
ORIGINAL ARTICLE

ITS rDNA sequence comparisons resolve phylogenetic
relationships in Orostachys subsection Appendiculatae
(Crassulaceae)

Arthur Yu. Nikulin • Vyacheslav Yu. Nikulin •

Svetlana B. Gonctharova • Andrey A. Gontcharov

Received: 27 March 2014 / Accepted: 17 October 2014 / Published online: 5 November 2014

� Springer-Verlag Wien 2014

Abstract Orostachys (Crassulaceae) is a small genus of

succulent plants having a predominantly East Asian dis-

tribution. Recent DNA sequence comparisons revealed

polyphyletic nature of the genus and found distant rela-

tionship between its infrageneric taxa. Here we present the

first molecular phylogeny of Orostachys subsection Ap-

pendiculatae based on a large number of ITS rDNA

sequences representing most currently recognized members

of the subsection and utilizing secondary structure infor-

mation. Ribosomal spacer was a highly informative marker

and provided a phylogenetic signal sufficient to resolve

relationships at different scales, from affinities between

species to a fine geographic structure in broadly sampled

species. It was also conservative enough to allow unam-

biguous alignment and construction of consensus second-

ary structure models for ITS1 and ITS2. These models

displayed a number of molecular synapomorphies defining

most lineages established in our analyses. We revealed a

major split in the subsection placing three species,

O. spinosa, O. japonica and O. chanetii, into a strongly

supported clade to the exclusion of O. thyrsiflora. Pheno-

typically distinct monotypic genus Meterostachys was also

resolved as a part of the subsection’s clade and showed

affinity to O. thyrsiflora. Our data suggested that

morphology-based species concept for O. thyrsiflora

requires reassessment.

Keywords Crassulaceae � Orostachys subsection

Appendiculatae � Meterostachys � ITS rDNA � Secondary

structure � Phylogeny

Introduction

The genus Orostachys Fisch. (Crassulaceae DC.) com-

prises ca. 20–25 species having a predominantly East Asian

distribution and likely origin (Ohba 1978, 1990, 2005;

Byalt 1999, 2000). Rosette vegetative morphology and a

terminal dense thyrsoid-racemose inflorescence character-

ize the genus members. Although a rosette formed by basal

cauline leaves is a frequent growth habit in distantly related

Crassulacean lineages, the spadix-like inflorescence

unambiguously differentiates Orostachys members there-

fore the genus is thought to be one of the best circum-

scribed in the subfamily Sedoideae (Ohba 1978). Its

members grow mostly on rock crevices and dry slopes, but

can also be found in meadows and even open woods. Some

species contain valuable bioactive compounds and are used

as traditional oriental medicinal herbs (Krasnov et al. 1979;

Vegetative resources of the USSR 1990; Sung et al. 2002;

Yoon et al. 2005; Jung et al. 2007; Ryu et al. 2010; Lee

et al. 2011, 2014).

The genus comprises two sections, Orostachys and

Schoenlandia Ohba, differing in inflorescence and flower

morphology. The nominative section accommodates most

species and is split into two subsections, Orostachys and

Appendiculatae (Boriss.) Ohba, which are distinguished by

blunt or cuspidate leaves, respectively. Molecular data has

revealed only a distant relationship between all three
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Orostachys infrageneric taxa, placing Schoenlandia as a

sister to the genus Sinocrassula Berger (Thiede and Eggli

2007), Orostachys subsect. Appendiculatae as a sister to

Meterostachys Nakai and embedding subsect. Orostachys

clade among Hylotelephium Ohba species (Mayuzumi and

Ohba 2004; Gontcharova et al. 2006, 2008). Thus,

sequence comparisons supported the view of some students

treating Schoenlandia as a genus Kungia Ohba based on

haplostemonous flowers and thyrsoid inflorescence (Fu and

Ohba 2001; Ohba 2005; Thiede and Eggli 2007). The non-

monophyly of section Orostachys and the affinities of the

subsections were somewhat unexpected. Traditionally,

difference in the leaf tip morphology between the subsec-

tions was seen to be a less important feature than that in

growth habit between Hylotelephium and subsect. Orosta-

chys and in inflorescence and floral features between Me-

terostachys and the subsect. Appendiculatae (Mayuzumi

and Ohba 2004). All the lineages mentioned above were

strongly supported in all analyses of the clade Hylote-

lephium (Mayuzumi and Ohba 2004; Gontcharova et al.

2006, 2008; Gontcharova and Gontcharov 2009), showing

remarkable diversity of vegetative and particularly repro-

ductive parts for a relatively small group (ca. 50–60 spp.).

The most recent taxonomic account recognized six

species (O. cartilaginea Boriss., O. chanetii (H.Lév.)

A.Berger, O. fimbriata (Turcz.) Berger, O. japonica

Maxim., O. spinosa (L.) Meyer, and O. thyrsiflora Fis-

ch.) in subsect. Appendiculatae differing in details of the

leaf apex, plant size, flower color and features of the

flower parts (Ohba 2005). In this treatment, a broad

species concept was followed and a large number of taxa

were reduced to synonyms. Based on the same charac-

teristics and their combinations, Byalt (1999) accepted

eleven species and infraspecific taxa. Whether these taxa

represent distinct evolutionary entities or if the mor-

phological diversity within the subsection is a product of

a frequent local adaptation or phenotypic plasticity,

remains unclear. For example, in many eastern popula-

tions, O. spinosa occurs strictly as individual monocarpic

rosettes, whereas in more continental areas the same

species shows only a polycarpic growth habit with

numerous crowded vegetative rosettes (Bezdeleva 1995;

Gontcharova 2006).

No molecular studies have been specifically focused on

the phylogenetic structure of subsect. Appendiculatae to

date. In large-scale analyses based on nuclear and chloro-

plast non-coding sequences the subsection was represented

by the same three species but only internal transcribed

spacer (ITS) sequence comparisons could resolve rela-

tionship between them. Orostachys spinosa and O. fim-

briata formed a moderately supported clade with O.

japonica as a sister (Mayuzumi and Ohba 2004; Gont-

charova et al. 2006). The close relationship between

Meterostachys and the subsection members was established

with both nuclear and chloroplast sequences, but trnL-

F failed to resolve the branching pattern between these

taxa. There is evidence that a single accession per species

may be not sufficient to uncover intraspecific polymor-

phism in Orostachys that could influence phylogeny (Ko-

zyrenko et al. 2013). It was shown that even in subsect.

Orostachys which is characterized by only minor ITS

rDNA sequence divergence (Gontcharova et al. 2008),

some populations harbor more than one ITS ribotype and

the ribotypes grouping contradicts the morphology-based

species delimitation.

This contribution presents the first molecular phylogeny

of the Orostachys subsect. Appendiculatae. We use the

sequence data of the internal transcribed spacer (ITS) of

nuclear ribosomal DNA to test whether genetic data sup-

port the recognition of current morphospecies in the sub-

section or not and whether the morphologically distinct

Meterostachys is a sister to subsect. Appendiculatae or it is

a part of this lineage. ITS rDNA is a valuable marker for

plant phylogenetic reconstruction at different taxonomic

levels (Bailey et al. 2003; Feliner and Rossello 2007;

Calonje et al. 2009; Poczai and Hyvönen 2010) and has

been successfully applied in the family Crassulaceae (Jor-

gensen and Frydenberg 1999; Gehrig et al. 2001; Jorgensen

and Olesen 2001; Mort et al. 2002, 2005; Fairfield et al.

2004; Carrillo-Reyes et al. 2009; Yost et al. 2013) and

specifically in the Hylotelephium lineage (Mayuzumi and

Ohba 2004; Gontcharova et al. 2006, 2008; Gontcharova

and Gontcharov 2009; Kozyrenko et al. 2013).

Materials and methods

Taxon sampling

Four species of Orostachys subsect. Appendiculatae were

sampled for this study [O. spinosa (29 populations, 64

specimens), O. japonica (16 populations, 22 specimens),

O. thyrsiflora Fisch. (2 populations, 2 specimens) and O.

chanetii (2 populations, 2 specimens)]. Of these 66

specimens were collected in 2009–2013 from natural

habitats (1–4 specimens per population; Fig. 1) and 18

specimens were received from private and public col-

lections (each regarded here as a population). In addition

to that six Orostachys and one Meterostachys ITS

sequences were retrieved from GenBank and analyzed

(Table 1). Sinocrassula (2 species) and Hylotelephium

pseudospectabile (Praeger) S.H.Fu were used as out-

groups for phylogenetic analyses. No samples of

endangered or protected species were used. Specimens

were collected from public land therefore, field permits

were not required.
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DNA extraction, polymerase chain reaction (PCR)

and sequencing

Leaf tissue or inflorescence samples were delivered to the

laboratory where they were stored in a -80 �C freezer until

extraction. Total genomic DNA was extracted using

DNeasy Plant Mini Kit (QIAGEN, Maryland, USA), fol-

lowing the manufacturer’s instruction.

To amplify complete ITS1–5.8S–ITS2 region we used

universal primer pairs: 1400F (Elwood et al. 1985) and

ITS055R (Marin et al. 2003) for the first round of ampli-

fication and internal primers 18Sm10 (50-AG-

GAGAAGTCGTAACAAGG-30; modified from Wen and

Zimmer 1996) and ITS4R (White et al. 1990) for the

second round of amplification (if necessary) and cycle

sequencing. The PCR products were sequenced using a

BigDye terminator v. 3.1 sequencing kit (Applied Biosys-

tems, Maryland, USA). Sequences were analyzed in both

directions using an ABI 3130 genetic analyzer (Applied

Biosystems, USA). The PCR products from five specimens

(see below) were cloned into the pTZ57R/T vector using

InsTAclone PCR Cloning KitTM (Fermentas, Lithuania)

following the manufacturer’s instructions. Vector specific

M13 primers were used to sequence the cloned fragments;

ten clones per specimen were sequenced. Sequences were

assembled with the Staden Package v. 1.4 (Bonfield et al.

1995) and aligned manually in the SeaView program

(Galtier et al. 1996).

To determine the rDNA ribotypes a DnaSP5 v.5.10.1

package (Librado and Rozas 2009) was used. Positions

with gaps were considered as a fifth character.

Data analysis

The boundaries of the loci and structural domains in ITS

rDNA region were determined by comparison with pub-

lished Crassulacean sequences and ITS secondary structure

data (Gontcharova and Gontcharov 2004; Gontcharova

et al. 2006). Secondary structures of ITS1 and ITS2 regions

were predicted using M. Zuker web server (Zuker 2003;

http://www.bioinfo.rpi.edu/*zukerm/rna/) by screening

for thermodynamically optimal and suboptimal structures

using the default values. Results for the various accessions

were compared to reveal the folding pattern common to

them all. Consensus secondary structure models of ITS1

and ITS2 were constructed in 4SALE program (Seibel et al.

2006).

Aligned sequence matrix (available at http://purl.org/

phylo/treebase/phylows/study/TB2:S16515) was analyzed

using Maximum Likelihood (ML) and Maximum Parsi-

mony (MP) methods implemented in PAUP* 4.0b10

(Swofford 2002) by a heuristic search with tree-bisection-

reconnection (TBR) branch swapping and 10 random

sequence addition replicates, and Bayesian inference (BI)

method in MrBayes 3.1.2 (Huelsenbeck and Ronoquist

2001). The GTR?I?G model was selected as the optimal
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Fig. 1 Map of sample sites for natural populations of Orostachys spinosa (19 populations; white circle) and O. japonica (5 populations; black

circle). Location details and population codes (P) correspond to those in Table 1
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setting for ML analyses by jModelTest 2.1.1 (Darriba et al.

2012). The support for branches was calculated by boot-

strap analyses with 100 (ML) or 1,000 (MP) replications of

heuristic search (Felsenstein 1985). Bayesian analysis was

performed using two parallel Markov Chain Monte Carlo

runs, each with 2,000,000 generations under default set-

tings. Prior to consensus calculation, the initial 500,000

generations were discarded as ‘‘burn in’’. Bootstrap per-

centage (BP) below 50 % and Posterior Probabilities (PP)

less than 0.95 were not considered.

To estimate intraspecies and total pairwise distances (p-

distances) between sequences MEGA v.5 (Tamura et al.

2011) was used.

Results

Eighty-four accessions were sequenced for this study. All

but five O. japonica plants obtained from horticulture

(P6–8, 13, 14; Table 1) produced readable ITS sequences

with no polymorphism. Five PCR products yielding a

partially unreadable electropherogram were cloned and 50

DNA clones carrying ITS region were sequenced. All the

clones produced clear signal at the electropherogram and

their sequencing revealed the presence of two allelic

variants of ITS1 locus in equal proportions. These intrag-

enomic ITS1 variants had either 8 or 7 nucleotides at the

poly-C sector close to 50 end of the spacer (Fig. 2).

The total length of the ITS region ranged from 607 (P49)

to 614 bp (P47, see below). ITS1 and ITS2 were almost

identical in length and GC content, 225.77 ± 1.48 bp,

62.60 ± 1.60 % and 225.03 ± 1.29 bp, 63.0 ± 1.60 %,

respectively. The 5.8S rDNA sequence region had a con-

served length of 161 bp and somewhat lower GC content

than in spacers, 54.42 ± 0.75 %. In GenBank sequence

AB480590 (P47, Table 1) the 5.8S gene was 162 bp long

due to an extra G at position 20. Otherwise the entire ITS

region in this accession was identical to that in P20.

Sequence conservation was relatively high across the

data set. ITS1 had 152 (67.2 %), ITS2 had 168 (74.6 %)

and 5.8S–154 (95.6 %) universally conservative positions.

That allowed the unambiguous alignment of the entire ITS

region with only a few gaps (624 positions; 147 parsimony

informative ITS1-88, 5.8S-6, ITS2-53) and the generation

of consensus secondary structure models of ITS1 and ITS2

in subsect. Appendiculatae (Fig. 2). Four hundred and one

homologous characters present in all spacer sequences

analyzed here were numbered separately for each spacer

and these numbers were used for referring to specific

positions in the text. These positions were classified into

five categories: 100 % conserved nucleotides, highly con-

served positions with only one unique change within sub-

sect. Appendiculatae, moderately conserved positions with

two changes, variable positions with C3 changes, and

insertions characteristic for some taxa (Fig. 2).

Both spacers formed four-helix structures intercon-

nected by unpaired nucleotides (spacers) (Fig. 2). In ITS2,

the spacers between helices were relatively short, with only

18 % of nucleotides being not a part of the helical domains.

In ITS1, stretches of unpaired nucleotides were longer and

accounted for ca. 37 % of the spacer length. The core

structure of the ITS1 comprised a relatively long (nt 1–42)

single-stranded region at the 50 end, 15 bp (nt 43–85) long

stem 1, 1 nt spacer between stems 1 and 2, 12 bp (nt

87–122) stem 2, 15 nt (positions 123–137) and 16 nt

(positions 152–168) spacers flanking stem 3 (5 bp, nt

138–151) and the longest stem 4 (18 bp, nt 169–216) fol-

lowed by the 10 nt long terminal spacer (Fig. 2).

The ITS2 secondary structure model displayed several

structural landmarks typical for angiosperms: relatively

large hairpin loop (positions 20–29) of the stem 1 (posi-

tions 7–43), 11 bp long stem 2 (positions 46–77) harboring

U–U and C-A bulge (positions 50–73 and 51–72, respec-

tively), long (C32 bp; 84–185 nt) stem 3 containing the

conserved sequence GGUGGU at the 50 end (positions

118–123; Fig. 2). Numerous Compensatory Base Changes

(CBCs) and hemi-Compensatory Base Changes (hCBCs)

found in the structured ITS alignment supported our fold-

ing patterns. Even the most conserved elements of ITS2,

stems 2 and 3, contained 15 hCBCs (2 and 13, respectively)

but there were only 2 CBCs in stem 3 (92G-C178 ? A-U

and 123U-A145 ? G-U, O. thyrsiflora sequences; Fig. 2).

Even at the initial alignment steps it was evident that

autapomorphic character states or indels differentiated

some GenBank sequences from the respective conspecific

accessions. Moreover, O. thyrsiflora sequences AB480590

and AB088577 differed significantly with new sequences

obtained for the same species and showed more similarity

to O. spinosa accessions. Further analyses revealed that

GenBank sequences AB088578 and AB480587 contained

positions and/or indels altering generally conserved sec-

ondary structure folding produced for a large number of

accessions. To avoid the introduction of a false phyloge-

netic signal caused by possible sequencing errors, we

omitted these sequences from further analyses and retained

in the data set only those identical or generally agreeing

with our ITS secondary structures models (e.g. AB480590

having extra G in 5.8S).

Altogether, 91 Orostachys sequences were analyzed

further. In this data set the DnaSP5 v.5.10.1 program

identified 26 unique ribotypes (Table 1). As expected, the

most sampled species (64 accessions) O. spinosa was

characterized by the highest number of ribotypes, 14. Of

these, eight ribotypes were unique for a specific population

(1–3 sequences) and six cases of ribotype sharing between

populations were observed. The most frequent R13 was

1446 A. Yu. Nikulin et al.
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found in 17 individuals from seven populations distributed

in Altai Mts. (P23–25), Southern Urals (P21, 22) and two

samples from the horticulture (P44, 45). In O. japonica 23

sequences yielded nine ribotypes (Table 1). In this species,

six out of 16 populations harbored a unique ribotype (1–3

sequences) each. Three ribotypes, R3, R4, and R5 were

shared by 3 (P4, 11, 16), 6 (P5–8, 13–15), and 5 (P6–8, 13,

14), respectively, Japanese and Korean natural and horti-

cultural populations (Table 1). Orostachys thyrsiflora and

O.chanetii, each produced a unique ribotype (Table 1). No

ribotype sharing between species was observed and no

population harbored more than one ribotype except for

populations P6–8, 13, and 14 characterized by intrange-

nomic polymorphism (R4 and R5).

Overall divergence (p-distances) between 91 Orostachys

sequences was relatively low (0.0439 ± 0.0045) and

unevenly distributed across the data set. The lowest

divergence was found within O. japonica
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Fig. 2 Consensus secondary structure models of ITS1 and ITS2 of

Orostachys subsect. Appendiculatae based on Mfold predictions for

84 sequences obtained for this study. Arrows indicate synapomorphic

changes for respective species. In the box, variability in homopol-

ymeric region of ITS1 revealed by direct sequencing and cloning

from some O. japonica accessions and respective ribotypes are shown
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(0.0136 ± 0.0029) while O. spinosa sequences were twice

as divergent (0.0269 ± 0.0045). In O. thyrsiflora and O.

chanetii this difference was even more profound,

0.0174 ± 0.0051 and 0.0732 ± 0.0114, respectively.

The maximum likelihood phylogenetic tree based on 26

ribotype sequences and three outgroups resolved four

strongly supported species clades in subsect. Appendicu-

latae, O. spinosa (98 %BP, 1.00 PP), O. japonica

(97–98 % BP, 1.0 PP), O.chanetii (91 % BP in ML, 1.0

PP), and O. thyrsiflora (100 % BP, 1.00 PP; Fig. 3). Me-

terostachys sikokiana showed affinity to O. thyrsiflora and

their moderately supported clade (79 % BP in ML) was

resolved as sister to a strongly supported (98 % BP, 1.0 PP)

lineage comprising O. spinosa, O. japonica and O. cha-

netii. The branching pattern in this three-species clade

remained unresolved. The ribotype-rich O. spinosa and O.

japonica clades were further significantly structured. In O.

spinosa two subclades were evident, a robust lineage

comprising ribotypes found in the Amur River basin and

the Sea of Japan coast (R16–20, 24; Eastern subclade) and

a moderately supported (75 % BP in ML) assemblage of

six ribotypes from the western part of the species distri-

bution range (Western subclade). The latter also included

two ribotypes from northeast Asia, Magadan (R22) and

Shantar Islands (R21). It should be noted that two GenBank

(AB480590 and AB088577) and most horticulture

(P46–50) accessions, assigned to O. thyrsiflora, were found

in this subclade of O. spinosa and showed no affinity to two

O. thyrsiflora sequences obtained in this study (Fig. 3).

In the subclades, ribotypes were also arranged according

to their origin. Terminal clades comprised plants from

Primorsky Territory of Russia (R19, 20, 24; 86–88 % BP,

0.95 PP), Middle Amur River Basin (R16–18; 78–87 %

BP, 0.99 PP), northeast Asia (R21, 22, 81–85 % BP, 1.0

PP), Altai and Ural Mts. (R13, 26; 100 % BP, 1.0 PP) and

the Lake Baikal area (R12, 14, 15, 27; 99 % BP, 1.0 PP).

Similarly, O. japonica ribotypes found in the Korean

Peninsula and Japan (R3-5, 8, 9; 66–72 % BP) were dis-

tinct from those originating from Russia and northeast

China (R 6, 7, 10, 11; 98 % BP, 1.0 PP).

ITS sequences provided a number of characteristics that

could be regarded as molecular synapomorphies (Telford

2002; Marin et al. 2003) of all major clades established in

our analyses (Figs. 2, 3). All members of the subsection

including Meterostachys shared four substitutions that

differentiated them from other representatives of the Hy-

lotelephium lineage (Sinocrassula, Hylotelephium, and

Orostachys subsect. Orostachys; 40 sequences). These are

non-pairing U125 position in the spacer between stems 2

and 3, G144 in the terminal loop of the stem 3 of ITS1, G at

the position 95 allowing 95G-C175 pair in the stem 3 and

G208 in the terminal loop of the stem 4 of ITS2 (Figs. 2, 3).

The major clades in the subsection, O. thyrsiflora/

Meterostachys and O. spinosa/O.japonica/O. chanetii,

were characterized by a single synapomorphic change

each, A ? G at position 221 of ITS1 and A ? U at

position 104 of ITS2, respectively. Two synapomorphies in

ITS2 (hCBC C-G ? 84U-G185 and A ? G222 change)

characterized O. spinosa and three synapomorphic substi-

tutions differentiated representatives of its Eastern subc-

lade (substitution G ? A205 disrupting pair formation,

hCBC G-U ? 210A-U176 in ITS1 and hCBC C-G ? 49U-

G74 in ITS2; Figs. 2, 3). Orostachys japonica accessions

shared two synapomorphic insertions in the distal part of

the stem 4 of ITS 1, A between positions 195–196 poten-

tially allowing formation an additional 190U-A195-1 pair and

C between the positions 197 and198 forming a side bulge.

In addition, two synapomorphic substitutions were found

for this species, A ? U at the position 212 of ITS1 also

allowing additional 212U-G174 pair and U ? C change in

the fifth nucleotide of ITS2 (Fig. 2).

Discussion

Analyses of a large number of ITS rDNA sequences rep-

resenting most currently recognized members of Orosta-

chys subsect. Appendiculatae and utilizing secondary

structure information, resolved the first comprehensive

phylogeny of the subsection. We revealed a major split in

the subsection placing three species, O. spinosa, O.

japonica and O. chanetii, into a clade, strongly supported

by a high significance threshold and synapomorphic sub-

stitutions in the secondary structure of the spacers, to the

exclusion of O. thyrsiflora. The latter species showed

affinity to the monotypic genus Meterostachys, which was

also a part of the subsection’s clade (Fig. 3). Earlier ITS

rDNA sequence comparisons revealed a sister relationship

between Meterostachys and subsect. Appendiculatae,

(Mayuzumi and Ohba 2004), but in our phylogeny Me-

terostachys was embedded among Orostachys species with

its ITS sequence being less divergent from O. spinosa, O.

japonica and O. chanetii than those of O. thyrsiflora

(results not shown). Screening of the structured sequence

alignment revealed that Meterostachys shares at least four

molecular synapomorphies with members of the subsection

(see ‘‘Results’’). Furthermore a synapomorphic substitution

Fig. 3 ML phylogenetic tree (GTR?I?U model) based on 26 ITS

rDNA ribotypes (624 aligned nucleotide positions, 147 are parsimony

informative) for subsect. Appendiculatae species, Meterostachys and

three outgroup taxa. Bootstrap values greater than 50 % (ML/MP)

and posterior probabilities[0.95 are given above/below the branches.

Branches with 100 % support and 1.00 PP are shown bold-face.

Ribotype (R) and population (P) codes are the same as in Table 1.

Synapomorphic substitutions (in boxes) are linked to the branches of

their evolutionary origin

c
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W
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rn

Hylotelephium pseudospectabile

99/99/1.0

81/73/0.95

79/61/–

91/70/1.0

81/85/0.98

98/98/1.0

87/86/1.0

98/97/1.0

66/74/–

100/99/1.0

50%

50%

49 C→U

205 G→A
210 G→A

ITS 1

ITS 2

104 A→UITS 2

84 C→U
222 A→G

ITS 2

5 U→C

1951 – →A

212 A→U
1971 – →C

ITS 1

ITS 2

95 A→G

ITS 1

ITS 2

125 C→U
144 A→G

208 C→G

ITS 1 221 A→G

R5 (P6–8, 13, 14)
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A ? G221 (ITS1; Fig. 2) unites Meterostachys and O.

thyrsiflora.

Thus, in contrast to previous studies, which corroborated

the generic status of Meterostachys, the results presented

here indicated that it could be a part of subsect. Appendi-

culatae. Due to the rosette habit and similar color of the

petals, Meterostachys was regarded as a member of the

genus Orostachys by Ohwi (1953). Ohba (1978) argued

that differences between the two genera in inflorescence

morphology (bracteates cymose in Meterostachys and

thyrsoid-paniculate to paniculate in Orostachys) and

basally connate carpels in Orostachys warranted their

independent status and his view was accepted in most

recent taxonomic treatments of the family (Eggli et al.

1995; Ohba 2001, 2005). Indeed, there is no phenotypic

feature, except for a rosette life form and cuspidate mostly

cartilaginous leaf tip, uniting subsect. Appendiculatae and

Meterostachys. Neither of these characteristics could be

regarded as synapomorphic for the Meterostachys/subsect.

Appendiculatae clade because they are typical for many

unrelated Crassulacean lineages. It should be noted that

Meterostachys and its closest relative in the subsection, O.

thyrsiflora, not only have contrasting morphology but dif-

ferent geographical patterns also. The current distribution

of Meterostachys is limited to Korean Peninsula and Japan

(with a single record for Sichuan, China; Byalt 1997),

whereas O. thyrsiflora occurs more westward, from Mon-

golia to the Southern Urals.

The polyphyly of the traditional genus Orostachys is

beyond doubt (Mayuzumi and Ohba 2004; Gontcharova

et al. 2006, 2008; Gontcharova and Gontcharov 2009) and

requires relevant taxonomic adjustments. Subsection Ap-

pendiculatae could be raised to the genus level under a new

name, or merged with Meterostachys having priority, or

retained in the enlarged genus Orostachys embracing Me-

terostachys and Hylotelephium. Molecular data presented

here favors unity of subsect. Appendiculatae and Metero-

stachys but this affinity requires further conformation with

additional Meterostachys accessions, O. fimbriata samples,

more molecular and preferably phenotypic markers.

ITS rDNA sequences

ITS rDNA was a highly informative marker for Orostachys

subsect. Appendiculatae and provided a phylogenetic sig-

nal sufficient to resolve relationships at different scales,

from affinities between species to a fine geographic struc-

ture in two broadly sampled species, O. spinosa and O.

japonica (Fig. 3). It was also conservative enough to allow

unambiguous alignment and construction of consensus

secondary structure models for ITS1 and ITS2 provided

with universal numbering system (Fig. 2), a useful tool for

in-depth analyses of ITS rDNA evolution (Caisová et al.

2011). Moreover, these models displayed a number of

molecular synapomorphies defining most lineages estab-

lished in our analyses (Figs. 2, 3). These features could be

important for the taxonomy of highly polymorphic groups

of plants having no apparent phenotypic synapomorphies.

Our data revealed unequal ITS rDNA evolutionary rates

in subsect. Appendiculatae. O. chanetii and O. spinosa

were characterized by increased sequence divergence when

compared with O. japonica and O. thyrsiflora. In O. thy-

rsiflora this difference could be attributed to a limited

number of sequences analyzed, but not in O. japonica,

represented by 23 accessions covering its entire distribu-

tion range. High ITS sequence diversity in subsect. Ap-

pendiculatae contrasts with results obtained recently for

the type subsection of the genus, Orostachys, where only

seven highly similar ribotypes were identified in a com-

parable data set (4 species, 86 accessions; Kozyrenko et al.

2013). There is a chance that our direct sequencing

approach revealed only a fraction of the ITS diversity

present in the group studied. Increasing evidence suggests

that intra-genomic rDNA variants are frequent and abun-

dant in most plant individuals (Denduangboripant and

Cronk 2000; Bailey et al. 2003; Xiao et al. 2010; Peng et al.

2010; Song et al. 2012; Simon et al. 2012; Matyasek et al.

2012). Such polymorphism was found in a homopolymeric

region of ITS1 in three O. japonica horticultural accessions

(ribotype 4 and 5; Figs. 2, 3) but it had no implication for

the resulting tree topology. Recent sequence-tagged py-

rosequencing-based studies suggested that intra-genomic

variability was markedly smaller than intra-specific or

inter-specific divergence and likely has no or little effect on

phylogeny (Chen et al. 2012; Song et al. 2012).

Our analyses using both GenBank and newly obtained

sequences once more highlighted the problem of data quality

in the GenBank. From nine initially retrieved ingroup

sequences, two were excluded from the analyses because they

contained likely sequencing errors revealed by secondary

structure predictions and preliminary phylogenetic analyses

(results not shown) and for two more sequences alternative

taxonomic assignment was suggested (see Table 1).

Species concept

Results of our phylogenetic analyses have several implications

for understanding relationships in subsect. Appendiculata. We

confirmed the distinctness of O. spinosa, O. japonica, O. cha-

netii and O. thyrsiflora by resolving their species clades and

established distant relationship between the former species and

the rest of the subsection (Fig. 3). At the same time, our data

suggested that morphology-based species concepts for some

species are deficient. Specifically, this relates to differentiation

of O. thyrsiflora from O. spinosa and O. cartilaginea from O.

japonica.
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It was found that two GenBank sequences and four

horticulture accessions of O. thyrsiflora were resolved in

the O. spinosa clade and only two plants, also from hor-

ticulture (P49, 50), showed a distant relationship to O.

spinosa, forming a robust species clade (Table 1; Fig. 3).

Even if we disregard horticultural material having often

questionable identification, we cannot deny possible con-

fusion in distinguishing the two species by the profes-

sionals. The distinction between O. spinosa and O.

thyrsiflora is based on petal color (yellowish vs. white to

pinkish, respectively) and anther color (yellow vs. purple-

red) and keeled leaves (O. thyrsiflora). These features are

mostly well-preserved in the herbaria specimens and hardly

likely to be overlooked in horticulture. Flower color was

unknown for the specimens sequenced earlier and our

misidentified horticultural plants, whereas in both ‘‘true’’

O. thyrsiflora accessions pink flowers were confirmed. At

the same time all the specimens under discussion had

keeled leaves as it is typical for O. thyrsiflora but not

O. spinosa. Based on these facts, we conclude that the leaf

morphology alone cannot reliably distinguish O. thyrsiflora

from O. spinosa. Interestingly, the range of O. thyrsiflora

largely overlaps with that of O. spinosa (from Eastern

Mongolia and Eastern Sayan Mts. to the South Urals and

Northern Kazakhstan) and ecological niches of the species

are also similar (Byalt 1999); however, they rarely occur

sympatrically. Our generally arbitrary sampling in the area

where both species occur resulted in five populations of O.

spinosa; specimens from three more populations were

introduced into horticulture from this area earlier and were

also used in this study. In the same area our collectors came

across only two populations of O. thyrsiflora, which sug-

gests the relatively rare occurrence of this species at least at

the eastern and northern parts of its distribution area.

Data obtained in this study corroborated morphological

observations of Gontcharova (2006) suggesting that O.

cartilaginea is indistinguishable from O. japonica. She did

not observe cartilaginous appendages at the leaf tip, the

major characteristic on which O. cartilaginea was based, in

live plants from the locus classicus of this species [Russia,

Primorsky Territory, Fadeevka sentiment, Razdolnaja

(Suyfun) River] and several other localities in Russia

(Borissova 1939; Bezdeleva 1995; Byalt 1999). It was

suggested that this appendage could be an artifact of fleshy

O. japonica specimen drying. Borissova (1939) and other

authors accepting O. cartilaginea mentioned that this

species is often confused with O. japonica and O. fimbri-

ata, but argue that cartilaginous/non-cartilaginous/cartila-

ginous with fimbriate margin, respectively, leaf tip clearly

differentiate these taxa. Flower color is not a decisive

characteristic to discriminate the three species (white to

pinkish/white/white to reddish, respectively; Borissova

1939; Bezdeleva 1995; Byalt 1999; Fu and Ohba 2001;

Ohba 2001). The locus classicus of O. cartilaginea was

sampled for this study (P10; Fig. 1) and sequence com-

parisons revealed that ribotype R6 residing here was a part

of a lineage comprising O. japonica populations from

Russia (P9, 10, 19) and NE China (P20; Fig. 3).
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