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ABSTRACT

Polyploidy after hybridization between species can lead to immediate post-zygotic isolation, causing
saltatory origin of new species. Although the incidence of polyploidization in plants is high, it is thought
that a new polyploid lineage can succeed only if it establishes a new ecological niche divergent from its
progenitor lineages. We tested the hypothesis that Rhodiola integrifolia from North America is an allo-
polyploid produced by R. rhodantha and R. rosea and determined whether its survival can be explained by
the niche divergence hypothesis. To this end, we sequenced two low-copy nuclear genes (ncpGS and
rpb2) in a phylogenetic analysis of 42 Rhodiola species and tested for niche equivalency and similarity
using Schoener’s D as the index of niche overlap. Our phylogeny-based approach showed that
R. integrifolia possesses alleles from both R. rhodantha and R. rosea. Dating analysis showed that the
hybridization event that led to R. integrifolia occurred ca. 1.67 Mya and niche modeling analysis showed
that at this time, both R. rosea and R. rhodantha may have been present in Beringia, providing the op-
portunity for the hybridization event. We also found that the niche of R. integrifolia differs from that of its
progenitors in both niche breadth and optimum. Taken together, these results confirm the hybrid origin
of R. integrifolia and support the niche divergence hypothesis for this tetraploid species. Our results
underscore the fact that lineages with no current overlapping distribution could produce hybrid de-

scendants in the past, when climate oscillations made their distributions overlap.
Copyright © 2022 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Although the incidence of polyploidization in plants is high, it is
thought that a new polyploid lineage, especially an autopolyploid

Polyploidy has long been regarded as an important force in plant
evolution (Stebbins, 1950; Grant, 1981), and can occur either within
species (autopolyploidy) or after hybridization between species
(allopolyploidy). Polyploidy after hybridization between species
can lead to immediate post-zygotic isolation, causing the saltatory
origin of new species (Mallet, 2007; Soltis and Soltis, 2009; Abbott
et al., 2013). It has been estimated that 15% of speciation events in
angiosperms and 31% ferns involved polyploidy events (Wood et al.,
2009). Previous studies have identified progenitor lineages of al-
lopolyploids (e.g., Robertson et al., 2010; Kelly et al., 2013) in
various plant groups, providing important insights into the role
hybridization plays in plant evolution.
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lineage succeeds only if it establishes a new ecological niche
divergent from its progenitor lineages (Levin, 1975, 2002). Other-
wise, the lineage will likely be eliminated by ‘minority cytotype
disadvantage’ (Levin, 1975). Recent studies based on global climate
data and new analytical methods (Warren et al., 2008; Wang et al.,
2022) have shown that the niches of allopolyploids differ from at
least one of their progenitors (Lopez-Alvarez et al., 2015; Ficetola
and Stock, 2016; Marchant et al., 2016; Akiyama et al., 2021; Han
et al., 2022). Nevertheless, other studies have shown that allo-
polyploids occupy intermediate or non-divergent ecological niches
compared to their progenitors (e.g., Casazza et al.,, 2017). Thus,
additional empirical studies are needed to elucidate the role niche
shift plays in the establishment of polyploid lineages.

The genus Rhodiola L. comprises 55 species in China (Fu and
Ohba, 2001) and ca. 70 species worldwide, most of which are
distributed in the Qinghai-Tibet Plateau and its adjacent areas.
Phylogenetic and biogeographic studies have shown that Pseudo-
sedum (Boiss.) Berger should be merged with Rhodiola, and that the
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genus originated in the Qinghai-Tibet Plateau and its adjacent areas
(Zhang et al.,, 20144, b). These studies also demonstrated several
cases of incongruences between phylogenies based on plastid and
nuclear data sets, indicating potential reticulate evolution of the
genus (Zhang et al, 2014a). Three species, ie., R rosea L.,
R. integrifolia Raf., and R. rhodantha (A. Gray) H. Jacobsen, expanded
their distribution to North America via two dispersal events, which
have been dated to be in the Pliocene and the Pleistocene,
respectively (Guest and Allen, 2014; Zhang et al, 2014a).
R. rhodantha is distinguished from the other two species by its
elongated raceme, bisexual flowers, and greenish or white to rose
petals. R. integrifolia is morphologically similar to R. rosea in bearing
corymbose cymes and unisexual flowers. The two species differ in
petal color and the color of their leaf blades. R. integrifolia has dark
red petals and bright green leaf blades, whereas R. rosea has pale
yellow to greenish yellow petals and pale green and usually glau-
cous leaf blades (Clausen, 1975).

Previous cytogenetic study (Uhl, 1952) revealed the haploid
chromosome numbers for R. rhodantha (7), R. rosea (11), and
R. integrifolia (18). Uhl (1952) then hypothesized that the 18-
chromosome strain originated either by hexaploidization of an
ancestral Rhodiola species with a haploid chromosome number of
x = 6 or by an allopolyploidization of the 11-chromosome strain
and 7-chromosome strain, which was likely R. rhodantha. This hy-
pothesis was tested and confirmed by Hermsmeier et al. (2012)
using sequences of nuclear-encoded chloroplast-expressed gluta-
mine synthetase (ncpGS) gene. However, this study included a
limited number of samples with few Asian species, and no phylo-
genetic methods were employed. In addition, the hypothesis is
contradicted by the following facts. First, the current distribution
areas of R. rosea and R. rhodantha do not overlap. R. rosea grows in
the arctic circumpolar area and alpine habitats of Asia, Europe, and
eastern North America, from Nunavut to North Carolina. In contrast,
R. rhodantha is an endemic of the Rocky Mountains of the United
States (Fig. 1G). Second, the phylogeny based on the internal tran-
scribed spacers (ITS) data, a marker from the nuclear genome, does
not support hybrid origin of R. integrifolia’s (Zhang et al., 20144, b),
as sequences of R. integrifolia were clustered with R. rhodantha,
consistent with the plastid data (Zhang et al., 2014b).

To reconcile these discordant facts, we hypothesize that: (1)
R. integrifolia indeed originated via allopolyploidization; (2) R. rosea
and R. rhodantha are its parental species; (3) the hybridization
event occurred when the distributions of R. rosea and R. rhodantha
overlapped, probably due to range expansions in the Quaternary
climate oscillations; (4) rapid concerted evolution only retained ITS
alleles of R. rhodantha in R. integrifolia. To test these hypotheses, we
sequenced two low-copy nuclear markers that have been widely
used in other phylogenetic studies (Zimmer and Wen, 2013), as well
as in studies of Rhodiola (Hermsmeier et al., 2012; Li et al., 2019) to
reconstruct a phylogeny for 42 species of Rhodiola. In addition, we
used ecological niche modeling (ENM) to reconstruct the past
distribution of the two parental species and to infer the time period
when the distribution of the two species probably overlapped.
Finally, we dated the divergence time between plastid haplotypes
of R. rhodantha and R. integrifolia to infer the time of the hybridi-
zation event. Through these studies, we can not only confirm the
hybrid origin of R. integrifolia, but also infer where and when this
hybridization event happened.

2. Materials and methods
2.1. Sample collection

A total of 77 accessions of Rhodiola species (including 13 ac-
cessions contributed by colleagues) were used for low-copy nuclear
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Fig. 1. Predicted distributions of Rhodiola integrifolia, R. rosea and R. rhodantha. The
suitability threshold shown on the map is 0.4. (A) The predicted distributions of the
three species during the Last Interglacial (LIG, ca. 130 kya); (B) Enlargement of the
northwestern coast of North America; (C) The predicted distributions of the three
species during the Last Glacial Maximum (LGM; ca. 20 kya); (D) Enlargement of the
northwestern coast of North America; (E) The predicted distributions of the three
species in the current period; (F) Enlargement of the northwestern coast of North
America; (G) Localities used in the present study for species distribution modeling; (H)
Enlargement of the northwestern coast of North America. In A, B, C, D, E, F, the green
color is potential overlapping distribution between R. integrifolia and R. rosea; the pale
purple color is potential overlapping distribution between R. rhodantha and
R. integrifolia.

gene cloning and sequencing (Table S1). These samples represent
42 Rhodiola species, including four accessions of R. integrifolia, six
accessions of R. rhodantha and five accessions of R. rosea. Two ac-
cessions from Phedimus aizoon (L.) 't Hart and Sedum drymarioides
Hance were used as outgroups. For each individual, we collected
fresh leaves into silica gel in the field.

2.2. DNA extraction, amplification and sequencing

Total genomic DNA was extracted from 20 to 30 mg of dried
leaves using a modified CTAB method (Doyle and Doyle, 1987). Two
bi-parentally inherited nuclear markers were cloned and
sequenced: chloroplast-expressed glutamine synthetase ncpGS
(glutamate-ammonia ligase) (Hermsmeier et al., 2012), and rpb2,
which encodes the largest subunit of RNA polymerase II (Zimmer
and Wen, 2013). The PCR primers for ncpGS were ncpGSF (5'-
GGTGATTGGAATGGTGC-3') and ncpGSR (5'-GCCTTGTTTCTCAG-
TATCG-3'); for rpb2 were rpb2F (5'-AGGCAACCAAACAAGTAT-3')
and rpb2R (5'- GCGTGTAAGTGTCCGTAT-3’). The PCR reaction mix
totaled 20 pl, containing 10 pl of 2 x Taq master mix reaction buffer
(including dNTPs), 0.8 pl of each primer at 100 ng/ul, 1 pl of
genomic DNA at 50 ng/ul, and 7.8 pl of Milli-Q H,O. The annealing
temperature was set to 52 °C. PCR fragments were visualized on
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agarose gels. Purification using polyethylene glycol (PEG) were
conducted prior to sequencing. All purified PCR products were
sequenced by Sangon Biotech (Shanghai, China) using an ABI
3739XL sequencer (Applied Biosystems, Foster City, California,
US.A.). The same primers in amplification were used for
sequencing. For most accessions, PCR products were directly
sequenced, while others had multiple bands (indicating multiple
alleles) on agarose gels. These sequences were ligated onto pGEM-T
Easy Vector using a Promega Kit (Promega Corporation, Madison,
WI, USA). Six to eight plasmids containing insertions were chosen
for sequencing reactions.

2.3. Sequence alignment and phylogenetic analysis

Contigs obtained were edited and assembled in Geneious R11
(http://www.geneious.com/). Sequence alignment was conducted
using MUSCLE v.3.8.31 (Edgar, 2004), followed by a visual check in
Geneious R11. Optimal nucleotide substitution models were chosen
by jModeltest v.2.1 (Darriba et al., 2012) according to the Akaike
Information Criterion (AIC) (the ncpGS data set: T92 + G; the rpb2
data set: TN93 + G). RAXML v.8.2.10 (Stamatakis, 2014) was used to
infer the maximum likelihood (ML) tree with the GTRIG model and
1000 bootstrap replicates. The Neighbor-Net algorithm based on
uncorrected P-distance was performed with SplitsTree v.4.14.1
(Huson et al., 2008).

2.4. Divergence time estimation

We used the maternal inherited plastid markers to estimate the
divergence time between R. integrifolia and R. rhodantha. This
estimation can be regarded as the time at which the hybridization
event occurred, because after the hybridization event, the plastome
of R. integrifolia began to differentiate from that of R. rhodantha. We
downloaded the plastid data set of Zhang et al. (2014a) (including
psbA-trnH, trnL-F, ndhA intron, rpS16 intron, rpl16 intron, rbcL, matK,
and trnS-G) and only kept accessions of R. rhodantha and
R. integrifolia, with R. prainii (Hamet) H. Ohba, R. alterna S.H. Fu,
R. stapfii (Hamet) S.H. Fu, R. chrysanthemifolia (Levl.) S.H. Fu and
R. sinuata (Royle ex Edgew.) S.H. Fu as outgroups. The molecular
clock hypothesis was tested using a likelihood ratio test in PAUP*
v.4.0b10. BEAST v.1.7.1 (Drummond et al., 2012) was used to
conduct the dating analysis. The program BEAUti was used to set
parameters and priors for the analysis. All parameters were
sampled every 1000 generations from 10,000,000 Markov chain
Monte Carlo (MCMC) generations with the first 25% as burn-in.
Tracer v.1.71 (Rambaut et al., 2018) was used to examine the
convergence of MCMC chains. As there are no reliable fossils for
Rhodiola, we used substitution rates instead. The evolutionary rate
of the plastid markers was assumed to be 2 x 10~ ? substitutions/
site/year (Yamane et al., 2006). The computer program TreeAnno-
tator v.1.7.5 was used to produce the maximum clade credibility
tree (MCC).

2.5. Niche-modeling analyses

We compiled species occurrence data from different sources,
including the Global Biodiversity Information Facility (http://www.
gbif.org/) and the Chinese Virtual Herbarium (CVH; http://www.
cvh.ac.cn). After removing duplicated (no more than one point in
each grid) and possible fallacious record (e.g., in botanic gardens or
water areas), 351 georeferenced occurrence records for R. rosea, 272
for R. integrifolia and 34 for R. rhodantha were used for subsequent
analyses (Table S2).

We downloaded 19 climatic factors (Table S3) for the Last
Interglacial (LIG, ca. 130 kya, thousand years ago), the Last Glacial
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Maximum (LGM; the MIROC model (Hasumi and Emori, 2004; ca.
20 kya)) and the current time from the Worldclim database at the
resolution of 30 arc-seconds (Hijmans et al.,, 2005). To remove
highly correlated environmental variables, we performed pairwise
Pearson correlations, excluding variables with r > 0.8. Eight vari-
ables were kept for subsequent analysis: BIO1 (Annul mean tem-
perature), BIO2 (Mean diurnal range), BIO4 (Temperature
seasonality), BIO8 (Mean temperature of wettest quarter), BIO9
(Mean temperature of driest quarter), BIO15 (Precipitation sea-
sonality), BIO18 (Precipitation of warmest quarter), BIO19 (Precip-
itation of coldest quarter). MaxEnt 3.3.3 (Phillips et al., 2006) was
used to run species distribution models (SDMs). We used 75% of the
occurrence data for training the model and 25% for testing. The area
under the curve (AUC) was used to evaluate the model performance
(Elith et al., 2006; Phillips et al., 2006).

The R package ‘ecospat’ (Broennimann et al., 2012; Di Cola et al.,
2017) was used to estimate the three species’ ENMs. To estimate the
climatic factor densities along environmental axes (PCA-env), an
ordination approach (Principal Component Analysis, PCA) was
used. We then used these densities to calculate ENM overlap.
Schoener’s D metric (Schoener, 1968) was used to evaluate ENM
overlap. This metric varies from O (no overlap) to 1 (complete
overlap).

Niche equivalency and similarity tests were conducted accord-
ing to Molina-Henao and Hopkins (2019). In summary, the niche
equivalency test’s null hypothesis is that the ENMs of compared
species are statistically identical. Using a bootstrap resampling
approach (Warren et al., 2008; Broennimann et al., 2012), rejecting
the null hypothesis means that the niches are not equivalent. The
ENM similarity test also uses bootstrap resampling to evaluate if
one ENM predicts the other better than a randomly generated ENM
from the background range.

If compared niches were not significantly equivalent, we then
calculated the optimum and breadth of ENMs. The median of the
95% inter-percentile interval along the first three PCA-env axes
were regarded as the ENM optimum, and the length as the ENM
breadth (Broennimann et al., 2012). We used one-way ANOVA to
test if the ENM optimum along the tree axes were significantly
different, and also conducted pairwise comparison using Tukey’s
HSD Test. All statistical analyses were performed in R v.3.5.1 (R
Core Team, 2018).

3. Results
3.1. Phylogenetic relationships

The aligned length of the ncpGS data set was 444 bp, with 174
variable sites and 100 parsimonious informative sites. The aligned
length of the rpb2 data set was 467 bp, and the number of variable
and parsimonious sites were 163 and 95, respectively. All se-
quences obtained in this study have been deposited in the GenBank
database (accession nos. OM976061-OM976334). The ML trees for
both data sets are shown in Fig. 2A and B. In both the ncpGS and
rpb2 trees, alleles of R. integrifolia were split into two clusters, one
with R. rosea and the other with R. rhodantha (Fig. 2A and B). The
Neighbor-Net network results showed that there was substantial
reticulate evolution or conflicting signals at the root of Rhodiola,
typical in rapid radiations (Fig. 2C and D).

3.2. Divergence time

The likelihood ratio test showed that a constant molecular clock
throughout the tree was rejected for the plastid data set
(2InLR = 1440.2, df = 14, P < 0.01). Thus, we used a Bayesian relaxed
clock uncorrelated lognormal method in the BEAST analysis. The
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Fig. 2. Phylogenetic trees and networks of Rhodiola species. The maximum likelihood (ML) phylogenetic trees based on the ncpGS data set (A) and the rpb2 data set (B) recon-
structed by RAXML v.8.2.10 are shown. Phylogenetic network of Rhodiola species reconstructed using Splitstree4 based on ncpGS (C) and rpb2 (D) data sets are also shown. In A and

B, branch width indicates bootstrap value, and bold lines have higher bootstrap value.

divergence of sequences between R. integrifolia and R. rhodantha
was estimated at 1.67 Mya (Million years ago) (95% HPD: 1.35—1.94
Mya; Fig. 3, node A), in the Pleistocene.

3.3. Niche-modeling analyses

Our ENMs had high predictive ability, with the AUCs all above
0.95 and the standard deviation less than 0.01. The predicted po-
tential distributions of R. rosea, R. rhodantha and R. integrifolia
during the LIG, LGM and at the current time are shown in Fig. 1. In
our model of the current time scenario, R. rosea occurs across the
Bering Strait, overlapping with R. integrifolia (Fig. 1E and F, green
color). However, R. rosea is currently not distributed in this area.
Our model also indicated that the distribution range of R. rosea was
lightly smaller during the LIG than at present, while that of
R. integrifolia was comparable to its current distribution (Fig. 1 A
and 1B). Potential distribution areas of R. rhodantha during the
LIG were not identified. In our model of the LGM, R. rosea migrated
to the south both in North America and Europe as expected. In
contrast, the distribution area of R. integrifolia expanded, especially
in Alaska (Fig. 1C and D). The distribution area of R. rhodantha also
expanded compared to its current distribution. Notably, in our
model R. rosea had a possible distribution range along the west
coast of North America in the LIG and the LGM.
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The first three components of the principal component analysis
explain 80.9% of the total variance in the climate data set. PC1
described 40.3% of the variance, and the greatest contributions
were from BIO4 (Temperature seasonality, standard deviation x
100), BIO9 (Mean temperature of driest quarter), BIO19 (Precipi-
tation of coldest quarter); PC2 explained 23.6% of the total variance
and BIO1 (Annual mean temperature) and BIO2 (Mean diurnal
range) were the most important contributors; PC3 described
another 17% of the total variation, and the greatest contributions
were from BIO18 (Precipitation of warmest quarter) (Table S4;
Figs. 4 and 5). If we consider PC1 and PC2, the climate niche overlap
between R. integrifolia and R. rosea was 54.0% (Schoener’s D = 0.54;
Table 1), that between R. integrifolia and R. rhodantha was 31.0%,
and niche overlap between the two progenitor species was 30.0%.
The corresponding number based on PC1 and PC3 is shown in
Table 1. Schoener’s D based tests of equivalency showed that all
comparisons were not equivalent (Table 1). In the similarity tests,
the niches of R. integrifolia and R. rosea were more similar than
expected by chance, whereas in other comparisons, the niches
compared were not more similar than expected by chance.

Analyses of niche optimum and breadth showed that along the
PC1 axis, R. integrifolia niche was wider than those of R. rosea and
R. rhodantha, but the breadth along the PC2 and PC3 axes were not.
Optimums along PC1, PC2 and PC3 among the three species were all
significantly different (one-way ANOVA, P < 0.01; Fig. 6).
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Fig. 3. Divergence time of plastid sequences between Rhodiola integrifolia and R. rhodantha estimated with BEAST v.1.7.1 (Drummond et al., 2012). Grey bars on each node show 95%
highest posterior density intervals, and numbers on each branch represent posterior probability of the clade.

4. Discussion
4.1. Hybrid origin of Rhodiola integrifolia

Our data are in congruence with the hypothesis proposed by Uhl
(1952) and partially verified by Hermsmeier et al. (2012) that
R. integrifolia is an allopolyploid species between R. rosea and
R. rhodantha. Using low-copy nuclear genes ncpGS and rpb2, we
show clearly that R. integrifolia possesses alleles from both
R. rhodantha and R. rosea, confirming the hybrid hypothesis. For
both markers, we obtained multiple sequences (more than four)
from individual plants of R. integrifolia as in Hermsmeier et al.
(2012). These additional sequences may be recombinants caused
by PCR recombination (Cronn et al., 2002). Another possibility is
the template DNA was variable due to endopolyploidy, which is
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common in Crassulaceae and other succulent plants (Barow, 2006).
Nevertheless, two groups of R. integrifolia alleles were evident in
both phylogenetic trees (Fig. 2A and B), one clustered with R. rosea
and the other with R. rhodantha.

Although we tried to sample as many species as candidate
parent species, our sampling was not exhaustive. For example, a
previous phylogenetic study based on ITS data showed that Rho-
diola algida (Ledeb.) Fisch. et Mey., a species distributed in the Altai
Mountains, formed a clade with R. rhodantha + R. integrifolia
(Zhang et al., 2014a). Therefore, it is possible that R. algida also
contributed in the origin of R. integrifolia. Another caveat is that the
two nuclear markers used in our study both contain limited
phylogenetic information. The average pairwise genetic distance is
relatively low (ncpGS, 0.04; rpb2, 0.02). Moreover, as Rhodiola may
have undergone a rapid radiation, incomplete lineage sorting and
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gene flow could also cause gene tree incongruences. For these
reasons, accessions of other species sometimes formed a clade with
R. integrifolia and R. rosea or R. rhodantha, e.g., R. litwinowii in Fig. 2A
and R. yunnanensis in Fig. 2B. It is possible that these species also
participated in the origin of R. integrifolia. However, considering the
distribution pattern (both R. litwinowii and R. yunnanensis are
confined to the Qinghai-Tibet Plateau and its adjacent area), this
phylogenetic pattern might more likely have been caused by
limited information and/or ancestor polymorphism. In addition, we
only included limited individuals for species other than R. rosea,
R. rhodantha and R. integrifolia; thus, the allelic variation of other
species remains insufficiently known. Moreover, it is possible that
other species may also have contributed to the origin of
R. integrifolia. That said, to completely exclude contributions from
other species, more markers with higher resolution are needed.

A previous phylogenetic study using both plastid markers and
ITS data showed that in the ITS tree, R. integrifolia is most closely
related to R. rhodantha (Zhang et al., 2014a). The reason for this
pattern may be that concerted evolution has operated to maintain
only one ITS parental lineage. For several decades, ITS sequences
have been the most popular nuclear markers for phylogenetic
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Fig. 5. Niche dynamics observed comparing Rhodiola integrifolia (n = 272), R. rosea
(n = 351) and R. rhodantha (n = 34) based on PC1 and PC3. (A) Niche model of
R. integrifolia; (B) Niche model of R. rosea; (C) Niche model of R. rhodantha; (D) Overlap
among the three species; (E) Correlation circle of WorldClim variables used in the PCA-
env. In A, B, C, and D, continuous lines demarcate the full environmental space
available within the background area or occupied by the species; dashed lines
demarcate the 75th percentile of the environmental space available within the back-
ground area or occupied by the species. White dots represent niche centroids.

studies of a wide range of plant taxa (Alvarez and Wendel, 2003;
Feliner and Rossell6, 2007). However, several potential problems
have been raised with using ITS data in phylogenetic studies,
including paralogs, pseudogenes and concerted evolution (may
occur in other multiple-copy gene regions as well) (Arnheim, 1983).
In hybrids and introgressants in which different copies from parent
species have not been homogenized by concerted evolution, ITS
data may be useful in identifying progenitors. Nonetheless, in cases
where concerted evolution has occurred, the speed and direction of
homogenization is hard to predict and is not consistent across
different descendant lineages (Alvarez and Wendel, 2003). In the
present study, concerted evolution of ITS copies in R. integrifolia
were in the direction of R. rhodantha, the maternal parent. Inter-
estingly, R. integrifolia is more similar to R. rosea in morphology. For
a long time, R. integrifolia was treated as conspecific with R. rosea
(Uhl, 1952; Clausen, 1975; Cody, 2000), as they are both dioecious,
and the inflorescences are flat-topped cymes. Intriguingly,
R. integrifolia inherited the sexual system of its paternal progenitor,
R. rosea (dioecy). As the genetic mechanism controlling the sexual
system in Rhodiola is unknown, it is not clear if this is a general
pattern or a special case.
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Table 1
Results of Schoener’s D, equivalency test, and similarity test of Rhodiola integrifolia, R. rosea and R. rhodantha.
Compared species PC 1&2 model PC 1&3 model
Schoener’s D Equivalency Similarity Schoener’s D Equivalency Similarity
R. integrifolia vs. R. rosea 0.54 P <0.01 P < 0.01 0.39 P < 0.01 P =0.37
R. integrifolia vs. R. rhodantha 0.31 P < 0.01 P=0.24 0.26 P < 0.01 P=0.15
R. rosea vs. R. rhodantha 0.30 P <0.01 P=0.39 0.11 P <0.01 P =0.40

Notably, the current distribution of R. rhodantha and R. rosea
does not overlap. Thus, it is possible that one or both species were
more widespread at some previous time point. Dating analysis in
the present study showed that the hybridization event that led to
R. integrifolia occurred at ca. 1.67 Mya (95%HPD: 1.35—1.94 Mya;
Fig. 3, node A), in the Pleistocene. At this time, both R. rosea and
R. rhodantha could have been present in Beringia and hybridized.
For R. rosea, our niche modeling analyses clearly showed that
during the LGM, there might be suitable habitats in Alaska and
along the west coast of Canada that overlapped with R. integrifolia’s
potential distribution area (Fig. 1C and D). Zhao et al. (2021) used
plastome data to reconstruct the spatio-temporal dynamics of
Rhodiola and showed that R. rhodantha formed a cluster with
R. dumulosa, a species widespread in northern China, and that they
diverged at around 3.5 Mya. This result echoed the conclusion of
Zhang et al. (2014a) and Guest and Allen (2014) that R. rhodantha
arrived in North America via the Bering Land Bridge, after the
divergence from R. dumulosa. Based on the above evidence, we
propose that as the climate oscillated in the Pleistocene (1.67 Mya),
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R. rosea had expanded its distribution, and became sympatric with
R. rhodantha, then hybridized either in eastern Siberia or the
northwestern coast of North America. It is also possible that R. rosea
hybridized with the ancestor of the clade comprising R. rhodantha
and R. dumulosa (Zhao et al., 2021), probably in northeastern China
and eastern Siberia. Following the hybridization event, climate
oscillations caused a contraction of R. rhodantha to its current dis-
tribution area, and R. integrifolia expanded to its current distribu-
tion. High genetic diversity for R. integrifolia in Alaska and the
Yukon (Guest and Allen, 2014) also support the idea that
R. integrifolia may have originated in Beringia and dispersed mul-
tiple times to southern and eastern sites. However, more data,
especially genomic data, are needed to reconstruct the detailed
evolutionary history of these three species. We note that in our
ENM analysis, there was no suitable distribution area for
R. rhodantha during the LIG. Because R. rhodantha diverged from
R. dumulosa much earlier than the LIG, it is less likely that
R. rhodantha did not exist at the LIG. Instead, R. rhodantha, which is
a cold-adapted species, may have been distributed in very small

PC 3
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*%*
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Fig. 6. Principal components values along the three PCA-env axes. Niche optimum and breadth correspond to the median and the length of the 95% inter-percentile interval along

the three PCA-env axes respectively.
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refugia in mountainous areas during the LIG, and these regions
went undetected in our ENM analysis.

4.2. Niche expansion of Rhodiola integrifolia compared to its
progenitors

The biological species concept (Mayr, 2000) acknowledges that
polyploidy after hybridization between species may lead to im-
mediate post-zygotic isolation and cause the saltatory origin of
new species. However, polyploid lineages must overcome
competition and costly hybridization with its diploid progenitors
to persist. The niche shift hypothesis posits that successfully
established polyploid lineages must have a divergent ecological
niche (Levin, 1975; Fowler and Levin, 1984). A previous study on
Alyssum montanum L. (Brassicaceae) supports the niche shift hy-
pothesis and shows that allopolyploids expanded their niche
compared to their diploid congeners (Arrigo et al., 2016). Our work
also supports the hypothesis by showing that the niche of a
tetraploid species differs from that of its progenitors in both niche
breadth and optimum. Using Schoener’s D as a summary statistic
for niche overlap, the niche equivalency hypothesis was rejected
for all comparisons, whereas in the similarity test, niches of
R. integrifolia and R. rosea were more similar than expected by
chance. These tests showed that the niche of R. integrifolia is not
conserved, although it is statistically ‘similar’ with the niche of
R. rosea. The significantly different niche between R. integrifolia
and R. rhodantha is also evident in their sympatric areas:
R. rhodantha grows on wet meadows and lake margins, whereas
R. integrifolia grows on dry rock sites.

Kadereit (2015) showed that species formed by homoploidy
and allopolyploidy are often displaced by the parental taxa. The
author suggested that the reason for this phenomenon is that, as
hybrids obtained evolutionary novelty by hybridization (Abbott
et al., 2013), they would be more likely to adapt to changed
environmental conditions after their parents retreated from
areas where they were formerly in contact and hybridized. Due
to the marked effects that genome duplication has on modifying
genome structure and gene expression, considerable genetic
novelty may be generated in the early stage of allopolyploid
speciation. Our ENM analyses show that R. integrifolia’s niche has
significantly expanded in PC1, in which BIO4 (Temperature sea-
sonality) contributed the most, indicating that R. integrifolia may
be more tolerant to temperature oscillations than R. rosea. In
other words, R. integrifolia’s niche is statistically ‘similar’ to
that of R. rosea, but with a wider breadth. This may be the
reason why R. integrifolia does not co-occur with its paternal
progenitor R. rosea in eastern Siberia, Alaska and western North
America.

As our ENMs only incorporated 19 climatic factors, it is
possible that we missed some important axes of ecological vari-
ation, thus underestimating the divergence of R. integrifolia
niches. For example, soil type, phenology, or biotic interactions
might also be important. Thus, R. integrifolia may have diverged in
other aspects to compete or coexist with R. rosea. More detailed
environmental and phenological data are needed to fully eluci-
date niche overlap and divergence of allopolyploids from their
progenitors.
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