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Acantholimon is an important component of the subalpine steppe flora in the Irano-Turanian region and the sec-
ond largest genus of Plumbaginaceae with c. 200 cushion-forming subshrubby species. Because the genus has been 
poorly represented in previous phylogenetic studies, questions regarding its monophyly, phylogenetic relationships 
and infrageneric classification have not been addressed in a solid evolutionary framework. We used sequences from 
the nuclear ribosomal internal transcribed spacers and the plastid trnY(GUA)–trnT(GGU) intergenic spacer for 197 acces-
sions of Acantholimon and nine putatively closely related Asian genera in Limonioideae. Contrary to previous results, 
Bayesian, maximum likelihood and maximum parsimony analyses show that Acantholimon is not monophyletic 
unless its limits are extended to include species currently placed in eight of these Asian genera. As circumscribed, the 
new Acantholimon s.l. is sister to Goniolimon and includes the following genera: Bamiania, Bukiniczia, Chaetolimon, 
Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon and Vassilczenkoa. Our phylogenetic analyses also chal-
lenge the existing classification at the generic and infrageneric levels. A maximum likelihood reconstruction of 
ancestral states for morphological characters illustrates the possible scenarios by which the cushion architecture 
combined with linear acuminate leaves, also present in other steppic Irano-Turanian elements, were acquired in this 
group of Plumbaginaceae. Our study shows the importance of extensive taxon sampling for phylogenetic reconstruc-
tion of species-rich lineages.

ADDITIONAL KEYWORDS: Irano-Turanian region – ITS – molecular phylogenetic analysis – morphological 
character evolution – plastid trnY-T.

INTRODUCTION

The caryophyllid family Plumbaginaceae has been the 
subject of a number of phylogenetic studies since it was 
first identified as the sister group of Polygonaceae in 
the large rbcL-based angiosperm phylogeny by Chase 
et al. (1993). The largest genus, Limonium Mill., and its 
most closely related genera have been largely clarified 
in several contributions (Lledó et al., 1998, 2000; Lledó, 
Erben & Crespo, 2003, 2005). However, the available 
studies have not sampled an adequate representation 

of species from some of the 27 genera in the family 
(Kubitzki, 1993). As a consequence, there are gaps that 
mostly concern Asian genera and are partly concen-
trated around the large genus Acantholimon Boiss.

As traditionally defined, Acantholimon comprises 
cushion-forming subshrubs with linear acuminate 
leaves, occurring in mountainous regions across all 
elevation zones, although chiefly at mid and higher 
elevations, and growing in gravelly and stony soils or 
on exposed rocks. Although the genus is widely distrib-
uted from south-eastern Europe to south-western Asia 
and in Central Asia, western Tibet and eastern Tian 
Shan, its main centre of diversity is the Irano-Turanian 
region (Bunge, 1872; Mobayen, 1964; Linczevski, 1967; 

*Corresponding authors. E-mail: skosaloo@modares.ac.ir; 
nieto@rjb.csic.es

Downloaded from https://academic.oup.com/botlinnean/article-abstract/184/3/366/3884497
by CSIC user
on 23 January 2018

mailto:nieto@rjb.csic.es?subject=


PHYLOGENETICS OF ACANTHOLIMON 367

© 2017 The Linnean Society of London, Botanical Journal of the Linnean Society, 2017, 184, 366–386

Kubitzki, 1993; Assadi, 2005, 2006; Doğan & Akaydin, 
2007; Doğan et al., 2011). The genus was first described 
by Boissier (1846), including 27 species, but the two 
available comprehensive taxonomic studies raised 
that number to 83 (Bunge, 1872) and 119 (Mobayen, 
1964). An updated comprehensive taxonomic revi-
sion is lacking and a number of specific names, mostly 
geographically restricted, require taxonomic assess-
ment. However, based on the regional taxonomic stud-
ies and general systematic conspectus, the number 
of species exceeds 200 (Kubitzki, 1993; Hernández-
Ledesma et al., 2016). More recent regional reviews 
have confirmed that the highest concentration of spe-
cies is in the Irano-Turanian region (e.g. Assadi, 2005). 
Specifically, of the 164 Acantholimon spp. recognized 
in Flora Iranica (Rechinger & Schiman-Czeika, 1974), 
84 were recorded from Iran and 75 from Afghanistan, 
with only six, nine and 11 species recorded from 
Pakistan, Turkmenistan and Iraq, respectively. The 
genus is also well represented in Central Asia, mainly 
in Kyrgyzstan (Linczevski, 1967), and reaches the 
Xinjiang region (Peng & Kamelin, 1996). In the west-
ern part of the genus range, 37 (Yildirim & Crespo, 
2014) to 52 species (Doğan & Akaydin, 2007) have been 
reported from Turkey and only one species occurs in 
Europe (Moore, 1972).

The uncertainties concerning the phylogenetic rela-
tionships in and around Acantholimon concern a small 
number of species that show morphological, ecologi-
cal and distributional affinities with Acantholimon, 
but do not match its overall classical morphology. 
Based on differences in general habit, leaf morphol-
ogy and anatomy, inflorescence structure and shape, 
these species were directly described as, or segre-
gated into, ten genera (Linczevski, 1967, 1971, 1979, 
1985; Rechinger & Schiman-Czeika, 1974; Kubitzki, 
1993). These genera encompass only 19 species, 
since six of them are monotypic (Bamiania Lincz., 
Bukiniczia Lincz., Ghaznianthus Lincz., Gladiolimon 
Mobayen, Popoviolimon Lincz., Vassilczenkoa Lincz.); 
Chaetolimon (Bunge) Lincz., Cephalorhizum Popov & 
Korovin, Dictyolimon Rech.f. and Neogontscharovia 
Lincz. include two, four, four and three species, respec-
tively. The most recent comprehensive taxonomic 
treatment of the family, in which these segregate gen-
era are accepted, was declaredly elaborated ex officio 
(Kubitzki, 1993).

Regarding phylogenetic relationships, the only 
study that has tested the relationships of one of those 
genera, Popoviolimon (as Cephalorhizum turcomani-
cum Popov, the type species), against 50 species rep-
resenting Acantholimon was inconclusive (Moharrek, 
Kazempour-Osaloo & Assadi, 2014). Popoviolimon was 
placed in Acantholimon in a nuclear ribosomal DNA 
tree, but not in a maximum likelihood plastid DNA 
tree; and a Shimodaira–Hasegawa test of nuclear and 

combined matrices failed to reject the null hypoth-
esis that Acantholimon was monophyletic exclud-
ing Popoviolimon. The study by Lledó et al. (2005), 
focusing on Limonium and relatives, included single 
representatives of Cephalorhizum, Dictyolimon and 
Acantholimon, and the three were recovered together 
in a single clade. Although these studies have provided 
some clues about phylogenetic relationships in this 
group, the status of most of these small genera is still 
unclear and their relationships are in need of revision.

In addition to the issue of circumscription of 
Acantholimon, its infrageneric classification also 
demands attention. Fifteen sections were recognized 
by Rechinger & Schiman-Czeika (1974) and largely 
by other authors (Assadi, 2005; Doğan & Akaydin, 
2007), based mostly on scape length and morphology 
of leaves, bracts, calyx and petals. However, although 
a phenetic analysis of 52 Acantholimon spp. gave some 
support for the circumscription of the three sections 
occurring in Turkey (Doğan, Akaydin & Çakarogullari, 
2007), those sections are not diagnosed by synapomor-
phic morphological characters, but rather by a combi-
nation of non-exclusive characters (e.g. spike-like or 
capitate inflorescences, heteromorphic leaves), casting 
doubts on their naturalness. In fact, the above-men-
tioned phylogenetic analysis questioned the mono-
phyly of those three sections (Moharrek et al., 2014). 
These are sections Acantholimon (section Staticopsis 
Boiss. in some previous works, e.g. Rechinger & 
Schiman-Czeika, 1974; Bokhari & Edmondson, 1982; 
Assadi, 2005; Doğan & Akaydin, 2007; Oganesian, 
2011), Armeriopsis Boiss. (section Acantholimon 
in the same previous works) and Tragacanthina 
Bunge. Changes in the names of the first two sec-
tions implemented here were needed because the 
genus Acantholimon was declared a nomen conservan-
dum (ICBN 1972, Appendix III) with A. glumaceum 
(Jaub. & Spach) Boiss., from section Staticopsis, as 
the type species. This was overlooked by subsequent 
authors (Rechinger & Schiman-Czeika, 1974; Bokhari 
& Edmondson, 1982; Assadi, 2005; Doğan & Akaydin, 
2007; Oganesian, 2011), who believed that the type 
species was A. bracteatum (Girard) Boiss. This confu-
sion arose from the fact that Linczevski, who wrote 
the proposal to conserve Acantholimon, first suggested 
A. bracteatum (in Taxon 18: 340–341, 1969) and then 
suggested A. glumaceum (in Taxon 19: 949, 1970) as 
the type species to be attached to the conserved name.

In summary, like Limonium (e.g. Lledó et al., 2000, 
2003, 2005), about ten genera that are suspected to be 
closely related to Acantholimon, based either on pre-
liminary phylogenetic studies or on distribution, taxo-
nomic history and morphological features, need to be 
subjected to critical review and phylogenetic analysis. 
To address the generic delimitation, infrageneric rela-
tionships and morphological evolution of one of the most 
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representative and species-rich genera of the Irano-
Turanian region, we performed phylogenetic analyses 
of approximately two-thirds of all Acantholimon spp. 
based on nuclear ribosomal DNA internal transcribed 
spacers (nrDNA ITS) and the plastid trnY(GUA)–trnT(GGU) 
intergenic spacer (trnY-T) with the objectives of: (1) 
testing the monophyly of Acantholimon with respect to 
the genera that are suspected to be most closely related; 
(2) testing the monophyly of the current sections of 
Acantholimon; and (3) examining the match between 
selected morphological characters and taxonomy under 
an explicit evolutionary frame using maximum like-
lihood ancestral character state reconstruction. In 
other words, we aim to use the molecular phylogenetic 
hypothesis resulting from our analyses to examine the 
consistency, as potential synapomorphies, of some mor-
phological characters that have been used to diagnose 
sections and the putative closely related genera.

MATERIAL AND METHODS

Sampling

In total, 222 accessions corresponding to 121 
Acantholimon spp. were included in our analyses of 
nrDNA ITS, and a subset of the samples (172 acces-
sions from 100 species) was included in our analyses 
of the trnY-T region. Fourteen representatives of eight 
genera that based on the above arguments are hypoth-
esized to be closely related to Acantholimon were 
also included in the analyses: Bamiania, Bukiniczia, 
Chaeto l imon ,  Cephalorhizum ,  Dictyol imon , 
Gladiolimon, Popoviolimon and Vassilczenkoa. We 
were not able to sample material from two of the ten 
genera: Ghaznianthus and Neogontscharovia, from 
Afghanistan and Tadzhikistan, respectively. Our 
ingroup comprised Acantholimon and the other eight 
genera. Also, we have sampled Goniolimon Boiss., 
based on the study of Lledó et al. (2005), in which the 
only three species in our ingroup sampled came out as 
sister to a clade containing two Goniolimon spp. Our 
outgroup consisted of 24 species belonging to Armeria 
Willd., Limonium and Psylliostachys (Jaub. & Spach) 
Nevski of subfamily Limonioideae (Staticoideae; cf. 
Reveal, 2012) and Dyerophytum Kuntze and Plumbago 
L. of Plumbaginoideae, in accordance with previ-
ous studies (Lledó et al., 1998, 2001, 2005; Moharrek 
et al., 2014). Our sampling effort was mostly focused 
on herbarium collections (E, FUMH, HWANRC, M, 
MA, MSB, SHBU, TARI, TMUH, W), due to the cur-
rent difficulties for sampling in some of the regions, 
but we also obtained a small number of the samples 
from fresh silica-gel dried material. In addition to the 
newly generated nrDNA ITS (152) and trnY-T (112) 
sequences, 70 nrDNA ITS and 60 trnY-T sequences 
from Moharrek et al. (2014) were also included in the 

analyses. Of the 15 sections recognized by Rechinger 
& Schiman-Czeika (1974) in Acantholimon, only the 
monotypic section Bromeliopsis Rech.f. & Schiman-
Czeika (A. rechingeri Freitag from Afghanistan) is 
missing; this species is considered to belong to another 
genus, Ghaznianthus, by both Linczevski (1979) and 
Kubitzki (1993). Our sampling design encompassed the 
major areas of occurrence of Acantholimon in its main 
centre of diversity, Iran and Afghanistan and some 
areas in the eastern Mediterranean, the Caucasus, 
Central Asia and Pakistan. Taxonomy largely follows 
Rechinger & Schiman-Czeika (1974) for sectional and 
species levels. Additionally, some species accepted and/
or described by Assadi (2005), Doğan & Akaydin (2007) 
and Oganesian (2011) were also considered. We created 
three primary datasets: (1) nrDNA ITS only, compris-
ing 222 terminals; (2) trnY-T only, with 172 terminals; 
and (3) a combined nrDNA ITS and trnY-T dataset 
comprising 222 terminals, in which trnY-T sequences 
that were not available, affecting 50 samples, were 
treated as missing data. All samples, with locality data, 
voucher information and GenBank accession numbers, 
are listed in the Supporting Information, Appendix S1.

Dna extraction, amplification anD  
Sequencing

DNA extractions were done using the 2× CTAB method 
(Doyle & Doyle, 1987) and DNeasy Plant Mini Kit from 
Qiagen AG (Basel, Switzerland), following the manu-
facturer’s instructions. The nrDNA ITS sequences were 
amplified with universal primers P1A and P4 (Fuertes 
Aguilar, Rosselló & Nieto Feliner, 1999), except for 
some cases in which primers ITS5m (Sang, Crawford & 
Stuessy, 1995) and ITS4 (White et al., 1990) were used. 
For the trnY-T region, primers trnT and trnY (Shaw 
et al., 2005) were used. PCRs contained 20–200 ng of tem-
plate DNA, 10× or 5× PCR buffer, 1.5 mm MgCl2, 1 mm 
dNTPs, 0.4 mm of each primer and 0.4 mL Taq (Promega, 
Madison, WI, USA). For samples from old herbarium 
specimens, amplifications were performed using Ready-
To-Go beads (Amersham Biosciences Europe GmbH, 
Cerdanyola del Vallès, Barcelona, Spain) with 10–500 ng 
template DNA, 0.2–0.8 mm of each primer and 4% dime-
thyl sulphoxide or bovine serum albumin. PCR condi-
tions for both regions followed Moharrek et al. (2014). 
Sequencing reactions were performed at Macrogen Inc. 
(Seoul, Korea) using the same PCR primers.

alignment, pairwiSe DiverSity anD  
phylogenetic analySeS

Sequences were edited using BioEdit version 7.0.9.0 
(Hall, 1999) and aligned with the web-based version of 
MUSCLE (Edgar, 2004; at http://www.ebi.ac.uk/Tools/
msa/muscle/, last accessed 12 May 2017) under default 
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parameters followed by manual adjustment. Gaps 
resulting from alignment were treated as missing data. 
Pairwise genetic distances between sequences were 
calculated using the maximum composite likelihood 
model with pairwise deletions and gamma-distributed 
among-site rate variation, as implemented in MEGA 
version 5 (Tamura et al., 2011). Phylogenetic relation-
ships were assessed using maximum parsimony, maxi-
mum likelihood and Bayesian inference. Analyses were 
first performed separately on the nuclear and plastid 
matrices and afterwards, once the possibility of serious 
incongruences was discarded, also on combined matri-
ces. Maximum parsimony analyses were performed 
with PAUP* version 4.0b10 (Swofford, 2002). The heu-
ristic search option was selected using 1000 replications 
of random addition sequence with ACCTRAN optimi-
zation, ten trees held at each step and tree-bisection-
reconnection branch swapping with MulTrees on and 
steepest descent off. Branch support was assessed by 
1000 bootstrap replicates (MP BS; Felsenstein, 1985) 
with the same settings as in heuristic searches. The pro-
gram MrModeltest version 2.3 (Nylander, 2004) in com-
bination with PAUP* was used to select an appropriate 
substitution model for each data partition, i.e. ITS and 
trnY-T. A general time reversible model of nucleotide 
substitution with gamma distributed rates and a pro-
portion of invariable sites (GTR + I + G) was identi-
fied as the best model for the two datasets based on the 
Akaike information criterion (AIC) (Posada & Buckley, 
2004). Maximum likelihood analyses were performed 
using raxmlGUI version 1.3 (Silvestro & Michalak, 
2012). Bootstrap values for maximum likelihood (ML 
BS) were calculated using raxmlGUI based on 1000 
replicates with one search replicate per bootstrap rep-
licate. The program MrBayes version 3.2 (Ronquist et 
al., 2012), run on the CIPRES Science Gateway (Miller, 
Pfeiffer & Schwartz, 2010) for some of the analyses, 
was used for the Bayesian inference. Two simultane-
ous analyses with eight Metropolis-coupled Markov 
chain Monte Carlo (MCMC) chains with incremental 
heating of 0.2 were run for 60 million generations sam-
pled every 1000 generations. We verified convergence 
of parameter estimates and that effective sample sizes 
were > 200 for all parameters using Tracer version 
1.4 (Rambaut & Drummond, 2007). Additionally, we 
assessed convergence of the topology and clade stabil-
ity using the online program Are We There Yet (AWTY; 
Nylander et al., 2008). The first 25% of the trees were 
discarded as burn-in. Data remaining after discarding 
burn-in samples were used to generate a majority-rule 
consensus tree where the percentage of samples recov-
ering any particular clade in the consensus tree repre-
sented the posterior probability (PP) of the clade. Tree 
visualization was carried out using TreeView version 
1.6.6 (Page, 2001). To test the effect of missing data in 

resolution and node support, a combined dataset with-
out the 50 samples lacking the trnY-T sequence was 
also analysed in MrBayes.

teStS of monophyly

Monophyly of a group can be questioned when its node 
does not have enough statistical support based on pos-
terior probability (PP < 0.95). However, when other 
estimates of branch support (MP BS and ML BS) are 
stronger than Bayesian inference, the putative group is 
supported by morphological data or we want to double 
check a previously obtained clade that conflicts with 
our present results, a comparison of marginal likeli-
hood estimates between two models, one topologically 
constrained to include the clade to be tested and one 
topologically unconstrained, can be used to evaluate 
monophyly (Lartillot & Philippe, 2006; Baeza, 2016). 
The idea is to assess how compromising is ignoring the 
possibility of a group that may have taxonomic impli-
cations. Here we test the monophyly of three groups 
that are potentially important because they group a 
large number of species, but have only moderate or low 
nodal support in the Acantholimon s.l. clade: (1) Clade 
A (PP = 0.83, ML BS = 80, MP BS = 79), recovered by 
nrDNA ITS and combined trees; (2) the clade compris-
ing subclades A2 + A3 (PP = 0.82, ML BS = 88, MP 
BS = 80), recovered by nrDNA ITS and combined trees; 
(3) subclade A3 (PP = 0.82, ML BS = 98, MP BS = 80), 
recovered by molecular (nrDNA ITS, trnY-T and com-
bined trees) data and supported by morphological data 
(Figs 1, 2). In addition, we tested the monophyly of 
Acantholimon in its traditional sense, which was not 
conclusively rejected in a previous study (Moharrek 
et al., 2014). For this, Acantholimon s.s. was con-
strained as a monophyletic group.

We used Bayes factors to compare the posterior odds 
of the inferred tree topology with those of Bayesian 
trees in which monophyly of the tested groups is 
forced. Constrained analyses were conducted in 
MrBayes using the same parameters as in the uncon-
strained runs except for an absolute prior of 1.00 and 
the command ‘prset topologypr = constraint’. Using 
the ‘sump’ command in MrBayes, we sampled the sta-
tionary (post-burnin) posterior distribution to obtain 
the harmonic mean of tree likelihood values (follow-
ing Nylander et al., 2004; Ronquist, Huelsenbeck 
& van der Mark, 2005). The predictive values of the 
constrained harmonic mean likelihood (H1) were then 
compared with the original unconstrained likelihoods 
(H0) using a Bayes factor comparison with the formula 
(Kass & Raftery, 1995):

 
B harmonic mean Ln likelihood H  

harmonic mean Ln likeli
1 10 =

− hhood H0
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Figure 1. A comparison of the nrDNA ITS (left) and trnY-T (right) phylograms for Acantholimon and closely related gen-
era (Bamiania, Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon, Vassilczenkoa) obtained 
from Bayesian inference. The asterisk indicates that we have not been able to obtain trnY-T sequences for Chaetolimon.
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Figure 2. Bayesian 50% majority rule consensus tree of Acantholimon and closely related genera (Bamiania, Bukiniczia, 
Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon, Vassilczenkoa) based on a combined dataset of 222 
sequences (195 ingroup, 27 outgroup) from nrDNA ITS and trnY-T regions. Bayesian posterior probability (PP), maximum 
likelihood bootstrap (ML BS) and maximum parsimony bootstrap (MP BS) above the following thresholds are shown at 
the nodes: posterior probabilities ≥ 70 and bootstrap values ≥ 50%. Thickened lines indicate nodes with PP support ≥ 0.95. 
Colour-coded branches and vertical bars corresponding to labels A1, A2, A3, B1 and B2 indicate clades that are discussed in 
the text. Colour-coded rectangles indicate currently accepted sections in Acantholimon.
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anceStral character State reconStruction

To examine the match between morphological evi-
dence, upon which the current taxonomy is based, 
and the phylogenetic framework provided here, we 

reconstructed the character states for four selected 
discrete morphological characters. Character selec-
tion was made on the basis of relevance for diagnos-
ing or supporting taxonomic groups, but avoiding 

Figure 2. Continued
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characters revealing high levels of homoplasy upon a 
first sight inspection of the phylogenetic tree. These 
include homomorphic vs. heteromorphic leaves, inflo-
rescence architecture (spike-like, capitate, paniculate), 
number of bracts per spike, relative lengths of bracts 
and calyx, pubescence in organs including leaves, 
calyx or bracts. Four characters were finally analysed 
(Supporting Information, Appendix S2): habit (peren-
nial herb with rosulate leaves vs. densely branched, 

caespitose to pulvinate subshrubs), leaf morphology 
(basically, flat spathulate vs. flat sublinear vs. linear-
acuminate, rigid), calyx shape (infundibular vs. tubu-
lar) and number of flowers per spikelet (one vs. two to 
five). Character coding was made based on taxonomic 
literature (Mobayen, 1964; Rechinger & Schiman-
Czeika, 1974; Bokhari & Edmondson, 1982; Assadi, 
2005; Doğan & Akaydin, 2007) and our own observa-
tions, opting for merging character states in doubtful 

Figure 2. Continued
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cases. All characters were treated as unordered; three 
characters were coded as binary and one as a three-
state character. To simplify the analysis and minimize 
establishing unlikely hypotheses of homology when 
comparing morphologies across distant species, we 
analysed only ingroup taxa and the resulting sister 
clade, Goniolimon, retaining one sample per species 
(Supporting Information, Table S1). Ancestral charac-
ter states were reconstructed with the R package APE 
(Paradis, Claude & Strimmer, 2004; R Development 
Core Team, 2010), which allows a variety of analyses 
of phylogenetic trees and comparative data in a phy-
logenetic framework taking advantage of the many R 
functions for statistics and graphics. Specifically, we 
used the ace (ancestral character estimation) function 
in APE, which is the most commonly used function for 
ancestral character estimation.We used a maximum 
likelihood tree (Supporting Information, Fig. S1) for 
two reasons: ace requires strictly bifurcating trees to 
reconstruct ancestral states and only maximum like-
lihood estimation is available for discrete characters 
(Pagel, 1994).

Three possible rate models were tested: (1) equal-
rates (ER) model, which implies one single rate; (2) 
symmetrical rates (SYM) model, in which forward and 
reverse transition rates are equal, but each character-
state combination can have a distinct rate; and (3) all 
rates different (ARD) model, in which all rates are 
allowed to vary. Using the ace function, the likelihood of 
these three transition models was determined for each 
reconstruction (Supporting Information, Appendix S3). 

The output for the ER model matches that of the SYM 
model for the three binary character states because for 
binary characters, unlike multistate, the ER and the 
SYM models are identical. For a three-state character, 
ER is a one-parameter model, SYM a three-parameter 
model and ARD a six-parameter model. For the four 
characters analysed, the ARD model gave the highest 
likelihood. However, it also includes more parameters 
that the ER and SYM models and it is well known that 
adding parameters to a model generally increases its 
likelihood. To determine whether the use of the most 
heavily parameterized model is appropriate, we per-
formed a likelihood ratio test (LRT), which identi-
fied ARD as the best fit model in all reconstructions 
(Supporting Information, Appendix S3).

RESULTS

Sequence anD phylogenetic analySeS

The Bayesian, maximum likelihood and parsimony 
analyses of the nrDNA ITS produced similar trees 
that differed only in nodal support. Statistics for the 
gene regions and trees and model choices are summa-
rized in Table 1. The trnY-T trees showed less resolu-
tion than the nrDNA ITS trees, in accordance with the 
lower number of potentially informative characters 
and the low sequence divergence values between the 
trnY-T sequences (Supporting Information, Figs S2, 
S3). The average pairwise nucleotide diversity between 
Acantholimon s.s. and closely related genera was only 

Table 1. Overall statistics and model selection for each DNA data partition for Acantholimon and related genera

nrDNA ITS trnY-T nrDNA ITS + trnY-T

Number of sequences 222 172 222
Number of characters 711 1308 2019
GC content (%) 53.2 34.7 43.7
Number of variable characters 448 314 762
Number of potentially parsimony-informative characters 365 198 563
Number of potentially parsimony-informative characters in the 

ingroup*
169 57 226

Number of indels 51 46 97
Number of indels in the ingroup* 12 8 20
Average sequence divergence, all sequences (%) 0.07 0.04 0.07
Average sequence divergence, between Acantholimon s.s. and closely 

related genera (ACRG)† (%)
0.02 0.007 0.02

Number of most-parsimonious trees 9233 1568 11 678
Length of most-parsimonious trees 1057 288 1399
Consistency index of most-parsimonious trees 0.60 0.83 0.62
Retention index of most-parsimonious trees 0.92 0.96 0.92
Evolutionary model selected (under AIC) GTR+G+I GTR+G+I GTR+G+I

*Acantholimon, Bamiania, Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon and Vassilczenkoa.
†Bamiania, Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon and Vassilczenkoa.
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0.007 for the trnY-T dataset (Table 1) and polytomies 
were present in basal and terminal nodes of the trees 
(Supporting Information, Fig. S3). However, no major 
incongruence was found between the topologies of the 
nrDNA ITS and trnY-T trees, the only discrepancies 
consisting of a lack of resolution of internal nodes 
in the trnY-T trees (Fig. 1; Supporting Information, 
Figs S2, S3). Therefore, the DNA matrices were com-
bined into a single dataset. Phylogenetic analyses of 
the combined matrix based on maximum parsimony, 
maximum likelihood and Bayesian inference resulted 
in similar topologies with improved resolution and 
node support compared to the nrDNA ITS tree. From 
hereon, we describe and discuss the Bayesian tree 
from the combined matrix (Fig. 2).

Acantholimon in its current circumscription was 
found to be paraphyletic due to the the eight closely 
related genera (hereafter, ACRG) being nested in 
Acantholimon (Fig. 2). Acantholimon and these 
genera formed a well-supported clade (PP = 1.00, 
ML BS = 100, MP BS = 98), which we refer to as 
‘Acantholimon s.l.’. Goniolimon was recovered as 
sister to the Acantholimon s.l. clade (PP = 1.00, ML 
BS = 100, MP BS = 93). In the Acantholimon s.l. line-
age, two major clades were recovered (A and B) that 
contain five and three of the ACRG, respectively. Clade 
A includes only representatives of Acantholimon sec-
tions Acantholimon and Armeriopsis and of the ACRG 
(PP = 0.83, ML BS = 80, MP BS = 79). Of these five gen-
era, Chaetolimon and Vassilczenkoa form a subclade 
(A1; PP = 1.00, ML BS = 100, MP BS = 98) that is sister 
to the remainder of clade A. The next diverging sub-
clade is A2 containing Bamiania, Cephalorhizum and 
Popoviolimon forming a trichotomy (A2; PP = 1.00, ML 
BS = 99, MP BS = 84), which is in turn sister to sub-
clade A3 with low support (PP = 0.82, ML BS = 88, MP 
BS = 80). The large clade B (PP = 1.00, ML BS = 99, 
MP BS = 92) includes all the representatives of the 
medium-sized and small sections of Acantholimon 
(Acmostegia Bunge, Gontscharovia Lincz., Inermia 
Rech.f. & Köie, Microstegia Bornm., Physostegia Rech.f. 
& Schiman-Czeika, Platystegia Rech.f. & Schiman-
Czeika, Poicilocephala Rech.f. & Schiman-Czeika, 
Pterostegia Bunge, Schizostegia Rech.f. & Schiman-
Czeika and Stereophylla Rech.f. & Schiman-Czeika), 
representatives of the large sections Acantholimon, 
Armeriopsis, Glumaria Boiss. and Tragacanthina and 
three of the ACRG. Of these genera, Gladiolimon is 
deeply nested, forming a clade with two representa-
tives of section Acmostegia (PP = 1.00, ML BS = 90, MP 
BS = 92); Bukiniczia and Dictyolimon form a subclade 
(B1; PP = 1.00, ML BS = 100, MP BS = 100) that is sis-
ter to the remainder of clade B (subclade B2) (Fig. 2).

Internal resolution in Acantholimon s.s., i.e. clades 
A3 and B2, is rather poor and includes subclades with 
weak support. However, some small and large groups 

with strong support were also found across the two 
clades; these are discussed below. Regarding the mono-
phyly of conspecific samples, of 38 species represented 
by multiple accessions, the samples in 17 of them were 
monophyletic, whereas samples of 16 formed polyto-
mies with representatives of other species; samples of 
only five species were paraphyletic, although they fell 
close together in the tree (Fig. 2). Of those five spe-
cies, only A. festucaceum (Jaub. & Spach) Boiss. was 
affected by well-supported non-monophyly, with its six 
samples occurring in four different positions, although 
all in clade A3 (Fig. 2C).

The Bayesian 50% majority rule consensus tree 
obtained from the combined dataset without missing 
data did not show changes in the composition of the 
major clades (A, A1, A2, A3, B, B1, B2). The only signifi-
cant differences were the resolution of the trichotomy 
in A2, i.e. Bamiania sister to the other two genera, and 
the clustering of the sequences from the same spe-
cies into monophyletic groups, e.g. for A. densiflorum 
Assadi due to the removal of samples with a high num-
ber of missing data. In addition, two new clades were 
recovered in B2 involving 21 and 13 species, although 
with no match with the current sections and weak sup-
port (results not shown).

teStS of monophyly

The comparison of marginal likelihood estimates from 
topologically constrained and unconstrained analyses 
for three groups in Acantholimon s.l. supports mono-
phyly in the three cases (Table 2). The likelihood val-
ues of the unconstrained topologies (H0) were lower 
(−17 196.74) than the alternative constrained topolo-
gies for clades A, A2+A3 and A3 (−16 676.80, −16 581.67 
and −16 557.71, respectively). Therefore, the Bayes 
factors approach indicates that the constrained topolo-
gies are more likely, suggesting that even if the groups 
implied by the three tested clades have moderate sup-
port, they are not unrealistic. In contrast, when we 
tested the monophyly of Acantholimon s.s., i.e. exclud-
ing all the ACRG, the likelihood of the unconstrained 
topology (H0) was higher (−17 196.74) than that of 
the alternative topology (H1) in which the monophyly 
of Acantholimon s.s. was constrained (−18 865.66). 
Therefore, the Bayes factor approach indicates that 
the unconstrained topology is more likely and thus 
supports our finding that Acantholimon s.s. is not 
monophyletic.

anceStral character State reconStruction

The most likely habit for the most recent common 
ancestor of Acantholimon s.l. was reconstructed to be 
a pulvinate to densely branched caespitose subshrub 
with linear acuminate leaves, currently present in 
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Acantholimon s.s. (Fig. 3). The alternative habit, per-
ennial herb with rosulate leaves, occurs in most of the 
nested genera (Bamiania, Bukiniczia, Cephalorhizum, 
D i c t y o l i m o n ,  Po p o v i o l i m o n ,  C h a e t o l i m o n , 
Vassilczenkoa) and in Goniolimon

With regard to leaf morphology, flat spathulate 
leaves (or at least widest towards the distal half), fre-
quently slightly fleshy and leathery when dry (state 1), 
are common in some of the ACRG and in Goniolimon, 
whereas in Acantholimon s.s. leaves are linear or sub-
linear, acuminate, rigid and frequently triquetrous 
(state 3), except for A. inerme Rech.f. & Köie and 
A. revolutum Rech.f. & Köie (of section Inermia), which 
with Chaetolimon and Vassilczenkoa share sublin-
ear to linear-oblanceolate, soft leaves (state 2; Fig. 3). 
The earliest diverging nodes in Acantholimon s.l. are 
inferred to have had state 3 for this character.

Our results indicate that the most recent com-
mon ancestor of Acantholimon s.l. most probably had 
an infundibular calyx (state 1; Fig. 4). This charac-
ter state is maintained through the backbone nodes 
along branches leading to most of the clades contain-
ing species traditionally assigned to Acantholimon. 
The tubular calyx (state 2) occurs in a few spe-
cies of Acantholimon s.s. and among portions of the 
ACRG (Bukiniczia, Chaetolimon, Gladiolimon and 
Vassilczenkoa) (Fig. 4). Regarding the number of flow-
ers per spikelet, the likelihood scores at the backbone 
nodes of Acantholimon s.l. are virtually the same 
for both character states (Supporting Information, 
Fig. S4).

DISCUSSION

The monophyly of Acantholimon as traditionally cir-
cumscribed could not be confirmed nor rejected in a 
previous phylogenetic study based on a sampling c. 
30% the size of the present one and including only 
one of the ACRG (Moharrek et al., 2014). In that 
study, Popoviolimon was placed in Acantholimon in an 
nrDNA tree, but not in a maximum likelihood plastid 

DNA tree. A Shimodaira–Hasegawa test of nuclear and 
combined matrices failed to reject the null hypothesis 
that Acantholimon was monophyletic without includ-
ing Popoviolimon. The present phylogenetic study, the 
most comprehensive for the genus Acantholimon con-
ducted to date and the first to sample eight different 
ACRG in addition to Goniolimon, leads to two main 
conclusions. First, Acantholimon s.s. as currently cir-
cumscribed (Linczevski, 1971; Rechinger & Schiman-
Czeika, 1974; Kubitzki, 1993) is not monophyletic. 
A monophyletic and well-supported Acantholimon s.l. 
includes Acantholimon s.s. and the ACRG Bamiania, 
Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, 
Gladiolimon, Popoviolimon and Vassilczenkoa. This 
result is not totally unexpected since three of the eight 
genera and more than half of the species represented 
in them were initially described under Acantholimon 
and later segregated on the basis of morphological 
characters such as habit and leaf morphology (Bunge, 
1872; Mobayen, 1964; Linczevski, 1967, 1971, 1979; 
Rechinger & Schiman-Czeika, 1974; Kubitzki, 1993).

The second main finding is that there are two dis-
tinct lineages, in which the species of Acantholimon 
s.s. are placed (clades A and B; Fig. 2), showing a poor 
match with the current taxonomic arrangement and 
the morphological characters on which this arrange-
ment was based (see the sections on infrageneric clas-
sification and evolution of morphological characters 
below). These two lineages are supported by independ-
ent analyses of nrDNA and partly by plastid DNA 
data and in agreement with the above mentioned 
previous study based on a more restricted taxon sam-
pling (Moharrek et al., 2014). Congruence between two 
molecular trees from differently inherited and evolving 
regions is a good indication that those trees are a fair 
representation of the organismal-level phylogenetic 
pattern of relationships (Nieto Feliner & Rosselló, 
2007). There is no clear taxonomic pattern associated 
with clades A and B beyond the smaller representa-
tion of sections in clade A. However, there is some geo-
graphical pattern since most species in clade A occur 
in the western areas of the Irano-Turanian region, 

Table 2. Summary of Bayes factor comparisons of phylogenetic hypotheses with and without the monophyly of four 
groups of Acantholimon s.l. constrained (clades composition in Figure 2)

Tested constrained 
hypothesis, H1

LnL: constrained (H1) LnL: unconstrained (H0) Bayes factor 
[2loge(B10)]

Interpretation of evidence 
(Kass & Raftery, 1995)

Clade A monophyletic −16 676.80 −17 196.74 1039.88 Positive for H1

Clades A2 + A3 
monophyletic

−16 581.67 −17 196.74 1230.14 Positive for H1

Subclade A3 
monophyletic

−16 557.71 −17 196.74 1278.06 Positive for H1

Acantholimon s.s. 
monophyletic

−18 865.66 −17 196.74 −3337.84 Positive for H0
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i.e. eastern Mediterranean, Turkey, western Iran and 
western Caucasus. In contrast, eastern and western 
groups are found intermingled in clade B. Although 
this study is not focused on relationships beyond the 
Acantholimon s.l. clade, our phylogenetic analyses also 
indicate that Goniolimon is sister to the Acantholimon 
s.l. lineage (Figs 1, 2A).

Our results strongly challenge the current taxonomic 
circumscription of Acantholimon. To adequately repre-
sent the evolutionary relationships among the Asian 
lineages analysed here, the generic circumscription of 
Acantholimon should be extended to accommodate the 
nine ACRG, as explained below lineage by lineage. Our 
study also challenges the currently accepted infrage-
neric classification. However, compared to the generic 
circumscription, several facts urge caution before for-
mally proposing sectional changes in the taxonomy 
of Acantholimon s.s. and thus we only discuss those 

changes informally below. These facts are the moderate 
or weak support for some branches in clades A and B 
(Fig. 2), the scarcity of morphological diagnostic char-
acters supporting phylogenetic groups, although the 
morphological support for traditionally recognized sec-
tions is also weak (see below the infrageneric classifi-
cation section), and the species sampling in this study, 
which although substantial is non-comprehensive.

Also, we hypothesize that weak to moderate sup-
port and resolution for some lineages could be due 
to a recent origin. However, not mutually exclusive 
alternative explanations may be also responsible or 
have contributed to such pattern. No doubt a broader 
sampling of the nuclear and plastid genomes would 
have generated more informative markers. In addi-
tion, the taxonomic studies independently developed 
in Turkey (Doğan & Akaydin, 2007), Iran–Afghanistan 
(Rechinger & Schiman-Czeika, 1974; Assadi, 2005), 

Figure 3. Morphological character evolution of habit (left) and leaves (right) optimized on a maximum likelihood tree 
obtained from a combined (nrDNA ITS and trnY-T) molecular dataset with one sample per species. Major clades are repre-
sented schematically with triangles proportional to their size; pie charts denote the likeliness of each character state being 
present at each node. A change from leaf character state 3 to 2 in A. inerme and A. revolutum is not reflected in this scheme.
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Figure 4. Morphological character evolution of calyx shape (infundibular vs. tubular) optimized on a maximum likelihood 
tree obtained from a combined (nrDNA ITS and trnY-T) molecular dataset with one sample per species.
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former USSR territories (Linczevski, 1967) and east-
ern China (Peng & Kamelin, 1996) demand a compre-
hensive updated revision. It is thus possible that the 
actual number of species is over-estimated and that 
such a synthetic revision will reduce the number of 
species, transforming some species that form poly-
tomies in our trees into simple synonyms. Selective 
amplification of ITS copies when intragenomic poly-
morphisms occur could lead to some paralogy conflict 
(Álvarez & Wendel, 2003). Also, lack of coalescence and 
the possibility of incomplete lineage sorting are not 
unlikely if diversification is recent, at least in some 
species with larger ranges and greater population 
sizes, e.g. A. acerosum (Willd.) Boiss., A. festucaceum, 
A. scorpius Boiss. and A. ulicinum Boiss. Another side 
effect of a recent diversification in which reproduc-
tive isolation is incomplete could be hybridization. 
Since there is no strong conflict between the plastid 
and nrDNA ITS trees, hints of the involvement of 
incomplete lineage sorting or hybridization could be 
explored in samples from the same species. However, 
our results are not indicative of a strong involvement 
of either phenomenon. We found no paraphyly among 
the sequences of 28 of the 38 species (74%) for which 
there is intraspecific sampling and only in one case, 
A. festucaceum, did the placement of intraspecifc sam-
ples indicate well-supported non-monophyly (Fig. 2C), 
which might be due to hybridization (see below under 
section Acantholimon). Below we discuss generic and 
infrageneric levels independently.

circumScription of AcAntholimon

By extending the  boundaries  o f  the  genus 
Acantholimon we avoid naming a paraphyletic 
assemblage. Alternatives to a wide circumscription 
of Acantholimon, i.e. recognition of some or all of the 
ACRG at the generic level, would prevent us keeping 
Acantholimon s.s. species from the two main clades (A 
and B) in a single genus. The geographical range, pre-
vious taxonomy and morphological and phylogenetic 
affinities of these ACRG are briefly commented on 
below together with the taxonomic implications of our 
analyses.

Gladiolimon
This genus is distributed in Afghanistan (Mobayen, 
1964; Rechinger & Schiman-Czeika, 1974), and its 
only species (Acantholimon speciosissimum Aitch. 
& Hemsl.) was separated as an independent genus 
(Gladiolimon) by Mobayen (1964) based on its rela-
tively large, flat leaves, two- or three-flowered spikelets 
and tubular calyx, but these characters match those 
in Acantholimon section Acmostegia. Its placement as 

sister to two representatives of section Acmostegia in 
the phylogenetic tree (Fig. 2B) confirms that the mono-
typic Gladiolimon should be included in Acantholimon, 
although this section cannot be maintained as such. 
Rechinger & Schiman-Czeika (1974) also considered 
Gladiolimon part of Acantholimon, but they placed it 
in a different section (section Armeriopsis).

Bukiniczia and Dictyolimon
Bukiniczia (≡ Aeoniopsis Rech.f.) is distributed across 
Afghanistan and Pakistan (Kubitzki, 1993). This 
monotypic genus was created by Linczevski (1971) 
based on its ample paniculate inflorescences, tubu-
lar calyx and basal densely imbricate rosulate leaves. 
However, despite also being recognized as an inde-
pendent genus by Kubitzki (1993), the inclusion of 
Bukiniczia cabulica (Boiss.) Lincz. in Acantholimon 
s.l. is strongly supported by our study. Dictyolimon 
is known to comprise four species from Afghanistan, 
Pakistan and India (Kashmir) (Rechinger & Schiman-
Czeika, 1974; Kubitzki, 1993): D. macrorrhabdos 
(Boiss.) Rech.f., D. griffithii (Aitch. & Hemsl.) Rech.f., 
D. gilesii (Hemsl.) Rech.f. and D. thomsonii (Clarke) 
Rech.f. They resemble Bukiniczia in habit and leaves, 
among other characters, but show emarginate pet-
als and oblong-capitate stigmas compared to oblong 
stigmas in Bukiniczia (Rechinger & Schiman-Czeika, 
1974; Kubitzki, 1993). This is consistent with the phy-
logenetic trees, in which the clade formed by D. macr-
orrhabdos and D. griffithii is sister to the monotypic 
Bukiniczia with strong support (B1; Fig. 2A). Therefore, 
Dictyolimon and Bukiniczia could constitute a section 
under Acantholimon.

Cephalorhizum, Bamiania and Popoviolimon
The taxonomic history of these genera is intermin-
gled because the single species of both Bamiania and 
Popoviolimon were segregated from Cephalorrhizum 
by Linczevski (1971). Cephalorrhizum, with four spe-
cies [C. coelicolor (Rech.f.) Rech.f., C. micranthum Lincz., 
C. oopodum Popov & Korovin and C. popovii Lincz.], is 
quite widespread in Afghanistan and parts of Central Asia 
(Kubitzki, 1993), whereas Bamiania and Popovioliomon 
are endemic to Afghanistan and Turkmenistan, respec-
tively (Rechinger & Schiman-Czeika, 1974; Kubitzki, 
1993). As explained above, Moharrek et al. (2014) ques-
tioned the independence of Popoviolimon based on 
nrDNA ITS evidence but not on trnY-T (see the begin-
ning of the discussion). However, in our phylogenetic 
analyses Popoviolimon, Cephalorrhizum and Bamiania 
form a strongly supported lineage (A2; Fig. 2C) in clade 
A. Therefore, these three genera could constitute one 
section in Acantholimon s.l.
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Chaetolimon and Vassilczenkoa
Chaetolimon was separated from Acantholimon as 
an independent genus including three species [C. sog-
dianum Lincz., C. setiferum (Bunge) Lincz. and 
C. limbatum Lincz.] (Linczevski, 1967), one of which 
(C. sogdianum) was later segregated from Chaetolimon 
to create Vassilczenkoa (Linczevski, 1979). Chaetolimon 
setiferum and C. limbatum are distributed in Central 
Asia, across relatively low elevations in the moun-
tains of the south-western Pamir-Alai, and western 
Tian Shan, whereas Vassilczenkoa sogdiana (Lincz.) 
Lincz. occurs in mountain ranges of Afghanistan and 
Tadzhikistan (Linczevski, 1967; Rechinger & Schiman-
Czeika, 1974, Kubitzki 1993). Chaetolimon and 
Vassilczenkoa differ by the relative lengths of bracts 
and calyx (Linczevski, 1967), but they share habit and 
leaf morphology and both occur in apparently more 
developed soils, including meadows. In contrast, most 
species of Acantholimon s.s. grow in gravelly, stony or 
exposed rocky soils. In our phylogenetic trees, C. set-
iferum and V. sogdiana form a strongly supported 
clade (A1; Fig. 2C), which should be more appropriately 
treated as a section of Acantholimon s.l.

infrageneric claSSification of AcAntholimon

With the exception of sections Platystegia and 
Pterostegia, with two species each, the remaining 
non-monotypic sections (Acantholimon, Acmostegia, 
Armeriopsis, Glumaria, Inermia, Microstegia and 
Tragacanthina) are not monophyletic according to 
our molecular phylogenetic results (Fig. 2). A brief 
discussion of the implications of our study in each of 
the currently accepted sections follows to identify the 
problems of the infrageneric taxonomic treatment.

Section Pterostegia
Including section Cymaria Bunge as recognized in 
the latest treatments (Mobayen, 1964; Rechinger & 
Schiman-Czeika 1974; Assadi, 2005), it contains two 
species, A. pterostegium Bunge and A. cymosum Bunge, 
and is endemic to central and north-eastern Iran 
(Rechinger & Schiman-Czeika, 1974; Assadi, 2005). 
Morphologically, this section is characterized by persis-
tent homomorphic leaves, capitate or paniculate inflo-
rescences, two- or three-flowered, two- to four-bracteate 
spikelets and an infundibular calyx, hairy within. Our 
phylogenetic analysis supports its recognition since the 
two species formed a strongly supported clade (Fig. 2A).

Section Platystegia
Like the previous section, this section contains two 
species (A. collare Köie & Rech.f. and A. heweri 
Rech.f. & Schiman-Czeika) and is consistent with the 

phylogenetic results (Fig. 2A). It is characterized by 
dimorphic leaves, capitate or lax inflorescence, one- to 
three-flowered, three- to six-bracteate spikelets and 
a tubular or infundibular calyx, glabrous within. The 
section is restricted to eastern Iran and north-west-
ern Afghanistan (Rechinger & Schiman-Czeika, 1974; 
Assadi, 2005).

Section Acmostegia
This section contains three species, all endemic to Iran, 
and has unique characters in the genus, including het-
eromorphic bracts with the internal ones concealing 
the calyx. Other characters including homomorphic 
leaves, capitate inflorescences, one- or two-flowered, 
two- to four-bracteate spikelets and a tubular calyx, 
glabrous within, are not uncommon in other sections 
(Rechinger & Schiman-Czeika, 1974; Assadi, 2005). 
Our study supports the close relationships between 
A. alavae Rech.f. & Schiman-Czeika and A. restia-
ceum Bunge, which form a clade sister to Gladiolimon 
(Fig. 2B). However, the third species and type of the 
section, A. acmostegium Boiss., is well nested in a 
clade composed of members of sections Armeriopsis, 
Microstegia and Tragacanthina. Thus, our phyloge-
netic results do not support the recognition of this sec-
tion including those three species.

Section Gontscharovia
Although originally described as including two species 
(A. mirandum Lincz. and A. mirum Lincz.) endemic to 
Central Asia (Linczevski, 1967), the section was later 
enlarged with two additional species from Afghanistan, 
A. saxifragifolium Rech.f. & Köie and A. acanthobryum 
Rech.f. & Schiman-Czeika (Rechinger & Schiman-
Czeika, 1974), and subsequently recognized as an inde-
pendent genus, Neogontscharovia (Linczevski, 1971), 
as followed by Kubitzki (1993). This section is char-
acterized by sub-homomorphic, rigid but somewhat 
flattened leaves, two- to four-flowered, three- to seven-
bracteate spikelets, small outer bracts and the calyx 
glabrous within. We have only sampled one species in 
this section, A. acanthobryum, which in our trees came 
out as sister to A. koeiei Rech.f. & Schiman-Czeika of 
Afghanistan (section Glumaria) (Fig. 2A). Therefore, 
our limited sampling does not allow conclusions to be 
drawn regarding the status of section Gontscharovia.

Section Inermia
This includes two species endemic to Afghanistan, 
A. inerme and A. revolutum (Rechinger & Schiman-
Czeika, 1974), which share unarmed soft leaves. In 
the inferred trees, A. inerme and A. revolutum did not 
form a monophyletic group, but since they are part of 
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a large polytomy at the base of clade B2, their mono-
phyly is not rejected (Fig. 2A).

Sections Schizostegia, Poicilocephala and 
Stereophylla
These three sections, established by Rechinger & 
Schiman-Czeika (1974), are monotypic and endemic to 
Afghanistan. Schizostegia is based on A. schizostegium 
Rech.f. & Schiman-Czeika, Poicilocephala on A. gluti-
nosum Rech.f. & Köie and Stereophylla on A. stereo-
phyllum Rech.f. & Schiman-Czeika. These three species 
are represented in our study and fell in the unresolved 
region of clade B2 that contains representatives of 
nine of the accepted sections (Fig. 2A). Therefore, not 
much can be concluded about their affinities.

Section Physostegia
This is a monotypic section, based on A. physostegium 
Rech.f. & Schiman-Czeika (Rechinger & Schiman-
Czeika, 1974), endemic to Afghanistan. In our study, 
A. physostegium is sister to a subclade in clade B2 
formed by A. solidum Rech.f. & Köie and A. tricolor 
Rech.f. & Köie, both from section Acantholimon and 
endemic to Afghanistan although with weak support 
(Fig. 2B). This questions either the independence of 
this section or the monophyly of section Acantholimon.

Section Acantholimon (= section Staticopsis)
As currently defined, this is the largest and most 
diverse section in the genus, consisting of up to 135 spe-
cies (Rechinger & Schiman-Czeika, 1974; Assadi, 2005; 
Doğan & Akaydin, 2007), of which 57 were analysed 
in this study. It is also the most widespread, spanning 
the whole range of the genus, and can be recognized 
by the following set of morphological characters: spike-
like inflorescences (simple or branched), one-flowered 
two-bracteate spikelets and an infundibular calyx, 
glabrous within. However, as currently circumscribed, 
this section is polyphyletic since the species sampled 
fell into nine positions in clades A and B (Fig. 2). Of the 
resulting subclades in which section Acantholimon is 
represented, there are four that suggest natural group-
ings, although some would require small changes in the 
allocation of species to sections. For instance, 17 mostly 
Iranian species form a monophyletic group, although 
with weak support in clade A3 (A. aspadanum Bunge 
to A. scabrellum Boiss. & Hausskn. ex Boiss. in Fig. 2C). 
Among those that would require some changes to 
form monophyletic groups are 11 species that fell in 
a structured subclade also in clade A3 with three spe-
cies of section Armeriopsis (A. bracteatum, type of the 
section, A. bromifolium Boiss. ex Bunge and A. latifo-
lium Boiss.) (Fig. 2C). If these results are confirmed 

by future studies, all the species in A3, from sections 
Armeriopsis and Acantholimon, could be merged into 
a single section. A close relationship between these 
sections was suggested based on the phenetic study 
of Doğan et al. (2007) although they formed two dis-
tinct clusters. Another example of a potential natural 
group to be identified in future studies is the case of 
12 species that formed a monophyletic group in clade 
B2 with low support (A. sackenii Bunge to A. alatavi-
cum Bunge in Fig. 2B) although only with the inclusion 
of one species from section Glumaria, A. ekatherinae 
(B.Fedtsch.) Czerniak. Furthermore, in that same 
clade, three smaller geographically coherent clades can 
be identified: one clade formed by five species of section 
Acantholimon (A. aulieatense Czerniak., A. knorringi-
anum Lincz., A. laxum Czerniak., A. nabievii Lincz. 
and A. sackenii) with A. ekatherinae (section Glumaria) 
from Central Asia; a second clade formed by two spe-
cies from Iran (A. fomini Kusn. and A. mishaudaghense 
Mobayen); and a third clade including two species from 
Turkey (A. hypochaerum Mobayen and A. wiedemanii 
Bunge). Finally, six species from section Acantholimon 
(A. avenaceum Bunge, A. blandum Czernjak., A. bode-
anum Bunge, A. flabellum Assadi, A. gorganense 
Mobayen and A. raddeanum Czernjak.) and A. scirpi-
num Bunge (section Glumaria) formed a strongly sup-
ported but unresolved subclade in clade B2 (Fig. 2A). 
Accessions of A. festucaceum were scattered across four 
positions in clade A3, a pattern that should be studied 
with an extended sampling and may suggest the occur-
rence of different entities and/or hybridization. Double 
peaks were detected in nrDNA ITS sequences in two 
samples, which were discarded.

Section Armeriopsis
This is also a large section of up to 35 species (Linczevski, 
1967; Rechinger & Schiman-Czeika, 1974; Assadi, 2005; 
Doğan & Akaydin, 2007), of which 18 have been sam-
pled in this study. Its main centre of diversity is located 
in Iran and Afghanistan and it is diagnosed by the 
capitate inflorescences made of condensed spikes with 
two- to five-flowered, two- to six-bracteate spikelets and 
an infundibular calyx, glabrous within. The phyloge-
netic results suggest that, as presently circumscribed, 
the section does not represent a monophyletic group. 
The sampled species fell into different placements in 
clades A and B (Fig. 2). The most strongly supported 
group in the section is composed of six species that fall 
in clade A3. Two (A. cephalotoides Rech.f. and A. dema-
vendicum Bornm.) from Iran form a group that is sis-
ter to a clade formed by four species (A. diapensioides 
Boiss., A. ekbergianum Rech.f. & Schiman-Czeika, 
A. cephalotes Boiss. and A. compactum Korovin) from 
Afghanistan and Pamir (Fig. 2C). As discussed above, 
the monophyletic group A3, gathering species from 
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sections Acantholimon and Armeriopsis, may deserve 
taxonomic recognition. The rest of the species of section 
Armeriopsis appeared intermingled with representa-
tives of sections Acantholimon, Acmostegia, Glumaria, 
Microstegia and Tragacanthina in clade B2 (Fig. 2A, B).

Section Glumaria
This section, comprising up to 30 species distributed in 
Central Asia, Iran and Afghanistan (Linczevski, 1967; 
Rechinger & Schiman-Czeika, 1974; Assadi, 2005), is 
shown to be an artificial group. It is defined morphologi-
cally by its dimorphic leaves, lax spike-like inflorescences, 
one- to three-flowered, two- to six-bracteate spikelets and 
an infundibular calyx, glabrous within. Not only are the 
nine species analysed here dispersed across clade B2, but 
also no clade exclusively integrated by species of this sec-
tion emerged from our analyses (Fig. 2A, B).

Section Microstegia (=  Dracogina Mobayen)
The six species of this small (seven species) morphologi-
cally uniform Iranian section sampled here fell in two dif-
ferent positions in clade B2 with A. austroiranicum Rech.f. 
& Schiman-Czeika separated from the five remaining 
species (Fig. 2A, B). Therefore, our study suggests that 
the set of morphological features used to define the sec-
tion, including dimorphic leaves, capitate inflorescences 
made of condensed spikes, one- to four-flowered, two- to 
four-bracteate spikelets and an infundibular calyx, pilose 
within, have evolved in parallel at least twice.

Section Tragacanthina
This large section comprises up to 25 species, dis-
tributed across Iran, Afghanistan, eastern Turkey, 
Caucasus and Central Asia (Linczevski, 1967; 
Rechinger & Schiman-Czeika, 1974; Assadi, 2005; 
Doğan & Akaydin, 2007). The set of characters used 
to define it is far from unique (heteromorphic leaves, 
lax or dense paniculate inflorescences, one-flowered, 
three-bracteate spikelets and a tubular or infundibu-
lar calyx, glabrous within). Thus, it is not unexpected 
that it represents another artificial assemblage. The 
17 species sampled fell into four different positions 
in clade B2 and no smaller monophyletic groups were 
recovered except for the one including A. leucacan-
thum Boiss. and A. curviflorum Bunge, which, how-
ever, received weak support (Fig. 2A, B).

evolution of morphological characterS anD 
the origin of the AcAntholimon SynDrome

A direct consequence of the poor fit of the current infra-
generic taxonomy of Acantholimon to the phylogenetic 
results provided here is that some of the morphological 

characters seem to be of limited use in defining mono-
phyletic groups. The maximum likelihood approach to 
study the evolution of a selection of those morphologi-
cal characters indicates that they convey varying levels 
of homoplasy. Nevertheless, the morphological patterns 
identified in this study pose questions that seem to be 
closely linked to the origin and diversification of the 
lineages identified in the phylogenetic analyses.

Of the four characters surveyed, two (number 
of flowers per spikelet and calyx shape) have been 
mainly used to diagnose sections in combination with 
others, whereas the other two (habit and leaves) have 
been mainly used to diagnose genera. Calyx shape and 
number of flowers per spikelet were inferred to change 
repeatedly along Acantholimon s.l., illustrating their 
limited use for identifying infrageneric groups (Fig. 4; 
Supporting Information, Fig. S4). However, calyx shape 
shows more consistency, compared to number of flow-
ers per spikelet, with the phylogenetic trees (e.g. clade 
A has an exclusively infundibular calyx, except for the 
Vassilczenkoa + Chaetolimon clade) and the existing 
classifications (e.g. the large sections Acantholimon 
and Armeriopsis have an infundibular calyx).

Habit and leaves have three aspects in common: 
they show less homoplasy arising once or twice in 
Acantholimon s.l. (with a probable reversal of the 
acuminate rigid leaves towards unarmed soft leaves in 
section Inermia), there is some correlation between the 
two (Fig. 3) and they have been important in the taxo-
nomic recognition of the ACRG. The ancestral character 
state reconstruction for these two characters illustrates 
how most of the ACRG have been considered independ-
ent genera because they depart from what we here call 
the ‘Acantholimon syndrome’, that is, a pulvinate to 
densely branched–caespitose subshrub with linear rigid 
acuminate leaves (Fig. 5). Specifically, such a departure 
from the Acantholimon syndrome can be represented by 
two morphological schemes in seven of the eight ACRG 
sampled (Fig. 3). Five of these (Bamiania, Bukiniczia, 
Cephalorhizum, Dictyolimon and Popoviolimon) con-
form to a scheme (referred to here as the ‘Limonium 
syndrome’) that is quite common in Limonioideae not 
only in most Limonium spp., but also in Goniolimon. The 
Limonium syndrome is characterized by the perennial 
herbaceous habit, paniculate inflorescences, a poorly 
to moderately branched thick rootstock and rosulate 
leaves, which are somehow spathulate, slightly fleshy 
and leathery when dry. Chaetolimon and Vassilczenkoa 
represent a different morphological pattern. They have 
been assigned character state 1 for habit based on their 
rosulate leaf arrangement. However, their caespitose 
habit, together with their leaves, which are soft, sub-
linear or linear-oblanceolate, with a non-rigid apical 
bristle, suggest a different scheme with respect to the 
Limonium syndrome. This pattern in Chaetolimon and 
Vassilczenkoa is much more taxonomically restricted 
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(three species) than the Limonium and Acantholimon 
syndromes and seems to be associated with more devel-
oped soils at lower elevations in the mountains. In con-
trast, the eighth of these genera, Gladiolimon, conforms 
to the Acantholimon syndrome and fell in Acantholimon 
s.s. in the molecular phylogenetic trees (Fig. 2).

Two hypotheses could explain the occurrence of the 
two main morphological syndromes in Acantholimon 
s.l. In the first, the crown node of the Acantholimon 
s.l. conformed to the Limonium syndrome. This would 
imply convergence in the Acantholimon syndrome, i.e. 
independent origins in clades A and B, and two reversals 

to the leaf character state 2 in clade A1 (Chaetolimon 
+ Vassilczenkoa) and in section Inermia (B2, Figs 2, 
3). The second hypothesis is that the crown node of 
Acantholimon s.l. conformed to the Acantholimon 
syndrome so that the pulvinate to densely branched–
caespitose subshrub with linear acuminate leaves 
originated once. This hypothesis requires a paral-
lel reversal to the Limonium syndrome in Bamiania, 
Cephalorhizum and Popoviolimon (in clade A) and 
Bukiniczia and Dictyolimon (in clade B) and reversals 
to the leaf character state 2 in clade A1 (Chaetolimon + 
Vassilczenkoa) and section Inermia (clade B2).

Figure 5. Morphological syndromes in Acantholimon and closely related genera. Acantholimon syndrome (pulvinate to 
densely branched–caespitose subshrub with linear acuminate leaves) in: A, A. talagonicum Boiss.; B, A. libanoticum Boiss.; 
C, A. acmostegium Boiss. & Buhse; D, A. pterostegium Bunge; E, A. speciosissimum Aitch. & Hemsl. [Gladiolimon spe-
ciosissimum (Aitch. & Hemsl.) Mobayen]. Limonium syndrome (perennial herb with paniculate inflorescence, moderately 
branched rootstock and rosulate spathulate leaves, slightly fleshy, leathery when dry) in F, Bamiania pachycorma (Rech.f.) 
Lincz. Photograph credits: A, Shahrokh Kazempour-Osaloo; B, Magda Bou Dagher; C–D, Robabeh Shahi; E–F, Ian C. Hedge 
©Collections of the Royal Botanic Garden Edinburgh.
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Based on the higher likelihood that the character 
states for habit and leaves in the Acantholimon s.l. 
crown node were 2 and 3, respectively (Supporting 
Information, Appendix S2, Fig. 3), the second hypoth-
esis would be more likely than the first; however, the 
second is less parsimonious. In addition, since the 
Limonium syndrome is common among Limonioideae 
and occurs specifically in the sister group, Goniolimon, 
it is also conceivable that the character states that 
define it (1 for both habit and leaves) have been retained 
as plesiomorphic in Acantholimon s.l., specifically in 
Bamiania, Bukiniczia, Cephalorhizum, Dictyolimon 
and Popoviolimon, and the Acantholimon syndrome 
originated twice. An independent acquisition of the 
Acantholimon syndrome is conceivable considering that 
characters such as the rigid acuminate leaves – offering 
comparatively reduced water loss and protection against 
herbivory – and the cushion (or densely caespitose sub-
shrubby) habit are not uncommon in open continental 
mountainous dry habitats with poorly developed soils 
(Boucher et al., 2016). In fact, a similar habit occurs in 
a different genus of Caryophyllales, Acanthophyllum 
C.A.Mey. (Pirani et al., 2014; Manafzadeh et al., 2014; 
Hernández-Ledesma et al., 2016), also distributed in 
the Irano-Turanian region.

The Limonium syndrome displayed in Bamiania, 
Bukiniczia , Cephalorhizum , Dictyolimon  and 
Popoviolimon occurs in similar habitats to those in 
which Acantholimon s.s. species occur and leaves in 
these genera show thicker epidermis and higher imbri-
cation in the rosettes, particularly Bukiniczia and 
Dictyolimon, compared with, for example, Goniolimon 
(Fig. 5F). Thus, no matter if the Limonium syndrome 
in Acantholimon s.l. represents a retained plesiomor-
phic condition (first hypothesis) or resulted from a 
parallel reversal (second hypothesis), it appears that 
it required specific adaptations to those habitats in 
parallel with the Acantholimon syndrome. The recon-
struction of ancestral morphological character states 
against the molecular phylogenetic trees raises inter-
esting questions such as whether the unique or con-
vergent acquisition of the Acantholimon syndrome 
influenced the species richness and whether a burst 
of diversification took place in this lineage. Both ques-
tions are being addressed in an ongoing study.
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Additional Supporting Information may be found in the online version of this article at the publisher’s web-site:

Appendix S1. Voucher information: species name, locality, collector(s), voucher (herbarium), GenBank accession 
numbers for nrDNA ITS and trnY-T, respectively (*sequences new for this study).
Appendix S2. Morphological characters selected for this study and character states coding.
Appendix S3. Model testing (equal-rates model – ER; symmetrical model – SYM; all-rates-different model – ARD) 
for ancestral character state reconstruction under a maximum likelihood approach using likelihood ratio test (LRT).
Table S1. Morphological characters and states for each species.
Figure S1. Maximum likelihood cladogram of the combined nrDNA ITS and trnY-T datasets, generated by raxm-
lGUI used for the character evolution analyses. Bootstrap values ≥ 50 are indicated.
Figure S2. Bayesian 50% majority rule consensus tree of Acantholimon and closely related genera (Bamiania, 
Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon, Vassilczenkoa) based on the 
nrDNA ITS region. Nodes with Bayesian posterior probability (PP), maximum likelihood bootstrap (ML BS) and 
maximum parsimony bootstrap (MP BS) values ≥ 50% are indicated.
Figure S3. Bayesian 50% majority rule consensus tree of Acantholimon and closely related genera (Bamiania, 
Bukiniczia, Chaetolimon, Cephalorhizum, Dictyolimon, Gladiolimon, Popoviolimon, Vassilczenkoa) based on the 
trnY-T region. Bayesian posterior probability (PP), maximum likelihood bootstrap (ML BS) and maximum parsi-
mony bootstrap (MP BS) ≥ 50% are shown in the nodes.
Figure S4. Morphological character evolution of the number of flowers per spikelet [one vs. (one) two to five] 
optimized on a maximum likelihood tree obtained from a combined (nrDNA ITS and trnY-T) molecular dataset 
with one sample per species.
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