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Abstract: Multiple sequence alignments and phylogenetic trees are rich in biological information
and are fundamental to research in biology. PhyKIT is a tool for processing and analyzing the
information content of multiple sequence alighments and phylogenetic trees. Here, we describe how
to use PhyKIT for diverse analyses, including (i) constructing a phylogenomic supermatrix, (ii)
detecting errors in orthology inference, (iii) quantifying biases in phylogenomic data sets, (iv)
identifying radiation events or lack of resolution using gene support frequencies, and (v) conducting
evolution-based screens to facilitate gene function prediction. Several PhyKIT functions that
streamline multiple sequence alignment and phylogenetic processing—such as renaming FASTA
entries or tree tips—are also discussed. These protocols demonstrate how simple command-line
operations in the unified framework of PhyKIT facilitate diverse phylogenomic data analysis and
processing, from supermatrix construction and diagnosis to gene function prediction.

Keywords: phylogeny; phylogenomics; sequence alignments; genomics; software tools;
comparative genomics

Introduction

Phylogenomics combines principles and methodologies in phylogenetics, genomics, and
bioinformatics to understand the evolutionary relationships and functions of genome-scale
nucleotide and amino acid sequences (Delsuc et al., 2005; Eisen, 1998). Phylogenomic analyses can
also help uncover the tempo and modes of evolution across lineages, facilitate accurate identification
of taxa, and serve as the backbone for downstream comparative studies (Steenwyk et al., 2023b;
Thornton and DeSalle, 2000; Jarvis et al., 2014; Green et al., 2014; Steenwyk et al., 2024; Sierra-Patev
et al., 2023).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Two data types are fundamental to phylogenomic analysis: multiple sequence alignments,
wherein putative site-wise homologies are represented as columns, and phylogenetic trees, which
are diagrams representing evolutionary relationships with branch length information frequently
represented as time or evolutionary rate. Efficient processing and analysis of these data types is key
for phylogenomics.

PhyKIT is a software package with multiple functions for high throughput exploration of
multiple sequence alignments and phylogenetic trees in phylogenomic datasets (Figure 1 and Table
1) (Steenwyk et al., 2021). This article introduces the basics of processing phylogenomic datasets with
PhyKIT, followed by more complex analyses ranging from diagnosing errors and biases in
phylogenomic data matrices to identifying RADIATION EVENTS and conducting evolution-based
screens to facilitate gene function prediction. Although this article covers frequently used PhyKIT
functions, explanations for all 47 utilities are available in the online documentation
(https://jlsteenwyk.com/PhyKIT). While these protocols demonstrate how PhyKIT functions
democratize the processing and analysis of phylogenomic data matrices, they also underscore how
complex phylogenomic analyses can be easily done using a unified toolkit.
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Figure 1. PhyKIT is a multitool with diverse functions for processing and analyzing phylogenomic
data. For example, processing can include alignment recoding, creating concatenated supermatrices,
renaming FASTA entries and more. Exemplary analysis functions include calculating the information
content of multiple sequence alignments and phylogenetic trees, and quantifying gene-gene
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coevolution. Together, PhyKIT offers diverse features under a unified framework for facilitating and
streamlining phylogenomic data processing and analysis.

Table 1. A complete list of PhyKIT functions as of version 1.19.0.

alignment_length aln_len; al Calculate alignment length.

alignment_length_no_gaps aln_len_no_gaps; [(Calculate alignment length excluding sites

alng with gaps.
. . . IRecode alignments using reduced character
alignment_recoding aln_recoding; recode tates

Calculates column score.

column_score cs Column score is an accuracy metric for a
multiple alignment relative to a reference
alignment.

Calculates compositional bias per site in an

. ., _flignment.
L. . . comp_bias_per_site;
compositional_bias_per_site

cbps Site-wise chi-squared tests are conducted in
an alignment to detect compositional biases.
Create a concatenated alignment file. This
create_concatenation_matrix create_concat; cc  [function is used to help in the construction of

multi-locus data matrices.

Estimate evolutionary rate per site.

evo_rate_per_site;

evolutionary_rate_per_site \Values may range from 0 (slow evolving; no

rps diversity at the given site) to 1 (fast evolving;
all characters appear only once).
faidx get_entry; ge Extracts sequence entry from FASTA file.
gc_content gc (Calculate GC content of a FASTA file.
(Calculate the average pairwise identity
among sequences.
Alignment- pairwise_identity pairwise_id; pi
based IPairwise identities can be used as proxies for
functions the evolutionary rate of sequences.
. . . . . (Calculate the number and percentage of
parsimony_informative_sites pis . . . o .
arismony informative sites in an alignment.
(Calculate RCV (relative composition
variability) for an alignment.
relative_composition_variability rel_comp_var; rcv

ILower RCV values are thought to be
desirable because they represent a lower
composition bias in an alignment.

(Calculate RCVT (relative composition
variability, taxon) for an alignment.

relative_composition_variability_taxon rel_comp_var_taxon;[RCVT is the relative composition variability
- - - revt metric for individual taxa. Lower RCVT

values are more desirable because they

indicate a lower composition bias for a given

taxon in an alignment.

[Rename entries in a FASTA file. Note, the

rename_fasta_entries rename_fasta input FASTA file does not need to be a

multiple sequence alignment.

(Calculates sum-of-pairs score.

sum_of_pairs_score sops; sop Sum-of-pairs is an accuracy metric for a
multiple alignment relative to a reference
alignment.

[Thread DNA sequence onto a protein
thread_dna pal2nal; p2n alignment to create a codon-based
alignment.
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(Calculate the number and percentage of

Tree-based
functions

variable_sites Vs . . .
variable sites in an alignment.
. - ICalculate summary statistics for bipartition

bipartition_support_stats bss
support.
IMultiply branch lengths in a phylogeny by a
given factor.

branch_length_multiplier blm

[This can help modify reference trees when
conducting simulations or other analyses.

collapse_branches

collapse; cb

(Collapse branches on a phylogeny according
to bipartition support.

Bipartitions will be collapsed if they are less
than the user specified value.

covarying_evolutionary_rates

cover

Quantify the degree of coevolution between
two single-gene trees.

degree_of_violation_of_a_molecular_clock

dvmc

(Calculate degree of violation of a molecular
clock (or DVMC) in a phylogeny.

ILower DVMC values are thought to be
desirable because they are indicative of a
lower degree of violation in the molecular
clock assumption.

evolutionary_rate

evo_rate

ICalculate a tree-based estimation of the
evolutionary rate of a gene.

hidden_paralogy_check

clan_check

Scan tree for evidence of hidden paralogy.

Specifically, this method will examine if a set
lof well-known monophyletic taxa are, in fact,
exclusively monophyletic.

internal_branch_stats

ibs

(Calculate summary statistics for internal
branch lengths in a phylogeny.

Internal branch lengths can be useful for
hylogeny diagnostics.

internode_labeler

IAppends numerical identifiers to bipartitions
in place of support values. This is helpful for
[pointing to specific internodes in
supplementary files or otherwise.

last_common_ancestor_subtree

lca_subtree

Obtains subtree from a phylogeny by getting
the last common ancestor from a list of taxa.

long_branch_score

1b_score; Ibs

(Calculate long branch scores in a phylogeny.

ILower long branch scores are thought to be
desirable because they are indicative of taxa
lor trees that likely do not have issues with
long branch attraction.

monophyly_check

is_monophyletic

This analysis can be used to determine if a
set of taxa are exclusively monophyletic. By
lexclusively monophyletic, if other taxa are in
the same clade, the lineage will not be
considered exclusively monophyletic.

Generate all nearest neighbor interchange

nearest_neighbor_interchange nni .
imoves for a binary rooted tree.
(Calculate summary statistics among patristic
distances in a phylogeny.
patristic_distances pd

IPatristic distances are all tip-to-tip distances
in a phylogeny.

polytomy_test

polyt_test; polyt; ptt

IConduct a polytomy test for three clades in a
iphylogeny.

IPolytomy tests can be used to identify
putative radiations as well as identify well
supported alternative topologies.

reprints202404.1514.v1
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print_tree

print; pt

Print ASCII tree of input phylogeny.

prune_tree

prune

IPrune tips from a phylogeny.

rename_tree

rename_tips

[Renames tips in a phylogeny.

robinson_foulds_distance

irf_distance; rf_dist; rf|

ICalculate Robinson-Foulds distance between
two trees.

ILow Robinson-Foulds distances reflect
greater similarity between two phylogenies.
[This function prints out two values, the plain
IRobinson-Foulds value and the normalized
IRobinson-Foulds value, which are separated
by a tab.

root_tree

root; rt

Roots phylogeny using user-specified taxa.

spurious_sequence

spurious_seq; ss

Identifies potentially spurious sequences and
reports tips in the phylogeny that could
possibly be removed from the associated
imultiple sequence alignment. PhyKIT does
so by identifying and reporting long terminal
branches defined as branches that are equal
to or 20 times the median length of all
branches.

terminal_branch_stats

tbs

(Calculate summary statistics for terminal
branch lengths in a phylogeny.

tip_labels

tree_labels; labels; tl

IPrints the tip labels (or names) a phylogeny.

tip_to_tip_distance

t2t_dist; t2t

(Calculate distance between two tips (or
leaves) in a phylogeny.

tip_to_tip_node_distance

t2t_node_dist; t2t_nd

(Calculate distance between two tips (or
leaves) in a phylogeny.

Distance is measured by the number of
nodes between one tip and another.

total_tree_length

tree_len

(Calculate total tree length, which is a sum of
all branches.

treeness

tness

(Calculate treeness statistic for a phylogeny.

IHigher treeness values are thought to be
desirable because they represent a higher
signal-to-noise ratio.

Alignment-
and tree-

saturation

sat

(Calculate saturation for a given tree and
alignment.

Saturation is defined as sequences in
imultiple sequence alignments that have
undergone numerous substitutions such that
the distances between taxa are
underestimated.

based
functions

treeness_over_rcv

toverr; tor

(Calculate treeness/RCV for a given
alignment and tree.

Higher treeness/RCV values are thought to
be desirable because they harbor a high
signal-to-noise ratio are least susceptible to
composition bias.

Operation System Requirements

Access to a machine with Unix, Linux, Apple OS X, or Windows operating system is required.

Conventions

doi:10.20944/preprints202404.1514.v1

PhyKIT usage will be depicted as if working in the Unix environment. Unix commands will be
in Menlo font, with the $ character indicating the command line. Comments, indicated by the #
character, will be used to describe the command being executed and associated output.


https://doi.org/10.20944/preprints202404.1514.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2024 d0i:10.20944/preprints202404.1514.v1

Background Knowledge

Previous experience with the Unix command line is assumed. Familiarity with FASTA and
Newick file formats—used for multiple sequence alignments and phylogenetic trees, respectively —
is also required. FASTA and Newick file formats are the main inputs and outputs of PhyKIT. Files
not in these formats can be converted to FASTA or Newick format using software like the sibling
toolkit, BioKIT (Steenwyk et al., 2022a), or other utilities like biopython (Cock et al., 2009) and web
portals like phylogeny.fr (http://phylogeny.lirmm.fr/phylo_cgi/data_converter.cgi).

Protocol 1: Installing PhyKIT and Syntax for Usage

PhyKIT is  freely  available @ under the  MIT  license  via  GitHub
(https://github.com/JLSteenwyk/PhyKIT) and is distributed through multiple repositories, including
Python Package Index (PyPl) (https://pypi.org/project/phykit/) and the Anaconda Cloud
(https://anaconda.org/bioconda/phykit). As of writing, the latest PhyKIT release is version 1.19.2. The
installed version can easily be updated to the most recent release following the protocol for each
distribution platform.

Perhaps the easiest way to install PhyKIT is to use package and environment manager programs
like PIP or Conda.

Installing PhyKIT

Install using PIP (Preferred Installer Program)

# install

$ pip install phykit

Install using Conda

# install

$ conda install bioconda::phykit

Install from source

# download

git clone https://github.com/JLSteenwyk/PhyKIT.git

cd PhyKIT/

# install

make install

It may also be useful to install PhyKIT in a separate virtual environment. These isolated
environments help separate variable dependencies required by different software, overcoming
conflicting dependencies between software (e.g., one software may require an older version of
NumPy (Harris et al., 2020)). PhyKIT is engineered to have relatively few dependencies —Biopython,
NumPy, SciPy, and Cython (Cock et al., 2009; Harris et al., 2020; Virtanen et al., 2020; Behnel et al.,
2011)—to help ensure ease of compatibility with other software and long-term stability. One
approach to managing virtual environments is to have one per large project or a substantial portion
of alarge project. Virtual environments may be stored in the same directory as the project. Ultimately,
users must find a system that works best for them. The following are examples of how to install
PhyKIT using a virtual environment.

Install in a virtual environment using PIP

# create a virtual environment

$ python -m venv venv_phykit

# activate the virtual environment

$ source venv_phykit/bin/activate

# install

$ pip install PhyKIT

After using software in your virtual environment, you may wish to deactivate (or exit) the virtual
environment.

# deactivate virtual environment
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deactivate

Install in a virtual environment using Conda

# create a virtual environment

$ conda create -n venv_phykit

# activate the virtual environment

$ conda activate venv_phykit

# install

$ conda install -n venv_phykit bioconda::phykit

# deactivate environment when you are done using PhyKIT

$ conda deactivate

PIP and Conda both have easy ways to automatically check for new software releases and install
them if available.

Update installation using PIP

# The “-U” is short for “—upgrade”

$ pip install phykit -U

Update installation using Conda

# This is the same command as to install

$ conda install -n venv_phykit bioconda::phykit

Activate environment before using PhyKIT

If PhyKIT has been installed in an environment, it must be activated when using PhyKIT.

# If installed using PIP activate the environment

$ source venv_phykit/bin/activate

# If installed using Conda, activate the environment

$ conda activate venv_phykit

The PhyKIT help menu

$ phykit -h

If PhyKIT has been successfully installed, this command should return the list of available
functions. If installation was unsuccessful, an error message may appear, and users are encouraged
to revisit the installation instructions or contact the developers (https://github.com/JLSteenwyk or
https://jlsteenwyk.com/contact.html).

PhyKIT functions are organized based on the input file type. Specifically, some functions take
multiple sequence alignments as input, others take as input phylogenetic trees, and some functions
take both. See Table 1 for a complete list of PhyKIT functions.

PhyKIT functions that take multiple sequence alignment files as input include:

e alignment_length: calculates alignment length;

e gc_content: calculate GC content of a nucleotide FASTA entries or entries thereof;

e pairwise_identity: calculates average pairwise identify among sequences in an alignment file. This
is a proxy for evolutionary rate;

o relative_composition_variability: calculates relative composition variability in an alignment; and

e a complete list of alignment-based functions, including detailed explanations of each, are
available here: https://jlsteenwyk.com/PhyKIT/usage/index.html#alignment-based-functions
PhyKIT functions that take phylogenetic trees as input include:

o Dbipartition_support_stats: calculates summary statistics for bipartition support;

o degree_of wviolation_of_a_molecular_clock: reports the degree of violation of the molecular clock;

e cvolutionary_rate: reports a tree-based estimation of evolutionary rate for a gene;

e  prune_tree: prune taxa from a phylogeny; and

e a complete list of tree-based functions, including detailed explanations of each, are available
here: https://jlsteenwyk.com/PhyKIT/usage/index.html#tree-based-functions

PhyKIT functions that take multiple sequence alignments and phylogenetic trees as input
include:
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e  saturation: calculates saturation by examining the slope of patristic distances and uncorrected
distances;

e  treeness_over_rcu: calculates treeness divided by relative composition variability (rcv), treeness,
and rcv; and

e acomplete list of alignment- and tree-based functions, including detailed explanations of each,
are available here: https://jlsteenwyk.com/PhyKIT/usage/index. html#alignment-and-tree-

based-functions

The help message has abbreviated descriptions of each function. Users are encouraged to read
the corresponding section in the documentation (https://jlsteenwyk.com/PhyKIT) for more details
about each function. Alternatively, users can print out the help message for specific functions. For
example, to see the help message for the alignment_length function, which provides a much more
detailed description of the function and its utility, requires executing the following command:

# Call the help message of a specific function

$ phykit alignment_length -h

Throughout the manuscript, we also provide links to relevant documentation of each PhyKIT
function, allowing easy access to additional details and explanations of PhyKIT functionality.

PhyKIT Syntax

Although this will be expanded upon in later sections, the syntax of using PhyKIT functions is
that users first call PhyKIT, specify the function to be executed, and then specify the arguments
required for the function.

# Description of PhyKIT syntax

$ phykit <command> <arguments> [optional arguments]

# Note, optional arguments will always have square brackets around them

For example, the following command demonstrates how to calculate the length of a multiple
sequence alignment:

# Calculate alignment length

$ phykit alignment_length input.fa

Function aliases

Every PhyKIT function also has aliases, which are abbreviations of function names. For example,
the alignment_length function can also be called using aln_len or al, as exemplified in the following
commands:

# Calculate alignment length using the aln_len alias

$ phykit aln_len input.fa

# Calculate alignment length using the al alias

$ phykit al input.fa

Shorthand syntax

To accelerate executing PhyKIT functions, an alternative, shorthand syntax is also available.
Specifically, PhyKIT and associated functions can be called by combining the prefix pk_ (shorthand
for phykit) with the function name or alias. For example, the shorthand syntax can be used to
calculate the length of an alignment using the following command:

# Calculate alignment length using the full function name

$ pk_alignment_length input.fa

# Calculate alignment length using the aln_len alias

$ pk_aln_len input.fa

# Calculate alignment length using the al alias

$ pk_al input.fa

A benefit of the shorthand syntax is the ability to use command-line completion (or tab
completion). For example, executing command-line completion after typing pk_ will display all
PhyKIT commands and their aliases.
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Throughout the remainder of the manuscript, other software that facilitate phylogenomic
workflows are mentioned. While aspects of these tools are covered, users are encouraged to read
respective installation instructions and documentation.

Summary Statistics and the Verbose Option

Numerous functions report summary statistics. Summary statistics include mean, median, 25th
percentile, 75th percentile, minimum, maximum, standard deviation, and variance. For these
functions, verbose options (evoked using -v/--verbose) allow every value that generates the underlying
values to be reported instead.

Requesting New Functions

Protocols described herein highlight how PhyKIT is a multitool for phylogenomic data
processing and analysis. Moreover, PhyKIT is actively undergoing development to serve the research
community better, resulting in new functions and additional utilities to existing functions. Thus,
users are encouraged to read the PhyKIT documentation for a complete list of functions
(https://jlsteenwyk.com/PhyKIT).

If PhyKIT does not have a function that users would want to have, we welcome requests and
recommend either contacting the developers via email (https://jlsteenwyk.com/contact.html) or
opening a GitHub issue (https://github.com/JLSteenwyk/PhyKIT/issues) with a feature request.

Protocol 2: Constructing a Phylogenomic Supermatrix

CONCATENATION and the MULTISPECIES COALESCENCE are two popular methods for species tree
inference (Philippe et al., 2017; Steenwyk et al., 2023a; Gatesy et al., 2017). The concatenation approach
requires generating multiple sequence alignments among orthologous loci and combining them into
a supermatrix, which is then used to reconstruct evolutionary relationships using a maximum
likelihood or Bayesian framework (Philippe et al., 2017; Steenwyk et al., 2023a; Kapli et al., 2020). In
contrast, in a popular coalescence-based approach (‘two-step’ coalescence) single-locus phylogenies
are first inferred and then the resulting set of trees are used to reconstruct organismal history using,
for example, quartet graph construction (Mirarab et al., 2014; Han and Molloy, 2023).

Data Acquisition

Assembled genomes are publicly available from online databases such as GenBank and RefSeq
from the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov) and the
Universal Protein Resource (UniProt) (https://www.uniprot.org). Genomes and transcriptomes can
also be de novo assembled using sequencing data available from the Sequence Read Archive (SRA)
hosted by the National Center for Biotechnology Information (https://www.ncbi.nlm.nih.gov/sra) or
the European Nucleotide Archive (https://www.ebi.ac.uk/ena) hosted by the European
Bioinformatics Institute. Data can also be downloaded from dedicated databases such as MolluscDB
and MATEdDb/2 (Caurcel et al., 2021; Fernandez et al., 2022; Martinez-Redondo et al., 2024), among
others. Detailed instructions for genome assembly, quality control, and ORTHOLOGY INFERENCE are
beyond the scope of this manuscript; instead, we cite relevant protocols and briefly describe key steps
(Coombe et al., 2023; Manni et al., 2021; Zhao et al., 2023; Raghavan et al., 2022).

Orthology Inference

Next, ORTHOLOGS are predicted, typically from proteome sequences. De novo orthology can be
inferred using, for example, OrthoFinder (Emms and Kelly, 2019). The resulting output can be parsed
for single-copy genes. Additional SINGLE-COPY ORTHOLOGS nested within larger multi-copy gene
families can be identified using OrthoSNAP (Steenwyk et al., 2022b). While methods have been
developed to reconstruct evolutionary relationships from gene families with PARALOGOUS GENES, we
focus on phylogenomics using traditional single-copy orthologs and single-copy orthologs identified
by OrthoSNAP (Zhang et al., 2020; Steenwyk et al., 2022b). Alternatively, single-copy orthologs can
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be identified from predetermined single-copy orthologs using tools like BUSCO and orthofisher
(Waterhouse et al., 2018; Steenwyk and Rokas, 2021).

Multiple Sequence Alignment and Trimming

Next, single-copy orthologs are aligned and trimmed. During alignment, site-wise homologies
are identified across multiple sequences (Steenwyk et al., 2023a; Kapli et al., 2020). Software that infer
site-wise homologies include MAFFT, MUSCLES, or Clustal-Omega (Katoh and Standley, 2013;
Edgar, 2022; Sievers and Higgins, 2018) and can be executed using any of the following commands:

# Alignment with MAFFT

$ mafft --auto input.fa > output.fa

# Alignment with MUSCLE5

$ muscle5 -align input.fa -output output.fa

# Alignment with Clustal-Omega

$ clustalo -i input.fa -o output.fa

Subsequently, multiple sequence alignments can be trimmed using ClipKIT or trimAl (Steenwyk
et al., 2020; Capella-Gutiérrez et al., 2009). While ClipKIT can be run with default parameters, recent
benchmarking studies have demonstrated that all ClipKIT modes perform well (Steenwyk et al.,
2020). Here, we demonstrate ClipKIT usage with default parameters. If using trimAl, the same
benchmarking studies suggest using the ‘gappyout’ parameter (Tan et al., 2015).

# Trimming with ClipKIT

$ clipkit input.fa -o output.fa

# Trimming with trimAl

$ trimal -in input.fa -out output.fa -gappyout

Users may want to create codon-based alignments for phylogenomic inference from DNA
sequences. To do so, nucleotide sequences must be threaded on top of protein sequence alignment
(Figure  2). The  PhyKIT function  thread_dna  (aliases:  pal2nal and  p2n;
https://jlsteenwyk.com/PhyKIT/usage/index.html#protein-to-nucleotide-alignment) can achieve this.
The input files are the multiple sequence alignment protein and the unaligned corresponding
nucleotide sequences. To ensure the correct matching between protein and nucleotide sequences,
sequences must be identically named in both sequence files. The thread_dna function is executed using
the following command:

# Thread nucleotide sequences onto a protein alignment

$ pk_thread_dna -p protein_alignment.faa -n nucleotide_sequences.fna

It is also common to first trim a multiple sequence alignment and then thread the resulting
nucleotide sequence onto the trimmed protein alignment. PhyKIT can do so using the log file
outputted from ClipKIT. To output the ClipKIT log file, execute the following command, and then
use it as an argument to PhyKIT:

# Thread nucleotide sequences onto a trimmed protein alignment

$ clipkit output.fa -o output.fa --log

# Thread nucleotide sequences onto a trimmed protein alignment

$ pk_thread_dna -p protein_alignment.faa -n nucleotide_sequences.fna -1 clipkit.log

Alignment recoding—the practice of recoding amino acids and nucleotides to reduced
characters sets—can at times combat issues associated with LONG BRANCH ATTRACTION and saturation
by multiple substitutions (Giacomelli et al., 2022; Foster et al., 2022; Hernandez and Ryan, 2021).
PhyKIT can recode alignments using eight different recoding schemes (Table 2) using the
alignment_recoding function (aln_recoding; recode;
https://jlsteenwyk.com/PhyKIT/usage/index.html#alignment-recoding). ~Alternatively, users can
recode alignments using custom character schemes.

# Recode alignments

$ pk_aln_recoding input.fa -c <recoding scheme>

# <recoding scheme> can either be one of the eight available

# coding schemes or a file that has the custom coding scheme
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Custom recoding schemes should be specified using a two-column file. The first column is the
recoded character and the second is the current character in the alignment. For example, the recoding
scheme for converting the four nucleotides into a two-character scheme would be as follows:

# Specify custom recoding scheme
$ cat custom_recoding_scheme.txt

R A
R G
Y T
Y C
Seq 1 M K|G|A]|T
ATG [AAA |GGG |GCC|ACC
Seq 2 M

K|A]|I
ATG | AAG [GCC|ATC

Protein alignment /

Seq 1 M| K| G]|A|T

Seq 1 M| K|A|T

—
Seq2 M| K| -]A]|I ClipkiT Seq 2 M | K [ A | I
trimmed
Thread nucleotides 1 alignment 1 Thread nucleotides

Seq 1 ATG|AAA|GGG |GCC |ACC
Seq 2 ATG|AAG|-—-|GCC|ATC

Seq 1 ATG|AAA|GCC|ACC
Seq 2 ATG|AAG|GCC|ATC

Figure 2. Generating codon-based alignments. The thread_dna function facilitates threading
nucleotide sequences on top of protein alignments, generating codon-based multiple sequence
alignments. The protein alignment can be untrimmed or ClipKIT trimmed alignment (Steenwyk et

al., 2020). If trimmed, a ClipKIT log file is required as an additional input argument.

Table 2. Recoding schemes available in PhyKIT.

Two characters; one character for (Phillips et al.,
RY-nucleotide Nucleotides
purines and another for pyrimidines 2004)
Amino Six characters; based on the JTT (Susko and
SandR-6
Acids substitution matrix Roger, 2007)
KCB6 Amino Six characters; based on the WAG (Kosiol et al.,
Acids substitution matrix 2004)
Amino Six characters; based on the Dayhoff (Embley et al.,
Dayhoff-6
Acids (or PAM250) matrix 2003)
(Hernandez
Amino Nine characters; based on the Dayhoff
Dayhoff-9 ] ) and Ryan,
Acids (or PAM250) matrix
2021)
Amino Twelve characters; based on the (Hernandez
Dayhoff-12
Acids Dayhoff (or PAM250) matrix and Ryan,
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2021)
(Hernandez
Amino Fifteen characters; based on the
Dayhoff-15 and Ryan,
Acids Dayhoff (or PAM250) matrix
2021)
(Hernandez
Amino Eighteen characters; based on the
Dayhoff-18 and Ryan,
Acids Dayhoff (or PAM250) matrix
2021)
Custom recoding scheme specified
using a two-column file. The first
<file path> Either column is the recoded character and NA
the second is the character in the
alignment.

Constructing a Concatenated Supermatrix

The resulting trimmed multiple sequence alignments can be combined into a supermatrix using
the PhyKIT function create_concat (Figure 3;
https://jlsteenwyk.com/PhyKIT/usage/index.html#create-concatenation-matrix).
# Create concatenation matrix
$ pk_create_concat -a alignment_list.txt -p output_prefix
The create_concat requires two arguments. One argument, -g, is a single-column file with the
(absolute or relative) paths to the alignments that will be concatenated. Relative or absolute file paths
should be included in the file. An example of how the alignment_list.txt should be formatted is as
follows:
# First five lines of the alignment_list.txt file
$ head -n 5 alignment_list.txt
Alignment0.fa
Alignment].fa
Alignment?2.fa
Alignment3.fa
Alignment4.fa
The other argument, -p, will be used as a prefix for the output files. PhyKIT will generate three
output files:
e output_prefix.fa: the concatenated supermatrix
e output_prefix.partition: a description of partition boundaries in RAXML-style format

e output_prefix.occupancy: a description of taxon occupancy per partition, including a detailed

list of which taxa are present or missing

- - - . _ - Alignment length —

l Combine single loci

into a supermatrix

[l Texon present
|:|Taxon absent

Figure 3. Creating a phylogenomic supermatrix. The create_concat function generates a concatenated
supermatrix from individual multiple sequence alignments of single genes in FASTA format for

<«— Taxon depth
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phylogenomic analyses. Additional files generated summarize taxon occupancy information for each
gene as well as a partition file that summarizes the gene boundaries in the concatenation matrix.

A common error users experience is when one organism is represented by multiple strings
across the alignments specified in alignment_list.txt. This may be due to, for example, gene identifiers
being included in the FASTA header. PhyKIT requires the same organism to be represented by the
same string in the FASTA header. In this way, PhyKIT can determine which sequences belong to the
same organism and should, therefore, be concatenated together. If required, the function
rename_fasta_entries (alias: rename_fasta) can rename FASTA entry names (Figure 4;
https://jlsteenwyk.com/PhyKIT/usage/index.html#rename-fasta-entries). To do so, a two-column file
(referred to as an “identifier map” or “ID-map” file must be provided. The ID-map file has two tab-
delimited columns: the first column is the current FASTA entry name, and the second column is the
new FASTA entry name in the resulting output alignment. For example, the file could be formatted
as follows:

# First five lines of the idmap file for renaming FASTA entries

$ head -n 5 idmap.txt

speciesA | gene043 speciesA

speciesB | gene367 speciesB

speciesClgene589 speciesC

speciesD | gene251 speciesD

speciesE | gene417 speciesE

Subsequently, PhyKIT can be used to rename the FASTA entries using the following command:

# Renaming FASTA entries

$ pk_rename_fasta input.fa -i idmap.txt [-o output.fa]

Once the concatenated gene matrix has been generated, the resulting file can be used as input to
software that reconstructs evolutionary histories using maximum likelihood or Bayesian
frameworks. The partition file can be used if separate evolutionary models will be used for each locus
partition.

>Seq 1 Rename FASTA entries >Taxon 1
MKGATTLAK » MKGATTLAK
>Seq 2 ID map file contents >Taxon 2
MK-AITLAK Seq 1 Taxon 1 MK-AITLAK
>Seq 3 Seq 2 Taxon 2 >Taxon 3
MKGATT——K MKGATT——K
Seq 3 Taxon 3
>Seq 4 >Taxon 4
MK-AITLA- Seq 4 Taxon 4 MK-AITLA-

Figure 4. Rename entry headers in a FASTA file. Taking as input a FASTA file and an identifier map
file, the PhyKIT function rename_fasta can rename entries in a FASTA file.

Constructing a Dataset for Two-Step Coalescence

Popular coalescence-based software requires a single file populated with single-locus
phylogenies as input. To generate this file, the best-fitting substitution model for the multiple
sequence alignment as well as the associated single-locus phylogenetic tree must first be inferred.
Two popular software for these steps includes ModelTest-NG and ModelFinder within IQ-TREE
(Darriba et al., 2020; Minh et al., 2020; Kalyaanamoorthy et al., 2017), which can be executed using
either of the following commands:

# ModelTest-NG
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$ modeltest-ng -i input.fa -d aa

# IQ-TREE

$ igtree -s input.fa -m MF

IQ-TREE can also be executed to resemble jModelTest and ProtTest (Darriba et al., 2012, 2011)
by changing -m MF to -m TESTONLY.

Subsequently, RAXML-NG or IQ-TREE can infer the single-locus phylogeny using the best-
fitting substitution model (Kozlov et al., 2019; Minh et al., 2020) and bipartition support can be
examined using 100 BOOTSTRAP REPLICATES or 1,000 ultrafast bootstrap approximations, respectively,
using the following commands:

# ModelTest-NG

$ raxml-ng --msa prot21.fa --model LG+G4 --prefix output_prefix --bs-trees 100

# IQ-TREE

$ igtree -s example.phy -m LG+G4 -bb 1000

# Note: LG+G4 should be replaced by the best-fitting substitution model.

To account for uncertainty in single-locus phylogenies, bipartitions with low support can be
collapsed using the PhyKIT function collapse_branches (Figure 5; alias: collapse, cb;
https://jlsteenwyk.com/PhyKIT/usage/index.html#collapse-bipartitions). To use this function, users’
must provide the path to the tree file and define a threshold for collapsing bipartitions, which is
specified using the -s/--support argument.

# Collapse branches with bipartition support values less than 75

$ pk_collapse input.tre -s 75 [-0 output.tre]

The resulting single-locus phylogenies can be combined into a single file using the cat function.
However, software that takes the resulting file as input—such as ASTRAL, Asteroid, or TREE-
QMC —typically requires the names of the same organism to be represented by the same string in
each tree file. If needed, the PhyKIT function rename_tree_tips (alias: rename_tips) can rename the
leaves in a phylogenetic tree using an ID-map file, which is the same two-column file format used in
the rename_fasta_entries (Figure 6; https://jlsteenwyk.com/PhyKIT/usage/index.html#rename-tree-
tips).

# First five lines of the idmap file for renaming tree tips

$ head -n 5 idmap.txt

speciesA | gene043 speciesA

speciesB|gene367 speciesB

speciesC | gene589 speciesC

speciesD | gene251 speciesD

speciesE | gene417 speciesE

To rename tree tips, use the following command:

# Renaming tips in a phylogenetic tree

$ pk_rename_tree input.tre -i idmap.txt [-o output.tre]

The resulting collection of single-locus phylogenetic trees can be used as input into software that
summarizes them using methods that are consistent with the multispecies coalescent model.
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—T1
T2
T3
—| 95
T4
T5
83
70 Té
T7
T8
100 T9
—_ 100
Collapse T10
branches ———-——T11
with less 100
than 70% - 112
support ——T13
T14
T15
T16
T17
0.5 0.5

subs. / site subs. / site

Figure 5. Collapse poorly supported branches in a phylogeny. Poorly supported branches in a
phylogenetic tree can be collapsed using the collapse_branches function. In this example, branches with
less than 70% support shown on the tree on the left (in red) were collapsed on the tree on the right.

Seq 1 Rename tree tips Taxon 1

Seq 2 ID map file contents Taxon 2
Seq 1 Taxon 1
2 T 2

_ Seq 3 >eq axon _ Taxon 3
Seq 3 Taxon 3

Seq 4 Seq 4 Taxon 4 - Taxon 4

Figure 6. Rename taxa in a phylogenetic tree. Taking as input a Newick tree file and an identifier
map file, the PhyKIT function rename_tips can rename tips in a phylogeny.

Protocol 3: Detecting Anomalies in Orthology Relationships

When constructing phylogenomic data matrices, it is important to consider that errors can be
introduced during every step (Steenwyk et al., 2023a). Protocols 3, 4, and 5 help diagnose and
sometimes ameliorate diverse sources of error. In this protocol, we will discuss detecting two types
of errors in orthology inference — HIDDEN PARALOGY and SPURIOUS ORTHOLOG INFERENCE.

Hidden Paralogy and Clan Check

Phylogenomics typically relies on single-copy orthologs because they presumably have not
undergone a history of duplication and loss (Li et al., 2017; Waterhouse et al., 2018). Hidden paralogs
refer to orthologous groups of genes that contain orthologues and paralogues that have undergone
asymmetric patterns of duplication and loss (Fernandez et al., 2019; Steenwyk et al., 2023a; Martin-
Duran et al., 2017). As a result, their evolutionary history can be distinct from the species tree.

Hidden paralogy can be detected by single-loci that do not recover the monophyly of
“incontestable” clades, which are defined as lineages broadly accepted to be monophyletic and are
often free from phylogenetic controversies (Philippe et al., 2009; Rodriguez-Ezpeleta et al., 2007). For
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example, it is well accepted that fungi and animals form separate clades (Liu et al., 2023; Ocana-
Pallares et al., 2022) and single-loci that do not recapitulate the monophyly of each lineage may be
subject to complex patterns of duplication and loss. Hidden paralogs also can differ in their
phylogenetic information content compared to loci that are not hidden paralogs (Mulhair et al., 2022).
Alternatively, hidden paralogy may not be present, but the phylogenetic signal of a single gene may
be insufficient to infer such ancient divergences.

The PhyKIT function monophyly_check (alias: is_monophyletic) can determine if a set of species
define a monophyletic group (Figure 7;
https://jlsteenwyk.com/PhyKIT/usage/index.html#monophyly-check). The function takes as input
two files: a tree file and a single column file with tip names to examine for monophyly. To facilitate
high throughput processing, tip names not present in the tree will be excluded when examining
monophyly. This function can be executed as follows:

# Monophyly check

$ pk_monophyly_check input.tre list_of_taxa.txt

The output of this function will have six columns: (1) a string reporting if the taxa listed form a
monophyletic group; (2) the average, (3) maximum, (4) minimum, and (5) the standard deviation of
bipartition support values in the clade of interest; and (6) the names of taxa that are monophyletic
with the taxa in list_of_taxa.txt.

— 11
T2 monophyly check PhyKIT stdout:

T3 monophyletic
List of taxa to use

for monophyly check

T4
T5 T5
T6
T6 T7
T7 T8
T8
T9
N T10 monophyly check PhyKIT stdout:
T11 not monophyletic
T12 List of taxa to use
|| for monophyly check
T13 15
T14

T6
- T7
T8

T16 T10

T17

Figure 7. Examining the exclusive monophyly of taxa. Examining the exclusive monophyly of taxa
can be a helpful method for detecting hidden paralogy. The monophyly_check function in PhyKIT
enables examining the exclusive monophyly of a lineage. In these examples, T5, T6, T7, and T8 form
an exclusive monophyly, thus, PhyKIT will report “monophyletic.” In the other example, the same
set of taxa as well as T9 and T10 do not form an exclusively monophyletic clade, thus, PhyKIT will
report “not_monophyletic.” PhyKIT will also report additional information, including the taxa that
are in the same lineage as those in the input file; in this case, that includes T11, T12, T13, and T14.

Users may also be interested in examining the exclusive monophyly of multiple sets of taxa,
which is an analysis that is often referred to as “clan check” (Mulhair et al., 2022; Siu-Ting et al., 2019).
The PhyKIT function hidden_paralogy_check (alias: clan_check) can conduct this analysis (Figure §;
https://jlsteenwyk.com/PhyKIT/usage/index.html#hidden-paralogy-check). To do so, rather than a
single column of taxa, each lineage must be provided as a row, and each tip name should be separated
by a space (this is termed a “clade file”). For example, suppose it is anticipated that tips T5, T6, T7,


https://doi.org/10.20944/preprints202404.1514.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 April 2024 d0i:10.20944/preprints202404.1514.v1

17

and T8 are expected to be monophyletic, and so are T9, T10, T11, and T12. In this case, the clade file
should be formatted as follows:

# The format of a clade file

$ cat clades.txt

T5T6 T7 T8

T9 T10 T11 T12

—— T1
T2
T3
T5
T7 hidden paralogy check PhyKlT StdC?Ut:
N monophyletic
not_monophyletic
List of taxa to use
1 for monophyly check
U T5 T6 17 18
T11 T9 T10 T11 T12
T12

T16

T17

Figure 8. Checking the exclusive monophyly of different expected clades. Unlike the
monophyly_check function in PhyKIT, hidden paralogy can be examined for multiple clades in one
command using the hidden_paralogy_check function. In this example, the taxa T5, T6, T7, and T8 do
form an exclusively monophyletic clade, which will be reported by PhyKIT as “monophyletic.”
However, the other taxa—T9, T10, T11, and T12—do not form an exclusively monophyletic clade and
will therefore be reported as “not_monophyletic.”.

With an appropriately formatted “clade file,” users can next determine if a single-locus has
signatures of hidden paralogy. (However, users should note that other causes, such as lack of signal,
may also result in this type of signature.)

# Clan check

$ pk_hidden_paralogy_check input.tre -c clades.txt

The output will report if the specified tips form an exclusively monophyletic group or not. The
output will have the same number of rows as specified in the “clade file.” For example, in the
exemplary clade file that examines the monophyly of two sets of taxa, there will be two rows of
output. The first row corresponds to the result for T5, T6, T7, and T8; the second row corresponds to
the result for T9, T10, T11, and T12. In the toy example (Figure 8), PhyKIT will report the first group
is exclusively monophyletic and that the second group is not.

Spurious Homolog Detection

Erroneously inferred sequence homology and orthology can often manifest as long terminal
branches (Shen et al., 2018). The PhyKIT function spurious_sequence (aliases: spurious_seq and ss) can
be used for detecting long terminal branches (Figure 9
https://jlsteenwyk.com/PhyKIT/usage/index.html#spurious-homolog-identification). Long terminal
branches are defined as having X times the median length of all branches in a phylogeny (the default
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threshold value of X is 20 and can be modified with the -f/--factor argument). This function is executed
as follows:

# Identify putatively spurious homologs/orthologs

$ pk_spurious_seq input.tre [-f 20]

The output of this function will have four columns: (1) name of the tip that is a putatively
spurious homolog/ortholog; (2) length of branch leading to putatively spurious sequence, (3)
threshold used to identify putatively spurious sequences, and (4) median branch length in the
phylogeny. The -f argument allows users to modify the threshold value X that defines a “long
terminal branch.” Putatively erroneous homologs/orthologs can subsequently be removed from the
larger set of sequences before continuing with downstream analyses. To remove sequences from a
FASTA file, the BioKIT function remove_fasta_entry can be used (Steenwyk et al., 2022a).

~T1
—T2
—T3
— T4
—| ——T5
—T6

T7

T8

T9
_|__-|-10 putatively spurious ortholog ™~

T11
— T12

—T13

—T14

T15
—|_— T16 3.0

L T17 subs. / site

Figure 9. Identifying putatively spurious orthologs. Taxa with outlier long branches can be a
signature of spurious orthology/homology. The PhyKIT function spurious_seq can help identify
putatively incorrect orthologs. In this example, PhyKIT will identify T11 as a putatively spurious
ortholog.

Protocol 4: Quantifying Biases in Phylogenomic Data Matrices and Related Measures

Phylogenomic data matrices may contain biases at the level of the composition of taxa, genes,
and sites. PhyKIT employs methods to diagnose potential sources of bias at each of these levels (Table
3). Taxa that may be sources of bias can potentially be removed from phylogenomic data matrices to,
for example, examine the stability of a phylogenomic tree inferred using the full dataset (Li et al.,
2021; Aberer et al., 2013). At the level of genes, users may want to also select a subset for specific
downstream analyses. For example, the stability of a species tree can be examined using
PHYLOGENOMIC SUBSAMPLING, the practice of subsetting full phylogenomic data matrices for the
“best” genes according to a metric and reinferring the species tree (Bjornson et al., 2023; Edwards,
2016; Mongiardino Koch, 2021; Shen et al., 2016; Salichos and Rokas, 2013), or identify genes that
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evolve in a more clock-like manner for downstream molecular clock analysis (Liu et al., 2017; Smith
et al., 2018).

Table 3. Summary of whether high or low values are desirable for phylogenomic subsampling.

Relative composition variability, relative_composition_variability_taxon;
Taxa Lower
taxon (RCVT) rel_comp_var_taxon; rcvt
Taxa or Gene Long branch score long_branch_score; Ib_score; Ibs Lower
Alignment length alignment_length; aln_len; al Higher

alignment_length_no_gaps;
Alignment length, no gaps Higher
aln_len_no_gaps; alng

Context
Pairwise identity pairwise_identity; pairwise_id, pi
dependent

relative_composition_variability;
Relative composition variability Lower
rel_comp_var; rcv

Variable sites variable_sites; vs Higher

Average (or median) bipartition

bipartition_support_stats; bss Higher
support value
Gene
Context
Evolutionary rate evolutionary_rate, evo_rate
dependent
Context
Total tree length total_tree_length; tree_len
dependent
Treeness treeness; tness Higher
Saturation saturation; sat Higher
Treeness / Relative composition
treeness_over_rcv; toverr; tor Higher
variability
Degree of violation of the degree_of_violation_of_a_molecular_clock;
Lower
molecular clock dvmce
compositional_bias_per_site;
Compositional bias Lower
comp_bias_per_site; cbps
Sites

evolutionary_rate_per_site;
Evolutionary rate Lower
evo_rate_per_site; erps

Measuring Bias at the Level of Taxa

Relative composition variability, taxon (RCVT): Convergent evolution of amino acid or
nucleotide usage can challenge phylogenomic inference due to similar sequence changes occurring
in independent lineages (Figure 10) (Steenwyk et al, 2023a). For example, high-salt adapted
Methanonatronarchaeia and Haloarchaea, two distantly related lineages, have compositional skews
of highly acidic amino acids, which can lead to the erroneous inference of phylogenetic affinity
(Martijn et al., 2020). Accordingly, users may want to identify taxa with potential compositional
biases. The PhyKIT function relative_composition_variability_taxon (alias: rel_comp_var_taxon and
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rcot) can  quantify  biases in  individual taxa by calculating ~ RCVT
(https://jlsteenwyk.com/PhyKIT/usage/index.html#relative-composition-variability-taxon).

True history Erroneous tree

_.&:}___
— - —
_.@0'\/\’\
{L— o — |
e ——

@ 'Outlier GC rich % Thermophile

@ 'Typical" GC content @° Not a thermophile

Figure 10. Convergent sequence evolution and associated compositional biases can lead to
erroneous phylogenomic inference. A phylogeny depicting the true history among exemplary
microbes reveal how two taxa independently became GC rich, which is associated with a thermophilic
lifestyle. GC rich compositional biases can lead to erroneous phylogenetic inferences, such as the sister
relationship between the GC rich taxa. The rcvt function in PhyKIT can help identify taxa with
compositional sequence biases.

RCVT is derived from a similar metric, relative composition variability (RCV), which was
designed to quantify compositional biases in multiple sequence alignments (Phillips and Penny,
2003). RCVT has been adapted to quantify compositional biases in individual taxa rather than across
a whole alignment. Specifically, a bias score is calculated for each taxon in an alignment and higher
scores indicate higher biases. For example, consider the following toy alignment wherein the first two
sequences are skewed toward all Guanines or only Guanines and Cytosines.

# Sequence T1 and T2 are compositionally biased

$ cat toy_alignment.fa

>T1

88888888888888888888 """ 28888888
>T2

>T4
>T5

Use the rcovt function to quantify biases in each taxon.
# Quantify relative compositional biases

$ pk_rcvt toy_alignment.fa

T1 0.1436

T2 0.0782

T3 0.0509

T4 0.0509

T5 0.0509
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Since T1 and T2 have the highest values, they have the greatest compositional bias in their
associated sequences (Table 3). In contrast, T3, T4, and T5 have less bias and lower values. Note that
these values should be interpreted relative to one another. Thus, T1 is more compositionally biased
than T2 and T3, T4, and T5 have equally low relative compositional bias. To identify taxa that may
introduce phylogenomic error, researchers can use outlier detection analysis—such as identifying
values outside of the interquartile ranges—across RCVT values to identify taxa with atypical
sequences. This analysis can be done via scripting in R or Python.

Long branch score: Long terminal branches can lead to an artifact called long branch attraction
wherein distantly related taxa can be inferred as more closely related (Bergsten, 2005; Susko and
Roger, 2021). As a result, users may be interested in identifying taxa that can be a source of long
branch attraction bias.en The long branch score offers a way to calculate long branch scores for
individual taxa and is the mean distance between an individual taxon compared to all other taxa
divided by the average distance across every pairwise combination of taxa (Struck, 2014); thus, higher
values indicate higher risk for long branch attraction compared to lower values (Table 3). Long
branch scores may be calculated in an entire phylogenomic data matrix and the resulting distribution
of long branch scores per taxon can be used to identify taxa that may contribute to long branch
attraction artifacts.

To provide intuition for the long branch score, consider the following toy phylogeny wherein
taxon C has a long terminal branch relative to all other branches (((A:1,B:1):0.5,C:3):0.25,D:1);. To
quickly visualize the long branch, print the phylogeny in American Standard Code for Information
Interchange (ASCII) format, use the PhyKIT function print_tree (alias: print and pt;
https://jlsteenwyk.com/PhyKIT/usage/index.html#print-tree).

# Visualize the toy tree

$ pk_print_tree toy.tre

A

To calculate long branch scores with PhyKIT, use the long_branch_score function (alias: Ib_score
and [bs; https://jlsteenwyk.com/PhyKIT/usage/index.html#long-branch-score).

# Quantify long branch scores per taxon

$ pk_Ib_score toy.tre -v

A -10.8434
B -10.8434
C 27.7108
D -6.0241

Here, we use an additional argument -v/--verbose, which also reveals that taxon C has the
highest long branch score indicating it is on the longest branch; thus, lower values are more desirable.
Similarly to RCVT analysis, outlier detection analysis may be useful to identify taxa that may
introduce long branch attraction artifacts. Without using the -v/--verbose argument, the summary
statistics among the long branch scores per taxon will be reported.

# Quantify summary statistics of long branch score

$ pk_Ib_score toy.tre

mean: -0.0

median: -8.4337

25th percentile: -10.8434

75th percentile: 2.4096

minimum: -10.8434

maximum: 27.7108
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standard deviation: 18.6131

variance: 346.446

Together, the RCVT and long branch score can help researchers identify taxa that may be sources
of phylogenomic error.

Phylogenomic Subsampling Using the Information Content of Alignments

Phylogenomic subsampling can help identify branches in a phylogenomic tree that are unstable
(Steenwyk et al., 2023a; Bjornson et al., 2023; Edwards, 2016). Rather than randomly subsampling full
data matrices, most studies featuring this approach use metrics associated with phylogenetic signal.
Here, we demonstrate how to calculate diverse metrics that collectively summarize the phylogenetic
information content in multiple sequence alignments. For sake of brevity, we only briefly introduce
each metric, and point users to the relevant documentation for more information. Functions are
alphabetically organized to help users quickly find each function. A description of whether high or
low values are reflective or greater or lower phylogenetic signal are summarized in Table 3.

Alignment length: Longer alignments are more informative and have been associated with
stronger phylogenetic signal (Shen et al., 2016). To calculate the length of an alignment, use the
alignment_length ~ (alias:  aln_len and  al) function in  PhyKIT  (Figure 11;
https://jlsteenwyk.com/PhyKIT/usage/index.html#alignment-length).

# Calculate alignment length

$ pk_aln_len input.fa

>Seq 1
MKGATTLAK

>Seq 2
MK-AITLAK  Alignment length

>Seq 3
MKGATT—-K

>Seq 4
MK-AITLA-

9

Figure 11. Calculating the length of alignments. The PhyKIT function aln_len can calculate the length
of alignments.

Alignment length, no gaps: Gappy sites in alignments may offer little phylogenetic signal and
even contribute to noise. The length of an alignment excluding sites with gaps can be calculated with
the PhyKIT function alignment_length_no_gaps (Figure 12; alias: aln_len_no_gaps and alng;
https://jlsteenwyk.com/PhyKIT/usage/index.html#alignment-length-no-gaps).

# Calculate alignment length excluding sites with gaps

$ pk_alng input.fa

# PhyKIT reports three-tab delimited values.

# coll: number of sites without gaps

# col2: total number of sites

# col3: percentage of sites without gaps
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>Seq 1
MKGATTLAK

>Seq 2
MK-AITLAK Alignment length, no gaps

>Seq 3
MKGATT--K

>Seq 4
MK-AITLA-

Figure 12. Calculating the length of alignments, excluding sites with gaps. The PhyKIT function
aln_len can calculate the length of alignments. Sites in the alignment that contain a gap character are
depicted in bold font.

Pairwise identity: Pairwise identity is the average fraction of identical columns for each pairwise
combination of sequences in an alignment. As a result, pairwise identity provides an estimate of
evolutionary rate (Chen et al., 2017); faster evolving sequences will have lower pairwise identity
values, whereas slower evolving sequences will have high pairwise identities. The PhyKIT function
pairwise_identity (alias: pairwise_id and pi) can calculate pairwise identities (Figure 13;
https://jlsteenwyk.com/PhyKIT/usage/index.html#pairwise-identity).

# Calculate pairwise identity

$ pk_pairwise_id input.fa [-e/--exclude_gaps -v/--verbose]

# Exclude sites with gaps while calculating pairwise identities.

# Obtain identity values for each pair with the verbose option.

>Seq 1 Summary statistics output
MKGATTLAK mean: 0.6852 Verbose output

median: 0.7222 Seq_1-Seq_2 O0.7777777777777778
>Seq_2 25th percentile: 0.5833 Seq_1-Seq 3 0.7777777777777778

MK-AITLAK  Pairwise identity

—

75th percentile: 0.7778 Seq_1-Seq_4 0.6666666666666666

P minimum: 0.4444 Seq 2-Seq 3 0.5555555555555556

HKGATT——K maximum: 0.8889 Seq 2-Seq 4 0.8888888888888888
standard deviation: 0.1636 Seq_3-Seq_4 0.4444444444444444

>Seq 4 variance: 0.0267

MK—ATTLA-

Figure 13. Calculating pairwise sequence identities. Pairwise sequence identities can be calculated
using the pairwise_id function. The output is summary statistics of sequence similarity for each
pairwise comparison. Alternatively, users can use the —verbose option to output the sequence
similarity between each pairwise comparison of sequences. Users can also exclude sites with gaps
during pairwise identity calculations using the -e/--exclude_gaps function.

Parsimony informative sites: More parsimony informative sites in an alignment is associated
with increasing phylogenetic signal (Shen et al., 2016; Steenwyk et al., 2020). The PhyKIT function
parsimony_informative_sites (alias: pis) can calculate the number and percentage of parsimony
informative sites in an alignment (Figure 14;
https://jlsteenwyk.com/PhyKIT/usage/index.html#parsimony-informative-sites).

# Determine the number of parsimony informative sites

$ pk_pis input.fa

# PhyKIT reports three-tab delimited values.

# coll: number of parsimony informative sites

# col2: total number of sites

# col3: percentage of parsimony informative sites
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>Seq 1
MKGATTLAK
>Seq 2 Parsimony
MK-AITLAK  informative sites
> 1 9 11.1111
>Seq 3
MKGATT——K Column 1: Number of parsimony informative sites
Column 2: Alignment length
>Seq 4 Column 3: Percent of parsimony informative sites
MK-AITLA-

Figure 14. Determining the number and percentage of parsimony informative sites in an
alignment. The PhyKIT function pis calculates the number and percentage of parsimony informative
sites in an alignment. Here, the alignment of length nine has one site that is parsimony informative
(denoted in blue).

Relative composition variability: As previously noted, compositional biases can introduce
phylogenomic errors (Martijn et al., 2020). Relative composition variability (RCV) measures the
compositional bias of an alignment (Figure 15). Statistically, RCV describes the average variability in
sequence composition among taxa (Phillips and Penny, 2003). Lower RCV values indicate the
alignment has lower compositional bias. The PhyKIT function relative_composition_uvariability (aliases:
rel_comp_var and rcv) can calculate RCV for an alignment
(https://jlsteenwyk.com/PhyKIT/usage/index.html#relative-composition-variability).

# Determine the number of parsimony informative sites

$ pk_rcv input.fa

Variable sites: The number of variable sites is associated with phylogenetic signal (Shen et al.,
2016). The PhyKIT function variable_sites (alias: vs) can calculate the number and percentage of
variable sites in an alignment (Figure 16; https://jlsteenwyk.com/PhyKIT/usage/index.html#variable-
sites).

# Determine the number of variable sites

$ pk_vs input.fa

# PhyKIT reports three-tab delimited values.

# coll: number of variable sites

# col2: total number of sites

# col3: percentage of variable sites

Lower compositional bias Higher compositional bias
>Seq 1 >Seq_1
MKGATTLAK MKTTTTTTT
>Seq 2 >Seq_2
MK-AITLAK MKQQQQQQQ
>Seq 3 >Seq_3
MKGATT—-K MKKKKKKKK
>5eq_4 >Seq_4
MK-AITLA- MKLLLLLLL
RCV =0.375 RCV = 1.1667

Figure 15. Calculating the relative compositional bias of alignments. The function rcv calculates

relative compositional biases in alignments. Low RCV values indicate lower compositional biases

whereas higher values reflect greater biases.
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Few variable sites Many variable sites

>Seq 1 >Seq_1
MKGATTLAK MKTTTTTTT
>Seq 2 >Seq_2
MK-AITLAK MKQQQQQQQ
>Seq 3 >Seq_3
MKGATT—-K MKKKKKKKK
>Seq 4 >Seq_4
MK-AITLA- MKLLLLLLL

1 variable site 7 variable sites

Figure 16. Calculating the number and percentage of variable sites. The function variable_sites
determines the number of variable sites in an alignment. In addition to the number of variable sites,
the alignment length and percentage of variable sites are also printed.

Phylogenomic Subsampling Using the Information Content in Phylogenetic Trees

Phylogenomic subsampling may also be conducted based on the features of phylogenetic trees.
Here, we demonstrate how to use PhyKIT to calculate diverse metrics that can guide subsampling of
full data matrices. Like the previous section, each metric is briefly discussed, and we refer users to
the documentation for more information. Functions are alphabetically organized to help users refer
back to each function.

Bipartition support statistics: Single-locus phylogenetic trees that have high overall bootstrap
values can help robustly infer ancient divergences (Salichos and Rokas, 2013). The underlying
concept is that high support values are indicative of greater certainty in tree topology and, thus, genes
with stronger phylogenetic signal. The PhyKIT function bipartition_support_stats (alias: bss) calculates
summary  statistics of support values in a phylogenetic tree (Figure 17;
https://jlsteenwyk.com/PhyKIT/usage/index. html#bipartition-support-statistics).

# Calculate summary statistics of bipartition support

$ pk_bss input.tre

—T1 i mean: 66.5714
median: 62.5
25th percentile: 43.25
—  75th percentile: 92.0
Calculate  minimum: 28.0
bipartition  maximum: 100.0
support  standard deviation: 25.3914
statistics  variance: 644.7253

T7 ii
— 14634
Calculate
evolutionary
rate

T10
M. 248783
Calculate
total
tree
length

Y 01802
Calculate

treeness

0.5
subs. / site

Figure 17. Calculating tree-based measures of information content. (i) The function
bipartition_support_stats calculates summary statistics for the support values in a phylogenetic tree.
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Here, bipartition support values are depicted in blue. This argument also has a verbose option that
allows users to acquire the underlying distribution of values that were used to calculate summary
statistics. (ii) Branch length information can be used to estimate the rate of gene evolutionary across
a phylogeny. The function evo_rate can calculate the evolutionary rate of a gene. (iii) The function
tree_len can calculate the sum of branch lengths in a phylogeny. (iv) Treeness is a measure of signal-
to-noise wherein higher values indicate a greater signal-to-noise ratio. The function treeness can
calculate treeness.

Evolutionary rate: Like pairwise identity, a measure of evolutionary rate using alignment
information, the PhyKIT function evolutionary_rate (alias: evo_rate) can calculate evolutionary rate
using tree-based information (Figure 17;
https://jlsteenwyk.com/PhyKIT/usage/index.html#evolutionary-rate). Specifically, evolutionary rate
is the total tree length divided by the number of tips in the tree (Telford et al., 2014).

# Estimate evolutionary rate

$ pk_evo_rate input.tre

Total tree length: Alternatively, total tree length, the sum of all branch lengths, can be used as a
proxy for evolutionary rate. The PhyKIT function total_tree_length (alias: tree_len) can be used to
calculate the total tree length of a phylogeny (Figure 17;
https://jlsteenwyk.com/PhyKIT/usage/index.html#total-tree-length).

# Calculate total tree length
$ pk_tree_len input.tre
Treeness: The signal-to-noise ratio in a phylogenetic tree can be calculated using the metric
treeness (Phillips and Penny, 2003). Treeness (which is also referred to as stemminess) is the portion
of tree distance among internal branches. Higher treeness values are more desirable because it reflects
a higher signal-to-noise ratio. The PhyKIT function treeness (alias: tness) can calculate treeness in a
phylogeny (Figure 17; https://jlsteenwyk.com/PhyKIT/usage/index.html#treeness).
# Calculate treeness
$ pk_tness input.tre

Combining the Information Content in Alignments and Trees for Phylogenomic Subsampling

Other measures of phylogenomic subsampling combine information content in multiple
sequence alignments and phylogenetic trees.

Saturation: Multiple sequence alignments that have undergone numerous substitutions, such
that the distances between them are underestimated, saturation is at play (Philippe et al., 2011)
(Figure 18). The PhyKIT function saturation (alias: sat) can quantify the level of saturation by multiple
substitutions (https://jlsteenwyk.com/PhyKIT/usage/index.html#saturation). Data with no saturation
will have a value of 1, while completely saturated data will have a value of 0.

# Calculate saturation

$ pk_tness -a input.fa -t input.tre

Saturation
7/
7/
T wn /
(0]
> 5 /
o= 4
22 .
[SR7} 7 better
w— O e
(o] a 7/
Pé
/7
# of real
substitutions

Figure 18. Cartoon depiction of saturation. Saturation occurs when the number of observed
substitutions underestimates the number of real substitutions. As a result, a perfect one-to-one ration
of observed substitutions and real substitutions would be indicative of data that lacks saturation.
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Treeness/RCV: Combining the two metrics treeness and RCV —specifically, treeness divided by
RCV —allow for identifying loci that harbor a high signal-to-noise ratio and are not very susceptible
to compositional bias (Phillips and Penny, 2003). Thus, higher treeness/RCV values are observed
among loci with high signal-to-noise ratios and lower compositional biases. The PhyKIT function
treeness_over_rcv (alias: toverr and tor) can calculate treeness/RCV.

# Calculate treeness/RCV

$ pk_tor -a input.fa -t input.tre

# PhyKIT reports three-tab delimited values.

# coll: treeness/RCV

# col2: treeness

# col3: RCV

Subsampling for Time Tree Analysis

The accuracy of divergence time estimates can be improved by using genes that evolve in a clock-
like manner (Smith et al., 2018). The PhyKIT function degree_of violation_of_a_molecular_clock (alias:
dvmc) can quantify how much a gene deviates from a clock-like pattern of evolution (Figure 19;
https://jlsteenwyk.com/PhyKIT/usage/index.html#degree-of-violation-of-the-molecular-clock).

# Calculate degree of violation of a molecular clock (or DVMC)

$ pk_dvmc input.tre

Lower values are indicative of a lower degree of violation in the molecular clock assumption;
thus, lower values are more desirable for downstream divergence time analysis.

Lower degree of violation in Higher degree of violation in
the molecular clock assumption the molecular clock assumption
1.0 0.25
0.75 1.75
1.0 0.01
0.5 2.25
—
1.0 1 13
1.0 1.9
0.3 0.5
subs. / site subs. / site
DVMC = 0.6124 DVMC = 1.0589

Figure 19. Calculating degree of violation in the molecular clock. The degree of violation in the
molecular clock is a helpful metric to identify genes that violate the molecular clock assumption.
Phylogenies with low degrees of violation in the molecular clock will have broadly similar branch
lengths (left), while phylogenies that violate the molecular clock will have highly variable branch
lengths (right). The blue font corresponds to the branch lengths.

Measuring Bias at the Level of Sites

Compositional bias per site: Compositional biases are known to negatively impact phylogenetic
inferences (Phillips and Penny, 2003; Steenwyk et al, 2023a). The PhyKIT function
compositional_bias_per_site (alias: comp_bias_per_site and cbps) can quantify compositional biases in an
alignment (https://jlsteenwyk.com/PhyKIT/usage/index.html#compositional-bias-per-site).
Specifically, site-wise chi-squared tests are conducted to detect compositional biases. Higher chi-
squared statistics indicate greater compositional biases. PhyKIT returns multi-test corrected p-values
(Benjamini-Hochberg false discovery rate procedure) as well as uncorrected p-values.

# Calculate site-wise compositional biases
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$ pk_comp_bias_per_site input.fa

# PhyKIT reports four-tab delimited values.

# col 1: index in alignment

# col 2: chi-squared statistic

# col 3: multi-test corrected p-value

# col 4: uncorrected p-value

Evolutionary rate per site: When saturation is suspected to negatively influence phylogenetic
reconstruction, fast-evolving sites are often removed (Eme et al., 2023; Steenwyk et al., 2023a). The
PhyKIT function evolutionary_rate_per_site (alias: evo_rate_per_site and erps) quantifies site-wise
diversity as a proxy for site-wise evolutionary rate
(https://jlsteenwyk.com/PhyKIT/usage/index.html#evolutionary-rate-per-site). Here, the greater the
diversity, the greater the presumed evolutionary rate. This is conceptually similar to the use of
pairwise identity in an alignment as a measure for evolutionary rate (Chen et al., 2014). Specifically,
evolutionary rate per site is one minus the sum of the squared frequency of different characters at a
given site. Values range from 0 (slow evolving; no diversity at the given site) to 1 (fast evolving; all
characters only appear once).

# Calculate site-wise evolutionary rate

$ pk_evo_rate_per_site input.fa

# PhyKIT reports two-tab delimited values.

# col 1: index in alignment

# col 2: estimated evolutionary rate value

Removing specific sites from an alignment: The resulting output from
compositional_bias_per_site and evolutionary_rate_per_site can be used to guide site-specific trimming
in a multiple sequence alignment. Site-specific trimming can be conducted using ClipKIT (Steenwyk
et al.,, 2020). For the latter, ClipKIT implements a cst mode of trimming, which is an acronym for
“custom-site trimming” (https://jlsteenwyk.com/ClipKIT/advanced/index.html#custom-site-
trimming-cst-mode).

# Conduct site-specific trimming

$ clipkit input.fa -m cst -a auxiliary_file.txt

# -m specifies the cst mode

# auxiliary_file.txt specifies which sites to keep/remove

The auxiliary file is a two-column tab-delimited text file wherein the first column is the site
(starting at 1) and the second column specifies if the site should be kept or trimmed using the strings
“keep” or “trim”.

# Conduct site-specific trimming

$ cat auxiliary_file.txt

1 keep
trim
keep
keep
keep
keep

Alternatively, users can specify sites that are only kept or trimmed using the auxiliary_file.txt.
For example, the following would be equivalent to the auxiliary file described above:

N Ul &=~ WD

# Conduct site-specific trimming

$ cat auxiliary_file.txt

2 trim

Similarly, users can also only specify sites to keep in the auxiliary_file.txt. The following would
be equivalent to the two previous examples:

# Conduct site-specific trimming

$ cat auxiliary_file.txt

1 keep
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keep
keep
keep
keep
In summary, this protocol demonstrates how to subsample phylogenomic data matrices at the
level of taxa, genes and sites. These analyses are aimed to facilitate identifying and ameliorating

N U1 = W

phylogenomic errors.

Protocol 5: Identifying Polytomies

Polytomies can stem from radiation events or lack of resolution between three alternative
topologies in a rooted quartet (Figure 20) (Sayyari and Mirarab, 2018). The signature of a polytomy
is when each of the three topologies in a rooted quartet have (near) equal support, which can be tested
for using a chi-squared test (Steenwyk et al., 2021). This method has been successfully used to detect
polytomies in various fungal and plant lineages (Li et al., 2021; Steenwyk et al., 2021; One Thousand
Plant Transcriptomes Initiative, 2019).

Lineage A Lineage A Lineage C

Lineage B Lineage C Lineage B

Lineage C Lineage B Lineage A

H Outgroup H QOutgroup H Outgroup

Figure 20. Three possible topologies for a rooted quartet. When conducting a polytomy test, PhyKIT
examines if the three topologies occur in equal frequency among a set of single-locus phylogenies,

which would be a signature of a polytomy; if not, there would be no signature of a polytomy.
Polytomies may represent a lack of resolution at a particular internode or, given sufficient data, be a
signature of a radiation event.

To conduct a polytomy test, use the PhyKIT function polytomy_test (alias: polyt and ptt;
https://jlsteenwyk.com/PhyKIT/usage/index html#polytomy-testing). The polytomy_test function
takes as input a file with the three groups of taxa to test the relationships.

# format of the groups file is:

# label group0 groupl group2

$ cat groups.txt

name_of test T1;T2 T3 T4;T5

A single column file with the names of the desired tree files to use for polytomy testing must
also be specified.

# label group0 group1 group2

$ cat trees.txt

Input0.tre

Inputl.tre

Input2.tre

Input3.tre

Using the two files, conduct a polytomy test.

# Conduct a polytomy test

$ pk_ptt -t trees.txt -g groups.txt

To test conducting a polytomy test using real data, see the online documentation
(https://jlsteenwyk.com/PhyKIT/tutorials/index.html#identifying-signatures-of-rapid-radiations).
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Protocol 6: Gene-Gene Coevolution as a Genetic Screen

Genes that coevolve tend to have shared function, be coexpressed, or be constituents of the same
multimeric complex (Clark et al., 2012; Steenwyk et al., 2022c). Moreover, gene coevolution can be
used to prioritize genes with a predicted functionality via guilt-by-association. For example, genes
that are coevolving with other genes that function in DNA repair processes can be rapidly screened
to identify additional DNA repair genes (Brunette et al., 2019).

Gene coevolution can be detected by the mirror principle wherein two gene trees have similar
branch lengths across speciation events (Steenwyk et al., 2022¢). In other words, two phylogenetic
trees accelerate and decelerate in evolutionary rates in a coordinated manner (Figure 21). To avoid
false positives, gene tree branch lengths need to be corrected by the corresponding branch length in
a species tree (Clark et al., 2012; Steenwyk et al., 2022c). Moreover, this corrects to variation in branch
lengths associated with differences in mutation and divergence time.

Two gene trees that show Two gene trees that do not
strong signatures of coevolution show signatures of coevolution

Figure 21. Exemplary phylogenies that do and do not display signatures of coevolution. Single gene
phylogenies are depicted in blue or green. Phylogenies that have similar branch lengths across
speciation events harbor a signature of coevolution (left). Phylogenies that do not have similar branch
lengths are not coevolving (right).

To quantify gene coevolution, the cover function in PhyKIT is used
(https://jlsteenwyk.com/PhyKIT/usage/index.html#covarying-evolutionary-rates). The cover function
takes as input two single-locus phylogenies and a reference species tree

# Executing the cover function

$ pk_cover treel.tre tree2.tre -r reference_tree.tre

# PhyKIT outputs two values

# col 1: coevolutionary coefficient (the strength of coevolution)

# col 2: p-value

PhyKIT requires that the three phylogenies have the same topology; that is, the two single-locus
phylogenies should be constrained to match the reference tree. To perform constrained tree search
using IQ-TREE (Minh et al., 2020), the following command can be used:

# constrained tree search

$ iqtree2 -s treel.fa -te reference_tree.constrained_topology.tre -pre output_prefix -m TEST -
keep-ident

The resulting phylogeny should be rooted following the reference tree using the root_tree (alias:
root and rt) function or other software. PhyKIT automatically accounts for variation in taxon
representation between two single-locus phylogenies. Thereafter, gene coevolution can be quantified.
A tutorial of gene-gene coevolution using real data is available in the online documentation
(https://jlsteenwyk.com/PhyKIT/tutorials/index.html#evaluating-gene-gene-covariation).
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Commentary
Related Tools

PhyKIT was initially developed to overcome the absence of transversal phyloinformatic tools
available for some key steps in data processing and analysis of phylogenomic data. Specifically,
PhyKIT was developed to quantify biases in phylogenomic data matrices and calculate gene-gene
coevolution. However, while developing PhyKIT, we recognized the opportunity to provide broader
support to the phyloinformatic community. We were excited to provide a broadly applicable tool and
were excited (and surprised!) to see it be adopted by the community.

Since initially releasing PhyKIT, we have developed several other tools that may be of interest
to readers. Together, these tools are part of a broader ecosystem of bioinformatic tools that facilitate
phylogenomic data analysis, processing, and more.

e  (lipKIT, an alignment trimming software (Steenwyk et al., 2020);
o  Documentation: https://jlsteenwyk.com/ClipKIT/
o  Source code: https://github.com/]LSteenwyk/ClipKIT
e  BioKIT, a broadly applicable toolkit for broad genomic analysis (Steenwyk et al., 2022a);
o  Documentation: https://jlsteenwyk.com/BioKIT/
o  Source code: https://github.com/]LSteenwyk/BioKIT
e  OrthoSNAP, an algorithm to identify single-copy orthologs nested within larger multi-copy
gene families (Steenwyk et al., 2022b);
o  Documentation: https://jlsteenwyk.com/orthosnap/
o  Source code: https://github.com/JLSteenwyk/orthosnap
e  orthofisher, software for sequence similarity search using Hidden Markov Models (Steenwyk
and Rokas, 2021);
o  Documentation: https://jlsteenwyk.com/orthofisher/
o  Source code: https://github.com/JLSteenwyk/orthofisher
e treehouse, a graphical user interface tool for pruning large phylogenies (Steenwyk and Rokas,
2019);
o  Documentation and source code: https://github.com/JLSteenwyk/treehouse
e ggpubfigs, a ggplot2 extension (https://ggplot2.tidyverse.org/) for making colorblind-friendly
and publication-quality scientific figures
o  Documentation and source code: https://github.com/JLSteenwyk/ggpubfigs

These, alongside other software, have been incorporated into a Snakemake workflow, Orthoflow
(https://github.com/rbturnbull/orthoflow), to enable phylogenomic analysis using one command
(Turnbull et al., 2023).

Troubleshooting

Users can submit GitHub issues for support (https://github.com/JLSteenwyk/PhyKIT/issues) or
contact the lead developer via email (https://jlsteenwyk.com/contact.html).

Future Directions

Further development of PhyKIT will be guided by the best practices and advances in the field.
Currently, alternative data types (e.g., synteny or structure information) are becoming more common
in phylogenomics (Parey et al., 2023; Schultz et al., 2023; Steenwyk and King, 2023). The utility of
PhyKIT for alternative data types will be explored. We anticipate that certain metrics will be easily
transferred to other data types (e.g., bipartition support statistics or treeness) because they handle
phylogenetic trees, not the underlying data used to infer them.
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Glossary

BOOTSTRAP REPLICATES In the context of phylogenetics, each replicate is a resampling (with replacement)
of sites from the full alignment to generate an alignment of equal size; these
replicates are then used to reinfer a phylogeny and evaluate support for the
phylogeny inferred using the full alignment.

CONCATENATION The phylogenomic method of combining sequences from multiple loci into a
single sequence for each species and using the resulting supermatrix for species
tree inference.

HIDDEN PARALOGY Asymmetric loss of paralogs in some lineages, leading to mistaken identification
of paralogs as orthologs.

LoNG BRANCH A phylogenetic artifact where rapidly evolving taxa/lineages are erroneously

ATTRACTION inferred to be closely related.

MULTISPECIES The phylogenomic method of using single-locus phylogenies, which may differ

COALESCENCE from each other, to infer a species tree.

ORTHOLOGS OR  Genes in different species that originated from a common ancestor by speciation.

ORTHOLOGOUS GENES

ORTHOLOGY INFERENCE Identifying genes among organisms that evolved from a common ancestral gene.
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PARALOGS OR  Genes that are related by duplication.
PARALOGOUS GENES
PHYLOGENOMIC The process of selecting a subset of a complete phylogenomic data matrix to
SUBSAMPLING reconstruct phylogenetic trees, often aiming to reduce noise and improve signal or
evaluating the stability of the inferred phylogeny.
RADIATION EVENTS Rapid speciation events that result in a succession of short internal branches in a

phylogeny.
SINGLE-COPY ORTHOLOGS ~ Genes present as a single copy in the genome across a set of taxa and originate

from speciation events.

SPURIOUS ORTHOLOG  Incorrect identification of genes as orthologous, often due to errors in sequence
INFERENCE analysis or interpretation.
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