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Abstract

Accurate subgenome phasing is crucial for understanding the origin, evolution and adaptive potential of polyploid genomes. SubPhaser
and WGDI software are two common methodologies for subgenome phasing in allopolyploids, particularly in scenarios lacking known
diploid progenitors. Triggered by a recent debate over the subgenomic origins of the cultivated octoploid strawberry, we examined
four well-documented complex allopolyploidy cases as benchmarks, to evaluate and compare the accuracy of the two software. Our
analysis demonstrates that the subgenomic structure phased by both software is in line with prior research, effectively tracing complex
allopolyploid evolutionary trajectories despite the limitations of each software. Furthermore, using these validated methodologies, we
revisited the controversial issue regarding the progenitors of the octoploid strawberry. The results of both methodologies reaffirm
Fragaria vesca and Fragaria iinumae as progenitors of the octoploid strawberry. Finally, we propose recommendations for enhancing the
accuracy of subgenome phasing in future studies, recognizing the potential of integrated tools for advanced complex allopolyploidy

research and offering a new roadmap for robust subgenome-based phylogenetic analysis.
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INTRODUCTION

Polyploidy, where the genome of an organisms hosts multiple sets
of chromosomes, is a pivotal driver in eukaryotic evolution [1, 2].
This process has been a catalyst for key evolutionary innovations,
sparking diversification and speciation, especially in flowering
plants [3-7]. Allopolyploidy, one of the primary forms of poly-
ploidy, originates from hybridization events culminating in the
consolidation of two or more distinct diploid species’ genomes
within a single organism. Compared to autopolyploidy, which
is triggered by chromosome duplication within a single species,
allopolyploidy may amalgamate beneficial traits from the parent
species, thus conferring a greater genetic diversity and adaptive
potential [3]. Following polyploidy, the allopolyploid genome is
able to undergo an evolutionary process of diploidization and
genic fractionation, which involves chromosomal rearrangements
and gene losses, potentially reverting to a diploid state in the end
[8]. It has been noted that this process, as well as frequent homoe-
ologous exchanges (HEs), could obscure the accurate detection

of the origin and evolutionary footprints of these allopolyploid
species, particularly following complex allopolyploidization [9].

Subgenome-aware phylogeny, a phylogenetic methodology
based on a comprehensive gene set derived from the subgenomes
of a polyploid, can offer a more robust and insightful framework
than phylogenetic approaches at the gene or syntenic block
level for deciphering the origin and evolutionary trajectories
of polyploids. This subgenome-aware phylogenetic approach
has been used to probe the evolutionary history, including
diversification and polyploidization processes, not only in early
angiosperms [10, 11] but also in recently formed allopolyploids
and interspecific hybrids, including those found in cereals [12],
trees [13], fruits [14], vegetables [15], herbs [16] and fish [17].
A vital step in these studies is the phasing of a polyploid’s
subgenomes, which involves sorting the subgenomes according
to their parental origin with the highest possible precision.

The subgenome phasing can be divided into two distinct cat-
egories: absolute phasing and relative phasing. To illustrate, we
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assume an allotetraploid (AABB) originating from two closely
related diploid species, designated as AA and BB, each compris-
ing two chromosomes: Al, A2 and B1, B2, respectively. Upon
assembling these four chromosomes of the allotetraploid, the
homoeologous pairings between Al and B1 and between A2 and
B2, are discerned based on synteny or genome alignments. Pro-
vided we have robust evidence, typically genomic data from the
two diploid progenitors AA and BB, we can confidently segregate
these into two sets: A1+ A2 and B1+ B2, a process referred to as
‘absolute phasing’. However, while this state is ideal, it is often
unattainable. In some instances, such as the absence of diploid
progenitors and other credible evidence, we arbitrarily segregate
the chromosomes into either the A1+ A2 and B1+ B2 sets or the
A1+B2 and B1+ A2 sets. This is referred to as ‘relative phasing’.
Despite this ambiguity in progenitor origins, the subgenome phy-
logeny can still reflect the true sister relationship between the
two subgenomes A and B. However, relative phasing is not reason-
able for subgenome phylogeny from complex allopolyploidization
scenarios that involved more than two diploid progenitors or at
least one intermediate allopolyploid progenitor. This is because
the arbitrary phasing shuffles the relationships of the multiple
subgenomes and would therefore lead to an inaccurate phylogeny.

Although the implementation of absolute phasing for an
allopolyploid is feasible when extant diploid progenitors are
present [9], many allopolyploids have no known progenitors,
such as the allotetraploid frog Xenopus laevis [18] or the sage
Salvia splendens [19]. In scenarios where extant or sampled
progenitors are unknown or absent, SubPhaser has demonstrated
its robustness and accuracy in phasing the subgenomes in dozens
of neoallopolyploids (including tetra-, hexa- and octoploids) and
homoploid interspecific hybrids [20]. It accomplishes this by
utilizing repetitive sequences, primarily transposable elements
(TEs), which have burst activity across the whole genome during
the independent evolutionary periods of the progenitors, as
‘differential signatures’. Moreover, it can identify exchanges
between subgenomes, including HEs and other inter-subgenomic
translocations. A similar strategy has also been documented in
a recent study [21]. This approach is able to produce absolute
phasing by applying progenitor-specific evidence from before
the hybridization event of an allopolyploid. However, this TE-
based approach has its own limitations. Because it relies on
the detection of progenitor-specific TE relics, (i) when these
relics have been eliminated, as in paleoallopolyploids whose
hybridization events occurred a long time ago, the subgenomes
are not phased [21] and (ii) if the TEs are distributed unevenly
across a chromosome/subgenome, the regions with sparse TEs
are difficult to confidently identify as sites of potential inter-
subgenomic exchanges [20].

WGDI represents another recent toolkit developed for the anal-
ysis of genomic polyploidization [22]. WGDI can be used to phase
subgenomes for both neo- and paleo-allopolyploids based on the
similarity and synteny of inter- and intra-genomes, as well as
phylogeny [10, 11]. However, we were concerned that this evi-
dence (similarity, synteny and phylogeny) would not guarantee
absolute phasing when diploid progenitors were lacking, and that
the resulting subgenome phylogeny might be misleading under
a complex allopolyploidization scenario. Up to now, the absence
of benchmark testing for subgenome phasing in complex poly-
ploidization scenarios precludes the evaluation of methodolog-
ical consistency. A recent study utilizing the WGDI subgenome
system for phylogenetic analysis [23] caused us more concern.
In the study, Fragaria iinumae was surprisingly dismissed as one
of the progenitors of the allooctoploid cultivated strawberry, as

the authors discovered that none of the four subgenomes of
F x ananassa was sister to F iinumae on the subgenome phy-
logeny generated by WGDI [23]. However, this contradicts the
consensus from multiple previous studies, in which F. vesca and
E iinumae are the two progenitors of the allooctoploid straw-
berry. The established consensus was based on genome-wide
data and diverse non-subgenome phylogeny-based methodolo-
gles, including transposon [21], phylogeny [24, 25], distance [26]
and alignment-based [27] approaches.

In this study, we evaluate and compare the effectiveness
of WGDI and SubPhaser in resolving subgenome structures
using four complex allopolyploidization cases, each with well-
documented inter-subgenome evolutionary relationships, as
benchmarks. Following affirmation of the methodologies through
these four illustrative instances, we then revisited the subgenome
phylogeny of the allooctoploid cultivated strawberry (F x
ananassa). We reaffirm that two of the four octoploid strawberry
subgenomes are derived from diploid F vesca and F. iinumae with
subgenome phylogenies from both WGDI and SubPhaser. We
evaluated WGDI as being an effective tool with regard to genome
phasing, although it is not without its limitations. Drawing upon
our experiences in these five cases, we provide recommendations
for refining the use of WGDI for subgenome phasing in cases
involving complex allopolyploidy (summarized in Box 1). These
suggestions aim to address the current limitations of WGDI
and bolster its accuracy and efficiency. Our study thus not
only enhances the methods used to understand of the complex
genomic landscapes of allopolyploid organisms but also provides
practicable insights for future research.

Box 1. Guidelines for phasing subgenomes in an
allopolyploid complex: using wheats as an example
For detailed files and pipeline codes used in the follow-
ing guidelines, access at https://github.com/zhangrengang/
subgenome_phasing example/.
1.1 Subgenomes phasing with WGDI
1.1.1 Data preparation

Gather genomic data, including protein sequences in fasta
format and gene coordinates in a custom gff format (see
https://github.com/SunPengChuan/wgdi).

e Prepare genomic data for the allopolyploid complex. In
this example, we utilize genomic data from T. aestivum
(AABBDD) and T. turgidum (AABB).

¢ It is recommended to include genomic data of potential
diploid progenitors, although we have omitted them for
comparison purposes.

e Essential to have genomic data from an outgroup or
ancestral karyotype. In our case, we employ H. vulgare
as the outgroup reference.

1.1.2 Performing BLAST search

We employ DIAMOND for aligning protein sequences:

diamond blastp -q *.pep -d *.pep -0 *.blast ...
1.1.3 Synteny detection and Ks calculation

To detect synteny and compute Ks, we utilize the ‘-icl’
option in WGDI for synteny identification, ‘-ks’ for Ks calcu-
lation, and ‘-bi’ to integrate the obtained information:

wgdi -icl *.conf

wgdi -ks *.conf

wegdi -bi *.conf
1.1.4 |[Optional] Exploring Ks-colored dot plots for
similarity/orthology-based evidence

‘
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We can visualize Ks-colored dot plots with the ‘-bk’ option
to identify similarity/orthology evidence that may help dis-
tinguish between subgenomes:

wgdi -bk *.conf

From the dot plots (Figure S1A), it becomes evident that
the A+ B subgenomes of T. aestivum exhibit a lower Ks value
when compared to the T turgidum genome. Conversely, the
D subgenome of T. aestivum stands as a singleton. There-
fore, it is advisable to prioritize the initial phasing of the D
subgenome. But there is no evidence to distinguish the A
and B subgenomes by comparing their Ks distance to the D
subgenome (Figure S1B).

1.1.5 Preliminary subgenome assignment

We obtain orthologous synteny using the ‘-¢’ option, and
then visually verify the orthology through Ks-colored dot
plots employing the ‘-bk’ option:

wgdi -c *.conf

wgdi -bk *.conf

In cases when there are out-paralogous syntenic blocks
that exhibit higher Ks values than orthologous syntenic
blocks in the dot plots, it is necessary to fine-tune the param-
eters for the ‘-c’ option. Occasionally, manual removal of out-
paralogous blocks from the output file might be required.

We obtain the karyotypes by mapping to the chromosomes
of the outgroup reference using the ‘-km’ option:

wgdi -km *.conf

We acquire karyotype files containing unassigned
subgenomes and proceed with the following assignments.
Subgenome D is assigned to number 3 based on Ks evidence,
while subgenomes A/B are randomly designated as 1 or
2 due to a lack of substantial evidence. For fragmented
segments characterized by broken synteny, assignments
are made based on complementarity in synteny. As an
illustrative example, we assign the large-scale translocation
at the 3-end of chr4A together with chr7B, as they exhibit
complementary patterns, as depicted in Figure 1A.

We implement the assignments using the ‘-pc’ option and
proceed to generate synteny alignments with the *-a’ option:

wgdi -pc *.conf

wgdi -a *.conf
1.1.6 Refining subgenome assignments through chromosome
phylogeny (phylogeny-based evidence)

In this step, we construct phylogenetic trees for each
chromosome, which provides a more robust framework
than single gene-based phylogenies. This approach helps us
gather additional robust evidence for distinguishing between
subgenomes.

wgdi -at *.chr*.conf

astral-pro -i *.trees.nwk -o *.trees.nwk.astral ...

We proceed to manually adjust the assignments based
on the consistent phylogenetic positions (Figure S2), In this
refinement, we assign subgenome A (number 1) as the sister
of D, and subgenome B (number 2) as the sister of the A+D
clade for each chromosome. It's worth noting that due to
the robustness of the phylogeny-based evidence, we highly
recommend considering this line of evidence for subgenome
phasing, even if the absolute subgenome assignments were
conducted solely based on the above Ks evidence.

1.1.7 [Optional] Exploring evidence through biased fraction-
ation patterns (biased fractionation-based evidence)

Subgenome phasing for complex allopolyploidy |

We visualize gene fractionation patterns using the ‘-r’
option:

wegdi -r *.conf

In our current study case, we have not identified biased
fractionation patterns capable of distinguishing between
subgenomes (Figure S28). However, when such evidence is
available, it can serve as secondary evidence for subgenome
assignments in future studies.

1.1.8 [Optional] Subgenome phylogeny reconstruction

As an optional final step, we proceed to reconstruct the
subgenome phylogeny using ASTRL-Pro:

astral-pro -i *.trees.nwk -o *.trees.nwk.astral ...

We strongly recommend users provide the detailed evi-
dence outlined above as the basis for their subgenome
assignments. This practice not only facilitates the evaluation
of the results but also enhances the reproducibility of the
study.

1.2 Phasing subgenomes with SubPhaser
1.2.1 Genomic data preparation

e To begin with, prepare the genomic assembly data,
which should be in fasta format. In this example, we
utilize genomic assemblies from T. aestivum (AABBDD)
and T. turgidum (AABB).

¢ Additionally, the information of homoeologous relation-
ships among chromosomes is required. This information
can be obtained from the synteny analyses or whole-
genome alignments conducted previously.

1.2.2 Executing SubPhaser

subphaser -1 *genome.fasta.gz -c *sg.configure

Subsequently, it is crucial to verify the accuracy of
subgenome phasing and assess the confidence of the iden-
tified potential inter-subgenomic exchanges. Here are the
steps for validation: (i) The clustering heatmap and PCA
plot (e.g. Figure S3B and Figure S3C) should be examined
to determine if the subgenomes are well phased. Look for
clear and distinguishable patterns of differential k-mers and
homoeologous chromosomes. These patterns indicate that
each subgenome possesses unique subgenome-specific fea-
tures. (i) Analyze the circos plot (e.g. Figure S3D) to identify
windows where the enrichments (2nd circle from outer to
inner circles) do not match the subgenome assignments of
the chromosomes (1st circle). These discrepancies are iden-
tified as potential inter-subgenomic exchanges by SubPhaser.
However, further manual verification is required to confirm
these as true exchanges. For instance, in the case of the 3
end of chr4A, look for significant enrichments of subgenome
B-specific k-mers that are continuous (2nd circle). Compare
the abundance of these k-mers with those found on the chro-
mosomes of subgenome B (5th circle), which is contrasted
with other subgenomes (4th and 6th circles). The evidence
strongly supports the presence of exchanges, and we can
confidently conclude that there has been an exchange at the
3" end of chr4A, assuming no assembly errors. It is important
to note that subgenome-specific k-mer distributions may
not be evenly distributed across the genome. In cases where
distributions are uneven (e.g., Brassica allopolyploids in Fig-
ures S19-521), exercise caution when drawing inferences to
avoid erroneous conclusions.
1.2.3 [Optional] Converting to WGDI format and subgenome
phylogeny reconstruction
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For comparative purpose, the phasing results from Sub-
Phaser can be converted to the WGDI format using a custom
script. Following this conversion, the subgenome phylogeny
can be reconstructed using the same pipeline as above, if
desired:

wgdi -pc *.conf

wgdi -a *.conf

wgdi -at *.conf

astral-pro -i *.trees.nwk -o *.trees.nwk.astral ...

Please note that the detailed codes and parameter files for
the described pipeline can be accessed at https://github.com/
zhangrengang/subgenome_phasing example/. This reposi-
tory will be continuously updated to provide the latest infor-
mation and resources for subgenome phasing.

RESULTS
Overview

We undertook a comprehensive study to evaluate and compare
the WGDI and SubPhaser methodologies when applied to the
phasing of complex allopolyploid subgenomes. This study encom-
passes five instances, all of which are uniquely characterized by
their complex allopolyploidization landscapes: four established
ones and the controversial case of the cultivated strawberry. The
subjects included allotetraploid emmer wheat (Triticum turgidum,
AABB, 2n=4x=28) and allohexaploid bread wheat (T. aestivum,
AABBDD, 2n=6x=42) [28], allotetraploid oat (Avena insularis,
CCDD, 2n=4x=28) and allohexaploid common oat (A. sativa,
AACCDD, 2n=6x=42) [12], neoallotetraploid opium poppy (Papaver
somniferum, AACC, 2n=4x=22) and neoallooctoploid Troy poppy
(P. setigerum, AABBCCDD, 2n=_8x=44) [16], along with the three
allotetraploids in the U’s triangle (allotetraploid brown mustard,
Brassica juncea, AABB, 2n=4x=36; allotetraploid rapeseed, B.
napus, AACC, 2n=4x =38; and allotetraploid Ethiopian mustard, B.
carinata, BBCC, 2n=4x=34) [15] and the allooctoploid strawberry
(Fragaria x ananassa, 2n=8x=56).

Our study was based on the premise that the diploid pro-
genitors of these study organisms were either extinct or not
sampled during the subgenome phasing process. This process was
performed on a case-by-case basis using WGDI and was corrobo-
rated with synteny, similarity and phylogeny-based evidence. We
also incorporated the absolute phasing results from SubPhaser
as a control measure. Using these phasing results and genomic
data from potential diploid progenitors, we reconstructed the
subgenome/species phylogeny in each case to assess its accuracy
in representing the genuine phylogeny. The anticipated phylogeny
derived from existing literature served as a positive control, while
the results from random subgenome sorting were used as a
negative control (Figures 1-5). We also evaluate the accuracy by
directly quantifying the percentage of optimal matches (best hits)
between the phased subgenomes and the corresponding diploid
progenitors.

The wheat complex (tetraploid-hexaploid
reticulate allopolyploidization)

Emmer wheat, an allotetraploid species (AABB, T. turgidum,
2n=4x=28), arose from the hybridization of two distinct ances-
tral species. It has two sets of chromosomes, with each set
composed of two subgenomes (A and B) [28]. Bread wheat, a
more prevalent and important wheat species globally, is an

allohexaploid (AABBDD, T. aestivum, 2n=6x=42) and consists of
three homoeologous subgenomes (A, B and D). Less than 0.8
million years ago (mya), a hybridization event between A (T.
urartu) and B (a close relative of Aegilops speltoides) genomes gave
rise to the allopolyploid emmer wheat (AABB). Subsequently, less
than 0.4 mya, emmer wheat (AABB) hybridized with another wild
wheat species carrying the D genome (Ae. tauschii), resulting in
the allohexaploid bread wheat (AABBDD) [28].

We generated dot plots colored by synonymous substitution
rate (Ks) distance using WGDI. We found that the allotetraploid
emmer wheat shares a closer relationship (indicated by a notably
lower Ks) with two of the three subgenomes of allohexaploid bread
wheat, specifically the A and B subgenomes (Figure S1A). As a
consequence, the D subgenome was the first to be separated
out in the allohexaploid wheat. We then asked which of the
remaining subgenomes (A or B) was genetically closer to the D
subgenome, which could provide a key distinction between A and
B. Unfortunately, the Ks-colored dot plots did not reveal any pat-
tern (Figure S1B). This is likely to be due to the subtle differences
in Ks distances that are difficult to discern visually. Therefore,
we turned to a phylogeny-based method implemented in WGDI
to investigate this further. Using the barley (Hordeum vulgare,
2n=2x=14) genome as an outgroup reference, we constructed
phylogenetic trees for each chromosome using the -pc’, *-a’ and ‘-
at’ options in WGDI, in conjunction with the ASTRAL [29] tool. All
seven generated trees showed identical phylogenetic topology (i.e.
[[A, D], B]), with the D subgenome having the closest relationship
to the A subgenome (Figure S2). As a consequence, both the A
and B subgenomes were assigned based on the phylogeny of
each chromosome (Figure 1A and B), assigning subgenome A as
the sister of D and B as the sister of the A+D clade for each
chromosome. Finally, using the phased subgenomes, we recon-
structed the species/subgenome tree with the maximum number
of genes. This tree was consistent with our expectations from the
literature review [28] and also with the results from SubPhaser
(Figure 1C-F). Indeed, the findings from WGDI and SubPhaser
were nearly identical (Figure 1, Figure S5).

We therefore demonstrate using this case that absolute phas-
ingis accessible for an allotetraploid—allohexaploid complex with
similarity, synteny and phylogeny-based evidence implemented
in WGDI. However, in other allotetraploid—-allohexaploid cases, for
example, assuming a phylogeny [D, [B, A]], where A and B are
sisters, absolute phasing is not accessible, as A and B cannot be
distinguished with WGDI because of their equivalent phylogenetic
positions.

The oat complex (tetraploid-hexaploid reticulate
allopolyploidization)

The genomic structures and interrelationships of the tetraploid
oat (A. insularis, CCDD) and the hexaploid common oat (A. sativa,
AACCDD) have gained significant attention [12, 30]. The D-
genome diploid progenitor is thought to be more closely related
to the A-genome than to the C-genome and may be extinct.
Cultivated ACD-genome hexaploid common oat (A. sativa) is
believed to have originated around 0.5 mya from the hybridization
between an A-genome diploid ancestor and a CD-genome
tetraploid closely related to A. insularis, which originated from
an allotetraploidy event between a C-genome and a D-genome
diploid [12]. Frequent large-scale inter-subgenomic translocations
including HEs have occurred among oat subgenomes [30].

In a manner analogous to the wheat scenario, the allotetraploid
oat (CCDD, A. insularis) exhibits a closer genetic relationship to the
C+ D subgenomes than to the A subgenome of the allohexaploid
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Figure 1. Subgenome phasing of the wheat genomes. (A, B) Comparison of subgenome assignments in T. aestivum (A) and T. turgidum (B) genomes between
WGDI and SubPhaser. The above colored dot plots are from WGDI (further details in Figures S1 and Figure S2), and the colored bars at the bottom are from
SubPhaser (further details in Figures S3 and Figure S4). (C) Subgenome phylogenetic topology as predicted from the literature. (D) Subgenome/species
phylogeny from random sorting. The randomly sorted subgenomes were randomly labeled using numbers 1-3. (E) Subgenome/species phylogeny based
on assignments of WGDL. (F) Subgenome/species phylogeny based on partition of SubPhaser. In (D-F), H. vulgare served as the outgroup. Numbers above
the branches represent the percentages of concordance between gene and species/subgenome trees, and numbers below the branches represent the
local posterior probabilities calculated in ASTRAL. Pie plots at the nodes represent the percentages of three gene tree topologies (q1, q2 and g3) calculated

in ASTRAL. Bar, 1.0 coalescent unit.

common oat (AACCDD, A. sativa) as evidenced by the Ks-colored
dot plots (Figure S6A). But there is an exception, with a large-
scale translocation between chr1C and chr1A of the allohexaploid
oat (Figure S6A). The evidence derived from the similarity-based
analysis permitted the initial phasing of the A subgenome. Sub-
sequently, the A subgenome demonstrated a notably lower Ks
with the D subgenome (Figure S6B), leading to the assignment
of the D subgenome as the close relative of the A subgenome.
Taken together, these observations resulted in the phasing of all
the subgenomes (Figure 2A and B), as further corroborated by the
phylogeny ([[A, D], C]) of each chromosome (Figure S7).

A considerable divergence is apparent between the WGDI and
SubPhaser methods, as underscored in Figure 2A and B. This
discrepancy is attributed to the balanced (or reciprocal) HEs
between subgenomes C and D (the anterior segment of chr4C and
the posterior segment of chr5D in both oats), which have been

demonstrated by Kamal et al. [30], as these exchanges evade
detection using synteny-based methods and are omitted from
chromosome phylogenies calculated in WGDI. However, the
species/subgenome tree aligns with our expectations and is
similar to the tree derived from SubPhaser, notwithstanding
a marginally lower percentage of concordance between gene
trees and the species/subgenome tree (Figure 2C-F) and lower
percentage of best hits to corresponding diploid progenitors
(Figure S12).

Overall, the above two cases reveal a generic model. When
an allotetraploid-allohexaploid complex, denoted as AABB and
AABBCC, has an inherent evolutionary scenario in which lineage
Cis sister to either A or B, absolute phasingis possible. In contrast,
if Cis sister to A + B clade, absolute phasing may be impossible for
A and B, at least when only using WGDI. Under the circumstances,
theoretically at least, one diploid progenitor of A or B is essential
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Figure 2. Subgenome phasing of the oat genomes. (A, B) Comparison of subgenome assignments in A. sativa (A) and A. insularis (B) genomes between
WGDI and SubPhaser. The above colored dot plots are from WGDI (further details in Figures S6 and S7), and the bottom colored bars are from SubPhaser
(further details in Figures S8-S11). Discrepancies between the two methods are highlighted with dashed squares. (C) Subgenome phylogenetic topology
as predicted from the literature. (D) Subgenome/species phylogeny from random sorting. The randomly sorted subgenomes were randomly labeled using
numbers 1-3. (E) Subgenome/species phylogeny based on assignments of WGDI. (F) Subgenome/species phylogeny based on partition of SubPhaser. In
(D-F), H. vulgare served as the outgroup. Numbers above the branches represent the percentages of concordance between gene and species/subgenome
trees, and numbers below the branches represent the local posterior probabilities calculated in ASTRAL. Pie plots at the nodes represent the percentages
of three gene tree topologies (q1, g2 and g3) calculated in ASTRAL. Bar, 1.0 coalescent unit.

for absolute phasing with WGDI. Nevertheless, relative phasing of
A and B has no effect on their sister relationship.

The poppy complex (tetraploid—-octoploid
reticulate allopolyploidization)

The species complex comprising P. somniferum (opium poppy, a
neoallotetraploid with 2n=4x=22, AACC) and P. setigerum (Troy
poppy, a neoallooctoploid with 2n=_8x=44, AABBCCDD) exempli-
fies the phenomenon of reticulate allopolyploidization, which can
contribute to a complex network of evolutionary relationships
[16]. With multiple lines of evidence, P. setigerum has been demon-
strated to have originated around 0.4 mya as a result of hybridiza-
tion events involving P. somniferum as one of its allotetraploid pro-
genitors and another potentially extinct allotetraploid progenitor
(BBDD) [16]. Prior to the allooctoploidy, both the allotetraploid
progenitors were independently formed from distant, potentially

extinct diploid progenitors (AA and CC, and BB and DD) around 0.5
and 0.9 mya, respectively. Frequent large-scale inter-subgenomic
exchanges have also occurred among these subgenomes, espe-
cially between subgenomes A and C and between B and D [16].
We utilized Ks-colored dot plots to differentiate between
the A+C and B+D subgenomes within the neoallooctoploid
Troy poppy (AABBCCDD, P. setigerum), since these subgenomes
exhibited Ks patterns distinct from those of the neoallotetraploid
poppy (AACC, P. somniferum) (Figure S13A). However, similar to
wheat, we were unable to achieve further distinctions using
similarity-based methods (Figure S13B). We then used the P. rhoeas
(2n=2x=14) genome as an outgroup reference for reconstructing
the phylogenetic tree of each chromosome. All seven trees
demonstrated consistent topology, specifically [D, [C, [B, A]]]
(Figure S14). Thus homoeologous chromosomes of the same
phylogenetic position were categorized into the same subgenome
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Figure 3. Subgenome phasing of the poppy genomes. (A, B) Comparison of subgenome assignments in P. setigerum (A) and P. somniferum (B) genomes
between WGDI and SubPhaser. The above colored dot plots are from WGDI (further details in Figures S13 and S14), and the bottom colored bars are
from SubPhaser (further details in Figures S15 and S16). Discrepancies between the two methods are highlighted with dashed squares. (C) Subgenome
phylogenetic topology as predicted from the literature. (D) Subgenome/species phylogeny from random sorting. The randomly sorted subgenomes were
randomly labeled using numbers 1-4. (E) Subgenome/species phylogeny based on assignments of WGDI. (F) Subgenome/species phylogeny based on
partition of SubPhaser. In (D-F), P. rhoeas served as the outgroup. Numbers above the branches represent the percentages of concordance between gene
and species/subgenome trees, and numbers below the branches represent the local posterior probabilities calculated in ASTRAL. Pie plots at the nodes
represent the percentages of three gene tree topology (q1, g2 and g3) calculated in ASTRAL. Bar, 1.0 coalescent unit.

with WGDI. Despite some errors in the phasing results of WGDI
when juxtaposed with those from SubPhaser (Figure 3A and B),
which were attributable to balanced HEs (e.g. the HE between
chr4 and chrl12 of P. setigerum, as highlighted in Figure 3A) and
random sorting of ambiguous syntenic blocks (e.g. the fragmented
blocks in chrl0 of P. somniferum, as highlighted in Figure 3B), the
overall subgenome topology aligned both with our expectations
and with the SubPhaser results (Figure 3C-F). The discrepancies
in the percentage of concordance between gene and subgenome
trees was small (Figure 3E and F).

This allotetraploid-allooctoploid case is more complicated
than the allotetraploid-allohexaploid (wheats and oats) cases
described above. Nevertheless, the unambiguous inherent
evolutionary scenario ([D, [C, [B, A]]]) leads to the possibility of
absolute phasing. However, assuming that the phylogeny is [[D,
B], [C, A]]] which at least the two subgenomes in the tetraploid
genome are sister groups, there may not be any efficient way to
distinguish A from C, or B from D, in the allooctoploid genome,

using WGDI. Thus, this uncertainty should be noted for other
allotetraploid—allooctoploid complexes.

Allotetraploids in the U’s triangle
(tetraploid-tetraploid-tetraploid parallel
allopolyploidization)
The U’s triangle elucidates the relationships among six species
in the genus Brassica, comprising three diploid and three
allotetraploid species [15]. The diploid species are B. rapa
(AA, 2n=2x=20), B. nigra (BB, 2n=2x=16) and B. oleracea (CC,
2n=2x=18). Through natural hybridization and chromosome
doubling, these species have independently given rise to three
allotetraploid species: B. juncea (AABB, 2n=4x=36, brown mus-
tard), B. napus (AACC, 2n=4x =38, rapeseed) and B. carinata (BBCC,
2n=4x =34, Ethiopian mustard) [15].

By applying Ks-colored dot plots to compare every two
combinations among the three allotetraploids (Figure S17), all
subgenomes were successfully phased with WGDI (Figure 4A-C).
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Figure 4. Subgenome phasing of the tetraploid Brassica genomes. (A-C) Comparison of subgenome assignments in B. juncea (A), B. napus (B) and B. carinata
(C) genomes between WGDI and SubPhaser. The above colored dot plots are from WGDI (further evidence in Figures S17 and S18), and the bottom
colored bars are from SubPhaser (further details in Figures S19-S21). Discrepancies between the two methods are highlighted with dashed squares.
(D) Subgenome phylogenetic topology as predicted from the literature. (E) Subgenome/species phylogeny from random sorting. The randomly sorted
subgenomes were randomly labeled using numbers 1 and 2. (F) Subgenome/species phylogeny based on assignments of WGDI. (G) Subgenome/species
phylogeny based on assignments of SubPhaser. In (E-G), S. alba served as the outgroup. Numbers above the branches represent the percentages of
concordance between gene and species/subgenome trees, and numbers below the branches represent the local posterior probabilities calculated in
ASTRAL. Pie plots at the nodes represent the percentages of three gene tree topologies (q1, g2 and g3) calculated in ASTRAL. Bar, 1.0 coalescent unit.

The phasing results were substantiated using the chromosome
phylogeny (Figure S18). The results from WGDI differ slightly
from those from SubPhaser (Figure 4A). Specifically, in B. carinata,
a translocation from the B subgenome occurred in the gene-
rich region of the C subgenome. In this region (5 end of
chromosome 6C), differential signatures, primarily TEs, are too
sparse for SubPhaser to be able to identify the translocation
confidently (Figure S21). Consequently, the percentages of
concordance between gene trees and the subgenome/species
tree from WGDI are marginally higher than those obtained from
SubPhaser (Figure 4F and G), as is the percentage of best hits to
corresponding progenitors (Figure S22), yet both methodologies
yield the expected phylogeny (Figure 4D-G).

In this case, when two allotetraploids share a diploid progeni-
tor, simply comparing the two tetraploid genomes led to absolute
phasing with WGDI. There appears to be no uncertainty or limi-
tation in such cases.

The allooctoploid strawberry

Finally, we investigated the contentious subgenome structure
of the allooctoploid cultivated strawberry (Fragaria x ananassa,
2n=8x=>56). Common consensus, based on comparisons of the
cultivated strawberry with extant diploid relatives, suggests that
one of the four subgenomes (termed V) is closely related to the

diploid woodland strawberry (F vesca), while a second subgenome
(termed 1) is closely related to F. iinumae [21, 24-27]. The diploid
progenitors for the remaining two subgenomes (termed T1 and
T2 referring to [21]) are not known definitively. Through the
utilization of the WGDI methodology, Zhou et al. [23] contradicted
the widely held view that F iinumae was one of the progenitors.
In their conclusion, three subgenomes of F. x ananassa belong to
the F vesca group, and one is sister to F viridis [23]. We reanalyzed
the genomic data of allooctoploid strawberry to evaluate this
extraordinary claim.

In this case, discernible patterns to distinguish subgenomes
in the Ks-colored dot plots are absent (Figure 523). Consequently,
we adopted the phylogeny-based approach by WGDI, which has
been demonstrated to be effective in previous instances, using
Rubus idaeus (2n=14) as the outgroup. The seven chromosome
sets revealed a consistent phylogenetic topology across all
four subgenomes, specifically [subgenome V, [subgenome I,
[subgenome T1, subgenome T2]]] mostly, with subgenome V
occupying the basal position, followed by subgenome I and
subgenomes T1 and T2 representing reciprocal sister groups
(Figure S24). We assigned chromosome sets with the same phy-
logenetic position to the corresponding subgenome (Figure 5A).
Subgenomes T1 and T2 were assigned arbitrarily because of their
equivalent positions.
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Figure 5. Subgenome phasing of the allooctoploid strawberry genome. (A) Comparison of subgenome assignments in F. x ananassa genomes between
WGDI and SubPhaser. The above colored dot plots are from WGDI (Figures 523 and S24), and the bottom colored bars are from SubPhaser (further details
in Figure S26). (B) Subgenome phylogenetic topology as common consensus from the literature. (C) Subgenome/species phylogeny from random sorting.
The randomly sorted subgenomes were randomly labeled using numbers 1-4. (D) Subgenome/species phylogeny based on assignments of WGDI. (E)
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coalescent unit.

In this case, there were large differences between the
subgenome assignments of WGDI and SubPhaser (Figure 5A),
while the results from the latter were identical with those
from previous studies in either the V and I subgenomes [24-
27] or all the four subgenomes [21]. Firstly, the assignments
of subgenomes T1 and T2 deviated from those provided by
SubPhaser (chromosomes 2-3 and 4-2 versus 2-1 and 4-1;
Figure 5A). This discrepancy is due to the substantially equivalent
phylogenetic positions of subgenomes T1 and T2 (Figure S24),
resulting in their assignments by WGDI being essentially random
and not evidence-supported (i.e. ‘relative phasing’). Second, there

is a reversal between chromosomes 7-4 and 7-3 (Figure 5A).
This is because of the substantive discordance of chromosome
phylogeny between chromosome 7 and other chromosomes.
Similar discordance on chromosome 7 has also been observed in
a previous study [25]. However, when we included the four diploid
potential progenitors (F vesca, F. iinumae, F. viridis and F. nipponica),
the reversal could be fixed (Figure S25). This phylogenetic
uncertainty can be attributed to widespread incomplete lineage
sorting (ILS) and hybridization across strawberry genomes [27],
as well as potential HEs between subgenomes [24]. This is
in agreement with the quite low percentages (approximately
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40%) of concordance between gene and chromosome trees
(Figure S24).

We assessed subgenome phylogeny with potential diploid pro-
genitors and discovered slight differences between the two meth-
ods (Figure 5B-E), notwithstanding the significant differences in
subgenome assignments (Figure SA). Subgenomes T1 and T2 are
sister groups in the phylogeny, and therefore, the inconsistent
phasing of chromosomes 2 and 4 has no significant impact
on the phylogeny. The impact of the incorrect assignment of
chromosome 7 (Figure 5D and E, Figure S27) was mostly coun-
teracted by the large discordance between gene trees and
species/subgenome trees.

Nevertheless, our results from both methods validate F vesca
and F iinumae as the diploid progenitors (Figure 5D and E, Fig-
ure S25), in support of the common consensus [21, 24-27]. The
other two subgenomes are sisters and belong to the E iinumae
group (Figure 5D and E, Figure S25), supporting some of the pre-
vious research [21, 25]. In total, our findings (even from the same
WGDI software and the same strawberry genome set) differed
largely from those of Zhou et al. [23], which could be attributed
to the misuse/misinterpretation or poor reproducibility of WGDI
due to the need for users to manually assign subgenomes.

DISCUSSION

Validation of subgenome phasing by WGD], its
advantages and limitations and future
recommendations as to its use

WGDI is a comprehensive toolkit offering multiple lines of evi-
dence, including similarity (Ks), synteny and phylogeny-based
approaches, for the assignment of subgenomes. It also provides
diverse options for integrating and visualizing these pieces of
evidence. However, there are a few limitations to its functionality,
according to our experience in the cases described above. Firstly,
phylogeny by syntenic blocks has not yet been implemented to
evaluate HEs or random sorting of some fragmented blocks. This
results in some phasing errors (e.g. errors in the poppy case,
Figure 3) not being detected with WGDI. Second, the extraction of
orthologous synteny or removal of out-paralogous synteny relies
heavily on parameter settings and sometimes requires manual
removal of out-paralogous syntenic blocks. Thirdly, unlike Sub-
Phaser, WGDI does not provide a definitive determination for
assignment. Instead, it requires users to manually determine how
to sort the subgenomes, which may weaken the reproducibility.
Therefore, we recommend users to provide detailed evidence
underlying their subgenome assignment to evaluate the results
and to strengthen the reproducibility.

Nevertheless, WGDI remains a convenient and generally
accurate toolkit, and in our study, most results obtained from
WGDI were in line with those from SubPhaser. A combination
of SubPhaser and WGDI is ideal, particularly for assigning
subgenomes in neoallopolyploids with complicated evolutionary
trajectories. SubPhaser offers subgenome-specific evidence based
on TEs, while WGDI offers syntenic gene-based evidence. Thus,
this combination is particularly suitable for genomes with
uneven distributions of both genes and TEs, such as the Brassica
allopolyploids.

Although we used multiple lines of evidence to assign
subgenomes with WGDI, we found that the phylogeny-based
approaches were the most robust. Phylogeny reflects the
evolutionary history, leading to an identifiable phylogenetic
position for each subgenome except for sisters (e.g. subgenomes

T1 and T2 of the allooctoploid strawberry, Figure 5). However, the
phylogeny can be complicated by a number of biological factors,
such as ILS and introgression [31] within the progenitors or their
relatives, as well as HEs that occur between subgenomes [9].
In this study, we use homoeologous chromosome phylogeny to
assign subgenomes by WGDI, which is a more robust method
than using gene phylogenies, because the use of multiple gene
sets can reduce the effects of ILS [32]. On the other hand, minor
HEs would not be highlighted by chromosome phylogeny, which
leads to WGDI not recognizing HEs.

Another piece of evidence that can be useful in the sorting
of retained duplicated genomic regions is the patterns of biased
fractionation or subgenome dominance in allopolyploids [33, 34].
However, in the cases studied in this paper, we did not observe
such differential patterns with WGDI (Figures S28-532), perhaps
due to the recent formation of these allopolyploids. Moreover, as
biased fractionation occurs after the formation of an allopoly-
ploid, there is theoretically no guarantee that homoeologous chro-
mosomes from the same progenitor would share the same biased
pattern. Nonetheless, when the evidence is available, it can be
used as auxiliary evidence for assigning subgenomes.

With WGDI, translocations from one subgenome to another
subgenome that have broken the synteny can be easily identified
based the complementarity of syntenic blocks or chromosomal
segments. For example, there is a large translocation at 3’-end
of chr4A in wheat. This segment is complemented with chr7B
to make up an intact chromosome, the chr7H of barley. So the
segment has been correctly assigned together with chr7B. How-
ever, canonical HEs that do not break the synteny [35] cannot be
recognized with complementarity using WGDI, e.g. the reciprocal
HE between chr4D and chr5C in the oat genomes. This kind of
HE can be identified using phylogenies of homoeologous genes or
blocks [9], which have not yet been implemented in WGDI. Thus,
an additional evaluation of phylogenies by block or sliding window
would be preferable for the WGDI results.

Surprisingly, in most cases (i.e. in wheat, poppy and Brassica),
we observed a true subgenome phylogenetic topology when ran-
domly sorting subgenomes using WGDI (Figures 1-5). This may
be attributed to the presence of unbalanced subgenome assign-
ments, as can be observed in Figures S5 and S22. However, the
randomly sorted subgenome phylogeny indicates much shorter
branch lengths in coalescence units by ASTRAL, and the con-
cordances between gene trees and species/subgenome trees are
much lower than those based on absolute phasing (Figures 1-
5). This suggests that the phylogeny is not stable and contains
many internal errors. Moreover, the randomly sorted subgenome
phylogeny or alignment is in theory not usable in downstream
analyses, such as estimating split times. Thus, random sorting is
not recommended in practice, unless relative phasing is consid-
ered appropriate for sister subgenomes (e.g. subgenomes T1 and
T2 of allooctoploid strawberry, Figure 5) when no further evidence
is available.

Furthermore, we summarized these above recommendations,
as well as our best practices for phasing subgenomes using WGDI
and SubPhaser, in Box 1. This box outlines the key guidelines for
our methodologies, to serve as a straightforward, easily accessible
roadmap for users. To provide practicable, hands-on guidance, we
also included an example code repository on GitHub (https://
github.com/zhangrengang/subgenome_phasing example/). This
repository offers a step-by-step example of our methods, thereby
enhancing accessibility for researchers engaged in the study of
allopolyploid genomes.
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Potential applications in complex
paleoallopolyploidization scenarios

The presence of complex allopolyploidization scenarios in
neoallopolyploids from multiple lineages suggests that similar
complex evolutionary scenarios are likely to have occurred in
paleoallopolyploidy. For instance, a hypothesis has been proposed
that the paleotetraploidy of the order Ranunculales (early-
diverging eudicots) contributed to the y paleohexaploidy of the
core eudicots via a two-step process [36, 37], although this view
hasbeen met with considerable oppositions [22,38-42]. Due to the
lack of well-documented complex paleoallopolyploidy cases as
benchmarks, such a complex paleoallopolyploidization scenario
was not included in our evaluation. However, with the fast
development of genome sequencing, we anticipate that we will
be attracted by many ancient and complex allopolyploidization
cases. If the paleoallopolyploids retain a large degree of synteny
after post-polyploidization diploidization, methods similar to
those in this study could also be used to identify homoeologous
relationships and to reconstruct the phylogenies of chromosomes
or blocks, allowing the subgenome-aware evolutionary history of
the complex paleoallopolyploidy to be retraced. Despite the fact
that paleoallopolyploidy may involve a wide range of genome
fractionation and chromosomal rearrangements, which make
subgenome assignment more challenging, the combination of
multiple lines of evidence (including synteny, phylogeny and
similarity implemented in WGDI) could potentially provide
valuable insight into the process of complex paleoallopolyploidy.

CONCLUSION

Investigating the subgenomic structures and evolutionary his-
tories of complex allopolyploids poses many challenges. How-
ever, this study underscores the efficacy of integrating multi-
ple lines of method and evidence in the elucidation of these
intricate dynamics. We suggest that while WGDI and SubPhaser
are not without limitations, their combined application can pro-
vide valuable insights into the evolutionary trajectories of com-
plex allopolyploidy. These findings offer practical considerations
for upcoming research from the fast development of genomic
sequencing techniques. The refinement and development of the
subgenome phasing technique will enable us to move closer to
fully deciphering the role of allopolyploidy in plant evolution and
diversification.

METHODS
Data collection

The genomic data from T turgidum [43], T. aestivum v2.1 [44], T.
urartu [45], Ae. speltoides [46], Ae. tauschii [47], Avena insularis, A.
sativa and A. longiglumis [30], A. atlantica and A. eriantha [48], H.
vulgare MorexV3 [49] (the outgroup in the analysis of both wheats
and oats), P rhoeas (which served as the outgroup in the analysis
of the following two poppy species), P. somniferum and P. setigerum
[50], B.juncea [51], B. napus zs11 [52], B. carinata [53], B. oleracea [54], B.
rapa [55], B. nigra and Sinapis alba [56] (the outgroup for the analysis
of Brassica spp.), F. x ananassa FL15.89-25 v1.0 [57], F. vesca v6.0
[23], E iinumae [26], E viridis [27], F. nipponica [58] and R. idaeus [59]
(the outgroup for the analysis of the strawberries), were obtained
from public databases or were provided by the corresponding
authors, as detailed in Table S1. Because the genome assembly of
F. nipponica was too fragmented to detect enough syntenic blocks,
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we constructed its chromosome-scale scaffolds using RagTag [60]
v1.1.1 with the F vesca genome as the reference.

Phasing subgenomes with WGDI

Protein sequences were aligned using DIAMOND [61] v0.9.24.
Inter- and intra-genomic syntenic blocks were identified with the
‘-icl’ option of WGDI [22] v0.6.2. The synonymous substitution rate
(Ks) was calculated with the ‘-ks’ option of WGDI, and synteny
and Ks were integrated with the ‘-bi’ option of WGDI. Syntenic
dot plots colored with Ks values were plotted with the ‘-bk’ option
of WGDI, and syntenic blocks were filtered using the ‘-¢’ option
of WGDI to obtain orthologous synteny, sometimes with manual
adjustments. The orthologous synteny was visually validated with
the ‘-bk’ option of WGDI. Based on the inter- and intra-genomic
synteny and Ks values, we further tried to phase the synteny
blocks into subgenomes (details for each case in Results section).
Then, we manually assigned the subgenomes by recording the
subgenomic regions on the chromosomes of the reference (from
the -km’ option of WGDI) and used WGDI (-pc, -a) to obtain
the hierarchical gene list (one subgenome per column), using the
outgroup as a reference. The hierarchical gene lists were used to
infer maximum likelihood (ML) trees in IQ-TREE [62] v2.2.0.3 with
automatic selection of the best-fit substitution mode through
WGDI (-at option). These gene trees were then used as input
into ASTRAL-Pro [29] v1.10.1.3 to infer a species/subgenome/chro-
mosome phylogeny. The phylogeny was visualized and evalu-
ated using Newick utilities [63] and PhyTop (https://github.com/
zhangrengang/phytop). The above process (-pc, -a and -at options
of WGDI and ASTRAL-Pro) was iterated until each chromosome
from the same subgenome was lying on the same phylogenetic
position on the chromosome-level tree. Gene retention or fraction-
ation of subgenomes was visualized using the ‘-r’ option of WGDL
In addition to the phylogeny-based evaluation, we also directly
quantified the percentage of best DIAMOND hits between phased
subgenomes and the multiple diploid progenitors.

After subgenome assignments using similarity and phylogeny-
based evidence, we re-sorted the assignments randomly. In brief,
for each allopolyploid genome, we randomly reshuffled the pre-
vious assignments within each homoeologous chromosome set
according to the outgroup reference genome, producing extensive
artificial HEs, and then the random assignments were input into
WGDI (-pc, -a, -at options) and ASTRAL-Pro as described above to
generate a species/subgenome tree.

Phasing subgenomes with SubPhaser

SubPhaser [20] is an automated pipeline based on subgenome-
specific k-mers. Genome assembly and homoeologous relation-
ships of chromosomes were input into SubPhaser v1.2 and the
resulting output was the phasing results. Potential exchanges
(including inter-subgenomic translocations and HEs) between
subgenomes were also identified using SubPhaser and further
manually curated following previous studies [16, 20]. Subgenomes
were split and grouped according to the confidently identified
exchanges, and the partitioned subgenomes were then input
into WGDI (-pc, -a, -at options) and ASTRAL-Pro as described
above to generate a species/subgenome tree. For the tetraploid
Brassica spp. and F x ananassa, subgenome assignments without
identified HEs from SubPhaser were used directly, since there
were too few differential signatures to confidently identify HEs
with SubPhaser in these genomes (Figures S19-S21 and S26).
Additional modifications were made for phasing the hexaploid A.
sativa genome. The three subgenomes were successfully phased
in a default SubPhaser run, but the A and D subgenomes were
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too closely related to obtain as many specific k-mers as the C
subgenome (Figure S8). Thus, based on the initial run, we re-
ran the A+C and D+ C subgenome combinations separately to
obtain more subgenome-specific k-mers to refine the identified
exchanges (Figures S9 and S10). The phasing results from T.
turgidum, T. aestivum, P. somniferum, P. setigerum and B. carinata
(Figures S3 and S4, S15 and S16 and S21) were adopted from those
generated in previous studies [16, 20].

Key Points

e We evaluated and compared the ability to phase
subgenomes using WGDI and SubPhaser based on well-
documented complex allopolyploidy cases.

e Most results obtained from WGDI were in line with those
from SubPhaser, consistent with prior research.

¢ Theresults of both methodologies reaffirm Fragaria vesca
and F iinumae as the progenitors of the octoploid straw-
berry.

e We propose recommendations for the accurate
subgenome phasing by WGDI in future research.

SUPPLEMENTARY DATA

Supplementary data are available online at http://bib.oxfordjournals.

org/.
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