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Abstract
Striking asymmetries of species richness characterise the tree of life, and understanding their causes is a
major research agenda in evolutionary biology. Genome duplications have been proposed as one
mechanism by which lineages acquire greater potential for rapid genetic evolution following the relaxation
of pleiotropic constraints. This enhanced evolvability might facilitate faster rates of morphological change
and speciation. We provide a comprehensive test of the empirical association between polyploidy – a
marker of genome duplication – and species richness in 356 pairs of extant polyploid and non-polyploid
sister clades. Comparing sister clades controls for divergence time and many ecological and morphological
properties of groups. Clades with inferred basal genome duplications have signi�cantly higher species
diversity than their sister clades, both for the whole dataset, major groups of animals and plants within it
and at the genus and family levels. Genome duplications therefore offer one possible, widespread cause of
heterogeneities in species richness.

Introduction
Biodiversity is unevenly distributed across the major branches of the tree of life. Even groups that diverged
from the same common ancestor – so called “sister groups” – often have strikingly contrasting levels of
species richness. One of the most extreme examples of these imbalances in biodiversity can be found in
arthropods. While there are an estimated 5.5 million species of insects1 there are just 28 species2 of their
nearest extant relatives, the remipede crustaceans3–5. These remarkable differences in species diversity
may re�ect differences in bodyplan, habitat and ecology6–8. For example, insects have well-de�ned
tagmosis with three pairs of strongly differentiated limbs, while remipedes have between ten and thirty-two
pairs of homonomous trunk limbs. Insects live in virtually all terrestrial and many freshwater habitats, while
remipedes are restricted to anchialine cave systems9. Insects occupy numerous guilds and display a
bewildering array of trophic strategies and adaptations, while remipedes are raptorial predators. Many of
the differences in morphology, ecology and habitat that might explain differences in species richness are
often unique to particular clades and particular cases. While there may also be environmental and
geographical factors that link differences in biodiversity to environmental and geographic factors, these
differences could be underpinned by genetic factors that strongly impact speciation rate. Here we explore
the potential for genome duplications to facilitate species diversi�cation as one such generality.

Gene duplication is the most important source of novel genes, yielding an estimated 50% of prokaryote 10

and 90% of eukaryote genes 11. Studies of the human genome suggest that duplications have continuously
generated paralogues since the origin of chordates 12, and are vital for the evolution of gene regulatory
networks 13. Small-scale duplications of genes (SSDs) may underpin increases in gene family sizes, which
itself has numerous macroevolutionary correlates, including increasing encephalisation and expansion of
the neocortex in mammals 14,15. However, there are few studies assessing the extent and impact of SSDs
directly 16.
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Most studies correlating genome duplication to macroevolutionary patterns and diversity have focused on
whole genome duplications (WGDs), generating polyploid taxa with more than two complete sets of
chromosomes 17,18. For example, paleopolyploidy events (ancient WGDs close to or at the root of major
clades 19) may have facilitated key innovations and subsequent radiations in angiosperms, particularly
rosids and grasses 20. Similar events occurred early in the evolution of other groups of seed plants 21, as
well as in fungi such as baker’s yeast Saccharomyces 22,23. Examples of major paleopolyploid animal
clades are more controversial. At least two rounds of genome duplication occurred early in the evolution of
vertebrates; one at the root of vertebrates and another close to the root of gnathostomes. These appear to
correlate with key innovations in the vertebrate bodyplan 24, although fossils complicate this pattern 25.
Ancient WGDs are di�cult to detect after duplicated genes have either diverged and acquired novel
functions, or been edited out, and most of our understanding of polyploidy therefore derives from relatively
recent events.

Ancient WGDs are di�cult to detect after duplicated genes have either diverged and acquired novel
functions, or been lost through natural selection. Most of our understanding of polyploidy therefore derives
from relatively recent events. Polyploidy is widespread in living plants, particularly angiosperms 26 and ferns
27, with many groups showing successive rounds of genome duplication in their histories 28. Perhaps 15%
of angiosperm and 31% of fern speciation is directly linked to a ploidy increase 29–31. Within the
monocotyledons, grasses are highly polyploid 32 and have informed studies of model polyploid genomes
33,34. Polyploidy is also common in ‘true’ dicotyledon groups such as the Brassicaceae 35, Fabaceae 36,
Violaceae 37 and Orchidaceae 38. Although thought to be rare in most animals 30, polyploidy is being
identi�ed in an increasing number of amphibians 39,40 and �sh 41,42. Polyploidy is well documented in
teleosts, especially salmonids 43, cat�sh 44 and carp 45. Invertebrate examples include insects 46,
crustaceans 47 and molluscs 48.

Duplicate genes in polyploids appear to bene�t from relaxed selection pressures and may persist in the
genome49, thereby accumulating mutations and evolving novel functions ‘under the radar’ of normal
selection pressure50. Through this process of neofunctionalization, polyploidy is thought to be the most
important source of novel genes and their functions51, greatly contributing to the expansion of gene
families52,53. Gene duplication through polyploidy followed by modi�cation of the resulting paralogues may
offer a mechanism for evolving the regulatory networks underpinning aspects of anatomical patterning,
such as �oral structure in angiosperms54,55 and limb arrangement in arthropods56. If this is true then
polyploid organisms should, all else being equal, show evidence of greater ‘evolvability’ or adaptive
variation than closely related groups with a similar ecology and morphology57, and might therefore be
expected to give rise to clades with higher diversity. The hypothesis that genome duplication plays an
important and widespread role in diversi�cations on a macroevolutionary scale across the tree of life has
not been tested until now. In this study, we compile documented instances of polyploidy for macroscopic
eukaryotes to identify pairs of polyploid and non-polyploid sister groups. Using the most recent and
accurate published diversity estimates available, we then tested whether polyploid clades have greater
species richness than their non-polyploid sister clades.
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Results
Unsurprisingly given the broad taxonomic coverage of our dataset (356 clade pairs, 153 animals, 203
plants), species richness varied markedly in both polyploid and non-polyploid clades (Fig. 1A), from
branches comprising a single species to hyper-speciose clades (82,320 species in true weevils). Polyploid
clades were, on average, signi�cantly more speciose than their non-polyploid sister clades (Table 1:
Wilcoxon V = 45769, p-value = 6.734x10−16; polyploid: mean = 406 species, median 52 species; non-
polyploid: mean = 93 species, median = 15 species) and contained on average 79.5% of the species within
each clade pair (Fig. 1B). While the distribution of species numbers in polyploid clades was right skewed by
a few clades with extremely high species diversity, the signi�cance of the difference was impervious to the
removal of these outliers (polyploid: mean = 123 species, median = 48 species; non-polyploid: mean = 49,
median = 14; V = 42484, p-value = < 2.2x10−16). As some of the pairs had at least one genus containing only
a single species (35 of the 356 pairs), we wanted to ensure that the greater species richness of polyploid
clades was not the result of monotypic non-polyploid genera. We �nd the result holds when clade pairs with
monotypic genera are omitted (Wilcoxon V = 36360, p-value = 1.312x10−12).

Similar patterns were also found in animal and plant clades analysed separately, as well as in major animal
and plant subclades (Fig. 2). The difference in animals was especially striking (Fig. 2A: Wilcoxon signed-
rank V = 8825, p-value = 9.807ex10−09) as polyploid clades contained, on average, almost 75% of the
species within each clade pair. Both vertebrates (Fig. 2B: Wilcoxon V = 3025 p-value = 2.895x10−05) and
invertebrates (Fig. 2C: Wilcoxon V = 1542, p-value = 7.445x10−05) analysed individually showed patterns like
those found in animals as a whole (Supplementary Fig. 1). Signi�cant differences in species richness were
also recovered for the ‘�sh’ (non-tetrapod vertebrates), insect, crustacean and mollusc datasets (Table 1). In
both tetrapods as a whole and lissamphibians speci�cally (Supplementary Fig. 2), polyploid clades tended
to be more speciose, but the presence of a small number of highly speciose non-polyploid clades rendered
Wilcoxon signed-rank tests of species richness non-signi�cant. Sign tests carried out on both tetrapods (S =
32, p-value = 0.0293) and lissamphibians (S = 20, p-value = 0.0357) did show signi�cantly higher species
richness in polyploid clades, as these statistical tests ignore effect size. Reptiles and annelids showed little
evidence of higher species numbers within polyploid clades (Table1).

Plants also had, on average, signi�cantly more speciose polyploid (mean = 220, median = 70) than non-
polyploid (mean = 112, median = 15) sister clades (Fig. 2D: Wilcoxon V = 14468, p-value = 1.072x10−08).
Like animals, most of the highly speciose outliers were in polyploid clades, although there were a small
number of highly diverse non-polyploid clades. Angiosperms (Fig. 2E: Wilcoxon V = 5501.5, p-value =
5.018x10−05) and non-angiosperms (Fig. 2F: Wilcoxon V = 2155, p-value = 3.595x10−05) analysed
individually also showed patterns similar to plants as a whole. Similar patterns were recovered for plant
subclades (Supplementary Fig. 3), although these differences were found to be signi�cant only for dictots
(Wilcoxon V = 2654.5, p-value = 0.003779) and ferns (Wilcoxon V = 1852, p-value = 0.0001179). Polyploid
clades were markedly more speciose in all other groups with statistical power being limited by smaller
sample sizes.
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Although our dataset contained clades at different taxonomic levels, separate analyses of genera and
families (Fig. 3) recovered similar patterns to those above (Table 2, Supplementary Fig. 4). There were
insu�cient clade pairs at other taxonomic levels (2 pairs of orders, 1 pair of suborders, 4 pairs of
subfamilies) to test for differences. On average, polyploid genera were found to contain signi�cantly more
species than their non-polyploid sister genera (Fig. 3A: polyploid: mean = 129, median = 46; non-polyploid:
mean = 70, median = 13; Fig. 3B: Wilcoxon V = 36829, p-value =5.645x10−14). Test results in most
subgroups were similar to those in the total combined dataset (Table 3), although both tetrapods (Wilcoxon
test: V = 767.5, p-value = 0.03166) and lissamphibians (Wilcoxon V = 285.5, p-value = 0.02105) returned
signi�cant differences in the genus only dataset in contrast to the dataset of clades at all taxonomic levels.
While genera constituted the large majority of our sample (321 out of 356 clade pairs), the pattern of higher
species richness in polyploid clades holds in the sample of higher taxonomic ranks generally (Wilcoxon V =
493, p-value = 0.002833), as well as at the level of families speci�cally (Fig. 3C: polyploid: mean = 3459,
median = 251; non-polyploid: mean = 322, median = 57; Fig. 3D: Wilcoxon V = 311, p-value = 0.0127).

Finally, polyploid clades were found to show signi�cantly higher species richness than non-polyploid clades
without taking into account the size of the difference, where there were differences in species richness sign
tests reported a signi�cantly higher number of polyploid clades which were more speciose than their non-
polyploid counterparts (Table 4), in most taxonomic groups for both the whole dataset and for genera
speci�cally.

Discussion

Polyploid clades tend to contain more species than their non-
polyploid sister clades
Clades with polyploid taxa that are inferred to have undergone genome duplications at or close to their
originations contain, on average, signi�cantly more species than sister clades in which such duplication
events did not occur. This striking difference was found across nearly all major clades and in nearly every
major subgroup of organisms tested. This strongly implies that polyploidy is an important evolutionary
cause of diversi�cation18. There have been a small number of studies investigating the association
between ploidy level and diversity in speci�c plant clades 30,58,59. Although these investigations all identi�ed
an association between polyploidy and higher taxonomic diversity, it has been unclear whether this results
from enhanced evolvability or higher speciation rates in plant clades or whether the effect is driven by
reproductive isolation in the immediate aftermath of the WGD events themselves. The taxonomic generality
and strength of the effect observed here suggests that the role of WGD events as a cause of diversity may
have been underestimated 19. Rather than being prone to rapid extinction 60,61, or leading to evolutionary
dead ends 62,63, polyploids appear to propagate persistent lineages that subsequently diversify more readily
than non-polyploid close relatives.

Polyploidy is a widespread correlate of species richness in plants
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Polyploidy is extremely common in living plants, particularly angiosperms 26 and ferns 27, with many groups
showing successive rounds of genome duplication in their history 28. Perhaps 15% of angiosperm and 31%
of fern speciation is directly linked to a ploidy increase 29–31. Within the monocotyledons, grasses are highly
polyploid 32 and have informed studies of model polyploid genomes 33,34. Polyploidy is also common in
‘true’ dicotyledon groups such as the Brassicaceae 35, Fabaceae 36, Violaceae 37 and Orchidaceae 38.

Despite a long history of polyploidy research in plants 64–66, the prevalence of diploid taxa 67,68 meant that
polyploidy was not widely considered as a possible cause of diversity. This assumption can now be
challenged 69 and studies of polyploidy have received renewed interest 70. The composition of our dataset
suggests that polyploidy is particularly common in derived angiosperms (particularly eudicots) and ferns
but much rarer in gymnosperms and more ‘basal’ angiosperms (ANA clade plus magnoliids and
Chloranthales). Prior studies have stressed the link between polyploidy and speciation in angiosperms 71,
with most major angiosperm clades inferred to have polyploid ancestry 72. While genomic changes such as
WGDs have been found to correlate with the origins of major gymnosperm clades as well as the root of
gymnosperms itself, more recent shifts in gymnosperm diversi�cation seem to be decoupled from putative
WGDs73. We were able to identify few documented instances of natural polyploids in basal angiosperms
and gymnosperms, either because polyploidy is genuinely rare 74, or because any gene duplications were
su�ciently ancient to obfuscate its signal 21. Polyploidy appears to be extremely common in Magnolia 75

but has not been investigated in related magnoliids and Chloranthales. Hence, while polyploid magnoliids
are more species rich than their non-polyploid sister taxon, the sample size (9 clade pairs) is small and the
difference is not signi�cant. Despite being common, polyploidy in ferns has only recently received
systematic attention 76,77, and all of our polyploid fern clades were genera. The absence of clear patterns in
ploidy level at higher taxonomic levels could be one reason why fern polyploidy has received relatively little
study.

Polyploidy is also a widespread correlate of species richness in animals

Although thought to be rare in most animals 30, polyploidy is being identi�ed in an increasing number of
amphibians 39,40 and �shes 41,42. It is well documented in teleosts, especially salmonids 43, cat�sh 44 and
carp 45. Invertebrate examples include insects 46, crustaceans 47 and molluscs 48.

The evolutionary signi�cance of polyploidy in animals is contentious and discussion has largely focused on
ancient Whole Genome Duplication events (WGDs). For example, two WGDs have been proposed close to
the origin of vertebrates 24 and another at the origin of bony �shes 78 which, it has been suggested, helped
facilitate the evolution of novel morphologies and more complex phenotypes 79. The inclusion of fossil data
reduces support for this close temporal association in favour of more protracted evolutionary consequences
25. There are very few living basal vertebrates and gnathostomes and these have very long evolutionary
branches separating them from other vertebrate groups and from their last common ancestors with other
clades, making it di�cult to assess the impact of polyploidy in these cases. However, at least two orders of
ray-�nned �sh (Acipenseriformes and Salmoniformes) appear to be entirely polyploid, suggesting that more
recent genome duplications have also played an important role in the evolution of teleosts 42. Polyploid
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families are also common within Siluriformes (cat�sh) and Cypriniformes (carp and minnows), while
polyploid genera are found within most teleost groups. Paralogs of developmentally relevant genes often
appear to be conserved in teleosts 80 and at least some of them are associated with physiological traits
unique to this group, including pigmentation types and colour patterns 81. Polyploidy seems to be extremely
rare in chondrichthyans, possibly because inferred substitution rates are much lower in cartilaginous �sh
than in other vertebrates 82, and particularly in comparison with the fast rates in teleosts 83.

The large majority of other polyploid vertebrate clades are amphibians, with some polyploids also
documented in reptiles. Ploidy levels in these groups appear less evolutionarily conserved than in teleosts,
with polyploid and non-polyploid taxa often being closely related. As a result, all but one of the clade pairs
analysed were genera, albeit spread broadly across the major groups of lissamphibians and squamates.
Although polyploidy has been recognised as common in particular groups of anurans, including the clawed
frogs 84, it has only been linked to speciation in a few cases 85,86. There are also documented cases of
polyploidy in birds and mammals, although these are far more tentative and controversial. ZZW triploidy is
known to occur in the domestic chicken, although embryo mortality is extremely high 87, as well as in the
Blue-and-Yellow Macaw 88. Within mammals, the mountain vizcacha rat has been characterised as an
allotetraploid with a hybrid origin 89 although this characterisation is questionable 90.

Polyploidy in vertebrates has been studied in greater detail than in other animals 91. Despite this, we were
able to �nd numerous documented cases of polyploid invertebrates, although just over half of our
documented clades were insects (32 out of 62). Despite containing well over 5.5 million species1, the
number of polyploid insect clades is thought to be less than 100 46. We suspect that this discrepancy may
result from a disproportionate focus on insects in the literature, which are appealing for three reasons.
Firstly, the segmented bodyplan of arthropods make them the ideal model for studying the role of Hox gene
changes and duplications in determining the expression of morphological traits such as limb identity 92,93.
Secondly, the fruit �y Drosophila is the most widely used model for studies of genetic evolution and
expression in animals. Thirdly, insects have extraordinarily high diversity and are major components of
nearly all terrestrial ecosystems despite their relatively conserved bodyplan. The evolution of novel Hox
gene regions is thought to have facilitated morphological diversi�cation in arthropods generally and insects
in particular 94,95. While it is possible that polyploidy is associated with diversi�cation of gene regulatory
networks, such as Hox genes in insects, we cannot rule out the possibility that polyploidy is simply more
poorly documented in other invertebrate groups.

While the majority of animal groups in our sample showed signi�cantly higher diversity in polyploid clades,
reptiles, and annelid worms did not. However, sample sizes for these two groups were small, and in each
case polyploid clades still contained more species on average. We think it likely that our inability to detect
differences in these clades re�ect their under-representation in the literature documenting polyploidy.
Studies of oligochaete annelids have suggested little correlation between genome size and life history traits,
with the possible exception of parthenogenesis in highly polyploid earthworms 96. Polyploidy may be rare in
annelids with the exception of some highly polyploid genera 97 but there are no comprehensive
assessments of polyploidy in the phylum. Polyploidy in reptiles appears entirely restricted to the squamates,
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although highly labile and variable within that group. Viable squamate polyploids appear to be exclusively
triploids 91, likely arising through the mating of diploid hybrids with sexual lineages 98. There is little
evidence for strong ecological 99, or phenotypic 100 differences between parthenogenetic triploids and
sexual diploids in the few squamate taxa where polyploidy has been studied in detail.

Polyploid clades at multiple taxonomic levels are more speciose than their non-polyploid sisters

Clades inferred to have undergone genome duplications close to their origins show signi�cantly higher
species richness at multiple taxonomic levels. Separate analyses of genera and higher clades both reveal a
similar pattern, as do analyses of families considered alone. This makes it unlikely that our results are
strongly in�uenced by the scale at which clades are sampled, as well as by any non-independence of nested
clades.

Documented cases of polyploid groups are far more common at the level of genera (321 out of 356 clade
pairs) than at higher taxonomic levels. As closely related taxa are, typically, more similar genetically, it may
be unsurprising to observe that polyploidy occurs convergently numerous times within the same clade.
Ultimately, polyploidy �rst arises within small populations. Large clades diversifying after genome
duplications will be harder to detect as the signal of the ploidy event is overwritten by the subsequent loss
of genes and mutation in the retained genes 101. While genome duplications are therefore inevitably most
common at lower taxonomic levels, the effect may be exaggerated due to our limited ability to detect such
events in large clades.

Our study provides empirical evidence that genome duplications correlate with greater diversi�cation across
the tree of life. Most previous attempts to investigate the distribution and variation in polyploidy have
documented its occurrence at low taxonomic levels in speci�c groups of organisms 102,103, while
consideration of its evolutionary signi�cance at the macroevolutionary scale has focused on ancient whole
genome duplications 20,41. While this study presents compelling evidence of a more general relationship
between polyploidy and diversity, species richness is a simplistic measure of diversity that fails to capture
many aspects of ecological and morphological variation. De�ning clades with ancestral genome
duplication events using the literature on extant polyploids lends itself well to studying a broad taxonomic
sample. However, it ignores the potentially complex history of genetic changes in different lineages within
clades. Further work relating changes in the genome with rates and amounts of morphological evolution
may help to explain the ubiquitous pattern seen in this study.
How does polyploidy facilitate diversi�cation?

Polyploidy is often implicated in the diversi�cation and evolution of key traits and is associated with a
number of physiological effects 104. Polyploidy can alter patterns of  gene expression which lead to
increases in cell size and hence tissue growth 105 as well as altering cell architecture and regulatory
mechanisms 106. Direct, simple changes in traits like body size are rare 107, as in most cases developmental
mechanisms regulate, eliminate or modify these effects 108. Instead polyploidy often affects gene
expression in complex ways to produce a broad range of ‘hybrid vigour’ effects 109, including
downregulation as well as the upregulation of genes 110. While polyploidy can introduce errors into cell
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division that increase the likelihood of sterility 111 and other deleterious consequences 112,113, certain
groups (e.g. plants) have genetic and developmental architecture that mitigate these effects 114. In plants,
sterility is often countered by a greatly increased capacity for sel�ng 115, allowing many polyploids to
reproduce asexually by parthenogenesis 116 which can also result in instant reproductive isolation and
hence speciation 117. However, polyploidy may also cause a failure of self-incompatibility mechanisms
which allow traits such as dioecy to evolve118

The developmental trajectories of many groups have become more complex through time 119-122. This is
because the addition of new developmental stages is constrained by existing developmental
pathways 123,124 and also because genes, developmental pathways, tissues and organs  often acquire a
greater number of increasingly integrated functions, and thus pleiotropy, over time 125. The accumulation of
pleiotropic effects makes it increasingly likely that mutations will deleteriously affect at least one process or
pathway as genes acquire multiple functions 126. Given increasing complexity, one might therefore expect
the evolutionary �exibility of organisms to decline over time as bodyplan development becomes more
canalised 127,128. Canalisation may help to explain how closely related organisms sharing the same genetic
architecture evolved the same phenotypic traits in parallel 129-131 and may be relatively common even at the
more fundamental genetic level, constraining change along ‘lines of least resistance’ 132. Genome
duplications may offer a mechanism by which lineages can circumvent the worst effects of pleiotropy133,
freeing up copies of genes that can – albeit very occasionally – acquire new functions and thereby increase
evolvability134-136. 

Methods

Sampling polyploid taxa from the published literature
Biological publications spanning the years 1950 to 2018 were searched for known cases of polyploid taxa,
using the names of major clades and “polyploidy” as keywords. Important source publications were Mable
et al. 2011 for amphibians and �sh 41, Otto and Whitton 2000 for reptiles and invertebrates 30, Song et al.
2012 for angiosperms 91 and Wood et al. 2009 for vascular plants 31. The resulting taxa were organised into
nested groups by their taxonomy and sampling effort was focused on obtaining as reasonable sample size
for as many groups as possible (Supplementary Table 1). In this way we maximised the number of clades
at the rank of class and above represented in our dataset over accurately representing the proportion of
polyploid taxa in different groups. As a result, the literature of clades for which polyploids were rarely
documented (e.g. annelids) was more intensively sampled than that of clades for which polyploidy was
extremely common (e.g. �owering plants). Instances of somatic polyploidy (endopolyploidy) were
discounted as these are extremely common even in diploid organisms, where it often occurs only in
particular cell types, and so represents a clearly distinct phenomenon than that of whole genome
duplication we are seeking to investigate here. Similarly, instances of arti�cially induced polyploidy were
discounted as because these occurrences did not occur naturally there is no reason to suppose they could
be directly linked to the evolution or diversi�cation of the clade in which they occurred.
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De�ning clades with ancestral genome duplications 

In most cases the literature clearly de�ned clades of organisms which are known to be exclusively or
ancestrally polyploid, and these were then used to de�ne the polyploid clade resulting from an ancestral
genome duplication event (hereafter: polyploid clades). In some cases assignments in the literature were
con�icting or more controversial, in which case documented polyploid taxa were compared to close
relatives (e.g. species in the same genus, genera in the same family). If polyploidy was found to occur in
related taxa, then the least inclusive taxonomic ranking would be used to de�ne the clade containing that
taxon and the related taxa as having a basal genome duplication (polyploid). If one or more of the related
taxa were not polyploid, the group was classed as non-polyploid. Although this a conservative approach is
likely to result in some polyploid groups not being included in the dataset this helped to reduce the risk of
overestimating species richness in polyploid clades by mistakenly including non-polyploid taxa. This
approach was also used when polyploidy was documented at the sub-generic or species level. Although
comparing speci�c clades of species and subspecies within genera would be desirable to more accurately
re�ect all polyploidy events, phylogenies at this level often poorly supported with high proportions of
missing taxa. This makes identifying sister clades con�dently impossible in many cases, even when
relationships of taxa are resolved, as such relationships are very likely to change in the near future. We also
sought to include extinct taxa in our estimates wherever possible and saw comparisons between genera as
the lowest rank at which we could reasonably attempt to utilize fossil data. Similarly, in cases where species
showed both diploid and polyploid subspecies or species morphs, the entire species was classed as
polyploid. In some groups, such as angiosperms, it is common to have taxa of increasing ploidy level
nested within each other (e.g. hexaploids nested within a clade of tetraploids). In all cases where it was
possible to delimit ploidy level to nested monophyletic clades using published phylogenies, each nested
clade was treated as a separate instance of genome duplication. In cases where this was not possible, all
polyploids regardless of level were treated as a single instance of genome duplication in that clade. While
this can result in multiple genome duplication events in related clades being treated as a single occurrence
this is unlikely to bias our �ndings, as the clade is still inferred to be exclusively polyploid. Any errors are
also equally likely to result in polyploid clades nested within non-polyploids as they are non-polyploids
nested within polyploid clades.

Identifying sister clade pairs

Phylogenies in the published literature spanning 1975 to 2018 were used to identify the putative sister
clades of our compiled list of polyploid clades. In cases where multiple phylogenies were found, the most
recently published one was preferred. The only exception to this were cases where polyploid clades were
part of a polytomy, in which case the most recently published phylogeny which resolved that polytomy was
used to resolve that polytomy. Cases where it was impossible to resolve a polytomy containing the
polyploid clade and other non-polyploid clades were discounted. In cases where the sister group of a
polyploid clade was also found to be polyploid, the least inclusive clade containing both polyploidy groups
was de�ned as the new polyploid clade and the sister clade to that new clade used. This process was
repeated until there were no documented instances of polyploidy in the sister clade of the larger polyploid
clade. All clade pairs therefore consisted of one polyploid clade which was inferred to contain an increase in
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ploidy level and one non-polyploid clade that was inferred to not contain an increase in ploidy level. As
clades were evaluated as comparable if they were phylogenetic sister clades, groups of different taxonomic
ranks could be compared, although as taxonomy generally agreed with phylogeny, this was rare. More
commonly, multiple taxonomic groups were contained within one or more of the clades being compared
(e.g. several genera being compared to one genus) although as both clades originate from the same node in
the tree (i.e. of the same phylogenetic level) we saw these comparisons as perfectly valid. This resulted in a
dataset of 356 pairs of equivalent sister clades (Supplementary Table 2). 

Species richness estimates

The number of species in each clade was estimated using online biodiversity databases. For vertebrates,
FishBase (http://www.�shbase.org/) 137 was used for �sh clades, AmphibiaWeb
(https://amphibiaweb.org/) 138 for lissamphibian taxa, The Reptile Database (http://www.reptile-
database.org/) 139 for reptile groups, Avibase (https://avibase.bsc-eoc.org/) 140 for birds, and Mammal
Species of the World 141 for mammals. For invertebrates, the Integrated Taxonomic Information System
(https://www.itis.gov/)142, BioLib (https://www.biolib.cz/)/) 143 and Systema Dipterorum 144 were used for
insects, the World Register of Marine Species (http://www.marinespecies.org/) 145 and the Integrated
Taxonomic Information System (https://www.itis.gov/) 142 were used for annelids, nematodes and
crustaceans and the Worldwide Mollusc Species Database
(http://www.bagniliggia.it/WMSD/WMSDhome.htm) 146 were used for molluscs. All plant species richness
numbers were taken from The Plant List (http://www.theplantlist.org/) 147. For a minority of clades diversity
estimates were also made using the source publications, which are listed for each clade. Only accepted
species names were counted, known synonymies and taxa of unresolved status were not included. Extinct
taxa assigned to the clades in the dataset were included in species counts using the Fossilworks portal of
the Paleontology Database (http://fossilworks.org/)148, with clade names and “fossil” as keywords. Where
possible, fossil data from the Paleontology Database was checked with data in source publications to
ensure species counts were as accurate as possible.

Statistical analysis

All statistical analyses were carried out using core functions in R unless otherwise stated. Paired Wilcoxon
signed rank tests were carried out on the species counts of polyploid vs. non-polyploid clades in order to
determine whether the number of species in polyploid clades was signi�cantly greater than in non-polyploid
clades. Separate tests were performed on the whole dataset, as well as plants and animals and major
clades and grades of organism within them that were represented by at least 5 clade pairs. Wilcoxon tests
were chosen as species non-normally distributed (their distributions had long tails) and were paired to
account for the non-independence of sister clades in each pair. The pairwise comparison of sister groups
ensures phylogenetic independence of each pair, comparing the difference between them rather than how
similar they are due to phylogenetic relatedness. 

In order to account for the possibility that the nesting of clades of different taxonomic ranks introduces non-
independence into our data which could bias statistical tests, we performed a separate, identical, statistical

http://www.fishbase.org/
https://amphibiaweb.org/
http://www.reptile-database.org/
https://avibase.bsc-eoc.org/
https://www.itis.gov/
https://www.biolib.cz/)/
http://www.marinespecies.org/
https://www.itis.gov/
http://www.bagniliggia.it/WMSD/WMSDhome.htm
http://www.theplantlist.org/
http://fossilworks.org/
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analysis using only the genera in our dataset. As the pairs of genera are all of the same taxonomic rank
they cannot be nested and therefore each pair constitutes an independent test of the hypothesis. The
effects of genome duplication on diversi�cation within clades could manifest explosively as rapid
speciation within a short period of time, or as slower diversi�cation over much longer periods of time. The
impacts of polyploidy on diversity could therefore be strongly or weakly scale-dependent, depending on the
extent to which either of these extremes dominates the pattern. In order to determine whether taxonomic
rank in�uenced differences in diversity between polyploid and non-polyploid clades, paired two-tailed
Wilcoxon signed-rank tests were also carried out on the sample of clades of higher taxonomic rank, as well
as individual taxonomic ranks represented by at least 5 clades. In addition, sign tests were implemented in
R using the package BSDA to test for whether there were consistent differences in species richness between
polyploid and non-polyploid groups.

Data Availability

The data that support the �ndings of this study are available from the corresponding authors upon
reasonable request.
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Tables
Table 1: Differences in the species richness of polyploid and non-polyploid clades.
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Dataset Number
of clade
pairs

Average no. of
species (polyploid
clades)

Average no. of
species (non-
polyploid clades)

Wilcoxon
signed-
rank V

P-value

Mean Median Mean Median

All 356 406 52 93 15 45769 6.734x10-16

Animals 153 649 39 67 15 8825 9.807ex10-09

Plants 203 220 70 112 15 14468 1.072x10-08

Vertebrates 91 83 25 44 12 3025 2.895x10-05

Invertebrates 62 1489 60 102 25 1542 7.445x10-05

Angiosperms 128 257 57 133 18 5501.5 5.018x10-05

Non-
angiosperms

75 160 75 76 11 2155 3.595x10-05

Tetrapods 49 36 14 34 10 767.5 0.06631

Fish 42 169 77 82 14 720 0.0001802

Lissamphibians 29 32 15 34 9 285.5 0.0618

Reptiles 17 48 24 38 15 91 0.5074

Insects 32 2760 55 134 21 386.5 0.0225

Annelids 13 174 48 97 32 67 0.1421

Crustaceans 6 59 26 19 3 21 0.03552

Molluscs 10 135 105 63 60 52.5 0.01246

Magnolids +
Chloranthales

9

 

1365 272 388 10 38 0.07422

Dicots 91 187 52 130 24 2654.5 0.003779

Monocots 27 128 36 61 15 251.5 0.05512

Gymnosperms 6 53 49 12 6 15 0.05906

Ferns 69 169 77 82 14 1852 0.0001179

Number of clade pairs and average number of species within each clade, as well as two-tailed paired
Wilcoxon signed-rank tests on the clade pairs of all taxonomic ranks, for the entire dataset (All) as well as
clade pairs in each subgroup.

Table 2: Differences in the species richness of polyploid and non-polyploid clades.
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Dataset Number
of clade
pairs

Average no. of
species (polyploid
clades)

Average no. of species
(non-polyploid clades)

Wilcoxon
signed-rank
V

P-value

Mean Median Mean Median

All 356 406 52 93 15 45769 6.734x10-16

Above
Genus

35 2952 251 288 54 493 0.002833

Families 28 3459 251 322 57 311 0.0127

Genera 321 129 46 70 13 36829 5.645x10-14

Two-tailed paired Wilcoxon signed-rank tests performed on polyploid and non-polyploid data subsets of
different taxonomic ranks. All: the entire dataset of clades at all taxonomic ranks, Above Genus: all clades
of a taxonomic rank above higher than genus. 

Table 3: Differences in the species richness of polyploid and non-polyploid genera.
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Dataset Number
of clade
pairs

Average no. of
species (polyploid
genera)

Average no. of
species (non-
polyploid genera)

Wilcoxon
signed-
rank V

P-value

Mean Median Mean Median

All 321 129 46 70 13 36829 5.645x10-14

Animals 129 87 30 37 12 6150 5.209x10-07

Plants 192 157 66 92 15 12928 2.351x10-08

Vertebrates 74 46 16 24 10 1941.5 0.0004334

Invertebrates 55 142 46 55 16 1200.5 0.0003143

Angiosperms 117 156 52 102 17 4556.5 0.0001302

Non-
angiosperms

75 160 75 76 11 2155 3.595x10-05

Tetrapods 48 36 14 34 10 767.5 0.03166

Fish 26 64 43 24 11 263 0.00712

Lissamphibians 28 33 14 17 8 285.5 0.02105

Reptiles 17 48 24 38 15 91 0.5074

Insects 30 195 46 78 17 338.5 0.02996

Annelids 10 83 31 29 22 40 0.221

Crustaceans 6 59 26 19 3 21 0.03552

Molluscs 8 100 80 37 38 34 0.02344

Magnolids +
Chloranthales

3 260 272 12 10 6 0.25

Dicots 87 161 52 118 23 2457.5 0.002726

Monocots 27 128 36 61 15 251.5 0.05512

Gymnosperms 6 53 49 12 6 15 0.05906

Two-tailed paired Wilcoxon signed-rank tests on pairs of genera, for the entire dataset (All) as well as clade
pairs in each subgroup.

Table 4: Sign tests of differences in species richness of polyploid and non-polyploid clades
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Dataset All Levels Genera Only

No. of
clade pairs
(total with
difference)

No. of
clade pairs
(polyploids
higher)

p-value No. of
clade pairs
(total with
difference)

No. of
clade pairs
(polyploids
higher)

p-value

All 349 260 < 2.2x10-16 314 233 2.2x10-16

Animals 151 111 6.474x10-9 127 92 4.361x10-7

Plants 198 149 6.284x10-13 187 141 2.057x10-12

Vertebrates 89 66 5.69x10-6 72 52 0.0002077

Invertebrates 62 45 0.0004971 55 40 0.001016

Angiosperms 124 91 1.859x10-7 113 83 6.307x10-7

Non-
angiosperms

74 58 9.675x10-7 74 58 9.675x10-7

Tetrapods 49 32 0.0293 49 32 0.0293

Fish 41 34 2.532x10-5 25 20 0.004077

Lissamphibians 28 20 0.0357 27 20 0.01916

Reptiles 17 10 0.6291 17 10 0.6291

Insects 32 20 0.2153 30 19 0.2005

Annelids 13 10 0.09229 10 8 0.1094

Crustaceans 6 6 0.03125 6 6 0.03125

Molluscs 10 9 0.02148 8 7 0.07031

Magnolids +
Chloranthales

9 8 0.03906 3 3 0.25

Dicots 88 63 6.27x10-5 84 61 4.077x10-5

Monocots 26 19 0.02896 26 19 0.02896

Gymnosperms 5 5 0.0625 5 5 0.0625

Sign tests on differences in species richness of polyploid and non-polyploid clades, showing the  numbers
of clade pairs with more speciose polyploid clades compared to all clade pairs showing a difference in
species richness, for the whole dataset (All levels) and for  pairs of genera only (Genera only).

Figures
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Figure 1

Species richness in polyploid and non-polyploid sister clades.

A: Violin plot showing differences in log species richness between sister clades inferred to have a basal
ploidy event (polyploid) and those without (non-polyploid). Boxes delimit the upper and lower quartiles of
the data, while central bars are median values. B: Histogram of clade pairs grouped by the total percentage
of species in both clades found in the polyploid clade. The red area of the plot indicates more species in the
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non-polyploid clade, while the green area indicates more species in the polyploid clade. Observed median of
79.5% of species in the polyploid clade (right-hand dashed line) differs signi�cantly (p<0.001) from the null
prediction that 50% of species are in the polyploid clade (left-hand dashed line).

Figure 2

Relative diversity of polyploid and non-polyploid sister clades in animal and plant groups.



Page 28/29

Histogram of clade pairs in A: all animals, B: vertebrates, C: invertebrates, D: all plants, E: angiosperms and
F: non-angiosperms grouped by the total percentage of species in both clades found in the polyploid clade.
The red area of the plot indicates more species in the non-polyploid clade, while the green area indicates
more species in the polyploid clade. Observed medians of species numbers in the polyploid clade (right-
hand dashed line) differ signi�cantly (p<0.001) from the null prediction that 50% of species are in the
polyploid clade (left-hand dashed line) in all cases.

Figure 3
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Species richness of polyploid and non-polyploid sister clades at different taxonomic levels.

Differences in species richness between sister genera (A, B) and sister families (C, D) inferred to have a
basal ploidy event (polyploid) and those without (non-polyploid). Violin plots showing differences in log
species richness between sister clades for A: genera and C: families. Histogram clade pairs of B: genera and
D: families grouped by the total percentage of species found in the polyploid clade. Ranges in the red area
of the plot indicate more species in the non-polyploid clade, while those in the green area indicate more
species in the polyploid clade.
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