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Functional Olfactory Sensory Neurons Housed in Olfactory Sensilla on the Ovipositor of the Hawkmoth Manduca sexta
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Olfactory systems evolved to detect and identify volatile chemical cues, in many cases across great distances. However, the precision of copulatory and oviposition behaviors suggest that they may be guided by olfactory cues detected by sensory systems located on or near the ovipositor. Here we present evidence of a small number of functional olfactory sensilla on the ovipositor of the hawkmoth Manduca sexta. Gene expression analysis of isolated ovipositor tissue indicated active transcription of gustatory and both classes of olfactory receptor genes. Expression of the olfactory co-receptor ORCo and the antennal ionotropic co-receptors IR8a and IR25a suggests that functional olfactory proteins may be present in the sensory structures located on the ovipositor. Scanning electron microscopy identified five to nine porous sensilla on each of the anal papillae of the ovipositor. Furthermore, HRP immunostaining indicated that these sensilla are innervated by the dendrite-like structures from multiple neurons. Finally, we functionally characterized neural responses in these sensilla using single sensillum recordings. Stimulation with a panel of 142 monomolecular odorants revealed that these sensilla indeed house functional olfactory sensory neurons (OSNs). While it remains to be determined what role these chemosensory sensilla play in odor and gustatory guided behaviors, our data clearly demonstrate an olfactory function for neurons present in M. sexta ovipositor sensilla.
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INTRODUCTION

Among the most important sensory abilities of winged insects is the ability to detect, identify and locate the sources of relevant volatile chemical cues. Indeed the chemical senses are involved in the guidance of a large number of evolutionarily critical behaviors (Hansson and Stensmyr, 2011). Olfactory neuronal networks allow insects to assess the chemical composition of their environment in order to locate, for example food sources, available mating partners, or suitable oviposition sites (Reisenman and Riffell, 2015; Hansson and Wicher, 2016). The role of olfactory function in oviposition and the accuracy with which many insects commit this behavior is exceptional and suggests a far more involved role for olfaction in determining precise positioning of the egg on specific plant tissue.

Odorants are primarily detected by olfactory sensory neurons (OSNs) situated on the antennae and, to a lesser extend, the maxillary palps (Wicher, 2015). The dendrites of these OSNs stretch into porous hair-like structures, the olfactory sensilla. Finally, it is the chemically-sensitive receptor in the dendritic membrane of these sensory cells that mediate the neural response to odorants (Wicher, 2015). The receptor types expressed in each OSN determine its detection spectrum. Insect receptor types known to respond to volatiles mostly belong to two receptor families, the olfactory receptors (ORs; Clyne et al., 1999; Gao and Chess, 1999; Vosshall et al., 1999) and the antennal ionotropic receptors (IRs; Benton et al., 2009). ORs are seven-transmembrane receptors related to gustatory receptors (GRs) (Robertson et al., 2003) that form a heteromultimeric complex composed of a variable OR-X protein and the co-receptor ORCo (Neuhaus et al., 2005). While OR subunits determine ligand-specificity ORCo is required for localization and maintenance of ORs in ciliary membranes of OSNs (Hallem et al., 2004; Larsson et al., 2004; Benton et al., 2006; Vosshall and Hansson, 2011). The OR/ORCo complex acts as an ion channel (Sato et al., 2008; Wicher et al., 2008), and potentially also employs metabotropic signaling (Wicher et al., 2008; Stengl, 2010; Stengl and Funk, 2013). The unrelated antennal IRs were more recently identified as odorant detecting (Benton et al., 2009); they likely form heteromeric complexes with either of two IR co-receptors, IR8a or IR25a and variable IR partners (Abuin et al., 2011; Rytz et al., 2013). A third co-receptor, IR76b, has been suggested as well (Abuin et al., 2011). However, such IRs are also involved in the detection of other sensory stimuli, like tastants and sound (Senthilan et al., 2012; Zhang et al., 2013; Koh et al., 2014).

In recent years, several studies have reported expression of genes encoding olfactory receptors not only on the antennae and maxillary palps but also in ovipositors of a variety of lepidopteran species, yet their function remains largely unknown. For example, in the noctuid Sesamia nonagrioides, Glaser et al. reported expression of both IRs and ORs, as well as ORCo (Glaser et al., 2013); in pheromone glands and ovipositor of the grass moth Chilo suppressalis, expression of two ORs but no ORCo has been described (Xia et al., 2015). Finally, in Heliothis virescens two pheromone receptors are expressed in the ovipositor as well, where they might be involved in feedback regulation of the pheromone release (Widmayer et al., 2009), but again their function has not been confirmed. Additionally, morphological studies of the ovipositors of Monopis crocicapitella and Homoeosoma nebulella reported sensilla with a multiporous surface (Faucheux, 1988, 1991), a feature generally distinguishing olfactory from gustatory sensilla, which usually have one terminal pore (Altner and Prillinger, 1980).

While olfactory function has not been demonstrated yet, several studies on a large variety of lepidopteran species have shown that the ovipositor is indeed equipped with sensory neurons that detect both mechanical and contact chemosensory (i.e., gustatory) stimuli (Yamaoka et al., 1971; Waladde, 1983; Klijnstra and Roessingh, 1986; Qiu et al., 1998; Banga et al., 2003; Maher and Thiery, 2004; Maher et al., 2006). A recent study by Seada et al. demonstrated that four gustatory neuron types housed in sensilla on the ovipositor of Spodoptera littoralis detect salt, caffeine, sugar and water, and therefore all major taste modalities (Seada et al., 2016). However, the presence of putative olfactory sensilla as well as expression of olfactory receptor genes in a variety of species raises the question: Is there an olfactory function for any of the sensilla located on the ovipositor?

One problem in answering this question is that presently information on gene expression and morphology are not correlated in a single species; a second is the absence of functional studies using volatile stimuli. Finally, since olfactory function in the ovipositor would likely play a role in either mating or oviposition, behaviors that are generally connected to mating status, an analysis of differences between mated and virgin females would be useful. We specifically looked for morphological and physiological indicators of olfactory function in the sensilla of the ovipositor of both mated and virgin females of a single lepidopteran species, the hawkmoth Manduca sexta. The species is well described with regards to olfactory structure, function and odor guided behavioral performance within an ecological context (Hansson, 1995; Shields and Hildebrand, 2001; Riffell et al., 2009; Reisenman et al., 2010, 2013; Stengl, 2010; Allmann et al., 2013; Späthe et al., 2013b; Ghaninia et al., 2014). Furthermore, the chemosensory receptor families have been identified in this model (Patch et al., 2009; Große-Wilde et al., 2010; Grosse-Wilde et al., 2011; Howlett et al., 2012; Koenig et al., 2015; Kanost et al., 2016). Here, we provide new information on gene expression, sensillar morphology, and studies confirming olfactory function in response to a large panel of volatile organic compounds for a subset of sensilla located on the ovipositor.

MATERIALS AND METHODS

Animals

Animals were taken from established M. sexta colonies at either the Max Planck Institute for Chemical Ecology, Jena, Germany or the University of Kassel, Germany. Larvae used in the experiments were reared on artificial diet (Bell and Joachim, 1976), under either 16:8 h light: dark photoperiod with a relative humidity of 75% at 26°C (MPI for Chemical Ecology) or 17:7 h light: dark photoperiod with a relative humidity of 40–55% at 26°C (University of Kassel). For acquisition of adult virgin female animals, pupae were transferred individually to paper bags and kept separate until needed. For mated samples, females were kept with males in a flight cage for at least 24 h.

RNAseq

For each sample ovipositors, which contain abdominal segments 8–11, three M. sexta females were dissected. These segments were chosen since the pressure that needed to be exerted on the abdomen of the animal to make the area in question accessible prevented contamination-free dissection of a smaller sample. Afterwards, samples were transferred to Tri Reagent (Sigma-Aldrich, USA). Samples were homogenized for 5 min at 50 Hz with two 3 mm steel beads (Qiagen, Germany) using a TissueLyser (Qiagen, Germany). Samples were stored at −20°C. RNA isolation was performed according to manufacturer's instruction.

Library construction and sequencing was performed by the Max Planck Genome Centre Cologne, Germany (http://mpgc.mpipz.mpg.de/home/). One microgram of total RNA from each sample was poly-A enriched and then used for TruSeq RNA library preparation. The library was sequenced on an Illumina HiSeq 2500 sequencer. We obtained 13,054,453 single reads of 100 bp for the virgin sample, and 11,771,158 for the mated sample. The RNAseq data is available at the European Nucleotide Archive (http://www.ebi.ac.uk/ena/data/view/PRJEB11891, accession PRJEB11891).

For mapping we used the official gene set 2 (OGS 2) of M. sexta, which can be accessed from https://i5k.nal.usda.gov/Manduca_sexta or ftp://ftp.bioinformatics.ksu.edu/pub/Manduca/OGS2/. The OGS 2 was updated for OR, IR, and GR sequences as reported in Koenig et al. (2015). The reads were mapped to the reference and the expression values were calculated as RPKM (Reads per kilobase per million mapped reads) using CLC Genomics Workbench v8.5 (http://www.clcbio.com) with default settings.

Reverse Transcriptase (RT)-PCR

Total RNA was isolated from single ovipositors of virgin or mated females as described for RNAseq. Mated animals were allowed to lay eggs on Nicotiana attenuata before dissection. The mating status of the animal was confirmed if larvae hatched from the eggs. RNA samples were treated with TurboDNAse (Ambion, USA). Three biological replicates were obtained for each mating status. The RNA samples served as template for cDNA synthesis using the SuperScript III Reverse Transcriptase (Invitrogen, USA) and oligo-dT Primers according to the manufacturer's instructions. PCRs were performed using Advantage 2 Polymerase Mix (Clontech, USA) and gene specific primers (Supplementary Table S1) under the following conditions: 5 min 94°C, 35 cycles [30 s 94°C, 30 s (temperature see Ta in Supplementary Table S1), 90 s 68°C], 3 min 68°C.

Samples were loaded onto a 1.5% agarose gel. Resulting bands were excised, extracted using the EZNA Gel Extraction Kit (Omega, USA) according to the manual, and sequenced on a 3730XL DNA Analyzer (Applied Biosystems, USA).

Western Blot

For antennae, ovipositors and central brains the respective tissues of five virgin or mated females were pooled, for forleg muscle samples tissues of two male M. sexta. Tissues pools were homogenized in radioimmunoprecipitation assay (RIPA) buffer [50 mM Tris-HCl, 30 mM NaCl, 1% (v/v) IGEPAL CA-360, 1% (w/v) sodium cholate hydrate, 0.1% (w/v) SDS; 30 μl/antenna, 10 μl/ovipositor and central brain, 120 μl/pooled muscle tissue] containing protease inhibitors (Roche cOmplete ULTRA, Roche Applied Science, Germany), and incubated for 30 min at 60°C. After centrifugation (2 × 5 min, 17,000 g), supernatants were diluted 1:2 with sample buffer and incubated for 10 min at 90°C. Volumes of 10 μl/lane were then run on a 10% polyacrylamide gel and blotted for 1 h at 100 V to polyvinylidenfluorid membrane. The membrane was blocked in Tris-buffered saline (TBS) containing 5% (w/v) milk-powder and 0.1% (v/v) Tween 20 for 2 h at room temperature. The anti-ORCo antibody, a gift by Jürgen Krieger (University of Halle), was raised in rabbit (Charles River Laboratories, Germany) against the peptide NH2-NQSNSHPLFTESDARYH-COOH (Squarix Biotechnology, Germany). It was used at a concentration of 1.74 ng/μl in TBS containing 0.1% (v/v) Tween 20 and 1% (w/v) milk-powder at 4°C over night. After primary antibody incubation, the membrane was washed 3 × 1, 1 × 5, 1 × 10, and 1 × 30 min with TBS containing 0.05% (v/v) Tween 20, 1% (v/v) Triton X-100, 0.1% (w/v) SDS. The HRP-coupled goat anti-rabbit secondary antibody (Dianova, Germany) was applied for 1 h diluted 1:10,000 in TBS containing 0.1% (v/v) Tween 20 and the membrane then washed as before with two additional steps of 5 min each. A LI-COR Odyssey Fc system (LI-COR Biosciences, USA) was used to visualize the chemiluminescent signal.

Scanning Electron Microscopy

By applying gentle pressure to the abdomen, virgin females were incited to extend their ovipositor. The extended female ovipositors were cut between the seventh and eighth abdominal segment. The ovipositors were fixed in 4% glutaraldehyde (Sigma-Aldrich, USA) at 4°C overnight, dehydrated in an ascending ethanol series (70%, 80%, 90%, 96%, and 3 × 100% ethanol) and finally critical point dried (BAL-TEC CPD 030, Bal-Tec Union Ltd., Liechtenstein). The samples were mounted on a metal holder covered with adhesive tape and sputter coated with gold prior to examination with a scanning electron microscope (LEO 1530, Zeiss, Germany), which was set to 8 kV and an 8–11 mm working distance.

Immunohistochemistry

The extended ovipositors of anesthetized of both virgin and mated M. sexta females were cut between the seventh and eighth abdominal segment and fixed overnight in 4% paraformaldehyde (Carl Roth, Germany) in 1 M NaHCO3 (Sigma Aldrich, USA, pH 9.5) and 1% TritonX-100 (Sigma Aldrich, USA). All following incubation and washing steps were performed on a shaker at 4°C. After fixation the ovipositors were washed several times with 0.1 M phosphate-buffered saline (pH 7.4) containing 0.3% TritonX-100 (PBST) for at least 2 h. For sectioning with a vibratome (MICROM HM 650 V, Germany) ovipositors were embedded in 5% agarose (Carl Roth, Germany). Horizontal and sagittal sections of 100 μm were made, followed by additional washes in PBST. Pre-incubation was performed in a blocking solution containing PBST and 2% normal goat serum (Sigma-Aldrich, USA) for 6 h at 4°C. Afterwards the sections were incubated in the blocking solution containing an antibody directed against ORCo (anti-ORCo) at 1:500, and/or Cy3-conjugated Affine Pure goat anti-HRP (Jackson ImmunoResearch, USA, 1:100) and Hoechst 33342 nuclear staining (Life Technologies, Germany, 1:1500) for 2 days. Anti-HRP has been shown to bind to insect neuronal membranes (Jan and Jan, 1982; Loesel et al., 2006) and was therefore used as a neuronal marker. After incubation ovipositor sections were washed several times with PBST for at least 4 h. Preparations previously treated with anti-ORCo were then incubated with a secondary goat anti-mouse Alexa488 antibody (Thermo Fisher Scientific, Germany) at conditions as for the first antibody, again by several washes with PBST for at least 4 h. Then preparations were mounted in MOWIOL (Calbiochem, USA). Overview images were taken with an AxioZoom.V16 (Zeiss, Germany). For detailed analysis a confocal laser scanning microscope (LSM 880, Zeiss, Germany) in multitrack mode and a 40x objective (C-Apochromat 40x/1.20 W Korr M27) was used. Nuclear staining was visualized using a 405 nm laser diode, neuronal staining using a 543 nm Helium Neon or a 488 nm Argon laser. Additionally, cuticular autofluorescence was detected using a 488 nm Argon laser, which was also used to generate transmission light images.

Physiology

Preparation

Both virgin and mated females were used for electrophysiological measurements in this study. Two day-old virgin females were allowed to mate for 1 day and then used. Typically, mated females oviposited already in the mating cage. Virgin females were used 2–3 days after eclosion.

A 5 ml pipette tip (Biozym, Germany) was adjusted to a length of 3 cm, with a widened opening at the tapered end with a diameter of 1 cm. M. sexta females were anesthetized, and wings, legs and antennae removed. The animal was gently pushed into the prepared pipette tip, with the abdomen protruding. The ovipositor was extended by gently pressing onto the abdomen, then fixed with dental wax onto glass slides and wrapped tightly with Parafilm® (Pechiney Plastic Packaging, USA; Supplementary Figure S1).

Single-Sensillum Recordings

Single sensillum recordings were made using electrolytically sharpened tungsten electrodes (Harvard Apparatus Ltd., United Kingdom). Recording electrodes were inserted into either the shaft or the base of individual sensilla using piezoelectric micromanipulators PM-10 (Märzhäuser Wetzlar GmbH, Germany) under visual guidance with an upright microscope (Olympus BX51WI, Japan). A silver wire reference electrode was placed into the eye of the moth. The signal was amplified (10x) by Syntech Universal AC/DC Probe, sampled (10,667.0. samples/s), filtered (100 Hz–3 kHz with 50/60 Hz suppression) and digitized through an IDAC-4 -USB-interface (Syntech, Netherlands), then saved to computer disk. Recordings were visualized and analyzed using Autospike v3.7 (Syntech, Netherlands).

Responses of individual neurons were quantified by subtracting the number of spikes 3 s prior to the onset of the 500 ms stimulus from the number of spikes during the subsequent 3 s. We measured the system intrinsic delay by photoionization detection (Fast Response Miniature Photo-Ionization Detector, 200A, Aurora Scientific, USA). The PID sensor was placed at the same position as the ovipositor preparation in electrophysiological recordings. Use of 2-heptanone revealed a system intrinsic delay of 273 ± 7 ms (mean ± STD, n = 22). Due to different physicochemical properties of the used chemicals and for simplification purposes, the onset of odor stimulation for purposes of spike count analysis was corrected by 250 ms across all recordings. Baseline spiking activity was quantified by counting the spikes in a 3 s window prior to the onset of the stimulus, reporting average spikes per second. Neurons were distinguished by spike amplitude, and a neuron was counted as responsive to odors if after odor stimulation with at least one compound the neuron exhibited an increase in spiking activity of at least 50% and 5 spikes/3 s.

Odor responses were normalized for each neuron and clustered using Wards agglomerative hierarchical clustering method (XLSTAT, Addinsoft, USA). Statistical tests, heatmap, and bar-diagrams were created with PAST (Palaeontological Statistics, http://folk.uio.no/ohammer/past/). The Mann–Whitney U-test was used to compare responses of OSNs of virgin and mated animals for responsive odors. Figures were assembled in Adobe Illustrator CS6 (Adobe Systems, USA).

Odorant Stimulation

The monomolecular odorants presented during single sensillum recordings are listed in Supplementary Table S2. All odorants were diluted to a final concentration of 10 μg/μl (1% w/v), according to their vapor pressure either in hexane (<1.5 mm Hg at 25°C) or mineral oil (>1.5 mm Hg at 25°C). Ten microliters of the diluted odors were pipetted onto a small piece of filter paper and placed inside a glass Pasteur pipette. A constant charcoal-filtered/humidified air-flow was delivered through a aluminum-tube with a length of 11 cm; its outlet was positioned 5–10 mm from the ovipositor. Approximately 8 cm apart from the metal tubes outlet was a 2 mm injection port, where odor cartridges were inserted prior to stimulation. A stimulus controller delivered the content of each cartridge by replacing half of the total air-flow. Air was then delivered over the ovipositor.

RESULTS

Initially we analyzed the ovipositor of M. sexta for expression of chemosensory receptor genes (ORs, GRs, IRs). We chose to perform RNAseq, using mRNA from ovipositors of virgin and mated females, three animals each, to test for expression of chemosensory receptors, and investigate potential differences due to mating status. The reads were trimmed for both adaptor sequences and quality, and mapped against a reference that was based on the available official gene set (OGS2.0, Kanost et al., 2016), with replaced chemosensory receptor gene models as described in Koenig et al. (2015). Using the resultant RPKM values as proxy for gene expression we detected candidates of all three chemosensory receptor families (Table 1). For the GRs we found the putative CO2-receptors (MsexGR2 and MsexGR3, Howlett et al., 2012; Koenig et al., 2015) in the datasets. Several IR transcripts were present (MsexIR1, MsexIR4, MsexIR7d, MsexIR68a, MsexIR75d, MsexIR75p.2, and MsexIR76b), as well as two OR transcripts (MsexOR9 and MsexOR26). Most crucially, the co-receptors of both the IR and OR receptor families (MsexIR8a, MsexIR25a, MsexORCo) exhibited expression as well, indicating potential olfactory function. However, we need to note that expression of several genes in one or both samples was at or below the detection limit of RNAseq (<RPKM of 1). Therefore, we opted to verify both expression of the identified candidate genes in general, and qualitative differences between virgin/mated animals with RT-PCR (Figure 1A). Using this approach, we were able to confirm expression of MsexGR2, MsexGR3, MsexIR7d, MsexIR8a, MsexIR25a, MsexIR75d, MsexIR76b, MsexOR9, MsexOR26, and MsexORCo across multiple replicates (≥3; Figure 1A). However, we were not able to verify that expression of any of these genes was restricted to animals of either mating status, although quantitative differences could not be excluded.


Table 1. Expression values of chemosensory receptor genes in M. sexta ovipositor tissue.
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FIGURE 1. (A) Representative RT-PCR amplifications of RL31 (house keeping gene, encoding a ubiquitous ribosomal protein) and several chemosensory receptor transcripts using female cDNA of virgin and mated M. sexta ovipositor tissue. Bands of the predicted size revealed expression of MsexGR2, MsexGR3, MsexIR7d, MsexIR8a, MsexIR25a, MsexIR75d, MsexIR76b, MsexOR9, MsexOR26, and MsexORCo in both virgin and mated M. sexta ovipositors. M, marker; ant, female antenna; mat, mated; ovi, ovipositor; vir, virgin; w, water; RL31, ribosomal protein L31. (B) Western blot of different M. sexta tissues including ovipositor tissue. A signal near the predicted molecular weight of MsexORCo (53.7 kDa) indicates that the antibody recognizes MsexORCo in mated female antennae (ant) and ovipositor tissues of virgin and mated animals (ovi 1 and ovi 2 represent two independent samples). Central brain (cb) and male muscle (mm) tissues lack a signal at the approximate size of MsexORCo.



In contrast to IRs, non-olfactory functions have not been reported for ORs/ORCo. Accordingly, the detection of ORCo transcripts was the best indication for presence of OSNs in the ovipositor. To acquire additional evidence we used an antibody directed against an epitope common in ORCo of Lepidoptera (Nolte et al., under revision) with tissue-specific western blots. Each blot included protein preparations of antennal, central brain, and muscle tissue for control, as well as two independent ovipositor protein preparations for each mating status (virgin and mated). After hybridization with the ORCo-antibody, a secondary antibody and subsequent development, a band matching the predicted molecular weight of MsexORCo (53.7 kDa) could be detected for ovipositor preparations of animals of either mating status (Figure 1B). As expected, a band of the same size was also present for the antennae, but not for central brain or muscle tissue (Figure 1B). Control experiments omitting the ORCo-antibody did not yield this band (Supplementary Figure S2).

After we found expression of chemosensory receptor genes, as well as the presence of ORCo protein in ovipositor protein preparations of M. sexta, we searched for putative chemosensory sensilla. The ovipositor of M. sexta consists of a pair of anal papillae surrounding the ovipore, and the papillae are described as covered with short, pointed microtrichia and tubercles, bearing one larger sensillum each (Eaton, 1986). We examined the surface of the anal papillae using scanning electron micrography, and found many sensilla with a poreless surface that ended in bent, fine-pointed tips (Figure 2A, arrowheads). These sensilla were inserted into raised sockets, indicating a potential function in mechanosensation (Figure 2B, arrowhead). Additionally, on each of the anal papilla we were able to identify four to nine blunt-tipped sensilla (n = 3; Figure 2A, arrows; Figure 2B, asterisks). In contrast to the fine-pointed sensilla, the surface of the blunt-tipped sensilla was porous including a terminal pore, suggesting a function in chemosensation, and possibly olfaction (Figure 2C).
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FIGURE 2. Scanning electron micrographs (SEM) of the ovipositor of M. sexta and its associated sensilla. (A) Ventral overview of the extended terminal segment of the M. sexta ovipositor, which contains two anal papillae surrounding the ovipore (o). Most abundant are filiform sensilla (arrowheads), which vary in length. Nine putative chemosensory sensilla occur on each papilla (arrows). White box and letter in this picture presents the place where the following picture originates. (B) The non-porous, filiform sensilla have raised sockets (arrowheads). Asterisks indicate putative chemosensory sensilla with sockets showing flexible areas (arrows). The papillae are covered with short-pointed microtrichia (m) and tubercles (t; indicated by dashed circle). (C) Detailed view of one putative olfactory sensillum. The shaft is pierced by numerous small pores and one large terminal pore (arrowheads). Scale bars: (A) 100 μm; (B) 20 μm; (C) 1 μm.



Next, we looked for OSNs in the ovipositor. Immunohistochemistry was performed using the antibody directed against ORCo. However, we were not able to identify any resulting signals in the ovipositor, even though we did detect signals in other chemosensory tissues using the same antibody (data not shown). To test for presence of neurons we employed an antibody directed against horseradish peroxidase (HRP), which is commonly used as neuronal marker (Jan and Jan, 1982; Loesel et al., 2006; Figures 3A–H). Experiments were performed using both virgin and mated females. Using this approach, we were able to identify four to five cell-shaped signals close to the porous sensilla (Figures 3B–D). The size of the stained cell bodies was not uniform; in each case, one larger soma was present; across 15 sensilla, the larger soma averaged 12.9 μm diameter (STD = 2.9 μm), the smaller somata had an average diameter of 5.9 μm (STD = 1.1 μm) (Figures 3C,D). Additionally, we found labeling of dendrite-like structures within the sensillum shaft, with the labeling terminating near the sensillum tip (Figures 3E,F). In no case were the signals directly connected to the sensillum socket, contradictory to a possible mechanosensory function. All labeled cells also possessed axon-like protrusions (Figures 3B–D, arrows). Based on their morphological characteristics we conclude that the labeled cells are neurons innervating the porous sensilla. In comparison, for the more copiously present non-porous sensilla we found one associated neuron each (Figures 3B,G,H). Here, the dendritic tip was attached to the base of the sensillum, consistent with a previously suggested function of these sensilla in mechanosenation. These fine-tipped, non-porous sensilla were named sensilla trichodea by Eaton (1986); based on their morphology, we suggest renaming them as sensilla chaetica according to the terminology by Altner and Prillinger (1980). Classification of the nine putative chemosensory sensilla we newly identified remains ambiguous; they exhibit similarities to antennal trichoid sensilla, especially the porous surface, but also to the scattered blunt sensilla on tibia and tarsus, with which they share general shape (Kent and Griffin, 1990). We did not see any differences between mated and virgin females.
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FIGURE 3. Laser scanning micrographs of a 100 μm thick horizontal vibratome section of the ovipositor of M. sexta. Neurons were labeled using Cy3-conjugated anti-HRP (red), nuclei using Hoechst 33342 (blue), and the cuticle (green) was visualized using the cuticular autofluorescence. (A) Picture of a 100 μm thick horizontal vibratome section through a M. sexta ovipositor visualized using a fluorescent stereomicroscope. Cuticular anal papillae, which bears the tubercles with the sensilla have a higher autofluorescence (green) and are on the left and right side of the slide. The ovipore is in the upper part of the image between the two anal papillae. The excerpt shown in (B) is indicated by the white box. (B) Total projection of a confocal laser scanning z-stack, imaging autofluorescence (green), cell nuclei (blue), anti-HRP-immunoreactivity (red), and transmitted light. It shows a part of an anal papillus bearing sensilla chaetica (Sch) and a putative chemosensory sensillum (asterisk). Anti-HRP-immunoreactive cells have dendritic- (arrowheads) and axon-like extensions (arrows); resembling the morphology of neurons. White boxes and letters in this picture present the place where the following pictures originate. (C) Single confocal plane, focusing on multiple anti-HRP-immunoreactive cells (red) below a putative chemosensory sensillum. Indicated are dendritic- (arrowheads) and axon-like (arrows) extensions of those cells; nuclei were stained with Hoechst (blue). Other stained nuclei belong to support or epidermal cells. (D) A second confocal plane of the same section, showing two additional neurons. Numbers in (C,D) label, the different neurons, which are five for this putative chemosensory sensillum. Indicated are dendritic-(arrowheads) and axon-like (arrows) extensions. (E) Single confocal plane showing some dendritic extensions, which can be followed up into the sensillum shaft (arrowhead), however they cannot be assigned to specific neurons due to the very bright HRP signals in the transition zone between inner and outer dendritic segments. (F) In another confocal plane, the dendrites end close to the sensillum tip (arrowhead). (G) Confocal plane, through a single HRP- immunoreactive cell beneath a Sensillum chaeticum (Sch). The prospective dendrite terminates at the base of the sensillum (arrowhead), not extending into the shaft, which indicates a mechanosensory function of this sensillum. (H) Projection of 30 optical sections, showing a second Sensillum chaeticum (Sch). Also here a single anti-HRP-immunoreactive cell was found below, with its dendrite-like extension ending (arrowhead) at the sensillum base. Scale bars: (A) 200 μm; (B) 50 μm; (C–E,G,H) 10 μm; (F) 5 μm.



Finally, we determined whether these identified putative chemosensory sensilla served an olfactory function using single sensillum recordings. Although, our initial results did not indicate a clear difference between virgin and mated animals, both were chosen for the experiments, and mating status recorded. When electrophysiological measurements were made we noted four to nine (n = 36) putative chemosensory sensilla for each anal papilla on ovipositor preparations. For stimulation we used a panel of odorants that are either known to be detected by the antennae of M. sexta, and/or reported as being relevant for specific behaviors, as well as additional volatiles to reasonably cover chemical space. Accordingly, the panel contained 142 odorants that could be roughly classified into acids, alcohols, aldehydes, esters, amines, aromatics, ketones, lactones, quinones, and terpenes (Supplementary Table S2). Single sensillum recordings clearly showed functionally distinct neuronal units within each sensillum, with baseline spiking activity between 0 and more than 15 spikes/s. Based on our results from immunohistochemistry we expected responses from one to five neurons. However, when differentiating neurons by spike amplitude we consistently found only one or two neurons per sensillum exhibiting baseline spiking activity (Figures 4, 6). The neurons with baseline spiking activity will be called OSNs in the following text. We were not able to record spiking activity from the additional cells that were present based on the findings of the immunohistochemistry, both before and after stimulation with odorants.


[image: image]

FIGURE 4. Representative single sensillum recording (SSR) traces of a putative chemosensory M. sexta ovipositor sensilla. (A) The recorded ovipositor sensillum housed two olfactory sensory neurons (OSNs), A (larger spike amplitude) and B (smaller spike amplitude). Stimulation with γ-hexalactone elicits strong and sustained responses in the A-neuron whereas the B-neuron exhibits very weak spiking activity. (B) Excitatory, sustained response of the B-neuron (small spike amplitude) to 4-methyl-1-pentanol whereas the A-neuron did not respond to the stimulus. (C) None of the two OSNs responded to the solvent hexane alone. All odorants were diluted to a final concentration of 10 μg/μl either in hexane or mineral oil. The stimulus bar (500 ms) was corrected by the system intrinsic delay of 250 ms. All responses shown are from the same recording.



In total, 30 out of 49 tested sensilla exhibited responses from a single OSN. The remaining 19 sensilla showed two distinct baseline spiking amplitudes, likely originating from two neurons. Out of these 19 sensilla, only in nine sensilla both neurons responded to stimulation with odorants. The other 10 sensilla contained one responding neuron, while the other neuron showed baseline activity but did not respond to odorants from our panel. Responses for all 58 OSNs that reacted to at least one of the tested odorants are summarized in Figure 5.
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FIGURE 5. Odorant response profiles of 58 individual OSNs (x-axis) in response to 142 individually presented odorants (y-axis) from 49 sensilla from the ovipositor of female M. sexta moths. Classification dendrogram was generated using wards agglomerative hierarchical clustering method. The dotted line represents the automatic truncation, leading to four functional neuron classes (I–IV). Responses are normalized and color coded for each neuron: red indicates the maximum response by the given OSN across all odorants; yellow, medium excitation (50%); light green, weak excitation (25%); light blue, no response and dark blue indicates that spontaneous spiking activity was reduced compared to baseline. All odorants were diluted to a final concentration of 10 μg/μl either in hexane or mineral oil. Asterisks symbolize mated females. The colored dots refer to Figure 6 where SSR traces of these OSNs are shown to represent each of the four functional OSN types.



Classification using Wards agglomerative hierarchical clustering (Figure 5) identified four distinct functional OSN types. The first type responded to odorants from several chemical classes, but the strongest responses were elicited by alcohols, especially 4-methyl-1-pentanol (Figures 4B, 6A). The second functional OSN type displayed a more narrow response profile, showing strong responses only to stimulation with p-toluquinone, and weaker responses to p-benzoquinone and pyrrolidine (Figure 6B). The third functional type responded mainly to γ-hexalactone, and to a lesser degree to (S)-verbenol and γ-valerolactone (Figure 6C). The last type responded best to γ-hexalactone and (S)-verbenol, but also exhibited strong to medium responses to γ-heptalactone, γ-valerolactone and p-toluquinone (Figure 6D).
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FIGURE 6. Odor response spectra of the four functional OSN types with representative single sensillum recording (SSR) traces. Depicted single OSNs are marked in Figure 5 with colored dots. Reproduced are 20 representative odors eliciting responses in at least one of the four functional types of OSNs. (A) The first type responds to odorants of several chemical classes. The recorded ovipositor sensillum housed two OSNs, A (larger spike amplitude) and B (smaller spike amplitude). Only B-neurons with small spike amplitude clustered into this type. Stimulation with 4-methyl-1-pentanol elicits strong and sustained responses in the B-neuron whereas the A-neuron did not respond to the stimulus. The B-neurons (small spike amplitude) responded to the GLV cis-3-hexenol whereas the A-neuron did not exhibit spiking activity. First and third trace of this type also appeared in Figure 4. (B) The second OSN type showed a more narrow response profile. In the depicted traces only a single neuron (A-neuron) exhibited stronger responses to stimulation with p-toluquinone, and weaker to pyrrolidine. (C) The depicted third type OSN exhibited strong and weak excitatory response of an A-neuron (large spike) to γ-hexalactone and γ-valerolactone. The B-neuron did not respond to any of the odors tested, but exhibited generally high spontaneous activity. (D) The last type responded best to γ-hexalactone and (S)-verbenol. Representative traces from a sensillum potentially housing a single OSN (A-neuron). In all cases, none of the OSNs responded to the solvent hexane alone. Bold, red letters indicate if either OSN A (larger spike amplitude) or OSN B (smaller spike amplitude) corresponds to the respective functional type. The pairing of OSN types was not stereotypical. All odorants were diluted to a final concentration of 10 μg/μl either in hexane or mineral oil. The stimulus bar (500 ms) was corrected by the system intrinsic delay of 250 ms in all traces. Error bars represent standard deviation.



Not a single cluster contained responses only from mated or virgin animals, thus we did not find any qualitative differences based on mating status. Furthermore, we looked for differences between virgin and mated animals using the Mann–Whitney U-test for cluster (III) and (IV), applied for each odorant. No significant differences were found (p in all cases ≥ 0.28).

In general, spiking frequencies of OSNs in the ovipositor were low compared to antennal OSNs. The maximal spiking activity observed after stimulation was ~41 spikes/s (type I, mean ~24 spikes/s) in the first type of OSN after application of 4-methyl-1-pentanol (Figure 6A). The other types showed lower maximal responses, with the lowest occurring in the second type, where stimulation with p-toluquinone elicited ~12 spikes/s (type II, mean ~7 spikes/s; Figure 6B).

DISCUSSION

Our results demonstrate that a small number of sensory sensilla located on the ovipositor of the tobacco hornworm M. sexta possess cells that function as OSNs. Both expression of chemosensory receptors genes and western blot analyses of OR co-receptor ORCo support presence of olfactory function. We also discovered that porous, putative chemosensory sensilla housing dendrites of multiple neurons exist on the anal papillae. Finally, electrophysiological measurements from the identified putative chemosensory sensilla demonstrated the presence of neuronal spiking activity, with the observed neurons responding to distinct sets of odorants with an increase in firing rate. We were not able to confirm any differences between virgin and mated individuals in general as well as in gene expression analysis. Nevertheless, one might expect a broad diversity of expression of receptor types since the primary behaviors involving the ovipositor are clearly of primary importance for mating and/or oviposition in females. For example, participation of the chemosensory function of the ovipositor in mating behaviors likely plays a role in proper mate selection. It is conceivable that, male-emitted secretions released by hairpencils in M. sexta might be detected with the ovipositor to facilitate mating behavior (Grant and Eaton, 1973; Birch et al., 1990). In M. sexta, composition of the secretion partially remains elusive, but para- and meta-cresol have been identified as components (Reisenman et al., 2009). Furthermore, mated females need to carefully scrutinize potential oviposition sites, an obvious candidate behavior for the involvement of olfaction in the ovipositor. There are several results that are noteworthy in this context. Single sensillum recordings revealed neurons that did not respond to stimulation with any odorant tested (Figure 6C, B-neurons). We assume that these neurons might be chemosensory, but they may detect compounds not included in our panel. Accordingly, such neurons could be narrowly tuned, a feature common for OSNs detecting odorants of crucial importance to specific behaviors. Good examples would be pheromones in moths (Roelofs et al., 1974; Kaissling et al., 1978, 1989; Tumlinson et al., 1989; Kalinová et al., 2001; Stengl, 2010) or markers for important toxins in flies (Stensmyr et al., 2012). Obviously, neurons with such narrow tuning would make prime candidates for the detection of compounds connected to mating status specific behaviors. Alternatively, the non-responsive neurons could be non-olfactory.

This later interpretation is consistent with the observation that there were more immuno-labeled cells within individual sensilla than spike types observed in the sensillar recordings. Thus, based on their morphology we suggest that the additional neurons observed in these sensilla could also be involved in the detection of other modalities. In addition to a possible mechanosensory function, the non-active neurons may be sensitive to CO2, gustatory cues, or possibly humidity. The expression of the two putative CO2-receptor MsexGR2 and MsexGR3 further suggests that these sensory functions likely exist in the ovipositor. Also expressed is MsexIR76b, which in Drosophila melanogaster serves in the detection of polyamines (Hussain et al., 2016) and salts (Zhang et al., 2013); chemosensory sensilla detecting salts have been found on the ovipositors of Chilo partellus, Eldana saccharina, and Pieris brassicae (Waladde, 1983; Klijnstra and Roessingh, 1986). Finally, mechano- and hygroreceptive functions in ovipositors have both been reported for other species, and suggested for M. sexta (Waladde, 1983; Qiu et al., 1998; Banga et al., 2003; Seada et al., 2016).

Generally, involvement of GRs and IRs seems likely; responses to amines and hexanoic acid, for example, might be explained by IRs, such as IR75d which in D. melanogaster responds to pyrrolidine (Rytz et al., 2013) (Figure 6B). However, the involvement of ORs/ORCo in the measured responses is unclear. While present in the abdominal segments 8–11 based on gene expression and western blots, we were unable to directly associate them with the identified chemosensory sensilla. Given that we were able to detect MsexORCo in other tissues, this might indicate a function not in association with the sensilla studied. However, responses to several tested compounds suggest otherwise. For example, lactones elicited responses in several measurements, and so far, only ORs have been associated with the detection of lactones in any insect species (Hallem and Carlson, 2006; Pask et al., 2013).

Based on the response profiles of measured OSNs we can speculate on connected behaviors. Especially interesting is the first type, for which 4-methyl-1-pentanol elicited maximal responses, but also detects several other green leaf volatiles (GLVs), like cis-3-hexenol and trans-2-hexenol (Figure 6A). Many GLVs are known semiochemicals of special importance for several insect species with some GLVs acting as a plant defense (Scala et al., 2013). For example, N. attenuata (a host plant of M. sexta) will emit GLVs such as methyl jasmonate when damaged by M. sexta larvae, these semiochemical cues then attract predators of M. sexta (Halitschke et al., 2001; Kessler and Baldwin, 2001; Allmann and Baldwin, 2010). Furthermore, female M. sexta can identify herbivore-damaged plants by their volatile emissions, and will avoid ovipositing on N. attenuata and Solanum lycopersicum (tomato) when the plant is damaged, but not on Datura wrightii (Reisenman et al., 2013; Späthe et al., 2013b). Using olfactory cues, M. sexta females preferentially choose D. wrightii over N. attenuata headspaces (Späthe et al., 2013a). Additionally D. wrightii flowers use odor to attract females of M. sexta for pollination; females also use these cues in oviposition behavior (Reisenman et al., 2010). While GLVs are detected by the adult antennae (Shields and Hildebrand, 2001; Ghaninia et al., 2014) it is conceivable that the detection in the ovipositor can serve as a last warning at close proximity to a prospective oviposition site. In this context one specific, potentially ovipositor-connected, olfactory-driven behavior that has been reported previously could be important. In wind tunnel experiments M. sexta females respond to attractive host plant odors not only with upwind flight, but also abdominal curling on approach; the abdominal curling occurs even when the animals are prevented from contacting the host plant (Mechaber et al., 2002). Curling of the abdomen after the extension of the last two abdominal segments is a precursor of egg deposition (Eaton, 1986), but has also been described as a typical acceptance posture in female butterflies (Nishida et al., 1996) and a posture toward the courting male in H. virescens (Hillier and Vickers, 2004). Since contact to the plant in the experiments by Mechaber et al. was not necessary to trigger this behavior in M. sexta, it is likely elicited by volatile cues. It seems possible that the ovipositor is able to detect such olfactory cues, and probably serves as an element in the chain for acceptance and rejection for oviposition site choice. If this is true, the observed in-flight abdominal curling might well represent sampling of volatiles (Mechaber et al., 2002), triggered as a consequence of other behaviors, likely mediated by antennal olfaction. In other moth species, antennae are clearly involved in mating and male acceptance (Hillier and Vickers, 2004; Roscoe et al., 2016), but it remains to be investigated whether ovipositor OSNs are involved as well. However, host choice experiments with antennectomized females could help determining the contribution of ovipositor olfactory sensory structures in mediating oviposition and/or mating acceptance.

In summary, we have demonstrated that female M. sexta can detect odorants with sensilla located on their ovipositor; the nature of the tissue and the detected odorants suggests a potential role in behaviors connected to reproduction. However, the exact nature of this involvement and the related behaviors are still elusive.
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