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Abstract: Greece’s olive oil production is significantly affected by the olive fruit fly Bactro-
cera oleae (Diptera: Tephritidae), and its presence is perceived when it is too late to act for
damage recovery. In this work, some unexplored entomopathogenic fungi (EPFs) were
studied for their efficacy on olive fruit fly pupae in soil samples. Olive grove soil samples
were collected to evaluate the effect of EPFs in their natural environment. The parameters
that were analyzed to evaluate the performance of EPFs on B. oleae included the adult
survival time, pupa hatch time, and the presence of mycelium on B. oleae pupae and dead
adults. The efficacy of some EPFs was highlighted by the mycelium present on dead B. oleae
adults after treating pupae with fungal isolates on the soil substrate. The results showed
that for the soil substrate, external fungal growth was observed in dead adults with A.
contaminans, A. keveii, A. flavus P. lilacinum, and T. annesophieae (100%). Remarkably, the
lowest male proportion for soil and non-soil substrates was for A. flavus (0.41-0.42) for the
first time, for A. keveii (0.36), and for P. citreosulfuratum (0.41) on the soil-only substrate in
contrast to the control treatment (0.5 for both substrates). Given the high infestation caused
by the olive fruit flies in Greece, the results of the study emphasize to use of incorporating
certain EPF-based biopesticides into integrated pest management (IPM) programs.

Keywords: survival time; EPF; local strains; mortality; Bactrocera oleae; Aspergillus; Fusarium;
Lecanicillium

1. Introduction

Olive cultivation is crucial for the economy of Mediterranean countries [1,2], as more
than 70% of the world’s cultivation is in this region, reaching 4.3 million ha in Spain, Italy,
and Greece [3]. Greece ranks as the third-highest producer country worldwide, with an
average annual production of 300,00 Mg of olive oil, and the export of its olive products is
a profitable source of income for Greek farmers [4]. Many studies have shown that Greek
table oil is exceptionally nutrient rich [5], with approximately 16% of the annual production
worldwide. However, damage from B. oleae (Diptera: Tephritidae) in some areas of Italy
and Greece resulted in a 30% loss of olive crops [6]. B. oleae leads to olive fruit infestation
through chewing damage [7] and pupates either on soil or on olive fruit [8]. Chemical
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control of B. oleae with dimethoate-based insecticides is not always ideal, because it is toxic
to bees (Apis mellifera L.; Hymenoptera: Apidae) and can be harmful to other organisms [9].
In addition, insecticide residues are often detected in olive oil, which contradicts consumer
demand for higher quality [10,11].

Biological control via EPFs in IPM programs could be a regulatory factor of the B.
oleae population in Greece [10,11]. The concept of IPM programs merges cost-effective
management tactics with a low ecological impact to maintain pest populations below
damaging levels [12]. EPFs could be useful IPM components in olive cultivation, and a
lot of them have been developed for use in IPM programs under field conditions [13] and
in greenhouses [14]. EPFs penetrate through the host’s cuticle, colonizing them [15], and
they are beneficial for the control of the soil-dwelling life stages of pests [16]. However,
there is a lot of unexplored potential regarding EPFs. Many strains could be used as
population inhibitors of B. oleae, and their study under laboratory conditions may yield
noteworthy outcomes. According to Marri et al. (2016) [17], commercial formulations
of Beauveria bassiana (Hypocreales: Cordycipitaceae) have efficiently controlled invasive
Bactrocera dorsalis (Diptera: Tephritidae) fruit flies. Also, Wang et al. (2021) [18] observed
high mortality of B. dorsalis when treated with EPFs in the puparia stage. Moreover, B. oleae
third-instar pupariation larvae and puparia, according to Youssef et al. (2013) [2], were
highly affected by Metarhizium brunneum (Hypocreales: Clavicipitaceae), indicating suc-
cessful mortality. Metarhizium anisopliae (Hypocreales: Clavicipitaceae) has been effective in
the control management of B. dorsalis pupae under laboratory conditions [19]. Pest control
of Tephritidae with EPFs is receiving increasing attention, and the next step in research may
be to evaluate pest puparium survival, given that soil is the natural ecosystem of EPFs. In
certain laboratory experiments, the utilization of soil as an inoculation medium aligns well
with real conditions [20-22] because it is an important reservoir for a plethora of EPFs [23].
The soil application of B. bassiana, M. anisopliae, and Isaria fumosorosea (Hypocreales: Cordy-
cipitaceae) has been shown to be effective against Bactrocera zonata (Diptera: Tephritidae)
puparia [24,25].

EPFs are relatively harmless to the environment, with low consequences to beneficial
insects [26]. Hence, they could play a more prominent role as pest suppressors in olive
culture combined with other management practices in IPM programs, thereby diminishing
the use of insecticides [27]. Thus, the IPM of olive cultivation in combination with EPFs may
also improve olive oil quality [28]. EPFs as microbial agents remain widely underutilized
in Greece’s olive production; simultaneously, steps have been made to implement IPM
programs [29]. However, controlling B. oleae is very difficult because its appearance is
usually observed when damage has already occurred.

In this study, we attempted to unlock more potential in some hard-to-find or widely
unexplored soil-inoculated EPFs to limit B. oleae pupae as a follow-up to our previous work
on the same concept with common EPFs [30]. This study aims to reveal additional insights
regarding the biological control of B. oleae using EPFs because these microorganisms can be
used in IPM programs and are eco-friendly alternatives.

2. Materials and Methods
2.1. Rearing of Bactrocera oleae

In November 2021, olive fly pupae were collected from oil mills in the Preveza region
(Greece) and routinely transferred to the laboratory within 24 h. To obtain same-aged
cohorts, the emerged flies were reared in 30 x 30 x 30 cm® net cages in a growth chamber
(PHC Europe/Sanyo/Panasonic Biomedical MLR-352-PE) under controlled environmental
conditions of 23 =+ 2 °C, 65% Relative Humidity (RH), and a 16:8 (L:D) h photoperiod. We
reared male and female flies in the same cage and provided a dry diet consisting of sugar
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and yeast extract (Sigma-Aldrich, Burlington, MA, USA) (4:1) (Sigma-Aldrich, Burlington,
MA, USA). Seven days a week, water was replenished on a sponge wick. We sieved sand
from the rearing cages three times a day and kept the pupae in small Petri dishes to obtain
individuals of the same age. After 4-5 days, they were used for experiments.

2.2. EPF Cultures

We obtained seventeen strains of EPFs, belonging to the genera Aspergillus, Fusarium,
Lecanicillium, Penicillium, Purpureocillium, and Talaromyces from the personal collection of
the first author (Table 1).

Table 1. EPF species that were tested in the present study.

Fungus Species Isolate Collection Site
Aspergillus alliaceus 1 Kastritsi Achaia
Aspergillus austwickii 2 Dasyllio Achaia
Aspergillus calidoustus 3 Dasyllio Achaia
Aspergillus contaminans 4 Dasyllio Achaia
Aspergillus flavus 6 Dasyllio Achaia
Aspergillus keveii 10 Elos Achaia
Fusarium brachygibbosum 19 Elos Achaia
Fusarium fujikuroi 20 Elos Achaia
Fusarium longifundum 21 Elos Achaia
Fusarium tonkinense 22 Dasyllio Achaia
Lecanicillium dimorphum 23 Dasyllio Achaia
Penicillium brevicompactum 25 Elos Achaia
Penicillium chrysogenum 26 Dasyllio Achaia
Penicillium citreosulfuratum 27 Dasyllio Achaia
Purpureocillium lavendulum 37 Elos Achaia
Purpureocillium lilacinum 38 Dasyllio Achaia
Talaromyces annesophieae 40 Elos Achaia

2.3. Preparation of Fungal Isolates

During 15 days at 25 °C and 65% RH, SDA was used as a medium for cultivating EPF
isolates in 9 cm Petri dishes. Petri dishes were sealed with Parafilm® (American National
Can, Chicago, IL, USA) to prevent contamination. After 15 days, conidia were collected by
scraping the Petri dish surface with a sterile loop and then placed in a 500 mL glass beaker
containing 50 mL of sterile distilled water and 0.05% Tween 80 (Sigma-Aldrich, St. Louis,
MO, USA). A magnetic stirrer was used to mix the conidial suspension for five minutes
after filtering through sterile cloth layers. A Neubauer hemocytometer (Weber Scientific
hemocytometer for cell counting, Hamilton Township, NJ, USA) was used to measure the
fungal conidium concentration. Dilution was performed by adding 10 mL of the conidial
suspension to the required amount of sterile water, resulting in a final concentration of
1 x 108 conidia per ml for the fungal isolates. This specific concentration was chosen due
to its widespread use in numerous relevant studies, and conidial viability exceeded 97%
for all fungal isolates.

The viability of all the tested fungi was determined by spreading a 100 pL aliquot of
a conidial suspension (1 x 10° conidia mL~!), prepared with a sterile surfactant solution
(0.1% v/v) of Tween 80, on SDA medium in Petri dishes (90 x 15 mm) and incubated in the
dark at 25 £ 1 °C. SDA plates of the tested fungi were incubated for 18 h prior to evaluation.
Conidia were scored as viable if any germ tube was 2x longer than the diameter of the
spore; a total of 100 conidia per sample were counted under 400 x magnification. Conidial
viability was calculated based on the formula below:

Viability (%) = [G1/(G1 + G2)] x 100 (1)
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where G1 refers to the number of germinated conidia, G2 is the number of non-germinated
conidia, and the sum of G1 and G2 is equal to 100. Thus, the percentage of viable conidia
was determined by counting a total of 100 conidia per fungal sample. Fungal strains
presenting >95% viability were used in insect bioassays.

2.4. The Effect of the Fungal Isolates on the B. oleae Pupae

Seventeen EPF isolates were evaluated against the pupae of B. oleae. The collection
of pupae was simple, and there was no need to handle them manually: puparia were
collected from the lab rearing using a fine brush wet with distilled water. For the first
treatment, the bioassay arena was 4-5-day-old pupae buried in the sterilized soil from olive
cultivation at a depth of 3 cm, and the second treatment was without soil. A total of 2 mL
(1 x 10® conidia mL~1!) of the solution was sprayed with a 2 mL conidial suspension using
a Potter spray tower (Burkard Manufacturing Co., Ltd., Rickmansworth, Hertfordshire,
UK) at 1 kgF cm ™2 onto the surface with soil and without onto the pupae. After mixing,
pupae (4-5 days old) were buried individually in cups at a 3 cm depth, and the cups
were covered with lids. The control group was sprayed with an aqueous solution with
0.05% Tween 80 (Sigma-Aldrich, St. Louis, MO, USA), which was applied to the soil surface
and pupae directly. Pupae that were unable to emerge as adult flies were considered
dead. Upon emergence, the adults were transferred to cages (30 cm x 30 cm x 30 cm)
and provided with water and adult food, and mortality was recorded over 10 days. Adult
mortality and mycosis were determined on a daily basis, and all dead individuals were
removed from the cages each day. At each developmental stage (adult or pupa), the
individuals were placed inside a plastic Petri dish lined with sterile and moist filter paper
(Whatman® Sigma-Aldrich, St. Louis, MO, USA). The dish was wrapped with parafilm®
and finally incubated at 25 °C to observe the presence of fungal outgrowth. Before placing
them into plastic Petri dishes, pupae and adults were surface sterilized with 1% sodium
hypochlorite, followed by three rinses with distilled water. Twenty individuals were used
for each treatment replicate. There were ten replicates for each treatment, and the whole
experiment was conducted twice, resulting in twenty replications (200 individuals were
used for each treatment). The pupa hatch time, mycelium presence on dead pupae, duration
from pupation to adult emergence, adult survival time, and mycelium presence on dead
adults were determined.

2.5. Data Analysis

All values were arcsine transformed prior to analysis. Data were analyzed via two-way
ANOVA using the general linear model of SPSS (IBM, Inc., Chicago, IL, USA, version 24.
In case of significant F values, the means were compared using the Bonferroni test. The
Kaplan-Meier method (Life Parameters) was also selected to determine the median lethal
time of B. oleae following the application of the pathogen concentrations. A comparison of
survival distributions was performed using Breslow (Generalized Wilcoxon) (SPSS v.23.0).
The male proportion was calculated based on the formula below:

Male Proportion = Male/(Male + Female)

The results from the above formula were expressed as a probability within the range 0-1.

3. Results
Accordingly, in relation to the highest Pupa hatch time, this was estimated at
6.87 £ 0.58 days for P. chrysogenum (soil) and 5.73 £ 0.56 days for P. citreosulfuratum (non-soil).

In all other tested isolates, the hatching time was lower than 5.5 days (Figures 1 and 2) (fungal
isolates: F =9.888, df = 16,1620, and p < 0.001; exposure time: F =12.113, df =9, 1620, and
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p < 0.001; fungal isolates x exposure time: F = 5.743, df = 160, 1620, and p < 0.001). The
results for the soil substrate showed that external fungal growth was observed in samples
treated with F. fujikuroi-P. citreosulfuratum (87.5%), P. lavendulum (83%), and A. contaminans
(81.8%). The external fungal growth in other isolations was lower than 70% of the treated
pupae. On the other hand, the non-soil vs. substrate showed that external fungal growth
was observed in the samples treated with A. flavus, F. longifundum, n and L. dimorphum
(100%) (Figures 1 and 3). The external fungal growth in other isolations was lower than
80% of the treated pupae (fungal isolates: F = 11.221, df = 16, 1620, p < 0.001; exposure
time: F =10.943, df =9, 1620, p < 0.001; fungal isolates x exposure time F =7.115, df = 170,
1620, p < 0.001). The substrate, as a factor, had an impact on the results: pupa hatch time:
F=15.111, df = 16, 1620, and p < 0.001; adult survival time: F = 10.991, df = 16, 1620, and
p < 0.001; fungal isolates and pupa hatch time x adult survival time X fungal isolates:
F=2.111, df = 4913, 1620, and p < 0.001. Mycelium presence on the pupae as a factor had an
impact on the results, depending on the substrate that the pupae were in (fungal isolates:
F =4.888, df =16, 1620, and p < 0.001; substrate: F =2.223, df = 1, 1620, and p < 0.001; fungal
isolates x exposure time: F = 1.743, df = 16, 1620, and p < 0.001).

Figure 1. Pupae and hatched adults of B. oleae treated with different fungal isolates under laboratory
conditions on non-soil: (A) A. austwickii; (B) A. alliaceus; (C) F. brachygibbosum; (D) F. longifundum.

Mycelial and conidial growth on cadavers suggested that almost all deaths were
pathogen related (Figure 4). The results for the soil substrate showed that external fungal
growth was observed in dead adults with A. contaminans, A. keveii, A. flavus P. lilacinum,
and T. annesophieae (100%), and external fungal growth was not developed enough with F.
tonkinense (44.44%). The lowest adult survival time was estimated at 5.1 days for A. alliceus
(soil) and 5.6 £ 0.37 days A. alliceus and F. longifundum (non-soil). In all other isolations, the
median lethal time was over 6 days (Figure 5). (fungal isolates: F = 8.111, df = 16, 1620, and
p < 0.001; exposure time: F =15.111, df =9, 1620, and p < 0.001; fungal isolates x exposure
time: F = 6.992, df = 160, 1620, and p < 0.001).



Microorganisms 2025, 13, 811 6 of 15

10
. Control
Aspergillus alliceus
Aspergillus austwickii
9 7 Aspergillus calidoustus

Aspergillus contaminans
Aspergillus flavus
Aspergillus keveii

8 . Fusarium brachygibbosum
Fusarium fujikuroi
Fusarium longifundum
] 7 _ Fusarium tonkinense
© Lecanicillium dimorphum b
(7] Penicillium brevicompactum
+| Penicillium chrysogenum
m 2] 6 . Penicillium citreosulfuratum
o > Purpureocillium lavendulum
S © I Purpureocillium lilacinum
o) [ Talaromyces annesophieae
o = 5
O o
S E
O .= 4
~ = —
© (@)}
Q £
< 37
O
©
c 27
1 -
0
0 1 2

Substrate

Figure 2. B. oleae pupa (days =+ sd) hatching time after being treated with fungal isolates in two sub-
strates: (1) soil and (2) non-soil. Different letters between treatments indicate statistically significant
differences according to the Bonferroni test.
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Figure 3. Mycelium (% =+ sd) presence on B. oleae-treated pupae with fungal isolates in two sub-
strates: (1) soil and (2) non-soil. Different letters between treatments indicate statistically significant
differences according to the Bonferroni test.
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Figure 4. Pupae and hatched adults of B. oleae treated with different fungal isolates under laboratory

conditions on soil: (A) P. chrysogenum; (B) A. contaminans; (C) L. dimorphum; (D) A. flavus.

B. oleae adult
survival time (days*sd)

Control

Aspergillus alliceus
Aspergillus austwickii
Aspergillus calidoustus
Aspergillus contaminans
Aspergillus flavus
Aspergillus keveii

Fusarium brachygibbosum
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Fusarium longifundum
Fusarium tonkinense
Lecanicillium dimorphum
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Talaromyces annesophieae
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Figure 5. B. oleae adult (days & sd) survival time after treatment with fungal isolates in two sub-
strates: (1) soil and (2) non-soil. Different letters between treatments indicate statistically significant
differences according to the Bonferroni test.
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On the other hand, with the non-soil substrate, external fungal growth was observed in
dead adults with Fusarium tonkinense (65.38%), and external fungal growth was not detected
in the case of P. brevicompactum, and T. annesophieae (0%) (fungal isolates: F = 10.345, df
=16, 1620, and p < 0.001; exposure time: F = 14.993, df = 9, 1620, and p < 0.001; fungal
isolates x exposure time: F = 4.875, df = 160, 1620, and p < 0.001). The external fungal
growth in other isolations was lower than 50% of the treated adults. The control hatch
time was 2.87 £ 0.15 days (soil) and 2.60 £ 0.10 days (non-soil) (Figure 6). For the control
treatment, no mycelium was found on the pupae or the dead adults. Mycelium presence
on the surviving adults as a factor had an impact on the results, depending on the substrate
(fungal isolates: F = 3.112 df = 16, 1620, and p < 0.001; substrate: F =2.298, df = 1, 1620, and
p < 0.001; fungal isolates x substrate: F = 1.659, df = 16, 1620, and p < 0.001).
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Figure 6. Mycelium (% =+ sd) presence on dead B. oleae adults after treated pupae with fungal isolates
at two substrates: (1) soil and (2) non-soil. Different letters between treatments indicate statistically
significant differences according to the Bonferroni test.

The male proportion of the adults hatched from the treated pupae was varied. The
male proportion was, for the control, 0.5 for both substrates (Figure 7). For soil and non-soil
substrates, the lowest male proportion was for A. flavus (0.41-0.42), as well as A. keveii (0.36)
and P. citreosulfuratum (0.41) for soil only. In the case of two Fusarium fungi, F. fujikuroi
(0.48) and F. tonkinense (0.47), the male proportion was lower only in the soil treatment. The
fungus T. annesophieae (0.45) had the same effect on the male proportion in both substrates.
The male proportion in the adults that were hatched from the treated pupae had an impact
on the results, depending on the fungus isolate (fungal isolates: F = 1.009, df = 16, 1620,
and p < 0.001; substrate: F = 12.320, df = 1, 1620, and p = 0.610; fungal isolates x substrate:
F =9.229, df = 16, 1620, and p = 0.022).

Two isolates of P. chrysogenum (soil) and A. contaminans (non-soil) caused the lowest level
of pupa hatching. As expected, the control pupa hatch was very high (100%) (Figure 8). The
main effects and interactions for all factors proved to be significant (fungal isolates: F = 5.232,
df = 16, 1620, and p < 0.001; substrate: F = 12.389, df = 1, 1620, and p < 0.001; exposure
time: F = 30.844, df = 9, 1620, and p < 0.001; fungal isolates x exposure time X substrate:
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F =2.435, df = 160, 1620, and p < 0.001). This indicates that several fungal isolates affected
the survival time of the insect in diverse ways. The survival of the adults was lower with
A. contaminans (soil) and P. brevicompactum (non-soil) (Figure 9). As expected, the control
survival was above 99%. The main effects and interactions for all factors proved to be
significant (fungal isolates: F =2.435, df =16, 1620, and p < 0.001; substrate: F=18.112,df =1,
1620, and p < 0.001; exposure time: F = 30.844, df = 9, and 1620; fungal isolates x exposure
time X substrate: F =2.711, df = 160, 1620, and p < 0.001).
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Figure 7. B. oleae male proportion after treatment of pupae with fungal isolates in two substrates:
(1) soil and (2) non-soil.
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Figure 8. B. oleae pupa (% = sd) hatch after being treated with fungal isolates in two substrates: (1) soil
and (2) non-soil. Different letters between treatments indicate statistically significant differences
according to the Bonferroni test.
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Figure 9. B. oleae adult survival (% = sd) after hatching of the pupae treated with fungal isolates in
two substrates: (1) soil and (2) non-soil. Different letters between treatments indicate statistically
significant differences according to the Bonferroni test.

4. Discussion

Insect EPFs are microbial control agents that play an important role in integrated
pest management. These fungi are used as biological control agents for a broad range
of insects. The innate immune system of insects includes both cellular and humoral
components [31-35]. An epizootic develops depending on several factors, including the
host, pathogen, population, and environment [36]. Several processes contribute to the
transmission of fungal pathogens: conidial production, discharge, dispersion, survival,
and germination [37]. EPFs can release immunosuppressant toxins and produce hyphae
in insects despite the host’s immune response. Insecticidal effectiveness is manipulated
by many factors, such as insect behavior, population density, age, nutrition, and genetic
information. In general, EPFs enter through contact and can penetrate through the insect
cuticle, producing hydrolytic enzymes like proteinases, chitinases, and lipases that can
infect many Diptera pupae. The highest toxicity (lowest survival time) of the examined
EPFs was found on the pupa hatch time of B. oleae. The higher pupa hatch time and the
higher mycelium presence on these pupae confirm the findings of Bateman et al. (1996) [38],
who found that the infection of insects by fungi depends on their biological stage.

De la Rosa et al. (2002) [39] determined that the virulence of each fungus strain
depends on the insect from which it was isolated and its susceptibility [37]. Host-pathogen
associations may explain the differences between strains or populations of insects [40].
Mufioz et al. (2009) [41] compared 16 strains of B. bassiana against Ceratitis capitata (Diptera:
Tephritidae), reporting mortalities of 12.9 to 91.2% and lethal times of 3.83 to 17.64 days. The
lethal times determined by De la Rosa et al. (2002) [39] ranged from 2.82 to 5.99 days when
they evaluated seven strains of B. bassiana against Anastrepha ludens (Diptera: Tephritidae).
According to Lezama-Gutiérrez et al. (2000) [42], the mortalities exceeded 83.7% when
using M. anisopliae against A. ludens, and Herndndez-Dfaz-Ordaz et al. (2010) [43] reported
the two strains of B. bassiana and one of M. anisopliae against adults of A. obliqua. Osorio-
Fajardo and Canal (2011) [44] reported on two strains of B. bassiana and one of M. anisopliae,
recording lethal times of 42.7, 48.1, and 56 h, respectively, against A. obliqua. Quesada-
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Moraga et al. (2006) [45] reported LCsg values against C. capitata with B. bassiana. The
highest toxicity (lowest survival time) of the examined EPFs was found for B. oleae adults.
Similar results were obtained by Konstantopoulou and Mazomenos (2005) [46], who, in
evaluating different EPFs against adults of B. oleae, obtained lower survival times for the
treated adults after 14 days of treatment.

Low levels of mortality in pupae caused by EPFs have been documented in various
studies against B. zonata (Diptera: Tephritidae) [25,47,48]. Such variations among various
EPF strains of the same species in the same host have been well documented in many
relevant assays. Hussein et al. (2018) [48] observed higher adult emergence of B. zonata
from 4-day-old pupae compared to 1-day-old pupae when treated with B. bassiana and M.
anisopliae. The results reported by Beris et al. (2013) [49] and Furlong and Pell (2001) [50]
used different EPF isolates, insect species, and application rates. The low susceptibility
of pupae recorded in this study may be due to the use of older pupae (4-5 days old).
Ekesi et al. (2002) [51] found that the pupal susceptibility to M. anisopliae was reduced
with an increased age of pupae of C. capitata. The reason behind the high susceptibility
of younger pupae to fungal infection seems to be due to the softer cuticles of young
pupae [51]. Interestingly, high adult mortality was recorded after emergence from the
treated pupae in this study. These results agree with the findings from other studies
showing high adult mortality from infected pupae in B. oleae and insect pests of other
species [51-53]. High levels of A. [udens adult mortality were observed when old pupae
(2 days before adult emergence) were treated [54]. Soil serves as a natural ecosystem for
EPFs, providing fungi with optimal moisture and temperature conditions and protection
against UV radiation [55]. More importantly, soil also serves as a habitat where EPFs come
into contact with the soil-dwelling life stages of insects. Consequently, the persistence of
EPFs in the soil is a requirement for successful control. Garrido-Jurado et al. (2011) [56]
reported that the availability of B. bassiana and M. anisopliae is significantly affected by
soil properties, although no significant effects were recorded on the pathogenicity of EPFs.
Since the rate of fungal movement through the soil profile is low, most of the available
spores are retained within the superficial soil layer and persist within the roots and insects
after soil application [56,57]. Considering that most Tuta absoluta (Lepidoptera: Gelechiidae)
individuals pupate in soil at a depth of 1-2 cm [58], there is a high probability that pupae
will encounter conidia of EPFs if applied as drench treatments. These results agree with
our findings that the presence of soil helps the pathogenicity or transmission of conidia.
A logical explanation for this outcome is that soil provides a microhabitat that protects
conidia from desiccation, light, and extreme temperatures, enhancing their viability and
pathogenicity. Moreover, soil particles adhere to conidia, improving their attachment to
insect cuticles and facilitating direct contact.

Several studies have confirmed the ability of EPFs to be transmitted horizontally.
Examples include A. ludens [59], C. capitata [49,60], B. zonata, Bactrocera cucurbitae (Diptera:
Tephritidae) [61], and other insect species, such as Anopheles gambiae (Diptera: Culici-
dae) [62] and Glossina morsitans (Diptera: Glossinidae) [63]. All previous studies had shown
significant mortality (e.g., 85-100% in C. capitata [2], 69-83% in B. zonata, and 78-88% in
B. cucurbitae [61]). In our study, infected males of both species were highly infectious to
females. Quesada-Moraga et al. (2008) [60] observed that males of C. capitata were able to
disseminate more conidia to females compared to female-to-male transmission. This may
be related to the mating process. Sookar et al. (2014) [61] suggested that the females dis-
seminated more conidia to the males compared to males to females against B. zonata and B.
cucurbitae in different pairing combinations. Various physiological characteristics of insects,
including their age, sex, and nutritional status, can be influenced by their susceptibility to
fungal infections. Infection with fungi strongly reduced, from our results, the proportion
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of B. oleae males. Remarkably, the male proportion recorded after emergence from treated
pupae in this study was lower for A. flavus in both substrates. To our knowledge, this is the
first study to report the effect of A. flavus on the male proportion of B. oleae.

The moderate to high level of virulence we observed among fungi to B. oleae pupae
is consistent with some other studies. Beris et al. 2013 [49] reported low susceptibility
of the Mediterranean fruit fly, C. capitata (Wiedemann), pupae when exposed to different
fungal species at the same concentration that we used. In our case, the pupa hatch time was
estimated at 6.9 days for P. chrysogenum (soil) and 5.7 days P. citreosulfuratum (non-soil). In
all other isolates, the median lethal time was lower, 5.5 days, and with the control, 2.9 days.

5. Conclusions

This study aims to contribute toward filling the research gaps of some less mainstream
EPF effects on B. oleae pupae. The high efficacy of some EPFs on the pupa hatch time and
mycelium presence on dead B. oleae pupae and adults, especially of A. contaminans, A.
flavus, and A. keveii, prompts us to explore further the prospects of testing many of these
strains in IPM programs for the protection of olive groves from B. oleae, which significantly
reduces the quality and quantity of olive oil in Greece. Our results suggest that we can
consider the possibility of using biological control with EPFs as an alternative strategy
to control B. oleae in Europe. Studies that examine the isolates under field conditions are
needed to further evaluate the fungi as potential control agents for the fly. Although the
experiment was laboratory conducted, the conditions were realistically compensated, as the
survival of the EPFs on B. oleae pupae was carried out in real olive grove soil samples from
areas with economically important olive oil exports. Concerning the commercialization
and registration of future isolates, the following question remains: what further rules and
testing are required to provide the user and customer with a safe biocontrol product? Under
this spectrum, further trials should be conducted under various climatic conditions, testing
additional fungal isolates, or exploring combinations of EPFs with other biocontrol agents
that could enhance the effectiveness and applicability of B. oleae biocontrol strategies
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