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Abstract: The use of entomopathogenic fungi for the control of insect pests has been the subject of extensive scientific
research for their potential effectiveness, safety and pest selectivity. These microorganisms infect insects in a way which
includes a sequence of events, resulting in the disruption of the regular functions of the host and its ultimate death.
Our nine-day experiment focused on the effect of three fungal species, Beauveria bassiana, Metarhizium robertsii and
Isaria fumosorosea, on the survival of Helicoverpa armigera larvae in vitro. The fungi were sprayed each at six different
concentrations (10°, 10%, 10°, 10°, 107, 10® conidia/ml) on L, larvae. Statistical analysis produced varying degrees of larval
mortality which exhibited a clear dose-dependency. Especially the high-end concentrations of 10" and 10° conidia /ml of
all three fungi were very pathogenic, with larval mortality ranging between 87 and 100% at nine days. Our results add to
the direction of incorporating entomopathogenic fungi in the toolbox of biological pest control.
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1. Introduction

The majority of insect diseases (approximately 60%) is induced by pathogenic fungi'. Consequently, research in
agricultural pest control has been increasingly geared towards the investigation and incorporation of biological control
agents such as parasitoids, fungi, bacteria and viruses, as pest control tools in place of or in conjunction with chemical
insecticides. Entomopathogenic fungi which by nature infect and often kill insects and other arthropods™™, while remaining
non-pathogenic to plants and relatively non-toxic to humans and animals", display many advantages over other biological
and chemical products, albeit they are relatively underutilized.

Infection of an insect by an entomopathogenic fungus results from the contact of the fungal spores with the insect's
cuticle. The process by which insect pathogens enter the insect consists of a sequence of events which interact with many
biotic and abiotic factors. However, the precise way in which a pathogenic fungus recognizes the host is unknown. It
has been observed that the fungus produces an elicitor which is detected by membrane-bound receptors on the host cell.
Through this binding, the production of enzymes by the pathogen is elicited. It is thus that the pathogen invades the cell
wall,

The growth cycle of entomopathogenic fungi in vivo comprises the following steps: (a) adhesion of the conidia to the
host cuticle; (b) formation of a germ tube; (¢) cuticle puncture; (d) production of enzymes to facilitate the invasion process;
(e) vegetative growth inside the insect; (f) nutrient use and installation; (g) production of toxins and infectious agents
to suppress the host defense; (h) production of external conidiophores after the death of the insect™* . Three to seven
days post infection, the host dies from starvation"*'?. The result of the infection depends on the fungus's genetic ability to
infect, on the insect's ability to defend itself and on many biotic and abiotic factors and interactions such as low relative
humidity and the inability to use available nutrients in the insect’s cuticle!™ """

Helicoverpa armigera (Hiibner) (Lepidoptera: Noctuidae) features among the most harmful agricultural pests". It is
a geographically widespread (Europe, Asia, Africa and Oceania)''®, highly polyphagous moth whose host species include
a wide range of economically important crops such as cotton, maize, chickpea, tomato, sorghum, sunflower etc. Females
lay their eggs on the fruits and flowers of these crops where hatched larvae start to feed causing significant agricultural
damage''”. Helicoverpa armigera has been attributed the pest status not only because of its ability to attack a wide range of
hosts from various families but also for its resistance to insecticides'™ ",

The aim of the study is to study how different doses of the entomopathogenic fungi, Beauveria bassiana (Bals.- Criv.)
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Vuill. (Hypocreales: Cordycipitaceae), Metarhizium robertsii (Bisch., Rehner & Humber) (Hypocreales: Clavicipitacae),
and Isaria fumosorosea Wize (Hypocreales: Cordycipitaceae) affect the survival of Helicoverpa armigera larvae in vitro.
Beauveria, Metarhizium, and Isaria are three of the most important genera utilized as biological control microbial agents,

as they have been reported to successfully infect several species of many insect orders all over the world"™ ">,

2. Materials and methods
2.1 Entomopathogenic microorganisms

We selected the fungal species Beauveria bassiana (STRAIN: B28AZS), Metarhizium robertsii (STRAIN: MET)
and Isaria fumosorosea (STRAIN: Agios Stefanos), as they are the most commercially used, they infect a wide range of
hosts and they are used as biological control agents for crop pests''”. The entomopathogenic fungi were isolated by using
stored pests as bait (Stored Pest Bait method)”". Conidia identification was carried out stereoscopically. The isolates were
maintained in Petri dishes on SDA medium (Sabouraud Dextrose Agar, Oxoid) at 3 + 1°C and they were renewed monthly.
2.2 Preparation of suspensions of pathogens

Sixty-five grams of Sabouraud Dextrose Agar (Oxoid, USA) were used to prepare the growth substrate, which was
dissolved in 1000 ml of sterile water and heated to boiling point. It was distributed in conical flasks and autoclaved in the
oven for 20 min at 1.5 bar pressure, at 121°C. In order to prepare the suspensions for the needs of the experiments, the
fungi were cultured on 9 cm SDA Petri dishes, secured with Parafilm for protection against contamination, and allowed
to grow in the dark for 15 days at 25°C. Conidia were collected from the cultures after 15 days. The suspensions were
prepared by scraping conidia from the surface of the Petri dishes using a sterile metal hook. The conidia were transferred
to 500 ml bottles containing 100 ml of sterile water and Tergitol® NP9 0.05%. The conidial suspension was filtered
through several layers of sterile cloth (organ-small cross-holes) before it was homogenized for 5 min using a magnetic
stirrer™. Finally, a Neubauer hematocytometer was used in an optical microscope (400x) to determine the desired doses.
Conidial germination was high. This was assessed by examining the fungal conidia using an optical microscope (40x) after
incubation in the dark and after 24 h.

2.3 Helicoverpa armigera rearing

Helicoverpa armigera individuals were originally collected from tomato fields in Mirtia, Ilia, Greece (37.702267,
21.359392), and their taxonomy was established stereoscopically by examining larvae (Figure 1). They were reared on
an artificial substrate in laboratory conditions. All stages were maintained in a room with constant temperature 25 + 1°C,
humidity 60 to 70% and photoperiod 16:8 h light: dark. Plastic trays (26 x 51cm wide, 4 x 4 x 5.5cm’), tightly covered with
fine muslin cloth for aeration, were used for larval rearing. Two days before the treatment, the larvae were allowed to feed
on 4-week-old green tomato fruit so that they could acclimatize to the natural diet again. The newly emerged pupae were
removed from the diet and they were transferred to empty glass vials sealed with cotton wool. They were placed in the
incubator, maintained at 24 + 3°C, 70 + 5% RH and L14: D10 until adult emergence®. The newly developed adult moths
and their sex were recorded daily and transferred to boxes to obtain eggs for future progeny development.

Figure 1. Larvae of H. armigera collected from Mirtia, Ilia, Greece for the initial laboratory rearing
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2.4 Determination of susceptibility of H. armigera to entomopathogenic fungi in a range of doses

Conidial suspensions of concentrations of 10°, 10*, 10°, 10°, 107, 10* conidia/ml were prepared for the
entomopathogenic fungi B. bassiana, M. robertsii and I. fumosorosea. The range of doses was selected to determine
the infectivity of the fungi. Ten L,-aged larvae of H. armigera were sprayed with a 10 ml suspension from each
entomopathogenic microorganism using sterile sprays (500 ml) and were placed in 9cm sterile Petri dishes. The prepared
suspensions were applied with a Potter spray tower (Burkard Manufacturing Co. Ltd., Rickmansworth, Hertfordshire,
U.K.) at 1 kgf cm”. They were kept at 25 + 1°C and humidity 75%, and they were provided with a natural diet. For each
concentration, 10 repetitions of 10 individuals were performed. Survival was performed every three days. Control larvae
of the same age were sprayed with 10 ml of surfactant solution (Tergitol NP9 0.05%). The dead larvae were removed and
surface sterilized using 2% sodium hypochlorite for a few seconds to avoid the development of saprophytic fungi. In order
to determine the cause of death and to determine the pathogen, each dead larva was examined using a stereoscope.
2.5 Statistical analysis

The analysis of variance of the averages of larval mortality values was performed using the concentration and time
variation analysis technique. The SPSS statistical package (SPSS Inc., IL, USA, version 23.0) was used to analyze the
variance of the data. The data, where deemed necessary, were appropriately converted (arcsin) to meet the requirements
of the parametric analysis for equal variations between treatments. Comparison of mean values compared for statistically
significant or non-significant differences between the parameters under study was performed with Tukey test for
significance level o = 0.05. The efficacy of each fungus on H. armigera larvae was calculated by Abbott's formula™” **).
The Kaplan-Meier method (non-parametric) was also chosen to determine the mean survival time of H. armigera larvae
treated with the pathogenic doses. The results of the survival function were compared with the Breslow-Gehan distribution
test (SPSS v. 23.0). Abbott's formula for effectiveness determines that: Effectiveness: [1- (Final treated population/Initial
treated population x Initial control population/Final control population)].

3. Results - discussion

To establish the effectiveness of the different doses of the entomopathogenic fungi, larval mortality as well as the
control were observed daily until the end of the experiment. This was the first time that M. robertsii was tested against
larvae of H. armigera.

The mortality of the control larvae (H,O + Tergitol NP9 0.05%) was 4% at the end of the experiment. By contrast, the
three entomopathogenic fungi resulted in varying degrees of larval mortality which was proportional to the concentration
used. Larval mortality ranged from 3.4% (three days) to 100% (nine days) at all doses. All applied doses differed
significantly from the control, with the exception of the lower doses of 10°, 10* and 10° which had produced zero mortality
by day three (Table 1). In the case of the entomopathogenic fungus B. bassiana, the results showed that, while at three
days, only the higher doses of 10°, 10" and 10° induced a mortality significantly different from the control, at six and nine
days, all concentrations proved to be significantly lethal (F = 2.901, df = 12.42, P <0.001). Larval mortality at 10° ranged
between 23 (three days) and 97% (nine days). By contrast, in the treatment with M. robertsii, larval mortality (10*) ranged
between 20 (three days) and 97% (nine days) (F = 9.915, df = 12.42, P <0.001), and in the treatment with I. fumosorosea,
larval mortality (10%) was between 13 (three days) and 100% (nine days), which differed significantly from the control at
all doses and at all measurements (F = 10.270, df = 12.42, P <0.001). Overall, at nine days, the doses of 10" and 10® in the
treatments with B. bassiana, M. robertsii and I. fumosorosea were significantly more pathogenic than all other doses in
terms of mortality (Table 3). Statistically significant differences were observed between doses for all fungi (F = 71.119, df
=6.150, P<0.001) (Table 1).
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Table 1. Mortality (%) (mean =+ sd) of H. armigera larvae after 3, 6, and 9 days due to treatment with entomopathogenic fungi (n = 100) at doses
(10°, 10%, 10, 10°, 107, 10°® conidia / ml) and control (H,O + Tergitol NP9 0.05%). The different letters indicate statistically significant differences
between the concentrations (P < 0.05), and the asterisk indicates statistically significant differences from the control

Treatment/Mortality Concentration 3 days 6 days 9 days
10° Oc 17+5.8%¢ 30+10%c
10* 0Oc 2345.8%¢ 4345 8%c
10° 0Oc 33+15.3%be 67+5.8%b
B, bassi 10° 3.4+5.8%b 40+10%b 80+10*a
. bassiana
10’ 10+10*a 73+11.5%a 93+11.5%a
10® 23+15.3*a 83+15.3%a 97+5.8%a
10’ 0 7+5.8%d 23+5.8%¢
10* 3.4+5.8%a 27+11.5%¢ 47+15.3*%d
10° 3.4+5.8%a 33+15.3%c 57+15.3*d
M. robertsit 10° 3.4+5.8%a 43+5.8%c 77+5.8%¢
. robertsi
10 10£10*a 67+11.5%b 87+5.8%ab
10® 20+0*a 90+10*a 97+5.8%a
10° 0 10£10%bc 1745.8*d
10* 10+10ab* 23+11.5%b 40+10%c
10° 6.7+5.8b* 30+0%b 50+£0%*c
- 10° 10+10ab* 40+10%b 70+£10*b
. mosorosea
10 20+0a* 83+£20.8*a 93+5.8%a
10° 13+5.8b* 86.7+5.8*a 100%*+0.0a
Control H,O + Tergitol Np9 0 2.7+1.9 4+1.3

Literature is abundant in studies which display the high virulence of entomopathogenic fungi. Such is the case of
adults of Bactrocera zonata (Saunders) (Diptera: Tephritidae) which had been exposed to the conidia of L. lecanii, M.
anisopliae and B. bassiana””. Additionally, Batta"” stated that high mortality in Rhyzopertha dominica F. (Coleoptera:
Bostrichidae) was obtained after treatment with M. anisopliae at 7 days. Wakefield et al"®". reported 100% mortality of
Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) after 10 days of treatment with 10° conidia /mL of B. bassiana. Bida
and Pe¢iulyte" tested the effect of four fungal isolates (Beauveria bassiana, Lecanicillium lecanii, Metarhizium anisopliae
var anisopliae and Paecilomycers farinosus) on adults of the Indian meal moth and all fungal isolates were pathogenic. Our
results showed that the effectiveness of M. robertsii was on a par with that of the other two fungal species.

Moreover, Kaplan-Meier survival analysis (Wilcoxon-test) indicates the significant differences between the doses
per concentration, according to the median survival time (Table 2). Literature indicates that some of the primary factors
which can influence the efficacy of entomopathogens is the dose™*”, and abiotic factors such as temperature and relative
humidity”®*”. In our study, mean survival time adds to the indication that the effectiveness of the entomopathogenic fungi
is proportionate to high conidial concentrations. The dose-dependency of mortality is in agreement with the results of
other research studies, whereby application of entomopathogenic fungi at different doses has been significantly pathogenic,
i.e. of the entomopathogenic Lecanicillium lecani to aphids Macrosiphum euphorbiae and Aphis gossypii”*, to L.
psalliotailephidus ()™, of M. robertsii to thrips of the species Frankliniella occidentalis™” and to the tick Rhipicephalus
(Boophilus) annulatus (Ixodidae)”*, of 1. fumosorosea to potato larvae of Bemisia tabaci (Gennadius)*'" and, finally, of
B. bassiana to diptera, coleoptera, and the lepidopteran Plutella xylostella®® **!. It should be noted here that actual per os
infection is very difficult to distinguish from infection resulting from spores that came into direct contact with the insect **.
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Table 2. Median survival time from Kaplan-Meier (Wilcoxon- test) survival analysis after nine days

Treatment Mean survival time
Pathogenic B. bassiana Concentration 10° 8.57
10* 8.31
10° 8.09
10° 7.82
10’ 6.89
10% 6.13
M. robertsii 10° 8.33
10* 8.10
10° 8.02
10° 7.60
10’ 7.12
10% 6.29
I. fumosorosea 10° 8.81
10* 8.62
10° 7.11
10° 6.89
10’ 6.42
10° 5.50

. . . . . . . . . 46
Beauveria bassiana, 1. fumosorosea and M. anisopliae have wide host ranges, including major insect orders'*®.

Different strains of Beauveria, Isaria and Metarhizium spp. are known to vary in virulence and other pathogenicity-related
characteristics'’”. Our study showed no significant differences between the three fungal species in terms of their effect
on the treated larvae. At nine days, all three species induced high levels of mortality which differed significantly from
the control. Moreover, M. robertsii was equal in effectiveness to the other two fungi. This is an encouraging result which
expands our knowledge of the action of entomopathogenic fungi in the control of H. armigera.
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