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Data sources

The DARTpaths application makes use of its own internal database, which can be filled with data from various sources. Some data sources do not allow redistribution and other may require a license for e.g., non-academic usage. Therefore, users are encouraged to create their own scripts for extraction, transformation and loading (ETL) of data, In that way they can ensure that the imported data fits their needs and licenses. Moreover, it allows them to add non-public data from in-house academic or enterprise sources or external commercial data vendors. For a number of public data sets (see Table 1), example ETL script are shared with the DARTpaths source code under the same Apache 2.0 license.

Table 1. Data sources and licenses.
	Data source
	Data type
	URL
	Terms and conditions
	ETL

	Concawe
	Substance categories
	https://www.concawe.eu
	(not specified)
	Downloaded by ETL scripts

	Dictybase
	Mutant phenoytpes
	http://dictybase.org
	(not specified)
	Downloaded by ETL scripts

	ECHA
	Substances
	https://echa.europa.eu/
	https://echa.europa.eu/nl/legal-notice
	Users needs to confirm terms and conditions before download

	ECHA
	Classification, Labelling and Packaging (CLP) regulation
	https://echa.europa.eu/
	https://echa.europa.eu/nl/legal-notice
	Users needs to confirm terms and conditions before download

	Ensembl
	Orthology data (cross-species homologous genes)
	https://www.ensembl.org
	https://www.ebi.ac.uk/about/terms-of-use/
	Downloaded by ETL scripts

	EPA
	Substances
	https://comptox.epa.gov
	https://comptox.epa.gov/dashboard/about
	Downloaded by ETL scripts

	EPA
	In vitro cell assays
	https://comptox.epa.gov
	https://comptox.epa.gov/dashboard/about
	Downloaded by ETL scripts

	FlyBase
	Genotype-phenotype associations
	https://flybase.org/
	https://wiki.flybase.org/wiki/FlyBase:About#FlyBase_Copyright
	Downloaded by ETL scripts

	International Mouse Phenotyping Consortium
	Genotype-phenotype associations
	https://www.mousephenotype.org
	https://www.mousephenotype.org/about-impc/terms-of-use
	Downloaded by ETL scripts

	LOA-Reach consortium
	Substance categories
	https://loa-reach.com/
	(not specified)
	Shared in dartpaths repository

	MGI
	Genotype-phenotype associations
	http://www.informatics.jax.org/
	http://www.informatics.jax.org/mgihome/other/copyright.shtml
	Downloaded by ETL scripts

	OBO
	Ontologies
	http://obofoundry.org
	http://obofoundry.org lists licenses for individual ontologies
	Downloaded by ETL scripts

	QSARtoolbox
	In vivo substance activity (regulatory studies)
	https://qsartoolbox.org
	http://www.oecd.org/termsandconditions , https://echa.europa.eu/nl/legal-notice
	Users need to register before download

	Reactome
	Biological pathways
	https://reactome.org/
	https://reactome.org/license
	Downloaded by ETL scripts

	Reactome
	Mapping from Ensembl genes to Reactome pathways
	https://reactome.org/
	https://reactome.org/license
	Downloaded by ETL scripts

	Wormbase
	Phenotypes observed after exposure to substance
	https://wormbase.org
	https://wormbase.org/about/policies
	Downloaded by ETL scripts

	ZFIN
	Substances
	https://wiki.zfin.org
	https://wiki.zfin.org/display/general/WARRANTY+AND+LIABILITY+DISCLAIMER%2C+OWNERSHIP%2C+AND+LIMITS+ON+USE
	Downloaded by ETL scripts

	ZFIN
	Phenotypes observed after exposure to substance
	https://wiki.zfin.org
	https://wiki.zfin.org/display/general/WARRANTY+AND+LIABILITY+DISCLAIMER%2C+OWNERSHIP%2C+AND+LIMITS+ON+USE
	Downloaded by ETL scripts

	(Dartpaths consortium)
	Mammalian phenotypes extracted from literature (demo)
	
	Apache 2.0 license
	Shared in dartpaths repository

	(Dartpaths consortium)
	Fine-grained orthology additions (demo)
	
	Apache 2.0 license
	Shared in dartpaths repository



Phenotype pathway enrichment analysis
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		Figure S1. The Phenotype Pathway Enrichment Analysis aspect (shown in purple) within the semantic data model of Xpaths.






Specificity of phenotypes and genes
The specificity of phenotypes is calculated using the following steps: 
1) The information content (IC) score is calculated for each phenotype based on the number of gene associations through genetic variants (see equation 1). Here, f represents the number of genes that the current phenotype is associated with, whereas n represents the total number of associations between all phenotypes and all genes (i.e., a constant). (For example, an aspecific C. elegans phenotype such as “embryonic lethal” that occurs 3,249 times has an IC of 4.6, while a more specific phenotype such as “anterior ganglion development variant” that occurs only once has an IC of 16.3.)
				(1)
2) A weighted IC is calculated so that it ranges from 0 (i.e., least specific) to 1 (i.e., most specific) and thereby normalized between species (see equation 2). Thus, the specific IC value that would become a 0 or 1 depends on the species-specific distribution of IC values.
				(2)
3) The specificity of each gene is calculated as the average of the weighted ICs of phenotypes associated with that gene.

Pathway prediction from phenotypic endpoints
The pathway prediction module uses an area under the curve (AUC) algorithm to find the best matching pathways (see Figure S2) for a set of phenotypes induced by a compound. It does this by using the following steps: 

1) Each phenotype is represented by a vector of all genes that are either associated or not (1 = hit and 0 = no hit).
2) A profile vector is created of all genes that are associated with at least one phenotype. 
3) The profile vector with genes each has a specificity value (i.e., average of weighted information score of all associated phenotype for that gene).
4) The pathways that belong to the genes in the profile vector are looked up, and the overlap genes are marked (1 = overlap, 0 = no overlap), creating a pathway-specific query.
5) The profile vector is sorted in descending order (i.e., ranked) based on the specificity of genes. 
6) The query vector is sorted in descending order (i.e., ranked) based on the specificity of genes first (i.e., average of weighted information score of all associated phenotype for that gene) and the presence of hits second (i.e., for ties in information score). 
7) A curve is drawn based on a cumulative sum of the query vector (i.e., each element is the value of the corresponding query vector element plus the sum of all preceding elements in the same vector).
8) To get the AUC value, this new curve vector is summed. The maximum possible AUC value for each pathway is determined by its size (i.e., the number of genes) and the query order (i.e., phenotype specificity and number of overlap genes).
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	Figure S2. Example of pathway prediction.
Note. Numbers 1-8 correspond to the steps explained in the ‘Pathway prediction from chemical toxicity endpoint data’ section.




In vitro scores are calculated using the Jaccard index, 	where A is the set of in vitro targets targeted by the compound and B is the set of in vitro targets present on the pathway for which an in in vitro assay has been carried out. 

Pathway p-value calculation
p-values of predicted pathway are calculated by using Monte Carlo simulations (see Figure S3). It uses this to calculate the chance of false positive pathways, using the following steps:
1) Do 1000 simulations to randomly draw the same number of phenotypes as was used as input for the pathway prediction, and for the same species. (For example, say you have calculated the AUC value based on three phenotypes, then a simulation will be done a 1000 times by drawing a random set of three phenotypes and calculating the AUC value for each predicted pathway, given those three random phenotypes.)
2) The AUC value of each pathway, compared to the maximum possible AUC value for that pathway (given its size and query order), will be calculated as a percentage. This is done both for the true set of phenotypes as well as for the random set of phenotypes for each simulation.
3) Calculate the number of false positive pathways by counting the number of simulations where the random AUC percentage was larger than the actual AUC percentage, i.e. the pathway was more likely to be affected at random.
4) For each species, calculate the p-value as the chance of false positives, by using a ratio between the percentage of false positive pathways over the number of simulations (equation 4). For example, say that after 1000 simulations, 50 simulations showed a larger hit percentage than the actual hit percentage, i.e., there are 50 positives, then the p-value becomes 0.051 (i.e., 50+1/1000+1).
5) Calculate the harmonic mean of cross-species p-values, combining the p-values for mammalian, C. elegans, and zebrafish phenotypes (equation 5) (Wilson, 2020).
6) The p-values for all pathways are then corrected for multiple comparisons using the false discovery rate (Benjamini & Hochberg, 1995; equation 8). FDR-corrected p-values < .05 are considered significant.

			(4)

			(5)
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	Figure S3. Example of p-value calculation for pathways.



Summary at Reactome hierarchy level

The DARTpaths application can be configured to summarize the pathway prediction by showing only Reactome pathways at a certain hierarchical level (typically level 3 and 4). In that case, the displayed p-value is the minimum of the p-values of that pathway and its sub-pathways.

In addition to the phenotype data, our database also contains in vitro assay data. Typically, the activity of a compound (or substance) is measured in a number of gene assays. If the potency of the compound for an assay is higher than a pre-defined threshold (e.g. pAC50 value), this is considered a hit. We use a Jaccard index to calculate an “in vitro score” for each pathway. This score describes the overlap between the hit genes for the compound and the genes that were measured for that compound (hit or no hit) that are part of the pathway of interest. This score is only calculated for human Reactome pathways. Non-human genes are mapped to their human orthologs before calculating the score. If the same gene is measured in multiple assays or experiments, it is counted only once and considered a hit if there is at least one hit for the gene for the compounds of interest.

			(6)

We do not combine the in vitro score (equation 6) with the p-values obtained from the phenotype pathway enrichment analysis to create a single score. This has various reasons. Firstly, as our current in vitro data does not originate from a unbiased genome-wide analysis, it is relatively sparse (only a small number of genes is measured for each pathway) and may be biased to certain genes or pathways. Secondly, the definition of a “hit” may be arbitrary in some cases. Thirdly, there may not be any relation between the number of hits in a pathway and the expected disruption of the pathway as the pathway architecture and kinetics are not captured in the current data and analysis. For example disruption of a receptor may have more impact than disruption of multiple downstream pathway components. Although it is not included in the primary ranking, the in vitro score can be useful as a secondary measure for ranking pathway relevance and is used as such in the DARTpaths application.

Pathway-to-phenotype mapping
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	Figure S4. The Pathway to Phenotype Mapping aspect (shown in purple) within the semantic data model of Xpaths.



Phenotype prediction from genes 

The predicted phenotypic effects are found by mapping pathways to genes, mapping those to orthologous genes and finding enrichment of phenotypes among genetic variants of those orthologous genes. Mutant phenotypes characterize the consequence of disturbing or disrupting a gene’s information output. Genetic  variation data with its corresponding effect on phenotypes is used to predict the effect of disturbing a pathway.

Phenotype p-value calculation

p-values are calculated based on hypergeometric distribution (equation 7). 

					(7)

where,

n = number of annotated genes with phenotype x
m = number of genes in the pathway that have phenotype annotation
N = total number of genes for that species that have phenotype annotation 
i = count (n Ç m)


					(8)


Adjusted p-values

P-values are adjusted to control the False Discovery Rate (Benjamini & Hockberg, 1995) If the p-values are sorted as , the adjusted p-value corresponding to  is given by equation 9 (Benjamini,Heller, Yekutieli, 2009).

				(9)

Only phenotypes with  are considered significant.
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Tutorial
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Figure S5. Landing page DARTpaths to search for a substance (left).
Note. You can search for a chemical by entering a name, CAS number, EC number or SMILES string. 
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Figure S6. Search results for a substance.
Note. A list of matching substances is generated. By selecting one of the compounds, you will see detailed information for this compound.
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Figure S7. Main substance exploration page for diethylstilbestrol (DES).
Note. On the left, the name of the compound as well as the normalized structure is displayed. When regulatory studies are available, it is indicated how many of those studies report DART adverse effects with a lowest effect level. When phenotypes are present in the database, the number of phenotypes in different organisms is displayed and the total number of in vitro hits for this compound and the names of the targets. 
In the middle the predicted affected molecular pathways are displayed, based on Mammalian phenotypes (yellow), Non-mammalian phenotypes (magenta) and in vitro assays (orange). 
By selecting one of the pathways detailed information about the predicted pathway is presented on the right.
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Figure S8. Overview of pathway selection in substance exploration.
Note. For the selected pathway, an overview of the conservation of the pathway in different model organisms is presented. This enables a user to assess if that model organism is useful to assess toxicity of this compound. The number of phenotypes that point to this pathway (via Phenotype Pathway Enrichment Analysis) is given (here 14 mammalian, 4 non-mammalian phenotypes). 
In the right panel by clicking on Phenotypes the phenotypes that lead to the identification of this pathway are displayed.
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Figure S9. Phenotypes of pathway selection in substance exploration.
Note. By clicking on in vitro you see the in vitro targets that are present on the currently selected molecular pathway.
Using ‘filter and recalculate’, the phenotypes on which the Phenotype Pathway Enrichment Analysis is based on can be changed (eg based on expert knowledge which phenotypes are relevant). 
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Figure S10. Filter and recalculate mammalian phenotypes in substance exploration.
Note. Clicking on ‘Read full text’ displays the text exerpt on which the Phenotype annotation is based. 
In addition, the target information on which the prediction is based can be adapted
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Figure S11. Filter and recalculate in vitro assays in substance exploration.
Note. Based on expert knowledge which in vitro targets are of relevance. A new ranking of pathways is then displayed:
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Figure S12. Main substance exploration page after using filter and recalculate.
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Figure S13. Phenotypes in substance exploration page.
Note. The links at the top (Pathway ranking, Regulatory studies, in vitro, Phenotypes, Similar substances) give detailed information. For example for phenotypes, the source of the phenotypic information is given. 
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Figure S14. Similar substances in substance exploration page for diethylstilbestrol.
Note. Similar substances leads to a page with compounds that are chemically similar to the currently selected compound.
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Figure S15. Main substance exploration page for benzene.
Note. Searching with benzene leads to a different overview.
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Figure S16. Regulatory studies in substance exploration page.
Note. For benzene, a large number of regulatory studies are available, for which an overview is provided. 
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Figure S17. Similar substances in substance exploration page.
Note. In the tab similar substances an overview is give for how many of these regulatory studies find the compound to have adverse effects (magenta) for developmental and reproductive toxicity (DART). And shows similar substances.
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Figure S18. Landing page DARTpaths to explore pathways (right).
Note. If the molecular pathway is known, it is also possible to start from this end. Enter the name of a pathway or select from a list, here Aryl hydrocarbon receptor signalling is taken as an example.
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Figure S19. Orthology relation in main pathway exploration page.
Note. An overview of the conservation of all genes of the pathway in model organisms is provided at the top. 
Details of which genes are present in each of the model organisms as 1-to-1 ortholog, 1-to-many ortholog or many-to-many ortholog. 
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Figure S20. Orthology relation details in pathway exploration page.
Note. Clicking on the orthology relation gives the identity of the gene(s).
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Figure S21. Associated phenotypes in pathway exploration page.
Note. Associated phenotypes are predicted with the pathway to phenotype prediction algorithm based on genetic variation induced phenotypes of gene members of the pathway. Precomputed enrichment values are present in the application. These can be used to predict expected endpoints for interference with this pathway in model organisms. 
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Figure S22. UVCB exploration.
Note. Also complex compounds are found in the application.
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Figure S23. Kerosines search results.
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Figure S24. Similar substances of the selected UVCB.
Note. Through the tab similar substances, compounds that compose the UVCB are found together with regulatory information, in vitro studies etc.
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Figure S25. The about page of DARTpaths.
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