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� M. anisopliae phenylethyl alcohol
exerts an avoidance effect to locusts.

� M. anisopliae infection elevates the
expression of LmOBP11 in locusts.

� Treatment with phenylethyl alcohol
upregulates LmOBP11 in locusts.

� Locust LmOBP11 is involved in the
detection of fungal phenylethyl
alcohol.

� LmOBP11 negatively regulates the
locust immune system to benefit
fungal infection.
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Introduction: Odorant-binding proteins (OBPs) are a class of small molecular weight soluble proteins that
exist as expanded gene families in all insects, acting as ligand carriers mediating olfaction and other
physiological processes. During fungal infection, a subset of insect OBPs were shown to be differentially
expressed.
Objectives: We tested whether the altered expression of insect OBPs during pathogenic infection plays a
role in behavioral or immune interactions between insect hosts and their pathogens.
Methods: A wide range of techniques including RNAi-directed knockdown, heterologous protein expres-
sion, electrophysiological/behavioral analyses, transcriptomics, gut microbiome analyses, coupled with
tandem mass spectrometry ion monitoring, were used to characterize the function of a locust OBP in host
behavioral and immune responses.
Results: The entomopathogenic fungus Metarhizium anisopliae produces the volatile compound pheny-
lethyl alcohol (PEA) that causes behavioral avoidance in locusts. This is mediated by the locust odorant
binding protein 11 (LmOBP11). Expression of LmOBP11 is induced byM. anisopliae infection and PEA treat-
ment. LmOBP11 participates in insect detection of the fungal-produced PEA and avoidance of PEA-
contaminated food, but the upregulation of LmOBP11 upon M. anisopliae infection negatively affects the
insect immune responses to ultimately benefit successful mycosis by the pathogen. RNAi knockdown of
LmOBP11 increases the production of antimicrobial peptides and enhances locust resistance to M.
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anisopliae infection, while reducing host antennal electrophysiological responses to PEA and locust avoid-
ance of PEA treated food. Also, transcriptomic and gut microbiome analyses reveal microbiome dysbiosis
and changes in host genes involved in behavior and immunity. These results are consistent with the ele-
vated expression of LmOBP11 leading to enhanced volatile detection and suppression of immune
responses.
Conclusion: These findings suggest a crosstalk between olfaction and immunity, indicating manipulation
of host OBPs as a novel target exploited by fungal pathogens to alter immune activation and thus promote
the successful infection of the host.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Insects in their natural environments are constantly challenged
by versatile pathogens. Effective strategies of insects to respond to
the invading microbes are essential for successful insect survival
and propagation. Physical insect barriers are composed by the cuti-
cle (exoskeleton), that expresses antimicrobial compounds (epi-
dermis), which form the first line to defense against the direct
entry of microbial pathogens [1]. The insect innate immune system
consists of cellular immunity and humoral immunity [2,3], which
compose a quasi-adaptive physiological defense strategy that lacks
antibody production and other aspects of adaptive immunity. A
number of insect species including mole crickets [4], ladybirds
[5], Anopheles gambiaemosquitoes [6] and Coptotermes lacteusmilk
termites [7], have evolved strategies to recognize and respond to
volatiles from such pathogens, such as the fungal ento-
mopathogens Beauveria bassiana andMetarhizium anisopliae, which
assist the insect hosts to engage in avoidance behaviors.

Metarhizium anisopliae, is a potent natural pathogen of insects.
This fungus is able to first attach to the surface of the host
exoskeleton and then penetrate the insect cuticle using a combina-
tion of mechanical pressure and enzymatic activities, which mostly
consist of cuticle degrading enzymes [8,9]. Once the cuticle has
been breached, the fungus can proliferate within the insect hemo-
coel by nutrition exploitation and evading host innate immune
processes through releasing siRNA, enzymes and secondary
metabolites with toxic properties [10], and ultimately work its
way out to sporulate on the host cadaver [11]. Although avoidance
of contacting with virulence pathogens is probably a more cost-
effective insect strategy than regulating innate immune responses,
the exact relationship between behavioral and physiological
immune mechanisms is not well understood.

The volatile organic compounds (VOCs) released by insect hosts
are suggested to vary depending on the virulence of the infecting
microbial strain [12], and the repellant effect of certain VOCs has
been confirmed previously, i.e., 1–3-cyclohepten-1-one, 1,3-
dimethoxy-benzene [13], naphthalene, 1-octen-3-ol [14], and phe-
nylethyl alcohol [15]. Apart from the behavioral effects, some of
the repellent VOCs, such as 1-octen-3-ol [16] and phenylethyl alco-
hol [17], also exhibit toxic effect against insects. This indicates a
potential link between pathogen detection and immune capacity.

Olfaction has been linked to fungal avoidance in a number of
insects [18,19]; however, no specific olfactory protein(s) have been
implicated in mediating perception of fungal cells and/or volatiles.
Chemosensory proteins (CSPs) and odorant-binding proteins
(OBPs) are small molecular weight ligand carrier proteins origi-
nally considered to act to transport odorants to receptors within
sensory cells and modulate the insect behavioral response [20–
22]. The function of CSPs and OBPs in VOCs recognition has been
widely confirmed [23–26]. However, increasing evidence shows
that some CSPs and OBPs function in alternate ways to regulate
other physiological processes beyond olfaction by binding to
exogenous or endogenous metabolites [27,28]. For instance, a mos-
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quito saliva-secreted odorant binding protein is suggested to pos-
sess anti-inflammatory characteristics by binding host biogenic
amine [29]. In addition, some olfactory proteins have been shown
to be expressed in insect immune tissues, including hemocytes and
fat bodies, beyond olfactory tissues [30]. During the various stages
ofM. anisopliae infection of the migratory locust Locusta migratoria,
many elements of insect olfactory pathways including CSPs, OBPs,
and odorant and ionotropic receptors (ORs/IRs) were shown to be
differentially expressed [31,32]. Further proteomic analyses vali-
dated these alterations of olfactory pathway components at the
protein level in the antennae of M. anisopliae infected locusts
[33]. Changes in the expression of olfactory genes were shown to
occur as early as four hours after infection which coincides with
conidial attachment to the cuticle surface, a time point at which
the fungal spores have not germinated yet, let alone begun the pro-
cess of penetrating the cuticle [32]. These data imply the impor-
tance of olfactory proteins in mediating insect behavioral and
immune reactions.

Herein, we show that M. anisopliae produces a volatile com-
pound (phenylethyl alcohol, PEA) that causes a behavioral avoid-
ance effect in locusts. Also, the expression of locust odorant
binding protein 11 (LmOBP11) can be induced by M. anisopliae
infection and PEA treatment. Further, RNAi mediated suppression
of LmOBP11 expression decreases insect chemical perception to
the M. anisopliae produced volatile compound PEA, including
reduced avoidance to PEA contaminated food, and reduced anten-
nal electrophysiological responses to PEA. However, suppression of
LmOBP11 expression surprisingly enhances host immune
responses during M. anisopliae infection, which increases insect
resistance to fungal infection by activating the expression of Toll-
pathway related genes and associated effectors. These results sug-
gest that elevated levels of LmOBP11 observed during M. anisopliae
infection may benefit the host by increasing chemoperception of
the pathogen but comes with a trade-off that benefits the pathogen
by inhibiting host innate immune responses. These data provide a
novel link between olfaction and innate immunity and represent a
typical example of the subversion of a host olfactory protein for
increasing successful mycosis by the microbial pathogen.
Materials and Methods

Insects and fungal strain

Insects (Locusta migratoria; NCBI: txid229990) were maintained
in cages at 30 ± 3 �C with 90 % relative humidity, a photoperiod of
14:10 h light:dark, and supplied with fresh wheat shoots, wheat
bran and water daily. Synchronized fifth instar locusts were used
in all experiments. M. anisopliae CQMa421, stored at the Genetic
Engineering Center of Chongqing University, was cultured on
1/4-strength Sabouraud dextrose agar (1/4-SDA) for 15 days at
28 �C. Conidia were harvested from plates via suspension in paraf-
fin oil for topically inoculation or Tween 80 (0.05 %) for hemocoel
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injection, and mycelial debris were removed by filtration through
sterile lens paper. Spore concentrations were calculated using a
Neubauer hemocytometer and adjusted as described (typically to
1 � 108 spores/mL).

Tissue dissection and gene expression analyses

Locust tissues including cuticle, gut, head, thoracic muscles and
reproductive glands, wings, fat body, Malpighian tubules and cen-
tral nervous system, and hemocytes were dissected from 5, 10, and
20 fifth instars, respectively, for each experimental replicate. The
samples were immediately frozen in liquid nitrogen and stored
at �80 �C until used. Hemolymph was isolated by puncturing the
arthrodial membrane at the base of hind legs with a sterile needle.
Subsequently, the liquid was added into a tube with the same vol-
ume of ice-cold anticoagulant solution (26 mM citric acid, 30 mM
sodium citrate, 60 mM NaCl, 100 mM D-glucose and 10 mM EDTA)
to prevent coagulation. Total RNA was extracted using the Trizol
reagent (Takara, Japan) according to the manufacturer’s protocols.
TURB DNase (Thermofisher, USA) was used to remove the DNA
contamination from the RNA samples in terms of manufacture’s
instruction. cDNA libraries were prepared using a high-capacity
cDNA Reverse transcription kit (Thermofisher, USA).

Primers for qRT-PCR (Supplemental Table S6) were designed
using the Beacon Designer Software (Palo Alto, CA, USA). Actin
was used as an internal reference gene as previously described
[34]. qRT-PCR experiments were performed in accordance with
the Minimum Information Required for Publication of Quantitative
Real-Time PCR Experiments guidelines [35]. Premix Ex TaqTM II (Tli
RNaseH Plus) Kit (Takara, Shiga, Japan) was used as the qRT-PCR
reagent. Reaction conditions were set as follows: 95 �C for 3 min,
40 cycles of 95 �C for 15 s and 60 �C for 30 s, following by a disso-
ciation protocol in the iCycler iQ real-time PCR detection system
(Bio-Rad, Hercules, CA, USA). Each treatment contained three tech-
nical replicates and conducted with three separate biological trip-
licates. Data were analyzed based on the 2�DDCT [DDCt = DCt (test)
- DCt (calibrator)] method [36]. qRT-PCR quality control additional
data, including amplification efficiencies (%) of the qRT-PCR reac-
tions, and correlation coefficients (R2) is supplemented in the SI
information (Supplemental Table S7).

Double-stranded RNA construction and survival analysis

Sequence alignment analysis of a transcript previously identi-
fied in a transcriptomic study of locust gene expression in response
to M. anisopliae infection indicated that Unigene66453 was identi-
cal to LmOBP11 as annotated in the L. migratoria genome [32]. The
open reading frame (ORF) of LmOBP11 was amplified according to
our transcriptomic dataset and the amplified fragment was sub-
cloned into the pUC19-T vector for sequencing. A target sequence
for dsRNAmediated gene expression knockdown of LmOBP11 (Sup-
plemental Table S6) was designed according to the specificity and
RNAi efficiency analysis. The MEGAscript high yield transcription
kit (Ambion, Austin, TX, USA) was used to synthesize the dsRNA
targeting LmOBP11, LmOBP2 and LmOBP4 as well as one designed
towards GFP (control), according to the manufacturer’s protocol.
GFP was used as a negative control as GFP dsRNA shows no side
effects [34] and it has been broadly used in locusts [37,38]. Briefly,
dsRNA template was prepared by PCR and purified before dsRNA
synthesis. dsRNA was synthesized by mixing plasmid template
and the in vitro transcription reaction in a RNase free tube. The
dsRNA product was precipitated with LiCl solution. The DNA tem-
plate in the reaction product was digested by DNase treatment fol-
lowed by phenol/chloroform purification to remove any extra
components. The concentration of the final dsRNA product was
determined using a NanoVue Plus spectrophotometer (GE Health-
3

care Life Sciences, Little Chalfont, UK). For RNAi assay treatments,
5 lL of the dsRNA solution (300 ng/lL) was injected into the hemo-
coel of each locust through the abdomen. For co-treatment of
locusts with (LmOBP11 or GFP) dsRNA and M. anisopliae infection,
dsRNA was injected initially and 3 days later M. anisopliae conidia
were topically inoculated. Hemocytes and hyphal body numbers
were qualified by collecting the hemolymph at three days post
M. anisopliae inoculation, as described in detail below. For testing
the efficiency of the dsRNA in target gene knockdown, locust
antennae were dissected from five randomly selected locusts at
three- and seven-days post dsRNA injection. Expression of
LmOBP11 and other genes as noted (e.g., defensin) was examined
in corresponding tissues of various treatments at three days post
M. anisopliae inoculation. For the synergy effect of PEA in fungal
infection, PEA was mixed with 5 lL M. anisopliae conidia suspen-
sion with the final concentration of 0.0001 mol/L and injected into
locusts 72 h after dsRNA treatment. Antennae, cuticle, hemocyte,
and fat body of locust topically treated with PEA or ethanol (con-
trol) were collected to identify the expression of LmOBP11 and
(or) defensin in response to PEA treatment. The number of surviv-
ing insects was measured twice daily after fungal inoculation. All
experiments consisted of three replicates (n = 20), and the entire
experiment was performed with at least three independent
batches of insects and fungal conidia.

Volatile organic compound analyses of M. anisopliae spores and
determination of PEA concentrations in locust hemolymph

To detect VOCs produced by M. anisopliae, conidia cultured on
1/4 SDAY medium were collected and transferred into 20 mL SPME
vials with 6 replications in total. The SPME (headspace solid phase
microextraction) syringe with a 100 lm PA (polyacrylate) fiber
(CTC Analytics AG, Zwingen, Switzerland) was used for the extrac-
tion of volatiles emitted by the fungus [39]. The new fiber was con-
ditioned at the GC inlet according to the manufacturer’s
instructions before use. Samples were preheated in the incubator
at 30 �C for 30 min, and then the fiber was inserted into the vessel
and exposed to the headspace gas phase. After 4 h exposure to the
headspace, the fiber was immediately introduced to the GC–MS for
thermal desorption and analysis. Volatile organic compounds were
detected by GC–MS analysis with a GCMS-TQ8040 (Shimadzu Cor-
poration, Kyoto, Japan), equipped with a WAX-HT capillary column
(30 m � 0.25 mm � 0.25 lm) (Shimadzu Corporation, Kyoto,
Japan). The PA fiber was desorbed at 240 �C in the injection port
for 5 min in the spitless mode and helium was used as carrier
gas. The front inlet purge flow velocity was 3 mL/min, and the
gas flow rate through the column was 1 mL/min. The oven temper-
ature ramp was programmed as follows: 40 �C for 5 min, followed
by a temperature gradient of 5 �C/min up to 240 �C, with a 5 min
hold at the end. The transfer line and ion source temperatures were
240 �C and 230 �C, respectively. Mass spectroscopy (MS) analyses
were performed in full-spectrum scanning mode (m/z 20–400)
and in Selected Ion Monitoring (SIM) mode at 70 eV electron
energy, with a solvent delay of 5 min. Volatile compounds were
identified by comparing their mass spectra with the standard spec-
tral NIST14 library. The PEA analysis in locust hemolymph was
analyzed similarly by GC–MS but without SPME treatment, unless
hemolymph samples were collected on three days post M. aniso-
pliae inoculation as previous described.

Protein expression and quantitative fluorescence-based ligand-binding
assay

LmOBP11 protein was expressed using a prokaryotic protein
expression system, as previous described [40]. Briefly, the ORF of
LmOBP11 (468 bp), after removal of its corresponding predicted
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signal peptide sequence, was cloned into the pET32a vector (Nova-
gen, Darmstadt, Germany) and transformed into the Escherichia coli
BL21 strain. Individual positive colonies grown on LB-agar plates
(100 lg/mL, ampicillin) were selected and cultured in 5 mL of LB
liquid medium (100 lg/mL, ampicillin) overnight at 37 �C with
shaking at 220 rpm. The cell culture was inoculated in 500 mL
LB/ampicillin liquid medium until OD (600 nm) reached 0.6 to
0.8. Then, 0.5 mM IPTG was added into the culture to induce pro-
tein expression at 11�C with overnight shaking at 220 rpm/min.
Cell pellet was collected by centrifugation at 3,000 rpm and resus-
pended in HEPES buffer (10 mM HEPES, 100 mM NaCl, pH 7.5).
After sonication and centrifugation at 14,000 rpm and 4 �C for
30 min, the supernatant and pellet were collected separately.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) confirmed
that the recombinant protein was soluble. The solution was
applied to His-trap affinity columns (Cobalt Chelating Resin, G-
Biosciences, USA). Bound protein was eluted with HEPES buffer
containing gradually increased imidazole from 50 mM to
500 mM. After electrophoretic analysis. The fractions with the
recombinant protein were pooled and dialyzed three times against
3 L of HEPES buffer at 4 �C, overnight. His-tag antibody (Ther-
mofisher, USA) was used to perform western blot to further con-
firm the size of the recombinant protein.

GC grade authentic standards were purchased, including pheny-
lethyl alcohol (PEA; >98.0 %, TCI chemicals, China), n-hexadecanoic
acid (95 %, Kaiwei Chemical, China), 2,4-di-tert-butylphenol (99 %,
Solarbio, China), 2-ethoxy-ethanol (99 %, Aladdin, China), 2-
hexyldecanoic acid (98 %, Macklin, China), and 1,2-ethanediol
monoacetate (60 %, Macklin, China). N-phenyl-1-naphthylamine
(1-NPN, 98 %, Sigma-Aldrich) was used as a probe for the fluores-
cent binding assay, as previously described [22]. A Hitachi F-
2000 fluorescence spectrophotometer was used for the binding
assay, with an excitation wavelength of 337 nm and an emission
wavelength of 350–500 nm. The binding constant of the purified
protein and 1-NPN were analyzed using the change in the fluores-
cent value from the machine when the 1-NPN concentration was
gradually increased from 2 to 24 lM in a cuvette with a set protein
concentration (2.0 lM; in 10 mM HEPES and 100 mM NaCl buffer
pH 7.5). The competitive binding of the chemical ligand was mea-
sured by gradually increasing the chemicals into the mixture with
2 lM 1-NPN and 2 lM protein or 2 lM 1-NPN alone to determine
chemical background levels. Fluorescence values were recorded in
the presence of protein, 1-NPN, and differing concentrations of
competing ligands. Final fluorescence values were calculated using
the corrected fluorescence values through subtracting the chemical
backgrounds. The dissociation constants (Kd) of LmOBP11 and 1-
NPN were calculated by Scatchard plots through the GraphPad
Prism 8 Software (GraphPad, La Jolla, CA, USA). The dissociation
constants of competitor ligands (Kapp) to 1-NPN were calculated
according to the IC50 values using the following equation: Kapp =
[IC50]/(1 + [1 � NPN]/K1 � NPN).

Electroantennography (EAG) response and behavioral analysis

EAG response (mV) was analyzed by an EAG system (Syntech,
the Netherlands) through insertion of an excised locust antenna
into the EAG glass capillary tube containing two silver electrodes
(recording electrode and reference electrode). The amplified elec-
trophysiological signals were recorded with a Syntech PC-based
signal processing system (Kirchzarten, Germany). In the dose–re-
sponse experiment, five doses of PEA (10 lL of 10�4, 10�3, 10�2,
0.1 and 1 M, respectively, used as the standard stimulus) were pre-
pared in ethanol (concomitantly used as control), and each dose
was tested five times on an antenna at 1-min intervals between
stimulations. LmOBP11 dsRNA-injected and GFP dsRNA-injected
locusts were tested respectively for all doses. In each group of
4

locusts, five antennae were analyzed, and three batches of treated
locusts were tested entirely.

The avoidance behavior of locusts to PEA was analyzed by mix-
ing 1 mL of PEA solution (0.01 M, in ethanol) or 1 mL of ethanol
with 1.5 g of wheat bran. A total of 15 locusts/technical replicate
were placed in metal cages with PEA or ethanol control and wheat
bran on random opposite corners of the cage. Food consumption
was measured 12 h after feeding. Three replicates with triplicate
locusts were analyzed entirely.

Hemocyte quantification and measurement of phenoloxidase (PO)
activity

Hemolymph samples were collected from locusts via puncture
of the leg segmacoria and collection in anticoagulant buffer as
described above. An aliquot of 10 lL hemolymph was used to
count hemocyte numbers using a hemocytometer under a micro-
scope, with three regions examined for each sample. The remain-
ing hemolymph was used for measurement of PO activity after
centrifugation (4 �C, 20,000 rpm, 5 min) to collect supernatant.
PO activity was measured as previously described with minor
modification [41]. Briefly, 30 lL of supernatant were mixed with
210 lL of 10 mM sodium phosphate buffer (pH 6.0). Aliquots
(160 lL) of the mixture were used for PO activity assay and
30 lL of the mixture was used for protein concentration assay. Pro-
tein concentrations were determined using the Bradford method
(Bradford Protein Assay Kit, Solarbio). For PO activity measure-
ment, 480 lL of 10 mM L-Dopa were added to the 160 lL hemo-
lymph aliquot and incubated at 25 �C for 20 min after which the
initial absorbance at 492 nm was measured, and the absorbance
values were recorded every 5 min for 1 h. The PO activity was cal-
culated according to the slope of the absorbance values divided by
the corresponding protein concentration (U/mg). All experiments
were performed with three independent batches of locusts.

Transcriptomic analysis

For transcriptomics analyses, four treatments were examined:
(1) GFP dsRNA injected locusts, (2) LmOBP11 dsRNA injected
locusts, (3) GFP dsRNA injected + M. anisopliae infected locusts,
and (4) LmOBP11 dsRNA + M. anisopliae infected locusts. dsRNA
treatment (injection of 1.5 lg dsRNA) was performed first, 72 h
after which locusts (where indicated) were infected (5 lL of 108

conidia/ml topically on the locust abdomen). For all treatments,
locusts were collected three days post-inoculation (six days post-
treatment if no infection) with three replications. The fat body,
antennae, and cuticle of five locusts per treatment were dissected
into locust physiological saline solution (147 mMNaCl, 10 mM KCl,
4 mM CaCl2, 3 mM NaOH, 10 mM HEPES, pH 7.2–7.4). Samples
were homogenized for RNA extraction using the Trizol reagent
(100 mg/mL, Invitrogen, USA) according to the manufacturer’s
instructions. RNA samples were treated with RNase-free DNase I
(Takara, Shiga, Japan) for 1 h at 37 �C to remove any residual geno-
mic DNA. The quality of RNA samples was determined by agarose
gel electrophoresis and NanoVue Plus (GE) analyses. Samples were
sequenced via a commercial company (Lianchuan, Hangzhou,
China) using a next generation sequencing platform (Illumina
NovaseqTM 6000). Briefly, the poly-T oligo-attached magnetic
beads (Invitrogen) were used to enrich for polyadenylated RNA
and for library preparation in accordance with the protocol for
the mRNASeq sample preparation kit (Illumina, San Diego, USA),
and then the paired-end sequencing was performed on an Illu-
minaHiseq4000 at the (LC Sciences, USA) following the vendor’s
recommended protocol. Differentially expressed genes between
two treatments were analyzed by DESeq R package (1.10.1), which
provides statistical routines based on a model of negative binomial
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distribution. The resulting P values were adjusted using the Ben-
jamini and Hochberg’s approach to control the false discovery rate
[42]. Genes with an adjusted p-value < 0.05 found were assigned as
differential expression.

Gut microbial community analysis

Locusts were treated under identical conditions (four different
treatments) as described for the transcriptomic analyses above,
and then their midguts were collected by dissection under a stere-
oscope. Bacterial and fungal DNA from each sample were extracted
using separate protocols and overall DNA quality was verified by
NanoDrop spectrophotometer. The V3-V4 region of the bacterial
16S rRNA gene was amplified using the primer pair (Forward pri-
mer, 50-ACTCCTACGGGAGGCAGCA-30, reverse primer, 50-GGAC
TACHVGGGTWTCTAAT-30) combined with adapter sequences and
barcode sequences, whereas the ITS1 region of fungal 18S rRNA
was amplified with the primer pairs (50-CTTGGTCATTTAGAGGAAG
TAA-30, 50-TGCGTTCTTCATCGATGC-30) combined with adapter
sequences and barcode sequences. PCR products were purified
and sequenced using the Illumina Hiseq 2500 platform (2 � 250
paired ends, Biomarker Technologies Corporation, Beijing, China).
Three replications (five midguts/replication) were performed to
analyze the gut bacterial and fungi species, respectively.

Statistical analysis

SPSS (SPSS Inc., Chicago, IL) was used to perform significance
tests. The half lethal time (LT50) for survival curves were estimated
by a probit analysis with the same software. PO activity and gene
expression results across various treatments were analyzed by
one-way ANOVA with the Post Hoc analysis of Bonferroni (equal
variance) or Dunnett T (unequal variance). The significances of rel-
ative expression of LmOBP11 in each set of treatment, food con-
sumption, hemocyte and hyphal body numbers in the
hemolymph were analyzed by Student t test. p < 0.05 and
p < 0.01 were considered as significant and highly significant,
respectively. Unless otherwise stated, all experiments included
three technical replicates, and each experiment was replicated
three times.
Results

LmOBP11 expression is activated during fungal infection and RNAi
mediated knockdown of LmOBP11 increases resistance to fungal
infection

LmOBP11 was identified as a differentially expressed gene in M.
anisopliae infected locusts as compared to controls in previous
transcriptomic studies (Supplemental Fig. S1A) [31,32]. More
detailed tissue expression pattern analyses revealed that LmOBP11
was highly expressed in the antennae, followed by the sexual
gland, hemocytes, head, central nervous system, gut, Malpighian
tubules, muscle, and wing, with low levels seen in the cuticle
and fat body tissues (Supplemental Fig. S1B). A time course of
LmOBP11 expression in response to M. anisopliae infection further
indicated increased expression in the antennae, cuticle, and fat
body �72 h post-infection (p < 0.05), with only a marginal increase
seen in hemocytes (Supplemental Fig. S1C).

In order to probe the function of LmOBP11 in response to M.
anisopliae infection, constructs for RNAi LmOBP11 gene knockdown
were synthesized and injected into locusts. RNAi efficiency analysis
showed that LmOBP11 expression in dsRNA injected locusts was
reduced by �90 % 72 h after the injection, and that reduced expres-
sion was maintained for at least 7 d after injection (Supplemental
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Fig. S2). Surprisingly, insect bioassays revealed an increase in host
resistance to fungal infection following LmOBP11 RNAi knockdown
(Fig. 1A). The mean lethal time to kill 50 % of host locusts (LT50)
increased from 3.08 ± 0.10 d for wild type locusts to 3.57 ± 0.17
d for locusts treated with LmOBP11 dsRNA (Fig. 1B, p < 0.05), with
no changes seen using a control dsRNA (GFP, LmOBP2 and LmOBP4)
(Supplemental Fig. S3) or in response to the LmOBP11 dsRNA alone
in the absence of infection. Measurements of fungal hyphal body
production and host hemocyte numbers indicated decreased fun-
gal proliferation (from 10.4 ± 0.7 � 106 to 8.4 ± 0.4 � 106 hyphal
bodies/mL of hemolymph, p < 0.05) when locusts were treated
with M. anisopliae + LmOBP11 dsRNA as compared to M. anisopliae
alone, and with a slight but not statistically significant (p = 0.091)
increase in hemocyte numbers in M. anisopliae + LmOBP11 dsRNA
treated locusts as compared to M. anisopliae + GFP controls
(Fig. 1C & D).

Host prophenoloxidase (PO) activity was similar between
LmOBP11 dsRNA and control (GFP RNAi treated) locusts with infec-
tion by M. anisopliae resulting in similar levels of PO activation
independent of LmOBP11 knockdown (Fig. 2A). The expression of
three host antimicrobial defense responses, including the Toll
pathway regulated AMPs Defensin and Diptericin, and the antimi-
crobial enzyme, lysozyme, were examined in four different host tis-
sues including cuticle, fat body, hemocytes, and antennae and
normalized to expression levels seen in GFP dsRNA treated sam-
ples. These results revealed that knockdown of LmOBP11 increased
Defensin expression in the locust cuticle, fat body, and hemocyte
tissues, with fold changes of 1.3, 20.3, and 2.0, respectively. How-
ever, Defensin expression decreased in antennae with a fold change
of 0.15 as compared to controls (Fig. 2B). Significantly higher
(p < 0.01) levels of Defensin expression were seen in locusts that
were subjected to M. anisopliae infection + LmOBP11 dsRNA as
compared to M. anisopliae + control GFP dsRNA and LmOBP11
dsRNA alone in both cuticle and fat body tissues, whereas equiva-
lent (between treatments) Defensin expression was seen in hemo-
cytes and antenna (Fig. 2B). With respect to Diptericin expression,
treatment with LmOBP11 dsRNA activated its expression in both
cuticle (�15.4-fold) and antennae (2.9-fold); however, similar
levels of Diptericin expression were seen in hemocytes and fat
body. In addition, similar levels of Diptericin expression were
observed in locusts treated with M. anisopliae + LmOBP11 dsRNA
and M. anisopliae treatments alone in all examined tissues
(Fig. 2C). Lysozyme gene expression was upregulated in the fat
body (�11.7-fold) but downregulated in hemocytes (0.69-fold) in
locusts treated with LmOBP11 dsRNA (Fig. 2D). Similar levels of
lysozyme expression were seen in locusts treated with M. aniso-
pliae + LmOBP11 dsRNA and M. anisopliae alone treatments in all
examined tissues.

LmOBP11 binds to phenylethyl alcohol (PEA), and LmOBP11
knockdown results in loss of PEA perception and locust ability to avoid
PEA contaminated food

A set of VOCs produced by M. anisopliae was detected by HS-
SPME-GC–MS. A total of 14 M. anisopliae derived volatile
compounds not found in the control blank were identified (Supple-
mental Table S1), and included five different alcohols
(2-ethoxy-ethanol, 11-hexadecyn-1-ol, phenylethyl alcohol,
3-(1-methylbutoxy)-2-butanol and 4-nonanol), four esters
(1,2-ethanediol monoacetate, sulfurous acid, nonyl 2-pentyl ester,
formic acid, 2,4-dimethylpent-3-yl ester and tetrahydrofurfuryl
acrylate), three carboxylic acids (acetic acid, 2-hexyldecanoic acid
and n-hexadecanoic acid), as well as 2,5-dimethyl-4-hydroxy-3-
hexanone and tetrahydrofurfuryl acrylate. We therefore tested
whether LmOBP11 could bind PEA and five more compounds,
n-hexadecanoic acid, 2,4-di-tert-butylphenol, 2-ethoxy-ethanol,



Fig. 1. Survival rate (A, B) and immune responses analysis (C, D) of LmOBP11-silenced and GFP control locusts to fungal infection. The Student’s t-test was used to compare the
means between treatment pairs, assuming they have equal variances. Asterisks indicate the level of statistical significance; *p < 0.05.
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2-hexyldecanoic acid and 1,2-ethanediol monoacetate. LmOBP11
was purified after expression of the recombinant protein using an
E. coli heterologous expression system (Supplemental Fig. S4), and
the binding constant of purified LmOBP11 to the fluorophore N-
phenyl 1-napthylamine (1-NPN) was determined (Kd = 11.62 lM)
in order to use this substrate in (competition/displacement) repor-
ter assays as has been extensively used for OBP ligand characteriza-
tion [43] (Fig. 3A). The 1-NPN competition assay was then used to
determine the binding affinities of purified LmOBP11 to PEA, n-
hexadecanoic acid, 2,4-di-tert-butylphenol, 2-ethoxy-ethanol, 2-
hexyldecanoic acid and 1,2-ethanediolmonoacetate (Fig. 3B). These
data revealed an observed binding affinity of 9.37 lM for PEA, and
binding affinities of 15.4, 20.6, 3.6, 10.8, and 7.23 lM for n-
hexadecanoic acid, 2,4-di-tert-butylphenol, 2-ethoxy-ethanol, 2-
hexyldecanoic acid and 1,2-ethanediol monoacetate, respectively
(Fig. 3B). Among them, PEA was shown to act as a repellant/avoid-
ance molecule in insects and this avoidance effect also
confirmed in locusts (Fig. 3D). However, this avoidance behavior
was suppressed in LmOBP11 dsRNA treated locusts (Fig. 3D). In
order to examine antennal responses, electroantennography was
used to determine the average antennal output in response to
PEA in control and LmOBP11 dsRNA treated locust antennae. These
data showed a clear decrease in response (65.3–78.0 %) to PEA in
LmOBP11 dsRNA treated locusts over a concentration range from
10�4 to 0.1 M (p < 0.01), which was only overcome at 1 M of the
odorant (Fig. 3C, Fig. S6).

PEA is known to be produced by M. anisopliae [44]; however, in
order to determine whether PEA concentrations increased during
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M. anisopliae infection, insect hemolymph was isolated three days
post-treatment and analyzed for PEA levels using mass spec-
troscopy. These data showed a 2–3-fold increase in PEA concentra-
tions (p < 0.05) after M. anisopliae infection and after M.
anisopliae + LmOBP11 dsRNA treatments, whereas LmOBP11 dsRNA
treatment alone did not result in a significant change in host PEA
levels (p = 0.72, Supplemental Fig. S5). Analyses of LmOBP11
expression in response to injection of 10–4 mol/L PEA (normalized
to no PEA control) revealed increased expression of LmOBP11
within 24 h to levels similar to that seen after M. anisopliae infec-
tion three days post inoculation (Fig. 3E). Furthermore, co-
treatment ofM. anisopliae + PEA slightly increased locust mortality.
The LT50 decreased from 2.81 days for M. anisopliae alone to
2.45 days for M. anisopliae + PEA (p = 0.06), with PEA alone having
no effect on insect mortality (Fig. 3F). In addition, treatment of
locusts with PEA decreased Defensin expression (p < 0.01), although
no significant effects were seen in terms of PO activity
(Fig. 3G & H).

Transcriptomic analyses indicate that LmOBP11 knockdown alters
global expression of innate immune and chemical perception
pathways

We next sought to analyze global gene expression changes
related to LmOBP11 knockdown that affected innate immunity
and chemical perception. A comparative transcriptomic analysis
with four locust tissues including (a) antennae, (b) cuticle, (c)
hemocytes, and (d) the fat body, along with four treatments: (1)



Fig. 2. Immune effector, PPO (A), Defensin (B), Diptericin (C) and Lysozyme (D) analysis of LmOBP11-silenced and GFP control locusts to fungal infection by q-RT-PCR. Means
followed by the same letter are not significantly different at p < 0.05 according to one-way ANOVA with the Post Hoc analysis of Bonferroni (equal variance) or with the Post
Hoc analysis of Dunnett’s test (unequal variance).
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control, GFP RNAi, (2) LmOBP11 RNAi, (3) GFP RNAi + M. anisopliae
infection, and (4) LmOBP11 RNAi + M. anisopliae infection, three
days post-treatment was performed. Pairwise comparisons
between the various treatments to controls across all four tissues
and four treatment groups were performed (Supplemental Fig. S7
& Supplemental Table S2). In order to determine the effects of
LmOBP11 knockdown on M. anisopliae infection, differentially
expressed transcripts in the locust cuticle, fat body, hemocytes
and antennae samples comparing M. anisopliae infection to M.
anisopliae infection + LmOBP11 dsRNA were analyzed for immune
pathway components (Fig. 4). A general pattern of increased
expression of select immune pathway genes was found in locusts
treated with LmOBP11 targeting dsRNA. In total, 8, 10, 3, and 5
immune related DEGs (comparing M. anisopliae infection to M.
anisopliae infection + LmOBP11 dsRNA) were identified in cuticle,
fat body, hemocytes, and antennal tissues with fold change over
1.5 and below 0.5. Within the Toll pathway SPE (MH393893.1, Ser-
ine protease easter or Spätzle-processing enzyme) was upregu-
lated in the cuticle and fat body, Toll was upregulated in the
cuticle, and Defensin was upregulated in the cuticle, fat body and
antennae in LmOBP11 RNAi + M. anisopliae co-treated locusts as
compared with M. anisopliae infection alone. Within the IMD
immune pathway, PGRP-LB, PGRP-LE, Duox, and JNK were upregu-
lated, whereas the expression ofMKK14 in the cuticle and antennae
decreased. Expression of GNBP2, c-Lys, and exosome component 10
in the fat body also increased, whereas expression of GPCR-2 and
prophenoloxidase 2 (PPO2) in the cuticle decreased. The Notch
receptor 9 gene was upregulated in the fat body but downregulated
in the antennae of locusts co-treated with M. anisopliae + LmOBP11
dsRNA as compared to locusts infected with M. anisopliae alone.

The expression of a set of immune related genes from the differ-
ential immune pathways including the Toll and IMD was further
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examined by qRT-PCR in GFP RNAi control, LmOBP11 RNAi, GFP
RNAi +M. anisopliae infected locusts and LmOBP11 RNAi +M. aniso-
pliae infected locusts, and relative expression level divided to GFP
RNAi control locusts were analyzed. These included Gram-
positive bacteria-binding protein 3 (GNBP3, Toll pathway), cactus
(Toll pathway), Toll (Toll pathway) and c-Jun N-terminal kinase
(JNK, IMD pathway). No significant differences in GNBP3 expression
were observed for any of the treatments in fat body, cuticle, or
antenna similar as the transcriptomic data (Fig. 5A). GNBP2 expres-
sion showed no change in cuticle, fat body and antennae, but a
slight decrease in hemocytes in LmOBP11 dsRNA treated locusts
was observed (i.e., during infection, Fig. 5B). Serine protease easter
levels increased in the cuticle, fat body and antennae of LmOBP11
dsRNA treated locusts, and significantly increased in M. aniso-
pliae + LmOBP11 RNAi treated insects as compared to the cuticle
and fat body of M. anisopliae + GFP RNAi controls (Fig. 5C). Cactus
expression was not significantly different in all examined samples
irrespective of the treatments (Fig. 3D), and Toll expression signif-
icantly increased (p < 0.05) in the cuticle but decreased in fat body
tissues of LmOBP11 dsRNA treated locusts but no significant differ-
ence was noticed betweenM. anisopliae + GFP RNAi controls andM.
anisopliae + LmOBP11 RNAi treated insects (Fig. 5E). JNK expression
in host cuticle, fat body and antennae tissue were not significantly
different in LmOBP11 dsRNA treated locusts (Fig. 5F). Among them,
the Toll pathway components, the expression of the Serine protease
easter showed a similar tendency as defensin in cuticle and fat body
tissues.

An analysis of olfactory pathway components, including OBPs,
CSPs, odorant receptors (ORs) and ionotropic receptors (IRs) was
performed with respect to four different comparisons, (i) M. aniso-
pliae infection + GFP RNAi/GFP RNAi locusts, (ii) LmOBP11 RNAi/GFP
RNAi locusts, (iii) (M. anisopliae infection + LmOBP11 RNAi)/(M.



Fig. 3. LmOBP11 binds to phenylethyl alcohol (PEA), and LmOBP11 knockdown results in loss of PEA avoidance behavior. (A) OBP binding to N-phenyl 1-napthylamine (1-
NPN) and (B) binding affinities to volatile produced by M. anisopliae, namely phenylethyl alcohol, and another five volatiles, n-hexadecanoic acid, 2,4-di-tert-butylphenol, 2-
ethoxy-ethanol, 2-hexyldecanoic acid and 1,2-ethanediol monoacetate, (C) Electroantennography of average antennal output in response to PEA, (D) aversion behavior of
LmOBP11 dsRNA treated locusts to phenylethyl alcohol. (E) Relative expression analysis of LmOBP11 under various concentrations of PEA (mol/L). (F) Survival rates of locusts
in response to PEA and M. anisopliae separately and collectively. (G) Expression of defensin in the fat body, and (H) PO activity in the hemolymph following treatment with
10�4 mol/L PEA and fungus infection. The Student’s t-test was used to compare the means between treatment pairs, assuming they have equal variances. Asterisks indicate
the level of statistical significance; *p < 0.05, *p < 0.01. Means followed by the same letter are not significantly different at p < 0.05 according to one-way ANOVA with the Post
Hoc analysis of Bonferroni (equal variance).
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Fig. 4. Differential expressed immune related genes in locust cuticle, fat body, hemocytes and antennae under various treatments. Genes highlighted with red and green are
significantly up- (>1.5-fold) and down-regulated (<0.5) in locusts treated with LmOBP11 RNAi + M. anisopliae when compared with locusts treated with GFP RNAi + M.
anisopliae treatment. Numbers in the brackets highlighted with cyan, yellow, purple, and turquoise represent the differential expression fold in cuticle, fat body, hemocytes
and antennae for locusts treated with LmOBP11 RNAi + M. anisopliae compared with GFP RNAi + M. anisopliae infection treated locusts.
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anisopliae infection + GFP RNAi), and (iv) (M. anisopliae infec-
tion + LmOBP11 RNAi)/(LmOBP11 RNAi), across the four locust tis-
sues (antennae, cuticle, hemocytes, and fat body) (Supplemental
Fig. S9). As expected, expression (FPKM) of LmOBP11 decreased
from �9.7 to 0 in antennae of locusts injected with LmOBP11
dsRNA when compared with GFP control locusts. Among the OBPs,
LmOBP7 showed the highest homology with LmOBP11, but no sig-
nificant change in its expression was seen in any of the tissues
(Supplemental Fig. S2). However, significant changes in the expres-
sion of olfactory pathway proteins were seen in the different com-
parisons. Infection by M. anisopliae resulted in a general
downregulation of a range of OBPs, CSPs, ORs and IRs in most tissues
with the exception of the fat body, which had increased expression
of five CSPs (CSPs 4, 6, 21, 46, and I-1) and one IR (OR8). Increased
expression in the antennae of ORs 8, 15, 42, and 47 as well as IR12,
and in the cuticle of ORs 8, 11, and 87, and of OR11 in hemocytes
were also noted. In locusts injected with LmOBP11 dsRNA, there
were a number of olfactory genes with decreased expression levels
as compared to GFP dsRNA control. These genes also showed sim-
ilar patterns of upregulated olfactory pathway genes in antennae
and fat body (but not in cuticle or hemocytes) as M. anisopliae
infection with a number of differences; (i) in the antennae,
LmORs40 and 55 were also upregulated (in addition to the ones
listed for M. anisopliae infection above), and (ii) in the fat body,
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expression of LmCSP6 and I-1, were unaffected. Comparisons
between (LmOBP11 RNAi + M. anisopliae infection)/(M. anisopliae
infection) revealed a different pattern of effect on olfactory path-
way genes. In the antennae, expression of a different set (as com-
pared to (LmOBP11 RNAi + M. anisopliae infected)/(M. anisopliae
infection)) of ORs were downregulated, whereas LmOR4, 40, 55,
85, and 96 showed increased expression. In addition, LmOBP8 and
LmIR28 also showed decreased expression in the antennae. In the
same comparison, only minor changes were noted for olfactory
pathway components in the cuticle or fat body; however, LmOBP14
and LmIR25a, and to a lesser extent LmCSP2 all showed decreased
expression (again comparing (LmOBP11 RNAi + M. anisopliae infec-
tion)/(M. anisopliae infection) samples). In addition, in the hemo-
cytes, LmCSP3, I-1, and LmOR2 were all downregulated. In the
final comparison between (LmOBP11 RNAi +M. anisopliae infection)
and (LmOBP11 RNAi) treatments, the general downregulation of
olfactory pathway components in the antennae was similar to M.
anisopliae infected/control, although none of the upregulated genes
in the latter were found in the former, in which instead, expression
of LmOR95 and LmIR28 were elevated. In the cuticle and fat body
tissues, expression of olfactory genes was similar between
(LmOBP11 RNAi + M. anisopliae infection)/(LmOBP11 RNAi) and
(GFP RNAi + M. anisopliae infected)/(GFP RNAi) samples, although
in the case of the fat body, expression levels were not as pro-



Fig. 5. Differentially expressed Immune pathway related genes, GNBP3 (A), GNBP2 (B), Serine protease easter (C), Cactus (D), Toll (E) and JNK (F) analysis of LmOBP11-silenced
and GFP control locusts to fungal infection. Mean values followed with different uppercase letters are significantly different (p < 0 0.05), using one-way ANOVA with the Post
Hoc analysis of Bonferroni (equal variance) or with the Post Hoc analysis of Dunnett’s test (unequal variance).
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nounced as in the former comparison. Relative expression analyses
in hemocytes were also found to be similar, with the exception of
LmIR25a which showed opposite trends when comparing
(LmOBP11 RNAi + M. anisopliae infection)/(LmOBP11 RNAi) to (GFP
RNAi + M. anisopliae infected)/(GFP RNAi) samples.

In terms of identification of behavior-related GO terms: DEGs
corresponding to synaptic target inhibition, presynaptic mem-
brane, presynaptic active zone, dopamine biosynthesis process,
detection of mechanical stimulus involved in sensory perception,
and catecholamine metabolic processes, were found to be signifi-
cantly enriched in the antennae of LmOBP11 dsRNA treated locusts
as compared to the antennae of GFP control locusts (Supplemental
Fig. S8). Similarly, DEGs corresponding to synaptic target inhibi-
tion, response to ethanol, post-mating behavior, multicellular
organism reproduction, motor neuron axon guidance, and circa-
dian rhythm were significantly enriched in the antennae of GFP
RNAi + M. anisopliae infection treated locusts (no LmOBP11 dsRNA
treatment) as compared to antennae of GFP control locusts (Sup-
plemental Fig. S8). The set of significantly enriched overlapping
DEGs found in the antennae of these two comparisons included
10
28 transcripts (Supplemental Table S3). Among them, 15 tran-
scripts showed differential expression tendencies in locust anten-
nal samples when comparing LmOBP11 dsRNA treatment to GFP
dsRNA controls and M. anisopliae infected locusts as compared to
control individuals. Most of these transcripts were involved in
metabolism related functions, and included acyl-CoA synthetase
family members, fructose-1,6-bisphosphatase, acetaldehyde dehy-
drogenase class 2, beta-galactosidase-like, and peroxidase, which
are potentially implicated in the chemical perception and behav-
ioral responses during fungal infection. An overview of a model
derived from these results is given in Fig. 6.

Knockdown of LmOBP11 affects gut microbiome dysbiosis caused by
M. anisopliae infection

Changes in the gut microbiome have been reported as one
aspect of the infection of host insects by entomopathogenic fungi
(see the Discussion section). We therefore sought to examine the
effect of LmOBP11 gene expression knockdown on the gut micro-
biome of M. anisopliae infected locusts. As expected, infection by



Fig. 6. Model diagram of the trade-off between innate immunity and chemical perception of locust to M. anisopliae infection mediated by LmOBP11.
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M. anisopliae + GFP RNAi resulted in a � 140-fold increase in M.
robertsii (which show high homology with M. anisopliae) OTUs as
compared to GFP RNAi locusts, however, co-treatment with
LmOBP11 dsRNA decreased the overall M. robertsii fold increase
to �38 (p < 0.01) (Supplemental Fig. S10 and Supplemental
Table S4). As previously reported, infection by M. anisopliae leads
to increased presence of opportunistic bacterial pathogens, includ-
ing Pseudarcicella sp., and Gluconobacter sp., however co-treatment
with LmOBP11 dsRNA suppressed this increase (p < 0.01) (Supple-
mental Fig. S11 and Supplemental Table S5). Conversely, OTUs cor-
responding to Thauera sp (implicated in aromatic compound
degradation), were increased �194-fold in locusts cotreated with
M. anisopliae + LmOBP11 dsRNA, but only �4.4-fold in M. aniso-
pliae + GFP dsRNA, as compared to GFP control locusts (p < 0.01)
(Supplemental Fig. S11 and Supplemental Table S5).
11
Discussion

Pathogen recognition is a central aspect of the innate immune
response to eliminate invading microbes. Microbial sensing can
occur at the level of chemoreception of exogenous cues (i.e., vola-
tiles) via olfaction [45–48], or detection of pathogen molecules
once the invading microbe has gained access into the organism
[3,49]. With respect to the latter, although lacking antibody pro-
duction and other aspects of adaptive immunity, insects and other
arthropods have evolved sophisticated innate immune systems
that can be considered as quasi-adaptive [2,50]. These responses
include induction of hemocyte proliferation, secretion of antimi-
crobial compounds, and activation of immune processes (e.g.,
prophenoloxidase, melanization) via pathogen recognition mecha-
nisms (e.g., Toll, Imd) that target invading microbes [2,3,51,52].
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With respect to olfaction, M. anisopliae produces PEA that pos-
sesses repellent properties against termites [44], but no insect
olfactory proteins have been shown to participate in pathogen
avoidance, apart from the characterization of a mutation of the
general odorant receptor co-receptor (orco1, required for the activ-
ity of most if not all ORs) in Drosophila that reduces grooming
behavior in response to entomopathogenic fungi [53]. Changes in
expression levels of olfactory proteins, including OBPs, have been
reported in locusts through transcriptomics and antennal pro-
teomics and in fire ants through gene expression analysis in
response to infection with entomopathogenic fungi [32,33]; how-
ever, the impact(s) and/or role(s) of these changes in mediating
and/or affecting infection remains unknown. Here, we show that
the expression of one OBP, LmOBP11, is elevated in locusts infected
by the insect fungal pathogen, M. anisopliae [32]. Our initial
hypothesis was that enhanced LmOBP11 expression is a host
response which is potentially linked to detection, avoidance, and/
or defense response aimed towards mitigating infection. In support
of this, our data show that LmOBP11 can bind to the fungal pro-
duced volatile, PEA. Exposure to PEA results in the induction of
LmOBP11 expression and wild type locusts show avoidance behav-
ior towards PEA contaminated food. This avoidance behavior was
diminished after LmOBP11 gene knockdown, further indicating
the LmOBP11 acts as a mechanism by which pathogen volatiles
can be detected, resulting in avoidance behaviors. This information
suggests that LmOBP11 upregulation benefits the locust via
enhanced sensitization to fungal volatiles. It is noted that the slight
increase in fluorescence observed in chemical competitive binding
assay has been reported previously [54–58]. The 6xHis tag (His-
tag) might affect the competitive binding assay by interfering with
the binding cavity. Nevertheless, the good binding ability of
LmOBP11 to PEA and other chemicals indicates that the binding
cavity is not affected. Some chemicals can form micelles by encap-
sulating the fluorescent probe or form complexes with proteins
[58].

Odorant binding proteins represent a diverse protein family ini-
tially considered as carrier proteins shuttling odorants to odorant
receptors in insect sensilla. More recently, their functions beyond
olfaction have been recognized although significant aspects of their
functioning remain obscure. Deletion of all the major antennal
OBPs in Drosophila has been reported to result in little change in
the magnitude of olfactory responses, although select OBPs
appeared linked to behavioral responses involving odor aversion
and ovipositing [59]. Some OBPs, even when abundant in antennal
tissues, appear to be involved in responses to humidity (rather
than an odorant per se) [60]. As OBP expression can be found in tis-
sues beyond the olfactory system, their functions in processes
ranging from wound healing to development have been reported
[29]. Regarding cellular immunity, RNAi mediated knockdown of
a Drosophila OBP (OBP28a) was upregulated during gut bacterial
colonization and resulted in reduced cellular immunity via a
lozenge transcription factor [61]. Indirectly, odorant receptors
(ORs) have been hypothesized to participate in the regulation of
cellular immunity by affecting the synthesis of gamma-
aminobutyric acid (GABA) [62]. Regarding humoral immunity, sen-
sory neuron membrane proteins (SNMPs) have been speculated to
regulate Toll receptors [63]. RNAi mediated knockdown of a mos-
quito hormone-binding protein mPBP in Aedes aegypti resulted in
the differential expression of antimicrobial peptides (AMPs) and
affected hemocyte proliferation [64]. Changes in expression levels
of olfactory component proteins, including OBPs, have been
reported in locusts (transcriptomic and antennal proteome) and
fire ants (gene expression) in response to infection by ento-
mopathogenic fungi [32,33], however, the impact(s) and/or role
(s) of these changes in mediating and/or affecting infection
remains unknown. Unexpectedly, knockdown of locust LmOBP11
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expression during infection also resulted in increased resistance
of the locust to the invading pathogen. The mechanism for this
counter-intuitive result appears to be that the elevated levels of
LmOBP11 dampen immune responses including signaling pathway
components, pattern recognition molecules, and the production of
Toll output antimicrobial peptides including diptericin and defen-
sin. Immune dampening was further reflected by the increased gut
microbiome dysbiosis that was noted in comparison between
locusts treated with LmOBP11 dsRNA + M. anisopliae as compared
to locusts infected by M. anisopliae alone.

Previous research has demonstrated the effect of ento-
mopathogenic fungi on insect gut microbial load and revealed
strategies that gut microbes have acquired to combat fungal patho-
gens [65]. For example, drastic changes have been found in the
structure of the gut microbial community in the brown planthop-
per Nilaparvata lugens upon topical application withM. anisopliae, a
process that was linked to the decreased gut immune response
[66]. Similarly, microbial diversity in the gut of the termite Odon-
totermes formosanus was reduced upon challenge with the insect
pathogenic fungus Metarhizium robertsii [67]. The current findings
implicate OBPs as a potential component that bridges insect gut
microbiota composition and host resistance to microbial patho-
gens. In particular, our findings imply that innate immune capacity
in L. migratoria locusts can be modified not only by the level of
expression of certain OBPs, but also by disrupting the gut micro-
biota homeostasis. Alternatively, the current results suggest a
direct or indirect connection between OBP function and gut dys-
biosis that in turn can affect immune signaling activity and host
antifungal defense. Future efforts will concentrate on identifying
the microbial species-specific modifications in the gut microbiome
of locusts infected with different fungal pathogens and under-
standing whether the regulatory role of OBPs is restricted to
locusts only or is also found in other insect pests or vectors of
infectious disease.

With respect to the specific immune responses affected by
LmOBP11, little to no changes were seen in either hemocyte num-
bers or PO activity in the locust hemolymph following LmOBP11
knockdown, suggesting that LmOBP11 is more involved in the neg-
ative regulation of humoral-mediated immunity pathways. The
recognition of fungal pathogen-associated molecular pattern
(PAMP) molecules (e.g., beta-glucan) relies on pathogen recogni-
tion receptors (PRRs), such as GNBPs and then allows for modula-
tion of serine protease activity, ultimately resulting in pro-Spaetzle
hydrolysis, activation of downstream regulators in the Toll path-
way, and AMP production [3]. Our data show that Serine protease
easter, encoding an extracellular serine protease that processes
the pro-Spätzle protein to generate the Drosophila Toll ligand
Spätzle [68], was significantly upregulated in locusts co-treated
with LmOBP11 dsRNA and M. anisopliae infection. This finding pro-
vides indirect evidence that LmOBP11 is a negative regulator con-
troling immune-protease related functions. Thus, during wild type
locust infection, elevated levels of LmOBP11 may act to suppress
the Toll-mediated immune cascade leading to AMP production.
Decreased production of AMPs coupled to other potential aspects
of immune suppression results in a decreased ability of the locust
to mount a successful challenge to the fungus, thus allowing for
proliferation of the fungus within the hemocoel, a key aspect for
the fungus to complete its lifecycle.

As PEA levels in the hemolymph were shown to increase during
M. anisopliae infection, this can potentially provide an in situwithin
host signal for increasing LmOBP11 expression, which in turnwould
suppress immune responses to benefit the pathogen. Thus, our data
suggest a trade-off in LmOBP11 functioning,with thehypothesis that
LmOBP11 acts as a sensor in antennae mediating avoidance, but
functions as a negative regulator of immuneactivation inhemocytes
and the fat body. Entomopathogenic fungi have evolved to evade
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host defenses and anumberofmechanisms employedby these fungi
have been reported [10,69,70]. These include the production of (i)
host antimicrobial detoxifying enzymes, (ii) proteins that mask the
fungal cell during growth within the insect hemocoel [71], (iii) sec-
ondary metabolites that target specific host processes including
immunity [72], and (iv) manipulation of host hormone levels to
facilitate infection [73]. In addition, entomopathogenic fungi have
been shown to release siRNAs that can subsequently inhibit the
expression of immune genes during the attachment and/or penetra-
tion stage [74]. PEA can be synthesized by the catalysis of alcohol
dehydrogenase (ADH) in both fungi and bacteria [75,76]. Consistent
with the fungus actively subverting host processes via PEA produc-
tion, it has been previously noted that knockdown of alcohol dehy-
drogenase (ADH) results in reduced Metarhizium virulence, and
that this gene is highly expressed during the later stage of growth
within the insect host and conidiation stage [77]. Our data show that
although external PEA may act as an avoidance signal, internal pro-
duction of PEA by the fungus, may be adaptive for the pathogen by
acting on LmOBP11. From the pathogen perspective, M. anisopliae
infection-mediated expression of LmOBP11 acts to subvert (repress)
host regulation of immune responses to the fungal pathogen. For the
insect, PEA-induced LmOBP11 expression, may lead to increased
sensitization, which benefit the insects by reducing the chance of
repeated contact with pathogen considering that exposure to low
doses of fungi in the environment sometimes is not lethal. However,
this consequence is counteracted due to the observation that
increased LmOBP11 expression suppresses important immune
responses. This trade-off effect of LmOBP11 in behavior
sensation and innate immune regulation could lead to a selection
pressure on insect populations to modulate increased
sensitization behaviors toward pathogen-produced chemicals that
can enhance survival with the antagonistic effects of compromised
innate immunity.
Conclusion

Our study suggests that certain pathogens may have evolved
mechanisms for exploiting host olfactory processes to facilitate
and enable infection. By inducing the expression of a host protein
that acts to suppress immune responses, the pathogen gains time
and a critical threshold in order to successfully infect the host.
The finding that elevated levels of olfactory proteins can overstim-
ulate olfactory responses, dampen immunity, and disturb the gut
microbiome, highlights the importance of both behavioral
responses and the consequences of pathways that can then under-
mine immunity and other critical physiological processes. These
data expand the functional role(s) of OBPs to the mediation of both
detection and protection against microbial pathogens, the former
via antennal chemoperception and the latter via modulation of
insect immunity, providing a novel, previously undescribed, link
between olfaction and innate immunity. This link represents a
superb example that natural selection facilitates insects with
stronger behavior and immunity to avoid exposure to virulence
pathogens.
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