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Editorial on the Research Topic

Invertebrate Neurobiology: Sensory Systems, Information Integration, Locomotor- and
Behavioral Output

Invertebrates are a very diverse group of animals, which have developed sophisticated sensory
systems, brain functions and motor systems to respond with adaptive behavior to signals emanating
from various environments of biotic and abiotic origin. Strong sensory and cognitive capacities
are found in invertebrates with small brains, which can therefore serve as model organisms to
understand nervous system function also in organisms with bigger brains (Chittka and Niven,
2009). As a follow-up of a conference on the neurobiology of invertebrates in Versailles/France
in May 2018, we collected articles in the present Research Topic in Frontiers in Invertebrate
Physiology on various aspects of invertebrate neurobiology in different taxa, reaching from
molecular over cellular studies up to sensory, brain and motor function and its plasticity, as well as
behavioral output. We also include recent methodological developments, improving the feasibility
of studies in these fields. The Research Topic comprises 17 original Research articles and 5 Reviews.

A first group of articles treats various aspects of insect olfaction. Identification, expression
and functional analyses of antennal olfactory genes are presented in the rice grasshopper,
two moth species, and a migratory locust. In the rice grasshopper, Oxya chinensis, different
olfactory genes coding for odorant-binding proteins, chemosensory proteins, sensory neuron
membrane proteins, as well as odorant and ionotropic receptors have been identified. For some
of these genes, sex-biased expression was found (Cui et al.). An odorant receptor (OR) for
repellents in the Asian cornborer Ostrinia furnacalis, and a plant odor-specific OR in the oriental
armyworm Mythimna separata were functionally characterized using heterologous expression
in Xenopus oocytes (Yu et al; Zhang et al.). In the locust Schistocerca gregaria, Jiang et al.
mapped the presence of a large number of ORs on the antennal sensillum types and found
primarily a single OR expressed in each sensillum. However, some OR-specific cell clusters
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in certain sensilla were formed during development, as
shown by comparing the expression of ORs between different
nymph stages. Two reviews concern the characteristics of
odorant stimuli, crucial for electrophysiological and behavioral
experiments, taking the ecology of insects into consideration.
A first review article treats the characterization of dynamic
odorant stimuli (Pannunzi and Nowotny), summarizing the
critical questions to define odor concentrations in space and
their dynamics, as well as the spatio-temporal structure of
odor stimuli in a natural environment from an experimental
and theoretical point of view. Conchou et al. review what is
known on insect odorscapes, i.e., the complex odor distribution
in a natural environment, how insects deal with it and how
odorscapes might be manipulated for sustainable pest control.
Two electrophysiological studies investigate odor responses at
different levels of the olfactory pathway. Coding of slowly
fluctuating olfactory cues is described in so-called ON-
OFF olfactory receptor neurons in the cockroach Periplaneta
americana (Hellwig et al.) and modulation of odor responses
within the lateral horn, a superior olfactory brain center was
shown to enhance bilateral contrast of odor inputs in the fruitfly
Drosophila melanogaster (Mohamed et al.). Another innovative
study describes the peripheral and central olfactory system and
odor-guided behavior in head lice Pediculus humanis capitis,
highly specialized insects which have hardly been studied before
(Ortega Insaurralde et al.).

A second series of articles deals with plasticity of
chemosensory systems and methodological considerations
to study this. Hostachy, Couzi, Hanafi-Portier, et al. describe
experimental parameters to be taken into account when
testing proboscis extension responses to sugar solutions in the
moth Agrotis ipsilon. The same authors subsequently test the
influence of pre-exposure with conspecific and heterospecific
sex pheromones on gustatory habituation and find effects
after different delays depending on the pheromone used, thus
suggesting that different central pathways are implicated in the
different observed effects (Hostachy, Couzi, Portemer et al.).
Nouvian and Galizia describe a newly developed device for
aversive learning in freely moving honey bees: an automated
Y-maze, suitable to test olfactory or visual cues. A study in
the fruitfly Drosophila melanogaster demonstrates elegantly
that thermogenetically generated stochastic activity patterns of
olfactory projection neurons can replace conditioned stimuli
within mushroom body neurons (Warth Pérez Arias et al.). In
the cockroach Periplaneta americana, both classical and operant
learning paradigms using olfactory cues and a sucrose reward
revealed inter-individual learning differences, comparable
to what has been found earlier in honey bees and humans
(Arican et al.). Extending on the topic of individuality in insects,
Sanchez-Alcafiiz and Molla Albaladejo review the genetic bases
of behavioral individuality in Drosophila melanogaster, which
occurs in olfactory-guided behavior and olfactory learning, but
also in various other contexts.

A different sensory modality is investigated in another paper.
Meiser et al. studied modulation of the sensitivity of touch cells
in the leech. They found a non-synaptic mechanism switching
the response behavior of these sensory neurons from rapidly to
slowly adapting spiking.

Four other papers deal with locomotor control and
its modulation in different invertebrates. Emanuel et al.
review what is known on the role of different regions
in the central nervous system in controlling posture and
locomotion in insects. Two original articles deal with the
role of serotonin (5-HT) on influencing motoneurons and
behavioral output. In crayfish, a single 5-HT neuron was
shown to differentially modulate motoneurons (simultaneous
excitatory and inhibitory effects in different leg motoneurons)
in the abdominal ganglia (Bacqué-Cazenave et al.). In the
pond snail Lymnaea stagnalis, serotonin seems to influence

accelerated  locomotion, which subsequently improves
cognitive abilities (decision-making under uncertainty)
(Aonuma et al.). Another review article presents the

current knowledge on a specific group of clock neurons in
Drosophila melanogaster, DN1p neurons, and specifically
their role in the circadian regulation of motor control.
Lamaze and Stanewsky specifically discuss that these neurons
might be responsible for two locomotion peaks per day in
constant darkness.

Another paper deals with a nicotinic acetylcholine receptor
subunit in cockroaches. These receptors are important for
synaptic transmission in the brain and represent targets
for neonicotinoid insecticides. Here a new receptor subunit
was characterized and its expression in the brain described
(Cartereau et al.).

Finally, a research paper demonstrates how wing scale
pigmentation in the Bogong moth, Agrotis infusa, leads to visual
camouflage within its natural environment (Stavenga et al.).

Taken together, this Research Topic expands our
view on recent advances in various domains within
invertebrate neurobiology by assembling original articles
using multidisciplinary approaches and reviews on major themes
of interest.
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Olfaction in insects has a critical role in recognizing the host, finding food, and choosing
mating partners, as well as avoiding predators. Odorant receptors (ORs), which are
housed in the dendritic membrane of sensory neurons and extended into the lymph
of sensilla on insect antennae, are participating in the detection of volatile compounds
in insects. In the present study, we identified an OR gene, named MsepOR13, in the
oriental armyworm Mythimna separata (Walker). Quantitative real-time polymerase chain
reaction revealed that MsepOR13 was expressed mainly in the antennae of male and
female moths. In in vitro heterologous expression experiments, MsepOR13 was widely
tuned to 32 of the 67 different compounds tested. Furthermore, MsepOR13 responded
to eugenol at a low concentration of 109 M, with an EC50 value of 3.91 x 107°
M. The high sensitivity suggests an important role for the OR13 gene in the moth
olfactory system.

Keywords: Mythimna separata, odorant receptor, eugenol, Xenopus oocytes, odorant tuning

INTRODUCTION

Chemoreception of odorants in the environment is critically important for the survival of insects.
During evolution, insects have evolved a powerful sense of olfaction to locate hosts and mating
partners, identify oviposition sites, discriminate toxic food, and escape predators (Schneider, 1969;
Bruce et al., 2005; Bruyne and Baker, 2008; Hansson and Stensmyr, 2011; Gadenne et al., 2016), as
they are surrounded by various chemical compounds emitted from conspecifics, predators, and host
plants (Bentley and Day, 1989; Schneider, 1992; Hansson and Stensmyr, 2011). These odorants are
diffused to the surface on olfactory appendages, which mainly consisting of antennae and maxillary
palps (Steinbrecht, 1997), and enter the lymph through pores of the sensilla, which are hair-like
structures. Odorant molecules interact with odorant-binding proteins (OBPs) in the sensilla lymph
and are transferred toward the dendrites of olfactory sensory neurons (OSNs), where odorant
receptors (ORs) are expressed. Activation of ORs leads to chemical information being transduced
to electrical signals, which are conveyed to the antennal lobe and finally decoded by the insect brain
(Vogt, 2003; Leal, 2013).

Owing to the availability of the Drosophila melanogaster genome sequence, the first insect OR
was identified in D. melanogaster based on the homology of OR sequences in vertebrates and
nematodes and the restricted expression of these genes in olfactory tissues (Clyne et al., 1999;
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Vosshall et al, 1999). Compared with G-protein coupled
receptors (GPCRs), insect ORs have the opposite membrane
topology, with their N-terminus inside and their C-terminus
outside the cell; this is an inverse membrane topology to that
found in vertebrate ORs (Buck and Axel, 1991; Benton et al.,
2006; Fleischer et al., 2017; Butterwick et al., 2018). It is now
generally accepted that insect ORs transduce chemical signals by
forming heteromeric complexes with an OR co-receptor (Orco)
that operate as non-selective cation channels (Koji et al., 2008;
Wicher et al., 2008).

In recent decades, with progress in sequencing technology
and bioinformatics tools, numerous ORs have been reported in
many species from various insect orders, including Lepidoptera,
Diptera, Hymenoptera, Coleoptera, Hemiptera, Orthoptera, and
Phthiraptera. The number of OR genes varies considerably
among insect species. For example, there are 65 ORs in
Helicoverpa armigera (Liu et al., 2012; Zhang et al, 2015a)
and 62 ORs in Mythimna separata (Du et al., 2018), based on
antennal transcriptomic analysis, whereas 163 ORs have been
obtained from the genome of Apis mellifera (Robertson and
Wanner, 2006) and 256 ORs have been identified in the genome
of Tribolium castaneum (Engsontia et al., 2008). The variation
in number of ORs between insects is assumed to correlate with
evolutionary adaption to certain ecological and physiological
demands (Fleischer et al., 2017).

Although increasing numbers of OR genes have been
identified during recent decades, the functional characterization
of the encoded proteins lags significantly behind. Heterologous
in vitro expression systems, such as cultured cell lines and
Xenopus oocytes, and in vivo expression systems, such as the
“empty neuron system” of Drosophila, have been successfully
established for functional analysis of insect ORs (Dobritsa
et al, 2003; Gonzalez et al, 2016; Wang et al., 2016). These
systems have been applied for functional characterization of both
pheromone and non-pheromone receptors in several species,
including D. melanogaster (Hallem et al., 2004; Kreher et al.,
2005; Hallem et al., 2006), Anopheles gambiae (Lu et al., 2007;
Carey et al., 2010; Wang et al., 2010), B. mori (Sakurai et al,,
2004, 2011; Nakagawa et al., 2005; Grosse-Wilde et al., 2011),
Heliothis virescens (Ewald et al., 2010; Wang et al., 2011), Ostrinia
nubilalis (Wanner et al,, 2010; Yuji et al.,, 2011; Leary et al,
2012), O. furnacalis (Miura et al., 2010; Liu W. et al,, 2018),
Spodoptera littoralis (de Fouchier et al., 2017), Cydia pomonella
(Bengtsson et al.,, 2014; Gonzalez et al., 2015; Cattaneo et al,,
2017), H. armigera (Liu Y. et al., 2013; Cao et al., 2016; Chang
et al., 2016; Di et al.,, 2017), H. assulta (Chang et al., 2016; Cui
et al., 2018), Plutella xylostella (Sun et al., 2013; Liu Y. et al,,
2018), S. exigua (Liu C. et al., 2013; Liu et al., 2014), and S. litura
(Zhang et al., 2015b).

The oriental armyworm M. separata (Walker) (Lepidoptera:
Noctuidae) is an economically important and common
lepidopteran pest, which is widely distributed in eastern Asia
and Australia, and attacks many crop plants including maize,
sorghum, and rice. M. separata migrates long distances, resulting
in widespread incidence, which can lead to complete crop
loss (Sharma and Davies, 1983; Jiang et al, 2011). In recent
years, M. separata has been observed in many regions of China

and poses a severe threat to corn production. In order to
control this pest, high doses of insecticides are often applied;
however, this has some negative effects, including environmental
pollution, insect resistance, and harm to non-target organisms
(Lv et al, 2014; Duan et al,, 2017). Outbreaks of M. separata
represent a great challenge in crop protection worldwide
(Liu et al., 2017).

Compared with the use of chemical pesticides, olfactory-
baited trapping is an effective and environmentally friendly
method to manage M. separata. The sex pheromone of
M. separata has been used in this way (Wei, 1985; Zhu et al,,
1987), but the effect was unsatisfactory for unknown reasons.
Pterocarya stenoptera and Salix babylonica are also used to attract
M. separata in the field (Lihuang et al., 2017), although the
mechanism of attraction is unknown. In previous work, we
identified the ORs in M. separata using transcriptomic analysis
(Du et al., 2018), but no study on their function has been reported
except for MsepORI, responding to the major sex pheromone
compound Z11-16:Ac (Mitsuno et al, 2010). In the present
study, we cloned an OR, named MsepORI3, in M. separata and
analyzed the expression patterns in different tissues of both sexes
by quantitative real-time polymerase chain reaction (QRT-PCR).
Functional analysis was completed using in vitro expression
in a Xenopus oocyte system with two-electrode, voltage-clamp
physiological recordings.

MATERIALS AND METHODS

Insect Rearing

The M. separata colony, maintained at the laboratory of Henan
Agricultural University, Zhengzhou, China, was reared on an
artificial diet at 28 &+ 1°C, 70% =+ 5% relative humidity, and a
14 h:10 h light:dark (L:D) photoperiod. Adult male and female
moths were fed with 10% sugar solution.

RNA Extraction and cDNA Synthesis

Male and female antennae, proboscises, labial palps, and legs (a
mixture of female and male) of virgin male or female individuals
were collected 3 days after eclosion, immediately frozen in liquid
nitrogen, and stored at —70°C until RNA extraction. Total RNA
of 20 adult male or female moths was isolated using TRIzol
reagent (Invitrogen, Carlsbad, CA, United States) following the
manufacturer’s instructions. Total RNA was dissolved in RNase-
free water and gel electrophoresis was performed to assess its
integrity. RNA concentration and purity were determined on
a Nanodrop ND-2000 spectrophotometer (NanoDrop products,
Wilmington, DE, United States).

First, total RNA was treated with DNase I (Fermentas, Glen
Burnie, MD, United States) for 30 min at 37°C to remove residual
gDNA. Then, 1 pg total RNA was used to synthesize single-
stranded cDNA as per the First Strand ¢cDNA Synthesis Kit
(Fermentas) manufacturer’s instructions. The cDNA of antennal
samples was used as a template to clone the MsepORI3 gene.
The cDNA samples isolated from different female and male tissue
types were used as templates for RT-qPCR.
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Cloning of MsepOR13 Gene From

M. separata

The sequence of MsepOR13 was identified in M. separata by
transcriptomic analysis (Du et al., 2018). Specific primers were
designed by Primer 5.0 (PREMIER Biosoft International, Palo
Alto, CA, United States) to clone the full-length sequence of
MsepOR13 (Table 1). Antennal cDNA from female and male
moths was used to amplify the full-length sequence of MsepOR13
using primeSTAR HS (Premix) (TaKaRa, Dalian, China). PCR
reactions of 50 pL contained 25 pL 2x primeSTAR HS (Premix),
1.5 uL sense and anti-sense primers (10 wM), 2 WL ¢cDNA, and
20 L double-distilled H,O. Reactions were carried out under
the following conditions: 95°C for 3 min; 35 cycles of 95°C for
30 s, 57°C for 30 s, and 72°C for 1 min; and 72°C for 10 min;
before being held at 16°C. PCR products were analyzed on a
1.5% agarose gel and the sequence was sub-cloned to the vector
pEASY-Blunt (TransGene, Beijing, China). The sequencing was
completed in Sangon Biotech, Shanghai, China.

Sequence Analysis

The amino acid sequence of MsepOR13 was determined using
the ExPASy-Translate tool'. The sequence was aligned with
ORs from Peridroma saucia (PsauOR, GenBank: AVF19631.1),
Athetis lepigone (AlepOR19, GenBank: AOE48024.1), and Athetis
dissimilis (AdisOR31, GenBank: ALM26220.1) using DNAMAN
version 8 (Lynnon LLC, San Ramon, CA, United States).

Tissue Expression Profile of MsepOR13

Quantitative polymerase chain reaction was performed to
determine the expression of MsepORI3. Male and female
antennae, proboscises, labial palps, and legs (a mixture of
female and male) were collected from 3-day-old M. separata
adults after eclosion. RNA extraction and cDNA synthesis were

'http://web.expasy.org/translate/

TABLE 1 | Primers’ sequence in this study.

Primers Sequences 5'-3' Purpose

MsepOR13-F ATGGCGGATATTCCAACGG Gene cloning

MsepOR13-R TTAACGATTCAAAAATGTAA
ACAAGGT

MsepOrco-F ATGATGACCAAAGTGAAGGC

MsepOrco-R TTACTTGAGTTGCACCAACAC

MsepOR13-qF GGAAGCAGCGTGTCAATGTT gPCR

MsepOR13-gR AGGTCTCGGGAAGTTCTCCA

MsepRPS3-qF AATGAGTTCTTGACCAGGGAG

MsepRPS3-gR GTGTCCTCGTCGCCATAAT

MsepOR13-A TCAgggcccGCCACCATGGCG cRNA synthesizing
GATATTCCAACGG

MsepOR13-S TCAgcggecgcCTTAACGAT
TCAAAAATGTAAACAAGGT

MsepOrco-A TCAgggcccGCCACCATGAT
GACCAAAGTGAAGGC

MsepOrco-S TCAgcggecgc TTACTTGAG
TTGCACCAACAC

performed following the protocol described above. MsepRPS3
was chosen as the reference gene. The primers are listed in
Table 1. GoTag qPCR Master Mix (Promega, Madison, WI,
United States) was used for qPCR, and the reactions were
carried out on an Applied Biosystems 7500 Fast Real-Time
PCR System (ABI, Carlsbad, CA, United States). The reactions
(20 L) consisted of 10 pL GoTaq qPCR Master Mix, 0.8 pL
gene primer (10 pM), 1 pL cDNA, and 7.4 pL RNase-free
water. The reactions were carried out under the following
conditions: 95°C for 2 min; 40 cycles of 95°C for 15 s,
and 60°C for 50 s. Each qPCR reaction was performed in
triplicate with three independent biological samples to check
reproducibility. The melting curves were inspected to check
the specificity of the primers, and the amplification efficiencies
were calculated by the standard curve method. The efficiency
of the primers for MsepORI3 and MsepRPS3 were 97 and
105%, respectively. MsepOR13 relative expression levels were
analyzed using the relative 2~2A€T quantitation method, where
ACr = Cr (MsepORI3) - Cr (MsepRPS3), AACt = ACt
(different samples) - ACr (legs (female and male mixture)).
Statistical comparison of expression of MsepOR13 was assessed
using one-way nested analysis of variance (ANOVA), followed by
least-significant difference (LSD) tests.

MsepOR13 Expression in Xenopus
Oocytes and Electrophysiological

Recordings

The full-length MsepOR13 was first cloned into a pEASY-Blunt
vector and then ligated into a pT7Ts expression vector using
primers containing Apa I (GGGCCC) and Not I (GCGGCCGC)
sites. The expression vector was linearized using Sma I
(CCCGGQG) (Fermentas, Glen Burnie, MD, United States) and
the cRNA was synthesized using an mMESSAGE mMACHINE
T7 kit (Ambion, Austin, TX, United States). Mature healthy
Xenopus oocytes (stages V-VII) were incubated with 2 mg/mL
collagenase I in pH 7.6 washing buffer consisting of 96 mM NaCl,
2 mM KCI, 5 mM MgCl,, and 5 mM HEPES at room temperature
for about 1 h until almost of them were separated a signal one.
Then, 27.6 ng MsepOR13 cRNA and 27.6 ng MsepOrco cRNA
were microinjected together into oocytes, and the oocytes were
cultured in 1x Ringer’s buffer (washing buffer supplemented with
0.8 mM CaCly, 5% dialyzed horse serum, 50 mg/mL tetracycline,
100 mg/mL streptomycin, and 550 mg/mL sodium pyruvate)
for 4-7 days. The whole-cell currents of injected oocytes were
recorded with an OC-725C oocyte clamp at a holding potential
of —80 mV (Warner Instruments, Hamden, CT, United States),
following previously described experimental procedures (Cui
et al., 2018; Liu W. et al., 2018; Liu Y. et al, 2018). Oocytes
were exposed to different compounds at 107* M for 15 s
each, in a random order, with intervals between exposures that
allowed the current to return to baseline. Dose-response curves
were acquired from 1072 to 107* M in ascending order of
concentration. All data acquisition and analysis were carried
out with Digidata 1440A and Pclamp10.0 (Axon Instruments,
Inc., Union City, CA, United States), and dose-response data
were analyzed using GraphPad Prism 5. Statistical comparison
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L ARV GYFIKTVLI KU®PILSUPTI KRS
ttacataacgcataccgttttatatgttcggettttattttaacttacaatttgcaacac
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attgataatctcatcaccatcatcaacggacctatcttcgcagctagcaaagaataccac
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gtggaagtgttaaaacaaaacgcgttgatgatgtcgegtetectggetttgtaccacggg
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gctatcttcagetgegettecatgtggaccatctteccgategtcaacagacttetegge
AT FSCASMWTTIUFU©PTUVNIZ RTILTILSG
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T EvVQ F TGYF©PFETT STMMATF S
ctggcattggcctacatgactattctgataactattcaagcttacggcaatgtaacaatg
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FIGURE 1 | Nucleotide and amino acid sequences of the MsepOR13 gene in Mythimna separata.
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FIGURE 2 | Alignment of the amino acid sequences of MsepOR13 to those of its homologs in other species. Amino acids identical in all sequences are marked with
black shading. Numbers to the right refer to the position of the last residue in a line in each odorant receptor (OR) sequence. The horizontal lines indicate the position

(,HF\.FTt.\FPFFTS\TIEF\I A
BEVQFTGYFPFETTSTLAFSLA
GEEVQFTGYFPHTTSTLAFSLA

AYMTILITFQAYGNVTMDCTIVAFY ‘\(J,\ﬁT(')LQ\H.R\

1
L \Y\‘ITI.TTFQ‘\\G\‘.'T\ID(‘TT\'.\F\ AQAINTQEQMLRY
L
LAYMTILITFQAYGNVTMDCTIVAFYAQASTQEQMLRY

/ .‘F.F\ SM \V\I,(.( \I],.xQIAF

SAEFVSMAMY I.g(‘\l],:\()I.F
SAEFVSMAMYLGCMLAQLF]

Relative Expression Level

cd
c l l ) U Ll )
FA  MA FP MP FLP MLP

C
Ll
L
FIGURE 3 | Tissue- and sex-specific expression of MsepOR13 in

M. separata. FA, female antennae; MA, male antennae; FP, female proboscis;
MP, male proboscis; FLP, female labial palp; MLP, male labial palp; L, legs

(both sexes mixed). Error bars represent the standard error; those labeled with
different letters are significantly different (p < 0.05, ANOVA, LSD).

of responses to different odors of MsepOR13 was assessed using
ANOVA, followed by LSD tests.

Odorant Panel

Sixty-seven plant volatile compounds purchased from Sigma-
Aldrich were used in this experiment (Table 2) and were
classified into six groups: terpenoid, aromatic, alcohol, ester,
aldehyde, and ketone. All compounds were dissolved in dimethyl
sulfoxide (DMSO) at a concentration of 1 M as stock solutions.
Before the experiments, the stock solutions were diluted in 1x
Ringer’s buffer to working concentrations, and 1x Ringer’s buffer
containing 0.1% DMSO was used as a negative control.

RESULTS

Gene Cloning and Sequence Analysis of
MsepOR13

Based on the transcriptome of M. separata (Du et al., 2018),
we obtained the full-length sequence of MsepOR13. It contained
1227 bp, encoding 408 amino acids (Figure 1) Three amino
acid sequences from P. saucia (PsauOR, GenBank Accession No.
AVF19631.1), A. lepigone (AlepOR19, GenBank Accession No.
AOE48024.1), and A. dissimilis (AdisOR31, GenBank Accession
No. ALM26220.1) were aligned with MsepOR13 (Figure 2) and
found to have 84, 81, and 83% identity, respectively.

Tissue Expression Profiles of MsepOR13
Quantitative polymerase chain reaction was carried out to
evaluate the expression profile of MsepORI3 in different tissues
of both sexes in M. separata. The results showed that MsepORI13
was mainly expressed in antennae compared with other tissues
and exhibited much higher relative expression level in female
antennae than male antennae (Figure 3). MsepORI13 was less
expressed in proboscis and labial palp in both sexes and
there was no significant difference in the expression levels of
MespORI3 between leg (mixture of female and male moths) and
female proboscis.

Functional Characterization of
MsepOR13 in the Xenopus Oocyte

Expression System
The Xenopus oocyte expression system was used to identify
candidate ligands for MespOR13. The cRNA of MsepOR13 and
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FIGURE 4 | Functional response of Xenopus oocytes, with co-expressed MsepOR13/Orco, to volatile compounds. (A) Response profile of MsepOR13/Orco
Xenopus oocytes. Error bars indicate standard error of the mean and bars labeled with different letters are significantly different (o < 0.001, ANOVA, LSD, N = 3-8);
(B) responses of MsepOR13/0rco Xenopus oocytes to odorants in 10~4 M solution; (C) structure of the main ligands of MsepOR13. (D) Tuning curve for the
MsepOR13 for an odorant panel comprising 67 odorants, arranged along the x-axis according to the strength of the response they elicit. The odorants that elicited
the strongest responses were placed near the center of the distribution, while those that elicit the weakest responses were placed near the edges.
(E) MsepOR13/Orco Xenopus oocytes stimulated with a range of eugenol concentrations. (F) Dose—response curve of MsepOR13/Orco Xenopus oocytes with
eugenol. Responses were normalized by defining the maximal response as 100. The response value is given as mean =+ standard error (N = 6).

MespOrco were co-injected into Xenopus oocytes, and responses
to 67 compounds were recorded using a two-electrode voltage
clamp. MsepOR13 was tuned to 32 odorants from all six classes
and was most sensitive to eugenol, with responses of about
3011 nA (Figures 4A,B,D). In addition, methyl eugenol and
methyl phenylacetate elicited the second strongest responses,
of about 1655 and 1150 nA, respectively (Figures 4A,D).
Interestingly, these three main legends shared similar structure,
a benzene ring (Figure 4C). The other 29 odorants elicited the
same response level. Acetophenone elicited a relatively higher
response (523.3 nA) and 1-hexanol elicited the lowest response
with an amplitude of 60 nA (Figures 4A,D). In the dose-response
study, Xenopus oocyte co-expressing MsepOR13/MsepORco
responded to 10~ M of eugenol and the peak amplitude occurred
at the concentration of 107> M (Figure 4E). The EC50 value of
eugenol was 3.91 x 10~° M (Figure 4F).

DISCUSSION

Detection of chemical odors in the environment is essential
for the survival of insects. Accordingly, insects have evolved
remarkable sensitive and discriminatory olfactory systems for
locating hosts and food sources, identifying mating partners
and oviposition sites, or escaping predators (Schneider, 1969;
Hansson and Stensmyr, 2011; Gadenne et al., 2016). Previous
studies have shown that ORs play an important part in the
recognition of odorants and the process of chemo-electrical
transduction (Leal, 2013; Wicher, 2014; Bohbot and Pitts, 2015).
In this study, we cloned an OR gene, MsepOR13, in M. separata.
The sequence contained 1227 bp, encoding 408 amino acids. As
showed in the qPCR experiment, MsepOR13 exhibited female
antennae-biased expression, which suggested that it might play
a vital role in regulating female-specific behaviors, such as
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oviposition sites selection (Liu et al., 2015). Meanwhile, we found
MsepORI13 was also expressed in legs indicating that legs might
assist insects to choose suitable oviposition sites. Previous studies
found that female butterflies perceive oviposition stimulant by
their foreleg tarsus and further determine the suitable feeding
plant for larvae in Papilio polytes (Nakayama et al., 2003).
Furtherly, 4 ORs were also identified by the legs transcriptome
analysis in Ectropis obliqua (Ma et al., 2016), indicating that
ORs expressed in legs was a ubiquitous phenomenon. During
the past decade, the sex pheromone receptors have been
well-deorphanized in many Lepidoptera species. However, the
identification of ligands for the non-pheromone receptor ORs
has significantly lagged behind, except for a few species such as
D. melanogaster (Hallem et al., 2004; Kreher et al., 2005; Hallem
et al,, 2006), A. gambiae (Lu et al, 2007; Carey et al., 2010;
Wang et al.,, 2010), and S. littoralis (Montagné et al., 2012; de
Fouchier et al., 2017). In this study, MsepOR13 responded to 32
odorants and only three ligands elicited relative large response;
this phenomenon was also found in studies of S. littoralis
(de Fouchier et al, 2017) and H. armigera (Di et al.,, 2017).
Narrowly tuned receptors are thought to be important in the
detection of odors of high biological salience. In D. melanogaster,
several ORs selectively responded to odors that are necessary
and sufficient for vital behaviors such as avoiding toxic microbes
and choosing oviposition sites (Stensmyr et al., 2012; Dweck
etal., 2013, 2015; Ronderos et al., 2014). In mosquitoes, receptors
that selectively respond to human emanations play a crucial
part in host recognition and blood feeding (Hughes et al., 2010;
Mcbride et al., 2014). Sex pheromone perception in moths also
involves such specific pathways (Miura et al., 2010; Liu Y. et al,,
2018). The homolog of MsepOR13 in S. littoralis, SlitOR31 shared
80% amino acid identity with MsepORI13. But SlitOR31 was
narrowly tuned to eugenol, which is different from the function
of MsepOR13. The difference of their function might relate with
the different environment and the selective pressures they face.
In M. separata, the three main ligands containing a benzene
ring were structurally similar; a similar phenomenon has
been found in functional studies of ORs in A. gambiae
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Insect antennae are sophisticated sensory organs, usually covered with sensory structures
responsible for the detection of relevant signals of different modalities coming from the
environment. Despite the relevance of the head louse Pediculus humanus capitis as a
human parasite, the role of its antennal sensory system in the highly dependent relation
established with their hosts has been barely studied. In this work, we present a functional
description of the antennae of these hematophagous insects by applying different
approaches, including scanning electron microscopy (SEM), anterograde antennal
fluorescent backfills, and behavioral experiments with intact or differentially antennectomized
lice. Results constitute a first approach to identify and describe the head louse antennal
sensilla and to determine the role of the antenna in host recognition. SEM images allowed
us to identify a total of 35-40 sensilla belonging to seven different morphological types
that according to their external architecture are candidates to bear mechano-, thermo-,
hygro-, or chemo-receptor functions. The anterograde backfills revealed a direct neural
pathway to the ipsilateral antennal lobe, which includes 8-10 glomerular-like diffuse
structures. In the two-choice behavioral experiments, intact lice chose scalp chemicals
and warm surfaces (i.e., 32°C) and avoided wet substrates. Behavioral preferences
disappeared after ablation of the different flagellomeres of their antenna, allowing us to
discuss about the location and function of the different identified sensilla. This is the first
study that integrates morphological and behavioral aspects of the sensory machinery of
head lice involved in host perception.

Keywords: head louse, Pediculus humanus capitis, host perception, behavior, antennal lobe, sensilla

INTRODUCTION

Lice are members of the order Phthiraptera, which contains nearly 5,000 species of wingless
insects. They are obligate ectoparasites, living exclusively on their warm-blooded hosts. Due
to the massive infestations found in children’s heads of all around the world, the head louse
Pediculus humanus capitis gains its sanitary and epidemiological relevance. This fact was reflected
in the increasing number of studies found in the literature including toxicological, evolutionary,
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and genetic aspects of the biology of these hematophagous
insects (Kirkness et al., 2010; Toloza et al., 2010, 2018; Olds
et al., 2012; Veracx and Raoult, 2012; Bressa et al.,, 2015; Tovar-
Corona et al., 2015; Boyd et al., 2017). However, much less
information is available about how these insects exploit sensory
cues released by their hosts to make appropriate feeding decisions.

Besides the eyes, the antennae of insects are the main
peripheral sensory organs involved in the detection of external
cues relevant to their lives, such as host odors, sexual pheromones,
or refuge signals, among other. Along their surfaces, a variable
number of sensilla adapted to assess different modalities of
stimuli are present. Irrespectively of their form and function,
all sensilla are cuticular structures that encapsulate and protect
neurons, which in response to the detection of specific stimuli
trigger electrical signals that travel to primary relay centers
in the brain (i.e,, the antennal lobes, antennal mechano-sensory
and motor centers, tritocerebrum, and the gnathal ganglion),
where the processing of the incoming information begins. Then,
further integration at higher brain centers will allow in return
a stereotyped motor behavior. As a general rule, the architecture
of the sensory machinery of a given species is strongly tuned
to maximize the communication with their environment, for
what the functional study of their sensory structures gives the
opportunity to speculate about the natural habits and preferences
of the individuals.

A pioneer work of Wigglesworth (1941) showed that the
body louse, Pediculus humanus humanus, is responsive to host
odors, temperature, humidity, light, and contact cues. Later
morphological studies of their antenna evinced the presence
of chemo-, mechano-, and thermo-hygroreceptors (Keilin and
Nuttall, 1930; Miller, 1969; Slifer and Sekhon, 1980; Steinbrecht,
1994). Recently, the first functional evidences about the role
of odorant receptor (OR) genes of body and head lice were
reported (Pelletier et al,, 2015). Although no ORs tuned to
host-related isolated compounds were found, it was shown
that PhumOR?2 responds to a narrow set of repellent compounds
(Pelletier et al., 2015). Additionally, Crespo and Vickers (2012)
found that the antennae of the chewing slender pigeon louse,
Columbicola columbae, hold few sensilla and that the antennal
sensory neurons project to aglomerular antennal lobes in the
brain, suggesting a simplification of their sensory machinery.

This work aimed to gain an insight into the sensory biology
of the head louse P humanus capitis as a first approach to
understand the sensory modalities detected by the antenna related
to host perception. We investigated the external morphology of
its antennae. Then, we performed anterograde antennal stainings
to identify and follow neural projections up to central brain
structures. Finally, we studied the effect of removing different
segments of the antennae on the behavior of head lice confronted
to different host stimuli (i.e., scalp chemicals, humidity, and heat).

MATERIALS AND METHODS

Insects
Head lice P humanus capitis were used throughout this study.
Insects were collected by dry combing the hair of children

that regularly attend to elementary schools in Buenos Aires,
Argentine. Once collected, head lice were transported to the
laboratory according to the protocol developed by Picollo et al.
(1998), which was approved by an ad hoc committee belonging
to the Centro de Investigaciones de Plagas e Insecticidas
(CONICET-CITEDEF), Buenos Aires, Argentina. Only females
were selected at the laboratory for the bioassays due to their
abundance and big size. Insects were individually examined
under a stereomicroscope and discarded if damaged. Then,
they were transferred to an environmental chamber at
18 £ 0.5°C, 70-80 + 1% relative humidity (RH) in the dark
until the experiments. The period between collection and the
start of the experiments was no longer than 2 h.

Morphology of the Antenna: Scanning
Electron Microscopy

Intact females were immersed in 70% ethanol for 24 h at 22 + 1°C.
Specimens were then mounted on aluminum stubs with double-
sided sticky tape and coated with gold-palladium. The antennae
were then examined under a scanning electron microscope (Carl
Zeiss NTS SUPRA 40, Centro de Microscopia Avanzada, Facultad
de Ciencias Exactas y Naturales, Universidad de Buenos Aires).
Length and diameter of different sensory structures of the antenna
from 10 individuals were measured using the software Image ]
(National Institutes of Health, USA, https://imagej.nih.gov/ij/).

Neural Projections: Anterograde

Antennal Backfills

Live females were ventrally glued to a double-sided taped slide
leaving their antennae free. Both antennae were then cutoff
between the pedicel and the first flagellomere by using dissection
micro-scissors under a stereoscopic microscope, and their opened
tips were immediately inserted inside the glass capillaries filled
with 1% neurobiotin (Neurobiotin Tracer®, Vector Laboratories,
Burlingame, USA) in 0.25 M KCl. Then, live insects were
maintained inside the closed Petri dishes with a wet cotton (to
assure the maintenance of a humid ambient) during 6 h to
allow the neuronal tracer to diffuse through the antennal nerves.
After this time, the brains were dissected in Millonigs buffer
and fixed in 4% paraformaldehyde overnight at 4°C. Then, brains
were rinsed in Millonig’s buffer and dehydrated and rehydrated
through an ethanol series and propylene oxide (Barrozo et al,
2009). Samples were then incubated in Oregon Green-avidin
(Oregon green® 488 conjugate A6374, Molecular probes, OR,
USA) with 0.2% Triton X and 1% BSA overnight at 4°C.

All preparations were cleared and mounted in Vectashield
medium (Vectashield Mounting Medium®, Vector laboratories,
USA), and afterward, whole mounts were optically sectioned
with a laser scanning confocal microscope (Olympus FV300/
BX61). Following confocal scanning of the brains, 3D
reconstructions of stacks of three brains were carried out by
using Reconstruct © (v1.1.0.0 by John C. Fiala).

Antennal Excisions and Behavioral Assays
On the basis of the morphological studies carried out in section
“Morphology of the Antenna: Scanning Electron Microscopy,
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it was possible to distinguish three flagellomeres forming the
flagellum, where most of the sensilla were found. In order to
study the role of the sensilla present in the different flagellomeres
in the response to host-related stimuli, excisions at different levels
were carried out. In all cases, the surgery was performed 2 h
before the behavioral experiments with a pair of micro-scissors
on immobilized lice under a stereoscopic microscope. Individuals
were randomly assigned to one of four treatments: (1) INT:
intact animals with both complete antennae, (2) F3-: animals
without the third flagellomeres of both antennae, (3) F2F3-:
animals without the second and third flagellomeres of both
antennae, and (4) IANT: animals with one intact antenna and
the other without the second and third flagellomeres. Because
ablation of flagellomeres/s could affect lice behavior, IANT served
as a surgery control group.

The responses of lice to three host-related stimuli (i.e., scalp
chemicals, humidity, and heat) were examined in two-choice
walking experiments performed in an experimental room under
controlled light intensity (20 + 1 lux), constant temperature
(22 £ 1°C), and ambient relative humidity (50 + 1%). A circular
arena (5.5 cm diameter) covered with a filter paper as substrate
was divided into two equal zones. A particular stimulus was
added at one zone of the arena, while the opposite was
maintained as the corresponding control side (see below for
details). In each assay, a louse was released at the center of
the arena, and its spatial behavior was recorded during 5 min
with the aid of a video camera (KIR-J639CE20, Sony, China)
connected to a digital video recorder (DVR5104HE, Dahua
Technology Co. Itd, Hangzhou, China). A minimum of 15
replicates were carried out for each experimental series. The
position of the stimulus was switched between left and right
zones in a pseudorandom manner in order to avoid the effect
of potential unwanted spatial heterogeneities. Insects were used
only once and then discarded.

Three independent experimental series were performed in
which the behavioral responses of intact and antennectomized
head lice to chemical, hygric, and thermal stimuli were tested.
The methodology applied to present the stimuli to the lice is
described later.

Set Up of the Chemical Stimuli

Human head samples (i.e., volatile and non-volatile molecules)
were obtained following the protocol described by Ortega
Insaurralde et al. (2016). This study showed that although head
lice are arrested around human scalp samples, they did not
show differences between the human samples of different
volunteers nor with the aging of the scalp sample (i.e., 60 h-old
samples are as much attractive as 0 h-old samples) (Ortega
Insaurralde et al., 2016). Thus, a piece of filter paper (1 cm x 1 cm)
was rubbed during 30 s against the scalp of one 30-year-old
female volunteer who had not bathed or used perfumed products
in the 24 h previous to the extraction. Immediately after rubbing,
the filter paper was located at one side of the circular arena,
while a clean filter paper was placed at the opposite side. All
filter papers were handled with gloves and clean forceps to
avoid skin contamination. The base of the whole circular arena
was homogeneously heated at 32 + 2°C to mimic natural host

conditions. Intact (INT) or differentially antennectomized lice
(F3-, F2F3- or 1ANT) were individually released at the center
of the arena and their behavior recorded in video.

Set Up of the Hygric Stimulus

To generate a hygric heterogeneity in the experimental arena,
the filter paper used as a substrate of half of the circular arena
was maintained dry, while the opposite half was homogeneously
loaded with 100 pl of tap water using a micropipette. The
base of the whole circular arena was maintained at room
temperature (22 + 1°C). Immediately after (in order to minimize
water evaporation), intact (INT) or differentially antennectomized
lice (F3-, F2F3- or 1ANT) were individually released at the
center of the arena and their behavior registered in video.

Set Up of the Thermal Stimulus

A thermal heterogeneity was generated by heating the floor
of half of the arena with a thermostatized metallic plate, while
the other half was maintained at ambient temperature. Once
the thermal equilibrium was achieved, the heated side was
stabilized at 32 + 2°C and the other side at 22 + 2°C (ambient
temperature). Temperature at the floor of both zones was
measured before and after each assay with a contact thermocouple
(Lutron electronic, PTM-806, Taiwan) to verify the thermal
stability. Intact (INT) or antennectomized lice (F3-, F2-F3- or
IANT) were individually released at the center of the arena
and their behavior registered in video.

Data Analyses and Statistical Comparisons
Behavioral outputs were quantified offline from the video films
by using the software The Observer (Noldus®). The preference
of head lice to stay at each side of the arena was quantified
as the time spent in each zone for each individual. The percentage
of time at the stimulus side was calculated as a measure of
its preference. Each bar in the figures represents the mean
time spent at the stimulus side and the standard errors for
each group of insects.

The total walking time was registered for each individual.
The percentage of the experimental time walking was calculated
as a measure of the activation elicited by the stimulus. Each
bar in the figures represents the mean active time and the
standard errors for each group of insects.

Statistical differences among groups (i.e., INT, F3-, F2-F3-,
and IANT) for both variables (ie., preference and activity)
were assessed by means of one-way ANOVAs followed by Tukey’s
HSD comparisons, after checking assumptions of homoscedasticity
and normality of data. Analyses were carried out by using the
statistical package R (v.3.3.1) (R Development Core Team, 2016).

RESULTS

External Morphology of Antenna

and Sensilla

SEM inspection allowed us to describe the external morphology
of the antenna of the head louse through the characterization
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of the sensilla. From the base to the tip, the antenna was
composed by the scapus, the pedicellum, and the composed
flagellum, with a total length of 295.15 + 15.12 um (Figure 1A).
The average length for the scapus was 53.32 + 6.15 um; for
the pedicellum, 7820 + 5.54 um; and for the flagellum,
150.18 = 9.07 um. The flagellum was subdivided into three
sub-segments or flagellomeres, from proximal to distal named
F1, F2, and F3, each one with a mean length of 50.3 + 5.1,
41.74 + 3.14, and 58.16 * 4.13 pm, respectively.

Seven types of sensory structures were identified along
the antenna of the head louse (Figures 1B-I): bristles, tuft
organs, pore organs, single pore, and three morphs of sensilla
basiconica: finger-like basiconica, sharp-end basiconica, and
round-end basiconica.

Bristles were found in all segments of the antennae
(Figures 1A,B). They showed a well-developed socket at the
base and became constricted at the distal end. No pores were
observed along their surface. The scapus, the pedicellum, and
the F1 only presented bristles. Three bristles were identified
on the scapus, and 5-7 on the pedicellum, all of them being

similar in length: 16.46 + 1.02 um. Longer bristles were found
at the flagellum than at the scapus and pedicellum. F1
and F2 bore from five to six bristles each of 25.56 + 2.24
and 26.98 + 1.67 pm of mean length, respectively. F3 only
exhibited three bristles of 22.39 *+ 2.69 pum of mean length.
Two tuft organs were identified, one located at the dorso-
lateral side of F2 and the other at the dorso-lateral side of
F3 (Figures 1B,C). Each tuft organ consisted of a deep and
circular pit (3.54 + 0.21 pm diameter) from which six pegs
emerged and each with a mean length of 3.31 + 0.18 um.
Two pore organs centered in an oval and shallow depression
(29.30 £ 2.40 um diameter) were present on the distal dorso-
lateral side of F3 (Figures 1B,D). Each pore organ exhibited a
sun-like shape, bearing a central plate (0.32 + 0.02 pm diameter)
surrounded by 49 + 1 grooves of a mean length of 0.73 + 0.04 pm.
A single pore (Figures 1B,E) of 0.49 + 0.03 um diameter
was located at the dorso-medial side of F3 and next to the
tuft and pore organs.
The distal end of F3 exhibited different types of sensilla
basiconica (Figure 1F). Among them, 10 sensilla of three

(1) Detail of a round-end basiconica sensillum.

FIGURE 1 | Scanning electron micrographs of the antenna of head lice. (A) General view of the whole antenna constituted by scapus (Sc), pedicellum (Pe), and a
composed flagellum with three flagellomeres (F1, F2, and F3). (B) Detail of F3 showing one tuft organ (tf), two pore organs (po), two bristles (b), and one single
pore (p). (C) Detail of a tuft organ. (D) Detail of a pore organ. (E) Detail of a single pore. (F) Magnification of the distal end of F3 showing three types of basiconica
sensilla: finger-like (f-b), sharp-end (s-b), and round-end (r-b). (G) Detail of a finger-like basiconica sensillum. (H) Detail of a sharp-end basiconica sensillum.

Frontiers in Physiology | www.frontiersin.org

21

April 2019 | Volume 10| Article 434


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Ortega Insaurralde et al.

The Head Lice Antennae

morphological types were identified: four finger-like, four
sharp-end, and two rounded-end ones. The finger-like basiconica
(8.13 + 0.95 um long) were characterized by the presence of
numerous short pegs at their tip and by the presence of pores
all along their surface (Figure 1G). The sharp-end basiconica
(9.25 + 0.03 pm) also exhibited multiple pores uniformly
distributed along the cuticle, although these sensilla had a fine
and pointed end (Figure 1H). Finally, the rounded-end
basiconica (6.56 + 0.16 pm long) presented a unique pore at
the tip (Figure 1I).

Neural Projections of Antennal Sensilla

The confocal scanning of brains allowed us to calculate the
dimensions of the head louse brain (excluding the optic lobes):
246.25 + 11.19 um wide, 185 + 2 um height. Coming from
the antennae, an ipsilateral neural track (i.e., the antennal
nerve: AN) reached the brain antero-ventrally and innervated
a rounded-shape neuropil, likely the antennal lobe (AL)
(Figures 2A,B). Each AL was situated ventrally and close to
the esophageal connectives when observed from an anterior
view (Figures 2A,B). The ALs measured 54.17 + 2.46 um
wide and 38.16 + 1.74 um height. Inside ALs, diffuse
glomerular arrangements were recognized (Figures 2A,B). 3D
reconstructions (Figures 2C,D) revealed about 8-10 glomerular-
like structures. Three different individuals were used for 3D
reconstructions of the AL. All analyzed samples about the
same glomerular structures, in number and positions,

were identified. In a single neurobiotin preparation, we found
a neural projection to the medial ipsilateral protocerebrum
(Figure 2A).

Behavioral Responses to Host Cues
Antennal Flagellomeres Involved in the Response
to Human Scalp Chemicals

Insects both with intact antennae (INT) and with only one
intact antenna (IANT) remained significantly more time than
the antennectomized groups F3- and F2F3- at the scalp chemical
side of the arena (Figure 3A, one-way ANOVA, F = 15.76,
df = 3, p = 1.74e-07, Tukey’s HSD comparisons: INT vs. F3-,
p < 0.001; INT vs. F2F3-, p < 0.01; IANT vs. F3-, p < 0.001;
and IANT vs. F2F3-, p = 0.02). These results suggest that the
absence of the flagellomere F3 is enough to cause the loss of
preference in these insects.

Besides, scalp chemicals are known to exert an arresting
effect on head lice (Ortega Insaurralde et al., 2016). Our results
show that INT lice exhibited a significant lower activity level
than all the other groups (Figure 3B, one-way ANOVA, F = 16.7,
df = 3, p < 0.001, Tukey’s HSD comparisons: INT vs. 1ANT,
p =0.0055; INT vs. F3-, p < 0.001; and INT vs. F2F3-, p < 0.01),
suggesting that all the chemosensory machineries are needed
to evoke an arrestment around scalp compounds (i.e., volatiles
and non-volatiles).

Altogether, these results evince that when the antennae of
lice were symmetrically cutoff (i.e., F3- and F2F3-) both the

FIGURE 2 | Antennal projections to the brain and antennal lobe organization of head lice. (A,B) Anterior views of the brain, showing neurobiotin antennal backfills.
An antennal nerve (arrow) reaches the brain antero-ventrally and innervates the ipsilateral antennal lobe (circle), where diffuse globular structures were identified.
(C,D) 3D reconstruction of the AL where 8-10 glomerular-like structures were evinced. Orientation bars: D, dorsal; V, ventral; P, posterior; A, anterior.
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FIGURE 3 | Behavioral responses of intact and antennectomized head lice to scalp chemicals. (A) Preference of intact and antennectomized lice in a two-choice
arena, measured as the percentage of time spent at the scalp chemical side. Intact insects (INT) and those with only one antenna ablated (TANT) spent significantly
more time at the scalp chemicals side of the arena than those with F3 (F3-) or F2 and F3 (F2F3-) ablated. (B) Activity levels of intact and antennectomized head lice,
measured as the percentage of the experimental time they remained active over the arena. INT lice were significantly less active than all antennectomized ones
(F3-, F2F3-, and TANT). Each column represents the mean of 15 insects. Different letters indicate significant differences (one-way ANOVA, p < 0.05).

—

F2F3-

1ANT

preference and the arrestment for the stimulus side disappeared.
Intermediate results were observed in IANT, where lice displayed
a similar preference for the scalp chemicals as INT animals,
but they were not arrested by such chemicals. Besides, sensory
structures present in the F3 seem to be necessary and enough
to perceive host chemical stimuli.

Antennal Flagellomeres Involved in Response to
Humid Substrates

Lice with intact antennae (INT) remained significantly less
time at the wet side of the arena than the symmetrically
antennectomized insects (F3- and F2-F3-) (Figure 4A, one-way
ANOVA, F = 5047, df = 3, p = 0.00364, Tukey’s HSD
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FIGURE 4 | Behavioral responses of intact and antennectomized head lice to a humid substrate. (A) Hygric preference of intact and antennectomized lice in a
two-choice arena, measured as the percentage of the time spent at the wet side. INT lice spent less time at the humid side of the arena than the symmetrically
antennectomized ones (F3- and F2F3-). Lice with TANT displayed intermediate hygric avoidance. (B) Activity levels of intact and antennectomized head lice,
measured as the percentage of the experimental time they remained active over the arena. All groups displayed similar activity levels. Each column represents the
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comparisons: INT vs. F3-, p = 0.032; and INT vs. F2F3-
p = 0.005). Insects with only one antenna (IANT) showed an
intermediate hygric avoidance behavior, although they showed
no significant difference with the other experimental groups
(Tukey’s HSD comparison, IANT vs. INT, p = 0.644; IANT vs.
F3-, p = 0.356; and IANT vs. F2F3-, p = 0.104).

On the other hand, the activity levels of lice from different
experimental groups did not differ significantly (Figure 4B,
one-way ANOVA, F = 1451, df = 3, p = 0.238), suggesting
that humidity generates a spatial aversion but not a kinetic
modulation. Additionally, it confirms that ablation of antennal
segments had no effects on the normal locomotion of lice.
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FIGURE 5 | Behavioral responses of intact and antennectomized head lice to a warm substrate. (A) Thermal preference of intact and antennectomized lice in a
two-choice arena, measured as the percentage of the time spent at the heated (32°C) side. INT lice spent significantly more time in the warmer side of the arena
than all antennectomized ones (F3-, F2F3-, and TANT). (B) Activity levels of intact and antennectomized head lice, measured as the percentage of the experimental
time they remained active over the arena. All groups displayed similar activity levels. Each column represents the mean of 15 insects. Different letters indicate
significant differences (one-way ANOVA, p < 0.05).

Similar to the previous series, ablation of F3 and/or F2  Antennal Flagellomeres Involved in
and F3 caused a significant loss of the aversive response to ~Response to Heat
the wet zone of the arena suggesting that F3 probably contains ~ The warmer zone of the arena was preferred for head lice
the sensory structures involved in humidity detection. with intact antennae (INT) in relation to all the antennectomized
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insects (i.e., F3-, F2-F3-, and IANT; Figure 5A, one-way
ANOVA, F =9.819, df = 3, p < 0.001, Tukey’s HSD comparisons:
INT vs. 1ANT, p = 0.029; INT vs. F3-, p < 0.001; and INT
vs. F2F3-, p < 0.001). The absence of F3 in lice was enough
to cause the observed loss of preference for the warmer side
of the arena.

No significant differences between the activity levels of the
different groups of insects were observed (one-way ANOVA,
F = 2384, df = 3, p = 0.075, Figure 5B), suggesting that
surgery did not affect the normal locomotion of insects.

These results suggest that thermo-receptors present in the
F3 might be responsible for the thermal preference of head
lice and that both antennae are necessary.

DISCUSSION

This work constitutes the first approach in the functional study
of the role of the antennae of head lice in the detection and
perception of environmental and/or host-related stimuli. As it
happens with most animals that develop parasitic lifestyles, a
relatively simple and closely host-tuned sensory system was
found in P humanus capitis. However, although its high
epidemiological relevance as a human parasite, no morphological
or functional studies of its sensory system were available in
the literature before this work.

Morphology of the Antennae

According to our description based on the SEM photographs,
the overall sensory scheme of the human head louse antenna
is represented by 35-40 sensilla belonging to seven different
morphological types. In comparison to other blood-sucking
insects (Barrozo et al., 2017), lice present a relatively low number
of sensory structures on their antennae. Chapman (1982) proposed
that insects living in environments where relevant stimuli doses
are particularly high (like it happens in head lice walking over
the human scalp) would probably have a relative low number
of sensilla. This particular sensory condition may provide low
sensibility, but in turn, it would offer a simplified process of
integration in the central system. Another hypothesis that could
explain the narrow sensorial machinery would be that a low
number of sensilla could be an adaptation to prevent dehydration
(Kristoffersen et al., 2008), and since human lice in general
are prone to die quickly off-host due to water unbalance
(Nuttall, 1919; Wigglesworth, 1941; Buxton, 1946), this could
be the case.

Head louse antennae and sensilla showed to be similar to
those of other Phthiraptera members described before (Miller,
1969; Ubelaker et al., 1973; Slifer and Sekhon, 1980; Baker and
Chandrapatya, 1992). Along all the suborders of Phthiraptera
(i.e., Anoplura, Ischnocera, Amblycera, and Rhynchophthirina),
the morphology of the antennae is quite similar and conserved,
characterizing the concentration of sensilla in the distal end
(Baker and Chandrapatya, 1992; Soler Cruz and Martin Mateo,
1998). The head lice (P humanus capitis) and body lice

(P humanus humanus), being closely related species, present quite
comparable sensory structures. For example, Steinbrecht (1994)
found tuft organs in the body lice, concluding after an exhaustive
study that these structures represent thermo/hygroreceptors.
Similarly, we identified tuft organs in the F2 and F3 of the head
lice antennae. Steinbrecht (1994) also identified pore organs in
the body lice and suggested that they could be bimodal olfactory-
thermoreceptors. Here, two pore organs in the F3 of head lice
were found. Besides, in other members of Phthiraptera such as
livestock lice Damalinia forficula, D. lipeuroides, and D. reduncae
(Soler Cruz and Martin Mateo, 1998), a single pore sensillum
was observed; same structure was found and described here for
the first time in the head lice. This sensillum type is similar to
coeloconica sensilla identified in the other blood-sucking insects
such as the kissing bugs Triatoma infestans (Bernard, 1974) and
Rhodnius prolixus (Catala and Schofield, 1994) or the bed bug
Cimex lectularius (Steinbrecht and Muller, 1976). Mclver and
Siemicki (1985) assumed that these coeloconica sensilla might
function as thermo-hygroreceptors in kissing bugs.

On the other hand, the pegs of the apex of the antennae
of body lice were previously postulated as chemoreceptors
(Wigglesworth, 1941; Slifer and Sekhon, 1980). In our work,
we showed for the first time the fine structure of three
morphs of these apical pegs, named basiconica. Based on
their external morphology, the finger-like and the sharp-end
basiconica seemed to be olfactory sensilla, as the cuticle
presents uniformly distributed pores. The protrusions observed
at the tip of the finger-like basiconica could increase the
exposed surface to detect odors from the environment.
Conversely, the round-end basiconica presented no pores
along its surface but a single pore at the tip, suggesting a
gustatory role or contact chemoreception.

Overall in the head louse antennae and purely based on
sensilla morphology and similarities with sensory structures
of other insects, we hypothesize about their function: bristles
as mechanoreceptors, tuft organs as thermo-hygroreceptors,
pore organs as chemo- and thermo-receptors, the single pore
as thermo/hygroreceptors, finger-like and sharp-end basiconica
as olfactory chemoreceptors, and rounded-end basiconica as
contact chemoreceptors. Future functional studies like single
sensillum electrophysiological recordings will further complement
and confirm our hypothesis.

Antennal Projections to the Brain

Sensory afferents originating from each antenna entered through
antennal nerves and innervated ipsilaterally the lateral and
anteroventral region of the head louse brain. Such antennal
arborizations ended in the first olfactory integration neuropil:
the antennal lobe (AL), without bypassing this neuropil. Even
if the glomerular organization of the ALs was quite diffuse,
we could identify around 8-10 glomerular structures. These
results contrast with the aglomerular ALs previously reported
for a closely related species, the pigeon lice C. columbae
(Phthiraptera: Ischnocera) (Crespo and Vickers, 2012). On the
opposite side, head lice showed a rather simple AL compared
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to other insects, such as dipterans with around 50-70 glomeruli
(Laissue et al., 1999; Fishilevich and Vosshall, 2005; Ignell
et al., 2005; Riabinina et al., 2016; Lin et al., 2018, etc.), bees
with 160-200 (Arnold et al., 1985; Galizia et al., 1999; Roselino
et al., 2015, etc.), 60-80 for moths (Masante-Roca et al., 2005;
Couton et al.,, 2009; Zhao et al.,, 2016, etc.), or even some
ants bearing up to 400 glomeruli (Zube and Rossler, 2008;
Stieb et al., 2011, etc.). The relatively low number of glomeruli
of head lice is probably the result of their life style: they are
strict specialist organisms that live their entire lives on the
head of human beings, which offer food, refuge, and place
to lay eggs. Thus, relevant odors must be only those released
by their hosts. Besides and supporting these data, the analysis
of the genome of lice evinced a rather small repertoire of
chemosensory-related genes (Kirkness et al., 2010). On the
contrary, other blood feeders have a broader array of potential
hosts than head lice. This fact likely implies more complex
sensory systems tuned to perceive a major diversity of host
cues. For example, it was shown for kissing bugs and mosquitoes
that they use carbon dioxide and a diversity of host-emitted
odors as signaling cues to find a vertebrate host (Guerenstein
and Lazzari, 2009; Takken and Verhulst, 2013). About 22
glomeruli were identified in the ALs of the kissing bug Rhodnius
prolixus (Barrozo et al., 2009) and about 50-60 in the mosquitoes
Aedes aegypti and Anopheles gambiae (Ignell et al, 2005;
Ghaninia et al., 2007). Taking into consideration the multiple
studies on insects of different orders, the less developed ALs
are most likely to be a convergent adaptation to a similar
lifestyle and specific ecological and ethological requirements
rather than an intrinsic feature of a given taxon (Kollman
etal., 2016). The possession of few or non-defined AL glomeruli
would not be direct indicators of absence or poor sensitivity
to host-related cues. In different insects, conspicuous olfactory
responsiveness to relevant odors was found even if they present
a rather simple or aglomerular antennal lobes, e.g., head lice
(this work), the pigeon louse C. columbae (Crespo and Vickers,
2012), but also the dragonfly Libellula depressa (Paleaoptera)
(Rebora et al., 2013) and the psyllid Trioza apicalis (Homoptera)
(Kristoffersen et al., 2008).

Role of the Antenna in Host Detection

In a pioneer work, Wigglesworth (1941) showed through
behavioral assays in a two-choice arena that the body louse
P. humanus humanus is repelled by certain odors and avoids
humid regions. However, the avoidance behavior stopped once
the antennae were covered with cellulose paint. Later,
Mumcuoglu et al. (1986) and Peock and Maunder (1993)
observed that the aggregation behavior to feces of body lice
and the repellency to piperonal disappeared after partial
antennectomy. In the head louse P humanus capitis, Ortega
Insaurralde et al. (2016) observed an arrestant effect of human
scalp chemicals in a two-choice arena. In the same species,
Galassi et al. (2018) showed an oriented response to host
odors in a T-tube olfactometer with intact antennae. In the
present work, we show that the removal of the distal end
flagellomere (i.e., F3-) of both antennae abolished this preference,
suggesting that sensilla present in this segment are probably

involved in host perception. F3 bears multiporous sensilla,
several basiconica (i.e., finger-like and sharp-end sensilla),
and pore organs, all of them being potential olfactory structures.
However, we cannot discard that uniporous round-end
basiconica sensilla (i.e., with potential contact chemoreceptive
function) might be involved in the detection of non-volatile
components present in human scalp samples. Therefore, one
or both chemosensory modalities, olfaction and gustation,
could guide louse behavior in our set-up. Although insects
with only one intact antenna preferred the side of the arena
added with scalp samples, arrestment or decrease in the activity
levels only occurred when the two antennae were intact.
Possibly a reduced antennal input, due to the excision of F2
and F3 of one antenna, would not be enough to trigger
significant insects’ arrestment.

Head lice with intact antennae showed aversiveness to humid
or wet surfaces. However, the removal of F3 significantly diluted
this behavior. Water balance is a matter of importance among
insects, and in fact, some terrestrial insects are prone to conserve
and “grab” water from the environment under different adaptation
(Hadley, 1994). However, when head lice are over a host, they
feed several times a day with large intakes of water involved
in every blood meal. Consequently, if a head louse has parasitized
a host, water would not be a limiting resource. But, in general,
excessive humidity in the environment facilitates fungi
proliferation, sometimes with deleterious effects for insects, so
that different species developed distinct limits of tolerance for
humid environments, according to their physiology and habitat
adaptations (Guarneri et al., 2002; Rowley and Hanson, 2007).
Our results showed that the sensilla involved in moistness
detection in head lice are located in F3. Previous works proposed
the tuft organs as responsible for humidity sensing in the
body lice (Steinbrecht, 1994).

Finally, only head lice with both intact antennae chose to
spend more time in the warmer zone of the arena. Heat is
among the most relevant stimuli used by hematophagous insects
to find their warm-blooded hosts (Lazzari, 2009). At the same
time, ambient temperature is known to depict the spatial and
geographical distribution of most animals in earth. However,
up to now, no information was available about the thermal
preference of the head louse. It seems that the response to
thermal stimulus depends exclusively on the bilateral input of
both antennae, since the preference for the thermal stimulus
disappeared in insects with only one antenna (IANT). This
response also faded when F3 and both F2 and F3 were ablated.
The candidate sensilla to evaluate the thermal information can
be the tuft organs, the pore organs, and the single pore sensillum,
all three present in the F3.

Overall, our work provides new information about the
sensory physiology of head lice including the structures involved
in stimuli detection and processing as well as the behavior
displayed in response to host-associated stimuli. Future studies
should be focused on the verification of the function of each
antennal sensillum type by means of electrophysiological
recordings, by anterograde labeling of single sensilla, and by
the study of sensory structures present in other parts of their
body, such as legs and mouthparts.
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Honeybees have remarkable learning abilities given their small brains, and have thus
been established as a powerful model organism for the study of learning and memory.
Most of our current knowledge is based on appetitive paradigms, in which a previously
neutral stimulus (e.g., a visual, olfactory, or tactile stimulus) is paired with a reward.
Here, we present a novel apparatus, the yAPIS, for aversive training of walking honey
bees. This system consists in three arms of equal length and at 120° from each other.
Within each arm, colored lights (A = 375, 465 or 520 nm) or odors (here limonene or
linalool) can be delivered to provide conditioned stimuli (CS). A metal grid placed on the
floor and roof delivers the punishment in the form of mild electric shocks (unconditioned
stimulus, US). Our training protocol followed a fully classical procedure, in which the
bee was exposed sequentially to a CS paired with shocks (CS+) and to another CS not
punished (CS—). Learning performance was measured during a second phase, which
took advantage of the Y-shape of the apparatus and of real-time tracking to present the
bee with a choice situation, e.g., between the CS+ and the CS—. Bees reliably chose
the CS— over the CS+ after only a few training trials with either colors or odors, and
retained this memory for at least a day, except for the shorter wavelength (. = 375 nm)
that produced mixed results. This behavior was largely the result of the bees avoiding
the CS+, as no evidence was found for attraction to the CS—. Interestingly, trained bees
initially placed in the CS+ spontaneously escaped to a CS— arm if given the opportunity,
even though they could never do so during the training. Finally, honey bees trained with
compound stimuli (color + odor) later avoided either components of the CS+. Thus,
the yAPIS is a fast, versatile and high-throughput way to train honey bees in aversive
paradigms. It also opens the door for controlled laboratory experiments investigating
bimodal integration and learning, a field that remains in its infancy.

Keywords: honey bees, aversive learning, automation, Y-maze, bimodal

INTRODUCTION

Karl von Frisch performed the earliest conditioning experiments on honey bees, simultaneously
demonstrating that they can see colors and that they can learn color-reward associations (von
Frisch, 1914). Since then, numerous studies have used learning paradigms to gain insights into
how honey bees perceive and understand the world (Menzel, 2001; Srinivasan, 2010; Sandoz,
2011; Avargues-Weber and Giurfa, 2014). The vast majority of this work focused on appetitive
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learning, in which one stimulus (the conditioned stimulus,
CS) is paired with a reward - usually a droplet of sugary
water (the unconditioned stimulus, US). In outdoor settings,
the presence of a reward can lure honey bees to willingly
participate in the experiment. They will then shuttle back and
forth from the hive to the experimental set-up, thus inscribing
the learning process in the naturalistic context of foraging.
Typically, at the experimental station the bees are given the choice
between two alternatives, only one of which being rewarded,
that they can examine at leisure before making a choice. This
approach has been extensively used to probe the limits of
honey bee cognition, especially in visual tasks (Giurfa et al,
2001; Hempel de Ibarra et al., 2014; Howard et al, 2018)
but not exclusively (Srinivasan et al., 1998; Ravi et al., 2016).
Among the major drawbacks of using free-flying bees, however,
is the difficulty to gain insights into the underlying neural
circuits, either through pharmacology or electrophysiology. Such
a mechanistic understanding necessitates well-controlled lab-
based experiments. The most famous procedure that fits this
criterion is the conditioning of the proboscis extension response
(PER), which has been instrumental in establishing the honey
bee as a model system for learning and memory. Harnessed
bees are presented repeatedly with the CS while their antennae
is stimulated with a droplet of sugar, thus releasing a reflexive
extension of the proboscis to lick the sugar. After a few
trials the CS itself triggers extension of the proboscis, thus
indicating Pavlovian conditioning (Giurfa and Sandoz, 2012).
While olfactory PER produces high learning rates and a robust
memory, adapting this protocol to visual tasks has proven
challenging (Avargues-Weber and Mota, 2016).

Comparatively, aversive paradigms are still few and rarely
used, although recent efforts have been made to close this gap.
These includes conditioning of the sting extension reflex, in
which the bees are harnessed and the CS (an odor) is paired with
either electric shocks or heat (Vergoz et al., 2007; Tedjakumala
and Giurfa, 2013; Junca et al., 2014). More recently, place
avoidance assays have been developed (Agarwal et al., 2011;
Dinges et al., 2013; Kirkerud et al., 2017). In these assays the
walking bee receives shocks when she enters the half of the
arena marked by a specific color, and thus learns to escape
to the other side, marked by a different color. Nonetheless,
a major issue of these assays was that the bee always started
within one of the stimuli, and was thus never in the position of
evaluating both alternatives before making a choice. In addition,
how the bee was learning (whether it was operant, classical
or a mix of both) was never clear. Here, we present a new
apparatus, the Y-APIS, that solve these issues. The shape of
the arena was modified from a linear chamber to a Y-maze,
and each arm was fitted with colored lights and an odor
delivery system. Real-time tracking inside the apparatus allowed
for any stimulus (CS or US) to be delivered relative to the
position of the bee, so that the bee could be offered a real
choice between two alternatives. The Y-maze (or T-maze) is
a simple but powerful tool for the study of animal behavior,
and it has been used to assess decision-making and sensory
perception in a wide range of species, from slime molds
(Reid et al., 2012) to rodents (Flexner et al., 1963), birds

(Bonadonna and Sanz-Aguilar, 2012) and fish (Cognato et al.,
2012), passing by insects (Giurfa et al., 2001).

To validate our approach we trained honey bees in a simple
differential conditioning, in which the CS+ was paired with
shocks but not the CS—. We show that honey bees successfully
solved the task after only a few training trials both in the visual
and in the olfactory modality, with an exception when the CS+
was within the UV range. Further experiments revealed that they
did so by avoiding the CS+ rather than by increased attraction
to the CS— (i.e., there was no safety learning). As a final proof
of concept, we trained honey bees to a bimodal task, in which a
color and an odor were paired with the shocks simultaneously.
Both sensory modalities were equally efficient in triggering the
avoidance response, thus suggesting that the Y-APIS could be
a powerful tool for future investigations focusing on sensory
integration and learning across modalities.

MATERIALS AND METHODS

Honey Bees

During summer, the bees were caught from outdoor colonies as
they flew away and are thus most likely foragers. The bee colonies
(Apis mellifera) were housed on the roof of the University of
Konstanz, Germany. During winter, honey bees were taken from
caged colonies kept indoor under a 12/12 h light-dark cycle
(including UV lights) and provided with pollen, liquid bee food
(APIFONDA®) and water to forage on. They were caught when
flying in the meshed cage, outside of the hive. All bees were
introduced in the apparatus immediately after being caught.
Table 1 recapitulates the bees participating in the different
experiments. Bees from experiments 1 and 2 were pooled to
analyze the general behavior of bees inside the apparatus. To
allow more direct comparisons, data from a single bee sometimes
contribute to more than one figure: Figures 6B, 8B are subsets of
the dataset fully presented in Figure 7, and Figure 5B is a subset
of the data fully presented in Figure 8A.

Training Apparatus: Y-APIS

Honey bees were trained individually in an automated Y-maze
custom-build at the University of Konstanz (Figures 1A,B).
This apparatus was a modification of a previous linear chamber
(Kirkerud et al., 2013, 2017). It is made of three arms (inner
dimensions: 14 cm long, 2 cm wide and 0.55 cm high), at 120°
from each other. Individual bees were inserted via one of the
upper doors and allowed to walk freely in all three arms. The
position of the bee in each arm was monitored using an array of
26 infrared photocells. The US consisted of a train (2 Hz) of mild
electric shocks (10 V for 200 ms) delivered by the electric grid
placed on the floor and ceiling of each arm. The CS consisted in
odors delivered into the air stream at the distal end of each arm,
or light delivered along the entire length of an arm.

Odors

A constant clean air flow (300 mL/min) ran from the distal end
of each arm to the central area, where it was evacuated by active
vacuuming and a passive slit (Figures 1A,B). Smaller air flows
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TABLE 1 | Overview of experiments.

Experiment (1] Season Sample size Figures

Calibration Colors Winter 3 groups x 18 bees 1E

1 Odors Winter 4 Nt x 2 symmetrical trainings x 20 bees 3B, 4, 5A

1 Colors Winter 3 color pairs x 4 Nt x 2 symmetrical trainings x 20 bees 3B, 4, 6A

2 Odors Summer (2 symmetrical trainings + 1 control) x 48 bees 3B,C, 4A-D, 5B, 8A

2 Colors Summer 3 color pairs x (2 symmetrical trainings + 1 control) x 48 bees 3B,C, 4A-D, 6B, 7, 8B
3 Odors Summer (2 symmetrical trainings + 2 controls) x 48 bees 9A

3 Colors Summer (2 symmetrical trainings 4 2 controls) x 48 bees 9B

3 Bimodal Summer (2 symmetrical trainings + 2 controls) x 48 bees 9C

(100 mL/min) joined the main one just before its entry into
each arm. By default, each flow ran through a clean vial, and for
odor delivery its path was switched to a similar vial containing
0.5 mL of the pure odorant, using solenoid valves (Biirkert 6724,
FFKM/PEEK). The odorants were R-(+)-limonene and linalool
(Sigma-Aldrich, >94% - CAS:5989-27-5 and >97% - CAS: 78-
70-6, respectively). Honey bees can learn and discriminate these
odors (Kirkerud et al., 2013). Using a photo-ionization device
(PID, Aurora Scientific Inc., 200A) we confirmed that the odor
was well defined spatially and temporally (Figure 1C).

Colors

Bees have trichromatic vision, ranging from the human
green to UV. Monochromatic LEDs were situated underneath
the transparent floor of the apparatus in alternating rows
(Figure 1B). Throughout this study, we refer to them in human
color space, i.e., green (A = 520 nm, 3.5 mW LED, Kingbright
KP-1608VGC-A), blue (h = 465 nm, 27 mW LED, Kingbright
KP-1608VBC-D) and ultra-violet (UV; A =375 nm, 9.9 mW LED,
Nichia NSSU100DT). Green (520 nm) is mainly perceived by the
long-wavelength receptor alone (in human trichromatic vision,
activating L only yields red). Blue (465 nm) is perceived by the
bees’ long- and middle-wavelength photoreceptor (in humans, L
and M activation yields yellow). The UV stimulus is perceived by
both middle- and short-wavelength photoreceptors (in humans,
activating M and S photoreceptors yields a bright blue). Honey
bees have very good color discrimination within these regions
of the visual spectrum, and should thus be able to easily identify
these different stimuli (Avargues-Weber and Giurfa, 2014).

In preliminary experiments, we found that forager bees were
strongly phototactic, and the phototactic strength depended
on the wavelength. Therefore, we calibrated light intensities to
equalize their preference in a two-choice test (Figure 1E). This
corresponded to 64, 44, and 24% of the maximum intensity for
520, 465 and 375 nm, respectively. The exact spectra and their
intensity with these settings, as seen from inside the apparatus,
are presented in Figure 1D.

Training Procedures

Acquisition trials (Figure 2) followed a classical differential
conditioning protocol. After 1 min of adaptation to the apparatus
in the dark, we exposed the bees to a variable number of training
trials. Each trial consisted of 10 s exposure to the CS (light or
odor throughout the apparatus) followed by 30 s of inter-trial

interval (dark/no odor), then 10 s to the other CS also followed
by 30 s rest. For trained animals, the US shocks were paired
with the CS+ during the full 10 s of exposure. For control
animals, the shocks were given also for 10 s but in the middle
of the inter-trial interval (from 10 to 20 s after the end of a
CS). The bees reacted to the shocks as previously described, by
accelerating and hissing (Kirkerud et al., 2013; Wehmann et al,,
2015). Sequences were pseudo-randomized (Figure 2). After the
training phase, all bees had 4 min to rest in the dark before the
start of the testing phase. Up to four yAPIS were used in parallel,
and within each experimental group the bees were distributed
equally on these systems. This also allowed for associated groups
(e.g., blue shocked vs. green, green shocked vs. blue and the
corresponding unpaired control group) to be tested in parallel
whenever possible.

Memory Testing

Each test lasted for 20 s, followed by 30 s of rest. Thanks to
the real time tracking of the bee available in our apparatus,
the stimuli could be presented relative to the bee position. Two
stimuli configurations were used, depending on the experiment
(Figure 2). In the “spontaneous” configuration, two CSs were
presented relative to the bee position, such that the bee always
started in the dark and faced the choice between the two
stimuli. In the case of colors, the bee was naturally willing
to make a choice due to positive phototaxis. In the case of
odors, these two choice arms were made attractive by a dim
blue illumination (2.5% of maximum intensity). In the “forced”
choice, two arms contained the CS+, including where the bee
started. The remaining arm always contained the CS—. An
advantage of this configuration was that odors could be tested
in the dark, without the need for an additional light to induce
phototaxis. The right/left positions of each CS relative to the bee
were alternated between tests. Whenever the protocol included
different tests, their order was balanced across animals. In order
to test 24 h memory, trained bees were taken out of the apparatus
and held individually overnight in a dark and moist chamber,
with ad libitum solid food (APIFONDA®). This protocol ensured
that 98% of the bees survived.

Data Collection
The yAPIS system collected all data onto a log file. Measurements
consisted in the position of the bee along the arm, the arm the bee
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FIGURE 1 | Apparatus. (A) The apparatus. Each arm is equipped with an entry door, an infrared LED barrier that records the position of the bee, and two electric
grids (on the floor and ceiling) that serve for delivery of mild electric shocks (US). A constant air flow (in which odors can be injected) runs from the distal part of the
system and is evacuated centrally through an active vacuum and a passive slit. The LEDs used as CS are situated below the floor. (B) The apparatus in place, with
the different lights on: green (520 nm) in arm 1, blue (470 nm) in arm 2, UV (375 nm) in arm 3 (the intensities do not match what was used for experiments). (C) PID
measurements show that odor delivery (black bars) is well defined spatially and temporally. Each curve corresponds to a position within the arm, as indicated on the
inset. Mean + SD of five consecutive measurements spaced by 30 s. The insets indicate the different points where the measures were taken inside the arm. The
odor was injected at the distal end (black arrow) and evacuated centrally by the vacuum (white arrows). (D) Light spectrum of the different LEDs, measured inside the
apparatus at the intensities used during the experiments. The number is the upper right corner indicates the total photon count (x 10'2). (E) The light intensities were
chosen so that naive bees did not exhibit preferences between any two lights in a choice test. All lights elicited strong positive phototaxis. n = 18 bees x 3 groups.

was in, each electric shock, the current flow during the shock, the
odor delivery events and the lights on/off events.

Data Analysis

The data was analyzed using a custom script written in Python
3.7, and statistical tests were implemented in Matlab R2018b. We
defined a criterion for unhealthy or exhausted bees: bees that
moved slower than 6 mm/s during the test phase were excluded,
and new bees were measured instead. Learning scores are based
on the percentage of time spent in each light environment.
Direct comparisons of the two lights in a “spontaneous” choice
test were performed using Wilcoxon signed rank tests. Mann—
Whitney U-tests were performed to observe the change in
distributions between the control group and a trained group.
In all statistical tables, the uncorrected p-value from the test
are reported as “p,” and false discovery rate corrected p-values
as “FDR” (Verhoeven et al., 2005). In Figure 8, we pooled
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FIGURE 2 | Experimental design. During the training phase the CS and/or US
were presented throughout the entire apparatus for 10 s. Honeybees were
trained with one of two training sequences, such that half of the bees were
trained with sequence 1 and the other half with sequence 2. Control bees
were subjected to the same CS sequences, but with the shocks unpaired
from both CS. In this example, the bees had four training trials with each CS.
Performance could be tested with two CS configurations, depending on the
experiment. In the “spontaneous” choice, the CS were placed so that the bee
started in the dark arm and was confronted with a choice between the two
other arms. In the case of colors, the bee was naturally willing to make a
choice due to positive phototaxis. In the case of odors, these two choice arms
were made attractive by a dim blue illumination. In the “forced” choice, two
arms contained the CS+, including the one where the bee started. The last
arm always contained the CS-. In this configuration, the odor choice was
tested in the dark. No shocks were ever given during the tests,

which lasted 20 s.

the two symmetrical training groups and compared them to
a single control group by attributing the roles of CS+ and
CS— to the correct stimuli. Analyses using ANOVA tests were
followed by a post hoc Tukey’s honest significant difference (HSD)
test when required. The outliers were defined as values that are
more than 1.5 times the interquartile range away from 25th
and 75th percentiles.

RESULTS

Honey Bee Behavior Inside the yAPIS
System

Bees placed inside the apparatus moved constantly within, as
exemplified in Figure 3A. They explored all three arms of the
apparatus, with a very slight preference for Arm 3 [Figure 3B;
ANOVA, F(2,3645) = 46.87, p < 0.001]. Even though the
apparatus were shielded from the light inside a black fabric box,
Arm 3 always faced away from the wall where it may have
received more residual light than the other two arms. Looking
more closely at the spatial distribution of the bees inside the
apparatus revealed that they spent more time at the far end of
the arms and in the central area (Figure 3C, positions 25 and 1,
respectively). Furthermore, they seemed to react to the presence
of the vacuum at position 9, often turning back at this point (also
visible on Figure 3A).

The bees’ walking speed was 30 mm/s on average, but
depended on the season: summer bees were a little bit faster than
artificially reared bees (Figure 4A; ANOVA, F(1,3356) = 223.41,
p < 0.001). As a result only 5% of bees were below the exclusion
criteria of 6 mm/s in summer while 14% of bees were excluded
in winter. In addition, the bees’ speed depended strongly on
the phase considered [ANOVA, F(2,3356) = 807.95, p < 0.001;
post hoc multiple comparisons (Tukey’s HSD): all p < 0.001].
Bees were fastest during the training phase, most likely as
a response to the electric shocks - as already demonstrated
in Kirkerud et al. (2017). Their average speed during the
STM test was slower, however, the number of training trials
received (and hence the duration of the training) only had
a small impact on the bees’ speed during this second phase
[Figure 4B; ANOVA, F(3,636) = 4.6, p = 0.0034, post hoc
multiple comparisons (Tukey’s HSD): 1 vs. 4, p = 0.0055, 2 vs.
4, p = 0.0094]. Thus the decrease in speed between training
and STM most likely resulted from the bees settling down after
the shocks rather than exhaustion. Finally, bees were slowest
during the LTM test, likely as a result of being contained for
24 h (even though our procedure had a very good survival rate —
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FIGURE 3 | Honeybees explored the whole apparatus. (A) Representative example of bee movement inside the apparatus (bee trained with four training trials in the
blue vs. green paradigm, with green shocked, and tested with all three color pairs). The background color represents the light inside each arm. The red line
separates the training phase from the STM test. The red points on the right mark the received electric shocks. (B) The bees explored the whole apparatus, and had
a slight preference for Arm 3 (n = 1216 bees). (C) Bees spent more time at the far end of each arm and in the central area. They also seemed to react to the
presence of the vacuum, which is on top of position 9 (n = 576 bees).

98%). It could also be that they were habituated to the arena for 34.4 £ 13.81% of the delivered shocks (Figure 4C). Since
the second time. the full US is a train of 20 shocks at 2 Hz, the bees received on

Electric shocks delivery was quantified by measuring the average seven shocks within the 10 s of US delivery. The mean
current flow. A bee only received the shock when she contacted intensity of the shocks received by each bee was 1.38 &+ 0.67 pA
adjacent wires of the grid thus closing the circuit, which happened  (Figure 4D). The upper outliers in these figures correspond to

(5]
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FIGURE 4 | Walking speed and shocks. (A) Walking speed of the bees during the training phase (Tr), the STM test and the LTM test. Summer bees (n = 576 for
Tr + STM, 288 for LTM) were slightly faster than bees reared under artificial conditions during winter (n = 640). The bees’ speed also depended on the phase
considered. (B) The walking speed of the bees during the STM test was slightly reduced after 4 training trials (n = 640). (C) Around 35% of the shocks delivered were
actually received by the bees (n = 1216 bees). (D) Intensity of the shocks received by the bees (mean for each individual bee, n = 1216).

bees that defecated inside the apparatus (which was rare and only
happened in winter), thereby creating short-circuits.

Bees Learn to Associate Odors to

Punishment

We used the yAPIS to train bees to differentiate two odors as
CSs (Figure 5, Table 2, and Supplementary Figure S1). Half
of the bees were trained with limonene as CS+ and linalool
as CS—, while for the other half CS+ and CS— were reversed,
balancing any potential bias in preference. Bees were kept in the
dark during the whole training. During testing, the arm where
the bee was positioned was identified, and the two odorants
were delivered into the other two arms, along with a blue
background illumination. Positive phototaxis induced the bees to

move toward these arms, and then to make a choice between the
two odorants. Each bee went through two testing sessions: one
4 min after the end of the training (short-term memory, STM),
and another 24 h later (long-term memory, LTM). An avoidance
of the CS+ arm against the CS— arm was observed after two
or more training trials when the bees were tested shortly after
the training (STM, Figure 5A). A day later, a specific memory
trace was only observed in bees that received four training trials
with each CS. Strikingly, bees spent more time in the dark arm
during this LTM test, but the reason why (e.g., decrease of the
phototactic response, avoidance of both odorants?) could not
be evaluated in this dataset, and will be addressed below. These
experiments were performed during winter, using a honey bee
colony kept in a standardized day/light rhythm, with access to
pollen and food, but not to a natural free-space environment.
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When we repeated the 4-trial STM experiment in summer
(Figure 5B), we found similar results. This suggests that artificial
rearing did not affect olfactory learning.

Some Color Pairs Are Easier to Learn
Than Others

We trained 12 groups of 40 bees, corresponding to four numbers
of training trials (Nt, from 1 to 4 for each CS) across the
three color pairs available in the yAPIS (blue vs. green, blue vs.
UV, and green vs. UV). In each group, half of the bees were
trained to one color of the pair whereas the other half was
trained to the other color, so that any pre-existing preference was
balanced by pooling the data. Independently of the number of
training trials, bees spent overall more time in the CS— (~50%)
than in the CS+ (~30%) during the STM test (Supplementary
Figure S2). This learning was highly significant (Table 3, “All
pairs”). After 24 h, the learning effect disappeared in bees that
received only one training trial, indicating that only short-term
learning had occurred, but was maintained in all the other groups
(Table 3). However, we noted that performance differed widely
between color pairs.

Therefore, we analyzed the data separating the different color
groups, pooling symmetric training in order to compensate for
unequal color preference (Figure 6 and Table 3). The unpooled
data can be found in Supplementary Figures S3 (STM) and $4
(LTM). Here, we found that training blue vs. green produced
significant STM already after 1 trial, and significant LTM after
two training trials (Figure 6Ai). Training either blue or green
against UV, however, did not elicit clear learning, except in few
cases possibly due to random fluctuations (Figures 6Aii, Aiii;
e.g, Nt = 3 STM for the blue-UV pair). Similarly, the LTM
test was only significant for Nt = 3 and 4 for green vs. UV.
These experiments were conducted during winter, with bees
reared inside a warm cage under an artificial “sky” (including
UV lights). Possibly, the difference in performance could be
due to these rearing conditions. Therefore, we compared their
performances to those of summer bees, by repeating the four-
trial STM protocol. Summer bees performed better in all groups,
and solved the task with all color pairs (Figure 6B). As for caged
bees, the strongest learning scores were found for the blue vs.
green condition.

TABLE 2 | Summary of statistical results for the olfactory conditioning (Figure 5),
Wilcoxon signed-rank tests.

Odor pair Nt n STM LT™M
z P z P
Linalool vs. 1 40 —0.1954 0.8451 —0.1697 0.8652
limonene
2 40 —2.2747 0.0229* —1.3125 0.1894
3 40 —-2.6514 0.008™* —1.1629 0.2449
4 40 —3.0109 0.0026**  —2.2603 0.0238*

Given that this analysis showed that the color pair used
influenced the learning score, we analyzed whether within one
pair the two colors were learned equally well or not. We trained
another nine groups of 48 summer bees, including three unpaired
control groups (Table 1). To get a finer understanding, we
also tested the behavior of these bees when faced with all
three color pairs (Figure 7 and Table 4). In this figure and
the following, the data from trained bees (T) is compared
to the data from the control groups (C). For each group
of bees, the percentages of time spent in the environments
available during a given test (e.g., dark, blue, and green) are
plotted and stacked into a single bar. Since we included all
environments, the resulting stack always totalize 100% (the whole
test duration). In the blue/green pair, bees learned to avoid
blue when punished, and to avoid green when punished. In
the blue/UV pair, blue as CS+ decreased bee visits, but UV
did so only marginally. In the green/UV situation, learning
effects were marginal (i.e., significance disappeared with FDR
correction). Thus, we concluded from this experiment that honey
bees can readily attach an aversive memory to the blue and green
wavelengths, but not to UV. Possibly, the phototactic attraction
elicited by a light within the UV range is more resilient to aversive
classical conditioning.

Differential Conditioning Produces

Aversive but Not Safety Learning

In aversive differential conditioning, avoiding the CS+ or seeking
the CS— are entangled behaviors, but distinct learning events. In
order to characterize more precisely the association(s) formed by
the honey bees during our training protocol, we extended the test
phase: in addition to testing the CS+ against the CS— as before,
we also tested either one separately against a novel stimulus (i.e.,

TABLE 3 | Summary of statistical results for the visual conditioning (Figure 6),
Wilcoxon signed-rank tests.

Color pair Nt n STM LT™M
z P z p
All pairs 1 120 —3.4199 0.0006***  —0.9064 0.3647
2 120 -5.0756 <0.0001*** —2.128 0.0333*
3 120 —5.9321  <0.0001*** —3.4446 0.0006***
4 120 —-3.5752 0.0003***  —2.5827 0.0098**
Blue vs. green 1 40 —-2.1101 0.0349* —0.2512 0.8017
2 40 —4.5028 <0.0001*** —2.1246 0.0336*
3 40 —3.9383 <0.0001*** —2.5161 0.0119*
4 40 —4.661 <0.0001*** —2.5259 0.0115*
Blue vs. UV 1 40 —2.2313 0.0257* —0.7317 0.4644
2 40 —1.3676 0.1714 —0.6838 0.4941
3 40 —4.8006 <0.0001*** —1.1963 0.2316
4 40 -0.7675 0.4428 0.3847 0.7005
Green vs. UV 1 40  —1.4651 0.1429 -0.6183 0.5364
2 40 —2.7555 0.0059**  —1.0319 0.3021
3 40 —1.0215 0.307 —2.0653 0.0389*
4 40 -0.6977 0.4853 —2.1951 0.0282*

0 < 0.05, *p < 0.01, **p < 0.001.

0 < 0.05, **p < 0.01, **p < 0.001.
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FIGURE 5 | Differential conditioning of odors. During training, shocks were paired with the CS+ (red) but not with the CS— (yellow). Twenty bees were trained to one
odor, and 20 bees to the other odor. The same bees were tested twice, 4 min after the end of the training and again 24 h later. Data is represented as mean + SEM.
Wilcoxon signed rank tests comparing CS+ to CS—, *p < 0.05, **p < 0.01, ***p < 0.001. (A) Winter experiment, n = 160 bees (four numbers of CS

presentation x 40 bees). (B) Summer experiment, n = 96 bees.
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CS+ vs. New or CS— vs. New). In the case of odors, we kept
the background lights in two of the arms but only presented one
of the odors at a time (i.e., CS+ vs. None or CS— vs. None).
With this experimental design, a pre-existing bias for or against
a stimulus would influence the results. Therefore, we statistically
tested the trained bees against an independent group of control
bees. Bees in the control group experienced both the CSs and the
shocks but not in close temporal association (unpaired control,
see Figure 2). We used four training trials for each CS.

Bees trained for the odorants linalool vs. limonene avoided
the CS+ whenever present, but did not change their behavior
toward the CS— (Figure 8A and Table 5). This indicates that
the CS+ odor had become aversive, but the CS— odor had
not changed valence. As in the previous data set, during the
LTM test bees spent a larger amount of time in the dark. They
did so significantly more than the control bees and only when
the CS+ was present. Hence, rather than a general decrease in
phototactic behavior or a loss of specificity of the memory, the
data indicate that the aversive memory was strengthened while
being consolidated during the 24 h between the tests, resulting
in stronger aversion of the CS+ that kept the bee away from
both choice arms.

For the visual paradigm, we focused on the blue/green pair for
conditioning as it produced the most reliable performance (see
Figure 6), and hence UV was the novel stimulus. Nonetheless,
the short-term outcome was the same with all the color pairs (as
can be seen by looking in details at Figure 7). When tested to
choose between the CS+ and the CS— shortly after conditioning,
trained bees spent less time than control bees in the CS+,
going instead into the arm containing the CS— (Figure 8B and

Table 5). This avoidance of the CS+ was also evident when it
was presented against the novel stimulus, whereas the behavior
toward the CS— did not change, indicating that no association
had been formed with the CS—. Similar results were obtained
when the bees were tested again 24 h later, indicating that the
aversive memory formed was stable for this length of time.
Opverall, we conclude that in our apparatus, aversive differential
conditioning relied exclusively on the bees learning to avoid
the shocked CS, and not on safety learning of the CS that
was never shocked.

Trained Bees Spontaneously Escape
From the CS+ When Provided With an
Alternative

In the experiments presented above, a choice behavior was
induced by presenting two stimuli in two alternative arms, while
the bee was in the third, dark arm. These tests took advantage of
the positive phototactic behavior exhibited by honey bees inside
the yAPIS. If the CS+ induced learned aversion, we figured
that a bee should also try to escape from it. We tested this by
delivering the CS+ in two arms, including the one occupied by
the bee at the start of the test. The third arm always contained
the CS—. As before, no shocks were given during the tests, and
during the training the US (and the associated CS+) were always
delivered in all arms at the same time. Thus, escape behavior was
not a useful strategy during the training trials. Nonetheless, we
found that trained bees encountering this new test configuration
successfully escaped the CS+ arm and stayed in the CS— arm
instead, thus spending a higher percentage of their time there
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FIGURE 6 | Differential conditioning of colors: learning performance depends on the color pair. During training, shocks were paired with the CS+ (red) but not with
the CS- (yellow). For each color pair and each number of CS presentations, half of the bees were trained to one color, and the other half to the other color. During
winter (A) the same bees were tested twice, 4 min after the end of the training and again 24 h later. Data is represented as mean + SEM. Wilcoxon signed rank tests
comparing CS+ to CS—, *p < 0.05, **p < 0.01, ***p < 0.001. (A) Winter experiment, n = 480 bees (3 color pairs x 4 numbers of training trials x 40 bees).

(B) Summer experiment, n = 144 bees (3 color pairs x 48 bees).
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U-tests comparing C to T1 or T2, corrected with FDR, *p < 0.05, **p < 0.01, ***p < 0.001, #0.05 > p > corrected threshold.

than the control bees (Figures 9A,B and Table 6). This was true
whether the CSs were colors or odors, thus indicating that honey
bees spontaneously tried to escape when presented with the CS+.
Interestingly, this protocol provided a way of measuring odor
learning without the need for creating phototactic attraction with
background illumination.

Honey Bees Learn Both Components in

a Bimodal Stimulus
Finally, we investigated if the yAPIS could be a good
instrument for the study of bimodal learning. We trained

honey bees in a simple bimodal task, where the CS was
a combination of an odorant and a color stimulus. We
used blue + limonene and green + linalool as CSs. As
before, the experiments were balanced: half of the bees
were trained to associate the shocks with blue+limonene,
whereas for the other half the shocks were paired with
green + linalool. The performance of the bees was then evaluated
by giving a choice between the same bimodal stimuli, or
by testing the colors alone or the odors alone (Figure 9C
and Table 6). Trained bees spent significantly less time than
control bees in the arms that contained the complete CS+
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TABLE 4 | Summary of statistical results for the second visual conditioning

(Figure 7), Wilcoxon signed-rank tests, “p FDR” indicates the p-value

TABLE 4 | Continued

corrected with FDR. Group Test Color ny=n¢ STM
Group Test Color ni=n¢ STM z P p FDR
z P p FDR G 48 —2.3196 0.0204* 0.0612
U 48 1.9675 0.0491* 0.1105
BG (1) Bvs. G D 48 —0.6414 0.5212 0.5864 Buvs. U D 48 0.3041 0.7611 0.7611
ok Lid
B 48 36829 0.0002 0.0012 B 48 10113 03119 0.5613
G 48 —1.0168 0.3092 0.6957
U 48 0.5485 0.5833 0.7500
Gvs. U D 48 —0.5019 0.6157 0.6157
* Fok Fokok
G 48 0814 04157 06206 P <0057 <001 "p <0.007.
U 48 0.8134 0.416 0.5349
Bvs. U = 48 =211 0.0349" 01047 or a component of the CS+. We conclude that the bees
ek ek . .
B 48 87668 0.0002 00012 had associated both the color and the odor with the shocks,
U 48 08507  0.3949 07108 g0 that each stimulus was sufficient to trigger an aversive
GB(T2) Bvs.G D 48 —1.3007  0.1934 0.3481 response on its own. Thus, the yAPIS provides a robust, lab-
B 48 49576  <0.0001""  <0.001""  hased method to further probe how bimodal compounds are
G 48 6.1851  <0.0001™*"  <0.001""  jptegrated and learned.
Gvs. U D 48 —2.0592 0.0395* 0.0889
G 48 2.7116 0.0067** 0.0201*
u 48 —-0.613 0.5399 0.6942
Bvs. U D 48 —0.3922 0.6949 0.7818 DISCUSSION
B 48 0.1544 0.8773 0.8773
U 18 07888 04302 0.6453 Animals have to make choices between different environments
BUTY) Bvs.G 5 28 _3'035 . 0'002 - 0'0072** to escape dangers in many situations, and learn about
' 5 18 4'59 .8 0'0001*** <0'00 qove which environments are dangerous based on previous
G 18 06789 0.4972 07458  CXperience. Choice behaviors can be exploited to study
G U o 48 0'0916 0'9270 0'9270 the mechanisms of sensory coding, learning and memory,
' G 48 0'6343 0'5259 0'6761 and decision making (Guerrieri et al, 2005; Hadar and
U 48 0'8512 0.3946 0'7103 Menzel, 2010; Devaud et al., 2015; Klappenbach et al., 2017).
B U 5 18 2'4309 0'0151* 0'0340* Recent technological developments allow for increasingly
VS. —Z. 5 .
automated systems (e.g., Yang et al., 2011; Itskov et al., 2014;
B 48 4.3551  <0.0001***  <0.001*** . . .
U 48 00358 0.8136 0.9150 Alisch et al., 2018), affording for large-scale screening and
' ' ' standardized conditions.
UB(T2) Bvs.G D 48 0.2455 0.8061 0.9068 .
In this study, we present a new tool for the study of
B 48 0.3117 0.7552 0.9710 . . . . . s
aversive learning with potential to include bimodal forms of
G 48 —0.1504 0.8805 0.8805 .. . .
Gus U o .8 08061 07444 1 11es  raining Walking honey bees are both trained and tested
VsS. B . . .
G 28 05832 00008™  oosga 1 AN automated Y-maze that we named yAPIS, presented
y .8 2'3388 0'0193* 0.0869 here. This system is based on our previous, linear APIS
' ' ' system, where bees could choose between two halves of a
Bvs. U D 48 —-1.6384 01013 0.2280 ; . o
5 i 05800 05619 o115 linear space environment, that they explored at the beginning
0 .8 2'2046 0'0275* 0'0825 (Kirkerud et al, 2013; Wehmann et al., 2015). In the three-
GUMT B o 48 2'2059 0'0274* 0'1233 arm system presented here, however, bees make repeated
VS. —Z. 5 . . . .. .
™ left-right choices at a central decision point. We used the
B 48 0.5396 0.5895 0.6632 . . . .
G 48 om56 0,071 01413 yAPIS to perform aversive learning experiments. During the
’ ’ ’ training phase, the apparatus was controlled as a single unit
Gvs. U D 48 —1.6121 0.1069 0.2406 . . . .
G i85 6165 0.0089% 0.0801 presenting the chosen CS throughout, paired with electric
: : : shocks (the US) if appropriate. This arrangement ensured
U 48 —1.3811 0.1673 0.3011 e . . .
that the association was entirely classical, with no operant
Bvs. U D 48 —0.7987 0.4244 0.6367 . > . .
components: the animal’s own behavior had no influence on
B 48 0.6486 0.5166 0.6642 . . . .
its exposure to the stimuli. Learning was then tested by
U 48 0.0941 0.9250 0.9250 .
measuring the place preference of the bee when offered a
UG(2) Bvs.G D 48 0.4140 0.6789 0.7637 . . . . . .
i choice between two alternative stimuli. Using this methodology,
B “8 2.4044 0‘0162" 0'0729* we successfully trained bees in olfactory, visual, and bimodal
G 8 ~2.9378  0.0033 0.0297"  tasks. Learning was already evident after one or two training
Gvs. U D 8 0-9599 03871 0-5086 " trials, and four training trials led to a consistent long-term
(Continued) ~ memory after 24 h.
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FIGURE 8 | Differential conditioning produces aversive learning of the CS+ but not safety learning of the CS-. During training, shocks were paired with the CS+ but
not the CS- for trained animals (T), while control bees (C) received shocks unpaired from both CS. After training, the bees were confronted to three tests: CS+ vs.
CS-, CS+ vs. New/None and CS- vs. New/None. Each bee participated in all tests. For each group of bees, the percentages of time spent in the environments
available during a given test (e.g., dark, CS+, and CS-) are plotted and stacked into a single bar. Since we included all environments, the resulting stack always
totalize 100% (the whole test duration). Data is represented as mean — SEM. n = 96 trained bees and 48 control bees for each sensory modality. Mann-Whitney
U-tests comparing C to T, corrected with FDR, *p < 0.05, **p < 0.01, ***p < 0.001, #0.05 > p > corrected threshold. (A) In the case of odors, bees were trained
with Linalool and Limonene, and each odor was tested against a blank control (because of the dim blue illumination used to make the choice arms attractive during
odor tests, the choice was thus blue vs. blue + odor). (B) In the case of colors, bees were trained with blue and green, and the novel color was UV.

UV Cannot Be Easily Conditioned in an

Aversive Paradigm

We found that not all colors can be learned equally well. Bees did
not learn consistently to avoid UV light that was associated with
shocks. Bees artificially reared indoor during the winter months
performed very erratically when trained with this light. The
performance of outdoor summer bees was better, but remained
weaker when UV was the CS+ compared to when the shocks
were associated with the blue or green lights. The UV light,
in absolute terms, was dimmer than the blue or green lights

(Figure 1D), thus one concern could be that the bees were
not able to perceive this light. However, several observations
argue against this explanation. First, in honeybees the short-
wavelength receptor is known to be more sensitive than
the other two photoreceptors by an order of magnitude
(von Helversen, 1972; Lunau and Maier, 1995), thus the
photon counts cannot be directly interpreted. Furthermore, our
behavioral experiments found that the UV light elicited the
same attraction (measured as the time spent in each light) as
the blue or green lights in two-choice tests (Figure 1E). Taken
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TABLE 5 | Summary of statistical results for the experiments testing for safety learning (Figure 8), Wilcoxon signed-rank tests, “p FDR” indicates the p-value

corrected with FDR.

Group Test Color ng = 2n¢ STM LTM
z p p FDR z p p FDR
Odors CS+ vs. CS— D 96 —1.9390 0.0525 0.0945 —2.8685 0.0041** 0.0123*
CS+ 96 3.2759 0.0011** 0.0099** 2.9959 0.0027** 0.01215*
CS— 96 —-1.7128 0.0867 0.1301 1.0460 0.2956 0.3801
CS+ vs. None D 96 0.5221 0.6016 0.7735 —2.7182 0.0066** 0.01485*
CS+ 96 3.1998 0.0014** 0.0063** 3.2526 0.0011** 0.0099**
None 96 —3.1236 0.0018** 0.0054** 0.2229 0.8236 0.8236
CS— vs. None D 96 0.8403 0.4008 0.9018 —1.8974 0.0578 0.1040
CS— 96 0.3463 0.7291 0.7291 1.8407 0.0657 0.0986
None 96 —-0.5172 0.6050 0.6806 1.0172 0.3090 0.3476
Colors CS+ vs. CS— D 96 —1.3807 0.1674 0.3013 —0.4691 0.639 0.9585
CS+ 96 6.5451 <0.0001*** <0.001*** 3.6267 0.0003*** 0.0027**
CS— 96 —3.7234 0.0002*** 0.0006"** —2.1341 0.0328* 0.0984
CS+ vs. New D 96 —2.7046 0.0068** 0.0153* —1.9422 0.0521 0.1172
CS+ 96 4.6076 <0.0001*** <0.001*** 3.0392 0.0024** 0.0108*
New 96 0.0485 0.9613 0.9613 —1.0516 0.293 0.5274
CS— vs. New D 96 —0.4702 0.6382 0.8205 —0.0234 0.9813 0.9813
CS— 96 —0.4163 0.6772 0.7619 0.18 0.8571 1.1020
New 96 0.912 0.3618 0.5427 —0.0788 0.9372 1.0544

*p < 0.05, **p < 0.01, **p < 0.001.

together, these observations suggest that our bees were able to
see the UV light.

Our learning results are broadly symmetrical to those obtained
after appetitive learning: bees trained to associate a colored
light with a reward in free-flying experiments do so better and
faster within a certain range in the UV, peaking around 420 nm
(Menzel, 1967). Naive bees on their first foraging flight exhibit
a preference for the same range of wavelengths, although this
innate bias is quickly overridden by appetitive learning (Giurfa
et al., 1995). Thus, honey bees seem to be primed to associate a
positive valence to UV light, which may explain the low success
of our protocol when UV was paired with shocks. Nonetheless
this finding is rather surprising given that honey bees are known
for the plasticity of their response. In the olfactory system,
innate valences of odors, including pheromones, can easily be
reversed through training: alarm pheromones can be associated
to a reward (Sandoz et al., 2001; Nouvian et al., 2015), while
attractive Nasanov compounds can be associated to a punishment
(Roussel et al., 2012).

Bees Do Not Show Safety Learning

During differential conditioning, honey bees are not only exposed
to the shocked CS+, but also to a safe CS—. Thus, they could
potentially learn which stimulus is associated with the shocks
(aversive learning) but also which stimulus signal the absence of
shocks (safety learning) (Schleyer et al., 2018). We investigated
whether these two forms of learning co-occurred in our protocol
by testing the behavior of the bees toward the CS+ and the CS—
independently from each other. We found strong evidence for
the existence of an aversive memory, but none for one related to
the CS—. In a previous work, some indications were found that

honey bees exhibited relief learning (Kirkerud et al., 2017). Relief
learning is slightly different from safety learning in that the CS—
signals the end of the punishment rather than its absence (Gerber
et al,, 2014). Relief learning is linked to the timing of a stimulus,
and proposed neural models for the cellular mechanisms include
spike-timing dependent plasticity and bidirectional modulation
of the coincidence detection machinery (Gerber et al., 2014). On
the other hand, safety learning implies much longer time-scales
and the mechanisms supporting this form of learning remain
elusive. In vertebrates, the neural substrates supporting these two
forms of learning are known to rely on different brain structures
(Mohammadi et al., 2014).

Multi-Sensory Integration During

Aversive Training

Honey bees make use of both visual and olfactory information
when foraging (Reinhard et al, 2004; Leonard and Masek,
2014), but also when they perform other important tasks
such as defending the nest (Nouvian et al., 2016). However,
our understanding of multimodal integration remains poor.
Early studies postulated that both components of an olfactory-
visual compound were learned independently from each other
(Couvillon and Bitterman, 1989; Couvillon et al., 1997), a notion
that is also supported in our results (Figure 9). Later works,
however, found synergistic effects in appetitive training (Gerber
and Smith, 1998; Mota et al., 2011). Namely, PER responses
to odors were potentiated or refined by a color context. It
is important to note that this seemingly asymmetrical role
for odors and colors may be the produce of the protocol,
since bees always respond more reliably to odors than to
colors when harnessed (Avargues-Weber and Mota, 2016), and
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FIGURE 9 | Honeybees learn both color and odor information when trained
with bimodal stimuli. After classical training, honeybees spontaneously
escaped from the CS+ when they were provided with the CS- as alternative,
both after odor (A) and after color (B) learning (n = 48 trained bees and 48
control bees for each sensory modality). (C) Honeybees trained in a bimodal
task (n = 96 trained bees and 96 control bees) performed well both when
presented with the same compound stimuli (color+odor), with only the colors
or with only the odors. Each bee participated in all three tests after training.
Data is represented as mean — SEM. Mann-Whitney U-tests comparing C to
T, corrected with FDR, **p < 0.01, ***p < 0.001.

TABLE 6 | Summary of statistical results for the experiments with forced choice
tests (Figure 9), Wilcoxon signed-rank tests, “p FDR” indicates the p-value
corrected with FDR.

Group Test ng =n¢ STM
z p p FDR
Odors / 48 2.9014 0.0037** /
Colors / 48 3.2001 0.0014** /
Bimodal Bimodal 96 4.8234 <0.0001*** <0.001™**
Only colors 96 3.0999 0.0019** 0.0019**
Only odors 96 4.4974 <0.0001™** <0.001***

*p < 0.05, *p < 0.01, **p < 0.001.

tend to generalize between the compound stimulus and the odor
(Mansur et al,, 2018). In our set-up, the behavioral read-out of
learning (spatial avoidance of the CS+) was triggered equally well
by both colors and odors. Thus, the yAPIS offers the opportunity
for more balanced experiments, in which the extent to which
visual and olfactory traces interact (or are independent) could be

assessed in an aversive context. For example, we could see how
trained honeybees would react to ambiguous or contradictory
compounds. The mushroom bodies are thought to be responsible
for the formation of both appetitive and aversive memory, and
studies in Drosophila indicate that these two circuits are mostly
independent, and act by shifting the balance of common output
neurons (Klappenbach et al., 2017; Cognigni et al., 2018). It would
be interesting to verify if multi-sensory stimuli are similarly
compartmentalized such that the different elements are only
integrated at a late stage in the circuitry.
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Third-Order Neurons in the Lateral
Horn Enhance Bilateral Contrast of
Odor Inputs Through Contralateral
Inhibition in Drosophila

Ahmed A. M. Mohamed, Bill S. Hansson and Silke Sachse*

Department of Evolutionary Neuroethology, Max Planck Institute for Chemical Ecology, Jena, Germany

The survival and reproduction of Drosophila melanogaster depends heavily on its ability
to determine the location of an odor source and either to move toward or away from it.
Despite the very small spatial separation between the two antennae and the redundancy
in sensory neuron projection to both sides of the brain, Drosophila can resolve the
concentration gradient by comparing the signal strength between the two antennae.
When an odor stimulates the antennae asymmetrically, ipsilateral projection neurons
from the first olfactory center are more strongly excited compared to the contralateral
ones. However, it remains elusive how higher-order neurons process such asymmetric
or lateralized odor inputs. Here, we monitored and analyzed for the first time the activity
patterns of a small cluster of third-order neurons (so-called ventrolateral protocerebrum
neurons) to asymmetric olfactory stimulation using two-photon calcium imaging. Our
data demonstrate that lateralized odors evoke distinct activation of these neurons in the
left and right brain hemisphere as a result of contralateral inhibition. Moreover, using
laser transection experiments we show that this contralateral inhibition is mediated by
presynaptic neurons most likely located in the lateral horn. Finally, we propose that
this inhibitory interaction between higher-order neurons facilitates odor lateralization and
plays a crucial role in olfactory navigation behavior of Drosophila, a theory that needs to
be experimentally addressed in future studies.

Keywords: olfaction, calcium imaging, Drosophila, odor processing, contralateral inhibition

INTRODUCTION

Chemotaxis is important for the survival of many animals since chemicals that are emitted by
the environment can be exploited as cues for potentially positive (e.g., food, mate, or oviposition
site) or negative (toxicity, competitors, predators, or parasitoids) interactions. Especially insects
rely heavily on their sense of smell to ensure survival and reproduction and have, in most cases, a
highly developed and sophisticated olfactory system. To navigate toward (or away from) an odor
source, walking and flying insects usually use multiple strategies. Besides anemotaxis, one of the
most used strategies is to detect an odor gradient across the two antennae by comparing their signal
strength, and to turn toward or away from the stronger olfactory signal, a phenomenon termed
“osmotropotaxis” (Martin, 1965; Hangartner, 1967; Kennedy and Moorhouse, 1969). Confusing
this strategy, by spatially reversing the antennae (i.e., by crossing and fixing them), impairs
chemotaxis as shown in bees, ants, and locusts (Martin, 1965; Hangartner, 1967; Kennedy and
Moorhouse, 1969). The vinegar fly Drosophila melanogaster also uses the same strategy to navigate
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toward or away from an odor source (Borst and Heisenberg,
1982; Duistermars et al,, 2009; Gaudry et al., 2013). At the
neuronal level, the peripheral olfactory system (i.e., the antennae)
of vinegar flies responds differently to lateralized odors (i.e., a
bilaterally asymmetric odor stimulation) compared to symmetric
odor application (Louis et al., 2008; Duistermars et al., 2009).
However, little is known about where the information from
both antennae becomes integrated and how higher brain
centers process asymmetric odor stimulation to ensure reliable
navigation toward odors.

The olfactory circuitry of Drosophila has been fairly well
characterized, making it a premier model system for studying
odor processing strategies. Sixty-two odorant receptors (ORs) are
expressed in the dendrites of olfactory receptor neurons (ORNs)
(Clyne et al., 1999; Vosshall et al., 1999). The ORNSs are housed
in hair-like structures called sensilla on the peripheral olfactory
appendages (i.e., the antennae and maxillary palps) and express
usually one (sometimes two) OR type each. The axons of all ORNs
expressing a given OR type converge onto the same glomerulus in
the antennal lobe (AL, the analogous to the vertebrate olfactory
bulb) (Vosshall et al., 2000; Couto et al., 2005). ORNs synapse
onto second-order neurons, so-called projection neurons (PN,
analog to mitral/tufted cells in vertebrates). The axonal terminals
of PNs relay the olfactory information from the AL to two higher-
order neuropils, which are the mushroom bodies (MBs) (analogs
to the piriform cortex in mammals), representing a center of
learning and memory, and the lateral horn (LH) (analogous to the
mammalian amygdala) that mediates predominantly behaviorally
innate responses (Dubnau et al., 2001; Heimbeck et al., 2001;
Heisenberg, 2003; Strutz et al., 2014). Third-order neurons, such
as MB and LH output neurons (MBONs, LHONSs) convey the
information to next level protocerebral regions, as, e.g., the
ventrolateral protocerebrum (VLP) whose functions remain, so
far, largely elusive.

In Drosophila, unlike most insects, the majority of ORNs
projects from the antennae bilaterally to both brain hemispheres
(Stocker et al., 1990; Couto et al., 2005). This bilateral redundancy
in morphology may imply that odor inputs are symmetrically
directed to both hemispheres. However, the input from the left
and right antennae is coded distinctively since ORNs release
an asymmetric amount of neurotransmitters in the ipsi- and
contralateral AL (Gaudry et al., 2013). As a consequence,
the ipsilateral PNs are 30-50% more strongly activated by
asymmetric bilateral odor input than the sister neurons in
the contralateral AL (Gaudry et al., 2013). In addition, odor
lateralization has also been demonstrated at the synaptic level
in the AL. Neuronal tracing from serial electron microscopy
sections showed that PNs of a given glomerulus share a higher
number of synapses with the ipsilateral ORNs than with the
contralateral ones (Tobin et al., 2017). Hence, odor input from
the ipsi- and contralateral antenna seems to be coded in different
ways at the AL level.

In order to study how lateralized odors are processed by
higher-order neurons, we investigated the neuronal responses of
a specific cluster of LHONS, so-called VLP neurons (hereafter
VLPn), to asymmetric and symmetric odor stimulations using
two-photon functional imaging. We found that odor-evoked

responses of VLPn were suppressed when an odor was presented
to the contralateral side. Hence, the detection of an odor gradient
is accomplished in a way that asymmetric odor stimulation
suppresses the responses in contralateral VLPn. Notably, the
observed contralateral suppression is not induced by VLPn
in the contralateral hemisphere, but, most likely, mediated by
presynaptic neurons located in the LH. Our data demonstrate for
the first time that higher-order neurons respond distinctively to
a lateralized odor stimulus through contralateral inhibition and
therefore enhance the contrast of odor concentration gradient
between both brain hemispheres.

RESULTS AND DISCUSSION

Contralateral Stimuli Suppress Odor

Responses in VLP Neurons

Ventrolateral protocerebrum neurons have their postsynaptic
dendrites in the LH and send their axonal terminals to the
VLP, where they synapse onto further higher-order neurons
(Figures 1A,B). Previous studies have shown that these third-
order neurons receive input from olfactory PNs in the LH and
respond to a variety of different odors (Liang et al., 2013; Strutz
etal,, 2014). Furthermore, VLPn exhibit a stereotypic innervation
pattern in both neuropils and are involved in innate odor-
guided behavior (details will be described in Mohamed et al.,
in preparation). To investigate how these third-order neurons
respond to lateralized odors, we measured their responses to
symmetric and asymmetric odor stimulations. In order to provide
an unilateral odor input, we surgically ablated one antenna
and monitored odor-evoked calcium signals at the two-photon
microscope of VLPn of the ipsi- as well as contralateral brain
hemisphere to the intact antenna before and after antennal
removal (Figures 1C,D). To selectively measure VLPn, we
expressed GCaMP6f under control of the enhancer-trap line
NP5194-Gal4 (Jefteris et al., 2007), which labels a subpopulation
of these third-order neurons (cell count = 4.8125 =+ 0.1875
neurons). Surprisingly, we observed an asymmetry of the odor-
evoked signals between the ipsi- and contralateral side to the odor
before and after antennal removal. On the one hand, the calcium
signals to the odor acetophenone were significantly increased in
VLPn on the ipsilateral side to the intact antenna after removing
the contralateral antenna compared to bilateral stimulation (i.e.,
with intact antennae) (Figure 1E). On the other hand, the odor-
evoked responses were strongly reduced in contralateral VLPn to
the intact antenna. Hence, our results suggest that VLPn receive
a contralateral inhibition in response to asymmetric stimulation
with the odor acetophenone. To test whether this contralateral
suppression was odor-independent, we used the food odor
isoamyl acetate (Schubert et al, 2014) and the male-specific
sex pheromone cis-vaccenyl acetate (Kurtovic et al., 2007) as
additional olfactory stimuli. As expected, VLPn on the ipsilateral
side to the odor showed a similar contralateral inhibition to
asymmetric stimulation with these two odors. This inhibition is
characterized by a significantly increased ipsilateral response to
the odor after removing the contralateral antenna (Figures 1EG).
Since Duistermars et al. (2009) has reported that sensory signals

Frontiers in Physiology | www.frontiersin.org

July 2019 | Volume 10 | Article 851


https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Mohamed et al. Odor Processing in Third-Order Neurons of Drosophila

D one antenna

E F G
acetophenone cis-vaccenyl acetate isoamyl acetate
* * k% * T kk*k * | *%

5300 1 1
S
L 200 . _
S

100 T

ipsi contra ipsi contra ipsi " contra
intact one antenna

e g

HEN oon

FIGURE 1 | Asymmetric odor stimulation induces contralateral suppression. (A) Confocal z-projections of VLPn labeled by NP5794-Gal4 in an adult female brain.
Labeling of GFP (green) and the neuropil marker nc82 (magenta) are shown. Dashed circles represent the lateral horn (LH) and ventrolateral protocerebrum (VLP).
Scale bar = 20 um. (B) Schematic illustration of the Drosophila brain showing the innervation pattern of the VLPn in the LH and the VLP. Mushroom body (MB),
antennal lobe (AL), and antennal nerve (AN) are shown for orientation. (C,D) Upper panel: Schematic head of Drosophila with intact antennae (C) and after removal
of the third antennal segment of one antenna (D). Middle panel: Gray-scale image represents the VLPn structure expressing GCaMP6f. Dashed circles indicate the
LH and the VLP in the left (L) and right (R) brain hemispheres. Scale bar = 50 wm. Lower panel: false-color coded images showing odor-evoked responses from a
representative animal before (C) and after (D) antennal removal. Dashed circles represent the LH and VLP. (E-G) Calcium signals obtained with two-photon imaging
from flies bearing UAS-GCaMP6f under control of NP5194-Gal4 from the ipsi- and contralateral sides (to the intact antenna) before and after antennal removal to
stimulation with acetophenone (E), cis-vaccenyl acetate (F), and isoamyl acetate (G). Dots and lines represent individual flies, bars represent the mean (n = 8;

*p < 0.05; **p < 0.01; **p < 0.001, paired t-test).
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from the left antenna contribute disproportionately more to
odor tracking than signals from the right side, we sought to
analyze whether the observed contralateral inhibition is different
between both brain hemispheres. However, we could not find any
significant difference between the odor-evoked calcium responses
of the right and left sides (data not shown) indicating that the
contralateral inhibition is not side-specific.

As mentioned above, lateralized odors are coded at the
PN level in a way that ipsilateral PNs are more strongly
activated by an asymmetric odor stimulus than their contralateral
sister PNs (Gaudry et al., 2013). This asymmetry in PN
responses can be attributed to two main mechanisms: First,
the release of neurotransmitter at the ORN-to-PN synapse
in the AL is asymmetric (Gaudry et al, 2013), and second,
PNs have significantly more synapses with ipsilateral than
with contralateral ORNs (Tobin et al., 2017). The last finding
is similar to the mechanosensory system of leeches, where
individual mechanoreceptor neurons exhibit a higher number
of synapses with the ipsilateral postsynaptic neurons than
with the contralateral sister cells (Lockery and Kristan, 1990)
enabling the animal to detect the stimulus orientation. Also
the mammalian olfactory system processes the input from both
nostrils separately. In the periphery, odor responses within the
olfactory epithelium as well as odor-evoked intrinsic signals at
the glomerular layer in the olfactory bulb of rats reveal strong
olfactory lateralization (Parthasarathy and Bhalla, 2013).

Our results provide evidence that odor inputs are distinctively
encoded in the two hemispheres at the level of third-order
olfactory neurons of Drosophila. Notably, we observed that
an asymmetric odor stimulation does not only activate the
ipsilateral VLPn to the intact antenna significantly more strongly
than their contralateral sister neurons, but also leads to a
contralateral suppression (i.e., the ipsilateral VLPn were more
strongly activated by a lateralized odor stimulus than a symmetric
stimulus). This finding is reminiscent of the visual system, where
higher-order neurons exhibit a contralateral inhibition when
stimulated with an asymmetric visual stimulus (Shiozaki and
Kazama, 2017; Sun et al., 2017). However, in contrast to our
results, visual neurons show a strong inhibition to a contralateral
stimulus, while VLPn reveal no, or only a very weak, response to
contralateral odor stimulation. This finding can be explained by
the fact that the contralateral PNs to the odor input still become
strongly activated due to the bilateral projections of their cognate
ORNs (Gaudry et al., 2013). This PN activation would in turn
result in an excitation of the contralateral VLPn and therefore,
due to the contralateral inhibition, compensate the PN input.

Taken together, our results show that olfactory input
from both antennae leads to a contralateral inhibition in
a subset of olfactory third-order neurons which seems to
be odor-independent.

Contralateral Inhibition Occurs
Presynaptic to VLPn

We next wondered how this contralateral inhibition in VLPn is
induced. We envisioned two different circuit models that could
account for it. In the first model, we propose that the contralateral

inhibition is taking place at the VLP level and is mediated by
inhibitory neurons connecting the ipsi- and contralateral VLP
neuropils. This model is supported by the fact that VLPn possess
presynaptic densities in the VLP, but hardly in the LH (Mohamed
et al., in preparation) (Figure 2A). We termed this model “VLP
inhibition.” In the second model, termed “LH inhibition,” we
hypothesize that the inhibitory neurons are located in the LH
resulting in a contralateral inhibition of the excitatory PN input
to VLPn (Figure 2B). Notably, such neurons that connect the
LH of both hemispheres have been previously reported (referred
to as PV12al) and express GABA as a neurotransmitter (Dolan
et al., 2018). In order to test these two hypotheses, we silenced
the VLPn in one brain hemisphere by laser transection, while
keeping the other side intact and monitoring the odor-evoked
responses before and after VLPn manipulation (Figures 2C,D).
If the “VLP inhibition” model were correct, transecting VLPn
of one side would increase the activation of the contralateral
neurons to the transection, as the transected side would fail
to activate the inhibitory neurons and therefore contralateral
suppression to odor input would not occur. Alternatively, if
the “LH inhibition” model were true, transecting VLPn on one
side would not affect the activation of the contralateral VLPn,
since the contralateral suppression would have occurred prior
to the VLP neuropil. When we compared the VLPn responses
to odor stimulation with acetophenone, isoamyl acetate, and
cis-vaccenyl acetate before and after transection on either side,
the calcium responses remained constant on the contralateral
side, while the response was almost abolished on the transected
side (Figures 2E-H). Since we did not observe any response
increase after transection in the contralateral VLPn, our results
support the “LH inhibition” model. Hence, we conclude that
the contralateral suppression occurs at the presynaptic site of
VLPn, namely at the level of the PN-to-VLPn synapse within
the LH. A similar mechanism of information sharing between
the two brain hemispheres has recently been reported for the
mouse olfactory system, where particular neurons interconnect
mirror-symmetric mitral/tufted cells of the two olfactory bulbs
(Grobman et al., 2018).

CONCLUSION AND FUTURE
PERSPECTIVE

In this perspective article, we aimed to investigate the neuronal
response of higher-order neurons, VLPn, to a lateralized olfactory
stimulus. We demonstrate that activation of these neurons
induces contralateral inhibition. This inhibition occurs most
likely presynaptically to the VLPn in the LH. In addition, this
contralateral suppression may contribute to flies navigation
behavior following the concentration gradient across the two
antennae. However, navigation toward (or away from) an odor
involves the integration of multimodal sensory information
(Baker and Hansson, 2016). Chemotaxis uses, besides olfactory
information, visual and mechanosensory cues. Interestingly, the
VLP neuropil receives inputs from neurons of all three sensory
modalities (Lai et al., 2012; Zhu, 2013; Zhou et al., 2015), and thus
represents a putative brain region for multimodal integration. For
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FIGURE 2 | Contralateral inhibition takes place presynaptically to VLPn. (A,B) Two proposed models for the contralateral suppression in VLPn. In both models,
projection neurons (PNs, black) activate downstream the VLPn (green). Presynaptic input is represented by an arrow, postsynapses are indicated by a small circle. In
the VLP inhibition model (A), inhibitory neurons (INs, red) connect the VLPn of both sides at their postsynaptic sites (i.e., within the VLP neuropil). In this case,
activation of VLPn on one side would be required to induce inhibition in the contralateral VLPn. In the LH inhibition model (B), the IN (red) connects the VLPn of both
sides at their presynaptic sites (i.e., in the LH). Here, activation of VLPn would not be required to cause contralateral inhibition. In both models (A,B), the strength of
activation is represented by the line size; solid lines represent active neurons and dashed lines represent not activated and/or inhibited neurons. (C) Schematic
drawing of the laser transection experiment. VLPn were transected only on one brain side, while leaving VLPn on the contralateral side intact. This allowed us to
abolish any odor-evoked responses of VLPn in the transected side. (D) Gray-scale images of VLPn expressing GCaMP6f under control of NP5794-Gal4 before and
after laser transection in the intact and transected side. Scale bar = 50 um. (E) Examples of false-color coded images of odor-induced Ca?t signals corresponding
to each gray-scale image shown in D from a representative fly. (F=H) Paired comparisons of the calcium signals before and after the transection of VLPn across
different flies. Odor-evoked Ca2+ signals were recorded and analyzed for both sides (i.e., intact and transected side). Ca?t signals were abolished in VLPn in the
transected side after transection. The intact brain hemisphere shows a slight, but not significant, increase prior to the transection. Dots and lines represent individual
flies, bars represent the mean (n = 18; *p < 0.05; **p < 0.01; **p < 0.001, paired t-test).
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a future perspective, it would be highly interesting to investigate
the role of VLPn for integrating visual and mechanosensory
information along with the olfactory input. Moreover, it will
be intriguing to manipulate the activity of VLPn of only one
side of the brain, using a genetic approach (Wu et al., 2016),
and to observe the behavioral consequences regarding navigation
along odor plumes.

MATERIALS AND METHODS
Flies Stocks

Flies were reared on standard cornmeal molasses medium under
12 h/12 h light/dark cycle at 25°C. Four to six days old adult
females were used for calcium imaging experiments, and 5-
10 days old flies were used for the immunostaining. The following
stocks were used: NP5194-Gal4 (gift from Greg Jefferis),
20XUAS-1VS-GCaMP6f (VKO00005) [Bloomington Drosophila
Stock Center (BDSC) 52869], and UAS-mCD8-GFP (BDSC 5137).

Immunostaining and Confocal

Microscopy

Immunostaining was performed as previously described
(Vosshall et al., 2000). In brief, brains were dissected in
phosphate-buffered saline (PBS) (Ca?*, Mngr free) in room
temperature, and then fixed in 4% paraformaldehyde (PFA) in
PBS for 30 min at 25°C. Afterward, the brains were washed three
to four times for 1.5-2 h in total in PBS-T (PBS + 0.3% Triton
X-100) and blocked for 1 h in PBS-T + 4% normal goat serum
(NGS) at room temperature. Brains were then transferred into
primary antibody diluted in PBS-T + 4% NGS and incubated
for 48 h at 4°C. Then, brains were washed three to four times
in PBS-T at 25°C before incubation in secondary antibody for
24 h at 4°C. After secondary antibodies, brains were mounted in
VectaShield (Vector Labs) after three to four times for washing
with PBS-T. Stained brains were acquired with Zeiss LSM 880
with a 40x water immersion objective lens. The following
primary antibodies were applied: chicken anti-GFP (1:500,
Life Technologies) and mouse anti-nc82 [1:30; Developmental
Studies Hybridoma Bank (DSHB)]; secondary antibodies are
Alexa Fluor 488 goat anti-chicken (1:300, Life Technologies) and
Alexa Fluor 633 goat anti-mouse (1:300, Life Technologies).

Two-Photon Calcium Imaging

In vivo preparation of the flies for calcium imaging was previously
described in Strutz et al. (2012). In short, flies were briefly
anesthetized on ice and fixed with the neck onto a custom-
made Plexiglas mounting block with copper plate (Athene Grids,
Plano) and a needle before the head to stabilize the proboscis.
Head was glued to the stage using Protemp II (3 M ESPE). We
added Ringer’s solution [NaCl: 130 mM, KCI: 5 mM, MgCl,:
2 mM, CaCly: 2 mM, sucrose: 36 mM, and HEPES-NaOH (pH
7.3): 5 mM] (Estes et al.,, 1996) to the head. A small window
was cut in the fly’s head to expose the underneath brain. Care
was taken while removing all fat, trachea, and air sacs to reduce
light scattering.

Ventrolateral protocerebrum neurons were imaged using two-
photon laser scanning microscope (2PCLSM, Zeiss LSM 710 meta
NLO) equipped with an infrared Chameleon Ultra™ diode-
pumped laser (Coherent, Santa Clara, CA, United States) and
a 40x water immersion objective lens (W Plan-Apochromat
40%/1.0 DIC M27). The microscope and the laser were
placed on a smart table UT2 (New Corporation, Irvine, CA,
United States). The fluorophore of GCaMP was excited with
925 nm. Fluorescence was collected with an internal GaAsP
detector. For each individual measurement, a series of 40 frames
acquired at a resolution of 256 x 256 pixels was taken with
a frequency of 4 Hz. Odors were applied during frames 8-14
(i.e., after 2 s from the start of recording for 2 s); 1.5-2 min
of clean air was applied between odors, in order to flush any
residues of odors and to let the neurons go back to its resting
phase. Odor source was lateralized by removing one antenna just
before imaging. The identity of the intact antenna was pseudo-
randomized between preparations.

Odor Delivery System

Pure compounds were diluted in mineral oil and were
freshly prepared after approximately 1 week. Fifty milliliters
of glass bottles with custom-made lid insert (POM; HL
Kunststofttechnik, Landsberg, Germany) were equipped with
push-in adapter (jenpneumatik & Schlauchtechnik GmbH,
Jena, Germany) for the tubing system. Odors were delivered
via Teflon-tubes (jenpneumatik & Schlauchtechnik GmbH,
Jena, Germany) and were changed for each odor to avoid
contamination. For controlling the odor delivery, we used the
LabVIEW software (National Instruments) which was connected
to the ZEN software (Zeiss) to trigger both image acquisition
as well as odor delivery. A continuous airstream, whose flow of
1 L min~—! was monitored by a flowmeter. A peek tube guided
the airflow to the fly’s antennae. Behind the chamber with the
fly was an air extraction system (flow rate 5 L min~!) to prevent
contamination of the room air.

Functional Imaging Data Analysis

Functional imaging data were analyzed using Image]'. All
recordings were corrected for movement using a plugin in
Image]. A region of interest was assigned on the LH of each
animal and the change in fluorescence was measured. The raw
fluorescence signals were converted to AF/F,, where Fy is the
averaged baseline fluorescence values of 2 s before the odor onset
(i.e., 0-7 frames). For the average AF/Fy, average of frames
11-18 was calculated for each trail and averaged among trails.
The VLPn could be reliably identified from the fluorescence
baseline of GCaMP6f.

Laser Transection

Transections of the VLPn tract were performed in one brain
hemisphere. Using the baseline fluorescence of GCaMP at
925 nm, we selected a transection area (~30 um in a single
focal plane) on the tract few micrometers before its entry site
into the LH. The transection area was continuously illuminated

'https://fiji.sc/

Frontiers in Physiology | www.frontiersin.org

July 2019 | Volume 10 | Article 851


https://fiji.sc/
https://www.frontiersin.org/journals/physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Mohamed et al.

Odor Processing in Third-Order Neurons of Drosophila

with 760 nm for 1 min. To confirm a complete lesion of the
VLPn tract, a fast z-stack with 925 nm was generated. Successful
transection resulted in a small cavitation bubble (Vogel and
Venugopalan, 2003). After transection was complete, we left the
animal for 5 min for neuronal recovery before continuing with
calcium imaging.
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Olfaction is an essential sensory modality for insects and their olfactory environment is mostly
made up of plant-emitted volatiles. The terrestrial vegetation produces an amazing diversity
of volatile compounds, which are then transported, mixed, and degraded in the atmosphere.
Each insect species expresses a set of olfactory receptors that bind part of the volatile
compounds present in its habitat. Insect odorscapes are thus defined as species-specific
olfactory spaces, dependent on the local habitat, and dynamic in time. Manipulations of
pest-insect odorscapes are a promising approach to answer the strong demand for pesticide-
free plant-protection strategies. Moreover, understanding their olfactory environment becomes
a major concern in the context of global change and environmental stresses to insect
populations. A considerable amount of information is available on the identity of volatiles
mediating biotic interactions that involve insects. However, in the large body of research
devoted to understanding how insects use olfaction to locate resources, an integrative vision
of the olfactory environment has rarely been reached. This article aims to better apprehend
the nature of the insect odorscape and its importance to insect behavioral ecology by
reviewing the literature specific to different disciplines from plant ecophysiology to insect
neuroethology. First, we discuss the determinants of odorscape composition, from the
production of volatiles by plants (section “Plant Metabolism and Volatile Emissions”) to their
filtering during detection by the olfactory system of insects (section “Insect Olfaction: How
Volatile Plant Compounds Are Encoded and Integrated by the Olfactory System”). We then
summarize the physical and chemical processes by which volatile chemicals distribute in
space (section “Transportation of Volatile Plant Compounds and Spatial Aspects of the
Odorscape”) and time (section “Temporal Aspects: The Dynamics of the Odorscape”) in the
atmosphere. The following sections consider the ecological importance of background odors
in odorscapes and how insects adapt to their olfactory environment. Habitat provides an
odor background and a sensory context that modulate the responses of insects to
pheromones and other olfactory signals (section “Ecological Importance of Odorscapes”).
Inaddition, insects do not respond inflexibly to single elements in their odorscape but integrate
several components of their environment (section “Plasticity and Adaptation to Complex and
Variable Odorscapes”). We finally discuss existing methods of odorscape manipulation for
sustainable pest insect control and potential future developments in the context of agroecology
(section “Odorscapes in Plant Protection and Agroecology”).
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INTRODUCTION

Olfaction is a very important sensory modality for insects and
volatile organic compounds (VOCs) serve as chemical cues to
recognize and locate vital resources such as food, mate, or
enemies. Insects live in a very complex chemical world from
which they must extract this relevant information. Considerable
progresses in sensitivity and selectivity of analytical methods
have allowed to identify minute amounts of the semiochemicals
that mediate a wide variety of insect-insect or insect-plant
interactions. Yet, we do not possess a global envision of the
chemical environment insects live in.

It has long been acknowledged that animals experience their
own species-specific sensory world. As early as 1934, Jakob
von Uexkiill defined the Umwelt (von Uexkiill, 1934) as the
subjectively perceived surroundings about which information
is available to an organism through its senses. In neuroethological
terms, the Umwelt corresponds to the range of stimuli the
insect’s receptor set can detect and translate into a neural
code which is further interpreted in the brain to finally trigger
the appropriate physiological or behavioral response. This notion
of a sensory world proper to a species appears particularly
appropriate for olfaction since individual olfactory receptors
(ORs) detect only a small fraction of existing volatile chemicals
and considerable variation has been documented in the number
and tuning of ORs expressed by different insect species.
Accordingly, the odorscape can be defined as the ensemble of
the VOCs that constitute a sensory space proper to a particular
insect species.

The VOCs constituting the insect odorscape may serve
different ecological functions independently of their chemical
nature. Volatile signals are chemicals that are produced by a
living organism with the function of exchanging information
with other living organisms. For instance, a plant attracts
pollinators by advertising for the presence of a reward, e.g.,
nectar, when its flowers are receptive; a molested aphid emits
an alarm pheromone inducing escape in congeners; or a female
moth at sexual maturity signals herself to conspecific males
by releasing a volatile sex pheromone. On the other hand,
cues carry information about the availability of a resource to
the receiver, although they are not emitted for a communication
purpose and can be released by a lifeless source. Receivers
must extract signals and cues from a background composed
of many other VOCs, which might alter their perception. For
instance, the ability of Manduca sexta moths to locate their
host plant is significantly decreased in a background of
benzaldehyde or geraniol compared to host plant odor alone
(Riffell et al., 2014).

Plant and insect species live in close intimacy with each
other. The standing biodiversity of both taxa is to a large
extent the result of their ancient co-evolution (Labandeira,
2007; Labandeira et al., 2007). Insects depend on plants as
food sources either directly for phytophagous and pollinator
species or indirectly for parasitoids and predators. This explains
the importance of volatile compounds of plant origin (volatile
plant compounds or VPCs) for insect ecology. Almost all
kinds of plant tissues (leaves, flowers, fruits, roots, etc.) and

types of vegetation (trees, grasses, shrubs, etc.) release VPCs
albeit with different profiles and in different amounts. Moreover,
plants make up most of the biomass of most terrestrial
ecosystems, making them the major source of biogenic volatiles
and therefore of insect odorscapes. Overall, the terrestrial
vegetation produces and releases an amazing variety of volatiles
including isoprenoids, benzenoids, oxygenated low-molecular
weight VOCs, sulfur-containing compounds, fatty acid-derived
volatiles, etc. These VPCs can be emitted either constitutively
or in response to a variety of abiotic and biotic stimuli or
stresses. They are involved in a wide variety of ecological
functions. They can for instance protect plants against abiotic
stress and mediate plant-plant and various plant-animal
interactions (Unsicker et al., 2009; Loreto and Schnitzler, 2010).
Moreover, due to their high abundance and reactivity, VPCs
drive air chemical processes that affect air quality and climate
at regional and global scales, affecting plant growth in return
(Penuelas and Staudt, 2010).

Finally, it is expected that the atmospheric content in VPCs
varies locally according to the composition of the plant
communities specifically associated to natural habitats or
agricultural landscapes, resulting in the perception by insects
of distinct “odorscapes” The concept of a sensory-scape has
been first used for physical sensory modalities. The term
soundscape was noted by Michael Southworth in his 1969
article titled “The Sonic Environment of Cities” (Southworth,
1969) and developed in more detail 8 years later by Canadian
composer and naturalist R. Murray Schafer in his seminal
work, “Tuning of the World” (Schafer, 1977). Some years after
Bernie Krause contributed by his recordings to the emergence
of soundscape ecology (Pijanowski et al., 2011). Indeed the
term “scape” adds a notion of spatiality, or spatial determination
to a sensory word. Concerning olfaction, the term odor-
landscapes has been used to describe the spatiotemporal
distribution of chemical concentrations resulting from their
propagation in fluid media (Atema, 1996; Moore and Crimaldi,
2004). The concept of landscape also involves a notion of
movement by the receptor organism and the stimuli detected
by an insect are changing as it moves in its milieu. Due to
variations in the emission rates, the physical transportation,
and interception on surfaces and chemical degradation, the
distribution of VPCs in the insect environment is heterogeneous
in space and varies in time, which in addition to chemical
complexity makes describing the fine structure of odorscapes
particularly challenging. This review aims to better apprehend
the olfactory environment of the insect in its chemical (sections
“Plant Metabolism and Volatile Emissions” and “Insect Olfaction:
How Volatile Plant Compounds Are Encoded and Integrated
by the Olfactory System”), spatial (section “Transportation of
Volatile Plant Compounds and Spatial Aspects of the Odorscape”),
temporal (section “Temporal Aspects: The Dynamics of the
Odorscape”), ecological, and cognitive (sections “Ecological
Importance of Odorscapes” and “Plasticity and Adaptation to
Complex and Variable Odorscapes”) dimensions. We also discuss
how a better knowledge of insect odorscapes may benefit
sustainable crop protection (section “Odorscapes in Plant
Protection and Agroecology”).
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PLANT METABOLISM AND VOLATILE
EMISSIONS

Plants produce a bewildering variety of VOCs comprising a
great diversity of chemical structures. Volatility is measured
by vapor pressure and is limited by the molecular weight
(around 300 g) and also depends on the polarity of the
chemical structure. A large majority of VPCs stem from four
different metabolic pathways: the mevalonic acid (MVA) and
methylerythritol phosphate (MEP) pathways for isoprenoids,
the lipoxygenase (LOX) pathway for fatty acid derivatives,
the shikimic acid pathway for benzenoids and phenylpropanoids,
and the amino acid derivatives pathway (Baldwin, 2010). In
addition, diverse metabolic paths produce various alkenes and
low-molecular weight oxygenated compounds like ethylene,
acetaldehyde, acetone, or methanol (Jardine et al., 2017) that
may play a role in insect-plant interactions. Some VPCs are
ubiquitously emitted from a wide range of plant species while
others are released only from specific plant taxa. Hence, the
composition of volatile emissions typically differs between
plant species. Secondary metabolites in general have been
extensively used in plant classification (chemotaxonomy) and
modern algorithms for data analyses confirm the close
relationship between the volatile metabolome and plant
taxonomy (Vivaldo et al., 2017).

However, VPC emissions are also highly variable within a
plant species. Since all VPC metabolic pathways do not respond
in the same way or with the same intensity to biotic and
abiotic factors, the amounts and the composition of volatiles
released from a given plant species can strongly vary with
environmental conditions, including plant-plant interactions,
above or below ground (Delory et al, 2016). Some plant
volatile emissions are stimulated by the attack of an herbivorous
insect and serve as chemical weapons to protect plants against
these attacks (Unsicker et al., 2009; Dicke, 2016; Rowen and
Kaplan, 2016) either directly, or by attracting their natural
enemies. For instance, species of the Allium genus such as
the leek (Allium porrum) produce alk(en)yl-cysteine sulfoxides
that are precursors of volatile thiosulfinates and disulfides
(Dugravot et al., 2005). The production of these sulfur-containing
VPCs increases sharply after attack by the leek moth, Acrolepiopsis
assectella, a specialist feeder. Attacked leek plants are not
avoided by the moth but females of Diadromus pulchellus an
endoparasitoid wasp of young moth chrysalids, are more
strongly attracted to damaged leek. In addition, the frass of
A. assectella larvae contains dimethyl disulfide, dipropyl disulfide,
and methyl-propyl disulfide that attract the wasps (Dugravot
and Thibout, 2006). In poplars (Populus nigra) attacked by
Lymantria dispar caterpillars, a clear increase of nitrogenous
and aromatic compounds has been observed in the volatile
emissions (McCormick et al., 2014). Even plant-associated
microorganisms such as epiphytic bacteria on flowers and
leaves can significantly affect the VPC composition released
by a plant organ (Helletsburger et al., 2017).

Within a plant, the composition of the emissions can
largely differ among organs and may vary with the
circadian rhythm, the plant’s age and phenological state

(maturity, senescence, etc.) (Hare, 2010). For example, a
recent field study on VOC emissions from maritime pine
revealed that pinene emissions from branches have a distinctly
different enantiomeric signature (optical isomers) than pinene
emissions from the stems of the same trees (Staudt et al,
2019). Such a minute diversification in VPC production may
have important ecological implications, since many insects
such as bark beetles possess stereo-selective ORs that distinguish
between optical VPC isomers (Andersson, 2012).

INSECT OLFACTION: HOW VOLATILE
PLANT COMPOUNDS ARE ENCODED
AND INTEGRATED BY THE OLFACTORY
SYSTEM

A VPC only becomes an odor if it gets detected by a biological
sensor, here the olfactory system of an insect. Thus, to the
volatilome of plants corresponds the olfactome of insects, the
spectrum of all the volatile compounds that are detected by
a species (Figure 1). In this section, we briefly examine how
volatile compounds are detected by the insect olfactory system.
Insect olfaction is a complex sensory process that runs from
the specific detection by binding onto ORs expressed in olfactory
receptor neurons (ORNs) to neural code, blend perception
(integration in brain), and behavior.

The stimulus quality is first encoded in the pool of odorant-
binding proteins (OBPs) and ORs expressed in the olfactory
organs of a given insect species. While OBPs are generally
thought to play an important role in the solubilization and
transport of the odorants (Pelosi et al., 2017), here we will
only focus on the ORs, as they are the molecular actors that
trigger the olfactory signaling cascade. ORs are hosted by
ORNGs enclosed inside the olfactory sensilla on the antennae
and palps of insects. Typically, ORs have a seven-transmembrane
topology and form heterodimers with a co-receptor named
Orco (Butterwick et al., 2018). While Orco is fully conserved
across species, sharing up to 94% sequence identity with
orthologs from different species (Butterwick et al., 2018; Soffan
et al., 2018), the sequence identity of the other ORs can vary
greatly within and between species (Hansson and Stensmyr,
2011). Additionally, the size of the OR repertoire, i.e., the
content of OR sequences in a genome, differs from one species
to another, reflecting their ecology and lifestyle as well as
the evolutionary history of the species. Extreme examples of
OR repertoire sizes can be found among parasitic and social
insects. The human body louse (Pediculus humanus), an obligate
parasite with a very specific ecological niche with a relatively
constant environment, has only 10 ORs (Kirkness et al., 2010).
On the contrary, some ants, that have a complex social
organization in which olfaction plays an important role and
that are exposed to various environment, express up to 350
ORs (Zhou et al., 2012). However, in addition to the size of
the OR repertoire, the chemical tuning of each individual
OR is fundamental to evaluate the olfactory capacity of an
insect species. Indeed, the capacity of each OR to detect

Frontiers in Physiology | www.frontiersin.org

57

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Conchou et al.

Insect Odorscapes

FIGURE 1 | The plant-VPC-insect network. The complex odorscape of a
moth (Agrotis jpsilon) shown as a communication network between plants,
VPCs, and insect spaces. The network graph is based on the chemical
analyses of plant VPCs and recordings of EAG responses from the literature
(Greiner et al., 2002; Jerkovic et al., 2003; Degen et al., 2004; McCormick

et al., 2014). It has been drawn using the R package “network” (R Core Team,
2013). The plant species release VPCs (blue spots) that are detected by the
olfactory system of the moth. The information contained in VPCs circulates
from the plants to the insect (blue arrows). Each plant emits a variety of VPCs
and one VPC can be produced by different plant species. For simplification,
the VPCs not detected by the moth have been omitted. The olfactory system
of the moth detects VPCs released by its host plant, maize, as well as by
companion plants, such as a weed (Artemisia vulgaris) and trees surrounding
the fields (Populus nigra). Most of the VPCs are shared between two or three
plants. This simplified network does not take into account the intensity of the
emissions, which can largely differ among VPCs released by a same plant,
and moreover varies according to the biomass of individual plants and of the
whole plant communities.

volatiles varies in terms of specificity and sensitivity. Specialist
ORs have a very narrow binding spectrum. It is usually the
case for the ORs that bind pheromone compounds. Other
ORs are more broadly tuned. In addition, the spectrum width
increases with odorant concentration, the ORs being more
narrowly tuned at low concentrations (de Fouchier et al,
2017). Combinatorial coding, where each odorant activates a
different set of ORs, allows the discrimination of a greater
number of odorants than the number of OR types, increasing
the olfactory capacity of an individual insect. Finally, different
subsets of ORs are expressed depending on sex or life stage,
in order to accommodate the ecological needs of individuals
(Poivet et al.,, 2013). The size of the repertoire, the diversity,
the tuning, and the timing of expression of ORs make the
description of the olfactome a complex task. Owing to the
generalization of DNA and protein sequencing methods, an
increasing amount of OR sequences is now available. The
deorphanization of receptors is the limiting step, requiring
heavy and sophisticated techniques. The development of high-
throughput methods should play a crucial role in the upcoming

years in this essential step to get a sense of the true olfactome
of each species. Furthermore, the notion of OR repertoire
should be treated in all its complexity. Indeed, while the
sequence information is important, it is not sufficient. Major
shifts in the olfactory system can be achieved through a change
in the expression of ORs, or even a change in the neuronal
projection to the brain (Dekker et al., 2006; Kopp et al., 2008;
Tait et al., 2016).

The firing response of insect ORNs is proportional to the
aerial concentration of odorants and has a much wider dynamic
range than that of their vertebrate counterparts (Rospars et al.,
2014). This intensity coding informs insects on the absolute
levels of odorants in the atmosphere and allows detection of
changes in aerial concentrations. However, because of turbulences
in natural conditions, the odor plume does not form a continuous
gradient pointing to its source (Celani et al., 2014), making
odor navigation at large distances a challenging task. This point
will be discussed more in section “The Odorscape as a Source
of Spatial Information: Habitats, Trails, and Landmarks”

All ecologically relevant sources release odor blends rather
than individual odorants. Perception of blends of VPCs plays
a pivotal role in the recognition of the host plant and
avoidance of non-host plants (Bruce and Pickett, 2011; Cha
etal, 2011). Blend recognition involves the sensory integration
of the information carried by ORNs at different levels in
the insect brain, the antennal lobe and the protocerebron
(Silbering and Galizia, 2007; Galizia and Réssler, 2010; Galizia,
2014). Not only does the nature of each component matter,
but also its proportion in the blend. Detailed investigations
on blend perception, for instance in bees, have shown that
in some cases the insect still perceives the individual
components (elemental processing), but most often a distinct
entity is perceived (configural processing) (Deisig et al.,
2006). In addition, interactions between the components of
a blend can lead to a reduced perception of the blend,
compared to that of its individual components, a process
termed “mixture suppression” (Ache et al, 1988). Thus,
olfaction is a highly integrative sensory process which makes
the prediction of insect responses in complex odorscapes
difficult. Furthermore, multi-modal integration, for instance
between vision and olfaction, can increase responses to
odorants (Strube-Bloss and Rossler, 2018).

Eventually, the odor perception may trigger a conspicuous
change in insect behavior. Male moths, for instance, are sexually
aroused and attracted by the female-emitted pheromone. They
take flight and navigate the pheromone plume upwind toward
the source performing chemically triggered anemotaxy (Cardé
and Willis, 2008). This behavior is innate. However, because
of the integration in the insect brain of the complex olfactory
input from a pool of ORNs, the detection of an odorant does
not preclude of the type of behavior that follows. The males
of several noctuid moth species also possess ORNs specifically
tuned to some of the components of the pheromones produced
by females of sympatric species. Activation of these ORNs
inhibits their attraction to their own pheromone (Berg and
Mustaparta, 1995; Berg et al., 2014). For plant volatiles, it has
long been acknowledged that phytophagous insect species
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sharing large parts of their olfactome nevertheless show different
preferences in their behavioral responses to host plant volatiles
(Bruce et al., 2005). In other words, the full knowledge of
the olfactome will not suffice to predict the behavior.

Insects can also be innately repelled by specific odorants.
Geosmin, an earthly smelling substance of bacterial origin,
deters oviposition by Drosophila melanogaster females, preventing
them from laying their eggs on fruits colonized by harmful
molds (Stensmyr et al., 2012). Based on such attraction or
avoidance behaviors, the concept of valence is commonly applied
to insects. Valence value is considered as positive when the
insect is attracted, negative when it is repelled. This does not
postulate a hedonic value, which could be questionable in
arthropods. It seems essential to determine whether odor valence
conserves the same value among species, is stable during an
individual life, and is treated in specific neuronal circuits
according to its value. Since it has long been acknowledged
that the same odorant may attract some, while repelling other
insect species, it is easy to confirm that valence pertains to
the species. Isothyocyanates for instance, repel generalist
herbivores but attract Brassicaceae specialists (Hopkins et al.,
2009). Several bark beetle species avoid hexanol isomers and
monoterpenes associated with deciduous non-host trees, while
the same molecules are attractive to insects feeding on deciduous
trees and their parasitoids (Zhang et al., 1999; Byers et al,
2004). Carbon dioxide (CO,) is a salient odorant for many
insects (Guerenstein and Hildebrand, 2008). CO, attracts
hematophagous insects seeking for a host (Stange, 1996). The
tobacco hawk moth M. sexta is attracted to elevated CO, levels
emitted from fresh opening flowers of Datura wrightii
(Solanaceae) that likely contain large amounts of nectar (Thom
et al, 2004). By contrast, CO, elicits innate avoidance in
Drosophila (Suh et al, 2004) but this behavior is context
dependent, testifying that valence may change during the life
of an individual. Indeed, Drosophila prefers feeding on rotting
fruits that emit CO, as a by-product of fermentation by
microorganisms and yeasts. Two compounds, 2,3-butanedione
and 1-hexanol, present in Drosophila food sources, but more
abundant during fruit ripening, strongly inhibit the response
of CO,-sensitive ORNs by direct interaction with the CO,
receptor, suppressing the avoidance of CO, by flies (Turner
and Ray, 2009). The valence of an odorant often changes with
its concentration. D. melanogaster for instance shows an innate
and robust attraction to vinegar but higher concentrations of
vinegar are less attractive (Semmelhack and Wang, 2009).
Experimental evidence establishing the localization of valence
treatment in the insect olfactory system is scarce. For instance,
no valence-specific activation of ORNs was found in Drosophila
flies, but the categorization of odors as pleasant or unpleasant
seems to be established at the antennal lobe level (Knaden
et al., 2012) and might be maintained from the antennal lobe
to the lateral horn (Min et al., 2013).

To conclude this brief overview of the insect olfactory system,
the behavioral activity of a given odorant is not only odorant
dependent but also receptor, species and context dependent.
This level of complexity calls for integrative approaches from
gene to behavior in order to understand what insects smell.

TRANSPORTATION OF VOLATILE PLANT
COMPOUNDS AND SPATIAL ASPECTS
OF THE ODORSCAPE

Because insect behavior depends on how volatile compounds
are distributed in space and time, insect chemical ecology has
very early paid attention to the processes that determine odorant
fate in the atmosphere (Riffell et al., 2008). The dispersion of
the odorant molecules in the atmosphere depends on the
characteristics of the sources, the importance of the compartments
where they can be sequestrated (sinks), and the physical laws
describing fluid movements. Biological sources of volatile
compounds are considerably variable in their emission capacity.
As the cuticle area above the pheromone gland of a female
moth is in the range of tens of square micrometers, a single
female may be approximated as a point source. On the contrary,
the billions of yellow flowers from a blooming field of rape
constitute a huge source of floral volatiles covering hundreds
of square meters. VPC exchanges have been analyzed only in
a few agricultural ecosystems. In a maize field, fluxes at ecosystem
scale show large differences between families of VPCs,
8 + 5 pg m? h' for isoprene and 4 + 6 ug m> h™' for
monoterpenes but 231 + 19 pg m™ h™' for methanol (Bachy
et al., 2016). Once released in the air, the pheromone and
the crop plant volatile molecules are carried by air flows
according to identical physical processes but generate plumes
with different shapes and dimensions. The pheromone forms
a meandering plume, roughly cone shaped, with its main
dimension in the wind axis. Such a narrow plume builds a
chemical trail that insects can follow upwind. The physical
structure of the plume has been analyzed and modeled, revealing
a statistical distribution of pheromone molecules into intermittent
filaments (Celani et al., 2014). The emissions of an individual
plant, or plant organ, behave probably much like a pheromone,
enabling the insect to fly back up the source. By comparison,
the dispersion of VPCs at field scale has not been so finely
investigated but one can expect that it builds up local odorant
ambiances that resolve into broad downwind odor cones. Thus,
odorscapes can be seen in space as trails and scenes, similar
to the paths and sceneries of a physical landscape, although
less stable. In such odorscapes, insects can stay on a spot and
be durably exposed to local high concentrations, move to a
more suitable habitat, or navigate an odor plume.

Most of the physics beyond the distribution of odors is
known from environmental fluid mechanics. Volatile organic
compounds spread away from their source through molecular
diffusion and through transportation by wind and other air
flows. Diffusion is the net movement of molecules from a
region of high concentration to a region of low concentration
as a result of their random motion. It is slow and acts significantly
only at very small distances (below 1 m). Its contribution to
the distribution of VPCs at field scale is therefore much smaller
than that of air transport. By contrast, diffusion might be the
major driver of VPC movements in the soil.

Wind is of course the strongest factor of horizontal dispersion
of odors in natural landscapes but in fact, three types of air
movement co-occur: advection, convection, and turbulence,
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resulting in transport and dilution of VPCs not only horizontally,
but also vertically. Advection is the bulk transport of a substance
by a flow: the wind carries away the VPCs horizontally, quickly,
and on long distances. Convection is the vertical transport by
thermals, finite parcels of fluid consisting in the same fluid as
its surroundings but at a different temperature. Differences in
air temperature or moisture can lead the atmosphere to stratify
in layers of different densities, which limits vertical transport
of VPCs. Differences in air density may be stable, which for
example explains smog episodes over cities. Finally, turbulences
may arise from three main mechanisms. When the wind
encounters physical obstacles like bushes or trees, local vortices
or turbulences are generated. Shear turbulence is created by a
flow scrubbing against a rough surface like the ground. Surface
roughness depends on the vegetation cover and hence shear
turbulence is different over bare soils, grasslands, crop fields,
and forests. Convective turbulence is created by rising/sinking
thermals. All turbulent flows cause stirring of odor pockets
with the formation of eddies of different diameters and speeds.
Eddies are then transported horizontally by advection. Turbulences
cause intermittency in odorant signals, with pockets of odorized
air separated by clean air, and favor mixing between ambient
air and air carrying the signal. Introduction of ambient air
into the plume dilutes odorants and mixes odorants from different
sources or with airborne oxidants. For instance, Riffell et al.
(2014) showed that the ratio of volatiles in the plume emanating
from flowers of Datura wrightii changed with distance, as the
background volatiles from neighboring vegetation, including

creosote bush plants, became intermixed with D. wrightii volatiles.
The average VPC concentration decreases as the square of the
distance from the source but local conditions can alter this
rule. At landscape scale, local topography can favor the build-up
of high levels of VPCs through valley or basin effects.
Although an odor emanating from a discrete source is
typically represented as a scent cone produced by a moving
fluid entering a quiescent body of the same fluid, the actual
shape of an odor is dictated by air movements and must
be seen as a plume (Murlis et al., 1992). Turbulences and
random changes in the wind direction will cause this plume
to meander, resulting in a “chemical trail” Insects such as
moths can fly over several hundreds of meters navigating
upwind through such pheromone plumes (Shorey, 1976; Cardé
and Charlton, 1984; Elkinton et al, 1987). An insect flying
through a diversified landscape will experience areas differently
odorized, both with respect to the nature of the volatile
compounds and their mixing rates. Furthermore, vertical
stratifications in the distribution of VPCs have been observed
in many ecosystems. For example, in a neotropical forest,
sesquiterpenes were most abundant in the air near the ground,
whereas monoterpenes prevailed at higher canopy levels (Jardine
et al., 2011, 2015). Finally, while we have gained a better
knowledge of odor distribution at the field scale, the micro-
distribution of VPCs at the scale of an insect’s body size
(millimeters to centimeters) remains to be investigated. One
should expect a large heterogeneity in accordance with the
diversity of microhabitats created by the plant cover.
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FIGURE 2 | Odorscapes are highly variable at a diversity of time scales. The left part of this chart depicts the factors that determine volatile emissions by plants
(top), atmospheric processes (middle), and the processes by which insects can adapt to changes in their olfactory environment (bottom), classified horizontally by
the time scale at which they act or vary. Thin arrows depict indirect impacts, through influence on another factor. Box color: dark blue = climate and soil factors,
green = plant physiology and ecology, orange = atmospheric physico-chemistry, brown = insect adaptation processes, gray = anthropic factors. Although this is not
represented for readability issues, extremes of most climate and soil factors do cause stress responses in plants. VOC sources other than plants (especially
anthropogenic VOC) are ignored. On the right side, thick arrows depict how plant emissions and atmospheric processes determine the characteristics of the

odorscape.
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TEMPORAL ASPECTS: THE DYNAMICS
OF THE ODORSCAPE

Because of the variations in emissions, sinks, and atmospheric
transport of VPCs, the odorscape composition changes
considerably at seasonal, daily, hourly, and even minute to second
time scales (Figure 2). A survey of VOCs in the atmosphere
of rural and urban districts in Great Britain has shown that
the maximum concentration of some VOCs may reach values
100 times higher than average, even above rural areas (Cape,
2003). Measures of fluxes over crop fields, forests, and other
plant communities have all shown variations at all time scales
listed above (Bachy et al., 2016; Schallhart et al., 2016).

Temporal Variations in Emission
Emissions of VPCs can occur by sudden and short bursts.
Plants respond to herbivory by rapidly modifying their emissions
after attacks (Maffei et al., 2007). Wounding triggers bursts of
so-called green leaf volatiles formed from the enzymatic
breakdown of membrane lipids through the lipoxygenase pathway
(LOX). The emission response is almost instantaneous and
lasts only a few hours (see e.g., Staudt et al., 2010). Likewise,
in plants that store VPCs in their tissues (e.g., essential oil
in aromatic plants or oleoresin in conifers) or VPC precursors
(e.g., glucosinolates in Brassicaceae or cyanogenic glucosides
in Rosaceae), mechanic stress and injuries including herbivore
attacks induce immediate emission bursts. However, the induction
of many other stress-related VPCs is associated with gene
activation and the resulting metabolic adjustments, which
proceed over hours and days (Arimura et al., 2008).
Temperature positively drives both physical and physiological
processes, leading to marked daily emission changes. In addition,
the emissions of many VPCs are light dependent, because
their biosynthesis is tightly linked to photosynthetic processes
that deliver primary carbon substrates and biochemical energy.
Foliar isoprene emissions, for example, cease at night. During
the day, they can fluctuate rapidly, in response to changes in
cloud cover and shading by the canopy (Singsaas and Sharkey,
1998). Light influence on stomatal conductance constrains
emissions of polar water-soluble VPCs such as methanol, which
can be further modified by diurnal changes in transpiration
and water transport (Rissanen et al., 2018). On the other hand,
emissions of apolar hydrophobic VPCs are independent of
stomatal conductance, even though these VPCs diffuse principally
through stomata (Niinemets et al., 2002). In addition to exogenous
factors, an endogenous clock also controls dial emission
variations. Photo-positive and less frequently photo-negative
endogenous circadian rhythms have been reported for constitutive
and stress-induced VPC emissions (Zeng et al., 2017).
Environmental factors exert various longer term effects on
VPC emissions, independently of the aforementioned short-term
modulations. Weather conditions and particularly the prevailing
temperature regimes continuously up- and down-regulate the
VPC-producing metabolism in plants (Fischbach et al., 2002;
Staudt et al., 2003). Seasonal drought events can positively and
negatively modulate VPC emissions, depending on the stress

intensity (Staudt et al., 2008). Phenology is also a major driver
since VPCs are mostly emitted from leaves and flowers that
are absent or physiologically inactive during specific periods
(Filella et al., 2013). The main periods of low emissions correspond
to the cold season in temperate and subpolar climates, and to
the dry season in arid subtropical climates. During these seasons,
a large majority of insects, which depend directly or indirectly
on plants as food sources, are inactive.

At decennial time scale, human activity and climatic change
have profoundly modified natural odorscapes in the past and
will continue to alter VPC emissions in the future at local,
regional, and global scales (Lathiere et al., 2010). Interestingly,
these long-term changes in quantity and composition of VPC
emissions can feedback on climate evolution since their reaction
products in the atmosphere influence ozone concentrations
and other parameters that will alter the balance between
insolation absorbed by the Earth and the energy radiated back
to space (e.g., Harper and Unger, 2018). Rising temperature
and atmospheric CO, concentration will directly affect VPC
biosynthesis in addition to changing plant growth rates,
phenology, and the length of the vegetation periods (Penuelas
and Staudt, 2010; Staudt et al., 2017). Furthermore, the frequency
and intensity of heat spells and drought stress will increase
in some regions, potentially increasing the proportions of stress-
induced VPCs in the atmosphere. Land use itself can deeply
alter the odorscape, not only by changing profoundly the type
and size of VPC sources (Hantson et al., 2017), but also by
affecting the microclimate and the strength of VPC sinks.

Atmospheric Degradation of Volatile

Plant Compounds

Physical, chemical, and biological sinks limit the mixing ratios
of VPCs in the air. Soils, for instance, can act as sinks for VPCs
through mechanisms of dissolution and adsorption onto organic,
mineral, and aqueous surfaces, and through degradation by aerobic
and anaerobic microorganisms (Insam and Seewald, 2010). VPCs
can also be deposited on or taken up by plants and eventually
metabolized (e.g., Karl et al, 2010). However, the main VPC
sink remains their atmospheric chemical degradation through
reaction with atmospheric oxidants (Figure 3). The main oxidants
are the hydroxyl radical (OH), ozone (O;), and the nitrate radical
(NO;). O; and the OH radical are secondary pollutants
predominantly photochemically formed, essentially under sunlit
conditions (Atkinson and Arey, 2003). In the troposphere, O; is
produced from the photolysis of NO, to NO and a triplet O,
the latter reacting with O, to form O,. The OH radical - often
referred to as the “detergent” of the troposphere - is formed
from the photolysis of O; to O, and singlet O, which further
reacts with a water molecule yielding two OH radicals. The nitrate
radical is produced from the reaction of O; with NO, leading
to O, and NO;. The NO; radical is considered an important
oxidant only at night, because it photolyzes rapidly during the
day. The reactivity of VPCs to these oxidants and their resulting
atmospheric lifetimes are highly variable. For example, the O,
reactivity of benzyl alcohol, linalool, and B-caryophyllene differs
by more than three orders of magnitude (Atkinson and Arey, 2003).
The sesquiterpene P-caryophyllene is so reactive that under most
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levels indicated above the histograms. The degree of O reactivity is based on the structural properties of the VPCs (Atkinson and Arey, 2003).
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conditions, it will last only a few minutes (Figure 3). The products
of VPC reaction with atmospheric oxidants (mostly addition at
double bonds) will first yield transitory unstable intermediates
(radicals and ozonides) that rapidly react further to produce more
stable oxygenated derivatives such as ketones, aldehydes, and
organic nitrates. These secondarily formed oxygenated VPCs are
generally less reactive than the primary ones (Atkinson and Arey,
2003). The number of hypothetical products formed from
VPC-oxidant reactions increases exponentially with the number
of carbon atoms present in the VPC molecules (Goldstein and
Galbally, 2007). As a result, the initial bouquet of emitted VPCs
becomes gradually mixed with a characteristic blend of its numerous
degradation products during its aerial transport. The extent to
which such secondary VPCs affect insect behaviors is not yet
well understood, even though impairment of insect orientation
has been reported. For instance, primary pollutants in diesel
exhaust (Girling et al., 2013) can differentially degrade floral VPCs
and affect the foraging efficiency of honeybees. Similarly, laboratory
experiments with herbivorous insects, bumble bees, and parasitoids
indicated that realistic O; concentrations impair insect attraction
to their host plants (Fuentes et al., 2013, 2016; Farré-Armengol
et al, 2016). A modeling framework was used to simulate the
modification of floral scent plumes by dispersion and chemical
degradation and its impact on foraging pollinators (Fuentes et al.,
2016). Even moderate levels of air pollutants (e.g., 60 ppb O;)
can substantially degrade floral volatiles, increase the foraging
time of insects, and reduce their ability to locate host plants.
The study also highlights that plant-pollinator interactions could
be sensitive to changes in floral scent composition, especially if
insects are unable to adapt to the modified odorscape.

The atmospheric concentration of oxidants varies temporally
and spatially. In particular, OH and NO; radical concentrations

show pronounced diurnal variations, though in opposite trends.
In addition, the intensity of turbulent transport is usually
different during day and night. At night, the tropospheric
boundary layer is low (10-100 m) with little turbulence whereas
it is high (>1,000 m) and strongly turbulent during the day.
As a result, the air volume into which VPCs released from
the ground are mixed is much greater by day. VPC concentrations
can therefore be higher and more stable at night even though
emissions are generally lower (e.g., Staudt et al, 2019).
Atmospheric chemical degradation and turbulence conditions
also change seasonally. During the cold season, VPC breakdown
by airborne radicals and oxidants is relatively lower, the
atmospheric nighttime stratification is stronger and often extends
over morning hours, during which mist often settles and allows
VPCs to accumulate in the boundary layer. Therefore, and
considering that most VPC emissions are absent during the
cold season, an olfactory signal might be more salient during
winter. So far, it is unknown whether winter atmospheric
conditions facilitate pheromone communication by the very
few species of so-called winter moths that mate during winter.
Finally, the chemical and radiative properties of the earth’s
atmosphere fluctuate over longer time scales. For example, air
pollution events and concentrations of associated key oxidants
such as tropospheric O; have been steadily increasing during
the Anthropocene (Ainsworth, 2017).

ECOLOGICAL IMPORTANCE OF
ODORSCAPES

Resource-indicating odor cues only represent a fraction of the
odorants a searching insect will encounter. For instance, a floral
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odor that signals a valuable food source to pollinators is always
mixed with the volatiles released by the vegetative parts of the
plants. This blend is itself intertwined with volatiles emanating
from the rest of the local plant community. Considerable efforts
have been and still are devoted to understanding how and why
insects respond to specific odor cues. On the contrary, the way
insects deal with global odorscapes is rarely explicitly addressed.
Background odors have often been considered as a sensory
noise impairing the detection of resource-indicating cues. However,
the literature contains enough examples illustrating the variety
of modes by which the olfactory environment modulates insect
behavior. Behavioral responses often depend on the integration
of several stimuli interacting with each other either synergistically
or antagonistically. The odorscape can provide a sensory context
and/or convey spatial information helping insects to locate
resources. The following sections will review some of these
important ecological functions of the odorscapes.

The Odorscape as a Background to the
Signal: Olfactory Noise

Plant odors although varying in composition among species
comprise many ubiquitous volatiles. For instance, limonene,
B-ocimene, B-myrcene, and linalool are recorded in the floral
scents of over 70% of plant families (Knudsen et al., 2006).
Similarly, green leaf volatiles are very frequently emitted by
angiosperm leaves (Hatanaka, 1993). There is therefore a high
probability for any source in an ecosystem to emit odors that
overlap in composition with those emitted by the plant(s)
dominating the local landscape. In addition, many insect ORs
respond to more than one odorant and their binding specificity
decreases with increasing odorant concentration (Andersson
et al.,, 2015). Therefore, interferences between odors in natura
are likely, either because they share part of their constituents
or because their respective volatiles activate overlapping sets
of ORs. Riffell et al. (2014) have investigated the impact of a
background of creosote bush odor (Larrea tridentata, a landscape-
dominating plant) on the perception of and behavioral response
to Datura wrightii odors (a resource-plant) by the sphingid
moth M. sexta. They show that a background of either
benzaldehyde (a compound shared by D. wrightii and creosote
bush) or geraniol (released only by creosote bush but binding
to different M. sexta ORs) impairs the capacity of M. sexta
to detect and track a D. wrightii odor plume. Both volatiles
alter the neural representation of D. wrightii odors by antennal
lobe neurons and impair the moth’s ability to track the time
structure of the stimulus. Physiologically, this impairment could
result either from sensory adaptation to the background, or
from an inability to discriminate signal and background odor
pockets from one another (see section “The Odorscape as a
Source of Spatial Information: Habitats, Trails, and Landmarks”).
Background interference, if acting through sensory adaptation,
would make cues or signals appear less intense, increase the
minimum detectable signal concentration (Martelli et al., 2013),
and therefore reduce the maximum distance from which an
insect is able to track an odor plume, depending on the relative
concentrations of signal and background.

Background odorants and VPCs in particular can also
interfere with the chemical signals produced by insects. When
tested in an arena smeared with perfume Iridomyrmex purpureus
ants antennated both nestmate and non-nestmate individuals
more frequently, compared to a control arena (Conversano
et al., 2014). Insect sex pheromone signals must be less prone
to background interferences than other signals because they
are often composed of specific chemicals, that are detected by
particularly finely tuned and highly sensitive ORs. However,
in several moth species, high concentrations of some VPCs
directly activate pheromone-sensitive ORNs and/or reduce their
response to the sex pheromone, probably because of competition
for the OR-binding site (Den Otter et al., 1978; Party et al,
2009; Hatano et al., 2015; Rouyar et al., 2015), with consequences
on behavior. For instance in Agrotis ipsilon males, addition of
a heptanal background increased the latency of flight responses
to the pheromone source in a wind tunnel (Rouyar et al,
2015). In Spodoptera littoralis males, the sudden transition from
an odor-free background to a linalool background resulted in
a temporary disorientation of the insect (Party et al, 2013).
In the same species, a continuous linalool background, although
reducing response intensity, improved the temporal resolution
of responses to pulsed pheromone stimuli by pheromone-ORNs
(Rouyar et al, 2011). Coding of stimulus time structure is
essential for navigation (see section “The Odorscape as a Source
of Complementary Information to Insects Searching for a
Mate”). Testing whether VPC backgrounds improve or impair
navigation efficiency will require a detailed analysis of wind
tunnel flight trajectories. Whether and under which circumstances
the high VPC concentrations required in order to observe
interferences with sex pheromone detection can be reached
in natura is still an open question (Badeke et al., 2016).

The Odorscape as a Background to the
Signal: Olfactory Context

Many VOCs are emitted by a diversity of organisms in a
variety of situations, and may only make sense to a given
insect when encountered in a specific context. Background
odors, besides their potential for interference with signal
detection, may provide such a context. Indeed, many cases
where the addition of contextual/background odors enhances
the attractiveness or repulsiveness of a resource cue have been
documented (Schroder and Hilker, 2008). A striking example
of such a context dependence is that of the Scots pine, which
produces a volatile bouquet that attracts egg parasitoids in
response to oviposition by Diprion pini, a herbivorous sawfly.
Compared to constitutive pine emissions, the VPC bouquet
released by oviposited pine twigs only differs by significantly
higher emissions of (E)-p-farnesene. However, females of the
egg parasitoid Closterocerus (syn.: Chrysonotomya) ruforum do
not respond to the sesquiterpene when presented alone, while
they are attracted when (E)-P-farnesene is offered in combination
with the volatile emissions of egg-free pine twigs (Mumm and
Hilker, 2005). The ratio of (E)-B-farnesene to the other pine
twig terpenoid volatiles (context) is key to the attraction of
the parasitoid (Beyaert et al., 2010).
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Recent experiments suggest that a realistic odor context may
enhance the capacity of male moths to discriminate among
conspecific and heterospecific mates, which is essential to
maintain reproductive isolation among closely related species.
When presented with calling females in a clean air background
in a no-choice situation, male S. littoralis were attracted toward
females of the sibling species S. litura almost as much as to
conspecific females (Saveer et al., 2014). However, while the
addition of host plant (cotton) odor did not affect their attraction
toward conspecific signals (either synthetic full pheromone blend
or calling female), it significantly reduced attraction toward
heterospecific signals (either main pheromone component alone
or S. litura calling female) (Borrero-Echeverry et al., 2018).

The Odorscape as a Source of
Complementary Information to Insects
Searching for a Mate
The olfactory environment is also itself a source of information.
This has been particularly studied in the context of mate
selection, where odors from the surrounding plant community
inform mate-searching insects on the quality of resources
available around a potential mate. For instance, many publications
report that volatiles emitted by host plants (i.e., plant species
the insect and/or its offspring can feed on) enhance moth
attraction to sex pheromones and increase their reproductive
behavior (Yang et al, 2004). Looking at field trapping data,
it is not always clear whether increased catches to traps lured
with a combination of pheromone and host plant odor result
from a true synergy or a mere addition of food-searching
and mate-searching individuals. Flight attraction of
Cydia pomonella males to blends of female sex pheromone
and the host plant volatile pear ester represents a case of
synergy between host plant VPCs and pheromone documented
at neurophysiological and behavioral levels (Trona et al., 2013).
In a wind tunnel, pear ester by itself elicited virtually no
contact to source, while its addition to the sex pheromone
almost doubled the proportion of moths contacting the source
compared to pheromone alone. Pheromonal and host plant
information are already integrated in the moth antennal lobe
since the cumulus region, which receives inputs from pheromone-
ORNSs, was more strongly activated by the blend than by the
sex pheromone alone, while pear ester alone did not activate
it at all. Similarly, aggregation pheromone and plant volatiles
do act synergistically on the walking locomotion of several
palm tree weevil species that gather on host trees to feed and
mate (Rochat et al., 2000; Said et al., 2005). In males of the
polyphagous moth S. littoralis, mate choice is linked to host
plant choice: when offered a choice between two identical sex
pheromone sources placed on two different host plant species,
the males went for the source located on the most preferred
host plant (Thoming et al, 2013; Proffit et al., 2015).
Conversely, odors of non-host plants (i.e., low quality or
unsuitable for feeding) can antagonize pheromone signals. The
volatile emissions from non-host gymnosperms or toxic
angiosperms reduce S. littoralis male attraction toward the sex
pheromone (Binyameen et al., 2013) while angiosperm odors

antagonize attraction of conifer-associated bark beetles toward
both their aggregation pheromone and host-tree odors (Zhang
et al., 1999; Zhang and Schlyter, 2004). These effects of VPCs
could explain why forests with higher tree species diversity
suffer lower herbivory impact (Jactel and Brockerhoff, 2007)
and more generally contribute to “associational resistance,” an
ecological syndrome where a good-quality host plant located
near non-host or low-quality host plants is less likely to
be impacted by herbivores (Jactel et al, 2011; Zakir et al,
2013). Insects can also discriminate against particularly well-
defended plant individuals of their host species and modulate
their response to pheromones accordingly. In S. littoralis, male
attraction toward the sex pheromone is reduced by herbivore-
induced plant volatiles, which signal high levels of anti-herbivore
defenses (Hatano et al, 2015). In Ips typographus, attraction
to the aggregation pheromone is antagonized by 1,8-cineole,
a host-tree compound, whose emission rate correlates with
tree resistance to I. typographus attacks (Andersson et al., 2010;
Schiebe et al, 2012). Pheromone-ORNs and 1,8-cineole-
responsive ORNs are located inside the same sensillum type
in I typographus antennae. A cross talk between those two
ORN types was observed, such that activation of 1,8-cineole
ORNSs inhibits the firing of pheromone-ORNS.

The Odorscape as a Source of Spatial
Information: Habitats, Trails, and
Landmarks

A resource is usually closely associated to a specific environment
or habitat. Furthermore, cues emanating from the habitat
are usually more salient than resource-emitted signals, such
that VPCs from the habitat may allow the insect to locate
broad areas within which the probability to find resources
of interest is high. How insects use habitat information in
their foraging behavior has long been a matter of debate.
They may forage sequentially, first for habitat cues at long
range, then for resource cues at shorter range. Alternatively,
resource-foraging behavior may be modified or triggered in
the presence of habitat cues. A detailed review of the literature
pertaining to the use of habitat cues by insect can be found
in Webster and Carde (2017).

Once within a suitable habitat, insects must navigate to
locate a resource. For animals larger than a millimeter, searches
take place in a turbulent environment, which adds considerable
difficulties for odor source location. Indeed, as mentioned
before, turbulences prevent the formation of stable odor gradients.
Instead, plumes are patchy distributions of odor filaments
(whiffs) interspersed with pockets of clean air (blanks;
see Figure 4) (Murlis et al., 1992; Cardé and Willis, 2008;
Riffell et al., 2008). Moreover, active olfactory sampling behaviors
and self-generated airflows such as wing flapping, antennal
flicking, and body movements modify the structure of the
plume and increase the speed of encounters with odor whiffs
by the antennae (Sane and Jacobson, 2006; Houot et al., 2014;
Huston et al., 2015). Whiff intensity as well as whiff and blank
duration are distributed according to power laws with the
shortest whiffs lasting just a few milliseconds (Celani et al., 2014).
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FIGURE 4 | Temporal structure of the odor plume. Plume snapshot (upper part): the wind transports odorants away from the source along its main direction.

The mean odorant concentration in the odor plume decreases with the square of the distance but local vertices mix together odorized and clean air, making the local
odor concentration vary considerably around the average. As a result, odor plumes are highly intermittent signals, consisting of series of whiffs, clumps and blanks
(odor/no-odor events). Foraging insects cannot rely on a chemical gradient but use the fast temporal dynamic of the plume to locate distant mates and host plants
(Budick and Dickinson, 2006; Cardé and Willis, 2008). EAG recording (lower part): the complex structure of odor plumes can be visualized with the EAG technique
(Vickers et al., 2001; Riffell et al., 2008; Nagel and Wilson, 2011) since the insect antenna responds gradually and dynamically to odor stimuli. Here, the EAG was
recorded from an Agrotis jpsilon antenna attached to a walking red palm weevil (Rhynchophorus ferrugineus). The weevil was attracted to an odor source containing
10 pg of its aggregation pheromone (4-methyl-5-nonanol, ferrugineol) mixed with 10 pg of the main component of the A. jpsilon pheromone, (2)7-dodecenyl acetate
(Z7-12:Ac). Z7-12:Ac is thus used as a tracer of ferrugineol. The distance between the starting point of the insect and the odor source it reached was 1.75 m.
Portions of the EAG recording corresponding to a whiff, a blank, and a clump of whiffs are enlarged and show single detection events (red dots).
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While the time-averaged odor concentration decreases with
the square of the distance to the source, instantaneous
concentrations at a point vary rapidly over several orders of
magnitude. Consequently, the time needed to obtain a reliable
concentration average is much longer than the time insects
actually take to make navigational decisions and the plume
does not provide any directional information. Insects must
respond to instantaneous odor concentration changes when
locating an odor source and speed and precision of their
olfactory system are crucial to accurately encode the temporal
information about sensory cues. First, Drosophila ORNs have
a very short response latency (down to 3 ms) and high precision
(standard deviation below 1 ms) (Egea-Weiss et al., 2018).
The latency of behavioral responses ranges from 70-85 ms
after ORN response onset in Drosophila (Bhandawat et al.,
2007; Gaudry et al, 2013) to 150-200 ms in moths (Baker
and Haynes, 1987; Mafra-Neto and Cardé, 1996). Second, insects
can exhibit a locomotion response to very brief odor exposures,
e.g., single encounters of sex pheromone lasting 20 ms in the
almond moth Cadra cautella (Mafra-Neto and Cardé, 1996).
Third, odor space coding is linked to odor time coding.

The noctuid moth Helicoverpa zea and the honey bee discriminate
odor sources separated from each other by only a few millimeters.
This remarkable capacity of spatial resolution has been postulated
to rely on slight temporal differences in the arrival of odorants
based on the high degree of temporal resolution of the insect
olfactory system (Baker et al, 1998; Szyszka et al, 2012).
Interestingly, although the recognition of odor blends requires
more neuronal resources compared to single odorants, modeling
studies and physiological observations indicate that multi-
component odor mixtures elicit more reliable and faster olfactory
coding than single odorants (Chan et al., 2018).
Navigational strategies of moths tracking a pheromone plume
have been extensively investigated and there are a number of
excellent reviews on the subject (e.g., Vickers, 2000, 2006; Cardé
and Willis, 2008). Moths and Drosophila flies combine two
sensory inputs to track odor plumes: the encounters of attractive
odorants and the detection of the wind direction which is assessed
mechanically (Bell and Wilson, 2016; Suver et al, 2019) and
possibly also visually (Frye et al, 2003). For all insects
tracking an odor plume, the wind direction constitutes the
primary directional cue that guides them toward the source.
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Cockroaches, moths, and Drosophila appear to exploit the
intermittence of odor plumes during odor-guided behavior: they
surge upwind when they detect a whiff and switch to a crosswind
casting behavior (moths and Drosophila) or to turns (cockroach)
when encountering a blank (Mafra-Neto and Cardé, 1994;
Willis and Avondet, 2005; Budick and Dickinson, 2006).

Contrary to their use of odor plumes as olfactory trails,
we have little evidence that insects use spatial information
from local odor sources as topographic-olfactory information.
Evanescence of odors that can be quickly swept away by wind
and changes in wind direction can make olfactory cues poorly
reliable as landmarks. However, a species of desert ants,
Cataglyphis fortis, uses olfactory cues when foraging for dead
arthropods in the Tunisian salt pans (Buehlmann et al., 2015).
Both the unpredictable food distribution and the high surface
temperatures might account for the fact that this ant species
does not use pheromone trails. C. fortis not only locates sparsely
distributed food, or pinpoints its inconspicuous nest entrance
by following odor plumes, but it also uses environmental odors
as olfactory landmarks when following habitual routes.

PLASTICITY AND ADAPTATION TO
COMPLEX AND VARIABLE
ODORSCAPES

As described in the previous sections, odorscapes are both
very complex and variable over time. Flexibility and integration
capacities allow insects to adjust their behavior accordingly.
To deal with the complexity of their olfactory environment,
insects may not use all available chemical information but
select the relevant cues. Besides, although many of their behaviors
are innate, insects also show a remarkable plasticity through
learning or physiological changes, allowing them to adjust to
changes in their physiological needs or their environment.
Exposure to specific VPC environments may have long-term
effects on insect physiology as well as on evolutionary adaptation.

Selective Attention and Salience Among
Components of the Odorscape

With hundreds of VPCs constantly changing in concentration,
odorscapes contain probably more information than the insect
brain can efficiently process at any given time. Furthermore,
insects cannot focus their olfaction on a specific area, like it
is possible to focus vision in a direction for instance. Thus,
the insect brain would be overloaded by the amount of information
coming from the olfactory environment unless special adaptation
such as selective attention reduces the stimulus set available
to them to a subset of salient and relevant information. A
growing body of literature provides behavioral and
neurophysiological evidence of attention-like processes in insects
for acoustic or visual stimuli (Wang et al., 2008; Nityananda,
2016). Experimental evidence for such “odor salience filters”
is still scarce, probably due to the general consensus that ORs
work as efficient filters performing low-level extraction of scene
features according to the molecular structure of its constituents.

In bees, the acquisition of a Pavlovian association between the
unconditional stimulus (US), a sugar, and an odor used as
conditional stimulus (CS) is delayed if the experimental bee
was previously exposed to the CS without US (Fernandez et al.,
2012), a process termed latent inhibition. Furthermore,
not all VPCs that insects detect in the odorscape have the
same importance, or salience, for them. Bumblebee performances
in an associative learning protocol are linked to the salience
of individual VPCs, estimated from the amplitude of
electroantennogram responses (Katzenberger et al, 2013).
Conditioning in Apis mellifera also revealed that the
conditioned proboscis extension response to an odorant depends
on the salience of the odorant used for conditioning, more
salient (Smith, 1991) or more concentrated odorants
(Wright and Smith, 2004) permitting stronger acquisitions.

Behavioral Plasticity of Responses to
Volatile Plant Compounds

Volatiles may have an intrinsic behavioral significance (valence),
independently of their salience. Some signals such as pheromones
have a hard-wired valence and elicit stereotypic behavioral
responses. Responses to other components of the odorscape
may be plastic. In polyphagous pollinators and herbivores,
responses to floral or vegetative plant odors depend on learning
and/or past experiences. Learning to associate plant chemical
traits to the presence or absence of a reward is remarkably
common and highly adaptive in generalist pollinators such as
bees or moths (review in Jones and Agrawal, 2017). Indeed,
the identity of the plant species providing the best nectar/
pollen resource may change rapidly over the course of the
flowering season, and a flower’s nectar content decreases when
it gets older (Raguso and Weiss, 2015). Being able to learn
new associations and to forget when a particular resource gets
exhausted is therefore essential. In herbivores, ovipositing females
need to lay their eggs on plant species that are suitable for
their offspring’s development. While oligophagous species are
able to achieve this efficiently via innate preferences (Gripenberg
et al., 2010), polyphagous species rely more on plasticity based
on their past experiences and prefer plant species they have
successfully fed or mated on (Anderson and Anton, 2014;
Carrasco et al., 2015).

Long-Term Effects of Odorscapes on
Insect Olfactory Behaviors

The physiological status of the receiver insect, like mating or
starving, may also change the valence of an odor. Agrotis ipsilon
immature males do not respond to the sex pheromone although
they are able to detect it (Gadenne et al., 2001). The same is
true for recently mated mature males. Furthermore, while the
attractivity of floral odor and pheromone to unmated males
adds up, presence of the sex pheromone inhibits the attraction
of mated males to floral odors (Barrozo et al., 2010).

While the perception of VPCs in the odorscape can trigger
fast behavioral responses, long or repeated pre-exposures to
odorants may lead to long-term physiological changes through
processes that may or may not involve sensory detection.
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In the moth S. littoralis, a brief pre-exposure to gustatory stimuli
can change the behavioral and physiological responses to olfactory
stimuli after 24 h and vice versa (Minoli et al, 2012). This
long-term modulation of moth behavior correlates with
modifications within the olfactory system, including up-regulation
of a gene involved in olfaction (Guerrieri et al., 2012). Besides
sensory effects, the physiological effects of prolonged exposures
to VPCs should also be considered. Many isoprenoids have toxic
effects when ingested by an insect or at high aerial concentrations.
Lethality or effects on development have been well documented
because of the potential use of essential oils as natural biocides,
or to exploit the plant resistance to herbivory. However, non-lethal
effects remain insufficiently documented. For instance, thymol,
the main phenolic VPC from Thymus vulgaris, is used to fight
the bee parasite Varroa destructor, but has also important effects
on the bee cognitive behavior (Bergougnoux et al., 2012). The
consequences of the exposure of insect populations to sub-lethal
concentrations of such potentially neurotoxic volatiles would
deserve further investigations.

Evolutionary Adaptations in the Odorscape
The environments insects live in are very diverse and subject
to long-term changes, including in their olfactory aspects
(Figure 1). Insects have developed an olfactory system with
remarkable sensitivity, specificity, and dynamics. How the
evolution of this system contributes to insects’ adaptation to
their lifestyle and environment is currently a hot research topic.
The insect chemosensory gene families show high diversification
rates, which can support fast adaptation of odorant detection
capacities (Andersson et al, 2015). Antennal morphology is
also very diverse and subject to selection pressures (Elgar et al.,
2018). Olfactory system adaptation must be driven not only
by the identity of the target signals to be detected but also
by the characteristics of the olfactory environment these signals
must be detected against. This remark certainly holds for OR
tuning, although exploring this question will have to wait for
more deorphanization data to be made available. Hansson and
Stensmyr (2011) suggest that antennal morphology may reflect
constraints imposed by the physical environment rather than
adaptations to detect specific types of odorants. Antenna size
correlates with increased sensitivity (detection surface and
number of sensilla), and the sexual dimorphism in moth is
a classic example where male’s larger/more elaborate antennae
are an adaptation to the very low amounts of pheromone
released by the females. However, attempts to correlate antennal
size with pheromone volatility across species have given
contradictory results (Elgar et al, 2018). Higher sensitivity
may also be an advantage in environments where picking the
signal is very difficult. One such example may be found in
the highly specific, olfaction-driven fig tree/Agaonid pollinator
mutualism. Western African populations of Ficus sur are
pollinated by two sister species of Agaonid fig wasps (Kerdelhue
et al,, 1999). Although roughly sympatric, these two species
differ both in their habitat preferences and their antennal
morphology. Ceratosolen silvestrianus, mostly found in open
habitats where population density of E sur is high, has straight
antennae. On the contrary, C. flabellatus, more abundant in

forests where their host tree is at low density, have ramified
antennae bearing more sensilla. In this case, the difficulty to
pick up the signal may pertain either to the scarcity of the
resource or to the physical structure of the forest habitat, which
may impair the formation/persistence of navigable plumes.

Reciprocally, it is highly possible that insect community
composition, especially the sensory abilities of the species
composing that community as well as the identity of co-occurring
plant species, influences the evolution of VPC emissions by
plants and as a consequence the odorscape. For instance, the
influence of pollinator- or herbivore-mediated selection on
the emission of VPCs by plants has already been shown in
the context of pairwise plant-species interactions (Becerra et al.,
2009; Schiestl and Johnson, 2013). In addition, divergent seasonal
patterns of scent emission by flowers have been revealed in a
Mediterranean plant-community in relation to pollinator seasonal
abundance and local plant abundance (Filella et al., 2013). More
specifically, this study shows that VPC emission is higher in
plant species that bloom early in the flowering period when
pollinators are rare relative to flowers than in species blooming
later in the season when there is a surplus of pollinators relative
to flowers. The authors hypothesize that inter-specific competition
for pollinator attraction might explain this variation. So far,
due to the limited number of studies exploring the association
between VPCs and plant-insect community structure, we have
limited evidence of the effect of insect association on odorscape
composition. Interestingly, a very recent study conducted at
the community level pointed out an association between VPC
chemical classes emitted by flowers and pollinator groups (Kantsa
et al,, 2019). In another study, behavioral responses of pollinator
species to floral odors were found to explain a large part of
the plant-pollinator network structure (Junker et al., 2010). This
recent use of network-based methods to explore the importance
of chemical signals in the structuring of plant-insect community
will probably open the path to new discoveries on the evolution
of plant-insect chemical communication.

ODORSCAPES IN PLANT PROTECTION
AND AGROECOLOGY

Manipulating the odorscapes of herbivorous pest species has
already important practical implications in plant protection as
an alternative to pesticides. Mating disruption methods use a
synthetic sex pheromone to disturb the chemical communication
between sexes. Dispensing the synthetic pheromone in the
field results in the confusion of male moths which follow false
trails and cannot localize females any more (Cardé and Minks,
1995). This interrupts normal mating behavior, thereby affecting
chances of reproduction of pest insects. Large cultivated areas
are generally treated by mating disruption to prevent introgression
of mated females (Witzgall et al., 2010). Mating disruption is
currently successfully used against numerous moth species in
various types of crop plants, either in fields (cotton, maize),
orchards (apple trees), vineyards, or even forests. Interestingly,
this diversity of treated crop plants indicates that it is feasible
to modify the odorscape in very different plant covers.
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Modifying the odorscape implies to be able to release
biologically active concentrations of odorants in the field at
economically relevant costs. The success of mating disruption
has promoted research for efficient dispenser technology, because
the synthetic pheromone is often costly to produce. This
development led, in less than 50 years, from the first hand-
applied meso-dispensers to biodegradable, mechanically sprayable
micro-formulations. A striking example of this development
has been reviewed for the European grapevine moth, Lobesia
botrana (Hummel, 2017). Active dispensers releasing the
pheromone as puffs of aerosol at night when moths are active
have been experimented, for instance against Cydia pomonella
(McGhee et al, 2016). The decrease in moth populations
obtained with these dispensers demonstrates the feasibility of
a very precise control of the odorscape by adjusting the emission
rates and the temporal release pattern of odorants. Still, the
diffusion technology remains a bottleneck limiting the
development of semiochemical uses in plant protection.

Modifying the odorscape by introducing other plant species
that naturally release different VPCs can also reduce the damage
caused by pest insects. Non-host plants inter-cropped with host
plants decreased the oviposition of Anthomyiid flies on the hosts
(Finch et al., 2003). To explain this phenomenon, it was proposed
that females landed indifferently on the foliage of one or the
other plant species, relying upon unspecific visual stimuli rather
than on olfactory cues, but flew away from non-host plants
without laying eggs because of the unsuitability of contact
chemostimuli. After several errors, they finally flew away from
the mixed field, this behavior resulting in a statistical reduction
of the number of successful ovipositions on hosts. However, the
role of non-host volatiles in oviposition deterrence has been
confirmed later. For instance, methyl salicylate released by birch
trees has been identified as the main factor in the reduction of
mating and number of processionary moth nests on pine trees
surrounded by birch trees (Jactel et al., 2011). This phenomenon
is exploited in push and pull strategies, in which a pest insect
is repelled from a protected crop by a repellent plant while it
is attracted by plants of lesser economic value to field edges
where it can be destroyed (Cook et al., 2007; Khan et al., 2010).

CONCLUSIONS

The chemical complexity of plant volatilomes and insect olfactomes
has been intensively investigated. A considerable amount of
information is available regarding the identity of the volatiles
mediating biotic interactions that involve insects. But we need
now to grasp the complexity of the dense information networks
mediated by semiochemicals. A recent analysis of a pollination
network at the landscape level shows that the composition and
intensity of volatile floral emissions, among other floral traits,
correlate to the level of specialization of each plant species, as
well as to visitation rates by the different pollinator guilds (Kantsa
et al, 2018). It is striking to note that the level of complexity
in their ecological role is highly variable among volatile compounds.
Some semiochemicals, like most of the pheromones, are involved
in specialized and confidential communication. On the other

hand, single components, like B-ocimene for instance, play central
roles in many biotic interactions, including pollination, and are
produced and detected by diverse organisms (Farré-Armengol
et al, 2017). This multifunctionality and the interweaving of
olfactory interactions are serious obstacles to decipher odorscape
ecological functions at multitrophic levels. It also makes it difficult
to assess the impact of biotic factors (the rise of an invasive
species for instance), or abiotic factors (like global warming or
pollution) on olfactory communication at ecosystem scale. Using
network analysis approaches in order to study how the information
flows within ecosystems should overcome the apparent intricacy
of odorscapes.

The ecological relevance of the concept of odorscape is stressed
by the growing body of evidence indicating that the olfactory
environment and other contextual information do influence the
way insects respond to specific signals. Indeed, insect odorscapes
are essentially multidimensional, including not only chemical
identities, but also physical and temporal parameters, plus sensory,
perceptual, and cognitive features. Adapting their responses to
the context becomes particularly important to insects when the
signal itself is ambiguous. This partly explains why insects may
reliably respond to ubiquitous plant volatiles in complex olfactory
scenes mixing VPCs from host and non-host plants (Meiners,
2015). Context dependence is also particularly important to
consider when developing infochemicals to be applied in plant
protection. For instance, genetically modified wheat constitutively
producing the aphid alarm pheromone (E)-p-farnesene, although
attractive to parasitoids in the lab, failed to improve aphid biocontrol
in the field. This was probably because constitutive emission by
the plants broke down the spatio-temporal correlation between
(E)-p-farnesene and aphid presence (Bruce et al,, 2015). Studying
single odor signals is useful in gaining knowledge about the
ecological function of these signals. But in the end, we need to
consider the signals within their context in order to fully understand
how infochemical networks function at the ecosystem level.

Since odorscapes are key elements of ecosystem functioning,
it becomes essential to evaluate the impact of atmospheric
pollution and climate change on their evolution. The study of
the effect of anthropogenic volatile pollutants is just emerging
and their impact on plant-to-plant and plant-to-insect
communication is barely understood (Jiirgens and Bischoff,
2017). There are indications that air pollution affects interactions
between plants and insects beneficial to agriculture with potential
consequences on plant productivity (Girling et al., 2013; Farré-
Armengol et al., 2016). We need to better investigate the
biological effects of atmospheric VPC reaction products on
insect and plant communication (Simpraga et al., 2016). It is
well established that plants modify their volatile emissions in
response to biotic or abiotic stresses. Since plant metabolism
responses are relatively fast compared to occurrence of visible
damage, monitoring of induced VPCs could provide early alerts
and allow for fast and timely implementation of remediation
solutions. More studies are urgently needed, first to describe
present odorscapes in a diversity of ecosystems, then to follow
their evolution and evaluate how it affects the ecosystem
functioning. Monitoring the odorscape composition could also
serve as a reliable indicator of ecosystem quality and of
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biodiversity levels, a major concern in times of diminution of
insect populations (Dirzo et al., 2014).

Global change is expected to have a profound impact on
ecosystems, including VPC emissions and transport (Figure 1).
Current knowledge on the impact of CO, and temperature on
plant physiology suggests a global increase in VPC emission
rates as a result of climate change (Holopainen et al, 2018).
How will insects respond to the resulting alterations in odorscape
concentration, composition, and structure? As discussed in section
“Evolutionary Adaptations in the Odorscape’, insects have
developed a remarkably adaptable olfactory system, as shown
by the rapid evolution of OR genes and the diversity of antennal
shapes. While it is clear that OR tuning adapts to the characteristics
of the signal to be detected, studies showing how the insect
olfactory system adapts to specific olfactory environments, be it
via OR tuning or antennal morphology, are needed. A combination
of molecular and neuroethological methods, applied to proper
models and with a sound ecological background, will allow to
gain a deeper understanding of the mechanisms involved in
the insect adaptation to changing environments.

Achieving this goal will require a proper description of olfactory
landscapes, which depends on our capacity to isolate and identify
the diverse volatile organic compounds that occur often in very
small concentrations. Improvements in analytical techniques have
made VPCs some of the best studied plant metabolites. Detection
limits in the low ng/L range (< 1 ppbv) allow the quantification
of VPCs released by single plants and are close to the detection
ability of living organisms (Bicchi and Maffei, 2012). The most
universal detector, the flame ionization detector is stable, linear,
and offers minimum detectable amounts in the order of 0.1 ng.
To bring detection limits further down, sample enrichment by
dynamic head space collections on porous polymer sorbents is
often used to the detriment of the temporal resolution. Yet, in
natural conditions, transport of the odorant molecules by air
profoundly reshapes the stimulus both spatially and temporally.
The aerial concentration of VPCs undergoes considerable variation
over time. It is essential to monitor this variation in order to
properly describe natural odorscapes. Proton transfer reaction-
mass spectrometry allows real-time trace gas monitoring at the
pptv level. However, it cannot discriminate different compounds
within one nominal mass, a serious limit to the apprehension of
odorscape complexity. Fortunately, increasingly miniaturized set-ups
combining fast trapping with fast online GC analysis and sensitivity
in the ppbv range have facilitated remote field analyses. While
these technical advances have created opportunities for detailed
views on the time courses of VPC emissions, describing the fine

REFERENCES

Ache, B. W, Gleeson, R. A., and Thompson, H. A. (1988). Mechanisms for
mixture suppression in olfactory receptors of the spiny lobster. Chem. Senses
13, 425-434. doi: 10.1093/chemse/13.3.425

Ainsworth, E. A. (2017). Understanding and improving global crop response
to ozone pollution. Plant J. 90, 886-897. doi: 10.1111/tpj.13298

Anderson, P, and Anton, S. (2014). Experience-based modulation of behavioural
responses to plant volatiles and other sensory cues in insect herbivores.
Plant Cell Environ. 37, 1826-1835. doi: 10.1111/pce.12342

temporal and spatial structure of odorscapes remains a complicated
task and we still have very little insight into how it might vary
across habitat types. One more argument to the necessity of
studying the physics of the odorscape is the fact that notable
differences between the atmospheric conditions prevailing between
diurnal and nocturnal environments might have contributed to
the success of olfactory communication in nocturnal insects. For
instance, the lower wind, turbulence, and oxidant levels that prevail
at night might facilitate the persistence of chemical trails over
longer distances, and lower background VPC emissions might
lead to lower olfactory noise, potentially making olfaction more
reliable at night, and the cost-benefit balance for maintaining
large olfactory organs more favorable (Elgar et al., 2018).
Finally, progresses in odorscape characterization will open
the path to many more agronomic applications. Mating disruption,
a method based on the manipulation of one critical component
of moth odorscape at field scale, has offered a successful substitute
to pesticides in the control of major lepidopteran pest species.
At close range, repellent molecules are used to deterring
hematophagous or parasite insects. Essential oil fumigations are
used to eliminate pests of stored goods, but the concentrations
in treated premises reach values 10° times stronger than their
concentrations in a natural odorscape. The huge diversity of
components of essential oils provides a big reservoir of potential
semiochemicals to control insects (Mossa, 2016). However, the
diffusion in the field of adapted aerial concentrations of costly
bioactive odorants, with different volatilities, is still a serious
limitation to odorscape manipulation. New formulation
technologies, which include VOCs in sprayable and biodegradable
nanocapsules, will resolve many technical problems posed by
field application. Besides these purely technical solutions, one
might prefer natural release, for instance by plant varieties
selected for their specific VPC emissions. This option will also
offer the advantage of more natural solutions in agroecology.

AUTHOR CONTRIBUTIONS

All authors contributed to analyze the literature and write the
manuscript. MR coordinated the project.

FUNDING

This work was supported by a grant from ANR project
ODORSCAPE (ANR15-CE02-010-01).

Andersson, M. N. (2012). Mechanisms of odor coding in coniferous bark
beetles: from neuron to behavior and application. Psyche. 2012:149572. doi:
10.1155/2012/149572

Andersson, M. N., Larsson, M. C., Blazenec, M., Jakus$, R., Zhang, Q. H., and
Schlyter, E. (2010). Peripheral modulation of pheromone response by inhibitory
host compound in a beetle. . Exp. Biol. 213, 3332-3339. doi: 10.1242/
jeb.044396

Andersson, M. N., Lofstedt, C., and Newcomb, R. D. (2015). Insect olfaction
and the evolution of receptor tuning. Front. Ecol. Evol. 3:53. doi: 10.3389/
fevo.2015.00053

Frontiers in Physiology | www.frontiersin.org

69

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1093/chemse/13.3.425
https://doi.org/10.1111/tpj.13298
https://doi.org/10.1111/pce.12342
https://doi.org/10.1155/2012/149572
https://doi.org/10.1242/jeb.044396
https://doi.org/10.1242/jeb.044396
https://doi.org/10.3389/fevo.2015.00053
https://doi.org/10.3389/fevo.2015.00053

Conchou et al.

Insect Odorscapes

Arimura, G.-I., Kopke, S., Kunert, M., Volpe, V., David, A., Brand, P, et al.
(2008). Effects of feeding Spodoptera littoralis on lima bean leaves: IV. Diurnal
and nocturnal damage differentially initiate plant volatile emission. Plant
Physiol. 146, 965-973. doi: 10.1104/pp.107.111088

Atema, J. (1996). Eddy chemotaxis and odor landscapes: exploration of nature
with animal sensors. Biol. Bull. 191, 129-138. doi: 10.2307/1543074

Atkinson, R., and Arey, J. (2003). Gas-phase tropospheric chemistry of biogenic
volatile organic compounds: a review. Atmos. Environ. 37, 197-219. doi:
10.1016/S1352-2310(03)00391-1

Bachy, A., Aubinet, M., Schoon, N., Amelynck, C., Bodson, B., Moureaux, C.,
et al. (2016). Are BVOC exchanges in agricultural ecosystems overestimated?
Insights from fluxes measured in a maize field over a whole growing season.
Atmos. Chem. Phys. 16, 5343-5356. doi: 10.5194/acp-16-5343-2016

Badeke, E., Haverkamp, A., Hansson, B. S., and Sachse, S. (2016). A challenge
for a male noctuid moth? Discerning the female sex pheromone against the
background of plant volatiles. Front. Physiol. 7:143. doi: 10.3389/fphys.2016.00143

Baker, T. C., Fadamiro, H. Y., and Cosse, A. A. (1998). Moth uses fine tuning
for odour resolution. Nature 393:530. doi: 10.1038/31131

Baker, T. C., and Haynes, K. E (1987). Manoeuvres used by flying male oriental
fruit moths to relocate a sex pheromone plume in an experimentally shifted
wind-field. Physiol. Entomol. 12, 263-279. doi: 10.1111/j.1365-3032.1987.tb00751.x

Baldwin, I. T. (2010). Plant volatiles. Curr. Biol. 20, R392-R397. doi: 10.1016/j.
cub.2010.02.052

Barrozo, R., Gadenne, C., and Anton, S. (2010). Switching attraction to inhibition:
mating-induced reversed role of sex pheromone in an insect. J. Exp. Biol.
213, 2933-2939. doi: 10.1242/jeb.043430

Becerra, J. X., Noge, K., and Venable, D. L. (2009). Macroevolutionary chemical
escalation in an ancient plant-herbivore arms race. Proc. Natl. Acad. Sci.
USA 106, 18062-18066. doi: 10.1073/pnas.0904456106

Bell, J. S., and Wilson, R. I. (2016). Behavior reveals selective summation and
max pooling among olfactory processing channels. Neuron 91, 425-438.
doi: 10.1016/j.neuron.2016.06.011

Berg, B. G., and Mustaparta, H. (1995). The significance of major pheromone
components and interspecific signals as expressed by receptor neurons in
the oriental tobacco budworm moth, Helicoverpa assulta. ]. Comp. Physiol.
A 177, 683-694. doi: 10.1007/BF00187627

Berg, B. G., Zhao, X. C, and Wang, G. (2014). Processing of pheromone
information in related species of Heliothine moths. Insects 5, 742-761. doi:
10.3390/insects5040742

Bergougnoux, M., Treilhou, M., and Armengaud, C. (2012). Exposure to thymol
decreased phototactic behaviour in the honeybee (Apis mellifera) in laboratory
conditions. Apidologie 44, 82-89. doi: 10.1007/s13592-012-0158-5

Beyaert, 1., Wischke, N., Scholz, A., Varama, M., Reinecke, A., and Hilker, M.
(2010). Relevance of resource-indicating key volatiles and habitat odour for
insect orientation. Anim. Behav. 79, 1077-1086. doi: 10.1016/j.
anbehav.2010.02.001

Bhandawat, V., Olsen, S. R., Gouwens, N. W,, Schlief, M. L., and Wilson, R. L.
(2007). Sensory processing in the Drosophila antennal lobe increases reliability
and separability of ensemble odor representations. Nat. Neurosci. 10, 1474-1482.
doi: 10.1038/nn1976

Bicchi, C., and Maffei, M. (2012). “The plant Volatilome: methods of analysis”
in High-throughput phenotyping in plants: Methods and protocols, vol 91.
Methods in molecular biology. ed. ]. Normanly (Berlin: Springer Science+Business
Media), 289-310.

Binyameen, M., Hussain, A., Yousefi, E, Birgersson, G., and Schlyter, E. (2013).
Modulation of reproductive behaviors by non-host volatiles in the polyphagous
Egyptian cotton leafworm, Spodoptera littoralis. ]. Chem. Ecol. 39, 1273-1283.
doi: 10.1007/s10886-013-0354-4

Borrero-Echeverry, E, Bengtsson, B., Nakamuta, K., and Peter Witzgall, P. (2018).
Plant odor and sex pheromone are integral elements of specific mate
recognition in an insect herbivore. Evolution 72, 2225-2233. doi: 10.1111/
evo.13571

Bruce, T. J. A., Aradottir, G. 1., Smart, L. E., Martin, J. L., Caulfield, J. C.,
Doherty, A., et al. (2015). The first crop plant genetically engineered to
release an insect pheromone for defence. Sci. Rep. 5:11183. doi: 10.1038/
srepl11183

Bruce, T. J. A., and Pickett, J. A. (2011). Perception of plant volatile blends
by herbivorous insects - finding the right mix. Phytochemistry 72, 1605-1611.
doi: 10.1016/j.phytochem.2011.04.011

Bruce, T. J., Wadhams, L. J., and Woodcock, C. M. (2005). Insect host location:
a volatile situation. Trends Plant Sci. 10, 269-274. doi: 10.1016/j.
tplants.2005.04.003

Budick, S. A., and Dickinson, M. H. (2006). Free-flight responses of Drosophila
melanogaster to attractive odors. J. Exp. Biol. 209, 3001-3017. doi: 10.1242/
jeb.02305

Buehlmann, C., Graham, P, Hansson, B. S., and Knaden, M. (2015). Desert
ants use olfactory scenes for navigation. Anim. Behav. 106, 99-105. doi:
10.1016/j.anbehav.2015.04.029

Butterwick, J. A., Del Marmol, J., Kim, K. H., Kahlson, M. A., Rogow, J. A,,
Walz, T, et al. (2018). Cryo-EM structure of the insect olfactory receptor
Orco. Nature 560, 447-452. doi: 10.1038/s41586-018-0420-8

Byers, J. A., Zhang, Q.-H., and Birgersson, G. (2004). Avoidance of nonhost
plants by a bark beetle, Pityogenes bidentatus, in a forest of odors. Naturwiss
91, 215-219. doi: 10.1007/s00114-004-0520-1

Cape, J. N. (2003). Effects of airborne volatile organic compounds on plants.
Environ. Pollut. 122, 145-157. doi: 10.1016/50269-7491(02)00273-7

Cardé, R. T., and Charlton, R. E. (1984). “Olfactory sexual communication in
Lepidoptera: strategy, sensitivity and selectivity” in Insect communication.
ed. T. Lewis (London: Academic Press), 241-265.

Cardé, R. T, and Minks, A. K. (1995). Control of moth pests by mating
disruption: successes and constraints. Annu. Rev. Entomol. 40, 559-585. doi:
10.1146/annurev.en.40.010195.003015

Cardé, R. T., and Willis, M. A. (2008). Navigational strategies used by insects
to find distant, wind-borne sources of odor. J. Chem. Ecol. 34, 854-866.
doi: 10.1007/s10886-008-9484-5

Carrasco, D., Larsson, M. C., and Anderson, P. (2015). Insect host plant selection
in complex environments. Curr. Opin. Insect Sci. 8, 1-7. doi: 10.1016/j.
€0is.2015.01.014

Celani, A., Villermaux, E., and Vergassola, M. (2014). Odor landscapes in
turbulent environments. Phys. Rev. 4:041015. doi: 10.1103/PhysRevX.4.041015

Cha, D. H,, Linn, C. E,, Teal, P. E,, Zhang, A., Roelofs, W. L., and Loeb, G. M.
(2011). Eavesdropping on plant volatiles by a specialist moth: significance
of ratio and concentration. PloS One 6:€17033. doi: 10.1371/journal.
pone.0017033

Chan, H., Hersperger, E, Marachlian, E., Smith, B. H., Locatelli, E,, Szyszka, P,
et al. (2018). Odorant mixtures elicit less variable and faster responses than
pure odorants. PLoS Comput. Biol. 14:¢1006536. doi: 10.1371/journal.
pcbi.1006536

Conversano, T. E. J., van Wilgenburg, E., and Elga, M. A. (2014). Background
odour may impair detection of chemical signals for social recognition. Austral
Entomol. 53, 432-435. doi: 10.1111/aen.12087

Cook, S. M., Khan, Z. R, and Pickett, J. A. (2007). The use of push-pull
strategies in integrated pest management. Annu. Rev. Entomol. 52, 375-400.
doi: 10.1146/annurev.ento.52.110405.091407

de Fouchier, A., Walker, W. B., Montagné, N., Steiner, C., Binyameen, M.,
Schlyter, E, et al. (2017). Functional evolution of Lepidoptera olfactory
receptors revealed by deorphanization of a moth repertoire. Nat. Commun.
8, 15709-15709. doi: 10.1038/ncomms15709

Degen, T., Dillmann, C., Marion Poll, F, and Turlings, T. C. J. (2004). High
genetic variability of herbivore-induced volatile emission within a broad
range of maize inbred lines. Plant Physiol. 135, 1928-1938. doi: 10.1104/
pp.104.039891

Deisig, N., Giurfa, M., Lachnit, H., and Sandoz, J. C. (2006). Neural representation
of olfactory mixtures in the honeybee antennal lobe. Eur. J. Neurosci. 24,
1161-1174. doi: 10.1111/j.1460-9568.2006.04959.x

Dekker, T, Ibba, I, Siju, K. P, Stensmyr, M. C., and Hansson, B. S. (2006).
Olfactory shifts parallel superspecialism for toxic fruit in Drosophila
melanogaster sibling, D. sechellia. Curr. Biol. 16, 101-109. doi: 10.1016/j.
cub.2005.11.075

Delory, B. M., Delaplace, P.,, Fauconnier, M.-L., and du Jardin, P. (2016). Root-
emitted volatile organic compounds: can they mediate belowground plant-
plant interactions? Plant Soil 402, 1-26. doi: 10.1007/s11104-016-2823-3

Den Otter, C. J., Schuil, H. A., and Sander-van Oosten, A. (1978). “Reception
of host-plant odours and female sex pheromone in Adoxophyes orana
(Lepidoptera: Tortricidae): electrophysiology and morphology” in Proceedings
of the 4th international symposium - insect and host plant - 4-9 June. eds.
R. E Chapman and E. A. Bernays (Fulmer Grange, Slough, England:
Entomologia Experimentalis et Applicata), 570-578.

Frontiers in Physiology | www.frontiersin.org

70

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1104/pp.107.111088
https://doi.org/10.2307/1543074
https://doi.org/10.1016/S1352-2310(03)00391-1
https://doi.org/10.5194/acp-16-5343-2016
https://doi.org/10.3389/fphys.2016.00143
https://doi.org/10.1038/31131
https://doi.org/10.1111/j.1365-3032.1987.tb00751.x
https://doi.org/10.1016/j.cub.2010.02.052
https://doi.org/10.1016/j.cub.2010.02.052
https://doi.org/10.1242/jeb.043430
https://doi.org/10.1073/pnas.0904456106
https://doi.org/10.1016/j.neuron.2016.06.011
https://doi.org/10.1007/BF00187627
https://doi.org/10.3390/insects5040742
https://doi.org/10.1007/s13592-012-0158-5
https://doi.org/10.1016/j.anbehav.2010.02.001
https://doi.org/10.1016/j.anbehav.2010.02.001
https://doi.org/10.1038/nn1976
https://doi.org/10.1007/s10886-013-0354-4
https://doi.org/10.1111/evo.13571
https://doi.org/10.1111/evo.13571
https://doi.org/10.1038/srep11183
https://doi.org/10.1038/srep11183
https://doi.org/10.1016/j.phytochem.2011.04.011
https://doi.org/10.1016/j.tplants.2005.04.003
https://doi.org/10.1016/j.tplants.2005.04.003
https://doi.org/10.1242/jeb.02305
https://doi.org/10.1242/jeb.02305
https://doi.org/10.1016/j.anbehav.2015.04.029
https://doi.org/10.1038/s41586-018-0420-8
https://doi.org/10.1007/s00114-004-0520-1
https://doi.org/10.1016/S0269-7491(02)00273-7
https://doi.org/10.1146/annurev.en.40.010195.003015
https://doi.org/10.1007/s10886-008-9484-5
https://doi.org/10.1016/j.cois.2015.01.014
https://doi.org/10.1016/j.cois.2015.01.014
https://doi.org/10.1103/PhysRevX.4.041015
https://doi.org/10.1371/journal.pone.0017033
https://doi.org/10.1371/journal.pone.0017033
https://doi.org/10.1371/journal.pcbi.1006536
https://doi.org/10.1371/journal.pcbi.1006536
https://doi.org/10.1111/aen.12087
https://doi.org/10.1146/annurev.ento.52.110405.091407
https://doi.org/10.1038/ncomms15709
https://doi.org/10.1104/pp.104.039891
https://doi.org/10.1104/pp.104.039891
https://doi.org/10.1111/j.1460-9568.2006.04959.x
https://doi.org/10.1016/j.cub.2005.11.075
https://doi.org/10.1016/j.cub.2005.11.075
https://doi.org/10.1007/s11104-016-2823-3

Conchou et al.

Insect Odorscapes

Dicke, M. (2016). Plant phenotypic plasticity in the phytobiome: a volatile
issue. Curr. Opin. Plant Biol. 32, 17-23. doi: 10.1016/j.pbi.2016.05.004
Dirzo, R., Young, H. S., Galetti, M., Ceballos, G., Isaac, N. J. B., and Collen, B.
(2014). Defaunation in the Anthropocene. Science 345, 401-406. doi: 10.1126/

science.1251817

Dugravot, S., Mondy, N., Mandon, N., and Thibout, E. (2005). Increased sulfur
precursors and volatiles production by the leek Allium porrum in response to
specialist insect attack. J. Chem. Ecol. 31, 1299-1314. doi: 10.1007/s10886-005-5287-0

Dugravot, S., and Thibout, E. (2006). Consequences for a specialist insect and
its parasitoid of the response of Allium porrum to conspecific herbivore
attack. Physiol. Entomol. 31, 73-79. doi: 10.1111/j.1365-3032.2005.00489.x

Egea-Weiss, A., Renner, A., Kleineidam, C. J., and Szyszka, P. (2018). High
precision of spike timing across olfactory receptor neurons allows rapid
odor coding in Drosophila. iScience 4, 76-63. doi: 10.1016/j.is¢i.2018.05.009

Elgar, M. A., Zhang, D., Wang, Q., Wittwer, B., Pham, H. T., Johnson, T. L.,
et al. (2018). Insect antennal morphology: the evolution of diverse solutions
to odorant perception. Yale J. Biol. Med. 91, 457-469.

Elkinton, J. S., Schal, C., Ono, T., and Carde, R. T. (1987). Pheromone puff
trajectory and upwind flight of male gypsy moths in a forest. Physiol.
Entomol. 12, 399-406. doi: 10.1111/j.1365-3032.1987.tb00766.x

Farré-Armengol, G., Filella, I, Llusia, J., and Penuelas, J. (2017). B-Ocimene,
a key floral and foliar volatile involved in multiple interactions between
plants and other organisms. Molecules 22:1148. doi: 10.3390/molecules22071148

Farré-Armengol, G., Penuelas, J., Li, T., Yli-Pirila, P, Filella, I, Llusia, J., et al.
(2016). Ozone degrades floral scent and reduces pollinator attraction to
flowers. New Phytol. 209, 152-160. doi: 10.1111/nph.13620

Fernandez, V. M., Giurfa, M., Devaud, J.-M., and Farina, W. E. (2012). Latent
inhibition in an insect: the role of aminergic signaling. Learn. Mem. 19,
593-597. doi: 10.1101/Im.028167.112

Filella, I, Primante, C., Llusia, J., Martin Gonzalez, A. M., Seco, R,, Farré-Armengol, G.,
et al. (2013). Floral advertisement scent in a changing plant-pollinators market.
Sci. Rep. 3:3434. doi: 10.1038/srep03434

Finch, S., Billiard, H., and Collier, R. H. (2003). Companion planting - do
aromatic plants disrupt host-plant finding by the cabbage root fly and the
onion fly more effectively than non-aromatic plants? Entomol. Exp. Appl.
109, 183-195. doi: 10.1046/j.0013-8703.2003.00102.x

Fischbach, R. J., Staudt, M., Zimmer, 1., Rambal, S., and Schnitzler, J. P. (2002).
Seasonal pattern of monoterpene synthase activities in leaves of the evergreen
tree Quercus ilex. Physiol. Plant. 114, 354-360. doi: 10.1034/j.1399-3054.
2002.1140304.x

Frye, M. A., Tarsitano, M., and Dickinson, M. H. (2003). Odor localization
requires visual feedback during free flight in Drosophila melanogaster. J. Exp.
Biol. 206, 843-855. doi: 10.1242/jeb.00175

Fuentes, J. D., Chamecki, M., Roulston, T. H., Chen, B., and Pratt, K. R.
(2016). Air pollutants degrade floral scents and increase insect foraging
times. Atmos. Environ. 214, 361-374. doi: 10.1016/j.atmosenv.2016.07.002

Fuentes, J. D., Roulston, T. H., and Zenker, J. (2013). Ozone impedes the
ability of a herbivore to find its host. Environ. Res. Lett. 8:014048. doi:
10.1088/1748-9326/8/1/014048

Gadenne, C., Dufour, M. C., and Anton, S. (2001). Transient post-mating inhibition
of behavioural and central nervous responses to sex pheromone in an insect.
Proc. R. Soc. London, Ser. B 268, 1631-1635. doi: 10.1098/rspb.2001.1710

Galizia, C. G. (2014). Olfactory coding in the insect brain: data and conjectures.
Eur. J. Neurosci. 39, 1784-1795. doi: 10.1111/ejn.12558

Galizia, C., and Rossler, W. (2010). Parallel olfactory systems in insects: anatomy
and function. Annu. Rev. Entomol. 55, 399-420. doi: 10.1146/annurev-
ento-112408-085442

Gaudry, Q., Hong, E. J,, Kain, J., de Bivort, B. L., and Wilson, R. I. (2013).
Asymmetric neurotransmitter release enables rapid odour lateralization in
Drosophila. Nature 439, 424-428. doi: 10.1038/naturel1747

Girling, R. D., Lusebrink, I, Farthing, E., Newman, T. A., and Poppy, G. M.
(2013). Diesel exhaust rapidly degrades floral odours used by honeybees.
Sci. Rep. 3, 1-5. doi: 10.1038/srep02779

Goldstein, A. H., and Galbally, I. E. (2007). Known and unexplored organic
constituents in the earth’s atmosphere. Environ. Sci. Technol. 41, 1514-1521.
doi: 10.1021/es072476p

Greiner, B., Gadenne, C., and Anton, S. (2002). Central processing of plant
volatiles in Agrotis ipsilon males is age-independent in contrast to sex
pheromone processing. Chem. Senses 27, 45-48. doi: 10.1093/chemse/27.1.45

Gripenberg, S., Mayhew, P. J., Parnell, M., and Roslin, T. (2010). A meta-
analysis of preference-performance relationships in phytophagous insects.
Ecol. Lett. 13, 383-393. doi: 10.1111/j.1461-0248.2009.01433.x

Guerenstein, P. G., and Hildebrand, J. G. (2008). Roles and effects of environmental
carbon dioxide in insect life. Annu. Rev. Entomol. 53, 161-178. doi: 10.1146/
annurev.ento.53.103106.093402

Guerrieri, E, Gemeno, C., Monsempes, C., Anton, S., Jacquin-Joly, E., Lucas, P,
et al. (2012). Experience-dependent modulation of antennal sensitivity and
input to antennal lobes in male moths (Spodoptera littoralis) pre-exposed
to sex pheromone. J. Exp. Biol. 215, 2334-2341. doi: 10.1242/jeb.060988

Hansson, B. S., and Stensmyr, M. C. (2011). Evolution of insect olfaction.
Neuron 72, 698-711. doi: 10.1016/j.neuron.2011.11.003

Hantson, S., Knorr, W., Schurgers, G., Pugh, T. A. M., and Arneth, A. (2017).
Global isoprene and monoterpene emissions under changing climate, vegetation,
CO, and land use. 155, 35-45. doi: 10.1016/j.
atmosenv.2017.02.010

Hare, J. D. (2010). Ontogeny and season constrain the production of herbivore-
inducible plant volatiles in the field. J. Chem. Ecol. 36, 1363-1374. doi:
10.1007/s10886-010-9878-z

Harper, K. L., and Unger, N. (2018). Global climate forcing driven by altered
BVOC fluxes from 1990 to 2010 land cover change in maritime Southeast
Asia. Atmos. Chem. Phys. 18, 16931-16952. doi: 10.5194/acp-18-16931-2018

Hatanaka, A. (1993). The biogeneration of green odour by green leaves.
Phytochemistry 34, 1201-1218. doi: 10.1016/0031-9422(91)80003-]

Hatano, E. A., Saveer, A., Borrero-Echeverry, E, Strauch, M., Zakir, A., Bengtsson, M.,
et al. (2015). A herbivore-induced plant volatile interferes with host plant
and mate location in moths through suppression of olfactory signaling pathways.
BMC Biol. 13:75. doi: 10.1186/s12915-015-0188-3

Helletsburger, C., Détterl, S., Ruprecht, U., and Junker, R. R. (2017). Epiphytic
bacteria alter floral scent emission. J. Chem. Ecol. 43, 1073-1077. doi: 10.1007/
$10886-017-0898-9

Holopainen, J. K., Virjamo, V., Ghimire, R. P, Blande, J. D., Julkunen-Tiitto, R.,
and Kiviméenpia, M. (2018). Climate change effects on secondary compounds
of forest trees in the Northern hemisphere. Front. Plant Sci. 9:1445. doi:
10.3389/1pls.2018.01445

Hopkins, R. J., van Dam, N. M., and van Loon, J. J. A. (2009). Role of
glucosinolates in insect-plant relationships and multitrophic interactions.
Annu. Rev. Entomol. 54, 57-83. doi: 10.1146/annurev.ento.54.110807.090623

Houot, B., Burkland, R., Tripathy, S., and Daly, K. C. (2014). Antennal lobe
representations are optimized when olfactory stimuli are periodically structured
to simulate natural wing beat effects. Front. Cell. Neurosci. 8:159. doi: 10.3389/
fncel.2014.00159

Hummel, H. E. (2017). A brief review on Lobesia botrana mating disruption
by mechanically distributing and releasing sex pheromones from biodegradable
mesofiber dispensers. Biochem. Mol. Biol. ]. 3, 1-6. doi: 10.21767/2471-8084.
100032

Huston, S. J., Stopfer, M., Cassenaer, S., Aldworth, Z. N., and Laurent, G.
(2015). Neural encoding of odors during active sampling and in turbulent
plumes. Neuron 88, 403-418. doi: 10.1016/j.neuron.2015.09.007

Insam, H., and Seewald, M. S. A. (2010). Volatile organic compounds (VOCs)
in soils. Biol. Fertil. Soils 46, 199-213. doi: 10.1007/s00374-010-0442-3

Jactel, H., Birgersson, G., Andersson, S., and Schlyter, E (2011). Non-host
volatiles mediate associational resistance to the pine processionary moth.
Oecologia 166, 703-711. doi: 10.1007/s00442-011-1918-z

Jactel, H., and Brockerhoff, E. G. (2007). Tree diversity reduces herbivory by
forest insects. Ecol. Lett. 10, 835-848. doi: 10.1111/j.1461-0248.2007.01073.x

Jardine, K. J., Fernandes de Souza, F V., Oikawa, P, Higuchi, N., Bill, M.,
Porras, R., et al. (2017). Integration of Cl and C2 metabolism in trees.
Int. ]. Mol. Sci. 18:E2045. doi: 10.3390/ijms18102045

Jardine, A. B., Jardine, K. J., Fuentes, J. D., Martin, S. T., Martins, G., Durgante, F,
et al. (2015). Highly reactive light-dependent monoterpenes in the Amazon.
Geophys. Res. Lett. 42, 1576-1583. doi: 10.1002/2014GL062573

Jardine, K., Yanez Serrano, A., Arneth, A., Abrell, A., Jardine, A., van Haren, J.,
et al. (2011). Within canopy sesquiterpene ozonolysis in Amazonia. J. Geophys.
Res. 116:D19301. doi: 10.1029/2011JD016243

Jerkovic, 1., Mastelic, J., Milos, M., Juteau, F, Masotti, V., and Viano, J. (2003).
Chemical variability of Artemisia vulgaris L. essential oils originated from
the Mediterranean area of France and Croatia. Flavour Fragr. ]. 18, 436-440.
doi: 10.1002/1fj.1246

Atmos.  Environ.

Frontiers in Physiology | www.frontiersin.org

n

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.pbi.2016.05.004
https://doi.org/10.1126/science.1251817
https://doi.org/10.1126/science.1251817
https://doi.org/10.1007/s10886-005-5287-0
https://doi.org/10.1111/j.1365-3032.2005.00489.x
https://doi.org/10.1016/j.isci.2018.05.009
https://doi.org/10.1111/j.1365-3032.1987.tb00766.x
https://doi.org/10.3390/molecules22071148
https://doi.org/10.1111/nph.13620
https://doi.org/10.1101/lm.028167.112
https://doi.org/10.1038/srep03434
https://doi.org/10.1046/j.0013-8703.2003.00102.x
https://doi.org/10.1034/j.1399-3054.2002.1140304.x
https://doi.org/10.1034/j.1399-3054.2002.1140304.x
https://doi.org/10.1242/jeb.00175
https://doi.org/10.1016/j.atmosenv.2016.07.002
https://doi.org/10.1088/1748-9326/8/1/014048
https://doi.org/10.1098/rspb.2001.1710
https://doi.org/10.1111/ejn.12558
https://doi.org/10.1146/annurev-ento-112408-085442
https://doi.org/10.1146/annurev-ento-112408-085442
https://doi.org/10.1038/nature11747
https://doi.org/10.1038/srep02779
https://doi.org/10.1021/es072476p
https://doi.org/10.1093/chemse/27.1.45
https://doi.org/10.1111/j.1461-0248.2009.01433.x
https://doi.org/10.1146/annurev.ento.53.103106.093402
https://doi.org/10.1146/annurev.ento.53.103106.093402
https://doi.org/10.1242/jeb.060988
https://doi.org/10.1016/j.neuron.2011.11.003
https://doi.org/10.1016/j.atmosenv.2017.02.010
https://doi.org/10.1016/j.atmosenv.2017.02.010
https://doi.org/10.1007/s10886-010-9878-z
https://doi.org/10.5194/acp-18-16931-2018
https://doi.org/10.1016/0031-9422(91)80003-J
https://doi.org/10.1186/s12915-015-0188-3
https://doi.org/10.1007/s10886-017-0898-9
https://doi.org/10.1007/s10886-017-0898-9
https://doi.org/10.3389/fpls.2018.01445
https://doi.org/10.1146/annurev.ento.54.110807.090623
https://doi.org/10.3389/fncel.2014.00159
https://doi.org/10.3389/fncel.2014.00159
https://doi.org/10.21767/2471-8084.100032
https://doi.org/10.21767/2471-8084.100032
https://doi.org/10.1016/j.neuron.2015.09.007
https://doi.org/10.1007/s00374-010-0442-3
https://doi.org/10.1007/s00442-011-1918-z
https://doi.org/10.1111/j.1461-0248.2007.01073.x
https://doi.org/10.3390/ijms18102045
https://doi.org/10.1002/2014GL062573
https://doi.org/10.1029/2011JD016243
https://doi.org/10.1002/ffj.1246

Conchou et al.

Insect Odorscapes

Jones, P. L., and Agrawal, A. A. (2017). Learning in insect pollinators and
herbivores. Amnu. Rev. Entomol. 62, 53-71. doi: 10.1146/annurev-
ento-031616-034903

Junker, R. R., Hocherl, N., and Bluthgen, N. J. (2010). Responses to olfactory
signals reflect network structure of flower-visitor interactions. J. Anim. Ecol.
79, 8180-8823. doi: 10.1111/j.1365-2656.2010.01698.x

Jurgens, A., and Bischoff, M. (2017). Changing odour landscapes: the effect
of anthropogenic volatile pollutants on plant-pollinator olfactory
communication. Funct. Ecol. 56-64, 56-64. doi: 10.1111/1365-2435.12774

Kantsa, A., Raguso, R. A., Dyer, A. G., Olesen, J. M., Tscheulin, T., and
Petanidou, T. (2018). Disentangling the role of floral sensory stimuli in
pollination networks. Nat. Commun. 9:1041. doi: 10.1038/s41467-018-03448-w

Kantsa, A., Raguso, R. A., Lekkas, T., Kalantzi, O. I, and Petanidou, T. (2019).
Floral volatiles and visitors: a meta-network of associations in a natural
community. J. Ecol. 1-13. doi: 10.1111/1365-2745.13197

Karl, T., Harley, P, Emmons, L., Thornton, B., Guenther, A., Basu, C,, et al.
(2010). Efficient atmospheric cleansing of oxidized organic trace gases by
vegetation. Science 330, 816-819. doi: 10.1126/science.1192534

Katzenberger, T. D., Lunau, K., and Junker, R. R. (2013). Salience of multimodal
flower cues manipulates initial responses and facilitates learning performance
of bumblebees. Behav. Ecol. Sociobiol. 67, 1587-1599. doi: 10.1007/
500265-013-1570-1

Kerdelhue, C., Le Clainche, 1., and Rasplus, J.-Y. (1999). Molecular phylogeny
of the Ceratosolen species pollinating Ficus of the subgenus Sycomorus sensu
stricto: biogeographical history and origins of the species-specificity sreakdown
sases. Mol. Phylogenet. Evol. 11, 401-414.

Khan, Z. R., Midega, C. A. O., Bruce, T. J. A,, Hooper, A. M., and Pickett, J. A.
(2010). Exploiting phytochemicals for developing a ‘push-pull’ crop protection
strategy for cereal farmers in Africa. J. Exp. Bot. 61, 4185-4196. doi: 10.1093/
jxb/erq229

Kirkness, E. E, Haas, B. J., Sun, W, Braig, H. R, Perotti, M. A., Clark, J. M,,
et al. (2010). Genome sequences of the human body louse and its primary
endosymbiont provide insights into the permanent parasitic lifestyle. Proc.
Natl. Acad. Sci. USA 107, 12168-12173. doi: 10.1073/pnas.1003379107

Knaden, M., Strutz, A., Ahsan, J., Sachse, S., and Hansson, B. S. (2012). Spatial
representation of odorant valence in an insect brain. Cell Rep. 1, 392-399.
doi: 10.1016/j.celrep.2012.03.002

Knudsen, G. K., Eriksson, R., Gershenzon, J., and Stahl, B. (2006). Diversity
and distribution of floral scent. Bot. Rev. 72, 1-120. doi: 10.1663/0006-8101
(2006)72[1:DADOFS]2.0.CO52

Kopp, A., Barmina, O., Hamilton, A. M., Higgins, L., McIntyre, L. M., and
Jones, C. D. (2008). Evolution of gene expression in the Drosophila olfactory
system. Mol. Biol. Evol. 25, 1081-1092. doi: 10.1093/molbev/msn055

Labandeira, C. C. (2007). The origin of herbivory on land: initial patterns of
plant tissue consumption by arthropods. Insect Sci. 14, 259-275. doi: 10.1111/j.
1744-7917.2007.00152.x

Labandeira, C. C., Kvacek, J., and Mostovski, M. B. (2007). Pollination drops,
pollen, and insect pollination of Mesozoic gymnosperms. Taxon 56, 663-695.
doi: 10.2307/25065852

Lathiére, J., Hewitt, C. N., and Beerling, D. J. (2010). Sensitivity of isoprene
emissions from the terrestrial biosphere to 20th century changes in atmospheric
CO, concentration, climate, and land use. Glob. Biogeochem. Cycles 24:GB1004.
doi: 10.1029/2009GB003548

Loreto, E, and Schnitzler, J.-P. (2010). Abiotic stresses and induced BVOCs.
Trends Plant Sci. 15, 154-166. doi: 10.1016/j.tplants.2009.12.006

Maffei, M. E., Mithofer, A., and Boland, W. (2007). Insects feeding on plants:
rapid signals and responses preceding the induction of phytochemical release.
Phytochemistry 68, 2946-2959. doi: 10.1016/j.phytochem.2007.07.016

Mafra-Neto, A., and Cardé, R. T. (1994). Fine-scale structure of pheromone
plumes modulates upwind orientation of flying moths. Nature 369, 142-144.
doi: 10.1038/369142a0

Mafra-Neto, A., and Cardé, R. T. (1996). Dissection of the pheromone-modulated
flight of moths using single-pulse response as a template. Experientia 52,
373-379. doi: 10.1007/BF01919543

Martelli, C., Carlson, J. R., and Emonet, T. (2013). Intensity invariant dynamics
and odor-specific latencies in olfactory receptor neuron response. J. Neurosci.
Methods 33, 6285-6297. doi: 10.1523/JNEUROSCI.0426-12.2013

McCormick, A. C., Irmisch, S., Reinecke, A., Boecklerr, G. A. Veit, D.,
Reichelt, M., et al. (2014). Herbivore-induced volatile emission in black

poplar: regulation and role in attracting herbivore ennemies. Plant Cell
Environ. 37, 1909-1923. doi: 10.1111/pce.12287

McGhee, P. S., Miller, J. R., Thomson, D. R,, and Gut, L. J. (2016). Optimizing
aerosol dispensers for mating disruption of codling moth, Cydia pomonella
L. J. Chem. Ecol. 42, 612-616. doi: 10.1007/s10886-016-0724-9

Meiners, T. (2015). Chemical ecology and evolution of plant-insect interactions:
a multitrophic perspective. Curr. Opin. Insect Sci. 8, 22-28. doi: 10.1016/j.
€0is.2015.02.003

Min, S., Ai, M., Shin, S. A,, and Suh, G. S. B. (2013). Dedicated olfactory
neurons mediating attraction behavior to ammonia and amines in Drosophila.
Proc. Natl. Acad. Sci. USA 110, E1321-E1329. doi: 10.1073/pnas.1215680110

Minoli, S., Kauer, I, Colson, V., Party, V., Renou, M., Anderson, P, et al.
(2012). Brief exposure to sensory cues elicits stimulus-nonspecific general
sensitization in an insect. PLoS One 7:¢34141. doi: 10.1371/journal.pone.0034141

Moore, P. A., and Crimaldi, J. (2004). Odor landscapes and animal behavior:
tracking odor plumes in different physical words. . Mar. Syst. 49, 55-64.
doi: 10.1016/j.jmarsys.2003.05.005

Mossa, A.-T. H. (2016). Green pesticides: essential oils as biopesticides in
insect-pest management. J. Environ. Sci. Technol. 9, 354-378. doi: 10.3923/
jest.2016.354.378

Mumm, R., and Hilker, M. (2005). The significance of background odour for
an egg parasitoid to detect plants with host eggs. Chem. Senses 30, 337-343.
doi: 10.1093/chemse/bji028

Murlis, J., Elkinton, J. S., and Cardé, R. T. (1992). Odor plumes and how
insects use them. Annu. Rev. Entomol. 37, 305-332.

Nagel, K. I, and Wilson, R. I. (2011). Biophysical mechanisms underlying olfactory
receptor neuron dynamics. Nat. Neurosci. 14, 208-216. doi: 10.1038/nn.2725

Niinemets, U., Reichstein, M., Staudt, M., Seufert, G., and Tenhunen, J. D. (2002).
Stomatal constraints may effect emissions of oxygenated monoterpenes from
the foliage of Pinus pinea. Plant Physiol. 130, 1371-1385. doi: 10.1104/pp.009670

Nityananda, V. (2016). Attention-like processes in insects. Proc. Biol. Sci.
283:20161986. doi: 10.1098/rspb.2016.1986

Party, V., Hanot, C., Biisser, D. S., Rochat, D., and Renou, M. (2013). Changes
in odor background affect the locomotory response to pheromone in moths.
PLoS One 8:¢52897. doi: 10.1371/journal.pone.0052897

Party, V., Hanot, C., Said, L., Rochat, D., and Renou, M. (2009). Plant terpenes
affect intensity and temporal parameters of pheromone detection in a moth.
Chem. Senses 34, 763-774. doi: 10.1093/chemse/bjp060

Pelosi, P, Iovinella, I, Zhu, J, Wang, G., and Dani, E R. (2017). Beyond
chemoreception: diverse tasks of soluble olfactory proteins in insects. Biol.
Rev. 93, 184-200. doi: 10.1111/brv.12339

Penuelas, J., and Staudt, M. (2010). BVOCs and global change. Trends Plant
Sci. 15, 133-144. doi: 10.1016/j.tplants.2009.12.005

Pijanowski, B. C., Villanueva-Rivera, L. ., Dumyahn, S. L., Farina, A., Krause, B. L.,
Napoletano, B. M., et al. (2011). Soundscape ecology: the science of sound
in the landscape. Bioscience 61, 203-216. doi: 10.1525/bi0.2011.61.3.6

Poivet, E., Gallot, A., Montagne, N., Glaser, N., Legeai, F, and Jacquin-Joly, E.
(2013). A comparison of the olfactory gene repertoires of adults and larvae
in the noctuid moth Spodoptera littoralis. PLoS One 8:e60263. doi: 10.1371/
journal.pone.0060263

Proffit, M., Khallaf, M. A., Carrasco, D., Larsson, M. C., and Anderson, P.
(2015). ‘Do you remember the first time?” Host plant preference in a moth
is modulated by experiences during larval feeding and adult mating. Ecol.
Lett. 18, 365-374. doi: 10.1111/ele.12419

R Core Team (ed.) (2013). R: A language and environment for statistical computing
foundation for statistical computing. Vienna, Austria. Available at: http://
www.R-project.org/

Raguso, R., and Weiss, M. R. (2015). Concerted changes in floral colour and
scent, and the importance of spatio-temporal variation in floral volatiles.
J. Indian I. Sci. 95, 69-92.

Riffell, J. A., Abrell, L., and Hildebrand, J. G. (2008). Physical processes and
real-time chemical measurement of the insect olfactory environment. J. Chem.
Ecol. 34, 837-853. doi: 10.1007/s10886-008-9490-7

Riffell, J. A., Shlizerman, E., Sanders, E., Abrell, L., Medina, B., Hinterwirth, A. J.,
et al. (2014). Sensory biology. Flower discrimination by pollinators in a dynamic
chemical environment. Science 344, 1515-1518. doi: 10.1126/science.1251041

Rissanen, K., Holttd, T., and Bick, J. (2018). Transpiration directly regulates
the emissions of water-soluble short-chained OVOCs. Plant Cell Environ.
41, 2288-2298. doi: 10.1111/pce.13318

Frontiers in Physiology | www.frontiersin.org

2

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1146/annurev-ento-031616-034903
https://doi.org/10.1146/annurev-ento-031616-034903
https://doi.org/10.1111/j.1365-2656.2010.01698.x
https://doi.org/10.1111/1365-2435.12774
https://doi.org/10.1038/s41467-018-03448-w
https://doi.org/10.1111/1365-2745.13197
https://doi.org/10.1126/science.1192534
https://doi.org/10.1007/s00265-013-1570-1
https://doi.org/10.1007/s00265-013-1570-1
https://doi.org/10.1093/jxb/erq229
https://doi.org/10.1093/jxb/erq229
https://doi.org/10.1073/pnas.1003379107
https://doi.org/10.1016/j.celrep.2012.03.002
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1093/molbev/msn055
https://doi.org/10.1111/j.1744-7917.2007.00152.x
https://doi.org/10.1111/j.1744-7917.2007.00152.x
https://doi.org/10.2307/25065852
https://doi.org/10.1029/2009GB003548
https://doi.org/10.1016/j.tplants.2009.12.006
https://doi.org/10.1016/j.phytochem.2007.07.016
https://doi.org/10.1038/369142a0
https://doi.org/10.1007/BF01919543
https://doi.org/10.1523/JNEUROSCI.0426-12.2013
https://doi.org/10.1111/pce.12287
https://doi.org/10.1007/s10886-016-0724-9
https://doi.org/10.1016/j.cois.2015.02.003
https://doi.org/10.1016/j.cois.2015.02.003
https://doi.org/10.1073/pnas.1215680110
https://doi.org/10.1371/journal.pone.0034141
https://doi.org/10.1016/j.jmarsys.2003.05.005
https://doi.org/10.3923/jest.2016.354.378
https://doi.org/10.3923/jest.2016.354.378
https://doi.org/10.1093/chemse/bji028
https://doi.org/10.1038/nn.2725
https://doi.org/10.1104/pp.009670
https://doi.org/10.1098/rspb.2016.1986
https://doi.org/10.1371/journal.pone.0052897
https://doi.org/10.1093/chemse/bjp060
https://doi.org/10.1111/brv.12339
https://doi.org/10.1016/j.tplants.2009.12.005
https://doi.org/10.1525/bio.2011.61.3.6
https://doi.org/10.1371/journal.pone.0060263
https://doi.org/10.1371/journal.pone.0060263
https://doi.org/10.1111/ele.12419
http://www.R-project.org/
http://www.R-project.org/
https://doi.org/10.1007/s10886-008-9490-7
https://doi.org/10.1126/science.1251041
https://doi.org/10.1111/pce.13318

Conchou et al.

Insect Odorscapes

Rochat, D., Nagnan-le Meillour, P,, Esteban-Duran, J. R., Malosse, C., Perthuis, B.,
Morin, J. P, et al. (2000). Identification of pheromone synergists in the
American weevil, Rhynchophorus palmarum, and attraction of related Dynamis
borassi (Coleoptera, Curculionidae). J. Chem. Ecol. 26, 155-187. doi:
10.1023/A:1005497613214

Rospars, J. P, Gremiaux, A., Jarriault, D., Chaffiol, A., Monsempes, C., Deisig, N.,
et al. (2014). Heterogeneity and convergence of olfactory first-order neurons
account for the high speed and sensitivity of second-order neurons. PLoS
Comput. Biol. 10:1003975. doi: 10.1371/journal.pcbi.1003975

Rouyar, A., Deisig, N., Dupuy, E, Limousin, D., Wycke, M.-A., Renou, M.,
et al. (2015). Unexpected plant odor responses in a moth pheromone system.
Front. Physiol. 6:148. doi: 10.3389/fphys.2015.00148

Rouyar, A., Party, V., Predern, J., Blejec, A., and Renou, M. (2011). A general
odorant background affects the coding of pheromone stimulus intermittency
in specialist olfactory receptor neurones. PLoS One 6:€26443. doi: 10.1371/
journal.pone.0026443

Rowen, E., and Kaplan, I. (2016). Eco-evolutionary factors drive induced
plant volatiles: a meta-analysis. New Phytol. 210, 284-294. doi: 10.1111/
nph.13804

Said, I, Renou, M., Morin, J.-P,, Ferreira, J. M. S., and Rochat, D. (2005).
Interactions between acetoin, a plant volatile, and pheromone in Rhynchophorus
palmarum: Behavioral and olfactory neuron responses. J. Chem. Ecol. 31,
1789-1805. doi: 10.1007/s10886-005-5927-4

Sane, S. P, and Jacobson, N. P. (2006). Induced airflow in flying insects II.
Measurement of induced flow. J. Exp. Biol. 209, 43-56. doi: 10.1242/jeb.01958

Saveer, A. M., Becher, P. G., Birgersson, G., Hansson, B. S., Witzgall, P. W,
and Bengtsson, M. (2014). Mate recognition and reproductive isolation in
the sibling species Spodoptera littoralis and Spodoptera litura. Front. Ecol.
Evol. 2:18. doi: 10.3389/fev0.2014.00018

Schafer, M. S. (1977). The tuning of the world. New-York: Knopf.

Schallhart, S., Rantala, P., Nemitz, E., Taipale, D., Tillmann, R., Mentel, T. E,
et al. (2016). Characterization of total ecosystem-scale biogenic VOC exchange
at a Mediterranean oak-hornbeam forest. Atmos. Chem. Phys. 16, 7171-7194.
doi: 10.5194/acp-16-7171-2016

Schiebe, C., Hammerbacher, A., Birgersson, G., Witzell, J., Brodelius, P. E,,
Gershenzon, J., et al. (2012). Inducibility of chemical defenses in Norway
spruce bark is correlated with unsuccessful mass attacks by the spruce bark
beetle. Oecologia 170, 183-198. doi: 10.1007/s00442-012-2298-8

Schiestl, F. P, and Johnson, S. D. (2013). Pollinator-mediated evolution of floral
signals. Trends Ecol. Evol. 28, 307-315. doi: 10.1016/j.tree.2013.01.019

Schroder, R., and Hilker, M. (2008). The relevance of background odor in
resource location by insects: a behavioral approach. Bioscience 58, 308-316.
doi: 10.1641/B580406

Semmelhack, J. L., and Wang, J. W. (2009). Select Drosophila glomeruli mediate
innate olfactory attraction and aversion. Nature 459, 218-223. doi: 10.1038/
nature07983

Shorey, H. H. (1976). Animal communication by pheromones. London:
Academic Press.

Silbering, A. E, and Galizia, C. G. (2007). Processing of odor mixtures in the
Drosophila antennal lobe reveals both global inhibition and glomerulus-
specific interactions. J. Neurosci. 27, 11966-11977. doi: 10.1523/
JNEUROSCI.3099-07.2007

Simpraga, M., Takabayashi, J., and Holopainen, J. K. (2016). Language of plants:
where is the word? J. Integr. Plant Biol. 58, 343-349. doi: 10.1111/jipb.12447

Singsaas, E. L., and Sharkey, T. D. (1998). The regulation of isoprene emission
responses to rapid leaf temperature fluctuations. Plant Cell Environ. 21,
1181-1188. doi: 10.1046/j.1365-3040.1998.00380.x

Smith, B. H. (1991). The olfactory memory of the honeybee Apis mellifera.
I odorant modulation of short- and intermediate-term memory after single-
trial conditioning. J. Exp. Biol. 161, 367-382.

Soffan, S., Subandiyah, S., Makino, H., Watanabe, T., and Horiike, T. (2018).
Evolutionary analysis of the highly conserved insect odorant coreceptor (Orco)
revealed a positive selection mode, implying functional flexibility. J. Insect Sci.
18, 1-8. doi: 10.1093/jisesa/iey120

Southworth, M. (1969). The sonic environment of cities. Environ. Behav. 1,
49-70. doi: 10.1177/001391656900100104

Stange, G. (1996). “Sensory and behavioural responses of terrestrial invertebrates
to biogenic carbon dioxide gradients” in Advances in bioclimatology. Vol. 4,
ed. G. Stanhill (Berlin: Springer), 223-253.

Staudt, M., Byron, J., Piquemal, K., and Williams, J. (2019). Compartment
specific chiral pinene emissions identified in a maritime pine forest. Sci.
Total Environ. 654, 1158-1166. doi: 10.1016/j.scitotenv.2018.11.146

Staudt, M., Ennajah, A., Mouillot, E, and Joffre, R. (2008). Do volatile organic
compound emissions of Tunisian cork oak populations originating from
contrasting climatic conditions differ in their responses to summer drought?
Can. J. For. Res. 38, 2965-2975. doi: 10.1139/X08-134

Staudt, M., Jackson, B., El-aouni, H., Buatois, B., Lacroze, J. P, Poessel, J. L.,
et al. (2010). Volatile organic compound emissions induced by the aphid
Myzus persicae differ among resistant and susceptible peach cultivars
and a wild relative. Tree Physiol. 30, 1320-1334. doi: 10.1093/treephys/
tpq072

Staudt, M., Joffre, R., and Rambal, S. (2003). How growth conditions affect
the capacity of Quercus ilex leaves to emit monoterpenes. New Phytol. 158,
61-73. doi: 10.1046/j.1469-8137.2003.t01-1-00722.x

Staudt, M., Morin, X., and Chuine, I. (2017). Contrasting direct and indirect
effects of warming and drought on isoprenoid emissions from Mediterranean
oaks. Reg. Environ. Chang. 17, 2121-2133. doi: 10.1007/s10113-016-1056-6

Stensmyr, M. C., Dweck, H. K., Farhan, A., Ibba, I, Strutz, A., Mukunda, L.,
et al. (2012). A conserved dedicated olfactory circuit for detecting harmful
microbes in Drosophila. Cell 151, 1345-1357. doi: 10.1016/j.cell.2012.
09.046

Strube-Bloss, M. E, and Rossler, W. (2018). Multimodal integration and stimulus
categorization in putative mushroom body output neurons of the honeybee.
R. Soc. Open Sci. 5:171785. doi: 10.1098/rs0s.171785

Suh, G. S. B, Wong, A. M., Hergarden, A. C,, Wang, ]. W, Simon, A. E,
Benzer, S., et al. (2004). A single population of olfactory sensory neurons
mediates an innate avoidance behaviour in Drosophila. Nature 431, 854-859.
doi: 10.1038/nature02980

Suver, M. P,, Matheson, A. M. M., Sarkar, S., Damiata, M., Schoppik, D., and
Nagel, K. 1. (2019). Encoding of wind direction by central neurons in
Drosophila. Neuron 102, 828-842. doi: 10.1016/j.neuron.2019.03.012

Szyszka, P, Stierle, J. S., Biergans, S., and Galizia, C. G. (2012). The speed of
smell: odor-object segregation within milliseconds. PLoS One 7:¢36096. doi:
10.1371/journal.pone.0036096

Tait, C., Batra, S., Ramaswamy, S. S., Feder, J. L., and Olsson, S. B. (2016).
Sensory specificity and speciation: a potential neuronal pathway for host
fruit odour discrimination in Rhagoletis pomonella. Proc. Biol. Sci. 283:20162101.
doi: 10.1098/rspb.2016.2101

Thom, C., Guerenstein, P. G., Mechaber, W. L., and Hildebrand, J. G. (2004).
Floral CO, reveals flower profitability to moths. J. Chem. Ecol. 30, 1285-1288.
doi: 10.1023/B:JOEC.0000030298.77377.7d

Thoming, G., Larsson, M. C., Hansson, B. S., and Anderson, P. (2013).
Comparison of plant preference hierarchies of male and female moths
and the impact of larval rearing hosts. Ecol. Lett. 94, 1744-1752. doi:
10.1890/12-0907.1

Trona, E, Anfora, G., Balkenius, A., Bengtsson, M., Tasin, M., Knight, A.,
et al. (2013). Neural coding merges sex and habitat chemosensory signals
in an insect herbivore. Proc. Biol. Sci. 280:20130267. doi: 10.1098/
rspb.2013.0267

Turner, S. L., and Ray, A. (2009). Modification of CO, avoidance behaviour
in Drosophila by inhibitory odorants. Nature 461, 277-281. doi: 10.1038/
nature08295

Unsicker, S. B., Kunert, G., and Gershenzon, J. (2009). Protective perfurmes:
the role of vegetative volatiles in plant defense against herbivores. Curr.
Opin. Plant Biol. 12, 479-485. doi: 10.1016/j.pbi.2009.04.001

Vickers, N. J. (2000). Mechanisms of animal navigation in odor plumes. Biol.
Bull. 198, 203-212. doi: 10.2307/1542524

Vickers, N. J. (2006). Winging it: moth flight behavior and responses of olfactory
neurons are shaped by pheromone plume dynamics. Chem. Senses 31,
155-166. doi: 10.1093/chemse/bjjo11

Vickers, N. J., Christensen, T. A., Baker, T. C., and Hildebrand, J. G. (2001).
Odour-plume dynamics influence the brain’s olfactory code. Nature 410,
466-470. doi: 10.1038/35068559

Vivaldo, G., Masi, E., Taiti, C., Caldarelli, G., and Mancuso, S. (2017). The
network of plant volatile organic compounds. Sci. Rep. 7:11050. doi: 10.1038/
$41598-017-10975-x

von Uexkill, J. (1934). Umwelt und Innerwelt der Tiere (Milieu animal et milieu
humain). Paris: Rivages-Payot; reedited 2010.

Frontiers in Physiology | www.frontiersin.org

n

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1023/A:1005497613214
https://doi.org/e1003975
https://doi.org/10.1371/journal.pcbi.1003975
https://doi.org/10.3389/fphys.2015.00148
https://doi.org/10.1371/journal.pone.0026443
https://doi.org/10.1371/journal.pone.0026443
https://doi.org/10.1111/nph.13804
https://doi.org/10.1111/nph.13804
https://doi.org/10.1007/s10886-005-5927-4
https://doi.org/10.1242/jeb.01958
https://doi.org/10.3389/fevo.2014.00018
https://doi.org/10.5194/acp-16-7171-2016
https://doi.org/10.1007/s00442-012-2298-8
https://doi.org/10.1016/j.tree.2013.01.019
https://doi.org/10.1641/B580406
https://doi.org/10.1038/nature07983
https://doi.org/10.1038/nature07983
https://doi.org/10.1523/JNEUROSCI.3099-07.2007
https://doi.org/10.1523/JNEUROSCI.3099-07.2007
https://doi.org/10.1111/jipb.12447
https://doi.org/10.1046/j.1365-3040.1998.00380.x
https://doi.org/10.1093/jisesa/iey120
https://doi.org/10.1177/001391656900100104
https://doi.org/10.1016/j.scitotenv.2018.11.146
https://doi.org/10.1139/X08-134
https://doi.org/10.1093/treephys/tpq072
https://doi.org/10.1093/treephys/tpq072
https://doi.org/10.1046/j.1469-8137.2003.t01-1-00722.x
https://doi.org/10.1007/s10113-016-1056-6
https://doi.org/10.1016/j.cell.2012.09.046
https://doi.org/10.1016/j.cell.2012.09.046
https://doi.org/10.1098/rsos.171785
https://doi.org/10.1038/nature02980
https://doi.org/10.1016/j.neuron.2019.03.012
https://doi.org/10.1371/journal.pone.0036096
https://doi.org/10.1098/rspb.2016.2101
https://doi.org/10.1023/B:JOEC.0000030298.77377.7d
https://doi.org/10.1890/12-0907.1
https://doi.org/10.1098/rspb.2013.0267
https://doi.org/10.1098/rspb.2013.0267
https://doi.org/10.1038/nature08295
https://doi.org/10.1038/nature08295
https://doi.org/10.1016/j.pbi.2009.04.001
https://doi.org/10.2307/1542524
https://doi.org/10.1093/chemse/bjj011
https://doi.org/10.1038/35068559
https://doi.org/10.1038/s41598-017-10975-x
https://doi.org/10.1038/s41598-017-10975-x

Conchou et al.

Insect Odorscapes

Wang, X., Peng, Y., Guo, ], Ye, Y., Zhang, K., Yu, E, et al. (2008). Mushroom
bodies modulate salience-based selective fixation behavior in Drosophila.
Eur. J. Neurosci. 27, 1441-1451. doi: 10.1111/j.1460-9568.2008.06114.x

Webster, B., and Carde, R. T. (2017). Use of habitat odour by host-seeking
insects. Biol. Rev. Camb. Philos. Soc. 92, 1241-1249. doi: 10.1111/brv.12281

Willis, M. A., and Avondet, J. L. (2005). Odor-modulated orientation in walking
male cockroaches Periplaneta americana, and the effects of odor plumes of
different structure. J. Exp. Biol. 208, 721-735. doi: 10.1242/jeb.01418

Witzgall, P, Kirsch, P, and Cork, A. (2010). Sex pheromones and their impact
on pest management. J. Chem. Ecol. 36, 80-100. doi: 10.1007/s10886-009-9737-y

Wright, G. A., and Smith, B. (2004). Different thresholds for detection and
discrimination of odors in the honey bee (Apis mellifera). Chem. Senses 29,
127-135. doi: 10.1093/chemse/bjh016

Yang, Z. H., Bengtsson, M., and Witzgall, P. (2004). Host plant volatiles synergize
response to sex pheromone in codling moth, Cydia pomonella. ]. Chem.
Ecol. 30, 619-629. doi: 10.1023/B:JOEC.0000018633.94002.af

Zakir, A., Bengtsson, M., Sadek, M. M., Hansson, B. S., Witzgall, P, and
Anderson, P. (2013). Specific response to herbivore-induced de novo synthesized
plant volatiles provides reliable information for host plant selection in a
moth. J. Exp. Biol. 216, 3257-3263. doi: 10.1242/jeb.083188

Zeng, L., Wang, X, Kang, M., Dong, E, and Yang, Z. (2017). Regulation of
the rhythmic emission of plant volatiles by the circadian clock. Int. J. Mol.
Sci. 18:2408. doi: 10.3390/ijms18112408

Zhang, Q.-H., and Schlyter, E (2004). Olfactory recognition and
behavioural avoidance of angiosperm nonhost volatiles by conifer-inhabiting
bark beetles. Agric. For. Entomol. 6, 1-19. doi: 10.1111/j.1461-9555.2004.
00202.x

Zhang, Q. H., Schlyter, E, and Anderson, P. (1999). Green leaf volatiles interrupt
pheromone response of spruce bark beetle, Ips typographus. J. Chem. Ecol.
25, 2847-2861. doi: 10.1023/A:1020816011131

Zhou, X., Slone, J. D., Rokas, A., Berger, S. L., Liebig, J., Ray, A., et al. (2012).
Phylogenetic and transcriptomic analysis of chemosensory receptors in a
pair of divergent ant species reveals sex-specific signatures of odor coding.
PLoS Genet. 8:1002930. doi: 10.1371/journal.pgen.1002930

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Conchou, Lucas, Meslin, Proffit, Staudt and Renou. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

14

August 2019 | Volume 10 | Article 972


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1111/j.1460-9568.2008.06114.x
https://doi.org/10.1111/brv.12281
https://doi.org/10.1242/jeb.01418
https://doi.org/10.1007/s10886-009-9737-y
https://doi.org/10.1093/chemse/bjh016
https://doi.org/10.1023/B:JOEC.0000018633.94002.af
https://doi.org/10.1242/jeb.083188
https://doi.org/10.3390/ijms18112408
https://doi.org/10.1111/j.1461-9555.2004.00202.x
https://doi.org/10.1111/j.1461-9555.2004.00202.x
https://doi.org/10.1023/A:1020816011131
https://doi.org/10.1371/journal.pgen.1002930
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers

ORIGINAL RESEARCH
published: 07 August 2019

in Physiology doi: 10.3389/fphys.2019.00943
Encoding of Slowly Fluctuating
Concentration Changes by
Cockroach Olfactory Receptor
Neurons Is Invariant to Air
Flow Velocity
Maria Hellwig', Alexander Martzok+* and Harald Tichy*
Department of Neurobiology, Faculty of Life Sciences, University of Vienna, Vienna, Austria
The ON and OFF olfactory receptor neurons (ORNSs) on the cockroach antenna display
a high sensitivity for the rate at which odorant concentration changes. That rate of
change acts as a gain control signal that improves the sensitivity of both ORNs for
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when the duration of the oscillation period increases. During long-period oscillations
with slow concentration changes, the high gain for the rate of concentration change
improves the ORNs ability to detect low rates of concentration changes when the
fluctuations are weak. To be useful in plume tracking, gain control must be invariant
to the air flow velocity. We describe that raising the level of the flow rate has no
effect on the ON-ORN responses to concentration changes down to rates of 2%/s,
but exerts a slight increase on the OFF-ORN response during these extremely low
rates. At 4%/s, however, the OFF-ORN response is also unaffected by the flow rate
level. The asymmetry corresponds with a generally higher sensitivity of the OFF-ORN
to concentration changes. Nevertheless, the gain of both ORNs for the concentration
rate change is robust against the air flow velocity. This makes possible an instantaneous
analysis of the rate of concentration change for both directions of change by one or the
other ORN. Therefore, the ON and OFF ORNSs are optimized to encode concentration
increments and decrements in a turbulent odorant plume.

Keywords: olfactory receptor neurons, ON and OFF responses, rate of concentration change, gain control, air
flow velocity

INTRODUCTION

The primary objective of this study was to determine what effect the rate of the air flow carrying
the odorant across a cockroachs antenna has upon the activity of olfactory receptor neurons
(ORNs). The work leading up to this study began with the identification of pairs of ORNs in
a structurally identifiable sensillum type which respond antagonistically to the same change in
odorant concentration. In this way, concentration increments and decrements are encoded by
excitatory signals. During slow and continuous concentration changes, both types of ORNs not
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only signal the moment-to-moment succession of odorant
concentrations but also the rate at which concentration changes
(Burgstaller and Tichy, 2011, 2012; Tichy and Hellwig, 2018).
Furthermore, the rate of concentration change modulates the
gain of responses for fluctuations in the odorant concentration.
When odor concentration changes slowly, both ORN types
improve the gain for the rate of change at the expense of the gain
for the instantaneous concentration. This suggests that the ORNs
are optimized to detect minute changes in odorant concentration,
even if they persist in one direction.

The instantaneous odorant concentration and its rate of
change are two independent variables because each can be
changed without producing a change in the other. Concentration
has been very often manipulated in insect olfactory research, but
the rate of concentration change has received less attention. In
most studies, odorants were applied as transient concentration
pulses. The rate of concentration change at the onset of the
odorant pulse was not measured and its possible effect on
the response magnitude was not determined. Stimulus-response
functions were based on the mean pulse concentration and
the mean discharge of the pulse period. According to this
concept, the effect of changes in the velocity of odorant
pulses was studied in two types of ORNs on the antennae
of Drosophila (Zhou and Wilson, 2012). Pulse velocity was
changed by varying the amount of volume of the odorant-
loaded air that was delivered during the pulse period. If pulse
concentration was kept constant, the ORNs responses were
invariant to changes in the pulse flow rate. Unfortunately,
the phasic component of the response as a possible candidate
for encoding the rate of concentration change was neglected.
The ORNs were regarded as “transducers of concentration,”
responding to given concentration pulses independently of the
pulse velocity (Zhou and Wilson, 2012).

In contrast, the ON and OFF ORNs of the cockroach may
be transducers of the “rate of concentration change,” with
an additional dependence on the instantaneous concentration
at which the change occurs. The observation of potentially
different transduction mechanisms is based, however, on
different methods of delivering the odorant. While concentration
pulses rapidly immerse the whole sensillum into the stimulus
concentration, slow concentration changes gradually increase the
concentration at the sensillum surface. For example, it requires
10 s to increase the concentration from 0 to 50% at a rate of
5%/s, but 25 s at a rate of 2%/s. Therefore, when increasing
the concentration on the sensillum surface at a rate of 5%/s, an
instantaneous concentration of 25% is reached 5 s after the onset
of the concentration increase, and after 12.5 s at a rate of 2%/s.
Furthermore, the higher the flow rate, the greater is the volume of
odorant-loaded air that passes over the antenna. Thus, the same
gradual concentration increase delivered at a higher flow rate
involves a greater quantity of molecules arriving per unit time on
the sensillum surface.

In natural foraging environments, wind speed and the
direction of wind flow are the most important factors affecting
odorant concentration. We can expect that animals tracking a
turbulent odorant plume discriminate flow velocity invariant
concentration changes. Flying insects use wind information

and visual feedback to efficiently track an odor plume, but
walking lobsters and crabs perform true chemotaxis, whereby the
temporal analysis of odorant pulse features guides orientation
along plumes. In behavioral studies, lobsters use a spatial gradient
in pulse size and shape to locate the odorant source (Moore
and Atema, 1991). The spatial distribution of the pulse onset
slopes and the correlated pulse amplitudes provide the strongest
gradient pointing to the source. In such an “odor landscape,”
the peak height of pulses and the onset slope of these peaks
increase with decreasing distance to the odor source (Moore
and Atema, 1991; Zettler and Atema, 1999). Electrophysiological
recordings provide evidence for the existence of “pulse slope
detectors” on chemoreceptors of the lateral antennules of the
American lobster (Zettler and Atema, 1999). In the cockroach,
the ON and OFF ORNs on the antennae meet the requirements
of detectors for the upward and downward rate of change of
the food odor concentration (Tichy and Hellwig, 2018). If the
rate of concentration change is truly a fundamental aspect of
insect orientation in an odorant plume, information about the
concentration rate should be robust across a range of different
flow velocities.

Any study attempting to evaluate the individual effects of
the instantaneous concentration, its rate of change and the
flow velocity of the odorant-carrying air steam must satisfy
two special requirements. First, it must utilize techniques and
procedures to regulate, control and monitor all three stimulation
variables simultaneously. Second, it must ensure that data
analysis recognizes potential confusion when unscrambling the
effect of interrelated variables. The present study incorporates
both these requirements. The first is met by a dilution flow
olfactometer that enables producing olfactory stimuli of precise
air pressure, flow velocity, as well as concentration and its rate
of change. The second is met by utilizing software that relates
the responses of the ORNSs to different combinations of the three
variables and then estimates how much each variable contributes
to the response.

The above considerations vyield two readily testable
predictions. Both predictions are critical in evaluating the
function of the ON and OFF ORNs as “concentration rate
detectors.” Each involves two exclusive statements.

The first prediction is that variation in the level of the volume
flow rate has no effect on ORN responses to slow and continuous
concentration changes. Thus, the ORNs would be able to detect
changes in the odorant concentration (the ratio between molecule
number and air volume) regardless of the volume size, the
absolute number of molecules involved in the concentration
change, the rate of arrival at the antenna or the rate of air
flow. Alternatively, the response to equal rates of concentration
change would increase with increasing flow rate level due to
the increasing absolute number of odorant molecules arriving
at the sensillum.

The second prediction is that the level of the volume
flow rate does not affect the increased gain for the rate of
concentration change with increasing duration of the oscillation
period. Alternatively, gain control varies with the flow-rate level.
Then the concentration rate no longer needs to be considered as
a gain control signal.
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MATERIALS AND METHODS

Preparation and Recording

Adult male cockroach (Periplaneta americana) were anesthetized
with CO;, placed on their dorsal surface in a closely fitted holder
and fixed with strips of Parafilm wrapped around the holder. One
antenna was kept in a forward position by cementing it onto
a ledge that extended from the holder. Action potentials were
recorded extracellularly between two electrolytically sharpened
tungsten wires. The reference electrode was placed lengthwise in
the tip of the antenna and the recording electrode was inserted
into the base of the sensillum. Impulses were amplified and band
filtered (0.1-3 kHz), passed through a 1401plus A-D converter
(Cambridge Electronic Design) and fed into a PC. The digitized
impulses, the voltage output of the electronic flow meters and the
PID signal were displayed on-line on a monitor, stored on a hard
disk and analyzed oft-line using Spike2 software.

Odorant Stimulation

The odor of lemon oil is known to activate antennal ORNs
and antennal lobe neurons (Sass, 1978; Selzer, 1981, 1984;
Boeckh et al, 1990; Zeiner and Tichy, 2000). It contains a
number of odor compounds of different chemical classes
(Gunther, 1968; Shaw, 1979). Based on its reproducibility,
synthetic lemon oil (Roth, D ~ 0.85, Art. 5213.1) rather
than natural fruits were used as a standardized fruit
odorant stimulus.

Stimulation was provided using a dilution flow olfactometer
(Prah et al., 1995; Burgstaller and Tichy, 2011, 2012). Pre-
cleaned and pre-dried compressed air from a laboratory line
was passed through an adsorption drier (DPS 1-8A; Filtrations-
Separations-Technik, Essen, Germany). The stream was then
divided into two equal-sized streams A and B. Their flow
rates were regulated by manual needle valves in series with
calibrated flow meters of the Rotameter type. Stream A was
bubbled through small holes in polyethylene tubing anchored
at the bottom of a 25-1 tank containing 100 ml of the
undiluted liquid odor of lemon oil. Stream B was led through
an empty tank of the same design and remained clean. After
emerging from the tanks, the air streams passed through
electrical proportional valves (Kolvenbach KG, KWS 3/4) and
electronic flow meters (AWM 3000, Honeywell). The sinusoidal
concentration changes were produced by shifting the phase of
the valves’ control voltages (D-A converter, 1401plus, Cambridge
Electronic Design) by 180°. Thus, the total volume flow rate of
both air streams was held constant as the underlying odor/clean-
air ratio was varied in a sinusoidal manner. This ratio was
regulated by the output sequencer function of the data acquisition
software [Spike2, v.3.18; Cambridge Electronic Design (CED),
Cambridge, United Kingdom], using a self-written sequencer
script. A feedback linearization, which integrated the voltages
used to control the proportional valve with those received from
the flow meters, counteracted any deviations of the flow rate
set by the output sequencer. For stimulation, the mixed air
stream emerged from a 7-mm-diameter nozzle at a distance of
10 mm from the recording site. The air around the antenna was
continually removed by a suction tube at a speed of 2 m/s.

The digitized output voltage of the electronic flow meters,
calibrated by the manufacturer for flow rate, was used to monitor
the flow profiles of the two individual air streams and of
the mixed air stream representing the odor delivery during
stimulation. Figure 1 illustrates an example for a 120-s oscillation
period performed at five different volume flow velocities between
0.49 and 1.64 m/s. The flow-rate ratios of the oscillating odor-
saturated air stream (Figure 1A) to the oscillating clean air stream
(Figure 1B) determined the oscillating concentration changes,
indicated as percentage of the saturated air stream in the mixed
air stream (Figure 1C). The velocity of the odor stimulus was
varied by regulating the flow rates of the input air streams A and B
with the manual needle valves. Modifying the flow rates changed
the oscillation amplitudes. In order to set the velocity of the mixed
air stream to the required values without changing the amplitude
of the concentration oscillations, the flow rates of the two air
streams were adjusted via the proportional valves. Thus, the
oscillations of the odor-saturated air stream (A) were confined to
the lower half of the flow rates and, with each step-wise decrease
in velocity, the amplitude of the flow rate decreased (Figure 1A).
The oscillations of the clean air stream (B) initially occurred in
the high range of flow rates, and then stepped downward to
the lower flow rates, thereby spanning smaller amplitude flow
rates (Figure 1B). The resulting amplitude of the concentration
oscillation was 50% (Figure 1C). Plots of the summed flow-
rate profiles of both air streams served to verify that the total
output flow rate of the mixed air stream is constant at each
velocity (Figure 1D). Nonetheless, the total flow rate indicated
low-amplitude, slow fluctuations which appeared to be in phase
with the flow-rate oscillations of the two air streams. Average
values for these changes in the total flow rate attained a maximum
of 0.7 I/h. The direction of change in the ORNS’ activity and the
fluctuations in the total air flow rate were not correlated. No faster
fluctuations or random distribution of fluctuations in the flow
rate were apparent. The fluctuations might be due to the inherent
flow characteristics of the valves, taking into account the effects of
piping. The total air flow rate (Figure 1D) that passes the cross-
section area (diameter 7 mm) of the output nozzle per second
specifies the velocity of the stimulating air stream (Figure 1E).
Mean velocity values were calculated for periods indicated by
dotted lines, which span two oscillation periods (Figure 1E); the
standard deviations are low (£0.02 m/s).

A photoionization detector (200A miniPID, Aurora Scientific)
was used to verify that mixing of the slowly oscillating, changing
flow rates of the two air streams actually produces slowly
oscillating concentration changes at the different air velocities
(Figure 1F). Flow meters controlled the timing and amplitude of
the concentration oscillations within the delivery tubes. At the
same time, the PID needle was positioned between the output
nozzle and the antenna. The PID signal is specified as being
proportional to the concentration of the compound entering
the flow-through detection cell. This signal is reproducible for
a given compound and pressure. As the PID output voltage
was not calibrated with a reference gas, the absolute odorant
concentration was not measured. The PID output voltages
were normalized such that the maximum value obtained in an
experiment was arbitrarily set to the value “1.” The time course
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FIGURE 1 | Sinusoidal concentration changes at constant period of 120 s, delivered at five different, stepwise reduced air flow velocities. (A) Flowmeter A signals
the time course of the odor-saturated air stream controlled by proportional valve A. (B) Flowmeter B signals the time course of the clean air stream controlled by
proportional valve B. The control voltages of both valves were 180° phase-shifted. In order to maintain constant amplitude of the sinusoidal concentration changes
when the flow velocity was decreased, the flow rates of both air streams were reduced accordingly. (C) Time course of sinusoidal concentration changes determined
by the mixing ratio of odor-saturated air in clean air and expressed as percentage of saturated air. (D) Time course of summed flow rates of the odor-saturated air
stream A (yellow oscillations) and the clean air stream B (gray oscillations, inverse to yellow oscillations); averaged values were determined for the periods indicated
by dotted lines. (E) Time course of the flow velocity of the mixed air stream, calculated from the total flow rate of the two air streams in panel (D). Periodic
low-amplitude fluctuations in air flow velocity reflect fluctuations in the total air flow rate; they had no effect on ORN responses. Averaged values were determined for
the periods indicated by dotted lines. (F) Normalized time course of the sinusoidal PID signal corresponds with the flowmeter signal in panel (C); note slow decrease
in amplitude with decreasing flow velocity.
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of the oscillating PID signal with maxima and minima values
(Figure 1F) matches with those of the concentration oscillations
obtained by the electronic flow meters (Figure 1C). However, the
amplitude of the PID signal slightly decreased with decreasing
air flow velocity. The same decrease is not shown by the flow
meter signal. A specific feature of the concentration measurement
was the positive pressure from the nozzle and the negative
pressure at the sample pump. This pressure difference depends
on the volume flow velocity. No systematic attempt was made
to determine whether the divergence between the oscillating
PID signal and the oscillating the flow-meter signal affects the
oscillating activity of the ON and OFF ORNs. However, the gain
for the rate of concentration during oscillating changes appears to
decrease slightly with decreasing air flow velocity, as revealed by
plotting impulse frequency of the ON and OFF ORNSs as function
of both the rate of change and velocity. As the decrease in air
velocity is correlated with the decrease in the PID signal, one
may argue that the effects assigned to the decrease in the flow
velocity would indeed be due to the decrease in the amplitude
of the concentration oscillations. Since a possible effect becomes
apparent only at a low velocity of 0.45 m/s (Figure 1D) and a slow
rate of change of 3.5%/s (Figure 1E), no systematic attempt was
made to determine the extent to which the divergence between
the PID signal and the flow-meter signal affects gain control of
the ORNS. If it does, the effects were not obvious.

Recordings

Electrodes were electrolytically sharpened tungsten wires. The
reference electrode was placed in the tip of the antenna; the
recording electrode was inserted into the base of the sensillum.
All recordings were taken from swC sensilla, which are single-
walled basiconic sensilla (Schaller, 1978; Altner et al., 1983;
Hinterwirth et al., 2004; Tichy et al., 2005). Impulses were
amplified and filtered (0.3-1 kHz), passed through a 1401plus
A-D converter (Cambridge Electronic Design, United Kingdom)
and fed into a PC. The digitized action potentials and the voltage
output of the electronic flow meters were displayed on-line on
a monitor, stored on a hard disk and analyzed off-line using
the Spike2 software. Spike waveform parameters were extracted
and sampled to form templates. Detected spikes were offered to
the template matching system in order to create or modify the
templates. Each spike was compared against the templates, and
each time a template was confirmed it was added to the template
by overdrawing (Figures 3G,H). Adding a spike to a template
may change template configuration. The template boundaries
displayed homogeneity of classification without a gradual change
from one class to the other.

RESULTS

Identification

The ON and OFF ORNS share a specific single-walled sensillum
type which arises as a hair-like structure from a ring-shaped
socket (Figure 2). Characteristic features are longitudinal grooves
in the surface of the basal part of the shaft and a slender tapering
tip. Neuroanatomical and electrophysiological studies show that

FIGURE 2 | Scanning electron micrograph of the olfactory sensillum on the
cockroach antenna containing the ON and OFF ORNs. The sensillum has a
slender, hair-like form with a slightly curved tip. The basal part of the shaft wall
is grooved, the distal part is smooth and perforated by pores.
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these sensilla are located on the distal and proximal margins of
each of the 120-180 antennal segments. They make up about
6% of the olfactory sensilla in the male cockroach (Schaller,
1978; Burgstaller and Tichy, 2012; Tichy and Hellwig, 2018).
Inserting the tip of a needle electrode into the sensillum base
enables recording the action potentials of both ORN types at
the same time. The OFF ORN typically displayed larger impulse
amplitudes than the ON ORN. The clear differences in size
and form of the impulses facilitated final identification of the
different OFF ORNs by their antagonistic responses to slowly
oscillating changes in odor concentration. A typical example
is illustrated in Figure 3. Figure 3A shows the time course
of the odorant concentration oscillating at a period of 60 s,
and Figure 3B the corresponding rate at which concentration
oscillates. Figure 3C indicates the time course of the miniPID-
signal and Figure 3D the flow rates of both the odor-saturated
and the clean air stream. Increasing the concentration of the
odorant of lemon oil raises the impulse frequency in the ON
ORN (Figure 3E) and lowers it in the OFF ORN (Figure 3F).
Correspondingly contrary effects are elicited by decreasing the
odorant concentration. As indicated by the time-histograms in
Figures 3G,H, the ON-ORN’s impulse frequency peaks just
before the maximum instantaneous concentration, and that of
the OFF-ORN just before the concentration minimum. The
rate of concentration change, which is ahead of the oscillating
instantaneous concentration, clearly also determines the activity
of both ORNs.

Gain of Response for the Rate of

Concentration Change

Of the 40 pairs of ON and OFF ORNs on which oscillating
concentration changes were tested, only six pairs qualified for this
study: those whose firing rates continued undiminished for the
duration of the experiment. In most recordings, the amplitudes
of the action potentials tended to decrease with time. The cause
of this diminution is unclear. The shape of the electrode, its depth
and position relative to the two ORNs surely differed to some
extent with every insertion.

Series of constant-amplitude oscillating concentration
changes were tested with periods of 6, 60, and 120 s (Figure 4).
The rate of change averaged 30%/s during the 6-s period, 3.5%/s
during the 60-s period and 2%/s during the 120-s period. To
estimate the dependence of the ORNs on the instantaneous
concentration and the rate of concentration change, impulse
frequency was plotted as a function of both parameters
(Figure 5). The impulse frequency curves approached closed
figures resembling Lissajous figures, which are formed when two
parameters oscillate with the same frequency and are plotted one
as a function of the other. These shapes depend on the ratio of the
frequencies of the two oscillations, the ratio of their amplitudes
and their phase differences.

Multiple regressions (F = yo + a dC/dt + b C; where F is
the impulse frequency and y the intercept of the regression
plane, with the F axis reflecting the height of the regression
plane) were calculated to determine the gain of responses for
the rate of concentration change (a slope) and the instantaneous
concentration (b slope). The sign of the regression slopes is

positive for the ON ORN (Figures 5A-D) and negative for
the OFF ORN (Figures 5E-H), i.e., an increase in both the
instantaneous concentration and its rate of change raises the
impulse frequency in ON ORN and lowers it in the OFF
ORN. Accordingly, during oscillating concentration change, the
ON ORN’s impulse frequency is high when the instantaneous
concentration is high and even higher the faster the concentration
rises through the higher values (Figures 5A-D). Conversely, the
OFF ORN’s impulse frequency is low when the instantaneous
concentration is low and even lower the faster the concentration
falls through the lower values (Figures 5E-H). Furthermore,
slope steepness varies with the duration of the oscillation period.
In both ORNS, sign ignored, the gain for the rate of change tends
to be lower during short oscillation periods and higher during
long periods. In the examples shown in Figure 5, the ON-ORN’s
gain for the rate of concentration change was 0.01 imp/s per %/s
ataperiod of 6 5,0.36 imp/s per %/s at 60 s, and 0.80 imp/s per %/s
at 120 s. In the OFF ORN, the gain for the rate of concentration
change was —0.04 imp/s per %/s at 6 s, —=0.36 imp/s per %/s at 60 s
and -0.85 imp/s per %/s at 120 s.

To confirm that the periods and amplitudes of the
concentration oscillation correspond to the settings, the
time course of the odorant stimulus was measured with a
miniature photoionization detector (miniPID). As illustrated
in Figure 3, the time course of the normalized PID signal
was synchronous to the flowmeter signal, confirming that the
dilution flow olfactometer precisely controlled the odorant
stimulus. The relationship between the ORNS responses, the
instantaneous PID signal and its rate of change revealed the
same double dependence as obtained with the flowmeter
signal (Figures 5D,H). In view of this good correspondence,
graphs of PID signals used for estimating stimulus-response
relationships are not shown.

Gain of Response at Different Air Flow

Velocities (Volume Flow Rates)

Figure 3 illustrates the activity of an ORN pair during two
subsequent 60-s oscillation periods tested at different constant
air flow velocities (1 and 1.25 m/s). At both velocities, the
oscillating frequency curves were smooth, their phase advance on
the oscillating concentration curve was present, and the signal-
to-noise ratio was high. The question was whether the air velocity
affects the response magnitude of both ORNs and gain control.
Air flow velocity was controlled by the volume of air per unit
time flowing out of the nozzle of the odorant delivery system at
a distance of 10 mm from the recording site. Since the effects of
flow velocity on ORN responses are comparable only for equal
concentration changes, the obvious procedure was to record the
responses to constant period oscillations for every volume flow
rate level. On each ORN, five different flow rate levels were tested
between 0.49 to 1.69 m/s.

For each oscillation period, impulse frequency of the six ON
and OFF ORNs was plotted as a function of both the level
of flow rate and the rate of concentration change. Figure 6 is
an example of a simultaneously recorded pair of ORNs. The
oscillating impulse frequencies form elliptic Lissajous curves as
illustrated in Figure 5. Multiple linear regressions were used to
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FIGURE 3 | Simultaneously recorded single sensillum responses of a pair of ON and OFF ORNs. Stimulation consisted of slow and continuous upward and
downward changes of the concentration of lemon oil odorant delivered at two different air flow velocities. Arrow indicates change in air flow velocity from 1 to

1.25 m/s. (A) Time course of instantaneous odorant concentration. Duration of oscillation periods: 60 s. (B) Time course of the rate of concentration change. The
maxima and minima of the oscillating rate of concentration change are in advance of the maxima and minima of the oscillating instantaneous odorant concentration
(vertical dotted line). The noisy signal results from the slow rate of concentration change in a narrow range of £3.5%/s. (C) Time course of odorant concentration
measured with a photoionization detector (miniPID). The signal values were normalized to the maximum value obtained in each experiment and set to 1. The
concentration maxima and minima indicated by the oscillating flowmeter A signal (A) correspond with the concentration maxima and minima of the PID signal.

(D) Time course of the summed flow rates of the odor-saturated air stream measured with flowmeter A (yellow oscillations) and the clean air stream measured with
flowmeter B (gray oscillations, inverse to yellow oscillations); the summed flow rates of both air streams were used to calculate the air flow velocity of the olfactory
stimulus. (E) Extracellularly recorded activity of the ORNs. Both types discharge continuously during the concentration cycles. The OFF ORN typically generates
greater impulse amplitudes than the ON ORN. (F) Off-line sorted action potentials of the ORNs obtained by spike detecting and template matching techniques using
Spike2 software (Cambridge Electronic Design, United Kingdom). Green impulses originate from the ON ORN, blue impulses from the OFF ORN. (G,H)
Instantaneous impulse frequency of the ON and OFF ORNSs, respectively; bin width, 0.2 s. Insets action potentials classified by matching the shape of each action
potential against shape templates. Template windows show template boundaries of spike waveforms from the two ORNs. F impulse frequency, v velocity.
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FIGURE 4 | Simultaneously recorded single sensillum responses of a pair of ON and OFF ORNs to oscillating concentration changes of the lemon oil odorant with
periods of 6, 60, and 120 s. Air flow velocity: 1.69 m/s. (A) Time course of instantaneous odorant concentration. (B) Electrical activity of the ON and OFF ORNSs.
Both types discharge continuously during the concentration cycles. The large impulse amplitudes are from the OFF ORN. (C) Off-line sorted action potentials of the
ORNSs obtained by spike detecting and template matching techniques using Spike2 software (Cambridge Electronic Design, United Kingdom). Green impulses are
from the ON ORN, blue impulses from the OFF ORN. (D) Discriminated impulses of the ON ORN. (E) Instantaneous impulse frequency of the ON ORNSs; bin width,
0.2 s. (F) Discriminated impulses of the OFF ORN. (G) Instantaneous impulse frequency of the OFF ORNSs; bin width, 0.2 s. F impulse frequency, V voltage.
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FIGURE 5 | Responses of a single ON ORN (A-D) and a single OFF ORN (E-H) during oscillating concentration changes plotted as a function of the instantaneous
concentration and the rate of concentration change. Instantaneous concentration and its rate of change were measured in panels (A-C, E-G) with the flowmeter A,
in panels (D,H) with the miniPID. Duration of oscillation period: 6 s in panels (A,E); 60 s in panels (B,F); 120 s in panels (C,D,G,H). Multiple regressions utilizing
3-dimensional planes F =y + a dC/dtC + b C; where F is the impulse frequency, yo the height of the regression plane) were calculated to determine the gain of
response for the rate of concentration change (a slope) and the instantaneous concentration (b slope). Note that the sign of the concentration axis in panels (A-D) is
oriented in different direction than in panels (E-H). R? coefficient of determination, n number of points used to calculate regression plane.
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estimate the dependence of the oscillating impulse frequencies
on the flow rate level (a slope) and the rate of concentration (b
slope) for each oscillation period. The horizontal orientation of
the axis representing the effect of flow velocity as well as the very
low values of the coefficient of determination (R* < 0.2, n = 6.000)
indicate that the regression planes failed to describe in both ORN
types a dependence of the responses to the rate of concentration
change on the air flow velocity.

The poor coefficient of determination values may partly reflect
the fact that the impulse frequency values of both ORNs cover
a large part on the frequency scale. This is because the ORNSs
simultaneously depend on the instantaneous concentration and
its rate of change. The effect of the instantaneous concentration
will be reduced by plotting the gain values for the rate
of concentration change rather than the oscillating impulse
frequency as a function of both the air flow velocity and
the oscillation period. This expectation is largely confirmed in
Figure 7. The variations in the gain values appear to depend on
the duration of the oscillation period: with increasing duration
the deviations of the gain values from the regression plane
increase. The regression slopes indicate a gain increase of the

ON ORN by 0.15 (imp/s)/(dC/dt) for each 1 m/s increase
in air velocity (Figure 7A); the corresponding values for the
OFF ORN are an increase by -0.46 (imp/s)/(dC/dt) per 1 m/s
(Figure 7B). (The negative values for gain reflect the downward
direction of the concentration change yielding a rise in OFF-ORN
impulse frequency). To increase the gain of the ON ORN by 1
(imp/s)/(dC/dt), the flow velocity must be increased by 6.6 m/s,
and by 2.2 m/s for the OFF ORN. However, the moderate values
of R? (0.33 and 0.53 for the ON and OFF ORN, respectively)
indicate that not more than 50% of the variance in the OFF-
ORN'’s gain can be explained by the flow velocity. The remaining
50% may be attributed to an inherent variability. Note that
the variation of gain is highest for the 120-s oscillation period
(Figure 7). At this long period, concentration changes at a mean
rate of as low as 2%/s need 60 s to get from 0 to 50%, and 60 s to
go back from 50 to 0%. Minute concentration fluctuations may
produce low-frequency fluctuations in both ORNs. Nonetheless,
as the gain for the rate of change increases with increasing
duration of the oscillation period and increasing flow velocity,
the sensitivity for the rate of change is not diminished but instead
improved at slow changes and fast velocities.
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DISCUSSION

Insect olfaction is usually assumed to reflect the perception
of the odorant by ORNs, but it is largely dependent on the
air flow across the antenna. This dependency is described in
various olfactory orientation experiments (Atema, 1996; Vickers,
2000; Weissburg, 2000; Webster and Weissburg, 2001; Keller
and Weissburg, 2004; Willis and Avondet, 2005; Willis et al.,
2008; Page et al., 2011; Reidenbach and Koehl, 2011). The data
on odorant plume structure has led to testable predictions on
orientation strategies. These predictions focus on the intermittent
mode of the chemical signal as well as the spatial and temporal
concentration patterns that is critical for mediating upwind flight
and casting behavior in several species of moths (Vickers, 2006).
The onset slopes of odorant pulses, indicating a concentration
increase at a particular rate, were only rarely considered as
a factor in determining orientation behavior. Importantly, the
pattern of the pulse onset slopes and pulse amplitudes form a
spatial gradient. These point toward the plume source better than
other dynamic parameters (Moore and Atema, 1991; Zettler and
Atema, 1999). Lobsters use the temporal and spatial distribution
of odorant signals to locate the sources (Moore and Atema, 1991).
Cockroaches, however, have lifestyles and feeding ecologies quite
different from those of lobsters. Nonetheless, as ground dwellers
they will also use temporal and spatial pulse parameters during
orientation along an odorant plume. Unfortunately, we lack
detailed knowledge about the sensory mechanism underlying
plume tracking to initially large odorant sources and their less

disrupted plumes. Rapid and accurate orientation movements
require unambiguously detecting the concentration and its rate
of change at various air flow velocities. The greater the velocity,
the greater is the flow rate which is defined as the amount of air
volume flowing across an area per unit of time. An increase in
the flow rate of a dispersing air volume at constant concentration
does not lead to any change in the number of molecules per unit
volume (viz. the ratio between molecule number and air volume),
but does increase the absolute number of molecules delivered
per unit time. ORNs acting as “pulse slope detectors” must
assess the rate of concentration change of the odorant-loaded air,
independently of the absolute number of molecules involved in
the change, the odorant-loaded air volume or its flow rate.

In the context of the present study, the two predictions pointed
out in the Introduction did hold to a remarkable degree. In
regard to the first prediction, the response of the ON and OFF
ORN:Ss to oscillating concentration changes with a period of 120 s
and a mean rate of 2%/s increases slightly by increasing the air
flow velocity from 0.49 to 1.69 m/s. At a mean rate of 3.5%/s
and a 60 s oscillation period, however, the flow velocity has
no effect on ORN responses. Right down to these slow rates,
the response of the ORNs is modulated by changes in the air
stream concentration independently of the absolute number of
molecules, the air volume involved in the concentration change,
the rate of arrival of the odorant molecules at the antenna or the
rate of air flow. The second prediction also holds in the above
results. That is, the gain for the rate of concentration change is
invariant to the flow-rate level. When the odorant concentration
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oscillates slowly with long periods, the cue would simply be that
the ORN discharge rates begin to change at all. Because of the
high gain at slow change rates, cockroaches will receive creeping
changes in concentration, even if they persist in one direction.
The mechanism underlying ORN gain control and the robustness
of gain control against changes in odorant flow rates in the air
stream is unclear.

The ability of the ON and OFF ORNSs to correctly identify
slow rates of concentration change despite variations in the
volume flow rate agrees with the flow-rate invariant responses
to concentration pulses in Drosophila ORNs (Zhou and Wilson,
2012). Nonetheless, there are differences in the stimulation
technique, the method of evaluating the responses and probably
in the physiological properties of the ORNs. In the experiments
on Drosophila, the change in the air velocity was provided
by varying the air volume delivered during the 5-s pulse. To
compensate for the changing molecule arrival rate, the odorant
concentration was adjusted to the flow rate. Keeping pulse
concentration but varying the volume flow rate led to constant
ORN responses. This makes the ORNs “concentration detectors.”
The authors did not evaluate the possible effect of the rate
of concentration change at the pulse onset slope. Visually, the
miniPID signal indicates that a concentration pulse of 50%
attained within the first 100 ms of the transient concentration
increase a rate of 300%/s (Figure 4 in Zhou and Wilson, 2012).
Potentially, such high rates are at the upper limit of sensitivity
and therefore variations in the air flow rate ranging between 1.4
and 6.6 m/s did not influence the ORNs responses.

In attempting to assign the ORNs to flux detectors or
concentration detectors, the latter is preferable due to their
insensitivity to air velocity (Kaissling, 1998). This mechanism
was initially applied to CO, receptor neurons, whereas the
typical odorant receptors were regarded as flux detectors.
Interestingly, the two mechanisms may not be exclusive but
instead complement each other in transduction (Rospars et al.,
2000; Baker et al., 2012). Note that the odorant detection models
are based on rapid odorant uptake, rapid ORN activation and
rapid odorant deactivation. Further experiments with slow and
continuous concentration changes on different insects should
reveal whether the increased sensitivity according to gain control
is a widespread coding strategy of encountering fluctuating
concentration changes in the olfactory environment. Much work
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Xingcong Jiangt, Heinz Breer and Pablo Pregitzer*

Institute of Physiology, University of Hohenheim, Stuttgart, Germany

The desert locust Schistocerca gregaria recognizes multiple chemical cues, which
are received by olfactory sensory neurons housed in morphologically identifiable
sensilla. The different sensillum types contain olfactory sensory neurons with different
physiological specificities, i.e., they respond to different categories of chemical signals.
The molecular basis for the sensilla-specific responsiveness of these cells is unknown,
but probably based on the endogenous receptor repertoire. To explore this issue,
attempts were made to elucidate whether distinct odorant receptors (ORs) may be
expressed in a sensilla-specific manner. Analyzing more than 80 OR types concerning
for a sensilla-specific expression revealed that the vast majority was found to be
expressed in sensilla basiconica; whereas only three OR types were expressed in
sensilla trichodea. Within a sensillum unit, even in the multicellular assembly of sensilla
basiconica, many of the OR types were expressed in only a single cell, however, a few
OR types were found to be expressed in a consortium of cells typically arranged in a
cluster of 2—4 cells. The notion that the OR-specific cell clusters are successively formed
in the course of development was confirmed by comparing the expression patterns
in different nymph stages. The results of this study uncover some novel and unique
features of locust olfactory system, which will contribute to unravel the complexity of
locust olfaction.

Keywords: olfaction, insect, desert locust, antenna, odorant receptors, sensilla

INTRODUCTION

Locusts, like the desert locust Schistocerca gregaria, are characterized by a remarkable phase
polyphenism and can switch between a solitarious and a gregarious phase (Van Huis et al., 2007;
Pener and Simpson, 2009). In the gregarious phase, migrating locust swarms can cause severe
agricultural and economic damages in the habituated areas like Africa and Asia (Roffey and Popov,
1968; Skaf et al., 2006; Simpson and Sword, 2008; Pener and Simpson, 2009). The molecular
mechanisms underlying the phase transition are under rigorous investigation but still remain
poorly understood (Kang et al., 2004; Guo et al., 2011; Rogers et al., 2014; Wang et al., 2014; Yang
et al., 2014). Besides tactile and visual stimuli, the sense of smell plays an important role in the life
cycle and phase change of locusts (Ould Ely et al., 2006; Cullen et al., 2010; Maeno et al., 2011; Wang
etal, 2015, 2019; Pregitzer et al., 2017). Locusts are in fact able to recognize a variety of chemical
compounds, including green leaf volatiles and chemical cues for aggregation and oviposition (Torto
et al,, 1994; Rai et al.,, 1997; Ochieng’ and Hansson, 1999). The primary organ for sensing such
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chemical compounds is a pair of antennae, covered by hair-
like appendage structures called sensilla. The antennal sensilla
have been classified based on morphological criteria as basiconic,
trichoid, coeloconic, and chaetic sensilla (Stocker, 1994; Ochieng
et al., 1998). Encoding the identities of chemical compounds
relies on a variety of olfactory receptors including odorant
receptors (ORs) which are localized on the chemosensory
membrane of olfactory sensory neurons (OSNs) housed within
each sensillum. For the antennae of S. gregaria it was recently
demonstrated that only the OSNs in s. basiconica and s. trichodea
express specific odorant receptors and the olfactory receptor
co-receptor (Orco) (Yang et al, 2012; Pregitzer et al., 2017).
In fact, a large set of OR genes was found for the migratory
locust Locusta migratoria (Wang et al., 2014) and for S. gregaria
as many as 119 OR types were identified through an antennal
transcriptomic survey (Pregitzer et al., 2017). So far, there is little
information concerning the expression of distinct OR types in
either s. basiconica or s. trichodea. This issue is of particular
interest in view of the unequal distribution of both sensillum
types on the antennae of Schistocerca gregaria, which according
to the studies of Ochieng et al. (1998) comprises more than 1000
sensilla basiconica each with 20-50 OSNs, compared to about 200
sensilla trichodea each with 1-3 OSNs.

Interestingly, a high number of OSNs as in the locust sensilla
basiconica is rarely seen in other insect model species, like
flies and noctuid moths, where most of the olfactory responsive
sensilla comprise only 2-4 OSNs, similar to s. trichoidea in
S. gregaria (Sanes and Hildebrand, 1976; Venkatesh and Singh,
1984). For these species, characteristic stereotypical patterns
of OR expression have been described, indicating that cells
expressing a distinct receptor type are stereotypically arranged
with cells, which express a matching receptor type (Hallem et al.,
2004; Krieger et al., 2009). It is currently unknown whether
similar principles may also be effective for the expression of
OR types in the sensilla of S. gregaria. Moreover, in view of
the multicellular assembly in s. basiconica of S. gregaria it is
interesting to know, whether a specific OR type is confined to a
single cell, analogous to other insect species, or is concomitantly
expressed in more than one cell. In the present study we set
out to explore the sensilla-specific expression patterns of OR
types. Moreover, attempts were made to evaluate whether in the
multicellular assembly of s. basiconica, one distinct OR type may
be expressed in multiple cells.

MATERIALS AND METHODS

Animals and Tissues Treatment

Adult and nymph stages of Schistocerca gregaria were purchased
from local suppliers. Antennae were dissected using autoclaved
surgical scissors. For RNA extraction, the organs were
immediately frozen in liquid nitrogen and stored at —70°C.

Synthesis of Riboprobes for in situ
Hybridization

Riboprobe generation was performed as described earlier
(Pregitzer et al., 2017). OR sequences cloned into pPGEM-T vector

(Invitrogen) were used for in vitro transcription. The linearized
PGEM-T vectors containing desert locust OR sequence fragments
were utilized to synthesize antisense riboprobes labeled with
either digoxigenin (DIG) or biotin (BIO) using the T7/SP6 RNA
transcription system (Roche, Germany).

In situ Hybridization

Antennae of male and female adult Schistocerca gregaria
locusts were crosscut into two halves, embedded in Tissue-
Tek O.C.T. Compound (Sakura Finetek, Alphen aan
den Rijn, Netherlands) and used to make 12 pm thick
longitudinal sections with a Leica CM3050 S cryostat (Leica
Microsystems, Bensheim, Germany) at —21°C. Sections
were thaw mounted on Super Frost Plus slides (Menzel,
Braunschweig, Germany) and stored at —70°C until use.
Sections were taken out from the freezer and immediately
transferred into fixation solution (4% paraformaldehyde in
0.1 M NaHCOs, pH 9.5) for 22 min at 4°C. Next, sections
were washed in 1xPBS (0.85% NaCl, 1.4 mM KH;PO,,
8 mM NayHPOy4, pH 7.1) for 1 min, incubated in 0.2 M
HCI for 10 min and washed twice in 1xPBS for 2 min each.
Then sections were incubated for 10 min in acetylation
solution (0.25% acetic anhydride freshly added in 0.1 M
triethanolamine) followed by three wash steps in 1xPBS
(each wash step lasted 3 min). Sections were incubated in
pre-hybridization solution [5xSSC (0.75 M NaCl, 0.075 M
sodium citrate, pH 7.0) and 50% formamid] for 15 min at
4°C. Sections were hybridized with digoxigenin- and biotin-
labeled probes simultaneously. However, for two-color FISH,
100 pl hybridization solution (50% formamide, 2xSSC, 10%
dextran sulfate, 0.2 mg/ml yeast t-RNA, 0.2 mg/ml herring
sperm DNA) supplemented with labeled antisense RNA
was placed per slide onto the tissue sections. After placing
a coverslip, slides were incubated in a humid box (50%
formamide) at 60°C overnight. Visualization of labeled probes
was performed as described previously (Krieger et al., 2002).
In short, digoxigenin-labeled probes were visualized by the
anti-digoxigenin alkaline phosphatase-conjugated antibody in
combination with the HNPP fluorescent detection set (Roche
Diagnostics). Incubation with the anti-digoxigenin alkaline
phosphatase-conjugated antibody as well as incubation with
the HNPP/Fast Red substrate was conducted overnight at 4°C.
For visualization of biotin-labeled probes, the TSA fluorescein
system kit (PerkinElmer, Waltham, MA, United States) was
used. Incubation of sections with biotin-binding streptavidin
conjugated to horse radish peroxidase and incubation with
fluoresce in conjugated tyramides were conducted overnight
at 4°C.

Analysis of Antennal Sections by

Confocal Microscopy

Antennae used for fluorescence in situ hybridization were
analyzed on a Zeiss LSM 510 meta laser scanning microscope
(Zeiss, Oberkochen, Germany). Confocal image stacks of the
red and green fluorescence channels as well as the transmitted-
light channel were taken. Image stacks were utilized to generate
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pictures showing projections or selected optical planes, with
the fluorescence and transmitted light channels overlaid or
shown separately.

For the analyses in adults between 2 and 4 slides for each
OR were analyzed. Each slide harbored 10-20 sections from
the antennae of 2-5 animals. An individual antennal section
comprised - dependent on the quality of the section - between
3 and 15 antennal segments. Each antennal segment contains
multiple basiconic OSN clusters depending on the part of the
segment that was sliced; the number ranges from about ten up
to several dozen clusters (Yang et al., 2012).

The studies on developmental changes in OSN organization
are based on 2 to 4 slides for adults and 5th instar nymphs;
for 1st instar nymphs 3 (OR67 and OR8) or 4 slides
(OR17, OR29, OR35, and OR110) were analyzed. Slides
were examined in two-color FISH experiments following a
stringent experimental procedure until clear and convincing
fluorescent signals emerged. Observed labeling patterns
were documented in LSM images taken from the most
convincing antennal areas.

RESULTS

Sensilla-Specific Expression of Putative
Odorant Receptors

The endogenous OR repertoire is supposed to determine
the chemosensory profile of individual sensilla types. For
comprehensive analyses of a sensilla-specific expression of
the various OR types, we simplified the previously generated
phylogenetic tree of locust ORs (Pregitzer et al., 2017) into three
groups, namely [, II, and IIT (Figure 1A). Tissue sections from
antennae of adult locusts were analyzed by two color fluorescence
in situ hybridization (FISH) experiments. Riboprobes labeled by
Biotin for the olfactory receptor co-receptor (Orco), a marker
for insect OSNs, were employed to visualize the ensemble of
all sensory neurons in s. basiconica or s. trichodea, an example
is depicted in Figure 1B indicating a large cluster of Orco-
positive below a s. basiconica and a small cluster of Orco-
positive cells below a s. trichodea. In addition, riboprobes
labeled by Digoxigenin (DIG) were used to visualize cells
expressing individual OR types. Subsequently, we set out to
evaluate almost all OR types (33 ORs) from group II (38 ORs);
the results of these experiments are presented in Figure 2
and Supplementary Figure S1. In our analyses, the green
labeling of giant OSN clusters, which are indicative of s.
basiconica, could be reproducibly visualized, thus allowing to
unequivocally determine the sensillum type. We found that
most of the examined OR types from group II (31 out of
33) were found to be expressed in s. basiconica. In most of
the examined antennal tissue sections only a single labeled
cell was observed within the large cell cluster of s. basiconica
(Figures 2A,B), however, in a few cases we detected more
than one labeled cell in the cell cluster of s. basiconica
(Figures 2C,D). This phenomenon was studied in greater detail
(see further below). Two receptor types from group II, OR102
and ORI111, were found to be expressed in cells housed in

A
1
\ \\ ‘/ ﬁ Gm%P(')g’s'OR) OR1- OR9
= ,\//\ | P OR82-ORI19
7 /?;HFl{ \ Group Il OR10 - OR78, OR80

FIGURE 1 | (A) The schematic phylogenetic tree of locust OR sequences is
adapted from Pregitzer et al., 2017. Schistocerca ORs are grouped within 3
distinct monophyletic lineages. Group | was previously named b-ORs, due to
its close proximity to the basal Orco root group, marked by a R.

A monophyletic group diverging from an inner-node in the phylogenetic tree,
supported by a bootstrap value of 85, was classified as group II. The
remaining branches, which diverge from another node with a bootstrap value
of 59, were assigned as the group lll. OR types from each of the three groups
are listed in the table. (B) Visualization of olfactory sensory neurons in sensilla
basiconica (ba) and sensilla trichodea (tr) in tissue sections from locust
antennae using Orco as a marker. The cluster of OSNs is delineated by white
dish lines indicating a small group of Orco positive cells in sensilla trichodea
and a large cluster of Orco positive cells in sensilla basiconica.

trichoid sensilla (Figures 3A,C). Trichoid sensilla comprise a
very small set of cells, which make it distinguishable from s.
basiconica (Figures 3B,D); for both OR types only a single
stained cell was visualized within s. trichodea. This finding,
together with the previously identified OR3 from group I,
implies that s. trichodea seem to comprise a very limited
number of OR types. In Drosophila melanogaster and many
moth species cells of the trichoid sensilla are characterized
by the “sensory neuron membrane protein 1”7 (SNMP1), a
marker of pheromone responsive neurons (Benton et al., 2007;
Forstner et al., 2008; Gomez-Diaz et al., 2016; Pregitzer et al,,
2017). To evaluate whether the group II receptors OR102
and ORI111 may be co-expressed with SNMP1 we performed
FISH experiments utilizing riboprobe for each receptor type
and a specific riboprobe for SNMP1 labeled by Biotin. As
shown in Figures 3E,F the labeling clearly overlapped indicating
that the two receptors OR102 and ORII11 are in fact co-
expressed with SNMP1.

Subsequently, the question in which sensillum type the
receptors from group III may be expressed was approached by
two-color FISH experiments as described above. Since group
II comprises a large set of OR members, we analyzed as
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OR82

FIGURE 2 | The majority of group Il ORs are specifically expressed in sensilla basiconica. (A-D”) The Orco- and distinct OR-expressing cells were visualized by
means of two-color FISH using specific antisense riboprobes labeled in Bio (green fluorescence) and DIG (red fluorescence), respectively. The four ORs (OR82,
OR97, OR109, and OR113) are shown as representatives of group Il ORs that are specifically expressed in sensilla basiconica. The white dash circle highlights the
cell that concomitantly expresses a defined OR type and Orco. More examples are shown in the supporting data. Distinct OR cells are indicated by white arrows.

Scale bars, 10 um.

much as 42 receptor types from this group. The localization
of some ORs from group III and Orco are depicted in
Figure 4 and Supplementary Figure S2; the results indicate
that all the examined receptor types from this group were
selectively expressed in s. basiconica. Interestingly, also for
some of the receptor types from group III more than one
labeled cell was observed in the large cell cluster of s.

basiconica (Figures 4A,D). For none of the OR types from
group III we observe any labeling of cells in s. trichodea.
Together, the results of the present and previous studies
concerning the sensilla specific expression of OR types from
different phylogenetic groups are summarized in Table 1.
Out of the total number of 83 examined ORs from the
three groups, 80 OR types could be clearly assigned to s.
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A OR102

OR102 / Orco

areas are indicated by white dash circles. Scale bars, 10 um.

FIGURE 3 | Two ORs from group Il are specifically expressed in sensilla trichodea. Cells expressing distinct OR types as well as Orco or SNMP1 were visualized by
means of two-color FISH using specific antisense riboprobes labeled in either DIG (OR, red fluorescence) or Bio (Orco and SNMP1, green fluorescence). (A-D) The
expression of OR102 and OR111 in cells housed in sensilla trichodea is visualized. As indicated in A (OR102) and in C (OR111) labeled cells are located under
trichoid (Tr) sensillar hairs. In panel B,D co-localization of the two trichoid OR types with Orco are depicted. Discernable basiconic sensilla (Ba) and trichoid sensilla
(Tr) cell clusters are indicated by white dash circles and white boxes (B,D), respectively. The insets panel B’-D” depict the separate fluorescence channels of panels
B,D. The white dash circle highlights the cell that concomitantly expresses the defined OR type and Orco. (E,F) The co-expression of OR102 and OR111 with
SNMP1 is documented. In the insects panels E’-F” the separate fluorescence channels of the white boxed areas in panels E,F are depicted. The double labeled

basiconica while only three OR types (OR3, OR102, and OR111)
to s. trichodea.

Arrangement of Cells Expressing Distinct

Receptor Types in Sensilla Trichodea

Extending the analysis of expression profiles for various OR
types may allow evaluating a possibly stereotypical organization
of cells expressing certain OR pairs in the cell assembly of an
individual sensillum. First, we explored s. trichodea, which have
a relatively simple cellular architecture (1-3 OSNs) with a very
limited number of receptor types. We pinpointed the relative
localization of the three identified OR types focusing on either the
expression of two identified receptors types or the expression of
all three identified types in a given sensillum. To address this issue
we performed two-color FISH experiments with combinations of

individual riboprobes for OR3, OR102, and OR111, which are
either DIG- or Biotin-labeled; the emerged results are depicted
in Figure 5. We have found that in s. trichodea each of the
three receptors was strictly expressed in only one single cell; no
indication for any over representation was observed (Figure 3).
Using riboprobes for only two receptor types, we obtained a
labeling of cells located side by side (Figures 5A-C”), confirming
the genuine existence of such hypothesized OR combinations.
Moreover, using riboprobes for all three receptor types, in rare
cases we faithfully visualized a cluster of three labeled cells that
are located adjacently; indicative for an expression all three
OR types in a given sensillum (Figures 5D-D”). Such co-
existence of the three receptor types within a single trichoid
sensillum was additionally confirmed by conducting single color
FISH experiment using DIG-labeled riboprobes for all these
three receptors (Supplementary Figure S3). Based on these
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FIGURE 4 | ORs from group Il are specifically expressed in sensilla basiconica. The schematic locust OR phylogenetic tree is adapted from Pregitzer et al., 2017 in
which R group means Orco rooting group, group | corresponds to the previously classified “b-OR group” and group Il and group IIl are divided based on the
branches segregation. The four distinct groups are differentially colored. (A-D”) Cells expressing Orco- and distinct OR types were visualized by means of two-color
FISH using specific antisense riboprobes labeled in Bio (green fluorescence) and DIG (red fluorescence), respectively. Four OR types (OR14, OR39, OR45, and
OR57) are shown as representatives of group Il (blue branches) that are specifically expressed in sensilla basiconica. More examples are shown in the supporting
data. Distinct OR-positive cells are indicated by white arrows. The white dash circle highlights the cell that concomitantly expresses the defined OR type and Orco.

observations it is conceivable that the cell assembly in s. trichodea
adopt multiple combinations of receptor types, in which the
three OR types (OR3, OR102, and OR111) readily participate in
forming a variety of functional combinations.

In Sensilla Basiconica Certain OR Types
Are Expressed in Multiple Cells

In the multicellular assembly of s. basiconica certain OR
types were found to be expressed in more than one cell (see

Figures 2, 3). To address this issue of “over representation”
for certain OR types in more detail, we have quantified six
representative OR types from group I to III, namely ORS,
OR17, OR29, OR35, OR67, and ORI110. Firstly, we assessed
their expression profile by performing comprehensive two-color
FISH analyses using differentially labeled riboprobes targeting
the selected OR types and Orco, respectively. As a result, for
the multicellular expression of a given receptor type in s.
basiconica as much as four labeling patterns emerged (Figure 6):
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TABLE 1 | Summary of the sensilla specific expression for 83 receptor types.

Sensilla basiconica

Sensilla trichodea

Group Il (38 ORs) 33 ORs examined

OR82 OR83 OR84 OR85 OR86 OR87 OR88 OR89 OR90 OR91 OR92 OR93

OR102 OR111

OR94 OR95 OR96 OR97 OR98 OR99 OR100 OR101 OR103 OR105 OR106
OR108 OR109 OR110 OR112 OR113 OR114 OR116 OR118

Group Il (70 ORs) 42 ORs examined

OR11 OR13 OR14 OR15 OR16 OR17 OR22 OR23 OR38 OR25 OR26 OR27

OR28 OR29 OR30 OR31 OR32 OR33 OR34 OR35 OR37 OR39 OR40 OR41
OR43 OR45 OR47 OR49 OR51 OR52 OR53 OR54 OR57 OR61 OR62 OR66
OR67 OR68 OR70 OR71 OR76 OR80

The specific expression of ORs in sensilla basiconica or in sensilla trichodea was determined by the two-color FISH experiments. Among the 83 analyzed OR types, only
3 ORs namely OR3, OR102 and OR111 were found to be selectively expressed in sensilla trichodea, while all other OR types were expressed in sensilla basiconica.

OR3

OR3/0R102

OR102 Merge

OR3/0OR111

OR102/0OR111

OR3/0R102/
OR111

for both OR3 and OR111. Scale bar, 10 um.

FIGURE 5 | Cells expressing distinct OR types are adjacently located in the trichoid sensilla. (A-D”) The relative position of cells in the trichoid sensilla which express
distinct OR types was visualized by means of two-color FISH using specific antisense riboprobes labeled in DIG (red fluorescence) or Bio (green fluorescence). White
dash circles outline the position of cells expressing a distinct OR type. Note in panel D two red-labeled cells were visualized due to the usage DIG-labeled riboprobes

receptors could be expressed in 2 cells (OR29, OR35), 3 cells
(OR17) or even 4 cells (OR67). Upon a closer inspection,
we found that in most cases cells expressing the same OR
type were adjacently distributed, forming a cluster of cells.
Scrutinizing antennal sections, we have observed a variety of
clusters comprising 2 cells, 3 cells and even more than 3
cells (Figure 6).

The question arises whether the number and spatial
arrangement of cells expressing a distinct receptor type is
established from the very beginning or whether those cells
expressing the same receptor type emerge gradually in the course
of development. Desert locusts undergo a hemimetabolous life
cycle and grow continuously by successive molts. In a next step,
we analyzed the topographic expression of these receptors in the
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2 adjacentcells

Separate cells

Labeling Patterns of Adult

FIGURE 6 | In basiconic sensilla distinct OR types are expressed in several cells. The cells expressing distinct OR types and Orco were visualized by means of
two-color FISH using specific antisense riboprobes. (A=D’) The analyses of 10 um optical stacks revealed four different patterns of OR expression; ranged from
solitary cells to multicellular clusters. White dash circles outline cell expressing the distinct OR type. Scale bars, 10 um.

3 adjacent cells >3 adjacent cells

antennae of 5th instar nymphs, the final nymph stage, when the
overall body and antennal size is close to the adult stage. At
this nymph stage, we found the four types of expression pattern,
which closely resembled that of adults (Figure 7). Subsequently,
we assessed antennae from 1st instar nymphs, which significantly
differ in size from 5th instar nymphs. The results of the FISH
assays are documented in Figure 8 indicating that at this stage
in the multicellular assembly of s. basiconica only single cells or
maximal 2 cell clusters (in the case of OR67 and OR35) exist,
whereas there was no indication for 3 or more cell clusters.
The results concerning the dynamics of OR cell populations are
summarized in Figure 9, which suggests that a representation of
distinct OR types by several cells in individual basiconic sensilla
gradually occurs in the course of locust development.

DISCUSSION

The results of the present study may contribute toward
an understanding of the observation that morphologically
identifiable sensilla on the antennae of the desert locust
Schistocerca gregaria comprise OSNs, which respond to different
categori