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Abstract
The C. elegans wild strain DL226 carries a 30 bp inframe deletion in the odr-10 gene coding for the diacetyl olfactory
receptor. DL226 animals are defective for attraction to diacetyl but not to pyrrole, an unrelated odorant also sensed by
AWA neurons. Using genome editing in the N2 background, we show that this inframe deletion is causal for the defect in
diacetyl sensing. The deletion specifically removes the predicted ligand-binding extracellular loop 2 (ECL2).

Figure 1. A 30 bp deletion in the odr-10 extracellular loop 2 domain abolishes diacetyl sensing in the wild C. elegans
strain DL226:

(A) Change in the predicted ODR-10 protein sequence in DL226, with the altered amino-acids highlighted in red in the
primary sequence. Below is shown the predicted protein structure using Alphafold where the colors correspond to
estimated quality of the prediction (decreasing from dark blue to light blue, yellow and red). The deleted extracellular loop
2 is indicated on the top right and magnified in the box. Tyr190 and Leu199 are the first and last amino-acids of the
deleted segment, respectively. Tyr188 is the first of the predicted beta-sheet. Some other amino-acids bulging out on the
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predicted structure are highlighted. (B) Olfaction tests using diacetyl. The graph on the left (1:100) corresponds to three
experimental blocks and the graph in the center (1:1000) to three other experimental blocks and are thus plotted
separately. Shapes of datapoints within each graph correspond to blocks. The graph on the right corresponds to a single
experiment at three concentrations. Statistics are provided in the text and Extended Data Table. (C) Olfaction test using
1:100 pyrrole, conducted in two experimental blocks indicated by datapoint shapes.

Description
The first C. elegans G-protein coupled olfactory receptor to be identified through a genetic screen, odr-10, is expressed in
AWA neurons and confers attraction to diacetyl (Sengupta et al., 1996; Troemel et al., 1997). Its ectopic expression in
AWB chemosensory neurons is sufficient to confer diacetyl repulsion (Troemel et al., 1997). The C. elegans genome
contains thousand such G-protein coupled receptors (GPCRs), evolving by duplications, divergence and pseudogenization
(Robertson and Thomas, 2006). In natural populations of C. elegans, many olfactory receptors are potentially under
selection for the capacity to detect relevant odors in specific environments, as found in Drosophila for ionotropic olfactory
receptors (e.g. Benton, 2022; Pellegrino et al., 2011; Prieto-Godino et al., 2017). Of note, a non-sense polymorphism in a
putative diacetyl receptor was found by association mapping using single-nucleotide polymorphisms and olfaction tests in
humans, and diacetyl binding of the corresponding protein was confirmed using in vitro assays (Trimmer et al., 2019).

We examined polymorphisms in the C. elegans odr-10 gene using genome-wide polymorphism data in CeNDR (Cook et
al., 2017). Unlike many other GPCR genes, odr-10 is located in a genomic region that does not contain hyperdivergent
genotypes (Lee et al., 2021). The gene accordingly displays few non-synonymous polymorphisms and no nonsense
mutation. The most striking polymorphism is a 30 bp inframe deletion in the DL226 strain, isolated from Oregon, USA
(Figure 1A). We further focus on this indel polymorphism.

We tested the DL226 wild strain for attraction to diacetyl (Figure 1B) and found a significant reduction compared to the
N2 strain in attraction towards a diacetyl spot at a 1:1000 dilution (log odds ratio = 4.81, 95% CI = 3.82 – 5.80, z = 12.5, p
< 10-4) and at a 1:100 diacetyl dilution (log odds ratio = 4.11, 95% CI = 3.19 – 5.02, z = 11.6, p < 10-4). We then tested
whether DL226 was sensitive to another odor sensed by the AWA neurons, pyrrole, and found no significant effect (log
odds ratio = 0.62, 95% CI = -0.24 – 1.48, z = 1.86, p = 0.25) (Figure 1C). This result showed that DL226 animals are able
to respond in the olfaction test and are not generally defective for olfaction by the AWA neuron.

Using CRISPR/Cas9 genome editing, we obtained the 30 bp deletion allele in the N2 background (allele bab603) and
tested it in parallel with DL226 and a strain carrying the null deletion allele odr-10(ky225) (Sengupta et al., 1996). Our
results showed that the deletion alone could explain the DL226 diacetyl phenotype. This deletion also mimicked the null
allele for diacetyl sensing as there was no significant difference in attraction between strains at 1:100 (log odds ratio =
-0.42, 95% CI = -0.86 – 0.018, z = -2.46, p = 0.066) and 1:1000 (log odds ratio = 0.067, 95% CI = -0.18 – 0.31, z = 0.11, p
= 0.89) diacetyl dilutions (Figure 1B). The variation in diacetyl sensing between N2 and DL226 is thus possibly
monogenic and explained by this indel polymorphism.

The odr-10 deletion in DL226 remarkably removes amino-acids in the extracellular loop 2 (ECL2) of the GPCR between
trans-membrane domains 3 and 4. ECL2 is the largest extracellular loop, usually involved in binding odorants in GPCRs
(Wheatley et al., 2012; Yu et al., 2022). In the predicted protein structure using AlphaFold, the deleted amino-acids
strikingly correspond to a small putative beta-sheet fold predicted to extend out of the protein (Figure 1A).

The 30 bp inframe deletion is derived, as it is not found in the close duplicate str-112 (Robertson, 2001), nor in the
outgroup C. briggsae orthologs. The str-112 gene is a close duplicate of odr-10 (Robertson, 2001), also expressed in AWA
(Chen et al., 2014). The STR-112 receptor differs from ODR-10 in ECL2, including Val194Glu, and it is not redundant
with ODR-10.

Overall, the odr-10 gene is highly conserved among C. elegans strains, suggesting strong stabilizing selection. The
deletion studied here was so far only found in DL226 (Cook et al., 2017). It is possible that local conditions favored an
absence of attraction to diacetyl in the populations where DL226 comes from. Alternatively, it may correspond to a rare
deleterious mutation; however, it appears unlikely that a random deleterious mutation would have inactivated the receptor
by an inframe deletion of this small extracellular domain, rather than a frameshift, stop codon or inframe deletion in other
parts of the protein. Also, if the small indel behaved as a full knockout, it would have been likely to accumulate further
mutations making it a pseudogene, like many C. elegans GPCRs (Robertson and Thomas, 2006) - a caveat being that the
mutation may be too recent. The puzzle remains of whether the protein carrying this partial deletion without
pseudogenization can bind another odorant or have a different activity.

Methods
Strains and culture

All C. elegans strains used in this study were maintained as hermaphrodites at 20°C on Nematode Growth Medium
(NGM) poured into Petri plates and seeded with E. coli OP50, with prior bleaching to remove possible contamination
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micro-organisms (Stiernagle, 2006). The strains used in this study are listed in the table below:

Strain Genotype Source

N2 reference strain Paul Sternberg

DL226 wild isolate C. Hilburn, Dee Denver, Robyn Tanny

MCP603 odr-10(bab603) this work

CX3410 odr-10(ky225) CGC

The odr-10(ky225) allele is a partial deletion of the locus obtained using transposition and imprecise excision of the Tc1
transposon (Sengupta et al., 1996).

Natural deletion and CRISPR/Cas9 genome editing

The N2 allele at the odr-10 locus includes the sequence TCCAAGCAAGTTTTTgaggtagatatgccttactccgttt
tcgtaTTGGTACTGAAAGTATA (Sternberg et al. 2024). In the DL226 wild strain, the 30 bp in small letters are deleted
and repaired with addition of TTT, resulting in the inframe sequence TCCAAGCAAGTTTTTTTTTT
GGTACTGAAAGTATA.

The odr-10(bab603) allele reconstitutes the DL226 deletion in the N2 background and was obtained using CRISPR/Cas9
genome editing by the SegiCel platform (Lyon, France), according to methods in Dokshin et al. (2018). An injection mix
with 0.25 µg/µL Cas9 protein (IDT), 3 pmol/µL of the duplex crRNA-MG048/tracrRNA, 110 ng/µL sODN oMG156 and
40 ng/µL pRF4 (rol-6 with a dominant mutation conferring a Roller phenotype). The replacement was screened using
PCR primers oMG157-159 designed using WormBase (Sternberg et al. 2024) and checked using Sanger sequencing.

Guide RNA CrMG048 ACCAATACGAAAACGGAGTA

Repair oMG173
acggaaaccatcaaactagatactttcagTACCAAaaaAAAAAg

TTGCTTGGATGCTTTGTTCATTACTTTGTCATGgt

oMG157 TACCCGTGACAATGTGGGC

oMG158 TCGAGTCCCGGGTACAGAAA

oMG159 ACGAAAACGGAGTAAGGCAT

Chemotaxis assay

Chemotaxis assays were performed in 90 mm buffered agar plates (NaCl, 2% agar, 1 mM CaCl2, 1 mM MgSO4, 25 mM
KPO4 buffer and 5 mg/ml Cholesterol), without bacteria. 2 µL of 1 M sodium azide were spotted on two opposite sides of
the plate 0.5 cm away from the edge to immobilize the animals once they moved to one side. 2 µL of test and control
(solvent) were then spotted near the sodium azide spot on opposite sides of the plate 1 cm away from the edge. The
solvent for the chemicals used in this study is chloroform for both diacetyl and pyrrole. 70 h after a 4 h egg lay at 20°C.
Gravid adult hermaphrodites were washed with S-Basal Buffer 3 times and approximately 60-80 worms were spotted in
the center of the plate. The plates were covered with parafilm and incubated at 25°C for 3 hours. After the incubation,
animals were counted on each side of the plate (i.e. near the control and the test) and elsewhere. The Chemotaxis Index
(CI) was calculated for each replicate using the following equation:

Chemotaxis Index (CI) = (Animals on the test side – Animals on the control side)/ Total number of animals

The diacetyl tests were performed in several independent blocks (experiments) for each concentration of diacetyl. Detailed
scorings are available as Extended Data Table.

Statistics

All statistics were performed using the R programing language (R Core Team, 2023). We wished to account for the
possible effect of blocks (different experiments) and to use a test that had no requirement about normality of the residuals.
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Thus, probability of attraction to the odorant was estimated using a generalized linear mixed model with a binomial family
distribution for the data using the glmmTMB package (v. 1.1.8) (Brooks et al., 2017). The observed number of animals in
the test side and control side of the plate were modeled as a function of genotype and a random effect of genotype nested
within block to account for block effects. Note that very few animals were not found on either side at the end of the
experiments (see Extended Data Table). Estimated marginal means for each phenotype, with 95% confidence intervals,
were calculated using the emmeans package (v. 1.8.9) (Lenth et al., 2023). Pairwise comparisons between genotypes as
log-odds ratio were tested using contrasts from the emmeans package, with a Tukey adjustment of p-values to account for
multiple testing. The R code is provided in the Extended Data file 'chemotaxis_assay.Rmd'. Detailed statistics are
available in the Extended Data Table.

Variation in results of the diacetyl chemotaxis assay

We note that in previous experiments performed in the Singh laboratory in Bangalore (Siddiqui et al. 2024), DL226
displayed a positive chemotaxis index in the 0.7-0.8 range, even though it was significantly less attracted than N2. We first
thought that the results presented in the left and middle graphs of Figure 1B were explained by the age (20 years) of the
diacetyl bottle in the Félix laboratory. We ordered a new bottle and obtained a different result on two different days (see
Supplemental Dataset). A 10-3 dilution in some experiments produced no attraction (index close to 0; Figure 1B, right)
from the odr-10 mutants while on other days the median attraction index reached 0.5 (see Extended Data Table, sheet
RM_diacetyl). The concentration range at which odr-10 mutants fail to chemotact also varies between published articles
(Sengupta, Chou, and Bargmann 1996; Ryan et al. 2014). We suspect that the dose-response range of both wild-type and
mutant depends on many environmental factors that we do not control. A recent method article points to steps that could
be sensitive (Cesar and Morud 2025).

This variability does not change the main conclusion that DL226 is less attracted to diacetyl than N2 and that the odr-10
inframe deletion is a main causal polymorphism.

Protein structure prediction

We used the European Bioinformatics Institute server (https://alphafold.ebi.ac.uk/) for a protein structure prediction based
on Alphafold (Jumper et al., 2021).
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Extended Data
Description: Code used for statistical analysis.. Resource Type: Model. File: chemotaxis_assay.Rmd. DOI:
10.22002/bszpz-kya58

Description: Extended Data Table with the raw counts of animals on the olfaction plates, additional experimental blocks,
and statistics.. Resource Type: Dataset. File: Extended_Data_Table.xlsx. DOI: 10.22002/zt0gm-y5z17

References
Benton R. 2022. Drosophila olfaction: past, present and future. Proc Biol Sci 289(1989): 20222054. PubMed ID:
36515118

Brooks ME, Kristensen K, Benthem KJv, Magnusson A, Berg CW, Nielsen A, et al., Bolker. 2017. glmmTMB balances
speed and flexibility among packages for zero-inflated Generalized Linear Mixed Modeling. The R Journal 9: 378. DOI:
10.32614/RJ-2017-066

Cesar L, Morud J. 2025. Enhancing reproducibility in chemotaxis assays for Caenorhabditis elegans. Current Protocols 5:
10.1002/cpz1.70106. DOI: 10.1002/cpz1.70106

Chen C, Itakura E, Weber KP, Hegde RS, de Bono M. 2014. An ER complex of ODR-4 and ODR-8/Ufm1 specific
protease 2 promotes GPCR maturation by a Ufm1-independent mechanism. PLoS Genet 10(3): e1004082. PubMed ID:
24603482

Cook DE, Zdraljevic S, Roberts JP, Andersen EC. 2017. CeNDR, the Caenorhabditis elegans natural diversity resource.
Nucleic Acids Res 45(D1): D650-D657. PubMed ID: 27701074

Dokshin GA, Ghanta KS, Piscopo KM, Mello CC. 2018. Robust genome editing with short single-stranded and long,
partially single-stranded DNA donors in Caenorhabditis elegans. Genetics 210(3): 781-787. PubMed ID: 30213854

Jumper J, Evans R, Pritzel A, Green T, Figurnov M, Ronneberger O, et al., Hassabis D. 2021. Highly accurate protein
structure prediction with AlphaFold. Nature 596(7873): 583-589. PubMed ID: 34265844

 

7/26/2025 - Open Access

http://www.wormbase.org/db/get?name=WBStrain00005834;class=Strain
http://www.wormbase.org/db/get?name=WBStrain00000001;class=Strain
http://www.wormbase.org/db/get?name=WBGene00003856;class=Gene
http://www.wormbase.org/db/get?name=WBGene00003856;class=Gene
http://www.wormbase.org/db/get?name=WBStrain00005834;class=Strain
http://www.wormbase.org/db/get?name=WBStrain00000001;class=Strain
http://www.wormbase.org/db/get?name=WBGene00003856;class=Gene
mailto:https://alphafold.ebi.ac.uk/
https://portal.micropublication.org/uploads/504e91586e71252c24f50c2bca42b899.Rmd
https://doi.org/10.22002/bszpz-kya58
https://portal.micropublication.org/uploads/693652a61f21ff5c79efd0e6515fc150.xlsx
https://doi.org/10.22002/zt0gm-y5z17
https://www.ncbi.nlm.nih.gov/pubmed/36515118
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1002/cpz1.70106
https://www.ncbi.nlm.nih.gov/pubmed/24603482
https://www.ncbi.nlm.nih.gov/pubmed/27701074
https://www.ncbi.nlm.nih.gov/pubmed/30213854
https://www.ncbi.nlm.nih.gov/pubmed/34265844


 

Lee D, Zdraljevic S, Stevens L, Wang Y, Tanny RE, Crombie TA, et al., Andersen EC. 2021. Balancing selection
maintains hyper-divergent haplotypes in Caenorhabditis elegans. Nat Ecol Evol 5(6): 794-807. PubMed ID: 33820969

Lenth R, Bolker B, Buerkner P, Giné-Vasquez I, Herve M, Jung M, et al., Singmann H. 2023. emmeans: Estimated
Marginal Means, aka Least-Squares Means. https://cran.r-project.org/web/packages/emmeans/index.html

Pellegrino M, Steinbach N, Stensmyr MC, Hansson BS, Vosshall LB. 2011. A natural polymorphism alters odour and
DEET sensitivity in an insect odorant receptor. Nature 478(7370): 511-4. PubMed ID: 21937991

Prieto-Godino LL, Rytz R, Cruchet S, Bargeton B, Abuin L, Silbering AF, et al., Benton R. 2017. Evolution of acid-
sensing olfactory circuits in drosophilids. Neuron 93(3): 661-676.e6. PubMed ID: 28111079

R Core Team, 2023. R: A language and environment for statistical computing. in: Computing, R Foundation for Statistical
Computing. (Ed.), Vienna, Austria. http://www.R-project.org/

Robertson HM. 2001. Updating the str and srj (stl) families of chemoreceptors in Caenorhabditis nematodes reveals
frequent gene movement within and between chromosomes. Chem Senses 26(2): 151-9. PubMed ID: 11238245

Robertson HM, Thomas JH. 2006. The putative chemoreceptor families of C. elegans. WormBook: 1-12. PubMed ID:
18050473

Ryan DA, Miller RM, Lee K, Neal SJ, Fagan KA, Sengupta P, Portman DS. 2014. Sex, age, and hunger regulate
behavioral prioritization through dynamic modulation of chemoreceptor expression. Current Biology 24: 2509-2517. DOI:
10.1016/j.cub.2014.09.032

Sengupta P, Chou JH, Bargmann CI. 1996. odr-10 encodes a seven transmembrane domain olfactory receptor required for
responses to the odorant diacetyl. Cell 84: 899-909. DOI: 10.1016/s0092-8674(00)81068-5

Siddiqui R, Mehta N, Ranjith G, Félix MA, Chen C, Singh V. 2024. Olfactory basis for essential amino acid perception
during foraging in Caenorhabditis elegans. : 10.7554/elife.101936.1. DOI: 10.7554/eLife.101936.1

Sternberg PW, Van Auken K, Wang Q, Wright A, Yook K, Zarowiecki M, et al., Stein. 2024. WormBase 2024: status and
transitioning to Alliance infrastructure. GENETICS 227: 10.1093/genetics/iyae050. DOI: 10.1093/genetics/iyae050

Stiernagle T. 2006. Maintenance of C. elegans. WormBook: 1-11. PubMed ID: 18050451

Trimmer C, Keller A, Murphy NR, Snyder LL, Willer JR, Nagai MH, et al., Mainland JD. 2019. Genetic variation across
the human olfactory receptor repertoire alters odor perception. Proc Natl Acad Sci U S A 116(19): 9475-9480. PubMed
ID: 31040214

Troemel ER, Kimmel BE, Bargmann CI. 1997. Reprogramming chemotaxis responses: sensory neurons define olfactory
preferences in C. elegans. Cell 91(2): 161-9. PubMed ID: 9346234

Wheatley M, Wootten D, Conner MT, Simms J, Kendrick R, Logan RT, Poyner DR, Barwell J. 2012. Lifting the lid on
GPCRs: the role of extracellular loops. Br J Pharmacol 165(6): 1688-1703. PubMed ID: 21864311

Yu Y, Ma Z, Pacalon J, Xu L, Li W, Belloir C, et al., Cong X. 2022. Extracellular loop 2 of G protein-coupled olfactory
receptors is critical for odorant recognition. J Biol Chem 298(9): 102331. PubMed ID: 35926708

Funding: 
 Supported by Indo-French Centre for the Promotion of Advanced Research (India) 6503-4 to Varsha Singh and Marie-

Anne Félix.

Author Contributions: Aatira Mehraj: investigation, writing - original draft. Rémy Mimbré: investigation, validation,
visualization, formal analysis, writing - review editing. Katie Pelletier: formal analysis, writing - review editing. Varsha
Singh: conceptualization, funding acquisition, project administration, methodology. Marie-Anne Félix: conceptualization,
supervision, funding acquisition, project administration, writing - original draft.

Reviewed By: Anonymous

Nomenclature Validated By: Anonymous

WormBase Paper ID: WBPaper00068367

History: Received June 25, 2025 Revision Received July 24, 2025 Accepted July 26, 2025 Published Online July 26,
2025 Indexed August 9, 2025

Copyright: © 2025 by the authors. This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International (CC BY 4.0) License, which permits unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are credited.

Citation: Mehraj A, Mimbré R, Pelletier K, Singh V, Félix MA. 2025. A polymorphic inframe deletion in the ODR-10
extracellular loop 2 abolishes diacetyl sensing. microPublication Biology. 10.17912/micropub.biology.001722

 

7/26/2025 - Open Access

https://www.ncbi.nlm.nih.gov/pubmed/33820969
https://www.ncbi.nlm.nih.gov/pubmed/21937991
https://www.ncbi.nlm.nih.gov/pubmed/28111079
https://www.ncbi.nlm.nih.gov/pubmed/11238245
https://www.ncbi.nlm.nih.gov/pubmed/18050473
https://doi.org/10.1016/j.cub.2014.09.032
https://doi.org/10.1016/s0092-8674(00)81068-5
https://doi.org/10.7554/eLife.101936.1
https://doi.org/10.1093/genetics/iyae050
https://www.ncbi.nlm.nih.gov/pubmed/18050451
https://www.ncbi.nlm.nih.gov/pubmed/31040214
https://www.ncbi.nlm.nih.gov/pubmed/9346234
https://www.ncbi.nlm.nih.gov/pubmed/21864311
https://www.ncbi.nlm.nih.gov/pubmed/35926708
https://doi.org/10.17912/micropub.biology.001722


7/26/2025 - Open Access


