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Resume

The concept of plant pangenomes appeared in 2007, but the preliminary pangenomes of corn and soybeans were created
in 2010. First pangenomes of three plant species (Brassica rapa, Glycine soja, and Oryza sativa) were constructed only
in 2014. In 2016, several species from Populus and Oryza were used to construct pangenomes for these genera, which
formally made those pangenomes super-pangenomes long before the concept of super-pangenomes was described in
2020, already dealing with a taxon having the rank of genus. In the same year (2020), the first Malus pangenome was
constructed based on sequenced genomes with phased assembly of haplotypes, and because two more wild apple tree
species were involved, that phased pangenome also became a Malus super-pangenome. In 2022, hyper-pangenomes
were generated for representatives of genera Musa and Ensete of the Musaceae as well as a Citrus hyper-pangenome
using data on genomes of several genera from the Rutaceae. To date, more than 150 pangenomes of all these types have
been constructed, and there is a clear growth trend in the number of pangenomes being built. At the same time, it can be
predicted that the number of conventional pangenomes will grow at a slower rate than that of phased super-pangenomes
because the latter are of the greatest interest for breeding to create varieties of agricultural plants that are high-yielding
and resistant to adverse environmental factors. The reason for this interest in plant pangenomes is that reference
genomes of individual species, owing to mosaic assembly of determined nucleotide sequences, no longer satisfy the
needs of breeders because these data are essentially incomplete information about genomic diversity characteristic of a
species/genus or a group of closely related genera of the same family in the form of a gene repertoire consisting of
different categories of genes: core, softcore, disposable, and private genes. Although the first two categories mostly
ensure the main metabolism, the other two are responsible for secondary metabolism and largely determine the diversity
of forms, e.g., by allowing a plant to adapt to its changing environmental conditions. It can be said that agricultural
science has already entered the pangenomic era. The most correct selection of different cultivars for breeding should
now be based on pangenomic data (including super- and hyper-pangenomes) constructed on the basis of a chromosomal
assembly of diploid genomes with phased haplotypes. In fact, genomics, even if it retains its former name, should
ideologically turn into pangenomics.
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Introduction inevitable loss of genetic information specific not to one

The concept of a reference genome has long given sample but to a whole plant species during the
outlived its usefulness and is being inexorably replaced by assembly of determined sequences from a reference
the pangenome containing different nucleotide sequences genome. Moreover, the most serious losses occur due to
specific to closely related organisms. The reason is the omission of large structural variations (SVs), rather than
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single-nucleotide  polymorphisms (SNPs) or small
insertion-deletions (indels). In addition, a reference
genome can be figuratively compared to a street lamp that
illuminates only the nearest space, and with incorrect
reflections, while nothing further is visible. Therefore,
only pangenomes provide a general idea of entire genomic
diversity. Meanwhile, there are no requirements for the
number of sequenced samples so that they can be
employed to create or not create pangenomes, and there
are wide variations of this parameter within studies in this
field. Nonetheless, the type of pangenome depends on this
parameter, as discussed below.

In some early studies, as a result of sequencing of
several or even multiple samples of the same plant
species, researchers noted significant variation of
nucleotide sequences, but the term "pangenome" was not
used. Nevertheless, we decided to mention some of these
studies to complete the picture. It should also be noted that
in many papers, representatives of not only one species
but also species within a genus have been sequenced, but
authors have not called the constructed pangenomes
super-pangenomes. Moreover, similar work has been
carried out both before the appearance of the very concept
of the super-pangenome [Khan et al., 2020] and after. A
recent review [He et al., 2025] states that among 110
constructed pangenomes, at least 53 are based on genomic
data from two or more species, but only nine of them are
declared as super-pangenomes. We believe that it is right
to pay attention to this pattern and give such pangenomes
the logical status of super-pangenomes. Following the
terminological logic, we also propose to introduce the
term "hyper-pangenome" for pangenomes covering
genomes of representatives of closely related genera
within the same family, especially because such entities
already exist but have different names. This article will
also highlight pangenomes and super-pangenomes built on
the basis of diploid genomes with phased assembly of
haplotypes, which are in fact the most informative data
and allow for a better correlation of a genotype with a
phenotype.

A mention of plant pangenomes in this article
will be given as much as possible in chronological order
for different species, whereas for specific species,
information about pangenomes after their first
construction will be provided up to the present. Moreover,
priority will be given to those species for which super-
pangenomes have been generated; this is because they are
extremely important for breeding work.

Although in this article, we collected information
on almost all plant pangenomes, it is likely not exhaustive.

A brief history of (plant) pangenomics

In the mid-1990s, nucleotide sequences of
complete genomes of several free-living organisms, first
prokaryotic microorganisms, and then eukaryotic yeast,
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became known. At the turn of the century, a complete
genome of the Arabidopsis thaliana weed model plant
was sequenced, and two draft human genomes were
constructed. A little later, after being inspired by the
results on sequencing of complete genomes of organisms
at different levels of genetic complexity and by the
common origin of all living things, investigators proposed
a new term, «maHreHoM» (in Russian = pangenome), and
this one word was the title of the published article [Tets,
2003]. Nonetheless, that term conceptually united too
diverse groups of organisms. In addition, an unsuccessful
English translation of the title of that article was
“Pangenom,” and this word went essentially unnoticed.
Even earlier, in 2000, the phrase “pan genome” (in
French) was once used in an article on cancer genomics
when investigators described a special research program
aimed at creating a database containing a genome-wide
assessment of the changes in nucleotide sequences of a
genome and transcriptome observed in tumors, normal
cells, and experimental models in the form of a catalog
[Sigaux, 2000]. To be fair, it should be said that in 2001,
G.D.Erlich proposed the DGH (the distributed genome
hypothesis) for bacteria, according to which not all
representatives of a species in a population carry the same
set of genes and there is no a single strain that carries all
genes of the species but rather a “distributed genome” or
“supragenome” acts as a reservoir for a panoply of
different genes that provide a significant survival benefit
at large [Ehrlich et al., 2004; Hammond et al., 2020].

At last, in 2005, an article was published in
which the term "pangenome" (used to describe genomes
of several isolates of Streptococcus agalactiae bacteria
that differ from each other) had the modern meaning
uniting a group of similar organisms [Tettelin et al.,
2005]. It has been shown that one reference genome of a
species does not provide all the information. Then, the
term "pangenome" spread to other organisms, including
plants. Thus, the plant pangenome concept was first
proposed in 2007. Analysis of partially sequenced maize
genomes has revealed significant differences between
inbred lines Mo17 and B73 [Morgante et al., 2007]. Later,
information about the diversity of genomes within a
species has continued to accumulate, and some of the first
plant pangenomes (more correctly termed pre-
pangenomes) have been built for corn by means of
knowledge about genomes of six inbred lines [Lai et al.,
2010] as well as for soybean on the basis of 17 wild and
14 cultivated specimens [Lam et al. 2010]. In 2011,
genomes of several Arabidopsis specimens were
sequenced, showing significant diversity of nucleotide
sequences [Cao et al., 2011; Schneeberger et al., 2011],
but the term "pangenome" was not used at the time either.

By that time, a new word, "pangenomics," had
emerged, which was used in relation to plants only in
April 2016 in a review article and was included in the title
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[Golicz et al., 2016], when very few plant pangenomes
were constructed. On the other hand, by now, most of
articles mentioning "pangenomics" are devoted to
prokaryotes, some of the articles deal with bioinformatic
methods for composd and analyzing pangenomes of
various organisms, and only a few so far are related to
plants, among which there are many review papers.

With the accumulation of whole-genome
sequencing data, including for specific plant species, it
became clear over time that it was absolutely impossible
to operate with a reference genomic sequence for one
species. DNA polymorphism is much greater than
assumed at the beginning of sequencing of complete
genomes of organisms. Many authors have already
emphasized that reference consensus genomes should be
replaced by reference pangenomes because the latter
reflect full diversity of DNA polymorphism of a species
and this concerning not only plants [Bayer et al., 2020;
Khan et al., 2020; Eisenstein, 2023]. At the same time, a
new level of assembly of pangenomes has already been
achieved by way of haplotyped sequences of a particular
species with phased assembly of parental chromosomes
separately. Besides, many such pangenomes are already
known, as outlined in a description below. Moreover, they
are of the greatest interest because they better reflect the
real polymorphism of nucleotide sequences on the basis of
haplotypes, by taking into account their cis and trans
positions, and therefore lead to true amino acid sequences
of the proteins they encode; this correctness is important
for establishing a relationship between a genotype and
phenotype, sometimes called ‘haplo-pheno' [Sinha et al.,
2020], although this dual term has not yet been applied
directly to pangenomics and to haplotype-resolved
genomes with phased assembly.

The genetic basis of (plant) pangenomes

DNA polymorphism can take many forms. In
addition to the most widespread SNP and a small indel,
representatives of the same species of organisms have
greater  differences.  Moreover, larger  genome
rearrangements in the form of SVs, including copy
number variations (CNVs), presence/absence variations
(PAVs), primarily gPAVs, which deal with genes, as well
as inversions and translocations of genome regions make a
much greater contribution to phenotypic manifestations.
When this notion became clear, it was necessary to
display all these detectable differences between sequenced
samples, thereby leading to the concept of a pangenome,
which can be considered a collection of all genes and
noncoding regions present or absent in genomes of
various specimens of a studied group from a certain taxon,
usually a species.

Before proceeding to the main material (in this
article), which deals with a variety of plant pangenomes
and super-pangenomes, it is necessary to briefly address

several concepts about categories of genes — basic and
additional especially because their designations also vary.
Via an analysis of genomes of individual species forming
pangenomes, it becomes possible to determine which
genes are included in the main set for this species, and
which are additional and are not present in all the studied
samples. Thus, pangenomes carry conserved so-called
core genes, which are typical for all sequenced samples
and perform basic vital functions, including primary
metabolism. Another category is composed of some
additional genes that are not present in all samples under
study. They are mainly responsible for secondary
metabolism and largely determine the variety of forms,
including allowing the organism carrying them to adapt to
changing environmental conditions. In various articles,
they are called dispensable or variable. There is also a
group of private genes specific to a few studied samples,
and this definition gives them some uniqueness. These are
the most commonly used designations for different
categories of genes, although there are many other
designations as mentioned in the text below. Moreover,
the proportions of different categories of genes vary
widely within different species, as explained in a
discussion below.

Taking into account that unified terminology has
not yet been developed, categories of genes will be given
here according to how they have been designated by
authors of the original articles. Moreover, it should be
pointed out that in a number of studies, pangenomes have
been created on the basis of genomes sequenced by
authors, whereas others also used data previously
sequenced by other researchers, and some articles describe
pangenomes created solely by means of information from
publicly available databases.

Currently, construction of pangenomes is based
on three approaches: de novo assembly and comparison
(de novo), reference genome-based iterative assembly
(iterative), and a graph-based pangenome (map-to-pan).
Each of them has its advantages and limitations, which we
will not discuss here because they are described in other
reviews [Hu et al., 2024; 2025; Kaur et al., 2024]. At the
same time, it is necessary to touch on the types of
pangenomes, subdivided into “open” and “closed.” “Open
pangenomes” include those obtained when the sequencing
of the next genome of a given representative of a
species/genus replenishes the repertoire of genes
previously undetected for this taxon. At the same time,
there is a decrease in the shares of core and softcore genes
and an increase in the shares of disposable and private
genes. “Closed pangenomes” include those for which no
newly sequenced genomes replenish the pool of genes
characteristic of this type and do not change established
ratios of the gene categories. The greater the number of
sequenced genomes that are analyzed, the closer the
constructed pangenome turns out to be to a closed one. At
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the same time, the sooner the number of added genes
reaches a plateau, the lower is genetic diversity of a given
taxon and vice versa. It can be added here that in an article
dedicated to the 10th anniversary of the term "genome,"
its authors stated that to compile a pangenome, it is
desirable to compare genomes of at least five specimens
[Vernikos et al., 2015].

Information about numbers of genes specific to
constructed pangenomes and forming a certain gene pool
or repertoire of genes of a given species can be considered
the most important for breeding, and therefore, when
pangenomes are described below, special attention will be
given to them (where such information is provided by
authors of the original papers). In some articles, the size of
pangenomes and their increase in comparison with
reference genomes are given, but from the point of view
of breeding, this information is inferior in importance to
the number of genes along with their categories; therefore,
genome sizes will not be emphasized with a few
exceptions.

Plant pangenomes
Pre-pangenomes, pangenomes, and super-pangenomes

As mentioned above, chronological priority will be
given to those plant species for which super-pangenomes
have been constructed before (or immediately after) the
pangenomes. Nevertheless, the beginning was the end of
2010, when almost simultaneously, first attempts to create
plant pangenomes were reported, which were corn Zea mays
[Lai et al, 2010] and soybean Glycine max [Lam et al.,
2010], which can be regarded as some kind of pre-
pangenomes.

Thus, genomes of six elite maize lines were
resequenced, and the data were compared with a reference
maize genome, thereby showing many differences between
them in terms of SNPs, indels, and SVs, including PAVs [Lai
et al, 2010]. To eliminate errors, those authors also
resequenced the reference genome of corn line B73. In fact,
the maize pangenome was not constructed in that work
because the researchers focused on various types of
polymorphisms of maize genomes. Later, the progress
toward the maize pangenome has continued, and articles
have been published describing approaches involving pan-
transcriptome and genetic mapping of pangenome sequence
anchors [Hirsch et al., 2014; Lu et al., 2015]. A comparison
of three complete corn genomes of lines Mo17, PH207, and
B73 then revealed many differences in PAVs and other SVs,
including those possibly related to heterosis [Sun et al.,
2018]. Later, a pangenome analysis of four European and
two North American maize lines was carried out, revealing
groups of core and dispensable genes [Haberer et al., 2020].
After that, sequencing of 26 diverse maize genomes has
allowed to annotate 103,033 pangenes, of which 32,052
genes are in the core or near-core portion of the pangenome
where 70,981 are dispensable genes [Hufford et al., 2021]. A
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meaningful super pan-Zea genome was constructed in 2022
by means of 11 public assemblies of maize genomes and 721
de novo-sequenced accessions, including 507 modern maize
lines, 31 landraces, and 183 accessions of teosinte [Gui et al.,
2022]. The total length of the pan-Zea genome was ~6.71
billion base pairs (Gbp), versus 2.14 Gbp of the reference
genome. A total of 58,944 pan-Zea genes were annotated,
among them 44.34% are dispensable. The investigators have
paid a lot of attention to gPAV patterns for each maize inbred
and teosinte individuals. The Maize Genetics and Genomics
Database (MaizeGDB) has been available for corn since
1991 https://www.maizegdb.org, in which since 2015 there
are data on multiple corn genomes as well as pangenome
information [Portwood, 2nd et al., 2019; Woodhouse et al.,
2021; 2025; Cannon et al., 2024].

As a result of sequencing of 17 wild-soybean and
14 cultivated-soybean genomes, it has become possible to
compare the obtained data with the reference genome, and
4444 large PAVs were found, in which 856 genes were
identified, more than 40% of which proved to be responsible
for metabolism and other cellular processes [Lam et al.,
2010]. In this case, it is more logical to assume that we are
dealing with a pre-pangenome. A few years later, based on
sequencing of seven genomes, a pangenome was constructed
for the wild relative (G. soja) of soybean, and it was shown
that more than 80% of the genes are core [Li et al., 2014].
After de novo sequencing of genomes of 26 wild and
cultivated representatives of G. max using the reference
genome of this species, another soybean pangenome was
built [Liu et al., 2020]. A total of 20,623 gene families were
identified as core genes, 8163 as softcore genes, 28,679 as
dispensable genes, and only 27 genes were found to be
private genes. In another study, as a result of sequencing of
204 G. max representatives of different geographical origins,
a soybean pangenome was constructed, named PanSoy
[Torkamaneh et al., 2021]. Those authors gave slightly
different designations to the gene categories, and according
to their data, 49,431 genes (90.6%) were classified as
hardcore and core, 1,402 genes (2.6%) as softcore, 3,402
genes (6.2%) as shell genes, and 297 (0.5%) were classified
as cloud genes. In the same year, a Glycine super-pangenome
was generated based on 1110 genomes (1042 from G. max,
56 from G. soja, and two unknown genomes), in which 3765
genes missing from the reference genome were identified
[Bayer et al., 2022a]. Other authors have constructed a
Glycine super-pangenome based on sequencing of genomes
of six perennial species (five diploids: G. falcata, G.
stenophita, G. cyrtoloba, G. syndetika, and G. tomentella and
one tetraploid: G. dolichocarpa) using 26 genomes of annual
species (G. max and G. soja) [Zhuang et al., 2022]. It was
found that 31,936 genes of perennials are core out of a total
of 109,827 genes, while the rest were classified as noncore
genes; 97,442 genes from a total of 12,9006 genes of annuals
were assigned to the same category. Two more reference
pangenomes for soybean were recently built based on 12
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genomes, 11 of which were sequenced using ONT, and SVs
were analyzed [Yano et al., 2025].

One of the first pangenomes was constructed for
rice Oryza sativa on the basis of its three varieties [Schatz et
al., 2014]. In a Venn diagram, one can see that 37,200 genes
are core genes, 1,076 are dispensable genes, and 1,464 are
private genes. Other authors have created RPAN: a rice pan-
genome browser for 3,010 genomes of several groups of rice
with 28,890 core and candidate core genes and 22,095
dispensable genes [Sun et al., 2017]. Then, a pan-genome
analysis of 3010 diverse accessions of Asian cultivated rice
allowed researchers to identify more than 10,000 novel
protein-coding genes [Wang et al, 2018]. Another
pangenome for Asian rice has been constructed on the basis
of 12 sequenced genomes [Zhou et al., 2020]. A japonica
rice pangenome was also generated after sequencing of 239
genomes, and 1131 novel genes were discovered [Liu et al.,
2021]. In the same year, a rice pangenome was created based
on 33 genomes [Qin et al., 2021]. Long-read sequencing of
111 rice genomes has revealed 19,319 novel protein-coding
genes [Zhang et al., 2022]. After a number of other studies,
another rice pangenome has been constructed [Wang et al.,
2023; Hamilton et al., 2025], including a gene-based pan-
genome database for rice: Rice Gene Index (RGI)
(https://riceome.hzau.edu.cn/) [Yu et al., 2023].

Aside from pangenomes for rice, super-pangenomes
have also been created in a number of studies, where African
rice O. glaberrima (three accessions) was involved in the
analysis [Monat et al., 2017]. Another super-pangenome of
rice has been built based on sequencing results from 66
accessions of O. sativa and 74 accessions of O. rufipogon
[Zhao et al., 2018]. A syntelog-based rice supergenome has
also been constructed based on 74 accessions of O. sativa and
O. rufipogon [Wu et al., 2023]. In another work, O. punctata
was added to the study besides from O. sativa and O.
rufipogon [Zhou et al., 2023]. Nevertheless, there were no
mentions of super-pangenomes in these papers, although they
were essentially created. In another article [Shang et al.,
2023], devoted to the Oryza super-pangenome, a “super pan-
genomic” definition was included the title. Thus, as a result
of sequencing of 251 accessions (202 from O. sativa, 28 from
O. rufipogon, 11 from O. glaberrima, and 10 from O.
barthii), investigators generated a graph-based super-
pangenome containing 51,359 nonredundant genes among
them 21,888 core genes and 29,471 dispensable genes. Those
authors also created the Rice Super Pan-genome Information
Resource Database RiceSuperPIRdb
(http://www.ricesuperpir.com/) based on 215 accessions of
four rice species: O. sativa, O. rufipogon, O. glaberrima, and
O. barthii; another super-pangenome was constructed [Lv et
al., 2024]. Recently, with the involvement of 13 wild rice
species (O. glumaepatula, O. punctata, O. minuta, O.
malampuzhaensis, O. eichingeri, O. officinalis, O.
rhizomatis, O. latifolia, O. grandiglumis, O. alta, O.
australiensis, O. brachyantha,and O. meyeriana) as well as

cultivated species O. rufipogon. O. glaberrima, O. sativa ssp.
japonica, and O. sativa ssp. indica were used to create an
Oryza super-pangenome containing 9,834 core genes
(9.66%), 57,822 disposable genes (56.84%), and 34,067
private genes (33.48%) [Long et al., 2024].

Brassica pangenomes, which have already been
constructed for a whole group of related species, both diploid
and tetraploid, consist of the same subgenomes. For instance,
the genus Brassica contains three diploid species: B. rapa
(AA, n=10), B. nigra (BB, n = 8), and B. oleracea (CC, n =
9) as well as three amphidiploids: B. juncea (AABB, n = 19),
B. carinata (BBCC, n = 17), and B. napus (AACC, n = 19).
All of them, with the exception of B. nigra, have their own
species pangenomes, and there are also super-pangenomes of
the genus.

The pangenome of turnip B. rapa was the first to be
constructed for this species, on the basis of three sequenced
genomes [Lin et al., 2014]. The genes present in all genomes
(38,186 genes) were named “the common genes,” the genes
present in more than one genome were named ‘“the
dispensable genes,” and genes specific to only one of the
genomes (3,672) were named “the unique genes.”
Subsequently, new B. rapa pangenomes have been obtained
by different authors by means of a larger number of
genomes: 16 genomes [Cai et al., 2021], 18 accessions [Wu
etal., 2022], and 71 lines [Amas et al., 2023].

Following the turnip pangenome, a formal super-
pangenome for cabbage B. oleracea has been constructed
based on nine sequenced genomes of cultivated forms and
the wild species B. macrocarpa [Golicz et al., 2016a]. It was
shown there that the constructed pangenome contains 61,379
genes among them 49,895 (81.3%) are core genes, 11,484
(18.7%) are variable genes, and 1,322 genes (2.2%) are
present only in one line. Not so long ago, a number of
pangenomes were built for B. oleracea by means of a larger
number of samples: six morphotypes [Guo et al., 2024b],
seven assembled genomes [Ji et al.,, 2024], and 27 high-
quality genomes [Li et al., 2024b].

A little later, pangenomes for rapeseed B. napus
began to be created, and the first one was generated based on
genomes of two cultivars [Bayer et al., 2017]. After that, 53
sequenced samples were analyzed, due to which 43,327
orthologous genes were identified for rapeseed, of which
28,239 (65.2%) are core genes and 15,088 (34.8%) are
variable genes [Hurgobin et al., 2018]. Later, pangenomes for
B. napus have been constructed based on eight genomes
[Song et al., 2020], 1,689 accessions [Song et al., 2021], and
2,902 accessions [Cui et al., 2023]. Moreover, the last two
articles describe created Web resources called Bdrip
(http:/cbi.hzau.edu.cn/bnapus/) and BnaOmics
(https://bnaomics.ocri-genomics.net/), respectively.

In recent years, there was growing interest in
involving wild plants as well as other related species in
breeding programs, as evidenced by a number of reviews
[Khan et al., 2020; Raza et al., 2023]. In this regard, Brassica
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super-pangenomes are of greater interest. One of these,
named by authors as a “cross-species pan-genome,” was built
on the basis of 15 genomes, including reference genomes of
B. rapa, B. nigra, B. oleracea, B. napus, B. juncea, and B.
carinata as well as previously constructed pangenomes of B.
oleracea and B. napus [He et al., 2021]. Considering that
several of these species are tetraploids, 22 subgenomes A, B,
and C were actually compared. A total of 197,465 gene
models were identified, and those authors traced changes of
the introduced genes to the pangenome when adding another
genome to the analysis, taking into account its subgenome
composition. In the same year, a super-pangenome for the
genus Brassica was generated on the basis of three species,
two of which are diploid B. rapa (77 accessions) and B.
oleracea (87 accessions), which served as parent forms for
tetraploid B. napus (79 accessions) [Bayer et al., 2021]. At
the same time, pangenomes were composed for each of these
species, and it was reported that B. rapa, B. oleracea, and B.
napus contain 59,864, 58315, and 10,858 genes,
respectively, of which 67%, 79%, and 62% are core genes. A
total of 711, 360, and 955 genes turned out to be unique for
each of these species. For Brassica, investigators recently
constructed a super-pangenome based on 41 genomes (21
from B. napus, 15 from B. rapa, and five from B. oleracea);
it was named by those authors a “multi-species graph pan-
genome” [MacNish et al., 2025]. In the course of that
research, those authors created The Brassica Panache Web
portal (http://brassicagenome.net/brassica_panache/).
Pangenomes for tetraploid species B. carinata [Niu et al.,
2024] and B. juncea [Zhang et al., 2025a] were constructed
recently. The pangenome of the former was generated on the
basis of four sequenced genomes and was found to be
characterized by 88,307 core genes, 21,262 softcore genes,
16,852 shell genes, and 792 cloud genes. The B. juncea
pangenome was constructed on the basis of 149 accessions
and is characterized by 55,962 core genes, 24,042 softcore
genes, 45,337 shell genes, and 309 cloud genes.

As a result of sequencing of genomes of 12 potato
clones, noticeable variation was found among them by way
of PAVs and other SVs [Hardigan et al., 2016]. In fact, that
work can be considered the first attempt to build a potato
pangenome because those authors identified groups of core
genes and dispensable genes, indicating that the latter play an
important role in adaptation to environmental conditions. It
was also noted that the core potato gene set contains 30,401
genes (77.4%), with 32% of the genes missing from at least
one of the 12 clones. On the other hand, first meaningful
potato pangenomes appeared only in 2022 and 2023 [Tang et
al., 2022; Hoopes et al., 2022], and the latter two were
created via a phased genome assembly. Such an approach is
still not widespread due to its complexity, despite the
importance of such results, as emphasized in a few articles
[Michael, VanBuren, 2020; Jonkheer et al., 2025]. Therefore,
similar plant pangenomes of different species, including

other phased pangenomes of potato [Achakkagari et al.,
2024; Cheng et al., 2025], will be discussed here separately.

In a paper [Tang et al., 2022], a Petota super-
pangenome was constructed based on a large number of wild
potato species and cultivars from the Petota section of the
genus Solanum: Solanum tuberosum, S. candolleanum, S.
pinnatisectum, S. andreanum, S. burkartii, S. lignicaule, S.
buesii, S. multiinterruptum, S. brevicaule, S. jamesii, S.
piurae, S. morelliforme, S. chomatophilum, S. paucissectum,
S. sogarandinum, S. vernei, S. chacoense, S. commersonii, S.
boliviense, S. bulbocastanum, S. cajamarquense,and S.
neorossii as well as two species of a sister section,
Etuberosum: S. etuberosum and S. palustre. Forty-four potato
genomes and two Etuberosum genomes were de novo
sequenced, for which 51,401 pangene clusters classified into
four categories were identified: core clusters (13,123 genes,
25.5%), softcore clusters (5,743, 11.2%), a shell cluster
(28,471, 55.4%), and an accession-specific cluster (4064,
7.9%). The following year, a potato pangenome was
compiled on the basis of 15 cultivars grown in Russia, for
which a total of 1,050,536 genes were annotated [Karetnikov
et al., 2023]. Proportions of the four gene categories—core,
softcore, shell, and cloud—for this pangenome were 44.3%,
15.1%, 37.6%, and 3.0%, respectively.

Recently, two articles were published reporting on
the creation of potato super-pangenomes [Zhang et al., 2025;
Zhu et al., 2025]. In the first work, interspecies pan-genomes
(a super-pangenome, actually a hyper-pangenome) were
constructed on the basis of 30 genomes, 13 of which belong
to the genus Solanum (S. tuberosum, S. lycopersicum, S.
etuberosum, S. muricatum, S. viarum, S. wrightii, S.
retroflexum, S. lyratum, S. melongena, S. erianthum, S.
spirale, S. laciniatum, and S. seaforthianum), and 17 to non-
Solanum genera (Capsicum annuum, lochroma cyaneum,
Physalis floridana, Lycianthes biflora, Tubocapsicum
anomalum, Datura stramonium, Lycium barbarum, Anisodus
luridus, Atropa belladonna, Przewalskia tangutica, Anisodus
acutangulus, Nicotiana tabacum. N. benthamiana, N.
longiflora, Petunia axillaris, P. inflata). The authors [Zhang
et al., 2025] classified 43,395 synthetic gene families into
three groups: high-retention (present in 26-30 genomes,
51%), medium-retention (present in 6-25 genomes, 17%),
and low-retention (present in 2—5 genomes, 31%). Besides, in
30 genomes, the researchers identified 295,763 species-
specific genes with 9,858 genes on average (25.36%) per
genome. In the second article [Zhu et al. 2025], a Solanum
super-pangenome was constructed on the basis of de novo
sequenced genomes of the following species: Solanum
verrucosum, S. polyadenium, S. tuberosum, S. berthaultii, S.
etuberosum, S. ehrenbergii, S. violaceimarmoratum, S.
bulbocastanum, S. pinnatisectum, S. lignicaule, S.
cardiophyllum, S.  brevicaule, S. tuberosum S.
chomatophilum, S. infundibuliforme, S. chacoense, S.
kurtzianum, S. brevicaule, S. vernei, S. microdontum, S.
commersonii, S. raphanifolium, S. okadae, S. morelliforme,
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S. andreanum, S. jamesii, S. candolleanum, S. boliviense,and
S. chacoense, as well as using a number of other known
genomes: there were 50 accessions in total. It was found that
the core set consists of 7,485 gene families (536,166 genes),
the softcore set of 8,798 gene families, the dispensable set of
24,869 gene families; the private set consisted of 1,254 gene
families.

For the genus Populus, super-pangenomes were
constructed in 2016 and in 2019. In the first case, genomes of
P. nigra (four samples) and P. deltoids (two samples) were
compared with the reference genome of Populus trichocarpa
[Pinosio et al., 2016]. In another study [Zhang et al., 2019],
10 poplar species from five sections were already used to
compile a super-pangenome: P. alba, P. davidiana, P.
cathayana, P. simonii, P. ussuriensis, P. maximowiczii, P.
nigra, P. deltoides, P. lasiocarpa, and P. euphratica. In these
studies, the main focus was on detecting various SVs in the
genomes of these species as compared to the reference
genome. To construct another super-pangenome of poplar,
19 genomes of 18 species of this genus were employed: P.
pseudoglauca, P. wuana, P. szechuanica, P. yunnanensis, P.
koreana, P. trichocarpa, P. deltoids, P. simonii, P.
lasiocarpa, P. davidiana, P. rotundifolia, P. tremula, P. alba,
P. qgiongdaoensis, P. adenopoda, P. euphratica, P.
pruinosa,and P. ilicifolia (and one subspecies, P. alba
pyramidalis), six of which were sequenced by those authors
[Shi et al., 2024]. Nonetheless, considering that three more
genomes of sister willow species Salix purpurea, S.
suchowensis, and S. brachista were involved in this study,
the obtained pangenome can be regarded as a hyper-
pangenome. At the same time, the number of genes for
poplars ranged from 32,959 to 44,853, and for willow trees,
from 30,209 to 36,937; 12,924 gene families were present in
all 19 poplar genomes and were designated as core ones. The
number of softcore gene families was 6,827, and the number
of dispensable genes was 19,668. Meanwhile, most core and
softcore genes showed high synteny (86% and 76%) when
compared with those of genes from Salix, while dispensable
genes and private genes showed much lower synteny: 30%
and 18%, respectively. Those authors noted that although the
sequenced genomes were not phased, it was possible to
conduct a haplotype analysis, which indicated that SVs are
characterized by fairly high heterozygosity, ranging from
1.59% to 7.6%. Considerable attention was given to
hemizygous genes, the proportion of which varied from
0.63% to 1.42%.

A super-pangenome for pepper Capsicum annuum
(355 cultivars) has been constructed with the involvement of
three more species: C. baccatum (four samples), C. chinense
(11 samples), and C. frutescens (13 samples) [Ou et al.,
2018]; 51,757 genes were subdivided into species-specific
genes and core genes, which amounted to 55.7%.

A tomato super-pangenome was built by means of
725 accessions, including 639 accessions of the cultivated
species Solanum lycopersicum and three wild species S.
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pimpinellifolium (78 accessions), S. cheesmaniae (three
accessions), and S. galapagense (five accessions) [Gao et al.,
2019]. In addition to the reference genome, 4,873 genes were
identified. Later, other authors have constructed a graph-
based super-pangenome of S. lycopersicum and S.
pimpinellifolium on the basis of 838 sequenced genomes and
found 12,507 genes missing from the reference genome
among 51,155 genes [Zhou et al., 2022]. Finally, in 2023, a
tomato super-pangenome was created based on two cultivars
of S. lycopersicum and nine wild species S. lycopersicoides,
S. habrochaites, S. chilense, S. peruvianum, S.
corneliomulleri, S. neorickii, S. chmielewski, S.
pimpinellifolium, and S. galapagense [Li et al., 2023]. It was
found that core gene families constitute 54%, and dispensable
gene families 38%; 7.6% of gene families were categorized
as accession-specific genes.

To create a sunflower super-pangenome, genomes
of 493 specimens of 11 species (Helianthus annuus, H.
anomalus, H. argophyllus, H. debilis, H. divaricatus, H.
giganteus, H. grosseserratus, H. neglectus, H. paradoxus, H.
petiolaris,and H. praecox) were sequenced, of which 287 are
cultivars of H. annuus [Hubner et al. al., 2019]. The
sunflower super-pangenome combined 61,205 genes, of
which ~73% were assumed to be core genes; 2,464 rare
genes (5.4%) were found in <5% of the accessions.

For the first time, a pangenome for Sesamum
indicum on the basis of five accessions (two landraces and
three cultivars) was generated in 2019 [Yu et al., 2019]. It
was determined that ~58% of the genes are core, and the
remaining 42% are dispensable genes. Five years later, a
super-pangenome for Sesamum was constructed by means of
cultivated S. indicum and six wild species S. alatum, S.
latifolium, S. angolense, S. calycinum, S. angustifolium,and S.
radiatum [Miao et al., 2024]. As expected, the number of
core genes decreased and amounted to ~36%; 56% were
dispensable genes, and 7.7% private genes.

Four super-pangenomes have been built for
watermelon Citrullus lanatus, involving all species of this
genus: C. amarus, C. colocynthis, C. ecirrhosus, C.
mucosospermus, C. naudinianus,and C. rehmii [Guo et al.,
2020; Sun et al., 2023; Wu et al., 2023a; Zhang et al., 2024].
In the first of the articles just cited, the Citrullus super-
pangenome was constructed based on sequenced genomes of
414 accessions (258 cultivars and 87 landraces from C.
lanatus, 31 from C. amarus, 19 from C. mucosospermus, 15
from C. colocynthis, two from C. rehmii, one from C.
ecirrhosus, and one from C. naudinianus) [Guo et al., 2019].
In the next article [Sun et al.,, 2023], a Citrullus super-
pangenome was generated on the basis of 400 sequenced
samples, and it was reported that in addition to the reference
genome of C. lanatus, which carries 22,596 protein-coding
genes, the constructed pangenome already contains 28,845
genes, which were categorized as 20,050 core and softcore
genes, 7,341 shell genes, and 1,454 cloud genes. In an article
by other authors, a watermelon super-pangenome was built
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on the basis of 201 samples sequenced by them, using other
data on genomes of Citrullus species for a total of 547
accessions, among which 349 belonged to C. lanatus [Wu et
al., 2023]. In a subsequent work, T2T genomes of 27 samples
of all seven species of the genus Citrullus were sequenced
[Zhang et al., 2024]. Among them, there were 13 samples of
C. lanatus, five samples of C. amarus, four samples of C.
colocynthis, two samples of C. mucosospermus, and one
sample each of C. rehmii, C. ecirrhosus, and C. naudinianus,
with genomes ranging from 361 to 413 Mbp. The number of
genes for them ranged from 23,369 to 26,969. At the same
time, for all these species, genes were classified as core genes
(52.72%), dispensable genes (43.81%), and private genes
(3.47%).

Several pangenomes and super-pangenomes have
been constructed for a number of cotton species of different
ploidy levels. For instance, in 2021, based on 1,581 samples
of Gossypium hirsutum of different geographical origins and
226 accessions of G. barbadense, pangenomes of these
species were constructed, which carried 32,569 and 8851
genes more than their reference genomes, respectively [Li et
al., 2021]. In their next study, those authors by means of 10
representatives of diploid species with different genomes (G.
herbaceum (A), G. anomalum (B), G. sturtianum (C), G.
stocksii (E), G. longicalyx (F), and G. bickii (G)) in
combination with previously investigated species composed
a super-pangenome of cotton containing 17,079 core genes in
22 subgenomes (40.3%), 7,832 (27%) softcore genes, 16,803
variable genes, and 680 genome-specific gene families
[Wang et al., 2022]. In their next paper [Li et al., 2024], they
generated super-pangenomes for diploid and tetraploid
species on the basis of 50 de hovo—sequenced samples. Based
on 15 diploid representatives with A2 genomes, it was shown
there that the pangenome carries 25,707 core gene families,
4,953 near-core gene families, 17,314 variable gene families,
550 genome-specific families, and 4,734 singletons. Having
constructed a pangenome for diploids with the A genome
based on 344 accessions, those authors identified 5,479 novel
protein-coding genes [He et al., 2024]. Other researchers
using sequenced genomes of 11 accessions of several species
(G. hirsutum, G. barbadense, G. tomentosum, G. mustelinum,
and G. darwinii) built super-pangenome Pan-SV (based on
SVs) for G. barbadense [Jin et al., 2023]. Another paper
presents the construction of a cotton super-pangenome based
on genomes of 17 diploid species and 10 tetraploid species
with different genomic formulas; this approach allowed all
genes to be classified into 269,549 syntelog groups, including
6,371 core, 11,994 softcore, 84,866 disposable, and 166,318
private syntelog groups [Song et al., 2024].

By means of 3,366 sequenced genomes and
iterative mapping, a Cicer super-pangenome has been
constructed for cultivated chickpea Cicer arietinum (3,171
accessions) and wild species: C. bijugum (40 accessions), C.
cuneatum (four accessions), C. echinospermum (nine
accessions), C. judaicum (68 accessions), C. pinnatifidum (39

accessions), C. reticulatum (28 accessions), and C.
yamashitae (six accessions) [Varshney et al., 2021]. Out of a
total 0f 29,870 genes, 1,582 novel genes were identified there
as compared to the reference genome of C. arietinum.
Subsequently, those authors continued their research on the
Cicer super-pangenome by sequencing new genomes of eight
wild species, including previously unsequenced C.
chorassanicum [Khan et al., 2024]. A total of 24,827 gene
families were identified, including 14,748 core, 2,958
softcore, 6,212 dispensable, and 909 species-specific gene
families.

A super-pangenome has been built for radish
Raphanus sativus using samples of the wild species R.
raphanistrum and their hybrid on the basis of 11 sequenced
genomes [Zhang et al., 2021]. A total of 449,856 genes were
identified in that work and were grouped into 41,952 gene
families; 36% of them were identified as core genes, 59% as
disposable, and ~1% as accession-specific genes.

A super-pangenome for strawberry Fragaria spp.
has been constructed based on seven diploid species of this
genus: F. iinumae, F. nilgerrensis, F. daltoniana, F.
mandshurica, F. pentaphylla, F. viridis, and F. vesca [Qiao et
al., 2021]. Their genomes ranged in size from 229 to 305
Mbp and carried 23,665 to 28,131 genes. At the same time,
the number of core genes was 10,665; 13,765 genes were
specific to a subset of species and 1257 were species-specific
orthogroups for each species.

A super-pangenome for sorghum has been
generated based on 15 accessions of Sorghum bicolor and
one accession of S. propinquum [Tao et al., 2021]. It was
shown in that work that 15,867 (36%) gene families are core,
2,8026 (63.6%) gene families are shell genes, and 186 (0.4%)
are cloud genes. In the same year, a S. bicolor pangenome
was constructed based on 354 accessions, thereby leading to
a 24% increase in the pangenome as compared to a reference
genome and making it possible to identify 47% of core genes
[Ruperao et al., 2021]. Meanwhile, those authors used a
different definition of variable/accessory genes: respectively
uniquely present or uniquely absent in any one accession.
Later, using 10 accessions, other authors have built another S.
bicolor pangenome, in which proportions of core genes, shell
genes, and cloud genes are 36.69%, 50.32%, and 12.99%,
respectively [Voelker et al., 2023].

For the family Musaceae on the basis of
representatives of two genera Musa and Ensete, a pangenome
of the banana family has been created, which investigators
have named an "intergeneric pangenome" [Rijzaani et al.,
2022]. Perhaps due to terminological logic that such
pangenomes are better named as a hyper-pangenome. The
genus Musa was represented by 12 specimens in that article,
including six representatives of M. acuminata (genome A),
one representative of M. balbisiana (genome B), M. itinerans
and M. textilis (Fe'T) (genome T) as well as three hybrids with
an A-B genome (one hybrid having AB and two having
AAB). The genus Ensete was represented by E. ventricosum
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and included three representatives. On average, each studied
representative of these two genera was found to have 34,014
genes. The number of main banana hyper-pangenome genes
is 18,288 (£29). The number of observed variable genes was
29,331. If the analysis is limited to genes of the genus Musa,
then a larger number of core genes (27,858 + 69) was
predicted because they are absent in the genus Ensete.

In 2022, the CPBD database was created: Citrus
Pan-genome to Breeding Database
(http://citrus.hzau.edu.cn/), which contains information on 23
genomes of 17 citrus species (including the following: Citrus
sinensis, C. australasica, C. clementina, C. hongheensis, C.
grandis, C. reticulata, C. liwuensis, C. mangshanensis, C.
medica, and C. ichangensis) as well as Fortunella hindsii,
Atalantia buxifolia, Murraya paniculata, and Poncirus
trifoliata Liu et al., 2022a]. Taking into account the presence
of genomes belonging to species of other genera of the
family Rutaceae, the constructed pangenome can also be
regarded as a hyper-pangenome. In 2023, other authors
composed their hyper-pangenome of citrus fruits by means of
314 accessions, including 182 genomes sequenced by them,
including 12 genomes assembled de novo [Huang et al.,
2023]. The analysis included the following species: Citrus
sinensis, Citrus ryukyuensis, Citrus crassifolia, Citrus
japonica, Citrus aurantium, Citrus limon, Citrus paradisi,
Zanthoxylum armatum, Clausena lansium, Glycosmis
pentaphylla, Bergera koenigii, Murraya alata, Murraya
microphylla, Luvunga scandens, Aegle marmelos, Limonia
acidissima, Feroniella oblata, Hesperethusa crenulata,
Citropsis daweana,Citropsis gabunensis, and Citropsis
gilletiana as well as a mandarin hybrid. This hyper-
pangenome included 318,791 genes forming 31,235 gene
families, of which 29.89% were core genes, 5.89% were
softcore genes, 55.37% were dispensable genes, and 8.85%
were special genes. Another citrus hyper-pangenome was
recently constructed based on 11 species (Citrus sinensis, C.
clementina, C. grandis, C. reticulata, C. medica, C.
ichangensis, and C. unshiu as well as Fortunella hindsii,
Atalantia buxifolia, Murraya paniculata, and Poncirus
trifoliata) [Tahir et al., 2025]. A total of 59,261 pangene
clusters were identified, of which 12,770 are core, 2,980 are
softcore, 5,406 are shell(R) or new genes, and 4,936 are
shell(N) or accessory genes missing in the reference genome.

For pea Pisum sativum, a super-pangenome with
112,776 pangenes has been constructed based on genomes of
116 cultivars and two samples of P. fulvum and P.
abyssinicum, which were subdivided into four categories:
core genes (35%), softcore genes (15%), shell genes (44%),
and cloud genes (5%) [Yang et al., 2022].

Investigators have also built a super-pangenome of
water caltrop Trapa based on diploid (AA) and tetraploid
(AABB) forms of T. natans as well as the diploid species T.
incisa (AA) [Zhang et al., 2023]. Sizes of the diploid
genomes there ranged from 464 to 480 Mbp, and the
tetraploid had a genome of 1,057 Mbp with 68,946 annotated

genes versus 32,457-34,940 for diploids. It was determined
that the Trapa super-pangenome, taking into account
subgenomes, is characterized by a 48% core gene family, a
29% dispensable gene family, and a 23% private gene
family.

Based on 13 accessions of apple, including nine
cultivars of Malus domestica and four wild species M.
sylvestris, M. sieversii, M. orientalis, and M. asiatica, a gene-
based super-pangenome has been constructed [Wang et al.,
2023a]. The number of genes in all genomes proved to be
590,746, among which 287,868 genes were revealed as core
genes, 123,759 as softcore genes, 159,297 as dispensable
genes, and 19,822 genes as specific clusters. Two more
pangenomes of apple trees have been compiled by other
authors, but because they are based on a phased assembly of
genomes, they will be discussed in an appropriate section
below.

Based on the T2T genome of Rosa gigantea as a
reference and four other genomes of species from this genus
R. persica, R. chinensis, R. rugosa, and R. wichuraiana — a
super-pangenome has been constructed consisting of 15,703
core gene families, 13,981 dispensable gene families, and
1,646 species-specific gene families [Zhou et al., 2024].

A super-pangenome was recently built for Hevea,
which is a tree important for humanity [Fang et al., 2024].
For this purpose, de novo sequencing and assembly of
genomes were performed on three cultivated and two wild-
growing Hevea brasiliensis specimens as well as three other
species of this genus, H. nitida, H. pauciflora, and H.
benthamiana, totaling 94 accessions. Sizes of their assembled
genomes ranged from 1.49 to 1.58 Gbp, and the number of
genes ranged from 42,386 to 46,095. The investigators
identified four groups of genes: core, softcore, dispensable,
and private, the proportions of which were 58.58%, 11.54%,
28.95%, and 0.93%, respectively.

To create a lettuce super-pangenome, researchers
have used an “iterative map and build” approach with
pangenomes of four species (Lactuca sativa, L. saligna, L.
serriola, and L. virosa) with sizes of 2,185 to 3,459 Mbp
based on 474 sequenced accessions [van Workum et al.,
2024]. In the meantime, the number of transcripts increased
by 1,856-3,576 compared to the reference genomes.

Based on 11 sequenced genomes of ash trees
Fraxinus excelsior, F. angustifolia, F. sogdiana, F.
mandshurica, F. hupehensis, F. chinensis, F. baroniana, F.
ornus, F. pennsylvanica, F. velutina,and F. americana, a
super-pangenome with 54,035 pangene clusters has been
constructed using data from 28 previously sequenced
genomes of 25 species, with 12,156 core gene clusters,
40,664 dispensable gene clusters, and 1,215 private genes
[Liu et al., 2025]. At the same time, genomes of these species
contained 48,389 to 53,800 protein-coding genes. Gene sets
were categorized as core (53.9%), softcore (16.94%),
dispensable (28.06%), and private genes (1.1%).
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Recently, 11 species of the genus Chenopodium of
different ploidy levels, including C. pallidicaule (2x, A), C.
watsonii (2x, A), C. ficifolium (2x, B), C. acuminatum (2x,
D), C. pamiricum (2x, E), C. vulvaria (H), Chenopodium
quinoa (4x, AB), C. berlandieri ssp. nuttalliae (4x, AB), C.
sosnowskyi (4x, AG), C. strictum (4x, CD), C. opulifolium
(6x, BCF), and C. formosanum (6x, BCD), were employed to
construct a Quinoa super-pangenome carrying 33,457
annotated pangenes [Jaggi et al., 2025]. It was shown there
that core genes account for 49%, shell genes for 23%,
softcore and cloud genes for 13% each, and cloud-private
genes for 2%.

Haplotype-resolved pangenomes

As mentioned above, the construction of
pangenomes based on data from genomes with phased
assembly is of the greatest interest because this approach
allows scientists to see a different level of genomic
diversity; two nuclear genomes of one organism in fact
constitute a “mini-pangenome.” Many such pangenomes
have already been built using phased assembly data, and
some plant species have aroused interest among
researchers. Nonetheless, here we will follow the
chronology, starting with the species for which such
information appeared earlier.

The first one is a (super)pangenome constructed
for apple tree Malus domestica (43 accessions) along with
two wild species: M. sieversii (37 accessions) and M.
sylvestris (11 accessions) [Sun et al., 2020]. It was
demonstrated in that work that closed pangenomes with a
proportion of core genes varying from 81.3% to 87.3%
were successfully generated for all species. Another
phased pangenome for apple tree M. domestica has been
constructed elsewhere using four cultivars and three wild
accessions from M. sieversii, M. sylvestris, and M.
baccata [Su et al., 2024]. It was shown there that ~34% of
the genes are core, 63% are dispensable genes, and 1.15%
are private genes.

As a result of sequencing of four cultivars of
pecan tree Carya illinoinensis, a pangenome has been
constructed, and a diploid genome has been assembled for
one cultivar [Lovell et al., 2021]. The number of
annotated genes in that paper ranged from 31,042 to
33,280, 21,196 of which were present in all samples. At
the same time, it was noted that there are 3,889 blocks of
five or more genes missing in other samples. Those
authors once again drew attention to the notion that the
single-reference-genome paradigm is not sufficient for
functional genomics.

A pangenome has been constructed for tetraploid
potato Solanum tuberosum as a result of sequencing and
phased assembly of genomes of six cultivars. In that work,
713,568 genes were annotated in these taxa, 562,550 of
which were identified as core genes because they were
present in all 12 haplotypes (genomes); 142,225 genes
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were identified as shell genes, and 8,793 as cloud genes
[Hoopes et al., 2022]. Investigators have also created a
potato super-pangenome based on 296 accessions of 60
species and hybrids of the section Petota, including
cultivars of S. tuberosum with different ploidy levels (2x,
3%, 4%, or 5x) and 33 publicly available genome
assemblies [Bozan et al., 2023]. The pangenome reached a
plateau there after a reading of ~80 genomes. The potato
Petota pangenome consists of 24 haplotype-resolved
haplotypes (12 chromosomes per haploid) with 23,055
core genes, 83,524 shell genes, and 25,776 cloud genes.

As aresult of sequencing and phased assembly of
the genome of the diploid potato species S. okadae with
the involvement of a number of other species (S.
brevicaule, S. boliviense, S. bukasovii, S. chacoense, S.
chiquidenum, S. commersonii, S. etuberosum, S.
gracilifrons, S. megistacrolobum, S. lignicaule, S.
megistacrolobum, S. paucissectum, S. piurae, S. tarijense,
S. gandarillasii, S. commersonii, S. pinnatisectum, S.
sparsipilum, S. tacnaense,and S. tarapatanum) and
hybrids (S. commersonii x S. andigenaand S. tarnii x S.
tuberosum), a super-pangenome has been constructed for
the section Petota of the genus Solanum [Achakkagari et
al., 2024]. Another super-pangenome for diploid potatoes
was recently generated based on a phased assembly of 60
haplotypes (genomes) including 20 genomes from 10 wild
accessions, 38 genomes from 19 domesticated diploid
accessions, and two haplotypes from two inbred lines
[Cheng et al., 2025]. Those authors noticed elevated
heterozygosity in cultured diploids compared to wild
specimens: 14.5% versus 9.5%.

Based on the sequenced phased genome of
Rhododendron = pulchrum for the genus Rhododendron
involving a number of species (R. griersonianum, R.
henanense, R. ovatum, R. ripense, R. simsii, and R.
williamsianum), a super-pangenome has been constructed,
in which groups of genes have been identified: core,
softcore, dispensable, and private; the latter category in
the above-mentioned species has turned out to constitute
452, 1,382, 1,138, 1,048, 529, 539, and 356 genes,
respectively [Shen et al., 2023]. It is also worth noting an
increase in the size of the Rhododendron super-
pangenome, which reached 766 Mbp by the sixth round in
that work (with the addition of the next, sixth genome) as
compared to initial 509 Mbp and a similar increase in the
number of genes: from 35,610 to 53,179. Another super-
pangenome for Rhododendron was recently constructed
based on 15 genomes of 13 species (R. liliiflorum, R.
decorum, R. platypodum, R. concinnum, R. delavayi, R.
griersonianum, R. henanense, R. irroratum, R.
kiyosumense, R. ripense, R. vialii, R. nivale, and R.
williamsianum) [Wang et al., 2025]. Of the 45,731 genes,
5,734 proved to be core genes, 37,027 dispensable, and
2,970 private genes.
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For grapevine Vitis spp., several super-
pangenomes have been constructed, based on genomes
with haplotype-resolved assemblies. For example, in
2023, a pangenome was constructed for three muscadine
cultivars of Vitis rotundifolia with genome sizes of 393 to
413 Mbp including also one accession of V. vinifera [Huff
et al.,, 2023]. For this pangenome, 34,970 synteny-
constrained orthogroups were predicted, among them
17,457 are a core gene set; 17,513 formed accessory
outgroups, 4,919 orthogroups were ‘“single-individual”
groups. Not so long ago, investigators constructed a super-
pangenome based on V. vinifera and V. davidii [Luo et al.,
2024]. Another super-pangenome has been created based
on nine specimens of V. vinifera (18 haplotype genomes),
and it has been estimated that the core genome is 48%,
whereas dispensable and private genomes constitute 36%
and 16% of the genome, respectively [Cochetel et al.,
2023]. Another super-pangenome, Grapepan v.1.0, has
been built based on 18 haplotype-resolved assembled
genomes of eight cultivars of V. vinifera and one wild
diploid species V. retordii [Liu et al., 2024]. Recently,
another grape super-pangenome was constructed by
means of 72 haplotype-resolved T2T genomes (144
haplotype genomes) including 25 wild and 47 cultivated
grapevines; among them, 60 were released for the first
time [Guo et al., 2025]; 12.3% genes are core, 14.34% are
softcore genes, 71.28% are dispensable genes, and 1.63%
are private genes. Those authors concluded that such a
super-pangenome would contribute to the improvement of
breeding and provide new knowledge on the biology of
grapes.

A super-pangenome has been created for spinach
on the basis of eight sequenced genomes of cultivars of
Spinacia oleracea, one genome of the wild species S.
turkestanica, and two genomes of another wild species: S.
tetrandra [She et al., 2024]. In two S. tetrandra samples,
the number of genes was higher: 28,755 and 31,377, while
in the remaining samples, it ranged from 25,540 to 26,513.
For the super-pangenome, it was determined that 10,623
(37%) are core gene families, 62% (17,831 gene families)
are dispensable, and only 308 (1%) are accession-specific
gene families.

Based on 13 genomes of the sectionArmeniaca, a
graph-based apricot super-pangenome has been generated,
including the Prunus zhengheensis genome sequenced in
haplotype-resolved assembly [Tan et al., 2024]. Genomes
of such wild species as P. mandshurica, P. sibirica, P.
mume, and P. hongpingensis were also utilized there. In
total, the number of genes was 30,702. Core and softcore
gene families constituted 44.1%, dispensable genes
53.2%, and private gene families 2.7%.

Pangenomes were constructed for two jujube
species in 2024. Thus, for Indian jujube Ziziphus
mauritiana, eight monoploid genomes were built for two
accessions of tetraploid cultivated and wild plants with

haplotype-resolved T2T genomes [Guo et al., 2024]. The
number of annotated genes varied from 25,205 to 25,728.
The resulting pangenome consists of 650 Mbp, which is
1.55 times larger than the average size of eight monoploid
genomes. In another work by those authors, a pangenome
was composed for the species Ziziphus jujuba after de
novo assembly of genomes for one wild and three
cultivated jujube accessions and also using four previously
sequenced genomes of these species [Guo et al., 2024a]. A
reference genome contained 32,567 gene families, out of
which 35% were present as core genes, 63% were
categorized as dispensable genes, and 446 gene families
(1.37%) were termed accession-specific genes.

A graph-based pangenome for kiwifruit Actinidia
chinensis has been constructed based on 14 cultivars with
chromosomal-scale haplotype-resolved genome assemblies
[Wang et al., 2024]. In that paper, 49,770 gene families with
46.6% core genes and dispensable genes were identified,
constituting 53.4%; among them, 12.6% were softcore genes
and 0.1% cloud genes. A super-pangenome was recently
built for kiwifruit [Yu et al., 2025]. To this end, 15 specimens
(five males and nine females) of eight species of the genus
Actinidia (A. arguta, A. polygama, A. chinensis, A. eriantha,
A. hemsleyana, A. latifolia, A. rufa, and A. zhejiangensis)
were analyzed by sequencing, with genomes ranging in size
from 608 to 652 Mbp and the number of genes ranging from
40,311 to 46,308. A total of 61,465 families of orthologous
genes were identified, of which 14,492 were core genes,
5,347 softcore genes, 21,326 disposable genes, and 20,300
were cloud genes (present only in one assembly).

Based on 11 pear genomes, among which there
were cultivars of Pyrus communis, P. pyrifolia, P.
bretschneideri, P. sinkiagensis, and P. betulifolia, hybrids
P. ussuriensis x communis, and four haplotype genomes
of two hybrid varieties, a Pyrus super-pangenome has
been constructed [Li et al.,, 2024a]. Resequencing data
from 139 accessions were mapped on to the pangenome
there. Core pangenome size was ~13% of the total
pangenome size, confirming extensive evolution within
this genus.

A pangenome of moso bamboo Phyllostachys
edulis has been generated based on genomes of 16
accessions, whose 32 genomes have been assembled in a
haplotype-resolved format and ranged in size from 1880
to 2000 Mbp [Hou et al., 2024]. At the same time,
numbers of genes in different genomes showed some
variation: the smallest difference for one sample between
its two genomes amounted to 438 genes, and the largest
difference for one sample amounted to 3178 genes.
Because a phased assembly was performed for moso
bamboo, it was possible to evaluate the presence of core
genes from genomes of a single sample. Thus, it turned
out that they overwhelmingly have two alleles, whereas
for genes with one allele, the frequency was only 0.3%.
Those authors paid considerable attention to genes of all
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categories in the hemizygous state. In total, 1738,962
genes were classified into categories (core, softcore,
dispensable, and private) in the following proportions:
53.90%, 16.94%, 28.06%, and 1.10%, respectively.

Therefore, approximately two dozen constructed
pangenomes and super-pangenomes of different plant
species are already known, with phased assembly of all or
only some of them. They are of the greatest interest for
breeding, as noted in many articles [Chandra et al., 2024;
Sarashetti et al., 2024; Ruperao et al., 2025]. As for the
phased plant genomes, ~250 have already been assembled
for one and a half hundred species, and we have addressed
this topic thoroughly [Baymiev et al., 2025], although this
is less than 5% of all plant genomes sequenced to date;
this state of affairs is explained by the complexity of the
procedure.

Other pangenomes

There are much more pangenomes of individual
species, and therefore we will touch on only some of them
in more detail, while we will only mention the rest.

In 2017, a pangenome of Chinese spring wheat
Triticum aestivum was constructed based on a reference
genome and sequenced genomes of 18 varieties available
at the time, thus creating the WheatPan database
(http://appliedbioinformatics.com.au/cgi-
bin/gb2/gbrowse/WheatPan/) [Montenegro et al., 2017];
furthermore, it now contains information about
pangenomes of cabbage, rapeseed B. napus, and turnip B.
rapa, described above. It was found that on average, each
wheat variety contains an average of 128,656 genes, of
which 89,795 (64.3%) are present in all samples, while
49,952 genes represent a variable part of the genome, and
on average, 49 genes are unique for each variety. Later,
other authors, via a comparison with a refined genome of
common wheat, have constructed a new wheat pangenome
based on sequenced genomes of 16 varieties and built a
database of wheat with a scope
(https://www.appliedbioinformatics.com.au/wheat _panach
¢/) [Bayer et al., 2022]. It was shown there that 109,071
genes (68%) are present in all varieties, while 51,460
genes (32%) are present in each species.

Pangenomes have been constructed for barley
Hordeum vulgare by means of 1,140 genotypes using
machine learning [Gao et al., 2020] and 20 accessions
[Jayakodi et al., 2020]. The latter authors later have compiled
a new pangenome based on long-read sequence assemblies of
76 domesticated and wild accessions and short-read sequence
data from 1,315 accessions [Jayakodi et al., 2024].

On the basis of 23 accessions of eggplant
Solanum melongena, a pangenome has been created
containing 35,732 protein-coding genes; among them, 816
additional genes are absent in a reference genome. The
pangenome genes were classified in that paper into the
following categories: 31,424 core genes, 922 softcore

genes, 1,556 shell genes, and 1,246 cloud genes [Barchi et
al., 2021].

Cucumis melo pangenomes have been generated
from three accessions [Vaughn et al., 2022], 297
accessions [Sun et al., 2022], 27 accessions [Oren et al.,
2022], and nine accessions [Lyu et al., 2023].

A pangenome has been constructed for
Arabidopsis by means of 32 de novo—assembled genomes
from different ecotypes in Europe, Asia, Africa, and North
America [Kang et al., 2023]. For them, 27,239 to 28,735
protein-coding genes were predicted in that paper; 21,545
gene clusters (68.8%) were present in all 32 ecotypes and
were identified as core genes, whereas 3,743 (12.0%) gene
clusters were identified as softcore, 3,929 gene clusters
(12.6%) as dispensable, and 2,101 (6.7%) as private.

Sequencing of complete genomes of three cultivars
of durian Duriozibethinus with a predicted number of genes
of 45,705, 44,814, and 47,980, respectively, has revealed
their substantial genetic variation [Nawae et al., 2023]. A
comparison with a previously sequenced reference genome of
another variety of this species showed there that it features
the absence of 3,074, 6,326, and 4,994 genes, respectively,
which allowed to create a draft pangenome of these species.

Pangenomes have also been compiled for a number
of species from different families: grass
Brachypodiumdistachyon (54 lines) [Gordon et al., 2017],
model legume Medicago truncatula (15 accessions) [Zhou et
al., 2017], pigeon pea Cajanus cajan (89 accessions) [Zhao et
al., 2020], white lupin Lupinus albus (39 accessions)
[Hufnagel et al, 2021], Chinese chestnut Castanea
mollissima (three cultivars) [Hu et al., 2022], mung bean
Vigna radiata (217 accessions) [Liu et al., 2022], asparagus
bean Vigna unguiculata (4 accessions) [Liang et al., 2022],
narrow-leaved lupin Lupinus angustifolius (55 lines) [Garg et
al., 2022], cucumber Cucumis sativus (12 cultivars) [Li et al.,
2022], foxtail millet Setaria italica (110 representatives) [He
et al, 2023], pearl millet Pennisetum glaucum (10
accessions) [Yan et al., 2023], broomcorn millet Panicum
miliaceum (24 cultivars and eight wild accessions) [Chen et
al., 2023a], and tea plant Camelia sinensis (22 elite cultivars)
[Chen et al., 2023] and on the basis of 10 genomes of
cultivars and one wild tea plant [Tariq et al., 2024], common
bean Phaseolus vulgaris (306 domesticated forms and 33
wild accessions) [Cortinovis et al., 2024].

The past, present, and future of plant pangenomes
Since the construction of the first three true plant
pangenomes [Li et al., 2014; Lin et al., 2014; Schatz et al.,
2014] and the first review article on plant pangenomics
[Golicz et al., 2016], the number of constructed plant
pangenomes has reached approximately one and a half
hundred over the past decade, as readers can see in Table 1,
which lists pangenomes of different types in chronological
order with scientific plant names for ranking. Dozens of
reviews have also been published, some of which are listed
below
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To date, ~150 pangenomes have been compiled
for representatives of 29 families. The most strongly
represented families are Fabaceae, Brassicaceae, and
Poaceae. Among their representatives are soybean, other
legume species, rice, and several Brassica species. Since
2016, super-pangenomes have begun to appear, which had
a different name at the time. In 2020, the first pangenome

0 I

was assembled based on a haplotyped assembly of Malus
domestica, and two wild apple tree species were involved;
formally that phased pangenome was also a super-
pangenome. Starting from 2022, researchers have begun
to compose cross-genus pangenomes or otherwise hyper-
pangenomes.

11

2014 2015 2016 2017 2018 2019

2020 2021 2022 2023 2024 2025

Fig. 1. The number of different types of plant pangenomes constructed from 2014 to 2025. PG: pangenome (75);
-: super-pangenome (45); -: hyper-pangenome (5); -: phased pangenome (19)

Figure 1 shows that starting from 2020, the
number of plant pangenomes of various types has been
continuously increasing. Extrapolation of the data for the
first 3 months of 2025 suggests that for the whole year
2025, there will be a greater number of composed plant
pangenomes than in the previous year.

Although, most likely, the number of common
pangenomes will grow to a lesser extent because other
types of pangenomes in particular super-pangenomes and
phased pangenomes are of greater interest. Accordingly, it
has been stated that haplotype phasing is a new frontier in
the assembly of plant pangenomes [Michael, VanBuren,
2020], which are required for breeding work of better
quality. Another review article provides information on
almost three dozen pangenomes of agricultural plants as a
timeline, with a mention (in some cases) of phased
assembly by haplotypes [Li et al., 2022].

Many reviews have come out about plant
pangenomes in general, including many that directly link
pangenomics to crop improvement and yield increases,
and contain an analysis of relevant resources and
specialized software tools for compiling and analyzing

pangenomes [Bayer et al., 2020; Della Coletta et al., 2021;
Lei et al., 2021; Hameed et al., 2022; Petereit et al., 2022;
Tay Fernandez et al., 2022; Naithani et al., 2023; Shi et
al., 2023]. In these reviews, one can even find statements
that agricultural science has entered the pangenomic era,
and it is hard to disagree with this notion.

It is noteworthy that in 2005, a review article on
modern breeding was titled “Genomics-assisted breeding
for crop improvement” [Varshney et al., 2005], and a
similar article in 2024 is titled “Haplotype-based breeding:
A new insight in crop improvement” [Sivabharathi et al.,
2024]. This observation indicates that views on breeding
have changed markedly, and conventional genomics with
consensus genomes is clearly no longer sufficient, but the
latter article does not mention pangenomes at all (the same
in the former). On the other hand, in 2020, an article titled
“5Gs for crop genetic improvement” was published
[Varshney et al., 2020]. These 5Gs are genome assembly,
germplasm characterization, gene function identification,
genomic breeding, and gene editing. In that article
[Varshney et al., 2020] researchers emphasize the need to
take haplotypes into account because conventional
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genomic information as a mosaic assembly does not
provide the necessary information. Unfortunately,
pangenomes are not mentioned either. The most correct
selection of plants should now be based on pangenomic
data (including super- and hyper-pangenomes) compiled
on the basis of chromosomal assembly of diploid genomes
with phased haplotypes. Such pangenomes already exist
and were given special attention in our article. Such
pangenomes are the future.

Conclusion

Obsolescent reference genomes with mosaic
assembly are inevitably replaced by pangenomes (all
types) because they contain much more information about
a gene repertoire characteristic of a species/genus or a
group of closely related genera of the same family. In fact,
genomics, even if it retains its original name, should
ideologically turn into pangenomics. At the same time, as
mentioned above, pangenomes should also preferably be
based on knowledge about diploid genomes with phased
assembly of haplotypes. These entities can formally be
considered mini-pangenomes because both nuclear
genomes are of the same species/plant varieties (we will
disregard dihaploids for now), certainly show differences,
and therefore already provide certain information about
genomic diversity. They are of the greatest interest
because they better reflect actual polymorphism of
nucleotide sequences by haplotypes, taking into account
their cis-, trans-positions, and consequently amino acid
sequences of the proteins encoded by them; this feature is
extremely important for predicting their functioning and
hence for a better understanding of the haplo—pheno
relationship.

There is no doubt that the sequencing of
pangenomes, super-pangenomes, and hyper-pangenomes
will continue, and there will even be acceleration of this
process (e.g., through the development of new high-
performance sequencing technologies). Pangenomics will
develop further, including in terms of data storage and
presentation, because knowledge about the diversity of
genetic material is important for many tasks, such as the
creation of new high-yielding and pest-resistant varieties
of plants.
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