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Abstract Phylogenomics is a new field that infers evolutionary relationships of taxa at the
genome-scale level. The increment of molecular data may raise the potential bias as the limiting
factor in phylogenomics. It is particularly important to explore these factors in phylogenomic
analyses by simple, convenient, time-saving and (relatively) robust means. Here, we construct
a set of custom scripts for USCO (universal single-copy orthologs) loci extraction, multiple
sequence alignment, trimming poorly aligned regions, loci filtering and creating a concatenation
matrix, prior to reconstructing the phylogenetic trees, to simplify analytical pipelines and
improve the accuracy of tree estimation. These scripts employed a series of computationally
efficient bioinformatic tools, and were used with a universal ‘BASH’ shell or visual interface
by Windows-like ‘drag and drop’ operations in LINUX systems. Most steps in these scripts are
parallelized to accelerate analyses. These new custom scripts provide a convenient analytical
solution for phylogenomics data preparation, data quality control, and detection of potential
analytical errors. Details and scripts usage are provided at https:/github.com/xtmtd/
Phylogenomics/tree/main/scripts. The virtual mirror file (.vmdk) integrates the operating system
and required environment. All tools and scripts can be downloaded from https://dx.doi.org/
10.6084/m9.figshare.21283026. Besides, the video introduction and “walk-through” for each
script are provided at https://space.bilibili.com/319699648/channel/seriesdetail?sid=2682055.

Key words Analytical bias, sequence aligning and trimming, loci filtering, phylogenetic
inference.

1 Introduction

Phylogenomics, putting forward in 1998 for the first time, was used to predict gene function at the genome-scale level
(Eisen, 1998) and was applied to the phylogenetic inference in the ensuing year (O’Brien & Stanyon, 1999). In recent years,
phylogenomics has played an essential role in understanding the phylogenetic relationships and evolution between taxa
(Young & Gillung, 2020). It is no longer challenging to obtain whole-genome data with advances in high-throughput
sequencing technology (next-generation sequencing, NGS; Metzker, 2010). Abundant universal molecular marker set design
or extraction processes, such as USCO (universal single-copy orthologues; Simdo et al., 2015), UCE (ultraconserved
elements; Faircloth et al., 2012), AHE (anchored hybrid enrichment; Lemmon et al., 2012), and SNP (single nucleotide
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polymorphism; Sherry et al., 1999), etc., have been very popular (€.g. Zhang et al., 2019; Sun et al., 2020). Resolving some
tricky nodes in the tree of animals based on hundreds or thousands of markers has been a common practice, for example, in
mammals (e.g. Chen et al., 2019; Jebb et al., 2020; Johnson et al., 2022), birds (e.g. Jarvis et al., 2014; Manthey et al., 2016),
especially insects (e.g. Misof et al., 2014; Johnson et al., 2018; McKenna et al., 2019; Wipfler et al., 2019; Allio et al., 2020;
de Moya et al., 2021; Tihelka et al., 2021). Apparently, big-data-based phylogenetics, i.e., phylogenomics, provides new
thinking in studying evolutionary relationships among most biological groups.

However, simply increasing the number of molecular markers will not effectively resolve problematic nodes in the tree
of life (Young & Gillung, 2020). Because the low-quality phylogenetic matrix suffered from the analytical errors (biological
and methodological, Bouckaert & Lockhart, 2015). Major confounding factors detection is therefore crucial in
phylogenomics (Kapli et al., 2020). Most common analytical errors include four types (Young & Gillung, 2020). Type 1,
missing data, which means loci are not sampled for the taxa in an alignment or part of the sites are missing in a locus (Hosner
etal., 2016; Kocot et al., 2017; Roure et al., 2013; Smith et al., 2018), can bias phylogenetic relationships (€.g. Lemmon €t
al., 2009; Simmons, 2014). Missing data is a common but an overlooked confounding factor in phylogenomics. It is often
an excellent choice to design a more minor (i.e., with fewer loci) but a more completed matrix (the premise is that enough
sites/loci are still retained) to overcome impacts of missing data (Young & Gillung, 2020). Type 2 is compositional
heterogeneity states sequence differences of individual bases or amino acids between groups (Jeffroy et al., 2006; Philippe
etal., 2011; Duchéne, et al., 2017; Borowiec €t al., 2019). It can deviate estimates of topology and branch lengths regardless
and/or overthinking sequence differences (e.g. Jermiin et al., 2004; Nesnidal et al., 2010; Nabholz et al., 2011). Using proper
models and removing the loci or groups exhibiting deviation in composition, can reduce such heterogeneity (Young &
Gillung, 2020). Type 3, rate heterogeneity, i.e., long-branch heterogeneity or long-branch attraction (LBA), a major obstacle
in phylogenomics (Qu et al., 2017), negatively affect the accuracy of tree reconstruction (Nosenko et al., 2013; Struck, 2014;
Kiick & Wigele, 2015). Increasing the taxa sampling (e.g. Bergsten, 2005; Pick et al., 2010; Zhong et al., 2010), removing
the long-branch (e.g. Bergsten, 2005; Hampl et al., 2009), using amino acids and site-heterogeneous models (€.g. Lartillot
et al., 2007; Talavera & Vila, 2011), efc., to reconstruct phylogenetic trees, can alleviate the impact of LBA. Type 4, gene
tree heterogeneity, which is variously termed incomplete lineage sorting (ILS) (e.g. Betancur-R et al., 2013; Copetti €t al.,
2017; Richards et al., 2018; Kapli et al., 2020). It can pose challenges to species tree inference (Edwards, 2009). Using
coalescence approaches, such as multi-species coalescent (MSC) model (Rannala & Yang, 2003; Degnan & Rosenberg,
2009), can reduce this type of error appropriately (Young & Gillung, 2020). Hence, detection confounding factors can reduce
most analytical errors and reconstruct reliable phylogenetic trees using the high-quality matrix in phylogenomics.

To date, some widely applicable tools for aligning, trimming, filtering, and matrix generation for phylogenomics have
been proposed (Table 1). Five major categories of multiple sequence alignment software have been classified (Kapli et al.,
2020; Smirnov & Warnow, 2021): (1) the progressive approach (most commonly used), including MUSCLE (Edgar, 2004),
CLUSTAL O (Sievers €t al., 2011), and MAFFT (Katoh & Standley, 2013); (2) the consistency-based methods, such as
ProbCons (Do €t al., 2005), Probalign (Roshan & Livesay, 2006) and T-Coffee (Notredame et al., 2003); (3) the statistical
or evolution-based methods, for example, PRANK (Loytynoja & Goldman, 2008) and StatAlign (Novék et al., 2008); (4)
the divide-and-conquer strategy, for instance, PASTA (Mirarab et al., 2015) and SATé-II (Liu et al., 2012); (5) the graph
clustering approach, such as POA (Lee €t al., 2002) and MAGUS (is similar to MAFFT; Smirnov & Warnow, 2021).
ProbCons, T-Coffee, Probalign, MAFFT, PASTA, SATé-I1, and MAGUS are more accurate than other programs mentioned
above (Pais et al., 2014; Kapli et al., 2020; Smirnov & Warnow, 2021). POA is the fastest program (Kapli et al., 2020).
MAGUS and MAFFT are the two programs that have more and more been used in alignment in recent years because of
their efficiency and accuracy. All the alignment trimming software are focus on the removal of highly divergent sites and/or
remain of the parsimony-informative sites, for instance, Gblocks (Talavera & Castresana, 2007), Guidance2 (Sela et al.,
2015), Noisy (Dress €t al., 2008), trimAl (Capella-Gutiérrez et al., 2009), BMGE (Criscuolo & Gribaldo, 2010), and
ClipKIT (Steenwyk et al., 2020b), etc. Gblocks, Guidance2, and Noisy have lower tree certainty values than trimAl, BMGE,
and ClipKIT (Steenwyk et al., 2020b). For filtering, a toolkit, PhyKIT (Steenwyk et al., 2020a), aimed at detecting unreliable
alignments or trees have been published. It has more than 30 alignment- and tree-based functions. For example, calculating
the number of parsimony-informative sites in an alignment (Shen et al., 2016; Steenwyk et al., 2020a), the RCV (relative
composition variability) for an alignment (Phillips & Penny, 2003), the GC content (Guanine-Cytosine content) of a fasta
file (Shen et al., 2016), the average pairwise identity among sequences (Chen et al., 2017) and the DVMC (degree of
violation of the molecular clock) in a phylogeny (Liu et al., 2017), identifying the potentially spurious homologs (Shen et
al., 2018), and creating a concatenation matrix, etC. Moreover, TreeShrink (Mai & Mirarab, 2018) also can detect outlier
long branches in phylogenetic trees quickly and accurately. Although these tools provided valuable source of data processing,
they can merely identify bias in an individual locus. Therefore, using various tools to perform analyses is inconvenient,



Table 1. Features of different sequence alignment, trimming and filtering programs.

Software Method Advantage Shortcoming Link Refences
Alignment MUSCLE Progressive Time- and memory-saving  Unstable http://www.driveS.com/muscle/ Edgar, 2004
CLUSTAL O  Progressive Time-saving Inaccurate, memory-consuming  http://www.clustal.org/ Sievers et al., 2011
MAFFT Progressive Time-saving, accurate, Memory-consuming https://mafft.cbrc.jp/alignment/software/ Katoh & Standley, 2013
scalable
ProbCons Consistency Accurate Time- and memory-consuming  http://probcons.stanford.edu/ Do etal., 2005
(not apply to nucleotides)
Probalign Consistency Accurate Time-consuming http://www.cs.njit.edu/usman/probalign Roshan & Livesay, 2006
T-Coffee Consistency Accurate Time- and memory-consuming  https://tcoffee.crg.eu/ Notredame, Higgins & Heringa,
2003
PRANK Statistical or evolution-based Methodologically sound Time- and memory-consuming  https://www.ebi.ac.uk/goldman-srv/webprank/ Loytynoja & Goldman, 2008
StatAlign Statistical or evolution-based Methodologically sound Time- and memory-consuming  https://statalign.github.io/ Novak et al., 2008
PASTA Divide-and-conquer Accurate Time-consuming https://github.com/smirarab/pasta Mirarab et al., 2015
SAT¢é-11 Divide-and-conquer Accurate Time-consuming https://phylo.bio.ku.edu/software/sate/sate.html ~ Liu et al., 2012
POA Graphs Time- and memory-saving  Inaccurate https://sourceforge.net/projects/poamsa/ Lee, Grasso & Sharlow, 2002
MAGUS Graphs Accurate, memory-saving,  Time-consuming https://github.com/vlasmirnov/MAGUS Smirnov & Warnow, 2021
scalable
Trimming  Gblocks Remove gap rich and highly Time-saving Limited, inaccurate https://gensoft.pasteur.fr/docs/gblocks/0.91b/ Talavera & Castresana, 2007
variable sites
Guidance2 Remove uncertain sites Interfacial, with alignment  Inaccurate http://guidance.tau.ac.il/ver2/ Selaetal., 2015
function
Noisy Remove homoplastic sites Reliable Conservative http://www.bioinf.uni- Dress et al., 2008
leipzig.de/Software/noisy/
trimAl Remove highly gappy and/or Time-saving, reliable, - http://trimal.cgenomics.org/ Capella-Gutiérrez, Silla-
variable sites accurate Martinez & Gabaldon, 2009
BMGE Remove high entropy sites Time-saving Strict https://gitlab.pasteur.fr/GIPhy/BMGE Criscuolo & Gribaldo, 2010
ClipKIT Keep parsimony-informative Reliable, accurate, multi- Time-consuming https://jlsteenwyk.com/ClipKIT/ Steenwyk et al., 2020b
and/or constant sites strategies
Remove highly gappy sites
Filtering PhyKIT Process and analyze More than 30 functions - https://jlsteenwyk.com/PhyKIT/ Steenwyk et al., 2020a
alignments and phylogenies
TreeShrink Detect the outlier long Time-saving, accurate Conservative https://github.com/uym?2/TreeShrink Mai & Mirarab, 2018

branches
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from aligning sequences to creating a matrix using hundreds or thousands of loci. Analyzing phylogenomic data is
challenging due to the lack of a unified script or pipeline, especially the commands of batch processing in LINUX.
Constructing some efficient scripts or pipelines, which integrate these tools, is of great significance for phylogenetic analyses.

We propose a set of custom scripts (available from GitHub: https://github.com/xtmtd/Phylogenomics/tree/main/scripts)
for constructing the high-quality matrix. This study aims to introduce the scripts for phylogenomics by integrating the more
accessible, more convenient, and low-consumption bioinformatic tools, including extracting USCO loci, aligning multiple
sequences, trimming poorly aligned regions, filtering loci, and creating concatenation matrix. The virtual mirror file (.vmdk)
with CentOS 7.3 system is also prepared at https://dx.doi.org/10.6084/m9.figshare.21283026, to facilitate the use of these
scripts and simplify the installation process of various packages. Besides, the video introductions for all scripts have been
uploaded to https://space.bilibili.com/319699648/channel/seriesdetail?sid=2682055. This work improves our understanding
and detection of analytical error, generates the matrix for downstream analyses and provides an important solution for
phylogenomics.

2 Method overview

The widely used sequence format in phylogenomics — fasta file format (.fasta, .fas, or .fa) was used as the input and
output. The files or folders needed in each script/step can ‘drag and drop’ as prompted, like the Windows interface. It is
worth noting that optionally changing the names of files (loci) or folders in the process were not allowed. Our scripts and
processes apply to different molecular markers, such as USCO, UCE, AHE, etc. The process of constructing a high-quality
matrix consists of five steps (Fig. 1) with step independence. Users can combine the appropriate analyses as needed:

(1) For all species, their BUSCO results folders (run_$SPECIES folder generated from BUSCO v3) are extracted from
BUSCO (https://busco.ezlab.org/; Waterhouse et al., 2018) and deposited in the same folder (e.g. BUSCOs folder; also, can
name it whatever you want). BUSCOs are the significant source of USCO (i.e., provided the USCO reference sequences for
almost all organisms of OrthoDB database (www.orthodb.org)), which are the most commonly used molecular marker. This
step aims to extract the amino acid and nucleotide sequences, i.e., modifying the head name of the fasta files for each locus
and merging sequences of the same locus into the fasta files, then filtering loci having too few taxa (less than three). The
tool TransDecoder (https://github.com/TransDecoder/TransDecoder) and script BUSCO_extraction.sh will be used in this
step. Moreover, the UCEs extracted using the scripts4 from Zhang et al. (2019) are also applied for the downstream analyses.

(2) Multiple sequence alignment (MSA) plays an important role in identifying homologous regions of biological
sequences. Accurate alignment is fundamental in the inference of evolutionary relationships (Kapli et al., 2020). The two
most efficient and accurate tools of alignment, MAFFT, and MAGUS, are employed in our script (i.e., align_MAFFT.sh). A
variety of strategies can be chosen to align the sequences conveniently and accurately, as prompted in this step.

(3) Erroneously inferring site homology or saturation of multiple substitutions in MSAs is thought to negatively impact
phylogenetic inference (Talavera & Castresana, 2007). Several trimming tools (including trimAl, BMGE, and ClipKIT) for
identifying and removing the poorly aligned regions/highly divergent sites, or retaining parsimony-informative/constant sites
in MSAs are used in the script of trimming_alignments.sh, prior to phylogenetic inference. The appropriate trimming tools
and parameters should be selected according to the research targets.

(4) The properties of genes (sequence- and tree-based) can strongly influence phylogenomic inference (Shen, Salichos
& Rokas, 2016). Filtering — removing these confusing genes — has been promoted as a way to increase the phylogenetic
signals (Talavera & Castresana, 2007; Tan et al., 2015). Estimated sequence-based properties include alignment length or
the number of parsimony-informative sites (Shen et al., 2016), GC content (Shen et al., 2016), RCV (Phillips & Penny,
2003), SRH (stationary, reversible and homogeneous; Naser-Khdour et al., 2021), average pairwise identity among
sequences (i.e., the proxy of evolutionary rate; Chen et al., 2017), and likelihood-mapping (Strimmer & von Haeseler, 1997).
Tree-based approaches refer to the identification of potentially spurious homologs (Mai & Mirarab, 2018; Shen et al., 2018),
ABS calculation (average bootstraps support; Salichos & Rokas, 2013), DVMC (Liu et al., 2017), treeness (i.e., the
proportion of the tree distance found on internal branches; Phillips & Penny, 2003), and ‘inconsistent’ genes identification
(i.e., the topological conflict or incongruence between concatenation- and coalescent-based approaches; Shen, Steenwyk &
Rokas, 2021). The major aim is to obtain the alignments with the strong phylogenetic signal. The scripts
‘loci_filtering_alignment-based.sh’ and “loci_filtering_tree-based.sh’ combined the tools PhyKIT, TreeShrink, ASTRAL-III
v5.6.1 (Zhang et al., 2018), and IQ-TREE. Selecting the suitable strategies (i.€., genic properties) and thresholds are needed.

(5) Construction of an appropriate matrix, the requisite step before reconstructing the trees. The percentage value for
taxa occupancy (i.e., completeness, which represents the lowest ratio of taxa for all partitions, usually ranging from 50% to
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100%) can be input in the script of matrix_generation.sh to create the supermatrix (concatenated matrix) and partition file
by using tools PhyKIT and FASconCAT-g v1.04 (Kiick & Longo, 2014) with amino acid or nucleotide sequences, for
phylogenetic inference. Furthermore, we have added an extra function in this script to move the outgroup species to the first
one in the supermatrix to make it more intuitive in the final tree file.

Details and script tutorials are provided on GitHub. Meanwhile, a simulated example is also given in the virtual mirror
(BUSCO results folder: /home/zf/Desktop/materials/datasets examples/BUSCOs/; BUSCO loci extraction, multiple
sequence alignment, trimming, filtering and matrix generation folders: /home/zf/Desktop/materials/phylogenomics
examples/). Users can use our examples or their datasets to illustrate the use and effectiveness of these scripts.
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Figure 1. Flowchart of constructing a phylogenetic matrix for phylogenomics. The custom scripts used in each step are marked as
italic. Dashed boxes indicate that these strategies of each step choose only one or more suitable strategies.

3 Conclusions

A set of custom scripts and analysis processes were presented in this study to construct a suitable matrix for phylogeny.
The use and effectiveness of these scripts are successfully verified in the hexapod groups, Collembola (Yu et al., 2022),
Hemiptera (Hu et al., 2023; Song & Zhang, 2022), and Hymenoptera (Zhang et al., 2022), for example. This study highlights
the impact of high-quality matrix on phylogenetic inference and promotes the progress of big-data-based phylogenetics. To
further optimize and enhance the analysis process of phylogenomics, we will invest future efforts in reconstructing the
phylogenetic trees with multiple strategies (approaches and models). Furthermore, future studies would also benefit from
the abundant high-quality genomes, which would permit further studying phylogenomics by mining more potential genomic
information (e.g. duplication, rearrangement, and syntenic block, etc.). Finally, we believe our scripts, by integrating the
efficient tools of extracting, aligning, trimming, filtering, and matrix generation will be useful in improving the accuracy of
phylogenomic trees.
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