Recently Formed Polyploid Plants
Diversify at Lower Rates
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is a widespread feature of plant genomes,

but its importance to evolution has long
been debated. Polyploids have been postulated
to be evolutionary dead ends because of the in-
efficiency of selection when genes are masked
by multiple copies (/). However, most plant
species have experienced at least one genome
doubling early in their history (2), suggesting
that rather than being an evolutionary dead
end, polyploidy is a route to evolutionary suc-
cess. A recent study (3) confirmed the ubiquity
of polyploidy, with about 35% of vascular plant
species being recent polyploids (“neopoly-
ploids,” having formed since their genus arose),
representing 15% of speciation events in flow-
ering plants and 31% in ferns. It remains un-
known, however, whether the abundance of
polyploids is a consequence of higher diversi-
fication rates following polyploidy or of fre-
quent polyploid formation.

We estimated diversification rates of neo-
polyploids relative to their diploid congeners.
We compiled a data set of angiosperm (n = 49)
and seed-free vascular plant (SFVP, including
ferns and lycophytes; n = 14) generic-level groups
in which ploidy levels could be estimated from
cytological and phylogenetic data (4). Over 500
ploidy shifts were inferred with a probabilistic
model of chromosome number evolution that ac-
counts for aneuploid and polyploid transitions
but not diversification rate differences (5). This
allowed us to label all descendants of a poly-
ploidization event as neopolyploids, even when
lacking chromosome data.

Polyploidy (or whole-genome duplication)

Likelihood analyses indicated that 33% of
the examined species are neopolyploids (609/2043
for angiosperms and 209/458 for SFVPs), match-
ing earlier estimates (/, 3). Polyploidization events
were not distributed uniformly across phyloge-
nies but were disproportionately represented on
the tips of the tree of life [x? = 90.5 (all data); 48.2
(angiosperms); 45.1 (SFVPs); P << 0.01 (4)],
suggesting that newly formed polyploid lineages
generally fail to persist.

To estimate diversification rates, we used the
binary state speciation and extinction (BiSSE)
model (6) to coestimate diversification rates as-
sociated with diploids versus neopolyploids.
Defining polyploids as those lineages that un-
derwent a polyploidization event since diver-
gence from their generic ancestor, the transition
rate from polyploidy to diploidy was set to zero
[but see (4)]. Across our data set, the speciation
rates of neopolyploids were significantly lower
than that of diploids (P < 107>; ¢ test), and their
extinction rates were significantly higher (P <
10™'%). Together, neopolyploid lineages exhibit
significantly reduced rates of diversification
(speciation minus extinction) (P < 10713 (Fig. 1).

The inferred difference in speciation rates
between diploids and polyploids may be driven
by a greater propensity of diploids to speciate
via polyploidization relative to neopolyploids.
We extended BiSSE to allow ploidy transitions
only at speciation events (4) and inferred the
frequency of diploid speciation events that in-
volve polyploidization and those that do not
(heteroploid and homoploid speciation, respec-
tively). Discounting diploids that underwent
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Fig. 1. The posterior probabilities that diploids exhibit higher rates of (A) diversification, (B) speciation,

and (C) extinction than polyploids.

heteroploid speciation, the difference in speci-
ation rates between diploids and polyploids was
no longer significant (P > 0.1). Nevertheless, the
diversification rates of polyploids remained
significantly lower than that of diploids (P <
10°%; fig. S2) because of the higher extinction
rate of neopolyploids. The average frequency of
heteroploid speciation was 31.7% for all plants,
29.7% for angiosperms, and 38.7% for SFVPs,
exceeding previous estimates that ignored extinc-
tion rate differences. Our estimates for the rate at
which diploids speciate via polyploidization like-
ly represent upper bounds, however, because
only phylogenies with variation in ploidy were
examined and because ploidy transitions were
allowed only at speciation events.

The lower diversification rates of polyploids
may seemingly contradict evidence of ancient
polyploidization events in the genomes of most
angiosperms (2). Yet we find that the expected
number of paleopolyploidization events is high-
er than would be observed if diversification rates
were equal (4). Our results indicate that poly-
ploidy is most often an evolutionary dead end,
but the possibility remains that the expanded
genomic potential of those polyploids that do
persist drives longer-term evolutionary success.
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