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Abstract

Reconstructing the phylogenetic relationships that unite all biological lineages (the tree of life)
is a grand challenge of biology. However, the paucity of readily available homologous character
data across disparately related lineages renders direct phylogenetic inference currently
untenable. Our best recourse towards realizing the tree of life is therefore the synthesis of
existing collective phylogenetic knowledge available from the wealth of published primary
phylogenetic hypotheses, together with taxonomic hierarchy information for unsampled taxa.
We combined phylogenetic and taxonomic data to produce a draft tree of life -- the Open Tree
of Life — containing 2.3 million tips. Realization of this draft tree required the assembly of two
resources that should prove valuable to the community: 1) a novel comprehensive global
reference taxonomy, and 2) a database of published phylogenetic trees mapped to this
common taxonomy. Our open source framework facilitates community comment and
contribution, enabling a continuously updatable tree when new phylogenetic and taxonomic
data become digitally available. While data coverage and phylogenetic conflict across the Open
Tree of Life illuminates significant gaps in both the underlying data available for phylogenetic
reconstruction and the publication of trees as digital objects, the tree provides a compelling
starting point from which we can continue to improve through community contributions.
Having a comprehensive tree of life will fuel fundamental research on the nature of biological
diversity, ultimately providing up-to-date phylogenies for downstream applications in
comparative biology, ecology, conservation biology, climate change studies, agriculture, and
genomics.

Significance statement

Scientists have used the characteristics of species and genetic data to construct tens of
thousands of evolutionary trees that describe the evolutionary history of animals, plants and
microbes. This study is the first to apply an efficient and automated process for assembling
published evolutionary trees into a complete tree of life. This tree, and the underlying data, are
available to browse and download from the web, allowing for use in subsequent analyses that
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require evolutionary trees. It can be easily updated with newly-published data. Our analysis of
coverage highlights gaps in sampling and naming biodiversity but also that the results of most
published studies are not available in digital formats that can be summarized into a tree of life.

Introduction

The realization that all organisms on Earth are related by common descent (1) was one of the
most profound insights in scientific history. The goal of finding the phylogenetic relationships of
all species - reconstructing the tree of life - has emerged as one of the most daunting challenges
in biology. The scope of the problem is immense: there are approximately 1.8 million named
species, and the vast majority of taxa have yet to be described(2)(3)(4). Despite decades of
effort and tens of thousands of phylogenetic studies focused on diverse clades of organisms, we
still lack a comprehensive tree of life, or even a cogent summary of our current phylogenetic
knowledge. One reason for this major shortcoming is the paucity of data. GenBank contains
DNA sequences for roughly 411,000 named species, which is only 22% of estimated named
species, and a far lower percent of estimated total species. Even if we did attempt to combine
all available molecular data in a single large analysis, there are few homologous gene regions
that span deep clades, making it difficult to recover monophyly even for clades thought to be
well-supported(5).

While there is an extensive publication stream of new phylogenies, new data, and new
inference methods, less attention has been paid towards the synthesis of collective
phylogenetic knowledge. Given the data limitations noted above, we focus here on constructing
a synthetic tree of life through the integration of phylogenetic information from published
phylogenies. Phylogenies produced by systematists with expertise in particular taxa almost
certainly represent the best estimates of evolutionary relationships for individual clades in the
tree of life. By focusing on trees instead of raw data, we avoided issues of dataset assembly (6).
However, there are other daunting challenges. One difficulty in building a comprehensive tree
of life is that most recognized species have never been included in a phylogenetic analysis
because no appropriate molecular or morphological data has been collected. Another challenge
of the approach we employ is that most published phylogenies are available only as figures in
journal articles, rather than electronic formats that can be integrated into databases and
synthesis methods(7)(8)(9). Although there are some efforts to digitize trees from manuscript
figures (10), we focused instead on synthesis of newly-published, digitally-available
phylogenies. Through intensive efforts we obtained, curated, and made publicly available
thousands of published trees that can be used in analyses.

Here we applied an automated and scalable approach to constructing a complete phylogeny of
over 2.3 million OTUs (operational taxonomic units) by combining published phylogenetic trees
with taxonomic hierarchies. When source phylogenies are absent or sparsely sampled,
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taxonomic hierarchies can provide structure in the tree of life (11, 12). In fact, given the limits
of data availability, synthesizing phylogeny and taxonomy is the only way to construct a tree of
life that includes all recognized species. However, the primary obstacle impeding the synthesis
of collective phylogenetic knowledge has been the absence of an all-inclusive taxonomy that
spans traditional taxonomic codes (13). We therefore assembled a comprehensive global
reference taxonomy through the alignment and merging of multiple openly-available
taxonomic resources. The Open Tree Taxonomy (OTT) is an enormous contribution on its own
and provides major benefits to the scientific community at large in that it is open, extensible,
and updatable, and reflects the overall phylogeny of life to the best extent now possible.
Moreover, with the continued updating of phylogenetic information from published studies,
this framework is well-poised to update taxonomy itself in a phylogenetically-informed manner
far more rapidly than has occurred historically.

We used newly developed graph methods (14) to synthesize a comprehensive tree of life from
our reference taxonomy and hundreds of published phylogenies. Advantages of our approach
include allowing easy storage of topological conflict among underlying source trees in a single
database, the construction of alternative synthetic trees, and the ability to continuously update
the tree with new phylogenetic and/or taxonomic information. Importantly, the methodology
we employ also highlights the current state of knowledge for any given clade and reveals those
portions of the tree that are in most need of additional study--those areas for which
character-based phylogenetic analyses are lacking. We stress that although a massive
undertaking in its own right, this draft tree of life represents only a first step. In addition to
subsequent improvements provided by the community at large, in the future we will also
explore (and invite others to explore) additional methods for constructing comprehensive trees.

Results

Input trees and taxonomy

We built a draft tree of life by vetting thousands of published trees and ultimately combining
483 representative phylogenies, connected and supplemented with the comprehensive Open
Tree Taxonomy (OTT) that we constructed from multiple taxonomic sources. Taxonomy
provides structure and completeness in all branches of the tree of life where phylogenetic
studies have not sampled all known lineages (i.e., in the vast majority of clades); in regions
covered by phylogenetic estimates, phylogenies overrule the taxonomic scaffolding. A major,
underappreciated challenge to any large phylogenetic analysis involving multiple studies is the
need to map organisms to a common taxonomic framework. Tips in each input phylogeny,
which may represent different taxonomic levels, must be mapped to known taxonomic entities
in order to align phylogenies from different sources (14). As a taxonomy sufficient for our
purposes was not available, we constructed a reference taxonomy. Our reference taxonomy
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OTT is an automated synthesis of taxonomies from NCBI (15), GBIF (16), Index Fungorum (17),
IRMNG (18) and SILVA (19, 20). It contains both taxa with traditional Linnaean names and
unnamed taxa known only from sequence data. OTT v 2.8 has 2,722,024 “tips” (OTUs without
descendants) and includes 382,564 higher taxa; 585,081 of the names are classified as
non-phylogenetic units (e.g., incertae sedis) and were therefore not included in the synthesis
pipeline. As part of our tree curation workflow we developed a taxonomic resolution service
accessible through web services that provides not only the ability to align trees input into our
database with the OTT, but also allows other researchers to align their own trees with our
taxonomy.

At the time of publication, only a fraction of studies in our phylogeny database
(http://github.com/phylesystem) contain trees sufficiently well-curated and judged appropriate

for incorporation into the synthesis pipeline. The tree database at the time of constructing the
tree presented here contained 6753 trees from 3040 studies, where the number of trees per
study ranges from 1 to 61. Although we vetted thousands of input trees, ultimately there were
483 source trees that we considered sufficiently well-curated and significant enough to be used
for synthesis. Here, a “well-curated” tree is one in which the majority of OTU labels have been
mapped to the taxonomic database, the root is correctly identified, and an ingroup clade has
been identified. Not all of the sufficiently-curated trees available in the database were
incorporated into the tree of life. For example, while we have many phylogenies spanning
Angiosperms, we did not include older trees where there is a newer tree for the same clade
that uses and extends the same underlying data. Additional discussion of why all trees are not
included is presented in the Methods. Moreover, there are still vast areas of the tree of life
where published phylogenies are not available. In these areas, the limited number of input
trees highlights the need for the additional phylogenetic studies and the low rate of deposition
of published tree files into data repositories.

Phylogenetic synthesis

We imported our taxonomy (OTT) and 483 prioritized and well-curated source phylogenies into
a graph database, resulting in a “tree alignment graph” (14) which we refer to as the graph of
life. The graph of life contains 2,339,460 leaf nodes (the same number as the Open Tree
Taxonomy after excluding non-phylogenetic units), plus 227,093 internal nodes. It also stores all
of the conflict among phylogenies and between phylogenies and the taxonomy. By traversing
the graph and resolving conflict based on priority of inputs, we extracted a tree that represents
a synthetic summary of the source information (Figure 1). The priority of source trees was
determined by expert curators ranking source trees. This allows for a clear communication of
how conflicts will be resolved (i.e., the ranking) as well as an easy way to communicate the
source trees that support the particular resolution. This synthetic tree contains phylogenetic
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structure where we have published trees and taxonomic structure where we do not. It contains
2,339,460 tips, of which 46,162 are represented in at least one phylogenetic input. However,
this underestimates the phylogenetic information content of the tree, as many phylogenies use
higher taxa as tips. The tree is available to browse and download, and APIs allow extraction of
subtrees given lists of species (see Data and Software Availability, below).

A. Coverage

The synthetic tree of life contains tips representing the input from both taxonomy and
phylogeny. Figure 2 examines the change in information content across major taxonomic
groups when we compare various biodiversity data sources and the Open Tree of Life. In groups
such as Bacteria, Fungi, Nematoda, and Insecta, there is a large gap between the estimated
number of species and what exists in taxonomic and sequence databases. In contrast, Chordata
and Embryophyta are nearly fully sampled in databases and in OTT. Clades that are not well
sampled require more data collection and deposition and, in some cases, formal taxonomic
codification and identification in order to be incorporated in taxonomic databases.

B. Resolution and conflicts

The tree of life we provide here is only one representation of the Open Tree of Life data.
Analysis of the full graph database (the graph of life) allows us to examine conflict between the
synthetic tree of life, taxonomy, and source phylogenies. Figure 3 depicts the types of alternate
resolutions that exist in the graph. In total we recovered 153,109 clades in the tree of life, of
which 129,778 (84.8%) are shared between the tree of life and the Open Tree Taxonomy.

There are 23,331 clades that either conflict with the taxonomy (4610 clades; 3.0%) or where the
taxonomy is agnostic to the presence of the clade (18721 clades; 12.2%). The average number
of children for each node in the taxonomy is 19.4, indicating a poor degree of resolution. When
we combine the taxonomy and phylogenies into the synthetic tree, the resolution improves to
an average of 16.0 children per internal node. The average number of children in the input
phylogenies is 2.1.

Examination of the alignment of edges between the taxonomy and the synthetic tree of life
reveals how well taxonomy reflects current phylogenetic knowledge. Strong alignment is found
in groups such as Primates and Mammalia, while our analyses reveal a wide gulf between
taxonomy and phylogeny in other clades such as Fungi, Viridiplantae (green plants), Bacteria,
and various microbial eukaryotes (see Table 1).

Table 1: Alignment between taxonomy and phylogeny in various clades of the tree of life.
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Clado |Number|Cdges suppored |dges upperted |y eecing
taxonomy
Bacteria 260323  |264921 (97%) 2147 (0.8%) 4254 (1.6%)
Cyanobacteria [10581 10069 (88%) 59 (0.5%) 1230 (12.8%)
Ciliates 1497 2142 (99%) 1(0%) 12 (0.6%)
Nematoda 31287 34593 (99%) 43 (0.1%) 152 (0.4%)
Chlorophytes 113100 14268 (99%) 13 (0.1%) 81 (0.6%)
Rhodophytes |12214 13458 (99%) 14 (0.1%) 35 (0.3%)
Fungi 296667  |304295 (99%) 375 (0.1%) 636 (0.2%)
Insecta 941753 1024621 (99%) 2156 (0.2%) 3600 (0.3%)
Chordata 88434 86382 (74%) 11056 (9.6%) 17744 (15.4%)
Primates 681 282 (24%) 431 (36.7%) 460 (39.2%)
Mammals 9539 1861 (13%) 7294 (53.4%) 4501 (33.0%)
Embryophytes |284447 292376 (92%) 6437 (2.0%) 15884 (5.0%)

C. Comparison with supertree approaches

There were no pre-existing methods that scaled to phylogenetic reconstruction of the entire
tree of life, meaning that our graph synthesis approach was the only option for tree-of-life-scale
analyses. Therefore to compare our synthesis method against existing supertree methods, we
employed a hybrid MultiLevelSupertree (MLS, (21)) + synthesis approach. We built MLS
supertrees for the largest clades that were computationally feasible and then used these
non-overlapping trees as input into the graph database and conducted synthesis, effectively
stitching these trees together. The total number of internal nodes in the MLS tree is 151458,
compared to 153109 in the graph synthesis tree, although the average number of children is
the same (16.0 children / node). If we compare the source phylogenies against the MLS
supertree and the draft synthetic tree, the synthesis method seems to be doing a better job at
capturing the signal in the inputs. The average topological error (normalized Robinson-Foulds
distance, where 0 = share all clades and 100 = share no clades (22)) of the MLS vs input trees is
31, compared to 25 for the graph synthesis tree. See Supplementary Material for additional
details about conflict and support in the MLS supertree.

Discussion
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Using novel methods that employ graph databases, we combine published phylogenetic data
and our comprehensive Open Tree Taxonomy to produce the first draft tree of life -- the Open
Tree of Life. This comprehensive tree contains over 2.3 million tips. The synthetic tree of all
named species presented here is comprehensive in terms of clades across the tree of life, but it
is far from complete in terms of biodiversity or phylogenetic knowledge. Many species,
including many microbial eukaryotes, Bacteria, and Archaea, are not present in openly available
taxonomic databases and therefore not incorporated into the synthetic tree. The vast majority
of published trees have never been archived in any data repository. As a result, many published
relationships are not represented in the synthetic tree because this knowledge only exists as
images in journal articles, rather than tree files that can be imported into a database or used in
a downstream analysis. Our infrastructure allows for the synthetic tree to be easily and
continuously updated through the use of updated taxonomies and newly published
phylogenies. The latter is dependent on authors making tree files available in repositories such
as TreeBASE (23), Dryad (http://datadryad.org) or through direct upload to Open Tree of Life
(http://tree.opentreeoflife.org/curator) and on having sufficient metadata for trees. We hope

this synthetic approach will provide incentive for the phylogenetics community to
fundamentally change the way we view our phylogenies - as resources to be cataloged in an
appropriate public and open repositories (as is done with most sequence data) rather than as
results represented as static images.

Conflicts in the tree of life

Our synthesis included only a small subset of the thousands of trees from our database. We do
not include every tree for two reasons: 1) problems with data quality, and 2) issues related to
conflict resolution. Data quality problems include, but are not limited to, taxonomy mapping
issues (e.g., incorrect mapping, incomplete mapping), incorrect rooting, and available trees
differing from their published versions.

The resolution of many clades in the Open Tree of Life may be contentious in some areas due to
lack of data, while other areas contain extensive conflict (Figure 3). For example, there is
debate regarding the monophyly of Archaea - some analyses indicate that eukaryotes are a
lineage embedded within Archaea (24)(25) rather than a separate clade. Similarly, multiple
resolutions of early diverging animal lineages have been proposed (26—-29). Conflict is prevalent
for many reasons, including analytical error, inadequate sampling of taxa or characters,
paralogy, and lateral/endosymbiotic gene transfer (24, 25, 30). The underlying graph database
allows us to store conflicting trees and examine the impact of different resolutions of the tree
of life based on different hypotheses (Fig 2).
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While supertree methods, including our graph method, can be helpful in pulling datasets
together, they can be less satisfactory in resolving conflicts. One problem is due to the nature
of supertrees, which are steps removed from the original data. When comparing two edges
from two studies, there is little to no relevant information stored in each tree that can be used
to resolve conflict. For example, while the number of published trees that support a synthetic
edge may be considered a reasonable criterion for resolving conflict (i.e., more edges equate to
higher support), the datasets used to construct each source tree may have overlapping data,
making them non-independent data points. Other information, such as the number of taxa or
gene regions involved, cannot be used alone without other information to assess the quality of
the particular analysis. Strong conflict can be difficult to resolve without the additional
metadata about the underlying genetic data and phylogenetic inference methods. The
resolution of these difficult areas will be better addressed with the direct analysis of genetic
data and not through synthesis of trees constructed from those data.

In some cases, source trees available in our database may not be included in synthesis because
a published tree supersedes an existing study, in some cases with similar data from the same
authors. We wanted to include only the most recently inferred relationships in the synthetic
tree, and incorporating the superseded trees merely increases computational time. So, while
the addition of trees that include edges that have not been sampled previously is important,
the addition of all available trees into the synthesis pipeline is not our goal.

As a result of data availability, data quality, conflict resolution, and because of the focus on
grand synthesis, we emphasize that specific portions of the tree may not always agree with the
relationships that experts in that group adhere to at this point (e.g., relationships within
Fabaceae, Compositae, Arthropoda). But this draft tree of life represents just the initial step.
The next step in this community-driven process is for experts worldwide representing the
breadth of phylogenetic expertise to contribute trees and annotate those areas of the tree they
know best.

Source trees as a community resource

Although not every published tree is necessarily informative for broad synthesis, the availability
of published trees for comparative analyses is nonetheless a very important resource. For
example, researchers may want to calculate the increase in information content for a particular
clade over time or by a particular project or lab. Alternatively, researchers may want to
compare trees constructed by different phylogenetic approaches or record the reduction in
conflict in clades over time. All of these analyses require that tips on trees be mapped to a
common taxonomy in order to compare across trees. With the Open Tree Taxonomy we have
already mapped thousands of trees to a common taxonomy and therefore created, in itself, an
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extremely valuable resource. Trees that have been mapped to the Open Tree Taxonomy have
added value in being immediately comparable across thousands of other trees. The data input
and curation interface is publicly available (http://tree.opentreeoflife.org/curator) as is the

underlying data store (http://github.com/opentreeoflife/phylesystem).
Dark parts of the tree

There are large parts of the tree of life that are not yet well represented in input taxonomies,
particularly in hyperdiverse, poorly understood groups including Fungi, microbial eukaryotes,
Bacteria, and Archaea. Hence, another important aspect of the tree is that it highlights where
major effort is still needed to achieve a better understanding of existing biodiversity. For
example, metagenomic studies routinely reveal huge numbers of Fungi, Bacteria and microbial
eukaryotes that cannot be assigned to named species (31, 32). For Archaea and Bacteria, there
are additional challenges created by their immense diversity, lack of clarity regarding species
concepts, and the occurrence of rampant horizontal gene transfer (33)(34)(35). For microbial
eukaryotes, Archaea, and Bacteria, the operational unit is often strains rather than species.
Strains are not regulated by any taxonomic code, making it difficult not only to map taxa
between trees and taxonomy, but also to estimate named biodiversity in these huge clades.
New efforts in this area, such as the new BioProject (36) and BioSample (37) databases at NCBI,
have the potential to better describe and catalog biodiversity that does not fit into traditional
taxonomic workflows.

Materials and methods
Input data: taxonomy

There is no single taxonomy that is both complete - including both traditional and non-Linnaean taxa -
and in which the backbone is well-informed by phylogenetic studies. We constructed such a
taxonomy, the Open Tree Taxonomy (OTT), by merging Index Fungorum (17), SILVA (19, 20), NCBI
(15), GBIF (16), IRMNG (18) and two clade-specific resources (38)(39) using a fully-documented,
repeatable process. (See SOM). The taxonomy (v 2.8.5) consists of 2,722,024 well-named entities and
1,360,819 synonyms and is a huge biodiversity resource. There are an additional 585,081 entities with
non-biological or taxonomically incomplete names, such as “environmental samples” or “incertae
sedis”, that are retained in OTT, but not included in the synthetic phylogeny.

Input data: phylogenetic trees

We imported and curated phylogenetic trees using a newly-developed curation interface that saves
tree data directly into a GitHub repository. We obtained published trees from TreeBASE (23) and
Dryad data repositories, and by direct appeal to authors. The data retrieved are by no means a
complete representation of the phylogenetic literature, as only 16% of recently published studies
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have provided data in a digital format that can be input into a database (8). Even when available,
input trees require a significant amount of curation to be usable for synthesis. Taxon labels in tree
files often include non-standard strings such as lab codes or abbreviations that have to be mapped to
taxonomic entities in OTT. Trees often need to be rooted (or re-rooted) to match figures from papers.
As relationships among outgroup taxa were often problematic, we identified the ingroup / focal clade
for the study. For studies that contained multiple trees, we tagged the tree that best matched the
conclusions of the study as “preferred”. Then, within major taxonomic groups (eukaryotic microbial
clades, animals, plants and fungi) we ranked these preferred trees to generate a prioritized list.
Rankings were assembled by authors with expertise in specific clades and were based on date of
publication, underlying data, and methods of inference (see SOM). In general, these rankings reflect
general community consensus. As we collect more metadata (or if trees are published with
structured, machine-readable metadata), automated filtering / weighting trees based on metadata
will be possible.

Synthesis

Although storing input data in a graph database enables the simultaneous representation of
alternative hypotheses, it is also necessary to synthesize the inputs into a single tree as required by
many downstream analyses as well as to summarize phylogenetic knowledge. In the absence of
structured metadata about the phylogenetic methods and data used to infer the input trees,
topological conflicts were arbitrated and resolved using prioritized study lists compiled by the expert
curators. Where no other phylogenetic information was present, taxonomy provided resolution. This
method requires intensive involvement by the curators to determine a ranking of input trees. Once
complete, we pass the tree through a set of regression tests that include tests for monophyly for
expected clades and inclusion of taxa in clades (see SOM for details). As an alternative to this
user-intensive analysis, we also created a synthetic tree using the MultiLevelSupertree (MLS)
approach (21). The MLS method allows for combining trees where the tips in the source trees
represent different taxonomic hierarchies. Unfortunately, it is limited in dataset size to roughly a
thousand taxa and so we could not run a single MLS analysis on all of our input data. Instead, we
inferred 16 separate MLS trees of individual clades, and combined these MLS trees with taxonomy
using our graph database methods to create a MLS synthesis tree. Because they were
non-overlapping in terms of taxon sampling, there was no topological conflict among the individual
MLS trees, and creating the final MLS supertree simply involved traversing the graph and preferring
phylogeny over taxonomy.

Data and software availability

The current version of the draft tree is available to browse and download at

http://tree.opentreeoflife.org. All software is open-source and available at
http://github.com/opentreeoflife. Where not limited by pre-existing terms of use, all data are
published with a CC-Zero copyright waiver. An archive of the versions of the Open Tree of Life and the
Open Tree Taxonomy described here, as well as CC-Zero inputs, are available at the Dryad data
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repository: <insert Dryad DOI here>. Non-CC-Zero input data are available at <insert location of
Dataverse repo>.
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Figure 1. Phylogenies representing the synthetic tree: The depicted tree is limited to lineages
containing at least 500 descendants. A. Colors represent proportion of lineages represented in NCBI
databases; B. Colors represent the amount of diversity measured by number of descendant tips; C.
Dark lineages have at least one representative in an input source tree.
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Figure 2: The estimated total number of species, estimated number of named species in taxonomic
databases, the number of OTUs with sequence data in GenBank, and the number of OTUs in the
Open Tree of Life synthetic tree, for 10 major clades across the tree of life. Error bars (where
present) represent the range of values across multiple sources. Underlying data and references are
available in the supplementary material.
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Overview

Constructing the Open Tree of Life involves two different types of inputs: taxonomies and
published phylogenies. Figure 1 gives an overview of the process, data stores and services.
We first combine multiple taxonomic hierarchies into a single taxonomy, the Open Tree
Taxonomy (OTT). In a web application built specifically for this project, we input and curate
published phylogenies that are then saved to a public GitHub repository. The input trees and
OTT are then uploaded to a neo4j graph database. From this database, we traverse the graph
starting at the root node and extract a tree by resolving conflict base on priority of inputs
(phylogeny takes priority over taxonomy, and then we refer to a prioritized list of the input
trees).

Constructing a composite taxonomy

The synthesis of the OpenTree Taxonomy (version 2.8 used here) is a fully automated
process. The pipeline takes taxonomy database inputs, in this case, Index Fungorum (1),
SILVA (2, 3), NCBI (4), GBIF (5), IRMNG (6) and two clade-specific resources (7, 8). Source
taxonomies, each of which is published in its own idiosyncratic representation, are first
preprocessed to convert them to a common format. Each source taxonomy in turn is then
merged into developing a union taxonomy. Merging a source taxonomy into the union
taxonomy consists of two steps: aligning source nodes to union nodes to resolve homonyms,
followed by transferring unaligned (new) nodes into the union. A set of about 300 scripted ad
hoc manipulations repair situations where automatic alignment has failed and fix errors in the
input taxonomies. Because the process is scripted, it can be executed any time one of the
input taxonomies is revised. The source code for this process is available at
https://github.com/OpenTreeOfLife/reference-taxonomy. Version 2.8 of the OpenTree
Taxonomy consists of 3,307,105 names, of which 2,722,024 are external (tips) and 585,081
are internal. The taxonomy also has 1,360,819 synonyms. Each name is given a unique id
(OTT id) that is used for mapping taxa in trees. The produced taxonomy is then ingested into
a neodj graph database managed by the open source program taxomachine
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(https://github.com/OpenTreeOfLife/taxomachine). Taxomachine serves the taxonomy with
REST calls over a network and provides a taxonomic name resolution service that allows for
disambiguation of taxonomic names within tree sets as a result of misspellings, changed
classification, or homonyms. Taxomachine returns the unique OpenTree taxonomy id for each
name in a taxonomic name resolution call.

Treestore

We developed a web-based curation interface for phylogenies
(http://tree.opentreeoflife.org/curator) connected to a back-end datastore in GitHub,
phylesystem (http://github.com/opentreeoflife/phylesystem). The phylogenies in our datastore
come from automated upload from TreeBASE or from input of downloaded files from Dryad,
from journal supplementary material, and from contacting authors directly for files. At time of
synthesis, the datastore contained 6753 trees from 3040 studies (see Supp. Fig 2 for
distribution of data). Studies contained information about the publication, trees, and the list of
taxa included. In all cases, the original tree files did not contain sufficient annotation and
metadata for synthesis, so there was significant curation by experts. Curation involved two
major steps. First, curators mapped the tip labels in the trees to entities in taxonomic
databases, assigning an OTT id and disambiguating any problems due to homonyms. Then,
curators checked that the root was correct, the ingroup was identified, and that the tree
matched the figure in the publication. The current public data submission systems (for trees or
otherwise) do not verify the validity of the tree files, which, for a number of reasons, are often
very different from the original publication. Ingroups needed to be specified because often the
rooting of the outgroup is not accurate, and therefore, relationships in the outgroups may be
poor. Once curated, studies are then stored in the phylesystem GitHub repository as Nexson
files (NeXML (38) serialized as javascript object notation, JSON). More information about
NeXSON can be found at http://purl.org/opentree/nexson.

Synthesis

The source trees used for input were determined based on the coverage and resolution of
major clades, ability to confidently root the tree and map taxa in the trees to the OpenTree
Taxonomy. Although more than a thousand trees had some form of curation, 335 were
curated to the point of being able to be included in synthesis. These trees from the tree store
were processed and added to a graph database Neo4j using the software treemachine as
described by Smith et al. ((9); https://github.com/OpenTreeOfLife/treemachine). Once all trees
have been added into a graph database, we conducted synthesis based on a ranking of the
input source trees and taxonomy. A basic diagram can be seen in Supp. Fig. 2 but for more
information, consult Smith et al., (72). Taxonomy was the lowest ranked input. Synthesis is
managed using additional Python software called gcmdr
(https://github.com/OpenTreeOfLife/gcmdr) that allows for repeatability with simple scripts. In
this first version of the tree, we focused on four major groups: plants, fungi, metazoa, and
microbes. Once the source trees were loaded into the graph database, we constructed the
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synthetic tree by proceeding from the root of the graph database (in this case, cellular
organisms) to the tips and resolving conflicts along the way. Conflicts were considered to be
partially overlapping partitions with an alternative resolution. When conflicts, or alternative
routes, were presented we resolved by always preferring phylogeny to taxonomy. When
phylogenetic branches were in conflict, we resolved based on a priority order of input
phylogenies (see Supplementary Table 1 for rankings). The software supports conflict
resolution based on other metadata (for example, MIAPA metadata such as type of topology
or method of phylogenetic analysis), but given that most tree files do not contain this
information, this is not currently possible. Therefore, in this first version, OpenTree curators
ranked the input trees for their clades of expertise with the intention to reflect general
consensus in the field. In many cases, phylogenies found named clades to be
non-monophyletic. In these cases, the taxa included in the original study would be resolved
and the taxa that had been placed in the named clade but not found in the study, in the
absence of other information, were then sunk to higher monophyletic taxa. The source trees
that support each branch in the synthetic tree are then recorded and are reported in the web
version of the synthetic tree. We also pass the tree through a set of regression tests that
check for monophyly for expected clades and inclusion of taxa in clades. These tests are
automated, and new tests can be contributed through pull requests on GitHub
(https://github.com/OpenTreeOfL ife/germinator/tree/master/taxa).

Conflict between trees and taxonomies

We measured support for the nodes in the supertree using an approach described by
Wilkinson et al. (10). Let c be a clade in the supertree S and ¢’ be its restriction to the leaves
of an input tree T, i.e., ¢’ contains only those leaves that are present in T. If ¢’ contains all the
leaves of T or less than 2 leaves, then T is irrelevant to c. T supports cif ¢’ is presentin T. T
conflicts with ¢ when the induced bipartition (of c) contradicts the relationships in T (11). T
permits c if ¢’ is a resolution of a polytomy in T, thus T is agnostic with respect to c. See Fig. 2
for an example. First, we compared the taxonomy tree to the Open Tree of Life. There are
153,109 clades in the Open Tree of Life, and 129,778 (84.8%) of these are supported by the
taxonomy tree. There are 4,610 (3.0%) clades in the Open Tree of Life that are in conflict with
the taxonomy, and 18,721 (12.2%) that are permitted.

When we compare the collection of 484 non-taxonomy input trees to the Open Tree of Life,
there are 27,259 (17.8%) clades in the Open Tree of Life that are unambiguously supported
(i.e., 21 non-taxonomy input trees support and 0 non-taxonomy input trees conflict with or
permit the node) and 765 (0.5%) clades are in unambiguous conflict (i.e., 21 non-taxonomy
input trees conflict with and 0 non-taxonomy input trees support or permit the node).
However, 123,362 (80.6%) of the clades in the Open Tree of Life are irrelevant to the
non-taxonomy input trees. Thus, the information for most of the clades in the Open Tree of
Life is coming from the taxonomy. The remaining 1723 (1.1%) nodes in the Open Tree of Life
have a combination of support, conflict, and permit, instead of complete support or conflict,
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among the non-taxonomy input trees with respect to these clades. Overall, 2,684 (1.8%)
clades in the Open Tree of Life are supported by at least two non-taxonomy input trees. When
we compile all of the input trees together (the taxonomy tree and the 484 non-taxonomy input
trees), there are 128,879 (84.2%) nodes in the Open Tree of Life that are unambiguously
supported by all relevant input trees and 56 (0.04%) clades are in unambiguous conflict.

None of the all assessed clades was irrelevant to the input trees. The remaining 24,174
(15.8%) nodes in the Open Tree of Life have a combination of support, conflict, and permit,
instead of complete support or conflict, among the non-taxonomy input trees with respect to
these clades. Overall, 7,441 (4.9%) clades in the Open Tree of Life are supported by at least
two taxonomy or non-taxonomy input trees.

In contrast, when we compare the collection of 484 non-taxonomy input trees to the MLS Tree
of Life, there are 24,891 (16.4%) clades in the MLS Tree of Life that are unambiguously
supported (i.e., 21 non-taxonomy input trees support and 0 non-taxonomy input trees conflict
with or permit the node) and 2,013 (1.3%) clades are in unambiguous conflict (i.e., 21
non-taxonomy input trees conflict with and 0 non-taxonomy input trees support or permit the
node). However, 123,330 (81.4%) of the clades in the MLS Tree of Life are irrelevant to the
non-taxonomy input trees. The remaining 1,224 (0.8%) nodes in the MLS Tree of Life have a
combination of support, conflict, and permit, instead of complete support or conflict, among
the non-taxonomy input trees with respect to these clades. Overall, 2,693 (1.8%) clades in the
MLS Tree of Life are supported by at least two non-taxonomy input trees.

Supplementary Figures

External ﬁ
taxonomies
merge _y | i}(

Open Tree
Taxonomy
Graph of Life
(neo4j)
filtered,
i% prioritized list
.

extract

repository v
curate i*
Tree of Life
Published trees

(from TreeBASE,
search and extract get
browse subtree provenance

Dryad, authors)



https://doi.org/10.1101/012260
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/012260; this version posted December 8, 2014. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Figure 1. The Open Tree of Life workflow: External taxonomies (and synonym lists) are
merged into the Open Tree Taxonomy, OTT. Published phylogenies are curated (rooted, and
names mapped to OTT) and stored, with full edit history, in a GitHub repository. The source
trees and OTT are loaded into a common graph database, and we traverse the resulting
graph and extract a tree of life based on priority of inputs. Components with stars in indicate
presence of application programming interfaces (APIs) to access data and services.
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Figure 2. Size and scope of input trees: Plot of the number of tips in each of the 1188 trees
with some curation in the treestore. Scope is measures as the total number of tips recognized
to be descended from the inferred most recent common ancestor of the source tree.
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Figure 3. Diagram of synthesis of taxonomy and phylogeny: A. Taxonomy of 12
hypothetical species and a source tree combine in a synthesis with m and n monophyletic. B.
Taxonomy of the same 12 species and a source tree combine in synthesis without m and n
monophyletic.
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Figure 4. Conflict analysis: A supertree S with two internal nodes u and v, and three input
trees T,, T,, and T,. The clade u is in conflict with T,, supported by T,, irrelevant to T,. The
clade v is irrelevant to T, and T,, and permitted by T,, as v is a resolution of the polytomy at
the root in T,.

Supplementary Tables

Table 1. Phylogenetic source trees for synthesis in order of ranking. Includes Open Tree
of Life study ID, tree ID (studies may contain multiple trees) and the reference. See
SupplementaryTable1.csv.
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Table 2. Data underlying Figure 2 in the main text: Estimates for number of binomials and
number of species across several taxa. Where multiple rows refer to the same source, that
source contains more than one estimate. Includes references for estimates. See
supplementaryTable2.csv.
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