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Insects perceive countless odors with the help of odorant receptors (ORs) expressed by olfactory sensory neurons (OSNs). OR complexes are composed of odor-specific proteins OrX and olfactory co-receptor proteins Orco, with both extracellular C-terminus and intracellular N-terminus. Here, we generated a genetically modified Drosophila melanogaster fly line that expresses Orco proteins with an N-terminally fused green fluorescent protein (GFP). We generated four genotypes (homozygous and heterozygous) for which we performed antennal cryosectioning and immunolabeling to determine which genotype would show high GFP labeling intensity in the dendritic areas of OSNs. We found that fluorescent intensity was the highest in homozygous flies. As Orco is known to guide OrX proteins to the OSN dendrites, we checked whether the fusion of GFP to the Orco N-terminus may affect such trafficking and thereby OR function. Using single sensillum recording (SSR), we found no difference in the olfactory capability of homozygous flies compared with wild-type flies. As future application, we want to use this transgenic fly line to resolve the structure of OR complexes using Cryo electron microscopy (cryo-EM).
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Introduction

The fruit fly, Drosophila melanogaster, is one of the most popular model organisms used in scientific and medical research (Stephenson and Metcalfe, 2013). Unique features, such as short life cycle, rapid generation time, cost-effectiveness, and an excellent genetic toolbox, have contributed to this status (Yamaguchi and Yoshida, 2018). These features have also made D. melanogaster a key contributor in studies of molecular mechanisms of olfaction. The Drosophila olfactory organs are the antenna and the maxillary palps (Keil, 1999; Shanbhag et al., 1999). The antenna is divided into three segments: scape, pedicel, and funiculus. The whole surface of the funiculus is packed with chemosensory hairs called sensilla. Depending on the structural features, sensilla are commonly classified into four types: basiconic, trichoid, intermediate, and coeloconic (Shanbhag et al., 1999). Each sensillum contains the dendrites of one-to-four olfactory sensory neurons (OSNs) that detect volatile chemicals from the surrounding environment. The OSNs are thus the first link in the olfactory pathway guiding an insect to forage, mate, escape danger, reproduce, and survive.

The OSNs express various classes of chemosensory receptors: ionotropic receptors (IRs), gustatory receptors (GRs), and odorant receptors (ORs) in their dendrites (Wicher and Miazzi, 2021). Here, we focus on ORs. Insect OR proteins comprise seven transmembrane domains with an intracellular N-terminus and an extracellular C-terminus domain and thus display an inverted topology as compared to vertebrate ORs (Benton et al., 2006; Lundin et al., 2007). Insect ORs are heteromers composed of a highly conserved co-receptor protein (Orco) and a specific tuning receptor protein OrX. ORs form ligand-gated non-selective cation channels that allow the flow of cations, including Ca2+ into the OSN (Larsson et al., 2004; Neuhaus et al., 2005; Sato et al., 2008; Wicher et al., 2008; Vosshall and Hansson, 2011). Orco proteins form homomers in the absence of an OrX subunit and operate as ion channels (Neuhaus et al., 2005; Mukunda et al., 2014). The co-receptor protein also serves as a chaperone to transport OR proteins to the ciliary OSN dendrites (Benton et al., 2006). In two recent studies, the molecular structure of Orco from the wasp Apocrypta bakeri (Butterwick et al., 2018) and OrX constructs from the jumping bristletail M. hrabei (del Mármol et al., 2021) have been elucidated. In both cases, the channels form homo tetramers with a central ion-conducting pore.

With the establishment of cultured cell lines and the Drosophila empty neuron expression system, it has been possible to characterize ORs according to their ligands (Sato et al., 2008; Wicher et al., 2008; Wang et al., 2010; German et al., 2013). Likewise, one of the genetic toolboxes, the GAL4-UAS binary expression system, has been extensively used in studies of Drosophila olfaction to address a wide range of biological questions (Brand and Perrimon, 1993; Busson and Pret, 2007). The GAL4-UAS system allows the expression of genetically labeled fluorescent markers in a specific neuron of interest. Typically, fluorescent markers can be green fluorescent protein (GFP), genetically encoded calcium indicators (GECI), FRET sensors (Förster resonance energy transfer), or several other types (Mank and Griesbeck, 2008; Miazzi et al., 2016). For example, in the open antenna preparation, GECIs, like GCaMP, report changes in the intracellular cellular calcium concentration of OSNs or supporting cells to odor stimulation (Mukunda et al., 2014; Halty-deLeon et al., 2018; Jain et al., 2021; Miazzi et al., 2022; Prelic et al., 2022; Wiesel et al., 2022). The development of these sophisticated systems has made it possible to visualize specific neurons of interest and to perform Ca2+ imaging, patch-clamp recordings (Sato et al., 2008; Wicher et al., 2008), and single sensillum recordings (SSR) (Hallem et al., 2004; Pellegrino et al., 2010) from these.

In the present study, we developed a genetically manipulated D. melanogaster fly line that expresses GFP fused to the Orco N-terminus in Orco null mutant background (orco−/−) using the GAL4-UAS system. The approach was based on our previous study performed with heterologously expressed OR proteins (Wicher et al., 2008). There, we used N-terminal GFP fusion proteins (Orco or Or22a) to demonstrate OR localization in the plasma membrane of HEK293 cells. In the present approach, we produced a D. melanogaster fly that expresses GFP-fused protein at the Orco N-terminus to visualize membrane-tagged OR proteins. We produced four genotypes (see Table 1) and investigated their expression pattern. Finally, we checked whether the olfactory capability of N-GFP-Orco fly was altered due to the GFP insertion.



TABLE 1 Genotypes produced.
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Materials and methods


DNA-vector construction of pUASTattB-N-GFP-Orco vector and generation of UAS-N-GFP-Orco Fly

To generate the UAS –N-GFP -Orco fly, GFP was ligated to the N-terminus of Orco. The genetically encoded green fluorescent protein (GFP) prepared from the plasmid PBac-3XP3-EGFP-hsp-Gal4-sv40-attB was kindly provided by B. Prud’homme (Institut de Biologie du Développment de Marseille, France). A 717-bp GFP fragment without the stop codon was amplified via PCR using the following primer set: GFP-Forward: 5’ATGGTGAGCAAGGGCGAGGAG 3′; GFP-Reverse 5’AGGTTGTCATCTTGTACAGCTCGTCCATGC 3′. Total RNA from D. melanogaster antennae was prepared and cDNA synthesized to PCR-amplify Orco using the gene-specific primers: Orco-Forward: 5’ATGACAACCTCGATGCAGCCGA 3′; Orco-Reverse: 5’ GCTGTACAAGATGACAACCTCGATGCAG 3′. The resulting two constructs of the PCR reactions (GFP 717 bp and Orco 1,461 bp) were sequenced and purified. Subsequently, a third PCR was performed to fuse GFP at the N-terminus of Orco using the primers GFP-forward and Orco-reverse and the two constructs of GFP and Orco as a template. The resultant construct N-GFP-Orco of 2,178 bp was T:A cloned into pCR™8/GW/TOPO (Thermo Fisher Scientific, Schwerte, Germany). Sanger sequencing confirmed all sequences (Eurofins Genomics Germany GmbH, Ebersberg, Germany, and the Department of Insects Symbiosis, Max Planck Institute for Chemical Ecology, Jena, Germany). The transfer of the construct to the destination vector pUASg.attB (kindly provided by J. Bischof, FlyORF Injection, Zürich, Switzerland) was performed as described in Gonzalez et al. (2016). Next, the D. melanogaster germline transformation with the prepared plasmid was carried out by FlyORF Injection (Zürich, Switzerland) using the PhiC31 integration system. The attP40 target landing site was used. FlyORF used the Bloomington fly line number 25709. The vector was inserted into chromosome II to produce the genotype +; UAS-N-GFP-Orco/Cyo; +. Transgenic D. melanogaster flies were bred on conventional cornmeal agar medium under a 12-h light and 12-h dark cycle at 25°C and 70% humidity. To generate the experimental fly line: yw; UAS-N-GFP-Orco/Cyo; Orco-Gal4, orco1/TM2, following parental lines were used: (+; UAS-N-GFP-Orco/Cyo; +), (yw; BL/Cyo; TM2/TM6b), and (yw/w[1118]; UAS-Orco; Orco-Gal4,orco1). The parental lines: (yw; BL/Cyo; TM2/TM6b) was obtained from Bloomington Stock Center (no. BL3704), and (yw/w[1118]; UAS-Orco; Orco-Gal4,orco1) was created in our laboratory using the orco1 (Larsson et al., 2004). The experimental fly line (yw; UAS-N-GFP-Orco/Cyo; Orco-Gal4,orco1/TM2) expresses N-GFP-Orco under the regulation of Orco in an Orco knockout background. All the experimental fly lines used in the experiments had no endogenous Orco.



Immunofluorescence

We used 4- to 6-day-old female flies to perform immunofluorescence experiments from the genotypes given below.

A total of antennae were prepared from fly heads and mounted in OCT (optimal cutting temperature) mounting media (Lot: 03816567; VWR Chemicals, Leuven, Belgium). Microm HM560 was used to slice thin sections of antennae (14 μm) on Fisher SuperFrost Plus slides. In the next step, sections were fixed with 4% paraformaldehyde (PFA) for 10 min (1 mL per slide) in a humidified chamber. Then, the slides were washed with phosphate-buffered saline (PBS) two times 10 min each (1 mL per slide) on a shaker at room temperature. After washing, samples were blocked in the blocking solution (PBS+ 5% NGS (normal goat serum)) for 30 min and covered with the coverslip (#1). Blocking solution was removed after 30 min, and then, 100 μL of freshly prepared primary antibody anti-Orco (kindly provided by Leslie. Vosshall) (1:1000) was added to each slide. Slides were covered with the coverslip (#1) and were incubated overnight at 4°C. The next day, slides were washed with PBS four times 10 min each and blocked for 30 min. Later, 100 μL of secondary fluorescent antibody and goat anti-rabbit Alexa 546 of 1:250 was added to each slide and incubated for 2 h at room temperature in dark conditions. After the incubation time, the samples were washed 4 times 5 min each in PBS in dark on a shaker. Finally, the samples were mounted in Vectashield, covered with coverslips (#0), and stored for further use at 4°C.

Parental control: (+; UAS-N-GFP-Orco; +) was also used to test the presence or the absence of GFP or Orco in our antennal cross-sections (Supplementary Figure S1). We performed double immune labeling for these experiments. Primary antibodies: anti-Orco (kindly provided by Leslie. Vosshall) (1:1000) and Anti-GFP () (1:500) and secondary fluorescent antibody: goat anti-rabbit Alexa 568 of 1:250 and goat anti-mouse Alexa 488 of 1:500 were used.



Microscopy

Zeiss cLSM880 confocal microscope (Carl Zeiss, Oberkochen, Germany) equipped with a 10, 20, or 40×/1.20 water immersion objective (C-Apochromat, Carl Zeiss) was used to image the antennal cross-sections. Samples were excited with 488 nm and 543 nm wavelengths. Laser and detector gain for two channels were optimized to avoid saturation, and all the images were acquired with the same confocal settings for contrast and brightness. Z- Stack images were captured at 1024 × 1024-pixel resolution at 0.12 μm intervals for the antennal cross-sections. All images used for the figure representation were of 8 bits.



Analysis

Fiji ImageJ software (Schindelin et al., 2012) was used to create some slice projections of antenna cross-section z-stacks. After generating projections, region of interests (somata and sensilla) were marked from each cross-section of N-GFP-Orco flies, and then, the fluorescence intensity was measured. The mean fluorescence intensity of soma or sensilla was corrected for the background noise and given as F in arbitrary units (a.u.). Statistical analysis was performed using the Prism 9.4.0 software (GraphPad Software Inc., La Jolla, CA, United States), and Kruskal–Wallis test was performed. Data are presented as mean ± SEM (standard error of the mean). 26 ≤ n ≤ 31 soma and 29 ≤ n ≤ 40 sensilla were selected from 6 ≤ n ≤ 11 antennal cross-sections from all the genotypes.

For N-GFP Orco expression analysis, the plot profile method was used from the Fiji ImageJ software (Schindelin et al., 2012). Three sensilla that were adjacent to each other were marked for both anti-Orco and native GFP signals from each N-GFP-Orco homozygous cross-section and also from the parental line (Supplementary Figure S2). Once the fluorescent intensity values were obtained, they were normalized and plotted on Prism 9.4.0 software. Parametric, unpaired two-tailed t-test was performed. n = 15 sensilla for five cross-sections.



Single sensillum recordings

Single sensillum recording (SSR) was performed on 4- to 8-day-old adult female Canton-S and homozygous N-GFP-Orco flies as described in Pellegrino et al. (2010). A single female fly was inserted into the narrow end of 200-μL pipette tip with the help of a fly aspirator and was then immediately placed onto the glass slide with the help of dental wax. The antenna was raised upward and positioned on a coverslip. The tip of a glass capillary was used to stabilize the position of the antenna in the dorsomedial direction (Clyne et al., 1997; Lin and Potter, 2015) This orientation allows one to observe large basiconic sensilla (ab3 sensilla type) present on the third antennal segment. Ab3 sensilla house the ab3A neuron that expresses the Or22a receptor and the ab3B neuron expressing Or85b. Ab3 sensilla were visualized using a compound microscope (Olympus BX51W1) with 1,000x magnification. Meanwhile, the recording and ground electrode, made of tungsten wire, were electrochemically sharpened using 3 M KOH. Neurons action potential was recorded by inserting the ground electrode into the eye and recording electrode into the base of ab3 sensilla using a micromanipulator system (Luigs and Neumann SM-10). AC signals were amplified (Syntech Universal AC/DC Probe), sampled (96,000samples/s) and filtered (3 kHz high-300 Hz low, 50/60 Hz suppression), and transferred to computer using a USB-IDAC system. Neuronal activity was recorded using AutoSpike software (v3.7) for 10s, starting 1 s before stimulation, and action potentials were counted 1 s period prior to the stimulation and for 1 s after the onset of the stimulation.



Odor preparation

Odor was freshly prepared by pipetting 10 μL of ethyl hexanoate and 2-heptanone, dissolved in hexane (solvent), and then added onto the filter paper (diameter 10 mm). Ethyl hexanoate (99% purity) was obtained from Sigma-Aldrich (Steinheim, Germany). 2-Heptanone (≥98%) was obtained from Sigma-Aldrich (Steinheim, Germany). N-hexane (≥95%) was obtained from Carl Roth GmbH (Karlsruhe, Germany). The filter paper was then inserted into a glass Pasteur pipette and kept for 30 min for equilibrating the pipette headspace. The glass Pasteur pipette was attached to a stimulus controller (Stimulus Controller CS-55, Syntech) to puff odor for 500 ms to a prehumidified air, which was continuously delivered on the fly at a rate of 0.6 LPM using a flowmeter (Cole-Parmer, www.coleparmer.com). Only ab3 sensilla were recorded for each replicate from the Canton-S and N-GFP-Orco homozygous flies. Ab3A neurons show spikes of higher and ab3B with lower amplitude.

SSR traces were analyzed using AutoSpike32 software 3.7 version (Syntech NL 1998). The differences in spike count (action potential) were calculated by subtracting the number of spikes (spontaneous activity) one second prior to the stimulus from those after the onset of stimulus. Changes in spikes patterns were then compared using a two-tailed unpaired, non-parametric t-test with Mann–Whitney comparison, n = 5 flies. The entire statistical test was performed in GraphPad Prism 9.4.0.




Results

We generated a transgenic D. melanogaster fly line that expresses a modified Orco protein in which a GFP is coupled to its N-terminus region. The main reason to establish this fly line was to provide a permanent marker for OR-expressing OSNs directly linked to an OR protein. Using gene transformation and the GAL4-UAS system, we produced four genotypes upon crossing male and female flies (Homo, Hetero1, Hetero2, and Hetero3) and checked which genotype would show a high level of GFP expression in the sensillum type housing the dendrite. We performed cryo sectioning and immunohistochemistry for all genotypes to check the coincidence of GFP- and anti-Orco fluorescence as well as the differences in GFP expression. Representative results for antennal images are given in Figures 1A–L; they show that GFP fluorescence is co-localized with anti-Orco staining. An analysis of GFP fluorescence intensity is presented for somata in Figure 1M and sensilla in Figure 1N. The GFP signal in homozygous flies is stronger in both soma (Figure 1M) and sensilla (Figure 1N) compared with the heterozygous genotypes (except for similar expression in somata of Hetero3 flies) (Figure 1M). We also observed differences in the N-GFP-Orco expression (Figure 2) pattern in the somata among heterozygous phenotypes (Hetero1, Hetero2, and Hetero3) (Figure 1M), which could be due to the number of copies of GAL4 and UAS expressed in these phenotypes. Given the high GFP expression in the sensilla of homozygous flies (Figure 1N), we concluded that this genotype was the optimal candidate for further experiments.

[image: Figure 1]

FIGURE 1
 Confocal images of N-GFP-Orco expression pattern in antennal sections from the genotypes (Homo, Hetero1, Hetero2, and Hetero3) and their mean fluorescent intensity values. (A,D,G,J) GFP fluorescence, (B,E,H,K) anti-Orco fluorescence, (C,F,I,L) merged GFP and anti-Orco signal in individual genotypes. Mean fluorescence intensity responses (F (a.u.)) from the N-GFP-Orco signal in soma (M) and sensilla (N) of Homo, Hetero1, Hetero2, and Hetero3 flies. Kruskal–Wallis test (***p < 0.0001, ns = not significant) 6 ≤ n ≤ 14. Scale bar: 11 μm.


We investigated the co-localization of GFP and anti-Orco signals in detail for sensilla of homozygous flies (Figure 2). Representative images of three sensilla are shown for GFP fluorescence in Figure 2A, anti-Orco fluorescence in Figure 2B, and merged signals in Figure 2C. For quantitative comparison, we normalized GFP and anti-Orco fluorescence intensities as described in Materials and Methods section. Plots for the example shown in Figures 2A–C are given in Figures 2D–F. The maxima of normalized GFP and anti-Orco fluorescence intensities were not significantly different (Figure 2G), which confirmed the co-localization of GFP and Orco protein in the OSN dendrites.

[image: Figure 2]

FIGURE 2
 N-GFP-Orco expression in OSN sensilla. Confocal images of antennal sections from Homo genotype. (A) GFP fluorescence, (B) anti-Orco fluorescence, (C) merged GFP and anti-Orco signal. Sensilla in the white box were taken for analysis as shown in D-F. (D–F) Sensilla fluorescence intensity distribution, (D) GFP fluorescence, (E) anti-Orco fluorescence, (F) merged GFP and anti-Orco signals, (G) normalized maxima of GFP and anti-Orco fluorescence from 15 sensilla. Unpaired two-tailed t-test, ns: not significant, scale bar: 9 μm.


Finally, we asked whether the function of tagged OSNs in the N-GFP-Orco homozygous fly might be affected due to the presence of GFP at the Orco N-terminus. To check this, we performed single sensillum recordings (SSRs) (Figure 3A), which allow extracellular monitoring of OSN action potentials (Clyne et al., 1997; Hallem et al., 2004; Hallem and Carlson, 2006; Pellegrino et al., 2010). We targeted ab3 sensilla as they are easily accessible and house two well-characterized OSNs, namely ab3A and ab3B (Dobritsa et al., 2003). The ab3A OSN expresses the broadly tuned receptor protein Or22a and is activated by fruit odors such as ethyl hexanoate and ethyl butyrate (Dobritsa et al., 2003). The ab3B OSN expresses Or85b and is activated by 2-heptanone (Dobritsa et al., 2003). We performed our experiments by inserting a recording electrode into the base of ab3 sensilla and stimulated with ethyl hexanoate and 2-heptanone at 10−4 dilution for 500 ms. We found no difference in the number of action potentials (spikes) elicited between control Canton-S flies (Figure 3B) and N-GFP-Orco homozygous flies (Figure 3C). This was supported by analyzing the changes in action potential spike count after odor stimulation in both neurons, ab3A (Or22a) and ab3B (Or85b) in Canton-S and N-GFP-Orco flies (Figures 3D–E). These results showed that OSN function remained unaffected in the genetically modified fly.

[image: Figure 3]

FIGURE 3
 Olfactory performance of the N-GFP-Orco Homo flies. (A) Schematic diagram of SSR principle. The recording electrode is inserted into the base of sensillum, the reference electrode is placed into the eye, and the odor is presented via a tube. Ab3 sensilla have two neurons, the ab3A neuron which expresses the Or22a receptor that is activated by ethyl hexanoate and the ab3B neuron expressing Or85b that is activated by 2-heptanone. (B,C) SSR traces from ab3A (Or22a) and ab3B (Or85b) with its diagnostic odorants and hexane as solvent control in both Canton-S (B) and N-GFP-Orco Homo flies (C) at 10−4 odor dilution with an odor delivery of 500 ms. (D,E) Spike count in ab3A (D) and ab3B sensilla (E). Spike count was calculated by subtracting the number of spikes 1 s before the odor presentation and then after 1 s after the onset of the stimulus in both Canton-S and N-GFP-Orco Homo flies. Two-tailed unpaired, non-parametric t-tests with Mann–Whitney comparison test, ns = not significant, n = 5 antenna.




Discussion

Labeling olfactory receptors may help in investigating the details of the sensory machinery such as the distribution of specific receptors in OSN dendrites. To label ORs in general, the ubiquitary co-receptor Orco (for recent reviews, see (Stengl and Funk, 2013; Fleischer et al., 2018; Wicher and Miazzi, 2021)) is a good candidate to be tagged. For D. melanogaster Orco, an N-terminal GFP-coupled modification was seen to be incorporated in the plasma membrane in heterologous cells (Wicher et al., 2008). We thus generated a transgenic D. melanogaster fly line that expressed GFP at the N-terminal region of Orco as a new method to genetically label OR-expressing OSNs.

We produced four genotypes of N-GFP-Orco fly lines (Homo, Hetero1, Hetero2, and Hetero3) and investigated the expression pattern, thereby observing pronounced differences among these genotypes. For example, in Hetero1 (Figures 1D–F,M) and Hetero2 (Figures 1G–I,M) flies, we observed only weak GFP signals in the somata. This might be due to the presence of only one copy of the N-GFP-Orco gene in the second chromosome and one copy of the Orco-Gal4, orco1 gene in the third chromosome. By contrast, there was no significant difference in fluorescence intensity between Homo and Hetero3 fly somata (Figures 1J–L,M), which might be due to the presence of two copies of the N-GFP-Orco genes in the second chromosome and only one copy of the Orco-Gal4, orco1 gene in the third chromosome. Most importantly, we observed a much weaker fluorescence intensity in the sensilla of all Hetero genotypes than in the Homo genotype (Figure 1N). The differences in GFP fluorescence in both somata and dendrites could be due to the presence of balancer chromosomes. These are used to maintain deleterious mutations and prevent crossovers in the flies (Miller et al., 2019), but we do not know whether the balancer chromosome and N-GFP-Orco are interacting in a different way and may affect the gene expression of N-GFP-Orco in heterozygous flies. With the given good GFP expression in the sensilla of Homo flies, we therefore used only homozygous flies in our experiments.

A prerequisite for labeling ORs is a functional membrane insertion of Orco and OrX proteins in the dendritic membrane. In the soma membrane, there is a high probability to find homomeric Orco complexes (Benton et al., 2006). Furthermore and most pronounced in Figure 1A, a major portion of N-GFP-Orco may get stuck in the cytoplasm. Inspection of GFP- and anti-Orco fluorescence signals in the sensilla (Figure 2) confirmed the co-localization of GFP and Orco proteins. Orco plays an important role in guiding OrX proteins to the dendritic membrane (Larsson et al., 2004). Flies lacking Orco or bearing mutations in Orco show impaired OrX transport, which leads to behavioral deficits (Larsson et al., 2004; Benton et al., 2006; Getahun et al., 2016; Jain et al., 2021). We thus tested whether the Orco modification might have affected OSN olfactory functionality in N-GFP-Orco Homo flies. Recording the neuronal activity with SSR measurements did not reveal any significant differences in spike counts between N-GFP-Orco Homo and Canton-S OSNs (Figures 3D,E). The tested neurons are thus functional and respond to odors, unlike in the case of Orco mutant flies, where the OSN activity is completely abolished (Larsson et al., 2004). Our results add to a previous study demonstrating that membrane-targeted GFP did not affect OR function (Lin and Potter, 2015).

Taken together, our study shows that GFP insertion at the N-terminal region of Orco does not affect the localization of OR proteins in the dendritic OSN membrane and that physiological olfactory functions are maintained after this manipulation. A possible application of tagging OR proteins to the OSN membrane is the identification of ORs with cryo-CLEM (correlative light electron microscopy) methods as a preparation to resolve the structure of OR complexes using cryo-EM (electron microscopy). This technique can also be applied to express N-GFP-Orco constructs in a specific population of neurons to determine the structural arrangements of OrX/Orco complexes in dendritic membranes using high-resolution fluorescence microscopy, such as dSTORM (direct stochastic optical reconstruction microscopy) (Heilemann et al., 2008). We believe that the method presented here can unravel many unanswered questions in the field of insect olfaction by increasing our understanding regarding how receptors are composed and arranged.
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