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Abstract

Background: Entomopathogens such as Metarhizium anisopliae and Beauvaria
bassiana have undergone extensive study for their pathogenic impact on various
insects and have been globally employed as myco-biocontrol agents for the
ecological regulation of agricultural pests.

Materials and Methods: This study assesses the biocontrol efficacy of three
isolates of B. bassiana (GHA, DEBI008, and Z1) and one isolate of M. anisopliae
against Acrosternum arabicum, a primary pest of pistachio nuts in Iran, and
explores the impact of humidity on their virulence under controlled laboratory
conditions (252 °C, 75-95% RH, and a 16L:8D photoperiod).

Results: The research confirmed the susceptibility of A. arabicum to all four
fungal isolates, with higher humidity levels intensifying their virulence.
Specifically, B. bassiana isolates DEBI008 and Z1 displayed the shortest median
lethal times (LT50) at 75% relative humidity, inducing 100% mortality within 16
days. In contrast, M. anisopliae exhibited a heightened response to humidity,
leading to a rapid 50% mortality rate at 95% relative humidity within 4 days.
While none of the isolates achieved complete mortality at a low concentration of
1 x 10° conidia/mL, the findings suggest promising avenues for future field
investigations.

Conclusions: This study underscores the potential of B. bassiana and M.
anisopliae as effective biological control agents, potentially integrating them into
sustainable pest management strategies for pistachio orchards. Further field trials
are recommended to validate laboratory results and promote the adoption of these
biocontrol agents in Integrated Pest Management (IPM) programs.
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1. Introduction

Pistachio (Pistachio vera L.) is an
economically important agricultural crop,
known for its nutritional value and health
benefits [1]. The global demand for pistachios
has increased, significantly influencing the
economies of major producing countries such as
Iran and the United States [2]. This valuable tree
is consistently targeted by different pests such as
green stink bugs (Hemiptera: Pentatomidae).
Acrosternum arabicum, Brachynema germari,
and Chroanta ornatula are the most abundant
pentatomid species found in Iranian pistachio
orchards. Their damage begins at the pistachio
hardening stage and continues until storage.

The feeding activities of stink bugs can cause
pistachio deformation or lead to pathogen
infections, resulting in significant economic
losses. As a result, the primary management
strategy for stink bugs in pistachio cultivation
has been the application of synthetic chemical
insecticides [3]. However, the development of
insecticide  resistance  within  stink  bug
populations has become a major challenge [4],
reducing the efficacy of pesticides and often
necessitating increased application rates. This
has raised concerns about the environmental and
health impacts of chemical pesticides, leading to
a growing global emphasis on sustainable pest
management practices. In response, Integrated
Pest Management (IPM) strategies have been
promoted, and alternative approaches have been
explored as potential substitutes for chemical
pesticides. These alternatives include the use of
botanical insecticides [5], parasitoids [6- 8], and
entomopathogenic fungi (EPF) [9], which offer
promising solutions for managing stink bug

populations in a more environmentally friendly
and sustainable manner.

Beauveria spp. (Ascomycota: Hypocreales)
and Metarhizium spp. (Ascomycota:
Hypocreales) are among the most widely used
entomopathogenic fungi for microbial control
[10]. Several studies have examined the effects
of B. bassiana isolates on various stink bug
species in controlled environments [11]. The
relationship between humidity and the viability
of B. bassiana and M. anisopliae conidia is an
active area of research. Several research works
suggest that elevated relative humidity (RH)
levels, typically ranging from 70% to 90%, are
optimal for spore germination and the ensuing
fungal development [12]. For instance, one
study demonstrated that prolonged exposure to
high  humidity  significantly  increased
germination rates of both fungi compared to
cultures maintained at low humidity levels.
These findings highlight the critical role of
environmental moisture in sustaining the life
cycle and virulence of entomopathogenic fungi
[13]. In contrast, low humidity conditions can
significantly reduce spore longevity and
compromise the fungi's overall infectious
capacity. Conidia are highly susceptible to
desiccation, which can cause the collapse of the
protective layers surrounding the spores,
ultimately leading to reduced viability [12]. This
highlights the importance of considering
environmental conditions when developing
strategies that utilize these fungi for pest control,
as variations in humidity can substantially limit
control efficacy. Despite the widespread use of
Beauveria spp. and Metarhizium spp., the
specific responses of these fungal isolates to
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varying humidity levels and their differential
effects on the mortality of Acrosternum
arabicum, a primary pest of pistachio nuts in
Iran, remain relatively unexplored. The
objective of this study was to evaluate the
biological control potential of three isolates of B.
bassiana and one isolate of M. anisopliae
against A. arabicum, and to investigate the
impact of humidity on their virulence under
laboratory conditions. The findings of this study
are expected to enhance our understanding of the
pathogenicity of these fungi against pistachio
green stink bugs and may have implications for
the  practical  application of  myco-
entomopathogens in augmentative biological
control strategies against these pests.

2. Materials and methods

2.1. Rearing A. arabicum

Adults of A. arabicum (420 individuals, sex
ratio 1:1) were collected from a pistachio
orchard in Ahmad Abad Dafee (N= 30° 27
34.807, E= 55° 40" 27.2172), Rafsanjan,
Kerman. The insects were distributed into six
plastic boxes (28x11x21 cm) with perforated
lids for aeration and maintained in a constant
temperature room at 25+2 °C, 50%z+10 RH, and
a 16L.:8D photoperiod as described by [14]. The
insects were fed a diet of fresh green beans,
sunflower seeds, and peanuts, which was
replaced every 4 days [15].

2.2. Fungi Isolates

Three isolates of B. bassiana (GHA, the active
ingredient of BotaniGard® (Certis USA,
Columbia, MD), DEBI008, and Z1) and one
isolate of M. anisopliae (GeneBank Number:
ITS GENE: (NCBI): KP213288) were used in
this experiment. The isolates were kindly
provided by Maryam Rashki (Department of
Biodiversity, Institute of Science and High
Technology and Environmental Sciences,
Kerman, Iran), Javad Karimi, (Department of

Plant Protection, Faculty of Agriculture,
University of Ferdowsi, Mashhad, Iran), and
Department of Plant Protection, Urmia
university, Urmia, Iran. The isolates were first
cultivated on PDA (Potato Dextrose Agar)
media, and after approximately 14 days, during
which the isolates had reached maximum
growth, they were harvested and subsequently
utilized to inoculate adult A. arabicum
individuals. The dead insects were then
sterilized by dipping them in 1.5% sodium
hypochlorite for 3 minutes, followed by 2
minutes in 70% ethanol, and then rinsed three
times in sterile distilled water [16]. After 4 days,
the dead insects were incubated in a growth
chamber at 25+1 °C and 95%5 RH in complete
darkness, allowing the isolates to emerge from
the insect bodies. The isolates were then
harvested and cultivated on PDA media again.
After three passages, the experiment began.

2.3. Experimental setup and bioassay

A total of 255 pairs (510 individuals, sex ratio
1:1, 40-day-old adults) of A. arabicum were
individually dipped for 8 seconds in 40 ml of
each of 17 treatments (Table 1) following the
method described by [17]. To evaluate the effect
of humidity on isolate virulence, each treatment
was inoculated into bugs (15 pairs, 30
individuals) and separated into 3 parts. Each
part, containing 10 bugs, was placed in a sterile
Petri dish (125 cm) with an autoclaved
moistened filter paper, sterile diet, and a lid with
at least 20 pores for aeration. Each of 10 Petri
dishes was then placed in a large plastic box
(50x20x30 cm) with a completely closed lid. To
maintain a 75% RH condition in the large box,
1071g of NaCl was dissolved in 3 liters of
distilled water at the bottom of the box. Sterile
cups filled with saturated distilled water and
NaCl were placed in the box, and the Petri dishes
were placed on top of the cups. Similarly, for the
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80% RH condition, 1020g KCI was dissolved in large boxes were placed in a growth chamber at
3 liters of distilled water, and for the 95% RH 25+1 °C, 16L, 8D photoperiod, and observed
condition, sterile distilled water was used. All daily for 17 days to evaluate stink bug mortality.
Table 1. List of treatments and concentration rates used in different experiments.

No Treatments Application concentration

1 Sterile distilled water + 0.02% tween 80 (control) -

2 Beauveria bassiana GHA + 0.02% tween 80 1 x 10° conidia/ml

3 Beauveria bassiana GHA + 0.02% tween 80 1 x 10° conidia/ml

4 Beauveria bassiana GHA + 0.02% tween 80 1 x 107 conidia/ml

5 Beauveria bassiana GHA + 0.02% tween 80 1 x 108 conidia/ml

6 Beauveria bassiana DEBI008 + 0.02% tween 80 1 x 10° conidia/ml

7 Beauveria bassiana DEBI008 + 0.02% tween 80 1 x 10° conidia/ml

8 Beauveria bassiana DEBI008 + 0.02% tween 80 1 x 107 conidia/ml

9 Beauveria bassiana DEBI008 + 0.02% tween 80 1 x 108 conidia/ml

10 Beauveria bassiana Z1 + 0.02% tween 80 1 x 10° conidia/ml

11 Beauveria bassiana Z1 + 0.02% tween 80 1 x 106 conidia/ml

12 Beauveria bassiana Z1 + 0.02% tween 80 1 x 10" conidia/ml

13 Beauveria bassiana Z1 + 0.02% tween 80 1 x 108 conidia/ml

14 Metarhizium anisopilae + 0.02% tween 80 1 x 10° conidia/ml

15 Metarhizium anisopilae + 0.02% tween 80 1 x 106 conidia/ml

16 Metarhizium anisopilae + 0.02% tween 80 1 x 107 conidia/ml

17 Metarhizium anisopilae + 0.02% tween 80 1 x 108 conidia/ml
3. Results

The fungal isolates showed varying mortality shortest median lethal time (LT50), recorded at

rates under different relative humidity 6 = 0.5 days. Additionally, these two isolates
conditions, as illustrated in Figures 1 through 3. achieved the highest mortality rates among all
Specifically, at 75% relative humidity, the B. tested, with 100% mortality within 16 = 0.5
bassiana isolates DEBI0O08 and Z1 had the days. Conversely, probit analysis revealed that
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the highest median lethal concentration (LC50) isolate DEBI008 had the lowest LC50 value of
ten days post-treatment was for B. bassiana 3.1 x 10° (Table 2).
isolate Z1 at 1.06 x 108 conidia mL™, while
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Table 2. Probit analysis results for different concentrations of fungal isolates on Acrosternum arabicum adults
following a 10-day exposure.

Isolates Slope+SE? Intercept+SE ¥2(df)b LC50(95% CLs®) LT50(1x108 100% Mortality
conidia) (1x108 conidia)
B. bassiana 75% RH
DEBI008 0.37+0.19 -2.38+1.23 0.07(2) 3.1x106 6+0.5 (days) 16+0.5 (days)
(0-3.8x10%7)
80% RH
0.55+0.20 -3.6+1.3 0.01(2) 3.1x106 8+0.5 (days) 12+0.5 (days)
(2.7x105-3.5x107)
95% RH
0.53+0.22 -2.84+1.34 1.96(2) 2.1x10° 5+0.5 (days) 9+0.5 (days)
(19.4-1.3x106)
B. bassiana Z1 75% RH
0.32+0.20 -2.53 0.29(2) 1.06x108 6+0.5 (days) 16+0.5 (days)
)
80% RH
0.58+0.21 -4.01+1.39 0.08 1.07x107 6+0.5 (days) 11+0.5 (days)
(1.8x106-3.1x108)
95% RH
0.27+0.19 -1.47+1.21 0.51(2) 3.2x10° 4+0.5 (days) 8+0.5 (days)
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B. bassiana
GHA 0.63+0.23 -4.65+1.55 1.61(2)
0.45+0.19 -3.05+1.27 0.15(2)
0.83+0.25 -4.85+1.55 0.76(2)

Metarhizium
anisopliae 0.60+0.24 -4.76+1.68 0.92(2)
0.68+0.22 -4.07£1.40 2.33(2)
0.35+0.21 -1.56+1.35 3.27(2)

Under conditions of 80% relative humidity
(RH), the M. anisopliae isolate had the lowest
LT50 of 5 £ 0.5 days, with 100% mortality
observed within 10 + 0.5 days. These findings
suggest that M. anisopliae germination is highly

a B. bassiana DEBIO08

No of adults survived

ChartArea

h

)

75% RH
2.6x107
(5.1x10°-1.9x10°)

80% RH
4.5x106
(2.1x105-3.1x10¢)

95% RH
6.5x10°
(8.2x10*-2.4x10°)
75% RH
7.5x107

8+0.5 (days) 17+0.5 (days)

8+0.5 (days) 12+0.5 (days)
6+0.5 (days)

10+0.5 (days)

940.5 (days) In 17 days, 80%

(1.2x107-3.8x10%?)

No of adults survived

80% RH
9.9x10°
(8.4x10%-4.8x10°)

95% RH

2.6x104
)

5+0.5 (days) 10+0.5 (days)

4+0.5 (days) 10+0.5 (days)

dependent on humidity levels (Fig. 2). Tests at
95% further support this, showing rapid
mortality of 50% of A. arabicum within 4 + 0.5
days under optimal humidity conditions (Fig. 3).
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Moreover, B. bassiana isolate Z1 was also
prominent under both 80% and 95% RH, with
LT50 values of 6 £ 0.5 days and 4 £ 0.5 days,
respectively. Although M. anisopliae and B.
bassiana Z1 had similar LT50 values, their
median lethal concentration values differ
significantly. The LC50 for M. anisopliae at 10
days under 80% and 95% RH is 9.9 x 10° and
2.6 x 10* conidia mL™%, respectively. In contrast,
the LC50 for B. bassiana isolate Z1 under the
same humidity conditions is significantly higher,
at 1.07 x 10" and 3.2 x 10° conidia mL?,
respectively.

4. Discussion

Although the results of this study demonstrate
that A. arabicum is susceptible to all four tested
isolates under laboratory conditions, it was
observed that, at the lowest relative humidity
condition evaluated, B. bassiana isolate
DEBI008 exhibited the highest virulence among
the isolates. Furthermore, a related study
investigating the virulence of multiple isolates
reported that, among seven tested B. bassiana
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isolates and four M. anisopliae isolates, the B.
bassiana strains exhibited significantly higher
efficacy at relative humidity levels below 70%,
achieving 100% mortality of various pentatomid
bug species within 7 to 9 days [18]. Additionally,
multiple studies [19-22], have indicated that the
performance of B. bassiana isolate GHA was at
least comparable to, if not superior to, some M.
anisopliae isolates when targeting pentatomid
bugs. These findings suggest that B. bassiana
isolates, particularly under lower humidity
conditions, may serve as effective biocontrol
agents for managing A. arabicum and related
pests, reinforcing the potential of utilizing
entomopathogenic fungi in integrated pest
management strategies.

Research conducted from the 1940s through
2013 on various crops, including almond,
tomato, cucumber, and walnut, has consistently
shown that the average relative humidity of leaf
surfaces is approximately 70%. Although there
is a lack of specific measurements for the leaf
surface relative humidity (RH) of pistachio,
related studies on almond, a species closely
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related to pistachio, provide valuable insights.
Measurements indicate that the leaf surface RH
of almond during nighttime is around 50%,
while during the daytime and peak
photosynthesis periods, it reaches approximately
80% [23, 24]These findings suggest that
deploying B. bassiana isolate DEBIO08 in field
conditions may be viable, given that the
environmental conditions are likely conducive to
its effectiveness. Nonetheless, further research is
necessary to fully evaluate the performance and
efficacy of this isolate specifically on pistachio
plants in natural settings.

In a related study, laboratory research
evaluated the efficacy of the B. bassiana strain
GHA, sourced from BotaniGard®, which was
utilized in the present investigation too, at a
concentration of 5 x 107 conidia/mL. This
application resulted in 87% and 88% mortality
of the stink bug species Nezara viridula and
Piezodorus guildingi, respectively, over 14 days
[25].  Additionally,  subsequent  studies
performed under field conditions with the same
isolate and stink bug species confirmed the
laboratory findings, revealing over 70%
mortality in both species [26]. These results
suggest promising potential for field or semi-
field trials to further validate our laboratory
results, thereby offering a viable alternative
strategy for the control of pistachio stink bugs,
which may be effectively used in an integrated
pest management (IPM) program.

5. Conclusions

Our findings indicated that none of the tested
achieved 100% mortality at a concentration of 1
x 10° conidia/mL across all relative humidity
conditions, even after 17 days. Conversely, the

results demonstrated that the M. anisopliae
isolate is highly sensitive to environmental
relative humidity (RH). Therefore, in potential
applications in semi-field or field settings, the
use of humidifiers or maintaining elevated RH
conditions could enhance its effectiveness, as
has been shown in several studies [27]. In
comparison, the B. bassiana Z1 isolate exhibited
superior performance across all three tested RH
conditions. Specifically, this isolate induced
50% mortality after 6 days under both 75% and
80% RH conditions, and after just 4 days at 95%
RH.
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