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PhyloBrowse: A visual interactive tool to explore phylogenomic data
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Abstract
Summary: PhyloBrowse is an interactive web-based tool that supports phylogenomic data exploration. Given a phylogenetic tree, it depicts the relationship between individual genes in the supermatrix used for phylogeny reconstruction and nodes within the tree. The data layers can be filtered in a variety of ways to highlight phylogenetic features of interest. The link http://phylobrowse.bio.nyu.edu/ contains an example of PhyloBrowse applied to plants.
Availability and implementation: PhyloBrowse is a JavaScript program. Source code, documentation and example files are freely available under the MIT License at https://bitbucket.org/PhyloBrowse
Contact: ge30@nyu.edu or gc2@nyu.edu
Supplementary information: Supplementary data are available at Bioinformatics online.
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Introduction 
Publicly available genomic and transcriptomic data for myriad species and efficient computational methods allow the robust evolutionary reconstruction of various parts of the tree of life (Lee et al., 2011; Zapata et al., 2015, Silva et al., 2015 and Shen et al., 2016). Such phylogenomic analyses are also used for estimating a quantitative measurement relating genes to specific branches or nodes within a phylogenetic tree, such as molecular selection (non-synonymous to synonymous rate ratio, best known as dN/dS) (Yang, 2007; Kosakovsky et al., 2004) and the Partitioned Branch Support (PBS, also referred to as Partitioned Bremer Support) (Cibrián-Jaramillo et al., 2010; Lee et al., 2011). Numerous tools have been developed for phylogenetic tree visualization and annotation, such as PhyD3 (Kreft et al., 2017), ETE Toolkit (Huerta-Cepas et al., 2010; Huerta-Cepas et al., 2016), EvolView (He et al., 2016), iTOL (Letunic and Bork, 2016), Dendroscope (Huson and Scornavacca, 2012) and FigTree (http://tree.bio.ed.ac.uk/software/figtree/). While effective at displaying a tree topology, and static node and branch labels, current phylogenomic visualization tools lack an interactive interface to support the exploration of , exploration and mining interface for genome-wide gene-to-node relationships. data. A unique feature of By contrast, PhyloBrowse – compared to existing phylogenomic visualization tools - is that it is interactive and allows users to interactively interrogate their phylogenomic trees to identify the genes and biological processes that are enriched at nodes of species divergence, for functional studies.
Description and Features
PhyloBrowse is an interactive web-based data visualization tool for exploring genome-scale phylogenetic trees and their associated gene-to-node measurements. PhyloBrowsethat allows dynamic visualization of sets of genes (i.e., processes) that support clade separation at one or more internal nodes. We demonstrate the salient features of PhyloBrowse using a previously-published genome-scale phylogenomic analysis of seed plant phylogeny of 102 taxa by Lee et al., 2011 (Fig. 1). In this example dataset, PBS support values were calculated for every gene at every internal node in the tree. GO term enrichment analysis was also reported per node, indicating enriched terms for genes that provide positive support (PBS ≥4) to a given node. Although we refer here to PBS values and GO term annotations, other gene-to-node associations (e.g. dN/dS) and annotation types (e.g. KEGG pathways, InterPro domains, etc.) can be explored using PhyloBrowse, and are can be defined by the user in the configuration file (see Supplemental User Guide). 
[image: ]Tree visualizationFig. 1. The PhyloBrowse interface for exploring genome-scale phylogenetic trees and their associated gene-to-node measurements.  For demonstration purposes, data was taken from a seed plant phylogenomic analysis, by Lee et al., 2011 (available at http://phylobrowse.bio.nyu.edu/).  Tree visualization – Each node in the tree is associated with a tooltip window containing the genes (and gene-to-node values) and the enriched annotation terms (and p-values) that are associated with them. Node filters panel – Genes and annotation terms can be selected to highlight (in orange) nodes that are associated with them. Nodes enriched for selected terms are colored in purple. Other nodes will remain green or collapse (in black). Union/Intersect/Difference – Selected nodes are colored in light blue, as the lists of genes/terms are dynamically updated for each category. Taxonomy classification – a dropdown menu in the top right corner allows to switch between taxonomic ranks that are further displayed adjacent to the tree terminals. Every taxonomic group is assigned a different color, which allows the detection of incongruence placements along the tree.

PhyloBrowse displays a phylogenetic tree provided in a Newick format as either a cladogram or a phylogram (if branch lengths are provided). Nodes are sized by their average gene-to-node values (PBS in the case example). Each node is associated with a tooltip window that reveals the list of genes and their gene-to-node values in brackets, as well as any enriched annotation terms (GO terms in the case example).
Node filters
Filters can be applied to direct the researcher to nodes of interest. For example, using the “Gene” or the “GO Term” filters, the user can identify nodes containing genes and/or GO terms of interest, respectively. The selected genes or GO terms are listed in the “Filter Information” panel. Nodes that contain any of the selected genes or GO terms (associated with one or more genes) in their list, will be re-colored to orange, while other nodes will remain green or collapse if none of the child nodes contain the genes/terms. If selected GO terms are enriched in a particular node, that node will be re-colored in purple. The nodes can also be filtered by a range of the PBS values, or manually (using a shift+click). The list of GO terms can be filtered prior to their selection using the “Limit GO terms by p-value” slider.
GO terms/node heatmap
When the “GO Term Filter” is applied, PhyloBrowse generates a heatmap showing all enriched GO terms for highlighted nodes (colored in either orange or purple).
Union/Intersect/Difference of genes and GO term lists
PhyloBrowse allows users to compare genes or GO term lists between any two or more internal nodes, which can be useful if looking for genes that may have converged due to shared life histories (e.g., drought tolerance). Selected nodes are colored in light blue.
Taxonomy classification
The taxonomy classification feature allows the user to select the taxonomic ranks displayed adjacent to the tree terminals. Every unique taxonomic name is assigned a different color, providing a quick identification of any incongruence between tree topology and the taxonomic classification. 
Implementation
PhyloBrowse is written in JavaScript and may be used on an http server or on a local host. PhyloBrowse uses the D3 JavaScript library (https://d3js.org/), and the D3 Phylogram plug-in (https://gist.github.com/1036776) for layout and styling of the graph. It uses the jQuery library for element manipulation, user interaction and several elements such as sliders. It uses the JavaScript Newick format parser (https://github.com/jasondavies/newick.js) to parse the input tree. Example files are provided with the program. For full description and instructions on how to use PhyloBrowse, see Supplemental User Guide (also available at https://bitbucket.org/PhyloBrowse/).
Conclusions
PhyloBrowse offers researchers an intuitive, fast and an interactive way to explore their phylogenomic results to identify the genes and biological processes that are enriched at nodes of species divergence. PhyloBrowse sessions can be easily shared with colleagues, or be publicly made available for the scientific community. Using the various filters and the node color codes, researchers can immediately identify where a specific node or function have become evolutionary divergent. Researchers can then study the gene-to-node values and retrieve genes co-occurring with a trait of interest. PhyloBrowse is open-source.
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