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Abstract Phylogenomic approaches are growingly applied in the systematic studies of animals
with the rapid advancement of sequencing and analytical tools. Aiming to accelerate the
systematic studies using genome-scale data in China, this paper outlines the commonly used
techniques for generating phylogenomic datasets: RNA-seq based transcriptome, target-
enrichment based UCEs and AHE, RAD-seq, whole genome sequencing, and briefly discusses
the pros and cons of each technique. Major analytical procedures for the 1KITE transcriptome
pipeline, the PHYLUCE (UCEs) and AHE pipelines and the PLWS (low-coverage whole
genome sequencing) pipeline are summarized, and recent achievements valuable for
phylogenomic analyses are introduced.
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Systematics, commonly defined as the study of biological diversity and relationships among organisms, highly depends
upon phylogenetic studies to provide reliable frameworks for classifications. However, traditional phylogenetic studies using
morphological characters and/or handful molecular markers from Sanger-sequencing technique, especially on the groups
with megadiversity and rapid radiation, often resulted in poorly supported and inadequately resolved phylogenetic
relationships due to limited number of phylogenetically informative characters, which hinder our further understanding of
systematics and evolution of the groups (e.g. Munro et al., 2011; Heraty et al., 2013; Zhang & Maddison., 2013, 2015). With
the rapid development of next-generation sequencing (NGS) technologies since mid-2000s, enormous amounts of genome-
scale data are currently available for phylogenetic studies; the field of phylogenetic analyses has entered into the era of
phylogenomics (Delsuc et al., 2005; Young & Gillung, 2020).

Phylogenomics, the study of evolutionary history and function based on molecular analyses of genome-scale sequence
data, comprises several areas of research such as predicting putative functions of DNA or protein sequences, identifying
signatures of molecular adaptation and inferring historical relationships among species (Kumar et al., 2012; Young & Gillung,
2020). Phylogenomic approaches have shed lights on the reconstruction of tree of life, and have been widely utilized in
phylogenetic studies of a wide range of animal groups, such as birds (Prum et al., 2015), mammals (Chen et al., 2017;
Arnason et al., 2018), frogs (Peloso et al., 2015), insects (Misof et al., 2014) and spiders (Garrison et al., 2016). With the
great advantage of hundreds to thousands of loci from across the genome, phylogenomic methods indeed outperform
traditional multi-locus approaches in resolving evolutionary history (Blaimer et al., 2015). One classic example is Misof et
al. (2014), in which widely sampled transcriptomes were applied in a deep-scale phylogenomic study of major insect lineages
and the results provided robust evidence to clarify the previously controversial phylogenetic relationships. We briefly
surveyed the annual publications with topic on phylogenomics in Web of Science database from 2009 to 2019 and found the
publications on phylogenomic studies have dramatically increased in recent years worldwide (Fig. 1).

Here we overview the major approaches currently applied in phylogenomic studies and outline the recent advances in
analyses of phylogenomic datasets. A comparison of the phylogenomic methods outlined in this paper is provided in
Table 1. Phylogenetic studies based on extensive mitochondrial genome sequences have also provided valuable insights on
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systematics of various animal groups (e.g. Wang et al., 2017; Yang et al., 2018). But here we would like to focus on
phylogenomic studies mainly using nuclear genome sequences.

Table 1. Comparison of major phylogenomic methods.

Transcriptome UCEs AHE RAD-Seq WGS
If alcohol- No, must be Yes, historical Yes, historical Yes, historical Yes, historical
preserved specimens that are museum specimens ~ museum specimens — museum museum specimens
specimens fresh or flash-frozen ~ often acceptable often acceptable specimens sometimes
applicable in liquid nitrogen or sometimes acceptable
preserved in RNA acceptable
later
Template High quantity and DNA (low amount DNA (low amount DNA (medium High quantity and
requirement quality of RNA and medium and medium amount and low quality of DNA
degradation often degradation degradation often (low degradation
acceptable) sometimes acceptable) often acceptable)
acceptable)
General lab RNA extraction, DNA extraction, DNA extraction, DNA extraction, DNA extraction,

protocols

Sequence type

Examples of
analytical
methods

Suitability for
organisms and
phylogenetic
relationships

Relative cost

library preparation,
sequencing (can be
mostly done by
sequencing
company)

Coding regions

1KITE pipeline

Organisms with big
or small genome
size; most suitable
for deep level
relationships

High

library preparation,
target enrichment
with probe kit,
sequencing

Conservative (may
include both coding
and non-coding)
and adjacent
flanking regions

PHYLUCE

Organisms with big
or small genome
size; suitable for
both deep and
shallow level
relationships

Medium (new
probe-design may
add on additional

cost)

library preparation,
target enrichment
with probe kit,
sequencing

Target for coding
regions, adjacent
non-coding (often
intron) regions also
obtained

Lemmons’ AHE
pipeline

Organisms with big
or small genome
size; suitable for
both deep and
shallow level
relationships

Medium (new
probe-design may
add on additional

cost)

enzyme digestion,
library preparation,
size selection,
sequencing

May include both
coding and non-
coding regions

pyRAD and Stacks

Organisms with
big or small
genome size; most
suitable for
shallow level
relationships

Low

library preparation,
sequencing (can be
mostly done by
sequencing
company)

Both coding and
non-coding regions

PLWS

Organisms with
genome size <
1Gbp; suitable for
both deep and
shallow
relationships

High

1 Acquisition of phylogenomic data

1.1 Transcriptome from RNA-seq

Phylogenomics using transcriptome data applies RNA-seq technique to obtain the expressed sequence tags (ESTs) in
the organisms for phylogenetic reconstruction. ESTs have been widely utilized in animal phylogenetic analyses and proved
to be useful for resolving some difficult deep relationships (e.g. Dunn et al., 2008; Irisarri & Meyer, 2016; Zhang et al.,
2016; Schwentner et al., 2017; Fernandez et al., 2018a, b). The launch of the globally collaborated 1KITE (1K Insect
Transcriptome Evolution) project aiming to study the transcriptomes of more than 1,000 insect species has particularly
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stimulated the transcriptome-based phylogenomic studies in insects (Misof et al., 2014; Derst et al., 2016; Peters et al., 2017,
Johnson et al., 2018; Zhang et al., 2020), and driven the development of various analytical tools and procedures as well as
a comprehensive pipeline useful for not only transcriptome data but also other types of genomic data (e.g. Misof & Misof,
2009; Kiick & Meusemann, 2010; Dell’ Ampio et al., 2014; Petersen et al., 2017).

Phylogenomic analyses using transcriptome data enable direct exploration of protein coding sequences and have the
potential of facilitating the link between evolutionary history and gene function (Zhang et al., 2020). As the ESTs recovered
through this procedure tend to be “housekeeping” genes and thus relatively conservative, they are mostly useful for the
inference of deep relationships (Cannon & Kocot, 2016). However, NGS of transcriptome often needs high sequencing depth
(or coverage, i.e. the average number of times an individual base in the genome is sequenced) in order to recover a more
complete set of single-copy genes in an organism, which raises the sequencing cost for a large scale phylogenomic project
using transcriptomes. An even more obvious drawback of transcriptome-based phylogenomics is that the RNA-seq
procedure uses the extracted RNA as template for downstream library preparation and sequencing, and then needs high-
quality tissues or specimens being flash-frozen in liquid nitrogen or directly preserved in RNA later. This prohibits the
inclusion of some rarely collected but important taxa for phylogeny and the direct utilization of museum collections in
phylogenomic studies.
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Figure 1. The number of annual publications with topic on phylogenomics in Web of Science database from 2009 to 2019.

1.2 UCEs and AHE from target enrichment

The Ultra-Conserved Elements (UCEs) and Anchored Hybrid Enrichment (AHE) methods, both rooted from the target
enrichment procedure in which short nucleotide probes are first designed and then used to hybridize with the sheared
genomic DNA templates to recover particular sequences of interest with high coverage (Young & Gillung, 2020), were
developed independently by different research teams around the same time period (Faircloth et al., 2012; Lemmon et al.,
2012). Although sharing a lot in common in the basic principles and procedures, UCEs and AHE indeed differ in the details
of probe design procedure: UCEs refer to the highly conserved regions (=80% identify and >100 bp) across divergent taxa
(Faircloth et al., 2012) which could be coding regions or noncoding sequences, and the probes were designed from such
UCE sequences identified from the aligned genomes of reference taxa (Faircloth et al., 2012; Faircloth, 2017); whereas in
AHE the probes were designed mainly targeting for coding regions from alignment of genomes and transcriptomes of
reference taxa (Lemmon et al., 2012; Baker et al., 2019). The analytical pipelines were also developed independently for
UCE (Faircloth, 2016) and AHE (see details in Prum et al., 2015 and Young et al., 2016) data.

UCEs and AHE directly use extracted DNA for library preparation. Studies have shown that the historical museum
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collections could also generate reasonable UCE and AHE data for phylogenetic inference (Blaimer et al., 2016; Stlaurent et
al., 2018). In addition, because UCEs and AHE only target for about 500-2000 enriched loci, we can often multiplex a lot
more samples in one sequencing lane and still generate enough reads to recover the targeted genes, so the sequencing cost
is dramatically reduced. Therefore, UCEs and AHE have been widely applied in animal phylogenomic studies and have
proved to be useful for resolving both deep and shallow-level relationships (e.g. Blaimer et al., 2015; Peloso et al., 2015;
Prum et al., 2015; Branstetter et al., 2017; JeSovnik et al., 2017; Van Dam et al., 2017; Derkarabetian et al., 2018; Winterton
et al., 2018; Baker et al., 2019; Blair et al., 2019; Hedin et al., 2019; Kulkarni et al., 2019). The AHE-based phylogenomic
projects were largely conducted through collaboration with the Lemmons Lab at Florida State University (USA), where the
DNA extracts were received from collaborators, the lab procedures on sequence capture were then completed using designed
probes (probe set may be customized for certain project) and sent out for sequencing. The Lemmons Lab usually conduct
preliminary analyses on the obtained AHE data before they are delivered to the collaborators for more comprehensive data
manipulation and analyses. The UCE projects, in contrast, are usually more independent mainly benefiting from the open-
source UCE pipeline PHYLUCE (Faircloth, 2016), which is user-friendly with detailed tutorials to help beginners to quickly
overcome the obstacles in designing UCE probes and downstream UCE data process and analyses. Some pre-designed probe-
kits ready to use are available from companies (such as Arbor Biosciences https://arborbiosci.com/genomics/targeted-
sequencing/mybaits/mybaits-expert/mybaits-expert-uce/) for the laboratory protocols of sequence capture.

1.3 RAD-seq

Restriction site Associated DNA sequencing (RAD-seq) is similar to UCEs and AHE in selectively sequencing part of
the whole genome, but this is accomplished in RAD-seq by utilizing one or more restriction enzymes to fragment genomic
DNA and then selecting fragments that fall within a certain size distribution prior to sequencing (Miller et al., 2007; Andrews
et al., 2016; Harvey et al., 2016). One great advantage of RAD-seq is its low cost. Depending on the number of markers to
be selected and sequenced, this method could be applied to large-scale projects involving hundreds or even thousands of
individuals at an affordable cost (McKain et al., 2018). RAD-seq does not need probes which reduces the upfront investment
on designing probes and/or purchasing probe-set kit. Another strength of this approach is its flexibility: by simply choosing
a more frequently cutting restriction enzyme or a wider range of fragment size, we can often obtain more genetic markers;
vice versa (McKain et al., 2018). Unlike UCEs and AHE, RAD-seq does not rely on targeting relatively conservative or
coding regions of the genome and the sequenced RAD markers are often highly variable, so it can result in thousands or
even millions of SNPs which are extremely suitable for resolving shallow level phylogenetic relationships of closely related
species or population genetic studies (e.g. Dupuis et al., 2017; Fang et al., 2018; Theodorou et al., 2018).

The RAD-seq data could be analyzed using reference-based or de novo approach with available tools such as pyRAD
(Eaton, 2014) or Stacks (Catchen et al., 2013). They could either output SNP-based sequences or full sequence data for
traditional phylogenetic analyses (McKain et al., 2018). A big challenge in RAD-seq based study is missing data. RAD-seq
relies on the conservation of restriction recognition sites across samples to recover homologous markers, and thus disruption
of these sites by mutations results in missing data and more divergent taxa are expected to share fewer RAD markers
(McKain et al., 2018). This may hinder the application of RAD-seq approach to deeper phylogenetic scales.

1.4 Whole genome sequencing

Compared with transcriptomes, UCEs and AHE, fewer phylogenomic studies have utilized the whole genome
sequencing (WGS) method probably due to its high demands for computational resources and sequencing costs (but see
Nater et al., 2015; Arnason et al., 2018; Olofsson et al., 2019; Zhang et al., 2019). However, the rapid development of gene
sequencing technologies has prompted the initiation of many genome sequencing projects, e.g. the Genome 10 K project,
the Bird 10 K project and the “i5k” project aiming to sequence the genomes of 5,000 arthropods with important biological
significance or economic value (Li et al., 2019), which will dramatically increase the number of genomes available for
building the tree of life.

The laboratory protocols for WGS procedure are much simpler than UCEs, AHE and RAD-Seq, in which the
researchers usually only need to extract high-quality DNA in the lab, and then send the DNA samples to sequencing
companies for all the downstream library preparation and sequencing. In contrast, the UCEs and AHE protocols involve
complicated procedures for generating the sequence capture libraries which often need to be completed by the researchers
in the lab before sequencing. Because WGS needs DNA as template for library preparation, it is less stringent on the
specimen/tissue preservation than transcriptomes. Although WGS at high sequencing depth is still relatively expensive, low-
coverage WGS for organisms with small genome size is often affordable and sufficient to generate enough genome-scale
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data for phylogenetic inference (Olofsson et al., 2019; Zhang et al., 2019). However, the application of low-coverage WGS
for organisms with large genome size of several giga base pairs is still challenging.

Two kinds of analytical approaches are available for phylogenomic studies of low-coverage WGS data: One is an
assembly-free and reference-based approach, in which the sequenced raw reads are directly mapped to a known reference
genome to call SNPs and extract consensus sequences (Arnason et al., 2018; Olofsson et al., 2019). This method is more
suitable for the inference of shallow nodes with closely related taxa, but may be difficult to apply in phylogenetic studies of
deep relationships because more distantly related taxa will tend to have trouble to map to the reference genome. The other
approach first conducts de novo assembly of genomes and then extracts protein-coding-gene dataset and UCE dataset (Zhang
et al., 2019; Sun et al., 2020) for phylogenetic inference. Because it is not dependent on a reference genome, this method
has a wide application in phylogenomic studies of both deep and shallow relationships.

2 Analytical procedures on phylogenomic data

Phylogenomic projects usually involve a large amount of sequence data which are often challenging to analyze
compared to Sanger-based multi-locus data. Fortunately, along the years many analytical tools and methods have been
developed and multiple sophisticated pipelines are currently available for manipulation and analyses of massive
phylogenomic datasets. The analytical pipelines often contain complex steps and involve lots of computer programs. The
IKITE phylotrancriptomic pipeline, as an example, is summarized in Fig. 2 (for the detailed explanation of the pipeline see
the supplementary material in Misof et al., 2014 and Peters et al., 2017). Major analytical steps for phylogenomic procedures
are briefly introduced below, with an emphasis on the 1KITE phylotrancriptomic pipeline (Misof et al., 2014; Peters et al.,
2017), the UCE (PHYLUCE; Faircloth, 2016) and AHE (see details in Prum et al., 2015 and Young et al., 2016) pipelines,
and the low-coverage WGS pipeline (PLWS; Zhang et al., 2019; Sun et al., 2020).

2.1 Quality control and reads assembly

Quality control removes low-quality bases and adapter contamination in raw reads obtained from NGS and can be
completed by several available programs such as Illumiprocessor (Faircloth, 2013), Trimmomatic (Bolger et al., 2014) and
BBTools (Bushnell, 2014). The assembly of reads into contigs in 1KITE, PLYLUCE and PLWS pipelines applies de novo
assembly technique with programs such as Velvet (Zerbino & Birney, 2008), Trinity (Grabherr, 2011), SOAPdenovo (Li et
al., 2010), ABYSS (Jackman et al., 2017) or Minia3 (Chikhi et al., 2016). The AHE pipeline uses a so-called Quasi-de-novo
assembler (java script, Prum et al., 2015), which assembles the conservative probe regions using a divergent reference
assembly approach and the more variable flanking regions using de novo assembly approach (Prum et al., 2015; Young et
al., 2016).

2.2 Orthology assignment

An essential step in phylogenomic pipelines is the determination of orthologous groups, in which the assembled
sequences are sorted into orthologues, i.e. sequences with common ancestor diverged from speciation event rather than
duplication event (paralogues). Accurate orthology assignment is crucial for downstream phylogenetic inference. Both
PHYLUCE and AHE pipelines have customized scripts for orthology assignment. The PHYLUCE pipeline assigns the
assembled contigs to corresponding UCE loci and remove potential paralogues by aligning the contigs to probes and then
finding matches (see PHYLUCE online instruction); whereas in the AHE pipeline the orthology assignment is achieved by
computing pairwise distances of assembled contigs and then clustering the sequences based on the distance matrix (see
details in Prum et al., 2015).

The orthology assignment in the 1KITE pipeline is accomplished through HaMStR (Ebersberger et al., 2009) or
Orthograph (Petersen et al., 2017), both of which are similarity or graph-based methods applying a best reciprocal hit search
strategy with profile hidden Markov models and mapping nucleotide sequences to the globally best matching cluster of
orthologous genes (Petersen et al., 2017). Orthology assignment in these programs requires pre-defined orthologous groups
(or Core Orthologue Set, COS) which contain sequences of a collection of single-copy protein coding genes in reference
species. In addition to some pre-compiled COSs used in previous studies (Misof et al., 2014; Chesters, 2017; Peters et al.,
2017; Zhang et al., 2020), the COS could be customized for specific project based on the orthologous protein coding gene
information for the reference taxa of interest available in the public databases such as OrthoDB (Kriventseva et al., 2015),
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Figure 2. Summary of 1KITE phylotranscriptomic pipeline (aa—amino acid; nt—nucleotide).
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but will take some manipulation on the database output. An alternative to these two programs is BUSCO (Benchmarking
Universal Single-Copy Orthologs; Seppey et al., 2019). BUSCO was originally developed to assess the completeness of
genome assembly and annotation but holds great potential for orthology assignment by identifying near-universal single-
copy orthologs based on the OrthoDB database, and has been directly applied in some phylogenomic studies (e.g. Fernandez
et al., 2018a, b) and implemented in the PLWS pipeline (Zhang et al., 2019). A collection of pre-compiled sets suitable for
orthology assignment of various lineages, such as Bacteria, Metazoa, Arthropoda, Insecta and Vetebrata, are currently
available in BUSCO and could be directly downloaded (https://busco.ezlab.org/busco_v4 data.html). We expect that with
more thoroughly annotated genomes and comprehensive understanding of genealogical relationship of genes, an increasing
number of sets will be available in BUSCO for orthology assignment of diverse lineages on the tree of life.

2.3 Multiple-sequence alignment and alignment masking/trimming

Several programs for multiple-sequence alignment (MSA) developed for Sanger-based multi-locus data, such as
MAFFT (Katoh & Standley, 2013) and MUSCLE (Edgar, 2004), can be directly implemented in phylogenomic pipelines. A
masking or trimming step is usually conducted to remove the poorly aligned regions or errors in the alignments following
the multiple-sequence alignment. The alignment masking/trimming programs, such as Alicore and Alicut (Misof & Misof,
2009), Gblocks (Castresana, 2000) and trimAl (Capella-Gutiérrez et al., 2009), often target and remove blocks of columns
in the sequence alignment and only retain the relatively conservative and well-aligned regions for downstream phylogenetic
inference. While removing the noise in alignments some informative sites are often trimmed as well inevitably. An alternative
is the site-based masking approach using SeqTools package (Barson & Griffiths, 2016) which particularly removes the sites
in an alignment with high proportion of missing characters and very short sequences. The site-based trimming procedure
may lower the removal of informative sites during alignment masking. Another useful tool for cleaning MSA is Spruceup,
which removes the poorly aligned fragments in each sequence of MSA (Borowiec, 2019).

2.4 Post-pipeline proof-checking

Phylogenomic analyses have become more and more dependent on automated bioinformatic pipelines due to the rapid
increase of the amount of data in a typical phylogenomic dataset. The standard practice of manually screening out
contaminations and paralogous loci and curating gene alignments in the PCR and Sanger-sequencing age of molecular
systematics are often overlooked in phylogenomic approaches. Personal experience working with multiple phylogenomic
pipelines and previous studies suggest that the pipeline-processed datasets are not immune to errors even though some
outlier-check or error-check steps are implemented in the pipelines (e.g. 1KITE pipeline in Fig. 2; Gatesy & Springer, 2017;
Shen et al., 2017; Zhang et al., 2020). Even a small proportion of contamination and homology errors in a phylogenomic
dataset could result in mistaken inference of phylogenetic relationships (Zhang et al., 2020). Therefore, a post-pipeline proof-
checking (careful inspection of alignments and gene trees) may be necessary or even critical for building a robust phylogeny
in phylogenomic studies.

2.5 Phylogenetic inference

Inference of phylogeny using genome-scale data can be accomplished through concatenation-based methods in which
multiple gene alignments are concatenated to build a supermatrix for phylogenetic reconstruction. Several programs, such
as IQ-TREE (Nguyen et al., 2015), RAXML (Stamatakis, 2014) and FastTree (Price et al., 2010), have been fine-tuned to
handle very large phylogenomic datasets. In addition to the concatenation-based methods, phylogenomic datasets are often
analyzed using coalescent methods (e.g. ASTRAL; Mirarab et al., 2014), in which gene tree is built for each gene alignment
and then the species tree is estimated from the set of gene trees accounting for potential gene tree heterogeneity and
discordance. Shallow-scale studies such as species delimitation often apply other methods accounting for multispecies
coalescent, e.g. the quartet-based SVD-quartets (Chifman & Kubatko, 2014); the Bayesian-based SNAPP (in BEAST2;
Bouckaert et al., 2014), *BEAST (Heled & Drummond, 2010) and BPP (Yang, 2015). However, the Bayesian approaches
are usually computationally intensive and may be difficult to apply in large-scale phylogenomic analyses.

To reduce the artefact of missing data in phylogenetic inference, the phylogenomic data are often filtered to compose a
dataset with more complete sequences for all or most of the sampled taxa. A useful strategy for reducing the non-random
distribution of missing data in phylogenomic studies is to build the “decisive dataset”, in which only data blocks that contain
sequences with at least one representative in each of the predefined taxonomic groups are retained (Dell’ Ampio et al., 2014).
Partition optimization and model selection are essential for phylogenetic reconstruction and can be achieved by commonly
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used programs such as PartitionFinder (Lanfear et al., 2016) and ModelFinder (Kalyaanamoorthy et al., 2017), which are
also implemented in the program IQ-TREE. Recent studies have suggested that the site-heterogeneous models accounting
for site heterogeneity of frequencies, such as CAT (Lartillot & Philippe, 2004), are helpful for resolving some difficult
phylogenetic questions (Wang et al., 2019). Methods that model such heterogeneity of site frequency have been developed
and implemented in IQ-TREE to alleviate the computational burden of applying CAT model in phylogenomic analyses by
employing either fixed empirical amino acid frequency profiles (Wang et al., 2008) or a posterior mean site frequency (PMSF)
model (Wang et al., 2018). The assessment of branch support using standard bootstrap scheme usually takes prohibitively
long computational time and is often completed by alternative methods such as rapid bootstrap in RAXML (Stamatakis et
al., 2008) and ultrafast bootstrap in IQ-TREE (Hoang et al., 2018) for a large phylogenomic dataset. In addition, the quartet
sampling method (Pease et al., 2018) and concordance factors (Minh et al., 2018) provide alternative measures of branch
support that are valuable to detect potential underlying conflict in the phylogenomic dataset.

In summary, phylogenomic approaches have shown great potential in studies on systematics and evolution of animals,
and the rapid development of high throughput sequencing technology and analytical tools are strongly promoting researches
on such areas. In China we also see growing interest in applying genome-scale data in phylogenetic studies (Fig. 1). Through
this paper as well as several published reviews on this topic (Delsuc et al., 2005; Posada, 2016; Young & Gillung, 2020), we
hope that more and more Chinese researchers will quickly grasp the basic principles and recent advances in this field and
start to apply the phylogenomic approaches in their projects. With increased funding support from our government,
development of more user-friendly phylogenomic pipelines and platforms and relentless effort of Chinese scientists, we are
confident of catching up with the speed of phylogenomic studies in the world.
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