol agents gradually minimized the density 
of P. solenopsis population, with M. anisopliae and B. bassiana showing 
particular effectiveness (Daniel and Wyss, 2010; Sahayaraj and 
Namachivayam, 2011).

Furthermore, screening of entomopathogenic fungi against 
various pests, such as Ceratothripoides claratris (Shumsher) 
(Thysanoptera: Thripdae), Pseudococcus cryptus Hempel (Homoptera: 
Pseudococcidae), and Bemisia tabaci (Gennadius) (Hemiptera: 
Aleyrodidae), demonstrated the efficiency of M. anisopliae (Panyasiri 
et  al., 2007). Isaria farinosa (Holmsk.) Fries (Sordariomycetes: 
Hypocreales) exhibited high mortality rates against Pissodes punctatus 
Langor and Zhang (Coleoptera: Curculionidae) with significant 
mortality observed at 1 × 108 conidia mL−1 (Yang et  al., 2009). 
Moreover, Verticillium lecanii (Zimm.) and B. bassiana foliar sprays 
effectively minimized mealybug populations (Tanwar et al., 2007), 

while B. bassiana decreased the invasion of Paracoccus marginatus 
Williams and Granara de Willink (Hemiptera: Pseudococcidae) 
under field conditions (Suresh et al., 2010). Additionally, de Souza 
et  al. (2009) confirmed the effectiveness of B. bassiana and 
M. anisopliae in controlling Diaspis echinocacti (Bouché) (Hemiptera: 
Diaspididae). In a broader context, Alternaria spp., particularly 
A. alternata, have shown promising entomopathogenic properties 
against various pests, including thrips, Zyginidia pullula (Boheman)
(Hemiptera: Cicadellidae), Oulema gallaeciana (Heyden) 
(Coleoptera: Chrysomelidae), Corythucha ciliata (Say):(Hemiptera: 
Tingidae), and aphids (Sharma and Sharma, 2014). To effectively 
utilize these fungi as entomopathogenic agents, accurately 
characterizing isolates is crucial, as their efficacy in biological control 
can vary significantly (Carneiro-Leão et  al., 2017). Additionally, 
secondary metabolites produced by Streptomyces sp. play a crucial 
role in managing agricultural pests such as Galleria mellonella 
(Linnaeus) (Lepidoptera: Pyralidae), Plutella xylostella (Linnaeus) 
(Lepidoptera: Plutellidae), and Dactylopius opuntiae (Cockerell) 
(Hemiptera: Dactylopiidae) (Kim et al., 2022; Rammali et al., 2023). 

FIGURE 7

(A) Changes in P. solenopsis population (mean  ±  SE) in the control, imidacloprid, and combined A. destruens  +  S. bellus-E23-2 (1010 conidia 
mL−1  +  1010  cfu  mL−1) treatments. (B) Changes in A. destruens and S. bellus-E23-2 populations (mean  ±  SE) in the combined A. destruens  +  S. 
bellus-E23-2 (1010 conidia mL−1  +  1010  cfu  mL−1) treatments. D0 date before A. destruens  +  S. bellus-E23-2 release. D1, D2, D3, D4, and D5 subsequent 
sampling days at one week-intervals.
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Bacterial chitinases and hemolysins have also demonstrated 
effectiveness against insects and mites (Wilson and Henderson, 
2002). Bacteria primarily infect insects through ingestion, the 
digestive tract, and occasionally through the egg, integument, and 
trachea, with some entering via parasitoids and predators (Tanada 
and Kaya, 1993). Most bacteria isolated from insects originate from 
the digestive tract (Cokola, 2019), with select species showing 
pathogenicity towards insect hosts, garnering attention for their 
potential in pest control (Cokola, 2019). Within the insect digestive 
tract, bacteria produce enzymes such as proteinase, chitinase, and 
lecithinase that act on midgut cells, facilitating entry into the 
haemocoel (Tanada and Kaya, 1993). This invasion can lead to 
septicaemia and eventual mortality of the infected insect (Sabbahi 
et al., 2022). The integration of entomopathogenic bacteria into IPM 
programs necessitates precise identification of microbial agents and 
a thorough understanding of their bioecology and impacts on 
non-target organisms (Wang et al., 2016). Molecular tools are needed 
to distinguish isolates and monitor their presence in field conditions. 
Studies evaluating Streptomyces metabolites have shown high toxicity 
to mosquitoes while posing minimal risk to non-target organisms 
and ecosystems (Ganesan et al., 2018). These characteristics make 
Streptomyces secondary metabolites promising candidates for 
new-generation pesticides within IPM frameworks, balancing 
effectiveness with environmental safety (Chen et  al., 2023). In 
contrast to previous findings indicating antagonistic interactions 
between Streptomyces species and pathogenic Alternaria such as 
A. alternata (Wang et al., 2020), our study examines the combined 

efficacy of A. murispora and S. bellus-E23-2 against P. solenopsis. Our 
findings reveal significant mortality among P. solenopsis adults treated 
with this combined approach, highlighting potential synergistic 
interactions between entomopathogenic fungi and bacteria. These 
results underscore the variable nature of microbial interactions and 
their contextual application in agricultural pest management. Our 
study contributes valuable insights into the efficacy and mechanisms 
of entomopathogenic fungi and bacteria in pest management. 
Emphasizing their effectiveness, safety, and sustainability compared 
to chemical treatments, we advocate for the integration of biological 
control agents into pest management strategies.

5 Conclusion

Our study highlights the efficacy of entomopathogenic fungi and 
bacteria in controlling P. solenopsis populations. Combination 
treatments, especially involving A. murispora and S. bellus-E23-2 
(1010 conidia mL−1 + 1010 cfu mL−1), showed synergistic effects, 
resulting in the highest mortality rates These biological agents 
effectively reduced pest densities without compromising the visual 
quality of treated potato plants, in contrast to chemical alternatives 
such as imidacloprid. Future research should focus on optimizing 
application methods and concentrations of these biological control 
agents, conducting field trials to validate their effectiveness under 
real-world conditions, and exploring the mechanisms underlying 
their synergistic effects. Integrating entomopathogenic fungi and 

FIGURE 8

Visual quality of Solanum tuberosum L. plants 5  weeks after treatment. A numerical scale of 0 through 10 is used to describe the treated-plants visual 
quality, where 0 represents dead, and 10 indicates excellent quality. Bars represent the mean of 20 replicates. Treatments labeled with the same letter 
are not statistically different at p  =  0.05. The right bold vertical rule indicates the mean of control plants (distilled water), whereas the central and left 
bold vertical rules indicate 50 and 90% reductions compared with control plants.
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bacteria into integrated pest management strategies offers promising 
and sustainable solutions for controlling P. solenopsis infestations.
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