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The evolution of chemosensory receptors is key for the adaptation of animals to their environment. Recent
knowledge acquired on the tri-dimensional structure of insect odorant receptors makes it possible to study the
link between modifications in the receptor structure and evolution of response spectra in more depth. We
investigated this question in palm weevils, several species of which are well-known invasive pests of ornamental
or cultivated palm trees worldwide. These insects use aggregation pheromones to gather on their host plants for
feeding and reproduction. An odorant receptor detecting the aggregation pheromone components was charac-
terised in the Asian palm weevil Rhynchophorus ferrugineus. This study compared the response spectra of this
receptor, RferOR1, and its ortholog in the American palm weevil R. palmarum, RpalOR1. Sequences of these two
receptors exhibit more than 70 amino acid differences, but modelling of their 3D structures revealed that their
putative binding pockets differ by only three amino acids, suggesting possible tuning conservation. Further
functional characterization of RpalOR1 confirmed this hypothesis, as RpalOR1 and RferOR1 exhibited highly
similar responses to coleopteran aggregation pheromones and chemically related molecules. Notably, we showed
that R. ferrugineus pheromone compounds strongly activated RpalOR1, but we did not evidence any response to
the R. palmarum pheromone compound rhynchophorol. Moreover, we discovered that several host plant volatiles
also activated both pheromone receptors, although with lower sensitivity. This study not only reveals evolu-
tionary conservation of odorant receptor tuning across the two palm weevil species, but also questions the
specificity of pheromone detection usually observed in insects.

1. Introduction capacities is the odorant receptor (OR) family, which does not exist in
other animal taxa (Suh et al., 2014). ORs are 7-transmembrane receptors
expressed in olfactory sensory neurons (OSNs) found mainly in
antennae, where they allow for signal transduction. Insect ORs assemble

in heteromeric odorant-gated ion channels composed of a

The evolution of chemical senses is a major element in the adaptation
of animal behaviour to their environment. Taste and olfaction can
evolve rapidly, for example in relation to changes in feeding habits or in

abilities to communicate with conspecifics. This evolution relies on
modifications in neural circuits (Zhao and McBride, 2020) and gene
families that govern detection capacities in the peripheral nervous sys-
tem (Baldwin and Ko, 2020; Robertson, 2019; Vizueta et al., 2020). In
insects, the main gene family that establishes the olfactory detection

ligand-selective variable subunit and a unique co-receptor subunit
named Orco (Benton et al., 2006).

Whereas Orco is highly conserved across insects, insect OR gene
repertoires can diversify rapidly following a birth-and-death model of
evolution. On a broad timescale, this translates into highly divergent OR
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repertoires between insects from different taxa, with gene numbers
ranging from 10 to more than 300 and no detectable gene homologies
(Robertson, 2019). Across shorter time scales, it has been shown that
paralogs resulting from OR gene duplications can diverge fast, leading to
functional divergence (Hou et al., 2021). On the other hand, orthologs
can exhibit a highly conserved response spectrum despite a sequence
divergence above 30 % (Guo et al., 2021; Roberts et al., 2022), but only
one or two mutations can be enough to shift the response spectra be-
tween pairs of orthologs, as demonstrated for moth pheromone re-
ceptors (Cao et al., 2021; Leary et al., 2012; Yang et al., 2017). The lack
of a resolved tri-dimensional (3D) structure for an insect OR has hin-
dered studies on the structural bases of OR evolution for a long time. The
recent elucidation of the 3D structures of one Orco (Butterwick et al.,
2018) and one OR subunit (del Marmol et al., 2021), as well as the
advent of efficient in silico modelling tools such as AlphaFold2 (Jumper
et al., 2021), now make it possible to better predict and interpret the
functional consequences of amino acid changes within ORs, opening up
new perspectives for understanding their evolution (Cao et al., 2023; Li
et al., 2023).

With more than 80,000 species, Curculionidae beetles (gathering
weevils and bark beetles) display an unparalleled diversity and consti-
tute the largest family of animals on Earth. These phytophagous insects
are adapted to many host plants, and some are serious pests of crops or
forests. They make use of aggregation pheromones, which are attractive
semiochemicals detected at long distances that allow adults to cluster at
their feeding and breeding sites. In the context of reducing the use of
pesticides for crop protection, aggregation pheromones and host plant
volatiles have been identified in several bark beetles (subfamily Scoly-
tinae) and palm weevils (subfamily Dryophthorinae) and further used as
trap baits in integrated pest management (Bandeira et al., 2021;
Giblin-Davis et al., 1996; Oehlschlager, 2016). Consequently, they have
become models for the study of olfaction. Molecular mechanisms of
olfaction have remained unknown for long in these insects but the recent
functional characterization of ORs in the European spruce bark beetle Ips
typographus (Yuvaraj et al., 2021) and in the Asian palm weevil Rhyn-
chophorus ferrugineus (Antony et al., 2021, 2024; Ji et al., 2021) have
paved the way for OR evolutionary studies (Hou et al., 2021; Roberts
et al., 2022). Notably, the recent sequencing of the antennal tran-
scriptome of the American palm weevil R. palmarum (Gonzalez et al.,
2021) enables comparison of receptors from these two closely related
weevils.

R. ferrugineus originates from South East Asia and has spread through
the Middle East, Africa, and the Mediterranean basin in the late 20t
century (Hoddle et al., 2024). It is the most invasive and destructive pest
of palm trees worldwide. The aggregation pheromone released by males
is a mix of (4S,55)—4-methylnonan-5-ol and (S)—4-methylnonan-5-one,
known as ferrugineol and ferrugineone, respectively (Hallett et al.,
1993; Perez et al., 1996). R. palmarum is an important pest of coconut
and oil palm trees in Central and South America (Hoddle et al., 2024). It
causes damage because of larval feeding into the stems but also because
it is the primary vector of the nematode Bursencephalus cocophilus, the
agent of the red ring disease that strongly affects the palm trees (Gerber
and Giblin-Davis, 1990). R. palmarum male adults produce an aggrega-
tion pheromone made of (4S,2E)—6-methylhept-2-en-4-ol, which is
referred to as rhynchophorol (Oehlschlager et al., 1992; Rochat et al.,
1991). In both species, synthetic mixtures of (S) and (R)-enantiomers of
the aggregation pheromone components are commonly used in
pheromone-baited traps in combination with plant tissues such as pieces
of decaying palm stems, coconut, sugarcane or pineapple, which in-
crease attraction due to a synergistic effect between the pheromone and
host plant volatiles (Abbas et al., 2006; Guarino et al., 2011; Jaffé et al.,
1993; Oehlschlager et al., 1993; Rochat et al., 2000).

We recently identified an aggregation pheromone receptor in
R. ferrugineus, named RferOR1. This OR was highly sensitive to the two
components of the pheromone but was also activated by pheromone
compounds from other beetles (Antony et al., 2021). Sequencing of the
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antennal transcriptome of R. palmarum revealed a RferOR1 ortholog
named RpalOR1 (Gonzalez et al., 2021). RpalOR1 was among the most
highly expressed ORs in both males and females, suggesting an impor-
tant role in the ecology of R. palmarum. As RpalOR1 and RferOR1
exhibited ~80 % amino acid sequence identity, we wondered whether
their response spectra would be conserved between these two Rhyn-
chophorus species. Here, we used a combination of 3D-modelling and
functional analyses through heterologous expression in Drosophila OSNs
to compare these two orthologues. We revealed that their putative
binding pockets differed by only three amino acids, and that RpalOR1
response spectrum mirrored that of RferOR1. Notably, RpalOR1 was
strongly activated by the two components of the R. ferrugineus aggre-
gation pheromone. Dose-response experiments further confirmed this
functional conservation. Interestingly, we also found that both receptors
were not specifically tuned to pheromones as they were also activated by
high doses of host plant volatiles.

2. Material and methods

2.1. RpalOR1 and RferOR1 3D structure modelling and comparison of
amino acids in the putative binding pockets

Five relaxed models were constructed with AlphaFold2 (Jumper
et al.,, 2021) based on amino acid sequences of RpalOR1 (GenBank
accession number QTG40723.1) and RferOR1 (QCS37752.1). For each
receptor, the model with the highest pLDDT score was selected. The
alignment between the sequences of RpalOR1 and RferOR1 was done
using the MAFFT online service (Katoh et al., 2019). Detection of all
RferOR1 and RpalOR1 cavities was performed using fpocket 3.0 (Le
Guilloux et al., 2009) with default settings. The Cryo-EM structures of
the complex MhraOR5-eugenol and MhraOR5-DEET (Protein Data Bank
accession 7LID and 7LIG) were aligned with the RpalOR1 and RferOR1
3D models on PyMOL 2.5.4 (DeLano, 2002). After visually inspecting all
the generated cavities, the main cavity situated at the same location as
the binding site of MhraOR5 was identified as the putative binding site of
each RpalOR1 and RferOR1. All residues within 5 Angstréms from the
centre of these cavities were considered as constituents of the binding
sites.

2.2. UAS-RpalOR1 construct and expression in Drosophila melanogaster

Generation of the UAS-RferOR1 fly line was described previously
(Antony et al., 2021). For RpalOR1, the open reading frame (Genbank
accession number MT887347.1) was synthesised in vitro by GenScript
(Piscataway, NJ, USA) and subcloned into the pUAST.attB vector. The
pUAST.attB-RpalOR1 plasmid was injected into Drosophila embryos with
the genotype y1 M{vas-int. Dm}ZH-2A w*; M{3xP3-RFP.attP}ZH-51C by
BestGene Inc. (Chino Hills, CA, USA), allowing the use of the PhiC31
integrase system. This resulted in inserting the UAS-RpalOR1 construct
into the genomic locus 51C of the second chromosome. UAS-RferOR1
and UAS-RpalOR1 lines were crossed with the 0r67d%™ line to obtain
homozygous flies expressing the transgene in atl OSNs instead of
OR67d. Flies were reared on a standard diet of cornmeal-yeast-agar
medium and maintained in a climate- and light-controlled environ-
ment (25 °C, 12 h light: 12 h dark cycle).

2.3. Chemicals

Hexane and paraffin oil were purchased from Carlo Erba Reagents
(Val de Reuil, France). The panel of beetle pheromones and structurally
related compounds used in electrophysiology experiments was the same
as previously used for the functional characterization of RferOR1
(Antony et al., 2021), except that 3-methyloctan-4-ol (phoenicol), the
aggregation pheromone of R. phoenicis (Gries et al., 1993), was also
included. The panel of host plant volatiles was composed of 26 com-
pounds (Table 1) chosen because they are emitted by host plants of
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Table 1
List of host plant volatiles and structurally related molecules used for stimulation of Drosophila OSNs expressing RpalOR1 and RferOR1.
Chemical Purity CAS InChiKey Detection by Source of emission References
R. ferrugineus
antennae
acetophenone 99% 98-86-2  KWOLFJPFCHCOCG-UHFFFAOYSA-N yes Phoenix dactylifera fruits m®©
2-phenylethanol 99% 60-12-8  WRMNZCZEMHIOCP-UHFFFAOYSA-  yes Elaeis guineensis fermented sap; Cocos nucifera W@ ©
N crown; Phoenix canariensis affected stem;

P. dactylifera fruits; Jacaratia digitata trunk;
Saccharum officinarum stalk

methyl salicylate >99%  119-36-8 OSWPMRLSEDHDFF-UHFFFAOYSA-N yes P. canariensis healthy tissue (”
methyl benzoate 99% 93-58-3 QPJVMBTYPHYUOC-UHFFFAOYSA-N yes P. canariensis healthy tissue m
anisole >99%  100-66-3 RDOXTESZEPMUJZ-UHFFFAOYSA-N yes P. canariensis fermented leaves; J. digitata trunk m e
nonanal 95% 124-19-6  GYHFUZHODSMOHU-UHFFFAOYSA- yes P. canariensis inflorescence; P. dactylifera fruits m©
N
ethyl caprylate >98%  106-32-1 YYZUSRORWSJGET-UHFFFAOYSA-N yes P. canariensis affected stem and fermented leaves; ¢ )
C. nucifera crown; E. guineensis fermented sap
sulcatone 99% 110-93-0  UHEPJGULSIKKTP-UHFFFAOYSA-N  yes P. dactylifera fruits; P. canariensis affected stem and ) ) (9
fermented leaves; S. officinarum stalk
hexanal 95% 66-25-1  JARKCYVAAOWBJS-UHFFFAOYSA-N  yes fermented C. nucifera apical part; P. canariensis W@ E 6
inflorescence; P. dactylifera fruits; J. digitata trunk
ethyl hexanoate >99%  123-66-0 SHZIWNPUGXLXDT-UHFFFAOYSA-N yes E. guineensis fermented sap; (A%
C. nucifera crown; P. canariensis affected stem and
fermented leaves
1-pentanol 99% 71-41-0 AMQJEAYHLZJPGS-UHFFFAOYSA-N  yes P. canariensis affected stem and fermented leaves )
ethyl tiglate 98% 5837-78-5 OAPHLAAOJMTMLY-GQCTYLIASA-N C. nucifera crown @
ethyl valerate 99% 539-82-2 ICMAFTSLXCXHRK-UHFFFAOYSA-N yes P. canariensis affected stem .
ethyl isovalerate 98% 108-64-5 PPXUHEORWJQRHJ-UHFFFAOYSA- C. nucifera crown; S. officinarum stalk @
N
methyl 2-methylbutyrate >98%  868-57-5 OCWLYWIFNDCWRZ-UHFFFAOYSA-
N
ethyl 2-methylbutyrate ~ >99%  7452-79-1 HCRBXQFHJMCTLF-UHFFFAOYSA-N yes P. canariensis affected stem m
2-methyl 1-butanol >98%  137-32-6 QPRQEDXDYOZYLA-UHFFFAOYSA-N yes C. nucifera crown; E. guineensis fermented sap; e
S. officinarum stalk
ethyl isobutyrate >98%  97-62-1 WDAXFOBOLVPGLV-UHFFFAOYSA-N yes E. guineensis fermented sap, trunk; S. officinarum (SACRRES
stalk
methyl butyrate 99% 623-42-7 UUIQMZJEGPQKFD-UHFFFAOYSA-N  yes m
methyl isobutyrate >99% 547-63-7 BHIWKHZACMWKOJ-UHFFFAOYSA-
N
ethyl butyrate 99% 105-54-4 OBNCKNCVKJNDBV-UHFFFAOYSA-N yes C. nucifera crown, E. guineensis fermented sap, WAHE
trunk; P. canariensis affected stem; S. officinarum
stalk
propyl butyrate >95%  105-66-8 HUAZGNHGCJGYNP-UHFFFAOYSA- yes P. canariensis affected stem m
N
isopropyl butyrate 99% 638-11-9  FFOPEPMHKILNIT-UHFFFAOYSA-N
butyl butyrate 98% 109-21-7 XUPYJHCZDLZNFP-UHFFFAOYSA-N  yes P. canariensis affected stem m
isobutyl isobutyrate 99% 97-85-8 RXGUIWHIADMCFC-UHFFFAOYSA-N
ethyl 3-hydroxybutyrate 99% 5405-41-4 OMSUIQOIVADKIM-UHFFFAOYSA-N
butyric acid 99% 107-92-6  FERIUCNNQQJTOY-UHFFFAOYSA-N yes P. canariensis affected and fermented stem m
ethyl propionate 99% 105-37-3  FKRCODPIKNYEAC-UHFFFAOYSA-N  yes E. guineensis trunk; P. canariensis affected stem, WRAHE O
fermented leaves; S. officinarum stalk
isobutyl propionate >98%  540-42-1 FZXRXKLUIMKDEL-UHFFFAOYSA-N E. guineensis trunk; S. officinarum stalk @@
propyl propionate >99%  106-36-5 MCSINKKTEDDPNK-UHFFFAOYSA-N yes m
isoamyl propionate >98%  105-68-0 XAOGXQMKWQFZEM-UHFFFAOYSA- yes P. canariensis affected stem m
N
methyl acetate >99.8% 79-20-9 KXKVLQRXCPHEJC-UHFFFAOYSA-N
ethyl acetate 99.8% 141-78-6 XEKOWRVHYACXOJ-UHFFFAOYSA-  yes P. canariensis healthy and affected stem, fermented ) ) ()
N leaves; P. dactylifera fruits; S. officinarum stalk; @
sec-butyl acetate 99% 105-46-4 DCKVNWZUADLDEH-UHFFFAOYSA-  yes P. canariensis affected stem m
N
isobutyl acetate 99% 110-19-0  GJRQTCIYDGXPES-UHFFFAOYSA-N P. canariensis affected stem and fermented leaves; ) @
C. nucifera crown; S. officinarum stalk
propyl acetate 99% 109-60-4 YKYONYBAUNKHLG-UHFFFAOYSA- E. guineensis fermented sap; S. officinarum stalk @
N
isopropyl acetate 98% 108-21-4 JMMWKPVZQRWMSS-UHFFFAOYSA-
N
acetic acid 98% 64-19-7  QTBSBXVTEAMEQO-UHFFFAOYSA-N yes E. guineensis fermented sap; P. canariensis affected () ) (9

stem; P. dactylifera fruits; S. officinarum stalk

M (vacas et al., 2014)
@ (Rochat et al., 2000)
3) (Jaffé et al., 1993)
™ (Gries et al., 1994)
®) (Guarino et al., 2011)
® (Flowers et al., 2022)
7) (Said et al., 2003)

~

-~
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R. palmarum and R. ferrugineus and/or highly active on R. ferrugineus
antennae (Abbas et al., 2006; Gries et al., 1994; Guarino et al., 2011;
Jaffé et al., 1993; Rochat et al., 2000; Vacas et al., 2014). As preliminary
experiments showed a strong activity of esters, we also enriched the
panel with 12 supplementary ester molecules. Plant volatiles were
purchased from Sigma-Aldrich (Saint-Louis, MO, USA), except anisole,
ethyl caprylate, 2-methyl 1-butanol and methyl isobutyrate from Hon-
eywell Fluka (Charlotte, NC, USA) and ethyl tiglate from Lancaster
Synthesis (Morecambe, UK).

2.4. Single-sensillum recordings

Single-sensillum recordings were carried out following the methods
previously described (de Fouchier et al., 2015). at1 OSNs were subjected
to 500 ms odorant stimulation using Pasteur pipette cartridges loaded
with an odorant solution deposited onto a 1 cm? filter paper. For
screening experiments, cartridges were loaded with 1 pg of a pheromone
compound diluted in 10 uL of hexane or 100 pg of a plant volatile diluted
in 10 pL of paraffin oil. Cartridges containing hexane, paraffin oil and 10
ug of cis-vaccenyl acetate (to verify the absence of OR67d) were used as
controls. For the comparison of dose-response curves between RpalOR1
and RferOR1, odorant doses ranged from 1 ng to 10 pg for pheromone
compounds (diluted in 10 pL of hexane) and from 1 ng to 100 pg for
plant volatiles (diluted in 10 uL of paraffin oil). For the comparison of
dose-response curves of RpalOR1 to both pheromone compounds and
plant volatiles, doses ranged from 1 ng to 100 ug and all chemicals were
diluted in 10 pL of paraffin oil. Net responses of atl OSNs expressing
RpalOR1 or RferOR1 were computed by subtracting the spontaneous

A

S0 s1
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firing rate measured during 500 ms before stimulation from the firing
rate measured during the 500 ms of odorant stimulation. Data were
analysed with R (version 4.2.2). The normal distribution of the data was
tested with a Shapiro-Wilk test. Since data did not follow a normal
distribution, OSN responses to odorant stimulations were compared
using a Kruskal-Wallis test, followed either by a Dunnett’s multiple
comparison test with a Benjamini & Hochberg correction in order to
compare odorant responses to the control, or by a Dunn’s multiple
comparison test with a Benjamini & Hochberg correction in order to
compare responses to different doses between RferOR1 and RpalOR1.

3. Results

3.1. 3D structure modelling of RpalOR1 and RferOR1: a strong structural
similarity suggests a similar function

We first compared the 3D structure models of RpalOR1 and RferOR1
as determined by AlphaFold2. These two models exhibited a high sim-
ilarity in their transmembrane segments (RMSD=1.28 f\), correlated
with a global sequence identity of over 82 % (Fig. 1A,B). More than 30
cavities were identified using fpocket across all the models. Super-
imposing the RpalOR1 and RferOR1 models onto the experimental
structures of MhraOR5 (del Marmol et al., 2021) allowed us to determine
a cavity whose position was similar to the ligand binding site of
MhraORS5, and which was delimited by 30 amino acids belonging to
helices S2, 3, 4 and 6. Interestingly, these 30 amino acids were extremely
conserved between RpalOR1 and RferOR1, with 90 % identity (Fig. 1A,
B). Variations were exclusively detected at positions 62 (Leucine in

S2 S3

RferOR1 ~ MEKRPFDRNTEKNTRLIGFLKTLMVCTGTWSYHWTDNFILKKLYHYFFFFPLSVFGAFYIAIIMELFRVLYER
RpalOR1  MEKRVFSKDTEKNTRLIGFLKTLMICTGTWSYHWTDNFMLEKIYKYFSFFPLAVFAAFYFLLMMELLRVLIE}

DK
DK|

LDKLLLNLGIVLDASKITIRLFFYFKNNVLAKFKNIMRDEQDIFESQEPEVIEYYLQRAKSWRSTLIFLYITTCL 150
ILDSFLLNLGVFLDASKITIRFVFYFKNNVLRKFKDIMMDEQDIFESQEPEVIQYYLKRAKSWRSTLIFLYINTCL 150

KhKK K, L KKKKKKKRKKRKKAK  KAKKKKKKKKKRK kL Kk, KKk, KhKk Kk KKKk, .

KKK KKK K kKKK L KKKKK ,  KKKKKKKKK ,  KAKKKKKK KKK KK | RILH kKK

S5

RferOR1 ~ CSYGYMIIEISDNILVNRRHKANNESVEPPFLYQIYYPNPVEN
RpalOR1 ~ CSYGYMLVEISDNILVNKKHKINNESVEPPFLYQIYFPNPDQN

IIYIYWVNCFMVTFIILAVNVSFAISTTCMVYGATQLEIFQFRLKHIHEVANK:

'YDGNIALTLKIYIQKHQKLISFITDLNDCIRSVTLGEFLISSINCASVVADIT 300

RVSLVCVNCFMVTFIILAVN\/SFGISTTCMVVGATQLEIFQIRLKRIHEIAEKjVNGDF/ALTLKTVI\/KHQDLMTFILDLNDCIRSATLGEFLISSINCASV\/ADIT 300

Kk kKKK, k% kAR, kL Lk,

S6 S7a

RferOR1 \VSDIGLDATYSGCYVVLLISQIFTYASAASEIKIQSAATADAIYECEWYNFDKNSQKMINILQSR,
RpalOR1 IVNDIGLSATYAGAYVLLLVAQIFTYASVASEIKIQSAAIADAIYECEWYNFDKSSQKMINILQAR,
Fok  KKKE L KEK KKK KK, L KRKKKEK THREFAKK |

KKK KKK K kkk Kk, KKKKK, KK, KKK K, Kk, KKKKKAKK  KKKKKKKKKKKK KK KKK KKK

S7b

KPLEMTIGPFGAMTNETAVMMMKACYSYVAFM KDSGVAETTVD 411
KPLEMTIGPFGAMTNETAVMMMKACYSYVAFM KDSGVANTSTE 411

Extra-cellular

Putative binding site

Intra-cellular S

FTHRAKKK* K, ,

Daog

Fig. 1. The predicted binding pockets of RpalOR1 and RferOR1 differ by only three amino acids (Lel, VgsI and A315S). (A) Alignment and comparison of the
two amino acid sequences (identity=82.24%). The helices (S) of both receptors are indicated by black boxes. Amino acids predicted to form the binding pocket are
highlighted in red. (B) Visualisation of the binding pocket shared by both proteins and the amino acids that make it up. The assumed volume of the binding pocket is
coloured red. RpalOR1 and RferOR1 are represented in blue and orange, respectively. The figure was created using the molecular visualisation software PyMOL.
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RpalOR1 vs. Isoleucine in RferOR1), 85 (Valine vs. Isoleucine) and 312
(Alanine vs. Serine). The first two mutations probably have no signifi-
cant impact on the structure and function of the binding site, as an
amino acid with a hydrophobic side chain is replaced by another.
Furthermore, the positioning of the residue 312 at the apex of the cavity
could potentially mitigate its influence on the receptor’s affinity for li-
gands, even in the context of substituting an Alanine (amino acid with a
hydrophobic side chain) with a Serine (polar uncharged side chain).
These results thus suggested a conservation of the response spectra of
both receptors.

3.2. RferOR1 and RpalOR1 are activated by the same pheromone
compounds

To verify whether the function of the orthologs RpalOR1 and
RferOR1 was indeed conserved, we expressed RpalOR1 in Drosophila atl
neurons and stimulated these neurons with the panel of pheromone
compounds and structural analogs previously used for the functional
characterization of RferOR1 (Antony et al., 2021), plus 3-methylocta-
n-4-ol (phoenicol), the aggregation pheromone of the African palm
weevil R. phoenicis (Gries et al., 1993). RpalOR1 was significantly acti-
vated by ten compounds, five of which are aggregation pheromones of

Current Research in Insect Science 6 (2024) 100090

palm weevils (Fig. 2). The best agonists were the two components of the
R. ferrugineus aggregation pheromone. Ferrugineol (4-methyl-
nonan-5-ol) and ferrugineone (4-methylnonan-5-one) elicited average
responses of 112 and 103 action potentials per second, respectively.
Additionally, RpalOR1 was activated by phoenicol as well as nonan-5-ol,
3-hydroxy-4-methylnonan-5-one and 3-methyloctan-4-one, three of the
five aggregation pheromone compounds of the West Indian sugarcane
weevil Metamasius hemipterus (Ramirez-Lucas et al., 1996). We observed
no response to the R. palmarum aggregation pheromone (E)—6-methyl-
hept-2-en-4-ol  (rhynchophorol), but its isomer (E)—5-methyl-
hept-2-en-4-ol elicited an average response of 27 action potentials per
second. We also found a response to 5-methyloctan-4-one, which is not
known as an aggregation pheromone but is structurally similar to
cruentol (5-methyloctan-4-ol), the aggregation pheromone of the pal-
metto weevil R. cruentatus (Weissling et al., 1994). The two last agonists
were (E)-oct-2-en-4-ol and nonan-5-one, which are also structurally
related to aggregation pheromone compounds. Comparison of RpalOR1
response spectrum to that of RferOR1 (Antony et al., 2021) revealed a
strong functional conservation between the two orthologues, even
though a few moderate responses were found significant for one OR but
not for the other (e.g. for oct-1-en-3-ol and (E)-oct-2-en-4-ol).

To further verify the functional conservation between the two
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Fig. 2. RpalOR1 and RferOR1 exhibit similar response spectra. Action potential frequency of Drosophila atl OSNs expressing RpalOR1 or RferOR1 in response to
beetle aggregation pheromones and structurally related molecules (1 ug loaded in the stimulus cartridge). Data for RferOR1 are from (Antony et al., 2021). Box plots
show the median and the first and third quartiles of the distribution, whiskers show data distribution below the first quartile and above the third quartile, and dots
show outliers. Dark blue and orange colours show significant differences from the solvent for RpalOR1 and RferOR1, respectively (Kruskal Wallis test followed by a
Dunnett’s multiple comparison test with a Benjamini & Hochberg correction, n = 11-26 for RpalOR1, n = 14-38 for RferOR1, *p < 0.05, **p < 0.01, ***p < 0.001).
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receptors, we performed dose-response experiments on Drosophila neu-
rons expressing RpalOR1 or RferOR1 with the 11 compounds that eli-
cited significant responses at high dose, plus 2-methyloctan-4-ol for
which small responses could be measured for RpalOR1, although not
significant. For both receptors, the best two ligands ferrugineol and
ferrugineone elicited responses significantly different from the solvent
starting from a dose of 100 ng (Fig. 3, Supplementary Table S1). The
response threshold was raised at 1 pug for nonan-5-one, nonan-5-ol and 5-
methyloctan-4-one, and at 10 pg for the seven other odorants. For some
compounds, the statistical analysis revealed a different response
threshold for the two ORs. This was notably the case for 5-methyloctan-
4-one, which elicited significant responses starting from 10 ng for
RferOR1 and 1 pg for RpalOR1. However, we found no statistically sig-
nificant difference when comparing responses of the two orthologs to
the same dose of an odorant. Overall, dose-response experiments thus
confirmed that RpalOR1 and RferOR1 have highly similar response
spectra, although not fully identical.
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3.3. RpalOR1 and RferOR1 are not specifically tuned to pheromones as
they also respond to host volatiles

Since both RpalOR1 and RferOR1 exhibited a relatively broad
odorant tuning, unusual for pheromone receptors, we next wondered
whether they could also detect host plant volatiles. We selected volatile
compounds previously shown to be emitted by R. palmarum and
R. ferrugineus hosts and to be detected by R. ferrugineus antennae (Rochat
et al., 2000; Vacas et al., 2014), and tested them at high dose on atl
OSNs expressing the pheromone receptors. This revealed that both
RpalOR1 and RferOR1 were significantly activated by the same palm
tree esters: propyl butyrate, butyl butyrate, ethyl valerate and ethyl
hexanoate (Fig. 4A). Neurons expressing RferOR1 also significantly
responded to ethyl-2-methylbutyrate and propyl acetate. Dose-response
experiments for the three most potent ligands further showed identical
response thresholds for the two receptors (Fig. 4B).

We next performed dose-response experiments in order to compare
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Fig. 3. RpalOR1 and RferOR1 have similar sensitivities to their ligands. Dose-response experiments performed on atl OSNs expressing RpalOR1 or RferOR1 with
the 12 best agonists. Box plots show the median and the first and third quartiles of the distribution, whiskers show data distribution below the first quartile and above
the third quartile, and dots show outliers. Dark blue and orange colours show significant differences from the solvent for RpalOR1 and RferOR1, respectively (Kruskal
Wallis test followed by a Dunnett’s multiple comparison test with a Benjamini & Hochberg correction, p-values available in Supplementary Table S1). No significant
difference was observed between RpalOR1 and RferOR1 responses to a given odorant dose (Kruskal-Wallis test followed by a Dunn’s multiple comparison test with a

Benjamini & Hochberg correction, n = 7-12, p > 0.05).
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the sensitivity of RpalOR1 towards the two most active pheromone
compounds (ferrugineol and ferrugineone) and the three most active
host plant volatiles (propyl butyrate, ethyl hexanoate and butyl buty-
rate). To do so, all molecules were dissolved in the same solvent, i.e.
paraffin oil. RpalOR1 was much more sensitive to ferrugineol and fer-
rugineone than to plant volatiles (Fig. 5). Significant responses were
recorded starting from a dose of 100 ng of ferrugineol and 1 pg of fer-
rugineone vs. 100 pg of the palm esters propyl butyrate, ethyl hexanoate
and butyl butyrate. At the highest dose, average responses to
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pheromones reached 181 and 177 action potentials per second for fer-
rugineol and ferrugineone, respectively, vs. 63 for propyl butyrate, the
most potent host plant volatile.

4. Discussion
The palm weevils R. ferrugineus and R. palmarum are currently ranked

as the most devastating insect pests to palm trees, being responsible for
millions of economic losses (Hoddle et al., 2024). Despite their different
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Fig. 4. RpalOR1 and RferOR1 are activated by host plant volatiles. (A) Action potential frequency of Drosophila atl OSNs expressing RpalOR1 or RferOR1 in
response to palm tree volatiles and structurally related molecules (100 ng in the stimulus cartridge). Dark blue and orange colours show significant differences from
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distribution areas, these two species are genetically closely related and
present behavioural and ecological similarities. Males from both species
produce an aggregation pheromone to attract males and females,
although the chemical structures of their components differ (Hallett
et al., 1993; Perez et al., 1996; Oehlschlager et al., 1992; Rochat et al.,
1991). The recent sequencing of the R. palmarum antennal transcriptome
revealed that both weevils harbour a similar repertoire of ORs (Gonzalez
et al., 2021). Out of the 63 RpalORs identified in the transcriptome, at
least 57 had a corresponding RferOR ortholog. Among these ORs, the
amino acid sequence of RpalOR1 shared 82.24 % identity with its
ortholog RferOR1. Since RferOR1 has been characterised as a receptor to
the aggregation pheromone of R. ferrugineus, a first hypothesis would be
that RpalOR1 is the receptor to the aggregation pheromone of
R. palmarum, as initially proposed (Gonzalez et al., 2021). It is indeed
possible that the 20 % amino acid differences alter the
pheromone-binding site, making RpalOR1 responsible for detecting
rhynchophorol instead of ferrugineol/ferrugineone in RferOR1. Alter-
natively, another hypothesis would be that RferOR1 and RpalOR1 detect
similar compounds, especially if the amino acid differences are not in
the binding site.

To test these hypotheses, we first reported here the 3D models of the
two ORs using AlphaFold2, revealing that their potential pheromone-
binding pockets were much conserved, arguing in favour of the second
hypothesis. AlphaFold2 has recently shown remarkable success in pre-
dicting the 3D structures of a wide range of proteins, including
membrane-bound receptors such as ORs. However, accuracy and per-
formance of such a computational method can still be questioned for
insect ORs, as only two experimental structures are yet available
(Butterwick et al., 2018; del Marmol et al., 2021). Thus, we next con-
ducted functional studies to assess RpalOR1 ability to bind pheromone
compounds. The results confirmed the hypothesis of a conservation of
response spectra, since RpalOR1 response profile to the different ago-
nists perfectly matched that of RferOR1. Such an evolutionary conser-
vation of OR tuning has already been reported in Curculionidae, in two
lineages of orthologous ORs from the conifer-feeding bark beetles Ips
typographus and Dendroctonus ponderosae, and the pine weevil Hylobius
abietis (Guo et al., 2021; Roberts et al., 2022). In this latter study, the
orthologous ORs responded to volatiles that are ecologically relevant to
the three species, namely 2-phenylethanol and angiosperm green leaf
volatiles. Interestingly, response spectra were highly conserved despite
amino-acid sequence identities as low as 50 %, showing that overall
sequence identity is a poor predictor of functional conservation. Here,
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Fig. 5. RpalOR1 is more sensitive to R. ferrugineus pheromone compounds
than to palm esters. Dose-response curves of Drosophila atl OSNs expressing
RpalOR1 to the two most active pheromone compounds and the three most
active plant volatiles diluted in paraffin oil. These curves show mean action
potential frequencies at different odorant doses +/- SEM (Kruskal-Wallis test
followed by a Dunnett’s multiple comparison test with a Benjamini & Hochberg
correction, n = 10-27, **p < 0.01, ***p < 0.001).
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we found no response of RpalOR1 to rhynchophorol - the aggregation
pheromone of R. palmarum - but strong responses to ferrugineol and
ferrugineone, which are the two components of the R. ferrugineus ag-
gregation pheromone. These results show that RpalOR1, contrary to
RferOR1, is not involved in intraspecific pheromone communication.
Consequently, these two receptors have different biological functions
although they share a similar tuning. RpalOR1 is one of the most highly
expressed ORs in the antennae of R. palmarum, but there are two other
receptors identified in the antennal transcriptome with even higher
expression levels (Gonzalez et al., 2021). As high expression is often
used as a criterion to identify pheromone receptors in insects (Fleischer
and Krieger, 2018; Antony et al., 2021), these two ORs appear as good
pheromone receptor candidates.

R. palmarum OSNs slightly responding to ferrugineol were identified
previously (Said et al., 2003), confirming that this weevil can detect
heterospecific pheromone compounds. However, these OSNs were also
activated by rhynchophorol, suggesting that RpalOR1 may not be the OR
expressed in these OSNs. To our knowledge, the detection of ferrugi-
neone and the other RpalOR1-active weevil pheromones by the antennae
of R. palmarum has not been tested. Finding an R. palmarum OR tuned to
the aggregation pheromone of R. ferrugineus raises the question of the
ecological relevance of this detection, as the two species do not have
overlapping distribution areas. However, ferrugineol has also been re-
ported as the major aggregation pheromone for the neotropical weevils
M. hemipterus and Dynamis borassi (Giblin-Davis et al., 1997; Ramir-
ez-Lucas et al., 1996). As these species are found in sympatry with
R. palmarum, this compound may be used by R. palmarum to detect the
presence of heterospecifics. Whether ferrugineol may act as a repellent
or attraction inhibitor to R. palmarum remains to be experimentally
tested. Alternatively, it has been proposed that aggregation pheromones,
including ferrugineol, may be used as synomones by palm weevils
(Bandeira et al., 2021; Giblin-Davis et al., 1996; Oehlschlager, 2016).
Indeed, cross-attraction/cross-detection of aggregation pheromones has
been frequently observed in weevils, particularly in neotropical palm
weevils. For instance, aggregation pheromones of R. cruentatus, R. pal-
marum and R. phoenicis are detected by antennae of M. hemipterus
(Ramirez-Lucas et al., 1996), and D. borassi, M. hemipterus and Placo-
clytus distortus have been reported to be attracted to rhynchophorol
(Giblin-Davis et al., 1996). It has been proposed that such a
cross-attraction of sympatric weevils may have evolved to optimise the
search of food resources or to overcome host plant defence.

Interestingly, we found that RpalOR1 and RferOR1 were not specif-
ically tuned to pheromones as they were also activated by four of the 38
plant volatiles tested. It is uncommon for a receptor to have the capacity
to bind both pheromones and plant volatiles. However, the latter are
typically not tested on pheromone receptors, so this co-detection may
have been overlooked. Our results are anyhow in line with some studies
conducted in other insects orders, which documented the activation of
pheromone receptors by plant volatiles in moths (Yuvaraj et al., 2017;
Zhang et al., 2024) and in the pea aphid (Zhang et al., 2017). The four
odorants detected by RpalOR1 and RferOR1 (ethyl hexanoate, ethyl
valerate, propyl butyrate and butyl butyrate) are esters known to be
emitted by Canary Island date palm stems already infested by weevil
larvae and they are detected by R. ferrugineus antennae (Vacas et al.,
2014). It is challenging to ascertain the ecological relevance of the doses
we identified as active (10 to 100 pg on the cartridge filter paper,
dependent on the compound) to the insect. Firstly, the actual dose that
reaches the Drosophila neurons in single-sensillum recordings is un-
known, but it is likely to be considerably lower than the dose deposited
on the filter paper. Secondly, data on the doses of volatiles emitted by
palm trees are scarce, and are reported as quantity by volume and time.
In any case, 0.5 to 10 mg.m ™~ 2.h ™! of compounds are typically emitted by
palm trees, as measured by Proton-Transfer-Reaction Mass Spectrometry
in a plantation in South East Asia (Misztal et al., 2011). Consequently,
we can assume that the quantities used in the present study are of a
comparable magnitude to those encountered by the insect in the field,
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and that the OR responses observed are unlikely to be the result of
excessive dosage. However, the precise role of these esters in the ecology
of palm weevils has not been investigated. In the context of improving
pest management methods based on semiochemicals, it has been found
on multiple occasions that attraction of palm weevils towards aggrega-
tion pheromone-baited traps is increased by the addition of fermenting
host plant material (Bandeira et al., 2021; Giblin-Davis et al., 1996;
Oehlschlager, 2016). This indicates that palm volatiles can act in syn-
ergy with pheromones to promote attraction but until now, only a few
synthetic volatiles with such a synergistic effect have been identified,
with contrasting results (Gries et al., 1994; Guarino et al., 2011; Rochat
et al., 2000; Vacas et al., 2017, 2014, 2013). It would be of interest to
verify the effect of RferOR1 ligands identified in the frame of this study
on trap catches in the field, although synergistic effects are more likely
to be mediated by other ORs specifically tuned to palm volatiles, such as
the recently identified RferOR2 (Antony et al., 2024). It is also possible
that the ability of OR1 orthologs to bind some plant volatiles has no
adaptive value but is rather a trace of its descent from an ancestral OR
tuned to host volatiles. This calls for a broader comparative study that
would help to unravel the evolutionary history of these original phero-
mone receptors.
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