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Abstract

:

The total mortality of the leaf-miner horse-chestnut pest, Cameraria ohridella, collected in nature, and the mortality associated with mycoses were assessed under laboratory conditions in stages: for eggs mortality rates of 9.78% and 61.97% were found, respectively; for caterpillars, 45.25% and 5.59%, respectively; and for pupae 21.22% and 100%, respectively. At the egg stage, Cladosporus cladosporioides caused mycosis most often (27% of all mycoses); at the caterpillar stage there was no pronounced predominant fungus species; at the pupal stage both Cordyceps fumosorosea and Beauveria bassiana (32% and 31%, respectively) were most dominant; whereas at the adult stage Lecanicillum aphanocladii (43%) were most dominant. C. ohridella moths remained the most vulnerable during the pupal and caterpillar stages. Maximum diversity of fungi associated with the leaf-miner moth was reached during the period of development inside the chestnut leaf (Shannon–Wiener index—H′ = 2.608 at the caterpillar stage, H′ = 2.619 at the pupal stage), while the minimum was reached in the adult stage (H′ = 1.757). In the caterpillar and pupa stages, saprophytic fungi were most often recorded. Comparative laboratory tests revealed novel properties of the fungus L. aphanocladii, its effectiveness as the leaf-miner moth‘s entomopathogen and its suitability for field application trials while developing environment-friendly methods for horse-chestnut pest control.
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1. Introduction


Horse-chestnut, Aesculus hippocastanum L. (Hippocastanaceae), is widely grown all over Europe in urban greenery, but since the 1980s the decorative value of these trees has fallen sharply due to the spread of the leaf-mining pest Cameraria ohridella Deschka and Dimic (Lepidoptera, Gracillariidae). Cameraria ohridella causes large-scale browning of leaves and pre-mature defoliation of horse-chestnut trees [1,2,3,4,5]. During the last 30 years, the leafminer spread over Europe, reaching Russia and Turkey [6]. In Lithuania, C. ohridella was registered for the first time in 2002 [7] and since then it has dispersed to a great extent and causes multiple infestations annually [8]. The moth’s region of origin was obscure for a long time; however based on DNA analysis, the Balkan origin of the C. ohridella was revealed [9], and the species has been attributed to invasive ones in many countries. The horse-chestnut leaf miner has been widely studied, including moth biology and distribution [10,11,12,13,14], potential predators [15,16,17,18] and competition either with native leaf miners [19] or phytopathogenic fungi [20].



Control of C. ohridella populations is complicated due to the lifestyle of the pest: caterpillars develop inside the leaves [13] and host plants occur in urban territories where application of insecticides is unsuitable. The removal of the steadied leaves beneath the trees and subsequently either composting or burning reduces populations of natural enemies (Chalcidoides species) [21]. Application of systemic chemicals (e.g., imidacloprid, abamectin) by injection into the trunk of a tree is effective; however, wounds facilitate plant pathogen invasions and damages [22,23]. Removal of the adult moths with sticky pheromone traps [17,23,24,25] can decrease pest populations; however, it is expensive and requires a large amount of effort and manual work.



In our opinion, the search for host-specific antagonists should be a priority. However, information on C. ohridella-related fungal entomopathogens remains scarce, and most investigations of fungi involved in moth mortality have been performed in a single country only, namely in the Czech Republic [26,27,28,29,30]. Fungi belonging to the genera of known fungal entomopathogens (Beauveria Vuill., Lecanicillium W. Gams and Zare, Metarhizium Sorokin, and Paecilomyces Bainier) were isolated from C. ohridella habitat and some strains showed entomopathogenic activity against pupae and moth caterpillars [31,32,33,34,35]. Unfortunately, information on fungi virulence throughout moths’ developmental stages remains scarce.



The aim of the present study was to identify fungal entomopathogens associated with C. ohridella during all developmental stages, from eggs to pupae. The following tasks were set: (a) to examine diseased C. ohridella adults, collected from different A. hippocastanum trees; (b) to establish the mortality of C. ohridella eggs, caterpillars and pupae collected from the field focusing on fungi; (c) to isolate and identify fungi recovered from cadavers; (d) to carry out comparative efficiency tests of dominant fungus species in comparison with C. ohridella at different developmental stages.




2. Materials and Methods


2.1. Insects


Trunk and leaves from a lower crown of trees were examined mid-May to end-May, mid-August to mid-September and at leaf fall periods during 2009–2011, i.e., during the periods of the first and the second generations of C. ohridella. Each cadaver of adult moths (mainly found on tree trunks) was placed in a sterile Petri dish individually. Leaves were collected from five heavily infested, randomly selected trees (30 leaves per tree).



Leaves (used for egg treatment) were viewed under a stereomicroscope (Labomed Luxeo 2S Stereo Microscope; ×10 magnification) to find and determine segments with moth eggs. Leaf segments (2–3 cm2) with a known number of eggs were cut out and placed in Petri dishes (5 cm diameter) with sterile moistened cotton lumps and sealed with a lid to avoid desiccation. Eggs were incubated in the lab at 20 ± 2 °C. Up to 150–250 eggs approximately were collected from each tree. The total number of eggs examined was 1451. After incubation, the total number of emerged caterpillars was counted and the egg mortality percentage was calculated. Eggs from which larvae did not hatch were viewed under the stereomicroscope and a light microscope (Motic B1 Series; ×150 and ×1000 magnifications) to check for possible fungal infection.




2.2. Isolation of Fungi


Leaf segments containing mines (each 2.5–3 cm2 in square) were cut out following leaf surface sterilization by application of 0.5% (v/v) sodium hypochlorite (NaOCl). Each segment was treated with 75% ethanol for 1 min, followed by immersion for 2 min in sodium hypochlorite and again for 30 sec in 75% ethanol. Then, the segments were rinsed three times in sterile distilled water, and each was placed into a separate Petri dish (5.5 cm in diameter) supplied with a wet cotton lump. Dishes were sealed and incubated at 20 ± 2 °C in the lab. Dishes were examined daily, and adult moth emergence was recorded. The same procedure was performed for the treatment of overwintered pupae, except that only areas of fully developed winter mines were cut from the leaves. Four replicates were prepared, each containing 30 mines. Mines containing caterpillar (or pupal) cadavers were aseptically dissected; each cadaver was taken out of a mine and placed on the moistened paper within a sterile Petri dish. Dishes were kept at 25 °C in the dark and examined daily for mycoses. A total of 632 caterpillars and 568 pupae within mines were tested.



Fungi were identified based on their morphology by using a low magnification stereomicroscope (×40 magnification) and by preparing slides for light microscopy (×400 and ×1000 magnifications). In cases when a fungi mycelium covered a cadaver and it did not produce conidia (or spores), small segments were dissected and plated on a half-strength Potato Dextrose Agar (PDA) media supplemented with chloramphenicol (0.1 g L−1 w/v), and sub-cultured on three media: PDA, Sabouroud Dextrose Agar (SDA) and Czapek Dox Agar (CDA) (all from Liofilchem, Italy). Identification of fungi followed standard methods based on macro- and micro-morphological features [36,37,38,39,40,41,42,43]. All fungi species’ names were revised according to http://www.indexfungorum.org/.




2.3. Insect Susceptibility to Fungi


2.3.1. Fungi and Conidia Preparation


Four species of entomopathogenic fungi were used for comparative bioassay trials against C. ohridella: Beauveria bassiana (Bals.-Criv) Vuill., Cordyceps fumosorosea (Wize) Kepler, B. Shrestha and Spatafora (syn., Isaria fumosorosea), Lecanicillium aphanocladii Zare and W. Gams and Lecanicillium psalliotae (Treschew) Zare and W. Gams. All fungal strains are maintained in the Microorganisms Culture Collection at the Biodeterioration Research Laboratory of Nature Research Centre (Vilnius, Lithuania). The tested fungi were grown for 12–14 days on PDA plates; conidia were washed with 1 mL Tween 80 solution (0.01%, v/v). Three plates of each fungus were washed; washings were mixed and conidia suspension was adjusted to the desired concentration using a haemocytometer. Germination of conidia was over 95%. Cameraria ohridella eggs, naked pupae, and pupae inside the mines were treated with entomopathogenic fungi conidia suspensions at a concentration of 3 × 108 conidia mL−1.




2.3.2. Egg Trials


Leaf segments (3 × 3 cm) with a counted number of eggs were cut out of a leaf, and their surfaces were gently sterilized, placed into Petri dishes and sprayed with 1.5 mL of the appropriate fungus conidial suspension at 3 × 108 conidia mL−1 concentration. Control Petri dishes were sprayed with 1.5 mL of distilled water. Leaf segments contained a different number of eggs (from 22 to 87); therefore, two or three segments were placed per dish to obtain ~100 eggs for each trial and each control. Each conidial concentration and control was tested three times (~100 eggs per replication, i.e., ~300 eggs in the test and ~300 eggs in control in total). Dishes with eggs were sealed and incubated for 3–5 days under 20 ± 2 °C in the laboratory. Emerged caterpillars were counted daily.




2.3.3. Pupae Trials


Fallen tree leaves containing overwintered C. ohridella mines were washed with a large amount of water and dried-up. Leaf pieces containing mines were cut out (mine area only) and leaf surfaces were sterilized. Half of the sterilized pieces with mines were used directly for bioassay. The other half was aseptically opened; pupae were taken out and used for naked pupae bioassay. In each replicate, 30 pupae were placed on filter paper in a Petri dish (8.5 cm diameter) and sprayed with 1.5 mL of the conidia suspension of the appropriate fungus at a 3 × 108 conidia mL−1 concentration. Control pupae were sprayed with the same volume of distilled water. Five replicates were tested. Pupae were incubated for 4 weeks in a humid chamber at 95% RH (high relative humidity was required to avoid desiccation of pupae) and 22 ± 2 °C. Pupae were examined weekly and emerged adults were counted.





2.4. Data Analyses


To evaluate fungal species diversity at each stage of the leaf-miner moth, the Shannon–Wiener index (H′) was used [44]:    H ′  =   −   ∑   i = 1  S  (  p i  ln  p i  )  , where S is the total number of species recorded and pi is the frequency of occurrence of the ith species. Mortality percentage of the control was calculated, and the mean value of the five replicates (30 individuals each; total n = 150) was presented, as well as standard error (SE). The mortality percentages of insects were normalized using   a r c s i n  (    x / 100    )      transformation prior to the analysis of variance. Differences in the mean mortality percentage of the insect between different fungi trials, as well as between certain fungus trials and controls (untreated with fungi) were ascertained by variance analysis (one-way ANOVA) followed by multiple comparisons of the means conducted using Tukey’s test (SPSS 16 statistical package).





3. Results


3.1. Fungi Associated with C. ohridella Mortality


3.1.1. Adult Moths’ Mycoses


Five samplings resulted in a collection of 349 adult moth cadavers, 109 of which had mycosis symptoms (Table 1). During incubation in the laboratory, mycelium development on the cadavers was species-dependent, and started after 2–3 days of incubation, reaching maturity within a week. Fungi were assigned to nine species from seven genera (Table 1). Lecanicillium aphanocladii was the most common species with 39.45% frequency of occurrence (FO), followed by L. psalliotae (FO = 16.51%) and Trichothecium roseum (Pers.) Link (FO = 15.6%). The fungi species diversity index for adult moth cadavers was H′ = 1.757.




3.1.2. Egg Mortality and Mycoses


A total of 1451 eggs were incubated and checked for hatching daily in the laboratory. The eggs started hatching within two days of incubation and hatched approximately after a week. Only 9.78% of the eggs (142 out of 1451 incubated) did not hatch; growth of fungi was detected on 61.97% of the unhatched eggs and on 6.06% of all eggs (88 out of 142 and out of 1451, respectively) (Table 1). In total, 13 fungi species from nine genera were identified. The species diversity index H′ of fungi found on C. ohridella eggs was equal to 2.174. Cladosporium cladosporioides was the most frequent isolate (recovered from 30.68% of unhatched eggs), followed by L. aphanocladii (14.77%) and B. bassiana (12.5%).




3.1.3. Caterpillar Mortality and Mycoses


Six hundred thirty-two caterpillars inside the mines were incubated in the laboratory. During the first three days, only 19 (3.0%) dead caterpillars were registered. Mortality of caterpillars reached 4.6% within 6 d, and 5.9% within 9 d of incubation. During two weeks of rearing, only 54.75% of the caterpillars (346 out of 632 incubated) reached the adult moth stage, and thus the total caterpillar mortality was considered as being high. Mortality of 5.59% (36 out of 286) caterpillars was induced by fungi. The fungi species diversity index (H′ = 2.608) determined for the caterpillars was higher than that for the adult moths (H′ = 1.757). The frequency of occurrence of any fungus species ranged from 2.77% to 13.89% (Table 1). Trichothecium roseum (FO = 13.89%), Sarocladium strictum (FO = 11.12%) and Oedocephalum glomerulosum (FO = 8.33%) were the most common fungi species isolated. Presence of bacteria and yeasts was noted as well; however those were not analyzed.




3.1.4. Pupal Mortality and Mycoses


A total of 568 mines cut from the collected fallen leaves were incubated with overwintered pupae. Adult moths did not emerge from 21.22% of the pupae (183 emerged out of 568 pupae) (Table 1), and fungi were recovered from all diseased pupae (100%). Complexes of fungi species rather than a single species were detected quite often, approximately in 33% of the diseased pupae. The diversity index of the fungi species isolated from the pupae H′ was equal to 2.619, and its value was the highest established in the present analysis. Nineteen fungal species from 15 genera were isolated (Table 1). Cordyceps fumosorosea (recovered from 17.49% cadavers), B. bassiana (from 16.94%) and L. psalliotae (from 8.74%) as well as S. strictum (from 8.74% cadavers) were the most common fungi species isolated from the diseased pupae.





3.2. Groups of Fungal Entomopathogens


Proportions of recovered fungi species grouped according to their ecology are presented in Figure 1. The highest relative abundance of generalist entomopathogenic fungi (GEF) was revealed in cadavers of C. ohridella adult moths (~65%). GEF proportion was smaller in pupae, and even smaller in eggs, comprising 46% and 38%, respectively. As in the case of GEF, the percentage of opportunistic entomopathogenic fungi (OEF) varied depending on the insect development stage. The highest percent of OEF was found in C. ohridella eggs and caterpillars (in 48% and 33% of cadavers, respectively), where the lowest abundance of GEF was recorded (38% and 28%, respectively).



As well as the relative abundance of ecological groups, the number of species within the GEF group varied depending on the moth developmental stage (Table 2). Lecanicillium aphanocladii prevailed among all isolated entomopathogens (28.30%). Other more common entomopathogenic species isolated were B. bassiana (24.06% of isolates), L. psalliotae (17.93%) and C. fumosorosea (17.45%).




3.3. Susceptibility of C. ohridella to Fungal Entomopathogens (Bioassay Tests)


Of the generalist entomopathogenic fungi, which most often damage C. ohridella at various stages of development in nature (Table 2), four species were selected for a comparative test: B. bassiana, C. fumosorosea, L. aphanocladii and L. psaliotae. The test would have been appropriate for the caterpillar stage of the moth, since this stage is responsible for the damage to the horse-chestnut leaves. However, since caterpillars live inside the leaf, they are very well-protected from any affect, including that of fungi (see Table 2); therefore, the egg and pupal stages of the moth were selected for the comparative analysis.



Lecanicillium aphanocladii was among the most virulent fungi species tested on C. ohridella (Figure 2). These fungi caused mortality of 76.83 ± 4.1% eggs and that was 1.8, 2.0, and 2.8 times more compared to the effects caused either by B. bassiana, C. fumosorosea or L. psaliotae, respectively. Beauveria bassiana and C. fumosorosea showed similar virulence towards the eggs: induced mortality reached 57.09 ± 6.18% and 53.13 ± 5.14%, respectively, which was significantly less (p < 0.05) from that induced by L. aphanocladii (76.83 ± 4.1%).



Mortality of the naked pupae significantly (p < 0.05) increased comprising, 57.09 ± 2.71%, 65.28 ± 4.39%, 76.81 ± 6.52% and 87.64 ± 2.76%, respectively, in the B. bassiana, C. fumosorosea, L. psalliotae and L. aphanocladii treatments. All four tested fungi showed intensive mycelium growth on the cadavers already after 3–4 days of incubation. The lowest mortality was recorded when pupae inside their mines were sprayed with fungal conidia. Mortality following spraying (concentration 3 × 108 conidia mL−1), varied from 34.29 ± 13.91% to 53.11 ± 4.79% in B. bassiana and L. psalliotae treatments, respectively. L. aphanocladii showed a slightly higher virulence trend (56.82 ± 7.39%); however, the difference was not statistically significant (p > 0.05).





4. Discussion


The analysis of mortality and fungus infestation of the invasive pest leaf miner moth, C. ohridella, collected during various stages of development in nature allows to evaluate the role of entomopathogenic fungi in the regulation of its population. In the present study, eggs, caterpillars and pupae were transferred from nature into development-friendly laboratory conditions, and the results both on total mortality and mortality related to mycoses led to lower estimations than those in nature. There is no doubt that longer exposure should increase fungal infection. On the other hand, predators would remove some infected insects and those would not enter the records of the infestation.



The total mortality of C. ohridella eggs was 9.78%, that of larvae was 45.25% and that of overwintering pupae was 21.22%. There are data on egg and pupae mortality obtained under natural conditions, and the values are much higher, reaching 30% for eggs [14] and from 53% up to 97.25% for overwintered pupae [5,14,45]. Unfortunately, due to lack of data both on summer pupae and adults of reproductive age, estimation of general mortality (or survival) throughout the whole life cycle of C. ohridella seems not possible. However, there is no doubt that the total survival of preimaginal stages of the moth is very high during the summer period, as indicated by the poor condition of the host-plant leaves. The total percentage of caterpillar mortality was high (45.25%) in comparison with the mortality of eggs and pupae. However, only 5.59% of the dead caterpillars showed mycoses symptoms. Perhaps this could be the result of host-plant leafs, as it is known that the leaves of A. hippocastanum contain defensive substances (anthocyanins, phenols and flavonols) which might reduce the body mass and survival of caterpillars within leaf tissues [46,47].



The data obtained on fungi related to C. ohridella revealed 27 species from 19 genera, including eight species of entomopathogenic fungi, seven species of secondary (opportunistic) fungal pathogens and 12 species of saprotrophic fungi (Table 1). Common insect pathogens prevailed in the adult and pupal cadavers, comprising 65% and 46% of all isolates, respectively. A comparable proportion of the generalist entomopathogens was revealed in eggs (38%) and caterpillars (28%).



Depending on the moth development stage, the prevailing fungus species detected differed (except for the caterpillar stage, where the detection rate of any of 15 species varied from 2.77% to 13.89% only). At the egg stage, mycoses were mainly caused by Cladosporus cladosporioides (30.68% of all mycoses), at the pupa stage Cordyceps fumosorosea and Beauveria bassiana prevailed (17.49% and 16.94%, respectively), and Lecanicillum aphanocladii (39.45%) prevailed at the adult stage. The latter fungus species was recorded for the first time in Lithuania, and thus its identification was checked and confirmed by application of molecular methods and published in a separate paper [48].



Among entomopathogenic species, L. aphanocladii (28.30%), B. basssiana (24.06%), L. psalliotae (17.93%) and C. fumosorosea (17.45%) were the most abundant (Table 2). Information on the variety of entomopathogenic fungi involved in C. ohridella mortality is very scarce. Investigations of moth-related fungi and possible fungal pathogens have been performed in the Czech Republic [26,27,28,29,30]. Positive insecticidal effects of L. muscarium (Petch) Zare and W. Gams against C. ohridella caterpillars [33,34] and pupae [32] were reported. Cordyceps fumosorosea (syn., Isaria fumosorosea or Paecilomyces fumosoroseus), B. bassiana, and M. anisopliae were demonstrated to be pathogenic to the invasive moth as well [31,32,33,34].



Some opportunistic fungi were abundant as generalist fungal entomopathogens. They comprised 48% and 33% of the total number of fungi isolated from the C. ohridella eggs and caterpillars, respectively. Cladosporium cladosporioides and T. roseum species were the opportunistic fungal pathogens most often recovered. We found the latter fungi to be common on A. hippocastanum foliage (data not presented); thus we predict that direct contact could be the reason of the high infection of C. ohridella eggs. Sarocladium strictum was common among isolates from caterpillar and pupal cadavers as well. The fungus is known as the most common fungal endophyte of grasses, has been found on leaf surfaces of vascular plants, was frequently observed on other primary fungal colonizers like rusts or powdery mildews, and is widely distributed in the atmosphere [43]. The species is also known as related to the attack on insects [49,50].



Comparative laboratory tests demonstrated (see Figure 2) that the L. aphanocladii entomopathogenic efficacy towards C. ohridella is equivalent to other well-known entomopathogens: C. fumosorosea, B. bassiana and L. psalliotae. No statistically significant difference was found between the pathogenic potentials of B. bassiana and C. fumosorosea. Although both fungi increased the mortality of eggs and naked pupae by up to 53.13–65.28%, their induced mortality of pupae inside their mines (34.29–46.57%) was significantly lower than the mortality induced by L. aphanocladii and L. psalliotae (53.11–56.82%). A surprisingly high difference was revealed in the pathogenic potential of the species within the same Lecanicillium genus. Like L. aphanocladii, L. psaliotae conidia were highly pathogenic to naked pupae, but not to eggs. Based on the results of the present investigation, it cannot be firmly stated that L. aphanocladii was the strongest inhibitor of C. ohridella development; data on the comparative bioassay of the four fungi tested did not reveal significant interspecific pathogenicity differences, except at the egg stage, when L. aphanocladii was the most active. In conclusion, L. aphanocladii was commonly recovered from C. ohridella cadavers and showed high pathogenic potential in the bioassay. The fungus was found to be associated with A. hippocastanum foliage and was particularly common on the leaf surfaces with a higher density of powdery mildew disease inducing fungus, Erysiphe fexuosa (Peck) U. Braun and S. T. Takamatsu (syn. Uncinula flexuosa) (data not presented). We hypothesize that L. aphanocladii is related to E. flexuosa development, like three other closely related Lecanicillium species (L. attenuatum, L. lecanii (now renamed Akanthomyces lecanii) and L. longisporum), which are known to be active both against some insects and powdery mildew [51,52]. One more fungus species of the same genus, known as generalist mycoparasite, L. muscarium (formally known as V. lecanii) inhibiting powdery mildew [53], was discovered and confirmed as a C. ohridella pathogen [34]. This indicates that investigation of L. aphanocladii’s relationship with other fungal species could offer perspective and provide more opportunities to develop environment-friendly methods for C. ohridella pest control by means of entomopathogens.




5. Conclusions


The total mortality of the leaf-miner horse-chestnut pest, Cameraria ohridella, collected in nature, and the mortality associated with mycoses, was assessed under laboratory conditions for eggs (9.78% and 61.97%, respectively) for caterpillars (45.25% and 5.59%, respectively) and for pupae (21.22% and 100%, respectively). At the egg stage, Cladosporus cladosporioides caused mycosis most often (27% of all mycoses); at the caterpillar stage there was no pronounced predominant fungus species; at the pupal stage both Cordyceps fumosorosea and Beauveria bassiana were dominant (32% and 31%, respectively); and at the adult stage Lecanicillum aphanocladii was dominant (43%). C. ohridella moths remained the most vulnerable during the pupal and caterpillar stages. Maximum diversity of fungi associated with the leaf-miner moth was reached during the period of development inside the chestnut leaf (Shannon–Wiener index, H′ = 2.608 at the caterpillar stage and H′ = 2.619 at the pupal stage), whereas it reached a minimum at the adult stage (H′ = 1.757). Comparative laboratory tests revealed novel properties of the fungus L. aphanocladii, its effectiveness as the leaf-miner moth‘s entomopathogen and its suitability for field application trials while developing environment-friendly methods needed for horse-chestnut pest control.
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Figure 1. Percentage of generalist entomopathogenic fungi (GEF), opportunistic entomopathogenic fungi (OEF) and other saprotrophic fungi (SF) among the fungi recovered from C. ohridella moths at different stages of development: adult moths (a), eggs (b), caterpillars (c), and pupae (d). 
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Figure 2. Mortality of C. ohridella eggs, naked pupae and pupae within the mines treated with Lecanicillium aphanocladii, L. psalliotae, Beauveria bassiana and Cordyeps fumosorosea at 3 × 108 conidia/mL concentrations in the sprayed suspension. Data are presented as the mean of five treatments and standard error (SE) (bars). Different letters at columns indicate statistically significant differences (Tukey’s test, p < 0.05). 
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Table 1. Mycosis symptoms of Cameraria ohridella at different stages: from egg to adult.
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Adult Moths

	
Eggs

	
Caterpillars

	
Pupae






	
Total number (TN) of specimen tested

	
349

	
1451

	
632

	
568




	
TN (and%) of dead individuals

	
349 (100)

	
142 (9.78)

	
286 (45.25)

	
183 (21.22)




	
TN (and%) with mycosis symptoms

	
109 (31.23)

	
88 (61.97)

	
36 (5.59)

	
183 (100)




	
Fungi species

	
Number of infected individuals and FO *




	
Adult moths

	
Eggs

	
Caterpillars

	
Pupae




	
Akanthomyces lecanii (Zimm.) Spatafora, Kepler and B. Shrestha

	

	

	

	
9 (4.91)




	
Alternaria alternata (Fr.) Keissl.

	

	

	
2 (5.56)

	
7 (3.82)




	
Aspergillus parasiticus Speare

	

	

	
2 (5.56)

	
3 (1.64)




	
Beauveria bassiana (Bals.-Criv.) Vuill.

	
6 (5.5)

	
11 (12.5)

	
3 (8.33)

	
31 (16.94)




	
Cladosporium cladosporioides (Fresen.) G.A. de Vries

	
11 (10.09)

	
27 (30.68)

	
3 (8.33)

	
11 (6.01)




	
Clonostachys rosea (Link) Schroers, Samuels, Sefert and W. Gams

	

	

	

	
8 (4.37)




	
Colletotrichum gloeosporioides (Penz.) Penz. and Sacc.

	
2 (1.84)

	
1 (1.14)

	
2 (5.56)

	




	
Cordyceps fumosorosea (Wize) Kepler, B. Shrestha and Spatafora

	
3 (2.75)

	
2 (2.27)

	

	
32 (17.49)




	
Cordyceps farinosa (Holmsk.) Kepler, B. Shrestha and Spatafora

	

	
3 (3.41)

	

	
6 (3.28)




	
Cordyceps tenuipes (Peck) Kepler, B. Shrestha and Spatafora

	

	

	

	
4 (2.19)




	
Erysiphe flexuosa (Peck) U. Braun and S. Takam.

	

	

	
3 (8.33)

	




	
Fusarium proliferatum (Matsush.) Nirenberg

	
2 (1.84)

	

	

	
4 (2.18)




	
Fusarium oxysporum Schltdl.

	

	
6(6.82)

	

	
3 (1.64)




	
Fusarium fujikuroi Nirenberg

	
7 (6.42)

	

	
1 (2.77)

	




	
Harzia acremonioides (Harz) Costantin

	

	

	
2 (5.56)

	




	
Lecanicillium aphanocladii Zare and W. Gams

	
43 (39.45)

	
13 (14.77)

	
2 (5.56)

	
2 (1.09)




	
Lecanicillium psalliotae (Treschew) Zare and W. Gams

	
18 (16.51)

	
4 (4.55)

	

	
16 (8.74)




	
Metarhizium anisopliae (Metschn.) Sorokin

	

	

	

	
4 (2.19)




	
Microascus brevicaulis S.P. Abbott

	

	

	

	
2 (1.09)




	
Oedocephalum glomerulosum (Bull.) Sacc.

	

	

	
3 (8.33)

	




	
Penicillium citrinum Thom

	

	
5 (5.68)

	
1 (2.77)

	




	
Penicillium chrysogenum Thom

	

	
2 (2.27)

	
1 (2.77)

	




	
Penicillium oxalicum Currie and Thom

	

	
4 (4.55)

	

	
2 (1.09)




	
Sarocladium strictum (W. Gams) Summerb.

	

	

	
4 (11.12)

	
16 (8.74)




	
Stachybotrys chartarum (Ehrenb.) S. Hughes

	

	

	

	
3 (1.64)




	
Trichoderma harzianum Rifai

	

	
2 (2.27)

	
2 (5.56)

	
4 (2.18)




	
Trichothecium roseum (Pers.) Link

	
17 (15.6)

	
8 (9.09)

	
5 (13.89)

	




	
Other (unidentified four morphotypes)

	

	

	

	
16 (8.74)




	
Total number of species

	
9

	
13

	
15

	
19




	
Total number of genera

	
7

	
9

	
14

	
15




	
Shannon-Wiener diversity index (H′)

	
1.757

	
2.174

	
2.608

	
2.619








* FO—frequency of occurrence (in brackets) was calculated as the percentage of cadavers with the separate fungus of the total number of cadavers with mycosis symptoms.
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Table 2. Generalist entomopathogenic fungi (GEF) from diseased Cameraria ohridella moths at different developmental stages.
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GEF Species

	
Number of Infected Moth Individuals

	
Total Number (Percentage, %)




	
Adult

	
Egg

	
Caterpillar

	
Pupae






	
Akanthomyces lecanii

	

	

	

	
9

	
9 (4.25)




	
Beauveria bassiana

	
6

	
11

	
3

	
31

	
51 (24.06)




	
Cordyceps fumosorosea

	
3

	
2

	

	
32

	
37 (17.45)




	
Cordyceps farinosa

	

	
3

	

	
6

	
9 (4.25)




	
Cordyceps tenuipes

	

	

	

	
4

	
4 (1.89)




	
Lecanicillium aphanocladii

	
43

	
13

	
2

	
2

	
60 (28.30)




	
Lecanicillium psalliotae

	
18

	
4

	

	
16

	
38 (17.93)




	
Metarhizium anisopliae

	

	

	

	
4

	
4 (1.89)




	
Total number

	
70

	
33

	
5

	
104

	
212 (100)
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