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Abstract

Aim: Long-distance dispersal (LDD) plays an important role in shaping the distribution
of global biodiversity. Polyploidy could favour invasion and thereby facilitate LDD.
However, how and to what extent polyploidy interacts with LDD remain unclear.
Here, we test the putative role of polyploidy in the global dispersal of a cosmopolitan
genus Rorippa.

Location: Global.

Time Period: Late Miocene to present.

Major Taxa Studied: Rorippa Scop., Brassicaceae.

Methods: We traced the biogeographical and speciation history for 17 diploids and 41
polyploids of Rorippa using variation from plastid genomes and multiple nuclear loci.
The ploidy role in dispersal rate difference was demonstrated using trait-dependent
biogeographical modelling.

Results: LDD shaped the amphitropical disjunction of Rorippa, during which poly-
ploids showed higher dispersal rates than those of diploids, with 5.6x increase under
the best-fitted model. Five diploids and 21 polyploids were identified as products of
transoceanic speciation events. Polyploidy-involved LDD was more common in terms
of polyploidization following LDD than those preceding LDD.

Main Conclusions: We demonstrate that polyploidy would be not only a driver but
also a responder of LDD in Rorippa, highlighting a synergistic relationship between
them. Our results provide a framework to uncover the biogeographical consequences
of polyploidization and the joint roles of polyploidy and LDD in shaping the distribu-

tion of biodiversity.

KEYWORDS
dispersal trait, global biogeography, hybridization, ploidy diversity, polyploid speciation, trait-
dependent biogeography
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1 | INTRODUCTION

Long-distance dispersal (LDD) is one of the most important bio-
geographical processes (Carlquist, 1966; Wu et al., 2023), shap-
ing the global distribution of diversity in plants and animals (Luo
et al., 2020; Wu et al., 2018). However, the underlying drivers of
LDD are still elusive. Polyploidy, or whole-genome duplication, has
long been proposed as an intrinsic attribute of LDD (Mummenhoff
& Franzke, 2007), being reported in several plants such as cot-
ton (Wendel & Cronn, 2003), Danthonioideae grasses (Linder &
Barker, 2014), Microlepidieae crucifers (Mandakova et al., 2017)
or flora on islands (Meudt et al., 2021). These studies speculated
that: (1) polyploidy may interact with LDD, either preceding or fol-
lowing LDD (Linder & Barker, 2014) (Figure 1); (2) polyploidy may
facilitate the success of a diaspore through its invasive advantage
or interaction with trait or niche shifts during post-dispersal estab-
lishment (Moura et al., 2021; Pysek et al., 2023; te Beest et al., 2012)
and (3) LDD would promote polyploid speciation as a result of in-
stantly geographical or genetic isolation from population-of-origin
(Mummenhoff & Franzke, 2007; Taylor et al., 2001). However, due
to the difficulties in deciphering polyploid speciation and its links
with biogeographical history, the relationship between polyploidy
and LDD has remained controversial. For example, LDD would be
underestimated and biogeographical clues for polyploid evolution
would be inadequate if biparentally inherited nuclear variation
was not incorporated into polyploid phylogenetic construction or
if different genome types (i.e. subgenome of polyploidy) were con-

founded during biogeographical inference (Marhold & Lihova, 2006).
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FIGURE 1 Hypotheses about the relationship between
polyploidy and LDD. The possible combinations of LDD-associated
polyploidization: (1) LDD occurs without polyploidization (i.e.
diploidy mediated LDD, DM-LDD, dashed line with pie in dark
grey); (2) polyploid lineages are more likely involved in LDD than
diploid lineages (Polyploidization Preceded LDD, PP-LDD, dashed
line with pie in blue) or (3) ploidy changes more frequently co-
occur with LDD (Polyploidization Followed LDD, PF-LDD, dashed
line with pie in orange). Only process (3) has experienced ploidy
changes from either diploidy (along the left tree) or polyploidy
(along the right tree) to a new polyploidy after LDD. LDD process is
shown as dashed and coloured line, including DM-LDD in dark grey
(1), PP-LDD in blue (2), PF-LDD in orange (3) along the branch of
simplified phylogenetic tree, with coloured pies at the nodes or tips
reflecting the different geographical regions, and different number
of pairs of chromosomes revealing changes in ploidy levels.
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Therefore, it is still unclear how and to what extent polyploidy inter-
acts with LDD in a focal group.

Since most intrageneric ploidy changes from lower to higher lev-
els are intuitively irreversible, polyploid complexes involving both
diploidy and polyploidy are ideal systems to make biogeographical
inference (Stebbins, 1971). Recent methods have been developed
to specifically trace the speciation and biogeographical history for
polyploid complexes. For example, approaches using a backbone
phylogeny of diploid progenitors followed by polyploid phylogenetic
modelling can effectively untangle the speciation mode of polyploid
complexes (Rothfels, 2021; Thomas et al., 2017). Alternatively, the
level of ploidy-mediated dispersal rate differences can be eval-
uated using trait-dependent biogeographical modelling (Klaus &
Matzke, 2020), with ploidy state (e.g. diploid vs. polyploid) as a po-
tential variable affecting biome shift probability (Liddell et al., 2021).
An integrated framework employing both approaches makes esti-
mating the tempo and mode of polyploidy-impacted LDD more re-
liable (Figure 1).

Here we test the putative role of polyploidy in the global dis-
persal of yellowcress (Rorippa Scop.), a Brassicaceae genus with an
accepted 86 species and a worldwide distribution characterized by
amphitropical disjunction (Bleeker et al., 2002). Most of Rorippa
species have affinity for wet habitats (Les, 2018), where migrating
birds may transit their seeds or propagules far from local populations
(Bleeker et al., 2002; Chater & Rich, 1995). They also have robust
tolerance to whole-genomic changes, such as interspecific hybrid-
ization and polyploidization (Bleeker, 2007). About 70% of Rorippa
are polyploids, and 90% of them are endemic to specific continents
(Figures S1 and S2). Rorippa polyploids are globally distributed but
more prevalent in the Southern Hemisphere (accounting for 91% of
species) (Figure S1). These observations highlight a potential role of
LDD in shaping the amphitropical disjunction of Rorippa and suggest
that polyploidy may have promoted effective LDD.

To test the polyploid role in LDD, we first built well-resolved
and dated phylogenies for 58 Rorippa species using nucleotide data
from both plastid genomes and multiple low-copy nuclear loci. We
then classified different genome groups across ploidies and traced
their dispersal tempos and modes around the world. This study will
widen our knowledge about the biogeographical consequences of
polyploidization and the joint roles of polyploidy and LDD in shaping
the global distribution of biodiversity.

2 | METHODS
21 | Sampling

A total of 58 Rorippa species were sampled from 177 accessions
across the world, including 17 diploids and 41 polyploids (Table S1).
Chromosome data were obtained from PloiDB (http://ploidb.
tau.ac.il/) (Halabi et al., 2023). DNA was extracted using modi-
fied CTAB method or obtained from previous study (Nakayama
et al., 2018). High-quality DNA from 46 accessions covering 22
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Rorippa species was sequenced on an Illumina NovaSeq 6000 plat-
form, achieving a minimum of 2 Gb data for each sample (about
8x coverage for Rorippa diploidy) with 150bp paired-end reads.
Ploidy level for sample with genomic sequence was estimated
using nQuire (WeiR et al., 2018). For samples without enough well-
reserved DNA, sequences from four plastid markers (psbC-trnS,
trnG-trnM, trnL and trnl-trnF), 12 low-copy nuclear loci (ACO1,
CHS, CIP7, CRD1, FTSZ1-1, HY4, MCM5, MLH1, SMC2, SYPé61,
AT3G50910 and AT5G52810) and ITS were obtained following
our previous study (Han et al., 2022). We cloned and sequenced
the 12 low-copy nuclear loci and ITS for at least one sample of
each species, during which sequences of 8-16 clones were gath-
ered for each locus and sample. Variation from cloned sequences
was processed by PURC pipelines using reported methods (Han
et al., 2022; Rothfels et al., 2017), with the cloned sequences as
input reads for PURC analysis. Ploidy level for each sample was re-
checked according to the mean number of PURC-phased homoeo-
logues across loci (Rothfels et al., 2017).

2.2 | Plastid genome assembly

The assembly of plastid genomes was performed using GetOrganelle
v.1.4.0j (Jin et al., 2020). The published 15 plastid genomes from
Capparaceae and Brassicaceae were downloaded from GenBank
and used as outgroups (Table S1). We annotated each plastid ge-
nome using CPGAVAS2 (Shi et al., 2019). In accordance with previ-
ous work (Guo et al., 2017), coding regions for 77 protein-coding
genes were extracted and aligned using Geneious Prime v.2019.0.3
(Kearse et al., 2012).

2.3 | Phylogenetic analysis

To untangle the evolution of Rorippa species, we integrated
multiple approaches, including homoeologue phasing (Rothfels
et al., 2017), polyploid phylogenetics (Rothfels, 2021) and poly-
ploid speciation modelling (Thomas et al., 2017). The workflow
used plastid- or diploid-first methods followed by polyploid phy-
logenetic modelling, including a total of seven steps for plastid
and nuclear data (see Appendix S1 in Supporting Information for
details).

2.3.1 | Plastid phylogeny

To generate a well-resolved plastid phylogeny backbone, a plas-
tome tree was built in BEAST v.1.8.4 (Drummond et al., 2012)
using the concatenated coding sequences for Rorippa species and
outgroups. The nucleotide substitution rate variation model was
fitted using the ModelFinder tool in IQ-TREE v.1.6.12 (Nguyen
etal.,2015). Secondary calibration was used to constrain the crown
nodes of Brassicaceae and core Brassicaceae as 30.0-42.5 million

years (Myr) and 21.7-29.7 Myr (Guo et al., 2017) respectively. An
uncorrelated relaxed clock with a lognormal distribution was used
as a clock model, together with uniform prior distributions for the
calibration points. Four independent runs were performed, with
200 million Markov Chain Monte Carlo (MCMC) simulations for
each run. Convergence was checked according to the effective
sample size of parameters >200. A total of 1000 trees were resa-
mpled and annotated to produce a final maximum clade credibility
(MCC) tree in TreeAnnotator v.1.8.4 (BEAST Developers) under
mean node heights.

We then placed 131 extra samples into the plastome tree
through phylogenetic placement (Czech et al., 2020). Concatenated
sequences of plastid markers were used as queries (Table S1). All
queries were placed into the resampled 1000 plastome trees de-
scribed above. Values of the likelihood weight ratio (LWR) were cal-
culated to evaluate the model performance. The placed trees were
rescaled using penalized likelihood and maximum likelihood meth-
ods under the selected relaxed model of substitution rate variation
in R package ape v.5.5 (Paradis & Schliep, 2019). The crown age of
Rorippa was recalibrated according to the plastome tree (5.3-9.3
Myr). A final rescaled placed-tree was annotated as a consensus MCC
tree of the 1000 rescaled placed-trees in TreeAnnotator v.1.8.4. To
obtain a final plastid tree, only one tip or one sample representing the
species was kept. We selected the sample based on the criteria of
node age (i.e. the earliest diverged tip) and geographical information

(i.e. from a native region).

2.3.2 | Nuclear phylogeny

We resolved the reticulate relationships and clarified the genome
types (i.e. subgenome of polyploidy) among Rorippa species. The ITS
Bayesian tree was built on all PURC-phased ITS sequences, using the
same settings as described above for the plastome tree in BEAST
v.1.8.4. Secondary calibration was implemented to constrain the
crown nodes of Brassicaceae and core Brassicaceae as 36.3-37.8
Myr and 29.1-30.3 Myr (Huang et al., 2015) respectively.

A group of methods were used to analyse variation from the
cloned sequences for 12 low-copy nuclear loci (Appendix S1).
First, an initial diploid backbone tree was built with only diploid
progenitors, using a concatenated sequence matrix of single
PURC-phased homoeologues across loci. We clarified genome
types according to their phylogenetic positions, species ages,
phenotypic or geographical representativeness, as well as section
classifications (Bleeker et al., 2002). Second, to assign genome
types for homoeologues of polyploids, a group of raw single-gene
trees covering all samples was constructed using the PURC-phased
sequences for each locus. Species with more than one PURC-
phased sequence were placed into the diploid backbone tree for
each locus to generate a placed single-gene tree using phylogenetic
placement (Czech et al., 2020). Genome types for each homoeo-
logue were assigned according to the diploid backbone tree and
the raw or the placed single-gene trees. Third, to obtain a final
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nuclear tree, we generated a new concatenated sequence matrix
for each species based on the classified homoeologues and con-
structed a Bayesian tree in BEAST v.1.8.4. Given the different
mutation rate or selective pressure between plastid and nuclear
genomes, we applied secondary calibration to constrain the crown
node of Rorippa along the concatenated nuclear tree as 4.2-10.3
Myr, according to the estimated time from the ITS Bayesian tree.
The final nuclear tree was then split into a nuclear homoeologous
tree for each genome type using the drop.tip() function in ape
v.5.5. Finally, we used the topology-based gene-tree reconciliation
algorithm implemented in GRAMPA (Thomas et al., 2017) to infer
speciation mode for each species, according to the best-fitted
multi-labelled tree (MUL-tree) with a minimum parsimony score.
Speciation mode was clarified as autopolyploidy or allopolyploidy
(polyploidy without or with hybridization), homoploid hybrid (hy-
brid without polyploidization) or no polyploidy respectively.

2.4 | Biogeographical history and
identification of LDD

We inferred the biogeographical history of Rorippa species along
the final plastid tree and the nuclear homoeologous trees for each
genome type under a group of biogeographical models, including
BAYAREA, DEC, DIVALIKE and their jump-dispersal models (+ j)
implemented in BioGeoBEARS (Matzke, 2018). The most fitted
model was selected using AIC value corrected for sample size
(AICc) and its weight (wt). The number of maximum ranges was
constrained to two based on the extant distribution of species
(Figures S1 and S2). The five geographical regions were classified
as Eurasia (EUA), North America region (NAR), South America re-
gion (SAR), Africa (AFR) and Oceania (OEA). Rorippa species could
be assigned to these regions because 90% of them are endemic
to specific continents (Figures S1 and S2). LDD was referred to as
a dispersal event between geographical regions or across ocean
basins (Gillespie et al., 2012; Wu et al., 2018). Accordingly, we
identified LDD as any dispersal of a lineage between any two
defined geographical regions above. In addition, to quantify the
spatial extent of LDD, relationships between pairwise geographi-
cal and phylogenetic distances were assessed. We located outli-
ers that informed us about the spatial scale of genetic divergence
beyond the expectation of isolation-by-distance (Jordano, 2017).
Geographical distances were calculated between centroids of
species' minimum convex polygons using letsR v.4.0 (Vilela &
Villalobos, 2015). Phylogenetic distances between tips were es-
timated from the branch lengths of the plastid species tree using
ape v.5.5.

2.5 | Trait evolution of ploidy state

To decipher the evolutionary history of ploidy state changes and
account for mixed-ploidy variation across ancestral populations,

and Biogeography Macroecoiogy

we performed ancestral state reconstruction of ploidy along the
final plastid tree and the nuclear homoeologous trees for each
genome type using ape v.5.5 and phytools v.1.0-3 (Revell, 2012)
(Appendix S1). Two kinds of models were used to specify the tran-
sition probabilities between ploidy states, including the two ploidy
levels model (TPL) and the multiple ploidy levels model (MPL) associ-
ated with three hard-wired models: equal rate model (ER), all rates
different model (ARD) and symmetric model (SYM) respectively.
Given the intrageneric irreversibility from diploid to polyploid level
(Stebbins, 1971), transition between states can only happen from
low to high ploidy but not the reverse. For each analysis, 1000 simu-
lations were performed under each evolutionary model.

2.6 | Level and type of polyploidy-involved LDD

To test whether ploidy changes have influenced dispersal rate varia-
tion along the phylogenetic tree, we jointly modelled their interaction
using trait-based biogeographical models (Klaus & Matzke, 2020). A
standard two-rate transition model was built according to the par-
simonious model under two ploidy levels (i.e. diploid vs. polyploid),
with transition only from diploid to polyploid state but not the re-
verse. The effect of ploidy changes on dispersal possibility was es-
timated as a multiplier (m) on the anagenetic dispersal rate of range
expansion. Here, the multiplier for diploid lineages (m,) was fixed to
1, and the multiplier for polyploid lineages (m,) was variable. These
trait-based modellings were run along the plastid species tree under
six biogeographical models: BAYAREA, DEC, DIVALIKE and their
jump-dispersal models (+ j). The best fitted model was selected
using the scaled AlCc value corrected for sample size (AlCc_scaled).

LDD types were distinguished as DM-LDD (diploidy mediated
LDD), PP-LDD (polyploidization preceded LDD) or PF-LDD (poly-
ploidization followed LDD), based on the cooccurrence of LDD
and the inferred ploidy changes from node to tips (Figure 1). LDD
regardless of ploidy changes were assigned as DM or PP type, and
those with ploidy changes as PF type. LDD on the early divergent
node and without direct evidence on speciation mode was assigned
as undetermined type. Correspondingly, the dispersed species were
assigned as a product of either DM, PP or PF type of LDD.

2.7 | Phenotypic features of
polyploidy-involved LDD

Effective LDD would be influenced by a group of traits associated
with dispersal. Since polyploidization was suggested to evolve with
shifts in lifespan (annual or perennial), mating system types (self-
compatibility or self-incompatibility) and the ability of clonal re-
production (sexual or asexual) (Van Drunen & Husband, 2019), we
gathered these information and combined them together as a data-
set of ploidy-involved dispersal trait (DT). We assigned each species
with a specific DT type, including DT1-DTé for polyploidy and DT7-
DT11 for diploidy (Appendix S1; Table S2).
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3 | RESULTS
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3.1 | Phylogeny and speciation mode

Based on the well-resolved and dated plastome tree (Figures 2 and
S3), Rorippa originated c. 7.10 million years ago (Ma) (95% HPD:

9.32-5.26 Ma) in the late Miocene. Two main clades were identi-
fied, the Eurasian clade and North American clade, with continent-
specific diploids embedded in each of them (Figure 2). A similar
classification of clades can also be observed in the ITS Bayesian
tree (Figure S4). A total of 131 samples were placed into the plas-
tome tree with high certainty (mean+SE of LWR=0.68+0.17).
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FIGURE 2 The plastid Rorippa phylogeny and biogeographical inference. The plastid Rorippa phylogeny projected to a global map (a).
Geographical regions are classified as Eurasia (EUA), North America region (NAR), South America region (SAR), Africa (AFR) and Oceania
(OEA). The geographical location for each species (circles) is indicated by the centroid of polygon of occurrence. Diploid species are denoted
by black circles, with the remainder representing polyploids. Links between phylogenetic tips and corresponding geographical centroids

are shown as coloured solid lines, with the name of diploid species labelled in blue. The biogeographical flows between the Northern and
Southern Hemispheres (b) or among continents (c); the dispersal rate estimated by multiplier values for polyploid lineages across different
biogeographical models (d). In (b, c), the extent of biogeographical flows is proportional to the thickness of black lines, with arrows indicating
their direction; the black borders of circles representing each continent indicate speciation events, with their thickness proportional to the
number of speciation events. In (d), multiplier values are shown as percent of AlCc support on each model, indicated as box-and-whisker
plots with the median (horizontal line), 25th and 75th percentiles (bottom and top of the box), and limits of the 95% confidence intervals
(lower and upper whiskers), with the multiplier value for diploid lineages fixed as 1.0 and shown with a dashed line. Estimators or model tests

for each biogeographical model are listed in Tables S3 and S4.
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The final plastid species tree harboured a total of 58 Rorippa spe-
cies, with polyploids scattered along the phylogeny (Figure 2). The
Eurasian and North American clades originated c. 2.71 Ma (3.61-
1.59Ma) and c¢. 2.59Ma (3.46-1.51 Ma) respectively. Polyploids
(mean+SE, 1.05+0.10 Myr) were significantly younger than
diploids (1.55+0.14 Myr; Wilcoxon rank-sum test, W=495.5,
p=0.012) (Table S2).

Based on the nuclear phylogenies, a total of 91 homoeologous
types were phased (Figures S5 and Sé), from which six genome
groups (A-F) were identified (Figure 3). Compatible with the iden-
tification of plastid clades (Figure 2), diploids with AA-DD genomes
were mainly found in Eurasia and with globose (AA-BB) to oblong
(CC-DD) fruits, including R. austriaca (AA), R. globosa (BB), R. can-
toniensis (CC) and R. islandica (DD); diploids with EE-FF genomes
were only found in North America and with oblong to linear fruits,
including R. sessiliflora (EE) and R. sinuata (FF). Genome group B had
the highest occurrence rate (32.50%), followed by genome groups F
(21.25%) and D (20.00%) (Table S2; Figure 3).

Out of the sampled 58 species, 20 speciation events were de-
tected with hybrid origin, comprising six homoploid hybrids and
14 allopolyploids (Table S2; Figures S7 and S8). Potential mater-
nal progenitors can be identified for 12 hybrid species according
to the plastid trees (Table S2; Figure 3a). Chloroplast capture (i.e.
the interspecific introgression of chloroplast in plants) was de-
tected for seven species from South America, Oceania, Eurasia or
Africa. About 65.85% of polyploids are of autopolyploid origins (27
species) and 34.15% are of allopolyploid origins (14 species). The
most frequent combination of genome types for hybrids was BD (5
species) or BBDD (3 species), and the most frequent genome type
for autopolyploidy was BBBB (8 species). Dating results indicated
that polyploids were younger than diploids for both the young-
est (mean+SE, polyploidy vs. diploidy, 1.03+0.15 vs. 1.88+0.49
Myr) and the oldest homeologues (1.71+0.26 vs. 2.29 +0.47 Myr)
(Table S2). Taken together, the well-resolved plastid and nuclear
phylogenies provide a relatively complete picture of the speciation
history in Rorippa.

3.2 | Biogeography
3.2.1 | Plastid biogeography

Biogeographical inference under DEC+j model statistically fitted
better than those under the other models (Table S3; likelihood ratio
test, p<2.4e-19), but the inferred biogeographical patterns were
mostly consistent with each other. Under DEC+j model, biogeo-
graphical analysis along the final plastid tree indicated that the an-
cestral range for Rorippa was located in the Northern Hemisphere
(Figure S9). The potential biogeographical origin was identified
as Eurasia (probability=45.52%) or Eurasia together with North
America (44.91%). That said, species from all continents were found

within each main clade.

and Biogeography

A total of 21 LDD events for Rorippa species were detected
across continents, especially from the Northern to the Southern
Hemisphere (percent=80%) (Table 1; Figures 2b and S9). More than
half of LDD (55%) occurred from Eurasia to other continents, and
about 25% of LDD occurred from North America to South America
or Oceania (Figure 2c). The mean multipliers of dispersal probability
for polyploid lineages (m,) were>1.33x higher than the designated
value for diploid lineages (m, = 1) across models (Table S4; Figure 2d).
Under the selected DEC+j model, the mean dispersal multiplier of
polyploid lineages predicted 5.60x increase (Table S4; Figure 2d).
Stochastic character mapping analysis on ploidy state revealed con-
gruent evolutionary trends under models of two or multiple ploidy
levels (Figure S10). Under the selected two ploidy levels model, we
identified three occurrences of PP-LDD (polyploidization preceded
LDD), nine occurrences of PF-LDD (polyploidization followed LDD),
and four occurrences of DM-LDD (diploidy-mediated LDD) (Table 1;
Figure S10). These dispersal events are also reflected by observa-
tions of species pairs with close phylogenetic relationships but geo-
graphical separation as far as 7500-9000km and 10,000-13,000km
from each other (Figure S11). In summary, the plastid biogeography
of Rorippa suggests frequent LDD may have shaped the amphitropi-
cal disjunction of its species and polyploidy played a significant role
during LDD.

3.2.2 | Nuclear homoeologous biogeography

Under the selected DEC+j biogeographical modelling along nuclear
homoeologous trees (Table S3), we identified the different dispersal
modes associated with each genome type and their different contri-
butions to the diversification of Rorippa (Figures 3b, S12 and S13).
A total of 41 LDD events were identified, including 10 polyploidi-
zation preceded (PP) types, 14 polyploidization followed (PF) types
and four diploidy-mediated (DM) types of LDD (Table 1; Figure S13).
Under these LDD events, about 26 species (45% out of the total sam-
pled species) were identified as products of LDD, including 21 poly-
ploids (Table S5; Figure 4). The median age of LDD-mediated species
was 1.466 Myr, ranging from 0.384 to 3.789 Myr. At the level of
genome types, A-D originated from Eurasia and dispersed into the
other continents through recurrent LDD; E-F originated from North
America and dispersed into South America or Oceania (Figure 3b). In
general, genome type B had the most frequent intercontinental dis-
persals (Figures 3b and 512), leading to speciation outside its origin
range in Eurasia, such as those species with unique genome types,
including R. austroamericana (BBEE) in South America, and R. lacin-
iata (BBDDFF) in Oceania.

Integrative evidence demonstrated the asymmetric biogeo-
graphical flows among continents across either plastid or nuclear
trees (Figure 4). In Rorippa, more LDD events were inferred to have
occurred when using nuclear than plastid markers. Biogeographical
flows mainly occurred from Eurasia or North America to Africa,

Oceania or South America, but bidirectional nuclear biogeographical
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flows were detected equally between Eurasia and North America. In short, the overall global biogeography of Rorippa indicates that
In the Southern Hemisphere, 18 species were involved in LDD (ac- polyploidy may have mediated the success of LDD in the Southern
counting for 78% of its total species), 16 of which are polyploids. Hemisphere.
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TABLE 1 The number of identified
long-distance dispersal (LDD) types in

Rorippa. LDD type

Polyploidization preceded LDD/PP-LDD 3
Polyploidization followed LDD/PF-LDD 9
Diploidy-mediated LDD/DM-LDD 4

Undetermined LDD
Total
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AFR —> Nuclear hilariana
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and Biogeography floggongecd
Nuclear genome type
Plastidk A B cC D E F  Total
1 3 0 1 1 4 10
1 6 1 2 0O 4 14
0 2 0 2 0O 0 4
5 0 5 1 6 0 1 13
21 2 16 2 11 1 9 4
benghalensis
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FIGURE 4 Summary of global biogeographical flows in Rorippa. Geographical flows inferred from the plastid tree are indicated by light
grey and dashed lines; geographical flows inferred from nuclear tree are indicated by dark grey and solid lines. Lines with arrows indicate
only the possible directions of biogeographical flows and may not represent the actual dispersal routes in nature. Genome types A-D from
Eurasia and E-F from North America are shown in bold, indicating their putative places of origin. Name lists show the 26 Rorippa species
that experienced LDD. Diploid species are labelled with an asterisk (*). Geographical regions are Eurasia (EUA), North America region (NAR),

South America region (SAR), Africa (AFR) and Oceania (OEA).

3.3 | Features of polyploidy-impacted LDD

Lineage dispersal of Rorippa species may have been aided by a
group of ploidy-involved dispersal trait (DT). A total of 11 DT-
types (coded as DT1-11) were identified (Table S2). Three DT-
types were associated with 81% of LDD events, including DT1
(selfing polyploidy, covering 54% of LDD events), DT2 (selfing and
perennial polyploidy, 15%), and DT4 (perennial polyploidy, 12%)
(Table S5).

4 | DISCUSSION

Polyploidization is an important mechanism driving speciation and
transoceanic dispersal, but integrative analyses of these processes
have been lacking. Here, we developed a unified framework to test
the putative role of polyploidy in the global biogeography of Rorippa.
We found that polyploidy may have facilitated the success of LDD

and the subsequent persistence of those dispersed lineages in new
environments.

4.1 | Global biogeography of Rorippa mediated by
polyploidization and LDD

Rorippa is a globally distributed genus in Brassicaceae, with species
occurring on all continents except for Antarctica (Jonsell, 1968).
However, its geographical origin and evolutionary history are
still enigmatic. We inferred that the Rorippa genus originated in
Eurasia and North America in the late Miocene (c. 7.10Ma) and
then dispersed into other continents, particularly in the Southern
Hemisphere, by LDD on multiple occasions (Figure 2). Polyploids are
prevalent among Rorippa species and accounting for 91% of species
in the Southern Hemisphere, suggesting polyploidization and LDD
may have jointly shaped the global biogeography of Rorippa. Similar
patterns have also been observed in other Brassicaceae genera,
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such as Draba (Jordon-Thaden et al., 2013) and Cardamine (Carlsen
et al., 2009).

LDD in Rorippa was assumed to be achieved via migrating shore-
birds (Bleeker et al., 2002). Rorippa plants have strong affinity for
wet habitats and extreme flooding tolerance (Akman et al., 2014;
Chater & Rich, 1995; Ikematsu et al., 2023; Les, 2018), which made
LDD of Rorippa seeds or propagules more feasible by floods or mi-
grating shorebirds (Boere & Stroud, 2006; Green et al., 2023). Other
characters, such as the mucilage covering or hollows on seeds or
the ability of self-fertilization and clonal regeneration (Chater &
Rich, 1995; Jonsell, 1968), may also have facilitated the transoceanic
voyage of Rorippa diaspores (Table S5).

Hybridization may also play a significant role during the evo-
lution of Rorippa species (Bleeker, 2007). Benefited from the
incorporation of biparentally inherited nuclear variation into phy-
logenetic construction, about 34.48% of species were detected
as hybrid origins, comprising six homoploid hybrids (10.34%) and
14 allopolyploids (24.13%) (Table S2; Figures 3 and S8). Besides,
interspecific introgression of chloroplast genome (i.e. chloro-
plast capture) was observed for species mainly distributed in
the Southern Hemisphere, such as South America or Oceania
(Table S2; Figure 3a). Since hybridization between organisms only
happened in their contact zones, species combining genomes from
different geographical origins may provide empirical evidence for

the occurrence of LDD in Rorippa.

4.2 | Polyploidy is not only a driver but also a
responder of LDD

Understanding drivers of effective dispersal would help in predict-
ing LDD and examining their consequences (Gillespie et al., 2012;
Waters et al., 2020). Polyploids could favour invasion and LDD
(Figure 1), which may have jointly mediated the transoceanic estab-
lishment of several plant groups (Linder & Barker, 2014; Mandakova
et al., 2017; Meudt et al., 2021; Wendel & Cronn, 2003). Among the
eight invasive Rorippa species, six species are polyploids (Figure S1),
partially supporting the robust invasiveness of polyploidy (Moura
et al., 2021; Py3ek et al., 2023; te Beest et al., 2012). However, we
still know little about the level and pattern of polyploid interaction
with LDD.

In Rorippa, polyploids are generally younger and prevalent during
LDD in the Southern Hemisphere (Table S2; Figure 2). A higher dis-
persal rate was estimated for polyploid lineages compared to dip-
loid lineages (Table S4; Figure 2d). Furthermore, 21 out of the total
26 events identified as LDD products were polyploids (Table S5;
Figure 4). Contrary to a previous finding (Linder & Barker, 2014),
polyploidy-impacted LDD was slightly more common in terms of
polyploidization following LDD (PF-LDD) than those preceding LDD
(PP-LDD) here in Rorippa (Table 1; Figures S10 and S13), suggest-
ing that polyploids may be bolstered by LDD and affect the post-
dispersal effectiveness of LDD (i.e. the successful establishment of
reproductive individuals). The fact that most Rorippa polyploids were

younger than diploids may provide additional evidence for these de-
tected polyploidization events following rather than preceding LDD
events (Table S2). These observations indicate that polyploidy could
be not only an intrinsic driver but also a responder of LDD, highlight-
ing a synergistic relationship between them.

4.3 | Synergistic polyploidization and LDD

Mechanistically, polyploidy and LDD may interact synergistically
during the evolution of globally distributed groups such as Rorippa
(Marhold & Lihova, 2006). This inference is reinforced by the fact
that polyploids are well-suited to be pioneers in novel environments
(Baniaga et al., 2020; te Beest et al., 2012). Polyploids have dupli-
cated genomes, providing them with high robustness to cope with
stresses imposed by long-distance travels. Furthermore, polyploidy-
mediated LDD would be influenced by trait shifts in mating system
or life history (Baker, 1955), which may emerge after polyploidization
(Van Drunen & Husband, 2019). Given the stochasticity of LDD, the
possibility of mating of early-arrived founders would be extremely
rare due to their small population sizes. However, specific trait shifts
following polyploidization can provide several ways to cope with the
reproductive difficulties. In Rorippa, for example, post-dispersal pop-
ulations can be established by providing propagules with reproduc-
tive assurance (e.g. 52% of LDD occurred in selfing polyploids), or
sufficient time to withstand stress and find suitable mates (e.g. 32%
of LDD occurred in perennial polyploids) (Table S5). Overall, these
observations suggest that the success of polyploidy-impacted LDD
would be influenced by both polyploid advantages and environment-
dependent trait shifts.

Meanwhile, polyploid lineages are more likely to speciate be-
cause of LDD, such as those polyploid endemics on islands (Meudt
et al, 2021) or Rorippa species in the Southern Hemisphere
(Table S5; Figure 2). First, recurrent LDD may bring polyploids with
different genotypes together, resulting in new hybrids during con-
tact (e.g. chloroplast capture) (Table S2; Figure 3). For example, the
AD-genomic cottons in the New World were produced by allopoly-
ploidization following the LDD of their A-genome progenitors from
Africa or Asia (Wendel & Cronn, 2003). Combined with observations
in Rorippa, these results suggest that LDD may promote polyploid
speciation. Second, through LDD, geographical isolation can be es-
tablished instantly between population-of-origin and the newly es-
tablished population (Jordano, 2017; Meudt et al., 2021), avoiding
risks of genetic swamping from diploid progenitors. In Rorippa, lin-
eages under LDD can be transferred more than 7500 km away from
their population-of-origin (Figure S11), making subsequent contact
unrealistic (Gillespie et al., 2012). Third, together with the indepen-
dent gain or loss of duplicated genes among populations (divergent
resolution) (Taylor et al., 2001), genetic divergence would accumu-
late and lead to polyploid speciation in lineages following LDD (e.g.
type of polyploidization followed LDD, accounting for 43% and 34%
of LDD events along plastid and nuclear trees respectively; Tables 1
and S5). However, the importance of LDD in polyploid diversification
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is still controversial due to its rarity (but see Meudt et al., 2021).
Therefore, more work is needed to fill the gap between speciation
inference and biogeographical reconstruction for those globally dis-

tributed polyploid complexes.

5 | CONCLUSION

Characteristics that confer strong adaptability to diaspores could
enhance their effective dispersal. Therefore, factors facilitating
post-dispersal success are critical in predicting effective LDD (Wu
et al., 2023). Here we uncovered the synergistic relationship be-
tween polyploidy and LDD and provided insights into their joint
roles in shaping the global species diversification in a plant genus
Rorippa that originated in the late Miocene (c. 7.10 Ma). Rorippa poly-
ploids mainly originated in the Pleistocene around 1.71-1.03 Ma and
spread as products of LDD around 1.47 Ma. Global changes during
the Pleistocene and the establishment of modern ecosystems may
have provided the conditions for polyploids to colonize new areas.
However, reduced dispersal ability has been predicted as one of the
key drivers of diversification under climate changes in the future
(Waters et al., 2020). Therefore, we propose that the predictive role
of polyploidy in LDD would deepen our understanding about the
mechanisms underlying global biodiversity in a changing world.
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