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The enormous wealth of data on the incidence of polyploidy
and its significance for genome evolution in angiosperms has
greatly advanced our understanding of plant evolution. This
has enabled the identification of correlations between poly-
ploidization and life history trait evolution as well as unraveling
the complex interplay between genome multiplication and the
biology of individual lineages giving rise to intricate and unique
patterns of genome evolution despite shared evolutionary
processes. Advances in sequencing and analytical methods
result in the quickly increasing representation of other land
plant lineages, such as bryophytes or ferns. These data
continue to reveal that the levels of genome evolution
complexity known from angiosperms are to be found across all
land plants, albeit to lineage-specific extents. Greatly
expanded taxonomic sampling across land plants will not only
deepen our understanding of the interplay between polyploidy
and the evolution of traits and life histories, e.g. in the context
of the conquest of land, but also will allow an evolutionarily
broader assessment of the role of polyploidy in shaping
genome dynamics.
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Polyploidy, the presence of three or more full sets of
chromosomes, is a pervasive phenomenon in plant evo-
lution that can influence the structure, function, and
dynamics of plant genomes [1]. Commonly, though not

necessarily accurate, polyploidy is used synonymously
with whole-genome duplication (WGD [2]). Following
WGD, most genomes experience a phase of reorganiza-
tion, including the loss, pseudogenization, subfunc-
tionalization and neofunctionalization of coding
sequences, epigenetic remodeling, and chromosomal
rearrangements [2]. These processes contribute to ge-
netic and cytological (re-)diploidization over time.
Recurrent cycles of polyploidization and subsequent
diploidization have shaped the genomes of nearly all
angiosperms, many ferns and lycophytes, and some
bryophytes and gymnosperms [1,3,4].

Current methodological and analytical advances in
comparative genomics have allowed unprecedented an-
alyses of often complex polyploid genomes. High-
throughput, long-read, and single molecule sequencing
technologies available at decreasing costs as well as
dedicated tools and software for genomic analysis of
polyploid systems have enabled constant and acceler-
ating progress (e.g. Ref. [5]). Furthermore, in a system
like isogenic diploid gametophytes of the moss Funaria
hygrometrica, induced from immature diploid sporophytes
through apospory, the immediate effects of genome
doubling before meiosis and fertilization can be studied,
allowing the genetic networks involved in ploidy tran-
sitions to be identified [6]. Jointly, these allow for
addressing detailed questions related to the complex
interplay between polyploidy and genome architecture,
gene dosage balance, morphology, ecological adaptations,
and lineage diversification in any plant group.

Bryophytes

Most bryophytes possess relatively small genomes, with
more karyotypic diversity than was previously thought
(Figure 1), suggesting that the prevailing view that
WGDs may be rare or absent in this lineage [7] is ripe for
re-evaluation [8]. Recent phylogenetic analyses of
extensive nuclear gene datasets representing all three
bryophyte lineages (mosses, liverworts, and hornworts)
have provided evidence for at least seven ancient large-
scale gene duplications (LSGDs [9]), inferred from
transcriptome data. However, these do not have to stem
from polyploidization as exemplified by LSGD1, which
predates the divergence of extant bryophytes (Figure 1,
[9]; the remaining six LSGDs are specific to some
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Figure 1
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Summary of phylogenetic relationships, incidence of whole-genome duplications (WGDs), and genomic characteristics (chromosome numbers as solid
bars and genome size as open bars, both on a natural logarithmic scale) of major lineages of land plants (as, angiosperms).

lineages): whole-genome data found no evidence for a
WGD event at this point of bryophyte evolution but did
recover 5 ancient WGDs and at least 15 lineage-specific
WGDs in mosses and two and one lineage-specific
WGDs in liverworts and hornworts, respectively [10].

Genome multiplication has been considered unlikely in
the evolution of hornworts [3], the linecage with the
fewest number of species, with evidence for only one
ancient [11] or two intraspecific [8] putative WGD
events (Figure 1). The former corresponds to LSGD2 as
inferred in the most recent common ancestor (MRCA) of
a clade including all but one studied hornwort species
[9]; only weak evidence for a single lineage-specific
WGD was found, however, by whole-genome data [10].
Comparative analyses of ten chromosome-level genome
assemblies, representing all hornwort families, demon-
strated the absence of recent WGDs and highly
conserved synteny in their autosomes, whereas the
multiple accessory and putative sex chromosomes mostly
lacked syntenic relationships with one another and were
evolutionarily labile [12]. Liverworts resemble hornworts
in having mostly compact genomes and relatively stable
chromosome numbers and karyotypes [1] with some
lineage-specific expansions in genome size [13]. While
liverworts exhibit the widest range of genome sizes in
bryophytes (Figure 1), this variation has been attributed

to repeat expansion rather than polyploidy [7,13].
Although ancient hybridization and recent allopolyploidy
have been proposed for some lineages [8,13], only one
LSGD (LSGD7) has been inferred from phylogenomic
data in the MRCA of a clade containing the majority of
foliose liverworts [9] but this could not be confirmed
from whole-genome data [10] yet based on scarcer taxon
sampling within this lineage. Evolutionarily significant,
recurrent, and independent polyploidization cycles have
been hypothesized for the species-rich mosses (Figure 1;
[7]1), with c. twenty-one percent of species exhibiting
naturally occurring polyploids [8]. Four other LLSGD
events were inferred in mosses, one in their MRCA and
the other three (LSGD4—6) in the MRCA of peat mosses
and two in the early evolution of core mosses [9], all of
them confirmed by whole-genome data [10]. In the
diverse lineage of pleurocarpous mosses, .SGDs may
have occurred before and early in their diversification
[14]. Telomere-to-telomere (T27T) genome assembly of
the model moss Physcomitrium patens allowed proposing a
model of karyotype evolution involving descending
dysploidy following two WGDs [15]. In contrast to liv-
erworts [16], the persistence of consistently small
genome sizes in mosses (Figure 1), despite multiple
WGDs rounds, suggests higher rates of genome down-
sizing and reorganization, although the underlying
mechanisms remain elusive.

Current Opinion in Plant Biology 2026, 90:102857
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Functional enrichment analyses of retained duplicated
genes revealed patterns unique for each of the seven
LSGDs, suggesting specific evolutionary trajectories
[9]. LSGD1 and 7 were associated with a significant
enrichment in photosynthesis-related genes, perhaps
linked to adaptation to terrestrial environment, and
LSGD1 with gene losses that may have resulted in the
simplification of body complexity [17]. WGD events in
the recent history of the Antarctic moss Poklia nutans
were putatively involved in molecular responses to
extreme terrestrial environments [18]. Duplicate genes
retained following a large-scale gene duplication early in
the origin and diversification of pleurocarpous mosses
were enriched for functions related to the development
of reproductive structures, the placement of which is a
synapomorphy of the group [14]. Despite the relatively
few WGDs inferred for bryophytes, they retain a very
diverse gene space driven, at least in part, by horizontal
gene transfers [10], suggesting that WGDs may be less
important for the generation of functional novelty than
in other plant lineages.

Comparison of seed plant and moss genomes, including
the new chromosome-scale genome assembly of Funaria
hygrometrica, revealed that large-scale genome structure
and dynamics of these groups differ [19] despite both
being affected by WGD. Mosses have experienced lower
rates of gene order reshuffling along chromosomes,
resulting in higher levels of synteny and collinearity over
evolutionary time. Furthermore, the even distribution of
transposable elements (TEs) and genes along chromo-
somes appears to be characteristic of both mosses and
the genomes of other seedless plant lineages [19].

Lycophytes

Lycophytes comprise the sister group to all remaining
vascular plants and are represented by clubmosses,
spikemosses, and quillworts (Figure 1). Their genomes
are, similar to ferns, relatively large (Figure 1),
suggesting that polyploidization may have contributed
to their expansion [20]. The incidence of WGDs varies
across the three lineages [11,21]; a single ancient WGD
event has been proposed in quillworts, spikemosses lack
a shared WGD in their evolutionary history, and club-
mosses have experienced multiple WGDs (Figure 1;
[22]). The first lycophyte chromosome-level genome
assemblies revealed a single WGD in the diploid
1. taiwanensis and two WGDs in the related tetraploid
quillwort Isoetes sinensis [23].

One of the earliest identified allopolyploidy events in
land plants was recently discovered in the Selaginalla
sanguinolenta clade dating back to the Early Triassic and
involving common ancestors of the two superclades in
spikemosses [24]. The surprising retention of the
signature of hybridization over such a long evolutionary
time was attributed to differential loss or fixation of

various gene copies from the progenitors and partial
gene-level conversion, rather than entire gene-level
conversion [24].

Comparison of chromosomal genome assemblies of two
homosporous clubmoss species revealed high levels of
gene collinearity despite 350 Mya of divergence and
incidence of independent WGDs [22]. This high level
of genome stability over geological time with deceler-
ated rates of nucleotide substitution contrasts with
genome features in heterosporous spikemosses and
quillworts, suggesting contrasting modes of genome
evolution related to homo- and heterospory [22].

Ferns (monilophytes)

Ferns include whisk ferns, ophioglossid ferns, horsetails,
marattioid ferns, and leptosporangiate ferns (Figure 1).
Most ferns are homosporous and many possess high
chromosome numbers and large genomes (Figure 1;
[25]). It is thought that both a high incidence of poly-
ploidy and a process of diploidization that involves
relatively less DNA loss accounts for this pattern [26],
and these lineage-specific genome dynamics may have
played a significant role in their evolutionary diversifi-
cation [25]. Apart from an ancient WGD inferred in the
MRCA of all extant ferns (but see Ref. [27]), multiple
other lineage-specific WGDs in different subclades have
been inferred (Figure 1; [11,27—29]). A recent analysis
of fern transcriptomes and genomes inferred 18 putative
WGDs and showed that lineages with more instances of
ancient WGDs are more species-rich than those with
fewer WGDs [29]. Evolutionarily more recent, recur-
ring, and independent allopolyploidization events have
been reported for many fern genera [30], likely
contributing to their recent radiations.

Due to the low number of sequenced fern genomes and
partly contradicting inferences (e.g. whether WGDs in
horsetails were associated with the K-Pg mass extinc-
tions: [31] versus [32]), the role and dynamics of poly-
ploidy in the evolutionary history of ferns remain little
understood; however, their diversity, a life cycle with
independent gametophyte and sporophyte generations,
and an extensive history of WGD with comparatively
less genome downsizing make ferns an excellent system
for studying the relationship between polyploidy and
diversification. WGDs, the accumulation of transposable
clements, and the expansion of introns are generally
suggested to contribute to increased genome sizes in
ferns, though to different extents for each mechanism in
different lineages [33—35]. An association between
homospory and large genomes with high chromosome
numbers has also been proposed, supported by the fact
that heterosporous fern genomes are some of the
smallest in the lineage [26]. Additionally, substantial
variation in genome dynamics due to different life forms
is likely, as shown for tree ferns with high levels of
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preserved synteny following the most recent WGD
100—170 Mya, suggesting that slow rates of diploidiza-
tion may be associated with the origin of arbores-
cence [36,37].

Gymnosperms

Gymnosperms comprise cycads, ginkgo, gnetophytes,
and conifers encompassing pinid conifers and cupressid
conifers (e.g. redwoods, junipers, yews; Figure 1; [38]).
Whereas, an ancient WGD in the MRCA of all seed
plants (~300—350 Mya) has been confirmed by synteny
analyses of gymnosperms vs. Amborella trichopoda [39], a
WGD common to all gymnosperms remains contentious
([39] vs [40]; Figure 1). Similarly, newer one-to-one,
arm-scale synteny patterns of conifers, ginkgo, and
cycads found no evidence for independent WGD events
in these lineages [41] in contrast with earlier inferences
of independent WGDs in the two conifer lineages [39],
likely representing other types of gene duplica-
tions instead.

Ancient WGDs in gymnosperms are thought to be rare
with negligible effects on karyotype evolution, with one
possible exception in gnetophytes, where WGD was
clearly demonstrated in Welwitschia and, less conclu-
sively, in Guetum [41]. The Gnretum genome exhibited
extremely fragmented synteny relative to Welwitschia,
possibly due to massive chromosomal rearrangements
and gene fractionation during diploidization [41]. The
recent (1—2 Mya) burst of LTR-retrotransposons and
following high turnover rates led to genome restructur-
ing and downsizing in Wekvitschia [42] and further
contributed to low levels of synteny between Wekvitschia
and Gnerum. In contrast to ancient WGDs, solid evidence
exists for lineage-specific polyploidy in gymnosperms
[11,39], for instance in the gnetophytes (Fphedra [43])
and cupressid conifers (Juniperus [44], hexaploid coast
redwood [45]; Figure 1).

Gymnosperm genomes have long been recalcitrant to
whole-genome assembly, due to the costs associated
with sequencing large genomes and difficulties in as-
sembly contiguous sequences from highly repetitive
genomes. Currently, genome assemblies are available for
over 20 species of all major lineages, including pines
(~12—-29 Gb), ginkgo (~10 Gb), cycads (~10 Gb),
gnetophytes (~4—7 Gb), and cupressid conifers
(~8—26 Gb; e.g. Refs. [39,40,46,47], but only three of
those are assembled to the chromosomal level and only
one represents 12T assembly (Taxus wallichiana; [47]).
Smaller genomes of non-conifer gymnosperms have
experienced lineage-specific WGDs [42,48] and post-
polyploidization genome downsizing, common in an-
giosperms, and involving high rates of DNA excisions
with SOLO-LTR prevailing over intact elements [49].
In contrast, the large genomes of pines, with WGD
inferred only in their MRCA (Figure 1; but see

Ref. [41]), are dominated by intact [LTR-
retrotransposons [39,46]. Thus, these genomes may
experience an irreversible increase in genome size,
where already large genomes resulting from WGD are
accompanied by a steady amplification of slowly
degrading repeats and low-copy DNAs, and a slow rate of
their removal, resulting in something akin to “genome
paralysis” in pines [39]. Evidently, patterns of gymno-
sperm genome evolution follow different evolutionary
trajectories, whose understanding will require a denser
sampling of genomes from across the gymnosperm
phylogeny [41].

Angiosperms

Angiosperms were the first group for which polyploidy
was widely accepted as a key evolutionary force [50].
Not only was the WGD in the MRCA of all angiosperms
hypothesized to have created genomic novelty contrib-
uting to their evolutionary success but also recurrent
lineage-specific WGDs of different ages have been
linked to the success of angiosperms with respect to
both species richness and biomass dominance [1,11,51].
The combination of a high incidence of WGDs across all
phylogenetic depths, various combinations of genomic
responses to polyploidization (e.g. neofunctionalization
and subfunctionalization of duplicate genes, genomic
rearrangements, alterations of epigenetic patterns), and
the availability of hundreds of sequenced genomes with
many more on the way, have placed flowering plants at
the forefront of polyploidy research. Furthermore, the
rapid development of novel methods to manipulate and
recreate angiosperm polyploids # vivo promises an
exciting future for the field. For instance, the ‘mitosis
instead of meiosis’ (MiMe) system, accomplished
through mutations in selected meiotic genes, allows
generating clonal unreduced gametes that can be used
for precise genome manipulations without the genetic
variation that arises from sexual reproduction [52].
Although often developed for and applied to crops [53],
such tools as well as analysis of the pangenome, repre-
senting the breadth of genomic diversity within a spe-
cies or clade [54,55], will become highly useful also in
wild plants.

Among land plants, angiosperms continue to be at the
forefront of polyploidy research from the cellular to the
ecosystem level. Given the breadth of research on this
topic, we will illustrate this leading-edge work with a
few examples only. First, asymmetric meiosis in penta-
ploid dogroses, where two chromosome sets pair as bi-
valents and are transmitted through both pollen and egg
cells, whereas the remaining three chromosome sets
form univalents transmitted exclusively through the egg
cell, is linked to a bimodal centromere architecture
(larger and satellite DNA-rich centromeres in univalents
versus centromeres enriched in Athila 'TEs in bivalent-
forming chromosomes; [56]). The ability to take a
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pangenomic approach to comparative genomics is also
pushing the boundaries of polyploidy research. Pange-
nomic data from an allopolyploid rice species and its
diploid progenitors, allowing for post-polyploidization
evolution and parental variation in diploids to be
distinguished, indicate that the tempo of diploidization
depends on the mutation type, being episodical for gene
fractionation (an early burst of gene loss) and gradual for
transposable element dynamics and homoeologous ex-
changes [57]. Our understanding of  post-
polyploidization evolution is similarly being pushed
forward by more exhaustive sampling. For example,
phylogenomic analysis of chromosome-level full genome
data from 11 representatives of the cotton family iden-
tified ancient allopolyploidization events (up to decap-
loid) affecting multiple subfamilial lineages and
subsequent dysploidy as drivers of diversification in this
plant family [58]. Finally, a comparison of climate niches
in 129 mixed-ploidy species found that climate niche
shifts in polyploids are generally common, but as there
was consistent association neither with any specific
environmental factor nor with range or niche expansion,
ideas of predictable niche shifts in polyploids may not
hold [59]. It would be impossible to cover the extent of
angiosperm polyploidy work in such a short space but
these examples show that the field is rapidly
moving forward.

Future directions

A number of WGDs, especially at basal nodes of non-
angiosperms, have been inferred using transcriptomic
data only (Figure 1) and are, therefore, in need of veri-
fication using more comprehensive genome data, ideally
T2T genome assemblies. Despite enormous techno-
logical and algorithmic advances in recent years, such
assemblies remain challenging for ultra-long tandem
repeats and for haplotype-resolved polyploid genomes
[60]. A likely remedy is improved assembly algorithms,
which could profit from more well-curated genome data
sets and inclusion of artificial intelligence technologies
[60]. Similarly, improvements in how polyploidy is
modeled as a population-level process, incorporating
population-level genome sampling, will also move the
field forward by addressing how different evolutionary
forces may lead to the fixation of polyploids in
plant populations.

Land plant lineages are very unevenly covered with
respect to (nearly) fully sequenced genomes. This
hampers cross-comparison of polyploid genome evolu-
tion across major lineages (e.g. the suggested lower rate
of genome turnover in mosses compared to angio-
sperms) as well as the identification of general evolu-
tionary trends across land plants (concerning,
e.g. genome reshuffling or transposable element activ-
ity) and their major lineages (e.g. suggested differences
between homosporous and heterosporous ferns). As a

strategy, we suggest establishing model clades
(depending on size, ranging from order to phylum level)
across land plants, within which state-of-the-art whole-
genome sequences for a representative subset of taxa are
generated. Assuming parallel computational and algo-
rithmic improvements, this data set, as a whole or sub-
sets thereof, could be used to address questions
including, but not limited to: (i) What are the (intrinsic
or extrinsic) causes of differences in polyploidization
rates across groups? (ii) Is lineage diversification driven
by polyploidy per se or rather by associated factors acting
post-polyploidization? (iii) What are the causes for dif-
ferences in genome dynamics and diploidization rates
across lineages? (iv) How is polyploidy affecting in-
teractions between plants and other organisms, such as
the microbiome [61]7 We feel that this “genomic
democratization” complements in-depth studies of
model organisms and will serve as a foundation for un-
derstanding genome dynamics and the role of WGD
more broadly.
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