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Abstract: Entomopathogenic fungi are the key regulators of insect populations and some of them
are important biological agents used in integrated pest management strategies. Compared with their
ability to become resistant to insecticides, insect pests do not easily become resistant to the infection
by entomopathogenic fungi. In this study, we evaluated the mortality and immune response of the
serious crop pest Locusta migratoria manilensis after exposure to a new entomopathogenic fungus strain,
Metarhizium anisopline CQMa421. M. anisopline CQMa421 could effectively infect and kill the L. migratoria
adults and nymphs. The locust LTsy under 1 X 108 conidia/mL concentration of M. anisopliae was much
lower than that under conidial concentration 1 x 10° conidia/mL (i.e., 6.0 vs. 11.2 and 5.0 vs. 13.8 for
adults and nymphs, respectively). The LCs (logig) of M. anisopliae against locust adults and nymphs
after 10 days was 5.2 and 5.6, respectively. Although the number of hemocytes in L. migratoria after
exposure to M. anisopliae did not differ with that in the controls, the enzymatic activity of superoxide
dismutase (SOD) and prophenoloxidase (ProPO) did differ between the two treatments. The activities
of both SOD and ProPO under the M. anisopliae treatment were lower than that in the controls, except
for the ProPO activity at 72 h and the SOD activity at 96 h. Further, the expression of the L. migratoria
immune-related genes defensin, spaetzle, and attacin differed after exposure to M. anisopliae for 24 h to
96 h. Taken together, this study indicated that infection with M. anisopliae CQMa421 could cause the
death of L. migratoria by interacting with the immune responses of the host, demonstrating that this
fungal strain of M. anisopliae can be an efficient biocontrol agent against L. migratoria.

Keywords: Metarhizium anisopliae; mortality; Locusta migratoria; immune response; pest control

1. Introduction

Entomopathogenic fungi are typically present within natural insect populations and are often
solely considered as effective microbial control agents in integrated pest management [1-4]. The use
of fungal insect pathogens may have certain advantages over the use of parasitoids and insecticides
such as efficiency and environmental safety [5]. Several fungal agents have been used to control pests,
such as the rice planthopper Nilaparvata lugens, Haemaphysalis longicornis, and the oriental migratory
locust Locusta migratoria manilensis Meyen, and have achieved good results [6-9]. Currently, chemical
insecticides are commonly used for insect pest control [10]. However, the misuse of such insecticides
has caused destructive damage to the environment and human health [11,12]. The side effects on
nontargets and the resurgence of insect pests have received much attention, and consequently, there is a
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growing trend to reduce the use of these chemical insecticides [13]. Moreover, the enhanced resistance
of insect pests to many chemical insecticides has resulted in long-standing and expanding problems
for pest arthropod control [14]. Compared with their ability to become resistant to insecticides, insect
pest hosts do not easily become resistant to fungal infection, and entomopathogenic fungi have been
used to control a few insecticide-resistant insect species [15].

Entomopathogenic fungi can infect insects, namely, the fungal conidia attach and penetrate through
the insect’s cuticle, causing death. Such processes involve several physiological or immune responses
of hosts to these types of xenobiotics and pathogens [16]. Although all invertebrates lack an adaptive
immune response, they may defend against pathogens by relying on their innate immunity (i.e., cellular
and humoral immune responses) [17-19]. In hosts, these xenobiotics can be countered by phagocytosis,
or by the activation of the host innate immunity. However, entomopathogenic fungi can mask their cell
wells to evade the immune system of insect hosts [20] and release chitinase, chitosanase, and lipase to
suppress the host regulatory system [21]. In addition, these fungi can produce a few compounds such as
beauvericin compounds and destruxins to paralyze the hosts [22]. Thus, the immune responses of hosts
are important processes activated in response to the functions of xenobiotics or pathogens.

In response to challenge with insecticides or pathogens, many metabolic processes or immune
responses within insect hosts are activated. The antioxidant enzyme of superoxide dismutase (SOD)
is a key modulator of host immunity function and is associated with the phagocytotic ability and
melanization of insects [23]. The activity of enzymes such as SOD can be stimulated by different
insecticides and is associated with the resistance to chemical insecticides [24]. Prophenoloxidase
(ProPO) is a crucial factor in the defense against pathogen or insecticide challenge [25]. Increased
ProPO activity can enhance the insect immune system ability in response to xenobiotic challenges and
can promote healing [19,26].

In Drosophila melanogaster, the Toll and IMD signaling pathways regulate the synthesis of immune
effectors [27-29]. Unlike its mammalian counterparts, insect Toll is activated through an endogenous
ligand and nerve growth factor-related cytokine spaetzle (a gene encoding a Toll-activating protease),
but not by direct interaction with microbial molecules [30]. Insect defensins are cationic, cysteine-rice
peptides (ca. 4 kDa), inducible antibacterial peptides that may appear after pathogenic challenge or
injury in the insect hemolymph [31]. Attacin is an important antimicrobial peptide that is related to the
humoral immune system of insect hosts [32]. The expression level of these defensin genes may reflect
the immune responses of hosts to the infection with microbial pathogens.

The oriental migratory locust Locusta migratoria manilensis Meyen is an important pest to many
crops worldwide [33]. Neonicotinoids and organophosphate are two important types of insecticides
for controlling this pest. However, resistance to such insecticides has become intense in some
populations [34,35]. Metarhizium acridum and Beauveria bassiana have shown potential for the control
of several insect pests such as, the cotton bollworm Helicoverpa zea and L. migratoria [33,36,37].
The mycopesticide “Green Muscle”, which specifically infects the short-horned grasshopper species,
has been developed to save crops from locusts. However, the interactions of entomopathogenic fungi
with insect hosts have been less frequently evaluated. Thus, we investigated the potential of the new
fungal strain M. anisopline CQMa421 for the mortality of L. migratoria. We further investigated the
immune responses of L. migratoria after challenge with M. anisopliae. Infection with M. anisopliae could
cause the immune responses of L. migratoria. This study also suggested that infection with the fungus
M. anisopliae might result in the death of L. migratoria adults and nymphs, indicating that M. anisopliae
might be a potential biocontrol agent to suppress this destructive pest.

2. Materials and Methods

2.1. M. anisopliae and Insect Culture

The entomopathogenic fungal strain, M. anisopline CQMa421 was isolated from the rice leafroller
Cnaphalocrocis medinalis and maintained at the China General Microbiological Culture Collection Center
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(CGMCC, No. 460). The strain used in this study was isolated and cultured in our laboratory (i.e.,
the Genetic Engineering Research Center, Chongqing University, Chongqing, China). Prior to the
experiments, the conidia of M. anisopliae were collected after 14 days of growth in 1/4 SDAY medium,
which comprises 18 g of agar, 5 g of yeast extract, 10 g of glucose and 2.5 g of peptone per liter
of sterilized water. Mycelia were removed by filtration through sterile lens paper. Afterward, the
conidia of M. anisopliae were diluted into serial concentrations in conjunction with 0.1% Tween 80
and used for subsequent experiments. The concentrations of M. anisopliae spores were verified using
a Petroff-Hausser counting slide under a microscope. Then, serial conidial concentrations, 1 X 10°
conidia/mL, 1 x 10° conidia/mL, 1 x 107 conidia/mL and 1 x 108 conidia/mL, of M. anisopliae, were
prepared using 0.1% Tween 80.

The individuals of L. migratoria used in the study was obtained from the experimental colonies and
reared for more than ten years at the Plant Experimental Base of Chongqing University. The locusts
were maintained in cages at a temperature 30 + 3 °C and relative humidity (RH) 50 + 5% under a 14:
10 h (light: dark) photoperiod. Individual locusts were supplied the fresh maize leaves/ryegrass and
wheat bran daily.

2.2. The Effect of M. anisopline CQMa421 on L. migratoria Survival

To examine the potential effects of M. anisopliae on L. migratoria, the adults and the emerging
fifth-instar nymphs of L. migratoria were collected for bioassay experiments. Each L. migratoria nymph
or adult was treated from locust pronotum using 5 pL serial concentrations of M. anisopliae. A total of
20 larval or 20 adult individuals as a group were placed into a cage and provided maize leaves, and
three replicates were included per treatment group. In the control counterpart, we used 5 uL of 0.1%
Tween 80 to treat each individual locust. After treatment, all nymphs and adults were kept in the
bioassay room, and their foods were replenished daily. The survival of the locusts was then checked
daily and was monitored until the death of all individuals. Individual locusts found dead in the cages
were removed and incubated for 10 days to check the conidial formation of locust corpses. We then
determined the LT5p and the LCsq of M. anisopliae on locusts after 10 days on the basis of the results of
a probit analysis.

2.3. Effects on Hemocyte Concentration

To further evaluate the effects of the fungus M. anisoplize on the hemocyte concentrations,
L. migratoria individuals were selected for further examination after infection with the fungus M.
anisopliae at a concentration 1 X 107 conidia/mL. The hemolymph cells of L. migratoria were collected
according to the methods carried out by Gillespie et al. [38]. The arthrodial membrane of L. migratoria
was first swabbed with 70% ethanol and then pierced with a sterile needle. The cells and an equal
volume of anticoagulant solution were then immediately mixed together. In this treatment, the
hemolymph from ten alive individuals L. migratoria was collected (10 uL for each), pooled after 24,
48,72, and 96 h, and mixed with well-prepared anticoagulant solution. The anticoagulant solution
was prepared by consisting of 30 mM sodium citrate, 26 mM citric acid, 100 mM p-glucose, 10 mM
EDTA and 60 mM NaCl per 100 mL. The hemocyte concentrations of L. migratoria were quantified
using a hemocytometer with 10 puL aliquots under a microscope, and five replicates were examined
per treatment.

2.4. The Enzymatic Activities of ProPO and SOD

The enzymatic activity of ProPO and SOD were tested according to the manufacturer’s instructions
after exposure to M. anisopliae at a concentration 1 X 107 conidia/mL (Suzhou Comin Biotech Co., Ltd.,
Suzhou, China). In brief, the hemolymph of 10 L. migratoria individuals was collected as described
above and was diluted 10 times prior to subsequent experiments. To examine the activities of the ProPO
and SOD, the diluted hemolymph was examined using a microplate reader (BioTek Instruments, Inc.,
Winooski, VT, USA). We evaluated the SOD activity according to the inhibition of the photochemical
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reduction of nitro blue tetrazolium (NBT) at a wavelength of 560 nm. Each unit of SOD activity was the
amount of enzyme that caused a 50% inhibition of the NBT reduction. ProPO can catalyze the catechol
to produce the quinones, which absorb light at a wavelength of 525 nm, so the ProPO activity was
measured to be 525 nm. The activities of both SOD and ProPO were expressed as units/mg protein.

2.5. Immune-Related Gene Expression Induced by M. anispliae

We further evaluated the effects of M. anisopliae on the expression of immune-related genes (i.e.,
defensin, spaetzle and attacin) after fungal infection using quantitative real-time PCR (qQRT-PCR).
Individual locusts were collected randomly from the M. anisopliae treatment or control treatment group
and analyzed. Briefly, the total RNA in the locust hemolymph of ten select individuals was extracted by
using the Trizol reagent (Invitrogen, Shanghai, China). For this, 1 pug total RNA was reverse-transcribed
in a 20-uL reaction using the RT-PCR Kit (TaKaRa, Beijing, China). Then, the iCycler iQ Real-time PCR
System (Bio-Rad, Hercules, CA, USA) was selected to perform qRT-PCR with SYBR-Green. The cycling
parameters were as follows: 95 °C for 3 min, and 40 cycles of 95 °C for 5s and 60 °C for 15 s, followed
by melting curve generation from 65 to 95 °C. The expression of f-actin was selected as to normalize the
expression of the immune-related genes according to the 2724t method [39]. All gqRT-PCR protocols
used the least stringent criteria possible. The primers designed for gRT-PCR in this experiment are
listed in Table 1, and three replicates were included per treatment.

Table 1. PCR primers used in this study.

Primers Primer Sequences (5'-3")
Spaetzle-F AGCTTGTGGGTACGGAGAC
Spaetzle-R GGGCGATGAATAGATGAAAC
Defensin-F GCGTCTGTCTCCTCTG
Defensin-R CCCTTGTAGCCCTTGTT
Attacin-F GTGCTCCTCGTCGTTCTGA
Attacin-R CCCACGCCTTTCTCTCTGT
B-actin-F GCAGCCAGCAACCAGGAG
B-actin-R ACCATCTGTCCACGGATAATAGC

F, forward primer; R, reverse primer.

2.6. Data Analysis

The LT59 and LCsg of M. anisopliae against L. migratoria were analyzed using the probit analysis
in SPSS 23.0 software. Prior to the analyses, the Shapiro-Wilk test and the Levene test were selected
to evaluate the normality and homogeneity of variances, respectively. If the data were not normally
distributed, they were normalized or analyzed by the Mann—-Whitney U test. Afterward, one-way
ANOVA with the least significant difference (LSD) test was applied to examine the effects of M. anisopliae
on locust LTsy. The LCsy of adult and larva was examined by t-test. The hemocyte concentration
and the enzymatic activities of SOD and ProPO after the insects were exposed to L. anisopliae were
analyzed via the t-test. The relative expression of the select genes was also analyzed via the ¢-test.
The significance level was set at p < 0.05.

3. Results

3.1. Mortality of the Fungus M. anisopliae on L. migratoria

The adults and nymphs of L. migratoria responded differently to challenge with serial concentrations
of the fungus M. anisopline CQMa421. First, we noticed that the corpses of L. migratoria insects infected
with M. anisopline CQMa421 for 10 days covered the fungal conidia (Figure 1A) but not the controls.
The LCsg of L. migratoria adults and nymphs after infection for 10 days also showed differences
(p = 0.01, t-test; Figure 1B). The LT5( of locust nymphs treated with low concentrations of M. anisopliae,
1 % 10° conidia/mL or 1 X 10° conidia/mL (13.81 days and 10.09 days, respectively), was higher than
that under high concentrations of M. anisopliae, 1 X 107 conidia/mL or 1 x 10® conidia/mL (5.30 days and
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4.96 days, respectively). The LT5j of locust nymphs also showed significant differences after exposure
to serial concentrations of M. anisopliae (F3g = 32.735, p < 0.001; Figure 1C,D). Similarly, the LT5y of
L. migratoria adults after exposure to concentrations of 1 x 10> conidia/mL was 11.18 days, while the
LTsg shortened to 6.00 days under 1 x 10® conidia/mL. The LTs, of adult locusts showed a significant
difference between the serial concentrations of M. anisopliae (F3g = 13.527, p = 0.002; Figure 1E,F).
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Figure 1. Survival of L. migratoria after exposure to M. anisopline CQMa421. (A) the corpses of L.
migratoria insects infected with M. anisopline CQMa421 or not; (B) LCs¢ of L. migratoria adults and
nymphs; (C) Survival rate of L. migratoria nymphs treated with M. anisopline CQMa421; (D) LT5 of L.
migratoria nymphs after being challenged with M. anisopline CQMa421. (E) Survival rate of L. migratoria
adults treated with M. anisoplise CQMa421; (F) LTsg of L. migratoria adults after being challenged with
M. anisopline CQMa421. The different letters indicate significant differences, and the bars represent the
means + SEs.

3.2. Concentration of Hemocytes

To further investigate the numbers of hemocytes after challenge with M. anisopliae, we counted
the hemocyte concentration of L. migratoria hemolymphs. From 24 to 72 h, the number of hemocytes
under the M. anisopliae treatment was similar to that under the control treatments (Figure 2). After 96 h
of M. anisoplige infection, the number of hemocytes under the fungal treatment was greater than that
under the controls, there was no statistical difference between the M. anisoplize and control treatment,
with no significant difference (p = 0.061, ¢-test; Figure 2).
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Figure 2. Concentration of hemocytes after challenge with M. anisoplise CQMa421 from 24 to 96 h.
The bars represent the means + SEs.

3.3. Enzymatic Activity

The enzymatic activities of the two enzymes ProPO and SOD varied after the locusts were treated
with M. anisopline and were lower than those under the control treatments from 24 h to 48 h (Figure 3A,B).
The activities of ProPO at 72 h and SOD at 96 h did not differ from those under the control treatment
(p =2.44 and p = 0.60 for ProPO and SOD, t-test; Figure 3C,D). However, the activities of SOD at 72 h
and ProPO at 96 h after exposure to the fungus displayed significant differences compared with those
under the control treatment (p < 001 and p = 0.046 for SOD and ProPO, t-test; Figure 3C,D).
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Figure 3. ProPO and SOD activities of L. migratoria after challenge with M. anisopline CQMa421. (A)
Enzymatic activity of L. migratoria after treatment with M. anisopliae CQMa421 for 24 h; (B) Enzymatic
activity of L. migratoria after treatment with M. anisoplise CQMa421 for 48 h; (C) Enzymatic activity of L.
migratoria after treatment with M. anisopline CQMa421 for 72 h; (D) Enzymatic activity of L. migratoria
after treatment with M. anisopline CQMa421 for 96 h. The different letters indicate significant differences,
and the bars represent the means + SEs.
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3.4. Expression of Immune-Related Genes

When L. migratoria was infected with the fungus M. anisopliae, the gene expression levels showed
differences from 24 to 96 h. The expression of the gene spaetzle after exposure to M. anisopliae was
greater than that under the control treatment at 24 h post infection (p < 0.001, ¢-test; Figure 4A), but the
defensin and attacin expression did not differ from that under the control treatment. The expression
levels of defensin, spaetzle and attacin after 48 h of M. anisopliae treatment were low (spaetzle: p < 0.001,
t-test and attacin: p < 0.001, t-test; Figure 4B). However, after 72 h and 96 h of infection, defensin showed
high expression levels, with a similar result observed in attacin at 96 h post infection (Figure 4C,D).
In contrast, no significant difference was found in the attacin expression at 72 h and the spaetzli
expression at 96 post infection (attacin: p = 0.451, t-test; spaetzle: 0.132, t-test; Figure 4C,D).
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Figure 4. Relative expression of genes after challenge with M. anisopline CQMa421. (A) The relative
expression of defensin, spaetzle and attacin 24-h post infection; (B) the relative expression of defensin,
spaetzle, and attacin 48 h post infection; (C) the relative expression of defensin, spaetzle and attacin
72 h post infection; (D) the relative expression of defensin, spaetzle and attacin 96 h post infection.
The different letters indicate significant differences, and the bars represent the means + SEs.

4. Discussion

Locusta migratoria is one of the most persistent agricultural pests [40]. Among the methods used,
the chemical pesticides are the most common way to suppress this pest. However, pest populations
have become resistant to some insecticides due to their long-term application [41]. Moreover, effects
on nontargets (i.e., natural enemies and pollinators) [42], and destructive environmental consequences,
and threats to human health have resulted in a desire to decrease the use of such insecticides [43].
Thus, using alternative, environmentally friendly ways to control them and other insect pests is
urgent. Fungal insecticides are promising alternatives for the control of insect pests given the lack of
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fungal-resistance and their environmental safety [44,45]. Several studies have investigated the use of
entomopathogenic fungi for the controlling insect pests, including M. anisopliae [6,33,46].

Compared to chemical insecticides, entomopathogenic fungi are promising biological control
agents for many insect pests and show efficient potential for insecticide-resistant pests with less
environmental risk [15,47]. Our results found that M. anisoplise CQMa421 could effectively infected the
adults and nymphs of the pest L. migratoria, suggesting the potential of this fungus for the pest control.
Aspergillus oryzae (Eurotiales: Trichocomaceae) was also reported as an entomopathogenic fungus for
the control of the locust L. migratoira [48]. The low LT50 of L. migratoria found under concentrations of
1 x 107 conidia/ml and 1 x 10® conidia/mL indicated high susceptibility of L. migratoria to M. anisopliae
infection. Several other studies also reported the similar results, with an increased susceptibility under
high conidial concentrations [49,50]. However, some of the infected locust individuals in our study
were not dead after 10 days of treatment. The surviving locust individuals may be partially tolerant to
the fungus M. anisopliae. In addition, the susceptibility of insect pests to entomopathogenic fungi may
vary under different environmental conditions [51].

The hemocytes of insect hosts play important roles in mediating the production of cellular
defenses and soluble effector molecules (i.e., encapsulation and phagocytosis) [52]. These organisms
can produce different types of hemocytes when they face different invasions depending on the
substances present [53,54]. Several studies have shown that hosts produce different numbers or
types of hemocytes after infection with fungal strains of M. anisopliae and M. acridum [53,55]. Hosts
also respond differently to different strengths of fungal infection [53]. The different responses of
hosts to different external stimuli indicate that hosts have different response functions to such
challenges [56]. Entomopathogenic fungi infect insect pests directly via the host cuticle [44], while the
chemical thiamethoxam has different routes, including by physical contact, stomach action or systemic
poison [57]. In addition, entomopathogenic fungi affect gut bacterial genera, which is one of the major
factors leading to host death [58]. However, it is unknown whether the chemicals cause the death of the
host due to changes in bacterial genera. In this study, we challenged L. migratoria with M. anisopliae to
evaluate the immune responses of hosts. However, we noticed that the number of hemocytes in the M.
anisopliae treatment was similar to that in the controls. In a previous study, the number of hemocytes
also had no significant changes after 72 h of infection with the fungus M. acridum in L. migratoria, but a
reduced number was observed after 96 h and 120 h [53].

The level of enzymatic activity in the host reflects the physiological activity of the host. Different
stimuli may elicit responses from different enzymes and different levels of activity. Hosts may respond
differently to the challenges with different substances, and even to the same enzymes [59]. Host protease
and chitinase enzymes are usually initially expressed at high levels after exposure to entomopathogenic
fungi [44]. During this process, the entomopathogenic fungi can penetrate the cuticle of the host via
assistance from such related enzymes. However, the immune system of hosts is activated in response
to fungal penetration, and the amount of phagocytes increases during this period [53]. In contrast,
detoxifying enzymes become activated when hosts are challenged with chemical insecticides [6].
The immune responses of the cabbage looper Trichoplusiani host to baculovirus challenge suggest a
dose- and time-dependent infection [60]. The integration of an insecticidal scorpion toxin (Bje IT) gene
into Metarhizium acridum can improve the fungal virulence to L. migratoria by growing quickly in the
locust hemolymph, which may reduce the immune responses of the locust [61]. The results of this
study showed that the enzymatic activities of ProPO and SOD differed after the insects were challenged
with the fungus M. anisopliae for 24 h. The level of enzymatic activity tended to decrease in the fungal
treatment, indicating that the ProPO of host L. migratoria might be inhibited during this period.

The expression levels of the genes defensin, spaetzle and attacin differed after challenge with M.
anisopliae. Organismal immunity and antioxidants play important roles in defense against harmful
chemicals, pathogenic microorganisms and parasites [55,62]. Studies of L. migratoria have identified
470 immune-related genes, 58 of which were differentially expressed in hemocytes and fat bodies
after infection with the fungus Metarhizium acridum [63]. However, hosts may respond differently to
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different challenges. Our results showed that L. migratoria also presented different gene expression
levels in response to challenge with fungus M. anisopliae, with high expression occurring from 24 h,
72 h and 48 h (for spaetzle). However, the expression level under the treatment varied with time,
indicating that the host displayed different immune responses in terms of duration of exposure.

5. Conclusions

The fungus M. anisopliae could effectively infect L. migratoria and affect the immune responses of
locust hosts. The study provides insights into the interactions of insect hosts and entomopathogenic
fungi and suggests that the fungus M. anisopliae CQMa421 is a potential prospect for controlling
this pest.
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