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Abstract 34 

A remarkable feature of olfaction, and perhaps the hardest one to explain by shape-based 35 

molecular recognition, is the ability to detect the presence of functional groups in odorants, 36 

irrespective of molecular context. We previously showed that Drosophila trained to avoid 37 

deuterated odorants could respond to a molecule bearing a nitrile group, which shares the 38 

vibrational stretch frequency with the CD bond. Here we reproduce and extend this finding 39 

by showing analogous olfactory responses of Drosophila to the chemically vastly different 40 

functional groups, thiols and boranes, that nevertheless possess a common vibration at 41 

2600 cm-1. Furthermore, we show that Drosophila do not respond to a cyanohydrin 42 

structure that renders nitrile groups invisible to IR spectroscopy. We argue that the 43 

response of Drosophila to these odorants which parallels their perception in humans, 44 

supports the hypothesis that odor character is encoded in odorant molecular vibrations, not 45 

in the specific shape-based activation pattern of receptors.  46 

 47 

Significance Statement 48 

To gain mechanistic insights we address predictions of vibrational olfaction in Drosophila. 49 

We show for the first time that Drosophila respond to vibrational frequencies characterizing 50 

functional groups. Boranes (-BH) and thiols vibrate at the same frequency and flies respond 51 

to boranes as if they were thiols strongly suggesting that functional groups of similar 52 

enough vibrational frequencies have similar odor character in Drosophila. In accord with 53 

theoretical predictions, although flies readily detect nitriles, they fail to respond to nitrile 54 

groups in molecular configurations that render them undetectable to infrared spectroscopy. 55 

We conclude that the behavioral response of Drosophila to these odorant functional groups 56 

is consistent with the notion that their character is encoded in their molecular vibrations. 57 

 58 

  59 



 

 

Introduction 60 

A currently unresolved and enduringly controversial (Block et al., 2015a; Block et al., 61 

2015b; Turin et al., 2015; Vosshall, 2015) issue in olfaction is the relationship between an 62 

odorant’s molecular structure and its odor character. The more commonly accepted theory 63 

regards odor as arising from lock-and-key interactions between odorants and the large set 64 

of receptors (Buck and Axel, 1991; Zozulya et al., 2001) dedicated to their detection. While 65 

plausible, this view has not led to predictions of odor from structure (Sell, 2006), perhaps 66 

unsurprisingly given the complexity and the difficulty of predicting structure-activity 67 

relations (Rossiter, 1996; Turin and Yoshii, 2003). An alternative theory proposes that 68 

odorant receptors detect the molecular vibrational spectrum of odorants (Dyson, 1938; 69 

Havens and Meloan, 1995; Turin, 1996; Wright, 1977 ; DeCou and Meloan, 1995) and the 70 

large number of receptors ensures that some will bind to any odorant. Odor character is a 71 

property of the molecule itself in this view and is likely reflected in the ability, of humans at 72 

least (Klopping, 1971), to detect odorant functional groups in diverse molecular scaffolds. 73 

For example, odorants containing -SH smell “sulfuraceous”, while other functional groups 74 

give nitrilic, ethereal etc. characters, underlining the tight correlation of group and odor.  75 

We have tested predictions of vibrational theory on flies (Franco et al., 2011; Drimyli 76 

et al., 2016) and humans (Gane et al., 2013), using deuterated odorants. Deuteration 77 

changes the mass of hydrogens leaving their bonds and molecular shape unchanged, but 78 

alters bond vibrational frequencies. Behavioral studies indicate that insects differentiate 79 

hydrogenated and deuterated odorants by smell (Havens and Meloan, 1995; Franco et al., 80 

2011; Bittner et al., 2012; Gronenberg et al., 2014; DeCou and Meloan, 1995). Two 81 

additional types of experiments confirmed these results and dispelled the notion that 82 

discrimination is driven by impurities in the isotopologues.  First, recognition of deuteration 83 

could be transferred from one H-D odorant pair to another in Drosophila (Franco et al., 84 

2011) and the difference in isotopologue-specific receptor activation could go from 85 

excitation to inhibition in bees (Paoli et al., 2016). In a more conclusive experiment, 86 

Drosophila were asked whether nitriles and C-D bonds smell similar and responded by 87 

selectively avoiding a novel deuterated odorant after being punished in the presence of a 88 

nitrile and vice versa (Franco et al., 2011). These results indicate that flies respond to the 89 

odor of the -C N and -CD-containing compounds as if equivalent. As -C N and -CD have 90 
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little in common physically and chemically except for a stretch vibration at 2150 cm-1, the 91 

results strongly support detection of odorant molecular vibrations.  92 

The proposed mechanism for vibrational olfaction is inelastic electron tunneling 93 

(Jaklevic and Lambe, 1966; Adkins and Phillips, 1985; Wang et al., 1993; Turin, 1996; 94 

Walmsley, 1980). Inelastic electron tunneling spectroscopy (IETS) selection rules govern the 95 

intensity with which a given vibration is detected, and are more complex than those of the 96 

related Raman and infrared (IR) spectroscopy. Calculation methods for biological IETS mode 97 

intensities are still under development (Brookes et al., 2007; Bittner et al., 2012; Solov'yov 98 

et al., 2012; Block et al., 2015b), though a first approximation for odor prediction was 99 

encouraging (Turin, 2002). Nevertheless, two predictions about IETS spectrometer-100 

perceived vibrational modes should be true by analogy in biological systems: 1- functional 101 

groups with similar vibrational frequencies must have similar odors and 2- a functional 102 

group vibration invisible in the IR will also be undetected by the olfactory system. 103 

Addressing such questions of odorant character obviously requires intact animals and 104 

behaviorally salient tasks to drive appropriate responses. Herein we test these two 105 

predictions on Drosophila. We use the remarkable fact that boranes are the only functional 106 

group other than thiols described as having a sulfuraceous character to humans (Stock and 107 

Massenez, 1912) and a common stretch vibration in the 2500-2600 cm-1 range (Anderson 108 

and Barker, 1950) to test whether Drosophila responds to them as if identical. We test the 109 

second prediction using a pair of hydroxynitriles that present either strong or weak -C N 110 

stretch bands (Socrates, 2001), respectively and ask whether flies respond to one or both as 111 

nitrilic. 112 

  113 
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Materials and Methods 114 
 115 
Behavioral assays 116 

Drosophila were reared and maintained on standard fly food (Acevedo et al., 2007) 117 

at 25C. Handling before and during the behavioral experiments was as described previously 118 

(Franco et al., 2011). Orco- anosmic flies carried the null allele Or83b1 of the gene encoding 119 

the common subunit of the dimeric OR class of olfactory receptors (Vosshall, 2001), while 120 

the Orco-,Ir8a- strain (kindly provided by R. Benton) is also mutant in a Ionotropic Receptor 121 

co-receptor (Silbering et al., 2011; Rytz et al., 2013). Anosmic flies were tested similarly to 122 

wild type animals.  123 

For conditioned avoidance behavioral assays, flies of either sex were collected in 124 

groups of 50-70 under light CO2 anesthesia at least 14 hrs prior to experimentation and kept 125 

in standard food vials. They were transferred to fresh vials and placed in the dark for 126 

acclimatization one hour before experiments commenced. All experiments utilized the 127 

standard olfactory conditioning T-maze and were performed under dim red light at 25C as 128 

before (Drimyli et al., 2016).  Odorants were carried in the maze arms in air streams of 550 129 

mL/min.  130 

Groups of 50-70 animals (=1n) per experimental condition were used in all 131 

experiments. Animals (50-70) of the first experimental condition (naïve animals) chose for 132 

90 sec between the converging odorants or odorant and air, as specified, without any prior 133 

training. At the end of the 90 sec the flies were trapped in the arms (each arm is 10.5 cm in 134 

length and 1.5 cm in diameter ), counted and Performance Indexes (PIs) were calculated by 135 

subtracting the number of flies in the control (unscented) arm from those in the opposite 136 

arm and dividing by the total. Animals of the second experimental condition were placed in 137 

the electric grid-lined training arm and were presented with the training odorant (at 550 138 

mL/min) for 1 minute while simultaneously receiving 12 electric foot shocks of 90V DC of 1.2 139 

sec each. Subsequently, the flies were transferred to the choice point at the convergence of 140 

the two testing arms and allowed to choose for 90 sec between the testing odorant and air 141 

or two converging odorants as specified. The 50-70 flies of the third experimental condition 142 

were trained by footshocks in the presence of the complementary odorant and tested 143 

likewise. For example flies trained either with β-mercaptoethanol or decaborane were 144 

tested for their level of avoidance of β-mercaptoethanol versus air. Avoidances of trained 145 
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animals were compared to those of naïve flies. Moreover, in the complementary 146 

experiment, flies trained with β-mercaptoethanol or decaborane were tested for avoidance 147 

(or attraction) of decaborane versus air and compared to the performance of naïve animals. 148 

Each experimental condition represented in the bar graphs of the figures is constructed by 149 

at least 7 repetitions each containing 50-80 animals. The total number of animals used to 150 

construct each bar is shown in the relevant figure legend. 151 

 Because of the potency of β-mercaptoethanol and boranes, we tested whether 152 

odors linger on the maze and delivery tubes by testing fly behavior with used maze arms 153 

and tubing without odorants. Flies distributed equally in previously used and new arms and 154 

tubing indicating that neither odor lingers on the equipment to bias the results. 155 

Odorants 156 

1-decanol (Sigma) and d21-decanol (CDN isotopes) were diluted at 5% in Isopropyl 157 

Myristate (Sigma) in a total of 1mL. Citronellyl nitrile (Takasago) and citronellal (Fluka) were 158 

diluted at 15% and 10% respectively in Isopropyl Myristate (IPM). H-β-mercaptoethanol 159 

(Sigma) and its D4-isotopologue (CDN isotopes) were diluted with water at 1%. β-160 

mercaptoethanol was diluted at 0.01%, 0.1% and 25% in water for the response curve of 161 

wild type and anosmic flies. Because decaborane (Carbosynth) is a potent odorant, 162 

potentially toxic at higher concentrations, all assays were carried with the use of a 163 

protective mask by the experimenter and with frequent pauses between trials to aerate the 164 

room and not to overexpose the flies subject to later experiments. Typical experiments used 165 

β-mercaptoethanol at 1% in water unless otherwise specified, while decaborane was used 166 

as a solid at 50 mg. Benzaldehyde (Sigma) was used at 10% in IPM and hexanol (Fluka) was 167 

used at 10% in IPM. 2-hydroxybutyronitrile (Sigma) and 3-hydroxybutyronitrile (Sigma) were 168 

diluted in IPM at 5%. All odorants were diluted up to 1 mL total volume. 169 

Statistical analysis 170 

Results were analyzed parametrically using planned comparisons (Least Squares method) 171 

and the statistical program JMP (SAS).   172 

Density-functional calculations 173 

Conformations and vibrational spectra of molecules were calculated with Amsterdam 174 

Density Functional  (www.scm.com) and Spartan 14 (www.wavefun.com) at either PBE-DZP 175 

or B3LYP-6-311 level of theory.   176 
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Results 177 

Drosophila trained to selectively avoid a deuterated compound, but not its hydrogen 178 

counterpart, also avoid preferentially a nitrile group, whose vibration around 2150 cm-1 is 179 

shared with the C-D stretch (Franco et al., 2011). Because of the significance of this result, 180 

which is highly unlikely due to contaminants or differences in the physical properties of 181 

isotopologues, we confirmed it independently using a different combination of odorants 182 

and more importantly, the independent, simpler training paradigm described recently 183 

(Drimyli et al., 2016). In this conditioned aversion paradigm, flies shocked in the presence of 184 

an odorant are asked whether they recognize features of the training compound in a 185 

different odorant used for testing.  186 

  At the concentration used, naïve flies presented a very mild attraction to D-decanol, 187 

or aversion from its normal isotopologue converging in the center of the testing maze (Fig 188 

1A-open bar). A similar non-biased response was observed when flies were conditioned 189 

with citronellal, which does not possess any similar molecular features to either decanol 190 

isotopologue (Fig 1A-light gray bar). This confirms that the testing isotopologues do not 191 

differ in volatility, contaminants or other properties that might bias the results. However, 192 

animals conditioned to preferentially avoid citronellyl nitrile, selectively avoided the 193 

deuterated decanol isotopologue (Fig 1A). Conversely, animals shocked in the presence of 194 

D-decanol, avoided citronellyl nitrile selectively over the aldehyde (Fig 1B). Again, the naïve 195 

responses to the test odorants and those after conditioning with the aldehyde were 196 

statistically identical, in agreement with prior reports (Franco et al., 2011). The results are 197 

consistent with Drosophila recognizing the 2150 cm-1 vibration of the C-D or the C N stretch 198 

and use it to guide behavioral choices in two independent paradigms ((Franco et al., 2011) 199 

and herein). 200 

 In previous experiments, flies discriminated efficiently between otherwise identical 201 

odorants (isotopologues) except for the presence of the C-D and C-H vibrations at 2150 cm-1 202 

and 2900 cm-1 respectively. Can this discrimination occur in the presence of another 203 

dominant odor character? To address this question, we chose the S-H vibration, which at 204 

2550 cm-1 lies between those of the -CH and -CD/ -C N (Fig 1C) and possesses a distinct 205 

sulfur odor character. Thus, we asked whether flies could discriminate the simple thiol, β-206 

mercaptoethanol from its d4-isotopologue (D-mercapto).  207 
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To avoid potential differences in volatility biasing the results, we used the  208 

footshock-mediated augmentation of avoidance assay (Drimyli et al., 2016). In this assay, 209 

naïve avoidance or attraction to an odorant is modified by concurrent presentation of 210 

footshocks, but a second odorant (or isotopologue) not associated with footshocks is not 211 

used as control. Therefore, the assay is not associative in the strict sense and hence it does 212 

not require the isotopologues to be tested against each other at the choice point such that 213 

their volatility or other properties may skew experimental outcomes. If a deuterated 214 

compound is used for training, flies augment their avoidance of the same odorant used for 215 

testing compared to their naïve response towards it. On the other hand, if flies differentiate 216 

between isotopologues, they would not augment their avoidance of the deuterated odorant 217 

in testing, if shocked in the presence of its normal counterpart during training (Drimyli et al., 218 

2016). If the flies cannot differentiate two odorants or isotopologues, then they are 219 

expected to respond equally to the either odorant upon testing irrespective of which was 220 

coupled to footshocks during training (trained against). 221 

Normal β-mercaptoethanol is mildly aversive, while its d4-isotopologue is neutral to 222 

Drosophila at 1% dilution (Fig 1D, E-no shock). Aversion was strongly augmented when β-223 

mercaptoethanol, but not the deuterated isotopologue was coupled to footshocks (Fig 1D). 224 

Conversely, flies trained to avoid the deuterated isotopologue augmented their avoidance 225 

specifically to d4-β-mercaptoethanol, but did not change their behavior towards the normal 226 

odorant (Fig 1E). Therefore, the -SH stretch vibration does not interfere with -CH versus -CD 227 

discrimination. Interestingly, animals trained to avoid the d4-β-mercaptoethanol responded 228 

to the normal isotopologue as if they were naïve (Fig 1D) and similarly, animals shocked in 229 

the presence of normal β-mercaptoethanol did not present enhanced avoidance of the 230 

deuterated isotopologue (Fig 1E). This is surprising given that the -SH character is dominant 231 

and common to both isotopologues, at least to the human nose. However, the results are 232 

consistent with the notion that flies differentiate the isotopologues solely on the basis of 233 

their distinct -CH and -CD vibrations and appear to ignore their apparently common -SH 234 

odor character. 235 

Although, as suggested previously (Franco et al., 2011; Drimyli et al., 2016) and by 236 

the abovementioned results, deuteration precipitates a salient change in odor character, 237 

the contribution of the vibrations characterizing the different functional groups has not 238 

been explored. However, IETS rules predict that functional groups with the same or very 239 
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similar vibrational frequency should have similar odor characters. To test this formally, we 240 

initially capitalized on the impressive commonality in odor character to the human nose at 241 

least, between thiols and boranes. Although structurally dissimilar (Fig 2A) and despite their 242 

lack of -SH groups, boranes nevertheless have been reported to smell sulfuraceous from the 243 

time of their discovery and characterization (Stock and Massenez, 1912). We hypothesized 244 

that this similarity in odor character may be consequent of the only property boranes and 245 

thiols share, namely the stretch vibration in the 2500-2600 cm-1 range. Therefore, we aimed 246 

to test this notion on the commonality of odor character between -SH and -BH on 247 

Drosophila. 248 

 Given the abovementioned results (Fig 1D, E), we wondered whether flies smell and 249 

respond to -SH. We used β-mercaptoethanol, which at 0.01-0.1% (Fig 2B) and 1% (Fig 2C), is 250 

mildly to moderately aversive to wild type Drosophila, an effect that requires the Or class of 251 

receptors, because mutations in their common subunit Orco eliminate the response (Fig 2B, 252 

C). However, high concentrations (25%) of β-mercaptoethanol elicited elevated avoidance 253 

both in wild type and Orco- flies, an effect that was attenuated if the Ir8a ionotropic 254 

receptor co-receptor was lost (Ir8a-, Orco-; Fig 2B). These results indicate that at the 0,01- 255 

1%, range (Fig 2B and Fig 2C) β-mercaptoethanol addresses primarily the Or class of 256 

receptors, whereas at high concentrations (ie 25%) IR type receptors are also engaged and 257 

contribute to the strong avoidance behavior (Fig 2B). Decaborane was mildly attractive to 258 

Drosophila and again this effect was eliminated in Orco- and Ir8a-, Orco- animals (Fig 2D), 259 

indicating that it also addresses the Or class of receptors.  260 

Flies trained by footshocks to avoid β-mercaptoethanol, augmented significantly their 261 

naive avoidance (Fig 3A, light gray bar). Significantly, animals shocked in the presence of 262 

decaborane avoided β-mercaptoethanol as if they were trained to avoid the latter (Fig 3A, 263 

dark gray bar). In the complementary experiment, pairing decaborane to electric shock 264 

resulted in its avoidance instead of the attraction presented by naive animals (Fig 3B, light 265 

gray bar). In accord, flies trained to avoid β-mercaptoethanol also did not show attraction to 266 

decaborane (Fig 3B, dark gray bar). Because the -BH and -SH functional groups possess 267 

distinct sizes and shapes (Fig 2A), it is unlikely that these properties can account for the 268 

similar conditioned responses to the thiol and borane. Therefore, because they lack any 269 

other common features, we conclude that flies likely use the common thiol/borane 2500-270 

2600 cm-1 vibration to guide their conditioned avoidance behavior.  271 



 

 10 

Alternatively, once shocked in the presence of any odor, flies could simply avoid any 272 

subsequent odor presented to them (generalize) and escape toward the unscented maze 273 

arm. To address this possibility, we used the unrelated aversive odorant benzaldehyde 274 

(naïve benzaldehyde avoidance PI=0.615998 ± 0.090367, n=8) and the neutral odorant 275 

hexanol (naïve hexanol avoidance PI = -0.0070045 ± 0.05384269, n=7), for training and 276 

tested subsequent avoidance towards the thiol and borane. Flies shocked in the presence of 277 

β-mercaptoethanol showed augmentation of their naive thiol avoidance (Fig 3C, light gray 278 

bar). However, flies trained to avoid benzaldehyde or hexanol did not enhance their 279 

avoidance, but rather behaved as if naïve towards β-mercaptoethanol (Fig 3C, dark gray 280 

bars) and similarly naïve towards decaborane (Fig 3D). Although benzaldehyde is one of the 281 

most effective natural repellents (Knaden et al, 2012) and the flies are shocked in its 282 

presence, they nevertheless do not generalize by augmenting their avoidance towards any 283 

odorant presented to them. This argues strongly for the specificity of the footshock-284 

mediated avoidance augmentation assay and validates the behavioral responses of the flies. 285 

Avoidance augmentation is observed only when a common element is present in the 286 

training and testing odor. This strongly supports the notion that Drosophila deem the odors 287 

equivalent and respond similarly to them. Significantly, since β-mecrcaptoethanol and 288 

decaborane do not share any other physical or chemical characteristics, these results are 289 

consistent with the notion that this behavioral equivalence is a consequence of the -SH and 290 

-BH common vibration frequency at 2500-2600 cm-1. In contrast, Orco- mutants, which do 291 

not avoid β-mercaptoethanol (Fig 3E), or are attracted to decaborane (Fig 3F), fail to 292 

augment their minimal responses to these odorants when paired with footshocks (Fig 3E, F). 293 

Consequently, Orco- flies fail the avoidance augmentation assay unlike wild type animals (Fig 294 

3E, F versus Fig 3A, B).  This confirms the notion that wild type flies use Or type receptors to 295 

respond to β-mercaptoethanol and decaborane. 296 

These results also suggest that if the characteristic vibration of a functional group is 297 

diminished, or eliminated then it will no longer be recognized as of the same or sufficiently 298 

similar odor character with another molecule bearing the same functional group. To address 299 

this hypothesis, we focused on cyanohydrins, compounds in which a -C N group is attached 300 

to the same carbon as an -OH group (Fig 4A). To humans most cyanohydrins lack the 301 

metallic odor character of -C N-containing compounds because the different 302 
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electronegativities of C, O and N redistribute the partial charges to give an essentially zero 303 

dipole moment on the nitrile stretch (Socrates, 2005). However, moving the -OH group one 304 

position away from the -C N, partially restores the dipole on the nitrile stretch and its 305 

metallic odor character. A typical cyanohydrin without the nitrile odor character because of 306 

the predicted (Socrates, 2001) attenuation of its -C N vibration at  2150 cm-1 is 2-307 

hydroxybutyronitrile. In contrast, 3-hydroxybutyronitrile,  where the –OH group is moved 308 

away from the -C N, presents a metallic odor character to humans and yields a strong peak 309 

at 2150 cm-1 (Fig 4A). 310 

At the concentration used, flies were mildly attracted to 3-hydroxybutyronitrile (Fig 311 

4B) and mildly aversed by 2-hydroxybutyronitrile (Fig 4C), both responses likely mediated by 312 

Or olfactory receptors because they are eliminated in Orco- mutants. To determine whether 313 

flies respond to the nitrile odor character in the two hydroxynitriles, we trained them with 314 

footshocks to preferentially avoid either the aldehyde citronellal or citronellyl nitrile and 315 

tested them against 2- and 3-hydroxybutyronitrile. We expected that flies trained to avoid 316 

citronellyl nitrile will augment their avoidance of 3-hydroxybutyronitrile, but not of its 317 

isomer with which they do not share a significant vibration at 2150 cm-1. 318 

 At the concentration used, naïve flies did not exhibit a preference between the 319 

hydroxynitriles (Figure 4D-no shock). This indicates that differences in volatility or other 320 

properties cannot bias subsequent results. In confirmation, a similar lack of preference was 321 

observed for flies shocked in the presence of citronellal (aldehyde), which lacks the 322 

characteristic 2150 cm-1 vibration (Franco et al., 2011).  Significantly however, flies shocked 323 

in citronellyl nitrile avoided 3-hydroxybutyronitrile (Fig 4D). In the complementary 324 

experiment, naïve flies were mildly attracted to citronellyl nitrile as shown before (Fig 1B 325 

and Franco et al., 2011) and maintained that mild preference if they were previously 326 

shocked in 2-hydroxybutyronitrile. In contrast, flies shocked in the presence of 3-327 

hydroxybutyronitrile avoided citronellyl nitrile (Fig 4E) in accord with the hypothesis that 328 

they would because the two odorants share the 2150 cm-1 vibration. Because the two 329 

odorants do not share any other features in common, our results suggest that flies identify 330 

their only common feature, the vibration at 2150 cm-1, which likely represents the nitrile 331 

odor character, to identify them as similar and selectively avoid them. Moreover, Drosophila 332 
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do not selectively avoid  2-hydroxybutyronitrile, likely because they do not detect the -C N 333 

functional group when its vibration is attenuated. Collectively then the calculated IR 334 

intensity of -C N groups is predictive of whether Drosophila respond to the compound that 335 

bears nitrilic character, potentially paralleling human perception of these two odorants.    336 

  337 
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Discussion  338 

Experiments reported herein confirm independently the deuterium-nitrile cross-339 

learning in Drosophila (Franco et al., 2011), with a different pair of isotopologues and a 340 

novel behavioral paradigm to test predictions of vibrational olfaction. Our results are 341 

consistent with the hypothesis that flies recognize and respond to odorant molecular 342 

vibrations in behaviorally salient contexts. Significantly, our current experiments establish 343 

two distinct advances. It was suggested (Block et al., 2015b ; Vosshal, 2015) that results 344 

using deuterated odorants supporting vibrational olfaction in insects (Franco et al., 2011), 345 

were largely due to differences in isotopologue physical properties. Although experimental 346 

evidence does not support these critiques (Drimyli et al., 2016), our current behavioral 347 

experiments provide independent evidence consistent with a role for vibrational olfaction in 348 

Drosophila capitalizing on differences in the physical properties of normal, undeuterated 349 

compounds. Moreover, because the new behavioral assay requires recognition of common 350 

vibrational frequencies or other features in non-converging odorants, it is not sensitive to 351 

contaminants, volatility differences or other properties. Clearly, -CD/-CH can be easily 352 

discriminated even in the presence of a functional group such as -SH with a distinct 353 

intermediate vibrational frequency. This result indicates that flies resolve and respond 354 

independently to distinct vibrational modes of a single molecule and suggests in turn 355 

potential engagement of multiple olfactory receptors.  356 

Is there a threshold for vibrational frequency differences beyond which divergence 357 

or convergence of physiological and behavioral readouts reveal differences in odor salience? 358 

The resolution of the vibrational component of Drosophila olfaction in frequency and 359 

amplitude is hard to estimate. From purely physical considerations (Turin 1996, Brookes et 360 

al 2007), a thermal blurring width in detecting vibrational modes in the order of 200 cm-1 is 361 

expected. This may underlie at least in part, the -SH/-BH overlap, but as suggested by our 362 

results, this is not the case for -SH and either -C N or -CH. In the lower frequencies at the 363 

“fingerprint” region, resolution in amplitude rather than frequency is likely to be more 364 

important since odorants made of the elements C,H,O and N will all have modes in that 365 

region. Amplitude resolution is likely to depend to a large extent on signal processing in the 366 

brain, about which little is known at present. It is likely that processing in the brain sharpens 367 

resolution considerably, as it does for example in humans for color vision (broadly tuned 368 

cones but tens of thousands of colors discriminated) and hearing (broadly tuned cochlear 369 
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activation, a few Hz perceptual resolution). Unfortunately, the stimulus flexibility in 370 

olfaction is not as continuous or easily accessible as in hearing and vision and it will be some 371 

time before we understand this. The 2- and 3- hydroxybutyronitrile experiments go some 372 

way in that direction and will serve as a benchmark for more accurate calculations of 373 

biological IETS line intensities. In fact, our collective results are likely to serve as useful 374 

constraints when developing models of biological IETS selection rules. 375 

When an inelastic electron tunneling mechanism for vibrational olfaction was 376 

proposed twenty years ago, it clarified the features that would be required in order for a 377 

molecule to be detected and therefore have an odor (Turin, 1996). Insofar as tunneling 378 

electrons must interact with partial charges of the molecule, the model accounted for 379 

example for the fact that homonuclear diatomics (O2, N2) are odorless, as are molecules 380 

with very small partial charges such as CO. It appears that spectroscopic selection rules for 381 

the biological IETS suggested by our experiments resemble more closely those of IR 382 

spectroscopy than, say, those of Raman spectroscopy, where vibrational modes devoid of 383 

transition dipole are nevertheless detected by polarizability. Exact selection rules for IETS 384 

are the object of intense study (Solov'yov et al., 2012; Reese et al., 2016), but it appears 385 

reasonable to suppose that a functional group vibration undetectable in the IR would be at 386 

best weak in IETS. The well-known inability to detect the -C N stretch in cyanohydrins has 387 

been used to successfully design oxa-nitriles, -O-C-CN, as acid-stable ester replacements 388 

with only a barely perceptible nitrile character (Turin, 2007).  In fact, the hydroxynitrile 389 

experiments provide mechanistic insights to odor character detection. The weak IR stretch 390 

of cyanohydrins does not elicit the characteristic nitrilic response, whereas moving the -OH 391 

“odotope” one carbon further restores both IR intensity and the nitrilic character. This 392 

demonstrates a relation between odor and intensity of a single mode. In the case of 2-393 

hydroxynitriles (cyanohydrins), the weakness of the IR peak, seen both experimentally 394 

(Socrates, 2001; Socrates, 2005) and computationally, does not appear to be due to a 395 

reduction in nitrile bond polarity per se, but to a change in the overall motion pattern of the 396 

atoms, which reduces dipole moment.  397 

Our evidence indicates that Drosophila respond to boranes as if they were thiols 398 

possibly because their vibration differences are below resolution for the olfactory receptors 399 

engaged. Although they do not prove it, our data suggest that boranes may smell 400 
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sulfuraceous to flies as has been reported for humans (Stock and Massenez, 1912; Anderson 401 

and Barker, 1950). It possible then that the thermal blurring we suggest likely accounts for 402 

the equivalent responses of Drosophila to -SH and –BH may also underlie the not obvious 403 

reasons why humans perceive them both as sulfuraceous. However, the G-Protein-Coupled 404 

serpentine human olfactory receptors are quite distinct from their channel-like dimeric 405 

counterparts in Drosophila and other insects (Vosshall, 2001; van der Goes van Naters and 406 

Carlson, 2007). If flies perceive boranes as sulfuraceous as humans do and given the 407 

evolutionary distance and differences in olfactory receptors, that would argue strongly that 408 

that odor character is encoded in the odorant itself, not in its fit to receptors. Future 409 

experiments investigating the glomerular activation patterns in Drosophila antennal lobes 410 

upon –SH and –BH exposure will provide a physiological readout to address this hypothesis 411 

independently.    412 

In the combinatorial shape theory (Malnic et al., 1999), if by some means the 413 

specificity of each receptor was changed without altering the projections of the olfactory 414 

neurons that bear them, the perceived odor would be completely different because the 415 

pattern of stimulation would be different. By contrast, vibration theory predicts that as long 416 

as the odorant binds to a sufficient number of receptors tuned to different parts of the 417 

vibrational spectrum, the perceived odor will be independent of the exact pattern of 418 

receptor activation. In other words, in the vibrational theory odor character is encoded in 419 

the odorant itself, and the exact pattern of receptor binding is secondary.  In this context, it 420 

is worth noting that the receptor data on Drosophila (Hallem and Carlson, 2006; Münch and 421 

Galizia, 2016) shows receptors responding to many odorants, and the response pattern is 422 

consistent with a reduction in dimensionality from fully combinatorial to a more compact, 423 

maximum-entropy code (Stevens, 2015). It is perhaps significant in this context that 424 

maximum-entropy coding has also been proposed as a mechanism for color constancy in 425 

human trichromatic vision (Clark and Skaff, 2009).  426 

Therefore we posit that collectively, our results provide evidence that odor character 427 

is encoded in the odorant itself, at least for those compounds tested. Together with 428 

previous in vivo studies on different insect species, these experiments strongly suggest that 429 

vibrational sensing is a critical component of insect olfaction.  430 

 431 

 432 



 

 16 

 433 

Citations 434 
 435 

Acevedo SF, Froudarakis EI, Kanellopoulos A, Skoulakis EM (2007) Protection from 436 
premature habituation requires functional mushroom bodies in Drosophila. Learn Mem 437 
14:376-384. 438 

Adkins CJ, Phillips WA (1985) Inelastic electron tunnelling spectroscopy. Journal of 439 
Physics C: Solid State Physics 18:1313. 440 

Anderson WE, Barker EF (1950) The Infra-Red Absorption Spectrum of Diborane. The 441 
Journal of Chemical Physics 18:698-705. 442 

Bittner ER, Madalan A, Czader A, Roman G (2012) Quantum origins of molecular 443 
recognition and olfaction in Drosophila. J Chem Phys 137:22A551. 444 

Block E, Jang S, Matsunami H, Batista VS, Zhuang H (2015a) Reply to Turin et al.: 445 
Vibrational theory of olfaction is implausible. Proc Natl Acad Sci U S A 112:E3155. 446 

Block E, Jang S, Matsunami H, Sekharan S, Dethier B, Ertem MZ, Gundala S, Pan Y, Li 447 
S, Li Z, Lodge SN, Ozbil M, Jiang H, Penalba SF, Batista VS, Zhuang H (2015b) Implausibility of 448 
the vibrational theory of olfaction. Proc Natl Acad Sci U S A 112:E2766-2774. 449 

Brookes JC, Hartoutsiou F, Horsfield AP, Stoneham AM (2007) Could Humans 450 
Recognize Odor by Phonon Assisted Tunneling. Phys Rev Lett 98:038101  451 

Buck L, Axel R (1991) A novel multigene family may encode odorant receptors: a 452 
molecular basis for odor recognition. Cell 65:175-187. 453 

Clark J, Skaff S (2009) A spectral theory of color perception. J Opt Soc Am A Opt 454 
Image Sci Vis 26:2488-2502. 455 

DeCou DF, Meloan CE ( 1995) Testing Wright's theory of olfaction with selectively 456 
deuterated (E)-2-hexen-1-al compounds. Developments in Food Science 37:525-548. 457 

Drimyli E, Gaitanidis A, Maniati K, Turin L, Skoulakis EMC (2016) Differential 458 
Electrophysiological Responses to Odorant Isotopologues in Drosophilid Antennae. eNeuro 459 
3:doi: 10.1523/ENEURO.0152-1515.2016. 460 

Dyson GM (1938) The scientific basis of odour. Journal of the Society of Chemical 461 
Industry 57:647-651. 462 

Franco MI, Turin L, Mershin A, Skoulakis EMC (2011) Molecular vibration-sensing 463 
component in Drosophila melanogaster olfaction. Proc Natl Acad Sci U S A 108:3797-3802. 464 

Gane S, Georganakis D, Maniati K, Vamvakias M, Ragoussis N, Skoulakis EM, Turin L 465 
(2013) Molecular vibration-sensing component in human olfaction. PLoS One 8:e78090. 466 

Gronenberg W, Raikhelkar A, Abshire E, Stevens J, Epstein E, Loyola K, Rauscher M, 467 
Buchmann S (2014) Honeybees (Apis mellifera) learn to discriminate the smell of organic 468 
compounds from their respective deuterated isotopomers. Proc Biol Sci 281:20133089. 469 

Hallem EA, Carlson JR (2006) Coding of odors by a receptor repertoire. Cell 125:143-470 
160. 471 

Havens BR, Meloan CE (1995) The application of deuterated sex pheromone mimics 472 
of the american cockroach (Periplaneta americana, L.), to the study of wright's vibrational 473 
theory of olfaction. Developments in Food Science 37:497-524. 474 

Jaklevic RC, Lambe J (1966) Molecular Vibration Spectra by Electron Tunneling. Phys 475 
Rev Lett 17:1139-1140. 476 

Klopping HL (1971) Olfactory theories and the odors of small molecules. J Agric Food 477 
Chem 19:999-1004. 478 



 

 17 

Knaden M, Strutz A, Ahsan J, Sachse S, Hansson BS (2012) Spatial representation of 479 
odorant valence in an insect brain. Cell Reports 1:392-399. 480 

Malnic B, Hirono J, Sato T, Buck LB (1999) Combinatorial receptor codes for odors. . 481 
Cell 96:713-723. 482 

Münch D, Galizia C (2016) DoOR 2.0--Comprehensive Mapping of Drosophila 483 
melanogaster Odorant Responses. Sci Rep 6:21841. 484 

Paoli M, Anesi A, Antolini r, Guella G, Vallortigara G, Haase A (2016) Differential 485 
odour coding of isotopomers in the§ honeybee brain. Scientific Reports 6:21893. 486 

Reese A, List NH, Kongsted J, Solov'yov IA (2016) How Far Does a Receptor Influence 487 
Vibrational Properties of an Odorant? PLoS One 11:e0152345. 488 

Rossiter KJ (1996) Structure−Odor Relationships. Chem Rev  96:3201-3240. 489 
Rytz R, Croset V, Benton R (2013) Ionotropic receptors (IRs): chemosensory 490 

ionotropic glutamate receptors in Drosophila and beyond. Insect Biochem Mol Biol 43:888-491 
897. 492 

Sell CS (2006) On the Unpredictability of Odor. Angew Chem Int Ed 45:6254-6261. 493 
Silbering AF, Rytz R, Grosjean Y, Abuin L, Ramdya P, Jefferis GS, Benton R (2011) 494 

Complementary Function and Integrated Wiring of the Evolutionarily Distinct Drosophila 495 
Olfactory Subsystems. J Neurosci 31:13357-13375. 496 

Socrates G (2001) Infrared and Raman characteristic group frequencies-Tables and 497 
Charts. Wiley, Chichester. 498 

Socrates G (2005) Infrared and Raman characteristic group frequencies: John Wiley 499 
& Sons, Ltd. 500 

Solov'yov I, Chang P, Schulten K (2012) Vibrationally assisted electron transfer 501 
mechanism of olfaction: myth or reality? Phys Chem Chem Phys 14:13861-13871. 502 

Stevens CF (2015) What the fly's nose tells the fly's brain. Proc Natl Acad Sci U S A 503 
112:9460-9465. 504 

Stock A, Massenez C (1912) Borwasserstoffe. Berichte der deutschen chemischen 505 
Gesellschaft 45:3539-3568. 506 

Turin L (1996) A Spectroscopic Mechanism for Primary Olfactory Reception. Chemical 507 
Senses 21:773-791. 508 

Turin L (2002) A method for the calculation of odor character from molecular 509 
structure J Theor Biol 216:367-385. 510 

Turin L (2007) Novel oxy-nitriles. In: Google Patents. 511 
Turin L, Yoshii F (2003) Structure-odor relations: a modern perspective. In: Handbook 512 

of Olfaction and Gustation (Doty R, ed). New York: Marcel Dekker. 513 
Turin L, Gane S, Georganakis D, Maniati K, Skoulakis E (2015) Plausibility of the 514 

vibrational theory of olfaction. Proc Natl Acad Sci U S A 112:E3154. 515 
van der Goes van Naters W, Carlson JR (2007) Receptors and neurons for fly odors in 516 

Drosophila. Curr Biol 17:606-612. 517 
Vosshall LB (2001) The molecular logic of olfaction in Drosophila. Chemical senses 518 

26:207-213. 519 
Vosshall LB (2015) Laying a controversial smell theory to rest. Proc Natl Acad Sci USA 520 

112:6525-6526. 521 
Walmsley DG, ed ( 1980) Vibrational spectroscopy of adsorbates: Springer. 522 
Wang Y, Mallik RR, Henriksen PN (1993) Easily realized inelastic electron tunneling 523 

spectrometer. Review of scientific instruments 64:890-895. 524 



 

 18 

Wright RH ( 1977) Odor and molecular vibration: neural coding of olfactory 525 
information. Journal of theoretical biology 64:473-502. 526 

Zozulya S, Echeverri F, Nguyen T ( 2001) The human olfactory receptor repertoire. 527 
Genome biology 2:1. 528 
 529 

530 



 

 19 

Figure Legends 531 
 532 

Figure 1. Odorant vibrations guide conditioned behavior in Drosophila. All graphs 533 

represent the mean relative distribution of flies in the arms of the maze ± SEM after the 534 

indicated treatment.  The odorants or air converging in the center of the maze during the 535 

test phase, are indicated above each graph. “No shock” condition refers to groups of naïve 536 

flies responding to the indicated odor(s). Other groups of flies were trained by repeated 537 

electric footshocks (lightning bolts) in the presence of the indicated odorants per condition. 538 

All significance values are calculated relative to the performance of naïve animals (open 539 

bars), unless noted otherwise, by LSM contrast analysis and are indicated on the graphs 540 

with a single star. 541 

A. Transfer of olfactory learning between citronellyl nitrile (nitrile) and D-decanol. Initial 542 

ANOVA indicated significant differences (F(2,40)= 5.5868 p<0.007). Flies trained to avoid 543 

citronellal (aldehyde) did not significantly avoid (p=0.4267) either test odorant (light grey 544 

bar), whereas flies shocked against nitrile (dark gray bar) avoided D-decanol significantly 545 

(p=0.003). n>10 for all conditions, with a total of 700-900 flies per condition. 546 

B. In the converse experiment, ANOVA indicated significant differences (F(2,38)= 4.8303 547 

p<0.01). Subsequent contrast analysis revealed that flies trained to avoid H-decanol did not 548 

change their spontaneous behavior (light grey bar, p = 0.5029).  In contrast, animals trained 549 

to avoid D-decanol presented significant avoidance to the nitrile (dark gray bar, p=0.0073). 550 

n>10 for all conditions, with a total of 700-1000 flies per condition. 551 

C.  Computed I.R spectra of H- and D4-β-mercaptoethanol indicating the frequencies of the 552 

relevant C-D, -SH and C-H stretches.  553 

D. Conditioned H- and D4-β-mercaptoethanol discrimination. Initial ANOVA indicated 554 

significant differences (F(2,43)= 6.2144 p<0.004). Flies trained to selectively avoid the H 555 

isotopologue augmented their avoidance of H-β-mercaptoethanol over that of naïve 556 

animals (p=0.0041), but not for D4-β-mercaptoethanol (p=0.9536). The performances of the 557 

two groups trained to different isotopologues were also significantly different (p=0.0040). n558 

14 for all conditions, with a total of 900-1000 flies per condition. 559 

E. In the converse experiment, animals trained with each of the isotopologues were tested 560 

against D-β-mercaptoethanol. ANOVA indicated significant differences (F(2,31)= 3.6338  561 

p<0.03). Animals trained with the D isotopologue enhanced their avoidance of D-β-562 
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mercaptoethanol (p=0.0259), but not of H-β-mercaptoethanol (p=0.9236). The performance 563 

of the two groups is different (p=0.0255). n>10 for all conditions, with a total of 600-700 564 

flies per condition.  565 
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Figure 2. Responses to β-mercaptoethanol and decaborane in wild type Orco- and Ir8a- 566 

Orco- double mutants. 567 

A. The high molecular divergence of β-mercaptoethanol and decaborane.  568 

B-D. All graphs represent the mean relative distribution of flies in the arms of the maze ± 569 

SEM after the indicated treatment. Groups of flies were exposed to the indicated odorants 570 

per condition. Significance values are calculated by LSM contrast analysis and are indicated 571 

on the graphs with a single star. 572 

B. Responses of wild type and anosmic flies to a range of β-mercaptoethanol 573 

concentrations. Wild type flies are shown in white bars, Orco- flies are shown in light grey 574 

bars and Ir8a;Orco- flies are shown in dark grey bars. ANOVA indicated significant 575 

differences (F(6,87)= 39.7679 p<0.0001). At the 0.01% and 0.1% concentrations the difference 576 

between wild type and Orco- flies is not significant (p=0.2394, p=0.0454 respectively). At the 577 

25% concentration the response of wild type and Orco- flies is not significantly different 578 

(p=0.1938) but that of Ir8a-;Orco- is (p<0.0001). n 8 for all conditions, with a total of 600-579 

1000 flies per condition. 580 

C. ANOVA indicated significant differences (F(2,35)= 38.3487 p<0.0001), which were revealed 581 

due to the significant difference in avoidance of β-mercaptoethanol by wild type and both 582 

Orco-  and Ir8a;Orco- mutants (both p<0.0001). The difference between Orco- and Ir8a;Orco- 583 

mutants is also significant (p=0.0445). n 10 for all conditions, with a total of 700-900 flies 584 

per condition. 585 

D. ANOVA indicated significant differences (F(2,62)= 2.5955, p<0.0830), underlying the 586 

significant difference in attraction to decaborane between wild type, Orco- mutants 587 

(p=0.0518) and Ir8a;Orco- (p=0.0341). The difference between Orco- and Ir8a;Orco- mutants 588 

is not significant (p=0.8832). n 12 for all condition, with a total of 800-1400 flies per 589 

condition. 590 

  591 
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Figure 3. After conditioning Drosophila do not discriminate decaborane from β-592 

mercaptoethanol.  593 

All graphs represent the mean relative distribution of flies in the arms of the maze ± SEM 594 

after the indicated treatment. Significant differences are calculated relative to the 595 

performance of naïve animals (open bars) by LSM contrast analysis and are indicated on the 596 

graphs with a single star. 597 

A. ANOVA indicated significant differences (F(2,59)= 8.5292 p=0.0006). Flies shocked in the 598 

presence of β-mercaptoethanol augmented their avoidance towards it (light gray bar, 599 

p=0.0005) and surprisingly a similar augmentation was shown by animals shocked in the 600 

presence of decaborane (dark bar, p=0.0006). Indeed, the performances of the two 601 

differently trained groups were not significantly different (p=0.5915). n 12 for all 602 

conditions, with a total of 900-2000 flies per condition. 603 

B. In the converse experiment ANOVA indicated significant differences (F(2,30)=15.3343  604 

p<0.0001). Flies shocked in the presence of decaborane avoid it instead of being attracted 605 

to it as naïve animals do (light grey bar, p <0.0001) and a similar response is observed in -606 

mercaptoethanol-trained animals (dark bar, p=0.0006). The two trained groups do not show 607 

significantly different responses (p=0.1150). n 8 for all conditions, with a total of 500-900 608 

flies per condition. 609 

C. Animals shocked against benzaldehyde (10%)  or (10%) hexanol don’t change their 610 

spontaneous response to β-mercaptoethanol. ANOVA indicated significant differences 611 

(F(3,60)= 7.9061, p=0.0002). Subsequent contrast analysis revealed significant differences in 612 

the performance of β-mercaptoethanol-trained animals (light gray bars) versus those 613 

trained with  benzaldehyde (p=0.0006) and hexanol (p<0.0001). The responses of flies 614 

trained with benzaldehyde and hexanol (dark bars) were not significantly different 615 

(p=0.3997 and p=0.0813 respectively) from naïve animals (open bars). n 9 for all conditions, 616 

with a total of 700-2000 flies per condition.  617 

D. Animals shocked against benzaldehyde or hexanol don’t change their spontaneous 618 

response to decaborane. ANOVA indicated significant differences (F(3,43)= 4.9331, p=0.0052). 619 

Contrast analysis revealed significant differences in the performance of decaborane-trained 620 

animals (light gray bars) versus those trained with  benzaldehyde (p=0.0003) and hexanol 621 
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(p=0.0004). The responses of flies trained with benzaldehyde and hexanol (dark bars) were 622 

not significantly different (p=0.2403 and p=0.1561 respectively) from naïve animals (open 623 

bars) . n 8 for all conditions, with a total of 500-900 flies per condition. 624 

E. ANOVA didn't indicate significant differences (F(2,26)=0.1105, p=0.8959). Anosmic animals 625 

shocked in the presence of β-mercaptoethanol or in the presence of decaborane did not 626 

augment their response to either (light gray bar, p=0.6792 and dark gray bar, p=0.7059 627 

respectively). Furthermore, the performances of the two differently trained groups of flies 628 

were not significantly different (p=0.9624). n 8 for all conditions, with a total of 600-700 629 

flies per condition. 630 

F. In the converse experiment ANOVA also did not indicate significant differences (F(2,48)= 631 

0.7551 p=0.4757). Flies shocked in the presence of decaborane or -mercaptoethanol did 632 

not change their irresponsiveness towards decaborane (light grey bar, p =0.24 and dark bar, 633 

p=0.42 respectively). The responses of the two differently trained groups were not 634 

significantly different (p=0.69). n 8 for all conditions, with a total of 800-1000 flies per 635 

condition. 636 
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 658 

Figure 4. Differential responses to nitrile in the context of different hydroxynitriles.  659 

A. Computed I.R spectra of 2- and 3-hydroxybutyronitrile. The location of the -OH group 660 

that changes the intensity of the -C N stretch (boxed) is shown.   661 

Graphs represent the mean relative distribution of flies in the arms of the maze ± SEM after 662 

the indicated treatment per condition. Groups of flies were trained by repeated electric 663 

footshocks (lightning bolts) in the presence of the indicated odorants per condition.  All 664 

significance values are calculated relative to the performance of naïve animals (open bars) 665 

by LSM contrast analysis and are indicated on the graphs with a single star. 666 

B. ANOVA indicated significant differences (F(1,19)= 7.6564, p<0.012), underlying the 667 

significant difference (p=0.0076) in attraction to 3-hydroxybutyronitrile by wild type and 668 

Orco-  mutants. n 7 for all conditions, with a total of 400-500 flies per condition. 669 

C. ANOVA indicated significant differences (F(3,39)= 6,014, p<0.002), underlying the 670 

significant difference (p=0.0136) in avoidance of 2-hydroxybutyronitrile by wild type and 671 

Orco- mutants. n 11 for all conditions, with a total of 700-800 flies per condition. 672 

D. ANOVA indicated significant differences (F(2,39)= 3.4240, p<0.04), when flies were 673 

differentially trained with citronellal (aldehyde). Flies trained with the aldehyde did not 674 

respond differentially (light gray bar p=0.9052) when tested against the two hydroxynitriles. 675 

In contrast, animals trained with citronellyl nitrile (nitrile) avoided preferentially 3-676 

hydroxybutyronitrile (dark bar, p=0.0208). The performance of the differently trained  677 

groups was significantly different (p=0.0439).  n 11 for all conditions, with a total of 600-678 

900 flies per condition. 679 

E. In the complementary experiment ANOVA indicated significant differences (F(2,24)= 680 

11.3598, p<0.0004). Flies trained with 2-hydroxybutyronitrile did not exhibit responses 681 
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different than naïve flies (light gray bar, p= 0.1993). However, flies shocked in the presence 682 

of 3-hydroxybutyronitrile avoided the nitrile significantly (dark gray bar, p=0.0001). The 683 

performance of the two differently trained groups was significantly different (p=0.0058).  n684 

11 for all conditions, with a total of 500-600 flies per condition. 685 
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