
This study identified 56 genes that can be considered 
candidate genes associated with ciliary function in C. 
elegans. By identifying enriched clusters across 
developmental stages and cell types, we obtained a set 
of genes that co-cluster with known ciliary genes. We 
then trained a classifier using weighted Functional 
Landscape Arrays (wFLAs), which was used to identify 
genes of interest among these co-clustering genes.

Our next steps include refining this list of candidates by 
integrating supervised and unsupervised analyses of 
other sequence-independent features, such as patterns 
of structural motif localization and additional 
transcriptomic datasets. We will also evaluate alternative 
sources of known ciliary genes, as well as other 
clustering algorithms and classifiers. Furthermore, we aim 
to improve the wFLA model by reducing the effect of 
physical proximity, which results in highly similar wFLAs 
among neighboring genes regardless of their function. 
Ultimately, we aim to refine the candidate list using 
complementary computational and biological criteria 
before proceeding to experimental validation.
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The primary cilium is an evolutionarily conserved organelle present in many eukaryotic cells, where it plays a central role in cellular signaling and environmental sensing (Hilgendorf et al. 2024). Despite its importance, the complete set of genes required for its 
structure and function remains incompletely characterized. Although cilia have a characteristic protein composition, no consensus sequences or domains enable their systematic identification. We hypothesized that ciliary genes share expression-based and 
other biological features, independent of DNA sequence similarity, that can be used for their identification. Caenorhabditis elegans provides a powerful model for studying ciliary biology due to its well-characterized nervous system, ease of experimental 
manipulation, and abundant publicly available transcriptomic data.

We constructed a transcriptomic dataset from publicly available single-cell RNA sequencing data (Packer et al. 2019; Taylor et al. 2021). Agglomerative clustering was performed independently on embryo and adult datasets, and clusters enriched in ciliary genes 
were identified. Genes co-clustering with known ciliary genes were selected as candidates for further analysis.

Functional Landscape Arrays (FLAs) provide a numerical representation of a gene's genomic context (Pazos Obregón et al. 2022). Weighted FLAs (wFLAs) were constructed using genomic windows of different sizes around each gene and quantifying the 
presence of functional groups within these regions. These features were used to train and evaluate different classifiers, and the best-performing model was applied genome-wide to generate a second set of candidate genes. Finally, candidates from both 
approaches were integrated, yielding a preliminary set of 56 genes potentially associated with ciliary function.
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wFLA (Weighted Functional Landscape Array)

For a gene g and GO term t in a window containing 2w + 1 genes, with a decay factor L, and a distance between TSSs in 
bp d, a weighted FLA is defined as:
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A weighted FLA is then calculated for 
each gene in the genome.

FLAs have previously 
demonstrated predictive 
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eukaryotes when used as 

features in machine learning 
models (Pazos Obregón et 

al., 2022).
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Model evaluation

3a, 3b. Performance metrics (test set) for the Random Forest model trained with wFLAs. The plot shows the variation of each metric as a function 
of the decision threshold. 

4a. ROC curve, 4b. confusion matrix for the model and 4c. top 9 values of mean decrease in impurity (permutation importance) for the features in wFLAs.
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Agglomerative Clustering of sc-RNA seq data

1. Dendrogram showing cluster size, fold enrichment and 
p-value (Fisher’s Test with multiple-testing correction). Enriched 
clusters  are highlighted for embryos (1a) and adults (1b).
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Default threshold 
(0.5)

Optimized threshold 
(0.57)

Precision 0.75 0.87

Recall 0.83 0.72

F1 score 0.79 0.79

ROC-AUC 0.88

3b

1a

1b

Co-clustering genes (CCG) in clusters enriched in ciliary genes were 
identified for each condition (embryo CCG, adult CCG) and 

enrichment analysis of these lists was performed.

2. Bubble plot showing enrichment in different anatomical and 
phenotypical WormBase terms and GO terms. No significant enrichment 
values were found in adult CCG.
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Embryo CCG (n = 146 genes) was enriched for cilia-related terms 
across all categories assessed. It included 8 

predicted/computationally annotated ciliary genes (Gaudet et al. 
Simonis et al.), and was therefore retained for subsequent analyses.

Classification of embryo CCG
The classifier was applied to the embryo CCG list. The results were as follows:

The model was evaluated a second time by classifying predicted ciliary genes with no 
experimental annotations. Of 260 genes, the results were as follows:

5. Bar chart showing the distribution of assigned probability scores of belonging to the positive 
class for ciliary genes with no experimental annotations.
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6. Bar chart showing the distribution of assigned probability scores of belonging to the positive class for embryo CCG.
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The 56 genes with probability scores above the optimal threshold were selected as a preliminary candidate list. Enrichment 
analysis was performed and previously existing annotations were examined.

7. Bubble plot showing enrichment in different anatomical and 
phenotypical WormBase terms and GO terms for the preliminary 
candidate list.

8

8. Gene Ontology annotations of the preliminary candidate list.
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