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Abstract

:

Entomopathogenic fungi (EPF) consist of a wide range of fungi that can be used as pest control agents, endophytes, and plant growth promoters. In this study of EPF in suburban soils from Achaia, Greece, we used adult beetles as baits for trapping fungal isolates. According to the macroscopic and microscopic traits of the collected isolates, three species corresponded to Beauveria varroae Vuill. (Hypocreales: Cordycipitaceae); Purpureocillium lavendulum Perdomo, Gené, Cano & Guarro (Hypocreales: Ophiocordycipitaceae); and Cordyceps blackwelliae Mongkolsamrit, Noisripoom, Thanakitpipattana, Spatafora & Luangsaard (Hypocreales: Claviceptaceae). Their taxonomic identity was established by ITS-rDNA sequence amplification and sequencing, molecular database comparisons, and phylogenetic analysis. The application of these new EPF species clearly demonstrated remarkable insecticidal action on Thaumetopoea pityocampa (Lepidoptera, Notodontidae) larvae, which increased with the application dose. Our findings are important based on the enhancement of the application of new EPF species as biocontrol agents within the framework of eco-friendly pest management.
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1. Introduction


Entomopathogenic fungi (EPF) are a wide category of fungi that are not specifically attached to an insect host. During the previous centuries there has been a continuous parallel evolution between insect defenses and fungal strategies to invade them [1]. EPF can interact with their hosts innocuously via mutualistic endosymbiosis [2] or act as a necessary food source for insects [3]. They often act as disease-causing organisms, and more than half of insect diseases are estimated to be caused by them [4]. Therefore, EPF can also be used as pest control agents [4,5,6]. Although they pose a great danger to their insect hosts, they rarely harm humans or other non-target animals. Their interactions with plant organisms are beneficial for both [6,7,8]. The interaction of EPF with insect hosts can be a valuable tool to collect EPF using insect species as baits [9,10,11].



The effect of the evolutionary procedure on EPF, in cooperation with their short generation time, has led to heterogeneous taxa with different lifestyles and morphological variations [12]. As a result, insect pathogen species can survive in many different habitats [13]. Such differences refer to the soil type [14], agricultural or natural lands [15], and the plant species [9,16] or the way these are cultivated in a crop [17,18]. Their preference for the conditions of the environment they inhabit and their low tolerance to changes can be a useful sign of the existing conditions [13].



One of the most widely known genera of insect-pathogenic fungi is the cosmopolitan genus Beauveria Vuill. (Cordycipitaceae: Hypocreales) [19,20]. Beauveria species are well studied worldwide and have been isolated from different hosts and regions [21,22,23,24]. Apart from their morphological features, they can also be identified through molecular methods [25,26,27]. Even though some of its species are common (i.e., B. bassiana), others, such as B. varroae, can be very rare [28].



Contrary to the genus Beauveria, Purpureocillium consists of a relatively novel genus that includes only two species that are known today, P. lilacinum (Thom) Luangsaard, Houbraken, Hywel-Jones & Samson (Hypocreales: Ophiocordycipitaceae) and P. lavendulum [29]. The major differences between the two species include variations in the shape and morphology of the conidia. They also differ significantly in that P. lavendulum is more effective against plant nematodes since it reaches its growth limit at 35 °C [30,31]. Although P. lilacinum has been studied at a decent level [32], research on P. lavendulum is still poor.



The genus Cordyceps also includes species that have not yet been sufficiently studied. Like the other genera, it belongs to the category of insect-pathogenic fungal species that have similarities in their life cycles but show great morphological differences, as well as differences in the hosts they prefer, their location, and the way they are cultured [33]. Fungi of this genus produce chemical components with high therapeutic, protective, and nutritional value [34,35,36]. Cordyceps sinensis (Bark) Sacc. Link (Claviceptaceae) is one of the most cited species of the genus [34].



Apart from identification and taxonomy, collected EPF isolates were evaluated for their virulence against the pine processionary moth Thaumetopoea pityocampa (Denis & Schiffermüller) (Lepidoptera: Notodontidae), one of the most devastating forest pests. It is not only the most important defoliator of the pine tree [37] but it can also cause serious allergic reactions in humans and domestic animals due to larval setae [38]. Microbial biocontrol is one of the most promising alternatives for non-chemical pest management, especially in forest ecosystems where chemicals are most of the time totally forbidden.



The present study aimed to collect and identify strains of EPF species not previously recorded in Greece and evaluate their insecticidal activity. Our results are discussed within the framework of enrichment of the arsenal of biological control with undiscovered EPF species.




2. Materials and Methods


2.1. Insect Baits


The insect bait method has been applied to isolate local EPF strains from the soil. This method has been more efficient than collecting directly from soil [39]. Two stored product beetles, the confused flour beetle Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae) and the maize weevil Sitophilus zeamais (L.) (Coleoptera: Curculionidae) were used as baits. These insects are easily infected by EPF and their mass rearing in the lab is very simple and inexpensive.



Tribolium confusum was reared on whole wheat flour (+5% dried yeast), whereas Sitophilus zeamais was reared on hard wheat grain. All insects were maintained in cages at constant conditions of temperature (25 ± 1 °C), relative humidity (60–70%), and photoperiod (16L:8D).



Thaumetopoea pityocampa was reared after 1500 larvae were collected from five habitats in stands of Pinus nigra Arn. in Achaia, Patras between February and May 2019 (Figure 1). Several infested pine samples (50–60) were placed in sterile wet sand in plastic boxes with vented apertures and transferred to EMBIA Laboratory. The sand was moisturized once per week. Larvae were supplied with fresh maritime pine needles, the primary host species in the Achaia pine forest. Fresh twigs were provided every one or two days. All larvae were maintained at the same constant conditions with beetles.




2.2. Sampling


Seasonally, samples were collected at 22 locations (176 samples in total) in two suburban green spaces in Patras (Figure 1). Prior to sampling, we removed surface litter and plowed the soil up to a depth of 10 cm using a soil sampler. A kilo of soil was extracted from each location and kept in plastic bags at 4 °C until they were transported to the lab for additional processing. The samples were placed on rough cardboard for 24 h to reduce their humidity after being air-dried to prevent entomopathogenic nematode contamination. Following that, the soil was placed into Petri dishes after being sieved. Ten tests were performed on each soil sample; thus, 100 adults of each species were tested per sample. The samples were then stored for 14 days at 25 °C in dedicated dark chambers.




2.3. Isolation


To sterilize them, all dead adults were submerged in 6% NaOCl2 for three seconds (to prevent the growth of saprophytic fungus). Once mycelia formed, they were placed in 9 cm sterile Petri plates with ddH2O (double distilled water) impregnated Whatman paper. Conidia from the infected adults were put in 9 cm sterilized Petri plates on a layer of Sabouraud Dextrose Agar (SDA) to isolate entomopathogenic fungi. The Petri dishes were kept in a dark area (25 ± 1 °C, relative humidity 65 ± 5%) to promote fungal development. The fungi were segregated once more to stop infestation and obtain clear cultivation. Chosen isolates are stored in a deep freezer at −20 °C in our microorganism repository.




2.4. Morphological Observation


The fungal morphology was initially examined macroscopically by observing colony features (shape, color, hyphae, and size). To ensure purity and monosporic cultures, the isolates were subcultured repeatedly on plates with SDA.




2.5. Genomic DNA Extraction and Polymerase Chain Reaction (PCR)


The isolates were morphologically identified using a ZEISS Primo Star microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) at 400× magnifications after being subcultured numerous times on plates with SDA to assure purity and monosporic cultures. Using a sterile loop, conidia were taken from the surfaces of dead cadavers and placed on Potato Dextrose Agar (PDA). Genomic DNA (gDNA) was isolated using the technique described by Rogers and Bendich [37,40].



A fragment of the ITS spacer region was extended using the universal primer sets ITS4 (5′ TCCTCCGCTTATTGATATGC-3′) and ITS5 (5′-GGAAGTAAAAGTCGTAAC AAGG-3′). Taq 2X Master Mix (M0270) (New England Biolabs GmbH, Frankfurt, Germany) was used to perform PCR reactions in a volume of 25 L. The reactions contained a working concentration of 1X Master Mix, 0.5 M of each primer, and 50 ng of the template gDNA. The PCR procedure for amplifying the ITS regions consisted of 33 cycles, each lasting 30 s at 95 °C, 40 s at 55 °C, and 1 min at 68 °C, with a final elongation step lasting 5 min at 68 °C. PCR products were stored at 4 °C. Gel electrophoresis was used to determine the quantity and quality of the PCR products. A 1% agarose gel was stained with SYBR Safe DNA Gel Stain (Invitrogen, Waltham, MA, USA), and the results were seen under a UV light (BIO-RAD, Molecular Imager Gel Doc XR System) (Bio-Rad Laboratory, Hercules, CA, USA).




2.6. Sequencing and Phylogenetic Analysis


The amplified products were purified and sequenced at Eurofins Genomics (Ebersberg, Germany). The Basic Local Alignment Search Tool (NCBI BLAST) was used to compare the similarity of the fungal DNA sequences in the current work with homologous sequences. Alignment of the chosen sequences was accomplished using Muscle. The Jukes–Cantor model in MEGAX was used to create a phylogenetic tree using the neighbor-joining method. Using a bootstrap analysis with 1000 repeats, branch support was calculated. The sequences were submitted to GenBank (Genbank accessions MZ047310, MZ047311).




2.7. Virulence Estimation against T. pityocampa Larvae


Conidial suspensions of B. varroae, P. lavendulum, and C. blackwelliae were prepared at a range of doses (103, 104, 105, 106, 107, and 108 conidia/mL) to assess their insecticidal potential. Ten surface sterilized T. pityocampa 3rd instar larvae were sprayed with 10 mL of each EPF conidial suspension and then placed in 9 cm sterile Petri dishes. The prepared suspensions were applied at 1 kgf cm−2 using a Potter spray tower (Burkard Manufacturing Co., Ltd., Rickmansworth, Hertfordshire, UK). Treated larvae were maintained with constant rearing conditions and supplied with fresh twigs ad libitum. Dead larvae were recorded every two days. Ten Petri dishes (repetitions) were used for each concentration. Untreated larvae sprayed with only with 10 mL of surfactant solution (Tergitol NP-9 0.05%) were used as controls. Dead larvae were removed and surface-sterilized with 2% sodium hypochlorite for a few seconds to avoid development of saprophytic fungi. Followingly, they were transferred and kept in the dark at 25 °C for 5–7 days; those that showed fungal growth were classified as infected. EPF species from each dead larva was initially identified under a microscope via observation of the conidia and hyphal growth and confirmed by PCR analysis.




2.8. Statistical Analysis


Mean values of larval mortality were compared using analysis of variance, with the main factors being EPF species, conidial dose, and exposure time. Where necessary, experimental data were arcsine transformed to meet the requirements of parametric analysis for equal variation among treatments. To find statistically significant differences between factors, the Tukey’s test was used with a significance level of 0.05. All statistical tests were performed using SPSS (SPSS, Inc., Chicago, IL, USA, version 23) [41].





3. Results


3.1. Morphological Observation


Isolates kept in Petri dishes (Figure 2) were morphologically identified using a microscope (ZEISS Primo Star, Carl Zeiss Microscopy GmbH, Jena, Germany) according to the morphological characteristics reported for B. varroae [24], P. lavendulum [29] and C. blackwelliae [42].




3.2. Sequencing of ITS and Phylogenetic Analysis


The E99 isolate ITS-rDNA length was 572 bp. A BLAST search revealed that the sequence of the isolate shared 99% homology with B. varroae species NR 111599.1, KU687112.1, HQ880802.1, and HQ880800.1 (Figure 3). Both morphological and molecular identification showed that our isolate was B. varroae.



The E101 isolate ITS -rDNA had a length of 589 bp. A BLAST search revealed that the sequence of the isolate had 99% homology with P. lavendulum species MG654717.1, MG654718.1, MH421860.1, MK513860.1, MT279262.1, NR 166039.1, and MH864976.1 (Figure 4). Both morphological and molecular identification showed that our isolate was P. lavendulum.



The ITS rDNA length of the D68 isolate was 585 bp. Using MEGAX for analyzing and conducting automatic and manual sequence alignment, the ITS dataset comprised 575 characters after the exclusion or replacement of ambiguous positions. A BLAST search revealed that the sequence of the isolate shared 99% homology with C. blackwelliae MT966071.1, MF140737.1, MF140738.1, MF140739.1, NR_164416.1, MF140735.1, and MF140736.1 (Figure 5). Based mainly on morphological and ancillary molecular identification, our isolate appeared to be C. blackwelliae.




3.3. Insecticidal Action of EPF on T. pityocampa Larvae


At the end of the experiment, the control mortality rate (H2O + Tergitol NP-9 0.05%) was 3.3%. However, the level of larval mortality caused by B. varroae varied according to the concentration applied (Table 1). After 144 h, the larval mortality varied from 60 to 91%. Significant main effects and interactions were found for each factor (Concentration: F = 1.107, df = 6686, p < 0.001; Exposure Time: F = 3.031, df = 2437, p < 0.001; Concentration × Exposure Time: F = 0.716, df = 151,127, p < 0.001).



After 144 h, P. lavendulum caused larval mortality rates ranging from 60 to 91%. The main effects and interactions of all factors were found to be significant (Table 2) (Concentration: F = 1.194, df = 6686, p < 0.001; Exposure Time: F = 3.017, df = 2437, p < 0.001; Concentration × Exposure Time: F = 1.506, df = 151,127, p < 0.001).



In addition, C. blackwelliae exhibited varying levels of larval mortality (Table 3). Larval mortality after 144 h varied from 43 to 77%. All factors’ main impacts and interactions were found to be significant. (Concentration: F = 1.386, df = 6686, p < 0.001; Exposure Time: F = 3.457, df = 2437, p < 0.001; Concentration × Exposure Time: F = 3.913, df = 151,127, p < 0.001).





4. Discussion


It is estimated that 750 different EPF species infect insects and mites. [4]. Although they target a variety of species, distinct fungal species have an extremely narrow target range. EPF are located in a variety of environments according to the insect host, habitat, and region, including insects and other arthropod pathogens, in soil and phylloplanes, and as endophytes [6,25,43,44,45,46].



To the best of our knowledge, this is the first study to report these EPF isolates of entomopathogenic fungi in Greece. The study depended not only on morphological characteristics but also on the molecular identification of the new isolates. The presence of EPF in the soil can be influenced by a variety of factors, including the type of soil [14], the species of cultivated plants [16], and agricultural techniques [15,17,18]. The level of soil colonization by these EPF can be a good predictor of their condition because of their low tolerance to environmental changes [13].



Our results indicate that this is the first time that B. varroae has been reported to occur in the soils of Greece. Only two soil isolates of B. varroae have been previously reported: one from Iraq [28] and the second from Portugal, which was isolated from hedgerow soil using mainly Quercus spp. and Pinus spp. [47]. In contrast, B. varroae was isolated from the varroa mite Varroa destructor Anderson & Trueman (Mesostigmata: Varroidae) in France and from weevils of Larinus sp. (Coleoptera: Curculionidae) in Switzerland [21]. It has also been isolated from insect pests of stored wheat and maize in Turkey [48] and from a lepidopteran insect found in beet fields in Iran [49]. In general, B. varroae is rarely found.



Moreover, this is the first time that C. blackwelliae has been reported to occur in and been isolated from Greek soils. Hosts of Cordyceps with Isaria-like morphs are reported on a wide range of insects such as coleopteran larvae and pupae, lepidopteran larvae or pupae, cicada nymphs, and white flies [42,50,51,52]. This EPF species seems difficult to isolate from soil.



Additionally, this is the first time that P. lavendulum has been found in Greece. It has also been isolated from soil in Caracas, Venezuela [29]. The conidia of the fungus are subglobose or lemon shaped and emit a yellowish pigment that diffuses throughout the culture [29]. In addition, Perdomo et al. [29] reported that P. lavendulum was isolated from bronchial wash in Reus, Spain and from Aethus sp. in Tafo, Ghana.



In the present study, the virulence and sporulation ability of three EPF species, recorded for the first time from Greece, were evaluated. Mortality varied with the species, reaching 71–91% at the highest dose after 144 h. These results show that the studied EPF species were able to kill the larvae of T. pityocampa in a controlled environment, and therefore, they could be suitable candidates for use as microbial biocontrol agents in future programs to reduce T. pityocampa populations.



Er et al. [53] showed that P. fumosoroseus and P. farinosus were also highly virulent against T. pityocampa larvae. Moreover, L. lecanii recorded only 54.6% mortality [53], whereas another isolate of the same fungus killed up to 100% of larvae 6 days after inoculation [54]. Sonmez et al. [55] found that the EPF M. brunneum and B. bassiana were highly pathogenic to the larvae of T. pityocampa. Although the susceptibility of the different instars varied, with the fourth instar being the least sensitive, mortality was dose dependent [55]. Other studies have also showed that isolates of B. bassiana, M. anisopliae, and Isaria farinosa (Holmsk.) (Hypocreales: Cordycipitaceae) could be very pathogenic against fourth instar larvae of T. pityocampa [56,57,58].



Differences between the current study and previous ones [53,54,55,56,57,58] are attributed to the different EPF isolates, host larval instars, application methods, temperatures, and relative humidities. It has been well documented that the EPF efficacy against T. pityocampa larvae is significantly affected by the larval instar, EPF isolate and applied doses, and EPF application method [55,58]. In addition, it is probable that EPF species have ecological suitability for use against pests because of their habitat and geographic location [59].



These findings demonstrate the discovery of novel, previously undiscovered local EPF species that may be more suitable and efficient for biological control in IPM programs than those currently available in Greece. Additional research should be carried out to harness this natural resource to detect and preserve variety and to incorporate the results into local crop protection strategies.




5. Conclusions


The present work presents information on EPF that could be associated with agricultural and forest environment interests in Greece. Three new native species of entomopathogenic fungi were isolated from suburban soil samples in Greece for the first time. According to their macroscopic and microscopic traits, the three species corresponded to B. varroae, C. blackwelliae, and P. lavendulum. The amplification and sequencing of the ITS-rDNA sequences, comparison of the molecular databases, and phylogenetic analyses confirmed the taxonomic identity of the species. All species proved to be highly virulent against third instar larvae of T. pityocampa. Their insecticidal ability deserves further research to evaluate its potential for use in biological control programs.
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Figure 1. Suburban areas in the prefecture of Achaia where the soil samples were collected (A) DASYLIO (38°24′90.209″ N, 21°74′56.985″ E) and (B) ELOS (38°27′99.487″ N, 21°74′7.156″ E). 
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Figure 2. Cultures of EPF species examined during the present study: B. varroae colony top (A) and bottom (B), B. varroae infecting S. zeamais. (C). P. lavendulum colony top (D) and bottom (E), P. lavendulum infecting S. zeamais. (F). C. blackwelliae colony top (G) and bottom (H), C. blackwelliae infecting S. zeamais (I). 
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Figure 3. Phylogenetic tree of B. varroae with the new isolate from Greece (1E2T99P1 GenBank accession MZ047310) and related species from GenBank. The species names are followed by the GenBank accession numbers. 
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Figure 4. Phylogenetic tree of P. lavendulum with the new isolate from Greece (1E6TE101P1 (GenBank accession MZ047311) and related species from GenBank. The species names are followed by the GenBank accession numbers. 
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Figure 5. Phylogenetic tree of C. blackwelliae with the new isolate from Greece (1E4S36P1 RID: 8E2M17WB01R) and related species from GenBank. The species names are followed by the GenBank accession numbers. 
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Table 1. Mean mortality (±SD) of T. pityocampa larvae. There is no significant difference between the means of the same column followed by the same letter (Tukey’s test, a = 0.05), HAT: Hours After Treatment.
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Treatment

	
Concentration

	
Exposure Time




	
48 HAT

	
96 HAT

	
144 HAT






	
B. varroae

	
103

	
20.0 ± 0.0 d

	
47.0 ± 1.8 d

	
60.0 ± 5.8 c




	
104

	
36.3 ± 3.1 c

	
53.0 ± 3.8 c

	
63.0 ± 5.8 c




	
105

	
43.3 ± 1.8 b

	
60.0 ± 5.3 b

	
67.0 ± 5.8 c




	
106

	
46.4± 5.8 b

	
63.0 ± 6.2 b

	
80.0 ± 1.3 b




	
107

	
50.0 ± 2.2 a

	
73.0 ± 1.5 a

	
89.0 ± 1.5 a




	
108

	
53.0 ± 1.3 a

	
83.0 ± 5.3 a

	
91.0 ± 5.8 a




	
Control

	
H2O + Tergitol NP-9

	
0.0 ± 0.0 e

	
3.7 ± 4.3 e

	
4.7 ± 1.3 d
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Treatment

	
Concentration

	
Exposure Time




	
48 HAT

	
96 HAT

	
144 HAT






	
P. lavendulum

	
103

	
20.0 ± 2.0 e

	
37.0 ± 3.8 c

	
43.0 ± 6.1 c




	
104

	
36.0 ± 1.0 d

	
43.0 ± 4.8 c

	
53.0 ± 2.8 b




	
105

	
40.0 ± 0.0 c

	
43.0 ± 1.3 c

	
57.0 ± 2.8 b




	
106

	
43.4 ± 2.8 b

	
60.0 ± 1.0 b

	
60.0 ± 2.1 b




	
107

	
50.0 ± 3.1 a

	
63.0 ± 3.5 b

	
73.0 ± 1.5 a




	
108

	
53.0 ± 5.3 a

	
73.0 ± 5.3 a

	
77.0 ± 2.1 a




	
Control

	
H2O + Tergitol NP-9

	
0.0 ± 0.0 f

	
3.7± 4.3 d

	
4.7 ± 1.3 d
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Table 3. Mean mortality (±SD) of T. pityocampa larvae. There is no significant difference between the mean of the same column followed by the same letter (Tukey’s test, a = 0.05), HAT: Hours After Treatment.
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Treatment

	
Concentration

	
Exposure Time




	
48 HAT

	
96 HAT

	
144 HAT






	
Cordyceps Blackwelliae

	
103

	
12.1 ± 1.9 e

	
13.3 ± 5.8 e

	
20.0 ± 0.0 d




	
104

	
20.0 ± 0.0 d

	
33.0 ± 3.8 d

	
43.0 ± 3.8 c




	
105

	
36.0 ± 2.1 c

	
43.0 ± 1.3 c

	
47.0 ± 4.8 c




	
106

	
43.4 ± 5.8 b

	
50.0 ± 0.0 b

	
60.0 ± 0.0 b




	
107

	
50.0 ± 3.2 b

	
53.0 ± 6.2 b

	
67.0 ± 2.3 a




	
108

	
63.0 ± 1.3 a

	
63.0 ± 3.3 a

	
71.0 ± 1.8 a




	
Control

	
H2O + Tergitol NP-9

	
0.0 ± 0.0 f

	
3.7 ± 4.3 f

	
4.7 ± 1.3 e
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