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Machine learning decodes chemical
features to identify novel agonists
of a moth odorant receptor

Gabriela Caballero-Vidal**#, Cédric Bouysset(®?*, Hubert Grunig?, Sébastien Fiorucci(®?,
Nicolas Montagné'*, Jérdme Golebiowski?** & Emmanuelle Jacquin-Joly ®*"

Odorant receptors expressed at the peripheral olfactory organs are key proteins for animal volatile
sensing. Although they determine the odor space of a given species, their functional characterization is
along process and remains limited. To date, machine learning virtual screening has been used to predict
new ligands for such receptors in both mammals and insects, using chemical features of known ligands.
Ininsects, such approach is yet limited to Diptera, whereas insect odorant receptors are known to be
highly divergent between orders. Here, we extend this strategy to a Lepidoptera receptor, SIlitOR25,
involved in the recognition of attractive odorants in the crop pest Spodoptera littoralis larvae. Virtual
screening of 3 million molecules predicted 32 purchasable ones whose function has been systematically
tested on SlitOR25, revealing 11 novel agonists with a success rate of 28%. Our results show that
Support Vector Machine optimizes the discovery of novel agonists and expands the chemical space of
aLepidoptera OR. More, it opens up structure-function relationship analyses through a comparison

of the agonist chemical structures. This proof-of-concept in a crop pest could ultimately enable the
identification of OR agonists or antagonists, capable of modifying olfactory behaviors in a context of
biocontrol.

Animals are exposed in their environment to a plethora of odorant molecules from a variety of chemical struc-
tures. Some of these molecules contain valuable information to carry out essential activities such as the identifi-
cation of food sources, oviposition sites, mating partners, conspecifics and predators. Animals detect odorants
via olfactory sensory neurons (OSNs) housed in dedicated olfactory organs, and the mechanisms underlying this
detection have been particularly well studied in insects and mammals'. In insects, the primary olfactory organs
consist of the antennae and the maxillary palps, which are covered by olfactory sensilla that house the OSNs?.
In mammals, OSNs are mainly localized within the olfactory epithelium of the nasal cavity. In both insects and
mammals, large multigenic families of odorant receptor proteins (ORs) mediate odorant recognition, each OSN
expressing a single receptor (plus Orco in insects, see below) that controls its detection spectrum. These ORs are
seven-transmembrane (TM) domain receptors®=®, yet mammalian and insect ORs belong to distinct unrelated
families®. Mammalian ORs are members of the class A rhodopsin-like G protein-coupled receptors (GPCR)’,
whereas insect OR membrane topology is opposite to that of GPCRs, with a cytoplasmic N-terminus and an
extracellular C-terminus®. Furthermore, insect ORs form heteromers with a well conserved coreceptor named
Orco® %, and these heteromers are gated directly by chemical stimuli'’.

Understanding how the OR repertoire of an animal contributes to odor sensing and adaptation to a specific
environment relies on the capacity to identify natural ligands of these ORs, a process called deorphanization. Yet,
the ligands of several mammalian and insect ORs have been identified using different expression systems'*™"°.
However, the number of chemicals used to stimulate the ORs is limited due to practical handling and duration
of the experimentation. Consequently, potential stimuli that are tested on ORs of a given species are generally
only a small portion of the vast array of ecologically relevant odorants. In insects, such sets of potential stimuli
consisted of up to 100 molecules used to challenge Drosophila melanogaster'® (even up to 500 in one study but
with only one replicate?®) and Anopheles gambiae ORs'®'7, but only fifty have been used to stimulate the ORs of a
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moth, Spodoptera littoralis'®. Given that the potential odor space for an animal is almost unlimited, it is likely that
the main ligand(s) of some deorphanized ORs still remains unidentified. The problem of selecting the candidate
molecules to be tested becomes even more critical when trying to identify agonists or antagonists of particular
ORs that are not natural ligands but could have an impact on the behavior of pest and disease vector insects?!.

Several recent studies revealed that the application of machine learning in the context of virtual screening
opens up the possibility to enlarge animal odor spaces. Machine learning based on odorant chemical descriptors
allowed predicting receptor-odorant interactions in both insects?*~?* and mammals®, although their ORs do not
belong to the same protein families. Notably, quantitative structure-activity relationship (QSAR) is an in silico
ligand-based method used to predict biological activity of untested chemicals, based on chemical features shared
by active molecules”. In D. melanogaster, virtual screening of more than 240,000 chemical structures identified
a large array of novel OR activators and inhibitors®. An in silico screening of 0.5 million compounds identified
agonists or antagonists targeting the mosquito CO, receptor, leading to the discovery of new attractants and
repellents for those harmful disease vectors®*. More recently, antagonists for the insect coreceptor Orco have been
identified by screening a library of 1280 odorant molecules?. In mammals, a more modest virtual screening of
258 chemicals anyhow identified new agonists of four human ORs?. Although efficient, this approach requires
prior knowledge on the response spectrum of a given OR and its application has thus been restricted to model
species with cumulative odorant-receptor functional data.

We have recently deorphanized a large array of ORs in the noctuid moth Spodoptera littoralis through heter-
ologous expression in Drosophila OSNs'®. This offers an unprecedented opportunity to test such a computational
approach in a non-dipteran insect. Spodoptera littoralis is a polyphagous moth?® present in Africa, the Middle
East and Southern Europe®. At the larval stage, S. littoralis is responsible for extensive damage in a large number
of crops of economic importance®. Establishing machine learning virtual screening efficiency in such an herbiv-
orous pest species will open new routes for the identification of possible agonists and antagonists to be used in
biocontrol strategies. In addition, screening structurally related molecules can bring crucial information to deter-
mine structure-function relationships. Here, we focused on S. littoralis OR25 (SlitOR25), an odorant receptor
that is particularly suitable for this approach. Over a panel of 52 volatile organic compounds, SlitOR25 is strongly
activated by nine agonists and moderately activated by four’®. Also, it is expressed at both larval and adult stages
and its activation has been correlated with caterpillar attraction®'. Based on properties of the previously identified
SlitOR25 ligands, we carried out an in silico screening of a chemical space of more than three million chemicals,
leading to the prediction of 90 potential agonists, of which 32 were commercially available. The activity of these 32
compounds was further functionally tested on SlitOR25 expressed in Drosophila OSNs. We revealed enrichment
of SlitOR25 agonists, with a hit rate of 28%. With the current lack of any OR structure - apart that of Orco®?-, this
machine-learning protocol based on chemical molecular descriptors thus represents an efficient tool for address-
ing ligand structure-function relationship in addition to identifying novel unexpected ligands for moth ORs,
extending their odor space outside the presupposed relevant odorants.

Results and Discussion

In silico prediction of SIitOR25 agonists.  First, the published SlitOR25 chemical space'® was analyzed
through calculation of its known ligand chemical descriptors and projection on the Drosophila melanogaster
Database of Odorant Responses (DoOR v2.0)*?, considered as prototypical. Figure 1a simplifies this chemical
space using a t-distributed stochastic neighbor embedding (t-SNE) algorithm in two dimensions. Agonists were
split into two distinct clusters, suggesting that a machine learning model (Fig. 1b) should be able to identify rules
to separate them from non-agonists (see Supplementary Table S1 for a list of the considered molecules). Then,
the external dataset to be screened was obtained by filtering ~90 million molecules from the PubChem database
as described in the method section. More than three million molecules corresponding to organic potentially
volatile molecules were extracted and were evaluated by the optimized Support Vector Machine (SVM). After an
additional filter associated with the applicability domain obtained by a similarity search with the known agonists,
90 molecules were predicted as agonists (Fig. 1c and Supplementary Table S2). The performance of the SVM is
resumed in Table 1 and Supplementary Table S3.

Effect of predicted agonists on SlitOR25 activity. Among the predicted novel agonists of SlitOR25,
32 molecules were commercially available at high purity (Table 2). These molecules were mainly fluorinated
derivatives of known ligands (acetophenone, benzyl alcohol, benzaldehyde). To verify whether these were indeed
agonists of SlitOR25, we performed single-sensillum recordings on D. melanogaster flies expressing SlitOR25 in
ab3A OSNs instead of the endogenous receptor OR22a, a heterologous expression system known as the “empty
neuron”. A first screen with a high concentration of the 32 candidate agonists (10~* dilution) revealed that nine
of them elicited a significant response (p < 0.05, Fig. 2), representing a 28% success rate. For comparison, 30% of
138 in silico predicted odorants activated the mosquito CO, receptor in a first round**. Machine learning models
based on ligand topology predicted 138 antagonists for mosquito Orco, out of which 45 were active (32%)*. In
this last study, it has to be noticed that 58 active antagonists were used to feed the machine learning, a number
that is much higher than the 13 ligands we used. In Drosophila, another study revealed that the success rate of
an optimized QSAR greatly depends on the receptor (varying from 27% to 71%)* and that lowest rates were
obtained for ORs tuned to aromatics (around 30%). Here, we add new evidences that machine learning is of great
help to discover novel ligands for Lepidoptera ORs.

Looking in detail at the new ligands identified for SlitOR25, none presented a reverse agonist activity (reduc-
tion of spontaneous activity), whereas this has been observed for 13% of predicted ligands for D. melanogaster
ORs when tested on OSNs?. This is likely attributed to the nature of the screened receptor, where reverse ago-
nists would be part of a far-removed chemical space compared to agonists. However, with the current lack of

SCIENTIFIC REPORTS |

(2020) 10:1655 | https://doi.org/10.1038/s41598-020-58564-9


https://doi.org/10.1038/s41598-020-58564-9

www.nature.com/scientificreports/

a) 680 odorants (DoOR) + b) 52 odorants (Spodoptera littoralis) ¢) >90M molecules (Pubchem)
52 odorants (Spodoptera littoralis) X . .
13 SlitOR25 ago. & 39 non-ago. 394 descriptors l(;hyswo-chemlcal filters
X =
394 descriptors 20 488 data points descriptors available
21168 data points 3306 282Xmolecules
Training set Test set .
t-SNE (80%) & (20%) 394 descriptors
42 molecules 10 molecules (1302 675 108 data points)
SVM model
Optimization E\AM licability Domai
b (C-SVC, pplicability Domain
L .‘F. linear kernel,
N $ ad leave-one-out) 90 putative new odorants
UZJ L a (32 commercially available)
“ - 4 e m Optimized
- = SVM model
“u
aymd
.-
Evaluate SVM performance
t-SNE 1

Figure 1. Analysis of insect odorant molecular space and protocol used for Spodoptera littoralis OR25
(SlitOR25) virtual screening. (a) Visualization of SlitOR25 and Drosophila melanogaster olfactory chemical
spaces based on a t-distributed stochastic neighbor embedding (t-SNE) dimensionality reduction method. The
agonists (ago) and non-agonists (non-ago) of SlitOR25 are shown in red and blue, respectively, and agonists of
D. melanogaster are shown in gray. Chemicals of the training set are shown in squares while those of the test
set are shown as triangles (b) Workflow of the Support Vector Machine (SVM) model based on an 80%/20%
split of the initial database. Forty-two molecules constituting the training set were used to find optimized
SVM parameters while 10 molecules were kept for a blind evaluation by the optimized SVM (Supplementary
Table S1). C-SVC: C-Support Vector Classification. (c) Virtual screening of more than three million molecules
extracted from the PubChem database resulted in 90 agonist candidates.

Dataset | %CC Precision Recall MCC
Training | 0.90 £0.03 0.77 £0.05 0.84+£0.08 0.77£0.07
Test 0.92+£0.06 0.88+0.16 091+0.12 0.83+£0.12

Table 1. Five-fold random split Support Vector Machine performance metrics. %CC: percentage of instances
correctly classified, MCC: Matthews Correlation Coefficient.

any structure of an insect OR (apart that of Orco)*, providing a mechanistic view on the way agonists work is
extremely difficult.

Dose-response analyses. To compare the responses evoked on SlitOR25 by the nine newly identified ago-
nists to those evoked by the previously known natural ligands, we conducted dose-response SSR experiments,
using dilutions ranging from 1077 to 1072, and effective doses 50 (ED50s) were calculated. Statistical analyses
for the responses of all molecules tested in dose-response are detailed in Table 3. For predicted molecules struc-
turally related to the ligand acetophenone (Fig. 3a), statistically significant responses (p < 0.05) were observed
for all tested molecules from 107° dilution. For the newly predicted ligands structurally related to benzaldehyde
(Fig. 3b), detection thresholds varied from 1077 (2,6-difluorobenzaldehyde) to 10~* (2-fluorobenzaldehyde) dilu-
tion, whereas that of benzaldehyde was 10~°. The predicted agonist 2-fluorobenzyl alcohol exhibited a higher acti-
vation threshold than the structurally related-known ligand benzyl alcohol (Fig. 3c). Our results demonstrated
that machine learning was very efficient in identifying new strong ligands for SlitOR25.

Independent of the pharmacophore approach and by visually inspecting the structures, the presence of a Fluor
atom at the ortho position in the ring (position 2) maintains the agonist behaviour for the three chemical families
(aldehydes, ketones, alcohol). Multiple fluorinations had either a weak beneficial effect on benzaldehyde deriva-
tives or decreased or abolished the response in other series (Supplementary Fig. S1).

The predicted molecules we functionally tested present strongly intertwined chemical spaces. The functional
assays we conducted revealed that some were strong agonists and other were non-agonists (Supplementary
Fig. S1), allowing us to tentatively recapitulate the features required for being an agonist through a pharma-
cophore approach (Supplementary Fig. S2). However, the model was not able to discriminate agonist from
non-agonists based on the position of the Fluor atom on the aromatic cycle.
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Compounds CAS Provider Purity
1-Naphthaldehyde 66-77-3 Alfa Aesar 97%
2/-Fluoroacetophenone 445-27-2 Alfa Aesar 97%
Phenylglyoxal monohydrate 1074-12-0 Acros organics 97%
Terephthalaldehyde 623-27-8 Alfa Aesar 98%
Isophthalaldehyde 626-19-7 Alfa Aesar 98%
1,3-benzenedimethanol 626-18-6 Alfa Aesar 98%
2-Fluorobenzaldehyde 446-52-6 Alfa Aesar 97%
2-Fluorobenzyl alcohol 446-51-5 Alfa Aesar 98%
4-Fluorobenzaldehyde 459-57-4 Alfa Aesar 98%
4-Fluorobenzyl alcohol 459-56-3 Alfa Aesar 97%
3,4-Difluorobenzaldehyde 34036-07-2 Alfa Aesar 98%
3,4-Difluorobenzyl alcohol 85118-05-4 Alfa Aesar 99%
2,3,4-Trifluorobenzyl alcohol 144284-24-2 Alfa Aesar 97%
Salicylic acid 69-72-7 VWR chemicals 98%
3-Fluorobenzyl alcohol 456-47-3 Alfa Aesar 98%
3- Fluorobenzaldehyde 456-48-4 Alfa Aesar 97%
2,5-Difluorobenzaldehyde 2646-90-4 Alfa Aesar 98%
2,6-Difluorobenzaldehyde 437-81-0 Alfa Aesar 97%
3,5-Difluorobenzyl alcohol 79538-20- 8 Alfa Aesar 97%
3,5-Difluorobenzaldehyde 32085-88-4 Alfa Aesar 97%
2,4-Difluorobenzyl alcohol 56456-47-4 Alfa Aesar 98%
2,4-Difluorobenzaldehyde 1550-35-2 Alfa Aesar 98%
2,3-Difluorobenzaldehyde 2646-91-5 Alfa Aesar 98%
3,4,5-Trifluorobenzyl alcohol 220227-37-2 Alfa Aesar 97%
2,4,5-Trifluorobenzyl alcohol 144284-25-3 Alfa Aesar 98%
1,3-Indanedione 606-23-5 Alfa Aesar 97%
p-tolualdehyde 104-87-0 Alfa Aesar 98%
4/-Fluoroacetophenone 403-42-9 Alfa Aesar 99%
2/,4'-Difluoroacetophenone 364-83-0 Alfa Aesar 98%
2-Methoxybenzoic acid 579-75-9 Alfa Aesar 98%
2,3-Difluorobenzyl alcohol 75853-18- 8 Alfa Aesar 97%
2,5-Difluorobenzyl alcohol 75853-20- 2 Alfa Aesar 98%
Benzaldehyde 100-52-7 Sigma-Aldrich 99,5%
Z-3-hexenol 928-96-1 Sigma-Aldrich 98%
Methyl salicylate 119-36-8 Sigma-Aldrich 99%
2-phenyl acetaldehyde 122-78-1 Sigma-Aldrich 98%
Benzyl methyl ether 538-86-3 Sigma-Aldrich 98%
Methyl benzoate 93-58-3 Acros organics 97%
Benzyl alcohol 100-51-6 Sigma-Aldrich 99%
Acetophenone 98-86-2 Acros organics 99%
E-2-hexenol 928-95-0 Sigma-Aldrich 96%
E-2-hexenal 6728-26-3 Sigma-Aldrich 98%
1-hexanol 111-27-3 Sigma-Aldrich 98%
1-heptanol 111-70-6 Sigma-Aldrich 99%

Table 2. Predicted agonists (this study) and known ligands'® (in bold) tested on SlitOR25.

Alternatively, a statistical analysis of the descriptors able to discriminate between agonists and non-agonists
revealed 105 descriptors out of the 394 processed initially. These descriptors can either be constitutional, topo-
logic, or electronic. They are challenging to interpret but could serve as a basis for a further screening protocol.

Conclusion

Machine learning widens the chemical space of a moth odorant receptor. In this study, we have
used machine learning to predict novel agonists for SlitOR25, a broadly tuned receptor in the Lepidoptera S.
littoralis. A Support Vector Machine was fed with 52 ligands for which the activity was already reported. After
optimization, a database of more than 90 million chemicals was filtered and screened. Out of the three million
of potentially useful molecules, 90 were predicted as agonists, of which 32 were commercially available. In vivo
functional assays and dose-response analyses on these latter assessed nine novel molecules as moderate or strong
agonists for the receptor.
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Figure 2. Response of Drosophila ab3A OSNs expressing SlitOR25 to 32 candidate ligands predicted via ligand-
based QSAR approach. Responses are presented & s.e.m. Grey bars: controls (ethanol solvent, blank). Red bars:
predicted compounds tested in SSR at high doses (1072, ethanol dilution). Purple bars: known SlitOR25 ligands
used as positive controls'® (1072, ethanol dilution). Asterisks indicate statistically significant differences between
responses to the odorant and to the solvent (Kruskal-Wallis test followed by a Dunnett multiple comparison
test, *p < 0.05, ***p < 0.001, n=10).

Dilutions
Tested molecules 107 10-¢ 10-° 10— 103 102
Acetophenone NS ok sk ®kk ek Seseske
Benzyl alcohol NS NS NS wkE e stk
Benzaldehyde NS ke sk ®kk ek Seseske
2/-Fluoroacetophenone NS ok sk Kk sk ek
2-Fluorobenzaldehyde NS NS NS ook Hkk sk
2-Fluorobenzyl alcohol NS NS L sskok ok ook
3-Fluorobenzaldehyde NS * sk ks sk sk
2,6-Difluorobenzaldehyde ok ok Hokok Hkok ok P
p-Tolualdehyde NS NS ok TS stk stk
4/-Fluoroacetophenone NS ok sk EEES Hokk Seseske
2/,4'-Difluoroacetophenone ok ok Hk sk k% sk

Table 3. Statistics for the responses of SlitOR25 to known (acetophenone, benzyl alcohol and benzaldehyde)
and new ligands at different doses. Solvent: ethanol. Asterisks indicate statistically significant differences
between responses to the odorant and to solvent (Kruskal-Wallis test followed by a Dunnett multiple
comparison test, *p < 0.05, ***p < 0.001, n=5).

Modeling has already been shown to provide accurate information and facilitate the selection of active mol-
ecules on odorant receptors. In insects, it has been applied only in two Diptera models, the fruit fly and the
mosquito?»*>?8, In this study, we reveal that a conventional machine learning approach is efficient for the iden-
tification of novel agonists for a moth receptor, whose amino acid sequence is unrelated to that of Diptera ORs.

It has to be noticed that none of the novel agonists discovered here has been previously described in the liter-
ature to be active on moth ORs and most are not described as plant emitted volatiles. Although they may not be
encountered by insects in the wild, we have anyhow extended the chemical space of S. littoralis and the cumulated
results open up ligand structure-function relationship analyses. More importantly, closed-loop machine learning
is now possible, where the new highly potent agonists discovered here could be used to train new models, further
improving predictions in alternative and far removed chemical spaces.
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Figure 3. Dose-response activities (measured via SSR), structures and ED50 values of newly identified

and three previously identified ligands on SlitOR25 expressed in Drosophila ab3A OSNs. SSR responses are
presented + s.e.m. Only molecules with a significant activity in the screening tests (p < 0.05, 10~ dilution,
Fig. 2) were tested in dose-response using dilutions from 1077 to 10~2. (a) Molecules structurally related to
the known ligand acetophenone: 2’-fluoroacetophenone, 4’-fluoroacetophenone, 2’,4’-difluoroacetophenone.
(b) Molecules related to the ligand benzaldehyde: 2-fluorobenzaldehyde, 3-fluorobenzaldehyde,
2,6-difluorobenzaldehyde, p-tolualdehyde. (c) Molecule related to the ligand benzyl alcohol: 2-fluorobenzyl

alcohol.

Methods
Reagents.

Reagents were purchased from various vendors (Table 2) at the highest available purity (ranging

from 96 to 99% depending on the molecules) and were dissolved in ethanol (96% purity, Carlo Erba reagents).

Quantitative structure activity relationship.

Softwares.

Knime v3.2.1 was used to build the work-

flow, chemical descriptors were computed with Dragon v6.0.40 and the LibSVM v2.89 was used for the machine

learning protocol®.
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Training and test sets. The initial database of 52 volatiles (Supplementary Table S1) was obtained from!'s.
The previously identified strong agonists of SlitOR25 were benzenoids (acetophenone, benzyl alcohol, benza-
ldehyde, phenyl acetaldehyde, 1-indanone) and short aliphatic alcohols and aldehydes (1-hexanol, 1-heptanol,
(Z)3-hexenol, (E)2-hexenal)'®, which are compounds emitted mainly by flowers and leaves®. The receptor also
responds to four other molecules (methyl salicylate, methyl benzoate, benzyl methyl ether, (E)2-hexenol), with
weaker but still significant responses. The SlitOR25 database thus contains 13 agonists and 39 non-agonists. It
was randomly split into a training set of 42 molecules and a test set of 10 molecules. Molecules of the training set
were considered for the optimization of the model. Those of the test set were not used to build the model but to
assess its performance.

External test set. 3 306 388 molecules out of 90 million were extracted from the Pubchem database®” according
to the following physico-chemical properties obtained directly on the website: each molecule has to contain a
combination of C, H, O, N, E S, or Cl elements with less than 20 heavy atoms, a molecular weight lower than
200 g.mol ™!, and a LogP in the range [0, 5].

Chemical space analysis. 'The Database of Odorant Response (DoOR v2.0)** was used to analyze the S. littoralis
chemical space that has been used to train the machine learning model. Excluding salts from the analysis, DoOR
contains 680 odorants that have been experimentally tested on D. melanogaster. The t-SNE dimensionality reduc-
tion method was used to evaluate how our database of 52 ligands span a typical insect chemical space.

Molecular descriptors.  For each dataset of the QSAR model (training, test and external sets) 4885 descriptors
were computed using the Dragon software (version 6.0.40) based on 3D sdf files obtained directly from Pubchem.
Constant or near-constant (variance lower than 0.005) descriptors were excluded from the database as well as
descriptors with at least one missing value. Each descriptor of the final matrix was normalized using a min-max
protocol (range [0,1]) before the split between training and test sets. Note that a normalization before or after
the split did not affect the nature of the predicted agonists. Redundant descriptors were removed (absolute pair
correlation greater than or equal to 0.95). The final SVM matrix contained 394 molecular descriptors. It was used
for the t-SNE visualization of the database containing both the S. littoralis and D. melanogaster chemical spaces
(see supplementary Fig. S3 for details on t-SNE). The descriptors were computed on a machine with an intel Xeon
with 32 GB of memory.

Setting up the QSAR model.  Various numerical models, such as Random Forest or Perceptron (data not shown),
were tested prior optimizing the chosen supervised machine learning method, the Support Vector Machine
(SVM). A brute force optimization was applied to assess the exhaustive parameter value combination. The C-SVC
(C-Support Vector Classification) model with a linear kernel was finally used.

The C-SVC parameters were optimized in a two-step process. First a 5-fold-random split was performed with
a cost ranging from 1 to 10 with a step of 1. Epsilon varied between 0.0001 and 0.1 with a step of 0.01. The model’s
accuracy remained identical for values in this range. Second, a more precise 5-fold-random split sampling was
performed, with a cost between 0.5 and 1.5 using a step of 0.1, and epsilon between 0.001 and 0.01 with a step of
0.001. Again, the accuracy was identical to that obtained with default settings (accuracy 0.9 £0.09).

The optimized SVM parameters were accordingly set as follows: cost = 1.0, epsilon 0.001. The leave-one-out
cross validation method was used. Each of the 13 agonists was given a score of 1 and the non-agonists were given
ascore of 0.

Applicability domain. A Tanimoto score that measures the similarity between compounds and varies between
0 and 1 (whereby a value closer to 1 indicates greater similarity) was calculated from Pubchem molecular fin-
gerprints (881 Pubchem molecular descriptors obtained from the CDK module of Knime). The use of Pubchem
fingerprints has already been shown to correctly capture biological activities®. Putative new odorants which had
a Tanimoto index higher than 0.92 with respect to the Training set were considered belonging to the applicability
domain. In our case, this corresponds to 90 molecules.

Single-sensillum recordings of Drosophila olfactory sensory neurons.  Flies were reared on stand-
ard cornmeal-yeast-agar medium (25°C, 12h light: 12 h dark cycle). SlitOR25-expressing flies were obtained
by crossing the line w; Ahalo/CyO; UAS-SlitOr25' with the line w; Ahalo/CyO;0r22a-Gal4*. Single-sensillum
recordings were conducted as previously described'®. Briefly, a 2- to 8-day-old fly was placed on a microscope
glass slide under a constant 1.5 L.min ! flux of charcoal-filtered and humidified air delivered through a glass tube
of a 7mm diameter, and observed with a light microscope (BX51WI, Olympus, Tokyo, Japan) equipped with a
100X magnification objective. Action potentials from ab3A OSNs were recorded using electrolytically sharpened
tungsten electrodes (TW5-6, Science Products, Hofheim, Germany).

Stimulus cartridges were built by placing a 1 cm? filter paper in a Pasteur pipette and loading 10 ul of the
odorant solution onto the paper (1072 dilution in ethanol), or 10 uL of ethanol as control. Evaporation time before
using the cartridge was 10 minutes. Odorant stimulations were performed by inserting the tip of the pipette into
a hole in the glass tube and generating a 500 ms air pulse (0.6 L.min™"). The responses of ab3A OSNs were cal-
culated as in* by subtracting the spontaneous firing rate (in spikes.s™!) from the firing rate during the odorant
stimulation.

The absence of the endogenous receptor OR22a in ab3A OSNs was verified using ethyl hexanoate (a strong
ligand of OR22a) as a stimulus. Then, the SlitOR25 response spectrum was established using the panel of 32
predicted agonists (Table 2) and four already known ligands as controls. The stimulus cartridges were used at
most twice per fly (and maximum eight times in total). The entire panel of molecules was tested ten times on ten
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different flies expressing SlitOR25. Odorants were considered as active if the response was statistically different
from the response elicited by the solvent alone (Kruskal-Wallis test, followed by a Dunnett multiple comparison
test, p < 0.05).

For molecules that yielded a statistically significant response, dose-response experiments were conducted
with odorant dilutions ranging from 1072 down to 10~7. Each dilution was tested in five different flies expressing
SlitOR25. ED50 were calculated (except for benzyl alcohol and 2-fluorobenzyl alcohol) using GraphPad PRISM
V.8.1.2 software.

SlitOR25 pharmacophore hypothesis. For the generation of the SlitOR25 pharmacophore, we consid-
ered a dataset of eleven odorants that are active on SlitOR25, as well as fourteen inactive compounds. All these
molecules are derivatives of acetophenone described in this work. The pharmacophore was generated with up to
four features, chosen between H-bond donors/acceptors, hydrophobic sites, and aromatic rings. Even considering
several conformations for each molecule, the pharmacophore hypotheses generated by the software CATALYST
(version 4.9.1, Accelrys Inc., San Diego, CA, August 2004) were identical, comprised of an aromatic ring and a
H-bond acceptor. The addition of exclusion volumes did not improve the model and was thus discarded.

Received: 2 August 2019; Accepted: 9 January 2020;
Published online: 03 February 2020

References
1. Kaupp, U. B. Olfactory signalling in vertebrates and insects: differences and commonalities. Nat. Rev. Neurosci. 11, 188-200, https://
doi.org/10.1038/nrn2789 (2010).
2. Leal, W. S. Odorant reception in insects: roles of receptors, binding proteins, and degrading enzymes. Annu. Rev. Entomol. 58,
373-391, https://doi.org/10.1146/annurev-ento-120811-153635 (2013).
3. Buck, L. & Axel, R. A novel multigene family may encode odorant receptors: a molecular basis for odor recognition. Cell 65,
175-187, https://doi.org/10.1016/0092-8674(91)90418-X (1991).
4. Vosshall, L. B., Amrein, H., Morozov, P. S., Rzhetsky, A. & Axel, R. A spatial map of olfactory receptor expression in the Drosophila
antenna. Cell 96, 725-736, https://doi.org/10.1016/S0092-8674(00)80582-6 (1999).
5. Clyne, P.]. et al. A novel family of divergent seven-transmembrane proteins: candidate odorant receptors in Drosophila. Neuron 22,
327-338, https://doi.org/10.1016/S0896-6273(00)81093-4 (1999).
6. Su, C. Y., Menuz, K. & Carlson, J. R. Olfactory perception: receptors, cells, and circuits. Cell 139, 45-59, https://doi.org/10.1016/j.
cell.2009.09.015 (2009).
7. Mombaerts, P. Seven-transmembrane proteins as odorant and chemosensory receptors. Sci. 286, 707711, https://doi.org/10.1126/
science.286.5440.707 (1999).
8. Benton, R., Sachse, S., Michnick, S. W. & Vosshall, L. B. Atypical membrane topology and heteromeric function of Drosophila
odorant receptors in vivo. PLoS Biol. 4, €20, https://doi.org/10.1371/journal.pbio.0040020 (2006).
9. Larsson, M. C. et al. Or83b encodes a broadly expressed odorant receptor essential for Drosophila olfaction. Neuron 43, 703-714,
https://doi.org/10.1016/j.neuron.2004.08.019 (2004).
10. Vosshall, L. B. & Hansson, B. S. A Unified Nomenclature System for the Insect Olfactory Coreceptor. Chem. Senses 36, 497-498,
https://doi.org/10.1093/chemse/bjr022 (2011).
11. Silbering, A. F. & Benton, R. Ionotropic and metabotropic mechanisms in chemoreception: ‘chance or design'? EMBO Rep. 11,
173-179, https://doi.org/10.1038/embor.2010.8 (2010).
12. Peterlin, Z., Firestein, S. & Rogers, M. E. The state of the art of odorant receptor deorphanization: a report from the orphanage. J.
Gen. Physiol. 143, 527-542, https://doi.org/10.1085/jgp.201311151 (2014).
13. Montagné, N., de Fouchier, A., Newcomb, R. D. & Jacquin-Joly, E. Advances in the identification and characterization of olfactory
receptors in insects. Prog. Mol. Biol. Transl. Sci. 130, 55-80, https://doi.org/10.1016/bs.pmbts.2014.11.003 (2015).
14. Silva Teixeira, C. S., Cerqueira, N. M. & Silva Ferreira, A. C. Unravelling the Olfactory Sense: From the Gene to Odor Perception.
Chem. Senses 41, 105-121, https://doi.org/10.1093/chemse/bjv075 (2016).
15. Wang, B,, Liu, Y., He, K. & Wang, G. Comparison of research methods for functional characterization of insect olfactory receptors.
Sci. Rep. 6, 32806, https://doi.org/10.1038/srep32806 (2016).
16. Wang, G., Carey, A. E, Carlson, J. R. & Zwiebel, L. J. Molecular basis of odor coding in the malaria vector mosquito Anopheles
gambiae. Proc. Natl Acad. Sci. USA 107, 4418-4423, https://doi.org/10.1073/pnas.0913392107 (2010).
17. Carey, A. E, Wang, G., Su, C. Y., Zwiebel, L. J. & Carlson, J. R. Odorant reception in the malaria mosquito Anopheles gambiae. Nat.
464, 66-71, https://doi.org/10.1038/nature08834 (2010).
18. de Fouchier, A. et al. Functional evolution of Lepidoptera olfactory receptors revealed by deorphanization of a moth repertoire. Nat.
Commun. 8, 15709, https://doi.org/10.1038/ncomms15709 (2017).
19. Hallem, E. A. & Carlson, J. R. Coding of odors by a receptor repertoire. Cell 125, 143-160, https://doi.org/10.1016/j.cell.2006.01.050
(2006).
20. Mathew, D. et al. Functional diversity among sensory receptors in a Drosophila olfactory circuit. Proc. Natl Acad. Sci. USA 110,
E2134-2143, https://doi.org/10.1073/pnas.1306976110 (2013).
21. Ray, A. Reception of odors and repellents in mosquitoes. Curr. Opin. Neurobiol. 34, 158-164, https://doi.org/10.1016/j.
conb.2015.06.014 (2015).
22. Katritzky, A. R. et al. Synthesis and bioassay of improved mosquito repellents predicted from chemical structure. Proc. Natl Acad.
Sci. USA 105, 7359-7364, https://doi.org/10.1073/pnas.0800571105 (2008).
23. Oliferenko, P. V. et al. Promising Aedes aegypti repellent chemotypes identified through integrated QSAR, virtual screening,
synthesis, and bioassay. PLoS ONE 8, 64547, https://doi.org/10.1371/journal.pone.0064547 (2013).
24. Tauxe, G. M., MacWilliam, D., Boyle, S. M., Guda, T. & Ray, A. Targeting a dual detector of skin and CO2 to modify mosquito host
seeking. Cell 155, 1365-1379, https://doi.org/10.1016/j.cell.2013.11.013 (2013).
25. Boyle, S. M., McInally, S. & Ray, A. Expanding the olfactory code by in silico decoding of odor-receptor chemical space. Elife 2,
€01120, https://doi.org/10.7554/eLife.01120 (2013).
26. Bushdid, C., de March, C. A., Fiorucci, S., Matsunami, H. & Golebiowski, J. Agonists of G-Protein-Coupled Odorant Receptors Are
Predicted from Chemical Features. J. Phys. Chem. Lett. 9, 2235-2240, https://doi.org/10.1021/acs.jpclett.8b00633 (2018).
27. Mansouri, K. & Judson, R. S. In Silico Study of In Vitro GPCR Assays by QSAR Modeling. Methods Mol. Biol. 1425, 361-381, https://
doi.org/10.1007/978-1-4939-3609-0_16 (2016).
28. Kepchia, D. et al. Use of machine learning to identify novel, behaviorally active antagonists of the insect odorant receptor co-
receptor (Orco) subunit. Sci. Rep. 9, 4055, https://doi.org/10.1038/s41598-019-40640-4 (2019).
29. Salama, H. S., Dimetry, N. Z. & Salem, S. A. On the host preference and biology of the cotton leaf worm Spodoptera littoralis. Ztg. fiir
Angew. Entomologie 67, 261-266, https://doi.org/10.1111/§.1439-0418.1971.tb02122.x (1970).

SCIENTIFIC REPORTS |

(2020) 10:1655 | https://doi.org/10.1038/s41598-020-58564-9


https://doi.org/10.1038/s41598-020-58564-9
https://doi.org/10.1038/nrn2789
https://doi.org/10.1038/nrn2789
https://doi.org/10.1146/annurev-ento-120811-153635
https://doi.org/10.1016/0092-8674(91)90418-X
https://doi.org/10.1016/S0092-8674(00)80582-6
https://doi.org/10.1016/S0896-6273(00)81093-4
https://doi.org/10.1016/j.cell.2009.09.015
https://doi.org/10.1016/j.cell.2009.09.015
https://doi.org/10.1126/science.286.5440.707
https://doi.org/10.1126/science.286.5440.707
https://doi.org/10.1371/journal.pbio.0040020
https://doi.org/10.1016/j.neuron.2004.08.019
https://doi.org/10.1093/chemse/bjr022
https://doi.org/10.1038/embor.2010.8
https://doi.org/10.1085/jgp.201311151
https://doi.org/10.1016/bs.pmbts.2014.11.003
https://doi.org/10.1093/chemse/bjv075
https://doi.org/10.1038/srep32806
https://doi.org/10.1073/pnas.0913392107
https://doi.org/10.1038/nature08834
https://doi.org/10.1038/ncomms15709
https://doi.org/10.1016/j.cell.2006.01.050
https://doi.org/10.1073/pnas.1306976110
https://doi.org/10.1016/j.conb.2015.06.014
https://doi.org/10.1016/j.conb.2015.06.014
https://doi.org/10.1073/pnas.0800571105
https://doi.org/10.1371/journal.pone.0064547
https://doi.org/10.1016/j.cell.2013.11.013
https://doi.org/10.7554/eLife.01120
https://doi.org/10.1021/acs.jpclett.8b00633
https://doi.org/10.1007/978-1-4939-3609-0_16
https://doi.org/10.1007/978-1-4939-3609-0_16
https://doi.org/10.1038/s41598-019-40640-4
https://doi.org/10.1111/j.1439-0418.1971.tb02122.x

www.nature.com/scientificreports/

30. Health), E. P. P. E. P. 0. P. Scientific Opinion on the pest categorisation of Spodoptera littoralis. EFSA Journal 13, 3987, https://doi.
org/10.2903/j.efsa.2015.3987 (2015).

31. de Fouchier, A. et al. Behavioral Effect of Plant Volatiles Binding to Spodoptera littoralis Larval Odorant Receptors. Front. Behav.
Neurosci. 12, 264, https://doi.org/10.3389/fnbeh.2018.00264 (2018).

32. Butterwick, J. A. et al. Cryo-EM structure of the insect olfactory receptor Orco. Nat. 560, 447-452, https://doi.org/10.1038/s41586-
018-0420-8 (2018).

33. Munch, D. & Galizia, C. G. DoOR 2.0-Comprehensive Mapping of Drosophila melanogaster Odorant Responses. Sci. Rep. 6, 21841,
https://doi.org/10.1038/srep21841 (2016).

34. Dobritsa, A. A., van der Goes van Naters, W., Warr, C. G., Steinbrecht, R. A. & Carlson, J. R. Integrating the molecular and cellular
basis of odor coding in the Drosophila antenna. Neuron 37, 827-841, https://doi.org/10.1016/s0896-6273(03)00094-1 (2003).

35. Chang, C.-C. & Lin, C.-J. LIBSVM: a library for support vector machines. ACM Transactions on Intelligent Systems and Technology
2, article 27, https://doi.org/10.1145/1961189.1961199 (2011).

36. Knudsen, J. Y., Eriksson, R., Gershenzon, J. & Stahl, B. Diversity and Distribution of Floral Scent. Bot. Rev. 72, 1-120, https://doi.
org/10.1663/0006-8101(2006)72[1:DADOFES]2.0.CO;2 (2006).

37. Kim, S. et al. PubChem 2019 update: improved access to chemical data. Nucleic Acids Res. 47, D1102-D1109, https://doi.
0rg/10.1093/nar/gky1033 (2019).

38. Hao, M., Wang, Y. & Bryant, S. H. An efficient algorithm coupled with synthetic minority over-sampling technique to classify
imbalanced PubChem BioAssay data. Analytica Chim. acta 806, 117-127, https://doi.org/10.1016/j.aca.2013.10.050 (2014).

39. de Fouchier, A. et al. Evolution of two receptors detecting the same pheromone compound in crop pest moths of the genus
Spodoptera. Front. Ecol. Evol. 3, 95, https://doi.org/10.3389/fev0.2015.00095 (2015).

Acknowledgements

The authors thank Philippe Touton (iEES-Paris) for insect rearing and Xiaojing Cong (ICN, Nice) for help with
the software PRISM V.8.1.2. This work has been funded by INRAE, Sorbonne Université and the French National
Research Agency (ANR-16-CE21-0002). GC-V received doctoral fellowships from BECAL and the National
Council of Science and Technology of Paraguay. C.B. has been granted by GIRACT for a PhD bursary. We also
benefited from funding from the French government, through the UCAJEDI “Investments in the Future” project
managed by the ANR grant No. ANR-15-IDEX-01.

Author contributions

E.J.-].,J.G., N.M. and S.E. conceived and designed the experiments. G.C.-V. and C.B. designed and performed the
experiments and analyzed the data. H.G. perform experiments. E.J.-J., ].G., G.C.-V., C.B.,, N.M. and S.E wrote and
revised the paper. All authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-58564-9.

Correspondence and requests for materials should be addressed to N.M., J.G. or E.J.-].
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:1655 | https://doi.org/10.1038/s41598-020-58564-9


https://doi.org/10.1038/s41598-020-58564-9
https://doi.org/10.2903/j.efsa.2015.3987
https://doi.org/10.2903/j.efsa.2015.3987
https://doi.org/10.3389/fnbeh.2018.00264
https://doi.org/10.1038/s41586-018-0420-8
https://doi.org/10.1038/s41586-018-0420-8
https://doi.org/10.1038/srep21841
https://doi.org/10.1016/s0896-6273(03)00094-1
https://doi.org/10.1145/1961189.1961199
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1663/0006-8101(2006)72[1:DADOFS]2.0.CO;2
https://doi.org/10.1093/nar/gky1033
https://doi.org/10.1093/nar/gky1033
https://doi.org/10.1016/j.aca.2013.10.050
https://doi.org/10.3389/fevo.2015.00095
https://doi.org/10.1038/s41598-020-58564-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Machine learning decodes chemical features to identify novel agonists of a moth odorant receptor

	Results and Discussion

	In silico prediction of SlitOR25 agonists. 
	Effect of predicted agonists on SlitOR25 activity. 
	Dose-response analyses. 

	Conclusion

	Machine learning widens the chemical space of a moth odorant receptor. 

	Methods

	Reagents. 
	Quantitative structure activity relationship. 
	Softwares. 
	Training and test sets. 
	External test set. 
	Chemical space analysis. 
	Molecular descriptors. 
	Setting up the QSAR model. 
	Applicability domain. 

	Single-sensillum recordings of Drosophila olfactory sensory neurons. 
	SlitOR25 pharmacophore hypothesis. 

	Acknowledgements

	﻿Figure 1 Analysis of insect odorant molecular space and protocol used for Spodoptera littoralis OR25 (SlitOR25) virtual screening.
	Figure 2 Response of Drosophila ab3A OSNs expressing SlitOR25 to 32 candidate ligands predicted via ligand-based QSAR approach.
	Figure 3 Dose-response activities (measured via SSR), structures and ED50 values of newly identified and three previously identified ligands on SlitOR25 expressed in Drosophila ab3A OSNs.
	Table 1 Five-fold random split Support Vector Machine performance metrics.
	Table 2 Predicted agonists (this study) and known ligands18 (in bold) tested on SlitOR25.
	Table 3 Statistics for the responses of SlitOR25 to known (acetophenone, benzyl alcohol and benzaldehyde) and new ligands at different doses.




