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Abstract: The research on entomopathogenic viruses is of major significance as they could serve as
alternatives to chemical pesticides. There are various types of entomopathogenic viruses; among
them, Baculoviruses (BVs) are a potential option because they are eco-friendly and target specific.
The experiment in question aimed to evaluate the effect of three insect-specific commercial viruses,
Cydia pomonella Granulovirus (CpGV), Helicoverpa armigera Nucleopoyhedrovirus (HearNPV), and
Phthorimaea operculella Granulovirus (PoG), on the third-instar larvae of Helicoverpa armigera Hübner
(Lepidoptera: Noctuidae) and Thaumetopoea pityocampa Schiff (Lepidoptera: Notodontidae). The
viruses’ concentrations when tested were 500 ppm, 1000 ppm, 1500 ppm, 3000 ppm, and 6000 ppm,
and were applied on the eating medium. Both mortality and larval weight were monitored for
6 days. All three viruses had significant mortality rates on both moths (23.3–83.3% in the highest dose)
and larval weights had considerable decreases (70–80% in the highest dose). Generally, noteworthy
insecticidal action was recorded after 4 days and in doses higher than 1500 ppm. These results
highlight that entomopathogenic viruses may infect species other than their natural host and can be
implemented in terms of Integrated Pest Management.

Keywords: entomopathogenic virus; moths; T. pityocampa; H. armigera; CpGV; HearNPV; PoG

1. Introduction

For many years, chemical pesticides were the only option to employ in agriculture.
However, as more and more of these substances are becoming obsolete or even withdrawn
from the market due to the risks linked to them, finding eco-friendly and healthier alter-
natives has become a vital need. Such alternative tools are biopesticides that are derived
from naturally occurring matter and are defined by their biodegradability and their low
impact on other organisms and the environment. They can include fungi, bacteria, viruses,
nematodes, protozoa, or metabolites of the forementioned, which are known for their
insecticidal effect.

Among various groups of insect pathogens that have been used for pest control, ento-
mopathogenic viruses are distinct as they are known for their safety and target specificity.
Apart from this, they are very widespread, well s

.tudied, and can be easily replicated, characteristics that reinforce their selection for
further research and commercial development [1]. The pathogenicity caused by these
microorganisms is not the same in all insects and even differs between the insect’s develop-
mental stages. Despite the fact that entomopathogenic viruses infect a plethora of species,
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they exhibit very high selectivity, as many of them infect only one host. Although they do
not cause acute and immediate mortality, dramatic reductions in their host populations
have often been observed because of their actions [1].

A special group of entomopathogenic viruses, Nucleopolyhedroviruses (NPVs), be-
longing to the family Baculoviridae, have been suggested as potential bioinsecticides, and
already some of them have successfully been implemented as pest agents [2,3]. This family
consists of 600 viruses, including two genera, NPV and Granuloviruses (GVs) [4]. NPVs
have been found to be effective against many lepidopterous insects, while different factors
may influence outcomes, such as dose, temperature, nutrition, physical character, and the
larval stage [5–7]. However, there are certain disadvantages, such as their narrow host
range that limits their success against the diverse insect species in the field, and the slow
speed of action that allows the pests to infest crops and forests for considerable periods of
time [3,4,8,9].

The pine processionary moth T. pityocampa is a significant pest of pines in Mediter-
ranean countries, Central Europe, the Middle East, and North Africa [10,11]. It is distributed
virtually everywhere in Greece, with the exception of certain regions in Central Greece
and the Aegean Sea islands because of unfavorable climate conditions and isolation [12].
It is regarded as one of the most dangerous forest pests in Greece because it can cause
severe defoliation [13]. The adult moth lays eggs on pine trees and some other conifer
tree species. The hatched larvae that feed on pine needles form visible white winter nests,
which provide unambiguous evidence of their presence [14]. Such infections can defo-
liate young trees severely; older ones may become weakened and more susceptible to
other pathogenic organisms, or to environmental stress induced by drought or excessive
moisture [15]. Although old trees rarely die, notable increment losses in diameter and
volume can be seen [16]. Aside from damaging forest trees, larvae can also cause der-
matitis and ocular lesions in humans and animals, as well as respiratory symptoms and
anaphylactic reactions in rare cases [17].

The cotton bollworm H. armigera is one of the most dangerous agricultural pests [18,19].
Currently, it is estimated that this species is responsible for about 3 billion USD in annual
global losses [20]. In addition to being a cosmopolitan species, it is also a polyphagous moth
as its diet consists of a variety of crops, such as cotton, tomato, sorghum, and chickpea,
among others [21]. Eggs are deposited on fruits and flowers and hatched larvae feed on
plant tissue, causing significant damage [22,23]. Aside from the destruction its larvae can
cause on many economically important crops, its resistance to chemical insecticides ranks
H. armigera among the most serious of crop pests [24–28].

Control of these pests is of vital need as they can cause great damage to agriculture and
forestry, imposing great impact on the economy and human health. A promising tool either
as an alternative or as an assistant to chemicals would be entomopathogenic viruses which,
among other things, can effectively help to prevent moth pests from developing resistance
to conventional insecticides. This research aimed to evaluate larval mortality with the
application of commercial biopesticides based on entomopathogenic viruses, which were
used against T. pityocampa and H. armigera in laboratory conditions.

2. Materials and Methods
2.1. Biological Material

Larvae of H. armigera were originally picked from biological tomato fields in
Kourtesi, Ilia, Greece (37◦58′44′′ N 21◦19′4′′ E), and their identification was established
stereoscopically. An artificial diet made in the laboratory was provided as cited in
Matzoukas et al., 2022 [19]. The ingredients were separated into three mixtures and
treated as follows. The first step included a mixture of vitamins [Micotineacitamide (9.30 g),
riboflavin (4.64 g), pyridoxine hydrochloride (2.32 g), biotin (0.18 g), vitamin B12 (0.01 g),
folic acid (4.64 g), and thiamine hydrochloride (2.32 g)] and agar (45 g) that was boiled in
distilled water (1000 mL). After that, the second mixture [Biological yeast powder (60 g),
sucrose (60 g), formaldehyde 10% (15 mL), choline chloride 20% (30 mL), and distilled
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water (1200 mL)] and the third mixture [Ascorbic acid (12 g), methyl 4 hydroxy benzoate
(7.5 g), sorbic acid (4.5 g), streptomycine sulphate (0.1 g), cholesterol (0.6 g), and wheat
germ oil (0.6 mL)] were prepared separately by grinding. Finally, the second and third
mixtures were combined, and 45 gr of agar and another 1000 mL of distilled water were
added. The final mixture was brought to a boil and after it cooled (around 70 ◦C) the first
vitamin mixture was added. It was kept in the refrigerator at 6–8 ◦C.

For larval rearing, plastic trays (26 cm wide, 4 cm deep, 5.5 cm3 in volume) were
carefully covered with fine muslin cloth for aeration. The pupae were removed daily and
placed in empty glass vials sealed with cotton wool. They were placed in an incubator
and maintained at 24 ± 3 ◦C, 70 ± 5% RH, and L14:D10 until adult emergence [18]. The
newly emerged adult moths were sexed and transferred to boxes to acquire eggs for future
progeny development.

Lab culture of T. pityocampa was set up by collecting 1500 larvae from five habitats in
stands of Pinus halepensis Mill. in Patras (Dassylio), Achaia, from February to May 2022.
Several infested pine samples (50–60) were placed in sterile, wet sand in plastic boxes with
vented openings and transferred to the laboratory. The larvae were fed on pine needles
(P. halepensis) at room temperature [29]. Every 1 or 2 days, fresh twigs were provided. All
larvae were maintained in constant conditions of temperature, 25 ± 1 ◦C, relative humidity
60–70%, and photoperiod L16:D8 (PHC Europe/Sanyo/Panasonic Biomedical MLR-352-PE,
Nijverheidsweg 120, 4879 AZ Etten-Leur, The Netherlands).

2.2. Insect Toxicity Assays

The following insect pathogens were obtained for this experiment: Cydia pomonella
Granulovirus (CpGV) (Madex 6 × 1012 OB/mL from Hellafarm, Athens, Greece), He-
licoverpa armigera Nucleopoyhedrovirus (HearNPV) (Helicovex SC 7.5 × 1012 OB/mL
from Hellafarm, Athens, Greece), and Phthorimaea operculella Granulovirus (PoG) (Tutavir
2 × 1013 OB/mL produced in Greece by Athesis Hellas). Each viral solution was prepared
inside a laminar flow chamber (Equip Vertical Air Laminar Flow Cabinet Clean Bench,
Mechanical Application Ltd., Athens, Greece).

Virus pathogenicity against 3rd-instar larvae of H. armigera and T. pityocampa was
tested at five different doses using a Potter spray tower on the larval diet (Burkard Man-
ufacturing Co., Ltd., Rickmansworth, Hertfordshire, UK) at 1 kgf cm−2. The concen-
trations applied were 500 ppm (3 × 109 Obs/mL CpGV, 3.75 × 109 Obs/mL HearNPV,
10 × 109 Obs/mL PoG), 1000 ppm (6 × 109 Obs/mL CpGV, 7.5 × 109 Obs/mL HearNPV,
20 × 109 Obs/mL PoG), 1500 ppm (9 × 109 Obs/mL CpGV, 11.25 × 109 Obs/mL HearNPV,
30 × 109 Obs/mL PoG), 3000 ppm (18 × 109 Obs/mL CpGV, 22.5 × 109 Obs/mL HearNPV,
60 × 109 Obs/mL PoG), and 6000 ppm (36 × 109 Obs/mL CpGV, 45 × 109 Obs/mL
HearNPV, 120 × 109 Obs/mL PoG).

Experimental larvae were placed on plastic sterilized six-well plates (Labbox Lab-
ware, Barcelona, Spain) with a 2 gr diet each where they were monitored for 6 days. For
T. pityocampa, fresh pine leaves (70–90 cm2) were sprayed with the viral solution on both
surfaces and were air-dried. The artificial feed (100 gr) of H. armigera was sprayed and left
for 20 minutes to dry naturally before placing it on the experimental plates. Six 3rd-instar
larvae were used per dose. Each dose was replicated 10 times. The same procedure was per-
formed for the control larvae (sprayed with double distilled water only). Larval mortality
and weight were measured every 2 days. Weight was determined through the Gravimetric
method.

2.3. Statistical Analysis

Mean values of larval mortality were compared using analysis of variance, with the
main factors being treatment, concentration, insect species, and day of the experiment. The
Kolmogorov–Smirnov test was used for testing normality. 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
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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 24). Moreover, the Kaplan–Meier method
was applied to determine the mean survival time of the larvae. Parameters for data files
analyzed by SPSS 24 were as follows: probit model, natural response, and concentrations
converted to logarithms. The LC50 was then obtained together with 95% upper and lower
confidence limits.

3. Results
3.1. Larval Mortality

Significant differences appeared among treatments; days of the experiment and used
concentrations were proven to have a significant effect on larval mortality. The factors’
interactions showed a considerable effect; this suggests that experimental factors affected
the insects’ survival time in various ways (Table 1).

Table 1. An analysis of variance (3-way ANOVA) for the main effects and interactions of the mortality
levels of experimental larvae.

Factor: Larval Mortality df
T. pityocampa H. armigera

F Sig. F Sig.

Treatment 3 55.373 <0.0001 30.784 <0.0001
Concentration 5 21.578 <0.0001 23.536 <0.0001

Days 2 4.503 <0.0001 7.022 <0.0001
Treatment × Concentration 15 3.868 0.003 4.123 <0.0001

Treatment × Days 6 7.880 0.002 2.790 0.003
Concentration × Days 10 5.651 <0.0001 8.632 <0.0001

Concentration × Treatment × Days 30 6.450 0.001 3.234 <0.0001

The mortality percentage is contingent on the concentration of the used treatment.
The final mortality percentages of T. pityocampa larvae after 6 days were 26.7 to 76.6% with
HearNPV, 16.7 to 70% with CpGV, and 30 to 73.3% with POG. Control larvae, which were
treated only with ddH2O, recorded minor mortality (0.6%) until the end of the experiment
(Figure 1). Similarly, the final mortality of H. armigera larvae was 36.7 to 83.3% with
HearNPV, 40 to 76.6% with CpGV, and 46.7 to 70% with POG, while the control mortality
was also very low (1.7%) (Figure 1).
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Figure 1. Mean larval mortality of T. pityocampa (up) and H. armigera (down) treated with an ento-
mopathogenic virus for a period of 6 days. Bars represent the standard error. Columns with the 
same letter did not differ significantly. 

The survival time of T. pityocampa larvae treated with the viruses was significantly 
reduced in comparison to that of the control larvae. More specifically, after exposure to 
HearNPV the lethal time of the larvae ranged from 5.5 to 2.1 days, after exposure to CpGV 
this was 5.6–2.2 days, and, finally, after exposure to PoG this was 5.5–2.7 days. For the 
control larvae, the survival time was 5.9 days (Table 2). As far as H. armigera is concerned, 
the survival duration of treated larvae was likewise markedly shortened. More precisely, 
the survival time varied from 5.0 to 2.0 days following exposure to HearNPV, 5.1 to2.3 
days following exposure to CpGV, and 4.4 to2.8 days following exposure to PoG. The re-
spective period for untreated larvae was 5.9 days. 

Table 2. Median survival time of T. pityocampa and H. armigera larvae (Kaplan–Meier method, F: 
26.096; df: 29; p = 0.000). Columns with the same letter did not differ significantly. 
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this was 5.6–2.2 days, and, finally, after exposure to PoG this was 5.5–2.7 days. For the 
control larvae, the survival time was 5.9 days (Table 2). As far as H. armigera is concerned, 
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Figure 1. Mean larval mortality of T. pityocampa (up) and H. armigera (down) treated with an
entomopathogenic virus for a period of 6 days. Bars represent the standard error. Columns with the
same letter did not differ significantly.

The survival time of T. pityocampa larvae treated with the viruses was significantly
reduced in comparison to that of the control larvae. More specifically, after exposure to
HearNPV the lethal time of the larvae ranged from 5.5 to 2.1 days, after exposure to CpGV
this was 5.6–2.2 days, and, finally, after exposure to PoG this was 5.5–2.7 days. For the
control larvae, the survival time was 5.9 days (Table 2). As far as H. armigera is concerned,
the survival duration of treated larvae was likewise markedly shortened. More precisely,
the survival time varied from 5.0 to 2.0 days following exposure to HearNPV, 5.1 to 2.3 days
following exposure to CpGV, and 4.4 to 2.8 days following exposure to PoG. The respective
period for untreated larvae was 5.9 days.

Table 2. Median survival time of T. pityocampa and H. armigera larvae (Kaplan–Meier method,
F: 26.096; df: 29; p = 0.000). Columns with the same letter did not differ significantly.

Insect Virus Species Survival Time (Days ± sd)

T.
pi

ty
oc

am
pa

HearNPV

5.5 ± 0.1 a
5.4 ± 0.2 a
5.4 ± 0.3 a
3.4± 0.3 b
2.1 ± 0.2 c

CpGV

5.6 ± 0.1 a
5.5 ± 0.2 a
4.0 ± 0.4 b
3.8 ± 0.2 b
2.2 ± 0.4 c

PoG

5.5 ± 0.3 a
5.3 ± 0.1 a
4.8 ± 0.3 a
3.6 ± 0.1 b
2.7 ± 0.4 c

Control 5.9 ± 0.1 d



Appl. Sci. 2024, 14, 506 6 of 12

Table 2. Cont.

Insect Virus Species Survival Time (Days ± sd)

H
.a

rm
ig

er
a

HearNPV

4.5 ± 0.3 a
3.4 ± 0.2 b
2.9 ± 0.3 c
2.7 ± 0.2 c
2.0 ± 0.2 c

CpGV

5.1 ± 0.2 a
4.9 ± 0.1 a
3.9 ± 0.3 b
3.2 ± 0.2 b
2.3 ± 0.2 c

PoG

4.4 ± 0.1 a
3.8 ± 0.2 b
3.5 ± 0.3 b
3.3 ± 0.2 b
2.8 ± 0.1 c

Control 5.9 ± 0.2 d

Five different concentrations of the tested virus on the larvae of T. pityocampa and
H. armigera yielded an LC50 of 1.374–0.981 ppm for HearNPV, 1.691–0.664 ppm for CpGV,
and 1.033–0.524 ppm for PoG (Table 3).

Table 3. Lethal concentration (LC50) of the three viruses against T. pityocampa and H. armigera larvae
after 6 days.

Virus Slope Intercept R2 LC50 (95% CI) ppm Chi-Test (χ2) Sig

T. pityocampa
HearNPV 1.374 0.506 0.954 1863 (1011–3431) 0.833

CpGV 1.691 0.528 0.958 1851 (1114–3075) 0.799
PoG 1.033 1.574 0.968 2077 (936–4607) 0.965

H. armigera
HearNPV 0.981 2.226 0.991 670 (284–1578) 0.999

CpGV 0.666 2.928 0.950 1289 (382–4350) 0.989
PoG 0.524 3.454 0.967 887 (189–4146) 0.988

3.2. Larval Weight

Larval weight was significantly affected by the treatments, days of the experiment,
and concentrations used. This indicates that experimental factors affected larval weight in
a variety of ways (Table 4).

Table 4. An analysis of variance (3-way ANOVA) for the main effects and interactions of the larval
weight levels.

Factor: Larval Weight df
T. pityocampa H. armigera

F Sig. F Sig.

Treatment 3 34.114 <0.0001 32.312 <0.0001
Concentration 5 8.178 <0.0001 9.122 <0.0001

Days 2 7.436 <0.0001 6.740 <0.0001
Treatment × Concentration 15 7.868 <0.0001 6.112 <0.0001

Treatment × Days 6 9.880 0.004 8.993 <0.0001
Concentration × Days 10 9.771 <0.0001 5.171 <0.0001

Treatment × Concentration × Days 30 3.781 <0.0001 4.112 <0.0001
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The mean weight of the tested larvae depended on the concentration of the used
treatment. The final weights of the T. pityocampa larvae 6 days after exposure were 9.0 to
2.3 mg with HearNPV, 8.7 to 2.5 mg with CpGV, and 9.1 to 2.2 mg with PoG (Table 5).
Similarly, the ultimate larval weights of H. armigera were 9.0 to 1.5 mg with HearNPV, 9.1
to 2.2 mg with CpGV, and 9.1 to 2.8 mg with PoG. The weight of the control larvae was
found to be 10.5 mg for T. pityocampa and 10.8 mg for H. armigera (Table 5).

Table 5. Mean weight (mg ± SD) of T. pityocampa and H. armigera larvae. Means of the same column
followed by the same letter are not significantly different (Tukey’s test, a = 0.05).

Insect Virus
Concentration

(ppm)
Mean Larval Weight (mg ± sd)

0 Days 2 Days 4 Days 6 Days

T.
pi

ty
oc

am
pa

HearNPV

500

8.9 ± 0.4 a

9.2 ± 0.2 a 9.1 ± 0.2 a 9.0 ± 0.2 a
1000 8.9 ± 0.1 a 8.7 ± 0.2 a 8.5 ± 0.1 a
1500 7.0 ± 0.3 b 6.8 ± 0.4 b 6.6 ± 0.2 b
3000 4.2 ± 0.5 c 4.0 ± 0.1 c 3.6 ± 0.2 c
6000 3.0 ± 0.2 d 2.6 ± 0.3 d 2.3 ± 0.2 d

CpGV

500 9.0 ± 0.3 a 8.9 ± 0.2 a 8.7 ± 0.2 a
1000 8.4 ± 0.2 e 8.0 ± 0.2 e 8.0 ± 0.2 a
1500 7.2 ± 0.5 b 6.8 ± 0.2 b 6.6 ± 0.5 b
3000 5.2 ± 0.3 f 5.1 ± 0.3 f 3.6 ± 0.4 c
6000 3.0 ± 0.2 d 2.6 ± 0.3 d 2.5 ± 0.3 d

PoG

500 9.6 ± 0.1 h 9.3 ± 0.2 a 9.1 ± 0.2 a
1000 8.6 ± 0.2 e 8.5 ± 0.3 a 8.3 ± 0.2 a
1500 7.7 ± 0.5 e 7.2 ± 0.3 b 7.0 ± 0.3 b
3000 5.2 ± 0.2 f 5.1 ± 0.1 f 4.6 ± 0.3 e
6000 3.0 ± 0.5 d 2.6 ± 0.3 d 2.2 ± 0.3 d

Control 0 9.8 ± 0.2 i 10.3 ± 0.2 g 10.5 ± 0.2 f

H
.a

rm
ig

er
a

HearNPV

500

8.3 ± 0.6 a

9.3 ± 0.1 a 9.1 ± 0.2 a 9.0 ± 0.2 a
1000 8.9 ± 0.2 a 8.9 ± 0.2 a 8.2 ± 0.4 a
1500 7.1 ± 0.3 b 7.0 ± 0.3 b 6.8 ± 0.2 b
3000 4.2 ± 0.5 c 4.1 ± 0.2 c 3.6 ± 0.2 c
6000 3.3 ± 0.2 d 3.0 ± 0.2 d 1.5 ± 0.4 d

CpGV

500 9.3 ± 0.2 a 9.2 ± 0.3 a 9.1 ± 0.2 a
1000 8.7 ± 0.3 a 8.7 ± 0.2 a 8.6 ± 0.3 a
1500 7.1 ± 0.2 b 7.0 ± 0.2 b 6.9 ± 0.2 b
3000 4.2 ± 0.3 c 4.1 ± 0.2 c 3.6 ± 0.3 c
6000 3.1 ± 0.3 d 3.0 ± 0.2 d 2.2 ± 0.2 d

PoG

500 9.4 ± 0.3 a 9.3 ± 0.3 a 9.1 ± 0.2 a
1000 8.9 ± 0.3 a 8.7 ± 0.2 a 8.7 ± 0.2 a
1500 7.3 ± 0.2 b 7.1 ± 0.3 b 6.9 ± 0.2 b
3000 4.4 ± 0.1 c 4.1 ± 0.3 c 3.8 ± 0.2 c
6000 3.3 ± 0.3 d 3.3 ± 0.3 d 2.8 ± 0.2 d

Control 0 9.9 ± 0.4 h 10.4 ± 0.2 g 10.8 ± 0.4 f

4. Discussion

Baculoviruses are insect pathogens that are occasionally developed as biopesticides to
control plant pests, especially moth species [2]. There are now about 16 baculovirus-based
biopesticides available for use or in development, most of which are applied against certain
moth pests, like C. pomonella [30]. Notwithstanding the advantages, viral biopesticides
account only for a small portion of the pesticide market, mostly because of the previously
noted drawbacks (limited host range, slow killing). Remarkably, just four insect viruses
have been approved by EU countries for commercial use as biopesticides [31]. Therefore, the
ability to successfully overcome these obstacles through scientific research will determine
whether or not insect viruses will be used continuously in the future.
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In this frame, commercial viral biopesticides were evaluated for the management of
two common lepidopteran pests in the present study. This is the first time that HearNPV,
CpGV, and PoG have been tested as potential biological control agents against T. pityocampa.
Also, for the first time, CpGV and PoG were tested against H. armigera.

During the last decade, many lab bioassays and field tests have been carried out,
evaluating NPVs as biocontrol agents of lepidopteran pests with very promising results.
NPVs have demonstrated effective insecticidal action against many notorious moth species,
like H. armigera [32], Helicoverpa zea (Boddie) (Lepidoptera: Noctuidae) [33], Spodoptera
frugiperda (J. E. Smith) (Lepidoptera: Noctuidae) [34–37], Spodoptera exigua (Hübner) (Lepi-
doptera: Noctuidae) [38,39], Spodoptera littoralis (Boisd.) (Lepidoptera: Noctuidae) [40,41],
and Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) [42,43].

Specifically, S. frugiperda that infested maize plants suffered more than 80% mortality
when a formulated Sf NPV strain from Colombia was applied [34], while an even higher
control was achieved by mixing this NPV with Granulovirus (GPV) [35]. Moreover, three
Mexican NPV isolates caused almost complete mortality (>98%) after 7 days on the same
moth [2]. Another NPV caused 77.5% larval mortality within 5 days on S. exigua and
suppressed its feeding capacity [38]. In a recent similar study, an NPV was effective at
killing young (1st–3rd instars) larvae of H. armigera, recording 99% mortality after 4–6 days,
but the grown larvae (4th–5th instar) survived (35% mortality) [33].

Usually, infected larvae cease to gain weight after 24 h of viral infection. Healthy larvae
will easily maximize their weight and size in a period of 3–4 days, while the infected larvae
stop growing and start losing weight [7]. This happens because viruses are released into the
host’s alkaline midgut when the occlusion bodies dissolve in the stomach of lepidopterous
larvae. The same pattern was found in the current study at the end of the experiment, given
that the final larval weight was gradually decreased in both species due to viral treatments,
reaching a reduction of 80% compared to the control in the highest dose and exposure
time. This antifeedant effect of viral infection in moth larvae has been well documented for
SpliMNPV on S. littoralis [44], for LoGV on the tomato moth Lacanobia oleracea (Lepidoptera:
Noctuidae) [45], and for other moth pests [46–49]. Similarly to our results, a 45% weight
reduction was recorded on S. litura larvae treated with a commercial virus suspension
(Spodavax, SpltNPV) [46].

Apart from their single action, it has been well documented that NPVs can be perfectly
combined with various chemical insecticides, like azadirachtin [50–53], emamectin [52,54],
chlorantraniliprole [50,55], spinetoram [54], thiamethoxam, diflubenzuron [56], endo-
sulfan [57,58], and metaflumizone [52]. Most of the time, this synergy presented an additive
effect in contrast with their separate application, providing successful control.

Although many cases of moth pests that have been successfully controlled by their
own NPVs have been reported, others isolated from different species have failed to cause
high mortality. HaNPV treatment failed to control Plutella xylostella (L.) (Lepidoptera:
Plutellidae) [59]. On the contrary, we showed that viruses originally isolated from other
hosts significantly decreased the numbers of T. pityocampa and H. armigera larvae under lab-
oratory conditions. Similarly, viruses from the alfalfa looper Autographa californica (Speyer)
(AcMNPV) and the celery looper Anagrapha falcifera (Kirby) (AfMNPV) have been very
potent against codling moth Cydia pomonella (L.) (Lepidoptera: Tortricidae) [60], Mamestra
brassicae NPV (MbNPV) demonstrated high virulence against P. xylostella [61], S. litura
NPV (SliMNPV) also killed Arna pseudoconspersa (Strand) (Lepidoptera: Erebidae) [44],
and Mythimna separata NPV (Ms-NPV) caused higher mortality in S. exigua than its own
virus (Se-NPV) [38]. Moreover, an NPV isolate from the greater wax moth Galleria mel-
lonella L. (Lepidoptera: Pyralidae) caused severe infection in several other moth pests, like
P. xylostella, Crocidolomia binotalis Zeller (Lepidoptera: Crambidae), the tobacco budworm
Heliothis virescens (Fabricius), and the cabbage moth Mamestra brassicae (L.) (Lepidoptera:
Noctuidae) [62]. All these examples highlight the existence of certain viral entomopathogens
with relatively broad host ranges, a theory that has been verified by this study as well.
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5. Conclusions

It has been well documented that serious moth pests can be controlled effectively with
viral biopesticides. Based on our results, the three tested viruses proved to be valuable
bioinsecticides and have the potential to be implemented in Integrated Pest Management
strategies. Apart from causing significant mortality, they also demonstrated a noteworthy
antifeedant effect on both moth pests. Such findings could also be of service in selecting
natural virus strains for use against certain insect species. In the case of a viral insecticide,
if one species dominates the lepidopterous pest population of a particular crop, it might
be advisable to choose a virus that is most effective against that species. Moreover, the
potency of any virus is affected by several factors not examined in this study, including
the viral strain, age of the host, weather, and adjuvants. Further studies and experimental
data on these and other factors are needed if viruses are to become commonly adopted pest
management tools.
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