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ARTICLE INFO ABSTRACT

Keywords: Immunity and reproduction are vital functions for the survival and population maintenance of female insects.
Fatty acid synthase 2 However, owing to limited resources, these two functions cannot be fulfilled simultaneously, resulting in an
Energy energy tradeoff between them. Notably, the mechanisms underlying this immune-reproductive trade-off, in
xﬁiﬁzﬁon which energy competition likely plays a central role, remain poorly understood. Fatty acid synthase (FAS), a key

gene involved in lipid synthesis and insect energy metabolism, was investigated in this study using Locusta
migratoria as the research subject. Bacterial infection and RNA interference (RNAi) technology were used to
examine changes in the immunity, fecundity, and energy metabolism patterns of locusts under different treat-
ments. The findings of this study demonstrate that infection with Micrococcus luteus triggers an immune response
in locusts, significantly upregulates the expression of defensin 3 (DEF3) and Attacin, and enhances pHenoloxidase
(PO) activity. Upon FAS2 silencing, bacterial attack upregulated DEF3 and Attacin expression to a lesser extent,
leading to increased lysozyme activity instead of PO. Furthermore, bacterial infection results in a decrease in
glycogen and glucose content in the fat body, accompanied by a significant increase in triacylglycerol (TAG)
content. However, after FAS2 knockdown, both the lipid and carbohydrate contents were significantly reduced in
the fat body. Compared with bacterial infection alone, low FAS2 expression further exacerbated fecundity
impairment in locusts. The expression levels of vitellogenin A (VgA) and vitellogenin B (VgB) were significantly
low, with severe ovarian atrophy observed. Notably, the ovarian weight was only 21 % compared to that of the
control group. Moreover, females exhibited minimal egg-laying behavior. In summary, our findings suggest that
following FAS2 gene silencing, there is a greater inclination toward immune stimulation energy activation in
locusts, whereas reproductive investment is reduced. The outcomes of this study will contribute to the further
exploration of the molecular mechanisms underlying the trade-off between immune and reproductive energy in
locusts.

Locusta migratoria

1. Introduction

Insects lack the acquired immune response observed in mammals
and rely primarily on a robust innate immune system, encompassing
both cellular and humoral immunity, to combat foreign pathogen in-
vasion. Upon pathogen invasion, insects use cellular immune responses
mediated by blood cells (plasma cells and granulocytes), including
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phagocytosis, nodule formation, and pathogen encapsulation (Zhang
et al., 2021). In addition, insects exhibit humoral immune reactions
involving the production of antimicrobial peptides (AMPs), lectins,
reactive oxygen species, and other immune effectors, such as lysozyme
and phenoloxidase (PO) cascade reactions, for defense purposes
(Cerenius et al., 2008; Levitin and Whiteway, 2008; Jiang et al., 2010).
The Toll and Imd pathways play pivotal roles in protecting insects
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against bacterial and fungal infections. In response to fungal and most
gram-positive bacterial infections, insects primarily induce antimicro-
bial peptide expression through activation of the Toll pathway.
Conversely, in response to gram-negative bacterial infections, AMPs
primarily induce antimicrobial peptide expression via the Imd pathway
activation (Hillyer, 2016).

The synthesis of vitellogenin (Vg) and its selective uptake by devel-
oping oocytes is a pivotal event in female insect reproduction, repre-
senting a significant milestone (Wu et al., 2021). Vg was initially
identified in the hemolymph of Hyalophora cecropia (Telfer, 1954).
Subsequent studies confirmed that Vg is synthesized in the fat body of
most insects and is subsequently secreted into the hemolymph. Vg is
taken up, deposited, and converted into vitellogenin by oocytes through
endocytosis, which is mediated by the vitellogenin receptor (VgR), to
provide essential nutrients and energy for oocyte maturation and em-
bryonic development (Roth and Porter, 1964; Han et al., 2022). VgR
plays a crucial role in facilitating the uptake of Vg by oocytes, with low
expression levels leading to the retardation of ovarian development and
a significant reduction in egg production (Cong et al., 2015; Ma et al.,
2018). Therefore, the substantial synthesis and uptake of Vg are indis-
pensable for insect vitellogenesis, egg maturation, and ovarian
development.

Both immune defense and reproductive processes are energetically
costly and require substantial resource inputs. Because of the limited
availability of resources, it is not feasible to meet the demands of these
two physiological processes simultaneously. In insects, there is a trade-
off between various life history characteristics to achieve optimal
resource allocation (Denno, 1994; Schwenke et al., 2016; Jehan et al.,
2022). Particularly in multifunctional organs within an individual or-
ganism, when multiple processes rely concurrently on the same organ,
the phenomenon of mutual constraints and resource trade-offs between
each function becomes particularly evident. The adipose body of insects
serves as a typical multifunctional organ in which numerous metabolic
activities occur. It functions as a hub for energy metabolism and as the
primary site for synthesizing Vg proteins and antimicrobial peptides
involved in immunity (Arrese and Soulages, 2010; Hillyer, 2016; Toprak
et al., 2020; Gupta et al., 2022). This trade-off phenomenon has been
observed in numerous female insects, wherein an increase in repro-
ductive investment results in a concomitant decrease in immune func-
tion. Consequently, this compromised immunity leads to susceptibility
to infections and the subsequent activation of the immune system, ul-
timately resulting in reduced reproductive output (Schwenke et al.,
2016). During immune challenges, the activation of the immune
response to enhance the resistance of the body to infection often entails a
trade-off with allocated resources for other life history traits (Nystrand
and Dowling, 2020). Activation of the immune system during a bacterial
attack on Apis mellifera results in decreased levels of hemolymph storage
proteins, including Vg proteins. This adaptive response reallocates re-
sources toward combating infection within the body (Lourenco et al.,
2009).

Lipids and carbohydrates are essential energy substrates for organ-
ismal growth and development. Fatty acid biosynthesis involves multi-
ple enzymatic reactions, wherein acetyl-CoA carboxylase (ACC)
catalyzes the conversion of acetyl-CoA into malonyl-CoA, a substrate
used by fatty acid synthase (FAS) during fatty acid synthesis, resulting in
the formation of long-chain fatty acids (Visser and Ellers, 2008). Tri-
acylglycerol (TAG) constitutes >90 % of lipids present in adipose body
(Canavoso et al., 2001). TAG content accounts for 30-40 % of egg dry
weight—an essential component necessary for egg maturation and
maintenance of normal life activities (Kawooya and Law, 1988; Heier
and Kiihnlein, 2018). Trehalose, a non-reducing disaccharide, is the
predominant sugar in insect hemolymph and serves as the primary en-
ergy source, thus commonly referred to as “blood sugar” (Shukla et al.,
2015). Trehalose synthesis is primarily regulated by two enzymes:
trehalose-6-phosphate synthase (TPS) and trehalose 6-phosphate phos-
phatase (TPP). Trehalose can only be used after its conversion into
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glucose, and its degradation is solely controlled by trehalase (TRE) at
present (Shukla et al., 2015; Wang et al., 2020a, 2020b). Glycogen
synthesis and mobilization are governed by glycogen synthase (GS) and
phosphorylase (GP), respectively (Friedman, 1978; Arrese and Soulages,
20105 Zeng et al., 2020). In insects, energy storage and use rely on the
interconversion of glucose, trehalose, and glycogen (Hou et al., 2015).

Locusta migratoria is an important agricultural pest known for its high
fertility, which contributes to outbreaks in locusts (Sangbaramou et al.,
2018). Locust disasters belong to the violent locust plague category, and
once a violent locust plague occurs, it can cause devastating disasters.
RNA interference (RNAi) technology is a novel, green, and sustainable
control strategy that has gained widespread application in crop pest
management because of its high efficiency and specificity. The study
showed that the selection for individuals sensitive to dsCRZ of the
migratory locust Locusta migratoria produced a dramatic increase in the
RNAI sensitivity in the following generations (Sugahara et al., 2017).
RNAi refers to the targeted degradation of specific gene sequences
triggered by endogenous or exogenous double-stranded RNA (dsRNA)
molecules (King et al., 2020; Hough et al., 2022). Animal fatty acid
synthase (FAS) is an essential multifunctional enzyme and a highly
conserved key gene involved in fatty acid (Wang et al., 2020a, 2020b).
The FAS gene has been extensively studied in various insects, including
Rhodnius prolixus, Blattella germanica, Helicoverpa armigera, and Cola-
phellus bowringi, where it plays essential roles in lipid synthesis and
reproductive processes (Alabaster et al., 2011; Li et al., 2016; Tan et al.,
2017; Ma et al., 2018; Moriconi et al., 2019; Pei et al., 2019). In this
study, bacterial infection combined with RNAi technology was used to
investigate the impact of the FAS2 gene on the immune response and
reproductive energy allocation in locusts. Our findings provide potential
targets for future biological pest control strategies.

2. Materials and methods
2.1. Insects and bacteria

L. migratoria eggs were procured from the Huaibei breeding farm in
the Anhui Province and incubated in a controlled environment chamber.
The incubation procedure was as follows: the eggs were placed in a box
(10 x 15 x 20 cm) containing moist sand at the bottom with a depth of
2-3 cm and were reared at 30 & 2 °C and 80 % RH, with a 16 h: 8 h (L:D)
photoperiod. The eggs were covered with vermiculite to maintain
optimal humidity. After hatching, the locusts were transferred to well-
ventilated cages (50 x 50 x 50 cm) at 150-200 locusts per cage and
provided fresh wheat and wheat bran as their diet.

The strain of M. luteus was obtained from Beijing Biobw Biological
Company (Beijing, China) and activated before the experiment. M. luteus
was cultured in liquid medium at 37 °C and 250 rpm/min in a constant
temperature oscillator (Suzhou Peiying, China). Liquid medium (100
mL): Glucose (Sangon Biotech, China) 0.25 g, peptone (Sangon Biotech,
China) 1.7 g, sodium chloride (Sangon Biotech, China) 0.5 g, dipotas-
sium hydrogen phosphate (Sangon Biotech, China) 0.25 g, distilled
water supplemented to 100 mL. The strain was cultured to an 600y, of
0.9. The bacterial suspension was centrifuged at 5000 rpm for 5 min to
remove the culture medium, followed by washing thrice with sterile
phosphate-buffered saline (PBS). Finally, the suspension was stored in a
refrigerator at 4 °C for subsequent use.

2.2. Bacterial infection and injection of dsFAS2

Injection of bacteria alone. After day 4 post-adult emergent (PAE),
M. luteus was injected into the abdominal cavity to induce an immune
response (10 pL/ head), and an equal amount of PBS was injected as a
control.

Combined injection of bacteria and dsRNA. The full-length sequence
of FAS2 was obtained from the L. migratoria genome database, and
specific primers used for FAS2 polymerase chain reaction (PCR)
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amplification and dsRNA synthesis were designed using Primer 5.0
software (Table 1). Green fluorescent protein (GFP) gene was used as the
negative control. dsFAS2 (482 bp) and dsGFP (365 bp) were synthesized
in vitro using the T7RiboMAX Express RNAi System (Promega Corpo-
ration, WI, USA). The female locusts were injected with 20 pg/ head of
dsRNA at the early eclosion stage. Bacterial infection was conducted in a
manner similar to that described above, with the injection taking place 4
d later.

2.3. Sample collection and data collection

Tissue sampling. Hemolymph, adipose bodies, and ovarian tissues
from both experimental and control groups were collected 24 h after
injection. The samples were snap-frozen in liquid nitrogen and stored in
a refrigerator at —80 °C, and the hemolymph was stored at —20° for
subsequent experiments. Three biological replicates consisting of at least
five specimens were established for each sample.

Survival analysis. For the survival analysis of locusts treated with
M. luteus, 30 insects were injected with M. luteus on day 4 PAE. Mortality
was recorded every 24 h for seven d. The number of days from injection
to death was documented, and each treatment group had three biolog-
ical replicates consisting of at least eight samples. In the experimental
group that received combined injections of bacteria and dsRNA, the
number of days from the injection of M. luteus to the death of the female
worms was recorded. Each treatment consisted of three biological rep-
licates, each containing at least eight specimens.

Morphological observations of fat bodies and ovaries. To investigate
the effect of bacterial infection or FAS2 silencing on fat accumulation
and ovarian development in locusts, we used a camera (Canon, Tokyo,
Japan) to capture images of fat body morphology. The morphology of
the ovarian samples was photographed using a dissecting stereomicro-
scope (Leica, Germany). In the experimental group injected M. luteus
alone, locusts at day 4 PAE were injected with M. luteus. After 24 h, the
fat body and ovaries were carefully dissected and photographed, and the
weight of each ovary was recorded. A minimum of 15 locusts was
dissected from each group. In the experimental group with the combined
injection of bacteria and dsRNA, locusts within day O PAE received

Table 1
Primers used for PCR.
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dsFAS2 injection followed by M. luteus injection after 4 d. After an
additional 24 h, both fat bodies and ovaries were dissected for photog-
raphy while recording the weight of each ovary. A minimum of 15 locust
samples were dissected from this group.

Fecundity analysis. To investigate the effect of bacterial infection or
FAS2 silencing on locust fertility, various reproductive indices of female
locusts were recorded, including the pre-oviposition period, egg count,
and number and weight of egg pods. In the group treated with M. luteus
alone, locusts were injected with M. luteus on day 4 PAE and the time
from day O to the first egg laying during early oviposition was recorded.
Other parameters such as the average number of eggs laid and the
number and weight of egg pods within 11 d after bacterial injection were
also documented. In the experimental group with the combined injec-
tion of bacteria and dsRNA, locusts were injected with dsFAS2 on day
0 PAE, followed by M. luteus injection after 4 d. The fecundity indices of
the treatment groups were consistent. Each treatment included three
biological replicates consisting of no more than five specimens.

2.4. RNA extraction and reverse transcription-quantitative polymerase
chain reaction (RT-qPCR)

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA)
in accordance with the manufacturer’s instructions. The concentration
and purity of total RNA were measured using a NanoDrop 2000 spec-
trophotometer (Thermo Scientific, America) and 1.0 % agarose gel
electrophoresis, respectively. For reverse transcription, the first strand
of ¢cDNA was synthesized using a PrimeScriptTM RT Reagent Kit
(Takara, Japan). The cDNA of each sample was diluted tenfold and used
as an RT-qPCR template on the Bio-Rad Real-Time PCR Assay System
(Bio-Rad, USA), using Premix Ex Taq (SYBR Green) reagents from
Takara. The reaction program initiated at 95 °C for 3 min, followed by
40 cycles consisting of denaturation at 95 °C for 10 s, annealing at 58 °C
for 15 s, and extension at 72 °C for 20 s. f-actin served as an internal
reference gene, and relative gene expression levels were calculated using
the 2"24C method. The RT-qPCR primers used Primer 5.0 software
(Table 1), with each sample having three biological replicates
comprising no fewer than five test worms.

Primer name F-Primer sequence (5'-3")

R-Primer sequence (5-3")

GFP AAGGGCGAGGAGCTGTTCACCG
FAS2 ACGGAACAGGCACTAAA

ACC GTGTGTTGGAGCCAGAAGGAAT
Attacin GTGCTCCTCGTCGTTCTGA
p-actin GACGAAGAAGTTGCCGCTC

Bmm ATCACTGACGAGGGTCTACGA
Cactus ATCCAAATGGCACCTCACC

DEF3 AGGGCTACAAGGGAGGACAC
DEF4 GAAACCTCGTGCGAGCAGA
ELO6 CTGCAATGACTCTGGTCCGATAA
FAR CACGGCGTACTGTCACTTG

FAS2 TTAGTGGAAAGGGAGGC

GNBP1 TTTTCCCCGAGATTTGGC

GS ACTCCGAATGGTCTCAATGTCA
GP CCCTGGTGACCTAGACAAACT
Lip3 GGTCGGATTTGATGCC

Lsd-1 TGTCACTTGGAGGAGAAAA
Lsd-2 GCTCCGAAAATGGAATGC
MyD88 CAGAAACATCGGAAAGTGGTA
Spaetzle TCAAAGTGGCAGTGGTTCTCA
Pelle TCCTCAACCATCTGCTCCTT

TPS AGACGAACGGACACTACGAATGA
TRE GCACTCCATAATCAAGCAGCAC
VgA CTCTTTCGTCCAACAGCCG

VgB GGCAGTTTTGCTTATTATGGG
VgR1 ATAAAGGTCTACCATCCAGCCC
VgR2 GGCAAAAGGGATCACTCGA
dsGFP TAATACGACTCACTATAGGGAGAAAGGGCGAGGAGCTGTTCACCG

dsFAS2 TAATACGACTCACTATAGGGAGAACGGAACAGGCACTAAA

CAGCAGGACCATGTGATCGCGC
GAACCAGGCTGATAAAG
CACTTGGAAGGTTAGGAGAGGA
CCCACGCCTTTCTCTCTGT
TCCCATTCCCACCATCACA
ATACTGGTGTTGGCGAGGTT
CTGCGACTACAAGCCTTCTAACT
CATCAGCAGGCAAGAAACAAG
CGATGCCAGCAGTGGTAAGG
GCGCTGGTCACTCCTGTTGTC
TCAGCACTGGTAAACCCTTC
CCATACAAGGGTCAGGT
TTGCTATTCTTATCTGCCCTGAC
GGTAGGGAATATCAGGAATGCA
GGGTGTCATCTCATAGAAATCG
TGAGCCAGGGTCTTTGTA
AAGGTCGGAGTATCAGCAC
TGCCTCAGCCGTTGATAGT
TCGTATGGTGCTGAATGGTAT
CACAAGCTGGGTGTAACGATC
CATTTCGTTCACTGCTTATCAC
ATCCTCCCTTAGCGAACCCATC
TAATGAACCATCGCCCAGAG
CTCGCAACCATTCCCTTCA
TTCCGGGTTTGACAGTTGG
GACAGGCACAGGTGTAGGAGTT
GCCACCATCAGCCCAAAAT
TAATACGACTCACTATAGGGAGACAGCAGGACCATGTGATCGCGC
TAATACGACTCACTATAGGGAGAGAACCAGGCTGATAAAG

cDNA clones

RT-qPCR

dsRNA synthesis
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2.5. Engzyme activity determination

The activities of phenoloxidase and lysozyme were determined
following previously established methods with appropriate modifica-
tions (Tang et al., 2023). Specifically, enzyme activity was detected
using the hemolymph supernatant. Protein concentrations were
measured using a BCA protein Assay Kit (Takara, Japan) with bovine
serum albumin (BSA) as the standard.

Determination of PO activity: 60 pL serum diluent was added to 240
pL phosphate-buffered saline (PBS) (pH 6.4) buffer and 360 pL L-3, 4-
dihydroxyphenylalanine (L-dopa) (3 g/L). The 200 pL mixture was
added to the microplate, and the absorbance A0 was measured at 490
nm using Thermo Fisher Scientific (America). Following incubation at
37 °C for 30 min, the absorbance A at 490 nm was recorded, and PO
activity was quantified as AA490 /mg protein.

Lysozyme was measured using a lysozyme test kit from Nanjing
Jiancheng in accordance with the instructions provided by the manu-
facturer. The activity of lysozyme was quantified as AA530 /mg protein.

2.6. Determination of glycogen, trehalose and glucose content

The hemolymph supernatant collected from the samples was directly
used to quantify the levels of glycogen, trehalose, and glucose. To
determine the contents of these substances in the fat body, the weight
(g): volume (mL) = 1:10 was maintained by adding PBS to the fat body.
The mixture was thoroughly ground using a grinder and ultrasonicated
to ensure complete cell disruption. The resulting homogenate was then
centrifuged at 2500 rpm at 4 °C for 20 min, and the resulting superna-
tant was used to measure glycogen, trehalose, and glucose concentra-
tions. Each treatment included three biological replicates, with no fewer
than five specimens.

The glycogen content was determined following the method
described by Mollaei et al. (2017), with appropriate modifications.
Briefly, 30 pL of hemolymph or fat body supernatant was mixed with
600 pL of anthrone solution (0.02 g anthraquinone (Sinopharm, China)
dissolved in 10 mL of 98 % sulfuric acid) and reacted at 90 °C for 10 min.
The light absorption at 620 nm was measured using a Thermo Fisher
Scientific (USA), and the glycogen content was calculated based on a
standard curve.

The trehalose and glucose levels were determined as described by
Wang et al. (2020a, 2020b). The trehalose content was determined using
the anthranone method. In the first step, 30 pL supernatant was mixed
with an equal volume of 1 % sulfuric acid. The reaction conditions
included incubation in a water bath at 90 °C for 10 min, followed by
cooling at 0 °C for 3 min. In the second step, 30 pL of a 30 % potassium
hydroxide (Sinopharm, China) solution was added to the previous re-
action mixture under identical conditions as before. Lastly, in the third
step, 600 pL of anthrone solution was added to the reaction mixture from
the previous step and incubated under similar conditions as before. After
completion of the reaction, the absorbance at 630 nm was measured
using an enzyme marker to calculate the trehalose content based on a
standard curve. The glucose content was measured using a Glucose (GO)
Assay Kit (Sigma-Aldrich, USA).

2.7. Determination of TAG and free fatty acid (FFA) contents

According to the manufacturer’s instructions, the levels of TAGs and
FFAs in the hemolymph, ovary, and adipocytes were quantified using a
TAG test kit (Nanjing Jiancheng, China) and a FFA content detection kit
(Solarbio, China).

2.8. Detection of Vg by ELISA assay
The Vg content in the fat body, ovary, and hemolymph was quanti-

fied using an indirect double-antibody sandwich ELISA method based on
the protocol of Guo et al. (2011) with appropriate modifications. For the
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hemolymph samples, the Vg content was determined from the super-
natant collected after centrifugation. Tissue samples were mixed with
PBS at a weight (g)-to-volume (mL) ratio of 1:10 and thoroughly ho-
mogenized using a grinder, followed by ultrasonication to ensure com-
plete cell disruption. The resulting homogenate was then centrifuged at
8000 rpm for 10 min at 4 °C, and the obtained supernatant was used for
Vg content analysis.

The specific steps are as follows: The supernatant was diluted with
the coating solution (1.59 g Na;COs and 2.93 g NaHCO3 dissolved in
1000 mL sterile water) at an appropriate ratio, thoroughly mixed, and
100 mL of the mixture was added to each well of a 96-well microplate
(Sangon, China). After sealing the plate, it was incubated at 37 °C for 4 h
and then fixed. The plate was then rinsed five times with phosphate-
buffered saline with Tween (PBST; Sangon, China) for 1 min each
time. To seal, 400 pL of a 5 % skim milk powder solution (Sangon,
China) was added to each well, followed by sealing with a film cover,
incubation at 37 °C for 2 h, and washing thereafter. For primary anti-
body incubation, 100 pL of Vg protein antibody diluted in PBST (ratio,
1:1000) was added to each well (GenScript, China), after which the plate
was sealed with a membrane, incubated at 37 °C for 2 h, and washed
again to remove unbound primary antibody. For incubation of the sec-
ondary antibody, 100 pL of enzyme-labeled goat anti-rabbit was added
to each well (diluted in PBST; ratio, 1:5000) (biosharp, China), after
which the plate was sealed with a membrane, incubated at 37 °C for 1 h,
and washed again to remove unbound secondary antibody. For the color
development reaction, 100 pL. TMB color development solution was
added to each well (Beyotime, China), and the plate was incubated at
37 °C for 10 min until the reaction is visible. Finally, 50 pL of 2 M H3SO4
was added to each well to stop the reaction, and the absorbance values
were measured at 450 nm using enzyme labeling.

2.9. Data statistics and analysis

Kaplan-Meier survival analysis was used to assess changes in the
locust survival rate. Except for adipose body and ovarian morphological
development, all other data were subjected to Student’s t-test using SPSS
software (version 26.0) to determine significant differences between
groups (* P < 0.05, ** P < 0.01, and *** P < 0.001). The data are
presented as the mean + standard error (SE) of three replicates.

3. Results

3.1. Immune response alterations and survival analysis of locusts after
M. luteus infection

After infection with M. luteus, the expression of genes related to
immune signaling pathways was analyzed. The results revealed a sig-
nificant downregulation in the expression of Spaetzle, whereas MyD88,
Pelle, and Cactus were upregulated without statistical significance
(Fig. 1). However, infection with M. luteus induced a substantial increase
in antimicrobial peptides expression. DEF3 and Attacin exhibited 8.1 and
8.6-fold increases, respectively, compared to the control group (Fig. 1A).
Furthermore, the injection of M. luteus resulted in elevated phenol oxi-
dase activity but decreased lysozyme activity compared with the control
group (Fig. 1B). Mortality data were recorded for 7 d, starting from the
day of injection. Survival analysis demonstrated that locusts injected
with PBS had an 80 % survival rate whereas those injected with M. luteus
only had a survival rate of 36.7 % (Fig. 1C), leading to a significantly
shortened adult lifespan by approximately 1.8 d (PBS = 11.5 vs M. luteus
= 9.7) compared to the control group (Fig. 1D). These findings indicate
that infection with M. luteus activates the immune response of locusts
but also negatively affects their viability.

3.2. Influence of M. luteus infection on energy metabolism of locusts

To investigate the impact of M. luteus infection on energy metabolism
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Fig. 1. Immune response alterations and survival analysis of locusts infected with M. luteus. (A) Expression levels of Toll immune pathway-related genes were
quantified. (B) PO and lysozyme activities were measured. Each experimental group consisted of three biological replicates with a minimum of five locusts per
replicate. (C) Changes in the survival rate of locusts were monitored after injection with M. luteus, and mortality was recorded every 24 h for 7 d. Each treatment
group included 30 locusts, and Kaplan-Meier survival analysis was performed. (D) Time from emergence to adult death after injection of M. luteus was measured in
days. Each experimental group consisted of three biological replicates with a minimum of eight locusts per replicate. Each value is presented as the mean + SE, and
statistically significant differences between the groups are denoted by * (P < 0.05), ** (P < 0.01), and *** (P < 0.001) using the Student’s t-test.

in locusts, the expression levels of genes associated with carbohydrate
and lipid metabolic pathways as well as the levels of related energy
substances were examined 24 h after injecting M. luteus. In terms of
carbohydrate and water metabolism, compared to the control group
injected with PBS, the injection of M. luteus significantly upregulated GP
expression and significantly reduced glucose content in both fat bodies
and hemolymph. In addition, it led to a decrease in the glycogen content
in the fat body (although not statistically significant). Trehalose content
in fat body and hemolymph showed a significant increase compared to
the control group, increasing by 142.4 % and 27.6 %, respectively
(Figs. 2A and B). Interestingly, the injection of M. luteus appeared to
promote lipid accumulation in locusts. Our findings indicated that
infection with M. luteus significantly upregulated the expression of genes
related to lipid metabolism, such as FAS2, Lsd-2, and Lip3, resulting in a
significant increase in the TAG content within the adipose bodies
(Figs. 2C and D). Furthermore, FFA content was notably higher than that
observed in the control group for both fat bodies (increased by 89.6 %)
and ovarian tissue (increased by 33.0 %) (Fig. 2E). Morphological ob-
servations revealed considerably greater abdominal cavity fat accumu-
lation in the experimental group than that in the control group (Fig. 2F).

3.3. Influence of M. luteus infection on ovarian development of locusts

The effects of M. luteus infection on ovarian development were
investigated by measuring the expression of Vgs, VgRs, and Vg in locusts.
Changes in the ovarian weight and morphology were recorded. These
results demonstrate that M. luteus infection significantly inhibits vitel-
logenin gene expression. First, compared to the control group, the
expression of VgA and VgB in the fat body was markedly downregulated,
with reductions of 77.6 % and 73.7 %, respectively (Fig. 3A). Further-
more, there was a significant decrease in hemolymph (72.8 %) and
ovary Vg protein content (57.7 %) in the experimental group than that
observed in the control group (Fig. 3B). Morphological observations
revealed that injection of M. luteus resulted in significantly reduced
volume of the ovary and primary oocyte, as well as decreased length of
the ovarian duct. Ovary weight was notably lower than that in the
control group (Figs. 3C and D). These findings indicate that M. luteus
infection inhibits ovarian development in locusts.

3.4. Influence of M. luteus infection on fecundity of locusts

The injection of M. luteus resulted in a significant extension of the
ovulation period in locusts, with a duration approximately 0.9 d longer
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abdominal cavity of flying locusts can be visualized using a scale bar set at 0.5 cm.

than that observed in the control group (Fig. 4A). Moreover, both the
quantity and weight of egg pods produced by female locusts were
notably reduced compared with those in the control group. Specifically,
the number of egg pods per female was approximately 1.1 in the control
group, whereas it was lower in the experimental group. In addition, the
number of egg grains produced by female locusts was approximately 3-
and 2.6-fold higher in the control group (Figs. 4B and C). These findings
indicate that infection with M. luteus leads to decreased fecundity in
locusts.

3.5. Effects of M. luteus infection after FAS2 knockdown on immune
function of locusts

The FAS2 gene was highly expressed in the adipose bodies of locusts
in previous laboratory studies, and interference with its expression
resulted in the inhibition of lipid accumulation (data not shown). To
further investigate the role of the FAS2 gene during bacterial infection in
locusts, its expression was suppressed through dsFAS2 injection and its
expression was assessed in the adipose body using RT-qPCR 5 d post-
injection to evaluate the effectiveness of interference. Compared to the
control group, dsFAS2 injection significantly downregulated FAS2
expression, indicating a clear interference effect (Fig. 5A). We examined

changes in immune function following infestation with M. luteus and
observed that after silencing FAS2, M. luteus infection downregulated
the expression of immune pathway-related genes, including GNBPI,
Spaetzle, MyD88, Pelle, and DEF4, and upregulated Cactus and antimi-
crobial peptide genes DEF3 and Attacin. The expression levels of Pelle,
Cactus, DEF4, and Attacin were significantly different from those in the
control group (Fig. 5B). Interestingly, injection of M. luteus after FAS2
knockdown notably increased lysozyme activity but had no effect on
phenoloxidase levels (Fig. 5C). Furthermore, locusts with low FAS2
expression exhibited a significantly shortened lifespan (approximately
4.0 d shorter) when injected with M. luteus compared to the control
group (Fig. 5D). These findings suggest that silencing FAS2 is detri-
mental to the survival of adult locusts.

3.6. Effects of M. luteus infection after FAS2 knockdown on energy
metabolism of locusts

We used RT-qPCR to detect the expression of energy-related genes in
adipose tissues and measured changes in the levels of key energy sub-
stances. Our findings indicated that FAS2 silencing resulted in the sig-
nificant downregulation of genes associated with carbohydrate
metabolic pathways, including TPS, TRE, GS, and GP, during M. luteus
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infection (Fig. 6A). Moreover, compared to the control group, FAS2
knockdown led to reduced glycogen and glucose levels in the locust
adipose tissue (Fig. 6B), and significantly increased glycogen and
trehalose levels in the hemolymph (Fig. 6B). In terms of lipid meta-
bolism, FAS2 knockdown resulted in upregulated Lsd-2 expression dur-
ing M. luteus infection but significantly downregulated other genes
related to lipid synthesis and catabolism (Fig. 6C). In addition, our re-
sults showed that TAG content was significantly decreased by 35.0 %
and 50.5 % (after 6 d) respectively in both adipose tissue and ovaries of
the experimental group compared to the control group. Moreover, the
FFA content significantly decreased in the ovary but increased in the
hemolymph after 6 d (Fig. 6E). Morphological observations revealed
that fat accumulation within the flying locust abdominal cavities was
considerably lower than that observed within the control groups
following FAS2 knockdown (Fig. 6F). These results suggest that FAS2 is
essential for lipid accumulation in locusts.

3.7. Effects of M. luteus infection after FAS2 knockdown on ovarian
development and fecundity of locusts

To investigate the impact of the FAS2 gene on locust reproduction
during bacterial infection, we examined the changes in reproductive-
related gene expression, vitellinogen protein content, ovarian develop-
ment, and fecundity following knockdown of FAS2 expression and in-
jection of M. luteus. The results showed that silencing FAS2 led to
minimal expression of VgA and VgB in locusts infected with M. luteus
(Fig. 7A) and reduced Vg protein content in the adipose body, ovary, and
hemolymph (Fig. 7B). In addition, our study showed that FAS2 silencing
resulted in severe ovarian atrophy, dysplasia of oocytes and ovarian
ducts, and a significant decrease in ovarian weight (1.7-fold) compared
to the control group (Figs. 7C and D). Interestingly, locusts infected with
M. luteus after FAS2 knockdown exhibited significantly reduced egg-
laying capacity (Fig. 7E).
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4. Discussion

Upon pathogen invasion, the pattern recognition proteins, PGRP-SA
and GNBP1, detect and bind to the pathogen, initiating an immune
signal that triggers the serine protease cascade in the insect. This reac-
tion cleaves nonactive prophenol oxidase (PPO) into active phenol ox-
idase (PO), leading to melanin formation and coagulation processes
(Hultmark, 1993; Mavrouli et al., 2005). The extracellular cytokine,
Spaetzle, subsequently undergoes activation, thereby initiating the Toll
immune pathway (Hillyer, 2016). Parameters such as phenol oxidase
and lysozyme activities, along with the antibacterial activity of anti-
microbial peptides, are commonly used to assess the immune defense
capacity of insects (Gonzalez-Santoyo and Cordoba-Aguilar, 2012; Hu
et al., 2022). Insect defensin is a cysteine-rich antimicrobial peptide that
exhibits potent activity against Gram-positive bacteria. Attacin primar-
ily targets gram-negative bacteria but has also demonstrated efficacy
against certain gram-positive bacteria in specific insects (Bang et al.,
2012; Yi et al., 2014). Injection of M. luteus strongly induced DEF3 and
Attacin gene expression, which encode antimicrobial peptides, high-
lighting their crucial role in combating M. luteus infections (Fig. 1A).
However, silencing FAS2 during bacterial infection reduces the expres-
sion levels of several immune-related genes. Although DEF3 and Attacin
exhibited upregulation patterns similar to those observed in the control
group, the extent of upregulation was comparatively lower (Fig. 5B).
Phenoloxidase and lysozyme play crucial roles in humoral immunity in
insects, as demonstrated in Diptera (Hillyer and Christensen, 2005;
Bruno et al., 2021), Lepidoptera (Jiang et al., 2010; Radwan et al.,
2022), Orthoptera (da Silva et al., 2000; Adamo et al., 2016), and other
insect species. This study revealed that locusts can resist M. luteus
infection by enhancing phenoloxidase activity (Fig. 1B). Such selective

activation of specific immune responses may represent an adaptive
strategy used by insects to minimize the costs associated with immune
defense mechanisms (Moret, 2003). Interestingly, silencing FAS2
resulted in an opposite pattern of changes in phenol oxidase and lyso-
zyme activities compared to stimulation with bacteria alone. Dual
pressure led to a decrease in phenol oxidase activity, but an increase in
lysozyme activity (Fig. 5C). This can be attributed to the high energy
expenditure associated with activating and maintaining the PO cascade
(Gonzalez-Santoyo and Cordoba-Aguilar, 2012). Immune attacks affect
the energy metabolism of locusts (Fig. 2) and, as was confirmed by our
findings (Fig. 1C and D), this compound effect poses a threat to insect
survival. Moreover, this detrimental effect was exacerbated by the
reduced FAS2 expression (Fig. 5D). Further studies may consider using
sublethal concentrations to achieve a more optimal treatment effect.

A robust immune response during immune challenges necessitates
precise and timely allocation of energy to appropriate cells or tissues for
efficient self-defense mechanisms (Dolezal et al., 2019; Moret, 2003).
Immunity is a fundamental physiological process crucial for survival and
has been reported to provide preferential access to energy resources
(Dolezal et al., 2019). This phenomenon was evident in our study, where
we observed significantly elevated levels of TAG and FFA in the fat
bodies of locusts during bacterial infection, accompanied by decreased
TAG levels in the ovary. This strategic nutrient allocation may enhance
the functionality of the immune system by accumulating lipids in the fat
body (Figs. 2D and E). However, the glucose content in the fat body was
significantly reduced, suggesting that sugar serves as the primary energy
source used by locusts when confronted with immune stimulation alone
(Figs. 2B, D, and E). Previous studies have shown that glucose represents
a significant energy expenditure for insects during immune challenges,
and that immune system activation leads to varying degrees of glucose
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the abdominal cavities of flying locusts was visualized (scale = 0.2 mm).

reduction (Dolezal et al., 2019). Following FAS2 silencing, the expres-
sion of pivotal genes involved in lipid and carbohydrate synthesis and
breakdown pathways was nearly abolished, resulting in a substantial
depletion of the adipose body reserves of lipids and glycogen (Fig. 6).
Upon bacterial infection following FAS2 silencing, locusts initiate the
mobilization of both lipid and glycogen breakdown processes as a
reflection of their heightened energy demand for self-protection against
dual stressors. This resulted in diminished energy availability (Figs. 6B,
D, and E). In a related study by Pompka et al. (2022), fifth instar larvae
of Spodoptera exigua exhibited reduced glycogen concentrations under
the combined stress conditions of starvation and cadmium exposure.
Because of the high energy demands of immunity and reproduction,
competition for energy resources may exist between these two functions.
Pathogen infections have a negative effect on fecundity (Howick and
Lazzaro, 2014; Schwenke et al., 2016; Nystrand and Dowling, 2020;
Breiner et al., 2022). In orthopterans, activation of the immune response
has also been associated with reduced egg production (Bascunan-Garcia
et al., 2010). However, the mechanisms underlying the trade-off be-
tween insect immunity and reproduction remain poorly understood. Our
study revealed that when exposed to bacterial infection alone, the Vg

synthesis volume decreased significantly. M. luteus infection resulted in
impaired oocyte and ovary development, reduced egg quantity and
quality, and a significantly prolonged pre-egg stage in the locusts (Figs. 3
and 4). Transcription of Vg genes in adipose tissues is severely inhibited,
leading to decreased Vg protein content in hemolymph circulation and
oocyte deposition, which is likely the primary cause of reduced fecun-
dity. However, when faced with both low FAS2 expression and bacterial
infection, fertility damage in locusts is exacerbated. At the microscopic
level, this double pressure further suppressed Vg expression in fat
bodies, resulting in decreased Vg protein content within fat bodies,
hemolymph circulation, and ovaries (Figs. 7A and B). On a macroscopic
scale, this dual stress caused significant delays in ovarian development,
rendering females unable to lay eggs, evident by the thinning of ovarian
ducts even up to day 8 post-emergence (Figs. 7C and D). Lipid and Vg
synthesis is obstructed, leading to the inadequate uptake of Vg, lipids,
and other nutrients by the oocytes, which directly compromises female
fertility.

In summary, the infection of M. luteus triggers the activation of the
immune system in locusts. The host organism responds by synthesizing a
substantial amount of antimicrobial peptides, phenol oxidases, and
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other immune factors to combat infection. In addition, it regulates lipid
and glucose metabolism to maintain the energy balance. However, the
immune response competes for energy resources that are otherwise used
for reproduction, thereby resulting in reduced fertility. This effect is
further exacerbated when FAS2 function is impaired along with M. luteus
attack, leading to a more severe depletion of energy reserves. Despite
activation of the immune system under low-energy conditions, there
appears to be a decrease in the overall immune capacity, as adults can
only survive for a short period under these dual pressures. Moreover,
their ability to lay eggs is significantly compromised by the prioritiza-
tion of energy allocation toward immunity. The aforementioned find-
ings are valuable for investigating the molecular mechanisms
underlying the trade-off between immunity and reproduction in locusts,
and thus have significant implications for the population density control
of these insects.
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