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Abstract 
Despite the increasing feasibility of sequencing whole genomes from diverse taxa, a persistent problem in phylogenomics is the selection of 
appropriate genetic markers or loci for a given taxonomic group or research question. In this review, we aim to streamline the decision-making 
process when selecting specific markers to use in phylogenomic studies by introducing commonly used types of genomic markers, their evo-
lutionary characteristics, and their associated uses in phylogenomics. Specifically, we review the utilities of ultraconserved elements (including 
flanking regions), anchored hybrid enrichment loci, conserved nonexonic elements, untranslated regions, introns, exons, mitochondrial DNA, 
single nucleotide polymorphisms, and anonymous regions (nonspecific regions that are evenly or randomly distributed across the genome). 
These various genomic elements and regions differ in their substitution rates, likelihood of neutrality or of being strongly linked to loci under se-
lection, and mode of inheritance, each of which are important considerations in phylogenomic reconstruction. These features may give each type 
of marker important advantages and disadvantages depending on the biological question, number of taxa sampled, evolutionary timescale, cost 
effectiveness, and analytical methods used. We provide a concise outline as a resource to efficiently consider key aspects of each type of ge-
netic marker. There are many factors to consider when designing phylogenomic studies, and this review may serve as a primer when weighing 
options between multiple potential phylogenomic markers.
Key words: genomic marker types, genomics, phylogenomics, reduced representation

Introduction
The ability to acquire sequence data on a genomic scale 
has revolutionized biology, including the establishment and 
growth of new fields of study related to bioinformatics, ge-
nomics, and transcriptomics. This change has also resulted in 
the ongoing shift from phylogenetic inference relying on 1 or 
several genetic loci from organisms to phylogenomic studies 
harnessing the power of genome-wide data.

The transition from phylogenetics to phylogenomics has 
been facilitated by the decreased financial cost of acquiring 
large sequencing datasets. Yet, due to the computational 
demands involved in analyzing genome-scale data or the in-
ability to gain sequence coverage across the entire genome, 
researchers typically target or subsample a subset of the total 
available genomic information to generate a reduced repre-
sentation phylogenomic marker set, particularly for highly 
dimensional and complex analyses. Reduced representation 

markers used in phylogenomics often constitute less than 
5% of the genome, but nonetheless facilitate high-resolution 
inferences from numerous snapshots of the genome, making 
them suitable for constructing phylogenomic hypotheses for 
diverse taxa. Many types of reduced representation, struc-
tural, and method-based genomic data are used in practice, 
yet to our knowledge there is not a thorough synthesis on 
when and how different marker types are best applied to 
phylogenomic analyses. This potentially complicates the de-
sign and planning stages of phylogenomics projects, espe-
cially for researchers with limited experience in genomics, 
bioinformatics, and molecular biology.

Phylogenomics focuses largely on analyzing evolutionary 
histories to reconstruct relationships between taxa. These 
evolutionary relationships can range in taxonomic hierar-
chy from species level to kingdoms. Unfortunately, there are 
several practical limitations (e.g. exorbitant computational 
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time and failure to achieve convergence in Bayesian analyses) 
and modeling issues (e.g. difficulty aligning highly variable 
regions and high heterogeneity across gene trees) that make 
genome-wide phylogenies intractable (Philippe et al. 2005; 
Young and Gillung 2020; Zhang and Lai 2020). Specific 
reduced representation genomic marker types that are widely 
used in practice can be generated using methods falling into 
3 broad categories: target capture, transcriptomics, and re-
striction site associated DNA sequencing (RADseq). In this 
review, we address the various uses of data produced prima-
rily by these reduced representation sequencing methods but 
will also include structural marker types and method-based 
marker types as well, with references to example studies that 
highlight their utility in phylogenomics.

A major goal of this review is to streamline the decision-mak-
ing process for choosing a marker set for phylogenomic stud-
ies by introducing various types of data, their evolutionary 
characteristics, and their different utilities in resolving older/
deep time versus recent relationships (Table 1). The suitable 
divergence time for each marker type (deep = order or higher, 
moderate = family and genus, shallow = species and subspe-
cies) is relative to the study system being examined and bio-
logical question being investigated, therefore, in the context 
of the review, should only be used as a reference. Specifically, 
we review the use of ultraconserved elements (UCEs; includ-
ing flanking regions), anchored hybrid enrichment (AHE) 
loci, conserved nonexonic elements (CNEEs), untranslated re-
gions (UTRs), introns, exons, mitochondrial DNA (mtDNA), 
single nucleotide polymorphisms (SNPs), and anonymous 
genomic regions. The latter (anonymous genomic regions) 
refers to randomly or systematically subsampling regions of 
the genome where otherwise genome-wide data are available. 
Although target capture methods UCE, AHE, and CNEE are 
in fact methods and not a genomic marker type, we will refer 
to them as marker types because of the types of loci typically 
targeted using these methods. Our overview of these methods 
and associated types of phylogenomic markers is designed 
to be useful to anyone interested in potential marker types 
and techniques for genome-scale estimation of phylogenies 
and will be especially useful to those planning empirical 
phylogenomic studies of their own. Readers who are new to 
the field of evolutionary genomics and phylogenomics may 
also appreciate the accessibility of this review for applying 
information from different genomic regions to evolutionary 
hypothesis testing. While some of these marker types may be-
come replaced as genomic and computational resources con-
tinue to improve, we also highlight several methods that are 
emerging as new common practice, due to a combination of 
reliability, low cost, and ease of use.

Overview of types of markers used in 
phylogenomics
Target capture approaches (UCEs, AHE, and CNEEs)
UCEs, CNEEs, and AHE elements are very similar to one 
another in goal and theory. Each approach targets evolu-
tionarily conserved loci across the genome and are each es-
pecially useful for phylogenomic studies focused on deeper 
timescales. Differences between these markers lie in the spe-
cific methodologies used to extract targeted loci, associated 
rates of evolution, and accordingly the level of conservation 
among loci across taxa.

Ultraconserved elements
Key features

The use of UCEs in phylogenomic analysis was first devel-
oped and presented in Faircloth et al. (2012), who described 
these markers as “molecular fossils” due to their extremely 
slow rates of evolution and conservation across deeply diver-
gent taxa (Fig. 1; Bejerano et al. 2004; Stephen et al. 2008; 
Faircloth et al. 2012; Andersen et al. 2019). Additionally, 
UCEs are not typically associated with paralogous genes 
or retrotransposons (Faircloth et al. 2012; McCormack 
et al. 2012; Harvey et al. 2016) and so generally represent 
single-copy loci, meeting the assumptions of most phyloge-
netic models. While the central regions of UCEs are highly 
conserved (referred to as core UCEs), the flanking regions of 
these elements (i.e. flanking UCEs) contain greater genetic 
variation that is informative for phylogenomic inference (Fig. 
1). Core UCEs are typically 100 to 150 bp in length while 
flanking UCEs extend from 400 to 1200 bp up- and down-
stream of the core UCE (Bejerano et al. 2004; Stephen et al. 
2008; Faircloth et al. 2012).

Most current studies use a probe set to anchor to core UCEs 
in order to capture, enrich, and analyze the flanking UCE re-
gions (Fig. 1 and see Dapprich et al. 2016) for further ex-
planation on the capture and enrichment process). The terms 
“probes” and “baits” can be seen in the literature used inter-
changeably. Probes/baits are custom RNA sequences that bind 
to complementary DNA strands which are then “captured” 
and amplified via PCR then sequenced (Andermann et al. 
2020). The conservation of core UCEs across taxa makes the 
downstream task of aligning homologous loci much simpler, 
allowing for broad comparisons of taxa with conserved sets 
of loci. Because UCE markers are scattered across the genome, 
analyses using these markers benefit from genome-wide rep-
resentation of variation and are not tied to single regions of 
the genome that may have unusual evolutionary histories or 
evolutionary/substitution rates compared with some marker 
types (e.g. mitochondrial genes). Because of these properties, 
UCEs are valuable genomic tools for phylogenomics, and as-
sembly does not require a reference genome. An additional 
limitation of UCEs is that they are not well suited for use with 
extremely recently diverged radiations for which UCEs will 
likely bear limited phylogenetic signal.

Effective uses of UCEs

UCEs are versatile markers for phylogenomic analyses. 
Faircloth et al. (2012) both developed and originally 
demonstrated examples in which they test UCE use for a 
deep time phylogenomic hypothesis for species (primarily 
fish) spanning multiple families and orders. While segments 
of these sequences are highly conserved and mainly useful 
for deep time taxonomic comparisons, UCE flanking re-
gions also allow for the study of more shallow divergence 
times (e.g. subspecies and species level; Smith et al. 2014; 
Harvey and Brumfield 2015; Harvey et al. 2016; Mason et 
al. 2018; Winker et al. 2018). For example, Mason et al. 
(2018) constructed a RAxML phylogeny of the subspecies 
using 4,000 UCEs loci in a phylogenomic study of neotropi-
cal birds from Central and South America, the white collared 
seedeaters (Sporophila torqueola).

While UCEs have become a commonly used tool in 
phylogenomic studies due to their utility for estimating 
both deep and shallow time phylogenomic relationships, a 
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 limitation to their use is the cost of, and effort associated with 
developing baits for generating UCE sequencing libraries. 
Probe sets now exist for many broad taxonomic groups (i.e. 

amniotes, fishes, insects) and can be purchased through bi-
oscience companies (i.e. Arbor Biosciences); it is also pos-
sible to freely obtain files that has probe positions that can 

Table 1. Overview of the key aspects of the marker types explained in the review.

Marker types Specimen samples 
needed/minimum 
quality needed 

Evolutionary 
history 
estimate (deep-
moderate-
shallow) 

Types of genetic 
and genomic 
method needed/
reference genome 
requirement 

Relative 
cost based 
on genomic 
method needed 
(see previous 
column) 

Reference papers/example papers 

UCEs = 
ultraconserved 
element 
flanking re-
gions

Historic 
specimens, fresh 
tissue, blood 
samples/low 
quality

Deep to 
shallow time 
estimates

Target method, 
WGS data with 
computational 
target method/refer-
ence genome needed 
if designing probes

Low to mod-
erate

(Bejerano et al. 2004; Faircloth et al. 2012, 
2015; McCormack, Faircloth et al. 2012; Mc-
Cormack et al. 2012, 2013; Crawford et al. 
2015; Harvey and Brumfield 2015; Faircloth 
2016; Harvey et al. 2016; Mason et al. 2018; 
Winker et al. 2018; Andersen et al. 2019)

AHE = anchor 
hybrid enrich-
ment

Historic 
specimens, fresh 
tissue, blood 
samples/low 
quality

Deep to 
shallow time 
estimates

Target method, 
WGS data with 
computational 
target method/refer-
ence genome needed 
if designing probes

Low to mod-
erate

(Prum et al. 2015; Hamilton et al. 2016; 
Young et al. 2016; Maddison et al. 2017; 
Espeland et al. 2018; Godwin et al. 2018; 
Haddad et al. 2018; Pepper et al. 2018; Shin 
et al. 2018; Braun and Kimball 2021)

CNEEs = 
conserved 
nonexonic 
elements

Historic 
specimens, fresh 
tissue, blood 
tissue/moderate 
quality

Moderate 
to deep time 
estimates

Target method or 
WGS data (with 
computational 
target method (pre-
ferred)/reference 
genome preferred

Low to mod-
erate

(Visel et al. 2008; Lowe et al. 2011, 2015; 
Kvon et al. 2016; Leal and Cohn 2016; Ed-
wards et al. 2017)

Exon Historic 
specimens, fresh 
tissue, blood 
sample, RNA 
samples/low to 
high quality

Mostly deep 
time estimates

WGS data, RNA/
transcriptomic 
data, exonic target 
capture/reference 
genome preferred

Moderate to 
high

(Bi et al. 2012; Ilves and López-Fernández 
2014; Jarvis et al. 2014; Bragg et al. 2016; 
Hugall et al. 2016; Portik et al. 2016; O’Hara 
et al. 2017; Karin et al. 2020)

Introns Historic 
specimens, fresh 
tissue, blood 
sample/moderate 
quality

Deep to mod-
erate time 
estimates

WGS data/
transcriptomic 
data, intronic target 
capture/reference 
genome preferred

Low to mod-
erate

(Lessa 1992; Mk et al. 2004; Creer 2007; 
Matthee et al. 2007; Chojnowski et al. 2008; 
Hackett et al. 2008; Salicini et al. 2011; 
Jarvis et al. 2014; Foley et al. 2015; Chen et 
al. 2017)

UTRs = un-
translated 
regions

Fresh tissue, 
blood sample, 
RNA samples/
high quality

Deep or 
shallow time 
estimates

WGS, RNA/
transcriptomic data/
reference genome 
preferred

Moderate to 
high

(Stebbins-Boaz and Richter 1997; Conne et 
al. 2000; Murphy et al. 2004; Bonilla et al. 
2010; Irisarri and Meyer 2016; Kuhl et al. 
2020; Xiong et al. 2018; Wang et al. 2019)

Mitochondrial 
DNA

Historic 
specimens, fresh 
tissue, blood 
samples/low 
quality

Shallow time 
estimates

mtDNA primers, 
WGS/no reference 
genome required

Low (Brown et al. 1979; Moore 1995; Boore and 
Brown 1998; Boore 1999; Phillips and Penny 
2003; Rubinoff and Holland 2005; Peng et 
al. 2006; Avise 2012; Wallace and Chalkia 
2013)

Anonymous 
loci/regions 
(RADseq)

Historic 
specimens (not in-
cluding RADseq), 
blood sample, 
tissue sample/
moderate quality

Moderate to 
shallow time 
estimates; 
ultimately 
depends on the 
primers used

PCR primers, WGS/
no reference ge-
nome required for 
PCR primers

Low (Miller et al. 2007; Baird et al. 2008; Davey 
and Blaxter 2010; Peterson et al. 2012; 
Harrison et al. 2014; Allman et al. 2016; 
Andrews et al. 2016; Harvey et al. 2016; 
McKenzie and Eaton 2020)

SNPs = single 
nucleotide 
polymorphisms

Historic 
specimens, fresh 
tissue, blood 
sample, RNA 
samples/low 
quality

Deep to 
shallow time 
estimates

Any genomic data 
prep/reference ge-
nome required

Low to high—
costs ARE 
applicable, 
but variable 
depending on 
data

(Brumfield et al. 2003; Morin et al. 2004; 
Baird et al. 2008; Hohenlohe et al. 2011; Li 
et al. 2012; McGill et al. 2013; Leaché et al. 
2015; Leaché and Oaks 2017; Vachaspati and 
Warnow 2018; Wang et al. 2020)

Specimen samples needed/minimum quality needed (column 2): types or quality of samples recommended in order to yield the most sequence data range. 
Quality is based on the degradation of the DNA. Evolutionary history estimate (column 3): relative divergence time each marker type is more suitable for 
(deep = order or higher, moderate = family and genus, shallow = species and subspecies). The suitable divergent time is relative to the study system being 
examined and biological question being investigated therefore, in this context, should only be used as a reference. All citations for Table 1 can be found in 
the Supplementary Material for Table 1 file in the supplement section. 
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be used for more organisms with more conserved genomic 
architectures. As more reference genome assemblies from di-
verse taxa or nonmodel organisms become available for bait 
development, the utility of UCEs is also likely to increase.

Lastly, missing data can be an issue with UCEs but is also 
a challenge for almost all marker types and/or datasets in ge-
netic and genomic studies because of the reduction of phylo-
genetic accuracy and/or poorly resolved tree. Missing data can 
be observed from “1) Stochasticity inherent in collecting data 
across thousands of loci, where not all loci are detected in all 
genomic libraries; 2) variable sequence yield among sample 
libraries leading to missing data across alignments; and 3) bi-
ological processes including insertions, deletions, and other 
chromosomal changes” (Hosner et al. 2016). There are ways 
to reduce missing data but typically at the cost of site quan-
tity, financial expenses, and computational power (Philippe 
et al. 2004; Hosner et al. 2016; Streicher et al. 2016). For 
more information on missing data please consider reading the 
following literature (Philippe et al. 2004; Wiens and Morrill 
2011; Hosner et al. 2016; Streicher et al. 2016).

Anchored hybrid enrichment
Key features

AHE is an approach to capture homologous regions of the 
genome from potentially hundreds of taxa (Fig. 1). This cap-
ture method is very similar in principle to UCEs (Lemmon 
et al. 2012), though AHE utilizes multiple baits per locus to 
facilitate more robust sequence capture spanning the locus 
and often results in fewer loci than UCEs. AHE uses highly 
conserved genomic regions that are longer than core UCE 
regions and flanking areas as anchors. Similar to flanking 
UCEs, the flanking regions of AHE anchors can be readily 
used in phylogenomic analyses because they harbor a higher 
frequency of genetic variants than the core or anchor region 
of AHE loci. AHE uses a tiled bait approach to maximize the 
length of the target loci to increase the accuracy of captioning 
homologous loci observed across a wide range of species 
(Lemmon et al. 2012). This was initially done using a set of 

probes that were assembled from 5 animals representing ma-
jor vertebrate groups: Homo sapiens (mammals), Gallus gallus 
domesticus (birds), Anolis carolinensis (squamates), Xenopus 
tropicalis (amphibians), and Danio rerio (fish). The initial 
study produced 512 unique loci based on 3 key parameters. 
First, the core anchor (240 base pairs) had to be genomically 
unique among all 5 species. Second, the flanking regions a-
round the anchor (700 base pairs up- and downstream of the 
core anchor) could not contain any repeat elements. Lastly, 
the probe regions could not have a high number of indels. The 
total amount of the genome represented by the 512 loci was 
approximately 122,800 base pairs. In Prum et al (2015), as is 
generally true of AHE studies, most AHEs appear to be affili-
ated with conserved exons (Braun and Kimball 2021). This is 
distinct from vertebrate UCEs, which mainly fall within non-
coding regions. Since the initial study, AHE loci have been 
developed for a wide range of taxa.

Effective uses of AHEs

The original goal of the AHE approach was to aid in the de-
velopment of deep time species trees for vertebrate groups 
(Lemmon et al. 2012). There have since been numerous stud-
ies that have used AHEs to generate species trees for shal-
low and deep time estimates (e.g. Eytan et al. 2015; Hamilton 
et al. 2016; Singhal et al. 2017; Pepper et al. 2018) along 
with several studies that produced phylogenomic estimates 
for invertebrates (Eytan et al. 2015; Hamilton et al. 2016; 
Young et al. 2016; Maddison et al. 2017; Singhal et al. 
2017; Espeland et al. 2018; Godwin et al. 2018; Haddad et 
al. 2018; Pepper et al. 2018; Zhang et al. 2019). These and 
other examples illustrate that AHE loci are highly useful for 
inferring phylogenies of diverse taxonomic groups (Hamilton 
et al. 2016).

Several advantages associated with using UCEs are also 
applicable to AHE loci. One of which includes enabling the 
user to ask questions regarding deep time phylogenomics 
while reducing the burden of financial cost. Another advan-
tage is related to their robustness within nonmodel systems. 

Fig. 1. Chronological order of how target capture marker types such as UCEs and AHEs are collected (while AHEs use tiled baits, we are showing 
a single bait for clarity). 1) The blue squares represent the probe set that binds to a conserved region represented by an orange square. 2) Sp. is an 
abbreviation for “species” and each box represents an individual nucleotide of a sequence. The open orange box represents the conserved region of 
the UCE or AHE and the figure is showcasing the variability of the flanking regions of UCEs. Variant sites, red boxes, are typically located away from the 
conserved region, which contains mostly invariant sites, white boxes. This cartoon includes a reduced number of nucleotides for clarity.
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The conserved nature of AHEs and UCEs across such a wide 
range of disparately related taxa makes it simpler to use 
and acquire easily aligned data than when searching for loci 
using genome scans or other methods (Faircloth et al. 2012; 
McCormack et al. 2012; Crawford et al. 2015; Hamilton et 
al. 2016; Shin et al. 2018).

Conserved nonexonic elements
Key features

CNEEs are the most recently developed marker type for 
phylogenomics reviewed here, and although very simi-
lar to UCEs, are not commonly obtained using target cap-
ture approaches. While CNEEs were first described in 2008 
(Visel et al. 2008), they were first used in a phylogenomic 
context in 2015 (Lowe et al. 2015). These markers are de-
rived from regulatory regions of the genome, have a slower 
substitution rate than their associated protein-coding regions 
on average, and can be found in a diversity of vertebrates 
(Edwards et al. 2017). These elements are associated with 
the recruitment of transcription factors which manipulate 
the expression of genes in close proximity (Kvon et al. 2016; 
Leal and Cohn 2016). CNEEs are very similar to conserved 
noncoding elements (CNEs) described in (Marcovitz et al. 
2016). The primary difference between CNEs and CNEEs 
is the absence of exon sequences in CNEEs (Edwards et al. 
2017). CNEEs have overlap with approximately 50% of the 
vertebrate UCEs markers (Edwards et al. 2017), so care needs 
to be taken to avoid nonindependence if both marker types 
are used. CNEEs were originally extracted computationally 
using a hidden Markov model search for locations with slow 
evolutionary rates across the genome. Extraction of CNEEs 
from Whole Genome Sequence (WGS)  data is recommended 

but not required since due to evolutionary turnover in regula-
tory sequences among vertebrates, homologous CNEEs may 
not be available for all vertebrate taxa. The appearance and 
disappearance of CNEEs throughout the tree of life are being 
investigated to better understand regulatory aspects of phe-
notypic traits (Lowe et al. 2011, 2015; Edwards et al. 2017).

Current and most effective way to use CNEEs

CNEEs are noncoding elements which have a more neutral 
(slower) evolutionary rate compared with coding regions. 
The conserved nature of CNEEs results in fewer nucleotide 
substitutions, so these may be most appropriate for higher 
level phylogenomic studies in vertebrates. Organisms with 
shallow evolutionary histories may share identical homolo-
gous CNEE regions and thus, these markers may not be suit-
able for phylogenetic inference in these cases.

Intragenic regions (exons, introns, and UTRs)
Exons
Key features

Exons have retained value in the transition from first-genera-
tion sequencing phylogenetics to phylogenomics due to their 
direct association to proteins and gene function. Exons are 
the protein-coding segments of a gene that, when combined 
with other exons, will determine the protein that is produced. 
Exons make up, on average, a very small portion of the ge-
nome (Fig. 2). Exons are often under purifying selection; this 
reduces the accumulation of mutations at these loci. Thus, 
exons are more conserved than introns, and tend to have little 
length variation across taxa, requiring less computationally 
intense pipelines for alignment and analysis than other genetic 

Fig. 2. Graphical representation of exonic, intronic, and UTR target capture methods. 1) The blue figure represents a generic chromosome. The open 
purple box is enlarging an intragenic region at random and showcasing the normal orientation of UTR, exons, and introns in comparison to intergenic 
regions. A simplistic representation of probes tiled across targeted loci is represented by the purple bands. Target enrichment methods such as this 
can be applied to UTR, exons, introns, and mtDNA. 2) Represents graphical ration of RNA-seq or any transcriptomic method approach (e.g. UTRs and 
exons). Open purple boxes represent coding regions and stacked black lines represent sequence reads.
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structural variants (i.e. INDELS). A 5% to 40% higher con-
straint can be seen between 5ʹ and 3ʹUTR (16.4%, 13.3%), 
intergenic (6.8%), and intronic (2.2%) regions to exonic 
regions (coding position sites CDS1 65.5%, CDS2 70.8%, 
CDS3 24.6%) (Pollard et al. 2010).

Effective uses of exons

Exonic data have a long history of being used in deep time 
phylogenetic and phylogenomic studies. Moderate to deep 
time phylogenomic signals can be observed and interpreted 
with this marker type across the tree of life (George et al. 
2011; Bi et al. 2012; Ilves and López-Fernández 2014; Bragg 
et al. 2016; Portik et al. 2016; Teasdale et al. 2016; O’Hara 
et al. 2017; Scornavacca and Galtier 2017; Jiang et al. 2019). 
The ability to cost-effectively sequence transcriptomes means 
that exons can be readily obtained for organisms in which it 
is possible to obtain and store tissues for mRNA extraction, 
without need for a reference genome. Alternatively, exons 
can be obtained using probe sets (see AHE above). For ex-
ample, a new exonic computational probe set, called Rapidly 
Evolving Long Exon Capture (RELEC), was designed for 
phylogenomic studies. This focuses on longer and more rap-
idly evolving exons (Karin et al. 2020) and provides a strong 
phylogenomic signal (Karin et al. 2020).

Introns
Key features

Introns were once believed to hold little to no value in biol-
ogy because they are noncoding regions of genes. However, 
it is now known that some introns hold various functions, 
including gene expression/regulation, alternative splicing 
for generating several types of protein for a single gene, and 
mRNA transportation control (Cenik et al. 2011; Rearick et 
al. 2011; Bicknell et al. 2012). While it was initially assumed 
that introns were selectively neutral, introns may be un-
der selection due to these various functions. Since the early 
to mid 2000s, this marker type has become widely used in 
phylogenomics.

Effective uses of introns

The length of introns varies from tens to many thousands of 
base pairs in size and also range in the quantity of introns per 
gene (i.e. for humans and most primates it averages roughly 7 
per gene) (Sakharkar et al. 2004; Creer 2007). Because introns 
are located within genes (Fig. 2), they will always be under 
some degree of purifying selection (Pollard et al. 2010). This 
means the intronic segments will in part be conserved and 
show a slower substitution rate than intergenic regions (in 
mammal it is show that intergenic regions are slightly more 
conserved than intronic regions; Pollard et al. 2010), making 
them robust when looking at a moderate to deep evolutionary 
relationships (Matthee et al. 2007; Chojnowski et al. 2008; 
Hackett et al. 2008; Salicini et al. 2011; Foley et al. 2015; 
Jarvis et al. 2015; Chen et al. 2017). Probably the most no-
table, recent intronic phylogenomic study was a reconstruc-
tion of the Neoaves phylogeny with 48 species representing 
all of the orders (Jarvis et al. 2014). When comparing exons, 
UCEs, and introns, introns were found to be associated with 
producing the most robust and well-resolved phylogenomic 
hypothesis when confronted with ancient rapid radiations that 
contributed to the high incomplete lineage sorting  originally 
seen in the group (Jarvis et al. 2014). It is important to note 

that when using intronic or exonic marker types, these areas 
of the genome show considerable evolutionary rate variation 
from one gene to another. The use of introns has decreased 
with the transition from phylogenetics to phylogenomics, 
though the ability to extract introns from WGS data is on-
going.

Untranslated regions
Key features

Unlike UCEs and CNEEs, untranslated regions (otherwise 
known as UTRs) can be upstream or downstream regulatory 
elements and are associated with mRNA stability, mRNA lo-
calization, and protein–protein interactions and have been 
used in phylogenetics since the late 1990s (Stebbins-Boaz 
and Richter 1997; Conne et al. 2000; Kuhl et al. 2020). 
Structurally, 3ʹUTRs represent the noncoding downstream 
end of mRNA while the 5ʹUTR resides upstream of the coding 
region (Fig. 2). Apart from functionality, 3ʹUTR and 5ʹUTR 
differ in size, 3ʹUTR averaging 3 times longer in nucleotide 
base pairs than 5ʹUTR, making for an easier segment to a-
lign and thus easier for phylogenomic analyses. 3ʹUTRs can 
best be acquired from transcriptomic data or WGS (Fig. 2). 
Unfortunately, depending on the tissue type for RNA analysis, 
the difficulty of acquiring transcriptomic data can be moder-
ately challenging under some conditions due to the speed at 
which RNA naturally degrades.

Effective uses of UTRs

Since 3ʹUTRs are associated with post-transcriptional regula-
tion and are directly influencers of gene expression, they are 
often under positive or purifying selection. The variation in 
this marker type is associated with nucleotide substitutions 
and length differentiation (Xiong et al. 2018; Wang et al. 
2019). These marker types are typically more variable than 
exons, and are commonly used for taxa exhibiting shallow to 
moderate degrees of divergence (Murphy et al. 2004; Bonilla 
et al. 2010; Xiong et al. 2018; Kuhl et al. 2020). The lack of 
empirical studies using 3ʹUTRs could be related to the diffi-
culty in collecting or extracting UTR sequences using tradi-
tional PCR approaches relative to other less expensive and 
easier methods (Bonilla et al. 2010). Although the use of 
3ʹUTRs has decreased with the transition from phylogenetics 
to phylogenomics in the past decade, the ability to extract 
UTRs from transcriptomic data may increase their use over 
time. Also, UTRs vary in length among taxa, leading to 
challenges with alignment and coding of insertion and dele-
tion events (indels). Lastly, any recent large-scale duplications 
or changes in ploidy further complicates the phylogenomic 
resolution if using UTRs, similar to most marker types in this 
review (Irisarri and Meyer 2016).

Mitochondrial DNA
Key features

What makes mtDNA unique is that it is maternally inherited 
and forms a single haplotype that undergoes little or no re-
combination (depending on taxa). Unlike basic features of 
nuclear DNA, which vary drastically among organisms from 
size to genomic architecture to genetic content, mtDNA re-
mains very consistent in size throughout most of the animal 
kingdom, ranging from 14 to 20 kilobases, depending on the 
number of noncoding regions. It typically consists of 37 genes 
(Boore 1999), including 13 protein-coding genes, tRNAs, and 
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rRNAs. Mitochondrial genome size is more variable in some 
taxa (e.g. mammals), but gene content is conserved to a large 
degree over even very broad scales (Janouškovec et al. 2017). 
Although mtDNA genomes maintain a highly conserved ar-
chitectural structure, in metazoans the evolutionary rate in 
terms of nucleotide substitutions is one of the fastest among 
all of the marker types in this review (Brown et al. 1979; 
Saccone et al. 2006).

Effective uses of mtDNA

Prior to the 2000s, mtDNA was the dominant marker type 
for phylogenetic inference because of its size, ease of data col-
lection, and very low recombination rate (Boore and Brown 
1998; Li et al. 2001; Herrnstadt et al. 2002; Gibson et al. 
2005; Macaulay et al. 2005; Minegishi et al. 2005; Peng 
et al. 2006; Cameron et al. 2007, 2008; Fenn et al. 2008; 
Meredith et al. 2011). During the early to mid 2000s, stud-
ies documenting incongruent tree topologies with nuclear 
markers questioned the accuracy of mtDNA for inferring 
species trees (Hurst and Jiggins 2005; RubCoff and Holland 
2005; Milián-García et al. 2020). This was concordant with 
a shift in phylogenetics away from individual gene trees (the 
evolutionary history of a single gene or locus) toward species 
trees (the inferred evolutionary history between organisms) 
(Avise et al. 1983; Maddison 1997; Funk and Omland 2003; 
Avise 2012). Due to its high nucleotide substitution rate 
(Boore 1999; Saccone et al. 2006; Jiang et al. 2016; Zhu et al. 
2018), mtDNA is still often used at the population and spe-
cies level, and as the DNA barcoding locus in most animals. 
However, few vertebrate studies solely use mtDNA possibly 
due to several reasons. First, although it has been possible to 
sequence whole mitochondrial genomes for over 2 decades, 
it only makes up 20 kb of molecular information, a minis-
cule fraction of the available molecular information from an-
imals. Second, the evolutionary history reflected in mtDNA 
reveals is limited to tracking maternal inheritance. This gives 
an incomplete and potentially biased representation of the re-
lationship among species (Hurst and Jiggins 2005; Rubinoff 
and Holland 2005; Balloux 2010). Third, mtDNA is a sin-
gle locus because it lacks recombination for most organisms 
(though this does allow estimation of a single gene tree with 
higher accuracy than may be true for many nuclear gene 
trees). This reduces its ability to represent the overall evolu-
tionary history of the group in question.

What genomic data are needed to obtain mtDNA?

MtDNA is among the most cost-effective marker types one 
can acquire primarily for 3 reasons. First, due to its long his-
tory within phylogenetics, an ample number of resources 
have already been developed to effectively target mtDNA 
regions that are favorable within phylogenetics (i.e. genetic 
primers that can be used for PCR). In addition to collecting 
new mtDNA sequences, mtDNA has been extracted, col-
lected, and submitted to several different global databases 
where they are readily available for thousands to tens of 
thousands of species (e.g. NCBI). Lastly, because of the large 
abundance of mitochondria found within most cells, lower 
coverage genome sequencing can still provide high coverage 
of the mitochondrion (Reich et al. 2010). This may mean that 
mtDNA data will often be present in target capture studies 
(e.g. UCE and AHE), particularly those using mitochondrially 
enriched tissues, unless highly stringent washing procedures 

are  employed. Tissues like muscle, liver, and brain almost al-
ways contain ample mtDNA, whereas DNA extracted from 
blood rarely does except in taxa with nucleated blood cells 
like birds (Shuster et al. 1988). Even degraded tissues are 
known to sometimes yield a sufficient amount of mtDNA to 
assemble much or all of the mitogenome.

Anonymous regions (RADseq, sliding windows, 
and rare genomic change)
Anonymous regions are areas of the genome that are not 
characterized by position or biological functionality, but 
rather, homologous sequences thought to be orthologous 
across taxa (Harrison et al. 2014; Allman et al. 2016; 
McKenzie and Eaton 2020). Examples of these include 
RADseq data, sliding windows genomic screening, and rare 
genomic changes (RGCs).

RADseq
Key features

Some once considered RADseq as the “most important sci-
entific breakthrough” of the 2010s decade (Andrews et al. 
2016) because of its revolutionary approach to collecting 
hundreds to thousands of genomic regions for the fraction of 
normal sequencing cost (Miller et al. 2007; Baird et al. 2008; 
Davey and Blaxter 2010; Andrews et al. 2016). RADseq 
data, including genotyping-by-sequencing approaches, use 
restriction enzymes and NGS to sequence “random” homol-
ogous sites. It has become standard to extract SNPs from the 
RADseq outputs. Because RADseq outputs vary where the 
enzymes cut in the genome and could contain partial genes 
or incomplete regulatory regions, RADseq sites may not be 
completely neutral. RADseq also cannot be used if inquiry on 
specific regions of the genome is of interest, since the regions 
targeted depend upon restriction sites, rather than function. 
Another issue with using RADseq data is in its incompatibil-
ity with other RADseq datasets. Because of its seemingly ran-
dom  location selection and read length, combining different 
empirical studies that use RADseq is extremely difficult and 
generally not advised.

Effective use of RADseq

As whole-genome sequencing is becoming cheaper and 
gene tree/species tree programs that can handle more data 
and more complex systematic predictions become availa-
ble, the advantages of RADseq may become less important. 
Phylogenetically, RADseq data are more suited for popula-
tion-, subspecies-, and species-level divergence between taxa 
and not favored for more deep time divergences (e.g. genus, 
family, or order).

Sliding windows
Key features

The use of genomic sliding windows is a technique that 
involves moving along the genome using a WGS (usually) 
dataset and building a phylogeny for sequences of uniform 
size, typically 5 to 100 kb, depending on how much data is 
needed or desired. The 2 main advantages of this technique 
are the ability to reduce the data size, which in turn reduces 
the computational power needed for analyses, and the abil-
ity to obtain nonbiased sampling evenly throughout the ge-
nome. This technique, like all anonymous region techniques 
or approaches, prevents one from knowing the biological 
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 characteristic of the genomic regions, although filters could be 
established that might focus on or exclude certain regions, e.g. 
by eliminating coding regions, from consideration if the goal 
is to focus on neutral sites. Trade-offs exist when choosing 
the window size and distance between windows to include 
sufficient phylogenomic information while minimizing com-
putation time.

Rare genomics changes
Key features

RGCs refer to mutations whose infrequent occurrence means 
these should essentially be “perfect” characters—that is, 
characters that exhibit no (or very low) homoplasy that can 
be used as phylogenetic markers (e.g. Rokas and Holland 
2000). Commonly used RGC in phylogenetic studies includes 
insertions and deletions (indels), particularly those involving 
movement, duplication, or loss of transposable elements (TEs) 
(Nikaido et al. 1999; Springer et al. 2020). For a given TE, the 
probability the same TE will insert at the same location in 
the genome independently in different species is hypothesized 
to be extremely low, as is precise deletion of a TE insertion. 
So, the presence of a particular TE insertion in multiple taxa 
should be a synapomorphy that unites those taxa. Although 
TEs exhibit low homoplasy, there does appear to be some po-
tential for homoplasy (Han et al. 2011). In addition to TEs, 
there are many other types of mutations that have also been 
suggested to be RGCs. These include other types of insertions, 
such as insertions of mtDNA into the nuclear genome (Liang 
et al. 2018), genomic rearrangements, including organelle 
gene order (Tyagi et al. 2020), inversions or microinversions 
(Braun et al. 2011), microRNAs (Field et al. 2014), and more 
typical insertion/deletion events, particularly in noncoding re-
gions (e.g. Houde et al. 2019).

Effective uses of RGCs

Most RGCs can be identified from whole-genome sequences, 
though TE insertions have been targeted without whole-
genome sequencing in some studies (e.g. Shimamura et al. 
1997). Since RGCs occur infrequently, approaches that sam-
ple small portions of the genome (e.g. reduced representation 
methods such as UCEs, AHEs, and RADseq) may sample 
too few of these events to provide much phylogenetic data. 
Some inversions, such as those involving large portions of a 
Maney and Goodson (2011), may also occur so rarely as to 
be uninformative. However, when whole genomes are availa-
ble, looking for RGCs may provide additional data. Although 
RGCs may be perfect (or near perfect) characters, they are 
perfect with respect to the evolutionary history of the geno-
mic region they represent. Due to incomplete lineage sorting, 
some regions of the genome will have evolutionary histories 
that are distinct from that of the species as a whole, leading to 
an RGC that may appear to exhibit homoplasy relative to the 
species tree, but where the RGC is actually matching the ev-
olutionary history for its region (Avise and Robinson 2008). 
Thus, RGCs may often be excellent for defining gene trees (or 
bipartitions) that can be used to infer species trees (Houde et 
al. 2019; Springer et al. 2020).

Single nucleotide polymorphism
Key features

After the conclusion of the Human Genome Project (HGP) 
in 2003, a greater focus was placed on analyzing genetic 

 variation across the genome by identifying SNPs. What makes 
SNPs significantly different from other genomic marker types 
in this review is that SNPs are only the variant sites in the 
genetic material between 2 or more subjects and are often 
analyzed without information on position and surround-
ing sequence. SNPs are the result of point mutations at the 
base-pair level and are abundant on a genome-wide scale in 
coding and noncoding regions. This holds true for all ani-
mals and most taxonomic levels, which allows for a useful 
genomic marker type for studying molecular phylogenomic 
relationships (Rokas and Holland 2000). This marker type 
is favorable for examining population demographics, adap-
tation, quantitative genetics, phylogeography, genome evolu-
tion, and phylogenomics (Brumfield et al. 2003; Morin et al. 
2004). Since SNP analyses can be applied to various marker 
types, they can be exacted from any dataset (such as those 
collected using approaches described in this review, as well as 
from whole-genome comparisons).

Effective uses of SNPs

Because SNPs can be a subset of various reduced representa-
tion marker types, the range of phylogenomic inferences that 
can be examined is directly influenced by the genomic marker 
type from which they were obtained. SNP data matrices can 
be used in various ways, but some options are more contro-
versial than others. A concatenated matrix (super matrix) is a 
standard method within phylogenomics that combines all of 
the SNPs from each sample. Although commonly used, this 
approach assumes all of the SNPs share the same coalescent 
history (Edwards et al. 2016a, b; Leaché and Oaks 2017) 
and is susceptible to the same biases as other concatenation 
approaches. For these reasons, many phylogenomicist argue 
against the super matrix approach in favor of the multilocus 
coalescent model approach that maintain the SNPs as distinct 
loci and generate species trees from gene trees (Edwards et al. 
2016a, b; Leaché and Oaks 2017). Other common methods 
for SNP analyses bypass gene trees while still incorporating 
the multispecies coalescent into species tree building programs 
such as SNAPP, SVDquartet, SVDquest, and PoMo (Bryant et 
al. 2012; Chifman and Kubatko 2014; De Maio et al. 2015; 
Vachaspati and Warnow 2018). These programs are conven-
ient as they allow reduction in computational steps while 
allowing for a model-based coalescent analysis. Like marker 
choice, appropriate method choice can heavily depend on the 
biological questions and the timescales being examined.

Lastly, 2 common concerns associated with SNP data are 
ascertainment bias (a deviation of statistics from theoretical 
expectation from bias nonrandom sampling) (Lachance and 
Tishkoff 2013; McGill et al. 2013) and missing data (miss-
ing of data from different samples or different alleles that 
complicates statistical analysis) (Li et al. 2012; McGill et al. 
2013). Ascertainment bias can be reduced with programs 
designed to accommodate it (e.g. IQ-TREE and RAxML) 
(Stamatakis 2014; Nguyen et al. 2015) whereas, missing data 
effects can be reduced by selecting and preserving genetic ma-
terial properly, correctly preforming its extraction and library 
preps, and the appropriately filtering after sequencing used.

What genomic data are needed to obtain SNPs?

SNPs can be extracted from any marker type but most com-
monly they are obtained through RADseq, transcriptomes, 
and WGS studies (Baird et al. 2008; Hohenlohe et al. 2010, 
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2011, 2012; Narum et al. 2013; Wagner et al. 2013; Harvey 
et al. 2016; Leaché and Oaks 2017). For marker types that 
would otherwise be too large in size to be analyzed with a-
vailable computational power (e.g. WGS), the use of SNPs 
offers an extreme reduction in dataset size while maximizing 
the number of variant sites that are critical for phylogenomic 
inference. There is often a level of difficulty involved in com-
putationally collecting and constructing a SNP database, 
calling variants, and filtering for high-quality SNPs versus 
low-quality or sequencing errors. The common approach of 
blindly filtering out low-frequency alleles (rare SNPs) can 
create a biased dataset; one must be cautious and mindful 
when filtering SNP data to prevent removing important bio-
logical information (McGill et al. 2013). When using SNPs in 
any capacity, the quality of the reference genome is of great 
importance. Some marker types that are typically used for 
SNP analysis such as RADseq data do not require a refer-
ence genome, though it may still be beneficial to include one. 
A long-read assembled reference genome with large contigs 
and a small number of gaps can greatly improve SNP calls 
depending on the taxonomic level and scale of your project.

Conclusion
Just as Sanger sequencing revolutionized the field of 
phylogenetics, the development of Next Generation 
Sequencing technologies has dramatically changed our ability 
to address complex questions in evolutionary biology by pro-
viding cost-effective means to generate genome-scale datasets. 
Genomic data are mosaic and fluid in relationship to substi-
tution rate, which makes the idea of choosing <1% to 5% of 
the entire genome for phylogenomic inference difficult. We 
recommend the following criteria for choosing marker types 
for a specific phylogenomic study: 1) Financial barriers are 
important to consider in any study. We advocate choosing a 
method or marker type that is cost effective yet relevant for 
phylogenomic inference given the taxa under study (Table 
1). For example, enrichment methods typically increase the 
cost of library preps, but do not require as much expensive 
sequencing, which would be advantageous for organisms with 
moderate to large genomes (over a Gb in size). When working 
with a species with a small genome (500 MB or less), it may be 
more cost effective to sequence the whole genome than to use 
an enrichment method, even if only a portion of the genome 
will be used, particularly as costs for library preparation con-
tinue to drop. 2) Computational power is also an important 
consideration for all phylogenomic analyses. For example, 
analyzing all the exonic or intronic regions of an organism by 
running a gene tree to species tree pipeline on a laptop or in-
sufficient server could take months or never finish reach con-
vergence. The more loci and/or taxa being analyzed at once, 
the more computation time will be required for the server 
in question. Adjusting the number of loci targeted, filtering 
loci to include only the most informative sequences, or other 
approaches may be used if further reduction in dataset size is 
critical. 3) The taxonomic scale of a particular study will help 
guide the selection of genomic markers; focus on genomic 
marker types that will complement the divergence scale of 
the taxa and project (Fig. 3 and Table 1). Using UCEs, AHEs, 
SNPs (depending on how they were obtained), or exons may 
be good choices for very deep divergences, with introns and 
UTRs also sufficient at moderate divergences. If working with 

a group that has undergone a recent and rapid radiation, 
SNPs, mtDNA, or noncoding anonymous regions are likely to 
be the most informative. 4) The availability of published data 
is key to help with genomic marker choice. For some marker 
types, data are already readily available. We suggest scanning 
data archives such as the “National Center of Biotechnology 
Information (NCBI),” “UK BioBank,” or “Ensembl genome 
database” to determine what data already exist and can be 
complemented by new data collection. Utilizing the extensive 
data already freely available online can be a no-cost option to 
expand a project. 5) The type of tissue needed for a particular 
genomic marker may limit the choice of certain marker types 
(i.e. WGS works best with high-quality tissue samples whereas 
target capture can work with lower-quality tissue samples). 
Here, constraints will vary during the data collection stage of 
the project depending on resources and availability of genetic 
material. 6) Understanding phylogenetic informativity prior 
to selection of marker type is important. For example, using 
UCE datasets, Jarvis et al. used 2,509 loci but only 1,062 loci 
were shown to be informative and Hosner et al. used 462 loci 
but it was shown that 37 loci were phylogenetically informa-
tive (Jarvis et al. 2014; Hosner et al. 2016). Multiple factors 
could have influenced the signal difference observed between 
these studies (i.e. timescale, probe set, data processing pipe-
line, Quality Control of data). More sites do not always equal 
higher signal and only focusing on marker type selection does 
not always equal similar signal of previously studied systems.

Pairing several different genomic marker types is an 
encouraged practice within phylogenomics because it may al-
low improved recovery of relationships across a variety of 
different evolutionary depths and may allow identification of 
or ameliorate biases that may be present in some datasets (e.g. 
avian exons; Jarvis et al. 2014; Kimball and Braun 2021). 
When pairing different marker types in an empirical study 
each marker type can be analyzed independently and later, 
once phylogenetic trees are constructed, can be used to com-
pare topologies. Complementary genomic marker type pairs 
may include, for example, UCEs and AHEs. As a result, each 
may contain unique phylogenetic signal (and could increase 
sites of informativity) and produce discordant topologies 
(Degnan and Rosenberg 2006). There are several processes 

Fig. 3. The various marker types are not equal in their ability to 
reconstruct reliable and well supported trees at all phylogenetic 
scales. Here, we provide advice regarding which type may be most 
appropriate at various phylogenetic scales. Each time point has a list of 
corresponding marker types that could be used to potentially maximize 
the biological functionality and evolutionary changes the marker type 
represents. The complied lists are based mostly on general substitution 
rates and past studies that have used such marker types.
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that can lead to discordance or incongruent trees; incomplete 
linage sorting, technical artifacts, gene loss or duplication, 
and introgression can all play a role making the loci of differ-
ent marker types appear to be incongruent with one another 
(Martin et al. 2017; Martin and Höhna 2018). Discordance 
among genomic marker types may help better understand the 
evolutionary history of independent features of the genome 
that are affected by evolution in different ways from one an-
other.

As technology advances, phylogenomics will continue to a-
dapt. Technological and theoretical advances mean that some 
methods may be very short lived, while others have been 
used for decades in this field and may remain relevant. We 
provided recommendations based upon which set of marker 
types best suit the taxa under exploration, and the biological 
questions being asked (Fig. 3 and Table 1). We hope this re-
view helps the novice entering the field of phylogenomics by 
better acclimating them to the various marker types available 
and help them in their journey of adding to the scientific com-
munity.

Supplementary material
Supplementary material is available at Journal of Heredity 
online.
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