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Abstract

Phylogenetic inference of polyploid species is the first step towards understanding their
patterns of diversification. In this paper, we review the challenges and limitations of
inferring species relationships of polyploid plants using traditional phylogenetic
sequencing approaches, as well as the mischaracterization of the species tree from single
or multiple gene trees. We provide a roadmap to infer interspecific relationships among
polyploid lineages by comparing and evaluating the application of current phylogenetic,
phylogenomic, transcriptomic, and whole-genome approaches using different sequenc-
ing platforms. For polyploid species tree reconstruction, we assess the following criteria:
(1) the amount of prior information or tools required to capture the genetic region(s) of
interest; (2) the probability of recovering homeologs for polyploid species; and (3) the
time efficiency of downstream data analysis. Moreover, we discuss bioinformatic
pipelines that can reconstruct networks of polyploid species relationships. In summary,
although current phylogenomic approaches have improved our understanding of
reticulate species relationships in polyploid-rich genera, the difficulties of recovering
reliable orthologous genes and sorting all homeologous copies for allopolyploids remain
a challenge. In the future, assembled long-read sequencing data will assist the recovery
and identification of multiple gene copies, which can be particularly useful for
reconstructing the multiple independent origins of polyploids.
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promoting species diversity. To investigate plant evolution and
diversification due to WGD, the origins and relationships of
polyploid species must first be reconstructed.

Polyploidy, resulting from one or more whole-genome
duplication (WGD) events, describes organisms that have more
than two paired sets of chromosomes. Although the long-term
evolutionary effects of WGDs remain debatable (Soltis
et al, 2014; Mayrose et al, 2015), with some considering
polyploidy to be an evolutionary dead end (e.g, higher
extinction rates in polyploids) and others suggesting it is
ultimately a mechanism to promote speciation, genetic evidence
suggests that all flowering plants have undergone at least one
WGD event in their evolutionary history (Jiao et al., 2011; One
Thousand Plant Transcriptomes Initiative, 2019). Undeniably,
WGD:s can act as a source of variation and are important for

Polyploids are broadly defined by their progenitor
genome contributions. An allopolyploid originates from
the combination of genomes from different species, while an
autopolyploid is formed by genome duplication within a
single species (Comai, 2005; Glover et al., 2016). Figure 1A
shows an autopolyploid containing multiple homologous
chromosome sets with nearly identical or little-diverged
sequences, while the allopolyploid contains multiple home-
ologous (partially homologous) copies of parental chromo-
somes that often have more diverged sequences. These two
groups of defined polyploids occupy the extreme ends of the
polyploid-formation spectrum, but it is important to realize
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FIGURE 1 Origins and diversification of polyploid species. The
genomes of two diploid parents are represented by green (2x) and blue
(2x). (A) An autotetraploid originates from the whole-genome duplication
(WGD) of a single diploid parent (autopolyploidization), while an
allotetraploid originates from a WGD of two diverged diploid parents that
brought homeologous chromosomes together in one cell
(allopolyploidization). (B) Reciprocal allopolyploidization forms two
allotetraploids with different organellar genomes. (C) Different post-WGD
processes, such as DNA deletion (white strips on the chromosomes) or
insertion (black strips on the chromosomes), can lead to the diversification
of a single allopolyploid lineage. Additional gene flow between tetraploids
of different origins (represented by dashed lines) generates further diversity
among neopolyploid lineages. (D) Formation of higher polyploids (6x, 8x)
via repeated allo- or autopolyploidization events and with possible gene
flow among differing ploidal levels indicated by a dashed line.

that there are forms in between that can be difficult to
categorize into these strict types. Sometimes, meiotic
chromosome pairing behavior can also be used to help
elucidate the type of polyploid, whether bivalent (allopoly-
ploids) or multivalent (autopolyploids) pairing occurs
(Glover et al., 2016). Regardless of the different origins,
the duplicated genomes in both auto- and allopolyploids

can be triggers of genomic, evolutionary, and species
diversification in polyploid lineages (Soltis et al., 2015;
Michael et al., 2016).

From a genomic point of view, polyploids tend to be
more diverse than diploids due to their duplicated genomic
content and the amount of initial genetic variation
contributed from their parent species (Figure 1A). In general,
allopolyploids can have more genetic incompatibility than
autopolyploids due to the divergence between the parental
genomes (i.e., the differences between duplicated homeologs
vs. duplicated homologs). This makes the establishment of
allopolyploids more challenging than that of autopolyploids
as the coexisting divergent subgenomes must be balanced
(Edger et al, 2018). On the other hand, the divergent
subgenomes in allopolyploids can provide more opportuni-
ties for novel traits to evolve, which often makes it easier to
identify allopolyploids than autopolyploids when using
morphological traits and genetic sequencing data (Soltis
et al., 2007; Qiu et al., 2020).

The cytoplasmic genomes in plants are typically
uniparentally inherited (maternally in most flowering
plants) (Birky, 1995), which, especially in allopolyploids,
can lead to further divergence of the polyploid lineage due
to organellar-nuclear genome incompatibility (Sharbrough
et al,, 2017; Postel and Touzet, 2020). Figure 1B shows the
formation of two types of allotetraploids that have the same
nuclear genome but different organellar genomes via
reciprocal allopolyploidization (e.g., Tragopogon miscellus
Ownbey; Shan et al., 2020).

Moreover, polyploid species with the same subgenome
donors and organellar genomes can have multiple origins (i.e.,
different populations of a neopolyploid form independently
from the same diploid progenitors, such as the Tragopogon L.
allotetraploids [Soltis and Soltis, 1999]), or can diversify from a
single WGD event (Figure 1C; such as allopolyploids in
Nicotiana L. section Repandae Goodsp. [Clarkson et al., 2017;
Dodsworth et al., 2017] or Gossypium L. [Paterson et al., 2012]).
In addition, the genomic complexity of polyploids with multiple
origins can be further affected by the divergence of, and
variation within, the progenitors (Symonds et al, 2010;
Rothfels, 2021). Nevertheless, the divergence of sister polyploid
species will be determined eventually by different post-
polyploidization processes in each independent lineage
(Dodsworth et al,, 2016; Li et al., 2021). The molecular-level
changes after WGD, including chromosome reorganization,
genomic/gene deletions or insertions, transcriptomic regulation,
and epigenomic modification, can be affected by various
ecological ~ conditions  (Chen, 2007;  Vicient and
Casacuberta, 2017; Li et al, 2021), further increasing the
genomic complexity of polyploids. In addition to post-WGD
changes, asexual reproduction in polyploids can also lead to
species diversification (Pellino et al, 2013), as can sexual
reproduction. As a result of reduced recombination between
homologs and/or homeologs, mutations can accumulate
independently in each set of alleles in a polyploid, resulting in
rapid allelic sequence divergence (Hojsgaard and Horandl, 2015)
and therefore speciation (Figure 1C).
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The formation of higher-level polyploids from two or
more subgenome donors via repeated WGDs (reviewed by
Oxelman et al., 2017), as well as additional reticulation
events, including hybridization or introgression (Soltis and
Soltis, 2009; Twyford and Ennos, 2012; Wagner et al., 2020),
may lead to further species complexity and diversity. This
might include gene flow between species with the same
ploidy level (Figure 1C) or between different ploidy levels
(Figure 1D). Moreover, the formation of higher-level
polyploids can occur via the autopolyploidization of an
existing allopolyploid or via additional hybridization events
with a progenitor lineage (Figure 1D), as exemplified by
Fragaria L. (Wei et al,, 2017; Qiao et al.,, 2021), Cerastium L.
(Brysting et al., 2007, 2011), Ranunculus L. (Paun et al., 2006;
Pellino et al., 2013), and Rosa L. (Debray et al., 2021).

Given the variable factors that can contribute to the
diversity of polyploids, a system with closely related polyploids
of variable chromosome numbers (hereafter referred to as
polyploid lineages or polyploid-rich genera) can be particu-
larly useful for investigating macroevolutionary patterns (e.g.,
Meudt et al., 2015; Brittingham et al., 2018; Karbstein
et al., 2022; Moraes et al., 2022; Wang et al., 2023a). Due to
the initial WGD and additional reticulation events, such
genera can have neopolyploid species with comparable and
predictable genome sizes (C-value) and ploidy levels when
compared to their parental species. The additive genome size
or even the ploidy level in neopolyploids can be rapidly altered
following each round of post-polyploidization genomic
changes and can be mediated by different ecological
conditions (Leitch and Bennett, 2004; Wang et al., 2021a).
Eventually, neopolyploids or mesopolyploids (later-generation
polyploids) within a genus can have diverse genome sizes,
morphological characteristics, phenologies, life histories, and
geographic distributions (e.g., Qiu et al., 2019; Han et al., 2020;
Nieto Feliner et al., 2020; Debray et al., 2021; Lu et al., 2022).
Understanding the phylogenetic relationships of species in a
polyploid-rich genus that may have gone through multiple
rounds of WGD and with reticulate evolutionary histories is
therefore both critical and challenging.

RESOLVING POLYPLOID
RELATIONSHIPS USING
ORTHOLOGOUS SEQUENCES

Orthologous genes in polyploids

Over the past few decades, molecular phylogenetic inference
of polyploid lineages has provided an affordable approach
that has been developed and improved to estimate species
relationships and the origins of polyploids (Stebbins, 1980;
Hillis and Dixon, 1991; Small et al, 2004; Yang and
Rannala, 2012; Guo et al., 2023). In general, phylogenetic
inference of species relationships can be estimated from the
genealogy of a single genetic marker (i.e., a gene tree) or from
genealogies derived from genome-wide markers (i.e., phylo-
genomic inference). In either case, each set of gene markers is

expected to comprise orthologous sequences that were
derived from the same ancestral locus and diverged following
speciation, as opposed to paralogous sequences that arise
from gene duplication (reviewed by Small et al., 2004). The
informative polymorphisms among orthologous genes can be
used to infer phylogenetic relationships among species.
However, for polyploid lineages with multiple sets of
chromosomes (Figure 1D), identifying and selecting inform-
ative genetic regions remains challenging (Small et al., 2004;
McKain et al., 2018; Rothfels, 2021). This is because
identifying orthologous genes for which all homeologous
copies are preserved after a WGD can be difficult, as can
capturing and recovering all homeologous sequences, as
discussed later.

Moreover, not all gene regions or orthologous markers
can be used successfully to resolve phylogenetic relation-
ships, as different regions of a locus or different loci can
have their own unique evolutionary rates (i.e., nucleotide
substitution rates) and characteristics (i.e., inheritance
mode) (Small et al., 2004; Soltis et al., 2014). For example,
within a single locus, the coding regions are more conserved
across different taxa than non-coding regions, the latter of
which contain more polymorphisms for phylogenetic
inference due to their faster evolutionary rates (Borsch
et al., 2009; Pleines et al., 2009). The selection of different
genetic markers or even different regions within a locus
(e.g., coding vs. non-coding regions) therefore depends on
the specific study questions of the plant lineages being
investigated.

Phylogeny of high- and single-copy genes
in plants

Here, using polyploid-rich groups as an example, we review
the techniques used to investigate polyploid lineages that may
have an ancient WGD origin, as well as a recent species
radiation involving both polyploidization and hybridization.
Below, we discuss the utility and limitations of different
genetic markers (i.e., high-copy organellar and nuclear genes
vs. single-copy nuclear genes) in phylogenetic reconstruction,
especially in identifying the parental species of taxa with
hybrid or allopolyploid origins (Figures 1A, 1D).

In flowering plants, organellar genes from the chloroplast
(plastid DNA or cpDNA) or mitochondria (mtDNA) are
often only uniparentally inherited from the maternal lineage
(Birky, 1995). Because of this, they can be particularly useful
to identify the maternal lineage of allopolyploids (Figure 1B)
and to resolve complex species relationships, especially in
conjunction with nuclear genes (e.g., Debray et al, 2021;
Slenker et al, 2021; de Lima Ferreira et al., 2022). These
organellar genomes are present in high copy numbers in the
cell, and their gene regions are often conserved across taxa,
two attributes that make them easy to capture and sequence
(Small et al., 2004; McKain et al., 2018). The mitochondrial
genome in plants has more structural variation (i.e., high
intramolecular recombination) and often less sequence
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variation (i.e., low evolutionary rates from low nucleotide
substitution rates) than the chloroplast genome, which lacks
recombination and has a relatively faster evolutionary rate
(Small et al., 2004; Ravi et al., 2008); therefore, chloroplast
markers generally have been preferred for species-level
phylogenetic inference. Nevertheless, phylogenies recon-
structed from organellar markers may provide researchers
with a limited ability to correctly infer polyploid relationships
due to WGDs and reticulate evolutionary histories. In
particular, local introgression events between closely related
polyploid species will lead to a plastid phylogeny that shows
local geographical structure instead of species relationships
(Tsitrone et al., 2003).

Biparentally inherited nuclear genes (Small et al., 2004)
often have faster evolutionary rates than cpDNA or mtDNA
markers (e.g., Gaut, 1998; Huang et al., 2012). Nuclear genes
can be more informative about reticulate polyploid species
relationships, given the recent formation of neopolyploids
that often contain largely intact subgenomes (Li et al., 2021).
The orthologous nuclear genes can be further divided into
two categories, high-copy and single-copy nuclear genes,
both of which are useful for resolving the phylogenetic
relationships of polyploid lineages (Small et al., 2004). High-
copy nuclear genes (e.g., the internal transcribed spacers
[ITS] of the nuclear ribosomal DNA [nrDNA]), similar to
organellar genes, are also often conserved across taxa and
are easy to capture and sequence (Baldwin et al., 1995).
However, these genes may be of limited use for phylogenetic
inference because they have insufficient polymorphic sites
due to a recent radiation among species, or because the
homogenization process (concerted evolution) of home-
ologous loci can result in a single copy remaining in the
genome (reviewed by Alvarez and Wendel, 2003; Soltis
et al.,, 2014).

By contrast, single-copy nuclear genes are less likely to be
subjected to concerted evolution and tend to have faster
evolutionary rates with more informative sites (Small
et al, 2004). Therefore, phylogenies reconstructed from
single-copy nuclear genes can be used to characterize species
relationships more precisely, especially when high-copy genes
alone, such as plastid markers and nrDNA, cannot provide
resolved phylogenies for polyploid-rich genera whose species
have gone through rapid species radiation, WGD, and
reticulation (Sang, 2002; Soltis et al., 2014).

Chromosome-level whole-genome comparisons

To date, the most advanced and comprehensive approach to
reveal the origins and evolution of polyploid lineages,
especially for allopolyploids (Figure 1A), is to compare the
similarities and variations within each complete set of
duplicated genomes (e.g., Chen et al, 2020; Gordon
et al., 2020; Qiao et al., 2021; Peng et al., 2022). The
comparison of the orthologous sequences between entire
genomes of polyploids, also referred to as a comparative
whole genomic analysis, utilizes the chromosome-level

assembled scaffolds. This necessitates the generation of a
reference genome for each polyploid lineage, as well as their
diploid parents or relatives, mostly via a de novo assembly
method (Bayer et al., 2020; Lei et al., 2021).

The whole-genome sequence comparison will not only
show the origins of each subgenome set, but can also reveal
the evolutionary changes after polyploidization events (Deb
et al, 2023), such as large genomic reorganization (Chen
et al., 2020; Cerca et al., 2022), genomic content evolution
(Bozan et al., 2023), and genome-wide signatures of selection
(Qiao et al., 2021) or introgression (Wang et al, 2023b).
However, in addition to the technical difficulties of whole-
genome assembly (discussed later), when a polyploid-rich
genus is rapidly evolved or extensively diverged (e.g., Meudt
et al., 2021), the comparative genomic analysis approach can
be highly cost-prohibitive. Especially for non-model poly-
ploid lineages that contain multiple ploidy levels, the steps
required to generate and annotate the subgenomes are, in
most cases, time consuming and not cost -effective
(Kyriakidou et al., 2018). As the cost of genome sequencing
continues to decline, this may be a more tractable option for
non-model polyploid groups in the future.

AN OVERVIEW OF SEQUENCING
APPROACHES FOR PHYLOGENETIC
INFERENCE

Phylogenetic approaches can capitalize on next-generation
high-throughput sequencers to capture genome-wide mark-
ers, including whole or partial organellar genomes and
numerous biparentally inherited nuclear loci, to infer the
WGD histories as well as the phylogeny of polyploid species
(McKain et al, 2018; Kapli et al, 2020). These sequencing
platforms include first-generation Sanger sequencing (e.g.,
the Applied Biosystems sequencer [Thermo Fisher Scientific,
Waltham, Massachusetts, USA]), second-generation high-
throughput sequencing of short paired-end reads (e.g.,
Mlumina [San Diego, California, USA] sequencer), and
third-generation single-molecule real-time sequencing of
long reads (e.g., Pacific Biosciences [PacBio, Menlo Park,
California, USA] or Oxford Nanopore Technologies [Oxford,
United Kingdom] sequencers).

In addition to the comparison of whole chromosome-level
genome sequences, there are currently six popular phyloge-
netic sequencing approaches (including phylogenomics and
phylotranscriptomics) that can be divided into four categories
based on their required investment (e.g., cost and whether
reference data are required) and the efficiency of the
downstream data analysis (Figure 2) (reviewed by McKain
et al., 2018). The groups are as follows: (1) designing primer
pairs for capturing an individual locus is time consuming, but
downstream analysis is efficient, e.g., PCR and microfluidic
PCR; (2) restriction enzyme-based approaches that can
reduce genomic complexity (usually little prior work is
needed to select restriction enzymes) for downstream analysis,
e.g., restriction site-associated DNA sequencing (RADseq);
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(3) target enrichment sequencing (Hyb-Seq) that can capture
specific genomic regions simultaneously using predesigned
biotinylated RNA baits, including complex taxon-specific
(requires prior selection of single-copy genes using transcrip-
tome or genome-skimming data) or simplified universal (no
prior information required) bait sets (Johnson et al., 2018),
with reduced downstream computational analysis; (4) no
prior information is required but downstream computational
methods are demanding, e.g., genome-skimming sequencing
with depth or transcriptome sequencing (i.e., phylotranscrip-
tomics), as well as whole-genome comparisons.

As outlined above, there are different approaches to
resolving polyploid species origins and relationships.
Selecting the most efficient sequencing platform for each
phylogenetic approach plays an important role in recover-
ing informative orthologous gene sequences and their

Hexaploid haplotype ! ! !
reference genome

duplicated homeologous gene copies, which is essential for
the phylogenetic inference of polyploid species. Depending
on the availability of plant material and finances, some of
these approaches will be more tractable than others for a
particular study. The “gold standard” may be whole-genome
sequencing, but this also may not be necessary to answer the
questions of interest for a particular polyploid group and/or
it may exceed budgets. Whether the study focuses on all
species within a genus (a large number of taxa with various
divergence rates), a closely related group of species (low
interspecific divergence rates between a small number of
taxa), or a species complex (multiple WGD and reticulation
events) will factor into decisions regarding what approach is
most appropriate.

For better or worse, polyploid plant species are not a
“one size fits all,” so what works for one group may not
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FIGURE 2

A comparison of five phylogenomic approaches (PCR, microfluidic PCR, restriction site-associated DNA sequencing [RADseq], target

enrichment, and genome skimming) and one phylotranscriptomic approach (transcriptome sequencing) for capturing targeted markers between a diploid

(2x: Species1) vs. two allopolyploids (4x: Species2, 6x: Species3). A hexaploid haplotype reference genome is shown at the top and illustrates the targeted
gene sequence (e.g., exons and introns in Genel with three homeologous copies) and genome-wide restriction sites (black arrows) for extracting SNPs (black
crosses represent SNPs at loci 1-3). Each method is compared by their required prior preparation and conceptual laboratory workflow, as well as the general
suitability for studying complex polyploid plant groups. (1) PCR can capture and amplify the targeted locus (e.g., the sequence of Genel in Step2) with a pair
of prior designed primers (Step1). (2) Microfluidic PCR also starts with primer design (Stepl) for each targeted locus (Genel and Gene2 in Step2). The
amplicons can be individually barcoded for each sample, allowing the amplicons from different samples in one array to be multiplexed and sequenced. (3)

RADseq utilizes restriction enzymes (indicated by scissors in Step1) that can recognize specific restriction sites (black arrows in Step2) and shred the genome
into random, simplified, and comparative DNA fragments that contain informative DNA sites for sequencing. The sequenced reads are often used to extract
the SNP variation (Step2 loci 1-3). (4) Target enrichment sequencing or Hyb-Seq uses predesigned RNA biotinylated baits (Stepl) to hybridize with
individually barcoded genomic libraries in one pool (Step2). The baits bind to conserved exons of the targeted genes (e.g., exons in Genel), which can be
sequenced on a high-throughput sequencer to recover the exons. (5) Genome skimming requires no prior information. The output of genome skimming
depends on the sequencing depth (Stepl; see main context) but is generally sufficient to capture high-copy regions (e.g., plastome, nrDNA). (6)

Transcriptome sequencing also does not require any prior information; however, due to the sequencing reads being only from the exons and post-
transcriptomic modification processes, mRNA data often cannot be used to fully identify the genes with homeologous copies (Stepl; see the main text for

details).
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directly correlate to another. Nevertheless, below we offer
suggestions for selecting genetic- or genomic-scale data that
are broadly suitable for studies of polyploid species to suit
different budgets and timelines. By comparing the efficiency
of sequencing genome-wide markers in diploids vs.
allopolyploids (2x vs. 4x and 6x), and the recovery of
homeologs in polyploids (Figure 2), we discuss the
application of three generations of sequencing platforms
combined with six sequencing approaches.

PCR and microfluidic PCR

PCR amplification of a target region requires a pair of
primers that can bind to the specific sequence of interest
(Figure 2). The commonly used regions, such as plastid DNA
or the nuclear ribosomal ITS region, which are conserved
between taxa and present in high copy numbers in the
genome, are easy to amplify via universal primers using PCR
and can be informative about the relationships of diploid
species without reticulate evolutionary histories (Hillis and
Dixon, 1991; Shaw et al.,, 2014). For homoploid hybrids or
polyploid lineages, PCR-amplified biparentally inherited
nuclear genes, such as the ITS homeologs that have not
been affected by concerted evolution (i.e., concerted evolu-
tion has not occurred to the extent as to render homeologous
copies uniform) or single-copy nuclear gene homeologs, can
be particularly useful to infer the reticulate species relation-
ships within polyploid-rich genera (Rothfels et al., 2017; Xu
et al., 2017; Osuna-Mascaro et al., 2022).

Separating PCR-amplified homeologous gene copies is
challenging. Traditional Sanger sequencing often requires
additional cloning or homeolog-specific primers to separate
the homeologous gene copies (Brysting et al., 2011). Com-
bining PCR with second- or third-generation sequencers
provides an efficient way to amplify and separate different
alleles or homeologous loci. For example, Rothfels et al.
(2017) sequenced PCR amplicons (1 kbp) of four single-copy
nuclear genes using PacBio; by adding ambiguous sites
among primers, they captured multiple phased (separated)
individual homeolog sequences in the resulting long reads.

Microfluidic PCR enhances the parallel amplification of
multiple loci by combining PCR with microarray technol-
ogy, which enables the amplification of thousands of targets
per array (Zhang and Ozdemir, 2009). The combination of
microfluidic PCR with second-generation Illumina sequenc-
ers is a powerful tool that can capture and sequence
hundreds of single-copy nuclear genes, with additional
homeologous sequences recovered from the sequenced
reads (Uribe-Convers et al., 2016; Debray et al., 2021; Frost
et al., 2021). Utilizing unique barcodes and paired-end
sequence information, the individual locus sequences can be
demultiplexed and assembled from the sequenced reads for
each input taxon via bioinformatic tools such as the Pipeline
for Untangling Reticulate Complexes (PURC) (Rothfels
et al, 2017; Schafran et al., 2023) or Fluidigm2PURC
(Blischak et al., 2018). After filtering the chimeric sequences

from PCR amplifications, the haplotype sequences across all
input taxa at each locus can be clustered based on their
sequence similarities to continue the downstream gene
alignments (Figure 2). However, Illumina sequencers can
return a maximum of 300 bp for a single-end read, which
means the targeted gene length is often required to be
shorter than 1 kbp to recover the whole gene sequence
without any gaps present (Debray et al., 2021).

For non-model lineages, generating additional reference
genomes or transcriptome sequences is required before targeted
locus selection. In addition, testing whether the orthologous
genes are conserved between all taxa can be time consuming.
Selecting the amplified polyploid loci for which all homeologous
copies are present, designing the individual primer pairs for
each locus, and optimizing the PCR conditions for each gene
amplification will require additional effort.

When targeting commonly used nuclear (Small
et al, 2004) and plastid loci (Shaw et al., 2014), PCR-
based approaches would suit studies aimed at larger groups
of species within a genus, especially groups for which no
prior phylogenetic data have been generated. Moreover,
using PCR-based methods to test for specific allelic
sequence differences or loci related to functional divergence
that resulted from WGD can be particularly useful when
combined with a third-generation sequencer (Suissa
et al., 2022; Joshi et al., 2023).

RADseq

The use of RADseq is common for population genetic
studies and it has become more popular in phylogenomic
studies (reviewed by Leaché and Oaks, 2017). This approach
uses restriction enzymes that can recognize specific genome
sites (e.g., 4-bp cutter, 6-bp cutter, or 8-bp cutter) to shear
DNA into simplified yet comparable fragments that contain
informative sites for quantitative genetic and population
genetic studies of individuals from different populations
(reviewed by Davey et al., 2011). Similarly, enzyme-digested
DNA fragments can also be used to compare the genetic
divergence of closely related taxa or reconstruct their
phylogenetic relationships (Figure 2) (Wang et al., 2021b;
Karbstein et al., 2022; Suissa et al., 2022).

Andrews et al. (2016) reviewed RADseq-related ap-
proaches, such as double-digest RAD (ddRAD) and
genotyping-by-sequencing (GBS), which often rely on single
nuclear polymorphisms (SNPs) extracted from Illumina-
sequenced reads (maximum single-end 300 bp length) for
downstream analysis. After acquiring the data from RADseq
reads, the next step is to identify the orthologous DNA
fragments based on their sequence similarities (Figure 2).
Bioinformatic tools such as ipyrad (Eaton and
Overcast, 2020) can demultiplex the sequence reads into
each individual using sequencing barcode information, after
which the similar reads can be sorted into each DNA
fragment cluster (locus) with or without a reference
genome. After assembling each DNA cluster block with
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overlapped reads into consensus sequences and comparing
all input taxa, a variant call format (VCF) file that contains
all SNPs for each individual can be generated for down-
stream analysis.

Allopolyploids that contain diverged subgenome donors
are also expected to have more heterozygous SNP sites.
Assigning or phasing the genome-wide SNPs of polyploids
to each subgenome donor using RADseq DNA fragments
is not feasible without the reference genome of each
subgenome donor, unless the RADseq data include both
the digested DNA fragments of polyploid species as well as
their potential diploid subgenome donors (Wang
et al., 2021b). Conversely, inferring reticulate polyploid
species relationships using RADseq data often has lower
requirements for SNP phasing, but is also limited by the
necessity of including parental or related diploid species
(Wang et al., 2021b; Karbstein et al., 2022), as discussed
later.

The RADseq method often requires a low degree of
divergence (or a low substitution rate) among the
investigated taxa. This method can also work for diverged
taxa (Guo et al., 2023); however, the efficiency of the
RADseq approach for studying diverged taxa may depend
on the proportion of missing SNPs because fewer common
DNA cut sites between taxa would be expected (Eaton
et al., 2017; Wagner et al., 2020, 2023). On the other hand,
the random distribution of the enzymatic sites means that
no specific gene sequence (e.g., single-copy genes) can be
recovered (McKain et al., 2018). Using RADseq for highly
degraded DNA samples (e.g., herbarium specimens) will
yield low output (few loci) due to strong locus dropout in
degraded material.

Although RADseq can be limited in polyploids with
higher ploidy levels (6x and above) or complex genomic
content, with proper taxon sampling it can be suitable for
studying lower-level (4x) polyploids in closely related
species complexes (Wagner et al, 2020). With detailed
individual sampling for each polyploid species, RADseq
could be useful for addressing the population genetic
variation within each lineage (Andrews et al., 2016), as well
as providing further insight into genomic adaptation after
WGD (Biirki et al., 2023).

Target enrichment sequencing

Target enrichment sequencing (Hyb-Seq) provides a
straightforward way to capture desired genomic regions
via predesigned biotinylated RNA baits (Weitemier
et al.,, 2014; Andermann et al., 2020). These baits are often
at least 100 bp in length and can capture specific genomic
regions based on their sequence similarities (Figure 2). The
bait set captures DNA fragments from the targeted genes,
which can be enriched via PCR and sequenced using high-
throughput sequencing platforms (Weitemier et al., 2014).
For phylogenetic inference, the exons of targeted genes are
more conserved than introns or flanking regions across

taxa, making them ideal regions for bait design (Weitemier
et al., 2014; Schmickl et al., 2016).

Using a pipeline such as HybPiper (Johnson et al., 2016),
the single-copy genes can be extracted by mapping the
sequence capture reads to a reference file containing the
reference sequences of the desired loci (e.g, McLay
et al., 2021), and the mapping step can be done using the
DNA nucleotide sequences or with the transcribed amino
acid sequences. Each reads cluster can then be de novo
assembled into contigs and correctly ordered by comparing
to the exon sequences in the reference file, enabling the final
extraction of exons or even the gene sequences (including
exons, some or partial introns, and flanking regions).
Furthermore, the limited number of targeted loci increases
the opportunity to pool hundreds of individuals in one batch
for second-generation sequencing.

The read depth of Hyb-Seq data can also provide an
additional opportunity for the extraction of each home-
ologous gene copy. A few bioinformatic tools have been
developed to detect and extract allelic variation from these
data. ParalogWizard (Ufimov et al., 2022) or the putative
paralogs detection (PPD) pipeline (Zhou et al., 2022) can
increase the performance of the detection of “paralogs” (or
different homeologous gene copies for allopolyploids) by
comparing the divergence level among the assembled gene
sequences. Gardner et al. (2021) added each copy of the pre-
identified homeologous sequences into the reference file as
the “reference sequence” to assist homeolog phasing using
HybPiper. HybPhaser (Nauheimer et al., 2021) can phase
(separate) the Hyb-Seq data of hybrid or polyploid species
by splitting and mapping the sequenced reads via BSplit
(BBMap; Bushnell, 2023) to the predefined pseudo-
subgenome donors (e.g., a diploid that relates to the
polyploid and does not contain a large number of SNPs).
PATE (Tiley et al., 2021) utilizes the ploidy level and Hyb-
Seq sequencing depth (i.e., overlapped reads) information of
polyploid species to phase the haplotype blocks for each
targeted gene via GATK (DePristo et al., 2011) and HpoPG
(Xie et al, 2016). Similarly, the Hyb-Seq allele phasing
pipeline that combines GATK and WhatsHap (Patterson
et al.,, 2015) can also extract the haplotypes of each targeted
gene using the depth of the sequenced reads (e.g., Slenker
et al., 2021). The SORTER pipeline (Jonas et al., 2023) also
increases the ability for filtering paralogous gene sequences
and phasing the Hyb-Seq reads using SAMtools (Li
et al., 2009).

Johnson et al. (2018) identified 353 conserved single-
copy nuclear genes among the angiosperms and published
the Angiosperms353 bait set for phylogenomic inference of
any flowering plant group. Breinholt et al. (2021) subse-
quently published the GoFlag451 bait set, which can capture
up to 248 single-copy nuclear genes across the flagellate
plant lineages, including bryophytes, ferns, and all gymno-
sperms. These universal bait sets improved the flexibility of
phylogenetic inference of the investigated group even with
divergent evolutionary histories, such as in the Tree of Life
project (Baker et al., 2022). The off-target reads can also be
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used for high-copy gene extraction, which provides
additional phylogenetic signal for the inference of species
relationships (Karimi et al, 2020; de Lima Ferreira
et al, 2022). Moreover, pipelines such as HybSeq-SNP-
Extraction (Slimp et al., 2021) can extract SNPs from Hyb-
Seq data and the output can be analyzed using methods
similar to those used for RADseq.

Although the universal bait sets significantly reduce the
amount of time needed for Hyb-Seq experimental design for
non-model plant groups, building taxon-specific bait sets
from genome-skimming or transcriptome reads (discussed
later) should still be prioritized whenever the resources are
available (Siniscalchi et al., 2021; Yardeni et al., 2022). Many
published taxon-specific bait sets (at the family level) have
also reduced the time required for prior bait design using
reference sequences and increased the opportunities to
extract allelic variation from the Hyb-Seq reads due to
higher rates of recovering genes with introns and flanking
regions (Slenker et al., 2021; Crowl et al., 2022). These more
specific bait sets are expected to yield more targeted loci,
which can lead to phylogenetic inference of closely related
polyploid groups with greater resolution, or even provide
further insight for future population genetic analysis of each
taxon (Phang et al., 2023).

For polyploid lineages, the bioinformatic pipelines are still
limited to extracting the complete homeologous sequences of
the targeted single-copy nuclear genes, due to lack of ploidy-
level information or limitations of the phasing program,
which may not be able to handle polyploids with multiple
subgenome donors. Moreover, phasing can be even more
challenging when polyploids have subgenomes with low
divergence rates or when a universal bait set (e.g., Johnson
et al., 2018) is applied, which will often yield similar exon
sequences and a lower recovery rate of introns and flanking
regions (i.e., discontinuous exons) compared with the lineage-
specific bait sets (Hendriks et al., 2021; Yardeni et al., 2022).
Eventually, the targeted loci may result in chimeric gene
sequences that contain exons from different homeologous
copies.

Nonetheless, target enrichment sequencing can be a
useful tool for phylogenomic reconstruction of rapidly
diverged or more distantly related species, but may benefit
from taxon-specific baits rather than universal baits for
resolving the complex of closely related polyploids. With
sufficient sequencing depth, efficient phasing of home-
ologous loci, and a well-annotated reference genome, Hyb-
Seq may also be used to address the post-WGD locus
evolution of polyploids.

Genome skimming by shotgun sequencing

Genome skimming by shotgun sequencing can generate
sequences that represent the whole genome of the sequenced
individual with shallow coverage of sequencing reads, and
often uses second-generation (short-read) sequencers
(Figure 2). This method requires no prior primer design

and is flexible with respect to the divergence rate of the
studied groups. It also provides an opportunity to recover the
homeologs of extracted loci for polyploid lineages.

Depending on the sequencing coverage, shallow genome
skimming can be an efficient approach to recover high-
copy-number organellar and nuclear genes, such as nrDNA
and whole plastid genomes. High-copy-number genes can
be de novo assembled from genome-skimming reads due to
their abundance in the genome, even with low sequencing
coverage (e.g., 1x of whole-genome sequencing coverage)
(Straub et al., 2012). Taking the assembly of a plastome as
an example, the seed-and-extend-based de novo assembly
(e.g., assembler compared in Freudenthal et al., 2020) or the
reference mapping-based haplotype calling methods (e.g.,
Takamatsu et al, 2018) via GTAK HaplotypeCaller
(DePristo et al., 2011) or SAMtools mpileup (Li et al., 2009)
can produce a complete plastome. For repetitively occurring
nrDNA, this may also be treated as a “circular” genome like
the plastome to be de novo assembled with different initial
seeds, e.g., using the assembler GetOrganelle (Jin et al., 2020).
Phasing the nrDNA allele or homeolog variation from the
depth of sequence reads would require additional ploidy-
level information or the number of subgenome donors of
the input taxa for use with bioinformatic tools such as
GTAK HaplotypeCaller.

In addition, genome skimming with depth can also be
useful for extracting SNPs or single-copy nuclear genes; for
example, SNPs among genome-skimming reads between
low-diverged input taxa can be extracted using the reference
mapping-based method via joint SNP calling in GATK
(DePristo et al., 2011), and the SNP data can be analyzed
using sliding window-based methods or used to infer the
species phylogeny based on independent SNPs (Meleshko
et al,, 2021). In addition, similar to the assembly of single-
copy nuclear genes using Hyb-Seq data, user-friendly
bioinformatic tools (methods compared by Michel
et al., 2022) such as HybPiper (Johnson et al., 2016; Jackson
et al,, 2023) and HybPhyloMaker (Fér and Schmickl, 2018)
can also de novo assemble the deep genome-skimming
reads into exons by mapping them to a reference file that
contains the exons of a related species, and can correct the
order of exons within a locus by comparing them to the
selected reference gene. Moreover, the reference file can
be custom designed using published genome or transcrip-
tome data via bioinformatic tools such as MarkerMiner
(Chamala et al., 2015) or a universal angiosperm reference
file that contains the reference gene sequences for the
Angiosperms353 loci (McLay et al., 2021).

Genome skimming with sufficient depth is an efficient
way to recover genome-wide single-copy orthologous genes
and possibly all homeologous sequences for nuclear genes
that are biparentally inherited. Nevertheless, determining
the proper coverage for lineages with multiple ploidy levels
is challenging, given that each homeologous copy will
require sufficient sequencing coverage to be recovered.
Liu et al. (2021) compared the number of successfully
recovered single-copy nuclear genes and the depth of
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genome-skimming reads (2x to 20x coverage) in Vitaceae.
Their results suggested that at least 10x coverage was
required to extract over 800 single-copy nuclear genes for
phylogenomic inference. Moreover, the extensive genomic
data (e.g., the high number of reads for sequencing coverage
and depth) required for each sequenced sample also limits
the number of input samples that can be added to one
sequencing pool, which increases the total cost of sequenc-
ing. In addition, the downstream filtering and extracting of
the informative loci from massive amounts of genome-
skimming sequenced reads increases the computational
analysis time.

Genome skimming, as the most comprehensive phylo-
genomic method, is now a popular approach to capture both
high- and single-copy genetic markers without requiring a
reference genome. It is useful for studying polyploid
complexes at any taxonomic level. Although recovering all
homeologous copies (gene sequences or SNPs) for allopoly-
ploids will depend on the genome size and the sequencing
depth of coverage (which can be an extra financial cost due to
the limited number of individuals in one sequencing pool), in
general, genome skimming is a promising approach for
divergent species within a genus or closely related species.

Transcriptome sequencing

Transcriptome sequencing (mRNA-Seq) can also be used to
capture genome-wide markers (including high- and single-
copy genes) without the requirement for any prior primers or
restriction enzyme selection steps (Cheon et al.,, 2020). The
transcriptomic (or genomic) data can be used to estimate
ancient WGD events, using Ki-based methods (K, plot) to
calculate and visualize the distribution of synonymous
substitutions per site (K;) among paralogous genes within
the genome of a single species (Cui et al., 2006; Li and
Barker, 2020; Tiley et al, 2021). These methods have been
widely used for detecting ancient WGD events and estimating
the age of WGD events in flowering plants (De Bodt
et al., 2005; Pelosi et al., 2022; Zhao et al., 2023). In addition,
when a specific experimental design targeting specific tissues
or collection times is used, the resulting mRNA comparisons
can further address the functional divergence of the loci under
investigation (McKain et al., 2018).

In comparison to the DNA-based phylogenomic ap-
proaches, the phylotranscriptomic approach compares ortho-
logous variation extracted from mRNA (Figure 2). Moreover,
annotated reference transcriptomes are increasingly being
added to online databases (One Thousand Plant Transcrip-
tomes Initiative, 2019), and the pipelines for identifying
orthologs using mRNA are continuously improving (Cheon
et al., 2020). After acquiring the mRNA-Seq data and cleaning
the reads (removing the adapters, poly-N sequences, and low-
quality bases), extracting orthologous gene sequences often
starts by distributing the mRNA-Seq reads into each protein-
coding gene cluster for each sequenced individual, using
bioinformatic tools such as CD-HIT (Li and Godzik, 2006).

The homology identification of each cluster across all input
taxa can be done in several ways (e.g., compared by Cheon
et al,, 2020), such as using a “core ortholog” (i.e., a predefined
set of orthologs) to identify the ortholog clusters in HaMStR
(Ebersberger et al, 2009), the gene tree-based homology
searching method in Yang and Smith (2014), or the ortholog
group-based and gene tree-based approaches in OrthoFinder
(Emms and Kelly, 2015).

To resolve the multiple origins of polyploids using
mRNA data, extracting the haplotype isoforms using short-
read Illumina sequencing can be particularly challenging
without reference genomes, because the discontinuous
mRNA sequences are transcribed from the exons only.
Although the haplotypes of gene isoforms can also be
phased using third-generation long-read sequencers to
determine the origins of different subgenome donors (e.g.,
Leung et al., 2021; Cerca et al., 2022), mRNA data are often
affected by post-polyploidization genomic and transcrip-
tomic modifications (e.g., tissue-specific or homeolog-
specific expression, gene loss, gene silencing, pseudo/sub-
functionalization, and mRNA alternative splicing) (Adams
et al,, 2003; Zhou et al., 2011; Soltis et al., 2014; Van de Peer
et al., 2017; Pelosi et al., 2022), which can result in biased
sequencing depths for homeologs or only one gene copy
retained. In addition, collected mRNA samples are more
difficult to preserve, typically requiring flash-freezing in
liquid nitrogen and storage at —80°C or below. The
extraction of mRNA and preparation of transcriptome
libraries are both more complex and costly than extracting
DNA and preparing DNA genomic libraries (McKain
et al, 2018), which makes phylotranscriptomics a less
attractive option than phylogenomics.

A phylotranscriptomic approach can be used to access
the ancient polyploidization events (Morales-Briones
et al,, 2021), but may not be the most appropriate method
for resolving the relationships of a complex with closely
related neopolyploids that have more recent divergent
histories, given the additional difficulties in recovering the
homeologous sequences. Nonetheless, with precise experi-
mental design, transcriptome comparison between sister
polyploids and/or ancestor diploids remains an important
method for investigating potential post-WGD functionally
related divergence or further species adaptation (Wang
et al,, 2021¢c).

Whole-genome long-scaffold sequencing

In comparison to phylogenomic or phylotranscriptomic
approaches that mostly rely on second-generation short-
read sequencers, whole-genome long-scaffold sequencing
primarily uses third-generation sequencers to aid the
haplotype de novo assembly of different subgenomes in
polyploids (reviewed by Kyriakidou et al., 2018). Each
sequenced long read (maximum length of over 100-300 kbp
via Nanopore ultra-long-read sequencing) is from each
haplotype of a subgenome (Koo et al., 2023), and based on
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the sequence similarity of overlapped reads, assembled long
reads are expected to resolve the haplotype genome
complexity of polyploids (Jiao and Schneeberger, 2017).
The assembly of the entire genome of a plant species is
generally limited by the sequenced read length (Kyriakidou
et al, 2018), the large repetitive genome content (Lei
et al,, 2021), and the excessive amount of heterozygosity
within each haplotype genome (e.g., a heterozygous diploid;
Zhou et al., 2020a). Additionally, various ploidy levels and
different origins among polyploids increase the difficulty of
assembling the haplotypes of each subgenome sequence,
especially for homologous pairs in polyploids that are
expected to have low divergence rates (Figure 1A).

Comparative genomic analyses using long-read
sequences are the most promising method for investigating
the genomic origins and evolution of polyploids (Jiao and
Schneeberger, 2017; Kyriakidou et al., 2018). Building on
this, additional chromosome-range scaffold-building tech-
nologies, such as optical genome mapping (Bionano
Genomics, San Diego, California, USA) or chromosome
conformation capturing (Hi-C; Belton et al., 2012), have
been used successfully to assist the haplotype genome
assembly of complex polyploids (Yang et al.,, 2016; Zhang
et al., 2018a). Moreover, various bioinformatics programs
have been developed to improve the accuracy of read
assembly (reviewed in Kong et al., 2023), as have long-read
haplotype phasing programs (summarized by Zhang
et al., 2020a; Saada et al., 2022); however, discussing these
methods is outside the scope of this review of the
phylogenetic inference of polyploids.

Nevertheless, given the technical difficulties of whole-
genome assembly, comparative genome analysis of a
polyploid-rich genus is not currently a realistic choice for
the study of most plant groups with a large number of taxa
or variable ploidy levels. Compared with other phyloge-
nomic approaches, the overall costs to generate and analyze
the reference genomes for each polyploid lineage is not
feasible yet, despite the continuously falling prices of third-
generation sequencing technologies (Pucker et al., 2022).
Finally, whole-genome long-scaffold sequencing requires a
large quantity of high-quality (undegraded) extracted DNA
(Hon et al.,, 2020; Wang et al., 2021d), thus limiting the use
of herbarium specimens from endangered or extinct species,
which could otherwise be crucial for drawing a complete
picture of polyploid origins.

PHYLOGENETIC INFERENCE OF
SPECIES RELATIONSHIPS

Phylogenetic inference of an individual locus
(gene trees)

After assembling the targeted loci (e.g, SNPs, cpDNA,
nrDNA, or single-copy nuclear genes) from the sequenced
reads, the next step is to reconstruct the phylogeny for each
individual locus. There are four main methods of phylogenetic

inference for an individual gene tree, namely neighbor joining,
maximum parsimony, maximum likelihood, and Bayesian
inference (reviewed by Holder and Lewis, 2003; Yang and
Rannala, 2012; Kapli et al., 2020).

An allopolyploid species is expected to have only one
copy of each uniparentally inherited locus (e.g., plastid loci)
and multiple homeologous gene copies or heterozygous
SNPs at each biparentally inherited nuclear locus (Figure 3).
The homeologs would be expected to have greater
sequence-level differences than the homologs. For methods
that can produce individual gene sequences, aligning the
gene sequences is the first step to identify the homology of a

A

FIGURE 3 Phylogenetic inference of an allopolyploid species using
different tree reconstruction methods. (A) A traditional bifurcating
phylogenetic tree based on a nuclear marker reconstructs a polyploid as
sister to one parent. The other parent may be observed to be more
phylogenetically distant, depending on whether gene loss has occurred,
divergence between the two parents, and overall sampling in the tree. (B) A
multi-labeled nuclear gene tree shows two homeologous copies in an
allotetraploid, each derived from one diploid parent. (C) A bifurcating
phylogenetic tree based on an organellar marker reflects the maternal
progenitor of an allopolyploid. As with the nuclear-based bifurcating tree,
the other parent may be more distantly related based on divergence
between the two parents and overall sampling. (D) A network based on a
nuclear marker shows both parents that contributed to the allopolyploid
genome. (E) A bifurcating gene tree inferred from chimeric assembled gene
sequence of a polyploid species or possible recombination between
homeologs.
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sequenced locus prior to phylogenetic tree construction by
any of the four methods mentioned above (bioinformatic
tools reviewed by Kapli et al., 2020; Guo et al., 2023).

Taking the cytoplasmic marker as an example (Figure 3C),
a traditional bifurcating gene tree can be used to infer only the
maternal lineage of a polyploid species, given that these
markers often only have one copy present, with exceptions
such as biparentally inherited plastid DNA (e.g., Barnard-
Kubow et al.,, 2017). By contrast, a multi-labeled bifurcating
gene tree (MUL-tree) can show multiple origins for divergent
homeologous gene copies of a biparentally inherited locus
(Figure 3B) (Huber et al., 2008; Czabarka et al., 2013). A MUL-
tree can be informative about reticulate species relationships,
when the terminal branches come from the same individual
that can be further merged together via Dendroscope (Huson
and Scornavacca, 2012) to visualize the network relationships
of polyploids (Figure 3D) (Morrison, 2014; Hibbins and
Hahn, 2022).

By contrast, SNP data from known allopolyploids can be
mapped back to the potential subgenome donors (e.g., the
putative 2x ancestors) and the proportion of mapped reads
may also indicate the origins of the species (e.g., Wang
et al., 2021b). Similarly, using the mapped read depth and
genotypes of each SNP, the SNiPloid pipeline (Peralta
et al., 2013; Wagner et al., 2020) can detect the origins of
allopolyploids and their parentage, and can separate home-
ologous SNPs (from WGDs) from post-origin SNPs
(heterozygous in diploids). Moreover, the longer shredded
DNA fragments (e.g., assembled contigs larger than 200 bp)
that contain multiple SNPs can also be treated as an
individual “locus” for gene phylogeny inference (e.g., Wang
et al., 2021b). SNPs from the same DNA fragments can be
phased and analyzed together to infer species relationships
(e.g., Karbstein et al., 2022) via RADpainter and fine-
RADstructure (Malinsky et al, 2018). Alternatively, the
individual biallelic SNPs (i.e., SNPs pruned in linkage
disequilibrium) can often be analyzed as individual loci to
reconstruct the “gene trees” via quartet-inference using
SVDquartets (Chifman and Kubatko, 2014) or Bayesian
inference-based SNAPP (Bryant et al., 2012) under the
coalescent model. Eventually, a consensus tree can be
generated by considering the concordance levels among all
individual SNP trees.

However, not all homeologous copies of a targeted locus can
be successfully recovered, because the post-polyploidization
genomic modification process can also lead to duplicated genes
with different fates (Figure 1C); for example, the duplicated gene
copies may be either retained or lost, or subfunctionalization or
neofunctionalization of duplicated genes can occur (reviewed by
Prince and Pickett, 2002; Comai, 2005). Even if all gene copies
are retained at one locus and no recombination between
homeologs has occurred, phasing the homeologs using short
reads can still be challenging, given the limited bioinformatic
tools that can handle polyploids with multiple subgenome
donors and the large amount of missing ploidy-level informa-
tion for non-model groups. Finally, the phylogeny of polyploid
species may result in incomplete gene tree inference with only

one copy retrieved from one of the subgenome donors
(Figure 3A vs. Figure 3B). In addition, for all six phylogenomic
or phylotranscriptomic methods, the misidentification of the
orthologous gene copy can happen due to the short divergence
time between parental genomes or gene loss during post-WGD
genomic modification (Unruh et al,, 2018). Furthermore, Hyb-
Seq and mRNA-Seq, which are the most specific methods to
recover only conserved exons (Weitemier et al, 2014; Cheon
et al,, 2020; Zhou et al., 2022), can be additionally problematic to
extract the correct orthologs and their homeologous copies
using the short reads. This is because the possibility of merging
chimeric concatenated exons from different homeologs may
result in incorrect gene tree inference (Figure 3E vs. Figure 3B).

Therefore, phylogenetic relationships can rarely be
estimated from a single locus. Most studies now use a
combination of genetic markers from different genomes
(e.g., organellar vs. nuclear), consider the evolutionary
background of each type of marker, and reconcile genome-
wide signals to understand the origins and relationships of
polyploids to improve their phylogeny reconstruction
(Holder and Lewis, 2003; Soltis et al., 2014).

Inferring a bifurcating species tree from gene
trees

In addition to post-WGD genomic modification processes,
discordance between different gene trees (i.e., phylogenetic
incongruence) may be caused by their independent evolu-
tionary histories. This might include different origins or
evolutionary rates of the selected genes or genetic regions as
mentioned above, or additional biological factors (e.g.,
incomplete lineage sorting [ILS], reticulation, horizontal
gene transfer, and polyploidization) that can also contribute
to the gene trees being discordant with the underlying
species phylogeny (reviewed by Maddison, 1997; Degnan
and Rosenberg, 2009; Twyford and Ennos, 2012; Mallet
et al., 2016). Moreover, the concordance level of genome-
wide captured nuclear loci can be further used to resolve the
reticulate relationships of species in polyploid-rich genera as
discussed below (Than et al., 2008; Solis-Lemus et al., 2017).

Maddison and Knowles (2006) and Yan et al. (2022)
showed that a reliable species phylogeny can be generated
from a sufficient number of nuclear loci, and that two
evolutionary models are typically applied when inferring the
species phylogeny from the list of loci. First, the species tree
can be estimated by joining all the markers together
(concatenation model), such that all markers are considered
to have the same evolutionary history. The concatenation
method may be more robust for species phylogeny estimation,
but it can also result in overconfident node support values
(Kubatko and Degnan, 2007). By contrast, each gene can be
analyzed individually (multispecies coalescent [MSC] model),
and under the coalescent model, the list of gene trees can be
used to infer the species tree (Degnan and Rosenberg, 2009).
The MSC model assumes the gene trees are independently
evolving, and it applies the coalescent-based theory to estimate
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the coalescence time (Heled and Drummond, 2010). This
model can be more consistent in identifying ILS, and therefore
provides a more accurate estimation of species trees (Mirarab
et al,, 2014).

For polyploid lineages, summarizing gene trees for
species phylogenetic inference should be considered in two
aspects: (1) if all gene trees of biparentally inherited loci have
all homeologous copies from all subgenome donors (e.g., the
MUL-tree in Figure 3B), or (2) if each gene tree only contains
one set of an orthologous gene copy from only one of the
subgenome donors (e.g., the plastid ortholog gene tree in
Figure 3C). Inferring the species phylogeny using MUL-trees
across genome-wide biparentally inherited loci requires the
proper handling of each gene copy. Although a robust
method such as Bayesian-based ASTRAL-Pro (Zhang
et al., 2020b) under the MSC model allows for multiple
alleles of one individual to be present and thus may improve
the final species tree inference compared with the similar
program ASTRAL (Mirarab et al., 2014), which only allows
for a single copy present in one individual, it nevertheless
assumes bifurcating species relationships. Studies of
polyploid-rich lineages mostly still rely on utilizing orthologs
extracted from one subgenome donor, using methods such as
Hyb-Seq (Thomas et al., 2021; Karbstein et al., 2022), mRNA-
Seq (Morales-Briones et al., 2021; Zhang et al., 2021), or deep
genome skimming (Liu et al., 2021). Assuming the gene
sequences are correctly assembled, gene trees can be
summarized into a bifurcating species tree using a concate-
nation model such as IQTree (Minh et al., 2020a) or an MSC
model such as ASTRAL or StarBEAST?2 (Ogilvie et al.,, 2017).

Networks in polyploid species

Under the assumption that all recovered gene sequences or
SNPs are correctly identified orthologous markers, the conflict
between the topologies of gene or SNP trees can be used
to infer the allopolyploidization or hybridization histories
between polyploids, which can be calculated via gene
concordance analysis (Bouckaert, 2010; Smith et al., 2015) or
network inference (Than et al., 2008; Solis-Lemus et al., 2017).

Using a traditional bifurcating approach under the
multispecies coalescent model, the conflicts among inde-
pendent biallelic SNP trees generated by SNAPP can be
visualized by DensiTree (Bouckaert, 2010). Moreover, the
ABBA-BABA or D-statistic test (Patterson et al., 2012;
Hibbins and Hahn, 2022) can calculate the overall genomic
introgression signals using biallelic SNPs via bioinformatic
tools such as Dsuite (Malinsky et al., 2021). In addition,
Bayesian-based methods, such as MCMC_BiMarkers (Zhu
et al., 2018) implemented in PhyloNet (Than et al., 2008) or
SnappNet (Rabier et al, 2021) implemented in BEAST2
(Bouckaert et al., 2014), are extensions of SNAPP that can
infer the network relationships of polyploids using biallelic
SNPs. Quartet Sampling (Pease et al., 2018) is a statistical
method that can test the incongruences and conflicting
patterns in bifurcating tree topologies at each node, which

can be applied to phylogenetic trees derived from any
marker set (Wagner et al., 2020; Karbstein et al., 2022) and
does not require a priori knowledge of ploidy levels.

Similarly, the concordance levels within a set of
orthologous gene trees, or between gene trees and the
species tree, can indicate ILS and the complex evolutionary
history of the included taxa (e.g., WGD or reticulation)
(Minh et al., 2020b). Concordance analysis methods such as
DensiTree can also visualize the topological incongruence
between a set of gene trees (Zhou et al., 2020b), and
PhyParts (Smith et al., 2015) calculates the concordance
level between a set of gene trees for each internode of a
species tree. By contrast, a network analysis can be
performed in SpeciesNetwork (Zhang et al., 2018b), which
uses an MSC model to infer each gene tree in BEAST and
summarizes the final species tree with reticulations.
Conversely, the likelihood programs that infer species
relationships with a reticulate model and ILS, such as
InferNetwork ML and InferNetwork MPL as implemented
in PhyloNet (Than et al., 2008) or SNaQ as implemented in
PhyloNetworks (Solis-Lemus et al., 2017), can produce a
network of species relationships by calculating the concor-
dance level from a list of gene trees, which can be useful to
identify reticulation or allopolyploidization events. How-
ever, neither of these tools considers the subgenome origins
of the gene copy and assumes strictly two progenitors per
hybrid lineage, which limits analysis of higher ploidy levels
(i.e., more than 4x). These also require testing for the
number of “hybrid or WGD” nodes based on pseudo-
likelihood or maximum likelihood, which can be computa-
tionally demanding when inferring polyploid-rich groups
with large numbers of input taxa, as well as multiple rounds
of hybridization and allopolyploidization events. Further-
more, PhyloNet does not allow polyploids with more than
two subgenomes, i.e., a maximum of two alleles per gene. In
addition, the robust method SplitsTree (Huson and
Bryant, 2006) can be used to show the conflicts between
concatenated gene sequences using a “network” approach.

By contrast, a Bayesian-based pipeline such as Homolo-
gizer (Freyman et al., 2023) or the gene tree-based method
AlleleSorting (https://github.com/MarekSlenker/AlleleSorting;
Slenker et al., 2021) can first identify the origins of each gene
copy and assign the gene copy to the correct subgenome
donor, generating a phased MUL-tree. The phased MUL-trees
can be summarized into a species MUL-tree via a program
such as ASTRAL, where each tree tip corresponds to each
subgenome of a polyploid species (as discussed by Debray
et al., 2021). Moreover, phased MUL-trees can be used to infer
the species network and ILS via AlloppNET (Jones et al., 2013)
with the MSC model implemented in BEAST, which also
infers the network of polyploid species that have a maximum
of two subgenome donors (e.g., Rothfels et al., 2017; Eriksson
et al,, 2018). Despite this progress, phasing the allele variation
and assigning to the correct subgenomes can be challenging
due to bioinformatic difficulties (Ufimov et al., 2022; Zhou
et al,, 2022) and post-WGD genomic modification uncertain-
ties (Li et al., 2021).
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DISCUSSION AND FUTURE
PROSPECTS

The development of phylogenomic approaches has signifi-
cantly improved our understanding of species diversifica-
tion in polyploid-rich genera (Rothfels et al., 2017; Johnson
et al, 2018; Debray et al, 2021; Rothfels, 2021). The
financial cost of capturing genome-wide markers has
decreased largely because of the more advanced sequencing
technologies, increasingly available universal primers, or
reference genome sequences, as well as more commercially
available taxon-specific Hyb-Seq baits. Recently developed
bioinformatic tools can further increase the accuracy of
extracting the orthologous loci from multiple subsets of
genomes of polyploid-rich groups.

No one method can be used to resolve the taxonomic
relationships for all problematic plant genera. Selecting a
suitable approach requires consideration of several factors:
the complexity of the targeted group (number of species and
ploidy-level variation); the availability of information
(reference genome or taxon-specific bait set); the starting
materials available for DNA/RNA extraction (freshly
collected or mostly degraded specimens); and the evolu-
tionary study questions to be answered after resolving the
species relationships (e.g., population genetic variation,
post-WGD genomic evolution, or mRNA expression-level
differences).

After comparing all the current sequencing approaches,
Hyb-Seq showed the most potential for the investigation of
polyploid groups that may contain a large number of species
with various ploidy levels. This method is also useful for
including specimen samples with degraded or low-quality
DNA. By combining a universal bait set with a taxon-
specific bait set, Hyb-Seq can capture genome-wide loci
from distant or closely related polyploid taxa. In addition,
SNPs among targeted genes can be extracted and analyzed
from Hyb-Seq data. This method also significantly decreases
the cost by adding multiple individuals in one high-
throughput sequencing pool while acquiring enough
sequencing depth for each locus; however, it is worth
noting that adding a taxon-specific bait set is crucial for
achieving greater resolution among polyploid species that
are closely related. Meanwhile, adapting the Hyb-Seq
approach with third-generation sequencing, such as PacBio,
by increasing the fragment length of each genomic library
(Figure 2) will eventually improve orthologous gene
assembly and homeolog phasing.

Finally, most bioinformatic tools are still limited by
the requirement of having related or parental diploids, a
small number of input taxa, lower ploidy levels (e.g., 4x),
or strictly only two subgenome donors. In the future,
improving bioinformatic pipelines to correctly assemble
orthologous genes and perform phasing for homeologous
copies, as well as using the phased MUL-trees to infer
networks and to tackle multiple origins of polyploids, will
all further the phylogenomic inference of polyploid
lineages.
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