Org Divers Evol (2015) 15:265–276
DOI 10.1007/s13127-014-0196-0

ORIGINAL ARTICLE

Cryptic and repeated “allopolyploid” speciation within Allium
przewalskianum Regel. (Alliaceae) from the Qinghai-Tibet Plateau
Qianlong Liang & Xiaoxiao Hu & Guili Wu & Jianquan Liu

Received: 20 August 2014 / Accepted: 5 December 2014 / Published online: 24 December 2014
# Gesellschaft für Biologische Systematik 2015

Abstract Polyploidization has contributed greatly to current
plant diversity. Allopolyploid speciation, which can rapidly
overcome meiosis abnormalities, is a common and repeated
process in numerous genera. However, most polyploids within a single morphological/taxonomic species have been considered autopolyploids, which were assumed to arise through
spontaneous genome doubling and/or following the fusion of
unreduced diploid gametes. It remains untested whether these
intraspecific polyploids may also be the result of ‘allopolyploid’ hybridizations between differentiated diploid populations and whether such speciation has also occurred repeatedly. In this study, we examined the diploid–tetraploid species
Allium przewalskianum on the Qinghai-Tibet Plateau (QTP)
to test this cryptic speciation hypothesis under morphological
stasis, based on three sets of nuclear genetic data (AFLP, ITS,
and CHS) and niche modeling. Our analyses of the three
datasets together revealed that the diploid populations across
the northeastern to southeastern QTP exhibit strong geographical differentiation. Based on the shared nuclear lineages fixed
in the different diploids, three tetraploid groups in the northern, southern, and eastern QTP were identified as having
originated independently, through “allopolyploid” hybridization between the differentiated diploids. Ecological niche
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modeling based on ecological variables suggested distinct
niche differentiation between two tetraploid groups in the
northern and southern QTP and also between these and the
diploid populations. Furthermore, they also differed in their
responses to past climate changes. These findings together
suggested that at least two tetraploid groups had originated
independently through hybridizations between the differentiated diploid populations. Our results highlight the cryptic
allopolyploid speciation underlying a single morphological
species, which mirrors well the repeated allopolyploid speciations within the genus. This allopolyploid speciation may
prevail within the diploid–polyploid species complex that is
classified as a single morphological species; indeed, the underlying cryptic speciation and evolutionary dynamics are
certainly more complex than previously assumed.
Key words Allium przewalskianum . Allopolyploid
speciation . Cryptic divergence . Niche modeling .
Qinghai-Tibet Plateau

Introduction
It is widely acknowledged that polyploidy has contributed
greatly to plant diversification, based on two clear lines of
evidence (Lewis 1980; Stebbins 1984; Paun et al. 2007; Otto
2007). First, most genera are polyploids while their sister or
closely related genera are diploids. More than 15 % of angiosperm species and 30 % of ferns have been determined to be
polyploids according to comparisons of the chromosome base
number within a genus or between sister genera (Wood et al.
2009). In addition, polyploids have also been found in numerous diploid–polyploid morphological species (Paun et al.
2007; Soltis et al. 2010). Due to reproductive isolation and
termination of gene flow between diploids and polyploids,
these could have developed into different biological species
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under morphological stasis. Second, fossil data and genomic
data suggest that most of the angiosperms have experienced at
least one cycle of polyploidization event during their evolutionary histories (Masterson 1994; Cui et al. 2006; Fawcett
et al. 2009; Amborella Genome Project 2013). As well as
driving plant innovation and adaptation, polyploidy has also
conferred superior properties on our current agricultural crops
because several new and artificial crop species (e.g., wheat)
appeared during plant domestication due to polyploidization.
Two types of polyploids, allopolyploids and autopolyploids, have been defined based on their chromosome origins.
Allopolyploids were assumed to originate from the combination of two sets of genomes from two well-differentiated
morphological/taxonomic diploid species while autopolyploids arose from genome doubling of a single
morphological/taxonomic species usually through spontaneous genome doubling and/or following the fusion of
unreduced diploid gametes (Stebbins 1971; Lewis 1980;
Grant 1981). Sexual reproduction of allopolyploids through
setting seed is obviously easier and faster than it is for autopolyploids because allopolyploids usually exhibit disomic
inheritance and normal bivalents are therefore formed at meiosis. Allopolyploid speciation with normal seed set and sexual
reproduction has been made possible through grafting between distantly related species (Fuentes et al. 2014).
Meanwhile, typical autopolyploids are expected to show
polysomic inheritance and the multivalents formed at meiosis
therefore prevent normal seed-set. It remains unclear how long
it takes for autopolyploids to develop disomic inheritance
from polysomic abnormalities (Cifuentes et al. 2010).
However, indirect evidence suggests that this process is faster
than expected (Parisod et al. 2010). It is highly likely that such
rapid development of disomic inheritance within the so-called
autopolyploids may result from the well-differentiated genome complements of different populations of a single
morphological/taxonomic species observed in allopolyploids.
In the absence of morphological changes, such cryptic allopolyploid speciation has long remained unstudied.
In the past decade, active research based on molecular
approaches has been undertaken to trace evolutionary histories of polyploid species and determine whether their origin is
“allopolyploid” or “autopolyploid” (Onge et al. 2012). Not
only has it been found that a single polyploid species can form
multiple times (Scannell et al. 2006; Rieseberg and Willis
2007; Dubcovsky and Dvorak 2007; Wood et al. 2009; Guo
et al. 2013), but also that polyploid speciation has occurred
repeatedly within genera, leading to the production of multiple
allopolyploid species (Steen et al. 2000; Kim et al. 2008;
Shimizu-Inatsugi et al. 2009; Guggisberg et al. 2009; Soltis
et al. 2010; Bardy et al. 2010). In addition, most allopolyploid
species are distinctly different from their diploid ancestors
with respect to niche preference and distribution (e.g.,
Hasterok et al. 2004). Differences in the niche preference also
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lead to differing responses to climatic changes. For example,
postglacial expansion towards the Arctic is observed mostly
or only in polyploid species (Trewick et al. 2002; Levin 2002;
Brochmann et al. 2004) possibly because polyploids tolerate
climatic extremes better than their parental diploids (Levin
1983; Soltis and Soltis 1995, 2000; Song et al. 1995;
Manzaneda et al. 2012) and avoid genetic burdens during
rapid colonization because of the fixed heterozygosity associated with allopolyploidization (Brochmann et al. 2004). Like
the allopolyploid species, a limited number of case studies
have revealed multiple polyploidizations for autopolyploids
of diploid–polyploid morphological species (Wu et al. 2010).
To date, few studies have been designed to test the hypothesis
that these intraspecific polyploids may result from allopolyploid hybridization between differentiated diploid populations
and that such hybrid polyploidizations may also occur
repeatedly.
Here, we use the diploid–tetraploid species Allium
przewalskianum Regel (Alliaceae) to test this hypothesis.
This “taxonomic” species is relatively morphologically uniform and is distinctly different from other members of subgen.
Rhizirideum (Friesen et al. 2006). It is widely distributed
across the Qinghai-Tibet Plateau (QTP) and adjacent regions,
occurring at elevations between 1,800 and 4,500 m. Both
diploids and tetraploids have been recorded under this morphological species, with diploids occurring from the northeastern to the southeastern QTP (Cui et al. 2008). Tetraploids,
however, occupy three distributional ranges separated by the
diploid populations. Two groups of tetraploid populations
occur widely in the northern and southern QTP while the third
group is narrowly restricted to the eastern QTP. Both diploids
and tetraploids set seed normally and in all cases there is a
high germination rate. This contrasts with the expectation that
autopolyploids have a lower rate of seed-set than the ancestral
diploids due to their polysomic inheritance and meiosis multivalents. Phylogeographic analyses of the sequence variations
from five maternally inherited chloroplast (cp) DNA fragments suggested that these tetraploid groups probably originated independently from the diploid populations because the
haplotypes recovered from them were each found in different
diploid populations (Wu et al. 2010). However, maternally
inherited cpDNA alone is not sufficient to trace the origins of
both parents if these tetraploids originated from hybridizations
between diploid populations (Olmstead and Palmer 1994;
Sang 2002).
In the present study, we selected 12 diploid and 16 tetraploid populations to examine the relationships between them,
based on phylogenetic analyses of three sets of nuclear genetic
data from Amplified Fragment Length Polymorphisms
(AFLP), and the cloned nuclear ITS and CHS sequences.
We also examined niche differentiation between two groups
of tetraploid populations and between these and the diploid
populations based on ecological niche modeling (ENM). We
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further modeled their possible distributions in response to past
climate changes. We particularly aimed to address the following questions. (1) Did the three groups of tetraploid populations result from independent allopolyploid hybridizations
from the differentiated diploid populations? (2) Are these
tetraploid groups different from one another and, in combination, from the diploid populations with respect to their niche
preferences? Did they respond differently to historical climate
change?

Materials and methods
The selected populations and molecular markers
We selected 157 individuals from 28 representative populations (4–8 individuals from each population, Table S1,
Electronic Supplementary Material) for both diploids (12
populations) and tetraploids (16 populations) across the
QTP. The ploidy level of each individual and its chloroplast
haplotype has been reported previously (Cui et al. 2008; Wu
et al. 2010). The selected populations represent all subgroups
identified previously according to the different haplotypes for
both diploids and tetraploids. Total genomic DNA was extracted from silica gel dried leaf material according to a
modified CTAB protocol as described by Wu et al. (2010).
Allium ovalifolium, Allium eduardii, and Allium mongolicum
were selected as outgroups.
The AFLP analysis procedure suggested by Vos et al.
(1995) was followed. We digested genomic DNA (approx.
500 ng) with MseI (New England BioLabs, Ipswich, MA,
USA) and EcoRI (Promega) and ligated (T4 DNA-Ligase;
Promega, Madison, WI, USA) the products to doublestranded adaptors in a thermal cycler for 2 h at 37 °C. We
conducted pre-selective amplification (5 μL reactions) using
primer pairs with a single selective nucleotide, MseI-C and
EcoRI-A. We then performed selective amplifications with the
primer combinations MseI-CAC/EcoRI-ACC and MseI-CTA/
EcoRI-ACT (Table S2, Electronic Supplementary Material).
We ran the selected amplification products in a 5 % denaturing
polyacrylamide gel with an internal size standard
(GeneScan®-500 [ROX]; PE Applied Biosystems, Foster
City, CA, USA) on an automated DNA sequencer (ABI
3130 XL sequencer; PE Applied Biosystems). We analyzed
fragments from the polyacrylamide gel using the ABI Prism
2.1 analysis software (PE Applied Biosystems). We scored
peaks (i.e., fragments) manually as present (1) or absent (0) in
a readable region of bands from 100 to 500 bp in length and
used the results to construct a presence/absence data matrix for
all sampled individuals.
The primers for ITS amplification and sequencing were the
same as those used in a previous study (Wu et al. 2010), while
special CHS primers were designed based on the reported
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mRNA sequences of the congeners with the forward primer
5′-CTCCGTCAACCGCTTCAT-3′ and the reverse primer 5′CCCACTCCATCCCTTCC-3′. Polymerase chain reactions
(PCR) were conducted in a volume of 25 μL containing 10–
40 ng plant DNA, 50 mM Tris–HCl, 1.5 mM MgCl2, 0.5 mM
dNTPs, 2 μM of each primer, and 0.75 units of Taq DNA
polymerase(TaKaRa, Dalian, China). The PCR amplification
of ITS followed Wu et al. (2010) while the PCR program to
amplify CHS was as follows: 94 °C for 6 min; 37 cycles of
94 °C for 40 s, 61 °C for 40 s, and 72 °C for 1 min 20s; and
72 °C for 8 min. All purified PCR products were transformed
into Escherichia coli. The transformed cells were spread on
Luria-Bertani agar plates containing antibiotics and incubated
at 37 °C overnight. Positive clones were selected under UV
light and confirmed by automated sequencing. For ITS, to 10
positive clones per individual were sequenced and a total of 50
clones from at least five individuals were sequenced for each
population. Similarly for CHS, 5 to 20 positive clones were
sequenced and a total of 60 positive clones were sequenced for
each population. The PCR primers described above and an
ABI Prism Big Dye Terminator version 3.1 Cycle Sequencing
Kit were used, followed by an ABI 3130 XL sequencer (PE
Applied Biosystems). Complete sequence alignments were
obtained from the program Clustal X (Thompson et al.
1997) and checked by eye. All newly reported sequences have
been submitted to GenBank (Table S3, Electronic
Supplementary Material).
Analyses of molecular results
We first used population admixture analysis implemented in
STRUCTURE (Pritchard et al. 2000; Hubisz et al. 2009) to
establish intraspecific clusters and determine the genetic structure of the AFLP polymorphisms. In order to estimate the
number of clusters (K), values of K from 1 to 10 were examined using 20 independent runs per K value and an admixture
model. Burn in was set to at least 200,000 and the run length to
at least 500,000. The most likely K value was estimated using
both the LnP(D) value (Pritchard et al. 2000) and Evanno’s
ΔK (Evanno et al. 2005). We plotted the results using the
program Distruct, version 1.1 (Rosenberg 2004). We also
conducted Neighbor-joining and UPGMA analyses based on
Nei–Li distances in PAUP* 4.0b10 (Swofford 2002) after
conversion of the binary data matrix to distance matrices using
R4.0 (Casgrain and Legendre 2001). Bootstrap analyses were
conducted with 1,000 replicates. In addition, we used the
program SPLITSTREE4 version 4.6 (Huson and Bryant
2006) to construct the NeighbourNet tree based on the same
distance matrix. We finally conducted a Principal Co-ordinate
Analysis (PCoA) based on a matrix of Jaccard distances
between individuals using NTSYS-PC 2.0 (Rohlf 2000).
The refined ITS and CHS datasets were subjected to
Maximum Parsimony (MP), Maximum Likelihood (ML),
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and Bayesian analyses. The MP analyses were conducted by
PAUP* 4.0b10 (Swofford 2002), employing a heuristic search
and tree-bisection-reconnection (TBR) branch swapping.
Bootstrap values for all nodes were calculated via a bootstrap
analysis with 1,000 replicates. We also used MrModeltest 2.0
(Nylander 2004) to choose the most appropriate model for
each dataset for the ML and Bayesian analyses (the selected
model was GTR + I + Γ for both analyses). ML analyses were
performed by PHYML 3.0 with 1,000 bootstraps under the
GTR model (Guindon and Gascuel 2003). MrBayes 3.1.2 was
used for the Bayesian analysis to find the optimal tree topology (Ronquist and Huelsenbeck 2003). Two independent
Markov chain Monte Carlo (MCMC) runs with one cold
and three hot chain searches were conducted for the selected
substitution models with a 25 % “burn-in.” MCMC convergence was explored by examining the Potential Scale
Reduction Factor convergence diagnostics (Gelman and
Rubin 1992) for all parameters in the model. The posterior
probabilities indicating support values for each branch were
estimated. We ran 20,000,000 generations and sampled one
tree every 500 generations after discarding the first 4,000
trees, which were considered to represent the burn-in.
PAUP* 4.0b10 (Swofford 2002) was used to calculate a
majority rule consensus tree and posterior probabilities for
each topological bipartition.
Ecological niche modeling
Based on the phylogenetic and phylogeographic analyses (Wu
et al. 2010 and the present study), two groups of tetraploid
populations with a wide distribution could be identified: one
distributed in the northern QTP (referred to here as NTP) and
the other in the southern QTP (STP). The diploid populations
(DP) were mainly distributed in the northeast QTP. We
employed ecological niche modeling (ENM) to examine their
niche differences and potential range shifts in response to past
climatic oscillations.
Localities of three groups were determined based on
our previous surveys (Cui et al. 2008; Wu et al. 2010). A
total of 65 localities were used (Table S4: DP=17, NTP=
26 and STP=22, Electronic Supplementary Material). For
the limited number of locations available, we used
MAXENT, version 3.3.3e (Phillips et al. 2006; Pearson
et al. 2007; Phillips and Dudík 2008) to model the ecological niches of three groups. Twenty ecological variables
(altitude and 19 bioclimatic variables) for the current time
and for the Last Glacial Maximum (LGM, around 18,
000 years ago) were employed for the modeling. Current
values for 19 bioclimatic variables were downloaded from
the WorldClim dataset (Hijmans et al. 2005). The corresponding variables during the LGM were obtained from
the Model for Interdisciplinary Research on Climate
(MIROC; Hasumi and Emori 2004). We used 2.5 (arc-
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minutes) resolution for the two bioclimatic datasets. We
constructed ecological niche models according to the current bioclimatic variables and then extrapolated them for
the ancient time period. Distribution models based on
current distributions were trained using the methods of
Sheppard (2013) to reduce overfitting. Finally, a total of
12 variables (Table S5, Electronic Supplementary Material)
were used to model the distributional ranges of three
groups. We set up parameters for a Maxent model according to A MaxEnt Model v3.3.3e Tutorial (Young et al.
2011). To account for errors in the predictive modeling
approach, we generated 25 jackknife replicates with deletion of 25 % of species’ occurrence points for each
analysis. We used the default convergence threshold
(10−5) and set the number of maximum iterations to 5,
000 and the number of replicates to 20. The output format
was set to be logistic. Outputs can range from 0 to 1,
quantifying the probability of suitable environmental conditions in each grid cell. The ability of the model to
discriminate between sites with or without distribution
was quantified by the area under the ROC curve (AUC)
(Peterson et al. 2008; Elith and Leathwick 2009). AUC
values range from 0 to 1, where a score of 0.5 indicates
that the model performs no better than random, a score of
1 indicates perfect discrimination, and scores above 0.7
are considered to indicate good model performance
(Fielding and Bell 1997). DIVA-GIS version 7.5
(Hijmans et al. 2001) was used to draw the range of
suitable distributions.
To examine niche differences, we first calculated the
niche overlap statistic Schoener’s D (calculated as D,
Schoener 1968) and a standardized Hellinger distance
(calculated as I, Warren et al. 2008) using ENMtools
version 1.3 (Warren et al. 2010). Both D and I can
range from 0 (no niche overlap) to 1 (identical niches).
Next, we used the “background similarity test” (also
performed in ENMtools) to determine whether the
ENMs of the three groups (DP vs. NTP, DP vs. STP,
and NTP vs. STP) were similar or not (Warren et al.
2008). The test was run 100 times and the observed
niche overlaps between the ENMs of the three groups
were compared to the distribution of overlap values
from the runs in each direction in order to determine
whether niches occupied by different groups were significantly different (two-tailed test). Rejection of the
null hypothesis indicates that observed niche differences
are a function of habitat selection and/or availability,
and may be interpreted as evidence of niche conservatism (niches overlap more than expected) or niche divergence (niches overlap less than expected; Warren
et al. 2008, 2010; McCormack et al. 2010). Failure to
reject the null hypothesis indicates that niche differentiation between groups is explained by variation in the
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environmental conditions available to each group within
their respective ranges (Warren et al. 2008, 2010;
McCormack et al. 2010).

Results
Genetic relationships identified by three sets of population
genetic datasets
AFLP A total of 157 AFLP fragments ranging from 100 to
500 bp were recorded and 88 loci obtained from them. Our
initial admixture analysis assigned all individuals to a single
cluster. Each group comprised both tetraploid and diploid
populations distributed, respectively, to the north and the
south when two genetic groups were defined by Structure
with K=2 (Fig. 1a and Table S6, Electronic Supplementary
Material). When K was increased, more genetic subgroups
were identified, mainly from the diploid populations, although
each diploid population was assigned to only one genetic
group in the cluster analysis (Fig. 1 and Table S6). However,
the tetraploid groups in the northern (NTP) and southern QTP

Fig. 1 Structure analysis of the A. przewalskianum complex when K=2,
3, 5, 6 clusters are assumed. For each K value, results of the run with the
highest value of LnPD were used (Supporting Information, Table S6).
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(STP) were always assigned to two homologous groups,
corresponding to one of the identified diploid genetic groups
(Fig. 1). The third tetraploid group in the eastern QTP (ETP)
represented here by only one population always had a mixed
genetic composition, corresponding to two or three identified
diploid groups (Fig. 1). PCA of all individuals again identified
seven groups (Fig. S1, Electronic Supplementary Material),
which were also supported by the NeighbourNet tree (Fig. 2).
This grouping is the same as produced by the Structure
analysis when K=6. Similarly, tetraploid groups in the NTP
and the STP clustered with the diploid groups distributed in
the northeastern QTP and southeastern QTP, respectively,
while the tetraploid group in the ETP clustered with the
adjacent diploid populations.
ITS A total of 34 different ITS sequences was identified from
all sampled individuals (Table S7, Electronic Supplementary
Material). All phylogenetic analyses—Bayesian, ML, and
MP—identified five distinct lineages (A to E) (Fig. 3 and
Fig. S2, Electronic Supplementary Material). All five lineages
were associated with diploid populations. One of the five
lineages was fixed in eight populations (populations 4–10
and 12) while two lineages were associated with the remaining

Populations are presented as charts in which individuals are colored
according to their ancestry
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Fig. 2 Neighbor-Net analysis
based on the standard matrix from
AFLP results using the program
SPLITSTREE version 4.6. All
individuals can be identified in
the seven groups, which
correspond to the result of the
Structure analysis when K=6.
The tetraploid populations
clustered into three groups: STP
(populations in the southern
QTP), ETP (populations in the
eastern QTP), and NTP
(populations in the northern
QTP); the diploid populations
clustered into five groups and DP2 was mixed with NTP,
corresponding to the pattern in the
PCoA plot in Fig. S1 (Supporting
information)

four populations (populations 1–3 and 11). The tetraploid
NTP group composed mainly of lineage C, which was fixed
for one diploid population (population 4). Two populations
(19 and 20) of this tetraploid group also contained representatives from lineages D and E, which were found in the
adjacent diploid populations. All of the tetraploid STP populations were fixed for two ITS lineages (A and E), which were

Fig. 3 Phylogenetic tree and
geographical distribution of the
34 haplotypes detected based on
ITS. In the phylogeny (left,
Bayesian analysis), posterior
probabilities are shown above the
branches, and the five genotype
lineages are indicated A, B, C, D,
and E

fixed, respectively, for diploid population 12 and populations
6–10, and together in diploid population 11. The eastern
tetraploid ETP, represented by population 13, was fixed for
the lineage E.
CHS We recovered 75 different sequences from the sampled
individuals (Table S7) and further Bayesian (Fig. 4), ML, and
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Fig. 4 Phylogenetic tree and
geographical distribution of the
34 haplotypes detected on the
basis of the CHS loci. In the
phylogeny (left, Bayesian
analysis), posterior probabilities
are shown above the branches,
and the five genotype lineages are
indicated I, II, III, IV, and V

MP analyses (Fig. S3, Electronic Supplementary Material)
similarly identified five lineages (I to V). All of these lineages
were found for the diploids. One of the five lineages was fixed
in eight populations (populations 1–2, 6–9, and 11–12) while
two lineages were found associated with all of the remaining
four populations (populations 3–5 and 10). The tetraploid
NTP group included three lineages (I, III, and V), which were
fixed for the diploid populations in the northeastern QTP.
Similarly, the tetraploid STP contained three lineages (I, IV,
and V). These three lineages were fixed for the diploid populations in the southeastern QTP. The third tetraploid group
ETP distributed in the eastern QTP also was also composed of
three lineages (I, III, and IV).

all of the observed niche overlap values measured by I
and D were significantly higher (P<0.001) than the predicted scores under the null hypothesis (Fig. 5b), indicating that the niches of the three groups differed significantly. During the LGM, when the temperature dropped greatly, the predicted distribution of DP was broader than that
observed at present (Fig. 5a). However, the predicted
distribution of the NTP at the LGM was similar to the
current distribution (Fig. 5a) while the distribution of the
STP was smaller than that at the present (Fig. 5a), suggesting its rapid expansion since then.

Ecological niche modeling

Discussion

We only modeled the distributions of three groups, all
diploid populations (DP) and two tetraploid groups in
the NTP and STP; these groups had wide distributions
and relatively homologous genetic compositions. All
models had high predictive ability, indicating that the
relationship was not random (AUC>0.98; standard deviation [SD]<0.01). The predicted distributions of DP, NTP,
and STP were mostly congruent with the current distributions of the three groups. The environmental variables that
contributed most to the model predictions, measured as the
percentage of the total model gains contributed by a given
variable, were “Mean Temperature of Coldest Quarter”
and “Mean Temperature of Warmest Quarter” (32.4 and
23.1 %, respectively) for D P, “Altitude” and
“Isothermality” (68.6 and 9.1 %, respectively) for NTP,
and again “Altitude” and “Isothermality” (61.6 and
16.6 %, respectively) for STP. Based on background tests,

In this study, we used the diploid–tetraploid A. przewalskianum,
which occurs on the QTP, to test cryptic and repeated
allopolyploid speciation hypotheses within a single morphological species. The major findings to emerge from our
analyses of three sets of nuclear population genetic data
are that the tetraploid groups within this taxonomic species
originated independently as a result of allopolyploid hybridizations between the differentiated diploid populations. In
addition, two tetraploid groups with wide distributions
showed contrasting range shifts in response to climatic
changes during the LGM. Thus, it is highly likely that some
sort of cryptic allopolyploid speciation occur repeatedly in
diploid–polyploid morphological species. These findings together suggest that cryptic diversity and evolutionary dynamics within morphological/taxonomic species are more complex than previously assumed (Cronn and Wendel 2004;
Adams et al. 2014).
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Fig. 5 a Predicted distributions of the northern tetraploid group (NTP),
the diploid populations (DP), and the southern tetraploid group (STP) of
A. przewalskianum based on ecological niche modeling using MaxEnt.
Predicted distributions are shown for (1) the present time, (2) at the LGM

distribution; b the results of identity tests. Bars indicate the null distributions of D and I. Both were generated from 100 randomizations. The xaxis represents values of I and D and the y-axis represents the number of
randomizations. Arrows indicate values in actual MaxEnt runs

Independent origin of three tetraploid groups All three
datasets suggested that the populations examined within
each tetraploid group in the northern or the southern QTP
were relatively consistent with respect to genetic composition. In the AFLP analysis, all populations of both groups
were always clustered together (Figs. 1 and 2) while the
shared CHS lineages exhibited the same pattern (Fig. 4).
Two populations near to the diploids were fixed for one
more ITS lineage, which was lost during further expansions. It should be noted that AFLP analyses (Figs. 1 and
2; Table S6) undoubtedly suggested that the three tetraploid
groups found in the northern, southern, and eastern QTP,
respectively, were clustered with their adjacent diploid populations and had differentiated genetic compositions.
Similarly, these three tetraploid groups differed from one
another in their ITS lineages (Fig. 3). The northern tetraploid group contained only lineage C while the southern
group was fixed for two ITS lineages (D and E) and the
eastern tetraploid group was fixed only for lineage E
(Fig. 3). Although all three tetraploid groups contained
three CHS lineages, the combined lineages between them
were different (Fig. 4). Previous chloroplast DNA haplotypes recovered for these three groups were also different

(Wu et al. 2010). Therefore, our results together suggest
that the three tetraploid groups had independent origins.
Allopolyploid hybrid origins from the differentiated
diploids AFLP analysis suggested that the tetraploid group
in the northern QTP had a similar genetic composition to the
diploid populations found in the northeastern part of the QTP
(Figs. 1 and 2). However, it is also possible to discern genetic
differentiation between these diploid populations according to
the ITS and CHS lineages (Figs. 3 and 4). Two more ITS
lineages, excluding one common lineage fixed for each population of this tetraploid group, were fixed for the diploid
populations 6–9 and populations 1–3 and 5, respectively.
Because different lineages were fixed for these diploid populations, it is highly likely that these diploid populations differentiated before they hybridized to form the founders of this
northern tetraploid group. With further expansions of these
tetraploid founders, the concerted evolution at multiple ITS
loci (Álvarez and Wendel 2003) may have resulted in the loss
of the some ITS lineages, thus retaining only a single major
lineage (C) in the populations further away from the ancestral
diploids. However, three CHS lineages were all retained because of the non-concerted evolution of this low-copy gene
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family. For the tetraploid group distributed across the southern
QTP, both ITS and CHS lineages were fixed and found in the
different diploid populations, suggesting possible hybridization origins between them. Although two ITS lineages found
for the southern tetraploid group were together fixed in one
diploid population (11), they were also separately fixed in one
diploid population (12) and the other five diploid populations
(6–10). Two CHS lineages found for this tetraploid group
were together recovered for one diploid population (10) while
the fourth lineage occurs only in two southern populations (11
and 12). Therefore, the parsimonious explanation for such a
pattern is that the southern tetraploid group arose from hybridizations of these two types of differentiated diploid populations. This tetraploid group may have started its expansion
later than the northern tetraploid group because both ITS
lineages were still retained in all the populations examined.
The third tetraploid group found in the eastern QTP was
represented by only one population. However, the presence
of three CHS lineages suggests its possible hybrid origin
between the differentiated diploid populations.
One possible caveat for the above inference is that some
CHS or ITS copies (or allelic sequences) were not totally
recovered from some diploid populations. Because we sequenced the same number of clones from each population,
the recovered lineage distribution for each population should
have represented their actual genetic composition at these two
markers. When we compared genetic patterns from three sets
of molecular markers, we found that phylogenetic signals
recovered from the low-copy CHS family were better than
those from the other two sets of markers for discerning the
complex hybrid histories two seasons. First, because of the
concerted evolution, some ITS copies (or allelic sequences)
originating from hybridizations may have lost and only one
Fig. 6 Origin of different
tetraploid groups in
A. przewalskianum inferred from
AFLP, ITS, and CHS
phylogenetic analyses. a A
hypothesized origin of different
tetraploid groups; b distributional
patterns of tetraploid groups and
differentiated diploid groups
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sequence was retained across individuals or populations over
time or with range expansion. Second, although genetic polymorphisms revealed by AFLP can differentiate the diverged
populations, the origins of the offspring from both parents are
not as clear as those revealed by the CHS sequences.
Niche differentiation and response to the climatic changes In
addition to the independent origins of two tetraploid groups
with wide distributions in the northern and southern QTP
respectively, the niche differentiation between them and between them and the diploid populations is also distinct according to our tests (Fig. 5). In fact, these differentiations are
to be expected because ecological variables associated with
their distributions vary with latitude and altitude. Interestingly,
we found that these two tetraploid groups and the diploid
group may have responded to past climate changes differently.
Based on our modeling results, the distribution of the northern
tetraploid group may not have changed since the LGM, while
the southern tetraploid group expanded greatly. In addition,
with the increased temperature since the LGM, we found that
the range of the diploid group may have contracted. It is
highly likely that the southern tetraploid group expanded later
than the northern tetraploid group. This is consistent with the
concerted evolution of the ITS copies already discussed. For
the northern tetraploid group, the signature of concerted ITS
evolution is distinct because only one lineage was detected in
the populations that were distant from the ancestral diploids.
However, for the southern tetraploid group, two lineages were
found for all examined populations, suggesting that the southern tetraploid group may have originated recently and undergone a quick range expansion with no enough time for concerted evolutions of ITS sequences from two diploid parental
lineages.
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Conclusion
When considered together, the findings from the three sets of
molecular markers in the present study suggest that the three
tetraploid groups might have arisen independently through
hybridizations between already differentiated diploid populations (Fig. 6). Allopolyploid speciation is more frequent and
happens more readily than autopolyploid evolution for three
reasons. First, true autopolyploid offspring always produce
meiotic chromosome missegregation. This abnormal pairing
and segregation usually results in non-functional pollen and
ovules, which prevent the production of fertile seeds (Leitch
and Leitch 2008; Adams et al. 2014). However, for allopolyploid speciation, two sets of chromosomes with enough genetic differentiation can rapidly produce fertile seeds, with
each homologous chromosome having its own pairing partner
and therefore pairing up normally (Steen et al. 2000;
Guggisberg et al. 2009; Adams et al. 2014). Second, diploid
hybrids form unreduced gametes at unusually high rates
(Ramsey and Schemske 2002), increasing the rate of formation of polyploids from hybrid lineages. Finally, by combining
traits from two parental species and ensuring fair segregation
of these traits, allopolyploids potentially benefit from “hybrid
vigor” and an altered ecological niche without the problems
associated with segregation and breakdown that occurs among
diploid hybrids (Cifuentes et al. 2010). Thus, allopolyploid
speciations between differentiated diploids within a
morphological/taxonomic species are more beneficial than
the true “autopolyploidization” within undifferentiated diploids. This cryptic biological speciation needs to be explored
in detail for more diploid–polyploid taxonomical species. The
cryptic evolution and dynamics under morphologic stasis may
be more complex than previously assumed.
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