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Abstract

The origin and evolution of polyploids have been studied extensively in angiosperms

and ferns but very rarely in gymnosperms. With the exception of three species of coni-

fers, all natural polyploid species of gymnosperms belong to Ephedra, in which more

than half of the species show polyploid cytotypes. Here, we investigated the origin

and evolution of polyploids of Ephedra distributed in the Qinghai–Tibetan Plateau

(QTP) and neighbouring areas. Flow cytometry (FCM) was used to measure the ploidy

levels of the sampled species that are represented by multiple individuals from differ-

ent populations, and then, two single-copy nuclear genes (LFY and DDB2) and two

chloroplast DNA fragments were used to unravel the possible origins and maternal

donors of the polyploids. The results indicate that the studied polyploid species are

allopolyploids, and suggest that allotetraploidy is a dominant mode of speciation in

Ephedra. The high percentage of polyploids in the genus could be related to some of

its biological attributes such as vegetative propagation, a relatively high rate of unre-

duced gamete formation, and a small genome size relative to most other gymnosperms.

Significant ecological divergences between allotetraploids and their putative progeni-

tors were detected by PCAs and ANOVA and Tukey’s tests, with the exception of E. sax-

atilis. The overlap of geographical distributions and ecological niches of some diploid

species could have provided opportunities for interspecific hybridization and

allopolyploid speciation.
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polyploid speciation
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Introduction

Polyploidy or whole-genome duplication (WGD) has

long been recognized as an important process in plant

evolution (Otto & Whitton 2000; Soltis et al. 2009). At

least one round of WGD occurred before the divergence

of seed plants (Jiao et al. 2011), and multiple rounds of

WGD have been reported in angiosperms (Vision et al.

2000; Simillion et al. 2002; Bowers et al. 2003; also see

review by Leitch & Leitch 2012). Polyploidy may have

broad-scale effects on genomic repatterning, gene

expression and genetic networks due to the inheritance

of an additional set of chromosomes, and can produce

immediate shifts in morphology, breeding system and

ecological tolerances (Otto 2007; Soltis et al. 2010; Faw-

cett et al. 2013; Weiss-Schneeweiss et al. 2013), although

some studies found no correlation between poly-

ploidization rate and species richness (Wood et al. 2009;

Mayrose et al. 2011). While it has been recognized that

a polyploid species often has multiple origins (see

review by Soltis et al. 2014a), it remains challenging to

evaluate the direct effect of polyploidy on evolutionary

success of the species (Madlung 2013; Soltis et al.
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2014b). Moreover, although some studies indicate that

ecological divergence is an important driver of poly-

ploid speciation, especially allopolyploid speciation

(Fawcett et al. 2009, 2013; Van de Peer et al. 2009; Ram-

sey 2011), it remains unresolved whether diploid and

polyploid plants can share broad-scale climatic niches

(Glennon et al. 2014).

In contrast to the high frequency of polyploids docu-

mented in angiosperms, polyploidy is exceedingly rare

in gymnosperms excluding Ephedra (Khoshoo 1959;

Ahuja 2005; Murray 2013; Wang & Ran 2014). When

excluding three species of conifers, that is the two tetra-

ploids Juniperus chinensis ‘Pfitzeriana’ and Fitzroya

cupressoides and the hexaploid Sequoia sempervirens

(Ahuja 2005), the remaining natural polyploids of gym-

nosperms all belong to the genus Ephedra, in which 50–

65% of species show tetraploid or very rarely octoploid

cytotypes (Khoshoo 1959; Huang et al. 2005). It is of

interest to investigate why and how so many polyploids

have evolved in this genus.

Ephedra comprises about 50 extant species that are

mainly shrubs distributed in both temperate and sub-

tropical arid environments in the Northern Hemisphere

and South America (Kubitzki 1990; Ickert-Bond et al.

2009), with the basal-most lineages distributed in the

Mediterranean area (Rydin & Korall 2009; Qin et al.

2013). These species originated by radiative speciation

in the Cenozoic with a crown age of about 30 Ma (Ick-

ert-Bond et al. 2009), although the earliest fossil record

of the genus is from the Early Cretaceous (Yang &

Wang 2013). As a secondary diversification centre, the

Qinghai–Tibetan Plateau (QTP) and adjacent regions

harbour approximately 16 species of Ephedra (Fu et al.

1999; Yang 2002; Yang et al. 2003), of which nine were

reported to be polyploids or have polyploid cytotypes,

including E. distachya, E. equisetina, E. gerardiana,

E. glauca, E. intermedia, E. likiangensis, E. monosperma,

E. saxatilis and E. sinica. All of the 16 species form a

monophyletic clade with several other species from

northern and western Asia and Horn of Africa (Huang

& Price 2003; Rydin & Korall 2009) and are generally

geographically isolated from the other species of the

clade, whereas the nine polyploids are respectively

located in three well supported subclades, southern

QTP, eastern QTP and northern China (Qin et al. 2013).

It was inferred that the subclade divergence occurred in

the Miocene and was very likely linked to the uplift of

the QTP and the Asian aridification (Qin et al. 2013).

However, the origin of these polyploid species remains

unknown.

The DNA sequence markers, single-/low-copy

nuclear genes in particular, are increasingly and

successfully used to study allopolyploid speciation in

plants, such as in Oryza (Ge et al. 1999), Paeonia

(Ferguson & Sang 2001), Persicaria (Kim et al. 2008),

Solanum (Cai et al. 2012), Nicotiana (Kelly et al. 2013)

and Sequoia (Yang et al. 2012b). Also, in recent years,

the whole-genome or whole-transcriptome analysis has

greatly advanced our knowledge of origin and evolu-

tion of polyploids in angiosperms (e.g. Roulin et al.

2012; Page et al. 2013; Renny-Byfield et al. 2013). How-

ever, genome sequencing of any gymnosperm remains a

huge and expensive task, although a draft assembly of

the genome has been generated for a couple of conifers,

including Norway spruce (Nystedt et al. 2013), white

spruce (Birol et al. 2013) and loblolly pine (Neale et al.

2014). Therefore, current phylogenetic analysis using sin-

gle-/low-copy nuclear genes is still the best approach for

exploring the evolution of polyploids in Ephedra.

The previous inference of several allotetraploids from

karyomorphological data (Mehra 1946) and the presence

of hybridogenic speciation in Ephedra (Cutler 1939;

Wendt 1993) allow us to hypothesize that allopolyploid

speciation might be common in the genus. This study

aims to investigate the origin and evolution of poly-

ploids of Ephedra distributed in the QTP and neighbour-

ing areas. First, flow cytometry was used to measure

ploidy levels of the sampled species, most of which

were represented by multiple individuals from different

populations. Then, two single-copy nuclear genes (LFY

and DDB2) and two chloroplast DNA (cpDNA) frag-

ments (trnT-trnF and trnS-trnfM) were used to investi-

gate whether these polyploids are allopolyploids or

autopolyploids and which species could be the mater-

nal donors of the allopolyploids. Finally, based on a

comprehensive analysis of biological attributes, phylo-

genetic relationships, geographical distributions and

ecological factors of the habitats, we discussed the pos-

sible correlation between allopolyploid speciation and

some biological and ecological features.

Materials and methods

Sampling

A total of 48 populations of twelve Ephedra species (one

with two varieties) distributed in the QTP and adjacent

regions were sampled for the measurement of ploidy

levels, and the cpDNA and nuclear gene analyses

(Table 1). Young branchlets were collected from the

individuals that were at least 50 m apart from each

other. The remaining four species that also occur in the

QTP and neighbouring areas, namely E. distachya,

E. lomatolepis, E. rituensis and E. fedtschenkoae, were not

included in the study due to the controversy of their

species status (Fu et al. 1999; Yang 2002; Yang et al.

2003), or a lack of enough population samples. Among

them, E. fedtschenkoae seems unique in being
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monoecious, but Florin (1933) reported that monoe-

cious individuals are common in Ephedra. The other

three species are tetraploids based on previous studies

(e.g. Leitch et al. 2001) and our preliminary investiga-

tion. Therefore, the exclusion of these species should

not greatly affect our inference about the origins of

other tetraploid species (mostly allotetraploids, see

Results).

Information on the geographical variation of cyto-

types is critical for studies of origin and evolution of

polyploids. To determine the ploidy levels, we initially

analysed 10 individuals from each of the three popula-

tions KBD, XHY and KBX, and did not find ploidy vari-

ation within populations. Consequently, we analysed

five individuals from each of the other populations with

the exception of four populations (SBG, GHZ, MGD

and MGE), from which fewer than five individuals

were available. To investigate variation patterns and

evolutionary relationships of the maternally inherited

cpDNA, sequences of two fragments (trnT-trnF and

trnS-trnfM) were analysed for a total of 740 samples,

including 306 individuals sampled in this study and

434 individuals reported in Qin et al. (2013).

Based on the analyses of ploidy and cpDNA varia-

tion, we further chose 58 individuals to explore nuclear

gene relationships of the 12 species, one with two vari-

eties. Also, one individual of the Saudi Arabian E. foem-

inea was sampled as outgroup based on the results of

previous phylogenetic analyses (Ickert-Bond et al. 2009;

Rydin & Korall 2009). The samples were consistently

used in the three analyses (ploidy, cpDNA and nuclear

genes), with the exception that different sample sizes

were used.

Chromosome number counts

Chromosome numbers were counted for two species,

E. equisetina (cultivated in the Beijing Botanical Garden)

and E. intermedia. Fresh root tips were pretreated with

0.01% colchicine solution for 5–6 h and fixed in a mix-

ture of ethanol/acetic acid (3:1) for 12 h at room tem-

perature. After being macerated in 1N HCl at 60 °C for

5–10 min, the materials were stained with 1% carbol-

fuchsin, and then were squashed and observed under a

light microscope. The chromosome number of each

species was counted based on at least five cells.

Determination of ploidy levels

The flow cytometry (FCM) has made it convenient to

detect the variation of DNA ploidy level in large sam-

ples from herbaria and silica gel-dried materials (Suda

& Tr�avn�ı�cek 2006; Sch€onswetter et al. 2007; Krejcikova

et al. 2013; Vr�ana et al. 2014). In Ephedra, the leaves are

reduced to small membranous sheaths. Therefore, we

used the silica gel-dried young branchlets for the FCM

measurement, mainly following the protocol of Suda &

Tr�avn�ı�cek (2006). Approximately 0.3 g silica gel-dried

branchlets per individual was chopped with a razor

blade in a Petri dish containing 1 mL of Otto I buffer

(0.1 mol/L citric acid monohydrate, 0.5% (v/v) Tween-

20, pH 2–3). After filtering through a 50-lm nylon mesh

and centrifuging at 100 g for 8 min, the pellet was

resuspended in 200 lL buffer of a 1:2 mixture of Otto I

and Otto II (0.4 mol/L Na2HPO4 12H2O) and stained

with 50 lg/mL PI including 50 lg/mL RNase. The

FCM measurements were taken using an Elite flow

cytometer (BD FACSCalibur, USA). To guarantee the

reliability of the measurements, several samples were

reanalysed (up to four times) on different days to assess

between-run fluctuations, and the results showed that

the measurements are very consistent. If the coefficient

of variation (CV) of the histogram peak exceeded 5%,

the sample was discarded or remeasured. The DNA

ploidy levels were inferred based on DNA contents

measured in plants with known chromosome numbers.

That is, based on chromosome number counts (see Re-

sults), the two species of Ephedra, E. equisetina (2n = 14,

diploid) and E. intermedia (2n = 28, tetraploid), were

used as external reference standards, with their DNA

contents measured and shown in Fig. S1 (Supporting

information).

DNA extraction, PCR amplification, cloning and
sequencing

Total DNA was isolated from silica gel-dried young

branchlets by the modified CTAB method (Rogers &

Bendich 1985). Two cpDNA regions, trnT-trnF and trnS-

trnfM, were amplified and sequenced following the pro-

tocols of Qin et al. (2013). The LFY gene was amplified

with the forward primer LFYE2F2 (50- GACAGTTGGTG

CTTTAATAGG -30) located at the second intron and the

reverse primer LFYE3R1 (50- CCTCATCTTTGGCTTGTT-

TAT -30) at the third exon, and the DDB2 gene was

amplified with DDB2S2 at the second exon (50- ACAG

CCAGGTGATTGTTATGAG -30) and DDB2A1 at the

fifth exon (50- TCTAAGGAGGTGACCCGTCTACT -30).

The PCRs were conducted in a volume of 25 mL,

containing 50–75 ng total DNA, 6.25 pmol of each pri-

mer, 200 mmol/L of each dNTP and 0.75 unit of Taq

DNA polymerase (TaKaRa Biotech Co., China). PCR

cycles were as follows: 4 min at 94 °C, 36 cycles of 30 s

at 94 °C, 30 s at 58 °C and 1–2 min at 72 °C, with a

final extension of 10 min at 72 °C. The PCR products

were purified using a TIANgel Midi Purification Kit

(TIANGEN, China) for the nuclear markers and then

cloned with the pGEM-T Easy Vector System II
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(Promega). For each individual, 6–20 clones (6–12 for

diploids, and 8–20 for tetraploids and the outgroup)

were sequenced using primer T7 or LFY E3R1.

The sequencing products were separated on an ABI

PRISM 3730XL DNA analyzer (Applied Biosystems).

The sequences generated in this study are deposited

in GenBank under accession numbers KT033384–

KT033389 (trnS-trnfM), KT033390–KT033395 (trnT-trnF),

KT033145–KT033275 (LFY) and KT033276–KT033383

(DDB2).

Data analyses

The DNA sequences were aligned and manually

adjusted in BIOEDIT v.7.0.9 (Hall 1999). Haplotype net-

works were constructed with NETWORK 4.6.1.2 (Bandelt

et al. 1999), and each indel was treated as a single muta-

tion event. Phylogenetic trees of cpDNA haplotypes

and the two nuclear genes were constructed by maxi-

mum parsimony (MP), maximum likelihood (ML) and

Bayesian inference (BI) methods, using PAUP*4.0b10

(Swofford 2002), PHYML3.0 (Guindon et al. 2010) and MR-

BAYES 3.1.2 (Ronquist & Huelsenbeck 2003), respectively.

The gaps were treated as missing data.

The MP analysis used a heuristic search with 1000

random addition sequence replicates, tree-bisection–

reconnection (TBR) and MULTREES on. Branch support

was evaluated by a bootstrap analysis (Felsenstein 1985)

of 1000 replicates using the same heuristic search set-

tings, and a 50% majority-rule consensus was used. In

the ML analysis, JMODELTEST 2 (Guindon & Gascuel 2003;

Darriba et al. 2012) was used to determine the best-fit

nucleotide substitution models under the Akaike Infor-

mation Criterion (AIC), which were GTR+I for cpDNA,

TVM+G for LFY and TVM+I for DDB2. As a starting

point for the ML search, a BIONJ tree was used (Gas-

cuel 1997). Branch support was estimated by bootstrap

analysis with 1000 replicates. The BI analysis used the

best-fit models determined also by JMODELTEST 2, includ-

ing GTR+G for cpDNA [nst = 6, rates = gamma, Prset

statefreqpr = dirichlet(1,1,1,1)], GTR+G for LFY [nst = 6,

rates = gamma, Prset statefreqpr = dirichlet(1,1,1,1)]

and HKY+G for DDB2 [nst = 2, rates = gamma, and

Prset statefreqpr = dirichlet(1,1,1,1)]. One cold and three

incrementally heated Markov chain Monte Carlo

(MCMC) chains were run for 1 000 000 generations

each, and trees were sampled every 100 generations

with the first 300 samples discarded as burn-in.

To show explicitly the origin, particularly the puta-

tive progenitors, of the allopolyploid species, the pro-

gram PADRE (Lott et al. 2009a,b) was used to generate a

reticulate phylogenetic network of the studied species

based on a collection of LFY, DDB2 and cpDNA trees

under default settings. The input topologies were 50%

majority-rule consensus MP trees that were generated

from the reduced matrices comprising 13 species (in-

cluding outgroup) and 19 representative individuals,

which included one allele (diploids) or two alleles

(polyploids) distributed in different main clades of the

two nuclear gene phylogenies.

Ecological niche analysis

To investigate whether there was an association

between speciation and climatic factors, ecological niche

divergence among the species was also investigated. A

total of 557 georeferenced occurrence records (herbar-

ium collections at the Chinese Virtual Herbarium

(CVH) http://www.cvh.org.cn/search; records in Fre-

itag & Maier-Stolte 1994; and extensive field surveys by

ourselves) were collected for 13 taxa of Ephedra, includ-

ing 49 for E. equisetina, 12 for E. gerardiana, 9 for

E. glauca, 180 for E. intermedia, 16 for E. likiangensis, 5

for E. minuta, 74 for E. monosperma, 63 for E. przewalskii,

76 for E. regeliana, 3 for E. rhytidosperma, 17 for E. sax-

atilis, 9 for E. saxatilis var. mairei and 44 for E. sinica

(Fig. S2, Supporting information). We retrieved 19 bio-

climatic layers (BIO1–BIO19) from Worldclim (http://

www.worldclim.org; Hijmans et al. 2005) and the mean

annual potential evapotranspiration (PET) from CGIAR-

CSI (http://www.cgiar-csi.org; Trabucco et al. 2008) at a

resolution of 30 arc seconds (about 1 km) based on the

geocoordinates using ARCGIS 10.2. The 20 bioclim vari-

ables were examined for pairwise Pearson correlations,

and 10 variables (BIO2, 3, 4, 8, 12, 14, 15, 18, 19 and

PET, shown in Table S2, Supporting information) with

correlation coefficients lower than 0.8 were finally

selected.

To determine the ecological characteristics of all stud-

ied species in the QTP and neighbouring areas and

investigate whether ecological divergence had driven

polyploid speciation, we used two approaches. First, to

identify the divergence of ecological niches, a principal

component analysis (PCA) using 10 bioclim variables

implemented in ADE4-R package (Dray et al. 2007) was

conducted for all taxa, and allotetraploids vs. their

putative progenitors, respectively. Then, to identify bio-

clim variables associated with speciation, a permuta-

tional analysis of variance (PERMANOVA) was performed

to assess the variation of principal components (PC1

and PC2) and each bioclim variable among and within

species using the LMPERM package (Wheeler 2010). The

principal components and bioclim variables with signif-

icant differences indicated by the ANOVA were further

assessed by the Tukey‘s honestly significant difference

(HSD) test for every two taxa using the STATS package.

The variation of these variables was shown by boxplots.

The analyses of PCA, ANOVA and Tukey’s HSD were
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conducted in R version 3.1.2 (R Development Core

Team, 2014).

Results

Variation in ploidy levels

To confirm the chromosome numbers of the two sam-

ples used as external standards for the FCM analysis,

we observed mitotic cell divisions in root tips by light

microscopy and found that the chromosome number

was 2n = 14 for E. equisetina and 2n = 28 for E. interme-

dia. Therefore, the FCM fluorescence histograms of the

two samples, as shown in Fig. S1 (Supporting informa-

tion), were used to represent diploid (2x) and tetraploid

(4x) nuclei, respectively. The peak ratio of E. intermedia

to E. equisetina is 1.98. For all the Ephedra samples (12

species, 48 populations and 248 individuals) analysed

by FCM, none of the CV values exceeded 5%. Based on

the peak positions that indicate the relative DNA con-

tents, the fluorescence histograms could be clearly

divided into two cytotypes, corresponding to diploids

and tetraploids, respectively. The peak ratios of diploids

to E. equisetina ranged from 0.95 to 1.08, and those of

tetraploids to E. intermedia ranged from 0.94 to 1.07.

The FCM measurement indicated that three species

(E. gerardiana, E. przewalskii and E. regeliana) harboured

both diploid and tetraploid cytotypes, four species

(E. equisetina, E. minuta, E. monosperma and E. rhyti-

dosperma) showed only the diploid cytotype, and six

taxa (E. likiangensis, E. glauca, E. intermedia, E. saxatilis,

E. saxatilis var. mairei and E. sinica) exhibited only the

tetraploid cytotype (Table 1).

In our survey, two ploidy levels (2n = 14, 28) were

found in different populations of E. przewalskii and

E. regeliana (Table 1), from which only diploids were

previously reported (Kong et al. 2001; Jiang 2006; Wu

et al. 2009). Moreover, for some species which were

reported to have two or more cytotypes (Table S3, Sup-

porting information), we only found a single cytotype,

such as only diploids in E. equisetina and E. monosperma

(Table 1).

Distributions and evolutionary relationships of cpDNA
haplotypes

The trnT-trnF and trnS-trnfM sequences were obtained

from all of the 740 samples, including 306 individuals

determined in this study and 434 individuals reported

in Qin et al. (2013) (Table 1). The new sequences gener-

ated are mainly from populations in northern China.

The alignment of the combined two cpDNA fragments

is 1115 bp in length, including 27 nucleotide substitu-

tions and eight indels that were used to designate 24

haplotypes (H1-H23 for ingroups and H24 for out-

group, see Table S1, Supporting information), of which

five (H6–8, H14, H15) were newly detected. The distri-

butions of the ingroup haplotypes are shown in Fig. 1.

When the sequence of E. foeminea (H24) was used as

outgroup, three main lineages (I–III) were consistently

resolved in the network and phylogenetic tree of

cpDNA haplotypes (Figs 2 and S3). Lineage I consisted

of 10 haplotypes (H1–H10) that occurred in five species

(E. glauca, E. intermedia, E. przewalskii, E. regeliana and

E. sinica) mainly distributed in northern China, but only

three of them were shared among species, including H1

among E. glauca, E. intermedia, E. przewalskii and

E. sinica, H3 between E. przewalskii and E. glauca, and

H4 between E. przewalskii and E. regeliana. Lineage II

comprised four haplotypes (H12–H15), of which H12

was the most widely distributed, and was shared by six

species (E. equisetina, E. likiangensis, E. minuta,

E. monosperma, E. rhytidosperma and E. saxatilis var.

mairei). Lineage III harboured eight haplotypes (H16–

H23) that occurred in two species and a variety (E. ger-

ardiana, E. saxatilis and E. saxatilis var. mairei) from the

QTP. The haplotype H11 detected in the population JJS

of E. equisetina was not grouped into any of the three

lineages. Of the 48 Ephedra populations analysed, 37

(77%) harboured a single haplotype, 9 (19%) exhibited

two haplotypes, and only two had more than two hap-

lotypes (Fig. 1; Table 1).

Distributions and evolutionary relationships of the
nuclear gene alleles

For each of the nuclear genes LFY and DDB2 that were

PCR-amplified and cloned, 1–2 distinct clones (alleles)

were obtained from each diploid individual, and 2–4

alleles were detected in each tetraploid individual, with

the exception of two tetraploid individuals of E. prze-

walskii from populations MGF and WB, each of which

contained only 1–2 alleles (Table 1). The distributions of

the alleles of LFY and DDB2 are shown in Figs 3 and 4,

respectively.

The LFY gene sequences (alleles) were 462–791 bp in

length, and the sequence alignment contained 886 sites,

of which 244 were variable and 167 were parsimony-

informative. The DDB2 gene sequences ranged from

546 to 551 bp, and the sequence alignment contained

554 sites, of which 87 were variable and 52 were parsi-

mony-informative.

The generated MP, ML and BI trees of each gene

were highly congruent, and the LFY and DDB2 gene

trees were also congruent in deep branches (Fig. S4,

Supporting information). The simplified strict consensus

MP trees of the two genes are shown in Fig. 5, both

strongly supporting clades A, B, C and D. Clade A
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(A-type) sequences (alleles) were from northern China

and northern QTP, clade B (B-type) alleles occurred in

southern and eastern QTP, and clade C (C-type) alleles

had a very wide distribution (Figs 3 and 4). The clade

D (type D) sequences were all from E. rhytidosperma, a

species narrowly distributed in the Helan Mountain.
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The diploid species or populations contained only

one type of sequences, type A (diploid populations of

E. przewalskii and E. regeliana), type C (E. equisetina,

E. minuta, E. monosperma, and diploid populations of

E. gerardiana) or type D (E. rhytidosperma). In contrast,

the tetraploid species contained two types of sequences,

types A and C (E. glauca, E. intermedia and E. sinica) or

types B and C (E. likiangensis, E. saxatilis, E. saxatilis var.

mairei, and the tetraploid population of E. gerardiana).

However, the tetraploid populations of przewalskii and

E. regeliana only had A-type sequences (Fig. 5).

Reticulate network

A phylogenetic network generated from the integration

of all three gene trees (cpDNA, LFY and DDB2) is

shown in Fig. 6, from which eight allotetraploid taxa

could be inferred, including E. gerardiana, E. glauca,

E. intermedia, E. likiangensis, E. regeliana, E. saxatilis,

E. saxatilis var. mairei and E. sinica. The diploid progeni-

tors of these allotetraploids were not well resolved, but

it seems that all studied diploid ingroup species, with

the exception of E. rhytidosperma, could have been

involved. For example, the three tetraploids E. glauca,

E. intermedia and E. sinica possibly originated from

hybridization with diploids most closely related to

E. przewalskii in clade A as the maternal parents and

diploids of clade C (E. equisetina, E. minuta and

E. monosperma) as the paternal parents (see Discussion).

The diploid E. regeliana does not share chlorotypes with

any of the tetraploids, and therefore is not very likely

to have acted as a maternal parent in the allotetraploid

speciation.

Ecological differentiation

More than 10 georeferenced occurrence records were

collected for each of the studied species, with the excep-

tion of E. glauca, E. minuta and E. rhytidosperma due to

their narrow distributions. Results of the PCAs are

shown in Figs 7 and 8, with the factor loadings shown

in Table S2 (Supporting information).

For all of the 13 taxa, the PCA revealed two compo-

nents that cumulatively explained 60.11% of variation,

and the scatter plot showed that these taxa were clearly

divided into two groups by PC1 and PC2 (Fig. 7).
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Group 1 include four taxa distributed in the south and

east of QTP (E. gerardiana, E. likiangensis, E. saxatilis and

E. saxatilis var. mairei), which show a distinct ecological

niche with higher isothermality (BIO3) and precipitation

in the warmest quarter (BIO18) and a lower tempera-

ture seasonality (BIO4), and group 2 comprise the

remaining nine taxa. Although the ANOVAs detected sig-

nificant differences of 10 bioclim variables among the

13 taxa, the Tukey‘s HSD tests indicated that only two

bioclim variables (BIO3 and BIO4) were significantly

differentiated between group 1 and group 2 species

(P < 0.01; Table S4 and Fig. S5A, B, Supporting informa-

tion), with the exception of a nonsignificant difference

between group 1 species and E. minuta in BIO4. In

addition, E. likiangensis and E. saxatilis var. mairei show

significant differences from group 2 species in BIO12

and BIO18 (P < 0.001 for HSD; Fig. S5C, D, Supporting

information). The two taxa occur in a moist climate

with higher annual precipitation (BIO12) and precipita-

tion of the warmest quarter (BIO18).

For comparisons between the allotetraploids and their

putative progenitors, the PCA revealed two components

(PC1 and PC2) that collectively explained 55.63–67.74%

of variation (Table S2, Supporting information). All but

one (E. saxatilis) of the allotetraploids show ecological

divergence from their putative progenitors (Fig. 8). Two

divergence patterns were found: (i) the allotetraploids,

including E. likiangensis and E. saxatilis var. mairei,

occupy separate ecological niches from their putative

maternal progenitors; and (ii) the allotetraploids, includ-

ing E. glauca, E. intermedia and E. sinica, show separate

ecological niches from one of their putative paternal

progenitors but have partially overlapped ecological

niches with their other putative progenitors. For exam-

ple, the niche of E. glauca is completely different from

that of E. minuta, but is slightly overlapped with that of

E. monosperma and more overlapped with those of E. eq-

uisetina and E. przewalskii (Fig. 8a); E. intermedia has a

much wider niche than E. minuta and a separate niche

from E. equisetina, and is clearly differentiated from

E. equisetina, E. monosperma and E. przewalskii along PC2

(Fig. 8b). The allotetraploid E. saxatilis has a similar

niche with its putative maternal progenitor E. gerardiana

(Fig. 8d).
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Fig. 4 Sampling locations and distributions of the DDB2 alleles detected in the studied Ephedra species. Pie charts show the propor-

tions of alleles, and thick and thin outlines indicate tetraploids and diploids, respectively. The number 2 following a population

name indicates that two individuals were studied. Different colours of the pie charts indicate the positions of the alleles in the gene

phylogenies shown in Fig. 5. Population names correspond to those in Table 1.
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Significant ecological divergences between the allote-

traploids and their putative progenitors were also

detected by the ANOVA and Tukey’s tests of the two

principal components (PC1, PC2) and the 10 bioclim

variables (Tables 2 and S4). Results of the ANOVA indi-

cate that the mean squares of all comparisons among

species are higher than those within species with the

exception of the comparison between E. saxatilis and

E. gerardiana, and almost all interspecific divergences

are significant (P < 0.05; Table S4, Supporting informa-

tion). The Tukey’s test detected significant niche diver-

gence between the allotetraploids and their putative

progenitors in 2–7 bioclim variables (Table 2). The

divergence between E. glauca and E. minuta and

between E. glauca and E. monosperma occurred, respec-

tively, in seven and five bioclim variables, which is con-

sistent with the results of the PCA. Compared to

E. minuta and E. monosperma, E. glauca is higher in

mean temperature of the wettest quarter (BIO8) and

annual potential evapotranspiration (PET), intermediate

in annual precipitation (BIO12), and lower in precipita-

tion seasonality (BIO15) and precipitation of the warm-

est quarter (BIO18) (Fig. S5E–I, Supporting

information). Relative to their putative progenitors,

E. intermedia is lower in temperature seasonality (BIO4)

and BIO8 but higher in BIO12 and precipitation of the

coldest quarter (BIO19), with the exception of the com-

parison between it and E. minuta (Fig. S5J–M, Support-

ing information), and E. likiangensis is higher in

isothermality (BIO3), BIO12, BIO18 and PET but lower

in BIO4, with the exception of the comparison between

it and E. minuta in BIO4 (Fig. S5N–R, Supporting infor-

mation). Like E. likiangensis, E. saxatilis var. mairei is

higher in BIO3, BIO12 and BIO18 except the comparison

between it and E. gerardiana in BIO3 (Fig. S5S–U, Sup-

porting information). The allotetraploid E. sinica also

shows niche divergence from most of its putative pro-

genitors and tends to occupy a niche with higher

E. gerardiana

E. likiangensis

E. saxatilis

E. saxatilis var.

mairei

E. equisetina

E. minuta

E. monosperma

E. gerardiana

E. glauca

E. intermedia

E. sinica

E. gerardiana

E. likiangensis

E. saxatilis

E. saxatilis var.

mairei 

E. przewalskii 

E. regeliana

E. glauca

E. regeliana

E. regeliana

E. intermedia

E. sinica

E. intermedia

E. sinica

E. rhytidosperma (2x)
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(2x)

(4x)

(4x)

(4x)

(4x)

(4x)

(4x)

(4x)

100/99

100/100

100/100

85/66

E. foeminea 

Fig. 5 Majority-rule consensus trees

obtained from maximum parsimony

analysis of the LFY and DDB2 data sets.

Numbers associated with branches are

bootstrap percentages of MP and ML

greater than 50%, respectively. Bold lines

indicate Bayesian posterior probabilities

greater than 0.90. Diploids and autote-

traploids are in black, and allotetraploids

are in colour.
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BIO12, BIO15 and PET (Fig. S5V–X, Supporting infor-

mation).

Discussion

A high frequency of allopolyploid speciation in Ephedra
in the QTP and its vicinities

All tetraploid species of Ephedra from the QTP and adja-

cent regions originated by allopolyploid speciation.

Phylogenetic analysis of single-/low-copy nuclear genes

can be effective in revealing allopolyploid parental lin-

eages (e.g. Ge et al. 1999; Ferguson & Sang 2001; Kim

et al. 2008; Cai et al. 2012; Yang et al. 2012b; Kelly et al.

2013), when an allopolyploid species, particularly of

recent origin, has paralogous sequences inherited from

its two or more parental species. These paralogues can

place an allotetraploid in different parental clades. In

the present study, the FCM measurement of the ploidy

levels in a number of individuals from different popula-

tions indicates that six (46%) of the studied 13 Ephedra

taxa, including E. glauca, E. intermedia, E. likiangensis,

E. saxatilis, E. saxatilis var. mairei and E. sinica, are tetra-

ploids (Table 1). In both single-copy nuclear gene trees

(LFY and DDB2), each of the six taxa contains two types

of sequences that are distributed in different major

clades A and C or B and C (Figs 5 and 6), strongly sug-

gesting an allopolyploid origin involving diploid par-

ents from these clades. Compared to clades A and C,

clade B only contains tetraploids. This could be attribu-

ted to the extinction or lack of sampling of diploids in

this clade.

The three tetraploid species E. glauca, E. intermedia

and E. sinica exhibit nuclear gene alleles in both clades

A and C (Fig. 5). These species are mainly distributed

in northern China, and their chlorotypes belong to lin-

eage I which is also confined to northern China (Figs 1

and 2). In particular, all of them share chlorotypes with

diploid E. przewalskii rather than with diploid

E. regeliana (Fig. 1). Therefore, the three tetraploid spe-

cies possibly originated from hybridization with

diploids most closely related to E. przewalskii (in clade

A of Fig. 5 and lineage I of Fig. 2) from northern China

as the maternal parents and diploids most closely

related to the widespread E. equisetina–E. minuta–

E. monosperma (in clade C of Fig. 5 and lineage II in

Fig. 2) as the paternal parents (see the reticulate net-

work in Fig. 6).

In contrast, the three tetraploid taxa E. likiangensis,

E. saxatilis and E. saxatilis var. mairei exhibit nuclear

gene alleles in both clades B and C (Fig. 5). The chloro-

types of E. saxatilis belong to lineage III (Fig. 2), and

are narrowly distributed in southern QTP (Fig. 1), cor-

responding to the geographical distribution of this spe-

cies. Hence, this species possibly originated by

allopolyploidy with a maternal progenitor from south-

ern QTP, very likely the diploid cytotype of E. gerar-

diana (in lineage III of Fig. 2 and clade C of Fig. 5),

and a paternal progenitor from clade B (Fig. 6). How-

ever, as mentioned earlier, the ancient diploids in clade

B could be currently extinct. The chlorotypes of

E. likiangensis belong to lineage II with a relatively

wide distribution (Figs 1 and 2), and thus, its maternal

progenitor could be a diploid species in this lineage,

such as E. equisetina, E. minuta and E. monosperma (with

nuclear gene alleles in clade C), whereas its paternal

progenitor should belong to clade B (Figs 5 and 6).

The E. saxatilis var. mairei harbours a high frequency of

chlorotypes of lineage III and a much lower frequency

of chlorotypes of lineage II (Figs 1 and 2). Therefore,

the maternal progenitor of this taxon could be diploid

species from the two lineages such as E. gerardiana

(2x), E. equisetina, E. minuta and E. monosperma, and its

paternal progenitor could be from clade B (Figs 5 and

6).

E. przewalskii_WB_4x

E. regeliana_BYG_2x

E. regeliana_XAB_4x

E. przewalskii_GSE_2x

E. sinica_KSKT_4x

E. likiangensis_GHZ_4x

E. saxatilis var. mairei_DC_4x

E. gerardiana_ZXG_2x

E. gerardiana_RCZ_4x

E. saxatilis_PM_4x

E. saxatilis var. mairei_LY_4x

E. rhytidosperma_HLB_2x

E. foeminea 

E. minuta_HZ_2x

E. equisetina_SBG_2x

E. monosperma_MGE_2x

E. equisetina_JJS_2x

E. intermedia_GT_4x

E. glauca_WBB_4x

Fig. 6 A reticulate network constructed from the reduced 50%

majority-rule consensus MP trees of LFY, DDB2 and cpDNA

using the program PADRE. Different colours of lines indicate the

positions of the species in the cpDNA network (lineages I–III

in Fig. 2) and the alleles in the two nuclear gene phylogenies

(clades A–C in Fig. 5): green, lineage I, clade A; blue, lineage

II, clade C; purple, lineage III, clade C; red, clade B; grey, the

lineage of cpDNA haplotype H11. Bold solid and dashed lines

represent putative maternal and paternal progenitors of the tet-

raploids, respectively. Diploids and autotetraploids are in

black, and allotetraploids are in colour. Letters following spe-

cies names are population names corresponding to those in

Table 1.
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As discussed above, the widespread diploids of E. eq-

uisetina–E. minuta–E. monosperma or their progenitors

may have played important roles in allopolyploid speci-

ation of Ephedra in the QTP and adjacent regions. Inter-

estingly, most of the above six tetraploid taxa harbour

two or more chlorotypes, even chlorotypes from differ-

ent main lineages such as in E. saxatilis var. mairei

(Figs 1 and 2). This may indicate multiple origins of a

tetraploid taxon, divergence of chlorotypes subsequent

to polyploidy, or interspecific chloroplast introgression.

Both diploid and tetraploid cytotypes are present in

E. gerardiana, E. przewalskii and E. regeliana (Table 1).

The tetraploids of E. przewalskii only have A2-type

sequences of the nuclear gene LFY (in clade A, Fig. 5)

as its diploids (Figs 3 and 4), but do not share all chlor-

otypes with the diploids (Table 1; Fig. 1), although their

chlorotypes all belong to lineage I (Fig. 2). In particular,

the chlorotype H3 is shared between the tetraploids of

E. przewalskii and E. glauca (Table 1; Fig. 1). Therefore,

the tetraploids of E. przewalskii may be autopolyploids

or young allopolyploids with very closely related paren-

tal species. In the LFY tree (Fig. 5), the tetraploids of

E. regeliana harbour two subtypes of sequences in clade

A, including A2 with the diploids and tetraploids of

E. przewalskii and the tetraploid E. glauca, and A3 with

the diploid E. regeliana and two tetraploid species

(E. sinica and E. intermedia). Notably, the diploids and

tetraploids of E. regeliana do not share chlorotypes

(Table 1; Fig. 1). Thus, the tetraploids of E. regeliana

could be allopolyploids that might have originated by

hybridization between the diploids of E. regeliana and

E. przewalskii (Fig. 6), although an origin by hybridiza-

tion between an autotetraploid of E. regeliana and a tet-

raploid of other species cannot be ruled out. In

addition, there could be incomplete linage sorting or

introgression at the tetraploid level. However, it is

unknown why this tetraploid population (XAB) only

exhibits private chlorotypes. The diploids and tetra-

ploids of E. gerardiana occur in clade C and clade B+

clade C, respectively (Fig. 5), and they do not share

chlorotypes (Table 1; Fig. 1). This may also suggest an

allopolyploid origin or a complicated origin of the tetra-

ploid cytotype like in the tetraploid E. regeliana (Fig. 6),

although the two cytotypes of E. gerardiana do not show

clear morphological difference. To understand the ori-

gin of the tetraploids of this species, more samples need

to be studied in the future.

Polyploid evolution in Ephedra and its correlation with
some biological and ecological features

Evolution of polyploids. Of the 36 Ephedra species that

have been cytologically studied, 24 are polyploids or

contain polyploid cytotypes (66% of species). Although

intraspecific polyploidy has been documented in about

half of the species, the results of some early cytological

studies need to be checked carefully as mentioned ear-

lier, and more population samples are necessary to

E. gerardiana

       E. saxatilis
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E. sinica 

E. intermedia 

E. przewalskii E. regeliana

E. equisetina
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  PC2
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Fig. 7 Scatter plots of PC1 and PC2

showing ecological differentiation among

the studied Ephedra species based on 10

bioclim variables at sampling locations.
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study the ploidy levels of a species. Notably, all poly-

ploids in the 24 species are tetraploids with the excep-

tion of an octoploid cytotype reported in E. funerea and

E. gerardiana (Table S3, Supporting information).

According to the available information (Table S3, Sup-

porting information), tetraploids are present in about

75% of the Old World species and 62.5% of the New

World species. Our present study found that all tetra-

ploid Ephedra species from the QTP and neighbouring

areas, excluding the species with both diploid and tetra-

ploid populations, are allotetraploids. Therefore, we

may conclude that allotetraploidy is a dominant mode

of speciation in Ephedra, although the origin of other

polyploids in this genus, especially from Europe and

America, needs to be further studied. In fact, all of the

remaining three polyploid species from other gym-

nosperm lineages were also deduced to be allopoly-

ploids by Yang et al. (2012b).

The biological features related to polyploid speciation. The

high percentage of polyploids in Ephedra could be

related to some attributes of the genus such as a shrub

habit, vegetative propagation, a relatively high rate of

unreduced gamete formation, and a relatively low basic

chromosome number and small genome size (at diploid

level) for a gymnosperm (Leitch & Leitch 2012). Previ-

ous studies in angiosperms indicate that perennial

herbaceous plants with clonality are more likely to form

polyploids, which can persist for long periods of time

until a suitable mate is found (Otto & Whitton 2000;

Leitch & Bennett 2007; Otto 2007; Husband et al. 2013;

Weiss-Schneeweiss et al. 2013). Grif (2000) reported that

plant taxa with a small DNA value per genome have a

high percentage of polyploidy and show higher ploidy

levels, and Wood et al. (2009) found that the generic

base count (the minimum number of chromosomes

reported in a genus) is negatively associated with poly-

ploid incidence in angiosperms. In particular, the union

of unreduced gametes has been considered as the most

likely way of polyploid formation in plants (Harlan &

de Wet 1975; de Wet 1980; Soltis et al. 2010; Brownfield

& K€ohler 2011), and the different rates of unreduced
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Fig. 8 Scatter plots of PC1 and PC2 (a–f) showing ecological differentiation between allotetraploids and their putative progenitors

based on 10 bioclim variables at sampling locations.

© 2016 John Wiley & Sons Ltd

ALLOPOLYPLOID SPECIATION IN EPHEDRA 1205



gamete formation could influence the establishment of

polyploids in different lineages (Bretagnolle & Thomp-

son 1996; Ramsey & Schemske 1998, 2002; Ramsey 2006;

Younis et al. 2014). According to the karyomorphologi-

cal study of Ephedra based on pollen germination, three

of five tetraploid species exhibited unreduced pollen

grains that accounted for 2–5% of the total amount

(Mehra 1946). Also, dimorphism of pollen size in the

same herbarium specimen has been reported from

seven species of Ephedra, including E. alata, E. americana,

E. aphylla, E. breana, E. chilensis, E. ochreata, E. torreyana,

E. trifurca and E. tweediana (Beug 1956; Kedves 1987;

Ickert-Bond et al. 2003). Hence, a relatively high rate of

unreduced gamete formation in Ephedra has very likely

contributed to the high frequency of polyploids in the

genus.

The ecological differentiation associated with polyploid specia-

tion. Polyploids possess the potential for evolving into

new species with evolutionary novelty, and some previ-

ous studies suggest that ecological divergence may play

a prominent role in polyploid speciation (Brochmann

et al. 2004; Hijmans et al. 2007; Du�skov�a et al. 2010;

McIntyre 2012; Theodoridis et al. 2013). In this study,

we also found that ecological divergence was associated

with the speciation or divergence of polyploids in Ephe-

dra.

Significant ecological divergences between the allote-

traploids and their putative progenitors were detected

by the PCAs and the ANOVA and Tukey’s tests, with the

exception of E. saxatilis (Figs 8 and S5). The allote-

traploids have separate ecological niches from their

putative maternal progenitors, or occupy separate eco-

logical niches from one of their putative paternal pro-

genitors but have partially overlapped ecological niches

with their other putative progenitors (Figs 8 and S5).

For example, E. likiangensis and E. saxatilis var. mairei

endemic to the QTP inhabit dense grass swards or

dwarf-shrub communities and prefer a moister climate

with higher annual precipitation and precipitation of

the warmest quarter than their putative progenitors

E. equisetina, E. minuta and E. monosperma (Table S5;

Fig. S5P, Q, T, U, Supporting information); E. intermedia

favours conditions that have lower temperature season-

ality and mean temperature of the wettest quarter and

favours higher annual precipitation and precipitation of

the coldest quarter, compared to its putative maternal

progenitor E. przewalskii and paternal progenitors E. eq-

uisetina and E. monosperma (Table 2; Figs 8b and S5J–

M).

The allotetraploid E. sinica has a vast distribution

from northwestern China northward to Mongolia and

Russia and eastward up to the Gulf of Bohai. Similarly,

the allotetraploid E. intermedia is widely distributed in

Irano-Turanian and central Asian floristic regions. Both

these species widely occur in open areas such as zonal

steppe, desert steppe or coarse-textured-skeletal-sandy

soils (Our unpublished observations; Freitag & Maier-

Table 2 Statistical differences of ecological differentiation between allotetraploids and their putative progenitors based on the

Tukey‘s HSD test for the two principal components revealed by the PCA and the 10 bioclim variables

Allotetraploids

Putative

progenitors PC1 PC2 BIO2 BIO3 BIO4 BIO8 BIO12 BIO14 BIO15 BIO18 BIO19 PET

E. glauca E. equisetina ns ns — ns ns ns ** ns ns *** — ns

E. minuta ns *** — * * ** *** ns * *** — **

E. monosperma ns *** — ns ns * * ns ** *** — **

E. przewalskii ns ns — ns ns ns ns ns ns ns — ns

E. intermedia E. equisetina — *** — *** *** *** *** ns ns *** *** ***

E. minuta — ns — ns ns ns ns ns ns *** ** **

E. monosperma — *** — ns *** *** *** ns *** *** *** ***

E. przewalskii — *** — ** *** *** *** ns ns ns *** ns

E. likiangensis E. equisetina *** *** — *** *** ** *** ns *** *** ns *

E. minuta * ns — *** ns ns *** ns ns *** ns **

E. monosperma *** *** — *** *** ns *** ns ns *** ns ***

E. saxatilis var. mairei E. equisetina *** *** ns *** *** ** *** ns * *** — ns

E. gerardiana ns ns ns ns ns ns *** ns ns *** — ns

E. minuta ns ns ns ** ns ns *** ns ns *** — ns

E. monosperma *** *** ns *** *** ns *** ns ns *** — ns

E. sinica E. equisetina *** ns ns ns ns ns *** *** *** * *** **

E. minuta ns *** ns ns * *** ns ns ns ns ns **

E. monosperma ** ns ns ns ns *** *** ns *** ns ns ***

E. przewalskii * *** ns ns ns ns *** ns *** *** * ns

ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; —, P > 0.05 in the ANOVAs.
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Stolte 1994; Fu et al. 1999). However, their putative pro-

genitors E. equisetina, E. minuta and E. monosperma are

usually subordinate components of acrophytia with nar-

row distributions in dry rocky slopes (Table S5; Fig. S2,

Supporting information). It is particularly interesting

that most of the allotetraploid taxa we found, including

E. intermedia, E. likiangensis, E. saxatilis var. mairei and

E. sinica, have adapted to a moister climate with a

higher annual precipitation than their putative progeni-

tors (Fig. S5L, P, T, V, Supporting information), consid-

ering that the genus Ephedra generally occurs in dry

habitats.

The ecological divergence associated with allote-

traploidy or its divergence could be associated with

new habitats triggered by the fast uplift of the QTP and

the Asian aridification in the Middle to Late Miocene

(An et al. 2001; Guo et al. 2002; Spicer et al. 2003;

Dupont-Nivet et al. 2007; Jiang & Ding 2008; Royden

et al. 2008), during which the tetraploid Ephedra species

originated (Qin et al. 2013). Such a scenario has been

argued for angiosperm polyploids (Wen et al. 2014), for

example Aconitum subgenus Lycoctonum (Yuan & Yang

2006), Anaphalis (Meng et al. 2010), Buddleja (Chen et al.

2007), Leontopodium (Meng et al. 2012), Meconopsis (Yang

et al. 2012a), Melampodium (Rebernig et al. 2010), Rheum

(Liu et al. 2010), Rhodiola (Zhang et al. 2014) and Silene

(Luo et al. 2011).

Both geographical distributions and ecological niches

of some diploid species, such as E. equisetina,

E. monosperma and E. regeliana (2x), mostly or partially

overlap (Figs 7 and S2), which could have provided

opportunities for the hybridization between these spe-

cies, giving rise to allotetraploid species by allopolyploid

speciation. To investigate whether ecological divergence

had driven polyploid speciation of Ephedra in the QTP

and neighbouring areas, more molecular markers or

phylogenomic approaches should be used to resolve the

parental species of these polyploids, and the molecular

mechanisms underlying the adaptation to a specific eco-

logical factor could be explored in future studies.
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