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Abstract

Background The genomic and evolutionary study of allopolyploid organisms involves multiple copies of
homeologous chromosomes, making their assembly, annotation, and phylogenetic analysis challenging.
Bioinformatics tools and protocols have been developed to study polyploid genomes, but sometimes require the
assembly of their genomes, or at least the genes, limiting their use.

Results We have developed AlloSHP, a command-line tool for detecting and extracting single homeologous
polymorphisms (SHPs) from the subgenomes of allopolyploid species. This tool integrates three main algorithms,
WGA, VCF2ALIGNMENT and VCF2SYNTENY, and allows the detection of SHPs for the study of diploid-polyploid
complexes with available diploid progenitor genomes, without assembling and annotating the genomes of the
allopolyploids under study. AlloSHP has been validated on three diploid-polyploid plant complexes, Brachypodium,
Brassica, and Triticum-Aegilops, and a set of synthetic hybrid yeasts and their progenitors of the genus Saccharomyces.
The results and congruent phylogenies obtained from the four datasets demonstrate the potential of AlloSHP for the
evolutionary analysis of allopolyploids with a wide range of ploidy and genome sizes.

Conclusions AlloSHP combines the strategies of simultaneous mapping against multiple reference genomes
and syntenic alignment of these genomes to call SHPs, using as input data a single VCF file and the reference
genomes of the known or closest extant diploid progenitor species. This novel approach provides a valuable tool
for the evolutionary study of allopolyploid species, both at the interspecific and intraspecific levels, allowing the
simultaneous analysis of a large number of accessions and avoiding the complex process of assembling polyploid
genomes.

Keywords Allopolyploids, Homeologous chromosomes, Single homeologous polymorphisms-SHPs, Subgenome,
Synteny
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Background
A polyploid is an organism with three or more com-
plete sets of chromosomes. Two types of polyploids can
be defined according to their origin; while autopoly-
ploids result from non-reduced gametic crosses within
or between populations of the same species, allopoly-
ploids derive from crosses between different species,
i.e. hybrids [1]. It is estimated that 30-70% of all angio-
sperms are polyploids [2—5]. This range varies depending
on the methodology and the taxonomic circumscription
of the plants used to estimate it [6]. There is consensus
that polyploidization is one of the key mechanisms of
speciation and is ubiquitous among angiosperms [1, 7].
Indeed, it is accepted that all seed plants have undergone
at least one round of whole genome duplication (WGD)
in their evolutionary history and are considered to have
a paleopolyploid ancestry [8, 9]. Although polyploidiza-
tion events have played a key role in plant evolution, they
have also occurred to a lesser extent in other organisms
such as animals and fungi, resulting in polyploid species
of fish, amphibians, reptiles, and, although extremely
rare, also birds and mammals. Polyploid species can be
found among invertebrates such as crustaceans, insects,
mollusks, annelids or nematodes, among others [10, 11].
In the case of fungi, some exist as stable haploid, diploid,
or polyploid (heteroploid) cells or organisms, while oth-
ers change ploidy under certain conditions [12, 13].
Rapid advances in both sequencing technologies and
bioinformatics make it possible to generate and analyze
vast amounts of sequencing data from a wide variety of
organisms. This is also leading to a remarkable and con-
tinuous increase in the number of available genomes,
allowing the analysis of species and populations at the
pan-genomic level, i.e. using multiple reference genomes
simultaneously (Brachypodium distachyon [14]; barley
[15]; Arabidopsis [16, 17]; wheat [18]; Brassica oleracea
[19]; among other species reviewed in [20, 21]). Although
advances in sequencing technologies, especially with
the development of long reads (PacBio/ONT), and bio-
informatics tools for genome assembly have facilitated
the availability of allopolyploid reference genomes, their
assembly still presents additional difficulties compared
to that of diploid genomes, such as the difficulty of allo-
cating reads to highly similar subgenomes or the greater
numbers of gene copies and repetitive elements. Techno-
logical advances increasingly minimize these technical
difficulties; however, sequencing costs and computational
requirements remain major obstacles to obtaining high-
quality allopolyploid reference genomes, especially in
large-scale studies requiring a large number of species
or individuals (pan-genomes, population studies, etc.).
These aspects, together with the additional complexity
of allopolyploids due to their multiple sets of chromo-
somes derived from different progenitor genomes, make

Page 2 of 19

evolutionary studies of these organisms challenging
[22-27].

Several approaches and tools have been developed for
the analysis of sequences, genes, and polymorphisms
focused on phylogenetic studies of polyploid spe-
cies (Table 1). However, many of them focus on coding
regions (genes), which on the one hand require prior
assembly and annotation of their genes, and on the other
hand leave out the intergenic regions, which contain
many informative loci that can help infer the evolution-
ary relationships of populations of diploid-polyploid
complexes. Thus, Bombarely et al. [28] used the consen-
sus diploid transcriptome to identify homeologous SNPs
in the genus Glycine and then built a progenitor reference
set for each polyploid species joining the progenitors’
diploid transcriptome sets. These references were used to
separate reads according to their preferential mapping to
one or the other progenitor genome. Oxelman et al. [29]
reviewed the explicit species network methods, such as
the permutation approach (e.g., PhyloNet [30, 31]) and
simultaneous gene tree and species network inference
(AlloppNet [32]), used to infer the allotetraploid origins
of multiple genera. Marcussen et al. [33] constructed a
dated allopolyploid network from individual gene trees of
the genus Viola using three low-copy nuclear genes (GPI,
NRPD2a, and SDH). Kamneva et al. [34] studied the phy-
logeny of several diploid and polyploid species of the
genus Fragaria using a large number of multilabeled gene
trees, and Sancho et al. [35] developed a protocol (Phy-
1oSD) to infer the homeologous subgenomes in Brachy-
podium allopolyploids and reconstruct their evolution,
even when their diploid ancestors are unknown (orphan
subgenomes).

Other approaches have been developed to analyze
interspecific hybrids and allopolyploids using SNPs or
synteny and microsynteny-based approaches. However,
these two strategies have not been combined to reconcile
syntenic homeologous SNPs in a single alignment that
allows phylogenetic inference and studies of population
structure at the subgenomic level. Regarding SNP dis-
covery, some approaches use the genomes of their extant
closest available progenitor genomes to infer the SNPs
from each of the homeologous subgenomes of the allo-
polyploid, defined as homeoSNPs. For example, Page et
al. [36] implemented the PolyCat pipeline to map and cat-
egorize the genomic data generated from allopolyploids
and it was tested in cotton. Peralta et al. developed SNiP-
loid [37], a web tool focused on SNP analysis of RNA-Seq
data obtained from allotetraploids. Mithani et al. and
Khan et al. implemented HANDS [38] and HANDS2
[39], a method to characterize homeolog-specific poly-
morphisms (HSPs) in polyploid genomes, tested in the
allopolyploids bread wheat and Brassica genus. Kulkarni
et al. developed the Comprehensive Allopolyploid
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Table 1 Summary of tools for polyploid subgenome studies
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Tool and Foundation Strengths Limitations
Ref.
AlloSHP A command-line tool designed to detect and ex-  Assembly of the allopolyploid Recovered SNPs are restricted to syntenic re-
(This study, tract single homeologous polymorphisms (SHPs)  genome or genes is not required. gions between the parental diploid genomes.
2025) in allopolyploid species by integrating simultane- Instead, for each allopolyploid, Heterozygous sites are excluded to minimize
ous mapping to multiple reference genomes reads are mapped once against the  false positives in the final set of SHPs. Refer-
with syntenic genome alignment. concatenated reference genomes of ence genomes from diploid progenitors or
its diploid parents, while preserving  extant relatives are required.
SNP positional traceability relative to
the parental references. For output,
both FASTA and VCF formats are
available.
CAPG A tool that defines an explicit likelihood to Variant calls are reported in VCF The approach was evaluated using allotetra-
(Kulkarni weight read alignments against both subgenom- format, incorporating measures ploid species (peanut and cotton) as well as
etal. 2023) ic references and to genotype individual allopoly- such as genotype likelihoods to simulated datasets. It requires reference se-
[40] ploids from whole-genome resequencing data.  assess statistical support. For each quences from both subgenomes with known
individual, sites are classified as alignments in homologous regions.
homoeologous SNPs, allelic SNPs
within the subgenome, or invariant.
Heterozygous positions can be dealt
with.
PhyloSD A pipeline that integrates three sequential Reference genomes are not Gene and/or CDS assemblies from both
(Sanchoet  algorithms—Nearest Diploid Species Node, Boot- required, and subgenomes can be  diploid and polyploid species are necessary
al. 2022) strapping Refinement, and Subgenome Assign-  identified even when one or more  to infer gene trees. The approach was evalu-
[35] ment—which involves computational filtering, diploid progenitors are missing, ated using allotetraploids and allohexaploids
homeolog labeling, and homeolog allocation to  including both known and‘ghost/  of Brachypodium and Triticum-Aegilops
subgenomes. orphan’subgenomes. complexes.
GRAMPA A gene-tree reconciliation algorithm that This method infers polyploidy type ~ Gene trees and species tree topologies are
(Thomas extends traditional reconciliation approaches to  (allo- vs. auto-), identifies whole- required.
etal.2017) multi-labeled trees, enabling the explicit model-  genome duplication events, and
[46] ing of polyploid evolution. quantifies gene duplications and
losses associated with polyploidy.
HANDS2 A next-generation sequencing-based tool, an It supports up to ten diploid pro- Accurate base assignment requires high-
(Khan etal.  updated version of the HANDS tool (38), enabling genitors and works in the absence quality RNA-seq data with sufficient coverage.
2016) [39]  highly accurate genome-wide identification of of a diploid progenitor. The method struggles to detect gene silenc-
homeolog-specific bases in allopolyploids, even ing in one or more subgenomes, potentially
without a diploid progenitor. leading to incorrect base calls. Additionally,
gene conversion or homeologous exchanges
can introduce bias in base assignments.
PolyDog A read categorization tool based on a dual- Provides higher resolution than For each allopolyploid, reads must be
(Page etal. reference approach using data from two refer- GSNAP (used in PolyCat) by han- mapped separately to the reference genomes
2014;Page  ence sequences, one for each genome of an dling multiple mappings, without of both diploid parents, increasing computa-
and Udall allotetraploid. requiring assembly of the allopoly-  tional time and resources. This approach was
2015) [41, ploid genome or genes. tested in allotetraploid cotton and requires
47] reference genomes of the diploid progenitors
or their extant relatives.
PolyCat A pipeline for mapping and categorizing all types Assembly of the allopolyploid The approach is limited by the genomic den-
(Page etal.  of NGS data from allopolyploid organisms, using  genome is not required and onlya  sity of homoeo-SNPs, and the reads can only
2013;2014)  GSNAP's single-nucleotide polymorphism (SNP)-  single diploid reference genomeis  be classified if they overlap at least one SNP.
[36,41] tolerant mapping to minimize the mapping ef-  needed. This method was tested in allotetraploid cot-
ficiency bias caused by SNPs between genomes. ton and requires reference genomes from at
least one diploid progenitor or extant relative.
SNiPloid A web tool based on the coassembly of homoeo- No allopolyploid genome or gene Evaluated using a diploid reference transcrip-
(Peraltaet  logs, comparing either putative SNPs detected assembly is required. SNPs can be tome and RNA-seq data from the allotet-
al.2013) from an allopolyploid to those obtained in its classified into categories based on  raploid Coffea arabica. Bias may occur due
[37] parental genomes, or putative SNPs derived hypothesized evolutionary patterns  to greater similarity between the reference

from two allopolyploid accessions to search for
polymorphism.

using a web-based tool.

diploid transcriptome and one of the two
subgenomes of the allopolyploid.
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Table 1 (continued)

Tool and Foundation Strengths Limitations

Ref.

AlloppMUL/  Statistical inference models for allopolyploid net-  Both models are implemented in Gene assembly is required. Tested on a
AlloppNET  works: AlloppMUL infers the multilabeled species  the BEAST framework. limited genes of tetraploids from the genera
(Jones et al. tree directly, allowing topology, node times, and Pachycladon (Brassicaceae) and Silene (Caryo-
2013) [32] branch population sizes to vary freely, treating phyllaceae), as well as on simulated datasets.

the diploid genomes within allotetraploids as if
they belonged to separate species. In contrast,
AlloppNET explicitly models hybridization as

a node in the species network, requiring the
diploid genomes within allotetraploids to share
population sizes and speciation events.

Multiple priors need to be established. Het-
erozygosity can result in multiple alleles per
locus, complicating the distinction between
homeologous and heterozygous alleles.

Genotyper (CAPG) method [40], which uses a likelihood
to weight read alignments against both subgenomic ref-
erences and then genotype individual allopolyploids from
whole-genome resequencing data. Page & Udall , Phillips
and Session have published reviews of the various meth-
ods for mapping and categorizing reads, as well as the
variant-calling approaches required to study polyploid
organisms [27, 41] and to identify the ancestors of allo-
polyploid subgenomes [42].

Although synteny and microsynteny-based approaches
have been widely used in phylogenetic inference, they
have mainly studied diploid species and have focused
on the synteny of coding regions, i.e., the collinearity of
genes (Brassica [43]; rosids [44]; angiosperms [45]), with-
out exploiting the phylogenetic information of the rest of
the genome.

Similarly, available approaches to reveal the home-
ologous subgenomes of allopolyploid species have also
focused on coding regions. These require genomes to
be previously assembled and annotated, and sometimes
prior information on the diploid species of particular
group. Furthermore, these protocols can sometimes be
very complex for users without prior bioinformatics
knowledge.

To simplify the bioinformatics protocols used in the
study of allopolyploids, as well as the type of sequences
and prior information required, we have developed an
integrative whole-genome synteny-based phylogenetic
inference approach to detect syntenic homeoSNPs,
defined here as Single Homeologous Polymorphisms
(SHP), for the study of diploid-polyploid complexes for
which diploid progenitor genomes are available. The
AlloSHP pipeline does not require assembling nor anno-
tating the genomes of the allopolyploids under study.
Our approach allows phylo(sub)genomic analysis at both
the inter- and intra-specific levels, providing insight into
which lineages may be involved in the origin and evolu-
tion of the different polyploid populations that are part of
diploid-polyploid complexes.

Implementation

The input files required to use this protocol are (i) the ref-
erence genomes of the diploid progenitor species whose
syntenic positions are going to be determined (FASTA
format, Fig. 1A) and (ii) a VCF summarizing the map-
ping of reads of all the polyploid samples to be studied
(Fig. 1B). The VCF is obtained by merging BAM files, one
per sample, and must contain the DP (total read depth)
field. The step-by-step instructions and the external soft-
ware used are detailed in the following sections and sup-
plementary information.

The AlloSHP detection pipeline has three core algo-
rithms, included as scripts in the repository https://gi
thub.com/eead-csic-compbio/AlloSHP: WGA (Whole
Genome Alignment), VCF2ALIGNMENT, and VCE-
2SYNTENY. Each algorithm plays a key role in extracting
the syntenic positions between the reference genomes,
determining the most confident SNPs according to
sequencing depth and missing sample thresholds, and
finally combining both types of information to deconvo-
lute and extract SHPs (Figs. 1 and 2).

The Whole Genome Alignment (WGA) algorithm
by default calls the aligner CGaln [48] to perform the
alignment and detect the syntenic segments between
pairs of reference genomes after soft-masking repeated
sequences (Figs. 1A and 2A). One progenitor reference
genome is defined as “primary or master (genome A)”
and the others as “secondary (genomes B, C, .)" There
can be any number of “secondary” progenitor reference
genomes according to the ploidy of the allopolyploids
under study, but they must always be aligned against
the same master reference genome [e.g. the study of an
allohexaploid includes three reference genomes from its
diploid progenitors. One genome is established as the
“master (A),” while the other two are established as “sec-
ondary (B and C)”]. The syntenic positions are extracted
and used downstream. Three main output files are gen-
erated: (i) a 0-based BED list of syntenic positions indi-
cating chromosome, position, strand, nucleotide, CGaln
syntenic block, and SNP presence between primary and
secondary reference genomes; (ii) a Log file containing
the parameters, thresholds, and additional information
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Fig. 1 Simplified illustration of the main pipeline processes. A Alignment of syntenic regions between reference genomes A (chromosomes A1-A5) and
B (chromosomes B1-B10) using CGaln (left) and displayed in a riparian plot (right). B Mapping of reads against the concatenated reference genomes A
and B. Reads from allopolyploid samples (sample 1 and sample 2) are represented by arrows (forward and reverse). Red and blue colors indicate reads
mapped against genome A or B, respectively. C Multiple sequence alignment of Single Homeologous Polymorphisms (SHPs). Each letter corresponds to
an SHP mapped against the reference genomes A or B. Each sample (Allotetraploid 1 and 2, and Diploid (species A) and Diploid (species B)) has as many
draft subgenomes as reference genomes used in the mapping. Artifactual subgenomes are those derived from unspecific mappings and are defined by
setting a %SHP threshold using cross-validation against the non-self mappings of diploid samples. These are then eliminated downstream

extracted from the CGaln output; and (iii) a PDF dot
plot file showing the syntenic regions between reference
genomes. This needs to be inspected to assess the quality
of the alignment in terms of matched regions and noise.

The VCF2ALIGNMENT algorithm parses an input
VCEF (variant call format) file and produces a list of valid
homozygous positions (valid loci), taking into account
the minimum read depth (-d) and maximum missing
samples (-m) thresholds. Heterozygous sites are handled
as missing data to avoid detecting allelic SNPs as home-
ologous SNPs [40]. Optionally, the -H flag can be used to
maintain heterozygous sites in downstream analysis. The
result is a LOG file with a list of positions (valid loci) that
have passed the thresholds. This list indicates the chro-
mosome and position with respect to the master refer-
ence genome, as well as the number of missing samples
and the called nucleotide (ATGC). In addition, at the end
of the file, the total number of valid loci and polymorphic
loci is shown, as well as for each target sample and per
reference chromosome. Optionally, multiple sequence
alignments (MSA) can be calculated, but on this proto-
col, this only really makes sense on the next step (Figs. 1B
and 2B).

The VCF2SYNTENY algorithm parses the (i) VCF file
obtained from reads mapped to multiple concatenated
reference genomes, (ii) the LOG file of valid loci com-
puted by VCF2ALIGNMENT, and (iii) the synteny-based
equivalent coordinates (BED file) computed by WGA to
align the polymorphic loci referenced by syntenic posi-
tions, separating them on each reference genome, and
defining them as SHPs. The resulting MSA will have
as many subgenomes as reference genomes were used
(Figs. 1C and 2C). Some of these subgenomes might be
artifacts resulting from residual, unspecific reads mapped
against one of the reference genomes (e.g., non-self-map-
ping in diploid samples, or mapping from non-progenitor
species in allopolyploids). These “false subgenomes’, the
so-called “artifactual subgenomes’, must be eliminated
from the final multiple sequence alignment (MSA). If
the ploidy, and therefore the number of subgenomes
expected to be recovered, is unknown, we propose
using a cross-validation criterion based on the percent-
age of SHPs recovered from non-self mappings (not the
same species) in diploid samples. In diploid samples,
only one predominant genome/subgenome is expected
to be recovered. For each subgenome, the highest SHP
percentage obtained in the diploid samples from the

non-specific mappings will be set as a threshold (see
Figs. 1B and C). If multiple accessions of the same diploid
species are included, the artifactual subgenome threshold
can be set as either the average non-specific %SHP value
among the accessions or the highest value. All subge-
nomes with values equal to or lower than this threshold
will be identified as artifactual subgenomes and removed
from the final MSA (see Results section).

Outgroup species sequences can optionally be added
into the SHP alignment by indicating in the configsynt
file the BED file of the syntenic positions between the
master genome and the outgroup species genome com-
puted with WGA (see details in Brachypodium case
below).

AlloSHP is available for Linux and MacOS operat-
ing systems. It can be installed via a local compilation or
conda (https://anaconda.org/bioconda/alloshp).

Evaluation of the protocol: species, reference genomes and
target samples

The protocol was tested and validated using the genome
sequences of four diploid-polyploid complexes from
three plant groups (Brachypodium distachyon complex,
Triticum-Aegilops complex, and Brassica complex) and
species from one yeast genus (Saccharomyces haploid,
diploidized species and synthetic hybrids). The data-
sets include sequences from the allopolyploids under
study and their closest extant diploid progenitor species.
Accessions from the diploid species were also included as
control samples. The genomes of the diploid species were
used as references to conduct the mapping of the reads
from the allopolyploid and diploid species of each com-
plex to reconstruct their phylogeny at the subgenome
level (Suppl. Figure 1; Suppl. Table 1).

The Brachypodium distachyon complex analysis
included the diploid B. distachyon [49] and B. stacei (JGI
Genome Portal: https://genome.jgi.doe.gov/portal/ [50];
Catalan et al. (unpublished)) reference genomes and
two diploid B. distachyon (ABR2 and Bd21), two diploid
B. stacei (ABR114 and T.E4.3), and two allotetraploid B.
hybridum (Bhyb26 and ABR113) ecotypes as samples
(JGI Genome Portal; [14, 51, 52]). Oryza sativa Japonica
group cv. Nipponbare (NCBI: https://www.ncbi.nlm.n
ih.gov/; [53]) was included as outgroup species genome
(Suppl. Figure 1 A; Suppl. Table 1).

The Brassica complex analysis included the diploid
Brassica oleracea [54] and diploid Br. rapa [55] reference
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genomes and two diploid Br. oleracea, two diploid Br.
rapa and five allotetraploid Br. napus cultivars as samples
[54] (Suppl. Figure 1B; Suppl. Table 1).

The Triticum-Aegilops complex analysis included the
diploid Triticum wurartu [56], diploid Aegilops tauschii
[57] and diploid Ae. speltoides [58] reference genomes
and the diploids T urartu, Ae. tauschii, Ae. speltoides
(two samples, Y2032 and Tivon), the allotetraploid T. tur-
gidum, and the allohexaploid T. aestivum accessions as
samples [56, 59, 60] (Suppl. Figure 1 C; Suppl. Table 1).

Saccharomyces yeast analysis included the haploid Sac-
charomyces cerevisiae [61], S. kudriavzevii, S. mikatae, S.
paradoxus [62, 63], and S. uvarum reference genomes,
and a diploidized S. cerevisiae and six other Saccharomy-
ces synthetic hybrids [yHRWh24 (S. cerevisiae x S. kudri-
avzevii x S. mikatae x S. uvarum), yYHRWh4 (S. mikatae
x S. kudriavzevii), yHRW134 (Diploidized S. cerevi-
siae), YHRWh13 (S. mikatae x S. uvarum), yHRWh10
(S. cerevisiae x S. uvarum), yHRWh18 (S. kudriavze-
vii x S. paradoxus), yHRWh51 (S. uvarum x S. mikatae
x S. kudriavzevii) [59, 64] as samples (Suppl. Figure 1D;
Suppl. Table 1).

Evaluation of the protocol: pre-processing and integrative
pipeline application

The same pre-processing of the sequence reads was
applied to the four data sets. For each of the samples to
be analyzed, the quality check (QC) report was gener-
ated using FastQC 0.11.9 software [65] before and after
filtering the sequences using Trimmomatic 0.39 [66]. The
reads that passed QC were mapped against the concat-
enated reference genome (including the diploid reference
genomes of the progenitor species of the polyploid spe-
cies under study) using minimap2.1-r1122 [67, 68]. The
mapped reads (SAM format) were converted to BAM
format and sorted using samtools 1.16.1 [69] software
(--sort and --view functions). Samtools was also used to
obtain the statistics of the mapped reads, both in gen-
eral (--flagstats) and per chromosome of each reference
genome (--index and --idxstats). Variant calling was per-
formed using the bcftools 1.16 software [69] (--mpleup
with parameters -a DP and -call. The resulting VCF files
for each sample were compressed using bgzip 1.19 [70],
and indexed and merged using bcftools (--index and
--merge) to create the multi-sample VCF file. This VCF
file was used as the input file for the VCF2ALIGNMENT
and VCF2SYNTENY algorithms.

Syntenic positions between reference genomes were
then calculated using WGA, which requires the wutils/
mapcoords.pl script. By default, this algorithm uses the
CGaln software [48] to compute syntenic blocks and
positions. The aligner GSAlign [71] was also integrated
and tested; however, the analysis performed on the
Brachypodium reference genomes showed poorer results
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in terms of recovered syntenic regions and this test was
not further extended.

Repetitive regions of the reference genomes had to be
masked out, so WGA applied a repetitive region detec-
tion and masking procedure by default using Red [72]
and Red2Ensembl.py [73]. The resulting 0-based BED
file contained the list of syntenic positions and was one
of the input files used by the VCF2SYNTENY algorithm.
In addition, WGA also generated a PDF plot of resulting
syntenic blocks by calling the gnuplot 6.0 program [74],
which helped to visually control the quality of any pro-
duced alignments (Suppl. Figure 2). The parameters used
for the four data sets analyzed are listed in Suppl. Table 2.
Bedtools intersect v2.31.1 [75] was used to estimate the
proportion of SHPs sitting in annotated genes and non-
coding regions of the master genome, as annotated in the
respective GFF file.

The VCF2ALIGNMENT algorithm was used to fil-
ter the positions in the VCF file that passed the filter-
ing step with respect to the read depth (-d) and number
of missing samples (-m) thresholds. In addition, indels
were filtered out from the VCF to eliminate downstream
inconsistencies. The imposed thresholds were d>5 (i.e.
DP>5 reads in VCF file) for all data set analyzed, and
m < 3 for Brachypodium, m <5 for Brassica, m <4 for Trit-
icum-Aegilops, and m <10 for Saccharomyces for missing
data. The resulting LOG file with information about the
positions that passed the filters was used as the input file
for VCF2SYNTENY.

The VCF2SYNTENY algorithm reconciled the infor-
mation of the syntenic positions obtained by WGA (BED
file) and the valid positions obtained by VCF2ALIGN-
MENT (LOG file), effectively deconvoluting SHPs, which
were assigned to the corresponding subgenomes. It is
important to note that it is necessary to specify which
reference genome will be established as the master
genome, since this will be the one used for referencing
the positions in the generated multiple sequence align-
ment (MSA). When using two reference genomes, either
one can be selected as the master genome. When three
or more genomes are used for evolutionary close species,
the longest genome is generally selected as the master
genome. However, the results of syntenic blocks obtained
with CGaln should always be considered when making
this decision.

Comparing synteny-based SNPs with polymorphisms
between single-copy orthologues

In order to measure how reliable WGA-based SNPs are,
they were compared to SNPs observed between single-
copy orthologous genes annotated in Ensembl Plants
release 62. This was done for two pairs of genomes ana-
lyzed in this work, Brassica oleracea vs. Brassica rapa,
and Triticum urartu vs. Aegilops tauschii. In order to
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match the data in Ensembl, assembly GCA_000309985.1
was used for B. rapa, and assemblies GCA_003073215.1
and GCA_002575655.1 were used for T. urartu and Ae.
tauschii, respectively. These were aligned with WGA
using the same parameters as before. As for single-copy
orthologues, pairwise alignments were obtained with
ens_single-copy_core_genes.pl from https://github.com
/Ensembl/plant-scripts [76]. As Ensembl Compara ort
hologues are computed using protein sequences, recipe
R8 from https://github.com/Ensembl/plant-scripts was
modified to convert CDS to genomic coordinates. Finally,
SNPs from both sources were intersected with bedtools
intersect v2.27.1 [75].

Phylogenetic analysis using single homeologous
polymorphisms (SHP) datasets

Each of the four SHPs datasets obtained using our pro-
tocol was processed by removing artifactual subgenomes
with low percentages of mappings and recovered syntenic
SNPs. They were then filtered using the snp-sites v.2.5.1
tool [77] to retain only the variable positions. Phyloge-
netics trees were inferred using IQtree v.2.2.2.6 software
[78] with parameters -m MFP + ASC -AICc -alrt 1000
-B 1000 -T AUTO. Phylograms were rooted at the mid-
point, except for the Brachypodium phylogram, which
was rooted using the O. sativa outgroup, and visualized
using the FigTree v.1.4.4 software [79]. The same align-
ment used to infer the phylogeny was used to calculate
the genome-wide average nucleotide identity (gwANI)
using the pANIto software [80].

Results

Proportion of reads mapped against diploid reference
genomes

The proportions of reads mapped using minimap2
against each concatenated diploid progenitor reference
genome were as expected. Thus, the reads of the diploid
species were mostly mapped against their correspond-
ing diploid species reference genome. The ecotypes of
the diploid species B. stacei and B. distachyon mapped
between 92% and 98% against their respective genomes
(Suppl. Table 3 A). The cultivars of the diploid species Br.
oleracea and Br. rapa mapped between 78% and 88% of
reads (Suppl. Table 3B). Between 87% and 97% of reads
from diploids of the Triticum-Aegilops complex, Ae.
speltoides, Ae. tauschii and T. urartu, mapped to their
respective genomes (Suppl. Table 3 C). In yeast, dip-
loidized S. cerevisiae mapped 96% of reads to its refer-
ence genome (Suppl. Table 3D).

Regarding the polyploid samples analyzed, the num-
ber of mappings against each reference genome varied
depending on the species and ploidy. Thus, the map-
ping ratio of the allotetraploid ecotypes of B. hybri-
dum (DDSS) was approximately 50:50 (subgenome D:
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subgenome S), but with some differences between eco-
types. The ABR113 ecotype showed 50% of the reads
mapped against the B. distachyon reference genome com-
pared to 54% of the Bhyb26 ecotype (subgenome D) and
the respective 49% and 46% against the B. stacei reference
genome (subgenome S) (Suppl. Table 3 A). The acces-
sions of the allotetraploid Brassica napus (ArArCoCo)
also showed a 50:50 ratio of mappings to their reference
genomes, with slightly more mappings against the Br.
rapa (subgenome Ar) reference genome (51-52%) than
against the Br. oleracea reference genome (subgenome
Co) (48-49% of mappings) (Suppl. Table 3B). In the case
of the Triticum-Aegilops complex, the allotetraploid T.
turgidum (AABB) mapped predominantly against its
progenitors, 7. urartu (46%; subgenome A) and Aegilops
speltoides (40%; subgenome B), while 14% of the reads
that mapped against Ae. tauschii were considered arte-
facts (see Threshold of artifactual subgenomes section)
and eliminated from downstream analyses. The allohexa-
ploid T. aestivumn (AABBDD) mapped 34% against T
urartu (subgenome A), 29% against Ae. speltoides (sub-
genome B) and 37% against Ae. tauschii (subgenome D)
(Suppl. Table 3 C).

The six Saccharomyces synthetic hybrids analyzed
mapped predominantly against their parents, but with
high variability in their proportions (Suppl. Table 3D).
The synthetic hybrid Sce x Sku x Smi x Suv mapped pre-
dominantly against two of its parents, S. mikatae (Smi;
40%) and S. kudriavzevii (Sku; 38%), and to a lesser extent
against its two other parents, S. cerevisiae (Sce; 12%) and
S. uvarum (Suv; 11%). A very small percentage of reads
(Spa; 0.1%) mapped against the reference genome S.
paradoxus, which is not a parent of this hybrid. The syn-
thetic hybrid Smi x Sku mapped 51% and 48% of reads
against its two reference genomes, S. mikatae (Smi) and
S. kudriavzevii (Sku), respectively. Less than 1% of the
reads mapped against the other three non-parental ref-
erence genomes of the synthetic hybrid. The Smi x Suv
hybrid mapped 60% and 68% against its parental S.
mikatae (Smi) and S. uvarum (Suv) reference genomes,
respectively. Less than 2% of the remaining reads mapped
to the genomes of non-progenitor species. The Sce x
Suv hybrid mapped 59% of reads against its progeni-
tor genome S. cerevisiae (Sce) and 38% against that of S.
uvarum (Suv). The remaining mappings (3%) were likely
unspecific. The synthetic hybrid Sku x Spa, resulting
from the cross between S. kudriavzevii x S. paradoxus,
showed a balanced proportion of 48% mapping to both
parental genomes. Finally, the Suv x Smi x Sku synthetic
hybrid from the cross between S. uvarum, S. mikatae
and S. kudriavzevii mapped predominantly against its
parental genomes S. mikatae (Smi; 38%) and S. kudria-
vzevii (Sku; 37%), and less to that of S. uvarum (Suv; 24%)
(Suppl. Table 3D).
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Syntenic positions recovered among diploid progenitor
reference genomes by WGA

The computation of syntenic positions between dip-
loid reference genomes, master versus secondary, using
WGA and its main dependency CGaln, is a fundamen-
tal step for the detection of SHPs from subgenomes of
the polyploids under study. The number of syntenic
positions recovered in each data set varied depending
on the homology between the different chromosomes
of the species. Thus, the reference genomes used in the
Brachypodium group presented the highest percentage
of synteny among tested plants. The Brachypodium stacei
reference genome (ABR114 ecotype) had syntenic posi-
tions covering 29% of the B. distachyon reference genome
(Bd21 ecotype) determined as a master reference genome
(Suppl. Figure 2 A; Suppl. Table 4 A). As expected, the
syntenic regions between B. distachyon (master genome)
and Oryza sativa (outgroup genome) were notably
reduced to 2.5% of the B. distachyon genome. Most of
these regions (98.6%) were located within coding regions
(Suppl. Table 4 A). In the case of Brassica, this percent-
age was significantly reduced, with syntenic positions
between the Br. rapa and Br. oleracea reference genomes
covering only the 5% of the Br. oleracea master reference
genome (Suppl. Figure 2B; Suppl. Table 4B). Similarly,
synteny between the reference genomes of Aegilops and
T. urartu was approximately 3% of the 7. urartu master
reference genome (Suppl. Figure 2 C; Suppl. Table 4 C).
In the yeast example, the compared species showed syn-
teny ranging from 32% (S. uvarum) to 55% (S. paradoxus)
of the master reference genome S. cerevisiae (Suppl. Fig-
ure 2D; Suppl. Table 4D).

The percentage of syntenic positions detected in coding
regions (genes) of the master genome varied significantly
among the species analyzed. In Brachypodium (Suppl.
Table 4 A), 73.5% of detected syntenic positions were
located in genes, compared to only 48 -43% in Brassica
(Suppl. Table 4B) and Triticum-Aegilops (Suppl. Table
4 C). In yeast, 86.8—-96.2% of the syntenic positions were
located in coding regions (Suppl. Table 4D).

As a separate benchmark, we measured to what extent
WGA-based SNPs match SNPs observed between sin-
gle-copy orthologous resulting from protein alignments
and phylogenetic inference within the Ensembl Plants
genome browser. The results in Suppl. Table 5 suggest
that the majority of SNPs called by these two orthogo-
nal approaches are actually the same (63% for Brassica
oleracea and 71.5% for Triticum urartu). These numbers
improve when the distance among matched nucleotides
increases (from 10 to 1000 bp), revealing that a fraction
of syntenic blocks don’t match pairwise alignments based
on amino acid sequences.
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Single homeologous polymorphisms (SHPs) recovered by
AlloSHP pipeline

The percentages of SHPs recovered for each subgenome
(Suppl. Table 6 A-D) generally correlate with those
obtained in the mappings (Suppl. Table 3 A-D). However,
in some polyploids, changes in the number of predomi-
nant SHPs were observed. For example, the same propor-
tion of SHPs was recovered in the ecotypes ABR113 and
Bhyb26 of the allotetraploid B. hybridum, with slightly
more SHPs obtained from the S-subgenome (Bsta;
50.5%) than from the D-subgenome (Bdis; 49.5%) (Suppl.
Table 6 A), while these proportions were inverse in the
mappings (Suppl. Table 3 A).

The accessions of the allotetraploid Brassica napus
showed the same proportion of SHPs (Suppl. Table 6B)
as the mappings (Suppl. Table 3B), with percentages of
51-52% of SNPs from the A subgenome (Brr; Br. rapa)
and 48-49% of SHPs from the C subgenome (Bro; Br.
oleracea) (Suppl. Table 6B).

However, in the Triticum-Aegilops group, some varia-
tions between mapping (Suppl. Table 3 C) and SHPs
recovered for each subgenome were detected (Suppl.
Table 6 C). As expected, in the Ae. tauschii and T. ura-
rtu diploid samples, 96% and 99% of the recovered SHPs
(Suppl. Table 6 C) came from mappings against their own
reference genomes. However, in the case of the diploid
Ae. speltoides Y2032 and Tivon samples analyzed, there
was a disparity between the mappings (Suppl. Table 3 C)
and %SHP (Suppl. Table 6 C) recovered between both
samples, with those of sample Y2032 (sel-mappings:
86%; self-SHP: 69%) being much less specific compared
to Tivon (sel-mappings: 90%; self-SHP: 87%). This varia-
tion between samples may be influenced by the quality
and number of reads, as well as the phylogenetic distance
of the sample from the reference genome used. In the
allotetraploid T. turgidum, 54% and 34% of the recovered
SHPs correspond to subgenome A (Tur; 7. urartu) and
subgenome B (Aes; Ae. speltoides), respectively (Suppl.
Table 6 C). SHPs recovered from the allohexaploid T.
aestivum are distributed among its three subgenomes A,
B and D with percentages of about 39%, 19% and 42%,
respectively (Suppl. Table 6 C).

The greatest variation in the percentage of mappings
(Suppl. Table 3 A-C) and SHPs detected for each sub-
genome (Suppl. Table 6 A-C) may be influenced by the
percentage of masked genome sequences, i.e., the num-
ber and size of repetitive regions. In the three reference
genomes of Triticum-Aegilops complex species, 80—86%
of the genomes were masked. In contrast, in the refer-
ence genomes of Brachypodium and Brassica, the per-
centage was 31-35%.

The proportions of SHPs recovered in the synthetic
yeast hybrids (Suppl. Table 6D) differed from previously
obtained mappings (Suppl. Table 3D), especially in those
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recovered from the parent S. uvarum, with notable reduc-
tions. This is because the reference genome of S. uvarum
showed only 32.2% synteny with the primary reference
genome S. cerevisiae (Suppl. Table 4D). Meanwhile, the
genomes of S. kudriavzevii, S. mikatae, and S. paradoxus
showed proportions of 42%, 44%, and 55%, respectively
(Suppl. Table 4D). Furthermore, the S. uvarum genome
has a higher percentage of masked regions due to repeti-
tive sequences (38% of masked genome) than the other
Saccharomyces reference genomes (25-27% of masked
genome). The hybrid S. mikatae x S. kudriavzevii showed
a very similar proportion of SHPs (Smi: 52%; Sku: 48%;
Suppl. Table 6D) to mapped reads (Smi: 51%; Sku: 48%;
Suppl. Table 3D). However, the hybrid S. mikatae x S.
uvarum and S. cerevisiae x S. uvarum showed a marked
predominance of SHPs from the parent S. mikatae
genome (78%), in the Smi x Suv hybrid, and from the S.
cerevisiae genome (81%) in the Sce x Suv hybrid, com-
pared to its other parent S. uvarum with percentages of
SHPs of 22% and 19%, respectively (Suppl. Table 6D). It
should also be noted that the proportions of each paren-
tal genome in the synthetic hybrids are variable (see Peris
et al,, 2020; [64]). The synthetic hybrid resulting from the
cross of three parents, S. uvarum x S. mikatae x S. kudri-
avzevii also showed a notable reduction in the number of
SHPs of the parent S. uvarum (SHPs: 11%, Suppl. Table
6D) versus 24% mapped reads (Suppl. Table 3D) com-
pared to the predominance of its other two parents S.
kudriavzevii (SHPs: 43%; mappings: 37%) and S. mikatae
(SHPs: 46%; mappings: 38%). The synthetic hybrid result-
ing from the crossing of four parents, S. cerevisiae x S.
kudriavzevii x S. mikatae x S. uvarum, also showed this
trend with reduced values compared to the S. uvarum
parent (SHPs: 3%; mappings: 11%), while the S. cerevisiae
parent also showed reduced (11%) but similar percent-
ages of SHPs to the mappings (12%). The genomes of the
parents S. mikatae (SHPs: 45%; mappings: 40%) and S.
kudriavzevii (SHPs: 41%; mappings: 38%) were predomi-
nant in this synthetic hybrid (Tables S5D; S3D).

Inference of subgenomic phylogenies from SHPs

The multiple alignments of SHPs used for phyloge-
netic analysis contain 5,958,612, 980,493, 9,664,388, and
1,540,088 total sites for the Brachypodium, Brassica,
Triticum-Aegilops, and Saccharomyces groups, of which
4,378,851, 787,595, 7,165,502, and 1,441,544 are parsi-
mony-informative, respectively (Suppl. Table 7).

The inferred phylogeny in the Brachypodium dis-
tachyon complex shows 100/100 SH-aLRT/UltraFast
bootstrap support across all branches (Fig. 3A). A total
of 642,818 SNPs from Oryza sativa, syntenic to the B.
distachyon master genome, were included in the MSA to
root the Brachypodium tree. Both B. hybridum-Bhyb26
subgenomes (S and D) are resolved as more ancestral
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than those of the recent B. hybridum-ABR113 subge-
nomes. Furthermore, these two subgenomic lineages,
Bhyb26-S and Bhyb26-D, diverged earlier than their
respective progenitor species lineages (B. stacei TE4.3
and ABR114; B. distachyon Bd21 and ABR2), suggest-
ing that the ancestral B. stacei and B. distachyon parents
of B. hybridum Bhyb26 went extinct or have not been
sampled yet [51, 52]. This demonstrates the potential
of our method applied to intra/inter-species studies to
infer the different putative diploid progenitors (subge-
nomes), distinguishing within the same species the most
ancestral and recent ones (Fig. 3A). The gwANI matrix
(Suppl. Table 8 A) showed higher identities between B.
hybridum ABR113 ecotype subgenomes D and S and the
genomes of ecotypes of the diploid progenitor species B.
distachyon and B. stacei (D-subgenome vs. B. distachyon
ecotypes: 94—95%; S-subgenome vs. B. stacei ecotypes:
96—97%) than those obtained for the B. hybridum Bhyb26
ecotype subgenomes (D-subgenome vs. B. distachyon
ecotypes: 87—-88%; S-subgenome vs. B. stacei ecotypes:
85%) (Suppl. Table 8 A). This was reflected in the higher
divergences of the Bhyb26 subgenomes from its diploid
progenitor species compared to that of ABR113 as shown
in the phylogenetic tree (Fig. 3A) and in agreement with
previous finding [51, 52, 81].

The phylogeny of the Brassica complex showed high
support across all branches. Only three branches had
high support but below the recommended 80 and 95
SH-aLRT and UFboot thresholds (Fig. 3B). Two groups
were distinguished based on the two diploid species, Br.
oleracea and Br. rapa, progenitors of the allotetraploid
Br. napus, and the respective subgenomes of the allotet-
raploid accessions clustered according to their diploid
progenitor. Among Br. rapa subspecies, subsp. tricularis
was more ancestral than subsp. chinensis. Regarding the
Co-subgenome (Br. oleracea subgenome), the Br. napus
R16G44 sample showed a more ancestral divergence
than the other samples, which were resolved into two
(R16GE06/ R16GE38 and R16GE39/ R16GE45) more
recently evolved sister groups. In contrast, the Ar-subge-
nome clade (Br. rapa), showed the successive divergences
of the R16G38, R16GE06 and R16GE39 lineages. As in
the Brachypodium distachyon complex, different phy-
logenetic resolutions for one and the other subgenomic
lineages were also detected in the Brassica allotetraploid
species studied (Fig. 3B). The gwANI values of the Co
(Bro) subgenomes of Br. napus showed a higher similarity
among them (96.6—98%) than among the Ar (Brr) subge-
nomes (90.5-94.8%) (Suppl. Table 8B). These results, at
the intraspecific level in Br. napus and focusing only in
the syntenic regions shared between progenitors, agree
with those obtained by Khan et al. (2016) using HANDS2
[39] software to compare the subgenomes of Brassica
carinata (BBCC), Br. juncea (AABB), and Br. napus
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(B) BRASSICA
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Fig. 3 Phylograms inferred using the SHPs alignment from the four diploid-polyploid complex datasets [ABrachypodium distachyon complex, BBrassica
complex, CTriticum-Aegilops complex, and DSaccharomyces haploids and synthetic hybrids] used for the pipeline validation. Numbers indicate branches
with SH-aLRT/UltraFast Bootstrap supports (BS) < 80/95; the remaining branches have 100/100 values

(AACCQ), indicating that the three C genomes of Brassica
are more similar to each other than the three A genomes.

The inferred phylogeny in the Triticum-Aegilops com-
plex showed 100/100 SH-aLRT/UltraFast Bootstrap sup-
port across all branches (Fig. 3C). The two main clades
corresponded to T. urartu and the A-subgenomes of T.
aestivum and T. turgidum, and the Aegilops clade, includ-
ing Ae. tauschii and the D-subgenome of T. aestivum, and
Ae. speltoides, both samples, with the B-subgenomes of
T. turgidum and T. aestivum (Fig. 3C) matching previous

studies [58, 82, 83]. The A subgenomes (Tru) of the allo-
polyploids T. turgidum and T. aestivum showed a high
gwANI of 96.2%, as well as the B subgenomes (Aes)
of the same species with 95.4% (Suppl. Table 8 C). The
identity between the subgenomes of allopolyploids and
their closest diploid ancestors varied considerably. The
D subgenome of T. aestivum was 96.8% identical to Ae.
tauschii. However, this decreased to 91.2 and 91.4%
between the T turgidum and T. aestivum A subgenomes
and the T. urartu progenitor, and to 69—70% between the
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B subgenomes and the Ae. speltoides progenitor (Suppl.
Table 8 C).

The phylogeny of the yeast Saccharomyces showed
two clades. One formed by the species S. uvarum and S.
kudriavzevii and the subgenomes of hybrids shared with
one of these parents, and the other clade formed by the
species S. mikatae and the sister species S. paradoxus and
S. cerevisiae (Fig. 3D). The subgenomes of the hybrids
were grouped with the corresponding parental genomes.
The support for the nodes of the main clades and groups
was 100/100. This support dropped significantly within
the subgenomic clades from the same parent. These
clades often collapsed into polytomies due to the similar-
ity of the recovered syntenic SNP sets, but were divergent
from their parental genome (Fig. 3D). The gwANI for
subgenomes within a single parent among the different
synthetic hybrids studied was 100% (Suppl. Table 8D).
Given the origin of these hybrids [64], their high level of
identity is not surprising. However, the use of this set of
synthetic samples resulting from multiparent crosses was
used in the present study as a proof of concept to analyze
the behavior of our protocol with such many reference
genomes and the corresponding synthetic hybrids.

Discussion

Applications of AlloSHP in crop and wild population
genomics

The use of AlloSHP enables scaling up of the number of
individuals, populations, ecotypes, and/or accessions that
can be analyzed simultaneously, and therefore related to
each other. Together with the rise of pangenomes, all of
this opens a new stage in the study of both wild popu-
lations and domesticated crops of diploid-allopolyploid
complexes or groups. For instance, the analysis of synten-
ically aligned nuclear SNVs (single-nucleotide variants)
from the B. distachyon complex pangenome revealed two
independent origins for the allotetraploid B. hybridum
using polymorphic orthologous nucleotide positions
[52]. In bread wheat, the genome- and subgenome-wide
base composition patterns were analyzed using poly-
morphic sites from multiple accessions of bread wheat,
its diploid and tetraploid ancestral progenitors, and their
reference genomes [84]. Wheat-T. timopheevii introgres-
sion lines were analyzed and homozygous introgressions
detected through the development of a set of chromo-
some-specific Kompetitive allele-specific PCR (KASP)
markers, where some of them were developed based on
SNPs discovered through whole genome sequencing of
T. timopheevii, being a majority of these KASP mark-
ers also found to be T. timopheevii subgenome specific
[85]. In this context, subgenome-specific SNPs have been
instrumental in designing markers targeting alleles in a
particular genome, and for this reason, these SNPs have
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been curated and published in resources such as Ensembl
Genomes [86].

Strengths and limitations of the protocol

This protocol does not require the targeted polyploids
to be assembled nor annotated, as the sequenced reads
are mapped directly against the reference genomes of the
diploid progenitor species. This allows the selection of
SHPs from both coding and intergenic regions (excluding
repetitive regions). This approach allows us to reconcile a
large number of polyploid subgenomes in a single align-
ment (Figs. 1 and 2). In the analyses performed on allote-
traploids (Brachypodium hybridum, Triticum turgidum,
Brassica napus), allohexaploid (Triticum aestivum), and
synthetic yeast hybrids resulting from crosses of up to
four different parents (synthetic Saccharomyces hybrids)
(Suppl. Figure 1; Suppl. Table 1), we did not observe any
limitation with respect to the ploidy of the allopolyploid
under study, as long as the genomes of its extant dip-
loid progenitor species are available and show syntenic
regions between them.

Due to the mapping and syntenic alignment strategy;,
our protocol is only effective for inferring the subge-
nomes of allopolyploid organisms, not autopolyploids.
Therefore, it is necessary to know which diploid species
are the progenitor species or the closest extant relatives
of the polyploid species under study, and the reference
genomes of these diploids must be available. However,
it is also possible to analyze polyploids whose progeni-
tor species are uncertain, but it is mandatory to include
as many diploid reference genomes as the putative dip-
loid progenitors are involved in the allopolyploids under
study. In this case, the resulting percentage of mappings
could provide clues as to the most likely involvement of
the progenitor species. In addition, previous tentative
analyses, such as k-mer analysis (e.g., PolyCRACKER
[87]) or simply a sequence similarity search (BLASTN
[88]) of allopolyploid reads against the database, can
provide clues about which species can be used as puta-
tive progenitors. However, caution should be exercised
with allopolyploid species that have unknown, extinct, or
closely related putative progenitor species.

Another limitation is related to the variants considered
downstream, since to avoid conflicts between the posi-
tions extracted from the VCF file and the syntenic posi-
tions of the reference diploid progenitor genomes, indels
are discarded and only SNPs are used for downstream
analyses. Furthermore, the predetermined elimination of
heterozygous sites, whose presence can complicate the
identification of SHPs, can lead to a significant reduction
in the number of final informative positions, especially in
studies of wild populations.

Some sources of bias may arise from the quantity and
sequencing quality of the reads, as well as the assembly
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quality of the diploid reference genomes used. Other
sources of bias that must be considered are inherent to
the mapping and variant calling processes and are linked
to the quality of the reads, reference genomes, and the
complexity of those genomes [27]. To this end, the user
must set thresholds and filters for FastQC, mapping qual-
ity, syntenic blocks, additional VCEF filters resulting from
the mappings and variant calling tools used.

AlloSHP has limitations in how it handles genomic
rearrangements, such as introgressions and transloca-
tions, in allopolyploid genomes. Our pipeline is lim-
ited to mappings produced against included reference
genomes. Therefore, chromosomal rearrangements
arising from polyploidization events not captured in
progenitor genomes will not be detected. However, we
propose the following two-step approach for introgres-
sion detection using AlloSHP: (i) blast unmapped reads
from allopolyploid samples against genome databases to
infer candidate species that might have participated in
the introgression event, and (ii) add the chromosome(s)
involved to the concatenated diploid reference genomes.
This will ultimately produce an “extra subgenome” from
reads mapped against the chromosomes involved in the
introgression into the polyploid genome. Note that this
approach has not been tested in the present study. Fur-
thermore, the percentage of SHPs recovered may conflict
with the thresholds established for detecting artifactual
subgenomes. Regarding the treatment of other chromo-
somal rearrangements, such as translocations, AlloSHP
does not treat them in any special way as long as reads
from those segments match the diploid parents used as
references.

Although we have not found any limitation of our pipe-
line with respect to the size of the samples to be analyzed,
it must be considered that some of the algorithms can
generate bulky output files (tens of GB in the case of the
Triticum-Aegilops complex) and might have high RAM
requirements, with peaks that can exceed 100 GB in the
case of Triticum-Aegilops. The size of the output files,
the required RAM and the processing time are directly
related to the size of the VCF input file and the size and
number of reference genomes used (Suppl. Table 9 A, B).

Technical considerations of syntenic alignment, mapping
and variant calling steps

Some of the technical and methodological considerations
that users should consider are related to obtaining the
VCE file, a step prior to using our pipeline. Although this
study does not propose optimal filtering parameters and
thresholds for the mapping and variant calling process in
the polyploid genome analysis, there are previous stud-
ies and reviews such as those conducted by Clevenger
et al., Cooke et al. and Phillips [27, 89, 90], that suggest
some values for these parameters as applied to polyploidy
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species studies. In any case, the parameters should be
fine-tuned based on the polyploid organism and sequenc-
ing data [91]. Likewise, the parameters applied in the
CGaln software used to obtain the syntenic regions must
also be optimized in each case, although in this work
those indicated gave the best results for the allopolyploid
organisms studied, which suppose a good representation
due to their wide range of genome sizes and ploidies.

The benchmark with single-copy orthologues revealed
that synteny-based blocks mostly support the same
SNPs, but often might capture pairwise alignments that
are different to those resulting from protein sequence
alignment and phylogenetic inference. The fact that the
mismatched sites are less than 1kbp away suggests that
the larger scale of genome alignments and the potential
presence of tandem copies might be confounding SNP
calling. As the final synteny-based results are parsed in
BED format by the VCF2SYNTENY script, users can
replace whole genome alignments and use orthology-
based SNPs in cases where alignment quality might be an
issue.

Threshold of artifactual subgenomes

Since our pipeline infers as many subgenomes as refer-
ence genomes are used, another methodological aspect
to consider is setting the minimum threshold of SHPs
required to establish a subgenome as plausible and not
an artifact produced by non-specific mapping of reads
against some of the reference genomes. These cases
should be reduced by increasing parameters such as
mapping quality (mapQ) or read depth (DP), while main-
taining a balance so as not to miss an excessive number
of SHPs.

We have established a cross-validation criterion to
define artifactual subgenome based on the percentage of
SHPs (see Suppl. Table 6) from non-specific mappings
(see Suppl. Table 3) of diploid samples against the “erro-
neous” reference genome (the one that is not from the
same species). All subgenomes presenting a percentage
of SHP equal to or lower than the one recovered from the
nonspecific mapping of the diploid sample, coinciding
with the allopolyploid subgenome to be evaluated, will
be defined as artifactual subgenomes and therefore elimi-
nated. For example, the % SHP recovered from reads of
the B. distachyon sample mapped against the B. stacei ref-
erence genome (from concatenated reference genomes)
will set the threshold for identifying Bdis artifactual sub-
genomes in allopolyploid samples. Likewise, the % SHP
recovered from reads of the B. stacei sample mapped
against the B. distachyon reference genome (from con-
catenated reference genomes) will set the threshold for
identifying Bsta artifactual subgenomes in allopolyploid
samples. Below are the results of our case studies and the
established criteria.



Sancho et al. Plant Methods (2025) 21:134

In our study, this threshold varies between the organ-
isms studied, but the cross-validation criterion for setting
the threshold for artifactual subgenomes is generalizable
across the four databases evaluated. In Brachypodium,
plausible B. distachyon (allopolyploid_Bdis) and B. sta-
cei (allopolyploid_Bsta) subgenomes were those with a
percentage of SNPs (in diploid species) or SHPs (in allo-
polyploids) greater than 0.9% and 0.8% (artifactual subge-
nome threshold) of SHP (Suppl. Table 6 A), according to
the highest percentage of non-specific/artifactual SHPs
recovered in the diploid samples (B. distachyon_Bsta [0.9
and 0.6%] and B. stacei_Bdis [0.8 and 0.2%]).

In Brassica, this percentage increased to 14.8% for Br.
oleracea subgenomes (allopolyploid_Bro), as Brassica
oleracea var. capitata had a non-specific mapping to the
reference genome of 16.3% of the reads (Supplementary
Table 3B), representing 14.8% of artifactual SHPs (Suppl.
Table 6B). In Br. rapa subgenomes (allopolyploid_Brr),
this threshold was reduced to 11.1% according to the
non-specific SHP recovered on Br. rapa var. chinensis
sample from mappings to Br. oleracea reference genome
(Suppl. Table 6B).

In Triticum dataset, the thresholds were also raised to
19% and 12%, as these percentages of artifactual SHPs
were recovered from the Ae. speltoides isolate Y2032
sample of reads non-specifically mapped to the Ae. taus-
chii and T. urartu reference genomes, respectively (Suppl.
Table 6 C) and were fixed for removing allopolyploid_Aet
and allopolyploid_Tru subgenomes with % SHPs equal to
or lower these values. Similarly, the % of SHPs recovered
from Ae. tauschii mappings against the Ae. speltoides ref-
erence genome showed a value of 1.9%, a value that was
set as a threshold to eliminate artifactual subgenomes
from allopolyploid_Aes with % SHP less than this value
(Suppl. Table 6 C).

In the case of Saccharomyces, the percentages of
artifactual SHPs from non-specific mappings ranged
between 0% and the highest value of 0.36% from S. para-
doxus sample mapping to S. cerevisiae reference genome.
The percentages of SHPs from non-specific mappings
between a haploid/diploid sample against reference
genomes from another species were set as thresholds for
the removal of artifactual subgenomes. (Suppl. Table 6D).

These thresholds might be biased by the quality of the
assembly, the quality and number of reads, the evolution-
ary proximity and the genomic identity between the pro-
genitor reference genomes used. To minimize this bias,
it is recommended to include more than one sample of
each diploid species, with said species coinciding, or as
close as possible, with the ancestral progenitors of the
allopolyploids. If the diploid progenitor species of the
allopolyploids under study are known previously, this
decision should not be problematic.
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Specificity in the subgenomic assignment of SHPs

Two tests were performed on the Brachypodium data
set to analyze the specificity of the mappings against the
concatenated reference genomes. The first test consisted
of using three reference genomes, including the two pro-
genitor diploid species (B. distachyon and B. stacei; see
Suppl. Table 10) and a third non-progenitor diploid spe-
cies (B. sylvaticum; Brachypodium sylvaticum v1.1 DOE-
JGL http://phytozome.jgi.doe.gov/) of the allotetraploids
B. hybridum. The results indicated that the two B. hybri-
dum ecotypes (Bhyb26 and ABR113) showed reduced
non-specific mappings against the non-progenitor refer-
ence genome B. sylvaticum, accounting for only 4.4% and
2.3% of the total reads, respectively (Suppl. Table 10).

The second test was designed to verify how the speci-
ficity of the mappings varies with the evolutionary prox-
imity of the samples used as reference genomes. To do
this, we mapped the reads of three Brachypodium dis-
tachyon ecotypes corresponding to each of the three
clades/phylogenetic groups of this species (ABR2 from
the Spanish group [S + from the S + T + clade], Bd21
from the Turkish group [T + from the S + T + clade],
and BdTR8i from the EDF (Extremely Delayed Flower-
ing) clade) against concatenated B. distachyon ecotypes
genomes from the B. distachyon pangenome [14]. The
EDF and S + T + clades diverged less than one million
years ago, and the S + group is paraphyletic and, together
with the monophyletic T + group, forms the Spanish-
Turkish clade, which are evolutionarily close [14, 52,
92]. When we mapped the reads against two reference
genomes (Suppl. Table 11 A), Tek2 from the EDF clade
and ABR3 from the S + group (S + T + clade), 81% of the
reads from the ABR2 sample (S + group) mapped against
the ABR3 genome (S + group). The Bd21 reads (T +
group) mapped mostly (64%) against the closest genome,
in this case the ABR3 genome (S + group). The BATR8i
sample from the EDF clade mapped mostly (62%) against
the Tek2 reference genome of this clade (Suppl. Table 11
A). When the same accessions, ABR2, Bd21 and BdTRSi,
were mapped against the concatenated genomes of three
B. distachyon ecotypes, one from each clade/group (Tek2
[EDF], ABR3 [S+] and BdTR12c [T+]) instead of only
two, the percentages of mapped reads were more spe-
cific (Suppl. Table 11B). ABR2 reads (S+) mapped 13%,
58% and 29% against the EDF, S + and T + references,
respectively. BATR8i (EDF) mapped 55%, 27.5% and
17.5%, respectively (Suppl. Table 11B). Unlike the previ-
ous test, where the majority of the reads mapped to the
reference genome of its own clade/group (Suppl. Table 11
A), in sample Bd21 (T+) 41% of reads mapped against the
genome of the S + group, followed by 35% and 24% of the
T + group and the EDF clade, respectively (Suppl. Table
11B). In this case, we used an extreme example, where
the reference genomes were ecotypes of the same species,
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and therefore they were extremely close, showing similar
genomes [14, 52]. Therefore, for adequate application of
our pipeline we need to consider the evolutionary prox-
imity of the reference genomes, especially at the intraspe-
cific level. Another aspect to consider is the quality of the
assembly of the reference genomes. In this test, prelimi-
nary versions of the genomes assembled from the B. dis-
tachyon pangenome were used [14].

Accuracy and perspectives of the subgenomic
phylogenetic reconstruction of Brachypodium, Triticum-
Aegilops, and Brassica groups, and Saccharomyces
haploid-synthetic hybrids

The phylogeny of the B. distachyon complex inferred
from SHPs (Fig. 3A) showed the highest support for all
the nodes and was consistent with that of Gordon et al.
(2020) [52]. Both B. stacei and B. distachyon clustered
with the respective S and D subgenomes of the allotet-
raploid B. hybridum, and the most divergent positions of
both subgenomes of the older B. hybridum Bhyb26 eco-
type were recovered with respect to their parents and
the subgenomes of the more recent B. hybridum ABR113
ecotype. The Brassica phylogenetic tree showed diver-
gences among and within the Ar and Co subgenomes
of the five Br. napus accessions analysed (Fig. 3B). Mul-
tiple phylogenetic and population studies have been car-
ried out on the diploid species Br. oleracea and Br. rapa,
as well as on the allotetraploid Br. napus [93-97]. How-
ever, these studies require further expansion to confirm
the multi-origin hypothesis of Br. napus. The present
study used a small database to validate the pipeline, and
using a large number of accessions is beyond this objec-
tive. Without further information on these samples and
a much more extensive sample of Br. rapa, Br. oleracea
and Br. napus accessions, no further conjectures on the
inferred phylogeny can be made.

The genomes and phylogenies of the allopolyploids T.
aestivum (6x) and T. urartu (4x) have been extensively
studied, with Ae. speltoides, Ae. tauschii and T. urartu
being proposed, albeit with some controversy, as their
closest extant diploid progenitors [56, 58, 82, 83, 98—100].
The phylogeny of the Triticum-Aegilops complex recov-
ered in the present study showed the expected groupings
among the allopolyploid Triticum subgenomes (A, B and
D) and their closest extant diploid ancestral relative [83,
100]. Comparing the number of SHPs detected in the T.
aestivum and T. turgidum subgenomes, the number of
SHPs in the A subgenomes of both species was similar
(Suppl. Table 6 C). The T. aestivum D subgenome also
recovered a high number of SHPs, even higher than the
A subgenome. However, the number of SHPs in the B
subgenome, although numerous, was reduced in both
allopolyploid species by an order of magnitude compared
to those recovered in the other subgenomes. Regarding
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base assignment to the B subgenome, Mithani et al. [38]
detected that their HANDS protocol reduced the accu-
racy of base assignment for the B subgenome and attrib-
uted this to the fact that Ae. speltoides, used as the diploid
progenitor species of the B genome, is evolutionarily
closer to the T. aestivum B subgenome than the progeni-
tor species of the A and D subgenomes. The Saccharomy-
ces phylogeny shows polytomies in all subgenomes (Fig.
3D), with 100% gwANI for subgenomes within a single
parent among the different synthetic hybrids studied
(Suppl. Table 8D). Given the origin of these hybrids [64],
their high level of identity is not surprising. However, the
use of this set of synthetic samples resulting from multi-
parent crosses was used in the present study as a proof
of concept to analyze the precision of our protocol with
such many reference genomes and the corresponding
synthetic hybrids.

The proportions of SHPs in the synthetic hybrids
(Suppl. Table 6D) from the different parents were gener-
ally consistent with the genomic contributions shown in
Figs. 2b and 4 in Peris et al. [64], with the notable excep-
tion of SHPs from the S. uvarum progenitor. These were
reduced compared to the actual proportions in each
parental genome. This bias is due to the lower synteny
between the S. uvarum genome, and the master or pri-
mary S. cerevisiae genome established in our protocol
(Suppl. Table 4D).

The phylogenies obtained with AlloSHP in the four sets
of diploid-allopolyploid species analyzed are consistent
with previous studies that used different methodolo-
gies and nucleotide sequences (e.g. DNA and RNA loci).
Therefore, AlloSHP can facilitate scaling up this type of
analysis by increasing the number of allopolyploid and
diploid progenitor populations and accessions, with the
aim of studying their phylogenetic relationships at the
subgenome level in greater detail.

Conclusions

A simple command-line pipeline has been developed
to detect and extract SHPs from the homeologous sub-
genomes of allopolyploid species by mapping the reads
against the concatenated reference genomes of their
extant progenitor diploid species and reconciling SHPs
into a subgenomic multiple sequence alignment using the
syntenic positions of the reference genomes. This pro-
tocol allows to generate from a single VCF file the SHP
alignment necessary to perform subgenome-scale phylo-
genetic studies of allopolyploid organisms, requiring only
the genomes of their closest existing diploid progenitors
and the genomic or transcriptomic sequences of the allo-
polyploids under study. This novel approach provides
a valuable tool for the evolutionary study of allopoly-
ploid species, both at the inter- and intra-specific levels,
allowing the simultaneous analysis of a large number of
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accessions and avoiding the complex process of assem-
bling polyploid genomes.

Availability and requirements

Project name: AlloSHP. Project home page: https://
github.com/eead-csic-compbio/AlloSHP. Operating
system(s): Linux and MacOS. Programming language:
Perl (90.9%), R (1.1%), Shell (4.0%) and Makefile (4.0%).
Other requirements: Standard Linux utilities (gzip, grep,
sort, perl, make, python3, g++, libdb-dev), Perl libraries
(Getopt::Std, File:Temp, File::Basename, FindBin, DB_
File, FileHandle) and third-party dependencies (Cgaln,
GSAlign, Red, Red2Ensembl.py and gnuplot). License:
Apache License 2.0.

Abbreviations

Aes Aegilops speltoides

Aet Aegilops tauschii

BAM Binary Alignment Map format

BED Browser Extensible Data format
Bdis Brachypodium distachyon

Bsta Brachypodium stacei

Bro Brassica oleracea

Brr Brassica rapa

DP Total read depth

EDF Extremely Delayed Flowering clade
gwWANI genome-wide Average Nucleotide Identity
homeoSNPs  homeologous Single Nucleotide Polymorphisms
HSPs Homeolog-Specific Polymorphisms
KASP Kompetitive Allele-Specific PCR
MSA Multiple Sequence Alignment

NGS Next-Generation Sequencing

Osat Oryza sativa

QC Quality Check

S+ Spanish group

SAM Sequence Alignment Map format
Sce Saccharomyces cerevisiae

SNP Single Nucleotide Polymorphism
SNV Single Nucleotide Variant

SHP Single Homeologous Polymorphism
Sku Saccharomyces kudriavzevii

Smi Saccharomyces mikatae

Spa Saccharomyces paradoxus

Suv Saccharomyces uvarum

T+ Turkish group

Tru Triticum urartu

VCF Variant Call Format

WGD Whole Genome Duplication
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