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Abstract: Entomopathogenic fungi (EPF) are distributed in natural and agricultural soils
worldwide. To investigate EPF occurrence in different botanical habitats and soil-ecoregions, we
surveyed 50 georeferenced localities in the spring of 2016 across the Algarve region (South
Portugal). Additionally, we compared three EPF isolation methods: insect baiting in untreated or
pre-dried-soil and soil dilution plating on a selective medium. We hypothesized that forest habitats
(oak and pine semi-natural areas) and the acidic soil ecoregion may favor EPF occurrence. Overall,
EPF species were present in 68% of sites, widely distributed throughout the Algarve. The use of
selective media resulted in higher recovery of EPF than did either soil-baiting method. Contrary to
our hypothesis, neither vegetation type nor ecoregion appeared to influence EPF occurrence.
Traditional and molecular methods confirmed the presence of five EPF species. Beauveria bassiana
(34% of sites), was the most frequently detected EPF, using pre-dried soil baiting and soil dilution
methods. However, baiting untreated soil recovered Fusarium solani more frequently (26% of sites),
demonstrating the utility of using multiple isolation methods. We also found Fusarium oxysporum,
Purpureocillium lilacinum and Metarhizium anisopliae in 14%, 8% and 2% of the sites, respectively.
Three abiotic variables (pH, soil organic matter and Mg) explained 96% of the variability of the
entomopathogen community (EPF and entomopathogenic nematodes) in a canonical
correspondence analysis, confirming the congruence of the soil properties that drive the assemblage
of both entomopathogens. This study expands the knowledge of EPF distribution in natural and
cultivated Mediterranean habitats.

Keywords: biologic control; entomopathogenic organisms; habitat preference; Mediterranean agro-
ecosystems; multivariate analysis
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1. Introduction

Fungi are the predominant natural pathogens of arthropods [1]. Hypocrealean
entomopathogenic fungi (EPF), such as those in the genera Beauveria and Metarhizium, are natural
inhabitants of most terrestrial ecosystems, including natural and agricultural areas [2-4]. EPF can
interact with arthropod hosts as parasites or saprophytes [5]. During the parasitic phase, after the
conidia infect the host, the fungus produces various compounds responsible for host death [6,7] and
other secondary metabolites with an antibiotic or antagonistic response to defend the cadaver from
opportunistic organisms [5,8,9]. During the saprophytic phase, mycelia invade the entire body cavity
to finally generate emergent mycelia and conidiophores for passive dispersion of the spores [10,11].

Among different methods to isolate EPF from the soil is the traditional insect-bait using Galleria
mellonella (Lepidoptera: Pyralidae) as a host [12-14]. With the expectation of recovering additional
EPF species [15], some studies have employed other insects such as Tenebrio mollitor (Coleoptera,
Tenebrionidae) or combination of different hosts [16-19]. Other studies have used soil dilution and
selective media to isolate EPF from soil [20,21]. Although alternative selective media recipes that lack
dodine (N-dodecylguanidinemonoacetate) have been suggested [22], this fungicide, in combination
with other antibiotics, is commonly used to isolate EPF and minimize contamination [21,23-25].
Combinations of insect-baits and selective media procedures are recommended to capture a wider
range of EPF species [26]. Once isolated, fungal classification is often based on
morphologic/morphometrical examinations that can be inaccurate when resolving closely related
species. However, molecular tools are increasingly available for identification [21,27,28].

As natural regulators of arthropod populations in the ecosystem [29], EPF are well-known
biologic control agents against a broad variety of arthropod pests [1,30-32]. Active research has
developed commercial products based on EPF for decades—including mycoinsecticides derived
from their active metabolites [9,29,33,34]. However, abiotic factors and biotic interactions that occur
in the soil can affect their performance as biocontrol agents [1,34-36]. For example, soil granulometry
can affect EPF communities: the greater porosity of sandy soils enhances the movement of fungal
propagules, while clay substrates cause adsorption of conidia [36,37]. Similarly, the soil organic
matter (SOM) content modulates EPF diversity by promoting the presence of insect hosts, while
favoring some EPF antagonists [38]. Temperature and moisture are also key drivers of EPF presence
and activity in soils [36].

Many soil organisms interact with EPF and vice versa [36]. Some microorganisms produce
secondary metabolites that are toxic to EPF or inhibit their germination and growth [11,36]. EPF are
weak saprophytes in natural conditions [1] and resource competition from other entomopathogens,
such as the entomopathogenic nematodes (EPNs), may also restrict their occurrence. Several
combined application studies using EPN and EPF reported that their interactions are not only species
dependent (including the target host), but different concentrations and timing of application
(simultaneous or sequential) are factors that can alter the outcomes [39—41]. Interactions of a similar
kind occur among other microorganisms in the soil, such as nematophagous fungi [11]. EPF also
establish complex and highly differentiated interactions with soil macroinvertebrates that can
enhance or reduce EPF occurrence, such as earthworms which favor EPF dissemination and activity
or collembolans that feed on them [36,42].

Habitats synthesize a combination of diverse biotic and abiotic properties and have been
proposed as one of the main drivers for the EPF natural occurrence. Beauveria bassiana was reported
linked with shaded semi-natural areas (oaks or pines) and Metarhizium anisopliae with crops soils
[3,18,43]. However, B. bassiana is also a dominant EPF species in many Mediterranean agricultural
areas [19,44,45]. Both natural and agricultural areas have been explored for the presence of EPF
species in Spain [35,43,45]. Conversely, in Portugal, little is known in this regard except for a few
surveys mainly focused on perennial crops such as olives and grapes [19,44]. Four main botanical
groups characterize the Algarve region (South Portugal): oak (some still under cork production), pine
(native populations or replanted areas), palmetto (wild areas) and citrus (the main agricultural sector
in the region). This region also comprises two main soil-ecoregions: “calcareous” or “Barrocal”
(predominantly basic soil with a high percentage of carbonates, poor in Fe and mainly located in the
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low-inland areas) and “non-calcareous” or “Serra and Littoral” (more acidic soils, not limited in Fe
availability and mainly surrounding the Barrocal). Campos-Herrera et al. [46] investigated the
natural occurrence of EPNs in the Algarve region and concluded that botanical group and some
abiotic factors (particularly soil pH and clay content), appeared to modulate communities of EPNs
and associated microorganisms. Herein, we extend that study to include the natural occurrence of
EPF species. We speculated that vegetation type will drive EPF occurrence and activity, being
especially favored in oak and pine semi-natural habitats [3,43] and that the dominant species will be
B. bassiana as shown in previous studies in Mediterranean areas [19,45]. Based on the general premise
that fungi tolerate acidic soils better than basic soils [47], we also hypothesized that non-calcareous
soils would favor the presence of EPF. Finally, we predicted that those soil properties associated with
the EPN soil food web assemblage [46] would also define the EPF community. We also expect
different methods of EPF isolation to detect different patterns of recovery occurrence, activity and
biodiversity [26]. Hence, this study aimed to explore ecological drivers of EPF species in the Algarve
and to identify abiotic factors associated with their natural occurrence, based on the results provided
by three isolation methods: untreated soil bait, pre-dried soil bait and soil dilution and culture in
selective media. Thus, the specific objectives of this study were: (1) compare the natural EPF
distribution and species composition derived from the three methods of isolation, (2) investigate the
effect habitat type and soil-ecoregion on EPF distribution and species composition and (3)
discriminate the abiotic factors that drive EPF and EPN assemblages

2. Materials and Methods

2.1. Study Area, Sampling Method and Soil Parameters

A total of 50 geographical localities distributed throughout the south coast and the interior of
Portugal in the Algarve region (Southwest of continental Europe) were surveyed during spring 2016
(Figure 1). These localities represented four of the most widespread habitats in the region driven by
the following botanical groups: oak (Quercus spp., Fagales, Fagaceae, n = 14), pine (Pinus spp. Pinales,
Pinaceae, n = 14), palmetto (Arecales, Arecaceae, n = 7) and citrus orchard (Citrus spp., Sapindales,
Rutaceae, n = 15). These localities were also assigned to one of the two typical soil-driven ecoregions
knowns as “Barrocal” (n =20) and “Serra and Littoral (n = 30), characterized as “calcareous” (alkaline
soils with low Fe content) and “non-calcareous” (lower pH and higher Fe content). Campos-Herrera
et al. [46] reported the details for geographical coordinates, localities and sampling schemes. Briefly,
we collected two composite samples per locality in an area ~0.5 ha, each comprised of 20 single soil
cores (2.5 cm @ x 20 cm depth) and store them at 4 °C in dark conditions until further processing (<5
days). Hereafter, we well mixed all the cores of each samples in the laboratory and divided them into
subsamples of 200 g of fresh soil employed for subsequent analyses. Campos-Herrera et al. [46]
reported the soil parameters (pH, electric conductivity, organic matter, macro- and micronutrient
elements and granulometry) analyzed by the Laboratdrio de Andlises Quimicas, LAQ (Universidade
do Algarve, Faro, Portugal).
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Figure 1. Distribution of the sampling sites along the Algarve region, Southern Portugal (see Campos-
Herrera et al. [46] for additional details).

2.2. Entomopathogenic Fungi Isolation

We examined the EPF occurrence in all the samples (n = 100) by using three types of soil
processing in each one to ensure a balanced analysis: (i) untreated soil, (ii) pre-dried soil and (iii) soil
dilution and culture in selective medium. Hence, from each sample, we had three type of
measurements of EPF natural occurrence. Overall, we baited the untreated and pre-dried soil samples
following Zimmerman [12] and Meyling [13] procedures. First, the untreated soil samples employed
in this study were the same as described by Campos-Herrera et al. [46], but separating the dead insect
larvae which confirmed nematode emergences from those with signs of fungal death [21,48]. Second,
the pre-dried soil samples were first lightly dried at 35 °C over a week to avoid any EPN infestation
[43], then remoistened to half field capacity with distilled water [12,13]. For both bait tests, we used
the final instar larva of G. mellonella as host, reared at Universidade do Algarve (Faro, Portugal), by
performing two independent rounds of 10 larvae each per sample. Then, we incubated them for four
days at 22-24 °C in dark conditions, inverting the containers daily to ensure the movement of the
larvae through the soil regularly. Following Quesada-Moraga et al. [43], after assessing larval
mortality, we disinfected each dead larva with 1-2% sodium hypochlorite solution for 3 minutes
(rinsing with sterile distilled water between washes) and subsequently placed them into independent
moist chambers with sterilized filter papers (RH>90%, 27 + 1 °C in dark conditions). Live larvae were
incubated in the same experimental conditions for an additional 72 h to record possible late mortality.
Werevised the insect cadavers every 2-3 days during 16-20 days for the detection of fungal mycelium
growth. Cadavers that showed abundant emerging mycelium (i.e., from intersegmental regions and
natural holes) were considered as likely infected by EPF, while the presence of little to no mycelium
on the surfaces of cadavers was associated with saprophytes and these were discarded [35].

For the third method of EPF isolation, we followed the procedure adapted by Shin et al. [23] and
Korosi et al [26]. The selective media was prepared with potato dextrose agar (PDA, Biokar, Lardero,
La Rioja, Spain) supplemented with 0.1 g/L dodine (Sigma Aldrich, San Luis, MO, USA) and 0.1 g/L
chloramphenicol (Sigma Aldrich) [23,26]. Briefly, five grams of dried soil from each subsample was
suspended in Falcon® tube with 45 mL sterile half-strength Ringer solution and 0.05% Tween 80 [49].
The soil suspension was homogenized (Vortex®, Darmstadt, Germany) for 3 min. Preliminary tests
on serial dilutions confirmed satisfactory results in terms of the facility to identify and remove
individual fungal colonies from the plates when plating 100 el of 10 ° suspension. We prepared 3
plates with selective media per sample. Thereafter, the plates were sealed with Parafilm® and
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maintained at 27 °C in the dark until fungal growth was observed (7-10 days). Finally, we estimated
the number of putative EPF colonies forming units (CFUs) and richness per plate.

A pure fungal culture was established in PDA from each cadaver with evidence of EPF growth
derived from the untreated or pre-dried soil test as well as from the CFU retrieved from the selective
media. To identify the causal agent of the death, we evaluated the pathogenicity of those pure
cultures by confirming the Koch’s postulates. We placed three last instar G. mellonella into Petri dishes
with PDA and actively growing mycelia (2 h, 27 + 1 °C in dark conditions). We prepared two plates
per isolate and another two control PDA plates for the control. Then, we placed the larvae
independently in new Petri dishes with moistened study filters to incubate them in a humid chamber
(RH>90%, 27 +1 °C in dark conditions). After three days of larvae—fungus contact, we evaluated the
larval mortality daily for a total of 8 days, processing the insect cadavers following the disinfecting
and cleaning protocol previously described for the baiting methods (adapted protocol from Cabrera-
Mora et al. [50]). During this period, larvae did not receive any supplemented food. To ensure that
the larvae were healthy, not dying because of starvation and the experimental conditions were
appropriate, we verified that the surviving larvae pupated and emerged as adults.

2.3. Fungal Identification

All fungi that confirmed Koch’s postulates were considered EPF. For their identification, we first
performed a preliminary macro-/microscopical description using taxonomic keys based on
morphologic characteristics [51-53]. Semi-permanent slide mounts of lactophenol cotton blue were
prepared and observed in the microscope. Pictures of representative species were also recorded. We
recovered the mycelium of the selected fungi for the establishment of an EPF collection and to store
at 20 °C for further molecular identification. For DNA extraction, we first mechanically
disaggregated the mycelia for 15 seconds by using a sterile blue pestle assembled to a pellet mixer
(VWR International, Lutterworth, UK). Then, we followed the maximum yield protocol of the
Speedtools tissue DNA extraction kit (Biotools, Madrid, Spain). DNA of each sample was eluted in
50 pL of Milli-Q water (Milli-Q Water Systems, Millipore S.A., Molsheim, France), analyzed for
quality and quantity (nanodrop system, Thermo Scientific 200 °C spectrophotometer) and stored at—
20 °C until subsequent analysis.

By using the universal primers ITS1 and ITS4 [54], we evaluated the ITS region (ITS1, 5.85 and
ITS2) as barcoding for the molecular identification of the selected fungi [19]. For ensuring optimal
amplification in conventional PCR, all the DNA samples were previously diluted to a range between
0.5-1 ng/uL. Each reaction was performed in a final volume of 20 uL and included 1 uL DNA
template, 200 nM dNTP mix (Promega, provided by Promega Biotech Iberica SL, Alcobendas,
Madrid, Spain), 1x PCR buffer (5x ColorlessGoTaq® Reaction buffer, Promega), 400 nM of each
primer (Biosearch Technologies, supplied by Biotools, Spain) with 0.68 U GoTaq® G2 DNA
Polymerase (Promega). Amplifications procedures were performed as described by Luo and Mitchell
[55], employing the thermocycler Biometra T gradient (Biolabs, France). Each PCR product was
verified for expected size by visualization after electrophoresis in 2% agarose gel in TAE (pH 8.3 =
0.1) (Fisher Bioreagents, Ltd., Madrid, Spain) run along the reference BenchTop 100 bp DNA ladder
(Promega). Individual bands were purified by QIAquick Gel Extraction (Qiagen®, Hilden, Germany)
and the occurrence of the expected band verified in a TAE 0.8% agarose gel. All the samples were
sequenced at Macrogen (Macrogen Europe Laboratory, Inc., Madrid, Spain). For each sample, the
sequences (forward and reverse) were assembled (Geneious, R.5.6.5., Biomatters, Inc., Auckland,
New Zealand), compared to reported sequences using Blast (http://blast.ncbinlm.nih.gov) and
submitted to Genbank.

2.4. Comparison of the Detection Methods and Identification of Ecological Drivers for the Entomopathogenic
Fungi Natural Occurrence

For each EPF isolation method, we included all fungal isolates that confirmed Koch’s postulates
for the estimation of the frequency of occurrence (positive sites per total sites, expressed as
percentage). For the insect baits methods, we also analyzed the larval mortality percentage. After
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examining for possible correlations (Pearson test) among the results obtained by different methods,
we analyzed whether these variables were statistically significant among those methodologies by
using one-way ANOVA and Tukey’s HSD test (p < 0.05) performed with SPSS 25.0 (SPSS Statistics,
SPSS, Inc., Chicago, IL, USA). We also estimate the percentage of total EPF occurrence by combining
the data obtained for all three EPF isolation methods [19,26,49]. For this combined data, we counted
a site as positive for the EPF detection independently that resulted positive in one, two or the three
methods and if one or more species were detected. Moreover, to provide additional data on the
virulence of the isolates, we calculated the average time the isolates derived from each detection
method took to kill the larvae in Koch’s postulate tests for all isolation methods. We visualized in
maps the regional data derived from (i) the EPF occurrence values depending on the isolation
method, (ii) the total EPF presence/absence and (iii) species isolated per site by using the SPSS
statistical package for Windows V19 and ArcGis 10.

Additionally, we analyzed the impact of the botanical habitats (oak, pine, palmetto and citrus
grove) and soil-ecoregions (calcareous and non-calcareous) on the percentages of EPF occurrence and
compared the results obtained among the three isolation methods. We assessed significant
differences among habitat types or ecoregions, as well as among the isolation method by using one-
way ANOVA and Tukey’s HSD test and t-test (p < 0.05) performed with SPSS 25.0. Before statistical
analysis, all the variables were arcsine transformed. We used least-square means + S.E. as descriptive
statistics.

2.5. Relationships of Entomopathogenic Fungi within Abiotic Factors and Multivariate Analysis of the
Entomopathogen Community Assemblage

First, we established the range of the abiotic variables for the natural occurrence of each EPF
species identified in this survey. Then, multivariate analyses of the selected entomopathogen
organisms and environmental factors were performed using CANOCO 5 [56,57]. We employed the
eight abiotic variables selected by Campos-Herrera et al. [46] to avoid strong co-linearity: elevation
and the soil properties of pH and clay, OM, P, Mg, Zn and Fe content, to be included as explanatory
(predictors) variables in CANOCO. For the dependent (response) variables, we selected target species
that were present in at least 10% of the field sites [58]. We explored the assemblage of two kinds of
soil entomopathogen organisms: fungi and nematodes. We retrieved the EPN inputs from the dataset
presented by Campos-Herrera et al. [46], while for EPF we used the total occurrence (the combination
of the numbers obtained for the three methods) of each fungal species. Prior to analysis, both biotic
and abiotic variables were standardized by dividing by the highest values, ranking all values 0-1
[59]. As described by Campos-Herrera et al. [46], Detrended Canonical Correspondence Analysis
(DCCA) was used to estimate the length of the system, selecting a Canonical Correspondence
Analysis (CCA, constrained axes) when heterogeneous communities were detected [56]. We used the
CCA (interspecies correlations) with Monte Carlo permutation (1 = 499) and automatic forward
selection for the assignment of significant environmental variables, using the p-values derived from
the forward selection. The graphical results of the CCA were presented with bi-plot scaling
(CANOCO5).

3. Results

3.1. Distribution of Entomopathogenic Fungi across the Algarve Region: Comparison of Three Methods of
Isolation

The EPF occurrence detected by the selective medium method were significantly higher than
those reported through bait methods (F2147 = 4.70, p = 0.011; Figure 2A). The average larval mortality
percentage detected by the untreated soil bait was 0.9% =+ 0.26 and by the pre-dried 1.6% + 0.70 and
differences between methods were not significant. The isolates cultured in PDA and derived from
the untreated soil method resulted in a significantly longer time to kill G. mellonella larvae than those
from the pre-dried soil bait and selective medium (F274 = 6.44, p = 0.003; Figure 2B). The results for the
isolation methods were not significantly correlated, neither the EPF occurrence (the three methods)
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nor the larval mortality (only the two bait methods) (Supplementary material, Table S1). In addition,
we found certain geographical differences for the EPF detection efficiency among isolation methods,
as shown by the almost exclusive EPF detection in the eastern areas of the Algarve region by the
selective medium method (Figure 3A).

Overall, 68% of the sites, widespread all along the sampling area, were positive for the
occurrence of any EPF species (Figure 2A, Figure 3B). Five fungal species that confirmed Koch's
postulates were identified by morphologic and molecular identifications (Table 1). The species
Beauveria bassiana and Fusarium solani were the most prevalent (Table 1) and widely distributed EPF
(Figure 3C), detected in 34% and 26% of the sites, respectively. The distribution of F. oxysporum,
present in 14% of the sites (Table 1), was mainly restricted to the central area of the Algarve region
(Figure 3C). All the isolation methods identified those three abundant fungal species (Table 1; Figure
2A) with similar efficiency of recovery (Supplementary material, Table S2). Conversely,
Purpureocillium lilacinum was reported only in four sites (none in untreated soil baits), mainly located
in the northwest of the Algarve (Figure 3C) and its detection slightly differed among methods (Table
S2). Finally, we detected the species Metarhizium anisopliae in just one site using the pre-dried soil
(Table 1, Figure 3C). In summary, the pattern of EPF occurrence by species was different among
methods (Figure 2A). We detected all five EPF species only through pre-dried soil baits, but only
three species in untreated soil baits. Accordingly, the method of isolation, F. oxysporum was the
dominant species in untreated soil baits, while B. bassiana resulted the dominant in pre-dried soil
baits and selective media method (Figure 2B).
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Figure 2. Entomopathogenic fungi (EPF) recorded by using three isolation methods and total EPF
recovery (data from all methods combined) (A) Recovery frequency in the overall survey. EPF species
averages are proportionally represented in pies; (B) number of days to kill Galleria mellonella larvae
by the isolates derived from each of the isolation methods. Data derived from pure cultures in PDA
and evaluated by Koch’s postulates test. Different letters indicate significant differences (p < 0.05) in
Tukey’s test (HSD). Values are least-square means + SE.
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Table 1. Summary of soil properties and general characteristics associated with entomopathogenic fungi (that confirmed Koch’s postulates) isolated in the Algarve

(Portugal).
Entomopathogenic fungi species

Variables for characterization = Beauveria bassiana Fusarium solani Fusarium oxysporum Purpureocillium lilacinum  Metarhizium anisopliae
General characteristics

Isolation method U,D,S U,D,S U,D,S D,S D

No. positive sites 17 (34%) 13 (26%) 7 (14%) 4 (8%) 1 (2%)

GenBank accession number ~ MN808334 MN808329, MN808331 MN808330, MN808332 MN808335 MN808333
General properties

Habitat type oak, pine, palmetto, citrus  oak, pine, palmetto, citrus  oak, pine, citrus oak, pine oak

. calcareous, calcareous,
Ecoregion calcareous, non-calcareous non-calcareous non-calcareous
non-calcareous non-calcareous

Altitude (m ASL) 23-527 9-500 4-527 99-215 99

pH 5.0-8.1 4.9-8.1 5.1-8.0 5.1-6.1 6.1

CE (oS/cm) 65-523 82-430 65-402 66-374 374

SOM (%) 1.6-11.1 2.3-17.6 1.8-10.8 3.8-10.8 10.8

Sand (%) 25-87 25-80 25-80 26-47 33

Silt (%) 10-44 7-49 15-39 31-43 39

Clay (%) 3-48 3-37 5-39 18-35 28
Soil fertility

P (mgkg™) 0.02-47.5 0.17-49.1 0.02-25.2 0.02-3.9 0.01

K (mgkg™) 23-110 25-165 25-141 25-127 127

Mg (mg-kg™) 49-1160 4-1068 49-746 220-646 646

Ca (mgkg™) 529-3867 545-4851 542-2589 584-1510 1510

Zn (mg-kg™) 0.04-7.22 0.03-9.60 0.06-4.73 0.90-3.10 3.11

Mn (mg-kg™) 7.7-34.6 2.7-35.0 11.5-34.6 33.5-34.6 34.6

Fe (mg-kg™) 3.8-76.7 0.9-67.9 3.3-62.1 40.3-73.7 40.3

Cu (mg-kg™) 0.01-4.97 0.02-8.13 0.01-2.75 0.5-1.6 1.40

2 Method of isolation code: U—untreated soil; D—pre-dried soil; S—soil dilution and plating in selective medium. ® Representative isolates deposited in the UAlg
and ICVV collections.
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3.2. Impact of Ecological Drivers on Entomopathogenic Fungi Natural Occurrence

We obtained similar ecological trends independently of the EPF isolation method employed,
except for higher EPF occurrence using untreated soil baits in non-calcareous soils (Figure 4B;
Supplementary material, Table S3). EPF occurrence was also similar for all isolation methodologies
except in calcareous soils, where the EPF recovery was significantly higher using the selective
medium method (Figure 4B; Supplementary material, Table S4). Larval mortality percentage was not
significantly different between soil bait methods regardless of botanical group or ecoregion. The
number of colonies and richness per sample observed by the selective medium method did not differ
among habitat types or ecoregions. We found the species B. bassiana and F. oxysporum in similar
percentages (Table S2) in all botanical groups and both soil ecoregions (Supplementary material,
Figure S1). Only P. lilacinus showed higher recoveries in non-calcareous soils than in calcareous
(Figure S1; Table S2), while M. anisopliae was only detected once, in the semi-natural oak habitat of
non-calcareous soils.
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Figure 4. Comparison of entomopathogenic fungi (EPF) recovery frequency using different isolation
methods depending on two ecological drivers (A) botanical habitats; (B) soil ecoregion. Asterisks
indicate significant differences within treatment comparisons at ** p < 0.01, *p < 0.1 and n.s., not
significant. Different letters indicate significant differences in Tukey’s test (HSD) (p < 0.05). Values are
least-square means + SE.

3.3. Abiotic Ranges for the Occurrence of Entomopathogenic Fungi and Patterns of Assemblage into Selected
Members of the Entomopathogenic Community

Overall, EPF occurred broadly among all the soil fertility parameters (Table 1). The three most
abundant fungal species, B. bassiana, F. solani and F. oxysporum were detected in all botanical groups
(except F. oxysporium not encountered in palmetto habitats) and both soil ecoregions, from sea level
up to 500 m ASL and for wide ranges of soil pH and granulometry. The species P. lilacinus, only
reported in 8% of the sites, was present in oak and pine habitats and non-calcareous soils, with
loam/clay loam texture, lightly acidic soils and high SOM and Fe content. The only positive site for
M. anisopliae was located in the west of the Algarve region at high altitude (around 100 m ASL), in
oak habitat and non-calcareous soils with clay loam texture, lightly acidic soils and high SOM and Fe
content.

We selected eight abiotic factors (elevation, soil pH and clay, SOM, P, Mg, Zn and Fe content) as
explanatory variables (see Campos-Herrera et al., [46] for more details) in the multivariate analysis
of the soil entomopathogen species present in at least 10% of the sites (three EPF and two EPNs). CCA
was conducted since DCCA maximum length was 4.1. The first two axes accounted for 95.6% of the
explained fitted variation in species-environment relationships (Figure 5). The explanatory variables
SOM and soil pH significantly contributed to explaining the biotic assemblage (p < 0.05), defining
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mainly the axis 2, while Mg content marginally contributed (p = 0.07) and slightly defined axes 1.
Overall, the EPF species were more associated with the axis 1, with B. bassiana and F. oxysporum
defined by high Mg concentrations and hence, associated with calcareous soils, but F. solani showing
the opposite association. By contrast, the contrary, the EPN species were more associated with axis 2:
H. bacteriophora with high soil pH and S. feltiae with high SOM.
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Figure 5. Canonical correspondence analysis depicting the regional distribution and relationships
between significant abiotic factors and soil organisms (p < 0.05 in red and p < 0.1 in orange) in the
Algarve region. Codes for abiotic factors (arrows): soil organic matter (SOM), soil pH (pH) and Mg
content (Mg). Codes for biotic factors (triangles): the entomopathogenic fungi species (brown
triangles) Beauveria bassiana (Bbss), Fusarium solani (Fsol) and F. oxysporum (Foxy); and the
entomopathogenic nematodes (blue triangles) Heterorhabditis bacteriophora (Hb) and Steinernema feltiae
(Sf).

4. Discussion

4.1. Distribution of Entomopathogenic Fungi across the Algarve Region and Comparison of Three Isolation
Methods

Overall, 68% of the sites were positive for the presence of EPF species in the Algarve region.
Previous surveys found similar percentages, for example, 52% in the Pacific Northwest [60] and 72%
in Spain [43]. However, EPF occurrence was quite variable in other studies, with only 20-30% of
detections reported in the UK, Mexico, Turkey and Tasmania [16,61-63] or over 90% in Ontario
(Canada) and Switzerland [2,64]. Those frequencies are difficult to compare due to the lack of
methodological uniformity among surveys. Not all the studies made the same effort in recovering
the fungi. While Quesada-Moraga et al. [43] baited 50 G. mellonella larvae per site in five independent
soil subsamples, Chandler et al. [62] employed just one larva per sample. In our study, by using three
different EPF isolation methods and employing 20 G. mellonella larvae per sample in two independent
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baiting rounds, we increased the likelihood of recovering different entomopathogens [65], including
those of distinct guilds (EPF and EPNs) in the same sample [46]. Similarly, it is possible that
increasing the size of the samples and the number of samples per site and repeating the study at
various times [3], we could have detected a higher incidence of EPF in the Algarve region. However,
we collected all samples in springtime, which may be the most favorable season for surveying EPF
in Mediterranean habitats [44,45] and hence, the overall picture of their natural occurrence can be
detected. In any case, further studies including other habitat types and seasonal pattern can provide
new insights on the EPF natural distribution in Algarve and other Mediterranean areas.

As we hypothesized, we observed different patterns of EPF occurrence by using different
isolation methods, particularly between insect baits and the selective medium methodology.
Although the serial soil dilutions plating on selective media is considered a quantitative method and
insect baits provide semi-quantitative data [36], we analyzed variables that allowed comparisons
among the three methodologies. Although selective media recover pathogenic and saprophytic
phases of EPF [13], we resolved this methodological restriction by confirming the pathogenic
capability of the isolates via Koch’s postulates. Two independent rounds in soil baits allowed the
isolation of EPF that remained inactive in the first round, as recommended for retrieving inactive
EPNs5s [65]. Despite these protocols, the EPF occurrence and larval mortality detected by both soil baits
were significantly lower than found using selective media. Especially low EPF occurrence and
pathogenicity rates occurred using untreated soil baits, suggesting that antagonism or competition
with other entomopathogens such as EPNs could interfere with efficient EPF isolation compared with
pre-dried baits [46]. Additionally, the incubation of the soil bait samples at different temperatures
could increase the recovery of different EPF species and provide differential patterns of distribution
[66]. In any case, no correlations among methodologies were established for any of the variables
studied (as observed by Kessler et al. [67]), suggesting that each method may be detecting EPF in
different active stages [36]. Consequently, the combined results of all methodologies likely provided
a more realistic distribution of EPF in the Algarve region [26].

4.2. Entomopathogenic Fungi Species Composition and the Ecological Drivers of their Natural Occurrence

Our detection of five EPF species is similar to previous studies: four in Spain [35], six in Turkey
[63] and in Egypt [68] and seven in Denmark [3]. However, some studies also reported a higher or
lower number of isolates, such as 8 species in olive groves in Portugal [44], 9 in agricultural areas in
Spain [45], 12 in Portuguese vineyard soils [19] or the only two species (B. bassiana and M. anisopliae)
in Spain and Mexico [16,43], respectively. It is noteworthy that Campos-Herrera et al. [46] employed
the same untreated soil samples for evaluating the presence of EPNs, so the higher abundance of F.
solani found through this particular methodology may be related to its interaction with EPNs. For
example, Wu et al. [69] observed that F. solani increased the efficacy of the EPN species Steinernema
diaprepesi. Our observations could support the hypothesis that both entomopathogenic organisms
cooperate in a mutual strategy for the control of insect pests, but additional studies are needed for
confirmation. Finally, P. lilacinum was the only EPF species that showed significant differences among
isolation methodologies, being favored by the selective medium method. These results highlight the
necessity of using various isolation methods to unravel as much as possible the presence of different
EPF species in soil communities.

In agreement with previous surveys conducted in the Iberian Peninsula [19,35,43-45], B. bassiana,
identified in 34% of the sites, was the prevalent EPF species in Algarve’s soils. The following two
most common fungal species were F. solani and F. oxysporum, present in 26% and 14% of the sites,
respectively. In addition, the species P. lilacinum and M. anisopliae, isolated just in a few sites, were
previously detected in low numbers in the Iberian Peninsula [44,45]. The EPF species B. bassiana,
widespread in soils, is commonly used in commercial products [1]. Sharma et al. [19] also describe a
P. lilacinum strain isolated from soils of Northern Portugal as an entomopathogen. Although F. solani
and F. oxysporium are not frequently reported as entomopathogen organisms, there are some
exceptions, such as the isolates from Egyptian soils of both fungal species described by El-Ghany et
al. [68] using G. mellonella as bait. In addition, Wu et al. [69] isolated F. solani in Diaprepes abbreviatus
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(Coleoptera: Curculionidae) soil bait. Moreover, a recent review by Sharma and Marques [70]
disentangled the complex nature of various Fusarium spp., observing opportunistic, saprobic and
entomopathogenic behaviors. Indeed, F. oxysporum and F. solani are suggested to have insecticidal
properties and the ability to develop inside hosts [70].

Concerning the ecological drivers and contrary to our hypothesis, botanical habitats did not
affect EPF occurrences nor larval mortalities in soils of the Algarve region. Previous studies obtained
contrasting results. Quesada-Moraga et al. [43], in agreement with our observations, did not find
significant differences among habitats (natural versus agricultural) for the overall EPF presence, but
observed species-specific habitat preferences. On the contrary, Sanchez-Pefia et al. [16] observed
overall higher EPF occurrence in oak areas (51% of the sites) than other botanical habitats (less than
18% of the sites in pine, chaparral and agricultural areas). The high number of soil samples (280)
analyzed by Sanchez-Pefa et al. [16] may have favored the observation of statistical significance.
Since fungi generally tolerate acidic soils better than basic soils [47], we expected higher EPF
detections in the non-calcareous region. Indeed, the three predominant EPF species in the Algarve
(B. bassiana, F. solani and, F. oxysporum) were retrieved in soils ranging from pH 5 to 8, but for the total
fungal species isolated through all methodologies, this general trend was not supported. Optimal
growth ranges may be relevant in determining the predominance of some species over others [43].
Providing information on optimal ranges for EPF occurrences could improve predictive models
useful in biologic control strategies.

4.3. Entomopathogenic Fungi Assemblage Patterns

Many environmental factors can affect the EPF natural occurrence. Besides temperature and
humidity, key factors for the EPF reproduction and activity [36], soil properties that provide the
microhabitat conditions associated with the EPF are very important. Several authors have discussed
how soil properties can affect the EPF natural occurrence [21,36,43,71,72]. The soil pH and soil organic
matter content were the two soil properties that mainly explained the variability of the EPF and EPN
species included in our multivariate linkages. These two variables were also reported as relevant
factors in previous studies of similar nature [43,46,71,72]. The typical consideration that fungus
tolerate acidic soils better than basic soils [47], was also shown to some extend with the EPF detected
in Algarve. Despite some exceptions to the most detected species: B. bassiana, F. solani and F.
oxysporum, results in line with the ecoregion pattern commented before, the multivariate analysis
showed that the EPF species were mainly distributed in areas with acidic pH. However, previous
studies in the Iberian Peninsula showed a higher detection in basic soils [43]. However, the fact that
in this study the most prevalent species were B. bassiana, F. solani and F. oxysporum can explain the
differences observed in the preferred pH recorded by Quesada-Moraga et al. [43], where only B.
bassiana and M. anisoplize were recorded. In addition, low soil organic matter content is often
associated with higher EPF occurrence [43,72]. It is noteworthy that different EPF and EPN assembled
differentially, occupying different quadrants in the CCA analysis. Thus, while the EPF species B.
bassiana and F. oxysporum were slightly linked to calcareous soils, F. solani was more associated with
non-calcareous soils. Finally, EPNs followed a similar pattern that was observed by Campos-Herrera
et al. [46] when other soil organisms, excluding EPF, were included in their CCA analyses.

5. Conclusions

This study expands the understanding of EPF natural distribution and increases the number of
EPF species previously described in the Iberian Peninsula [19,35,43-45]. It also explores the ecological
drivers that could modulate their occurrence in the Algarve region. The study provides a more
comprehensive characterization of the EPF occurrence by using three different isolation
methodologies, combining traditional and molecular tools for species identification. Moreover, the
description of the EPF/EPN community assemblage by the soil properties provides new insights on
shared niches among different guilds. Under a restrictive and prohibitive context of many
agrochemical products, identifying the best ecological scenarios for the mutual use of different
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beneficial soil organisms [73,74], promoting cooperation and avoiding competition for hosts [11], will
provide more effective bio-tools that can contribute to a more sustainable agriculture.

Supplementary Materials: The following are available online at www.mdpi.com/2075-4450/11/6/352/s11, Figure
S1. Comparison of entomopathogenic fungi (EPF) recovery frequency by species depending on two ecological
drivers. A. Botanical habitats. B. Soil ecoregion. Different letters indicate significant differences in T-test (p <
0.05). Values are least-square means + SE, Table S1. Pearson correlations (p < 0.05) to compare the recovery
occurrence and larval mortality percentages among different isolation methods of entomopathogenic fungi
(EPF); n.s., no significant, Table S2. Statistical analysis (One-way ANOVA and T-test) for the occurrence of fungal
that confirmed Koch's postulates accordingly the variables isolation method, vegetation type, and soil eco-
region, Table S3. Statistical analysis (One-way ANOVA and T-test) of the impact of the variables vegetation type
or soil ecoregion on the occurrence of entomopathogenic fungi (EPF) and larval mortality recorded for each of
EPF isolation method, Table S4. Statistical analysis (One-way ANOVA) of the efficiency among isolation
methods for the occurrence of entomopathogenic fungi (EPF) and larval mortality recoveries efficacy depending
on the factors vegetation type or ecoregion.

Author Contributions: Conceptualization, F.A.B.-P., R.B.-P. and R.C.-H.; methodology, F.A.B.-P., R.B.-P. and
LV.-D.; Analysis, Investigation and Data Curation: F.A.B.-P., R.B.-P., ].A.R. M. and R.C.-H.; resources, L.D. and
R.C.-H.; writing —original draft preparation and Visualization, F.A.B.-P. and R.C.-H.; writing —review & editing,
F.AB.-P.,, RB.-P,, L.V.-D,, JA.RM.,, L.D. and R.C.-H,; funding acquisition and Administration, L.D. and R.C.-H.
All authors have read and agreed to the published version of the manuscript.

Funding: The Government of Portugal, thanks to the “Starting Grant” associate funds (Grant Number
IF/00552/2014/CP1234/CT0007), supported this work. R.C.-H. was awarded an Investigator Program contract
(Grant Number IF/00552/2014) and currently is supported by the Ramoén y Cajal Program (Spanish Government,
RYC-2016-19939). R.B.-P. and F.A.B.-P. were financed by the scientific assistantship fellowships associated with
the grant IF/00552/2014/CP1234/CT0007 (BI calls UAlg-2016/004 and UAlg-2016/003, respectively). R.B.-P. is
currently supported by the Department of Economic Development and Innovation of the Government of La
Rioja (Spain) with a pre-doctoral contract (CAR-2018). I.V.-D. is currently supported by an ADER postgraduate
grant (Government of La Rioja, Spain). The data presented are part of the PhD dissertation from F.A.B.-P.

Acknowledgments: The authors thank all citrus growers from the Algarve region for kindly allowing us to
sample their fields. We also thank Carlos Guerrero (Universidade do Algarve) and Luis Neto (Universidade do
Algarve) for sharing their installations for the soil sample processing and the G. mellonella rearing, respectively.
We appreciate Larry W. Duncan (University of Florida) for his English improvement and comments in the early
version of this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lacey, L.A.; Grzywacz, D.; Shapiro-Ilan, D.I.; Frutos, R., Brownbridge, M.; Goettel, M.S. Insect pathogens
as biological control agents: Back to the future. J. Invertebr. Pathol. 2015, 132, doi:10.1016/j.jip.2015.07.009.

2. Bidochka, M.J.; Kasperski, J.E.; Wild, G.A.M. Occurrence of the entomopathogenic fungi Metarhizium
anisopliae and Beauveria bassiana in soils from temperate and near-northern habitats. Can. J. Bot. 1998, 76,
1198-1204.

3. Meyling, N.V,; Eilenberg, J. Occurrence and distribution of soil borne entomopathogenic fungi within a
single organic agroecosystem. Agric. Ecosyst. Environ. 2006, 113, 336-341.

4. McGuire, A.M.; Northfield, T.D. Tropical Occurrence and Agricultural Importance of Beauveria bassiana and
Metarhizium anisopliae. Front. Sustain. Food Syst. 2020, 4, doi:10.3389/fsufs.2020.00006.

5. Charnley, A.K; Collins, S.A. Entomopathogenic fungi and their role in pest control. In Environmental and
Microbial Relationships, 2nd ed.; Kubicek, C.P., Druzhinina, 1.S., Eds.; The Mycota IV; Springer-Verlag:
Berlin/Heidelberg, Germany, 2007; pp. 159-187.

6.  Oreste, M.; Bubici, G.; Poliseno, M.; Triggiani, O.; Tarasco, E. Pathogenicity of Beauveria bassiana (Bals.-
Criv.) Vuill. and Metarhizium anisopliae (Metschn.) sorokin against Galleria mellonella L. and Tenebrio molitor
L. in laboratory assays. REDIA ]. Zool. 2012, 95, 43-48.

7. Altinok, H.H.; Altinok, M.A.; Koca, A.S. Modes of Action of Entomopathogenic Fungi. Curr. Trends Nat.
Sci. 2019, 8, 117-124.



Insects 2020, 11, 352 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Strasser, H.; Abendstein, D.; Stuppner, H.; Butt, T.M. Monitoring the distribution of secondary metabolites
produced by the entomogenous fungus Beauveria brongniartii with particular reference to oosporein. Mycol.
Res. 2000, 104, 1227-1233.

Donatti, A.C.; Furlaneto-Maia, L.; Fungaro, M.H.; Furlaneto, M.C. Production and regulation of cuticle-
degrading proteases from Beauveria bassiana in the presence of Rhammatocerus schistocercoides cuticle. Cur.
Microbiol. 2008, 56, 256-260.

Vega, F.E; Dowd, P.F,; Lacey, L.A,; Pell, ].K; Jackson, D.M.; Klein, M.G. Dissemination of beneficial
microbial agents by insects. In Field Manual of Techniques in Invertebrate Pathology; Lacey, L.A., Kaya, HK,,
Eds.; Academic Press: Dordrecht, The Netherland, 2007; pp. 153-177.

Bueno-Pallero, F.A.; Blanco-Pérez, R.; Dionisio, L.; Campos-Herrera, R. Simultaneous exposure of
nematophagous fungi, entomopathogenic nematodes and entomopathogenic fungi can modulate
belowground insect pest control. . Invertebr. Pathol. 2018, 154, 85-94.

Zimmerman, G. The Galleria bait method for detection of entomopathogenic fungi in soil. . Appl. Entomol.
1986, 102, 213-215.

Meyling, N.V. Methods for isolation of entomopathogenic fungi from the soil environment. Man. Isol. Soil
Borne Entomopathog. Fungi. 2007, 1-18. Available online: www.orgprints.org/11200 (accessed on 17
December 2019).

Uzman, D,; Pliester, J.; Leyer, I; Entling, M.H.; Reineke, A. Drivers of entomopathogenic fungi presence in
organic and conventional vineyard soils. Appl. Soil Ecol. 2018, 133, 89-97.

Goble, T.A. Investigation of entomopathogenic fungi for control of false codling moth, Thaumatotibia
leucotrata, Mediterranean fruit fly, Ceratitis capitata and Natal fruit fly, C. rosa in South African citrus. 2010.
Master’s Thesis. Rhodes University, Grahamstown, South Africa. Available online: http://hdl.han-
dle.net/10962/d1005409 (accessed on 16 May 2013).

Sanchez-Pefia, S.R.,; San-Juan Lara, ], Medina, R.F. Occurrence of entomopathogenic fungi from
agricultural and natural ecosystems in Saltillo, México, and their virulence towards thrips and whiteflies.
J. Insect Sci. 2011, 11, 1, d0i:10.1673/031.011.0101.

Meyling, N.V.; Schmidt, N.M.; Eilenberg, J. Occurrence and diversity of fungal entomopathogens in soils
of low and high Arctic Greenland. Polar Biol. 2012, 35, 1439-1445, doi:10.1007/s00300-012-1183-6.
Steinwender, B.M.; Enkerli, J.; Widmer, F.; Eilenberg, J.; Thorup-Kristensen, K.; Meyling, N.V. Molecular
diversity of the entomopathogenic fungal Metarhizium community within an agroecosystem. J. Invertebr.
Pathol. 2014, 123, 6-12.

Sharma, L.; Oliveira, I; Torres, L.; Marques, G. Entomopathogenic fungi in Portuguese vineyards soils:
Suggesting a ‘Galleria-Tenebrio-bait method’ as bait insects Galleria and Tenebrio significantly underestimate
the respective recoveries of Metarhizium (robertsii) and Beauveria (bassiana). MycoKeys 2018, 38, 1-23,
doi:10.3897/mycokeys.38.26790.

Meyling, N.V.; Eilenberg, J. Ecology of the entomopathogenic fungi Beauveria bassiana and Metarhizium
anisopliae in temperate agroecosystems: Potential for conservation biological control. Biol. Control 2007, 43,
145-155.

Campos-Herrera, R.; Lacey, L. Methods for studying the ecology of invertebrate diseases and pathogen. In
Ecology of Invertebrate Diseases; Hajek, A.E., Shapiro-Ilan, D., Eds.; Wiley: Hoboken, NJ, USA, 2018; pp. 19-
48.

Fernandes, E.K.K,; Keyser, C.A.; Rangel, D.E.N.; Foster, R.N.; Roberts, D.W. CTC medium: A novel dodine-
free selective medium for isolating entomopathogenic fungi, especially Metarhizium acridum, from soil.
Biol. Control 2010, 54, 197-205.

Shin, T.Y.; Choi, J.B.; Bae, SM.; Koo, HM.; Woo, S.D. Study on selective media for isolation of
entomopathogenic fungi. Int. ]. Indust. Entomol. 2010, 20, 7-12.

Inglis, G.D.; Enkerli, ].; Goettel, M.S. Laboratory techniques used for entomopathogenic fungi: Hypocreales,
In Manual of Techniques in Invertebrate Pathology, 2nd ed.; Lacey, L.A., Ed.; Academic Press/Elsevier: San
Diego, CA, USA, 2012; pp. 285-253.

Shapiro-Ilan, D.I; Gardner, W.A.; Wells, L.; Wood, B.W. Cumulative impact of a clover cover crop on the
persistence and efficacy of Beauveria bassiana in suppressing the pecan weevil (Coleoptera: Curculionidae).
Environ. Entomol. 2012, 41, 298-307.



Insects 2020, 11, 352 16 of 18

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

Korosi, G.,A.; Wilson, B.A.L.; Powell, K.S.; Ash, GJ.; Reineke, A.; Savocchia, S. Occurrence and diversity of
entomopathogenic fungi (Beauveria spp. and Metarhizium spp.) in Australian vineyard soils. J. Invertebr.
Pathol. 2019, 164, 69-77.

Hibbett, D.S.; Binder, M.; Bishoff, ].F.; Blackwell, M.; Cannon, P.F.; Eriksson, O.E.; Huhndorf, S.; James, T.;
Kirk, P.M.; Lucking, R.; et al. A higher-level phylogenetic classification of the Fungi. Mycol. Res. 2007, 111,
509-547.

Schneider, S.; Rehner, S.A.; Widmer, F.; Enkerli, J. A PCR-based tool for cultivation-independent detection
and quantification of Metarhizium clade 1. J. Invertebr. Pathol. 2011, 108, 106-114.

Inglis, G.D.; Goettel, M.S.; Butt, T.M.; Strasser, H. Use of hyphomycetous fungi for managing insect pests.
In Fungi as Biocontrol Agents; Progress, Problems and Potential; Butt, T.M., Jackson, C., Magan, N., Eds,;
CABI Publishing: Wallingford, UK, 2001; pp. 23-69.

Hajek, A.E.; St. Leger, R.J. Interactions between fungal pathogens and insect hosts. Ann. Rev. Entomol. 1994,
39,293-322.

McLaughlin, D.J.; Hibbett, D.S.; Lutzoni, F.; Spatafora, ].W.; Vilgalys, R. The search for the fungal tree of
life. Evol. Microbiol. 2009, 17, 488-497.

Wall, D. Soil Ecology and Ecosystem Services; Oxford University Press: Oxford, UK, 2012; p. 406.

Jeffs, L.B.; Khachatourians, G.G. Toxic properties of Beauveria pigments on erythrocyte membranes. Toxicon
1997, 35, 1351-1356.

Jaronski, S.T. Ecological factors in the inundative use of fungal Entomopathogens. BioControl 2010, 55, 159—
185.

Asensio, L.; Carbonell, T.; Lopez-Jiméwnez, J.A.; Lopez-Llorca, L.V. Entomopathogenic fungi in soils from
Alicante province. Span. ]. Agric. Res. 2003, 3, 37-45.

Jaronski, S.T. Soil ecology of the entomopathogenic ascomyecetes: A critical examination of what we (think)
we know. In Use of Entomopathogenic Fungi in Biological Pest Management, Research Signpost: Trivandrum,
Kerala India, 2007; pp. 91-144.

Eilenberg, J.; Hokkanen, H.M.T. An Ecological and Societal Approach to Biological Control, Degeneration
of Entomogenous Fungi, Progress in Biological Control; Springer: Dordrecht, The Netherlands, 2006.
Thiele-Bruhn, S.; Bloem, J.; de Vries, F.T.; Kalbitz, K.; Wagg, C. Linking soil biodiversity and agricultural
soil management. Curr. Opin. Environ. Sustain. 2012, 4, 523-528.

Shapiro-Ilan, D.A.; Jackson, J.; Reilly, C.C.; Hotchkiss, M.W. Effects of combining an entomopathogenic
fungi or bacterium with entomopathogenic nematodes on mortality of Curculio caryae (Coleoptera:
Curculionidae). Biol. Control 2004, 30, 119-126.

Jabbour, R.; Crowder, D.W.; Aultman, E.A.; Snyder, W.E. Entomopathogen biodiversity increases host
mortality. Biol. Control 2011, 59, 277-283.

Hajek, A.E.; Meyling, N.V. Fungi. In Ecology of Invertebrate Diseases; Hajek, A.E., Ed.; John Wiley & Sons,
Ltd.: Chichester, UK, 2018; pp. 327-377.

Shapiro-Ilan, D.; Brown, I. Earthworms as phoretic hosts for Steinernema carpocapsae and Beauveria bassiana:
Implications for enhanced biological control. Biol. Control 2013, 66, 41-48.

Quesada-Moraga, E.; Navas-Cortes, ].A.; Maranhao, E.A.; Ortiz-Urquiza, A.; Santiago-Alvarez, C. Factors
affecting the occurrence and distribution of entomopathogenic fungi in natural and cultivated soils. Mycol.
Res. 2007, 111, 947-966.

Oliveira, L; Pereira, J.A.; Quesada-Moraga, E.; Lino-Neto, T.; Bento, A.; Baptista, P. Effect of soil tillage on
natural occurrence of fungal entomopathogens associated to Prays oleae Bern. Sci. Horticul. 2013, 159, 190
196.

Garrido-Jurado, I; Fernandez-Bravo, M.; Campos, C.; Quesada-Moraga, E. Diversity of entomopathogenic
Hypocreales in soil and phylloplanes of five Mediterranean cropping systems. J. Invertebr. Pathol. 2015, 130,
97-106.

Campos-Herrera, R.; Blanco-Pérez, R.; Bueno-Pallero, F.A.; Duarte, A.; Nolasco, G.; Sommer, R]J.;
Rodriguez Martin, J.A. Vegetation drives assemblages of entomopathogenic nematodes and other soil
organisms: Evidence from the Algarve, Portugal. Soil Biol. Biochem. 2019, 128, 150-163.

Foth, H.D. Fundamentals of Soil Science; John Wiley & Sons: London, UK, 1984.

Shapiro-Ilan, D.I.; Gardner, W.A.; Fuxa, ].R.; Wood, B.W.; Nguyen, K.B.; Adams, B.].; Humber, R.A.; Hall,
M.]. Survey of entomopathogenic nematodes and fungi endemic to pecan orchards of the Southeastern



Insects 2020, 11, 352 17 of 18

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

United States and their virulence to the Pecan Weevil (Coleoptera: Curculionidae). Environ. Entomol. 2003,
32, 187-195.

Klingen, I.; Meadow, R.; Aandal, T. Mortality of Delia floralis, Galleria mellonella and Mamestra brassicae
treated with insect pathogenic hyphomycetous fungi. J. Appl. Entomol. 2002, 126, 231-237.

Cabrera-Mora, J.A.; Guzman-Franco, A.W.; Santillan-Galicia, M.T.; Tamayo-Mejia, F. Niche separation of
species of entomopathogenic fungi within the genera Metarhizium and Beauveria in different cropping
systems in Mexico. Fungal Ecol. 2019, 39, 349-355.

Barnett, L.; Hunter, B.B. Illlustrated Genera of Imperfect Fungi, 4th ed.; MacMillan Publishing: New York, NY,
USA, 1987; p. 218.

Humber, R.A. Fungi: Identification. In Manual of Techniques in Insect Pathology; Lacey, L.A., Ed.; Academic
Press: San Diego, CA, USA, 1997; pp. 153-185.

Humber, R.A. Entomopathogenic Fungal Identification; US Plant, Soil & Nutrition Laboratory: New York, NY,
USA, 2005.

White, G.F. A method for obtaining infective nematode larvae from cultures. Science 1927, 66, 302-303.
Luo, G.; Mitchell, T.G. Rapid identification of pathogenic fungi directly from cultures by using multiplex
PCR. ]. Clin. Microbiol. 2002, 40, 2860-2865.

Ter Braak, C.J.F. Biometris e Quantitative Methods in the Life and Earth Sciences; Plant Research International,
Wageningen University and Research Centre: Wageningen, The Netherlands, 2009.

Smilauer, P.; Leps, J. Multivariate Analysis of Ecological Data Using CANOCO, 2nd ed.; Cambridge University
Press: Cambridge, UK, 2014; Volume 5, p. 373.

Leps, J.; Hadincova, V. How reliable are our vegetation analyses? ]. Veg. Sci. 1992, 3, 119-124.

Lep3, J.; Smilauer, P. Multivariate Analysis of Ecological Data Using CANOCO; Cambridge University Press:
Cambridge, UK; 2003; p. 269.

Bruck, D.J. Natural occurrence of entomopathogens in Pacific Northwest nursery soils and their virulence
to the black vine weevil, Otiorhynchus sulcatus (F.) (Coleoptera: Curculionidae). Environ. Entomol. 2004, 33,
1335-1343.

Rath, A.C.; Koen, T.B.; Yip, H.Y. The influence of abiotic factors on the distribution and abundance of
Metarhizium anisopliae in Tasmanian pasture soils. Mycol. Res. 1992, 96, 378-384.

Chandler, D.; Mietkiewski, R.T.; Davidson, G.; Pell, J.K. Impact of habitat type and pesticide application on
the natural occurrence of entomopathogenic fungi in UK soils. OILB WPRS Bull. 1998, 1, 81-84.

Sevim, A.; Demir, I; Hofte, M.; Humber, R.A,; Demirbag, Z. Isolation and characterization of
entomopathogenic fungi from hazelnut-growing region of Turkey. BioControl 2009, 55, 279-297.

Keller, S.; Kessler, P.; Schweizer, C. Distribution of insect pathogenic soil fungi in Switzerland with special
reference to Beauveria brongniartii and Metarhizium anisopliae. BioControl 2003, 48, 307-319.

Hominick, W.M. Biogeography. In Entomopathogenic Nematology; Gaugler, R., Ed.; CABI Publishing;:
Wallingford, UK, 2002; pp. 115-143.

Mietkiewski, R.; Tkaczuk, C. The spectrum and frequency of entomopathogenic fungi in litter, forest soil
and arable soil. IOBC/WPRS Bull. 1998, 21, 41-44.

Kessler, P.; Matzke, H.; Keller, S. The effect of application time and soil factors on the occurrence of
Beauveria brongniartii applied as a biological control agent in soil. J. Invertebr. Pathol. 2003, 84, 15-23.
El-Ghany, A.T.M.; El-Sheikh, H.H.; El-Rahman, A.G.A.; El-Nasser, A. Biodiversity of entomopathogenic
fungi in new cultivated soil with their using to control of Galleria mellonella. Int. ]. Cur. Res. Rev. 2012, 4, 17—
31

Wu, S.Y.; El-Borai, F.E.: Graham, ].H.; Duncan, L.W. The saprophytic fungus Fusarium solani increases the
insecticidal efficacy of the entomopathogenic nematode Steinernema diaprepesi. |. Invertebr. Pathol. 2018, 159,
87-94.

Sharma, L.; Marques, G. Fusarium, an Entomopathogen—A Myth or Reality? Pathogens 2018, 7, 93,
doi:10.3390/pathogens7040093.

Campos-Herrera, R.; Rodriguez Martin, J.A.; Escuer, M.; Garcia-Gonzalez, M.T.; Duncan, L.W.; Gutiérrez,
C. Entomopathogenic nematode food webs in an ancient, mining pollution gradient in Spain. Sci. Tot.
Environ. 2016, 572, 312-323.

Jabbour, R.; Barbercheck, M.E. Soil management effects on entomopathogenic fungi during the transition
to organic agriculture in a feed grain rotation. Biol. Control. 2009, 51, 435-443.



Insects 2020, 11, 352 18 of 18

73. Imperiali, N.; Chiriboga, M.; X., Schlaeppi, K.; Fesselet, M.; Villacrés, D.; Jaffuel, G.; Bender, S.F.; Dennert,
F.; Blanco-Pérez, R.; van der Heijden, M.G.A ; et al. Combined field inoculations of Pseudomonas bacteria,
arbuscular mycorrhizal fungi and entomopathogenic nematodes and their effects on wheat performance.
Front. Plant. Sci. 2017, 8, 1809.

74. Jaffuel, G.; Imperiali, N.; Shelby, K.; Campos-Herrera, R.; Geisert, R.; Maurhofer, M.; Loper, J.; Keel, C,;
Turlings, T.C.J.; Hibbard, B.E. Protecting maize from rootworm damage with the combined application of
arbuscular mycorrhizal fungi, Pseudomonas bacteria and entomopathogenic nematodes. Sci. Rep. 2019; 9,
3127.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
@ ® I article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).




