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• Background Most, if not all, green plant (Virdiplantae) species including angiosperms and ferns are polyploids 
themselves or have ancient polyploid or whole genome duplication signatures in their genomes. Polyploids are not 
only restricted to our major crop species such as wheat, maize, potato and the brassicas, but also occur frequently in 
wild species and natural habitats. Polyploidy has thus been viewed as a major driver in evolution, and its influence on 
genome and chromosome evolution has been at the centre of many investigations. Mechanistic models of the newly 
structured genomes are being developed that incorporate aspects of sequence evolution or turnover (low-copy genes 
and regulatory sequences, as well as repetitive DNAs), modification of gene functions, the re-establishment of con-
trol of genes with multiple copies, and often meiotic chromosome pairing, recombination and restoration of fertility.
• Scope World-wide interest in how green plants have evolved under different conditions – whether in small, 
isolated populations, or globally – suggests that gaining further insight into the contribution of polyploidy to plant 
speciation and adaptation to environmental changes is greatly needed. Forward-looking research and modelling, 
based on cytogenetics, expression studies, and genomics or genome sequencing analyses, discussed in this Special 
Issue of the Annals of Botany, consider how new polyploids behave and the pathways available for genome evolu-
tion. They address fundamental questions about the advantages and disadvantages of polyploidy, the consequences 
for evolution and speciation, and applied questions regarding the spread of polyploids in the environment and chal-
lenges in breeding and exploitation of wild relatives through introgression or resynthesis of polyploids.
• Conclusion Chromosome number, genome size, repetitive DNA sequences, genes and regulatory sequences 
and their expression evolve following polyploidy – generating diversity and possible novel traits and enabling 
species diversification. There is the potential for ever more polyploids in natural, managed and disturbed environ-
ments under changing climates and new stresses.

Key words: Polyploidy, whole genome duplications, structural variation, genome size, chromosome number, DNA 
and RNA sequencing, fluorescence in situ hybridization, flow cytometry, repetitive DNA, meiosis, ecology, speciation.

INTRODUCTION

Polyploidy, or whole genome duplication (WGD), is a ubiqui-
tous feature of plant species evolution, and all groups of green 
plants (Viridiplantae, hereafter referred to as plants) have one or 
more events of WGD in their ancestry (see Soltis et al., 2015; 
Alix et al., 2017; van der Peer et al. 2017; Landis et al., 2018; 
Chanderbali et al., 2022). Indeed, the Amborella Genome Project 
(2013) showed that a WGD event preceded the origin of all angio-
sperms. About half of all plants – both crops and species in their 
native habitats – are recent polyploids with chromosome sets 
from two or more ancestors, and the ancestral diploid relatives are 
usually evident within the same or related genus. Polyploidy is 
arguably the most important force in plant speciation and genome 

evolution. Plants differ from the eukaryotic animal (David 2022) 
and fungal lineages, as well as viruses and bacteria, where WGD, 
although occurring sporadically through evolution, is typically a 
minor rather than widespread driving force. This Special Issue 
of Annals of Botany brings together research on polyploidy from 
fundamental to applied, with an emphasis on ecology and speci-
ation and consequent advantages and disadvantages.

The advent of whole genome sequencing approaches, including 
survey sequence analysis of RNA or DNA, and whole genome 
assembly, has shown the signature of multiple WGD events 
throughout the evolutionary history of plants (reviewed by, for 
example, Wong et al., 2020; Nieto Feliner et al., 2022). These ap-
proaches complement cytogenetic and experimental hybridization 
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methods, and show clearly gene duplications and shared regions 
of genomes. Combined with ecology and taxonomy, microscopy, 
genomics and modelling have provided valuable knowledge in 
understanding the occurrence and nature of polyploidy and its 
contribution to plant evolution. Knowledge of the mechanisms 
during the events leading to polyploidy, and their consequences, 
can be applied to evaluate the basis and measure the nature of 
plant biodiversity, and used for the development of new and im-
proved crops to meet the challenges of the future.

KEY TERMINOLOGY AND CONCEPTS IN POLYPLOID 
RESEARCH

Polyploidy and the phrase ‘whole genome duplication’

Polyploidy and WGD have become widely used descriptions 
for multiplication of the chromosome numbers in a plant lin-
eage, with little distinction between the two phrases. ‘Polyploidy’ 
often refers to evolutionarily more recent events, whether in the 
last few million years or up to a single generation. Its occurrence 
is usually clear in a taxon with a base chromosome number, x, 
and polyploids have multiples of this basic number. In auto-
polyploids involving a single species and chromosome number, 
or in allopolyploids originating from more than one taxon, the 
new chromosome number is based around the sum of chromo-
some numbers in the multiple ancestral species (Fig. 1A, B) al-
though, in many polyploids, chromosomes may be lost or gained. 
The ancestors of allopolyploids are most often related species that 
have themselves diverged from a common ancestor, and the di-
verged chromosomes with the same set of genes are referred to as 
homoeologues, rather than the homologous pairs from the parents 
of a diploid or autopolyploid. ‘Whole genome duplication’ has 
been used frequently for events occurring many million years 
ago (including where the ancestral genomes involved are not ex-
tant or chromosome numbers have changed extensively), and in 
studies making comparisons of sequence assemblies. These are 
referred to as ancient or palaeo-polyploids (or having ancient 
WGD events), while recent polyploids would have WGDs since 
the genus or closely related genera diverged (see e.g. Mayrose et 
al., 2011). Nevertheless, WGD may be used to refer to new lin-
eages and experimental hybrid products (Mattingly and Hovick, 
2023). In this review, the term ‘polyploidy’ is used regardless of 
the original author’s preference. Polyploidy occurring in specific 
cells or tissues of an individual, sometimes part of development or 
differentiation in a single plant (as in the endosperm, suspensors 
of the egg apparatus, or sometimes leaf or tapetum cells of angio-
sperms), is not considered here.

Genome

There is no concise definition of ‘genome’, and, indeed, the 
term is used in multiple ways in different publications, so the 
context must be known. Whole nuclear genome sequencing 
and assembly will deliver the DNA sequences (including 
genes, regulatory, structural and repetitive sequences) of a hap-
loid chromosome set from the nucleus of a plant (as found in a 
gamete) – the genome. However, cells in plants of a hexaploid 
species, such as bread wheat (Triticum aestivum) or cultivated 
oat (Avena sativa, see Fig. 1C; Liu et al., 2019), can be de-
scribed as having one genome in each nucleus, including all the 

DNA molecules; or two genomes, one each from the mother 
and father; or three genomes, one from each of the three ances-
tral species (sometimes referred to as sub-genomes); or six gen-
omes, each representing one haploid set of chromosomes from 
the ancestors; or, indeed, these numbers plus two for the mito-
chondrial and chloroplast genomes. A cell might be regarded as 
having hundreds of genomes if all those of individual chloro-
plasts, mitochondria and even commensal or pathogenic vir-
uses and bacteria are included. Other studies of genomes will 
include DNA modifications, in particular cytosine methylation, 
and chromatin packaging with various histones.

Chromosome number

In an angiosperm, the cells of the sporophyte, the plant 
that will give rise to the spores, are described as having a 
chromosome number of 2n, regardless of whether the plant is 
diploid, triploid, tetraploid or higher ploidy. After meiosis the 
haploid (1n) products (‘spores’) develop into gametophytes 
(pollen or embryo sac in angiosperms, with only a few mi-
totic divisions) and produce the 1n gametes (in angiosperms, 
the generative pollen nucleus and egg cell) that fuse upon 
fertilization to the diploid (2n) zygote that develops into the 
sporophyte (embryo). The gamete chromosome number is 
expressed as n, while the basic chromosome number is ex-
pressed as x, denoting the ploidy level, such as 2x, 3x, 4x 
or higher. Thus, for example, bread wheat or oat (Fig. 1C) 
would be described as 2n = 6x = 42. Nevertheless, the basic 
chromosome number of a group including various poly-
ploids can be difficult to infer (see Tomaszewska et al., 2023 
with Urochloa diploid and polyploid species; and Elliot et 
al., 2022 in Schoenus) with substantial chromosome fusion, 
fission and other rearrangements, where chromosome-level 
genome assemblies have proved powerful in identifying 
events, for example in the evolution of chromosomes in 
Petunia diploid and hybrid species (Bombarely et al., 2016) 
and the whole genome assemblies of Buxus (Buxales) and 
Tetracentron (Trochodendrales) showing independent WGDs 
and the ancestral genome structure of early eudicot diversifi-
cation (Chanderbali et al., 2022).

POLYPLOIDY, SPECIATION AND EVOLUTION

Many of the papers in this Special Issue provide examples of 
ongoing evolution in chromosome number and genome size 
in polyploids (e.g. Schoenus, Elliot et al., 2022; Urochloa, 
Tomaszewska et al., 2023; Nicotiana, Chase et al., 2023; 
Allium, G. Wang et al., 2022), often involving amplification 
or elimination of retroelement and repetitive DNA sequences 
as well as of genes. For chromosome analyses, cell spreading 
techniques and karyotyping are powerful tools in showing re-
cent polyploidy in species by counting chromosomes and 
establishing the basic chromosome number (x) in a group, and 
the polyploids with near-multiples of it. Chromosome ana-
lysis has been used successfully since the 1930s (Darlington, 
1939) and as shown by the examples in this issue and in Fig. 1 
is essential today. The measurement of genome size, via flow 
cytometry in correlation with ploidy where there is no or limited 
loss or gain of DNA, is another important cytogenetic method 
to measure ploidy, and is often easier than making chromosome 
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preparations, showing distinct peaks with different numbers of 
genomes (Elliott et al., 2023; Pomies et al., 2023; Semberova 
et al., 2022; Tomaszewska et al., 2023; Fig. 2A). However, care 
needs to be taken as chromosome numbers and genome size may 
change (independently or dependently) post-polyploidization, 
through sequence loss and gain, chromosome elimination, or 
chromosome fusions and fissions. Additional to cytogenetic 
examinations, the program ChromEvol (Glick and Mayrose, 
2014), if a draft phylogeny and chromosome number data for 
the species involved are available, has proved valuable to infer 
locations and types of chromosome number changes along the 
phylogeny of plants (Chase et al., 2023; Elliott et al., 2023).

Examination of meiotic chromosome pairing is helpful in 
polyploids, but is influenced by genes that ensure exclusive 
pairing of homologues. To avoid formation of multivalents at 
meiosis, with subsequent chromosome non-disjunction and 
infertile gametes, most polyploids have developed genetic 
mechanisms, such as the Ph-locus in wheat, to ensure regular 
chromosome pairing at meiosis occurs (Singh et al., 2019), and 
diploid behaviour is restored in the polyploid. This then leads 
to diploidization of polyploids that makes them successful new 
species (Li et al., 2021), although Levin (2021) has speculated 
that limited numbers of propagules from new polyploids may 
limit establishment of new polyploid populations. Alternative 
mechanisms of propagation, involving either apomictic seed 
production or vegetative propagation, enable reproduction of 
taxa without regular meiosis, and allow taxa with odd numbers 
of ancestral genomes: for example, triploid dessert banana, 
Musa acuminata (Heslop-Harrison and Schwarzacher, 2007); 
heptaploid dog rose, Rosa canina (Hertzklotz and Ritz, 2017); 
and triploid saffron, Crocus sativus (Schmidt et al., 2019). 
Important examples of vegetatively or seed-propagated trip-
loids discussed in this Special Issue are aspen trees (Populus 
tremuloidies; Eisenring et al., 2023) and palms (Pomies et al., 
2023), but also some sexual or mixed apomictic–sexual sys-
tems, such as Urochloa forage grasses, including multiple 
ploidies (Tomaszewska et al., 2023). However, beyond chromo-
somal explanations for sterility of polyploid hybrids, morph-
ology (Šemberova et al., 2023), ecological niche differentiation 
(Chase et al., 2023) or isolation of populations on islands (Joshi 
et al., 2023) lead to separation of polyploid lineages allowing 
evolution independent from the original diploid species, diver-
sification and speciation.

Backcrossing to a suspected diploid can clearly show the 
presence of multiple genomes with meiotic pairing in the F1 
hybrid between chromosomes of one of the genomes forming 
bivalents while remaining chromosomes are seen as univalents. 
Examples include diploid and tetraploid relatives of wheat in 
the genus Dasypyrum (Galasso et al., 1997; see also N. Wu et 
al., 2023). The existence of polyploidy can also be inferred by 
the presence of aneuploids with missing chromosomes: diploid 
species with missing chromosomes are almost never viable (not-
withstanding the fact that haploid plants occur regularly). Early 
suggestions that Zea mays was a tetraploid (palaeo-tetraploid) 

A

B

C

Fig. 1. Fluorescence in situ hybridization (FISH) to identify genomes in poly-
ploids. (A, B) Genomic in situ hybridization of a root tip metaphase of the allo-
tetraploid water-starwart, Calitriche platycarpa (Plantaginaceae; 2n = 4x = 20), 
showing ten chromosomes hybridized with total genomic DNA from C. 
cophocarpa DNA probe (A; in green) and the remaining ten chromosomes 
hybridized with C. stagnalis DNA (B; in red); chromosomes were stained 
with DAPI (blue) showing the unlabelled chromosomes in each image. See 
Schwarzacher et al. (2016). Scale bar = 10 μm. (C) Metaphase chromosomes 

of Avena sativa (hexploid oat, 2n = 6x = 42) via FISH using mutiple genome-
specific repetitive DNA probes, identifying the three genomes (A, B, C) 
in different colours and showing terminal translocations (arrows) between 

homeologous chromosomes (see Liu et al., 2019, 2022). Scale bar = 5 μm.
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actually came from the discovery of lines with 2n = 4x − 1 = 19 
chromosomes derived from the euploid 2n = 4x = 20.

Erysimum (Brassicaceae) provides an excellent example of 
a genus where evolution in a small area, the southern Iberian 
Peninsula, can be followed from a dynamic glacial refugium 
where range expansions and contractions have led to cycles 
of sympatry and isolation. Osuna-Mascaro et al. (2023) show 
that extensive polyploidization, interspecific hybridization and 
introgression have driven diversification, with evidence for 
frequent and on-going hybridization and introgression across 
ploidy levels, including indications of ancestral and extinct 
taxa. The whole-genome effects of hybridization and interplay 
between hybridization and introgression show the importance 
of polyploid events in complex scenarios of plant evolution.

Similarly, isolated populations, often endemic to islands, 
are of particular interest because they can show evolutionary 
events consequent to the small population sizes, with different 
selective pressures from those in larger ecosystems. Joshi et al. 
(2023) investigate genome dynamics in a polyploid Malvaceae 
species (Plagianthus regius), finding that the polyploid island 
species shows chromosomal stasis, although there is evidence 
for small-scale processes including loss of ribosomal repeats 
and copies of the GBSS1 (granule bound starch synthase) gene.

Genomic signatures of polyploidy

Genome sequencing and isolation of orthologous genes reveals 
the presence of multiple copies of genes (see Fig. 3); variation 
in sequence, including duplications and allelic variation be-
tween the parental genomes, can occur in the ancestral species, 
and new functions can be gained (see below). However, gene 
or chromosome segment duplication can give more copies of 
genes, unrelated to polyploidy, and there may be chromosomal 
deletions, recombination or mutation that make WGD harder to 
detect in either the polyploid or the ancestors. For example, ana-
lysis of duplicated blocks of genes has shown that rice contains 
evidence of ancient aneuploidy having undergone duplication 
of a whole or large part of one chromosome rather than going 
through a polyploid event early in its evolution as previously 
thought (Vandepoele et al., 2003). Overall, however, genome-
wide sequencing methods including RNA-seq (RNA, normally 
poly-A mRNA, sequencing) combined with analysis of SNPs 
(single nucleotide polymorphisms) have proved powerful and 
were used to show both the presence of multiple alleles and 
their origin in comparison with the ancestral diploids in tetra-
ploid coffee, Coffea arabica (Combes et al., 2023). In an al-
ternative approach, high and low-depth survey sequencing can 
calculate synonymous divergence (Ks) frequencies and thus de-
tect ancient WGDs (Fig. 2B), often showing several rounds of 
palaeopolyploidy events, for example in kiwi fruit (Actinidia) 
and its relatives (Shi et al., 2010) and the ornamental Petunia 
species (Bombarely et al., 2016). Here, Zhao et al. (2023) show 
multiple WGDs events in the Arum family, Araceae, finding 
that net diversification rates are enhanced after the WGD event, 
which is helpful in discovering the phylogeny of the group.

High-quality, chromosome-scale, assemblies of genomes 
allow analyses of homoeologous and orthologous gene identi-
fication that can be displayed at the chromosome level by con-
necting groups of genes, thus showing regions of conserved 
synteny. The application of these bioinformatics approaches 
using appropriate parameters for similarity, and displayed using 
Synvisio or within Circos plots in many genome assembly pa-
pers, clearly shows the presence of duplications or higher levels 
of similarities in the order of genes, and both small duplica-
tions and WGDs as well as genome expansions and structural 
variations are evident: examples include the WGDs found in 
Musaceae species (D’Hont et al. 2012; Z. Wang et al., 2022), 
and in the more recent allopolyploid peanut, Arachis hypogaea 
(Bertioli et al., 2013) and Avena diploids and polyploids (Liu 
et al., 2022). WGDs can be inferred from fragmented (‘draft’) 
genome assemblies, particularly in a comparative context 
(e.g. in 1000 plant transcriptomes, see Wong et al., 2020), al-
though in restricted analyses, homoeologous copies of genes 
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Fig. 2. Determining ploidy. (A) Flow cytometry measurements of propidium 
iodide-stained nuclei. Overlay of graphs from diploid (2x), tetraploid (4x), 
pentaploid (5x) and hexaploid (6x) accessions of Urochloa bryzantha group 
species (see Tomaszewska et al., 2022). (B) Density distributions of syn-
onymous substitutions (Ks) between genes in paired collinearity gene groups 
(orthologues) within the genome of Ensete glaucum. Peaks indicate whole-
genome duplications (WGDs, arrows). (Figure adapted from Z. Wang et al., 

2022).
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may be collapsed to a single sequence, or alternatively alleles 
of homologues or simple gene duplications may incorrectly 
suggest WGD [see above and pointed out by Z. Wang et al. 
(2022)]. G. Wang et al. (2022) discuss the large genomes in 
three Allium clades, showing evidence for gradual change, with 
various features of contraction, expansion and stasis, followed 
by adaptive radiation. The authors suggest that intense selective 
pressures in the Qinghai–Tibetan Plateau may be driving the 
evolutionary changes with a tendency for polyploids to grow at 
higher altitude.

Repetitive DNA represents the majority of the DNA in most 
species, and includes short sequence motifs that are repeated 
in tandem arrays at one or multiple loci, or dispersed repeats 
that are often related to transposable elements (see Zhang et al., 
2022). Repetitive DNA is usually the most variable and rapidly 
evolving components of the genome, often showing substan-
tial differences in both sequence and copy number of individual 
motifs between species (Heslop-Harrison and Schwarzacher, 
2007). Hence, repetitive sequence analysis is able to identify di-
vergent ancestral genomes in polyploids, through identification 
in individual clones or PCR amplification products, and through 
genome-wide surveys to identify genome-specific motifs. If the 
ancestral genomes differ widely in repetitive sequence, in situ 
hybridization with total genomic DNA (GISH or genomic in 
situ hybridization) can successfully distinguish chromosome of 
different ancestral origins (see N. Wu et al., 2023; Fig. 1A, B).

Characterization of the repetitive component of the genome 
is discussed by Zhang et al. (2022) and Tomaszewska et al. 
(2023) using unassembled survey sequence reads, in the case 
of Urochloa (Brachiaria) identifying repetitive DNA sequence 
motifs that were specific to, or excluded from, some of the ac-
cessions, showing the nature of evolution leading to differen-
tiation of the ancestral genomes. Genome-specific repetitive 
sequences can be used as probes for chromosomal in situ hy-
bridization (e.g. Bertioli et al., 2013; Liu et al., 2019; Fig. 1C) 
or to determine abundance in sequences reads, allowing recon-
struction of the phylogeny of species in the genus and genome 
composition of polyploids. In Urochloa, the results can be 
applied in forage grass improvement and enable exploitation 
of wider pools of germplasm. Where high-quality genome as-
semblies are available, massive pools of low-copy sequences 
can be synthesized and used to identify homologous pairs and 
homeologous groups of chromosomes by in situ hybridization, 
as has been shown by Agarwal et al. (2018) and Šimoníková et 
al. (2019).

ARE POLYPLOIDS SUCCESSFUL?

The advantages of polyploidy, through allowing access to mul-
tiple alleles and copies for each gene (Fig. 3), could be large, by 
essentially fixing heterozygosity and ‘hybrid vigour’, bringing 
together genes from different species, and increasing diversity 
(e.g. te Beest et al., 2012; Landis et al., 2018; Zhang et al., 2022). 
In tetraploid coffee (Coffea arabica), Combes et al. (2023) 
combined biosynthetic pathways bring together advantageous 
genes (either ecologically or economically). The presence of 
genome modifications in the tetraploid including exchanges 
between homeologous chromosomes and, later, duplicate gene 
evolution involving gene conversion and homeologue silen-
cing, could have played a role in its stabilization and subsequent 

diversification. A similar situation is found in the recent allo-
polyploid peanut, where Bertioli et al. (2013) show that after 
polyploidization, the genomes have evolved through sequence 
deletions, activation of mobile-elements and homeologous ex-
change between corresponding ancestral chromosomes, all 
contributing to the success of the crop.

In a polyploid, copies of a duplicated gene are released from 
selection pressures, so one gene may retain a function while 
others are free to mutate and gain new functions: mutations may 
not be lethal, and indeed Joshi et al. (2023) show how genes 
can be lost in polyploids compared to their diploid progenitors. 
As an alternative counter-argument, the additional burden of 
replicating and controlling the multiple genomes in polyploids, 
and need for different mechanisms to produce the next plant 
generation potentially without opportunity for recombination, 
might be so great that polyploids are rare. As pointed out by 
Levin (2021) establishment of polyploid populations then be-
comes difficult.

Interestingly, the world’s four major crop species (FAOstat, 
2022), equally successful under intense selection, exploit dif-
ferent forms of genome expansion through duplication or poly-
ploidy: wheat is a hexaploid albeit with diploid-like behaviour 
at meiosis, rice is a diploid but incorporates a large chromosome 
duplication; maize is an ancient tetraploid with two ancestral 
diploid genomes; and sugarcane cultivars are high polyploids 
derived from interspecific hybrids (2n = ~12x = ~120) with re-
combinant chromosomes (Pompidor et al. 2021). Among all 
crops, both diploid and polyploid species are common. Plants 
in natural environments, with different selective pressures from 
crops, similarly include both diploids and polyploids in angio-
sperms (Allium: G. Wang et al., 2022; Nicotiana: Chase et al., 
2023) and ferns (Fujiwara et al., 2023), as well as Lycophytes 
(Wood et al., 2009). However, polyploidy is rare in gymno-
sperms (a group nested within the phylogenetic tree of plants) 
with only the genera Ephedra and Juniperus having abundant 
polyploids (Ickert-Bond et al., 2020).

Fujiwara et al. (2023) present a comprehensive analysis of 
genome sizes and chromosome numbers across 233 fern species, 
more than doubling the number studied previously and including 
all taxonomic orders and half of the fern genera. Among the 
10 000 fern species, one has the highest known chromosome 
number (2n = ~1440 in Ophioglossum reticulatum), and prob-
ably a very high frequency of polyploidy-enforced speciation 
events (Wood et al., 2009). There were remarkable differences 
in genome size (1C), varying 630-fold from 234 Mb (Salvinia 
cucullata) to 147 291 Mb (Tmesipteris obliqua), with a 109-
fold range in average DNA amount per chromosome. Study 
of the dynamics of genome evolution and diversification has 
shown that evolutionary trends in genome size, monoploid 
genome size (average size of the ancestral diploid genomes in a 
polyploid) and chromosome size correlated with the rate of evo-
lution, mainly explained by the high frequency of polyploidy, 
high chromosome numbers and high proportion of repetitive 
DNA. Diversification of fern lineages has been shaped by the 
enhanced rate and dynamics of genome evolution, including 
but not restricted to polyploidy (Fujiwara et al., 2023), and may 
have promoted the success of some recently diverging lineages. 
Complementing these results, a high-quality assembly of the 
tetraploid homosporous fern Adiantum nelumboides shows the 
species has a high ancestral chromosome number in the young 
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polyploid, with a lack of substantial genome downsizing and 
dominance of genic diploidization compared to its diploid an-
cestors (Zhong et al., 2022).

Environmental adaptation of polyploids

Comparisons between diploid and polyploid natural taxa feature 
in many papers in this Special Issue, with notable differences 
in their ranges (even if polyploids tend to have more expanded 
ranges than their diploid ancestors; see Liu and Wang, 2023), 
and with ecological advantages; adaptation of polyploid species 

has been particularly studied with respect to drought and water 
stress. Chase et al. (2023) found lower chromosome numbers in 
Nicotiana species from drier areas of Australia, suggesting that 
this stress favours lower chromosome numbers with perhaps 
less recombination, and speciation is linked to radiation of spe-
cies into novel habitats, with a background of diploidization. 
On the other hand, in the South African genus Schoenus, Elliot 
et al. (2022) found polyploid species occurred in drier re-
gions and more variable climatic regions compared with the 
diploid species; and polyploid Allium were found preferen-
tially at higher altitude with harsher environments (G. Wang et 
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Fig. 3. Multiple copies of genes are detected in polyploids. A neighbour-joining tree (bar represents 0.05 changes/site) (no outgroup, Jukes–Cantor distances) of 
cellulose synthase-like (Csl) genes in the genome of hexaploid wheat (modified after Liu et al., 2022). Most genes are present in three copies, one from each of the 
A, B and D genomes (orthologous genes in the ancestral diploid species). In a few cases, genes have been deleted (or were not detected due to substantial sequence 

divergence) in one or two genomes, or additional copies have arisen by segmental duplications in either the diploid ancestors or the hexaploid.
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al., 2022). Zhao et al. (2023) suggest that, within the Araceae 
(Arum family), polyploidy plays an important role in the evo-
lution of adaptations to tropical, terrestrial environments in the 
True-Araceae clade through diversification and functional en-
richment of genes, although in the Proto-Araceae group and the 
lemnoid clade, the consequences of WGD related to adaption 
to aquatic environments were less evident. From field studies, 
Eisenring et al. (2023) quote reports that triploid aspen (Populus 
tremuloides) are larger and grow faster than diploids and they 
show that triploid trees were more drought resilient than dip-
loids (producing 35  % more new tissue during recovery). 
However, despite triploids having higher foliar defence, photo-
synthesis and rubisco activity, for other traits (including tree 
growth under non-stressed conditions), genotypic and popu-
lation differences, unrelated to ploidy, explained the variation 
observed. Mattingly and Hovick (2023) take an ingenious ex-
perimental approach to test the long-standing hypothesis that 
polyploids have increased phenotypic plasticity compared to 
their diploid counterparts. Using diploid and autotetraploid ma-
terial of Arabidopsis thaliana, they found most adaptive char-
acteristics were similar between the 2x and 4x lines, and the 
result showed that polyploidy alone could in occasional cases 
increase phenotypic plasticity under stress, but the effects were 
genotype- and environment-dependent and were only one as-
pect of adaptation.

Another widely considered feature of polyploids is gi-
gantism: in crops, selection for a large size of the harvested 
parts is an important domestication trait. Polyploidy has been 
correlated with gigantism, for example an increase in fruit size 
in kiwi, Actinidia chinensis (J. H. Wu et al., 2012). Pomies 
et al. (2023) characterized oil palms (Elaeis guineensis) in a 
breeding programme and identified ‘giant palms’ based on 
11 phenotypic traits: half of the giant palms were triploids, 
originating from 2n gametes, although field experience sug-
gests the bunches will have poor fruit set so will not be useful 
for breeding. Notably too, half of the ‘giant palms’, rigorously 
defined by a principal components analysis of 21 characters, 
were diploids, suggesting alternative mechanisms are also re-
sponsible for the increase in size.

Polyploidy, gene expression and genome dominance

Gene or trait expression in polyploids involves both gene 
allele variants and control of genes between the ancestral 
genomes that have come together (van der Peer et al., 2017). 
Liu and Wang (2023) review some of the evidence that poly-
ploidy generates novel genetic changes including rapid and 
non-random gene loss, and silencing and activation of DNA 
sequences, and they review critically claims of dominance of 
ancestral genomes in polyploids. However, they conclude that 
there is no strong evidence for ‘genome dominance’, with 
widespread differences in gene expression between ancestral 
genomes in polyploids. This is contrary to the view that there 
are conflicts among the genomes and that one generally retains 
more, highly expressed, genes (see Jones and Pasakinskiene, 
2005). Polyploids, however, can be viewed as peacemakers (see 
Alix et al., 2017) or as discussed by Liu and Wang (2023), any 
differences leading to genome plasticity probably reflect differ-
ences in the genetics of the progenitors.

High-throughput RNA-seq gives unprecedented detail about 
which allele of a gene is being expressed across the whole 
genome, and, using appropriate SNPs, allows correlation with 
the parent-of-origin. The ancestral genomes of polyploids often 
differ in gene number (e.g. Zhao et al., 2023), which may af-
fect gene expression and epigenetic alteration of the control of 
gene expression depending, or not, on the interactions of the an-
cestral diploid genomes. In tetraploid coffee (Coffea arabica), 
Combes et al. (2023) discuss the evidence from previous 
studies showing no preferential expression of one genome over 
the other in tetraploids, and consider that patterns of gene ex-
pression inheritance and expression level dominance are de-
termined by regulatory divergences between parental alleles. 
Specifically concentrating on genes involved in caffeine bio-
synthesis (influencing caffeine content) by RNA-seq and SNP 
analysis during the gene expression during maturation of seeds 
and in leaves, their comparison of the tetraploid and the two 
progenitor species showed no preference in expression of one 
ancestral genome. Some homoeologue expression bias (HEB) 
observed in 30 % of the genes was due to differences in gene 
expression inherited from the diploid progenitor species, and 
they conclude that genes from both genomes are balanced with 
expression of both homoeologues, with interoperability of 
regulatory networks from the ancestral diploids.

WHAT COMES AFTER POLYPLOIDY

After the polyploid formation event, polyploids and interploid 
hybrids may become isolated from their progenitors by pre- 
and post-zygotic reproductive barriers; sterility due to irregular 
meiotic pairing and multivalent formation; and the problems 
caused by controlling multiple genes in new genomic envir-
onments (see section ‘Polyploidy, speciation and evolution’). 
Semberova et al. (2022) show, in Campanula rotundifolia, 
how reproductive isolation is also caused by different cytotype 
morphological differences and, importantly, by morphological 
variation driven by ploidy differences and environmental adap-
tation, most notably with the environmental niche shift in the 
higher polyploids. However, the effects of ploidy and mor-
phological differences appear to vary between species: in 
Erysimum (Brassicaceae), Osuna-Mascaro et al. (2023) show 
that hybridization occurs regardless of flower colour and ploidy 
level. Once polyploids are established and become isolated, 
divergence and speciation become possible, although a single 
species may be present at several different ploidy levels (dis-
cussed in many papers in this Special Issue).

In the plant breeding context, the diversity of different gen-
omes in a species group can be exploited through interploidy 
crosses. N. Wu et al. (2023) show that chromosomal diversity in 
the diploid wheat-relative Dasypyrum villosum (2n = 2x = 14) 
can function as a resource for improvement of tetraploid 
durum wheat (2n = 4x = 28) through crossing and chromosome 
doubling, generating a hexaploid amphidiploid (2n = 6x = 42). 
The authors show how these interploid crosses enable chromo-
some engineering through backcrosses and recombination, 
introducing novel characters into wheat, where the hexaploid 
nature and reproductive isolation has restricted the diversity 
available in the wider germplasm pool available in the tribe 
Triticeae. Tomaszewska et al. (2023), working with the tropical 



Schwarzacher and Liu — Polyploidy and evolution8

forage grass Urochloa (Brachiaria), suggest how knowledge of 
the natural diversity in the species complex can be exploited 
through well-defined programmes of intercrossing, assisted 
by knowledge of the genomes of diploids and the ancestral 
genome composition of polyploid taxa. In summary, the ability 
to generate polyploids is an important route to exploit biodiver-
sity and widen the gene pool available to breeders.

Post-polyploidization, chromosome number sometimes 
reduces during restoration of pseudo-diploid chromosome 
pairing (Chase et al., 2023; Tomaszewska et al., 2023). Chase 
et al. (2023) specifically address what happens to genome 
size and chromosome number after polyploid formation, 
using 46 allotetetraploid species of Nicotiana that radiated 
in the centre of Australia. Chromosome number, genome 
size and ploidy show a complex relationship and the authors 
aim to discriminate the effects of genome size change from 
chromosome number change. Notably, within one section, 
species with fewer than 20 pairs of chromosomes show 
stable or increasing genome size, while species with higher 
chromosome numbers show decreasing genome size. Their 
analyses detect distinctive evolutionary dynamics in various 
sections of the genus, which helps reconstruction of the spe-
ciation history of the group, independently of gene-level and 
SNP analyses.

CONCLUSIONS

Polyploidy plays a major role in speciation and diversification 
of almost all plants, bringing together new gene combinations 
and leading to reproductive isolation. However, as we discuss 
above and the paper in this Special Issue show, there are rather 
few ‘rules’ and it remains hard to find general patterns of evo-
lution dependent on, or consequential from, polyploidy. One 
major plant group, the gymnosperms, even has very few poly-
ploids, and the occurrence of polyploidy seems to be of little 
consequence, so a major plant group, dominant in many eco-
systems, is successful without polyploidy. However, the survey 
of ferns by Fujiwara et al. (2023) shows the widespread oc-
currence of polyploidy in this group, extending and comple-
menting the work in angiosperms.

Generalizations regarding the impact of polyploidy have 
been made, including increased phenotypic plasticity, leading 
to stress tolerance, and gigantism. However, it is not clear that 
these apply universally, and it seems that polyploidy is only 
one force of many in plant evolution: polyploids are equally 
successful as diploids among both crops and in the natural 
environment. Many publications indicate that global extinc-
tion rates are currently very high, perhaps a consequence of 
climate change. Levin (2019) considered that species diversity 
is likely to decline as a result of climate change while speci-
ation will generate new species, primarily through auto- and 
allopolyploidy. At the Cretaceous–Tertiary transition, a time of 
mass extinction of 75 % of extant species, many new polyploid 
species (WGDs) appeared (Soltis et al., 2015). Is there going to 
be an explosion of polyploids in response to climate change? 
Or will increased numbers of polyploid species be a response 
to the essentially global management and selection of not only 
crops – and their commensals, weeds – but all other areas of the 
world by humans?

ACKNOWLEDGEMENTS

We thank many colleagues, visitors and students for continuous 
collaboration, in particular Paulina Tomaszewska, John P, 
Bailey and Richard Gornall for providing material to prepare 
some of the figures.

FUNDING

We acknowledge financial support from the National Science 
Foundation of China (32070359), Guangdong Basic and 
Applied Basic Research Foundation (2021A1515012410), 
Overseas Distinguished Scholar Project of South China 
Botanical Garden, Chinese Academy of Sciences (SCBG) 
(Y861041001) and BBSRC Biotechnology and Biological 
Sciences Research Council (BBSRC): BB/P02307X/1.

LITERATURE CITED

Agarwal G, Clevenger J, Pandey MK, et al. 2018. High‐density genetic map 
using whole‐genome resequencing for fine mapping and candidate gene 
discovery for disease resistance in peanut. Plant Biotechnology Journal 
16: 1954–1967. doi:10.1111/pbi.12930.

Alix K, Gérard PR, Schwarzacher T, Heslop-Harrison JS. 2017. Polyploidy 
and interspecific hybridization: partners for adaptation, speciation and 
evolution in plants. Annals of Botany 120: 183–194. doi:10.1093/aob/
mcx079.

Amborella Genome Project. 2013. The Amborella genome and the evo-
lution of flowering plants. Science 342: 1241089. doi:10.1126/
science.1241089.

Bertioli DJ, Vidigal B, Nielen S, et al. 2013. The repetitive component of 
the A genome of peanut (Arachis hypogaea) and its role in remodelling 
intergenic sequence space since its evolutionary divergence from the B 
genome. Annals of Botany 112: 545–559. doi:10.1093/aob/mct128.

Bombarely A, Moser M, Amrad A, et al. 2016. Insight into the evolution 
of the Solanaceae from the parental genomes of Petunia hybrida. Nature 
Plants 2: 16074. doi:10.1038/nplants.2016.74.

Chanderbali AS, Jin L, Xu Q, et al. 2022. Buxus and Tetracentron genomes 
help resolve eudicot genome history. Nature Communications 13: 643. 
doi:10.1038/s41467-022-28312-w.

Chase MW, Samuel R, Leitch AR, et al.. 2023. Down, then up: non-parallel 
genome size changes and a descending chromosome series in a recent ra-
diation of the Australian allotetraploid plant species, Nicotiana section 
Suaveolentes (Solanaceae). Annals of Botany 131: 123–142. doi: 10.1093/
aob/mcac006.

Combes MC, Joët T, Stavrinides AK, Lashermes P. 2023. New cup out of 
old coffee: contribution of parental gene expression legacy to phenotypic 
novelty in coffee beans of the allopolyploid Coffea arabica L. Annals of 
Botany. 131: 157–170. doi:10.1093/aob/mcac041.

D’Hont A, Denoeud F, Aury JM, et al. 2012. The banana (Musa acuminata) 
genome and the evolution of monocotyledonous plants. Nature 488: 213–
217. doi:10.1038/nature11241.

Darlington CD. 1939. The evolution of genetic systems. Cambridge: Cambridge 
University Press.

David KT. 2022. Global gradients in the distribution of animal polyploids. 
Proceedings of the National Academy of Sciences, 29 November 2022. 
119: e2214070119.

Eisenring M, Lindroth RL, Flansburg A, Giezendanner N, Mock K, 
Kruger EL. 2023. Genotypic variation rather than ploidy level deter-
mines functional trait expression in a foundation tree species in the pres-
ence and absence of environmental stress. Annals of Botany 131: 229–242. 
doi:10.1093/aob/mcac071.

Elliott TL, Muasya AM, Bureš P. 2023. Complex patterns of ploidy in a 
holocentric plant clade (Schoenus, Cyperaceae) in the Cape biodiversity 
hotspot. Annals of Botany 131: 143–156. doi:10.1093/aob/mcac027.

FAOStat. 2022. Crops and livestock products Food and Agricultural 
Organization of the United Nations. https://www.fao.org/faostat/en/#data/
QCL (accessed 1 August 2022).

https://doi.org/10.1111/pbi.12930
https://doi.org/10.1093/aob/mcx079
https://doi.org/10.1093/aob/mcx079
https://doi.org/10.1126/science.1241089
https://doi.org/10.1126/science.1241089
https://doi.org/10.1093/aob/mct128
https://doi.org/10.1038/nplants.2016.74
https://doi.org/10.1038/s41467-022-28312-w
https://doi.org/10.1093/aob/mcac006
https://doi.org/10.1093/aob/mcac006
https://doi.org/10.1093/aob/mcac041
https://doi.org/10.1038/nature11241
https://doi.org/10.1093/aob/mcac071
https://doi.org/10.1093/aob/mcac027
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL


Schwarzacher and Liu — Polyploidy and evolution 9

Fujiwara T, Liu H, Meza-Torres EI, et al. 2023. Evolution of genome space 
occupation in ferns: linking genome diversity and species richness. Annals 
of Botany 131: 59–70. doi:10.1093/aob/mcab094.

Galasso I, Blanco A, Katsiotis A, Pignone D, Heslop-Harrison JS. 1997. 
Genomic organization and phylogenetic relationships in the genus 
Dasypyrum analyzed by Southern and in situ hybridization of total gen-
omic and cloned DNA probes. Chromosoma 106: 53–61. doi:10.1007/
s004120050224.

Glick L, Mayrose I. 2014. ChromEvol: assessing the pattern of chromosome 
number evolution and the inference of polyploidy along a phylogeny. 
Molecular Biology and Evolution 31: 1914–1922. doi:10.1093/molbev/
msu122.

Herklotz V, Ritz CM. 2017. Multiple and asymmetrical origin of polyploid 
dog rose hybrids (Rosa L. sect. Caninae (DC.) Ser.) involving unreduced 
gametes. Annals of Botany 120: 209–220. doi:10.1093/aob/mcw217.

Heslop-Harrison JS, Schwarzacher T. 2007. Domestication, genomics and 
the future for banana. Annals of Botany 100: 1073–1084. doi:10.1093/
aob/mcm191.

Ickert-Bond SM, Sousa A, Min Y, et al. 2020. Polyploidy in gymnosperms–
Insights into the genomic and evolutionary consequences of polyploidy 
in Ephedra. Molecular Phylogenetics and Evolution 147: 106786. 
doi:10.1016/j.ympev.2020.106786.

Jones RN, Pasakinskiene IS. 2005. A decade of ‘chromosome painting’ in 
Lolium and Festuca. Cytogenetic and Genome Research 109: 393–399.

Joshi P, Ansari H, Dickson R, Ellison NW, Skema C, Tate JA. 2023. 
Polyploidy on islands – concerted evolution and gene loss amid chromo-
somal stasis. Annals of Botany 131: 33–44. doi:10.1093/aob/mcac051.

Landis JB, Soltis DE, Li Z, et al. 2018. Impact of whole-genome duplica-
tion events on diversification rates in angiosperms. American Journal of 
Botany 105: 348–363. doi:10.1002/ajb2.1060.

Levin DA. 2019. Plant speciation in the age of climate change. Annals of 
Botany 124: 769–775. doi:10.1093/aob/mcz108.

Levin DA. 2021. Propagule pressure and the establishment of emergent poly-
ploid populations. Annals of Botany 127: 1–5. doi:10.1093/aob/mcaa187.

Li Z, McKibben MTW, Finch GS, Blischak PD, Sutherland BL, 
Barker MS. 2021. Patterns and processes of diploidization in land 
plants. Annual Review of Plant Biology 72: 387–410. doi:10.1146/
annurev-arplant-050718-100344.

Liu Q, Li XY, Zhou XY, et al. 2019. The DNA landscape in Avena: 
Chromosome and genome evolution defined by major repetitive DNA 
classes in whole-genome sequence reads. BMC Plant Biology 19: 226.

Liu C, Wang Y-G. 2023. Does one subgenome become dominant in the 
formation and evolution of a polyploid? Annals of Botany 131: 11–16. 
doi:10.1093/aob/mcac024.

Liu Q, Y HY, Li MZ, et al. 2022. Chromosome-scale genome assembly of 
the diploid oat Avena longiglumis reveals the landscape of repetitive 
sequences, genes and chromosome evolution in grasses. bioRxiv 2022: 
479819. doi:10.1101/2022.02.09.479819.

Mattingly KZ, Hovick SM. 2023. Autopolyploids of Arabidopsis thaliana 
are more phenotypically plastic than their diploid progenitors. Annals of 
Botany 131: 45–57. doi: 10.1093/aob/mcab081.

Mayrose I, Zhan SH, Rothfels CJ, et al. 2011. Recently formed poly-
ploid plants diversify at lower rates. Science 333: 1257. doi:10.1126/
science.1207205.

Nieto Feliner G, Casacuberta J, Wendel JF. 2022. Genomics of evolu-
tionary novelty in hybrids and polyploids. Frontiers in Genetics 11: 792. 
doi:10.3389/fgene.2020.00792.

Osuna-Mascaró C, de Casas RR, Gómez JM, et al. 2023. Hybridization and 
introgression are prevalent in Southern European Erysimum (Brassicaceae) 
species. Annals of Botany 131: 171–183. doi: 10.1093/aob/mcac048.

Pomies V, Turnbull N, Le Squin S, et al. 2023. Occurrence of triploids in oil 
palm and their origin. Annals of Botany 131: 17–32. doi: 10.1093/aob/
mcac036.

Pompidor N, Charron C, Hervouet C, et al. 2021. Three founding ances-
tral genomes involved in the origin of sugarcane. Annals of Botany 127: 
827–840. doi:10.1093/aob/mcab008.

Schmidt T, Heitkam T, Liedtke S, Schubert V, Menzel G. 2019. Adding 
color to a century-old enigma: multi-color chromosome identification un-
ravels the autotriploid nature of saffron (Crocus sativus) as a hybrid of 

wild Crocus cartwrightianus cytotypes. New Phytologist 222: 1965–1980. 
doi:10.1111/nph.15715.

Schwarzacher T, Scrocca V, Johnson K, Gornall RJ. 2016. Speciation in 
Callitriche (Plantaginaceae): the allopolyploid origin of C. platycarpa. 
New Journal of Botany 6: 98–101. doi:10.1080/20423489.2016.1271293.

Šemberova K, Svitok M, Marhold K, Suda J, Schmickl RE. 2023. 
Morphological and environmental differentiation as prezygotic repro-
ductive barriers between parapatric and allopatric Campanula rotundifolia 
agg. cytotypes. Annals of Botany 131: 71–86. doi: 10.1093/aob/mcab123.

Shi T, Huang H, Barker MS. 2010. Ancient genome duplications during the 
evolution of kiwifruit (Actinidia) and related Ericales. Annals of Botany 
106: 497–504. doi:10.1093/aob/mcq129.

Šimoníková D, Němečková A, Karafiátová M, et al. 2019. Chromosome 
painting facilitates anchoring reference genome sequence to chromo-
somes in situ and integrated karyotyping in banana (Musa spp.). Frontiers 
in Plant Science 10: 1503. doi:10.3389/fpls.2019.01503.

Singh K, Khan MA, Gill K. 2019. The novel function of the Ph1 gene to dif-
ferentiate homologs from homoeologs evolved in Triticum turgidum ssp. 
dicoccoides via a dramatic meiosis-specific increase in the expression of 
the 5B copy of the C-Ph1 gene. Chromosoma 128: 561–570. doi:10.1007/
s00412-019-00724-6.

Soltis PS, Marchant DB, Van de Peer Y, Soltis DE. 2015. Polyploidy and 
genome evolution in plants. Current Opinion in Genetics and Development 
35: 119–125. doi:10.1016/j.gde.2015.11.003.

te Beest M, Le Roux JJ, Richardson DM, et al. 2012. The more the better? 
The role of polyploidy in facilitating plant invasions. Annals of Botany 
109: 19–45. doi:10.1093/aob/mcr277.

Tomaszewska P, Vorontsva M, Renvoize SA, Ficinski SZ. 2023. Complex 
polyploid and hybrid species in an apomictic and sexual tropical forage 
grass group: genomic composition and evolution in Urochloa (Brachiaria) 
species. Annals of Botany 131: 87–107. doi:10.1093/aob/mcab147. 

Van de Peer Y, Mizrachi E, Marchal K. 2017. The evolutionary significance 
of polyploidy. Nature Reviews 18: 411–424. doi: 10.1038/nrg.2017.26.

Vandepoele K, Simillion C, Van de Peer Y. 2003. Evidence that rice and other 
cereals are ancient aneuploids. Plant Cell 15: 2192–2202. doi:10.1105/
tpc.014019.

Wang Z, Rouard M, Biswas MK, et al. 2022. A chromosome-level refer-
ence genome of Ensete glaucum gives insight into diversity and chromo-
somal and repetitive sequence evolution in the Musaceae. GigaScience 11: 
giac027. doi:10.1093/gigascience/giac027.

Wang G, Zhou N, Chen Q, Yang Y, Yang Y, Duan Y. 2023. Gradual genome 
size evolution and polyploidy in Allium from the Qinghai–Tibetan Plateau. 
Annals of Botany 131: 109–121. doi:10.1093/aob/mcab155. 

Wong KS, Wickett NJ, Soltis DE, et al. 2020. Sequencing and analyzing 
the transcriptomes of a thousand species across the green-plant Tree 
of Life. Annual Review Plant Biology 70: 741–765. doi:10.1146/
annurev-arplant-042916-041040.

Wood TE, Takebayashi N, Barker MS, Mayrose I, Greenspoon PB, 
Rieseberg LH. 2009. The frequency of polyploid speciation in vas-
cular plants. Proceedings of the National Academy of Sciences USA 106: 
13875–13879. doi:10.1073/pnas.0811575106.

Wu JH, Ferguson AR, Murray BG, Jia Y, Datson PM, Zhang J. 2012. 
Induced polyploidy dramatically increases the size and alters the shape of 
fruit in Actinidia chinensis. Annals of Botany 109: 169–179. doi:10.1093/
aob/mcr256.

Wu N, He ZM, Fang JX, et al. 2023. Chromosome diversity in Dasypyrum 
villosum, an important genetic and trait resource for hexaploid wheat en-
gineering. Annals of Botany 131: 185–197. doi:10.1093/aob/mcac054.

Zhang L, Wu S, Chang X, et al. 2022. The ancient wave of polyploidization 
events in flowering plants and their facilitated adaptation to environ-
mental stress. Plant Cell and Environment 43: 2847–2856. doi:10.1111/
pce.13898.

Zhao L, Yang YY, Qu XJ, et al. 2023. Phylotranscriptomic analyses re-
veal multiple whole-genome duplication events, the history of diversifi-
cation and adaptations in the Araceae. Annals of Botany 131: 199–213. 
doi:10.1093/aob/mcac062. 

Zhong Y, Liu Y, Wu W, et al. 2022. Genomic insights into genetic 
diploidization in the homosporous fern Adiantum nelumboides. Genome 
Biology and Evolution 14: evac127. doi:10.1093/gbe/evac127.

https://doi.org/10.1093/aob/mcab094
https://doi.org/10.1007/s004120050224
https://doi.org/10.1007/s004120050224
https://doi.org/10.1093/molbev/msu122
https://doi.org/10.1093/molbev/msu122
https://doi.org/10.1093/aob/mcw217
https://doi.org/10.1093/aob/mcm191
https://doi.org/10.1093/aob/mcm191
https://doi.org/10.1016/j.ympev.2020.106786
https://doi.org/10.1093/aob/mcac051
https://doi.org/10.1002/ajb2.1060
https://doi.org/10.1093/aob/mcz108
https://doi.org/10.1093/aob/mcaa187
https://doi.org/10.1146/annurev-arplant-050718-100344
https://doi.org/10.1146/annurev-arplant-050718-100344
https://doi.org/10.1093/aob/mcab024
https://doi.org/10.1101/2022.02.09.479819
https://doi.org/10.1093/aob/mcab081
https://doi.org/10.1126/science.1207205
https://doi.org/10.1126/science.1207205
https://doi.org/10.3389/fgene.2020.00792
https://doi.org/10.1093/aob/mcac048
https://doi.org/10.1093/aob/mcac036
https://doi.org/10.1093/aob/mcac036
https://doi.org/10.1093/aob/mcab008
https://doi.org/10.1111/nph.15715
https://doi.org/10.1080/20423489.2016.1271293
https://doi.org/10.1093/aob/mcab123
https://doi.org/10.1093/aob/mcq129
https://doi.org/10.3389/fpls.2019.01503
https://doi.org/10.1007/s00412-019-00724-6
https://doi.org/10.1007/s00412-019-00724-6
https://doi.org/10.1016/j.gde.2015.11.003
https://doi.org/10.1093/aob/mcr277
https://doi.org/10.1093/aob/mcab147
https://doi.org/10.1038/nrg.2017.26
https://doi.org/10.1105/tpc.014019
https://doi.org/10.1105/tpc.014019
https://doi.org/10.1093/gigascience/giac027
https://doi.org/10.1093/aob/mcab155
https://doi.org/10.1146/annurev-arplant-042916-041040
https://doi.org/10.1146/annurev-arplant-042916-041040
https://doi.org/10.1073/pnas.0811575106
https://doi.org/10.1093/aob/mcr256
https://doi.org/10.1093/aob/mcr256
https://doi.org/10.1093/aob/mcac054
https://doi.org/10.1111/pce.13898
https://doi.org/10.1111/pce.13898
https://doi.org/10.1093/aob/mcac062
https://doi.org/10.1093/gbe/evac127



