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Abstract

Hymenonema (Compositae, tribe Cichorieae) together with the genera Catananche, Gundelia, and Scolymus forms the sub-
tribe Scolyminae. It is endemic to Greece and consists of two species, Hymenonema laconicum and Hymenonema graecum,
which occur in the south Peloponnisos and central Aegean area, respectively. The present contribution aims at a phyloge-
netic reconstruction of evolutionary relationships among the 12 species of the subtribe, focusing on the temporal and spatial
framework for its evolution. The phylogenetic relationships among the members of Scolyminae were inferred from molecular
data based on the multi-copy region of the nrDNA internal transcribed spacers ITS1 and ITS2, two intergenic spacers of
the cpDNA (¢rnL-trnF, rpl32-trnL), and one single-copy nuclear region (D10). The gene trees were reconstructed using
Bayesian phylogenetic methods. All gene trees support the monophyly of Hymenonema and the sister-group relationship
with the genus Scolymus. The further sister-group relationship of this group (Hymenonema—Scolymus) with Catananche is
also supported by nrDNA and cpDNA analyses. Finally, a species tree (inferred in a Bayesian coalescent framework) was
reconstructed and dates the divergence time between the two Hymenonema species to the Pleistocene (around 1.3 Ma ago).
Maximum likelihood-based biogeographical reconstructions suggest a Miocene (pre-Messinian) differentiation of the sub-
tribe on the northern Tethyan platform, followed by Miocene/Pliocene dispersal events to the western Mediterranean and
North-African platforms and final, small-scale vicariance events within the genera in the Pleistocene.
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Introduction

Narrow endemism is the cornerstone of plant diversity in the
Mediterranean area, and its geographical patterns and their
geological, climatological, and ecological correlates are fun-
damental for understanding the region’s plant biogeography,
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(sometimes called monotypic) endemic genera are of special
interest due to the notion that their morphological unique-
ness and geographical isolation may reflect the long-lasting
phylogenetic independence of a palaeo-endemic or “living
fossil” lineage. Following Gould (2002), living fossils are
species or genera “belonging to ancient lineages from which
most species are now extinct, and which have undergone
relatively little evolutionary change” (Wright et al. 2012).

The flora of Greece is rich in flowering plant endemics,
approximately 1462 taxa (1278 species and 452 subspecies
from 270 genera and 58 families), and owes this richness
in endemic taxa (22.2%) to small-scale differentiation and
speciation processes in its mountain and island habitats.
Additionally, Greece, as part of the Balkan Peninsula, has
probably acted as a refuge for taxa of the surrounding flo-
ristic regions through geological times (Dimopoulos et al.
2013). Many of these plant endemics are considered to be
neo-endemic species, which have probably formed in rela-
tively recent times through speciation events, potentially
driven by geological and climatological changes in the
Pleistocene. However, the Greek flora also harbours seven
endemic genera that may be palaco-endemics or “living fos-
sils”. Six of these are unispecific (Petromarula R. Hedw.,
Campanulaceae; Phitosia Kamari & Greuter, Compositae;
Jancaea Boiss., Gesneriaceae; Lutzia Gand., Brassicaceae;
Horstrissea Greuter et al., and Thamnosciadium Hertvig,
both Umbelliferae), and one (Hymenonema Cass., Com-
positae) comprises two species. For some of these genera,
dated phylogenetic reconstructions are available, allowing
classification as neo- or palaeo-endemics, but for others this
information is still missing (i.e. Horstrissea and Thamnos-
ciadium), or published conclusions have to be considered
preliminary due to incomplete sampling in closely related
genera (i.e. Petromarula, Cellinese et al. 2009; Phitosia,
Enke and Gemeinholzer 2008; and Hymenonema, Tremets-
berger et al. 2013).

The genus Hymenonema belongs to the tribe Cichorieae
of the sunflower family (Compositae or Asteraceae) and
comprises perennial herbs growing in stony places, cliffs,
roadsides, and olive groves. Its two species, H. laconicum
Boiss. & Heldr. and H. graecum (L.) DC., are found in the
lowlands of the southern Peloponnisos mountains, and on
most of the Kiklades islands and islets, respectively (Liv-
eri et al. 2018). Phylogenetic reconstruction for the tribe
based on nrDNA ITS sequences (Tremetsberger et al. 2013)
indicated that the genus is a member of the subtribe Sco-
lyminae, together with Catananche L. (5 spp.), Gundelia L.
(6 spp.), and Scolymus L. (3 spp.). Hymenonema diverged
from its sister genus Scolymus around 8.5 Ma ago, while
the crown age of the whole subtribe was dated to 19.9 Ma
(13.1-26.4 Ma). However, each of the four genera was
represented only by a single species (i.e. C. caerulea, G.
tournefortii, H. graecum, and S. hispanicus), which may
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have influenced the results, especially since the members
of the subtribe exhibit a considerable range of life histories
(annual, biennial, and perennial), which may affect dating
due to very different generation times.

Owing to the incomplete taxonomic sampling of Trem-
etsberger et al. (2013) and the focus on Hymenonema in
the present study, we aimed at a complete sampling of
the three crown-group genera Catananche, Hymenonema,
and Scolymus. Additionally, we enlarged the sampling of
molecular sequence data by adding sequence information
from the chloroplast genome and from a single-copy nuclear
region. By this, we aim at a more conclusive phylogenetic
reconstruction of relationships among the members of the
subtribe and at a better supported dating of its differentiation
processes, especially in terms of stem and crown ages of the
genus Hymenonema. We further aim at a species tree-based
reconstruction of the biogeographical history of the subtribe.

Materials and methods
Plant material

Individuals from most of the taxa belonging to subtribe
Scolyminae and occurring in Greece (Catananche lutea,
Hymenonema graecum, H. laconicum, Scolymus hispani-
cus), were collected during field excursion in 2013-2015.
Herbarium specimens of all the collected taxa are lodged
at the Herbarium of the University of Patras (UPA). For the
molecular analysis, DNA extracts were obtained either from
silica-gel-dried leaves of specimens collected in the wild
or from herbarium specimens housed at UPA. For the rest
of the taxa of the subtribe Scolyminae, DNA extracts were
obtained from herbarium specimens from the Herbarium of
the Botanic Garden and Botanical Museum Berlin-Dahlem
(B; see Table 1 and Online Resource 1).

Since Hymenonema is the main focus of the present study,
ten accessions belonging to this genus were included (six
for H. graecum and four for H. laconicum). The remaining
21 accessions included 2-3 from each taxon of the subtribe
(except for Catananche montana Coss. & Durieu for which
only one was available). The genus Gundelia was used as an
outgroup, with one accession from each of the two species.
A total of 31 accessions were included in the present study.

DNA extraction, amplification, and sequencing

The samples were extracted using a modified protocol
(Oberprieler et al. 2018) based on the CTAB method of
Doyle and Doyle (1987). The quality of the extracted DNA
was checked on 1.5% TBE agarose gel.

For the phylogenetic analyses, we amplified two inter-
genic spacer regions on the plastid genome (¢trnL-trnF and
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rpl32-trnL), the nuclear ribosomal internal transcribed
spacer region (ntDNA ITS) and one single-copy nuclear
marker (D10), selected from those characterised by Chap-
man et al. (2007) for the sunflower family. The screen-
ing of the Chapman et al. (2007) markers was done with
two Catananche species (C. arenaria, C. caerulea) and
comprised 28 different markers; eight primer combina-
tions resulted in sequenceable PCR products, of which
one (D10) was readable and variable. The plastid spacer
trnLL(UAA)-trnF(GAA) was amplified using the primers
[trnL]e and [trnF]f (Taberlet et al. 1991), whereas the
primers trnL(YA%) and rpl32-F (Shaw et al. 2007) were
used to amplify rpl32-trnL. PCR amplification was per-
formed using the Taq DNA Polymerase Master Mix Red in
a final volume of 12.5 pl, using the protocol suggested by
the company (Ampliqon, Odense, Denmark). Except for a
few cases, the following thermal profile was employed for
all amplifications: 2 min at 95 °C, then 35 cycles of 30 s
at 95 °C, 30 s at the annealing temperature, 30 s at 72 °C,
and a final extension of 5 min at 72 °C. The annealing
temperatures were 50 °C for the trnL-trnF and 58 °C for
the rpl32-trnL amplifications.

The nrtDNA ITS1 and ITS2 spacers were amplified sepa-
rately using primers P1 and P2 (White et al. 1990) for ITS1,
and P3 and P4 (White et al. 1990) for ITS2. For one acces-
sion of the species Catananche caespitosa (A864), different
primers [18SF (Rydin et al. 2004) and P2B (White et al.
1990) for ITS1, and P3 (White et al. 1990) and SR (Blattner
et al. 2001) for ITS2] were used, because no bands were
obtained using the standard primers. The annealing tem-
perature for the ITS reactions was 50 °C. The annealing
temperature for the single-copy nuclear marker (D10) using
primers D10f and D10r (Chapman et al. 2007) was 60 °C or
62 °C. Six accessions (see Table 1) needed to be cloned for
the single-copy nuclear marker D10 due to illegible electro-
pherograms in direct sequencing. Cloning was done using
the CloneJET PCR cloning kit (Fisher Scientific, Waltham,
Massachusetts, USA) according to the manufacturer’s rec-
ommendations. Eight colonies were picked for each cloned
accession, and three of them were sequenced. Finally, a sin-
gle sequence per accession (i.e. the sequence most similar to
the sequences of other, directly sequenced accessions) was
included in the alignment and in the subsequent phylogenetic
analyses, assuming that more dissimilar sequences resulted
from co-amplification of paralogous loci.

The PCR products were purified using Agencourt
AMPure magnetic beads (Agencourt Bioscience Corpora-
tion, Beverly, Massachusetts, USA). Cycle sequencing was
performed by Macrogen (Seoul, Korea) using amplification
primers. The obtained electropherograms were carefully
checked for ambiguities using Chromas Lite v.2.10 (Tech-
nelysium Pty Ltd., Tewantin, Australia; http://technelysi
um.com.au/chromas.html).

GenBank
MH728882
MH728872

D10

GenBank
MH728897/MH728928

GenBank
(trnL-trnF) (rpi32-trnL) ITS1/ITS2

GenBank
B 100550617 MH728974 MH728856 MH728912/MH728943

Voucher
B 10 0550244 MH728959 MH728841

Iter Medit. V: no

54-1795]
Vogt 9276 and Prem-

Oberprieler 4053

Vogt

[

Collector

34°47'N, 05°45'W  Vogt 9617 and

Coordinates

Rmel, 140 m

Ma, Sefiane, Col de
1-5m

Hs, Cadiz, Tarifa,

Accession Location

code
A899
Al51

Vouchers are housed in the herbaria of the Botanic Garden and Botanical Museum Berlin-Dahlem (B; with herbarium accession numbers indicated) and of the University of Patras (UPA).

Asterisks (*) besides GenBank accession numbers indicate samples cloned for marker D10

Table 1 (continued)
Scolymus maculatus L.

Taxon

@ Springer
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Data processing and gene tree reconstruction

Alignments were prepared using the Clustal W progressive
method for multiple sequences alignment (Thompson et al.
1994) on the internet platform: http://www.ebi.ac.uk/Tools
/msa/clustalw?2/. Final alignments (see Online Resources
2-6) were checked and edited manually with BioEdit v.7.2.5
(http://www.mbio.ncsu.edu/bioedit/bioedit.html) for cases of
obvious alignment errors (i.e. non-homologous gap forma-
tions that could be interpreted as homologous ones with-
out being less parsimonious). Gaps were coded as binary
characters using the simple gap coding method of Simmons
and Ochoterena (2000) as implemented in the software Gap-
Coder (Young and Healy 2003).

Maximum parsimony (MP) analysis was done for the
plastid markers (trnL-trnF and rpl32-trnL concatenated
into a single alignment), ntDNA ITS, and D0 separately,
using PAUP* 4.0 v.b10 (Swofford 2002) and implementing
a branch-and-bound search with MulTrees option in action.
Support for clades was evaluated using the parsimony boot-
strap (Felsenstein 1985). For the ntDNA ITS and the D10
data set, 100 bootstrap replicates with a branch-and-bound
search were performed. For the cpDNA markers, a heuristic
search was used for the bootstrap replicates with 100 random
addition sequence replicates per bootstrap replicate (again
100 bootstrap replicates) and a single tree held at each step
during stepwise addition and the TBR option in action.

Bayesian inference (BI) phylogenetic analyses were per-
formed for the plastid markers, ntDNA ITS, and D10 sepa-
rately, as for the MP analyses, using the software MrBayes
v.3.2.1 (Ronquist and Huelsenbeck 2003). The model that
best fit the sequence information for each of the different
markers was selected based on the Akaike Information Cri-
terion (AIC) in jModelTest v.2.1.6. (Darriba et al. 2015) and
is shown in Table 2. The BI analyses were conducted using
seven heated chains and one cold one, with a chain heating
parameter of 0.2 in the two parallel runs. The Metropolis-
coupled Markov chain Monte Carlo (MC?) chains were run
for 5x 10 generations, with trees sampled every 1000th
generation. Attainment of convergence among searches

was checked by examining the average standard deviation
of split frequencies as reported by MrBayes and by com-
paring likelihood values and parameter estimates in Tracer
v.1.6 (Rambaut and Drummond 2007). Convergence of runs
was assumed when values for the average standard devia-
tion of split frequencies bumped below 0.01 and effective
sample size (ESS) values for all parameters was higher than
100. A burn-in of 25% of the run length was applied as by
default (Ronquist et al. 2011), having checked that conver-
gence between runs was reached well before that generation
number. The remaining trees were summarised using the
“halfcompat” setting (equivalent to a 50% majority rule) for
the consensus tree.

Species tree inference and molecular dating

In order to infer a total-evidence species tree based on all
markers and accessions, we submitted the complete data
set to the species tree reconstruction and divergence time
estimation procedure in the program *BEAST (Heled and
Drummond 2010). Therefore, the species tree reconstruction
did not follow a traditional concatenation method of phylog-
eny reconstruction from multiple gene regions, but rather a
multi-species coalescent model that uses the separate gene
trees to infer a global species tree based on coalescent theory
(coalescence of gene tree lineages within species lineages).
This model assumes no gene flow between lineages once
speciation has occurred and requires the a priori assignment
of individual sequences to the species defined. The BEAST.
xml input files were produced using BEAUti v.1.8.1 (Drum-
mond et al. 2012) and comprised ten different partitions: the
sequence information plus the binary coded gap informa-
tion for each of the five markers. (The two plastid regions
as well as the three nuclear ones were imported separately,
although tree and clock models were kept linked for each
sequence and its corresponding indel partition.) Nucleotide
substitution models were chosen according to jModelTest
v.2.1.6. (Darriba et al. 2015), but model parameters were
allowed to vary in parameter space around a mean value
corresponding to the one given by jModelTest assuming a

Table 2 Aligned lengths, substitution models (with model parameters), and number of variable and parsimony-informative sites (PI; calculated

in PAUP*, Swofford 2002) for each molecular region

Marker Length Variable PI variable Model Model parameters Coded
sites sites - — — indels
Base frequencies Substitution rates Gamma distri-
(A,C,G,T) (A-C, A-G, A-T, C-G, bution shape
C-T, G-T) parameter
cpDNA 1531 241 (16%) 177 (12%) TVM+G 0.36,0.14,0.15,0.35 1.0,1.0,0.1,1.2,1.0, 1.0 1.0671 78
nrDNA ITS 570 155 (38%) 13533%) GTR+G 0.22,0.27,0.27,0.24 0.7,1.2,0.8,0.2,3.6, 1.0 0.6551 26
DI0 411 262 (46%) 209 37%) HKY+I+G 0.32,0.19,0.19,029 1.2,2.5,0.9,1.2,2.7,1.0 0.6511 43
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normal distribution (Table 2). For the five indel partitions,
the binary simple model was chosen.

In order to choose the best clock and species tree models,
we performed different analyses using the “strict clock” or
the “log-normal relaxed clock” (Drummond et al. 2006), and
with the “Yule” (Yule 1924) or the “Birth—Death” (Kendall
1948) models as species tree priors. The best models were
selected by calculating the marginal likelihood estimates
(MLE) using stepping-stone sampling (SS; Xie et al. 2011;
chain length for the MLE = 10°, number of steps =100 and
alpha=0.3) in BEAST v.1.8.1 (Drummond et al. 2012).
Since from preliminary analyses the position of Gundelia
was uncertain, we also ran different sets of analyses with
and without enforcing the outgroup position of the above-
mentioned genus. Concerning the population size model,
the pairwise linear model with constant root was applied in
all analyses. The analyses were run in the CIPRES Science
Gateway https://www.phylo.org/portal2/ for 10° generations,
sampling every 50,000th generation. Once the best models
were found (Table 3), two independent runs were performed,
and—after checking convergence and determining burn-in
values in Tracer v.1.6 (ESS values higher than 200 were
considered acceptable)—the results of the two analyses were
merged using LogCombiner v.1.8.1 (Drummond et al. 2012)
and applying a burn-in period of 10% of the total number
of trees sampled. Finally, the remaining 18,000 trees were
used to construct a maximum clade credibility tree with a
posterior probability limit set to 0.5 using TreeAnnotator
v.1.8.1 (Drummond et al. 2012).

In order to obtain absolute divergence times, we used the
age estimation of the subtribe Scolyminae given by Trem-
etsberger et al. (2013) to calibrate our species tree recon-
struction. In this study, the authors estimated the minimum
ages of the most recent common ancestor of the tribe Cicho-
rieae and its subtribes, based on ntDNA ITS sequence and
using the oldest fossils of Cichorium-, Scorzonera- and
Sonchus-type pollen as calibration points. Since different

Table 3 Means and 95% confidence intervals of marginal likelihood
estimates from 10 replicate analyses under different clock and species
tree models

Yule Birth—death
Strict clock
Enforced topology —8579.212 (£2.22) —8576.899 (+2.66)
Unenforced topology ~ —8581.341 (+2.84) —8581.442 (£2.52)
Relaxed clock
Enforced topology —8542.904 (+1.3) —8542.327 (+2.07)
Unenforced topology ~ —8550.245 (+1.69)  —8539.960 (+2.57)

The bold likelihood value indicates the combination of priors that
best fits the data

reconstructions were presented in Tremetsberger et al.
(2013)—with constrained and unconstrained topology, and
calibrating stem or crown groups—we used the broadest
interval among different age estimates to calibrate the crown
age of the Scolyminae. With this interval ranging from 13.1
to 32.5 Ma, we applied a normally distributed tmrca prior
(mean: 22.8 Ma, SD: 5.9) to calibrate the root of our species
tree reconstruction.

Biogeographical analysis

Dispersal, vicariance, and extinction events in the phy-
logeny of Scolyminae were inferred by maximum likeli-
hood-based ancestral area reconstruction implemented in
Lagrange v20130526 (Ree and Smith 2008). The analyses
were run under Python v2.7.13 (with the two libraries scipy
and numpy installed) and a script prepared with the online
Lagrange configurator (http://reelab.net/lagrange/configurat
or/index). The calibrated, ultrametric species tree was used
as input, and species distributions were determined based on
information from the Euro + Med plantbase (2006-2017).
The six areas used in the biogeographical analysis were
defined on the basis of three criteria: (1) geographical
boundaries that may have acted as barriers to dispersal (e.g.
water bodies and mountain ranges); (2) congruent distribu-
tional ranges of endemic species of the study group (e.g.
A, Hymenonema spp.; B, Gundelia spp.; C, Catananche
areanaria, C. caespitosa, and C. montana); and (3) congru-
ent distributional ranges (sympatric distribution) shared by
two or more species based on their Euro + Med plantbase
distribution information (Fig. 1). A single adjacency matrix
was specified for the analysis (Table 4a), assigning a dis-
persal rate of 1.0 between adjacent areas and 0.1 between
non-adjacent areas as done in a comparable biogeographical
analysis by Tremetsberger et al. (2016). No restriction con-
cerning the number of ancestral areas allowed was enforced.

o~
c

Fig.1 Areas used in the biogeographical Lagrange analysis. A,
Greece; B, E Mediterranean, S Caucasus; C, NW Africa; D, SW
Europe; E, Balkans, N Caucasus; F, NE Africa. (Base map modified
from a freely distributed global map of the world downloaded from
http://www.diva-gis.org/Data.htm)
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Table 4 Model-based ancestral area reconstruction in the Scolyminae using the software Lagrange (Ree and Smith 2008)

(@)

Areas

A Greece

B E Mediterranean, S Caucasus

C NW Africa

D SW Europe

E Balkans, N Caucasus

F NE Africa

A B C D E F

A - Adjacent Non-adjacent Adjacent Adjacent Non-adjacent

B - Non-adjacent Non-adjacent Adjacent Adjacent

C - Adjacent Non-adjacent Adjacent

D - Adjacent Non-adjacent

E - Non-adjacent

(b)

Node Split InL Rel. prob.

1 [AIA] —38.8 0.04657
[DID] -39.32 0.02754
[ABCDFIB] -39.33 0.02726
[ABCDIB] -39.37 0.02637
[ABCDEFIB] -39.51 0.0229

2 [DID] —38.54 0.06045
[AIA] —38.56 0.05884
[CIABCDEF] —38.87 0.04345
[DIABCDEF] —39.03 0.03694
[CIC] -39.24 0.02977

3 [AIABCDEF] -374 0.1881
[AIABCD] —38.07 0.09669
[AIABCDF] -38.14 0.08962
[AIACD] —38.37 0.07116
[AIABD] —38.55 0.05977

4 [CIACD] -37.09 0.2567
[CIABCD] -37.22 0.2247
[CIC] -37.89 0.1157
[CICD] —38.23 0.08225
[CIABD] —38.24 0.08117

5 [CIC] -35.82 0.9129
[CICD] -39.0 0.03807

6 [DIABCDEF] —37.31 0.2063
[AIABCDEF] —37.33 0.2025
[CIABCDEF] —38.3 0.07672
[DIABCDF] —38.41 0.06836
[BIABCDEF] —38.42 0.06796

7 [ABCDIC] -36.8 0.3432
[ACDIC] —37.18 0.2346
[ABDIC] —37.78 0.1288
[CIC] —38.34 0.07372
[CDIC] -384 0.06949
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Table 4 (continued)

(®)

Node Split InL Rel. prob.

8 [CIC] -35.95 0.8014
[CDIC] —37.66 0.1457
[DIC] -39.29 0.02847

9 [AIA] -35.82 0.9124
[AEIA] —40.09 0.01281
[AIAE] —40.09 0.01281
[ADIA] —40.18 0.01162
[AIAD] —40.18 0.01162

10 [CIABCDEF] —36.68 0.3852
[DIABCDEF] -36.74 0.3628
[CIABCDF] —38.24 0.08128
[DIABCDF] -383 0.07656
[CIABCD] -39.2 0.03104

11 [BIB] -35.79 0.9413
[BFIB] —40.4 0.009386

(a) Areas and area adjacency matrix used as input. (b) Splits with associated log likelihoods (In L) and relative probabilities (Rel. Prob.) for each
node. Node numbers refer to those indicated in Fig. 3. Reconstructions are listed from the highest to the lowest relative probability; however,
only the first five reconstructions per node are shown, except for those where the second reconstruction has a much lower relative probability

Results
Gene trees

The three gene trees with support values obtained both from
the BI and MP analyses are shown in Fig. 2, and detailed
information on the different regions used in the analyses is
given in Table 2. In both the cpDNA (Fig. 2a) and ntDNA
ITS (Fig. 2b) trees, the accessions of all three ingroup genera
(Hymenonema, Catananche, and Scolymus) form monophy-
letic groups with strong posterior probability (PP) and/or
bootstrap (BS) support. In the D10 tree (Fig. 2¢), Hyme-
nonema and Catananche are recovered as monophyletic, but
Scolymus lacks support as a monophyletic lineage and is
instead recovered as a grade. In all three trees, Scolymus is
the sister genus to Hymenonema. The reciprocal monophyly
of the two species of Hymenonema is supported in the ITS
tree, but not in the plastid or the D10 tree; in the former, one
accession of H. graecum is unresolved outside the H. grae-
cum clade, while in the latter, one accession of H. laconicum
is sister to a clade (H. laconicum+ H. graecum).

Species tree and biogeographical analysis

The maximum clade credibility (MCC) tree obtained from
the *BEAST analysis is shown in Fig. 3. The clock model
that performed better was the log-normal relaxed clock,
while the Birth—Death tree model outperformed the Yule
model. Enforcing Gundelia as outgroup did not produce

better results; therefore, the final analyses were performed
with a relaxed clock, Birth—Death speciation model and
unenforced topology (see Table 3 for information on the
log marginal likelihood estimates and ranges obtained for
all different models).

In the species tree obtained, the four genera of the sub-
tribe Scolyminae are all monophyletic and receive high
PP support values. While Scolymus is supported as sister
to Hymenonema, with the time of divergence between the
two genera estimated as 9.2 Ma ago (3.7-15.7 Ma), the
relationships among Gundelia, Catananche, and the Hyme-
nonema—Scolymus clade remain unresolved due to the lack
of support for a sister-group relationship of the latter two
lineages. Speciation within Hymenonema is inferred to
have taken place in the Pleistocene, at around 1.3 Ma ago
(0.4-2.3 Ma).

Model-based ancestral area reconstruction (Fig. 3,
Table 4b) was equivocal for many of the ancestral nodes, due
to both the uncertainties connected with the relationships
among the major lineages in the species tree (see above)
and likelihood values for many nodes supporting alternative
vicariance scenarios (Table 4b). While we observed strong
support for the differentiation of Hymenonema in Greece
(node 9, area A), Gundelia in the E Mediterranean-S Cau-
casus region (node 11, area B), and the clade of Catananche
arenaria, C. caerulea, and C. caespitosa in NW Africa
(nodes 5 and 8, area C), all other nodes of the underlying
species tree received at least two biogeographical scenarios
with nearly equivalent likelihoods. For the most basal nodes
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«Fig.2 50%-majority-rule Bayesian consensus trees of a the con-
catenated data set of the two plastid intergenic spacer regions trnL-
trnF and rpl32-trnL, b the ntDNA ITS region and c the single-copy
nuclear region D/0. Numbers above branches indicate Bayesian pos-
terior probabilities, while those below the branches refer to the boot-
strap support values from the maximum parsimony (MP) analyses.
Accession codes (see Table 1) are given in brackets in the leaf labels

of the tree (nodes 1 and 2), however, differentiation on the
Eurasian platform (areas A and D: Greece and SW Europe)
for the pre-Messinian Miocene (i.e. ~20-5.3 Ma) appears
reasonable when taking into account also reconstructions
with suboptimal likelihood values. Additionally, the pre-
sent reconstructions also point towards the differentiation
of Scolymus in connection with the dispersal of this line-
age throughout the whole Mediterranean region (node 3), of
Catananche in connection with the dispersal into NW Africa
(node 4), and of Gundelia in connection with dispersal into
the E Mediterranean-S Caucasus region (node 11) (Fig. 3).

Discussion

The present analysis provides further support for the find-
ing of Kilian et al. (2009) and Tremetsberger et al. (2013)
of the sister-group relationship between Hymenonema and
Scolymus, and for Catananche and Gundelia being more
distantly related. With its crown age inferred at 20.8 Ma
(11.3-29.9 Ma), our age estimates are consistent with the
hypothesis that the subtribe is composed of a group of old

lineages with long-term isolation. This circumstance may
explain the considerable morphological and life-history
diversity exhibited by its members, with scapose, annual to
perennial herbs in Catananche and Hymenonema, herbs with
long and spiny stems in Scolymus, and plants with single-
flowered capitula aggregated into capitulate syncalathia in
Gundelia.

In contrast to the high stem ages of the four genera of Sco-
lyminae (9.2-20.8 Ma) dating back to their differentiation
in the Early and Middle Miocene, their crown ages point to
much more recent diversification into the present-day species
during the Pliocene (Catanache, Scolymus) or even during
the Pleistocene (Hymenonema, Gundelia). As far as Hyme-
nonema is concerned, its stem age of 9.2 Ma (3.7-15.7 Ma)
places it at an intermediate age among the Greek palaeo-
endemic genera, with the Cretan endemic Petromarula
(Campanulaceae) showing phylogenetic independence for
the last 20-25 Ma (Cellinese et al. 2009), on the one hand,
and the possibly much younger Jancaea (Gesneriaceae) on
the other (< 7.5 Ma; Petrova et al. 2015). The third endemic
genus of Greece, for which a date of origin is available, the
unispecific genus Phitosia (Compositae), belongs to another
subtribe of Cichorieae (Chondrillinae) but shows a stem age
comparable with that of Hymenonema (i.e. 12.4 Ma; Trem-
etsberger et al. 2013). The highly dynamic and complex Ter-
tiary history of the Northern Peri-Tethys platform with its
recurrent episodes of palaeogeographic reorganisation and
basin rearrangements (Meulenkamp and Sissingh 2003) may
have triggered the differentiation processes among the four

laconicum  [A] 29[
. graecum  [A] 2
D, 2
. grandiflorus [CD] Ay
>
. hispanicus [ABCDEF]®
R S. maculatus [ABCDF] ©
) —
. caespitosa [C] 2
. caerulea [CD] 2
D , . arenaria [C] ©
1 o
lutea [ABCD] O n
x
_montana  [C] 2%
A BG. tournefortii [B] 24
1 11
G. aragatsi [B] 2

Fig.3 Dated species tree for the subtribe Scolyminae estimated
using *BEAST, based on sequence data from four regions (trnL-
trnF, rpl32-trnL, ntDNA ITS, D10). The error bars indicate the 95%
highest posterior density intervals for the divergence times estimates.
Numbers above branches indicate Bayesian posterior probabilities
from the species tree analysis under the multi-species coalescent

model. Base chromosome numbers and growth forms (i.e. 9| : peren-
nial; ® : annual; @) : biennial) are indicated to the right of the taxon
names. The ancestral areas with the highest single relative probabil-
ity from Lagrange analysis are indicated with letters (A, Greece; B,E
Mediterranean, S Caucasus; C,NW Africa; D,SW Europe; E,Bal-
kans, N Caucasus; F, NE Africa)
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generic lineages of Scolyminae on the Eurasian platform as
inferred in our present maximum likelihood-based ancestral
area reconstruction and may account for their long-lasting
geographical isolation.

Contrary to its old stem age, the crown age of Hyme-
nonema (i.e. 1.3 Ma; 0.4-2.3 Ma)—hence the separation
of its two allopatrically distributed species H. graecum and
H. laconicum—is very recent and falls into the Pleistocene.
Since the Kiklades islands (home of H. graecum) and the
Peloponnisos (H. laconicum) were connected through main-
land Greece until the end of the Pliocene (c. 2 Ma; Fattorini
2002; Chatzimanolis et al. 2003), but subsequent eustatic
sea-level changes during the Pleistocene were never severe
enough to reconnect the Kiklades to mainland Greece (Greu-
ter 1979; Comes et al. 2008; Poulakakis et al. 2015), this
makes the Pliocene/Pleistocene boundary the most probable
geological period for this allopatric speciation event. Similar
examples of such allopatric speciation events are reported
for the species pair Symphytum creticum (Willd.) Greuter &
Rech.f. and S. insulare (Pawt.) Greuter & Burdet (as Pro-
copiana Gusul., Greuter 1979) and between the subspecies
Centaurea laconica Boiss. subsp. laconica and C. laconica
Boiss. subsp. lineariloba (Haldcsy & Dorfl.) E.Gamal-Eldin
& Wagenitz (D. Phitos personal comm.). Morphological
variation observed in H. graecum with even some popula-
tions on the Kiklades islands of Mikonos, Naxos, Siros, and
Tinos showing character expressions intermediate between
H. graecum and H. laconicum (Liveri et al. 2018) may
constitute retained plesiomorphies from the joint ancestor
and shows that allopatric differentiation processes through
genetic drift and/or selection in the island populations of the
former species may still be in full swing.

The present study elucidates the phylogenetic relation-
ships of Hymenonema with its closest relatives, estimates
the divergence time of the two species, and gives insight
into the differentiation events that took place between its
members. The separation of the two species falling into the
Pleistocene and their geographical distribution (Liveri et al.
2018) strongly support the scenario of allopatric speciation
and confirm an old line of isolation between Peloponnisos
and Kiklades. The presence of morphologically intermedi-
ate plants between the two Hymenonema species that have
been described recently (Liveri et al. 2018) reveals the pos-
sibility of a complex geographical speciation event in the
Aegean Archipelago that could explain the lack of reciprocal
monophyly in all surveyed markers. More collections of H.
graecum from the Kiklades in a follow-up project and the
utilisation of a higher number of molecular markers through
the application of next-generation sequencing (NGS) meth-
ods like RAD-Seq or genotyping-by-sequencing (GBS) will
probably help to discriminate between allopatric or peripat-
ric speciation scenarios.
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