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1 | INTRODUCTION

Abstract

Phylogeny reconstruction is a key instrument in numerous biological analyses, rang-
ing from evolutionary and ecology research, to conservation and systems biology.
The increasing accumulation of genomic data makes it possible to reconstruct phylo-
genies with both high accuracy and at increasingly finer resolution. Yet, taking
advantage of the enormous amount of sequence data available requires the use of
computational tools for efficient data retrieval and processing, or else the process
could quickly become an error-prone endeavour. Here, we present OneTwoTree
(http://onetwotree.tau.ac.il/), a Web-based tool for tree reconstruction based on the
supermatrix paradigm. Given a list of taxa names of interest as the sole input
requirement, OneTwoTree retrieves all available sequence data from NCBI GenBank,
clusters these into orthology groups, identifies the most informative set of markers,
searches for an appropriate outgroup, and assembles a partitioned sequence matrix
that is then used for the final phylogeny reconstruction step. OneTwoTree further
allows users to control various steps of the process, such as the merging of
sequences from similar clusters, or phylogeny reconstruction based on markers from
a specific genome type. By comparing the performance of OneTwoTree to a manu-
ally reconstructed phylogeny of the Antirrhineae tribe, we show that the use of
OneTwoTree resulted in substantially higher data coverage in terms of both taxon
sampling and the number of informative markers assembled. OneTwoTree provides
a flexible online tool for species-tree reconstruction, aimed to assist researchers

ranging in their level of prior expertise in the task of phylogeny reconstruction.
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metrics in community- and macro-ecology research (Felsenstein,
2004; Tucker et al., 2017).

Inferring the phylogeny of a group of organisms forms the basis of
evolutionary, systematic and ecological studies by allowing the iden-
tification of key historical events, the comparison of evolving traits
and the design of conservation strategies. Phylogenies further enable
researchers from a wide range of disciplines to perform essential
inference tasks, such as the detection of selective constraints acting
on genes and proteins, functional sites prediction, identifying gene
families and their dynamics, or for calculating various phylodiversity

*These authors contributed equally to this work.

Starting from the early years of molecular evolutionary research,
a large number of tree reconstruction methods have been devised,
ranging in computational complexity and statistical robustness (re-
viewed in Yang & Rannala, 2012). In general, different tree recon-
struction strategies follow similar guidelines, which can be roughly
divided into several distinct steps. Given a group of taxa of interest,
the first step usually involves choosing an appropriate set of geno-
mic markers and obtaining their sequences. These sequences are
then aligned into a partitioned multiple sequence alignment (MSA),
and based on the resulting MSA, the phylogeny is inferred. This
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basic strategy involves multiple choices, including selecting the exact
set of sequence markers and taxa to be analysed and choosing from
among a large number of alternative methodologies and optional
program parameters.

The constant rise in sequence data availability, along with the con-
stant increase in the number of optional computational tools that can
be used, makes the process of phylogeny reconstruction an increas-
ingly daunting task, especially if performed over multiple clades that
span dozens of species. This laid the foundation for the development
of automated tools that aid researchers in various aspects involved in
phylogeny inference (e.g., Agalma: Dunn, Howison, & Zapata, 2013;
Hal: Robbertse, Yoder, Boyd, Reeves, & Spatafora, 2011; Phylogenie:
Frickey & Lupas, 2004; phyloGenerator: Pearse & Purvis, 2013;
SUMAC: Freyman, 2015). For example, Phylogeny.fr (Dereeper et al.,
2008) is an online tree reconstruction tool that—given a provided set
of sequences—allows the execution of distinct parts of the inference
process, while offering a number of alternative programs that can be
used for either the alignment or phylogeny reconstruction steps.
Another useful tool, PHLAWD (Smith, Beaulieu, & Donoghue, 2009),
was developed in the context of megaphylogeny reconstruction based
on the supermatrix approach (de Queiroz & Gatesy, 2007). Once the
program is installed on a local computer with Linux/MacQOS operating
systems, the user should provide the name of a clade of interest
together with a representative sequence for each locus to be included
in the analysis. The final output of this tool is an MSA for the
requested marker. A supermatrix can then be assembled manually by
the user, joining all loci of interest. PhyLoTa (Sanderson, Boss, Chen,
Cranston, & Wehe, 2008) is designed to provide users with precom-
puted sets of clusters that were assembled through a single-linkage
clustering approach and additionally provides precomputed gene trees
that were reconstructed for each cluster. In particular, the results
obtained by PhylLoTa are taxonomically constrained; that is, all
sequences of the most recent common ancestor are collected even if
one specifies only part of a clade. SUPERSMART (Antonelli et al.,
2017) offers a customized framework for the inference of dated phy-
logenies, given a set of taxa of interest and a list of calibration points.
Supporting both a virtual machine Linux-based platform and a Web
server with simpler functionality, SUPERSMART relies on the data
assembled by PhyLoTa for the clustering process. It then implements
a novel technique for reconstructing species trees based on a three-
step approach that combines the use of a sparse backbone tree with
densely sampled phylogenies, which are created for smaller subclades
using the supermatrix approach. Noteworthy, a simple-to-use online
tool for either dated or undated species-tree reconstruction, given an
unconstrained list of taxa of interest, while making use of all currently
available GenBank sequence data, is, to our knowledge, missing.

Here, we present OneTwoTree (http://onetwotree.tau.ac.il/), a
user-friendly online tool for species-tree reconstruction. This tool
aims for a wide audience of researchers, ranging in their familiarity
with the various steps involved in phylogeny reconstruction. OneT-
woTree allows for both a simple and fully automated execution for
the nonspecialist while providing skilled researchers with the ability
to fine-tune various steps of the analysis. An overall summary of the
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distinct features and limitations of OneTwoTree in comparison with
several available tools is presented in Table 1. Among its unique fea-
tures, the sole input requirement for OneTwoTree is a list of taxa
names (in any taxonomic hierarchy) to be analysed. The computation
then considers all sequence data available in NCBI GenBank (Benson
et al., 2013) for the requested taxa, regardless of which specific loci
are available. A clustering procedure is then performed to assign
sequences to orthology groups that form the basis of the subse-
quent alignment and tree reconstruction steps. Another unique fea-
ture of OneTwoTree is its ability to automatically select an
appropriate outgroup species to be included in the analysis. This out-
group can then be used to root the tree and to determine the direc-
tionality of evolution. OneTwoTree additionally provides users with
the ability to perform follow-up analyses, including the possibility to
adjust various steps of the computational pipeline or to modify the
automatically obtained sequence clusters. The main steps of the
computational pipeline are briefly outlined below and are illustrated
schematically in Figure 1 (in-depth details of each step and updates
are available in the OVERVIEW section of the Web server at http://
onetwotree.tau.ac.il/overview.html and in the Supporting Information
Appendix S1). We then demonstrate the use of OneTwoTree by
reconstructing the phylogeny of the plant tribe Antirrhineae and
comparing the results to a recently published phylogeny.

2 | MATERIALS AND METHODS

2.1 | Sequence generator

All sequences belonging to Eukarya (mammals, rodents, primates,
plants, vertebrates and invertebrates) were downloaded from NCBI
GenBank (Benson et al., 2013) and stored locally. Sequences were
preprocessed and organized for rapid sequence retrieval. This step
further enables rapid updating of the database upon new GenBank
releases.

The only input requirement for OneTwoTree is a list of taxa
names or TaxIDs of interest, of any taxonomical hierarchy. A name
resolution process is applied for all names while accounting for syn-
onymy, misspellings, and different naming conventions, following a
user-specified reference naming database. The basic taxonomic unit
for analysis is the species level but users can optionally include
sequences from intraspecific variants or merge these with their rec-
ognized species. In case the user specifies a higher ranked taxon
encompassing multiple species (e.g., a genus name), all circumscribed
species will be included in the analysis as separate entities. By
default, all available sequence data are retrieved for initial process-
ing, while users can specify the exclusion of nuclear, mitochondrial,
or chloroplast loci.

2.2 | Clustering process

A clustering procedure is used to partition the entire sequence set
into orthology groups. Sequence clustering over all non-ITS

sequences is performed using a modified version of OrthoMCL (Li,
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FIGURE 1 A schematic representation of the OneTwoTree computational pipeline. Asterisk denotes optional steps according to user
preference. The full pipeline is described in the Supporting information Appendix S1

Stoeckert, & Roos, 2003) or other alternative tools. In cases more
than one accession per TaxID is found in a single cluster, a represen-
tative accession is selected. This selection process considers the sim-
ilarity across TaxIDs, thus preferring the selection of orthologs over
paralogs (see Supporting Information Appendix S1). The clustering
(and subsequent alignment) of sequences belonging to the internal
transcribed spacer (ITS) region is performed using a dedicated proto-
col to overcome probable errors that could occur if the two ITS
sequences, ITS1 and ITS2, are clustered and then aligned together as
suggested by Katoh & Standley, 2013. In the next version of OneT-
woTree a more generalized approach will be available, allowing users
to specify a set of markers to be identified using textual searches,

independently of the sequence clustering process.

2.3 | Outgroup selection

One of the special features of OneTwoTree is its ability to automati-
cally select an appropriate outgroup taxon for the clade of interest.
Users can also provide as input a specified outgroup taxon or select
to reconstruct the phylogeny without one. We note that the proce-
dure developed in OneTwoTree is aimed at the detection of a spe-
cies with sufficient sequence coverage that is taxonomically distant
from all ingroup taxa (see Supporting Information Appendix S1).
However, this automatic procedure cannot guarantee that the

selected taxon is not embedded within the ingroup taxa. It is thus
recommended that users verify that the selected species is indeed a

valid outgroup.

2.4 | Multiple sequence alignment

Aligning each cluster, along with the outgroup sequence (if selected),
is performed using a number of possible programs, with MAFFT
(Katoh & Standley, 2013) as default. Users can further filter poorly
aligned positions or sequences using dedicated tools. An informative
set of alignments is then assembled together, forming a concate-
nated MSA (i.e., a supermatrix) that serves as the input for subse-

quent phylogeny inference step.

2.5 | Phylogeny reconstruction

Given the MSA, users can choose to reconstruct a single tree, based
on the supermatrix or obtain a tree-per-cluster based on individual
sequence clusters, allowing the examination of incongruences among
gene trees. Phylogeny reconstruction is performed using either
RAXML (Stamatakis, 2014) or ExaML (Kozlov, Aberer, & Stamatakis,
2015) for maximum-likelihood (ML) inference, or MrBayes (Ronquist
et al., 2012) for Bayesian inference. For each tool, various running
parameters are available, including a range of clock and nonclock
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models, resulting in phylogenies that are dated or undated and
whose branch lengths are unconstrained or ultrametric. Users can
also specify topological constraints or provide calibration points to
enable divergence-time estimation. Inference reliability (i.e., node
support) under the ML reconstruction can be obtained using a rapid
bootstrap option (Stamatakis, Hoover, & Rougemont, 2008), while
Bayesian posterior probabilities are an integral part of the Bayesian

analysis.

2.6 | Rerun options

Upon completion, users may choose to rerun their analysis while
modifying parameters and/or altering the sequence clusters that con-
stitute the supermatrix (either by discarding specified clusters or by

merging several clusters together).

3 | CASE STUDY: ANTIRRHINEAE
PHYLOGENY

The plant clade Antirrhineae (Plantaginaceae) consists of ca. 30 gen-
era that encompass over 320 species, including popular garden flow-
ers, such as snapdragon (Antirrhinum majus) and toadflax (Linaria
vulgaris). The evolutionary relationships within Antirrhineae were
previously investigated by a number of studies, with the most recent
one conducted by Ogutcen and Vamosi (2016). This study identified
six well-supported clades within Antirrhineae and established the
monophyly of the tribe. The inferred phylogeny included 146 species
from Antirrhineae together with an additional 11 preselected out-
group species, one from each tribe of the family. Five markers were
chosen for the phylogeny inference, including the nuclear ITS region,
and four plastid regions: ndhF, rbcL large subunit, rps16, and trnL-F.
To illustrate the applicability of OneTwoTree, we used it to
reconstruct the phylogeny of the tribe while specifying the word
“Antirrhineae” as the sole input, choosing to exclude all hybrids and
intraspecific variants. The assembled supermatrix spanned 265 spe-
cies and consisted of 1,054 sequences that were divided into 21
sequence clusters (Supporting Information Table S2). The five mark-
ers with the highest coverage were ITS, rpl32, ndhF, trnG-S, and a
region comprising the trnK and matK genes (with 243, 150, 132, 101
and 55 species sequences per marker, respectively). The partial over-
lap between the set of markers with highest coverage and those
used in the reference study demonstrates the usability of OneTwo-
Tree in efficiently identifying the putatively most informative set of
markers shared by a specified group. The resulting phylogeny (Fig-
ure 2) provides the most inclusive Antirrhineae phylogeny recon-
structed to date in terms of both taxa coverage and data matrix size.
The phylogeny included all ingroup taxa that were analysed in the
reference study, except for four taxa that were treated as distinct
species by Ogutcen and Vamosi (2016) but are ranked as subspecies
according to NCBI Taxonomy, and an additional species that was
not retrieved since it was not classified under Antirrhineae in NCBI
Taxonomy. In particular, 125 species were included in the phylogeny

reconstructed by OneTwoTree but were missing from the reference
analysis. Nearly all of these had sequences belonging to the ITS
region, 37 had ndhF and 15 had trnL-F. This shows that OneTwoTree
can be used to guide the selection and retrieval of the most informa-
tive markers while presenting data coverage statistics for all poten-
tial ones.

OneTwoTree was further used to reconstruct two additional
phylogenies given the following inputs: (a) The list of 157 taxa that
appear in the phylogeny of Ogutcen and Vamosi (2016) and (b) spec-
ifying the word “Antirrhineae” while including intraspecific variants
(Figure S1 and Table S1 for input a, and Table S3 for input b). Again,
these reconstructed phylogenies were based on substantially higher
data coverage in terms of both number of markers and number of
sequences per marker, compared to the reference study. A summary
of these analyses is presented in Table 2, and a detailed comparison
between the phylogenies can be found in the Supporting Informa-
tion Appendix S1.

4 | DISCUSSION

A main consideration in developing OneTwoTree was to enable a
fully unsupervised phylogeny inference for a group of taxa of inter-
est, while at the same time allowing users to fine-tune most steps of
the reconstruction pipeline. Therefore, the single input requirement
for OneTwoTree is a list of taxa names to be included in the phy-
logeny and for which all available sequences from GenBank are
retrieved. This further necessitates the incorporation of several fea-
tures to the computational workflow, such as clustering sequences
to orthologous groups and the option to automatically select an out-
group species. Another implementation consideration was to make
OneTwoTree available as an online tool, alleviating the need of
locally installing any program or updating the sequence database.
We emphasize, however, that the phylogeny reconstructed using
OneTwoTree is by no means a one-click solution and should be
taken to represent an initial phylogenetic hypothesis that could then
guide subsequent in-depth analyses or any sequencing efforts. As
discussed below, there are a number of extensions that could be
integrated in future releases of OneTwoTree that would provide
researchers with enhanced capabilities to tweak various stages of
the pipeline and to overcome some of the potential caveats that are
inherent to automatic procedures.

The current implementation of OneTwoTree is grounded within
the supermatrix paradigm, such that once sequence clusters are
identified they are concatenated into a single partitioned alignment
that forms the basis for phylogeny inference. Yet, clustering methods
could occasionally partition a single marker into multiple subgroups
that either evolved far enough from each other, or whose sequence
overlap is not sufficient to be placed in a single cluster. It is thus
advisable to carefully inspect the resulting clusters and, if necessary,
to conduct a follow-up OneTwoTree analysis by modifying the
parameters of the clustering step (e.g., the inflation index) or by
merging several clusters together. In addition, a number of
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FIGURE 2 The Antirrhineae phylogeny produced by OneTwoTree using “Antirrhineae” as a sole input, excluding intraspecific variants. The
most recent common ancestor of each clade of the tribe is assigned with a number— (1) Anarrhinum, (2) Maurandya, (3) Gambelia, (4)
Chaenorhinum, (5) Antirrhinum and (6) Linaria; species in black are those that did not appear in the reference study, whereas the ones in gray
did. A zoom-in on the Linaria clade is presented in Supporting Information Figure S2. The width of the branches is proportional to the
bootstrap values, with thicker branch denoting higher support (ranging from 100, the thickest, to 85 or below, the thinnest)

processes, including hybridizations, lateral gene transfer and incom- discordant data (e.g., Heled & Drummond, 2010; Mirarab & Warnow,
plete lineage sorting, may lead to incongruence among individual 2015). These tools, however, are computationally demanding and it
trees produced from distinct markers, resulting in inconsistent spe- is thus advisable to apply them offline with powerful computational
cies-tree estimation (Degnan & Rosenberg, 2006). Several species- facilities, while OneTwoTree can be used to guide the data assembly

tree reconstruction methods have been designed to deal with step. Instead, users can test for congruence among the assembled
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TABLE 2 Comparison of the Antirrhineae phylogenies produced by OneTwoTree and Ogutcen and Vamosi (2016)
Parsimony
Number Number of sequences Number of informative  Missing Running
Input and reconstruction method of taxa  (top five markers)? markers MSA length sites (%)° data (%) time (min)
Ogutcen and Vamosi (2016) 157 382 (382) 5 6,183 22.03 60 -
Taxa list identical to the reference study 157 839 (446) 24 28,331 12.70 83.21 52
“Antirrhineae” excluding intraspecific variants 265 1,054 (681) 21 25,788 12.62 86.58 84
“Antirrhineae” including intraspecific variants 337 1,297 (867) 20 23,689 13.51 86.41 133

Note. The number of sequences in the assembled supermatrix. In parentheses is the number of sequences in the five mostly covered markers. ®Posi-
tions with at least two types of characters (e.g., nucleotides). “Gaps and completely undetermined characters.

sequence clusters using a number of available approaches (e.g., Con-
caterpillar; Leigh, Susko, Baumgartner, & Roger, 2008) and then con-
duct a follow-up OneTwoTree analysis using one (or more) set of
concordant clusters.

By default, OneTwoTree retrieves all sequences of the requested
taxa. Yet, the inclusion of certain sequences could deteriorate the align-
ment. This could be the result of highly diverged sequences, partial
sequences, as well as sequencing or annotation errors. The use of align-
ment filtering programs can be used to omit positions or sequences
whose resolutions vary widely across alternative alignments. Likewise,
the inclusion of species in the tree whose position is highly uncertain
could distort the tree structure in such a way that would decrease the
overall phylogenetic resolution. A possible solution would be to obtain
a sample of possible phylogenies using a preliminary run and then to
detect rogue taxa using tools such as RogueNaRok (Aberer, Krompass,
& Stamatakis, 2013). In particular, this two-step approach requires
extensive running time and could be offered as a follow-up option.

At last, the operational taxonomic units in a default OneTwoTree
analysis correspond to terminal taxa in the hierarchy of NCBI taxonomy
(usually species or subspecies). Following user preference, intraspecific
variants can be excluded from analyses or included as distinct entities.
Instead, this hierarchy could be collapsed, such that the tips of the phy-
logeny would include the sequences of all taxa circumscribed within a
given rank. At present, OneTwoTree allows the merging of sequences
from subspecies together with those of their recognized species into a
single taxon. In the future, this could be performed above the species
level, which would naturally enable the reconstruction of phylogenies

whose terminal taxa are, for example, genera or families.
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