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Background
Phylogenies capture the shared history of organisms and provide key evolutionary con-
text for our biological observations  [1]. Updating existing phylogenies with publicly 
available molecular sequence data provides the opportunity to simultaneously study the 
evolutionary history of many taxa in a reproducible and continuous manner. Increased 
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taxonomic sampling is known to improve phylogenetic reconstructions  [2, 3], time of 
divergence estimates [4, 5], and biogeographic analyses [6], as well as help in resolving 
phylogenetic conflict [3, 7, 8]. Here, we introduce Physcraper, a Python package that pro-
vides a data interoperability framework to automate data connections across biological 
databases, with the main goal of building upon published alignments and phylogenies 
to extend existing phylogenetic inferences with sequence data available for more taxa in 
public DNA databases. Physcraper links tip taxon labels in the updated trees to a unified 
taxonomic resource  [9], effectively streamlining connections between phylogenies and 
any type of biological data.

Information such as geographical location, fossil ranges, and genetic and phenotypic 
data increasingly available in public biological databases constitute an amazing resource 
for scientific discovery [10]. One of the main challenges for automatic integration of data 
across biological databases are varying taxonomic idiosyncrasies. To address this chal-
lenge, the Open Tree of Life project (OpenTree) created a unified taxonomy for auto-
matic taxonomic name standardization, by integrating taxonomic data from several 
resources  [9], including the USA National Center for Biodiversity Information (NCBI) 
taxonomy [11, 12], and the Global Biodiversity Information Facility (GBIF) [13], among 
many others. OpenTree’s unified taxonomy, along with tools and methods to manage it, 
are available as Application Programming Interfaces (APIs), which are implemented as 
open access services for the general public [14]. Physcraper leverages on existing Open-
Tree’s unified taxonomy APIs to automatically standardize taxon names in any phy-
logeny, a key step to streamline the connection of updated phylogenies with data from 
different and independent biological databases.

Decades of single locus sequencing have generated massive amounts of homologous 
DNA datasets that have the potential to be used for phylogenetic reconstruction at 
many scales [15]. More than a decade ago, GenBank release 159 (April 15, 2007) already 
hosted 72 million DNA sequences that were gauged to have the potential to resolve phy-
logenetic relationships of 98.05% of the almost 241,000 distinct taxa in the NCBI tax-
onomy at the time  [15]. However, even thirteen years later, phylogenetic estimates for 
most of these taxa are still not available [16]. OpenTree assembles a comprehensive syn-
thetic tree of life comprising 2.3 million tips, of which around 90,000 are supported by 
publicly available expert phylogenetic data that has been uploaded to OpenTrees’ data-
base (the Phylesystem  [17]) by volunteer curators—the remaining 1.4 million taxa are 
placed in the synthetic tree based on OpenTree’s unified taxonomy. There is a consider-
able amount of phylogenetically informative data in GenBank with the potential to fill 
these phylogenetic gaps in the tree of life, but this data either has not been analysed or 
the analyses have not been made publicly available and accessible [16].

Assembling a DNA alignment from a massive database such as GenBank can be done 
“by hand”, but that is a time-consuming approach which is largely non reproducible. Var-
ious computational pipelines that mine DNA databases fast, efficiently, and reproducibly 
have been developed and widely used to infer phylogenetic relationships of many organ-
isms (e.g., [18–21]). While genomics has, and will continue to revolutionize phylogenetic 
inference, the diversity of alternative genomic sequencing approaches that are imple-
mented produce widely non-overlapping homology hypotheses across taxa, creating 
challenges for phylogenetic reconstruction [22]. Phylogenomics addresses this problem 
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by focusing on targeted capture of informative regions [23]. However, carefully curated 
markers and alignments can significantly improve phylogenetic reconstructions, even in 
phylogenomic analyses [24].

Physcraper improves on previous work that automates phylogenetic reconstruction, 
by leveraging on the knowledge contained in existing homology hypotheses that phy-
logeneticists and taxon specialists have assessed and deemed appropriate for a specific 
phylogenetic scope. There are almost 8,200 publicly available, peer-reviewed curated 
alignments, covering around 100,000 distinct taxa in the TreeBASE database  [25–27], 
which can be used as seeds to mine molecular databases, and as “jump-start” alignments 
for phylogenetic reconstruction [28] to continually enrich, update and compare phyloge-
netic hypotheses to existing evolutionary knowledge.

Physcraper is implemented as a Python pipeline that uses OpenTree’s APIs to auto-
matically link any phylogeny mapped to OpenTree’s unified taxonomy, to alignments 
from TreeBASE, and data from GenBank. Physcraper’s usage and functionalities are pre-
sented with a case-study analysis of a group of flowering plants, the hollies.

Implementation
Physcraper is implemented with Python and can be run on a Python interactive session, 
as a Python script, or using the command line interface we developed for it. It currently 
consists of 13 modules. For testing and improving Physcraper’s Python code syntax 
quality, we used the Pylint software following instructions from its website  [29] and 
manual [30], with a “.pylintrc” configuration file. As of now, all Physcraper modules have 
a Pylint score of 10/10.

The general Physcraper framework (Fig. 1) consists of 4 steps: (1) identifying and pro-
cessing a phylogeny and its underlying alignment; (2) performing a BLAST search of 
DNA sequences from original alignment on GenBank, and filtering of new sequences; 
(3) profile-aligning new sequences to original alignment; (4) performing a phylogenetic 
analysis and comparing the updated results to existing phylogenies.

Fig. 1  The Physcraper framework consists of four general steps. The star represents the “search taxon”, the 
Most Recent Common Ancestor (MRCA) of all taxa in the ingroup that is also a named clade in the NCBI 
taxonomy. The software is fully described on its documentation website at https://physcraper.readthedocs.io, 
along with installation instructions, function usage descriptions, examples and tutorials
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The inputs: a phylogeny and an alignment

Taxon names in the input phylogeny must be standardized to OpenTree’s unified taxon-
omy [31] using OpenTree’s bulk Taxonomic Name Resolution Service (TNRS) tool [32]. 
Users can upload their own phylogeny, or choose from among the 2, 950 curated phylog-
enies stored in OpenTree’s Phylesystem database [33] that also have alignments available 
on the TreeBASE database [34, 35].

The input alignment is a single locus DNA dataset that was used in part or in whole to 
generate the input phylogeny. Physcraper retrieves TreeBASE alignments automatically. 
Alternatively, users can provide the path to a local copy of the alignment of their choos-
ing. Only taxa that are both in the sequence alignment and in the phylogeny are consid-
ered further for analysis; at least one taxon and its corresponding sequence are required.

DNA sequence search and filtering

The Basic Local Alignment Search Tool, BLAST [36] is used for DNA sequence search 
either on a remote or a local GenBank database. It is constrained to a “search taxon”, 
which corresponds to the Most Recent Common Ancestor (MRCA) of all ingroup taxa 
that is also a named clade in the NCBI taxonomy (Fig. 1). The search taxon is identified 
using OpenTree’s unified taxonomic API [37].

BLAST is performed using the blastn algorithm  [38] implemented in BioPython 
1.71  [39] NCBIWWW module  [40] modified to accept an alternative BLAST address. 
Each sequence in the alignment is BLASTed once against the GenBank database. Match-
ing sequences are filtered and excluded from the analysis if they (1) are not in the search 
taxon; (2) have an e-value above the cutoff (default to 0.00001); (3) fall outside a mini-
mum and maximum sequence length threshold, defined as a proportion of the average 
sequence length without gaps of all sequences in the input alignment (default values 
of 80% and 120%, respectively); (4) or, if they are either identical to or shorter than an 
already existing sequence in the input alignment, and they represent the same taxon in 
NCBI’s or OpenTree’s unified taxonomy. By default, an arbitrary maximum number of 
5 sequences per taxon are chosen at random from the set of matching sequences that 
passed the filtering step.

Reverse, complement, and reverse-complement sequences are identified and trans-
lated using BioPython internal functions [39]. Iterative cycles of BLAST searches can be 
performed, by blasting all new sequences until no new ones are found. By default only 
one BLAST cycle is performed.

New DNA sequence alignment

MUSCLE  [41] is used to perform a profile alignment in which the original alignment 
is used as a template of homology criteria to align new sequences. The final alignment 
is not further automatically checked, and additional inspection and refinement are 
recommended.

Phylogenetic reconstruction and comparison

RAxML [42] is implemented to reconstruct a Maximum Likelihood (ML) gene phylog-
eny for each input alignment with default settings (GTR​CAT​ model and 100 bootstrap 
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replicates with default algorithm), using the input phylogeny as starting tree for ML 
searches. Bootstrap results are summarized using DendroPy’s SumTrees module [43].

Physcraper’s main result is an updated phylogenetic hypothesis for the search taxon. 
Updated and original phylogenies are compared with Robinson-Foulds weighted and 
unweighted metrics calculated with Dendropy [43], and with a node by node compari-
son between the synthetic OpenTree and the original and updated phylogenies individu-
ally, using OpenTree’s conflict API [44].

Results
Case study: the hollies

A user is interested in phylogenetic relationships within the genus Ilex. Commonly 
known as “hollies”, the genus encompasses between 400 [45] and 500 recognized living 
species [46], and is the only extant taxon within the family Aquifoliaceae, in the order 
Aquifoliales of flowering plants [47].

An online literature review in June 2020 (Google scholar search for “ilex phylogeny”) 
revealed that there are several published studies addressing phylogenetic relationships 
within the hollies [45, 48–52], but only the “Gottlieb2005” study [45] and the “Yao2020” 
study  [52] have data openly available. The Gottlieb2005 phylogeny and alignment are 
available in TreeBASE study 1091 [53]. The Gottlieb2005 phylogeny samples 41 species, 
is available in OpenTree’s Phylesystem (study pg_2827 [54]), and has been integrated into 
OpenTree’s synthetic tree  [55]. The Yao2020 Ilex phylogeny is the most recent one for 
the genus [52], and it is only available in OpenTree’s Phylesystem (study ot_1984 [56]), 
and in the DRYAD repository  [57]. With 175 tips, the Yao2020 phylogeny  [52] is the 
best sampled phylogeny available for the genus Ilex. In order to showcase Physcraper’s 
performance, we chose the Gottlieb2005 phylogeny and a corresponding single locus 
alignment of the internal transcribed spacer DNA region (ITS) as Physcraper inputs, to 
update relationships in the genus Ilex. Currently being the best sampled and most recent 
phylogenetic hypothesis for Ilex, we used the Yao2020 phylogeny as the ideal standard to 
compare results from this Physcraper case study.

We ran Physcraper on a computer node of the Multi-Environment Research Com-
puter for Exploration and Discovery (MERCED) Linux cluster from the University of 
California, Merced, using one core at 2301 MHz RAM. BLAST and RAxML analyses ran 
for 19hrs 45min, with bootstrap analyses taking an additional 13hrs. The Gottlieb2005 
phylogeny  [45] updated using Physcraper (Fig.  2; Physcraper updated phylogeny from 
now on) displays all 41 distinct taxa from the original study plus 231 new tips, con-
tributing phylogenetic data to 84 additional Ilex taxa. The best ML phylogeny from the 
RAxML analysis is 99% resolved, with 25% of nodes with bootstrap support < 0.1 and 
48% nodes with bootstrap support > 0.75 (Fig. 2a). A large portion of internal branches 
are negligibly small, with 30 branches < 0.00001 substitution rate units, from which only 
9 have a bootstrap support > 0.75 (Fig. 2). As comparison with the Physcraper updated 
phylogeny, the Yao2020 phylogeny [52] also contains all 41 distinct taxa sampled in the 
Gottlieb2005 phylogeny  [45], while contributing phylogenetic data to 134 additional 
Ilex taxa. From these, 67 taxa are also in the Physcraper updated phylogeny. While the 
Yao2020 phylogeny  [52] was also constructed using ITS as a marker, their GenBank 
data is not released yet. Hence, Physcraper was unable to incorporate 68 taxa that are 
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only on the Yao2020 phylogeny because the DNA data is unavailable. We also note that 
Physcraper incorporates 18 Ilex taxa that are not in the Yao2020 phylogeny [52]. These 
taxa appear nested among other Ilex species (Fig. 2b) and visual inspection of the DNA 
sequences suggests they are correctly assigned as Ilex. The ITS alignment that underlies 
the Yao2020 phylogeny was constructed without any tool to mine GenBank [52], which 
could explain why Physcraper was able to incorporate these 18 additional Ilex taxa in the 
Physcraper updated phylogeny.

Verification test

To test the performance of Physcraper we performed a verification test in which we 
pruned 9 out of the 41 tips in the original Gottlieb2005 phylogeny [45], corresponding to 
a 20% trim, excluding the outgroups. We then performed a Physcraper run to test if we 
would recover the pruned tips. To perform the BLAST searches, Physcraper automati-
cally drops sequences from the alignment belonging to taxa absent from the input phy-
logeny. The Physcraper updated phylogeny successfully recovered only 6 out of 9 pruned 
tips. Closer examination of results revealed that sequences for the 3 missing tips were 
correctly retrieved with BLAST along with the 6 sequences belonging to the remaining 
pruned tips, but were excluded from the alignment step. We then followed the GenBank 
accession numbers reported in [45] belonging to the sequences of the 3 missing tips, Ilex 
warburgii (original accession number reported: U92600/U92601; updated: AH007153.2), 

Fig. 2  a Phylogeny updated with Physcraper using a starting phylogeny and an alignment from [45] 
(Gottlieb2005 data in text). Tips in original alignment and new tips added with Physcraper are depicted 
in black and red, respectively. First, Physcraper obtained sequences from the GenBank database via local 
BLAST of all sequences in the Gottlieb2005 original alignment of the internal transcribed spacer DNA region 
(ITS). Then, it filtered the obtained sequences following criteria described in section “DNA sequence search 
and filtering”, and aligned them to the original Gottlieb2005 alignment using MUSCLE. Finally, Physcraper 
performed a phylogenetic reconstruction using RAxML, with 100 bootstraps. b Results of conflict analysis 
performed using OpenTree’s conflict tool [44]. The Physcraper updated Gottlieb2005 phylogeny in a was 
compared to an Ilex OpenTree synthetic subtree v. 12.3 [72] constructed using taxonomy of the genus as 
backbone and resolving branches based on phylogenetic data from the original Gottlieb2005 phylogeny. 
Green branches are resolved by the updated phylogeny, blue branches are in agreement between the 
updated phylogeny and the synthetic subtree, and orange branches are in conflict between the two
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Ilex dimorphophylla (original  accession number reported: U92592/U92593; updated: 
AH007149.2), and Ilex percoriacea (accession number: AH007156.2). We note that these 
three sequences contain a 100 bp long gap of unidentified nucleotides (Ns) that is com-
pletely absent from the original alignment. This caused them to exceed Physcraper’s 
default sequence length cutoff of 120%, being thus filtered and excluded from further 
analyses. The missing ITS sequences do appear in Physcraper’s output file “seqlen_mis-
match.txt”, that includes the accession number, taxon name, and sequence length of all 
BLAST matches that were filtered based on sequence length cutoffs set in the configura-
tion file.

Discussion
Databases preserving and democratizing access to biological data have become essential 
resources for science. New molecular data keep accumulating and tools facilitating its 
integration into existent evolutionary knowledge contribute to the acceleration of scien-
tific discovery. Physcraper is a tool that builds upon previous knowledge stored in pub-
lished alignments and phylogenies, taking advantage of OpenTree’s services to facilitate 
comparison of phylogenies, with the main goal of extending our knowledge of phylo-
genetic relationships across the tree of life. We believe this is a key step to successfully 
establish an open, reproducible workflow for phylogenetics. As such, it facilitates access 
to phylogenetic knowledge for non-specialists in diverse research areas (e.g., ecology, 
medicine), effectively contributing to the democratization of phylogenetic studies.

As a tool for automatizing phylogenetic reconstruction from molecular databases, 
Physcraper presents several advantages over existing phylogenetic pipelines designed 
to make evolutionary sense of the vast amount of public genetic data available. Unlike 
phylogenetic placement approaches [58, 59], which add new taxa without modifying the 
input phylogeny, Physcraper estimates all the relationships anew in the context of the 
new data. The tool PUMPER  [20] shares these conceptual strengths, but is no longer 
under active development, is challenging to install and run, and has produced few pub-
lished phylogenetic analyses since its publication. Several other existing tools create full 
phylogenies de novo by mining of molecular databases [15, 19, 21, 60, 61]. In particular, 
Phylota [15], and PHLAWD [18], have been cited and used abundantly. Physcraper adds 
to this automated database mining concept by incorporating prior phylogenetic work 
and existing taxonomic domain knowledge on appropriate markers and alignment con-
struction, to update existing phylogenetic knowledge. This decreases error (requiring 
less manual downstream processing) and eases comparison with previous phylogenetic 
hypotheses. Results from the verification test highlight the importance of incorporat-
ing existing expertly curated homology statements to automatically update phylogenetic 
relationships, instead of ignoring the information they contain and building homology 
statements fully de novo.

We encourage users to look at Physcraper’s output files containing information about 
the filtered sequences, and use this results to potentially modify configuration param-
eters such as the sequence length cutoff parameter in subsequent Physcraper runs. 
Physcraper’s default filtering parameters are arbitrary, but we hope that by making the 
process of locating homologous sequences online reproducible, and tracking what filters 
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are used, we make it easier for researchers to delve into the effect that different filter-
ing choices have on their inferences. This is in contrast to “manual” searches for DNA 
sequences in molecular databases, where similar arbitrary filters are applied, but are dif-
ficult to trace. It has been shown [62] that the effect of missing data in alignments can be 
enigmatic, and interact with the true phylogenetic relationships for the dataset at hand. 
There is not currently strong support in the literature for any particular filtering cutoff 
value, and rather than prescribe specific approaches, we encourage users to explore the 
effects of different parameter values on resulting phylogenetic hypotheses. In addition, 
by providing the output files at each step of the analysis, it is straightforward to assess 
how changing filtering cutoffs and software choices might drive differences in phyloge-
netic inference. By gathering the DNA sequences, and making the unaligned files easily 
accessible and reusable, Physcraper also facilitates the exploration of alternative aligning 
tools. Once sequences are aligned, users can apply practically any phylogenetic software 
and compare results using Physcraper tools in a reproducible framework.

Organellar genome sequences, such as chloroplasts and mitochondria will also gen-
erally be excluded from automatic addition based on default Physcraper length cutoffs. 
Multiple sequence alignment of loci of drastically different lengths is unfeasible, and we 
have found in testing that it often returns incorrect results, splitting shorter sequences 
with many long gaps to align with exact matches across the entire longer locus. While 
it would be possible to directly extract the BLAST match from genomes, this would 
exclude potentially homologous flanking regions which are not matched by BLAST’s 
local search algorithm, but that may be important for phylogenetic inference. Instead we 
list the accession numbers for these matches in the “seqlen_mismatch.txt” file for users 
to assess and incorporate appropriate homologous regions to their alignment of interest.

Physcraper generates gene trees, which individually do not capture the full complex-
ity of species’ evolutionary history  [63]. In addition, single gene phylogenies with very 
high numbers of taxa may lack sufficient signal for accurate phylogenetic resolution [64]. 
The Physcraper workflow avoids this challenge by focusing on ingroup taxa of an exist-
ing phylogeny, using markers that have been assessed and proven appropriate for that 
phylogenetic scope in past publications. Also, Physcraper thins alignments by removing 
sequences identical to original and newly added sequences, and by setting a maximum 
number of sequences per taxon. Nonetheless, it is incumbent on users to assess their 
final inference with respect to statistical support and biological plausibility.

In the era of phylogenomics, rigorous analyses of multiple loci still allow for more 
complex evolutionary models than analyses of large genomic data sets, and in many 
cases can provide better evolutionary estimates. For example [65] show that when apply-
ing coalescent models, there is more information in two genes of 300 bp each than in 
600 independent sites. Physcraper is designed to facilitate gathering alignments and 
gene trees for multiple loci from a group of interest, that together can be used to recon-
struct species trees taking into account coalescent processes with ASTRAL [66] or SVD 
Quartets [67]. Physcraper’s “multi_locus.py” module allows to automatically merge the 
outputs of Physcraper runs from different loci into input files for the two software men-
tioned above, or as concatenated alignments for supermatrix analyses.
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Our case study application of Physcraper to update a phylogeny of the genus Ilex is 
based on a single marker, so we expect for it to be not as well resolved as phylogenies 
resulting from analyses that used multiple markers. Although not perfect,  the Phy-
scraper updated Ilex phylogeny seems biologically reasonable in different ways. All sam-
ples corresponding to the ingroup are clustered together, forming a monophyletic group 
(Fig. 2a), and samples belonging to the same Ilex species also form monophyletic groups 
(Fig.  2b). A notable exception are samples of the species Ilex theeizans, which appear 
as non-monophyletic in the updated phylogeny as well as in the original Gottlieb2005 
phylogeny. A visual comparison of the Yao2020 phylogeny and the original Gottlieb2005 
phylogeny suggests that relationships within the genus Ilex are still being actively deter-
mined, and that increased taxon sampling might be key to resolve them.

Physcraper has the added advantage of facilitating the linkage of taxonomic infor-
mation about tips in the output phylogenies to data available in a variety of biological 
databases  [9], such as geographical locations for taxa from the GBIF  [13]. Taxonomic 
links, and comparisons to existing published phylogenies in the OpenTree data store can 
also help flag paralogous sequences. Accidentally including paralogs as homologs is a 
known risk of assembling a dataset for phlyogenetic analysis, and can be more prevalent 
in automatically assembled datasets than in manually curated ones. We provide users 
with several tools to assess homology of aligned sequences. The estimated gene phylog-
eny itself is an evolutionarily explicit way to visualize gene evolution, which in concert 
with taxonomic labelling can reveal paralogy. OpenTree’s conflict analysis tool imple-
mented in Physcraper informs the users of whether their phylogeny contains major con-
flicts with established taxonomy and any phylogenetic context they wish to compare to. 
This tool also returns information on taxonomic and phylogenetic conflicts that exist in 
the original input phylogeny. Detected conflicts may be a sign that taxonomy needs to 
be updated, or may be a sign that non-homologous sequences have been included in the 
analysis. These taxonomic and phylogenetic conflicts flag regions of the phylogeny for 
the researcher to more closely examine and assess homology.

The Physcraper workflow can be used to rapidly (in a matter of hours) create phyloge-
nies which can address challenges overarching both fields of ecology and evolution, such 
as phylogenetically placing newly discovered species  [68], curating taxonomic assign-
ments  [69], and generating custom trees for ecological  [70] and evolutionary down-
stream analyses [71].

Conclusions
Data repositories hold more information than meets the eye. Beyond the main data, they 
are rich sources of metadata that can be leveraged for the advantage of all areas of biol-
ogy as well as the advancement of scientific policy, applications and education. Scientific 
understanding is constantly challenged and reframed by new data and analyses. Phy-
scraper provides a framework for reproducible phylogenetics that has the potential to 
consistently contextualize new knowledge in the light of previous understanding, show-
casing the utility and importance of good data sharing practices and open science for the 
advancement of phylogenetics, biology and research.
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Availability and requirements

Project name: Physcraper
Project home page: https://physcraper.readthedocs.io/en/latest/index.html
Operating System: Linux, Mac, Windows
Programming Language: Python
Other requirements: Dependencies
License: GNU
Any restrictions to use by non-academics: As specified by the License

Abbreviations
OpenTree: The Open Tree of Life project; TNRS: Taxonomic Name Resolution Service; MRCA​: Most Recent Common 
Ancestor; BLAST: Basic Local Alignment Search Tool; NCBI: USA National Center for Biodiversity Information; GBIF: Global 
Biodiversity Information Facility; API: Application Programming Interface.
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