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Introduction

Polyploidy plays an important role in plant evolutionary pro-
cesses, such as speciation (Wood ez al., 2009), novel trait genera-
tion (Soltis & Solts, 2016), crop domestication (Salman-
Minkov etal., 2016), invasion (Suda ezal, 2015) and commu-
nity assembly (Segraves, 2017; Rice ez al., 2019). Although nearly
15% of speciation events in angiosperms could have resulted
from polyploidy (Wood eral., 2009), it has long been debated
whether polyploidy promotes diversification or not. Polyploids
were once considered as ‘evolutionary dead-ends’ with reduced
selection efficacy and low rates of adaptation (Stebbins, 1950).
Phylogeny-based comparative work has suggested that polyploids
diversify more slowly, with higher extinction rates and lower spe-
ciation rates than those of their diploid relatives (Mayrose ezal.,
2011). Nevertheless, recent studies have highlighted a positive
correlation of polyploidy with species diversification (Levin &
Soltis, 2018; Ren et al, 2018). This is attributed to the advan-
tages of polyploids with respect to genomic plasticity (Leitch &
Leitch, 2008), ecological transformation (Ramsey & Ramsey,
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Summary

e Despite the role of polyploidy in multiple evolutionary processes, its impact on plant diversi-
fication remains controversial. An increased polyploid frequency may facilitate speciation
through shifts in ecology, morphology or both. Here we used Allium to evaluate: (1) the rela-
tionship between intraspecific polyploid frequency and species diversification rate; and (2)
whether this process is associated with habitat and/or trait shifts.

e Using eight plastid and nuclear ribosomal markers, we built a phylogeny of 448 Allium
species, representing 46% of the total. We quantified intraspecific ploidy diversity, hetero-
geneity in diversification rates and their relationship along the phylogeny using trait-depen-
dent diversification models. Finally, we evaluated the association between polyploidisation
and habitat or trait shifts.

e We detected high ploidy diversity in Allium and a polyploidy-related diversification rate
shift with a probability of 95% in East Asia. Allium lineages with high polyploid frequencies
had higher species diversification rates than those of diploids or lineages with lower polyploid
frequencies. Shifts in speciation rates were strongly correlated with habitat shifts linked to par-
ticular soil conditions; 81.7% of edaphic variation could be explained by polyploidisation.

e Our study emphasises the role of intraspecific polyploid frequency combined with ecologi-
cal drivers on Allium diversification, which may explain plant radiations more generally.

2014), or long-term adaptation (Van de Peer ezal., 2017). For
example, polyploidisation can be temporally associated with spe-
ciation events (Smith ezal., 2018; Cai et al., 2019), yet with lags
of up to millions of years (Schranz ez al., 2012). Polyploidisation
may also be an important mechanism underlying the formation
of biodiversity in geographic areas, such as the Pan-Himalayan
region (Wen eral., 2014), the Andes (Luebert & Weigend, 2014)
or the Mediterranean Basin (Marques ez al., 2018). Therefore, a
thorough reevaluation of the evolutionary significance of poly-
ploidy and its impact on diversification is needed (Kellogg,
2016).

Previous studies investigating the effect of ploidy on diversifi-
cation mostly focused on simplified binary traits (e.g. diploid or
polyploid), which underestimates the complexity of polyploids
(e.g. mixed ploidy) (Soltis ezal., 2014; Kolaf ez al., 2017). As the
origin and establishment of polyploidy are both under frequency-
dependent selection to avoid minority cytotype exclusion (MCE;
in which rare cytotypes tend to become extinct due to rapid
reshuffling by mating with the dominant cytotype in a mixed-
ploidy population) (Levin, 1975), the usage of intraspecific
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frequency of polyploidy or multistate traits based on it, may be
more appropriate to evaluate the association between ploidy and
species diversification. These traits can not only be used to quan-
tify the mixed-ploidy variation in angiosperms (e.g. the median
count used in Rice eral., 2019), but also make several quantita-
tive or hidden state-dependent models operable in the issue of
polyploidy-related diversification (such as FitzJohn, 2010;
Beaulieu & O’Meara, 2016). A high intraspecific frequency of
polyploidy can be achieved by various mechanisms, including
recurrent origins (Soltis & Soltis, 1999), triploid mediation
(Kohler ezal, 2010), or mating-system transition to asexuality
(Freeling, 2017). Interactions among these factors can overcome
MCE-related disadvantages and promote polyploid speciation
(Ramsey & Schemske, 1998; Husband, 2000; Kreiner ezal,
2017). Additionally, a high intraspecific polyploid frequency will
increase the population size as well as contacts within or among
populations (Fowler & Levin, 2016; Levin, 2019). Gene flow
under these frequent intra- or interspecific contacts can result in
adaptive introgression (Petit eral, 1999; Chapman & Abbott,
2010; Han eral., 2015), which may further stabilise polyploid
populations. It is unclear whether plant lineages with high poly-
ploid frequency (at intraspecific level hereafter) exhibit higher
speciation rates than those of diploids and lineages with lower
polyploid frequencies.

Furthermore, the underlying drivers of polyploid speciation
are unclear (Rothfels & Otto, 2016). Habitat shifts are thought
to be an important factor for driving polyploid evolution. This
idea is founded on studies using simulated data (Rodriguez,
1996; Marchant etal, 2016) and on empirical observations
(Godfree et al., 2017), both for deep time (Estep et al., 2014; Cai
et al., 2019) and more recent time (Abbott & Lowe, 2004; Chao
eral., 2013). Modelling studies have shown that niche separation
or intermediate states between polyploidy and diploidy can coun-
teract MCE-related interference (Levin, 1975; Parisod & Broen-
nimann, 2016) and promote polyploid expansion (Rodriguez,
1996; Marchant ezal, 2016). Moreover, robust transformative
effects of polyploids make them more responsive to stress (Chao
etal, 2013; Godfree etal, 2017; Certner etal, 2019), which
consequently improves their survival and long-term persistence.
Therefore, habitat shifts may contribute to polyploid speciation
through ecological radiations. However, it is not clear whether
habitat shifts could affect speciation rates of polyploid lineages.
Additionally, ecologically driven diversification events seem to be
associated with key innovations of functional traits (Certner
etal., 2019; Wei etal., 2019). Accordingly, we also hypothesise
that trait shifts, including shifts in mating system or growth form,
could facilitate polyploid speciation (Freeling, 2017; Van
Drunen & Husband, 2019).

In this study, we examined the relationship between intraspeci-
fic polyploid frequency and diversification in Allium L. and its
association with shifts in habitats or traits. A/ium is one of the
largest monocotyledonous genera with 971 species in the family
Amaryllidaceae, including important vegetable crops, such as
onion and garlic (Hauenschild ezal., 2017). Allium species are
widely distributed in the Northern Hemisphere, occupying habi-
tats from the dry subtropics to boreal zones (Fritsch & Fritsch,
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2002). Previous studies have suggested that Allium exhibited sev-
eral diversification rate shifts (Hauenschild ezal, 2017; Xing &
Ree, 2017), implying that accelerated species diversification may
have occurred. Moreover, the genus is rich in mixed-ploidy
species (Peruzzi eral., 2017), making it an ideal system to study
the impact of polyploidy on diversification. Here, our main
objectives were to test: (1) whether Al/ium lineages with high
polyploid frequencies have higher species diversification rates
than lineages with low polyploid frequencies or diploids, thereby
contributing to the species diversification of Allium; and (2)
whether habitat or traic shifts are positively related to species
diversification and polyploid frequency, explaining the adaptive
spread of Allium across its current distribution. Our study is
therefore designed to provide new insights into the effect of poly-
ploidy on diversification, considering both the effects of
intraspecific polyploid frequency and habitat or trait shifts.

Materials and Methods

Sampling

To build a dated phylogeny of the genus A//ium, DNA sequences
for eight plastid loci (aptB-rbcL, matK; psbA-trnH, rbcL, rpsl6,
trnL-rpl32, trnL-trnF, and trnL-trnP) and one nuclear locus (ITS)
were downloaded from GenBank (accessed 27 September 2017
Supporting Information Table S1). The sequences were aligned
using MAFFT v.7.222 (Katoh & Standley, 2013) and adjusted in
GEeNEIOUS v.11.0.4 (Kearse eral, 2012). The final dataset
included 448 species, 30 subspecies and 30 varieties of Allium
covering all 15 subgenera. Sixty-five genera including taxa from
three subfamilies and 15 tribes of Amaryllidaceae were sampled
as outgroups.

Phylogenetic reconstruction

Maximum likelihood (ML) trees were built to test the congru-
ence of topologies among datasets: for example, the plastid (470
species), nuclear (ITS, 539 species), and concatenated datasets
(573 species) (Fig. S1). The inferred phylogenies based on either
plastid or nuclear datasets did not yield any strongly supported
incongruences as assessed by CONCATERPILLAR v.1.8a (Leigh ez al,
2008) (Fig. S1; P-values=1.00 for tests of both topology and
branch-length). Therefore, the concatenated dataset was used for
all subsequent analyses.

The tree topology and divergence times were then estimated
using BEAST v.1.8.4 (Drummond ez al., 2012). The general time-
reversible (GTR) model was used as the nucleotide substitution
rate model, an uncorrelated relaxed clock with a lognormal distri-
bution as a clock model, and uniform prior distributions for the
calibration points. As available reliable fossils are limited for
Allium and Amaryllidaceae, secondary calibrations were used for
constraining the crown nodes of Allioideae and Amaryllidaceae,
with the 95% highest posterior density (HPD) defined as 27.8—
44.5 million years (Myr) and 42.0-61.7 Myr, respectively (Chen
etal., 2013). This is in temporal agreement with the age of the
first described Allium-like fossil (Paleoallium billgenseli) from the
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early Eocene, dating back to 49.42 % 0.54 million years ago (Ma)
(Pigg et al., 2018). We recalibrated the divergence time by defining
the 95% HPD for the crown age of Amaryllidaceae as 49.4—
76.7 Myr according to the age of the P. billgenseli fossil (Pigg et al.,
2018) and the estimated 95% HPD maximum age of Amarylli-
daceae (Magallén eral, 2015), with or without constraining the
crown age of Allioideae as 27.8-44.5 Myr (Chen ezal, 2013),
respectively. Four independent runs with 200 million Markov chain
Monte Carlo (MCMC) generations were performed for each analy-
sis. Convergence was checked using TRACER v.1.7 (Rambaut ez 4/,
2018) to make sure the effective sample size of parameters >200.
The tree files for the four runs were combined using LOGCOMBINER
v.1.8.4 (BEAsT Developers), with 10% of runs as burn-in and resam-
pling at a frequency of 1/72 000. The final maximum clade credibil-
ity (MCC) tree was annotated in TREEANNOTATOR v.1.8.4 (BEasT
Developers) under mean node heights.

Chromosome counts and ploidy diversity

Raw chromosome data for 568 Allium species were extracted
from the Chromosome Counts Database (CCDB, http://ccdb.ta
u.ac.il/; accessed by 30 September 2017) using the R package
CHROMER v.0.1 (Rice ezal, 2015), supplemented with chromo-
some data from published literature for 286 species (as of 24
October 2017; Table S2). To ensure their credibility, the corre-
sponding species vouchers and chromosome slides were checked
when available. Records under re-citation were excluded accord-
ingly. In total, 5513 records for 401 species with phylogenetic
data were available, among which 5204 records were from
CCDB (312 species) and 309 records were taken from the litera-
ture (89 species) (Tables S2, S3). Among these, nearly 77%
species had more than one chromosome record (with 66%
species > 3 records) and nearly all the remaining species with only
one record were found as being diploids.

First, the basic chromosome number (x) was determined for
each species, following the criterion that its frequency is over
50% out of the total number of records (in case of species with
more than one x type). Second, the ploidy was defined for each
taxon using the ploidy index (p7, the multiplication factor of the
haploid chromosome number relative to x) (Rice ezal, 2015).
Species with pi> 1.4 were defined as polyploids, as this threshold
can be used to distinguish polyploids (e.g. triploids with pi=1.5)
from diploids (pi=1.0) (Rice eral., 2015). Third, the frequency
of each cytotype per species was calculated for those that had
more than two chromosome records, from which the frequency
of the dominant polyploid type (if applicable) was used to define
the intraspecific polyploid frequency applied in the following
analyses. To fully determine the polyploid frequency, it would be
necessary to do a substantial screening of ploidy level for each
species and have a representative sampling across its native ranges.
However, this was unfeasible for the present study due to the
large extent of the genus’ distribution area. To reduce the dimen-
sionality of the ploidy data, a principal component analysis
(PCA) was performed based on eight variables for the numbers
of: (1) basic chromosomes, (2) ploidy types, and (3) dominant
ploidy level; and the frequencies of: (4) dominant ploidy level,
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(5) dominant polyploids, (6) total polyploids, (7) polyploids with
abnormal chromosome numbers (e.g. aneuploidy-like), and (8)
polyploids with odd chromosome numbers (e.g. triploids)
(Table S3). Individual principal components (PCs) for the first
two PCA axes (ploidy PC1 and PC2) were extracted to quantify
ploidy diversity across Allium species.

Climate, soil and trait divergence

In total, 18728 GPS coordinates for Allium were retrieved from
GBIF (https://www.gbif.org/; accessed 28 September 2017), eFloras
(http:/fwww.efloras.org/), eMonocot (http://www.e-monocot.org/),
CVH (http://www.cvh.ac.cn/), JSTOR (https://plants.jstor.org/),
and published articles (newly added 1660 GPS data for 360
species independent of GBIF). As results may be biased by the
GPS distribution for Allium species grown as vegetable crops,
only points in native ranges were included to obtain a final set of
17 318 georeferenced occurrences for 674 species (>59% of
species had > 3 records).

To quantify the climatic extent of each taxon, the median values of
19 bioclimatic variables and altitude were obtained from WorldClim
(http://worldclim.org) using RASTER v.2.6-6 in R (R Core Team,
2018), together with five variables, including the aridity index (Al),
the annual actual or potential evapotranspiration (AAE or APE), rela-
tive humidity (ARH) and ultraviolet B (UV-B) light (AUVB) from
GeoNetwork  (http://www.fao.org/geonetwork/srv/en/main.home),
SAGE (https://nelson.wisc.edu/sage/) and glUV (http://www.ufz.de/
gluv/). A final set of 13 low correlated variables was used for subse-
quent analyses (absolute Pearson’s correlation coefficient »<0.70,
mean £ SD =0.29 & 0.20; Table S4), including mean diurnal tem-
perature range, isothermality, mean temperature of wettest, warmest
or coldest quarters, mean precipitation of driest, warmest or coldest
quarters, altitude, AAE, Al, ARH and AUVB. The median values for
10 soil variables, such as soil pH, cation capacity, moisture (storage
capacity and maximum availability), effective depth, drainage class,
dominant taxonomy, production index, texture or carbon content,
were retrieved from GeoNetwork and SAGE (Table S4). As described
previously (Aryakia et al, 2016), eight trait variables, like bulb form
and size (bulb or rhizome length and width), leaf form and size (leaf
length and width), scape length or perianth colour, were selected based
on descriptions in eFloras, eMonocot, and publications or were mea-
sured directly from herbarium specimens from CVH and JSTOR (in-
cluding 1077 specimens for 260 species, for quantitative variables
only) (Table S4). Median values for each trait variable were used in
the following analysis. To reduce the dimensionality of the climatic
niche, soil and trait datasets, PCA was performed separately in R (R
Core Team, 2018). The species scores from the first two principle
components (PC1 and PC2) were extracted to capture the main varia-
tion in each dataset.

Character-independent diversification rate analysis

Bayesian Analysis of Macroevolutionary Mixtures (BaMM v.2.5.0)
was used to evaluate character-independent heterogeneity in evo-
lutionary rates on the Allium MCC tree after excluding out-
groups (Rabosky, 2014). The global sampling fraction was set to
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0.46 (448 out of the total 971). MCMC runs with 50 000 000
generations were performed, with the first 10% as burn-in. Rate
shift inferences and visualisation were conducted using the R

package ‘BAMMTOOLS v.2.1.6” (Rabosky ez al., 2014).

Character-dependent diversification rate estimate

The effect of ploidy variation on diversification rates was esti-
mated using both the hidden state speciation and extinction
(HiSSE) model and the multistate HiSSE (MuHiSSE) model
(Beaulieu & O’Meara, 2016). The shape or extent of correlation
between diversification rates and intraspecific polyploid fre-
quency or other continuous variables (e.g. climate, soil or trait)
was estimated using the quantitative state speciation and extinc-
tion (QuaSSE) model (FitzJohn, 2010) and multiple tip rate cor-
relations-based (TRCs-based) tests (Harvey & Rabosky, 2018).
Analyses were performed in the R packages DIVERSITREE v.0.9-10
(FitzJohn, 2012), HissE v.1.8.9 (Beaulieu & O’Meara, 2016) or
using R scripts provided previously (Harvey & Rabosky, 2018).
Custom codes can be found on GitHub (https://github.com/
Ting-Shen/AlliumPolyploidy).

General settings Firstly, to assess the effects of polyploidy on
diversification rates, species were divided into diploids and poly-
ploids at four levels according to the quantile of dominant
intraspecific polyploid frequency (40.00, ¢0.05, 40.25, 40.50;
frequency = 0.00, 0.13, 0.29, 0.50). A cytotype can be considered
dominant when its frequency is >20% (Kolar eral, 2017);
accordingly, 40.05 was used as a lower boundary for the delimita-
tion of polyploid dominance in subsequent analyses. Secondly, to
obtain an estimated proportion of extant species for each state,
the states for samples originally missed in our dataset were evalu-
ated using PHYLOPARS (Bruggeman ez al.,, 2009). Thirdly, a set of
biologically meaningful models were assembled, among which
transition rates between diploidy and polyploidy were specifically
incorporated in modelling works. Intuitively, there is an irre-
versible relationship between diploidy and polyploidy; diploids
can transition to polyploids, whereas polyploidy is unlikely to
transition back (gpp=0) (Mayrose ezal., 2011). However, most
Allium polyploids are complex with mixed-ploidy levels, includ-
ing diploids (e.g. 90% of mixed-ploidy species contain diploids).
As polyploidy may also originate from ancestral polyploidy
(Soltis ez al., 2014) and may revert to diploidy through a triploid
bridge, diploid—tetraploid—dihaploid cycle or postpolyploid
diploidisation (Savidan & Pernes, 1982; Koldr ez al., 2017; Man-
dakova & Lysak, 2018), bidirectional transitions between
‘diploid’ and ‘polyploid’ states defined here (dominant cytotype)
may occur. Therefore, we incorporated ¢gpp =0 into a set of con-
straints for HiSSE or MuHIiSSE model selection.

HiSSE and MuHiSSE To detect whether hidden factors could
impact the diversification in A//ium, 30 HiSSE models were fitted
to the datasets across quantiles (Fig. S2). Twelve of these models
were binary state speciation and extinction (BiSSE)-like models
that excluded hidden states or constrained specific parameters of
turnover, extinction or transition rates, 12 corresponded to
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hidden state-dependent models with various constraints on the
above parameters among states, and six were null HiSSE models
with various character-independent diversification (CID) forms.
The performance of these models was compared using the Akaike
information criteria (AIC) corrected for sample size (AICc) and
Akaike weights (w,). The estimates for each parameter of the
best-fitted model were obtained through adaptive sampling of
the likelihood surface for 10 000 points.

To quantify the relative importance of mixed ploidy or basic
chromosome number for diversification in A//ium, binary varia-
tion in both ploidy (diploidy vs polyploidy) and additional data
about mixed ploidy (pure vs mixed) or basic chromosome num-
ber (x=7 vs 8) were used in MuHiSSE models, respectively
(Fig. S3). As a result, the four newly combined states for the
mixed ploidy or not were diploid lineages with pure (DP) or
mixed cytotypes (DM, diploids-dominated complexes), and
polyploid lineages with pure (PP) or mixed cytotypes (PM, poly-
ploids-dominated complexes); for different x were diploid lin-
eages with x=7 (D7) or x=8 (D8), and polyploid lineages with
x=7 (P7) or x=8 (P8). In total, 20 MuHiSSE models were
assembled, including five multistate speciation and extinction
(MuSSE)-like models and five MuHiSSE models without or with
hidden states and differing in turnover or transition rates, and 10
muldstate CID (MuCID) models with increasing numbers of
hidden states from 2 to 8. The performance of these models was
also compared using AICc and w;,. The estimates for each param-
eter of the best-fitted MuHiSSE model were obtained through
adaptive sampling as described above. To test the effect of quan-
tiles on diversification analysis, the best-fitted MuHiSSE model
was reanalysed on 18 datasets generated under polyploid fre-
quency from 0.05 to 0.90, with 0.05 as the interval.

TRC tests To test whether there are linear associations between
continuous variables (e.g. polyploid frequency, PCs of climate,
soil or trait) and tip speciation rates in Allium, eight TRC tests
were performed, including three phylogenetic generalised least
squares (PGLS) tests and five simulation tests (Harvey &
Rabosky, 2018). Methods of node density (ND), terminal
branch lengths (TB) and equal splits (ES) were used to estimate
speciation rate for each tip, respectively. Specifically, TRCs of the
inverse equal splits with simulation (ES-sim) were performed by
three kinds of correlation tests, including Pearson’s parametric
test, Spearman’s and Kendal’s nonparametric tests. In total, 1000
simulations were run as null models for each test.

QuaSSE To detect whether ploidy, habitat or trait divergence
could (additionally) drive species diversification in A//ium, multi-
ple QuaSSE tests were performed under different models. Five
models with increasing complexity were constructed to fit the
changes in speciation rates driven by quantitative variables charac-
terised by polyploid frequency or ploidy PCs (at 40.05), climate
PCs, soil PCs and trait PCs. Polyploid frequency was included as a
continuous character in these QuaSSE analyses. The performance
of these state speciation and extinction (SSE) models was com-
pared using chi-squared tests and AIC. We only fitted speciation
functions to simplify the analysis (FitzJohn, 2010).
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Correlation between ploidy diversity and habitat or trait
shifts

Multiple PGLS regressions were implemented to evaluate the
effect of ploidy variation (explanatory variable, PC1 or PC2) on
habitat or trait variation (response variable, PC1 or PC2), while
correcting for phylogenetic dependence in the data. This was
done using the R package cAPER v.1.0.1 (Orme ez al., 2013). The
best transformation structure of the covariance matrix (A, Kk and
0) was selected for each PGLS pair by fitting ML models to the
data. Two of the transformative parameters were fixed to deter-
mine the optimal value for the remaining parameters. The final
PGLS analysis was performed using the best selected transforma-
tion structure.

(a) " o o e

30 25 20 15

Time (Ma)
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Results

Phylogeny

The inferred phylogenetic tree of Allium based on the concate-
nated dataset was well resolved (Figs 1a, S1a). The phylogeny was
congruent with previous studies, hypothesising that there are
three main evolutionary lines (ELs) in Alfium (Friesen etal.,
2006; Hauenschild ezal., 2017), with EL1 dominated by species
from North America (NAM, 58% of EL1 species) and EUR
(Europe, 14%), EL2 mainly including species from central and
western Asia (CWA, 71% of EL2 species), and EL3 from a com-
bination of CWA (35% of EL3), EA (temperate and boreal East
Asia, 27%), and EUR (18%) (Fig. S1b).

Net diversification rate
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Fig. 1 Phylogeny of Allium with diversification rate shifts and the distribution of polyploid frequency. (a) Dated Bayesian tree of Allium indicating
heterogeneity in the net diversification rate, the three evolutionary lines (EL1-EL3), the distribution of basic chromosome numbers (x), and the four
quantiles of polyploid frequency (g0.00-0.50). The phylorate plot was obtained based on Jenks natural breaks method, in which rate variances are
minimised within bins but maximised between bins. Arrows show the position of branches in the 95% credible interval of distinct shift configurations, with
the most substantial shift indicated by a red arrow. Ma, million years ago. (b) Polyploid frequencies of 401 Allium species used for the classification of
diploids (yellow) and polyploids (orange) at four quantiles; inner boxplot shows the frequency of diploids within polyploid complexes. (c) Rate-through-
time density plot for Allium, with the dashed line showing an increase in diversification rate at 3 Ma.
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The mean ages of the main branches were younger when we
only used markers with less missing data or used younger ages for
calibration, but the general time intervals overlapped significantly
among datasets and methods with different constraints
(Table S5). Amaryllidaceae originated c. 44.7 Ma (95% HPD:
42.0-51.0 Ma), Allioideae originated ¢. 41.4 (35.8-44.5) Ma,
and Allium originated ¢ 33.5 (27.3-39.9) Ma. All three ELs
diversified simultaneously ¢. 26.6-27.0 Ma.

Ploidy diversity

The basic chromosome number (x) in Allium varied from 7
to 11 (Fig. la; Table S6). Species in EL1 were dominated by
x=7 (88% of the total species in EL), while most species had
x=8 in EL2 (97%) and EL3 (99%) (Fig. 1a). EL1 included
all five x values. Species with mixed-x accounted for 7.2% of
species (17/401 species, 7+8; 12/401 species, 7+ 8+ others)
(Table S6).

According to the ploidy index (p7), 65.6% of species can be
defined as pure diploids (Fig. 1b), 3.7% of species can be defined
as pure polyploids, and the remaining 30.6% including more
than one cytotype were polyploid complexes or mixed-ploidy
species  (122/401 species). Polyploid complexes comprised
2.5 £ 1.1 cytotypes (mean £ SD, range =2-9), and 2x+ 4x was
the dominant combination (63/122 species) (Table S7). The
most frequent cytotype in polyploid complexes was diploidy (15/
25 cytotype combinations; accounting for 60% for average)
(Fig. 1b; Table S7).

For each species, we extracted scores from the first two princi-
ple components of the PCA based on eight ploidy characters (ex-
plaining 62% of the total ploidy variation) (Fig. S4). Ploidy PC1
reflected changes in intraspecific polyploid frequency and was
positively linked to ploidy level and frequency. Ploidy PC2 was
associated with rare cytotypes and increased with the number of
basic chromosomes and the occurrence of polyploids with abnor-
mal chromosome number.
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Diversification and polyploidy

We detected two shifts in net diversification rates with a cumula-
tive probability of 0.96 according to BamMM (Fig. 1a). The most
substantial shift in the net diversification rate was observed in EL3
(probability, 95%; Fig. 1a), which includes a group of species
from East Asia with higher polyploid frequencies (mean, 0.42)
than random (0.19; Wilcoxon’s signed-rank test: P<2.2e-16;
Fig. S5). Furthermore, we detected a significant increase in the net
diversification rate for the whole genus at ¢. 3.0 Ma (Fig. 1¢).

Based on AICc and w;, the models with hidden states best fit-
ted the datasets across quantiles (Table S8). At the quantile level
of 40.05, the optimal model was HiSSE with three transition
rates which included bidirectional transitions between diploid
and polyploid lineages within hidden scenario, and same transi-
tion rate between diploid lineages across hidden scenarios. At the
quantile levels of both 40.25 and 40.50, the best-fitted HiSSE
model was one with free transition across cytotypes and hidden
scenarios but under equal extinction fraction (extinction/specia-
tion). Under these models, the net turnover/diversification rates
or speciation rates for polyploids were higher than those for
diploids (Figs 2, S6), and their differences increased across quan-
tiles (within at least one hidden scenario), except the nearly equal
ones under the second hidden scenario at 40.25. The observation
remains, irrespective of hidden states or samples in the strongest
rate shift detected by BAMM (Fig. S7).

The optimal MuHiSSE models fitted the datasets without
interploidal transitions between pure and mixed cytotypes (e.g.
no transition between DP and PM, or DM and PP), or between
x=7 and x=8 (no transition between D7 and P8, or D8 and
P7), under either equal (40.25) or unequal (40.05 and 40.50)
extinction fractions (Fig. S3; Tables §9, S§10). These models were
selected against either nonhidden MuSSE-like models or nontriv-
ial MuCID models (Tables S9, S10). Under them, the net
turnover/diversification rates or speciation rates for diploids were

always lower than those for polyploids (DP/DM <PP/PM;

q0.50

Fig. 2 Turnover rate estimates for Allium

g lineages with diploid (D, yellow) and
- polyploid (P, orange) cytotypes by HiSSE at

: 0.05-0.50, under the two hidden states (1

! and 2). Box-and-whisker plots indicate the
median (horizontal line), 25t and 75t
percentiles (bottom and top of the box), and
| limits of the 95% confidence intervals (lower
and upper whiskers) of the net turnover rates
estimated through adaptive sampling of the
likelihood surface for 10 000 points. Outliers

beyond the 95% confidence intervals are
shown as dots.
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Fig. 3 Turnover rates of the best-fit MuHiSSE models at g0.05-0.50, under the two hidden states (1 and 2) and the additional multistate variation of mixed
ploidy (a) and basic chromosome number (b) in Allium. The multistates of mixed-ploidy variation included diploids (yellow) with pure (DP) or mixed
cytotypes (DM, diploids-dominated complexes), and polyploids (orange) with pure (PP) or mixed cytotypes (PM, polyploids-dominated complexes). The
multistates of basic chromosome number variation included diploidy with x =7 or 8 (D7 or D8) and polyploidy with x =7 or 8 (P7 or P8). The comparison
of turnover rates was divided by grey dashed lines. Box-and-whisker plots indicate the median (horizontal line), 25" and 75" percentiles (bottom and top
of the box), and limits of the 95% confidence intervals (lower and upper whiskers) of the net turnover rates estimated through adaptive sampling of the
likelihood surface for 10 000 points. Outliers beyond the 95% confidence intervals are shown as dots.

Figs 3, S8), no matter whether including the hidden states or the
additional variation of mixed ploidy or basic chromosome num-
ber, except in one hidden scenario at 40.05. We found a similar
pattern when using datasets without samples shown in the
strongest rate shift (Fig. S9) or across quantiles of polyploid fre-
quency (Fig. S10). Our results also indicated that in 31 out of 36
hidden scenarios (Fig. S10), the turnover rates increased from
pure diploids to diploids-dominated complexes and to mixed
ploidy or pure polyploids (shown as DP < DM < PM/PP), which
to some extent mimicked the changes of intraspecific polyploid
frequency from low to high.

Under the QuaSSE model, a positive sigmoidal (with diffu-
sion) relationship between polyploid frequency (40.05) and spe-
ciation rate best fitted the data (Fig. 4; Table S11). Under this
model, the speciation rate of mixed-ploidy A/fium lineages would
not change the stably low state until their polyploid frequency
reaching at 61.9% (midpoing; Fig. 4). We obtained similar results
when we corrected for the influence of phylogenetic pseudorepli-
cation (Fig. S11). Similarly, we detected a positive relationship
between speciation rates and ploidy diversity represented by
ploidy PC2 following a sigmoidal curve at the ¢0.05 level

© 2019 The Authors
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(Fig. S12). The TRCs results revealed that most variables cannot
be linearly correlated with tip-specific speciation rates in any
TRCs (mean K =0.008; Table S12). However, stronger specia-
tion-related TRCs can be found in intraspecific polyploid fre-
quency (at ¢0.05, R°=0.029, TB-sim), although with a
nonsignificant P-value (0.346).

Niche and trait divergence

We found that species niches were largely differentiated with
respect to climate and soil variables (Fig. S4b,c). Diversity along
the climate PC1 axis was mostly correlated with changes in tem-
perature variability (from stable to harsh; for example BIO2,
increased mean diurnal range of temperature) and diversity along
climate PC2 was correlated with both temperature and precipita-
tion (from dry to wet); together, these axes explained 49.7% of
the total climatic variation in Alium (Fig. S4b). Soil PC1 and
PC2 explained 46.6% of the total variation of soil fertility in
Allium (Fig. S4c). The PCA based on the trait dataset indicated
that trait PC1 explains 30.8% of variation in organ size from
small to large, such as leaf length and width, bulb width, and
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Fig. 4 Speciation rates for Allium lineages across polyploid frequencies
(quantile, g0.05) based on the QuaSSE best-fitted ML model. The best-
fitted ML model of the speciation rate (y-axis) modelled against the
intraspecific polyploid frequency at quantile of g0.05 (x-axis), shown as a
positive sigmoidal curve with the midpoint of 0.619 on the x-axis. Ma,
million years ago.

scape length and trait PC2 explains 15.6% of variation in growth
forms of leaves (from fistulose to solid), bulbs (from solitary to
cluster), and perianth colour (from other colours to pinkish)
(Fig. S4d).

The QuaSSE results indicate that speciation rates increase with
temperature variability (climate PC1) and soil fertility (soil PC1
and PC2) following sigmoidal curves (Table S11; Fig. S12). In
addition, speciation rates decrease with air humidity (climate
PC2, linear) and organ size (trait PC1, sigmoidal). These results
were partially in coincidence with TRC tests (Table S12), in
which significant associations existed between tip-specific specia-
tion rates and climate PC2 (& = 0.035, P=0.046, ES-sim Spear-
man’s nonparametric test) or soil PCI (R =0.037, P=0.036,
Pearson’s parametric test).

Polyploid frequency and habitat or trait shift

Correlation between ploidy variation and habitat or trait diver-
gence were detected in PGLS analyses (Table S13). Corrected for
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phylogeny, intraspecific polyploid frequency (represented by
ploidy PC1) explained 81.7% and 60.2% of the variation in
niches related to soil fertility and moisture (soil PC1) at the level
of both 40.00 and 40.05 (Table 1; Fig. 5). Simultaneously, ploidy
complexity (ploidy PC2) reflected divergence in temperature sta-
bility (climate PC1; 2.5% and 12.6%), soil character (soil PC2;
2.3% and 63%), and growth form (trait PC2; 1.9% and 11.5%)
at both level of 40.00 and 40.05 (Table 1; Fig. 5).

Discussion

Accounting for polyploid frequency and intraspecific variation in
ploidy, we quantified the effects of polyploidy on species diversi-
fication rates in Allium. We show that Allium lineages with high
polyploid frequencies have increased diversification or speciation
rates in conjunction with habitat shifts under particular soil con-
ditions. Furthermore, we detected a significant polyploidy-related
diversification rate shift in East Asia. These results suggest that
the intraspecific frequency of polyploidy is a determinant of the
rate of polyploid speciation and ecological radiation in Allium.

High ploidy diversity in Allium

Allium is a well known model system for cytological studies
(Levan, 1931), and extensive datasets on its chromosomal varia-
tion are available (Rice eral, 2015; Peruzzi etal., 2017). We
observed substantial differences in basic chromosome number
and ploidy level among Allium species (Fig. 1a; Tables S6, S7).
The large number of mixed-ploidy species implies that new cyto-
types are generated recurrently before extinction. In Allium,
nearly 30.6% of species show intraspecific variation in ploidy
levels (Table S7), higher than the mean in angiosperms, esti-
mated at 12-13% (Wood ezal, 2009) or 16.2% (Rice et al,
2015). This variation may lead to reproductive isolation among
offspring and facilitate speciation (Husband, 2004; Chester ez .,
2012; but see Zhang et al., 2013). Furthermore, rare or interme-
diate cytotypes can influence the spatiotemporal dynamics of
ploidy diversity by reproductive interactions or gene flow across
ploidy levels, which may therefore facilitate polyploid diversifica-
tion (Kohler et al., 2010; Kolar et al., 2017; Mandakova & Lysak,
2018). We observed a large number of polyploids with abnormal

Table 1 Estimates of the effects of polyploid diversity on climate, soil, and trait variation in Allium using phylogenetic generalised least squares (PGLS)

regression.

Ploidy PC1 (¢0.00) Ploidy PC2 (§0.00) Ploidy PC1 (q0.05) Ploidy PC2 (¢0.05)
Response Estimated Adjusted Estimated Adjusted  Estimated Adjusted Estimated Adjusted
variable coefficient R? coefficient R? coefficient R? coefficient R?
Climate PC1 0.096* 0.008 0.257%*%*%* 0.025 0.113 0.000 1.008**** 0.126
Climate PC2 —0.040 0.002 0.218%*** 0.041 —0.002 0.000 0.076 0.000
Soil PC1 0.583#**%* 0.817 —0.070 0.002 0.806%*** 0.602 0.201 0.009
Soil PC2 —0.092*#%* 0.031 0.179%%* 0.023 —-0.111 0.022 0.707 %% 0.630
Trait PC1 —0.046 0.000 —-0.112 0.001 —0.052 0.000 —0.281** 0.029
Trait PC2 —0.028 0.000 0.144* 0.019 —0.018 0.000 0.433%** 0.115

We fixed &= 3 across all analyses according to the estimate obtained using the maximum likelihood method.

Significance levels: *, P<0.05; **, P<0.01; ***, P <0.001; **** P<0.0001.
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(15.9%) or odd (28.4%) chromosome number in mixed-
ploidy Allium species, nearly five and two times higher than
those in recently surveyed plants, respectively (Koldr ezal,
2017). The roles of aneuploidy or odd polyploids (like
triploids) in species diversification have been demonstrated in
plant systems, such as Chamerion augustifolium (Husband,
2004) or Tragopogon miscellus (Chester etal, 2012). This
result suggests that they can facilitate polyploid speciation
through promoting the polyploidy—diploidy coexistence or
contributing to genetic variation needed by neopolyploids.
Therefore, these chromosomal variations can provide substan-
tial opportunity for divergence among Allium plants (Leitch
& Leitch, 2008; Soltis ezal., 2014).

Frequency-based polyploid diversification

Polyploidisation is a major mechanism of speciation (Rothfels
& Otto, 2016). A high polyploid frequency is predicted to
accelerate speciation, whereas a low polyploid frequency will
induce extinction at an early age as a result of MCE (Levin,
1975; Baduel eral, 2018). Our results support this hypothesis
by demonstrating a high species diversification rate for Allium
lineages with high polyploid frequencies (Fig. 2—4), particularly
when polyploids are dominant in mixed-ploidy complexes
(e.g. at the level of 40.50). We found that diversification shifts
can be predicted by the observed characters of polyploidisa-
tion, which have been detected across both hidden states
(Fig. 2) and basic chromosome numbers (Fig. 3b). Our imple-
mented MuHiSSE and QuaSSE models further proved that
intraspecific polyploid frequency in state of mixed ploidy can
influence the likelihood of species diversification in Allium
(Figs 3a, 4). Importantly, BAMM analysis detected a signifi-
cant polyploidy-related diversification rate shift along the
Allium phylogeny (red arrow in Fig. 1a). These observations
indicate several aspects about the origin and establishment of
polyploid species. First, the origin of polyploidy largely
depends on a high frequency of unreduced gametes and indi-
viduals with the same ploidy level (Ramsey & Schemske,
1998; Kreiner etal., 2017). And then, polyploid populations
can be established and stabilised when MCE challenges are
overcome at an early stage (Husband, 2000). Second, elevated

© 2019 The Authors
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polyploid frequencies can contribute to avoiding the risk of a
small population size and enhance reproductive connectivity,
thereby promoting demographic stability or local adaptation
within population (Ramsey & Schemske, 2002; Fowler &
Levin, 2016; Levin, 2019). Third, adaptive introgression may
take place across ploidy levels during secondary contact (Petit
etal, 1999; Chapman & Abbott, 2010). Therefore, the fre-
quent occurrence of polyploids in Allium can contribute to
rapid speciation and impact diversification.

Polyploid frequency-based diversification can be achieved
through recurrent origins (Soltis & Soltis, 1999), triploid bridges
(Kohler ezal., 2010), asexual reproduction (Freeling, 2017), or
perennial life forms (Stebbins, 1950). Recurrent origins of poly-
ploidy are common in Allium, given the high rate of unreduced
pollen grains (Levan, 1931). For example, the tetraploid
A. przewalskianum Regel arose through autopolyploidisation at
least eight times independently, enabling its colonisation and sur-
vival in the arid habitats of the Qinghai—Tibetan Plateau (Wu
etal., 2010). In addition, potential triploid bridges may provide
an important genetic connection between distinct cytotypes given
the high occurrence of odd polyploids (28.4%) in Allium, which
can contribute to the stabilisation of newly generated rare cyto-
types. Furthermore, asexual reproduction through bulbs or rhi-
zomes and perennial life forms are common characters well
established by the latest early Eocene in Allium (Pigg et al., 2018),
which may promote polyploid survival at early stages or during
the establishment of populations (Van Drunen & Husband,
2019).

A higher proportion of polyploidy (>40%) than diploidy
can be achieved in a mixed-ploidy population with nonlinear
effects of fertility or unreduced gametes on their coexistence
(Suda & Herben, 2013). Higher fitness (than that of diploids)
can be obtained when polyploids are in the majority (e.g.
67% in C. angustifolium; Husband, 2000). Our results indicate
a positive sigmoidal relationship between polyploid frequency
and speciation rate, switching at the midpoint of 61.9%
(Fig.4). This suggests that the speciation rate will increase
quickly in response to increases in polyploid frequency at this
point, possibly through the acquisition of adaptive traits, such
as flower or ovule numbers, as suggested previously for other

species (Husband, 2000).
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Role of polyploids in ecological radiations and
diversification in Allium

Polyploids are proposed to inhabit new ecological niches given
their genetic plasticity, suggesting a causal relationship between
polyploidy and ecological radiations in plants (Leitch & Leitch,
2008; Van de Peer eral, 2017). Except for a few case studies
(Ramsey, 2011; Godfree et al., 2017), we know little information
about the functional interaction between these two processes. In
Allium, previous work has reported climatically driven diversifica-
tion (Cui ezal., 2008; Wu ez al., 2010; Huang ez al., 2014; Wang
etal., 2015; Herden etal, 2016; M-]. Li etal, 2016; Q-Q. Li
etal., 2016; Zhang etal., 2017; Xie etal., 2019). However, few
studies have ever quantified these processes to identify the under-
lying mechanisms (Hauenschild ez al., 2017).

Our results indicate that Allium speciation rates can increase
with habitat shifts into either dry climates or fertile soils as well as
with trait shifts to small organs (Fig. S12). Species in dry habitats
usually occur in arid or semiarid areas, whereas species in wet
habitats often occur near the moist alpine or subalpine grasslands
in high mountains (Fritsch & Fritsch, 2002). During the late
Miocene to Pliocene (c. 5-3 Ma), global climate fluctuations led
to the expansion of cooler and drier habitats, allowing species,
such as those of Allium, to colonise these habitats and diversify
(Fig. 1c) (Herden ez al., 2016; M-]. Li ez al., 2016; Q-Q. Li ez al.,
2016; Xie et al., 2019). Allium diversification was also accompa-
nied by the divergence of traits related to drought tolerance, such
as reduced bulb or leaf sizes, suggesting that ecologically driven
diversification is associated with functional traits, as it has been
shown in other plant groups (Onstein eral, 2016; Ebersbach
eral., 2017). Interestingly, we also found a positive relationship
between Allium speciation rates and soil fertilicy (Table S12;
Fig. §12). This implies that belowground environments can also
influence diversification rates of bulbiferous species, such as
Allium (Vesely etal., 2011).

Based on the evolutionary advantages of polyploids over
diploids and the availability of newly opened habitats (Wu
etal., 2010; M-]. Li eral., 2016), polyploidy may have played a
crucial role during the ecological radiation of Allium. The
colonisation of new habitats allows polyploids to avoid compe-
tition with their diploid ancestors (Parisod & Broennimann,
2016) and contributes to the establishment of an ecological
edge to reduce the effects of MCE (Levin, 1975). We showed
that polyploid diversification can be driven by polyploid fre-
quency-related shifts in habitats or traits, particularly concern-
ing edaphic conditions (Fig. 5). They would act as the hidden
states into the process of species diversification driven by poly-
ploid frequency. In Allium, at least 60.2% of variation in soil
fertility and moisture can be explained by polyploid frequency
(at 40.05; 81.7% at 90.00) after correcting for the confounding
effect of phylogeny (Table 1; Fig. 5). Previous studies have indi-
cated that polyploidisation can directly interact with either abi-
otic (e.g. salinity stress) or biotic (e.g. microbes) factors in soil
through polyploidisation-induced changes in salinity tolerance
or species interaction (Chao ezal., 2013; Segraves & Anneberg,
2016). These interactions are important for understanding the
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elevated polyploid speciation rate in habitats under fertile con-
ditions (Walczyk & Hersch-Green, 2019). Additionally, our
results indicate that rare cytotypes, such as aneuploids/dysploids
or polyploids with uncommon basic chromosome numbers (e.g.
ploidy PC2), are more likely to accumulate with climatic shifts
from stably wet to extremely dry environments (e.g. climate
PC1) (Table1). These kinds of genomic plasticity imply that
newly generated or hybridised polyploids are prone to occur
under stress (Ramsey, 2011), which may contribute to poly-
ploid diversification in new ecological niches (Chester eral.,
2012; Zhang et al., 2013). However, more work should be done
to fully understand the driving forces behind the diversification
of Allium, especially concerning the accurate quantification of
the contribution of ecology or polyploidy to it at population
level (Ebersbach ezal., 2018).

Conclusion

Despite extensive studies, the association between polyploidy and
species diversification remains enigmatic (Kellogg, 2016). We
quantified ploidy variation in the genus A//ium and demonstrated
that diversification in the genus can be driven by intraspecific
polyploid frequency-based forces through extrinsic habitat shifts
(climatic or edaphic). Given the frequent occurrence of mixed-
ploidy species in Allium, these results are likely to reflect an ongo-
ing process of polyploid evolution (Kolaf ¢z al., 2017). We recog-
nise that our datasets might suffer from sampling biases, which
may partially affect our inference. However, given that the num-
ber of diploid records was much higher than those of polyploids
(Fig. 1b), the phenomenon of polyploid frequency-based diversi-
fication would be underestimated accordingly. Intriguingly, we
still detected the interaction between polyploid frequency and
species diversification, which suggests the limited influence of
sampling bias on the issue of robustness of our observation. This
study therefore provides new insights into the role of polyploidy
in diversification.
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