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            Abstract
It is not known at present whether neuronal cell-type diversity—defined by cell-type-specific anatomical, biophysical, functional and molecular signatures—can be reduced to relatively simple molecular descriptors of neuronal identity1. Here we show, through examination of the expression of all of the conserved homeodomain proteins encoded by the Caenorhabditis elegans genome2, that the complete set of 118 neuron classes of C. elegans can be described individually by unique combinations of the expression of homeodomain proteins, thereby providing—to our knowledge—the simplest currently known descriptor of neuronal diversity. Computational and genetic loss-of-function analyses corroborate the notion that homeodomain proteins not only provide unique descriptors of neuron type, but also have a critical role in specifying neuronal identity. We speculate that the pervasive use of homeobox genes in defining unique neuronal identities reflects the evolutionary history of neuronal cell-type specification.
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                    Fig. 1: The homeobox gene family in C. elegans, and representative expression patterns.


Fig. 2: Summary of expression patterns of homeodomain proteins across the nervous system, and similarity of neuron classes on the basis of homeodomain codes.


Fig. 3: Homeodomain expression atlas for entire nervous system of C. elegans.


Fig. 4: Previously uncharacterized homeobox genes act as regulators of neuronal identity.



                


                
                    
                
            

            
                Data availability

              
              All newly generated data, including the expression pattern of every homeobox gene, are available in Supplementary Tables 1, 2. Additionally, whole-worm confocal images of all homeobox genes analysed are available in Extended Data Figs. 1–8. Newly generated reporter strains made during this study are available from the Caenorhabditis Genetics Center. The most up-to-date version of the community-curated transgene expression resource used is available in Supplementary Table 5.

            

Code availability

              
              The R code used to generate the Jaccard distance matrix for the clustering of homeobox genes and neuron classes is available on the GitHub of the O.H. laboratory, at https://github.com/hobertlab/Reilly_2020/tree/master/Jaccard_Distance. The MATLAB code used to create the minimal codebook of homeobox genes is available at https://github.com/hobertlab/Reilly_2020/tree/master/Minimal_Codebook.
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Extended data figures and tables

Extended Data Fig. 1 ANTP and HOXL homeodomain protein expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 2 NKL homeodomain protein expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifer are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 3 CUT and LIM homeodomain expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 4 POU, PRD and SIX homeodomain protein expression patterns.
Neuronal identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone, and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 5 PRD-like homeodomain protein expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 6 HNF, PROS, TALE and ZF homeodomain protein expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged image of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 7 Divergent homeodomain protein expression patterns.
Neuronal cell identifications with NeuroPAL are provided for one member of each class and shown as the GFP reporter alone, the NeuroPAL landmark alone and a merged picture of the GFP reporter with the NeuroPAL landmark. Neurons are circled in yellow and the identities of those neurons by NeuroPAL identifier are immediately beside them. V indicates the vulva of the worm. Heads, midbodies and tails of each reporter are shown and labelled accordingly. The outer body of the worm and pharynx are outlined in white. All images are of L4 or young adult worms unless otherwise noted as an expression outside of the L4 nervous system. Ten worms were analysed for each reporter strain and characteristic images were chosen.


Extended Data Fig. 8 Homeobox gene expression ordered by lineage and neurotransmitter identity.
Representation of homeobox gene expression pattern with neurons ordered by their lineage and genes ordered by similarity of expression by the Jaccard index (as in Fig. 3). Neurons are further coloured by their neurotransmitter identity: acetylcholine, red; glutamate, yellow; GABA, blue; amine, green; unknown, grey.


Extended Data Fig. 9 Features of the homeobox gene code.
a, The 70 conserved homeobox genes alone are sufficient to codify all neuron classes. Neuron classes are coloured by neuron type (sensory, blue; motor, pink; interneuron, yellow; and pharyngeal, grey) and ordered by similarity between neuron classes defined by the Jaccard index as in Fig. 2b. Homeobox genes are coloured by subfamily, and ordered by similarity of neuron class expression and sparsity. b, Theoretical minimal code of conserved homeobox genes required to distinguish every neuron class (determined mathematically, as described in Methods). Colours are as in a.


Extended Data Fig. 10 Homeobox codes define neuronal subclasses.
a, Homeobox codes subdivide neuron classes in the head. Images of head neuron classes are provided from http://www.WormAtlas.org. Homeobox genes expressed in each neuron are listed. Yellow colour indicates the homeobox gene is expressed in all members of that neuron class. Orange and green colours indicate that the homeobox gene is expressed in only a subset of neuron class members. b, Tabular representation of homeobox gene expression subdividing members of the ventral nerve cord motor neurons. Red and blue boxes correspond to cholinergic and GABAergic neurotransmitter identity, respectively. Green boxes indicate the gene is a member of the HOX subfamily; grey boxes indicate that a gene is expressed in some neurons of the VNC; black boxes indicate that a gene is expressed in all neurons of the VNC.


Extended Data Fig. 11 Homeobox genes affecting neuronal marker gene expression.
a, Correlation between predicted gene expression patterns and actual expression patterns in each neuron class. Actual expression patterns for each neuron class were determined by a community-curated list of 1,132 fluorescent reporter expression patterns in all 118 neuron classes (Supplementary Table 5). Predicted gene expression was found by multivariate linear regression of known reporter expression patterns using homeobox gene expression atlas. Correlation coefficient was calculated by Pearson, in which a coefficient of 0.5–0.7 is moderate, 0.7–0.9 is a strong and 0.9–1.0 is a very strong correlation, consistent with ref. 54. b–e, Additional characteristic images for the quantification shown in Fig. 4a–c. We analysed about 15 independent worms per genotype, acquired over at least two separate imaging sessions with an equal mix of both genotypes. Characteristic images were chosen. b, Expression of dop-2, a dopamine receptor, is lost in RIA in the ceh-8-mutant worm. c, Expression of flp-10, a neuropeptide, is lost or becomes dimmer in PVR in the ceh-31-mutant worm. d, e, Expression of glr-3, a glutamate receptor, is lost in RIA in both the ceh-8- (c) and the ceh-32- (d) mutant worms. f, Summary of effects of the loss of homeobox gene on neuronal identity throughout entire nervous system of C. elegans, based on previous studies (specified in Supplementary Table 2) and the mutant analysis conducted here. Dark grey boxes indicate gene activator function; black boxes indicate repressor function.





Supplementary information
Reporting Summary

41586_2020_2618_MOESM2_ESM.xlsx
Supplementary Table 1 Previously reported homeobox gene expression patterns. Summary of previously reported expression patterns of neuronally expressed homeobox genes, ordered by homeobox gene class and color-coded as in other supplemental tables. Available reagent previously analyzed and the status of reported expression in identified neurons is provided. All information is extracted from Wormbase where relevant references can be found. “locus reporter” = exon/introns + upstream region, but not always with 3’ UTR or all intergenic region (in contrast, fosmid reporters usually contain several genes up and downstream of relevant gene). “transcriptional, incomplete reporter” = 5’ upstream sometimes with exons/introns but never with all exons and introns. If our analysis of fosmid-based reporters and/or CRISPR/Cas9-engineered reporter alleles has revealed differences from this original identification it is noted as “yes” and if it has not changed it is noted as “no”. Differences may not solely be due to novel sites of expression compared to previous reports, but our improved ability for cell identification using the NeuroPAL landmark strain.


41586_2020_2618_MOESM3_ESM.xlsx
Supplementary Table 2 Summary of homeobox genes analyzed including gene subfamily, protein domains, conservation, reporter strains, neuron expression and known function. Homeobox genes ordered by class. Protein domains and gene conservation as reported in26. Strain names and type of reagents analyzed in this study are listed. Expression in the L4 nervous system based on colocalization with NeuroPAL strain as in28 (characteristic images in Extended Data Fig S1-S7). Function of gene in the nervous system is noted and references for previously characterized function listed as PMIDs. Tandem gene duplications and expression profiles highlighted as in text. For easier viewing and manipulation of gene expression, lists of neuron classes where each gene is expressed are provided as well as a binary table of genes by neuron class. The same tables are also provided for expression in single neurons.


41586_2020_2618_MOESM4_ESM.xlsx
Supplementary Table 3 Summary of homeobox gene expression by individual neuron and neuron classes. To easily view the gene expression data, human-readable lists of genes expressed in each neuron class are provided excluding panneuronal genes. Computer-readable binary tables, including panneuronal genes, are also provided. Included in these tables are the neurotransmitter identity and neuron type of each neuron class. The same tables are also provided for expression in individual neurons.


41586_2020_2618_MOESM5_ESM.xlsx
Supplementary Table 4 Comparison of homeodomain protein expression and available single-cell RNA sequencing data in neuron classes. To analyze the similarity between available scRNA sequencing data and our reported homeodomain expression, we used the provided bootstrap median data (averaging resampled RNA levels 1000 times) from31,32 and applied no cutoff (i.e. any TPM>0 counted as real expression). We then directly compared the binary expression profiles of the homeobox gene mRNA in isolated neuron classes with our reported homeodomain protein expression (colored in legend in figure). We found that the scRNA-seq expression data from the 42 identified L2 neuron classes recapitulated only 38% of our homeodomain protein expression. We calculated this percentage by taking the agreed expression (blue) and dividing it by the agreed expression plus the expression seen only in the homeodomain protein analysis (blue+ red). We next asked if scRNA-seq was able to detect mRNA of our homedomain proteins at any point. So, we added the scRNA-seq embryo data available for those 42 neuron classes and found that this increased the coverage to 55%. This percentage was calculated as above with the agreed expression divided by the agreed plus the expression seen only in the homeodomain protein analysis.
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Supplementary Table 5 Community-curated reporter expression patterns in the C. elegans nervous system. The most updated version of the community-curated reporter expression patterns in 21. We listed this as a binary table of genes by neuron, where 1 represents reporter expression in that neuron and 0 represents no expression in a neuron or no data. This expression atlas is also made available with gene names by each individual neuron. Additionally, we replaced previously described homeobox gene expression patterns, which were largely inaccurate, with the homeobox gene expression patterns described in this paper.
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