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Social immunity-mediated sanitation behaviours occur in insects when
microbially killed corpses are removed and/or dismembered by healthy
nestmates. However, little is known concerning the chemical signals or
receptor proteins that mediate these responses. Here, we identify cuticular
components in the eusocial red important fire ant, Solenopsis invicta: behenic
acid, which induces dismemberment behaviour, and oleic and cis,cis-9,12-
linoleic acids, which inhibit dismemberment in a process mediated by S.
invicta odorant-binding protein-15 (SiOBP15). Yeast two-hybrid screening
and protein—protein interaction analyses identified the ant immunity-
related proteins apolipophorin-III (SiApoLp-IIl) and fatty acid binding
protein-5 (SiFABP5) as SiOBP15 interacting partners. SIOBP15 and SiFABP5
bound all three dismemberment-related compounds, whereas interactions
between SiOBP15 and SiApoLp-III narrowed binding to behenic acid.
RNAi-mediated gene expression knockdown of SiOBP15, SiApoLp-III
or SiFABP5 revealed that behenic acid chemoreception determines
dismemberment behaviour via SiApoLp-III/SiOBP15, whereas SiOBP15
or SiOBP15/SiFABP5 recognition of linoleic acid inhibits dismemberment
behaviour. These data identify a host circuit linking olfactory proteins and
proteins involved in innate immunity to control the degree of sanitation
behaviour elicited in response to microbial infection. We identify specific
chemical cues transduced by these proteins, providing a mechanism
connecting olfaction-related processes to innate immunity, host-pathogen
interactions and social immunity.

1. Background

The emergence of sociality in insects represents an important evolutionary
step, with eusocial insects considered the pinnacle of sociality [1-3]. However,
because social insect colonies often consist of high densities of thousands
to even millions of individuals living in a microbe-rich soil environment
often at high relative humidity and temperature, they are exposed to a
wide range of microbial pathogens [4,5]. All insects possess innate immunity
mechanisms that defend against microbial pathogens [6], but social insects
have evolved additional layers of defences against microbial pathogens that
arise from interactions with conspecifics within the shared nest environ-
ment. These behavioural adaptations have been placed under the umbrella
term ‘social immunity’ [7-9] and include grooming, trophallaxis (transfer
of food or other fluids between nestmates) to mitigate community-wide
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pathogen infections and even aggression (towards diseased individuals) [10]. In addition, many eusocial insects, particularly [ 2 |

ant species (e.g. the red imported fire ant, Solenopsis invicta), display specific social immunity based ‘sanitation” behaviours.
These behaviours are exhibited by healthy individuals towards dead nestmates and include corpse removal (necrophoretic
behaviour), burial or placement of corpses in ‘cemeteries” or ‘bone piles’ away from the nest, and/or dismemberment of corpses
[10-12]. Social immune mechanisms such as sanitation of infected corpses act to decrease the spread of infectious agents and
require some form of interaction or communication between healthy and infected/dead organisms [13].

Insect olfaction is exquisitely sensitive, and the production and perception of environmental chemicals including semiochem-
icals, volatile compounds, hydrocarbons and fatty acids, pheromones and other compounds and metabolites are well-known
drivers of insect behaviours [14-17]. Insects possess specialized structures (sensilla) found on the antennae and other body parts
that contain two to three sensory neurons, which in turn house the olfactory receptors (ORs) [18]. Environmental compounds
enter the olfactory sensillar lymph fluid via pores and are thought to be recognized by two classes of small molecular weight
(1020 kDa) soluble factors known as chemosensory proteins and olfactory binding proteins (CSPs and OBPs, respectively)
that shuttle these compounds to the ORs [19]. Both CSPs and OBPs exist as extended gene families in almost all insects, and
recent evidence suggests that specific CSP/OBP members function in diverse physiological processes beyond canonical olfactory
pathways [20-23]. The characterization and functional roles of several OBPs in non-social insect chemical perception and
behavioural regulation have been reported [24-26]. In S. invicta, SiIOBP3 (originally named gp-9) has been linked to colony social
organization [27]. In honey bees, OBP16 and OBP18 were found highly expressed in the antennae of bees engaging in high
levels of hygiene behaviour, including corpse removal [28]. CSP/OBPs are also involved in detection of microbial pathogens;
for example, in locusts (Locusta migratoria), LmigCSP60 was found responsible for detecting and mediating avoidance behaviour
to volatiles in fungal contaminated food [29]. In addition, LmigOBP11 was found to also respond to fungal volatiles, but in
this case, the protein was identified as suppressing locust innate immune responses (i.e. Toll-pathway mediated responses to
fungal infection) [20]. However, whether any direct molecular connections between olfaction and innate immunity exist remains
unknown, much less whether such interactions can impact social immunity behaviours [30].

Solenopsis invicta is one of the world’s most successful invasive species, having spread from northern Argentina and southern
Brazil to the United States, and subsequently worldwide [31,32]. With the characterization of a ‘social mini-chromosome’
implicated in mediating colony organization (mono- versus polygyne colony structure) [33], this ant species has emerged as
a model system for critical aspects of social behaviour [34]. Entomopathogenic fungi, including broad host range members of
the Beauveria and Metarhizium genera, can readily kill fire ants under laboratory conditions [35]; however, their effectiveness is
significantly lower in the field [4]. Social immunity-mediated sanitation behaviours are considered prime factors that restrict
the efficacy of these fungal pesticides, and both corpse removal and corpse-dismemberment occur in S. invicta [36]. Volatile
substances (e.g. fatty acids) produced by the insect pathogenic fungus Metarhizium anisoplize on infected fire ant pupae
elicit corpse removal behaviour [37], and phenyl acetate, 2-phenylethanol and benzyl alcohol released from fungal-infected
bees also stimulate hygiene behaviour [38]. Compounds such as octanol and octanone, released from normal dead termites,
stimulate corpse-dismemberment behaviour in healthy termites [39]. However, despite the central nature of sanitation and
related behaviours in microbial disease and immunity responses, information concerning the chemical signals produced due
to mortality from microbial infection and how these signals are recognized by healthy conspecifics to determine decisions on
whether to engage in corpse-dismemberment behaviour towards the dead nestmate remains almost completely lacking.

Here, we define the chemical signals and protein receptors involved in connecting olfaction to innate immunity to the
dismemberment behaviour seen as part of social immunity responses. Our data show that fire ants infected and killed by
the generalist fungal insect pathogen Beauveria bassiana are dismembered by healthy nestmates at significantly higher levels
than freeze-killed workers. Three volatile chemicals from B. bassiana-infected corpses were identified, with behenic acid shown
to induce increased corpse-dismemberment behaviour, whereas cis,cis-9-12-linoleic acid and oleic acid inhibited corpse-dismem-
berment behaviour. RNAi-mediated knockdown of S. invicta odorant-binding protein-15 (SiOBP15) expression significantly
decreased corpse-dismemberment behaviour towards freeze-killed ants but not towards B. bassiana-killed ants. We show that
SiOBP15 has broad substrate specificity and is capable of binding all three fatty acids. We further identify two protein interact-
ing partners of SIOBP15, the innate immunity-related S. invicta apolipophorin-III (SiApoLp-III) and S. invicta fatty acid binding
protein-5 (SiFABP5), which were isolated via yeast two-hybrid screening, with each respective protein-protein interaction
confirmed by demonstrating direct binding in vitro. Interactions between the proteins resulted in altered ligand-binding
specificities. RNAi knockdown of SiApoLp-III and SiFABP5 expression resulted in altered corpse-dismemberment behaviour
towards freeze-killed and B. bassiana-killed ants. These results define a network linking olfaction (5iOBP15) to innate immunity
(SiApolp-III/SiFABP5) in the regulation of the degree to which workers engage in dismemberment behaviour (social immunity).

2. Material and methods

2.1. Insects and fungal cultures

Red imported fire ants (S. invicta) were collected in Guangzhou, China, in 2019, and determined to be polygyne by queen
numbers and PCR verification of the gp-9 allele sequence and used to establish an in-house colony. The colony was kept
in plastic boxes with talcum powder dusted on the inner side walls at 26°C and approximately 70% humidity and under a
16:8 light:dark photoperiod. Sucrose was available as a carbon source, and periodically cricket or cockroach cadavers were
added to the colony. Fungal cultures of B. bassiana (ATCC 90517) were cultured on potato dextrose agar for 15 days at 26°C.
Conidial suspensions were prepared by harvesting cells from plates in sterile 0.05% Tween-80; hyphae/mycelia were removed
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from the suspension by filtering through sterile lens paper, and conidial concentrations were determined by counting using a [ 3]

hemocytometer. Harvested conidia were adjusted to the desired concentration in sterile 0.05% Tween-80.

2.2. Dismemberment behavioural assay

Fresh corpses of workers killed by either rapid immersion in liquid nitrogen were collected and maintained at —80°C until use.
Infection was performed by immersing workers for 5 s in 1 x 10° suspensions of fungal conidia. Infected workers were kept in
isolated boxes until mortality (3—4 days) and were then used immediately for dismemberment assays. Each technical replicate of
a dismemberment assay used five workers selected from different treatment groups (i.e. killed by freezing, killed by B. bassiana
or subjected to another treatment as indicated). Of the five ‘killed” workers, one was placed near the edge of the container in a
‘+" pattern of a plastic container (9 cm diameter) and one in the centre. To each container was added 15 healthy workers or 15
workers treated as described below (e.g. RNAi treated). Containers contained an Eppendorf tube with a sterile solution of 5%
sucrose. Corpse-dismemberment behaviour was assessed every 12 h for three consecutive days, and corpse limbs or other parts
that were dismembered were counted. The corpse-dismemberment percentage was calculated by dividing the total number of
dismembered parts (5 corpses x 10 body parts/each cage/3 days). Each experiment contained three technical replicates, and the
entire experiment was repeated at least three times.

2.3. Chemical analyses

Cuticular chemicals derived from B. bassiana-killed workers and workers killed by freezing were analysed using a gas chromato-
graph system coupled to a mass spectrometer (GC-MS) as described [40] with minor modifications. For fatty acids analyses,
15 B. bassiana-killed workers or 15 workers killed by freezing were immersed in 0.3 ml of methylene chloride for 10 min for
chemical extraction. After centrifuged at 3000g for 5 min at 4°C, 50 pl supernatant was transferred to a 1.5 ml Eppendorf tube
and dried down completely in a vacuum concentrator without heating. To the resultant pellet, 200 pl methanol was added to
dissolve the residue, after which 40 pl of the methylation agent (trimethylsilyl) diazomethane was added, followed by drying
using nitrogen flow, after which 100 ul hexane was added to the dried material, and 90 pl of the solution was analysed by
GC-MS. GC-MS analysis was performed using a Shimadzu 2010 Plus. In total, 51 fatty acid standards were used to quantify
respective concentrations in freeze-killed and B. bassiana-killed workers. The system consisted of a Thermo capillary column,
with 1 pl aliquot of the analyte injected in split mode (5:1). Helium was used as the carrier gas, the inlet purge flow was 5 ml
min”, and the gas flow rate through the column was 0.88 ml min™. The initial temperature was 50°C hold for 1 min; raised to
175°C at 20°C min, hold for 0 min; raised to 190°C at 2°C min™, hold on 5 min; raised to 225°C at 5°C min, hold for 0 min;
raised to 240°C at 10°C min™, hold for 1 min. The injection, transfer line and ion source temperatures were 240, 240 and 200°C,
respectively. The mass spectrometry data were acquired in scan mode after solvent delay of 4 min. The entire experiment was
repeated twice.

For volatile organic compounds (VOCs) analysis, 50 workers were placed into a 20 ml headspace bottle, and 10 ul of
2-octanol was added (10 mg 1 stock in dHpO) as internal standard. All samples were analysed by GC-MS. For solid-phase
microextraction (SPME) on the PAL rail system (Zwingen, Switzerland), incubation temperature was 60°C, preheat time was 15
min, incubation time was 30 min and desorption time was 4 min. GC-MS analysis was performed using an Agilent 7890 GC
coupled with a 5977B MS. The system utilized a DB-Wax column. Injections were in splitless mode with helium as the carrier
gas at a flow rate of 1 ml min™ and the front inlet purge flow was 3 ml min™. The initial temperature was kept at 40°C for 4
min, then raised to 245°C (5°C per min) and maintained for 5 min. The injection, transfer line, ion source and quad temperatures
were 250, 250, 230 and 150°C, respectively. The energy was —70 eV in electron impact mode. The MS data were acquired in scan
mode with the m/z range of 20-500 and no solvent delay.

2.4. RNAi-mediated gene expression knockdown

The specific dsSRNA primers used in this study were synthesized using an in vitro transcription T7 kit (TAKARA, Dalian, China;
electronic supplementary material, table S1). dsSRNA concentrations were measured using a NanoVue Plus spectrophotometer
(GE Healthcare Life Sciences, Little Chalfont, UK). In total, 50 nl of dsRNA of either the target genes or DsSRNA-GFP (control) at
indicated concentrations (up to 3000 ng pl™) were injected into each worker. Dismemberment assays were performed as above
with three technical replicates, and each experiment was repeated at least three times using three different batches of ants. RNAi
efficiencies was analysed by qRT-PCR.

2.5. Yeast two-hybrid screen

The Matchmaker Gold Yeast Two-Hybrid System (Clontech, USA) was used to screen for SiOBP15 interacting proteins. The
complete open reading frame (ORF) of SiOBP15 was cloned into the pGBKT7 plasmid and transformed into the Y2HGold
strain. Total RNA from the head and antennae of workers was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA) and
reverse transcribed into double-stranded cDNA according to the manufacturer’s protocol. The resulting ds-cDNA library was
then cloned into the pGADT? plasmid and transformed into the Y187 strain. The yeast two-hybrid screen was performed by
mixing the bait and prey strains and cultivating them on drop-out media + antibiotics according to the manufacturer’s protocol.

Y707 3SL Joiguady  qosy/jeumolioBusygndizaposiefos



Downloaded from https://royal societypublishing.org/ on 18 February 2025

Positive clones were isolated, and plasmid inserts were sequenced and analysed via BLAST for identification. Protein-SiOBP15 n

interactions from the initial screen were confirmed by subsequently cloning the full-length ORFs of select candidates into
PGADTY for one-to-one (individual) Y2H analysis.

2.6. Protein expression and surface plasmon resonance

The ORFs corresponding to SiOBP15, SiApoLp-III and SiFABP5 were separately cloned into the pET28a expression vector as
His-tag fusion proteins. The integrity of plasmid constructs was verified by sequencing and plasmids were transformed into
the Escherichia coli BL21 strain for heterologous protein expression. Proteins were purified using a nickel affinity (NI) resin
(Ni-Sepharose Cl-6B agarose) according to the manufacturer’s protocol. Purified proteins were analysed by SDS-PAGE for
purity and further confirmed by western blotting using an anti-His tag antibody as the probe. His-tags were removed by
protease cleavage, and after determining final protein concentrations, aliquots of the purified protein samples were maintained
at —80°C. Protein—protein interactions between SiOBP15 and SiApoLp-III and SiOBP15 and SiFABP5 were analysed using open
surface plasmon resonance (SPR) by coupling the SiOBP15 protein (ligand) to a COOH chip until saturation. Purified SIFABP5
and SiApoLp-III proteins (analytes) were then added to analyse the kinetics of the interaction between these proteins. Binding
kinetics were analysed by titration of the proteins. All experiments were performed three times with the same “chip’, and the
entire experiment was repeated with three independent COOH-SiOBP15 chip. Dissociation constants were calculated using
TraceDrawer (Ridgeview Instruments ab, Sweden) with a one-to-one interaction model.

2.7. Glutathione-S-transferase pull-down assays

Constructs (pET32a vector) encoding either glutathione-S-transferase (GST) alone or fusions between GST-SiApoLp-III, GST-
SiFABP5 and His-SiOBP15 (constructed above) were expressed in E. coli BL21 cells. Proteins were purified using glutathione
beads or Ni-Sepharose Cl-6B agarose depending on the fusion partner. For binding/pull-down assays, 1.0-1.5 ug of purified
His-SiOBP15 was added to 20 ul of glutathione-agarose to which approximately 2 ug of GST, GST-SiApoLp-III or GST-SiFABP
had been added (bound) in 500 ul of binding buffer. Proteins were incubated for 4 h at 4°C. After allowing for protein—protein
binding, beads were washed five times in PBS before samples were subjected to SDS-PAGE and imaging.

2.8. Fluorescence in situ hybridization (FISH)

The antennae of adult worker S. invicta were fixed in paraformaldehyde (4%) for 24 h at room temperature, dehydrated
in an ethanol series and embedded in LR White resin (Taab, Dermaston, UK). Tissues were sectioned with a microtome
(HistoCore Biocut, Leica, Germany) and dried for 2 h at 62°C. Three-colour in situ hybridization of the antennal samples was
performed using three differentially labelled anti-sense RNA probes (electronic supplementary material, table S1). Anti-sense
RNAs corresponding to SiOBP15 (FAM-labelled), SiApoLp-III (cy3-labelled) and SiFABP5 (cy5-labelled) were transcribed from
linearized plasmids containing the coding regions of these genes using a T3/T7 RNA transcription system (Roche, China)
following the manufacturer’s protocols. Paraffin sections were deparaffinized into water with the following sequence: xylene
I for 15 min, xylene II for 15 min, ethanol I for 5 min, ethanol II for 5 min, 85% ethanol for 5 min, 75% ethanol for 5 min
and diethyl pyrocarbonate-treated water wash. Sections were boiled in the repair solution for 10-15 min and cooled to room
temperature naturally. Proteinase K (20 pg ml™) was added to digest the tissue section at 37°C for 30 min. The sections were
rinsed with pure water and washed with PBS three times x 5 min. Pre-hybridization solution was added, incubated at 37°C
for 1 h and removed. The hybridization solution containing the probes at a concentration of 8 ng ul™ was then added, and the
samples were incubated overnight at 37°C. The hybridization solution was removed and washed sequentially as follows: 2x
SSC, 37°C for 10 min; 1x SSC, 37°C for 5 min, 2 times; 0.5x SSC at room temperature for 10 min; 0.5x SSC at room temperature
for 10 min. BSA was used as a blocking solution at room temperature for 30 min. The sections were incubated in the dark for 8
min with DAPI staining solution and then rinsed before being sealed with an anti-fluorescence sealer. Sections were observed
with an inverted Zeiss Laser Scanning Confocal Microscope (Zeiss LSM 510; Carl Zeiss, Thornwood, NJ, USA)

2.9. Protein ligand-binding assays

N-phenyl-1-naphthylamine (1-NPN) was used as a probe for competition (displacement) based fluorescent binding assays
as previously described [41]. Samples were analysed using a Hitachi F-2000 fluorescence spectrophotometer at an excitation
wavelength of 350 nm and an emission wavelength of 420 nm. The binding constant of the purified proteins to 1-NPN was
determined over a substrate concentration range from 2 to 20 pM using 1.0 uM protein in 10 mM HEPES, 100 mM NaCl
buffer, pH 7.5. Subsequent competition/displacement assays using test ligands were performed using a concentration of 2 uM
1-NPN, 2 uM protein and 2-40 uM test ligand. Dissociation constants (K;) for 1-NPN were calculated by Scatchard plot analyses
using GraphPad Prism 8 Software (GraphPad, La Jolla, CA, USA). The dissociation constants of test ligands (Kapp) in 1-NPN
competition assays were calculated using the concentration of test ligand required to displace 50% of the 1-NPN signal (ICsp)
values using the following equation: Kapp = (IC50)/(1 + (1 - NPN)/K1 — NPN).
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Figure 1. Solenopsis invicta social immunity sanitation behaviour: corpse-dismemberment. (A) Quantification of corpse-dismemberment by healthy S. invicta workers
towards freeze-killed and B. bassiana-killed conspecifics. (B) Heatmap of levels of indicated fatty acids in freeze-killed (CK) and B. bassiana-killed (IF) workers
quantified by GC—MS. Three independent analyses are shown for each condition. (C) Effects of various identified compounds on corpse-dismemberment of freeze-killed
conspecifics. All experiments were performed with three independent biological replicates, each consisting of three technical replicates. Error bar = SE. Means followed
by different letters are significantly different (Student’s t-test or one-way ANOVA analysis of variance followed by Tukey’s post hoc test, p < 0.05).

2.10. Statistical analysis

Statistical analysis was performed using the software package SPSS v20. qRT-PCR data were analysed by the AACT methodol-
ogy. Student’s t-test were used to analyse the significance with two samples. For multiple treatments analysis, one-way ANOVA
followed by Bonferroni’s post hoc analysis (equal variance) or Dunnett’s T3 (equal variance not assumed) was used to analyse
the significance. A p <0.05 was considered to represent a statistically significant difference.
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Figure 2. Ligand-binding specificity and contribution of SiOBP15 to corpse-dismemberment. (A) Dismemberment (%) of freeze-killed workers by untreated, GFP-RNAI
and SiOBP15 RNAi treated workers. (B) Dismemberment (%) of B. bassiana-killed workers by untreated, GFP-RNAi and Si0BP75 RNAi treated workers. (C) Kinetics of
binding of purified SiOBP15 to the fluorescent reporter 1-NPN. (D) Competition/displacement assays using 1-NPN as the fluorescent reporter ligand bound to purified
Si0BP15 using eight identified S. invicta VOCs as competing ligands. All experiments were performed with three independent biological replicates, each consisting of
three technical replicates. Error bar = SE. Different letter designations indicate significant difference (p < 0.05).

3. Results

3.1. Semiochemicals involved in mediating S. invicta dismemberment behaviour

Healthy S. invicta workers exposed to freeze-killed ants engaged in necrophoretic behaviour (corpse removal) to discrete “bone
piles” and dismembered those corpses from low to moderate levels (29 + 6.1%), as defined by severing of limbs, antennae,
head and/or abdomen of dead conspecifics (figure 1A; electronic supplementary material, figure S1). However, under identical
conditions, when healthy workers were presented with ants killed by B. bassiana infection, corpse removal also occurred, but
dismemberment levels reached approximately 51 + 8.7%, representing a 76% increase relative to freeze-killed ants (figure 1A;
electronic supplementary material, figure S1; p < 0.01).

To identify and quantify potential chemicals that might elicit or inhibit dismemberment behaviour, VOCs from B. bassi-
ana-killed and freeze-killed ants were analysed by SPME-GC-MS as detailed in §2. A total of 41 VOCs were found to be
significantly differentially present on B. bassiana-killed ants compared to freeze-killed ants (electronic supplementary material,
figures S2 and S3). In addition, 31 fatty acids were identified from fire ant corpses. The concentrations of trans-6-octadecenoic
acid and behenic acid were found to be significantly higher in the B. bassiana-killed ants than in freeze-killed ants, whereas the
concentration of trans-11-eicosenoic acid was significantly higher in freeze-killed ants than in B. bassiana-killed ants (figure 1B;
electronic supplementary material, figure S4; p <0.01). A panel of seven identified compounds plus oleic and linoleic acids were
tested to determine their effects on dismemberment behaviour (figure 1C). Treating freeze-killed ants with behenic acid resulted
in a significant increase in dismemberment (p < 0.01), whereas treating ants with oleic acid or cis,cis-9,12-linoleic acid resulted
in a significant decrease in dismemberment behaviour (p < 0.01) compared to freeze-killed control ants. No significant effects
were seen in terms of dismemberment behaviour towards ants treated with trans-6-octadecenoic acid, trans-11-eicosenoic acid,
ihydro-3-methyl-2(3)-furanone, myrcene, acetoin or 2,3-butanedione, as compared to untreated controls.

3.2. Si0BP15 contributes to discrimination of corpses killed by B. bassiana versus by freezing

SiOBP15 is significantly upregulated between 24 and 72 h after B. bassiana infection [42]. To determine functional consequences
of SiOBP15 on dismemberment behaviour, RNAi constructs were synthesized and validated for silencing of SiOBP15 gene
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Table 1. Binding properties (Kapp, competition) of S. invicta 0BP15, ApoLp-Ill and FABPS.
chemical SiOBP15 (uM) SiOBP15 + SiFABP5 (pM) SiOBP15 + change on ant cuticle effect on behaviour
SiApoLp III (pM) SiFABP5 (uM)  after infection
behenic acid 14.04 19.29 13.53 6.75 increases induces
dismemberment
e g TR T e
3methyltetrahydro2furanone .......... o oy s g
B T T pal bog
B sy s e gy e
23butaned|one ................................... s s e g
T e TR e 1018nochange|nh|b|ts ...........................
dismemberment
T TR TR e 1344nochange|nh|b|ts ...........................

dismemberment

expression after microinjection into S. invicta workers (electronic supplementary material, figure S5, RNAi-directed towards
green fluorescent protein, gfp, was used as a control). RNAi-induced knockdown of SiOBP15 gene expression significantly
decreased dismemberment of freeze-killed ants (figure 2A; p < 0.01), but surprisingly, no change in dismemberment levels was
seen towards B. bassiana-killed ants (figure 2B). To characterize the ligand-binding specificity of SiOBP15, we expressed and
purified the protein using an E. coli heterologous expression system as detailed in §2. We then used the fluorescent reporter
substrate 1-NPN (K; = 16.9 uM) for competition experiments to determine the affinity constants of eight cuticular chemical
compounds to purify recombinant SiOBP15 (figure 2C,D). These data showed that linoleic acid, oleic acid, behenic acid,
3-octenol, 2,3 butanedione, acetoin and 3-methyltetrahydro-2-furanone could competitively displace 1-NPN to bind to SiOBP15,
with Kapp values of 25.8, 15.46, 14.04, 15.17, 26.52, 26.52 and 16.04 uM, respectively (table 1). No binding to trans-11-eicosenoic
acid was evident for SiOBP15.

3.3. SiApoLp-Ill and fatty acid binding protein-5 (FABP5) interact with SiOBP15 to mediate corpse-dismemberment
behaviour

To identify interacting proteins that contribute to corpse-dismemberment behaviour, a yeast two-hybrid screen in which a
SiOBP15 bait construct was screened against an S. invicta cDNA expression library using total RNA extracted from head
and antennal tissues was performed (electronic supplementary material, figure S6). In total, 16 candidate interacting proteins
were identified (electronic supplementary material, table S2) including two (lipid) binding proteins, namely, apolipophorin-III,
known to participate in lipid storage/transport and innate immunity, and fatty acid binding protein-5 (SiFABP5), implicated in
insect muscle/flight control and immunity. Direct interactions between SiOBP15 and SiApoLp-III or SiIFABP5 were confirmed
by in vitro GST pull-down assays using SiOBP15-His and SiApoLp-III-GST or SiOBP15-His and SiFABP5-GST (figure 3A,B).
To further confirm direct association(s) between SiOBP15 and SiApoLp-III and/or SiFABP5, all three proteins were expressed
and purified from a recombinant E. coli expression system (electronic supplementary material, figure S7), and the kinetics
of protein—protein interactions was examined using SPR. Titration of proteins in the SPR experiments and calculation of the
dissociation constants revealed that SIOBP15 and SiApoLp-III showed high binding affinity with a dissociation constant (Kj) of
713 nM (figure 3C); the SiOBP15-SiFABP5 interaction had a much lower K; of 1.1 uM (figure 3D). To confirm co-localization
of expression, antennal sections were probed with three differentially labelled riboprobes targeted transcripts corresponding to
SiOBP15 (green), SiApoLp-III (red) and SiFABP5 (pink; figure 3E).

3.4. Interactions between SiOBP15 and SiApoLp-Ill restrict ligand-binding specificity

Purified SiApoLp-III showed poor binding to the 1-NPN fluorescent reporter probe (calculated K; = 152 uM, outside the
concentration range tested), and hence the probe could not be used to examine substrate binding to this protein (electronic
supplementary material, figure S8). However, purified SiFABP5 protein was able to bind 1-NPN, with a dissociation constant
(Kg) = 11.9 uM (electronic supplementary material, figure S9A). Co-incubation of SiOBP15 with SiApoLp-III indicated that the
complex could still be modelled to single 1-NPN binding sites with a dissociation constant of 18.2 uM (electronic supplementary
material, figure S9B). Similarly, co-incubation of SiOBP15 with SiFABP5 showed a dissociation constant of approximately 5 pM
(electronic supplementary material, figure S9C). Ligand competition experiments showed that SiIFABP5 bound all chemicals
tested with apparent dissociation constants ranging from Kapp = 6.56 uM for trans-11-eicosenoic acid to Kapp = 16.65 uM
for acetoin and 2,3 butanedione (electronic supplementary material, figure S9D). Co-incubation of SiOBP15 with SiApoLp-III
resulted in a complex with an altered ligand-binding profile depending upon the ligand tested. Binding towards behenic acid
remained high, with an apparent dissociation constant of Kapp = 19.29 uM (electronic supplementary material, figure S9E).
However, co-incubation of SiOBP15 with SiFABP5 in the ligand-binding assays revealed that the chemical binding range of any
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Figure 3. Interactions between SiOBP15 and SiApoLp-Ill and SiFABPS. Pull-down assays using (A) SiOBP15-His and SiApoLp-III-GST and (B) SiOBP15-His and
SiFABP5-GST. (C,D) Purified SiOBP15 was immobilized on chips and used for SPR analyses to determine binding kinetics to SiApoLp-IIl and SiFABP5, respectively. (E)
Co-localization of gene expression in S. invicta tissues using three-colour FISH. Worker antennae were probed and visualization using anti-sense RNA corresponding to
SiOBP15, SiApoLp-Ill and SiFABP5 labelled with green, red and pink fluorescence markers, respectively. Labelling of the same cells by anti-sense Si0BP15, SiApolLp-Il
and SiFABPS probes are indicated by arrowheads. Co-localization hybridization signals appear as a yellow colour in the overlay (right) of the green, red and pink
fluorescence channels. Scale bars = 20 um.

complex was similar to that of SIFABP5 alone (electronic supplementary material, figure S9F). SiIOBP15 alone was able to bind
3-octenol and oleic and linoleic acids. Incubation of SiOBP15 with SiApoLp-III did not show binding to oleic or linoleic acids
(similar to SiApoLp-III alone). In addition, while SiOBP15 alone binds acetoin and 2,3 butanedione, the complex between the
two showed limited binding to these compounds. A summary of the binding kinetics data is given in table 1.

3.5. Interactions between SiOBP15-SiApoLp-IIl and ligands induces corpse-dismemberment behaviour, whereas
SiOBP15 or SiOBP15-SiFABP5 and ligands inhibits corpse-dismemberment behaviour

To determine whether SiApoLp-III and SiFABP5 affect dismemberment behaviour, RNAi constructs targeting the expression of
these genes were made and validated (electronic supplementary material, figure S5). RNAi-mediated knockdown of SiApoLp-III
expression resulted in a significant increase in corpse-dismemberment of freeze-killed ants but decreased dismemberment
behaviour towards B. bassiana-killed ants (p < 0.05). SiFABP5 RNAi-mediated gene expression knockdown also showed a
significant increase in corpse-dismemberment of freeze-killed ants (p < 0.05) but had no effect on corpse-dismemberment of B.
bassiana-killed ants (figure 4A,B).

To further confirm the chemical signals recognized by SiOBP15, SiApoLp-IIl and SiFABP5 and their participation in
modulating corpse-dismemberment behaviour in S. invicta, the response of workers variously treated with RNAi targeting
expression of SiOBP15, SiApoLp-IIl or SiFABP5 to freeze-killed ants treated with behenic acid, linoleic acid, oleic acid or
trans-11-eicosenoic acid was investigated. Treatment of freeze-killed workers with behenic acid-induced dismemberment
behaviour in both untreated and control (GFP) RNAi workers (figure 4C). RNAi knockdown of SiOBP15, SiApoLp-III or
SiOBP15 + SiApoLp III significantly reduced dismemberment behaviour towards freeze-killed workers treated with behenic
acid, although targeting of SiOBP15 alone only partially reduced corpse-dismemberment and RNAi targeting SiFABP5 did
not reduce dismemberment under these conditions (figure 4C). In contrast, the dismemberment behaviour towards linoleic
acid-treated freeze-killed workers was significantly reduced in untreated and GFP-RNAi workers compared to control (alcohol-
treated) freeze-killed workers (figure 4D; p < 0.01). RNAi knockdown of SiOBP15 increased dismemberment behaviour towards

bST007 5L Joigtodg  qosyjeumol/BioBusyqndfeposiesor [



Downloaded from https://royal societypublishing.org/ on 18 February 2025

A Freeze-killed workers B B. bassiana-killed workers

50 50 A A
| B B ] A
- 40 40
5 ] — g ]
3 A A 3 5
2l =
E 50 E 504 E
e - © -
o (=]
S 104 = 40-
0 0
Untreated O R Untreated GFP SiApoLp-SiFABP5
! ! ! RNAi [IIRNAi RNAi
C [ Freeze-killed worker + alcohol D [ Freeze-killed worker + alcohol
[ Freeze-killed worker + behenic acid =1 Freeze-killed worker + linoleic acid
80—
- b A A -
2 607 — :
g AB 2
= B B o
@ 40+ - B g
S = %
T
< 204 R
0 1 ] T 1 1 ] ]
o&e.‘ o&é O«‘g} o{{g} o&z‘ o&e} o&é
e‘;x\ S v.yx\ & & N N
eq}' q,\ Q‘e Q§ Q‘e Q'e Q§ )
S A > ) N S
T o & & & F
6)(
N
&
O
%\
E [ Freeze-killed worker + alcohol F [ Freeze-killed worker + alcohol
=1 Freeze-killed worker + oleic acid =1 Freeze-killed worker + trans-11-eicosenoic acid
40— A 50
° © 40
@ o .
[} [}]
o K] 30+
g g7
E g 20+
o S
X 2 40+
0 1 | 1 | 1 1 |
X S X S S L L
08.0 08_0 o“g; 0{‘9 o‘ () 0&0 0&0
SIS R
>
) ) \at
eq} e?\ Q§ Q§ Q"\; Q§ Q§
R & S R “ S
N SR ) & &2 & oF
o %39 < x,o\?'Q
Q\‘J
o
%\

Figure 4. Contributions of SiOBP15, SiApoLp-Ill and SiFABP5 to dismemberment behaviour. Corpse-dismemberment (%) for untreated controls, and workers
treated with RNAi targeting GFP (control), SiApoLp-Ill and SiFABP5 when presented with corpses of workers killed by freezing (A) or by B. bassiana infection (B).
Corpse-dismemberment (%) for non-RNAi treated control (WT), and workers treated with RNAi targeting GFP, SiApoLp-Ill, SiFABP5 and both SiOBP15 + SiApolp Il
(dual RNAi treatment) when presented with freeze-killed workers treated with behenic acid (C), linoleic acid (D), trans-11-eicosenoic acid (E) or oleic acid (F). All
experiments were performed with three independent biological replicates, each consisting of three technical replicates. Error bar = SE. Different letter designations
indicate significant difference (p < 0.05).

linoleic acid-treated corpses, but below levels seen for the control. In contrast, RNAi SiApoLp-III treated workers did not alter
the low levels of dismemberment seen towards linoleic acid-treated corpses, whereas RNAi targeting of SiFABP5 and dual
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Figure 5. Model for interactions and contributions of S. invicta 0BP15, ApoLp-IIl and FABP5 + ligands to corpse-dismemberment sanitation behaviour.

Table 2. Summary of the effects of RNAi knockdown on corpse dismemberment.

RNAi targeting

condition GFP RNAi (control) SiOBP15 SiApolp-1ll SiFABPS SiOBP15 + SiApolp-Iil

freeze-killed (low) decreased increased increased

*Compared to freeze-killed, no additions.

bCompared to freeze-killed workers treated with behenic acid.
‘Compared to freeze-killed workers treated with linoleic acid.
dCompared to freeze-killed workers treated with oleic acid.
¢Compared to freeze-killed workers treated with eicosenoic acid.

RNAi SiOBP15 + SiApoLp III allowed for similar levels of dismemberment of corpses treated with linoleic acid and control
corpses (figure 4D). However, although oleic acid treatment of corpses reduced dismemberment behaviour in untreated and
GFP-RNAI treated workers, RNAi targeting SiOBP15, SiApoLp-III, SiFABP5 or SiOBP15 +SiApoLp III expression did not restore
dismemberment behaviour towards oleic acid-treated freeze-killed workers (figure 4E). In addition, treatment of corpses with
trans-11-eicosenoic acid did not alter dismemberment behaviour in control or any of the RNAi-targeted treatments (figure 4F). A
summary of the effects of RNAi targeting of SiOBP15, SiApo-Lp-III and SiFABP5 expression (table 2) and a model of our results
are given (figure 5).

4. Discussion

Social behaviours that include allo-grooming and sanitation are powerful mechanisms to thwart microbial pathogen infection
and transmission and can be considered ‘frontline” defences as they stop infection and/or the spread of the infectious agent into
the host before it has occurred. These behaviours are classified as social immunity and involve some aspect of olfaction/chemical
sensing and communication to result in behavioural outputs before within-host infection has occurred, whereas innate immune
systems act after the pathogen has entered the organism [9]. Both innate immune responses and social immunity (behavioural)
responses require specific signals; however, for the latter, such signals, and the molecular mechanisms by which they are
decoded and relayed have yet to be described. Many ant species, including S. invicta, have evolved complex coordinated
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behaviours towards dead nestmates, termed sanitation behaviours that help maintain the health of the colony [12]. In cases m

where colony members die from an infection, sanitation behaviours are thought to reduce the spread of the infection within
the colony. One such behaviour exhibited by S. invicta in response to B. bassiana, a fungal pathogen of insects, is to dismember
infected corpses [36]. In other systems, Lasius niger queens have also been shown to dismember the corpses of ants exposed
to the entomopathogenic fungus, Metarhizium brunneum, thus resulting in a higher survival rate [43]. This sanitary behaviour
has also been reported in Zootermopsis angusticollis [44] and subterranean termites [45], where dismemberment is also thought
to inhibit fungal growth, with antimicrobial components released by healthy workers implicated in inhibiting fungal growth
on the corpses [46,47]. However, signficant variation can occur in these responses that may be linked to colony and individual
member health or other factors.

Several compounds have been shown to either accumulate or be reduced on ant corpses, including linoleic acid and oleic
acid that change in fungus-exposed fire ant pupae, and appear to induce corpse removal behaviour [37]. In addition, reduced
levels of both dolichodial and iridomyrmecin in dead Argentine ants have been shown to induce corpse removal behaviour
[40]. In termites, 3-octanone and 3-octanol are released shortly after death, and these compounds have been shown to induce
corpse-dismemberment behaviour [39]. Our data show that in fire ants, behenic acid induces corpse-dismemberment, whereas
oleic acid and cis, cis-9,12-linoleic acid inhibit this behaviour. However, the concentrations of oleic acid and cis, cis-9,12-linoleic
acid did not change in fungus-killed workers compared to freeze-killed workers, suggesting that these chemicals may play a
role in guiding the low corpse-dismemberment of freeze-killed nestmates, but not B. bassiana-killed workers. In contrast, the
concentration of behenic acid was 50% higher in B. bassiana-killed workers than in freeze-killed workers, consistent with its
activity in inducing dismemberment behaviour in fire ants.

Insects have exquisitely tuned olfactory systems for detection of minute amounts of odorants, e.g. pheromone detection
by moths [48]. The peripheral olfactory system of insects includes soluble ligand-binding proteins that deliver odorants to
ORs, which trigger neuronal responses that ultimately result in behavioural outcomes [49]. However, demonstrations of direct
interactions of binding proteins with ORs are limited, and to our knowledge, direct interactions between OBPs and other
soluble ligand-binding proteins have not been reported. We have previously identified of a suite of CSPs and OBPs that were
differentially expressed after B. bassiana infection of S. invicta, with SiOBP15 identified as among the ones showing the highest
levels of change [42]. Here, our data show that SiOBP15 can bind dismemberment-inducing (i.e. behenic acid) as well as
dismemberment-inhibiting (cis, cis-9,12-linoleic acid and oleic acid) chemicals. This places SiOBP15 at a pivotal ‘decision’-mak-
ing crossroad where its activity is modulated by other protein partners. Two important SiOBP15 binding partners, namely
SiApoLp-III and SiFABP5, were identified. High affinity between SiOBP15 and SiApoLp-III, with a slightly lower association
constant between SiOBP15 and SiFABP5, was seen. These heterocomplexes may represent a hitherto unknown aspect of
their functionality. Our results indicate a unique consequence of such interactions summarized as follows: (i) SiIOBP15 shows
broad substrate specificity, with high affinity to both dismemberment-inducing and dismemberment-inhibiting compounds, (ii)
SiApoLp-III alone doesn’t show binding affinity to chemicals, (iii) SIFABP5 shows broad specificity with high affinity to both
dismemberment-inducing and inhibiting compounds, (iv) the complex between SiOBP15 and SiApoLp-III results in a shift in
substrate specificity, eliminating binding to dismemberment-inhibiting compounds, and (v) SiOBP15 + SiFABP5 results in a
complex with high affinity to all compounds tested.

RNAi-mediated knockdown of SiOBP15 gene expression decreased dismemberment behaviour in general (i.e. when treated
workers were exposed to freeze-killed or B. bassiana-killed nestmates), but a slight decrease in dismemberment was seen when
RNAIi-SiOBP15 treated ants were presented with freeze-killed + behenic acid corpses. A comparison of RNAi-SiOBP15-treated
ants and RNAi-GFP-treated control ants showed that the former dismembered more linoleic acid-treated freeze-killed ants,
but not in response to oleic acid- and eicosenoic acid-treated ants. These data indicate that SIOBP15 can act as a mediator to
both increase dismemberment behaviour (in response to behenic acid) or to decrease dismemberment behaviour (in response
to linoleic acid) but does not seem to contribute to the oleic acid inhibition of dismemberment responses. These data suggest
other ligand- binding proteins might mediate the responses to oleic acid. RNAi targeting of SiApoLp-III expression increased the
dismemberment of freeze-killed ants but decreased this behaviour towards B. bassiana-killed ants. These data suggest that one
function of SiApoLp-III might be to dampen the dismemberment responses in the absence of fungal cues. However, RNAi-SiA-
poLp-IlI-treated ants showed decreased responses to behenic acid-treated corpses, indicating that SiApoLp-III also positively
contributes to dismemberment in the presence of the appropriate ligand. By itself, SiApoLp-III did not appear to be significantly
involved in responses to either oleic or linoleic acid. RNAi-mediated knockdown of both SiOBP15 and SiApoLp-III expression
resulted in a somewhat more pronounced phenotype compared to RNAi-SiOBP15 treatment alone. These results suggest
that SiOBP15-SiApoLp-III complex may function cooperatively to respond to behenic acid in the dismemberment-inducing
pathway. RNAi knockdown of SiFABP5 expression had no effects on dismemberment of either B. bassiana-killed ants or behenic
acid- or oleic acid-treated ants, suggesting that SIFABP5 acts to inhibit dismemberment in the presence of linoleic acid.

Our data define a circuit involving at least three ligand-binding proteins, namely SiBOP15, SiApoLp-III and SiFABP5. These
proteins link olfaction-related proteins/processes to members of the lipoprotein family implicated in immunity and/or muscle
control/neural development. The consequences of these interactions help to regulate the degree to which (social immunity)
sanitation behaviour, namely dismemberment, is engaged by healthy workers towards nestmates killed by either abiotic stress
(freezing) or by fungal infection. We show that an apolipophorin and a fatty acid binding protein were capable of forming
heterocomplexes with an odorant binding protein. Each of these proteins, on their own, have been implicated in a wider
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nexus of physiological processes from muscle/flight activity to immunity, opening up the possibility that these processes can [ 12|
be impacted by OBPs (SiOBP15 in particular) and the various ligands identified. Our data establish a molecular connection in
which an OBP bridges olfaction to canonical immunity and then to social immunity behaviours. These findings expand our
understanding of host-pathogen behavioural and innate immune interactions to include processes connecting olfactory OBPs to
apolipophorins and other lipid transport proteins involved in innate immunity and other processes to behavioural outputs.
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