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“When on board of H. M. S ‘Beagle’, I was much struck

with certain facts in the distribution of inhabitants of South
America, and in the geological relations of the present to the
past inhabitants of that continent. These facts seemed to me to
throw some light on the origin of the species—that mistery of
misterys”’

C. Darwin, 1859

Als barrancs, que ara sovintejaven, s hi escampaven gleves
denses de silene brodades de floretes rosades i ornades de
[’exuberancia de les semprevives, mentre que a les concavitats
petites treien el cap les ultimes anemones, els ranuncles de les
geleres, migrats clavells i centenars d’altres flors diminutes de
noms estranys i colors vivissims.

W. Bonatti, 1999 (traducci6 de S. Pohl)
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Abstract

Since ancient times the diversity of life forms has fascinated and intrigued
humanity. How do species originate? How did they achieve their present geographic
distributions? In the last decades, the progress of molecular systematics tools has
allowed for successfully answering these questions. In this thesis, we perform a
systematic study of the genus Cymbalaria, a group of rupicolous plants endemic to the
Mediterranean Basin. Mainly, we used phylogenetic and phylogeographic methods and
morphological analyses to infer their evolution and biogeographic history, and to
propose a new taxonomic classification from the perspective of integrative taxonomy.
Our results show that Cymbalaria originated ca. 4 million years ago and diversified
during and after the establishment of Mediterranean type climate, through allopatric,
sympatric and polyploid speciation. At least, two long-distance dispersal events from
Corsica-Sardinia to the Balearic Islands occurred, although no apparent adaptations for
dispersal exist in this case. Marine barriers successfully interrupted gene flow and
allowed allopatric speciation to take place in some cases, while, in others, species
successfully maintained gene flow between populations separated by the sea.
Pleistocene sea-level fluctuations could have contributed to the present distribution of
taxa and triggered speciation. By combining molecular and morphological data, we
bring the classification of Cymbalaria closer to the integrative taxonomy concept and
identify valuable diagnostic morphological characters. Here, we propose a new
circumscription of C. fragilis to include specimens misidentified as C. aequitriloba due
to the variability of seed ornamentation. Also, we describe the new paraphyletic
subspecies C. muelleri subsp. villosa, from which C. muelleri subsp. muelleri originated
through anacladogenetic speciation. Thus, we discuss the need for recognizing non-
monophyletic taxa, since evolution does not always result in purely dichotomous
branching patterns. Finally we suggest a new taxonomic treatment for the eastern
Mediterranean species, in which we split C. microcalyx into four species, describe the

new species C. spetae and propose two new combinations.
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Resum

Des de temps ancestrals la diversitat d’éssers vius del planeta ha fascinat i intrigat la
humanitat. Com s’originen les espécies? Com han assolit la distribucid geografica
actual? En les darreres décades, el gran avenc¢ de les téecniques de sistematica
molecular ha permes anar resolent aquests interrogants de manera satisfactoria. En
aquesta tesi, desenvolupem un estudi sistematic del genere Cymbalaria, un grup de
plantes rupicoles endémiques de la conca Mediterrania. Hem utilitzat principalment
tecniques moleculars de filogenia i filogeografia i analisis morfologiques per inferir la
seva historia evolutiva i biogeografica, i proposar una nova classificaciéd taxonomica
des de la perspectiva de la taxonomia integrativa. Cymbalaria va originar-se al voltant
de 4 milions d’anys i va diversificar durant i després de I'establiment del clima
mediterrani per mitja de processos d’especiacié al-lopatrica, simpatrica i poliploide.
Com a minim, dues dispersions a llarga distancia des de Corsega-Sardenya a les Balears
van ocorrer, tot i no observar-se adaptacions especifica a la dispersié en aquest cas.
Les barreres marines han interromput exitosament el flux genetic en alguns casos,
estimulant I'especiacié al-lopatrica, mentre que, en altres, les espécies han aconseguit
mantenir el flux genetic entre poblacions separades pel mar. Les fluctuacions del nivell
del mar del Pleistoce probablement van contribuir a la distribucié actual dels taxons i
van afavorir I'especiacid. La combinacié de dades moleculars i morfologiques ens han
permes apropar la classificacié del génere al concepte de taxonomia integrativa i
identificar els caracters morfoldgics amb valor diagnostic. Aixi doncs, proposem una
nova circumscripcio per C. fragilis per incloure poblacions que, degut a I'ornamentacié
de les llavors, s’havien identificat com a C. aequitriloba. Per altra banda, descrivim la
nova subespécie parafiletica C. muelleri subsp. villosa, de la qual s’origina per
especiacié anacladogenetica C. muelleri subsp. muelleri. Aixi, discutim la importancia
de reconeixer taxons no monofilétics, que son el reflex d’una historia evolutiva que no
sempre produeix relacions purament dicotomiques entre les espécies. Finalment,
proposem un nou tractament taxonomic per a les espécies de la Mediterrania oriental,
en que dividim I'antiga C. microcalyx en quatre espécies, descrivim la nova espécie C.

spetae i proposem dues noves combinacions.
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General introduction

Plant systematics

Far are the days when systematics and taxonomy were indistinctly used as
synonyms (Stuessy, 2009a). Since C. Darwin and A.R. Wallace’s postulates (Darwin &
Wallace, 1858; Darwin, 1859) as well as the contribution of many other previous
scientists, species became something more than just entities God placed somewhere.
Species became something temporary, circumstantial, contrary to immutable,
permanent entities. Where do they come from? What is more, what is their ancestor
and which are the closest extant species sharing it? Systematists realized they were
dealing with a changing discipline, and thus solely classifying the species on the basis
of morphology ceased to make sense. Answering the questions on how did they
originate and how did they manage to occupy the piece of Earth they do at present
became a fundamental part of any systematic study. Taxonomy became just a step in

the Systematics approach, the last step.

The study of evolution is crucial for any modern study of systematics, and comprises
two faces: the study of the relationships between species (phylogeny), and the
processes that originated them (speciation, cf. Stuessy et al., 2014). Advances in
molecular techniques represented a great step-forward on studying the evolution, but
also pushed part of the scientific community to oversimplification. As a remarkable
example, the cladistics school used the molecular techniques to reinforce their
principles by advocating for the acceptance of strictly monophyletic clades in
taxonomic classification, assuming that all speciation events result in dichotomous
branching patterns (Stuessy, 2009b). However, a few well known evolutionary
processes result in non-dichotomous branching patterns. Among those, hybridization
and polyploidy are processes of main importance in the evolution of plants, and are
often linked to each other (Soltis & Soltis, 2009). As a result, they generate
incongruence among gene trees, resulting in species relationships that are better
explained by networks than by strictly bifurcating phylogenetic trees (Huson & Bryant,
2006). Nowadays, incongruence among gene trees from different sources has been
shown to be more the rule than the exception (e.g. Pelser et al., 2010; Hilpold et al.,
2014; Sun et al., 2015). Far from considering incongruence a limitation, it has to be

considered a source of information to disentangle complex evolutionary processes
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(Wendel & Doyle, 1998). In recent years, species tree approaches use DNA from
different parts of the genome to build a single phylogenetic tree in the framework
of the coalescent theory (Doyle, 1992; Nordborg et al., 2004; Heled & Drummond,
2010). New algorithms are in constant development and improvement to better
accommodate for incongruence and higher amounts of data obtained from modern

sequencing techniques.

Biogeography is strongly related to the idea of evolution, and the two concepts feed
each other. Actually, C. Darwin and A. R. Wallace (specially the latter) are also
considered the fathers of modern historical biogeography. The relationship between
phylogeny and geography was fundamental for both scientists in developing their
postulates: “the more nearly any two forms are related in blood, the nearer they will
generally stand to each other in time and space” (Darwin, 1859), and “every species
has come into existence coincident both in space and time with a pre-existing closely
allied species” (Wallace, 1855). The derived conclusion from this observation was
crucial: similar species live close to each other because they descend from the same
organism. Biogeographic studies aim to find the origin and causes for the current
distribution of organisms, basically by inferring that of their ancestors. This information
is essential to understand speciation processes and the role of geographic isolation.
When speciation occurs in sympatry, it can be caused or favored by divergent ecologic
specialization (Rundle & Nosil, 2005; Schluter, 2009) or by processes such polyploidy,
combined or not with hybridization, can result in an immediate interruption of gene
flow between the new species and the ancestor/s (Soltis & Soltis, 2009; Wood et al.,
2009). The most studied and discussed scenario has been, however, allopatric
speciation. Probably, the role of two types of allopatric speciation, vicariance and
peripatric speciation, has been the biggest discussion of the last century in
biogeography (Wiley, 1988; Queiroz, 2005). The debate became especially harsh for
cases in which dispersal barriers were huge: how did organisms without particular
adaptations for dispersal reach a given disjunct distribution area? Geology provided
the mechanism for the strong vicariance paradigm in biogeography: the continental
drift. Its confirmation stimulated the shift from the mostly dispersalist explanation for

the distributions of organisms —used in former times by C. Darwin and prevalent idea
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until the 1960s— to vicariance. The vicariance school was also fed by the cladistics
school, building together a radical thinking that often rejected C. Darwin’s ideas, and
set dispersalism as an out-of-science discipline (Nelson & Platnick, 1981). However,
new pieces of evidence coming from molecular dating strongly advocate against the
vicariance paradigm: in most cases, the split of continents is much older than the
estimated ages of species (Queiroz, 2005). Thus, we are back to Darwin’s message:

given enough time, many things that seem unlikely can happen (Darwin, 1859).

Taxonomy

In the modern Systematics concept, taxonomy becomes an integrative discipline
that should reflect all the knowledge derived from evolutionary studies as well as any
other kind of available data (Stuessy, 2009a; Schlick-Steiner et al., 2010). For us,
humans, classification is a need, a basic innate mental activity. We need to store the
knowledge in a meaningful way. The first step of any study related to biodiversity, is to
identify the components of our study system, and thus the job made by taxonomists
becomes crucial. Furthermore, the predictive value of taxonomy is of major interest
for applied sciences (Stuessy, 2009a). In front of the unknown, a classification
framework based on multiple sources allows for predicting features of an unknown
entity based on its similarities with classified knowledge. Predictive value is a powerful
consequence of taxonomy with major importance in applied sciences, for example, in
the search for new drugs, development of resistance to pests in agriculture or

optimization of chemical reactions, among many others.

Relevance of Systematics

Thus, Systematics as a whole has the main objective of understanding the diversity
of life, subdivided in three main steps: (1) determine which life forms occur on the
planet, (2) understand their origins and (3) organize the knowledge (Stuessy et al.,
2014). A profound knowledge of biodiversity has evident direct benefits for society: we
depend on a huge proportion on biotic resources from a wide diversity of organisms.

Systematics possesses a feature that may shock scientists from other disciplines: often,
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a systematic study does not begin with a hypothesis and then seeks for the organism
ideally suited to test it. Instead, the organisms to study are often selected first for
diverse reasons. For hypothesis testing, model organisms, i.e. well-known organisms
that we can easily manipulate in the lab and perform experiments with them (i.e.
Arabidopsis and Drosophila), can be used. However, diversity of life is much bigger;
these organisms represent just two final tips of an enormous Tree of Life, and thus can
account for a relatively small amount of the processes that originated the whole
biodiversity. Instead, the systematic approach has an indisputable good consequence:
it results in a higher portion of the diversity of life being studied. Indeed, systematic
studies, by exploring an unknown landscape, can result in discoveries “typically of the
kind that would not be made otherwise” (Wilson, 1968: 1113). These new discoveries
can have a relatively low impact if found in a single organism, but stimulate further
research that may end up in the description of processes that represent huge
contributions to knowledge on many facets of biology (Greene, 2005). As an example,
thermostable polymerases used in PCR procedures, which represented an extreme
advance for science, were discovered in a systematic study on bacteria of thermal

pools (Saiki et al., 1988).

Systematics tools

Molecular Systematics

Systematics benefits from several different kinds of data, e.g. morphology,
anatomy, cytology, molecular biology or ecology, among others. In the last decades,
molecular data have played a main role and have provoked a revolution in the field of
systematics. This source of information is of main importance in order to explain the
evolution, an objective for which morphology as well as other kinds of data have been
shown to be limited, mainly due to the high influence of homoplasy. The main
advantages of molecular data are (1) the huge amount of available data, only limited
by the size of genomes; (2) the ease of interpreting it, since they directly come from
genetics and present low ambiguity; (3) their universality; and (4) the higher regularity

in their evolution with respect to morphological data (Graur & Li, 1999; Nei & Kumar,
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2000). Molecular data have a clear and independent genetic basis, and are thus the
best source for testing evolutionary, phylogenetic and biogeographic hypotheses.
However, molecular data are also prone to homoplasy, as well as to other artifacts
such as concerted evolution or gene duplications, among others. The type of data used
must be in accordance with the aims of the study, and combining molecular data with
morphology or cytogenetics would be mandatory in some cases. A number of authors
have highlighted the importance of a combination of molecular data with morphology
and other sources of information for Systematics (e.g. Dayrat, 2005; Will et al., 2005,
Stuessy et al., 2014). Here we will shortly describe the main approaches used in our

study.

Phylogenetic reconstruction

DNA sequences used for phylogenetic inference in plant systematics are mainly
from the chloroplast and the nuclear genome. Although the mitochondrial genome has
been widely used in animals, it is not recommended in plant phylogeny due to its high
variability in genome structure, size and configuration (Palmer, 1992). Sequences from
the nuclear genome are mostly from the nuclear ribosomal DNA (nrDNA). The nrDNA is
biparentally inherited and has thousands of copies in most plant genomes, making it
easy to amplify and sequence. The concerted evolution phenomenon results in an
almost complete homogeneity of all the copies in an individual, and this helps avoiding
the effects of events such as gene duplication coupled with lineage sorting and meiotic
and sexual recombination to phylogenetic inference (Linder & Rieseberg, 2004).
However, the concerted evolution can hide the evidence of reticulate evolution caused
by hybridization, by homogenizing the nrDNA towards only one of the parental copies
(Wendel et al., 1995), except in cases in which hybrids are recent or of recurrent
formation and different parental copies still coexist in the genome (Koch et al., 2003;

Kovarik et al., 2005).

Chloroplast DNA (cpDNA) is maternally inherited in most plants (Corriveau &
Coleman, 1988). Its genes are essentially single copy and evolve relatively slowly,
making them appropriate for deep phylogenetic inference. However, a degree of

variation in mutation rates exists and some regions (essentially non-coding regions),
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have been successfully used for intraspecific phylogeographic reconstruction (Shaw et
al., 2007). Due to the maternal inheritance, cpDNA sequences are useful for
reconstructing colonization by seeds (Schaal et al., 1998). An important issue to
consider is the possibility of chloroplast transfer after hybridization events (Rieseberg
& Soltis, 1991). The combined use of cp and nrDNA regions has been shown to be

informative to describe reticulation events (Doyle, 1992).

Among the multiple methods for phylogenetic inference, we chose Maximum
Parsimony (MP), an optimality criterion method, and Bayesian Inference (BI), a
probabilistic method based on models of evolutionary change. Maximum Parsimony
is based in a simple assumption: simpler hypotheses are preferable to more
complicated ones. Thus, MP methods operate by selecting trees that minimize the
total tree length, the number of nucleotide substitutions required to explain the
dataset. The statistical support of branches is generally evaluated with bootstrap
pseudoreplicates. Bayesian Inference method needs to assume an explicit model of
sequence evolution, which must be previously estimated from the dataset. In the BI
process, multiple phylogenetic trees are sampled using a Markov chain Monte Carlo
(MCMC) method, and evaluated estimating the probability of the tree given the
data and the evolutionary model. A number of trees are kept after the MCMC runs,

from where posterior probabilities for each clade in the tree are calculated.

Molecular dating

Dating the divergence of evolutionary lineages is of main importance in systematic
studies, since it allows to combine the phylogenetic data with information on the
geomorphological and climatic histories, and thus to draw detailed hypotheses on how
the evolution of a group took place. The first approach to molecular dating was the
assumption of strict clocks, that is, DNA undergoes constant nucleotide substitution
rates (Zuckerkanl & Pauling, 1965). However, strict clock hypothesis has been rejected
in most cases, since rates have been proved to be different among different DNA
regions, through time and even between closely related lineages (Ho & Duchéne,
2014). In the last years, relaxed uncorrelated molecular clocks have gained support as

the best approaches for molecular dating (Drummond et al., 2006; Ho & Duchéne,
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2014). In relaxed clock models, instead of having a constant nucleotide substitution
rate, this is allowed to vary along branches according to a probability distribution. In
uncorrelated clocks there is no assumption of correlation between rates in neighboring

branches in the phylogeny.

To obtain absolute age estimates, it is crucial to calibrate the clock. Calibration
points have a huge influence in dating analyses and can come from (1) geological
events, (2) previous independent molecular dating studies (secondary calibration
points) and (3) the fossil record. Fossils are considered to be the best source of
information for calibration (Forest, 2009). However, a good knowledge on the age of
the fossil as well as its phylogenetic position and a complete fossil record are key
aspects difficult to fulfill (Forest, 2009; Parham et al., 2012). Moreover, the definition
of prior probability distribution for the age of the calibration point is necessary, but
often desirable information needed for this purpose is not available and therefore it is
uncertain how similar are these distributions to reality (Parham et al., 2012). The
importance of using multiple calibration points in relaxed molecular clock dating has
been often highlighted for obtaining reliable age estimates (Ho & Phillips, 2009;
Sauquet, 2013; Duchéne et al., 2014).

BEAST (Bayesian Evolutionary Analysis by Sampling Trees) is an application that co-
estimates phylogeny and divergence times under relaxed-clock models with a Bayesian
MCMC method (Drummond et al., 2006). BEAST allows the user to set different clock
models, calibration points and speciation models, among other parameters. Moreover,
it is possible to calculate the marginal likelihood of each analysis with Stepping Stone
and Path Sampling methods, for the purpose of model selection (Baele et al., 2012,
2013). BEAST provides a user-friendly interface, which has probably led to the
emergence of hundreds of studies using molecular dating. However, most of these
studies lack crucial information or justification on several parameters of the model, or
result in huge uncertainty that is even barely mentioned. In recent years, several
reviews highlight the importance of a proper selection of model parameters to obtain

reliable results (Parham et al., 2012; Sauquet, 2013; Ho & Duchéne, 2014).
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Ancestral area estimation

In the last years, biogeographic methods used for historical biogeography
inference have switched from event-based parsimony methods to statistical
approaches. The most commonly used parsimony method was Dispersal-Vicariance
Analysis (DIVA, Ronquist, 1997), which in accordance to the cladistic-vicariance
school gave major importance to vicariance processes versus dispersal in shaping
the biogeographic histories of organisms. Parametric statistical methods are rapidly
gaining popularity, and were a major advance in historical biogeography (Ree et al.,
2005), since they offer a more flexible general framework for model building,
parameter estimation, hypothesis testing and are more flexible to incorporate
information of related processes in the biogeographic model (Ronquist &
Sanmartin, 2011). Statistical approaches describe biogeographic history in terms of
rates of processes and probabilities of events, estimating parameters either by
Maximum Likelihood (ML) or Bl. The most sounding method in a ML framework is
the Dispersal-Extinction-Cladogenesis (DEC) model (Ree & Smith, 2008). Some of
the advantages of DEC are the possibility of defining different dispersal probabilities
in time and space, and of incorporating dating uncertainty. However, both DEC and
DIVA ignore a process considered to be crucial in biogeography: founder event

speciation.

BioGeoBEARS is an R package that implements the DEC, DIVA and the Bayesian
model BAYAREA in a likelihood framework (Matzke, 2013). Additionally, it
implements a version of each model that incorporates a new parameter
representing founder-event speciation, a rare dispersal event that
“instantaneously” establishes a geographically isolated new lineage (Matzke, 2014).
Another advantage of BioGeoBEARS is the common likelihood framework in which
the models are implemented that allows statistical model selection procedures to

be applied.
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Phylogeographic reconstruction

The objective of phylogeography is to explain the spatial distribution of genetic
lineages within a species or a group of closely related species (Avise et al., 1987; Avise,
2009). It integrates phylogeny, biogeography and population genetics to find the
processes that originated the current genetic structure of populations in the frame of

the coalescence theory (Kingman, 1982).

Molecular markers used in a phylogeographic study must present high intraspecific
variability and ideally be non-recombining. In plants, some cpDNA regions can meet
these requirements, but often show too low variability (Schaal et al., 1998). However,
as mentioned before, they are very useful to track colonization by seeds. Amplified
fragment length polymorphisms (AFLP) fingerprinting has been widely used in plant
phylogeographic studies, since it provides a high amount of data, mostly from the
nuclear DNA (Vos et al., 1995). Using short fragments randomly sampled from the
whole genome, a fingerprint is generated for each specimen based on the number and
length of the fragments obtained. The presence/absence of each fragment is used to
compare individuals and infer the relationships between them. One of the
disadvantages of this technique is the assumption that fragments of the same size are
homologous, since fragments are not sequenced and is therefore not possible to
definitely assess homology (Karp et al., 1996). Moreover, AFLPs are dominant markers,
since it is only possible to know whether a fragment is present or absent, but it is not
possible to distinguish homozygous from heterozygous. However, a number of studies
show that phylogenetic signal is present in AFLPs and that they can be used with
confidence to infer phylogenies of closely related taxa (e.g. Koopman, 2005; Simmons
et al., 2007). The fast development of NGS techniques for phylogeography provides a
promising field for overcoming abovementioned disadvantages (McCormack et al.,

2013; Cross et al., 2016).

For phylogenetic inference, distance matrices can be constructed from the pattern
of presence/absence of fragments in the AFLP output, and afterwards be used to infer
phylogenetic trees using a Neighbor-Joining analysis. Phylogenetic networks can also
be constructed with the Neighbor-Net method, and can be very informative to

represent underlying conflictive or alternative genealogies (Bryant & Moulton, 2004).
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Recently, diffusion models have been successfully applied to infer biogeographic
histories in the context of phylogeographic studies. Lemey et al. (2010) developed a Bl
MCMC approach in continuous time and space that coestimates the phylogeny,
divergence time and continuous phylogeographic diffusion. cpDNA sequences can be
used to produce genealogies with a statistical parsimony method (Templeton et al.,

1992).

Morphology

Morphological data have been, and still are most used in plant taxonomy. The
current classification system results, basically, from studies based on morphological
data, the external form of organisms. Although in the last decades molecular
systematics methods have been widely used to revise the classification of a
tremendous number of plant groups, morphological characters still have
advantages that maintain them as a highly relevant criterion in plant systematics
(Stuessy, 2009a). Basically, morphological features can be recorded immediately,
and thus allow for a rapid identification of plants in the field, where molecular tools
are — still — useless. However, as abovementioned, the combination of the two
sources of data, as well others as cytology, anatomy or ecology is highly desirable

for the purpose of classification (Schlick-Steiner et al., 2010).

Morphological data can be classified in macromorphological and
micromorphological data. Although the former are the most used in keys due to the
ease and speed of observation, micromorphological characters have main
importance in several groups. The latter have gained importance in the last decades
concurrently with the improvement of microscopy techniques, especially scanning
electron microscopy (SEM). Among micromorphological characters, those related to
seeds and trichomes are worth to mention, due to the high number of recent
studies successfully using them as diagnostic characters (e.g. Lopez-Alvarado et al.,
2012; Magauer et al., 2014; Vigalondo et al., 2015). Morphological data can be
classified too in reproductive and vegetative morphological characters.
Reproductive characters belong to highly specialized organs under a high adaptive

pressure, and are thus less prone to variation than vegetative characters, that have
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varied functions and higher plasticity due to environmental conditions (Stuessy,

2009a).

It is desirable to accompany the description of morphological features with
statistical analyses. Multivariate morphometric analyses allow describing the
morphological differentiation of organisms in a virtual space and testing the belonging
of specimens to predefined classes — taxa — according to several to many
morphological characters together (Mc Garigal et al., 2000). When characters are
properly defined, this approach allows for rigorously describing the usefulness of
traditionally used characters, as well as the discovery of new ones. Principal
Components Analysis (PCA) and Canonical Discriminant Analysis (CDA) are amongst the
most used methods. PCA is an ordination method that transforms observations into
values which will be represented in a spaced defined by new axes that maximizes the
variation of the original dataset (Principal Components). Principal Components are
ordered so that the first shows the largest possible variance, and each succeeding
component in turn has the highest variance possible under the constraint that it
is orthogonal to the preceding components. CDA differs mainly from PCA in that it tries
to maximize the difference between predefined classes at the same time that it
summarizes the variation in new axes (Discriminant Axes). PCA is thus mostly used for
exploratory purposes, while CDA allows for specifically testing the fit of original
observations to a classification. In recent years, multivariate morphometrics (usually in
combination with other data) have been used to clarify the taxonomy of closely related
taxa, revise morphologically complex groups, detect hybrids, etc. (e.g. Galbany-Casals

et al., 2012; Spaniel et al., 2012; Hodalova et al., 2015; Jolles, 2015).

The Mediterranean Basin

The Mediterranean Basin contains ca. 25,000 species, of which 63% are endemic
(Greuter, 1991), and almost 10% of the world’s vascular flora, thus constituting a
biodiversity hotspot (Myers et al., 2000). The recent climatic history of the
Mediterranean basin is marked by two events thought to have had main importance in

shaping the evolution and geographic distribution of plants, namely: the onset of
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Mediterranean type climate and the climatic oscillations of the Pleistocene. From a
former subtropical climate, during the Miocene gradual cooling and desiccation finally
led to the establishment of Mediterranean climate, characterized by a marked
seasonality, around 3.2 million years ago (Ma). This event partially coincided with an
increase in diversification of several plant lineages, either by favoring speciation by
adaptation to the new conditions or by fragmenting formerly wider populations, thus
enhancing allopatric speciation events (Fiz-Palacios & Valcarcel, 2013; Thompson,
2005). During the Late Pliocene and the Pleistocene, climatic oscillations associated to
glaciations caused remarkable altitudinal and latitudinal shifts in the distribution of
plants, as well as extinctions (Comes & Kadereit, 1998; Nieto Feliner, 2014). However,
some areas remained more stable during the climatic oscillations, and are thought to
have acted as refugia for biodiversity, and therefore to have had a main role as source
for recolonization after unsuitable periods (Médail & Diadema, 2009). Sea level
oscillations were of main importance for island flora in this period, leading to repeated
appearance of land bridges during cold stages between previously isolated areas and
to transgressions during interglacials (Vesica et al., 2000). These connections have
been often used to explain currently fragmented distribution of several species or

groups of related species (Nieto Feliner, 2014).

Cymbalaria Hill (Plantaginaceae)

Cymbalaria Hill is a Mediterranean plant genus that comprises nine species and
seven subspecies (Sutton, 1988). Phylogenetic data clearly support it as a member of
the tribe Antirrhineae, in the family Plantaginaceae (sensu Albach et al., 2005), in a
clade composed mostly of New World species (clade Maurandya, Ghebrehiwet et al.,
2000; Vargas et al.,, 2004; Guzman et al., 2015). It is sister to the monotypic
Mediterranean genus Asarina, from which it was estimated to diverge ca. 10 Ma
(Vargas et al., 2013)*. The distribution pattern of Cymbalaria probably reflects a story

strongly related to climatically stable areas, as revealed by its presence in several

! During the last revision steps of this thesis, the new monotypic genus Gadoria Giiemes & Mota has
been described (Gliemes & Mota, 2017). According to a nrDNA phylogenetic analysis, Gadoria is the
closest extant sister taxon of Cymbalaria.
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glacial refugia as well as its preference for chasmophytic habitats, known to have often
more stable conditions than surrounding areas (Thompson, 2005). The presence of a
wide sea barrier between the distribution area of different species or within the
distribution of a single species motivated the formulation of vicariant hypotheses
linked to old land bridges (Contandriopoulos & Cardona, 1984; Thompson, 2005).
However, in the last years the role of sea barriers has been shown to be diverse (Nieto
Feliner, 2014), since even species without apparent adaptations for dispersal have
managed to cross long distances by long-distance dispersal (LDD, i.e. Guzman &
Vargas, 2009; Pifieiro et al., 2012). The diversity of ploidy levels found in Cymbalaria
has also motivated biogeographic and phylogenetic hypotheses, based on apparently

parallel habitat preferences between pairs of species (Verlaque et al., 1993).

The present taxonomy of the genus is mainly based on morphological traits and
ploidy levels, since a detailed molecular study focusing on the genus had not yet been
performed. The last complete revision of the genus was conducted by Sutton (1988) in
his comprehensive work “A revision of the tribe Antirrhineae”. However, it is worth
mentioning the important contribution of several authors who performed systematic
studies on small groups of species within Cymbalaria and often ventured interesting
phylogenetic and biogeographic hypotheses beyond taxonomy (Cufodontis, 1936;
Greuter & Rechinger, 1967; Contandriopoulos & Cardona, 1984; Speta, 1986; Verlaque
et al., 1993; Bigazzi & Raffaelli, 2000). However, taxonomy of Cymbalaria seems far
from being resolved. Sutton (1988) repeatedly stated the need for profound studies in
several cases to discern the most appropriate rank of some taxa, and whether some
other entities should or not be recognized. In fact, extant taxonomic studies, checklists
and Floras show disagreements in the taxonomic treatments used (e.g. Tutin, 1980;
Pignatti, 1982; Gilemes, 2009; Dimopoulos et al., 2013), revealing the need of a

comprehensive systematic revision of the genus.

As a starting point, we followed Sutton’s (1988) taxonomic treatment with few
exceptions. On the one hand, C. pubescens (C.Presl) Cufod. and C. fragilis (J.J.Rodr.)
A.Chev. were considered separate species from C. muralis G.Gaertn., B.Mey. & Scherb.,
and C. aequitriloba (Viv.) A.Chev., respectively, according to Bigazzi & Raffaelli (2000)

and Giemes (2009). Second, we used the name C. glutinosa Bigazzi & Raffaelli,
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comprising two subspecies, instead of C. pilosa auct., non (Jacq.) Grande, which was
demonstrated to be an heterotypic synonym of Sibthorpia europaea L. (Bigazzi &
Raffaelli, 2000). Finally, Chaenorhinum pluttulum Rech.f. should not be considered
under Cymbalaria (as C. pluttula (Rech.f.) Speta), since the overall appearance of type
material (W!), seed morphology (Sutton, 1988) and preliminary molecular analyses (P.
Carnicero et al., unpublished data) showed a strong similarity with iranoturanian
Chaenorhinum (DC.) Rchb. and the related genera Holzneria Speta and Albraunia

Speta. Accordingly, it has not been not included in this thesis.

Cymbalaria encompasses several features that make it a good candidate for the
study of some processes of main importance in plant evolution. On the one hand, its
fragmented distribution, the coexistence of species in the same area with different
ecological preferences and its diversity of ploidy levels, ranging from diploids to
octoploids, suggest the contribution of different speciation types in its evolution.
Second, it is distributed mostly in biodiversity hotspots and glacial refugia, areas of
main interest in the Mediterranean Basin due to their important role in determining
the current biodiversity in the region. The study of particular lineages that occur in
these areas is crucial to understand the historic role of biodiversity hotspots and
refugia as biodiversity “sources”. Third, the paleogeographic and climatic history of the
Mediterranean is well known, a crucial requirement for any biogeographical study
aiming to combine phylogenetic data with climatic and geographic scenarios to infer
evolutionary processes. Fourth, the high number of taxonomic uncertainties advocate
for implementing molecular systematics studies combined with detailed studies of
morphological features and multivariate statistics analyses to provide new evidence
for a renewed taxonomic revision of the genus. Finally, its reduced number of species
makes it a relatively simple study system, and its relatively young origin suggest that
the evolutionary processes underlying its current diversity may still have a molecular

signal.
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Structure of the Thesis

This thesis is structured in four chapters formatted as scientific manuscripts.
Chapter | is already published in Taxon (Carnicero et al., 2017). Chapter Il has been
submitted for publication, and chapters Ill and IV are in different processes of

preparation.

In chapter | we aimed to infer the phylogeny of Cymbalaria and to describe the
speciation processes that originated current species. We used a comprehensive
sampling of all taxa accepted in the last taxonomic treatment of the genus (Sutton,
1988), except for C. pluttula for the reasons explained before. Two cp- and two nrDNA
regions were sequenced for the purpose of molecular analyses. Phylogenetic inference
was conducted for the cp- and nrDNA regions separately using MP and Bl. We
simultaneously inferred divergence times and phylogenetic relationships (BI) for the
nrDNA using three calibration points and an uncorrelated lognormal clock. We
conducted diversification analyses with the aim of identifying putative changes
through time in the diversification rate of Cymbalaria. Genome duplication events
were estimated using a chromosome evolution model. Historical biogeographic
analyses were performed on the dated nrDNA tree and the best model fitting the data
was selected with a likelihood test. Combining our results with information on the
geomorphological and climatic history of the Mediterranean Basin and on the
ecological preferences of species, we discuss the role of different speciation types in
the evolution of Cymbalaria. Part of these results was presented in a poster in the 4th
Meeting of the Spanish Society for Evolutionary Biology the 27th to 29th November,
2013, Barcelona. Chapter | served as a phylogenetic framework for subsequent

chapters.

Chapter Il is a phylogeographic study of a polyploid lineage identified in Chapter I. It
is constituted by four western Mediterranean Cymbalaria species and we aimed to
infer the number of LDD events between the eastern Balearic Islands and Corsica-
Sardinia. Furthermore, we sought the taxonomic identity of some controversial

Balearic populations. We used a very complete population sampling to perform
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phylogeographic analyses based on AFLP fingerprinting and cpDNA sequences. We
conducted multivariate analyses of morphological data (PCA and CDA) to detect
morphological groups. Both sources of data (molecular and morphology) were used to
evaluate the taxonomic rank and circumscription of the studied taxa. Part of these
results was presented in a poster in the Systematics Association Biennial Conference
(26™ to 28™ Agust, 2015, Oxford). They were also presented as a seminar at the
Botanical Institute of Barcelona (28th April, 2015) and at the Biosciences Conference
celebrated at the Autonomous University of Barcelona (7th June, 2016). The
manuscript has been submitted for publication in Botanical Journal of the Linnean

Society.

In chapter Il we aimed to study in detail one of the species studied in chapter II: the
Sardinian endemic Cymbalaria muelleri (Moris) A.Chev. In the course of our study, we
detected two groups of morphologically divergent populations. Using an increased
number of populations and a large set of morphological characters, we aimed to test
whether the two groups should be considered separate taxa, and to infer their origin.
For this purpose, we used AFLP fingerprinting, multivariate analyses on quantitative
morphological characters and relative genome size estimation. We used scanning
electron microscopic images for detailed examination and description of seed and
trichome characters. We finally propose a taxonomic treatment for the two subspecies
recognized and an identification key for all Sardinian taxa. The manuscript is prepared

for submission in Plant Systematics and Evolution.

In chapter IV we focused our attention on eastern Mediterranean taxa. The
disagreement between previous taxonomic treatments based on morphology and
the uncertainties stated by several authors advocated a revision using molecular
data in addition to morphological data. Thus we performed a systematic study of
eastern Mediterranean species using cp- and nrDNA sequences, morphological data
and relative genome size measures. We specifically aimed to propose a new
taxonomic treatment in agreement with new sources of evidence and to ascertain
the identity of two populations with exclusive morphological characters that do not
match any described taxon. Phylogenetic inference was conducted for the cp- and

nrDNA regions separately using MP and BI, and multivariate analyses were
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performed on quantitative morphological characters. Testa sculpturing was examined
in detail using scanning electron microscopic images. We discuss our results in
combination with information on the geomorphological and climatic history of the
eastern Mediterranean region to describe the biogeographic history of the studied
species. Finally, a new species and a revised taxonomic treatment for the whole group

is proposed.

Objectives

To test the monophyly and phylogenetic position of the genus Cymbalaria and to

infer the phylogenetic relationships among species using cp- and nrDNA sequences.

To infer the biogeographic history of the genus by estimating divergence times and
ancestral areas in a phylogenetic framework, and discussing the role of climatic and

geomorphological events in the diversification and distribution of species.

To discuss the role of different speciation types in the origin of present diversity in

Cymbalaria in the light of dating, phylogenetic and biogeographic results.

To discuss the role of marine barriers and marine transgressions in the current
distribution of Cymbalaria by studying the frequency of LDD and vicariance events
in the context of Mediterranean paleogeographic history. Specifically, we aim to
evaluate the validity of previous vicariance hypotheses concerning the distribution
of western Mediterranean endemics and the role of previously described land

bridges and marine barriers in the Aegean area.

e To study morphological characters and their correspondence with genetic lineages
in order to detect diagnostic valuable characters. Specifically, to discuss the high

diagnostic value attributed to seed characters.

e To integrate molecular data, morphology and ploidy levels to propose a revised
taxonomic treatment, with special focus on poorly studied species and groups with

patent incongruence in existing taxonomic treatments.
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Chapter I, Phylogeny and biogeographic history of Cymbalaria Hill
Abstract

Cymbalaria comprises ten species and six subspecies growing in rocky habitats in
the Mediterranean Basin. Several features, such as the genus’ highly fragmented
distribution as well as noticeable ecological differentiation between partially sympatric
species and presence of ploidy barriers between species suggest the involvement of
different speciation types in its evolution. The aims of this study were to test the
monophyly of Cymbalaria and to reconstruct infrageneric phylogenetic relationships,
to infer the genus’ biogeographic history by estimating divergence times and ancestral
distribution areas of lineages, and to disentangle the role of different speciation types.
To address these issues, we constructed a phylogeny with a complete taxon sampling
based on ITS, 3'ETS, ndhF and rpl32-trnL sequences. We used the nuclear ribosomal
DNA data to produce a time-calibrated phylogeny, which served as basis for estimating
ploidy level evolution and biogeographic history. Cymbalaria was resolved as
monophyletic. The genus originated ca. 4 Ma and three lineages segregated rapidly,
one comprising solely C. microcalyx subsp. microcalyx and the other two
corresponding to western and central-eastern species, respectively. The main
diversification events occurred after the onset of the Mediterranean climate and
during Pleistocene climate oscillations. Both founder-event speciation linked to long-
distance dispersal events and sympatric speciation were supported by the
biogeographic analyses. In addition, at least two polyploid speciation events were
inferred. Finally, conflicts between current taxonomy and the phylogeny at the species
and subspecies level clearly show the need of more detailed integrative taxonomic

studies.

Keywords Ancestral-area estimation, cpDNA, founder-event speciation, long-

distance dispersal, molecular dating, nrDNA

43






Chapter I, Phylogeny and biogeographic history of Cymbalaria Hill

Introduction

The Mediterranean Basin contains ca. 25,000 species, of which 63% are endemic
(Greuter, 1991), and almost 10% of the world's vascular flora. Three primary types of
speciation might have triggered this high diversity (Thompson, 2005). First, allopatric
speciation is favoured in fragmented landscapes characterized by temporary events of
land connection and isolation both in mainland and between mainland and the
numerous islands in the Mediterranean Sea. Allopatric speciation is coupled with the
effects of two major climatic events: the establishment of a Mediterranean climate
approximately 3.2 million years ago Ma, which marked an increase in the rates of
diversification for many plant lineages (Fiz-Palacios & Valcédrcel, 2013), and the
Pleistocene glaciations, which altered the distributions of species and favoured gene
flow among populations in some species, whereas in other cases populations became
isolated in climatic refugia (Vargas, 2003; Médail & Diadema, 2009). Second, sympatric
ecological speciation has also been documented (Santos-Gally & al., 2011) and is
favoured by the great heterogeneity of habitats and altitudinal gradients in relatively
small areas. Third, polyploid speciation has been proposed for many Mediterranean
plant groups (Thompson, 2005), probably related to the higher success of polyploids in

the colonization of new niches (Ramsey, 2011).

Cymbalaria Hill (Plantaginaceae) is a genus of perennial herbs with ten species and
six subspecies (Sutton, 1988; Bigazzi & Raffaelli, 2000), distributed throughout the
Mediterranean Basin (Fig. 1). Cymbalaria muralis G. Gaertn., B. Mey. & Scherb., native
to the central Mediterranean Basin, is naturalised almost worldwide in temperate
areas (Sutton, 1988) and is therefore the most widespread species. The last complete
systematic revision of the genus was carried out by Sutton (1988) who highlighted
some taxonomic conflicts, mainly regarding eastern Mediterranean taxa. Cymbalaria
has been included in molecular studies of tribe Antirrhineae (Ghebrehiwet & al., 2000;
Vargas & al.,, 2004, 2013; Guzman & al.,, 2015), but molecular analyses with a
comprehensive sampling of the genus have never been performed. All Cymbalaria

species grow in rocky habitats in a wide range of ecological conditions, from coastal
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cliffs to rock crevasses in the subalpine belt. The rocky habitats and most of the areas
currently occupied by Cymbalaria species are considered to have remained climatically
stable during Pleistocene glaciations (Thompson, 2005; Médail & Diadema, 2009),
suggesting an important role of climatic refugia in the evolutionary history of
Cymbalaria. Geographic isolation might have played multiple roles in speciation, since
some species are narrow endemics and is therefore likely that geographic isolation has
prevented gene flow with other distant populations, while in species with very
fragmented, disjunct, but broad distribution areas, geographic distance may have been
overcome (Fig. 1). The last pattern could be caused by recent range expansion,
extinction in intervening areas or by active gene flow among disjunct populations.
Some species occur sympatrically but with well differentiated ecological preferences,
likely suggesting the action of sympatric ecological speciation (Fig. 1, Table 1). Ploidy
levels vary across species and are often geographically grouped (Fig. 1), ranging from
diploids (2n = 14) to octoploids (2n = 56), supporting an important impact of polyploidy
in driving speciation. Diploids mainly occur in the Apennine and Balkan Peninsulas,
with one species in the eastern Mediterranean; tetraploids (2n = 28) occur in Sicily, the
Balkan Peninsula and the eastern Mediterranean basin, and a group of hexa- to
octoploids (2n = 42, 56) occurs in Corsica, Sardinia and the Balearic Islands. The

aforementioned features make Cymbalaria an exemplary case for the study of plant

1. C. fragilis

2. C. hepaticifolia
3. C. muelleri

4. C. aequitriloba
5. C. pubescens
6. C. pallida

7. C. glutinosa subsp.
glutinosa

8. C. glutinosa subsp.
brevicalcarata

9. C. muralis subsp. muralis
10. C. muralis subsp. visianii

14. C. microcalyx subsp.

11. C. microcalix subsp. ebelii  dodekanesii S _ _____ N
12. C. microcalyx subsp. 15. C. microcalyx subsp.
microcalyx acutiloba

13. C. microcalyx subsp. minor 16. C. longipes

)

Figure 1. Distribution of Cymbalaria taxa, based on Sutton (1988), local Floras, personal field
observations and herbarium vouchers. When information on the distribution areas of subspecies was
not accurate or overlap was considerable, the general distribution area for the species is shown. For C.
muralis, which is widely naturalized in temperate regions, the approximate natural distribution is
shown. Different line formats indicate ploidy levels: solid line for diploids, dashed line for tetraploids
and dotted line for hexa- to octoploids. Ploidy level for C. microcalyx subsp. acutiloba is not known.
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Table 1. Chromosome number and ecology of the 16 sampled taxa.

Chromosome
Taxon number Ecology
I i liff:
Cymbalaria aequitriloba (Viv.) A.Chev. 2n=56" Coa-sta and inland shadowed cliffs,
moist rocks on stream banks
C. fragilis (J.J.Rodrig.) A.Chev. 2n =56’ Coastal and inland shadowed cliffs
C. glutinosa Bigazzi & Raffaelli subsp. op =143 Coastal and inland shadowed cliffs,
glutinosa N walls
subsp. brevicalcarata Bigazzi & on =143 Coastal and inland shadowed cliffs,
Raffaelli N walls
C. hepaticifolia Wettst on = 56 High-elevation rocks, moist rocks
- hep ' N and mountain stream banks
C. longipes (Boiss. & Heldr.) A. Chev. 2n=14" Coastal cliffs, rocks and walls
ri;inggliz(lyx (Boiss.) Wettst. subsp. 2n=28" Inland shadowed cliffs, walls
Z;:Zz;z;cutlloba (Boiss. & Heldr) ? Inland shadowed cliffs
subsp. dodekanesi Greuter 2n =28 Inland shadowed cliffs
subsp. ebelii (Cufod.) Cufod. 2n=28° Inland shadowed cliffs, walls
subsp. minor (Cufod.) Greuter 2n=28" Inland shadowed cliffs
C. muelleri (Moris.) A. Chev. 2n =42’ Inland overhanging cliffs
iggﬁ:zgﬁfaerm” B. Mey. & Scherb. 2n=14" Inland shadowed cliffs, walls
subsp. visianii (Jav.) D.A.Webb 2n=14° Inland shadowed cliffs, walls
¢ pallida Wettst on =14 High-elevation rocks, mountain
P ' stream banks
C. pubescens (J.Presl & C.Presl) Cufod. 2n =28’ Inland shadowed cliffs, walls

! sutton (1988) and references therein; * Castro & Rossellé (2006); > Bigazzi & Raffaelli (2000); * Speta (1986); °
P. Carnicero, unpublished data; 6 Speta (1989); ” Onnis & Floris (1967).

speciation in the Mediterranean Basin, suggesting that several processes and types of

speciation generated its current diversity and distribution.

Multi-locus molecular phylogenies, molecular dating, diversification analyses and
ancestral area estimation models can be used to infer the biogeographic history of
plants at different taxonomic levels (e.g. Calvifio & al., 2016; Cardinal-Mc Teague & al.,
2016; Janssens & al., 2016). The well-known geomorphological and climatic history of
the Mediterranean Basin, together with the areas’ high plant endemism and
biodiversity, make it a very suitable and attractive area for reliable reconstructions of

the spatio-temporal evolution of plant lineages (e.g., Gaudeul & al., 2016; Hardion &
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al., 2016). Here we used plastid and nrDNA sequences to (1) verify the monophyly of
Cymbalaria and to clarify the phylogenetic relationships among the species, (2)
estimate the divergence dates of the lineages and infer the biogeographic history of
the genus, and (3) examine the role of the different types of speciation in the evolution

of Cymbalaria.

Materials and Methods

Plant Material

We sampled 34 individuals of Cymbalaria, representing all species and subspecies
recognised in the last taxonomic treatments (Sutton, 1988; Bigazzi & Raffaelli, 2000;
Appendix 1). Species from 13 additional genera representing the main lineages of the
tribe Antirrhineae were also sampled to confirm the placement of Cymbalaria within
the tribe and to assess its monophyly. Plantago lanceolata L. and Veronica persica Poir.
were used as external outgroups since they have been shown to be closely related to

the tribe Antirrhineae (Olmstead & al., 2001).
DNA extraction, amplification and sequencing

To extract the DNA, the CTAB method (Doyle & Doyle, 1987), as modified by Cullings
(1992) and Tel-Zur & al. (1999), and the commercial kit NucleoSpin® Plant were used

(Macherey-Nagel GmbH & Co., KG, Diren, Germany).

We amplified the ITS region and the conserved 3'ETS region of the nuclear
ribosomal DNA (nrDNA) and the ndhF region and the rp/32-trnL"*® spacer of the plastid
DNA (cpDNA). We used the primers ITS1 and ITS4 (Sun & al., 1994) for the ITS region,
Astl and 18SETS (Markos & Baldwin, 2001) for the 3'ETS region, 3'F (Eldends & al.,
1999) and +607 (Kim & Jansen, 1995) for the ndhF region and rpl32F and trnL"A® (Shaw
& al., 2007) for the rpl32-trnL spacer. For some specimens, we designed and used
specific internal primers for the ndhF region: (1) ndhF CymbF: 5' TGA ATC GGA CAA TAC
CAT GTT ATT 3'; (2) ndhF CymbR: 5' ATT CAT ACC AAT TCG TCG AAT CCT 3'; (3) ndhF
CymbF2: 5' ACG AGT AAT TGA TGG AAT TAC G 3'; and (4) ndhF CymbR2: 5' GAG TCT TAT
CTG ATG AAT ATC 3'. The profile used for amplification of ITS included 4 min
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denaturation at 95°C, followed by 30 cycles of 90 s denaturation at 94°C, 2 min
annealing at 55°C and 3 min extension at 72°C, with an additional final step of 15 min
at 72°C. The profile used for amplification of the rp/32-trnL"° spacer included 3 min
denaturation at 94°C, followed by 30 cycles of 40 s denaturation at 95°C, 2 min
annealing at 52°C and 2 min extension at 72°C, with an additional final step of 10 min
at 72°C. We followed the PCR profiles described in Galbany-Casals & al. (2009) for ETS
and Galbany-Casals & al. (2012) for ndhF. PCR products were purified with Exo-SAP-IT
(USB Corp., Cleveland, Ohio, U.S.A.). Direct sequencing was conducted at the DNA
Sequencing Core, CGRC/ICBR of the University of Florida, on an ABI 3730xI DNA
Analyser (Applied Biosystems) using a Big Dye Terminator v.3.1 kit (Applied Biosystems,
Foster City, CA, U.S.A.). See Appendix 1 and electronic supplement Table S1 for

information on the vouchers and the sequences.
Phylogenetic analyses

The sequences were examined and aligned by hand using Chromas Lite 2.0
(Technelysium Pty Ltd., Tewantin, Australia) and Mega 6.06 (Tamura & al., 2013). The
ambiguous regions of the alignments were manually excluded. Indels were coded as
binary characters using the simple indel coding method (Simmons & Ochoterena, 2000)
for the cpDNA alignment. The nrDNA alignment provided enough variation and indels
were not coded. Plastid and nrDNA regions were analysed separately due to the

phylogenetic incongruence found between the two genomes (see Results).

For both cp and nrDNA datasets, Maximum Parsimony (MP) analyses were
conducted with PAUP*v.4.0a149 (Swofford, 2002), with 10,000 replicates of heuristic
searches with random taxon addition and tree bisection-reconnection (TBR) branch
swapping and holding all most parsimonious trees. The indels were coded as missing
data, and the uninformative characters were excluded. The bootstrap analyses were
performed with 1000 replicates, simple taxon addition and TBR branch swapping.
Consistency Index (Cl), Retention Index (Rl) and Homoplasy Index (HI) were calculated

from the consensus tree (Electr. Suppl.: Table S1).

PartitionFinder v.1.1.1 (Lanfear & al., 2012) was used to find the best model of

evolution and the best partitioning scheme under the Bayesian information criterion
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(BIC; Schwarz, 1978) for the Bayesian Inference (BI) analyses. All loci were defined as
unique partitions and the models tested were those implemented in BEAST for nrDNA
and MrBayes for cpDNA. A greedy search algorithm was selected for running the
analysis for each dataset. The Bl analysis of the cpDNA sequences was conducted with
MrBayes v.3.2 (Ronquist & al., 2012). For the analysis of the coded indels of the rpl32
the simplest possible model, i.e. the Jukes Cantor model, was used. We generated
10,000 trees running MrBayes for 5,000,000 generations and sampling one of every
500 generations. After ensuring that the Monte Carlo Markov chain (MCMC) reached

stationarity, we discarded the first 2500 trees as burn-in.
Divergence time estimation

The dating analysis was performed using the nrDNA sequences because of the low
resolution obtained with the cpDNA sequences. The incongruence found between the
plastid and nrDNA phylogenies also suggested that a combined analysis was not
appropriate, and the lack of multi-individual sampling for some species prevented us
from using a species tree approach (Heled & Drummond, 2010). Using a fully resolved
multi-locus phylogeny would be desirable (Maddison & Knowles, 2006), but molecular
dating based on nrDNA has been successfully used in cases of low levels of
polymorphism of cpDNA markers and incongruence between plastid and nrDNA
markers (e.g., Gao & al., 2015; Nie & al., 2015; Calleja & al., 2016). After a preliminary
analysis using all the specimens sampled (Electr. Suppl.: Fig. S1), we pruned the data
set to include only one specimen per taxon to represent the cladogenetic events that
resulted in speciation or different genetic lineages. Accordingly, for C. aequitriloba
(Viv.) A.Chev., we included three individuals representing three genetic lineages (see
Results): C. aequitriloba 1 represented the Corsican lineage; C. aequitriloba 3 the

Balearic lineage; and C. aequitriloba 5 the Sardinian lineage.

The dating analysis was performed using a relaxed molecular clock as implemented
in BEAST v1.8.2 (Drummond & Rambaut, 2007). The importance of using multiple
calibration points in relaxed molecular clock dating has been often highlighted as
crucial for obtaining reliable age estimates (Ho & Phillips, 2009; Sauquet, 2013;

Duchéne & al., 2014). Accordingly, calibration of the tree was conducted based on
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three calibration points (CP). CP1: Following the recommendation to use deep
calibration points to capture a larger proportion of the overall genetic variation
(Duchéne & al., 2014), we defined a secondary calibration point for the root node from
a phylogenetic study of the tribe Antirrhineae that used five fossil-based calibration
points (Vargas & al., 2013). Accordingly, we defined a normal prior probability
distribution with mean 40.1 Ma and a standard deviation of 5 Myr. Since the
monophyly of the tribe Antirrhineae is indisputable (Ghebrehiwet & al., 2000; Vargas &
al., 2004; Albach & al., 2005), we constrained the tribe as monophyletic. CP2: We used
the fossil Plantaginacearumpollis (Nagy, 1963) to set an absolute minimum age of
divergence between Plantago L. and Veronica L., following Vargas & al. (2013). It dates
to the Sarmatian (Upper Middle-Miocene; 12.8-11.6 Ma, Harzhauser & Piller, 2004)
and has been used as a calibration point in previous studies (Thiv & al., 2010; Vargas &
al., 2013). We used the upper limit of the stratigraphic interval in which the fossil was
found (i.e. 11.6 Ma) as the zero offset of the prior probability distribution following
Sauquet (2013). In order to assign the highest point probability for the node age
somewhat older than the fossil (Ho & Phillips, 2009), we set a lognormal distribution
with mean equal to the fossil age plus 10% (13.2 Ma, Magallén & al., 2015) and a log-
standard deviation of 0.59, so that 95% of the probability distribution is younger than a
soft maximum bound of 40.1 Ma (age of the root, Ho & Phillips, 2009; Warnock & al.,
2011). CP3: We defined a third calibration point in a node close to the origin of
Cymbalaria in order to obtain better age estimates for the main diversification events
in Cymbalaria (Linder & al., 2005; Ho & Phillips, 2009; Duchéne & al., 2014). Thus, the
divergence time between the clade Maurandya [Epixiphium wislizeni (A. Gray) Munz,
Maurandya antirrhiniflora Humb. & Bonpl. and Lophospermum erubescens D. Don] and
the clade Asarina procumbens Mill. — Cymbalaria was modelled as a normal
distribution with a mean of 20.8 Ma and a standard deviation of 4.4 Myr, as calculated

from the posterior distribution of trees from Vargas & al. (2013).

The clock model selection can have a strong impact on the results of a dating
analysis, and a rigorous selection of the appropriate model is therefore crucial
(Duchéne & al., 2014). Here we tested two types of relaxed uncorrelated models: a

lognormal and an exponential clock (Drummond & al., 2006). Strict clocks and
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autocorrelated models were initially excluded since relaxed uncorrelated models have
been shown to perform well even in datasets simulated under a different model (Ho &
al., 2005, Drummond & al., 2006; Brown & Yang, 2011). Additionally, we tested two
speciation models: Yule (pure-birth; Yule, 1924) and birth-death process (Gernhard,
2008). For the purpose of model selection, we run preliminary analyses and performed
marginal likelihood estimations for each model using two sampling strategies:
stepping-stone (Xie & al., 2011) and path sampling (Ogata, 1989; Gelman & Meng,
1998; Lartillot & Philippe, 2006). These have been shown to outperform other marginal
likelihood estimators and are implemented in BEAST v1.8.2 (Baele & al., 2012; 2013).
We calculated the Bayes factors (BF) from the marginal likelihood estimates (Jeffreys,
1935, 1961) and selected an uncorrelated lognormal model with a birth-death
speciation process after comparing the values of 2log(BF) according to Kass & Raftery

(1995).

Four MCMCs were run for 20 x 10° generations, sampling trees every 1,000
generations. Details of the model are in the BEAST .xml file (Electr. Suppl). An
additional run with identical conditions but without sequence data (sample from prior)
was performed in order to check the marginal prior distributions of the calibrated
nodes (Heled & Drummond, 2012). The marginal and posterior probability distributions
for the root and the Veronica-Plantago node showed highly coincident distributions.
For the third calibration point, distributions were noticeably distinct: the posterior
probability distribution shifted towards the present with respect to the marginal
probability distribution, although a large overlap between distributions still existed.
Accordingly we performed an additional analysis excluding the third calibration point,
from which essentially results identical to the previous analysis with three calibration
points were obtained (not shown). As this change of a parameter of the model did not
alter the result, we assumed that the model is solid and reliable. Moreover, the
comparison of the two models using BF (see above) supported the use of the three
calibration points, and therefore we preferred to use the three calibration points as
recommended in the literature (Linder & al., 2005; Ho & Phillips, 2009; Duchéne & al.,
2014). We verified the convergence of runs in Tracer v1.6.0 (Rambaut & al., 2013) by

checking that effective sample size values were higher than 200. The trees were
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combined with LogCombiner v1.8.2 after discarding the first 25% of the trees as burn-
in. We summarized the output in a maximum clade credibility (MCC) tree selecting

median ages as node heights with TreeAnnotator v1.8.2.
Diversification analyses

We used 1000 trees randomly sampled from the posterior distribution of trees
obtained from the dating analysis and the MCC tree as input files. In order to study the
diversification of Cymbalaria, we cropped the input trees to contain only the
Cymbalaria clade, which was monophyletic with high support (see Results). To
represent diversification through time, we used the R-package APE 3.3 (Paradis & al.,
2004) to construct lineage-through-time (LTT) plots. We used the dAICgc test (Rabosky,
2006a) as implemented in the R-package LASER (Rabosky, 2006b) to infer whether the
diversification rate changed over time. We tested the observed value of dAICgc against
a null distribution of dAICgc values obtained from 1000 random phylogenetic trees

generated under the constant rate pure birth model.
Ploidy data and mapping ploidy change

Chromosome numbers for Cymbalaria species were mostly obtained from the
literature (Table 1). Although hexa- and octoploid counts have been reported for C.
aequitriloba, we only considered the octoploid level (2n = 56), since the original
reference for the hexaploid counts (Heitz, 1927) does not report any chromosome
number for C. aequitriloba, and we were unable to trace any other hexaploid count in

the literature.

We used chromEvol v2.0 (Glick & Mayrose, 2014) to estimate changes in the ploidy
level and their phylogenetic position. We used the MCC tree obtained from the dating
analysis as input file after excluding all outgroups. The best chromosome number
evolutionary model was selected by obtaining the maximum likelihood scores of ten
alternative models, and comparing them using the AIC. The model selected allowed for
separate rates of polyploidisation and demi-polyploidisations (multiplication of the
chromosome number by a factor of 1.5), as well as separate rates of individual
chromosome losses and gains. It was afterwards used to map polyploid events on the

tree using both ML and Bayesian approaches, performing 10,000 simulations. We set
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the initial parameters as ‘gainConstR’ 0.5, ‘lossConstR’ 0.5, ‘duplConstR’ 0.5 and
‘DemiPloidyR’ 0.5.

Ancestral-area estimation

We used the MCC tree keeping Asarina Mill. as outgroup taxon, since species of the
Maurandya clade occur only in the New World, and therefore their effect on the
ancestral area estimation of Cymbalaria would have been negligible. An extra analysis
was run with the ingroup only, since the distribution areas of Asarina and Cymbalaria
are completely disjunct, and we expected interferences in the estimates for deep
nodes. Although the exclusion of the outgroup can have a negative effect on the
estimation of ancestral areas (e.g. Ronquist, 1997), other authors stated that too
widespread outgroups may be problematic (Yu & al., 2015), and finally some studies
showed little difference between the two approaches (e.g., Xiang & Thomas, 2008;
Emata & Hedin, 2016). We considered eight and nine areas, respectively, for the
ingroup-only and the outgroup-rooted analyses (Fig. 2, Electr. Suppl.: Fig. S2) based on
previously defined biogeographic patterns (Takhtajan, 1986; Rivas-Martinez & al.,
2004) and on the endemism and distribution patterns of Cymbalaria. These areas are:
Balearic Islands (A), Corsica and Sardinia (B), southern Apennine Peninsula (C), Sicily
(D), northern Apennine and Balkan Peninsulas (E), southern Balkan Peninsula (F),
Aegean Islands (G), Anatolia, Lebanon and Syria shores (H), Eastern Pyrenees and

Massif Central (1).

We performed the biogeographic analysis with BioGeoBEARS (Matzke, 2013). This R-
package implements six biogeographic models in a common likelihood framework: a
likelihood version of Dispersal-Vicariance analysis (DIVALIKE; Ronquist, 1997),
LAGRANGE Dispersal and Extinction Cladogensis (DEC) model (Ree & al., 2005; Ree &
Smith, 2008), a likelihood version of BayArea (Landis & al., 2013), and an alternative
version for each of the models that includes founder-event speciation (+J).
BioGeoBEARS has two primary advantages compared with other biogeographical
programs: 1) the best model is selected with likelihood ratio tests, and 2) founder-

event speciation is included, a process ignored by most other methods.

The maximum number of areas for each node was set to three, which is the
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maximum number of areas occupied by extant taxa (Ronquist, 1996; Hilpold & al.,
2014). Each terminal node in the tree was coded with the total distribution area of the
taxon/lineage, except for C. muralis that was only coded for its natural distribution
area: the Apennine and northern Balkan Peninsulas (C, E). We defined a dispersal
probability matrix to determine the effect of geographic distance on dispersal ability.
The rate of dispersal between western (Fig. 2; B, C) and eastern Mediterranean areas
(Fig. 2; F, G, H) was set to 0.5 following Hilpold & al. (2014) and was set to 1 for the
other cases, to reflect the low probabilities of dispersing from eastern to western
Mediterranean areas without an intermediate station in the central Mediterranean
areas (Fig. 2; C, D, E). We considered the distribution area of Asarina (Fig. 2; |) isolated
enough from the rest to set a rate of dispersal of 0.5 between it and all other areas. We
ran the six models and after testing them with a likelihood ratio test and the Akaike

Information Criterion (AIC), the DEC+) model was selected.

Results

Phylogenetic analyses

The analyses of the nrDNA (Fig. 2, Electr. Suppl.: Table S1, Fig. S1) with MP and BI
resulted in congruent phylogenetic tree topologies. Cymbalaria was recovered as a
monophyletic genus [Fig. 2, Bayesian posterior probability (PP) = 1; bootstrap support
(BS) = 80%)] sister to A. procumbens (PP = 1), and these two genera together were sister
(PP = 1; BS = 92%) to the clade Epixiphium — Lophospermum — Maurandya clade (PP =
1; BS = 80%). Two main lineages were obtained within Cymbalaria, composed of the
central and eastern Mediterranean species (central-eastern lineage, node 9, PP = 1; BS
= 87%) and the western Mediterranean species (western lineage, node 4, PP = 1; BS =
99%), respectively. Cymbalaria microcalyx (Boiss.) Wettst. subsp. microcalyx was sister

to the western lineage without statistical support (PP = 0.68).

The analyses of the cpDNA with MP and Bl resulted in a congruent topology (Fig. 3,
Electr. Suppl.: Table S1). Cymbalaria was monophyletic (PP = 1; BS = 77%) and grouped
with A. procumbens (PP = 1; BS = 76%) and these two genera with E. wislizeni (PP = 1;
BS = 95%). The phylogenetic position of Linaria cavanillesii Chav. was incongruent with

55



Evolution, biogeography and systematics of the genus Cymbalaria Hill

1 [ Veronica persica

cp2 | Plantago lanceolata

Linaria cavanillesii
1/99 —— Kickxia spuria
L Anarrhinum bellidifolium

, 1/89 — Galvezia fruticosa
1/99
| Schweinfurthia papilionacea

P

Chaenorhinum crassifolium

1/92 Misopates orontium

Antirrhinum majus
0.95/74 —|
Mohavea confertiflora
Epixiphium wislizeni
_|: Maurandya antirrhiniflora
Lophospermum erubescens
1/92 ———— Asarina procumbens
CP3

1/80

C. microcalyx subsp. microcalyx | 4X

. hepaticifolia 1
8x

. aequitriloba 1

1/-
B A
AB _‘FGI

4 & 1799 LT C. fragilis 1

B A F—1 .
7 @ ns09774 . muelleri 1 | 6x

B_ A F——" 14807 . aequitriloba 6
¢ @s099-

8 BGAAB 1/70
1 16. H0.97/-

T FH_FG
F

8x

. aequitriloba 3

C. longipes 1| 2x

. microcalyx subsp. acutiloba| ?

. microcalyx subsp. dodekanesi | 4x

15

0 & ey . microcalyx subsp. minor | 4x

D
E
14 . 0.98/72

7 16 c(} 1/87
C
: ; ; ; : 15EGCE

E
-4 -3 -2 -1 0 CE
Time (Ma) 17 S E_CE

18 1/-
T

. microcalyx subsp. ebelii

10

ax

N. lineages

. pubescens 1

. glutinosa subsp. glutinosa 1

. glutinosa subsp. brevicalcarata
. pallida 1 2X

. muralis subsp. visianii 1

C. muralis subsp. muralis 1

) U T 1 T T
|Eocene | Oligocene | Miocene | Plioc. |Pleist.|
35,0 30,0 25,0 20,0 15,0 10,0 5,0 0,0

A: Balearic Islands

B: Corsica and Sardinia

C: southern Apennine Peninsula

D: Sicily

E: northern Apennine and Balkan
Peninsulas

F: southern Balkan Peninsula

G: Aegean Islands

H: Anatolia, Lebanon and Syria shores

I: Eastern Pyrenees and Massif Central

56



Chapter I, Phylogeny and biogeographic history of Cymbalaria Hill

4 Figure 2. Maximum clade credibility (MCC) tree produced with a relaxed molecular clock analysis of
nrDNA for Cymbalaria using BEAST v.1.8.2. Calibration points are indicated and numbered as described
in Materials and Methods as CP1, CP2 and CP3. Node bars represent the 95% highest posterior density
intervals for the divergence time estimates of the clades that are discussed in the text. Bayesian
posterior probabilities > 0.95/bootstrap support values = 70% are indicated. Ploidy levels are indicated
to the right of the taxon names. Numbers in italics below nodes indicate the node number. Pie charts at
each node show the marginal probabilities of alternative ancestral ranges obtained from the
BioGeoBEARS analysis. Letter codes for each area inferred and distribution areas at present are
indicated at the nodes and terminals, respectively. Black segments in pie charts represent ancestral
ranges with a probability < 10%. Stars show statistically supported clades resulting from polyploid
events as inferred in ChromEvol v.2.0. The inset shows a lineage-through-time plot for Cymbalaria
based on 1000 trees randomly sampled from the posterior distribution of the dating analysis of dataset
3 (see text). The thick line corresponds to the MCC tree.
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Figure 3. Phylogram from the Bayesian analysis of cpDNA of Cymbalaria. Bayesian posterior
probabilities = 0.95/bootstrap support values = 70% are indicated. The double slashes at the base of
the tree indicate that respective branches have been manually shortened.
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the nrDNA analyses, but congruent with previous cpDNA phylogenies (Ghebrehiwet &
al., 2000; Vargas & al., 2013). Resolution at the species level was lower compared to
the nrDNA analyses and a few incongruences were detected. In the cpDNA analysis C.
microcalyx subsp. ebelii (Cufod.) Cufod. was grouped with C. glutinosa Bigazzi &
Raffaelli, C. muralis and C. pallida Wettst., (Fig. 3 PP = 0.96) while in the nrDNA
analyses it formed a clade with C. pubescens (J.Presl & C.Presl) Cufod (Fig. 2, PP = 0.98;
BS = 72%). Slightly incongruent phylogenetic relationships were also obtained in the
western lineage. For the taxa with two or more sampled specimens, only C. glutinosa,
C. pallida and C. pubescens were monophyletic in both the plastid and nrDNA data sets
(Fig. 3, Electr. Suppl.: Fig. S1).

Divergence time estimation and diversification analyses

Cymbalaria diverged from Asarina in the upper Miocene (Fig. 2, node 1, 7.01 Ma,
3.77-11.2 Ma 95% HPD). The first diversification within Cymbalaria took place 3.97 Ma
(node 2, 2.06-6.43 Ma 95% HPD). The first cladogenetic events in the central-eastern
and western lineages occurred 1.45 Ma (node 9, 0.73-2.46 Ma 95% HPD) and 0.86 Ma
(node 4, 0.37-1.6 Ma 95% HPD), respectively. Although the LTT plot apparently showed
an increase of diversification towards the present, the dAICgc test did not reject a

constant rate of diversification (p-value = 0.99).
Mapping ploidy change

According to the model selected, six polyploidisation events were estimated, one of
which involved demi-polyploidisation (Electr. Suppl. Fig. S3). However, the lack of
statistical support at some deep nodes and lack of knowledge of the reticulate
processes affecting the evolution of Cymbalaria, strongly suggested to interpret this
result with caution. Here we only discuss polyploidisation events coincident with

statistically supported nodes.
Ancestral-area estimation

The ingroup-only and outgroup-rooted analyses resulted in almost identical
estimations. Here we only comment the results for the statistically supported nodes.

However, since several nodes showed low statistical support, area estimation for
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surrounding nodes should be interpreted with caution (Nylander & al., 2008). The
estimated area with highest probability at each node was the same in both analyses,
and only slight differences (< 11%) in the probability of each area estimated were
detected. Many different areas were recovered with similar probability values for the
ancestral area of the MRCA of Asarina and Cymbalaria (Fig. 2, node 1), but the majority
(56%) involved a striking combination of eastern Mediterranean areas with the present
distribution area of Asarina in the western Mediterranean, a disjunct distribution not
observed in any extant taxon. The ancestor of all Cymbalaria species was most
probably widespread in the eastern Mediterranean area (Fig. 2, node 2, P(FGH) = 28%),
although several combinations of narrower eastern areas had also remarkably high
probabilities (Fig. 2, node 2, P(FG) = 14%, P(FH) =14%, P(F) = 11%). The MRCA of the
west lineage was most probably distributed in Corsica-Sardinia (Fig. 2, node 4, P(B) =
83%), and two dispersal events to the Balearic Islands were inferred at nodes 7 and 8. A
combination of the three eastern Mediterranean areas was estimated as the most
probable distribution for the ancestor of the centre-east lineage (node 9, P(FGH) =
55%). A dispersal event between the Aegean Islands and Anatolia was inferred for the
split between C. microcalyx subsp. acutiloba (Boiss. & Heldr.) Greuter and C. microcalyx
subsp. dodekanesi, although the direction and origin of the dispersal event was not
clearly estimated [node 11, P(H) = 0.49, P(G) = 0.49]. The MRCA of C. pubescens and C.
microcalyx subsp. ebelii was probably distributed in the northern Apennine and Balkan
Peninsulas (node 14, P(E) = 68%), and subsequent dispersal to Sicily led to the origin of
C. pubescens. The MRCA of the two C. glutinosa subspecies occurred in the southern
Apennine Peninsula, the area they currently occupy (nodel6, P(C) = 100%). The
ancestor of C. muralis and C. pallida was most probably distributed in the Apennine
and northern Balkan Peninsulas (node 17, P(CE) = 70%), and subsequent narrow

sympatric speciation events gave rise to C. pallida and C. muralis subsp. visianii.
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Discussion

The origin of Cymbalaria and early diversification

Based on our results, Cymbalaria split from Asarina in the late Miocene-Pliocene
(Fig. 2). This relationship is congruent with the cpDNA analysis (Fig. 3), as well as with
previous studies with both plastid and nrDNA (Ghebrehiwet & al., 2000; Vargas & al.,
2004, 2013). The east-west disjunct distribution inferred for the ancestor of Asarina
and Cymbalaria is highly questionable. Asarina shows features of a relict taxon, i.e.
taxonomic isolation (it is a monospecific genus), geographic isolation from its sister
taxon (Cymbalaria) and low intraspecific morphological variation (Favarger &
Contandriopoulos, 1961; Mansion & al., 2008). This may indicate that its closest
relatives became extinct and/or that the present distribution is a refugial area derived
from range contraction. Therefore, the present distribution of Asarina would not be
representative enough to describe the ditribution of its ancestor, a problematic
situation for biogeographic inference (Lieberman, 2002; Matzke, 2014). The high
number of areas estimated with low probability at this node (Fig. 2, node 1) may reflect

this uncertainty.

Cymbalaria began to diversify around the establishment of Mediterranean climate,
supporting the role of this climatic event as a trigger for diversification of many
Mediterranean plant lineages (Fiz-Palacios & Valcarcel, 2013). Eastern Mediterranean
areas were estimated as the ancestral distribution of Cymbalaria. However, this result
could be highly influenced by the low resolution obtained for some deep nodes (Fig. 2,
nodes 3, 10 & 12), which resulted in some eastern taxa originating from basal,
statistically poorly supported nodes in the phylogeny. Instead, the high number of
diploid species found in the Apennine and northern Balkan Peninsulas suggest the
central Mediterranean as a plausible area of origin for Cymbalaria, since areas with
higher ploidy levels have commonly been considered the result of more recent
colonization (e.g. Garcia-Jacas & Susanna, 1992). Although there are methods that run
biogeographic analyses on multiple trees aiming at accounting for phylogenetic
uncertainty (Nylander & al.,, 2008; Beaulieu & al.,, 2013), these are not fully

implemented in BioGeoBEARS. Moreover, Matzke (2016) pointed to some caveats of

60



Chapter I, Phylogeny and biogeographic history of Cymbalaria Hill

these approaches, mostly concerning the assumptions made about the identity of
nodes across phylogenetic trees with different topology. Instead, in the future more
effort should be made to obtain fully resolved phylogenetic trees that would provide

solid biogeographic estimations.

The low resolution observed at the basal nodes of Cymbalaria in the nrDNA tree
might reflect rapid diversification periods (Riina & al., 2013; Vitales & al., 2014).
However, the dAICgc test did not reject a constant rate of diversification since the origin
of the genus. The pattern of increased diversification towards the present observed in
the LTT plot could be explained by the “pull of the present” phenomenon (Nee & al.,
1994; Kubo & Iwasa, 1995). A constant extinction rate can result in an excess of
recently diverged lineages that could lead to the wrong conclusion of an increase of the
diversification rate (Nee, 2001). This phenomenon is also the reason why detecting
increases in the diversification rate is more difficult than decreases, and therefore

results should be interpreted with caution (Rabosky, 2006a).
The diversification of lineages

The diversification of the two observed lineages occurred after the onset of the
Mediterranean climate (Fig. 2). In this particular case, the Mediterranean climate likely
favoured isolation of Cymbalaria populations in small, relatively humid and/or
shadowed areas, favouring allopatric speciation events. This may have been enhanced
by the rupestrian habitat occupied by all extant species, which also favours isolation
because of the scarcity and discontinuous nature of this type of habitat (Table 1,

Thompson, 2005).

The ancestral area of the centre-east lineage was estimated in the eastern
Mediterranean, although this can be highly influenced by the weakly-supported
grouping of the eastern C. microcalyx subsp. minor with central species (Fig. 2, node
12). A genetic split between eastern and central species would be expected from
phylogeographic studies of plant groups with a similar central-eastern Mediterranean
distribution (e.g. Cerastium dinaricum Beck & Szyszyt.: Kutnjak & al. 2014; Edraianthus
graminifolius A.DC.: Surina & al., 2014). A high similarity between the northern Balkan

Peninsula and the Apennine Peninsula is also suggested by the circumscription of
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floristic provinces (Takhtajan, 1986). However, the lack of resolution obtained from our

data did not allow for testing this hypothesis.

The central Mediterranean species grouped in three supported clades. The clades C.
glutinosa (Fig. 2, node 16) and C. muralis — C. pallida (Fig. 2, node 17) are diploid taxa
of partially sympatric distribution and divergent ecological requirements: Cymbalaria
glutinosa occurs in warm Mediterranean areas in the southern half of the Apennine
Peninsula, whereas C. pallida and C. muralis occupy northern, wetter and cooler places
in the Apennine Peninsula that extend to the northern Balkan Peninsula in the case of
C. muralis (Pignatti, 1982; Fig. 1, Table 1). In the same line, whereas C. muralis occupies
humid lowlands, C. pallida is endemic to the highest elevations of the Apennine Range
(Pignatti, 1982; Fig. 1, Table 1). In both cases, sympatric speciation was inferred in the
ancestral area estimation analysis (Fig. 2). The third clade is composed of the
tetraploids C. pubescens and C. microcalyx subsp. ebelii (Fig. 2, node 14). Their
common ancestor was inferred to have been present in the northern Apennine and
Balkan Peninsulas, from where dispersal to Sicily and further isolation led to the origin
of C. pubescens, a route also proposed for other plant groups (e.g. Centaurea cineraria
L. group: Hilpold & al., 2011; Edraianthus graminifolius: Surina & al., 2014). However,
according to the cpDNA phylogeny (Fig. 3), C. microcalyx subsp. ebelii is closely related

to other central Mediterranean taxa, but not to C. pubescens.

The subspecies of Cymbalaria microcalyx, all endemic to eastern Mediterranean
areas, did not form a monophyletic group. The position of C. microcalyx subsp.
microcalyx as weakly supported sister to the west lineage seriously challenges its
current taxonomic assigment. Regarding the taxa included in the central-eastern
lineage, the only supported monophyletic group was formed by C. microcalyx subsp.
dodekanesi and subsp. acutiloba (Fig. 2, node 11). Founder-event speciation was
inferred for the split between the two subspecies, although the direction of the
dispersal event was not clear. This could be explained by land connections between the
Aegean Islands and the mainland during the Pleistocene climatic oscillations, which led
to range expansions and subsequent allopatric speciation events when the sea level
increased (Polunin, 1980). By contrast, fluctuations in sea level did not have a similar
effect on C. longipes (Boiss. & Heldr.) A.Chev. This species is widely distributed on
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coastal cliffs of the Aegean region with apparent adaptations to marine dispersal
(Sutton, 1988), which would lead to continuous gene flow, reducing the effect of

marine isolation.

A Corso-Sardinian origin for the west lineage during the Pleistocene was supported
(Fig. 2, node 4). Founder-event speciation was reconstructed for C. fragilis (J.J.Rodr.)
A.Chev. after a long-distance dispersal (LDD) event from Corsica-Sardinia to the eastern
Balearic Islands (Fig. 2, node 7). At least one more LDD event was inferred for the range
expansion of C. aequitriloba to the Balearic Islands (Fig. 2, node 8). These two areas
were last connected approximately 20 Ma (Speranza & al., 2002), and therefore, a
vicariant alternative to the LDD event (suggested by Verlaque & al., 1993) must be
rejected. Long-distance dispersal events were previously invoked to explain the origin
of some of the endemic plant species with disjunct Balearic-Corso-Sardinian
distribution (e.g. Thymus herba-barona Loisel.: Molins & al., 2011). Moreover, Nieto
Feliner (2014) reported that LDD events have not been rare in the Mediterranean, even
when no particular adaptations for seed dispersal exist. The success in colonization of
new areas is more often linked to pre-adaptations of genotypes and availability of
suitable habitats than to geographic distance (Alsos & al., 2007). Polyploidy may have
been a key trait in the colonization processes because it potentially provided an

increased ability to tolerate a wide range of ecological conditions (Ramsey, 2011).
Speciation

Three primary types of speciation likely occurred throughout the evolution of

Cymbalaria, i.e. allopatric, sympatric and polyploid speciation.

Allopatric speciation is inferred when sister taxa occupy different areas isolated by
physical barriers. The two main types of allopatric speciation are vicariance and
founder-event speciation. In historical biogeography, vicariance has long been
recognized as a key process in diversification (Ronquist, 1997), and implies that a
widely distributed ancestor gives rise to two or more separate species within its
original distribution area when the appearance of a physical barrier promotes their
reproductive isolation. However, in Cymbalaria, vicariance was not inferred for any

statistically supported node. By contrast, founder-event speciation has been a mostly
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ignored process in historical biogeographical models but is currently recognized as an
essential process in biogeography (Gillespie & al., 2012; Matzke, 2013). It involves rapid
divergence of a small, peripheral population of a species originated from a dispersal
event (Futuyma, 2005), and is inferred when the area of one of the descendants is not
part of the ancestor’s distribution area. Indeed, the selection of the DEC+) model
indicated that founder-event speciation (parameter J) was important for the model to
fit our data. Our results supported founder-event speciation in three cases: the origin
of C. pubescens (Fig. 2, node 14), the split between C. microcalyx subsp. acutiloba and
C. microcalyx subsp. dodekanesii (Fig. 2, node 11), and the origin of C. fragilis (Fig. 2,
node 7). The last case shows the typical structure of a founder-effect speciation event,
where the new species (C. fragilis) is embedded in a more widely distributed and
genetically variable, paraphyletic species (Futuyma, 2005), in this case C. aequitriloba
(Fig. 2). For C. fragilis, LDD was inferred (see subsection: The diversification of
lineages), whereas in other cases, the low sea levels during the Pleistocene glaciation
periods may have favoured stepping stone dispersal (e.g., Campanulaceae: Cellinese &

al., 2009; Centaurea cineraria group: Hilpold & al., 2011).

The DEC+J model inferred sympatric speciation in six statistically supported clades
(Fig. 2, nodes 4- 6, 16-18). However, geographical and ecological isolation are not
mutually exclusive, and their effects are difficult to disentangle (Papadopulos & al.,
2014). Most of the inferred cases of sympatric speciation in our results could be
interpreted as artefacts of the resolution used when defining the areas. For example,
the split between the Corsican lineage (C. aequitriloba 1 and C. hepaticifolia 1) and the
other taxa within the west lineage (Fig. 2, node 3) might have been a case of
geographical isolation of this island from Sardinia. Moreover, geographical isolation can
also occur at a local scale, particularly for plants that grow in rocky habitats as
Cymbalaria (Thompson, 2005). However, in groups of taxa where gene flow is possible
due to long distance dispersal, the recognition of putative geographic barriers is a
difficult task. An additional impediment is that distribution areas can change over time,
and currently sympatric species could have originated allopatrically and later expanded
their areas to become sympatric. Apart from these limitations, to infer sympatric

ecological speciation, it is essential to demonstrate that adaptation to the different
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ecological niches exists and that this is the cause of reproductive isolation, and assume
that ecological niches have not changed significantly from speciation until the present
(Carine & Schaefer, 2009). Local scale environmental data would be required to
properly describe ecological niche in the case of Cymbalaria, since the habitats where
they occur (Table 1) usually have microclimatic conditions very different from the
general climatic available data, which makes methods such as species distribution
modelling fail (Guisan & Thuiller, 2005; Austin, 2007). In our study group, sympatric
ecological speciation could explain the differentiation of C. muralis and C. pallida, as
inferred by the DEC+J model (Fig. 2, node 12). These two species occur in the same
region (northern ltaly), often within a few hundreds of metres of each other (P.
Carnicero & M. Galbany-Casals, personal observations), and occupy different niches
(Table 1). However, their distributions at local scale are almost allopatric, given that C.
muralis mostly occupies the lowlands while C. pallida grows at higher elevations. Thus,

allopatric speciation cannot be completely ruled out.

The important role of polyploid speciation in the diversification of Cymbalaria was
previously suggested (Sutton, 1988; Verlaque & al.,, 1993; Thompson, 2005).
Biogeographic analyses do not take polyploid speciation into account; however, we
consider that a clade originated from a polyploid speciation event when a genome
duplication or demi-duplication predates its origin, as inferred by ChromEvol, as long as
the clade has high statistical support. Accordingly, two polyploid speciation events are
hypothesized: one for the origin of the west lineage (Fig. 2, node 3) and a second for
the origin of the C. microcalyx subsp. ebelii — C. pubescens clade (Fig. 2, node 14). The
origin of the polyploids C. microcalyx subsp. microcalyx, subsp. dodekanesi and subsp.
minor remains uncertain given the low resolution obtained in the phylogenetic
analyses and the lack of chromosome number information for subsp. acutiloba. The
monophyly of the western lineage apparently refutes Verlaque’s & al. (1993)
hypothesis of independent polyploid origins for C. hepaticifolia Wettst. and C.
aequitriloba from the diploids C. pallida and C. muralis form the Apennine Peninsula,
respectively. However, the existence of two different ploidy levels within this clade (6x
and 8x) may point to less parsimonious hypotheses with at least two independent

polyploidisation events. Moreover, a polyploid clade can be the result of interlocus
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concerted evolution of the nrDNA, which may hide the genetic information of one of
the parental lineages in the case of allopolyploids (Wendel & al., 1995). Although
several species may have originated via independent allopolyploid speciation events,
concerted evolution could result in homogenization of the nrDNA towards the same
parental lineage, and a single common origin would be inferred in the nrDNA
phylogenies (Kovarik & al., 2005). Concerted evolution often results in incongruence
between plastid and nrDNA phylogenies (Alvarez & Wendel, 2003), as observed in the
two polyploid clades. This hypothesis has to be considered especially for the nrDNA
clade C. microcalyx subsp. ebelii — C. pubescens, given that these two species appear in
separate clades in the cpDNA analysis (Fig. 3) and that they occur in separate areas
(Fig. 1). However, hybridization resulting in chloroplast capture cannot be ruled out as a
possible cause for the incongruence between plastid and nrDNA (Pelser & al., 2010).
Indeed, hybridization is often invoked when grouping of specimens from geographically
close populations is observed in cpDNA phylogenies (e.g., McKinnon & al., 2004;
Lorenz-Lemke & al., 2006). This could be the cause for the grouping of C. microcalyx
subsp. ebelii with the geographically close C. muralis, or the grouping of C. muelleri and
C. fragilis with specimens of C. aequitriloba occuring in sympatry (Fig. 1). However,
differences in ploidy level between the sympatric taxa may hinder hybridization by
enhancing reproductive isolation (Husband & Sabara, 2003; Sonnleitner & al., 2013).
Additional studies are required to confirm the common origin of polyploids in
Cymbalaria, to distinguish between auto- and allopolyploidisation events and to
identify the parental taxa involved. The support to LDD events found here for the
western clade (see subsection: The diversification of lineages) is consistent with the
observed pattern of higher probability of LDD events in polyploid groups (Linder &
Barker, 2014). This pattern may be associated with the high genetic variability of
polyploids but also with their difficulty in succeeding in areas in which the parental

species occur (Thompson, 2005; Ramsey, 2011).
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Appendix 1. Sampled specimens with information on the individual numeric codes used in text
and figures, locality, herbarium voucher and accession numbers of the regions analysed. An
asterisk (*) indicates sequences newly obtained in this study. A dash (-) indicates sequences
that were not obtained in the present study or specimens without individual numeric code.

Taxon, individual number, locality, voucher, GenBank acc. no. ITS, 3'ETS, ndhF, rpl32-trnL

Cymbalaria Hill: C. aequitriloba (Viv.) A.Chev., 1, France, Corsica, La Castagniccia, A. Curco s.n.
(BCN 86695), KP735225*, KP851084*, KP851014*, KP851100*; C. aequitriloba, 2, France,
Corsica, La Castagniccia, A. Hilpold s.n. (BOZ 8888), KP735224*, KP851085*, KP851011%,
KP851097%*; C. aequitriloba, 3, Spain, Balearic Islands, Mallorca, Puig Major, X. Rotllan s.n. (no
voucher), KP735219%*, KP851088*, KP851007*, KP851093*; C. aequitriloba, 4, Spain, Balearic
Islands, Mallorca, Formentor, L. Sdez 7366 & X. Rotllan (BC 879621), KP735240%*, KP851086%,
KP851009*, KP851095%*; C. aequitriloba, 5, Italy, Sardinia, Nuoro, Badde Salighes, C. Aedo 9213
(MA 708824), KP735220*, KP851087*, KP851026*, KP851111*; C. aequitriloba, 6, Italy,
Sardinia, Cuglieri, Mte. Ferru, C. Navarro 4683 & al. (MA 708259), KP735222*, —, KP851006%*,
KP851092%*; C. aequitriloba, 7, Spain, Balearic Islands, Cabrera, L. Sdez 6196 & L. Guardia Valle
(BC 879620), KP735241*, KP851082*, KP851008*, KP851094*; C. fragilis ().).Rodr.) A.Chev., 1,
Spain, Balearic Islands, Menorca, Barranc d’Algendar, P. Carnicero 346 & M. Galbany-Casals
(BC 879636), KP735211*, KP851081*, KP851004*, KP851090%*; C. fragilis, 2, Spain, Balearic
Islands, Menorca, Barranc d’Algendar, P. Carnicero 346 & M. Galbany-Casals (BC 879636), —, —,
KP851005*, KP851091*; C. glutinosa Bigazzi & Raffaelli subsp. glutinosa, 1, Italy, Spigno
Saturnia, P. Carnicero 734 & M. Galbany-Casals (BC 879627), KP735216*, KP851068%,
KP851029*, KP851114*; C. glutinosa subsp. glutinosa, 2, Italy, Spigno Saturnia, P. Carnicero
734 & M. Galbany-Casals (BC 879627), KP735217*, KP851069*, KP851030*, KP851115%*; C.
glutinosa subsp. brevicalcarata Bigazzi & Raffaelli, Italy, Ravello, P. Carnicero 748 & M.
Galbany-Casals (BC 879626), KP735218%*, KP851070*, KP851020*, KP851105%*; C. hepaticifolia
Wettst., 1, France, Corsica, Lac du Nino, A. Hilpold s.n. (BOZ 8842), KP735223*, KP851079%,
KP851022*, KP851107*; C. hepaticifolia, 2, France, Corsica, Castagniccia, P. Carnicero 444 &
M. Galbany-Casals (BC 879631), KP735215*, KP851078*, KP851013*, KP851099*; C. longipes
(Boiss. & Heldr.) A.Cheval., 1, Greece, Dodecanese Islands, Karpathos, N. Béhling 8228 (B 10
0138948), KP735232*, KP851064*, KP851038*, KP851123*; C. longipes, 2, Greece, Samos, E.
Gathorne-Hardy 657 (E 629368), —, —, KP851039*, KP851124%*; C. microcalyx (Boiss.) Wettst.
subsp. microcalyx, Greece, Peloponnese, Lakonia, W. Greuter & H. Merxmiiller s.n. (B 10
0460657), KP735238*, KP851063*, KP851041*, —; C. microcalyx subsp. acutiloba (Boiss. &
Heldr.) Greuter, Turkey, Antalia, Alanya, P.H. Davis 25847 & O. Polunin (E 629362), KP735212%,
KP851059*, KP851042*, KP851126*; C. microcalyx subsp. dodekanesi Greuter, Greece,
Rhodes, Archangelos, P.H. Davis 40310 (E 629364), KP735208*, KP851058*, KP851043%,
KP851127%*; C. microcalyx subsp. ebelii (Cufod.) Cufod., Montenegro, Skadar Lake, E. Mayer
11192 & M. Mayer (B 100460658), KP735236%, KP851061*, KP851036*, KP851121*; C.
microcalyx subsp. minor (Cufod.) Greuter, Greece, Kefallinia, Aenos, J. Damboldt s.n. (B
10 0460655), KP735237*, KP851060*, KP851037*, KP851122*; C. muelleri (Moris.) A.Chev., 1,
Italy, Sardinia, Seui, Genni d’Acca, P. Carnicero 406 & M. Galbany-Casals (BC 879629),
KP735210*, KP851080*, KP851012*, KP851098*; C. muelleri, 2, Italy, Sardinia, Ulassai, P.
Carnicero 389 & M. Galbany-Casals (BC 879630), KP735209*, KP866214*, KP851010%,
KP851096*; C. muralis G.Gaertn., B.Mey. & Scherb. subsp. muralis, 1, Spain, Catalonia, Sant
Cugat (naturalized), P. Carnicero 134 (no voucher), KP735230*, KP851077*, KP851015%,
KP851089*; C. muralis subsp. muralis, 2, Spain, Catalonia, Caldes de Montbui (naturalized), P.
Carnicero 135 (BC 879623), KP735231*, KP851076*, KP851017%*, KP851102%*; C. muralis subsp.
muralis, 3, Poland, Slask Dolny (naturalized), Z. Pulawska s.n. (Fl), —, —, KP851018%*, KP851103%;
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C. muralis subsp. muralis, 4, Italy, Toscana, Albegna, F. Selvi s.n. (Fl), —, —, KP851019%*,
KP851104*; C. muralis subsp. visianii (Jav.) D.A.Webb, 1, Italy, Lazio, Palombara, P. Carnicero
703 & M. Galbany-Casals (BC 879625), KP735226*, KP851075*, KP851027*, KP851112%*; C.
muralis subsp. visianii, 2, Italy, Lazio, Palombara, P. Carnicero 703 & M. Galbany-Casals (BC
879625), —, —, KP851028%*, KP851113*; C. muralis subsp. visianii, 3, Italy, Lazio Rocca di Papa,
P. Carnicero 710 & M. Galbany-Casals (BC 879624), KP735226*, KP851074*, KP851031%,
KP851116%*; C. muralis subsp. visianii, 4, Italy, Lazio Rocca di Papa, P. Carnicero 710 & M.
Galbany-Casals (BC 879624), —, —, KP851032*, KP851117%*; C. pallida Wettst., 1, Italy, Abruzzo,
Valle d’Orfenta, P. Carnicero 780 & M. Galbany-Casals (BC 879628), KP735234*, KP851072%*,
KP851033*, KP851118*; C. pallida, 2, ltaly, Abruzzo, Valle d’Orfenta, P. Carnicero 780 &
M. Galbany-Casals (BC 879628), KP735235*, KP851071*, KP851034*, KP851119*; C. pallida, 3,
Italy, Abruzzo, I'Aquila, J. Aldasoro 3276 (MA 698766), KP735233*, KP851073*, KP851035%,
KP851120%*; C. pubescens (J.Pres| & C.Presl) Cufod., 1, Italy, Sicily, Palermo, La pizzuta, C. Aedo
5733 & al. (MA 646152), KP735229*, KP851066*, KP851021*, KP851106*; C. pubescens, 2,
Italy, Sicily, Trapani, Erice, J. Gliemes 3085 & al. (SALA 106642), KP735214*, KP851065%,
KP851024*, KP851108%*; C. pubescens, 3, Italy, Sicily, Trapani, Mt. Acci, C. Aedo 5614 & al. (MA
646631), KP735228*, KP851067*, KP851025*, KP851110*;, C. pubescens, 4, ltaly, Sicily,
Trapani, Mt. Acci, J. Gliemes 3052 & al. (SALA 106608), KP735213*, —, KP851023*, KP851108%*;
Other Antirrhineae: Anarrhinum bellidifolium (L.) Willd., Spain, Catalonia, I'Espluga de
Francoli, M. Galbany-Casals 2303 (BC 941028), KP735199*, —, KP851052*, KP851136%;
Antirrhinum majus L., Spain, Catalonia, Alella, M. Galbany-Casals 2302 (BC 941029),
KP735205%*, —, KP851048%*, KP851132*; Asarina procumbens Mill., Spain, Catalonia, Montseny
massif, P. Carnicero 253 & L. Sdez (BC 879635), KP735207*, KP851057*, KP851045%,
KP851129%*; Chaenorhinum crassifolium (Cav.) Lange, Spain, Valencian Country, Serra d’Aitana,
P. Carnicero 207 & al. (BC 879633), KP735203*,—, KP851051*, KP851135*; Epixiphium
wislizeni (A.Gray) Munz, U.S.A., New Mexico, Animas Valley, G.R. Ballmer s.n. (RSA 712541),
KP735206*, KP851056*, KP851046*, KP851130*; Galvezia fruticosa J.F.Gmel., Peru, Lima,
Yauyos, M. Weigend 7209 & al. (B 10 0095831), KP735197%*, —, KP851044*, KP851128*; Kickxia
spuria subsp. integrifolia (Brot.) R.Fern., Spain, Catalonia, Gallecs, J.M. Blanco s.n. (BC
939713), KP735200%*, —, KP851053*, KP851137%; Linaria cavanillesii Chav., Spain, Valencian
Country, Denia, P. Carnicero 197 & al. (BC 879634), KP735198%*, —, KP851050*, KP851134%;
Lophospermum erubescens, cult. Botanicher Garten Berlin-Dahlem, J. Giemes s.n.
(VAL145154); AY731249.1, —, —, —; Maurandya antirrhiniflora, Mexico, Guanajuato, San Miguel
de Allende to Dolores km25, F. Billiet & B. Jadin s.n. (MA588497), KT187745.1, —, —, —;
Misopates orontium (L.) Rafin., Spain, Valencian Country, Fenestrat, P. Carnicero 210 & al. (BC
879632), KP735201*, —, KP851049*, KP851133*; Mohavea confertiflora A.Heller, US.A.,
California, Colorado desert, T.R. Stoughton 800 (RSA 778206), KP735202*, —, KP851054%,
KP851138*; Plantago lanceolata L., Spain, Catalonia, Cerdanyola, P. Carnicero 523 (no
voucher), KP735196*, —, KP851055*, KP851139*; Schweinfurthia papilionacea Boiss., Oman,
Nizwa, A.G. Miller 6657 (E 614757), KP735204%*, —, KP851047*, KP851131%*; Veronica persica
Poir., Spain, Catalonia, Bellaterra, P. Carnicero 522 (BC), KX580311*, —, —, —.
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Table S1. Characteristics of sequences and results of phylogenetic analyses.

Parameter

Number of sequences
Length of sequences (bp)

Total number of characters

Maximum Parsimony (MP)
informative characters

Number of MP trees
Number of steps
Consistency Index (Cl)
Homoplasy Index (HI)
Retention Index (RI)

Sequence evolution model for

cpDNA

50

2363-2609
2715

349

3
766
0.59
0.41
0.73

Bayesian analyses (BIC criteria)

GTR+G

nrDNA
complete dataset

45
531-1044

1071
231

1200
671

0.50
0.50
0.73

GTR+1+G

! Preliminary analysis, shown in Electronic supplement: Fig. S1
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nrDNA
“species” data set

33
531-1044

1071
227

28
667
0.52
0.48
0.69

GTR+1+G
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Figure S1. Maximum clade credibility (MCC) tree produced with a relaxed molecular clock
analysis of nrDNA of Cymbalaria (complete data set) in BEAST v1.8.2. Bayesian posterior
probabilities > 0.95/bootstrap support values = 70% are indicated.
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A: Balearic Islands
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C: Southern Apennine Peninsula

D: Sicily

E: Northern Apennine and Balkan Peninsulas
F: Southern Balkan Peninsula

G: Aegean Islands

H: Anatolian, Lebanon and Syrian shores

Figure S2. Maximum clade credibility (MCC) tree produced with a relaxed molecular clock
analysis of nrDNA of Cymbalaria in BEAST v1.8.2. Pie charts at each node show the marginal
probabilities of alternative ancestral ranges obtained from the BioGeoBEARS analysis excluding
Asarina. Letter codes for each area inferred and distribution areas at present are indicated at
the nodes and terminals, respectively. Black segments in pie charts represent ancestral ranges
with a probability < 10%. Numbers in italics below nodes indicate the node number.
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Figure S3. Maximum clade credibility (MCC) tree produced with a relaxed molecular clock
analysis of nrDNA of Cymbalaria in BEAST v1.8.2. Chromosome numbers inferred by ChromEvol
are shown above branches. Numbers in parenthesis correspond to Bayesian posterior
probabilities for each chromosome number. Ploidy levels are indicated to the right of the
terminal node names.
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independent long-distance dispersals and
entails new taxonomic circumscriptions1
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Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill
Abstract

The Balearic Islands, Corsica and Sardinia (BCS) constitute biodiversity hotspots in
the western Mediterranean Basin. Oligocene connections and long distance dispersal
events have been suggested to cause presence of BCS shared endemic species. One of
them is Cymbalaria aequitriloba, which, together with three additional species,
constitute a polyploid clade endemic to BCS. Combining amplified fragment length
polymorphism (AFLP) fingerprinting, plastid DNA sequences and morphometrics, we
inferred the phylogeography of the group and evaluated the species’ current taxonomic
circumscriptions. Based on morphometric and AFLP data we propose a new
circumscription for C. fragilis to additionally comprise a group of populations with
intermediate morphological characters previously included in C. aequitriloba.
Consequently, we suggest to change the IUCN category of C. fragilis from critically
endangered (CR) to near threatened (NT). Both morphology and AFLP data support the
current taxonomy of the single island endemics C. hepaticifolia and C. muelleri. The
four species had a common origin in Corsica-Sardinia, and two long-distance dispersal
events to the Balearic Islands were inferred. Finally, plastid DNA data suggest that

interspecific gene flow took place where two species co-occur.

Keywords AFLP, chloroplast DNA, dispersal, island evolution, Mediterranean,

morphology

85






Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill
Introduction

Islands in the Mediterranean Basin harbour both high species diversity and
endemism. For instance, from the around 5000 islands scattered in the Mediterranean
Sea (Vogiatzakis et al., 2008), all the largest ones (i.e. Balearic Islands, Corsica, Crete,
Cyprus, Sardinia and Sicily) constitute Mediterranean biodiversity hotspots (Médail &
Quézel, 1999). Most of the Mediterranean islands are of continental origin and have
been separated from the mainland and from each other through progressive
geomorphological processes, often with posterior re-connections due to sea level
variation (Thompson, 2005). Such processes are thought to have played an important

role in the evolution and diversification of biota (Nieto Feliner, 2014).

The Balearic Islands, Corsica and Sardinia (hereafter termed BCS) originated from
progressive splitting and rotation of the Hercynian belt, an Oligocene mountain range
linking the Alps with the Iberian Peninsula that started to disintegrate around 30
Million years ago (Ma, Rosenbaum et al., 2002). The split between Corsica-Sardinia and
the Balearic Islands occurred around 20 Ma (Speranza et al., 2002). Endemic plant
species shared by Corsica, Sardinia and the eastern Balearic Islands (Mallorca and
Menorca) have traditionally been considered relict palaeoendemic remnants of the
Oligocene connections (Contandriopoulos & Cardona, 1984; Contandriopoulos, 1990;
Thompson, 2005). They were formerly named “Tyrrhenian endemisms”
(Contandriopoulos & Cardona, 1984), but we prefer to avoid this term given that the
Tyrrhenian Sea is situated between Corsica, Sardinia, the Italian Peninsula and Sicily. To
our knowledge, an origin consistent with the paleoendemics hypothesis has only been
confirmed for Helicodiceros muscivorus (L.f.) Engler (Mansion et al., 2008). In most
other dated phylogenies of plants showing this distribution pattern (e.g. Arum pictum
L.f.: Mansion et al., 2008; Thymus herba-barona Loisel.: Molins et al., 2011; Cymbalaria
aequitriloba (Viv.) A.Chev.: Carnicero et al., 2017), or other similar disjunctions in the
western Mediterranean Basin (Salvo et al., 2010; Fernandez-Mazuecos et al., 2014),
palaeoendemism hypotheses had to be rejected (but see Magri et al., 2007). Instead,
long-distance dispersal (LDD) was invoked as a possible explanation for the present

distribution pattern, since no land connections have been reported between the
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Balearic Islands on the one hand and Corsica and Sardinia on the other hand after their

split.

Pleistocene climatic oscillations caused massive changes of the sea level that led to
repeated appearance of land bridges between some islands during cold stages, and to
transgressions reducing the area of islands during interglacials (Vesica et al., 2000;
Thompson, 2005). During glaciation periods Corsica-Sardinia and the eastern Balearic
Islands (Mallorca, Menorca and Cabrera), respectively, formed single landmasses. The
resultant connections have often been used to explain phylogeographic patterns and
shared endemisms within each archipelago (e.g. Mansion et al., 2009; Salvi et al., 2010;

Mavyol et al., 2012).

One of the genera with highest number of endemics in BCS is Cymbalaria Hill.
(Plantaginaceae), a Mediterranean genus comprising ca. 17 taxa, four of which are
endemic to BCS (Sutton, 1988). The BCS endemics form an independent lineage of
presumably polyploid origin that diversified during the Pliocene and the Pleistocene, as
revealed by a nuclear ribosomal DNA (nrDNA) phylogeny (Carnicero et al., 2017).
However, interspecific phylogenetic relationships were poorly resolved, and therefore
using a more variable molecular marker such as AFLPs would be desirable.
Chromosome counts suggest that the BCS endemics are hexa- to octoploids (2n = 42,
56), whereas all other Cymbalaria species are diploids or tetraploids (2n = 14, 28;
Sutton, 1988 and references therein). While C. aequitriloba is widely distributed
throughout BCS and occurs in all main islands except for the western Balearic Islands
Ibiza and Formentera, the other three species are single island endemics according to
the current taxonomic treatments (Sutton, 1988; Giemes, 2009). This lineage is
therefore an excellent example to understand the mechanisms underlying the

endemism patterns in BCS.

The two single island endemics from Corsica and Sardinia have been traditionally
considered as clearly distinct species. Cymbalaria hepaticifolia Wettst. (2n = 56, Sutton,
1988) occurs in the mountains of Corsica, from alpine habitats to fresh and humid
forests (Jeanmonod & Gamisans, 2007). Cymbalaria muelleri (Moris.) A.Chev.,

comprising ca. ten known populations, is a hexaploid (2n = 42, Onnis & Floris, 1967)
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endemic of the mountains of central Sardinia (Arrigoni et al., 1979).

Cymbalaria fragilis (J.J.Rodr.) A.Cheuv. is a critically endangered (CR) octoploid (2n =
56, Castro & Rosselld, 2006) species endemic to Menorca (Bafiares et al., 2010). It has
been treated either as a subspecies of C. aequitriloba (Sutton, 1988; Bolos et al., 2005)
or as a separate species (Gliemes, 2009). Furthermore, the circumscription of this
taxon is uncertain. According to Gliemes (2009), C. fragilis is characterized by several
distinctive features such as large white flowers, thick leaves and stems, fragility, dense
hairiness and finely alveolate to smooth seeds. However, some populations in Menorca
and Cabrera exhibit all distinctive features but have alveolate seeds (Glemes, 2009).
Seed ornamentation has been regarded as highly relevant in the taxonomy of the tribe
Antirrhineae (Elisens & Tomb, 1983; Elisens, 1985; Sutton, 1988; Vigalondo et al.,
2015), and was considered sufficient to attribute these populations to C. aequitriloba
(Guemes, 2009). The latter is the most widespread species among the four BCS
endemics, occurring in the eastern Balearic Islands, Corsica, Sardinia and the Tuscan
Archipelago. Octoploid counts (2n = 56) have been reported from Corsica and the
Balearic Islands (Dahlgren et al. 1971, Cardona & Contandriopoulos, 1983; Verlaque et
al., 1993); older hexaploid counts (2n = 42; Sutton, 1988) were considered erroneous
by Verlaque et al. (1993). Indeed, the original reference for the hexaploid counts (Heitz,
1927) does not report any chromosome number for C. aequitriloba, and we were
unable to trace any other hexaploid count in the literature. Cymbalaria aequitriloba
exhibits high morphological variability, which is the reason why sparsely hairy forms
from Mallorca have sometimes been confused with C. hepaticifolia (Pericas & Rosello,
1983). Some morphological extremes were described as separate taxa, but were later
synonymised with C. aequitriloba (Sutton, 1988). Sequence data, however, did not
support the species’ monophyly (Carnicero et al., 2017), and it is thus doubtful
whether C. aequitriloba is indeed a single taxon. Some authors considered C.
aequitriloba an example of a palaeoendemism (Contandriopoulos & Cardona, 1984;
Contandriopoulos, 1990; Thompson, 2005), although some of its aforementioned
features do not fit with the classical definition of the term (Favarger &
Contandriopoulos, 1961). Most importantly, its recent origin inferred from a dated

phylogeny rejected that hypothesis (Carnicero et al., 2017).
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Figure 1. Sampling sites and population numbers. Taxonomy follows the taxonomic concept adopted in
the present article, population numbers in the main text are preceded by a letter according to
taxonomy (a: C. aequitriloba, f: C. fragilis, h: C. hepaticifolia, m: C. muelleri, see Supplementary Table
S1).

Here, we focus on the phylogeography and systematics of the BCS endemics of the
genus Cymbalaria. We use a combination of AFLPs, plastid DNA sequences and
morphometrics to tackle the following questions: (1) Are genetic and morphological
data congruent and do they support the current taxonomy? (2) Specifically, is C.
aequitriloba monophyletic based on rapidly homogenizing (Bussel et al., 2005) AFLP
data? (3) What is the appropriate taxonomic rank and circumscription of C. fragilis? (4)
What was the pattern of colonization of the BCS endemics among Sardinia, Corsica and

the Balearic Islands?

Materials and Methods

Plant Material and DNA extraction

Leaf material for molecular analyses was collected in the field in 2012 and 2013,
dried and stored in silica gel. The sampling localities are shown in Fig. 1 and voucher
details are provided in supplementary Table S1. Total genomic DNA was extracted from
ca. 10-30 mg silica gel dried leaf material following the CTAB protocol (Doyle & Doyle,
1987) with some modifications (Tel-Zur et al., 1999). When less than 10 mg of dried

material was available, no sorbitol washing was applied.
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AFLP fingerprinting

AFLP fingerprinting was performed with usually eight to ten individuals per
population (supplementary Table S1), using C. microcalyx (Boiss.) Wettst. and C.
pubescens (C.Presl) Cufod.as outgroup taxa. AFLP profiles were generated following
established protocols (Vos et al., 1995) with modifications described in Schonswetter et
al. (2009) and Resetnik et al. (2014). Three blanks (DNA replaced by water) were
included to test for contamination, and 32 samples (10.5%) were used as replicates
between PCR batches to test the reproducibility of AFLP fingerprinting. Based on an
initial primer trial the following three selective primer combinations were chosen for
selective PCR (fluorescent dye in brackets): EcoRl (6-FAM)ACA / Msel-CAT, EcoRI
(VIC)AGG / Msel-CAC, and EcoRI (NED)AAC / Msel-CAG (6-FAM labelled primers: Sigma-
Aldrich; NED and VIC labelled primers: Applied Biosystems). Selective PCR products
were purified using Sephadex G-50 Fine (GE Healthcare Bio-Sciences, Uppsala, Sweden)
applied to a MultiScreen-HV plate (Millipore, Molsheim, France) in three steps of 200
ul each and packed at 600 g for 1, 1 and 5 min, respectively. Then 0.8 ul of the elution
product was mixed with 10 ul formamide (Applied Biosystems) and 0.125 pl GeneScan
500 ROX (Applied Biosystems) and run on an ABI 3130 automated capillary sequencer.

Analyses of AFLP data

Electropherograms were analysed with Peak Scanner version 1.0 (Applied
Biosystems) using default peak detection parameters except employing light peak
smoothing. The minimum fluorescent threshold was set to 50 relative fluorescence
units. Automated binning and scoring of the AFLP fragments were performed using
RawGeno 2.0-1 (Arrigo et al., 2009) for R 2.15.0 (R Development Core Team, 2015) with
the following settings: scoring range 140-500 bp, minimum intensity 50 relative
fluorescence units, minimum bin width 1 bp, and maximum bin width 1.5 bp.
Fragments with a reproducibility lower than 80% based on sample-replicate
comparisons were eliminated. The error rate (Bonin et al., 2004) was calculated as the
ratio of mismatches (scoring 1 versus 0) over phenotypic comparisons in AFLP profiles
of replicated individuals. Fragments present/absent in only one individual were

excluded.
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A Neighbour-Joining (NJ) analysis based on Nei-Li genetic distances (Nei & Li,
1979) was conducted and bootstrapped (2000 pseudo-replicates) with TREECON
v.1.3b (van de Peer & De Wachter, 1997). SplitsTreed4 12.6 (Huson & Bryant, 2006)

was used to produce a Neighbor-Net diagram based on uncorrected P-distances.

A Bayesian phylogeographical diffusion model in continuous space (Lemey et al.,
2010) was performed on the AFLP dataset using BEAST v1.8.2 (Drummond et al., 2012)
to infer the pattern of colonization among islands. Geographic input data were
coordinates of each population (supplementary Table S1). We used a simple
substitution model with estimated state frequencies for phylogeny inference and the
Bayesian skyline coalescent prior (Drummond et al., 2005) with a piecewise-linear
skyline model was set to model population growth. A strict molecular clock was used
due to the simple presence-absence structure of AFLP data. The diffusion process was
modelled by a lognormal relaxed random walk process, which is an extension of a
phylogenetic Brownian motion process that rescales the precision matrix by a branch-
specific scalar that is drawn independently from an identical distribution (Nylinder et
al.,, 2014), in our case a lognormal distribution centred on 1. We specified a prior
exponential distribution on the standard deviation of the lognormal distribution with a
mean of 5. We added random jitter with a window size 1.0 to the tips, as more
individuals were sampled from the same location. The analysis of the diffusion
inference was run for 200 million generations, logging parameters every 5,000
generations. The performance of the analysis as well as mixing and effective sample
size values for all parameters were checked in Tracer 1.6.0 (Rambaut et al., 2013). A
maximum clade credibility tree (MCC) was produced and annotated with Tree
Annotator (part of the BEAST package) after removing 25% of trees as burnin and
visualized with FigTree 1.4.2. The diffused MCC tree with annotated diffusion estimates
was visualized in SPREAD v.1.0.6 (Bielejec et al., 2011) and projected together with

polygons representing ancestral areas using ArcGIS 10.3.

Analyses of molecular variance (AMOVAs) and genetic diversity were computed with
ARLEQUIN 3.5. Groups were defined according to taxa and — for C. aequitriloba — to
geographic distribution (islands and archipelagos). Average gene diversity over loci (1, )
was obtained for populations and groups after removing populations with fewer than
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four sampled individuals. Comparison of gene diversity among groups was performed

with Student’s t-tests after testing for normality with Shapiro-Wilk normality tests.

A separate dataset for C. aequitriloba was prepared and, after independent
automated binning and scoring, analysed in the same way. It comprised all populations
of the C. aequitriloba clade (see Results) plus C. fragilis populations f8 and f9 as
outgroup, based on the results of the NJ analysis for the entire dataset. In addition, we
performed nonhierarchical K-means clustering (Hartigan & Wong, 1979), a model-free
clustering approach. We used a script of Arrigo et al. (2010) in R (R Development Core
Team, 2015) to identify genetically homogeneous groups in a dataset pruned to C.
aequitriloba. We performed 100,000 independent runs (i.e., starting from random

points) for each assumed value of K (i.e., the number of groups) ranging from 2 to 10.
Amplification and sequencing of plastid DNA markers

We amplified and sequenced the plastid ndhF region and the rp/32—trnL(UAG) spacer
for three individuals per population, with the exceptions of populations a20 and m1 —
for which we could only obtain sequences from two individuals —, and the outgroups
(C. muralis G.Gaertn., B.Mey. & Scherb. and C. pubescens) — with a single individual per
population. We used the primers 3'F (Eldenés et al., 1999), +607 (Kim & Jansen, 1995)
and the internal specific primers ndhF CymbF and ndhF CymbR (Carnicero et al., 2017)
for the ndhF region and rpl32F and trnL(VA®) (Shaw et al., 2007) for the rpl32-trnL
spacer. All reactions were carried out in a MasterCycler Gradient thermocycler

(Eppendorf).

For both plastid regions, the reaction mix (total volume 25 plL) contained 9 uL of
RedTag ReadyMix PCR Reaction Mix (Sigma-Aldrich), 1.05 pL bovine serum albumin
(BSA; 1 mg mL™; Promega), 1.05 pL of each primer (10 uM) and 1.5 pL template DNA.
We followed the PCR profiles described in Galbany-Casals et al. (2012) for the ndhF and

Magauer et al. (2014) for the rp/32-trnL spacer.

The quality of the PCR products was checked on 1% TBE agarose gels. Subsequently,
the amplification products were purified enzymatically using Exonuclease | and Shrimp
Alkaline Phosphatase (Fermentas) according to the manufacturer’s instructions. Sanger

sequencing was conducted by a commercial sequencing facility (Eurofins MWG
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Operon, Munich, Germany) using the primers 3'F, +607, rpl32F and trnL(VA%),

Sequences were examined and aligned by hand using Chromas Lite 2.0
(Technelysium Pty Ltd, Tewantin, Australia) and Mega 6.06 (Tamura et al., 2013).

GenBank accession numbers are given in supplementary Table S1.
Analyses of sequence data

The alignment of the concatenated plastid markers was analysed using statistical
parsimony as implemented in TCS 1.21 (Clement et al., 2000) with the connection
limit set to 95%. For this analysis, an indel longer than 1 bp was reduced to a single
base pair column allowing this structural mutation to be counted as single base pair
mutation only. Two overlapping, but clearly non-homologous indels were detected
and considered different. Differences on the indel length (1 bp) caused by different
lengths of poly-T regions were not considered due to the high likelihood of
homoplastic evolution (Aldrich et al.,, 1988). Specimens with missing data in
polymorphic positions were excluded to avoid ambiguous haplotype assignments.

After these modifications, gaps were treated as fifth character state in this analysis.

Maximum parsimony (MP) analyses as well as MP bootstrap analyses of both
data sets were performed using PAUP 4.0b10 (Swofford, 2002). Indels were coded as
binary characters using the simple indel coding method (Simmons & Ochoterena,
2000) using SeqState 1.4.1 (Mdller, 2005). The most parsimonious trees were
searched heuristically with 1000 replicates of random sequence addition, TBR
swapping, and MulTrees on. The swapping was performed on a maximum of 1000
trees (nchuck = 1000). All characters were equally weighted and unordered. The
data set was bootstrapped using full heuristics, 1000 replicates, TBR branch
swapping, MulTrees option off, and random addition sequence with five replicates.
Cymbalaria pubescens was used as outgroup based on a previous study (Carnicero

et al., 2017).

Bayesian Inference (BI) analysis was performed employing MrBayes v.3.2
(Ronquist et al., 2012) applying the GTR+G substitution model proposed by the
Akaike information criterion implemented in JModelTest 0.1.1 (Posada, 2008). Indels

were coded as binary characters using the simple indel coding method (Simmons &
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Ochoterena, 2000). We generated 10,000 trees running MrBayes for 5,000,000
generations and sampling one of every 500 generations. After ensuring that the
Markov chain Monte Carlo (MCMC) reached stationarity, we discarded the first 2500

trees as burn-in.
Morphometric analyses

Twenty-seven characters were scored on the basis of previous studies on the tribe
Antirrhineae (Sutton, 1988; Sdez & Crespo, 2005), of which 18 were quantitative and
seven were ordinal (supplementary Table S2). Seven corresponded to vegetative
features, 11 to floral features, and seven to fruit and seed features. For the vegetative
characters, three measurements per specimen were averaged when possible. As it was
not possible to score both floral and fruit or seed characters for all populations, we
analysed two datasets. Dataset 1 included 11 floral and seven vegetative characters
and dataset 2 included seven fruit and seven vegetative characters. Dataset 1
comprised 129 specimens from 31 populations and dataset 2 comprised 85 specimens
from 33 populations (supplementary Table S1). All specimens used in these analyses
were also included in the molecular analyses, with the exception of C. muelleri and
some individuals from population a5 of C. aequitriloba included in dataset 1, which
were added later in order to provide floral measurements. Floral measurements were
performed in the field with a caliper. Features of indumentum, calyx, fruits and seeds
were examined under a binocular stereoscopic microscope. The other characters were
measured on scanned specimens using Image J (Abramoff et al., 2004). Analyses were
conducted using a set of R functions contained in MorphoTools ver. 1.01 (Koutecky,
2015). Pearson and Spearman correlation coefficients were computed to reveal
correlation structure among the characters and to ensure that no strong correlations (>
|0.95|) were present. After standardization to zero mean and unit variance, principal
component analysis (zero-centred PCA based on a covariance matrix) was applied to
datasets 1 and 2 to display the overall variation pattern along the first two
components. A canonical discriminant analysis (CDA) was performed on dataset 1 to
assess the morphological differentiation among the four taxa. Morphological
intermediate specimens between C. fragilis and C. aequitriloba from populations f1, {3,
f4, f5, f8 and f9 were included in C. fragilis according to the results of the molecular
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analyses and the PCA.

Results

AFLPs

In total, 834 AFLP fragments were scored for 304 individuals, of which 779
polymorphic, high-quality, reproducible AFLP-fingerprints were obtained. Fifty-five
fragments with singular presences or absences were excluded. The initial error rate
(Bonin et al., 2004) before the exclusion of non-reproducible fragments was 3.17%.
The final dataset for C. aequitriloba comprised 175 individuals and 557 AFLP

fragments.

The NJ analysis revealed that the four taxa analysed constituted a monophyletic
group with high bootstrap support (BS 100%, Fig. 2A, supplementary Fig. S1). The
main split in the NJ tree separated C. aequitriloba and C. fragilis from C. hepaticifolia
and C. muelleri. Populations of C. aequitriloba formed a clade (BS 62%) excluding all
populations with distinctive features of C. fragilis, but bearing alveolate seeds (f1,
3, f4, f5, f8 and f9), which instead grouped with C. fragilis (BS 100%). One well
supported clade each grouped populations of C. hepaticifolia (BS 100%) and C.
muelleri (BS 96%). The NeighborNet (Fig. 2B) showed three clearly distinct groups
for C. fragilis, C. hepaticifolia and C. muelleri, coincident with those obtained from
the NJ analysis, whereas C. aequitriloba populations did not group together.
Individuals from the same population — with the exception of populations al4, a23
and h4 — formed monophyletic groups. The C. fragilis clade showed a main split
between the populations from Menorca (f1 to f7, BS 79%) and those from Cabrera

traditionally included in C. aequitriloba (f8 and f9, BS 100%).

The results obtained by the Bayesian analyses with BEAST were congruent with
the NJ analysis, minor differences concerned nodes with low support
(supplementary Fig. S2). The origin of diversification was estimated to be in
northern Sardinia (Fig. 3), from where dispersal events to southern Sardinia, Corsica

and the Balearic Islands (Menorca) occurred. Later, further dispersals from Sardinia
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Figure 2. AFLP analyses of C. aequitriloba, C. fragilis, C. hepaticifolia and C. muelleri. A, simplified
Neighbour-Joining tree. Numbers above branches are bootstrap support values derived from a
Neighbour-Joining analysis. B, Neighbor-Net diagram. Asterisks indicate C. fragilis populations
previously considered C. aequitriloba. Populations are numbered as in Fig. 1 and Table S1.

to Corsica and the Balearic Islands (Mallorca) took place.

A hierarchical AMOVA (supplementary Table S3) assigned 28.7% of the entire
variation to the among-taxa component. In C. aequitriloba the highest variation among
populations within an island was found in Sardinia (44.7%), and the lowest in Corsica
(27.7%). Genetic diversity expressed as 1, (supplementary Table S4) varied from 0.028
in population al7 of C. aequitriloba from Menorca to 0.164 in population h5 of C.
hepaticifolia from Corsica. No differences were found between taxa. For C.
aequitriloba, 1, was significantly lower in the Balearic Islands than in Corsica and

Sardinia.
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In the separate NJ analysis for C. aequitriloba (Fig. 4, BS 100%) the populations
from the Balearic Islands formed a clade (BS 100%), which contained a subclade
comprising populations from Menorca (al1l5-a20; BS 91%). Populations from Corsica
(@a9—a14) formed a supported clade (BS 99%) whereas populations from Sardinia
were distributed in three main clades (a1, BS 100%; a2, a7 and a8, BS 70%; a3—a6,
BS 97%). Nonhierarchical K-means clustering resulted in an optimal separation of
the dataset into three groups (Fig. 4) composed by the Sardinian populations al,
a3—a6; all Corsican populations plus the Sardinian populations a2, a7 and a8; and all
Balearic populations. At K = 6 populations al—a8 from Sardinia were split into four
clusters, whereas the other two groups included all Corsican and all Balearic

populations, respectively (Fig. 4).

0.72 0.5

0.27 0.15

Figure 3. Snapshots of estimated ancestral node areas in the Maximum Clade Credibility tree
obtained from the BEAST continuous phylogeographical analysis of AFLP data at different time
horizons as visualized using the software SPREAD. The 80% highest posterior density areas for
nodes are indicated as grey polygons. The star in the upper left panel indicates the starting point of
diversification and the relative time scale of diversification is indicated by numbers (1 = origin, 0 =
present). Numbers indicate LDD events to the Balearic Islands leading to (1) the origin of C. fragilis
and (2) a range expansion of C. aequitriloba. Lines indicating the two LDD events were modified to
prevent them from crossing.

98



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

@)
O Sardinia
O Corsica al4 O
. Mallorca 80
—_—
. Menorca ‘—Q ’g aIZO
5 * al4 6
1
99 ‘ al3 O
57 alo O
100 a9 O
00 T’g 20
64| 70 100 a7() 2
79 e
100 T
4
100 |
K-means
100

&% C. fragilis
0.1

——
Figure 4. Neighbor-Joining tree based on AFLP data generated for C. aequitriloba following the

taxonomic concept adopted in the present study. Distributions of clusters identified by nonhierarchical K-
means clustering at K = 3 and K = 6 are shown to the right. Circles next to population names indicate the

island of origin.

99



Evolution, biogeography and systematics of the genus Cymbalaria Hill

Plastid DNA sequences

The concatenated ndhF and rpl32-trnL(UAG)

sequences consisted of 2776 aligned
positions. We found 26 plastid haplotypes that differed by one to 14 substitutions
including codified indels (Fig. 5). There was no clear correlation with taxonomy;
instead, some geographically close populations of different taxa shared haplotypes.
For instance, haplotype 4 was found in almost all populations of C. aequitriloba and
C. fragilis from the Balearic Islands, haplotype 9 was found in two populations of C.
aequitriloba and one population of C. hepaticifolia from Corsica, and haplotype 22
was found in two populations of C. aequitriloba and one population of C. muelleri
from southern Sardinia (Fig. 5). The Balearic Islands clearly showed low haplotype
diversity in comparison to Corsica and Sardinia. Relationships inferred by MP and
Bayesian analyses were congruent and consequently we only show the topology
from the Bayesian analysis (Fig. 5). Two main clades were found in the tree: the first
contains the strongly divergent haplotype 26 from Sardinia and a haplotype of
Cymbalaria muralis (PP 1; BS 100%), and it is sister to all other haplotypes found in
BCS (PP 0.89). Phylogenetic relationships among haplotype groups (colour-coded in
Fig. 5) were in general statistically weakly supported, whereas relationships among

closely related haplotypes reflected the pattern of the parsimony network.
Morphometric analyses

Correlation coefficients did not exceed 0.95 for any pair of characters; therefore,

all characters were retained for further analyses (supplementary Table S2).
Dataset 1

In the PCA, the first axis accounted for 34% of the variation and the second axis
for 28%. The ordination diagram (Fig. 6A) suggested three clusters, two
corresponded to C. aequitriloba and C. hepaticifolia, respectively, and a third one
grouped C. fragilis and C. muelleri, including the controversial C. aequitriloba
populations f1, f3, f4, f5, f8 and f9 from Cabrera and Menorca. The characters with
most weight in the separation of the three groups were those related with
indumentum density. The CDA (Fig. 6B, C) supported morphological differentiation

of the four main AFLPs clades. The first two axes (41% and 35% of the explained
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variation) supported the three groups observed in the PCA, with some overlap
between C. aequitriloba and C. fragilis plus C. muelleri. The third axis (24%) supported

the differentiation between C. fragilis and C. muelleri.
Dataset 2

The first PCA axis accounted for 44% of the variation and the second axis for 14%.
The ordination diagram showed a structure similar to that retrieved by the analysis of
dataset 1, albeit with stronger overlap of C. aequitriloba and the C. fragilis — C. muelleri

group (supplementary Fig. S3).

Discussion

The combination of molecular and morphological data has been widely used to
reevaluate systematics at different taxonomic levels (e.g. Stull et al., 2015; Vigalondo et
al., 2015; Carvalho-Sobrinho et al., 2016; Puglisi et al., 2016). Specifically, many studies
have used AFLP data and morphometrics to address taxonomic conflicts in groups of
closely related plant taxa (e.g., Spaniel et al., 2012, Kuzmanovi¢ et al., 2013; Magauer
et al., 2014; Ronikier & Zalewska-Gatosz, 2014; Kellner et al., 2014). In the case of
Cymbalaria, AFLP and morphometric analyses allow for recognising four distinct
entities (Fig. 2, supplementary Fig. S1) within a previously identified monophyletic
group of Cymbalaria species endemic to the Balearic Islands, Corsica and Sardinia
(Carnicero et al.,, 2017). These entities coincide with the current taxonomic
circumscription of C. hepaticifolia and C. muelleri, but require novel circumscriptions of

C. aequitriloba and C. fragilis (Figs 2, 6).
A novel circusmcription of C. fragilis and C. aequitriloba

Glemes (2009) suggested that C. fragilis is restricted to three populations in
southern Menorca, and assigned reports from the North and East of the island
(populations f1 and f4) as well as those from Cabrera (populations f8 and f9) to C.
aequitriloba, based on their alveolate seeds. However, these populations exhibit all
other distinctive morphological features as well as a late flowering time (Glemes,

2009) characteristic of C. fragilis and, interestingly, in population f6 we observed both
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Figure 5. Sampled populations and patterns of plastid DNA (ndhF and rp/32—trnL(UAG)) variation. Colours
correspond to groups of closely related haplotypes. Taxonomy follows the taxonomic concept adopted
in the present article (a: C. aequitriloba, f: C. fragilis, h: C. hepaticifolia, m: C. muelleri). A-B, pie charts
indicate the proportions of haplotype groups sampled in each population. Asterisks indicate
populations exhibiting mostly distinctive features of C. fragilis but previously assigned to C.
aequitriloba owing to the presence of alveolate seeds. C, Phylogram from the Bayesian Inference
analysis. Numbers above branches indicate Bayesian posterior probabilities / Maximum parsimony
bootstrap support values. Haplotypes are given for each lineage next to the tips, numbering
corresponds to Table S1. D, Statistical parsimony haplotype network. Black dots indicate hypothetical
unsampled haplotypes, numbering corresponds to Table S1.
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Figure 6. Ordination diagrams of morphometric analyses of 18 floral and vegetative characters obtained
for 129 specimens (dataset 1) of C. aequitriloba (empty circles), C. fragilis (grey circles), C. hepaticifolia
(black circles) and C. muelleri (crosses). Grey circles with thicker outline indicate C. fragilis specimens
previously considered C. aequitriloba. A, Principal component analysis. Scatter plot of principal
component scores for the first two components of morphological variation. Grey arrows represent
relationships of characters projected in the same ordination space as the samples (Fl: flower, Lf: leaf,
Pd: pedicel, Pt: petiole). B—C, Canonical discriminant analysis. Scatter plots of dicriminant scores for the
three discriminant axis.

types of seed ornamentation. In the AFLP (Figs 2, 4) as well as in the morphometric
analyses (Fig. 6), these populations clustered with C. fragilis. Therefore, C. fragilis must
be redefined to include populations with the before-mentioned distinctive
morphological characters from Menorca and Cabrera in spite of their aberrant seeds.
Seed ornamentation —in this particular case— must thus be considered a variable
character without taxonomic value. The strongly supported monophyly in the AFLP
analyses (Fig. 2, supplementary Fig. S1) together with the clear morphological
differentiation (Fig. 6) and the overlapping distributions of C. fragilis and C.
aequitriloba in Menorca do not match the definition of subspecies (Van Son, 1955;

Hamilton & Reichard, 1992; Stuessy, 2009). In contrast, the available evidence strongly
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suggests treating C. fragilis as a separate species in accordance with the original
description (Rodriguez, 1878), rather than as a subspecies of C. aequitriloba (Chevalier,
1936; Sutton, 1988). The proposed change of circumscription brings about a change in
the species’ threat category according to IUCN (2012) criteria. We sampled all known
populations of C. fragilis to date, updating the number of populations from three to
nine, and therefore suggest that Near Threatened (NT) would be a more adequate

category than the formerly applied Critically Endangered (CR; Bafiares et al. 2010).
A Corso — Sardinian common ancestor for the BCS endemics

Spatial reconstruction of evolutionary dynamics using relaxed random walks (Fig.
3) suggests a Sardinian origin of the BCS endemic species of Cymbalaria. The low
haplotype diversity found in the Balearic Islands (Fig. 5) is congruent with a
Sardinian origin, but does not allow to reject the alternative hypothesis of a Corsican
origin. An east (Corsica-Sardinia) to west (Balearic Islands) pattern of colonization
has been also suggested for the BCS endemics Arum pictum (Mansion et al., 2008)

and Thymus herba-barona (Molins et al., 2011).

Cymbalaria hepaticifolia and C. muelleri diverged from a common ancestor
probably via an allopatric speciation event, as suggested by their current
distribution areas (Fig. 1). Our genetic and morphological data confirmed them as
two well differentiated species (Figs. 2, 6). However, plastid sequences revealed
close relationships among the haplotypes found in the two before-mentioned
species and those of sympatric C. aequitriloba populations (Fig. 5). Both the strongly
reduced haplotype diversity of C. fragilis in comparison with Corsican and Sardinian
populations of the three other studied species (Fig. 5) and the BEAST continuous
phylogeographic analysis (Fig. 3) support the hypothesis that a LDD event to the
Balearic Islands led to the origin of C. fragilis. Genetic diversity of C. fragilis was not
significantly lower than that of C. aequitriloba (supplementary Table S4), suggesting
that the LDD event was ancient enough to allow for a recovery of genetic diversity
(Luikart et al., 1998). Cymbalaria aequitriloba likely originated in Sardinia (Fig. 3),
which is also supported by the highest among-population variation in the AMOVAs

(supplementary Table S3), the significantly higher genetic diversity observed in
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Sardinian populations as compared to populations from the other islands
(supplementary Table S4), the high haplotype diversity (Fig. 5) and the high number of
of separable AFLP gene pools (Fig. 4).

Phylogeography of C. aequitriloba and C. fragilis

Cymbalaria aequitriloba exhibits a higher genetic diversity in Sardinia than in
Corsica, as shown by the higher number of plastid haplotypes and AFLP clusters (Figs.
4, 5). This is most probably explained by Pleistocene glaciation periods, which had a
stronger effect in Corsica than in Sardinia as illustrated by the large glaciers
documented in Corsica during the Last Glacial Maximum (18,000 years ago, Kuhlemann
et al., 2005), and could have caused local extinctions (Reille et al., 1997; Salvi et al.,
2016). Later range expansion might have occurred from either lowland Corsican or
Sardinian refuge areas, via land bridges connecting both islands multiple times during
the Pleistocene (Lambeck et al., 2004; Lambeck & Purcell, 2005) or across the narrow
Bonifacio strait separating Corsica and Sardinia (Falchi et al., 2009). Populations from
northern and western Sardinia showed a high genetic similarity with Corsican
populations (Figs 4, 5), supporting contacts between the populations of the two islands

as shown for Cistus creticus L. (Falchi et al., 2009).

Cymbalaria reached the Balearic Islands via two independent LDD events, as
suggested by the BEAST continuous phylogeographic analysis (Fig. 3), the first
ultimately leading to the origin of C. fragilis and the second causing a range expansion
of C. aequitriloba. These two events were also supported by the shorter terminal splits
depicted in the Neighbor-Net diagram for all Balearic populations indicating strong
similarity among individuals (Figs. 2, 4). Significantly lower average genetic diversity of
Balearic populations of C. aequitriloba as compared to those from Corsica and Sardinia
also support the hypothesis of a LDD event (supplementary Table S4). In addition, the
strongly reduced haplotype diversity in the Balearic Islands (Fig. 5) may evidence a
strong bottleneck resulting from a founder event (e.g., Schonswetter et al., 2008,
Burnier et al., 2009). With the exception of haplotype H11, the close phylogenetic
relationships among haplotypes from the Balearic Islands (Fig. 5C) suggest a common

ancestral haplotype for C. aequitriloba and C. fragilis. This common ancestor might
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have occurred in western and northern Sardinia as shown by the BEAST continuous
phylogeographic analysis and the close phylogenetic relationship between
H1-H4 from the Balearic Islands and H5—H10 from Corsica and Sardinia (Figs. 3, 5).
In the same line, the geographic setting supports a dispersal from western Sardinia,
for instance from the surroundings of population a2. It is the closest to the Balearic
Islands and thrives on the summit of the Monte Ferru massif, at 1050 m altitude
only 12 km from the coast. Alternatively, or in addition, at a later stage hybridization
with C. fragilis could have led to the sharing of haplotype H4 across species

boundaries (Currat et al., 2008).

The history of the Balearic populations of both species was likely influenced by
sea level variation during the Pleistocene. Land connections during glaciation
periods (Vesica et al., 2000) might have aided C. aequitriloba and C. fragilis to
disperse among the Eastern Balearic Islands until both species achieved their
current distributions. However, during early Pleistocene interglacials (1.6—0.7 Ma)
the sea rose for up to 100 m above current level, leading to considerable reduction
of the surface of Menorca, division of Mallorca into two islands and transgression of
most of Cabrera (Gracia et al., 2001; Mayol et al., 2012). This was likely a major
obstacle for the expansion of C. fragilis to Cabrera, since only a small area of that
island protruded from the sea, suggesting that the colonization most probably
occurred after this period. In any case, presence of well-supported clades in
Menorca and Cabrera (Fig. 2B, supplementary Fig. S1) supports the current

isolation.

In contrast to other members of the tribe Antirrhineae exhibiting winged seeds
or adaptation to marine dispersal (e.g. Linaria Mill., Cymbalaria longipes (Boiss. &
Heldr.) A. Cheval.; Sutton, 1988) neither C. aequitriloba nor C. fragilis show any
apparent adaptation for LDD. Moreover, both species are at least partly achorous
and actively prevent seed dispersal by positioning mature capsules in rock crevices
(Sutton, 1988). However, the importance of non-standard vectors has been
recognised (Nathan et al., 2008; Gillespie et al., 2012) and rare stochastic events
such as LDDs have been highlighted as important drivers of organisms’ histories
(Losos & Mahler, 2010; Roquet et al., 2013). In fact, LDD has been invoked in several
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cases in spite of the apparent lack of particular adaptations (e.g. Guzman & Vargas,
2008; Dixon et al., 2009; Escudero et al., 2010; Santos-Gally et al., 2011; Pifieiro et al.,
2012). The success in colonization after a LDD is thought to be governed by the
availability of adequate niches rather than by dispersal abilities (Nieto Feliner, 2014). In
addition, polyploids are better buffered against genetic bottlenecks and subsequent
inbreeding resulting from founder effects (Linder & Barker, 2014), a feature that could

have helped C. aequitriloba and C. fragilis to establish in the Balearic Islands.

Finally, our previous results (Carnicero et al., 2017) strongly suggested that C.
aequitriloba is not a palaeoendemic that originated and expanded its range when
Corsica-Sardinia and the Balearic Islands were connected (~20 Ma, Speranza et al.,
2002), but rather colonized the Balearic Islands much later, 1-4 Ma. The results
presented here support this statement and furthermore show that C. aequitriloba does
not meet the criteria attributed to relict taxa, i.e., low levels of infraspecific
morphological and genetic variation as a result of a long process of adaptation in
refugial isolation, and taxonomic isolation due to extinction of close relatives (Favarger
& Contandriopoulos, 1961; Mansion et al., 2008). In contrast, C. aequitriloba is highly
morphologically variable (Fig. 6, Sutton, 1988; Gliemes, 2009), genetically equally

diverse as its closest relatives (supplementary Table S4) and not taxonomically isolated.
Incongruence between AFLP and sequence data

The monophyly of each of the four species in the AFLP analyses (Fig. 2,
supplementary Fig. S1) suggests that reproductive isolation is effective at present.
However, interspecific gene flow appears possible due to the close proximity between
populations of C. aequitriloba and C. hepaticifolia in Corsica, and between C.
aequitriloba and C. muelleri in Sardinia (P.C. & M.G., personal field observations). A few
incongruities between mostly nuclear-derived AFLPs (Bussell et al., 2005) and
maternally inherited plastid DNA sequences (Corriveau & Coleman, 1988), could
indicate past reticulation events. Although incomplete lineage sorting (ILS) of ancient
polymorphisms cannot be ruled out as cause for these incongruities (Soltis et al., 1998;
Degnan et al.,, 2009; Pelser et al., 2010; Hilpold et al., 2014; Sun et al., 2015),

hybridization appears more likely due to the grouping of haplotypes retrieved from
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geographically close populations of different taxa (Fig. 4, McKinnon et al., 2004;
Lorenz-Lemke et al., 2006). The most obvious case is the occurrence of haplotype 26
otherwise characteristic of the phylogenetically distant (cf. Carnicero et al., 2017) C.
muralis in populations a4 and a6 of C. aequitriloba from Sardinia (Fig. 4). Cymbalaria
muralis, a diploid species native to the Apennine and northern Balkan Peninsulas, is
naturalized almost worldwide in temperate areas (Sutton, 1988). The population of
C. muralis used here is from the same area in Sardinia where haplotype 26 was
found; hybridization resulting in chloroplast capture of a C. muralis haplotype is,

therefore, likely.

Two statistically supported incongruities were found between the AFLP dataset
and the previous phylogeny (Carnicero et al., 2017). The latter retrieved a clade
formed by C. aequitriloba accessions from Corsica and C. hepaticifolia, and inferred
a common ancestor for C. fragilis and C. muelleri; these two clades did not appear in
the AFLP analysis (Fig. 2). Although nrDNA and AFLPs have been shown to yield
mostly congruent signals (Koopman, 2005), incongruities have also been reported
(EI-Rabey et al., 2002; Semerikov et al., 2003). Here, we suggest that hybridization
followed by concerted evolution of nrDNA towards one parental copy (Alvarez &
Wendel, 2003; Soltis et al., 1998) and/or ILS are the most probable causes for the
incongruities. Therefore, we consider the aforementioned relationships retrieved
from the nrDNA phylogeny to be spurious. In the same line, it has been stated that
AFLPs explain better phylogenetic relationships among closely related species,
especially when dealing with complex evolutionary processes such as polyploidy and

hybridization (Koopman, 2005).

Acknowledgements

We thank all colleagues who assisted during fieldwork or provided plant material.
M. Magauer, M. Pacary, D. Pirkebner and R. Vilatersana provided valuable help with lab
work. We also thank B. Frajman, M. Magauer and |. ReSetnik for assistance in the

BEAST continuous phylogeography and K-means clustering analyses. J. M. Blanco-

108



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

Moreno contributed to the morphometric analyses with valuable comments. This
research was funded in part by the Spanish government (CGL2010-18631/BOS and the
Flora iberica project, CGL2011-28613-C03-01) as well as the Catalan government
(2014-SGR 514). Pau Carnicero benefited from the support of a PIF PhD student
fellowship from the Universitat Autbnoma de Barcelona and an Erasmus+ traineeship
mobility fellowship, which supported a research stay at the Institute of Botany of the

University of Innsbruck.

References

Abramoff MD, Magalhdes PJ, Ram SJ. 2004. Image processing with imagel.
Biophotonics International 11: 36—-41.

Aldrich J, Cherney BW, Merlin E, Christopherson L. 1988. The role of
insertions/deletions in the evolution of the intergenic region between psbA and
trnH in the chloroplast genome. Current Genetics 14: 137-146.

Alvarez I, Wendel JF. 2003. Ribosomal ITS sequences and plant phylogenetic inference.
Molecular Phylogenetics and Evolution 29: 417-434.

Arrigo N, Tuszynski JW, Ehrich D, Gerdes T, Alvarez N. 2009. Evaluating the impact of
scoring parameters on the structure of intra-specific genetic variation using
RawGeno, an R package for automating AFLP scoring. BMC Bioinformatics 10: 33.

Arrigo N, Felber F, Parisod C, Buerki S, Alvarez N, David J, Guadagnuolo R. 2010.
Origin and expansion of the allotetraploid Aegilops geniculata, a wild relative of
wheat. New Phytologist 187: 1170-1180.

Arrigoni PV, Corrias B, Corrias SD, Raffaelli M, Valsecchi F. 1979. Le piante endemiche
della Sardegna, Bollettino della Societa Sarda di Scienze Naturali 18: 223-295.

Baiiares A, Blanca G, Giiemes J, Moreno JC, Ortiz S. 2004. Atlas y libro rojo de la flora
vascular amenazada de Espafia. Madrid: Direccidn General para la Biodiversidad,
Publicaciones del O.A.P.N.

Bielejec F, Rambaut A, Suchard MA, Lemey P. 2011. SPREAD: spatial phylogenetic
reconstruction of evolutionary dynamics. Bioinformatics 27: 2910-2912.

Bolos O de, Vigo J, Masalles RM, Ninot JM. 2005. Flora manual dels Paisos Catalans.
Barcelona: Portic.

Bonin A, Bellemain E, Bronken Eidesen P, Popanon F, Brochmann C, Taberlet P. 2004.
How to track and assess genotyping errors in population genetics studies.
Molecular Ecology 13: 3261-3273.

Bouckaert R, Heled J, Kiihnert D. 2014. BEAST 2: a software platform for Bayesian
evolutionary analysis. PLoS Computational Biology 10: e1003537.

109



Evolution, biogeography and systematics of the genus Cymbalaria Hill

Burnier J, Buerki S, Arrigo N, Kiipfer P, Alvarez N. 2009. Genetic structure and
evolution of Alpine polyploid complexes: Ranunculus kuepferi (Ranunculaceae) as a
case study. Molecular Ecology 18: 3730-3744.

Bussell JD, Waycott M, Chappill JA. 2005. Arbitrarily amplified DNA markers as
characters for phylogenetic inference. Perspectives in Plant Ecology, Evolution and
Systematics 7: 3—26.

Carnicero P, Sdez L, Garcia-Jacas N, Galbany-Casals M. 2017. Different speciation types
meet in a Mediterranean genus: The biogeographic history of Cymbalaria
(Plantaginaceae). Taxon doi:10.12705/662.7

Cardona MA, Contandriopoulos J. 1983. IOPB chromosome number reports 79. Taxon
32:320-324.

Carvalho-Sobrinho J, Alverson WS, Alcantara S, Queiroz LP, Mota AC, Baum DA. 2016.
Revisiting the phylogeny of Bombacoideae (Malvaceae): Novel relationships,
morphologically cohesive clades, and a new tribal classification based on
multilocus phylogenetic analyses. Molecular Phylogenetics and Evolution 101: 56—
74.

Castro M, Rosselld JA. 2006. New chromosome numbers for plant taxa endemic to the
Balearic Islands. Folia Geobotanica 41: 433-451.

Chevalier A. 1936. Les espéces élémentaires francaises du genre Cymbalaria. Bulletin
de la Société Botanique de France 83: 638—653.

Clement M, Posada D, Crandall KA. 2000. TCS: a computer program to estimate gene
genealogies. Molecular Ecology 9: 1657—-1659.

Contandriopoulos J. 1990. Specificite de I'endemisme Corse. Atti Dei Convegni Lincei
85: 394-416.

Contandriopoulos J, Cardona MA. 1984. Caractere original de la flore endémique des
Baléares. Botanica Helvetica 94: 101-132.

Corriveau JL, Coleman AW, Corriveau JL, Coleman AW. 1988. Rapid screening method
to detect potential biparental inheritance of plastid DNA and results for over 200
angiosperm species. American Journal of Botany 75: 1443—1458.

Currat M, Ruedi M, Petit RJ, Excoffier L. 2008. The hidden side of invasions: massive
introgression by local genes. Evolution 62: 1908-1920.

Dahlgren R, Karlsson T, Lassen P. 1971. Studies on the flora of the Balearic Islands.
Botaniska Notiser 124: 249-269.

Degnan JH, Rosenberg NA. 2009. Gene tree discordance, phylogenetic inference and
the multispecies coalescent. Trends in Ecology and Evolution 24: 332-340.

Doyle J, Doyle J. 1987. A rapid DNA isolation procedure for small quantities of fresh
leaf tissue. Phytochemistry Bulletin 19: 11-15.

Drummond AJ, Rambaut A, Shapiro B, Pybus OG. 2005. Bayesian coalescent inference
of past population dynamics from molecular sequences. Molecular Biology and
Evolution 22: 1185-1192.

110



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

Drummond AJ, Suchard MA, Xie D, Rambaut A. 2012. Bayesian phylogenetics with
BEAUti and the BEAST 1.7. Molecular Biology and Evolution 29: 1969-1973.

Eldenas P, Kallersjo M, Anderberg A. 1999. Phylogenetic placement and
circumscription of tribes Inuleae s. str. and Plucheeae (Asteraceae): evidence from
sequences of chloroplast gene ndhF. Molecular Phylogenetics and Evolution 13:
50-58.

Elisens WIJ. 1985. The systematic significance of seed coat anatomy among New World
species of tribe Antirrhineae (Scrophulariaceae). Systematic Botany 10: 282—-299.

Elisens WJ, Tomb AS. 1983. Seed morphology in New World Antirrhineae
(Scrophulariaceae): systematic and phylogenetic implications. Plant Systematics
and Evolution 142: 23-47.

El-Rabey HA, Badr A, Schafer-Pregl R, Martin W, Salamini F. 2002. Speciation and
species separation in Hordeum L. (Poaceae) resolved by discontinuous molecular
markers. Plant Biology 4: 567-575.

Escudero M, Valcarcel V, Vargas P, Lucefio M. 2010. Bipolar disjunctions in Carex: long-
distance dispersal, vicariance, or parallel evolution? Flora 205: 118-127.

Falchi A, Paolini J, Desjobert J-M, Melis A, Costa J, Varesi L. 2009. Phylogeography of
Cistus creticus L. on Corsica and Sardinia inferred by the trn/-F and rpl32-trnL
sequences of cpDNA. Molecular Phylogenetics and Evolution 52: 538—43.

Favarger C, Contandriopoulos J. 1961. Essai sur I'endémisme. Psychological Bulletin 71:
384-408.

Ferndndez-Mazuecos M, Jiménez-Mejias P, Rotllan-Puig X, Vargas P, 2014. Narrow
endemics to Mediterranean islands: Moderate genetic diversity but narrow
climatic niche of the ancient, critically endangered Naufraga (Apiaceae).
Perspectives in Plant Ecology, Evolution and Systematics 16: 190-202.

Galbany-Casals M, Carnicero-Campmany P, Blanco-Moreno JM, Smissen RD. 2012.
Morphological and genetic evidence of contemporary intersectional hybridisation
in Mediterranean Helichrysum (Asteraceae, Gnaphalieae). Plant Biology 14: 789—
800.

Gillespie RG, Baldwin BG, Waters JM, Fraser Cl, Nikula R, Roderick GK. 2012. Long-
distance dispersal: a framework for hypothesis testing. Trends in Ecology and
Evolution 27: 47-55.

Gracia F, Clamor B, Landreth R, Vicens D, Watkinson P. 2001. Evidéncies
geomorfologiques dels canvis del nivell mari. Monografies de la Societat d’Historia
Natural de les Balears 9: 91-119.

Giliemes J. 2009. Cymbalaria Hill., In: Benedi C, Rico E, Gliemes J, Herrero A, eds. Flora
iberica Xlll. Madrid: CSIC, 210-215.

Guzman B, Vargas P. 2009. Long-distance colonization of the Western Mediterranean
by Cistus ladanifer (Cistaceae) despite the absence of special dispersal
mechanisms. Journal of Biogeography 36: 954-968.

Hartigan J, Wong M. 1979. A k-means clustering algorithm. Applied Statistics 28: 100—

111



Evolution, biogeography and systematics of the genus Cymbalaria Hill

108.

Hamilton CW, Reichard SH. 1992. Current practice in the use of subspecies, variety,
and forma in the classification of wild plants. Taxon 41: 485-498.

Heitz E. 1927. Uber multiple und aberrante Chromosomenzahlen. Abhandlungen des
Naturwissenschaftlichen Vereins in Hamburg 21: 47-57.

Hilpold A, Vilatersana R, Susanna A, Meseguer AS, Borsi¢ I, Constantinidis T,
Filigheddu R, Romaschenko K, Sudrez-Santiago VN, Tugay O, Uysal T, Pfeil BE,
Garcia-Jacas N. 2014. Phylogeny of the Centaurea group (Centaurea, Compositae)
— Geography is a better predictor than morphology. Molecular Phylogenetics and
Evolution 77: 195-215.

Huson DH, Bryant D. 2006. Application of phylogenetic networks in evolutionary
studies. Molecular Biology and Evolution 23: 254-267.

IUCN. 2012. IUCN Red List Categories and Criteria: Version 3.1. Second edition. Gland
and Cambridge.

Jeanmonod D, Gamisans J. 2007. Flora Corsica. Aix-en-Provence: Edisud.

Kellner A, Ritz CM, Wissemann V. 2014. Low genetic and morphological differentiation
in the European species complex of Rosa sherardii, R. mollis and R. villosa (Rosa
section Caninae subsection Vestitae). Botanical Journal of the Linnean Society 174:
240-256.

Kim K, Jansen R. 1995. ndhF sequence evolution and the major clades in the sunflower
family. Proceedings of the National Academy of Sciences 92: 10379-10383.

Koopman WIJM. 2005. Phylogenetic signal in AFLP data sets. Systematic Biology 54,
197-217.

Koutecky P. 2015. MorphoTools: a set of R functions for morphometric analysis. Plant
Systematics and Evolution 301: 1115-1121.

Kuzmanovi¢ N, Comanescu P, Frajman B, Lazarevi¢ M, Paun O, Schonswetter P,
Lakusi¢ D. 2013. Genetic, cytological and morphological differentiation within the
Balkan-Carpathian Sesleria rigida sensu Fl. Eur. (Poaceae): A taxonomically intricate
tetraploid-octoploid complex. Taxon 62: 458-472.

Lambeck K, Antonioli F, Purcell A, Silenzi S. 2004. Sea-level change along the Italian
coast for the past 10,000 yr. Quaternary Science Reviews 23: 1567—1598.

Lambeck K, Purcell A. 2005. Sea-level change in the Mediterranean Sea since the LGM:
model predictions for tectonically stable areas. Quaternary Science Reviews 24:
1969-1988.

Lemey P, Rambaut A, Welch JJ, Suchard MA. 2010. Phylogeography takes a relaxed
random walk in continuous space and time. Molecular Biology and Evolution 27:
1877-1885.

Linder HP, Barker NP. 2014. Does polyploidy facilitate long-distance dispersal? Annals
of Botany 113:1175-1183.

Lorenz-Lemke AP, Mader G, Muschner VC, Stehmann JR, Bonatto SL, Salzano FM,

112



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

Freitas LB. 2006. Diversity and natural hybridization in a highly endemic species of
Petunia (Solanaceae): A molecular and ecological analysis. Molecular Ecology 15:
4487-4497.

Losos JB, Malher LD. 2010. Adaptive radiation: the interaction of ecological
opportunity, adaptation, and speciation, In: Bell MA, Eanes WF, Futuyma D),
Levinton JS, eds. Evolution after Darwin: The First 150 Years. Sunderland: Sinauer
Associates, 381-420.

Luikart G, Allendorf FW, Cornuet JM, Sherwin WB. 1998. Distortion of allele frequency
distributions provides a test for recent population bottlenecks. Journal of Heredity
89: 238-247.

Magauer M, Schonswetter P, Jang T, Frajman B. 2014. Disentangling relationships
within the disjunctly distributed Alyssum ovirense |/ A. wulfenianum group
(Brassicaceae), including description of a novel species from the north-eastern
Alps. Botanical Journal of the Linnean Society 176: 486-505.

Magri D, Fineschi S, Bellarosa R, Buonamici A, Sebastiani F, Schirone B, Simeone MC,
Vendramin GG. 2007. The distribution of Quercus suber chloroplast haplotypes
matches the palaeogeographical history of the western Mediterranean. Molecular
Ecology 16: 5259-5266.

Mansion G, Rosenbaum G, Schoenenberger N, Bacchetta G, Rossellé JA, Conti E.
2008. Phylogenetic analysis informed by geological history supports multiple,
sequential invasions of the Mediterranean Basin by the angiosperm family
Araceae. Systematic Biology 57: 269-85.

Mansion G, Selvi F, Guggisberg A, Conti E. 2009. Origin of Mediterranean insular
endemics in the Boraginales: integrative evidence from molecular dating and
ancestral area reconstruction. Journal of Biogeography 36: 1282-1296.

Mayol M, Palau C, Rossellé JA, Gonzalez-Martinez SC, Molins A, Riba M. 2012.
Patterns of genetic variability and habitat occupancy in Crepis triasii (Asteraceae)
at different spatial scales: insights on evolutionary processes leading to
diversification in continental islands. Annals of Botany 109: 429-441.

McKinnon GE, Jordan GJ, Vaillancourt RE, Steane DA, Potts BM. 2004. Glacial refugia
and reticulate evolution: the case of the Tasmanian eucalypts. Philosophical
Transactions of the Royal Society B 359: 275-284.

Médail F, Quézel P. 1999. Biodiversity hotspots in the Mediterranean Basin: setting
global conservation priorities. Conservation Biology 13, 1510-1513.

Molins A, Bacchetta G, Rosato M, Rossellé6 JA, Mayol M. 2011. Molecular
phylogeography of Thymus herba-barona (Lamiaceae): insight into the
evolutionary history of the flora of the western Mediterranean islands. Taxon 60:
1295-1305.

Miiller K. 2005. SeqgState. Applied Bioinformatics 4: 65—69.

Nathan R, Schurr FM, Spiegel O, Steinitz O, Trakhtenbrot A, Tsoar A. 2008.
Mechanisms of long-distance seed dispersal. Trends in Ecology and Evolution 23:

113



Evolution, biogeography and systematics of the genus Cymbalaria Hill

638—-647.

Nei M, Li WH. 1979. Mathematical model for studying genetic variation in terms of
restriction endonucleases. Proceedings of the National Academy of Sciences of the
United States of America 76: 5269-5273.

Nieto Feliner G. 2014. Patterns and processes in plant phylogeography in the
Mediterranean Basin. A review. Perspectives in Plant Ecology, Evolution and
Systematics 16: 265-278.

Nylinder S, Lemey P, De Bruyn M, Suchard MA, Pfeil BE, Walsh N, Anderberg AA.
2014. On the biogeography of Centipeda: a species-tree diffusion approach.
Systematic Biology 63: 178—-191.

Pelser PB, Kennedy AH, Tepe EJ, Shidler JB, Nordenstam B, Kadereit JW, Watson LE.
2010. Patterns and causes of incongruence between plastid and nuclear
Senecioneae (Asteraceae) phylogenies. American Journal of Botany 97: 856—873.

Pericas J, Rosell6 J. 1983. Sobre la falsa presencia de Cymbalaria hepaticifolia (Poiret)
Wettst. a Balears. Bolleti de la Societat d'Historia Natural de les Balears 27: 195—
199.

Posada D. 2008. jModelTest: phylogenetic model averaging. Molecular Biology and
Evolution 25: 1253-1256.

Puglisi C, Yao TL, Milne R, Méller M, Middleton DJ. 2016. Generic recircumscription in
the Loxocarpinae (Gesneriaceae), as inferred by phylogenetic and morphological
data. Taxon 65: 277-292.

Rambaut A, Drummond A. 2013. Tracer 1.6. Edinburgh: University of Edinburgh,

R Core Team. 2015. R: A language and environment for statistical computing. Vienna: R
Foundation for Statistical Computing.

Reille M, Gamisans J, de Beaulieu J-L, Andrieu V. 1997. The late-glacial at Lac de Creno
(Corsica, France): a key site in the western Mediterranean Basin. New Phytologist
135: 547-559.

Resetnik 1, Frajman B, Bogdanovi¢ S, Ehrendorfer F, Schonswetter P. 2014.
Disentangling relationships among the diploid members of the intricate genus
Knautia (Caprifoliaceae, Dipsacoideae). Molecular Phylogenetics and Evolution 74:
97-110.

Rodriguez JJ. 1878. Additions a la flore de Minorca. Bulletin de la Société Botanique de
France 25: 238-242.

Ronikier M, Zalewska-Gatosz J. 2014. Independent evolutionary history between the
Balkan ranges and more northerly mountains in Campanula alpina s.l.
(Campanulaceae): genetic divergence and morphological segregation of taxa.
Taxon 63: 116-131.

Ronquist F, Teslenko M, van der Mark P, Ayres DL, Darling A, Hohna S, Larget B, Liu L,
Suchard MA, Huelsenbeck JP. 2012. MrBayes 3.2: efficient Bayesian phylogenetic
inference and model choice across a large model space. Systematic Biology 61:
539-542.

114



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

Roquet C, Boucher FC, Thuiller W, Lavergne S. 2013. Replicated radiations of the alpine
genus Androsace (Primulaceae) driven by range expansion and convergent key
innovations. Journal of Biogeography 40: 1874—1886.

Pifieiro R, Popp M, Hassel K, Listl D, Westergaard KB, Flatberg KlI, Stengien HK,
Brochmann C. 2012. Circumarctic dispersal and long-distance colonization of
South America: the moss genus Cinclidium. Journal of Biogeography 39: 2041—
2051.

Rosenbaum G, Lister GS, Duboz C. 2002. Reconstruction of the tectonic evolution of
the western Mediterranean since the Oligocene. Journal of the Virtual Explorer 8:
107-130.

Saez L, Crespo MB. 2005. A taxonomic revision of the Linaria verticillata group
(Antirrhineae, Scrophulariaceae). Botanical Journal of the Linnean Society 148:
22944,

Salvi D, Bisconti R, Canestrelli D. 2016. High phylogeographical complexity within
Mediterranean islands: insights from the Corsican fire salamander. Journal of
Biogeography 43: 192-203.

Salvi D, Harris DJ, Bombi P, Carretero MA, Bologna MA. 2010. Mitochondrial
phylogeography of the Bedriaga’s rock lizard, Archaeolacerta bedriagae (Reptilia:
Lacertidae) endemic to Corsica and Sardinia. Molecular Phylogenetics and
Evolution 56: 690-697.

Salvo G, Ho SYW, Rosenbaum G, Ree R, Conti E. 2010. Tracing the temporal and spatial
origins of island endemics in the Mediterranean region: a case study from the
citrus family (Ruta L., Rutaceae). Systematic Biology 59: 705-722.

Santos-Gally R, Vargas P, Arroyo J. 2011. Insights into Neogene Mediterranean
biogeography based on phylogenetic relationships of mountain and lowland
lineages of Narcissus (Amaryllidaceae). Journal of Biogeography 39: 782—798.

Schénswetter P, Elven R, Brochmann C. 2008. Trans-Atlantic dispersal and large-scale
lack of genetic structure in the circumpolar, arctic-alpine sedge Carex bigelowii s. |.
(Cyperaceae). American Journal of Botany 95: 1006—1014.

Schonswetter P, Solstad H, Garcia PE, Elven R. 2009. A combined molecular and
morphological approach to the taxonomically intricate European mountain plant
Papaver alpinum s. |. (Papaveraceae) — taxa or informal phylogeographical groups?
Taxon 58: 1326—-1343.

Semerikov V, Zhang H, Sun M, Lascoux M, 2003. Conflicting phylogenies of Larix
(Pinaceae) based on cytoplasmic and nuclear DNA. Molecular Phylogenetics and
Evolution 27: 173-184.

Shaw J, Lickey E, Schilling EE, Small RL. 2007. Comparison of whole chloroplast
genome sequences to choose noncoding regions for phylogenetic studies in
angiosperms: the tortoise and the hare Ill. American Journal of Botany 94: 275—
288.

Simmons MP, Ochoterena H. 2000. Gaps as characters in sequence-based phylogenetic

115



Evolution, biogeography and systematics of the genus Cymbalaria Hill

analyses. Systematic Biology 49: 369-381.

Speranza F, Villa IM, Sagnotti L, Florindo F, Cosentino D, Cipollari P, Mattei M. 2002.
Age of the Corsica—Sardinia rotation and Liguro—Provencal Basin spreading: new
paleomagnetic and Ar/Ar evidence. Tectonophysics 347: 231-251.

Soltis DE, Soltis PS, Doyle J. 1998. Molecular systematics of plants Il: DNA sequencing.
Boston: Kluwer Academic.

Stuessy TF. 2009. Plant taxonomy: the systematic evaluation of comparative data. New
York: Columbia University Press.

Sun M, Soltis DE, Soltis PS, Zhu X, Burleigh JG, Chen Z. 2015. Deep phylogenetic
incongruence in the angiosperm clade Rosidae. Molecular Phylogenetics and
Evolution 83: 156-166.

Sutton DA. 1988. A revision of the tribe Antirrhineae. London: British Museum (Natural
History).

Swofford D. 2002. PAUP*: phylogenetics analysis using parsimony (*and other
methods), version 4.0 beta 10. Sunderland: Sinauer Associates.

Tamura K, Stecher G, Peterson D. 2013. MEGA6: molecular evolutionary genetics
analysis version 6.0. Molecular Biology and Evolution 30: 2725-2729.

Tel-Zur N, Abbo S, Myslabodski D, Mizrahi Y. 1999. Modified CTAB procedure for DNA
isolation from epiphytic cacti of the genera Hylocereus and Selenicereus
(Cactaceae). Plant Molecular Biology 17: 249-254.

Thompson JD. 2005. Plant evolution in the Mediterranean. Oxford: Oxford University
Press.

Van de Peer Y, de Wachter R. 1994. TREECON for Windows: a software package for the
construction and drawing of evolutionary trees for the Microsoft Windows
environment. Computer Applications in the Biosciences 10: 569-570.

Van Son G, 1955. A proposal for the restriction of the use of the term subspecies. The
Lepidopterist’s News 9: 1-3.

Verlaque R, Contandriopoulos J, Aboucaya A. 1993. Recherches cyto-
biogéographiques sur quelques taxons rares ou endémiques de Corse: |. Candollea
48: 562-576.

Vesica PL, Tuccimei P, Turi B, Fornds JlJ, Ginés A, Ginés J. 2000. Late Pleistocene
Paleoclimates and sea-level change in the Mediterranean as inferred from stable
isotope and U-series studies of overgrowths on speleothems, Mallorca, Spain.
Quaternary Science Reviews 19: 865—-879.

Vigalondo B, Fernandez-Mazuecos M, Vargas P, Sdaez L. 2015. Unmasking cryptic
species : morphometric and phylogenetic analyses of the lIbero-North African
Linaria incarnata complex. Botanical Journal of the Linnean Society 177: 395-417.

Vogiatzakis IN, Pungetti G, Mannion AM. 2008. Mediterranean island landscapes:
natural and cultural approaches. New York: Springer Publishing.

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M, Frijter A, Pot J,

116



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

Peleman J, Kuiper M. 1995. AFLP: a new technique for DNA fingerprinting. Nucleic
Acids Research 23: 4407-4414.

117



Evolution, biogeography and systematics of the genus Cymbalaria Hill

. ousld Jo yuwwns | (08/556 J9) S|osv)-Aupbqipo e pqojLNbap
q A 8H “9H 8 ‘enseg ‘ed1s107) ‘Y4 ‘W 8 0E 04321UdD) *d 6 pLpIPqUWAD
. AR (6 /656 ) sjospa-Aungjoo pqojLnbap
€ [ 8H “SH 8 WA "eluesned ‘W 9 §Zt 04321UID) *d 8e DLIDIDQWIAD
oldwy] ‘eluipJes ‘|| ’ ’
suo80j09 (89556 D4) s|pspy-Aupq|pD 0qo|1i3nbap
€ 1 €TH L 13p us8I05 ‘W B pZ 04321U4D)) “d Le c:c_\c.QE\G
‘eus||Q ‘elulpJes ‘|| ' ’

HosaJ pis ‘eulds | (89/556 24) sjpsod-Aubgipo 0 bqojii3inban
1 v 9CH 8 naunug ‘eluipJes ‘1| ‘W B TZF 04321U4D) d 9 plpIPqUAD

0 . (£9£556 09) p127UN ce

‘W8 cECT 04201UIb) °d
9leunwod e1sa104 | (18/5S6 29) S/psn)-Aupbqipo o 0qo|1i3inbap
4 0 «¢cH 6 “uopes ‘eluIpaes 1| W 8 STt 04201UID) *d s oLDIDGUIAD
Buel ep4ad | (9/£5S6 D9) S/psu)-Aubqgipo o bqojii3inban
& T 9CH 6 ‘Inas ‘eluipJes ‘1| ‘W8 T 04ad1uib) °d v pLIbjPGUIAD
epeJop eueiund | (S//SS6 29) S/psp)-Aubqpo o pqojli3nbao
E 0 oTH 9 ‘Inas ‘eluipJes ‘1| ‘W 8 96€ 04ad1uib) d € pLDIDUIAD
. < gH , NsSnad 3N ‘edeqin | (724556 D49) S|psp)-Aubqipo ze 0qo|li3nbap
' appegq ‘eluipJes ‘1| ‘W 8 §8€ 04ad1uib) d pLDIDqUWIAD
SIyoeuQ ‘saysijes (££4524) sjpsp) Aubqipo e bqojL3nbap
! £ ceH 8 appegq ‘eluipJes ‘1| ‘W 8 08€ 04321uib) d ! pLDIPqUWIAD
quJl Z 19seiep T 19seiep
Jypu sadAjojdeq | sd14v
-zgldd | A3ojoydio | A3ojoydion Anjeoo) J3YdNnoA opod sapads
: uone|ndod :
SJagquinu UoISSaIIY suswidads pajdwes

‘adAjo|dey Suipuodsaliod

9y31 8uImo s|enpiAlpul JO Jaquinu 3yl 31ed1pul 3pod adAlojdey ay3 03 1xau s3di4asiadng *Siaquunu UOISSIIE pUE SISAjeue Yoea ul papn|dul s|enpiAlpul
JO Jaqwinu 4aydnon wnueqJsay ‘Ayjedo| ‘saandiy pue 1xa3 9yl Ul pasn sapod uoie|ndod syl uo uolrewaojul yum suoeindod pajdwes 4o 1s17 *TS d|gel

118



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

H 1ulgeyiulg ‘edloudin (€9£556 eTe pqoj1i3inban
‘ ‘spue|s| o1ueajeg ‘dS 24) 0 13 /G 04321UID) d pLIDIPQUIAD
0J0] ‘|epedssip
, 0go|li3inban
«CH 53 'B2I0UaN J4d) v I/LS Emuﬁﬁwmmw 8te ME\QEQE\G
‘spue|s| d1eajeg ‘ds ’ ’
noN
WH X1lJeul|] ‘lepedssin (194556 /Te bqo|Li3nban
) S3 ‘edJoud J4) b 19 £9G 04321UID) d pLIDIPQUIAD
‘spue|s| J1iealeg ‘dS
. ) eH (¢9L556 pqoj143Nnbap
7H sal191154 "E2I0USN J4) b 13 296 04321UID) *d Jate plIDIPGUIAD
‘spue|s| d1ealeg ‘dS ’ ’
elanbun] us eje)
, , 0qojLi3Inbap
VH ElISPEINID E3I0USN J4) b 13 vrs Em“m\wmwﬂmm ate %S\QEQE\G
‘spuej|s| J1iealeg ‘dS ’ ’
oH elede||] | (0LLSS6 09) s/osp)-AupgipD e 0gojli3Inbap
) ©220¢ ‘e21S40) ‘Y4 ‘W ® 09 04321U4D) “d pLIDIPQUIAD
suleg
s|psp)-Aupbq|b pgoji1i1Inbap
woJ} ‘ed1s10) ‘Y4 ’ Mol
SHoNvP m_m_\c B0 | (211556 29) sppspa-Aungjpo 0gojli3inbap
GH 19104 "auony ‘W R 8p 04321UdD) *d cte plIDIPGUIAD
njosied ‘ed1s10) ‘Y4 ’ :
0]09 Jo 93pa Y|
s|psp)-Aupqg|o pqgoj1ilInbap
{0TH “8H ‘920e149(q|V dA0Qe AmRmm.w,\uMVm M " SWEEMN w ITE %: “E.Q wio
W€ ‘ea1510) ‘Y4 : ;
H NAJOD A 4O | (844556 D4) S|psp)-Aubgioo ote bqojlinbao

M ‘02SIS ‘e21SJ0D) ‘Y4

‘W ZEp 04921UID) “d

plIDIPqUIAD

119



Evolution, biogeography and systematics of the genus Cymbalaria Hill

BN 3p

P (€6£556 09) sij1bo.f
S ITH 0T B|OIA ‘OBIA ‘eDI0UDIN 2]
b4 y A
‘SpUB[S] 211E3(eG ‘dS pbp.IH "d ® 0TS 04321UID) “d pLIDIPQUIAD
eouelq|y duelleg
sij1boJ.
s VH ot UIOfBIN 53 "e210U3N pb0I4 "d ) SO8 MMwm:www mnw & c:c\c.hE\mM
‘spue|s| o1uea|leg ‘dS ’ ’
|INASY U3 p Sed
. oH 9 ‘Jepuag|y p oueuleg (164556 049) 2 sijibo.f
) ‘S91494494 ‘e2I0UdN 0bp.IH “d ® 008 04321UID) “d plpIPqUAD
‘spuej|s| d1ueajeg ‘ds
S||9uJo4 9p e|ON
s|psn)-Aupq|o sIj16oJ.
3 vH 01 ‘sliauiod ‘e2i0usN Smnmm.w,\u%:mmm QMEEMW w U DIID c.\.E\M
‘spue|s| J1iealeg ‘dS ’ HbIbg
N
1UBSS3A ‘Ozie|eD 3p ( Jopc - e pqoj1i3Inbao
ot «vH 8 8ing ‘eInjer) ‘eaIoleN 09/5S6 D9) S8/ 23ps 7 144 pLDIPqUIAD
‘spue|s| o1uea|eg ‘dS
[
A A 10BN 0qojLi3nban
S «€H 8 3ind 49|95 ‘edlo||e|N (854556 09) 89/ 2305 1 gce oLIDIDGUIAS
‘spue|s| J1iealeg ‘dS ’
Jojuawod ‘edJo|eN (Tz96£809) pqoj11}Nban
600TSBAN | SEOTSB 0 vH 8 ‘spue|s| olealeg ‘dS upjj30y "X ® 99€/ 2995 1 cee b1Ib|DqWAD
8
‘ 1518 2199 pqojinbap
€ 7H 14 19195 ‘edJojjeiN (692556 09) 59¢/ 23pS 1 TCe oLIDDGUIAD
‘spue|s| o1uea|jeg ‘dS Mol
neJo s3 ‘edJoudN (s9/556 e 0qo|1i3Inbap
£ 7H 4 ‘spue|s| olueajeg ‘ds J9) °|p 13 6/ G 04321UID) “d 0¢ plpIPGUIAD

120



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

140d 01 9204) woJd}

‘ (T€96.8 D8) sjpsv)-Aungoo pijofionoday
€TOTS8d) | 660TS8dM «STH L peou ‘ejdojugdeise) 7Y
. . \A
‘©315109 Y4 W ® tyy 04931UiD) °d blipjbquiA)
|94 ‘edoudelse) | (yS/556 29) sjpsv)-Aupbgipo pijof1d130day
«alH 8 ‘e21S10) ‘Y4 ‘W B T 04321U4D) *d €4 plpIPQUAD
nAIoD | (£S£SS6 D9) S1psod-Aungloo oijofiannpday
9TH 8 1IN ‘00SIS ‘B21SI0D) ‘Y4 ‘W B EEF 04321UID) “d & plpIPGUIAD
6H g e||aAeg 3p | (£5/556 D4) s/psv)-Aubguo . oijofionoday
' [0 40 IN ‘edIsi0D ‘Y4 ‘W8 L 04ad1uib) °d 5 pLIbjPGUIAD
||eSau3|7 S3 ‘esa4qed ) si1boaf
H L “SpURIS] JLEBIEE “dS (029648 09) ££££ 7305 *1 6} oLORqWIAD
19|eladw| ‘edalqge) Jopc - sij1boaf
7H 14 ‘spue|s| oealeg ‘ds (64556 29) 62€/ 2305 1 84 pLDIPqUIAD
1n) ud,p
|eue) ‘124epuasd|y
964556 0d sij1bo..
‘IH £ pUE ossewllld 0bp.IH "d ® 8T8 Aogmu::cu nw L c:EcME\M
Uu39aM13q ‘BIJOUIIA| ’ ’
‘spue|s| o1ueajeg ‘dS
Xieg ap J32Je N
WH o1 uos ‘Jasn|eqai L (564556 09) o sijibo.f
) 9p duelleg ‘edI0UdN 0b6D.IH "d ® 9T8 043IUID) *d plpIPqUAD
‘spue|s| J1iealeg ‘dS
IE7A
1sndy 1S ‘snediuig (¥6£556 09) sij1bo.f
vH 01 9p dueuleg ‘edI0UdA 0b6D.IH "d ® PT8 0432IUID) d s plpIPGUIAD

‘spuej|s| J1iesleg ‘dS

121



Evolution, biogeography and systematics of the genus Cymbalaria Hill

(882556 04g) pidzun

pyw
"W 8 TEZT 04321UID) °d
€CH 9leunwod e1sa104 | (987556 D9) s|psv)-Aubgpo w 13[janw
“TCH “OCH ‘luopeo ‘ejuipJes ‘1| "W 8 9T 04331UiD) °d v bLpjoqWAD
(682556 D49) pi3ZUN cw
"W 8 £2ZT 04321UiD) °d
nadIyJ niz np eze,s
-A
4u0%e7 ‘eIUIpIES ‘L] W ' T 01921Uib) d 110[0qUIAD
(£8£5S6 D9) p1dZUN 2w
‘W 8 TSZT 04321UiD) °d
B20Y,p 1UU3D JO
. SIIP 35 ‘NgleluolN | (679648 29) S/psp)-Aubgipoo uajjanw
ZTOTS8dY | 860TS8dN ‘SCTH “vCH ap £153.04 N9 90p 0I3IUID) w oLIDjOqGUIAD
‘Inas ‘ejuipJes ‘1|
(784556 D9) p1dZUN w
‘W ' €9ZT 04321U4D) °d
nazien naounig | (0£96/8 D4) S|psvy-Aubq|po 13[janw
010TS8d 960158 CCH s_mmmm_D \m_c__u‘_mm \._._ ‘W 68 04201UID) d u G.:U\BQEAU
ejede|||,p e200g | (95,556 J9) S/osvI-Aubqipo oijofidinday
*L1H JO N ‘ed1s10) ‘44 ‘W % 96 04221UdD) *d o plDjPqUIAD
9|huezzaw
Ip ua8.os 0} s|psn)-Aubq|o pijofi12130da
\ HmH\I 550[> ‘Ol[31U OP[EA 3P (55£556 04) Sjpsp)-Aupgipo o Ijof12130day
TH “C¢TH ‘W B Lty 04321UID) °d plpjOGWAD

©159404 ‘920e1aq|y
‘e21540) ‘Y4

122



Chapter Il, Phylogeography of western Mediterranean Cymbalaria Hill

eINZz14 £7 0}

: . d
el|3ed e||ap e||330d (662556 ”w,mhwmm%uwﬁntk\%w. N c“wwmm“m
wouy ‘AjdIS ‘L] ® ITEC S|psp)-AULGILYD "W 11D[oqUIAD
-A
‘W & 0cp 04ad1uin) °d DLID[DGUIAD
dA
SmEm_mv_.oi - (86,556 XAp20421W
woJ} peou ‘eluoyer

28) ¥£0T 0422}Uin) 'd DLIDIDGUIAD

‘asauuodolad ‘4o

sdnoJ8inQ

123



Evolution, biogeography and systematics of the genus Cymbalaria Hill

Table S2. Characters studied in morphometric analyses.

Character Code Type dataset
Upper lip width (mm) UlpW Quantitative 1
Upper lip length (mm) ULpL Quantitative 1
Upper lip sinus (mm) UlpS Quantitative 1
Lower lip width (mm) LLW Quantitative 1
Lower lip length (mm) LLpL Quantitative 1
Corolla length (mm) CrL Quantitative 1
Corolla tube width (mm) CrTW Quantitative 1
Spur length (mm) SpL Quantitative 1
Spur width (mm) SpW Quantitative 1
Indumentum of capsule ICp 2
Indumentum of stem ISt 1,2
Indumentum of adaxial leaf ILfA Ordinal (0 = glabrous; 1 = subglabrous, 1,2
surface - sparsely distributed hairs; 2 = non-
Indumentum of abaxial leaf ILfR overlapping uniformly distributed hairs; 3 = 1,2
surface overlapping hairs)
Indumentum of calyx ICx 1,2
IpneddL:(r:r;fntum of upper part of Ipd 12
Number of leaf lobes NLb Quantitative 1,2
Maximum leaf width (mm) MLfW | Quantitative 1,2
Fr‘::r'lc)e' length at anthesis PALFI | Quantitative 1
Pedicel length, fruiting (mm) PdLFr Quantitative 2
:ﬁtfg:ile(E:)Of bracts at PcLFI Quantitative 1
?ritiltoi::‘g I:n:it? of bracts, PcLFr Quantitative 2
Calyx length (mm) CxL Quantitative
Capsule length (mm) CpL Quantitative

Ordinal (1 = smooth; 2 = alveolate; 3 =
Seed surface SdS cristate-alveolate; 4 = cristate; 5= 2

tuberculate)
Seed length (mm) SdL Quantitative 2
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Table S3. Hierarchical AMOVAs. Bl: Balearic Islands, Co: Corsica, Sa: Sardinia.

Groups Among groups Among populations | Within populations
d.f. % variation d.f. % variation d.f. % variation
Western
Mediterranean 4 (species) 3 28.77 39 36.47 257 34.76
Cymbalaria
2 (BI, Co-Sa) 1 24.71 21 33.55 133 41.74
C. aequitriloba
3 (BI, Co, Sa) 2 28.08 20 27.88 133 44.05
C. aequitriloba (BI) - - - 9 35.53 48 64.47
€. aequitriloba - - - 5 27.65 38 7235
(Co)
¢ ae‘zg;t)r floba - . - 7 44.66 54 55.34
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Table S4. Average gene diversity (i, ) and Student's t-tests for comparisons of gene diversity
among groups. Bl: Balearic Islands, Co: Corsica, Sa: Sardinia.

Average gene

. . t-test
Taxon (group of diversity (1, )
populations)
Vs. T p-value
C. aequitriloba 0.090
0.067 C. aequitriloba (Sa) | -5.536 | 0.000 *

C. aequitriloba (BI)
C. aequitriloba (Co) | -3.528 | 0.005 *

C. aequitriloba (Co) 0.101 C. aequitriloba (Sa) | -0.566 0.58
C. aequitriloba (Sa) 0.107
0.079 C. aequitriloba 1.439 0.17
C. fragilis

C. aequitriloba (Bl) | -1.532 0.15

0.104 C. aequitriloba -0.540 0.62

C. hepaticifolia

0.104 C. aequitriloba (Co) | -0.119 0.91

0.092 C. aequitriloba -0.244 0.82

C. muelleri
C. aequitriloba (Sa) 1.6 0.19
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Figure S1. Phylogenetic tree resulting from Neighbour-Joining analysis of AFLP data for C.

aequitriloba, C. fragilis, C. hepaticifolia and C. muelleri. Populations are numbered as in Fig. 1
and Table S1. Numbers above branches are bootstrap support values > 60%.
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0.98

10
Figure S2. Maximum clade credibility (MCC) tree resulting from the Bayesian phylogeographical
diffusion model in continuous space performed on the AFLP dataset using BEAST v1.8.2.
Populations are numbered as in Fig. 1 and Table S1. Bayesian posterior probabilities > 0.95 are
indicated above branches.
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Figure S3. Ordination diagrams of principal component analysis of 14 floral and vegetative
morphometric characters obtained for 85 specimens (dataset 2) of C. aequitriloba (empty
circles), C. fragilis (grey circles), C. hepaticifolia (black circles) and C. muelleri (crosses). Grey
circles with thicker outline indicate C. fragilis specimens previously considered C. aequitriloba.
A, Scatter plot of principal component scores for the first two components of morphological
variation. B, Relationships of characters projected in the same ordination space as the samples
(Lf, leaf; Pd, pedicel; Pt, petiole).
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Chapter lll, Cymbalaria muelleri subsp. villosa, a new Sardinian endemic

Abstract

Cymbalaria muelleri (Plantaginaceae) is a chasmophytic species endemic to Sardinia, a
major island in the Mediterranean Basin. Its distribution range is divided into two well
delimited geographic groups. Here, we used a combination of morphology, molecular data
(amplified fragment length polymorphisms fingerprinting) and relative genome size
estimation to ascertain whether the two geographic groups should be considered two
separate taxa. Morphological analyses support the differentiation of the two population
groups, as they revealed strong differences in indumentum and seed coat sculpturing.
Therefore, the eastern populations exhibiting distinctive long hairs and cristate-alveolate
seeds are formally described as C. muelleri subsp. villosa. The new taxon is shown to be
paraphyletic according to the molecular analyses, and has given rise to a monophyletic
group composed by all western populations (C. muelleri subsp. muelleri). Thus, an
anacladogenetic (sub)speciation process is proposed for the origin of C. muelleri subsp.
muelleri. Alongside morphology and genetics, slightly divergent habitat preferences and
the disjunct distribution of the two subspecies advocate the recognition of two taxa.
Genome size data obtained for the two subspecies are consistent with the previously

established hexaploidy of C. muelleri.

Keywords AFLP, anacladogenetic speciation, Cymbalaria muelleri subsp. villosa,

endemism, Sardinia

133






Chapter lll, Cymbalaria muelleri subsp. villosa, a new Sardinian endemic

Introduction

The Mediterranean Basin is one of the 25 biodiversity hotspots (Myers et al. 2000). It
harbors ca. 25,000 species, around 10% of the world's vascular flora, of which 63% are
endemic (Greuter 1991). Mediterranean islands importantly contribute to the area’s high
diversity and endemism. Indeed, the largest islands Corsica, Crete, Cyprus, Sicily and
Sardinia constitute biodiversity hotspots (Médail and Quézel 1997) as they provided
climatically stable areas where species and genetic diversity were preserved during
glaciation periods (Médail and Diadema 2009). These features, together with an often
well-known history of land connections between islands or with the continent due to
tectonic movements and climatic oscillations (Thompson 2005) render these islands an
important study area for phylogeographic studies in the Mediterranean Basin (Nieto

Feliner 2014).

Sardinia, situated in the western Mediterranean Basin, is the second-largest
Mediterranean island. It originated from the splitting and rotation of the Hercynian belt
during the Oligocene (~30 Ma, Rosenbaum et al. 2002). Its isolation, abrupt relief and
geological diversity have triggered a high endemism rate, especially in the mountain areas
(Médail and Quézel 1997). Of the 2,408 taxa occurring in Sardinia, 168 are endemic to the
island (Bacchetta et al. 2012a); this number rises to ca. 350 if endemics shared between
Sardinia on the one hand and Corsica, the Balearic Islands and/or the Tuscan Archipelago
on the other hand are considered (Bacchetta et al. 2005). In particular, chasmophytes
contribute to the high endemism rate due to the antiquity and high abundance of
limestone cliffs (Bacchetta et al. 2007). Chasmophytes represent 135 taxa, of which 41 are

endemic to Sardinia and 27 to Sardinia and surrounding areas (Bacchetta et al. 2007).

Cymbalaria muelleri (Moris) A. Chev. (Plantaginaceae) is a chasmophytic species
endemic to Sardinia. It comprises twelve known populations distributed across a limited
mountainous area spanning ca. 40 x 20 km south of the Gennargentu Massif (Arrigoni et
al. 1979). In spite of its limited distribution and the presence of apparent anthropic threats

due to grazing and occurrence in climbing areas (P.C. and M.G. field observations), it is not
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considered endangered (Bacchetta et al. 2012; Camarda et al. 2015). From an evolutionary
point of view, C. muelleri is part of a polyploid lineage composed by three more species
endemic to Corsica, Sardinia, the eastern Balearic Islands and the Tuscan Archipelago
(Carnicero et al. 2017). According to a recent phylogeny mainly based on amplified
fragment length polymorphism (AFLP) fingerprinting (Carnicero et al. in prep., Chapter 1),
C. muelleri forms a monophyletic lineage, which is sister to the Corsican endemic C.
hepaticifolia Wettst. The morphological variability of C. muelleri is remarkably high and
geographically structured. Our field observations and herbarium studies revealed that
plants from the type locality (Laconi, Corona Sa Guardia, S’aza du Ziu Chiccu) and other
western populations show a dense indumentum composed of short patent hairs, whereas

eastern populations exhibit a less dense indumentum of long hairs. This divergence

10 00 106 20 99
a R} - s =mzgms |
22 o ¢ \ 81 mi subsp. muelleri
\J eV ' 100
o } A \UT 100 v2&v3
/ el ) el o
¥ (o b ok 100
{ 3 i \ SN N, Y — v]
= ¥ o s -
V\\ﬂw ) : ;:f{"f ] C. hepaticifolia
/Mufff””‘f”‘/'z o

subsp. villosa

Figure 1. a, b Distribution map of Cymbalaria muelleri. Big circles represent sampled populations with
population codes next to them as in Supplementary Table S1. Small circles show non-sampled population
based on additional herbarium specimens examined. Forms filled in black correspond to C. muelleri subsp.
muelleri and symbols filled in white correspond to C. muelleri subsp. villosa. ¢, d AFLP analyses. ¢ simplified
Neighbour-Joining tree. Numbers above branches are bootstrap support values derived from a Neighbour-
Joining analysis. d Neighbour-Net diagram. Numbers above branches are bootstrap support values derived
from a Neighbour-Joining analysis.
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coincides with a clear gap in the species’ distribution. Arrigoni et al. (1979) reported the
presence of two types of indumentum, but did not provide any detail regarding the
variability of the character on a populational or geographic scale. In addition, we observed
a certain habitat differentiation, as western populations exclusively occur in vertical to
overhanging limestone cliffs, whereas eastern ones can occupy less steep cliffs or big

shadowed rocks.

As our previous study focusing on western Mediterranean Cymbalaria species included
only a few individuals of C. muelleri (Carnicero et al. in prep., Chapter Il), we here use a
combination of AFLPs, flow cytometry and morphology to test if C. muelleri should be
divided into two taxa. As we detected congruent morphological and genetic divergence,
we split the species into two subspecies and provide a taxonomic treatment for them, as

well as an identification key to all the Sardinian Cymbalaria species.

Material and methods

Plant material

Leaf material for molecular analyses was collected in the field in 2012 and 2015, dried
and stored in silica gel. We sampled six C. muelleri populations, including three
populations from the eastern and three from the western partial distribution areas. After
checking the species’ total known distribution and the morphological affinity of voucher
specimens from non-sampled populations (see Taxonomic treatment, additional
specimens studied), we are convinced that our sampling is representative of the overall
morphological variation. Generally, non-sampled populations occurred less than 5 km
from sampled populations in the same mountain range. The sampling localities as well as
non-sampled populations are shown in Fig. 1 and voucher details are provided in

Supplementary Table S1 and in the Taxonomic treatment.
Morphological analyses

Fifteen quantitative characters (Table 1) were scored on the basis of previous studies
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on the tribe Antirrhineae (Sutton 1988; Sdez and Crespo 2005) and the variability we
observed within C. muelleri. Six corresponded to vegetative characters and nine to floral
characters. For the vegetative characters, three measurements per specimen were
averaged when possible. Fruit and seed characters were excluded from the morphometric
analyses due to a high amount of missing data. The dataset comprised 35 specimens from
six populations. For populations m1, m2, vl and v2, individuals included in molecular and
morphometric analyses were sampled in different years in order to provide floral
measurements. Floral measurements were performed in the field with a caliper. We used
microscopic images taken with an Olympus UC 30 wide zoom camera on an Olympus SZX9
binocular stereoscopic microscope at 50-200x magnification to determine the density and
length of trichomes. The remaining characters were measured on scanned specimens
using Image J (Abramoff et al. 2004). Analyses were conducted using a set of R functions
contained in MorphoTools ver. 1.01 (Koutecky 2015). Pearson and Spearman correlation
coefficients were computed to reveal correlation structure among the characters and to
ensure that no strong correlations (> |0.95|) were present. After standardization to zero
mean and unit variance, principal component analysis (zero-centred PCA based on a
covariance matrix) was applied to display the overall variation pattern along the first two
components. A canonical discriminant analysis (CDA) was performed to assess the

morphological differentiation between the two groups of populations m1-m3 and v1-v3.

After checking the uniformity of testa sculpturing and trichomes length and type under
a Zeiss Stemi DV4 binocular stereoscopic microscope within each of the two groups of
populations, scanning electron microscopic (SEM) images were taken with the aim to
better describe and illustrate the observed differences in these characters. We analysed
mature seeds and trichomes from the stem of a specimen of populations m1 (type locality
of C. muelleri) and v1. Material was glued on SEM aluminum stubs and sputter-coated
with 40-50 nm gold. Samples were later examined with an Evo MA 10 Scanning Electron
Microscope (Zeiss) at 15-25 kV. Terminology of seed shape and testa sculpturing follows

Sutton (1988).
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Table 1. Characters studied in morphometric analyses.

Character Code Type
Upper lip width (mm) UlpW

Upper lip length (mm) ULpL

Upper lip sinus (mm) UlpS

Lower lip width (mm) LLW

Lower lip length (mm) LLpL Floral
Corolla length (mm) CrL

Corolla tube width (mm) CrTW

Spur length (mm) SpL

Spur width (mm) SpW

;I'r:i/cmhzqr?)e density of upper leaf surface TDLFA

Length of stem trichomes (um) TLSt

Number of leaf lobes NLb Vegetative
Maximum leaf width (mm) MLfW

Pedicel length in flowers (mm) PdLFI

;e;i;le length (bracteal leaf in flowers, PCLFl

Molecular analyses

Total genomic DNA was extracted from ca. 10-30 mg silica gel dried leaf material
following the CTAB protocol (Doyle and Doyle 1987) with some modifications (Tel-Zur et
al. 1999). AFLP fingerprinting was performed for seven to ten individuals per population of
C. muelleri (five for the outgroup C. hepaticifolia; Supplementary Table S1). AFLP profiles
were generated following established protocols (Vos et al. 1995) with modifications
described in Schonswetter et al. (2009) and ReSetnik et al. (2014). One blank (DNA
replaced by water) was included to test for contamination, and six random samples were
used as replicates between PCR batches to test the reproducibility of AFLP fingerprinting.
Based on an initial primer trial and a previous study (Carnicero et al. in prep., Chapter Il)
the following three selective primer combinations were chosen for selective PCR
(fluorescent dye in brackets): EcoRI (6-FAM)ACA / Msel-CAT, EcoRI (VIC)AGG / Msel-CTG,
and EcoRl (NED)AAC / Msel-CAG (6-FAM labelled primers: Sigma-Aldrich; NED and VIC
labelled primers: Applied Biosystems). Selective PCR products were purified using

Sephadex G-50 Fine (GE Healthcare Bio-Sciences, Uppsala, Sweden) applied to a
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MultiScreen-HV plate (Millipore, Molsheim, France) in three steps of 200 pl each and
packed at 600 g for 1, 1 and 5 min, respectively. Then 0.8 pl of the elution product was
mixed with 10 ul formamide (Applied Biosystems) and 0.125 pl GeneScan 500 ROX

(Applied Biosystems) and run on an ABI 3130 automated capillary sequencer.

Electropherograms were analysed with Peak Scanner version 1.0 (Applied Biosystems)
using default peak detection parameters except employing light peak smoothing. The
minimum fluorescent threshold was set to 50 relative fluorescence units. Automated
binning and scoring of the AFLP fragments were performed using RawGeno 2.0-1 (Arrigo
et al. 2009) for R 2.15.0 (R Development Core Team, 2015) with the following settings:
scoring range 140-490 bp, minimum intensity 50 relative fluorescence units, minimum bin
width 1 bp, and maximum bin width 1.5 bp. Fragments with a reproducibility lower than
80% based on sample-replicate comparisons were eliminated. The error rate (Bonin et al.
2004) was calculated as the ratio of mismatches (scoring 1 versus 0) over phenotypic
comparisons in AFLP profiles of replicated individuals. Fragments present/absent in only

one individual were excluded.

A Neighbour-Joining (NJ) analysis based on Nei-Li genetic distances (Nei and Li 1979)
was conducted and bootstrapped (2000 pseudo-replicates) with TREECON v.1.3b (van de
Peer and De Wachter 1997). Cymbalaria hepaticifolia was used as outgroup based on
Carnicero et al. (in prep., Chapter Il). SplitsTree4 12.6 (Huson and Bryant 2006) was used
to produce a Neighbor-Net diagram based on uncorrected P-distances after excluding the

outgroup.
Flow cytometry

For relative DNA content (RGS) measurements, fresh leaf material from germinated
seeds from populations m1, vl and v2 was used. As a reference, diploid C. muralis G.
Gaertn., B. Mey. & Scherb., growing in the Botanical Garden of the University of Innsbruck,
was measured. Flow cytometry (FCM) of 4’,6-diamidino-2-phenylindole (DAPI; final
concentration 0.036 M) stained nuclei was used to estimate RGS and to assess DNA ploidy

levels of fresh C. muelleri samples (Suda and Trdvnicek 2006). The standard used to
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determine DNA amounts was Solanum pseudocapsicum (2C= 2.58 pg; Temsch et al. 2010).
Fresh leaf tissue was chopped with leaf material of the reference and processed as
described in Suda et al. (2007). The relative fluorescence intensity of 3,000 particles was
recorded using a Partec CyFlow Space flow cytometer (Partec GmbH, Minster, Germany).
Partec FloMax software was used to evaluate the histograms, which were manually gated.
RGS was calculated as ratio between the relative fluorescence of sample and standard.
The reliability of the measurements was assessed by calculating coefficients of variation
(CV) for the G1 peaks of both the analysed sample and the reference standard. Analyses
yielding a CV threshold of > 5 % were discarded and the samples measured again. Ploidy
levels were estimated by comparing RGS of samples with that of diploid C. muralis (2n =

14; Sutton 1988).

Results

Morphometric analyses

Correlation coefficients did not exceed 0.95 for any pair of characters; therefore, all
characters were retained for further analyses (Table 1). In the PCA, the first axis accounted
for 43% of the variation and the second axis for 15%. The ordination diagram (Fig. 2a)
showed no overlap between two main groups of populations: vil-v3 and m1-m3. The
characters with most weight in the differentiation of the two groups were trichome
density of upper leaf surface and length of stem trichomes (Fig. 2a) as plants from
populations m1-m3 showed shorter and more densely distributed trichomes (Fig. 3a, b)
than those from populations vl-v3 (Fig. 3f, g). These two characters showed no overlap
between populations vl-v3 and m1-m3 (Fig. 2c), and are therefore excellent diagnostic
characters. Other characters related to flower size had an important weight in explaining
the entire morphological variability but contributed little to differentiation (Fig. 2a). The
CDA also showed strong morphological differentiation between the same two groups of

populations vl—-v3 and m1-m3 (Fig. 2b).
Qualitative inspection of testa sculpturing under the binocular stereoscopic microscope
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Figure 2. Morphometric analyses of fifteen floral and vegetative characters obtained for 35 specimens of C.
muelleri subsp. muelleri (m) and C. muelleri subsp. villosa (v). a Principal component analysis. Grey circles
represent C. muelleri subsp. muelleri and white diamonds C. muelleri subsp. villosa. Grey arrows represent
relationships of characters projected in the same ordination space as the samples (Fl: flower, MLfW:
maximum leaf width, NLb: number of leaf lobes, Pd: pedicel, Pt: petiole, TDLfA: trichome density of upper
leaf surface, TLSt: Length of stem trichomes). b Canonical discriminant analysis. ¢ Boxplots showing median,
upper and lower quartiles, minimum and maximum values (excluding outliers) and outliers for the two
characters showing the greatest differences between the two subspecies C. muelleri subsp. muelleri (m) and
C. muelleri subsp. villosa (v). TDLfA: trichome densitiy of upper leaf surface, TLSt: length of stem trichomes.

revealed a strong differentiation between populations vl—v3 and m1-m3. In populations
m1-m3 seeds were covered by big hemispherical tubercles (Fig. 3c) whereas populations
vl-v3 showed some tubercles mainly on the dorsal side, and the ventral side was
shallowly cristate-alveolate (Fig. 3h, i). At higher magnification, SEM images showed testa
cells of both populations with thickened periclinal walls and a papilla in the middle of the
anticlinal wall (Fig. 3d, e, j). The papilla was more prominent in population m1 (Fig. 3d, e)

than in population v1 (Fig. 3j).
AFLPs
In total, 407 AFLP fragments were scored for 49 individuals, of which 365 polymorphic,

high-quality, reproducible AFLP-fingerprints were obtained. Thirty-eight fragments with

singular presences or absences were excluded. The initial error rate (Bonin et al. 2004)

142



Chapter lll, Cymbalaria muelleri subsp. villosa, a new Sardinian endemic

before the exclusion of non-reproducible fragments was 2.94%.

The NJ analysis (Fig. 1c) revealed that populations m1-m3 constituted a monophyletic
group with high bootstrap support (BS 99%). It was sister (BS 81%) to a clade comprising
populations v2 and v3 (BS 100%). The consecutive sister was population v1, rendering
populations vl-v3 paraphyletic. Individuals from the same population grouped together
for populations m1 (BS 89%), m3 (BS 100%) and v1 (BS 100%), while other populations
were not monophyletic. The Neighbor-Net diagram showed an almost identical pattern,
one clade for the eastern populations (m1-m3) and two clades for the western

populations (vi-v3, Fig. 1d).
Flow cytometry

Mean RGS for populations m1-m3 and vl-v3 was 1.16 (1.15-1.17), and 1.10 (1.09-
1.11), respectively. Both geographic groups were estimated to be hexaploid as
populations m1-m3 and vl—v3 exhibited 5.87 and 5.56 times the RGS of diploid C. muralis,
respectively. These values are lower than expected if genome size increased in direct
proportion with polyploidy, which can be explained by genome downsizing, an often
reported phenomenon in non-recently formed polyploids (Leitch and Bennet 2004;
Frajman et al. 2015; Lazarevi¢ et al. 2015). Hexaploidy corresponds to the reported
chromosome number of C. muelleri (2n = 42, Onnis and Floris, 1967). The RGS values
translate into a genome size of 2.99 pg and 2.84 pg for western and eastern populations,
respectively. These values fit well to the previously reported C-value of C. muralis (1C =

0.49 pg, Siljak-Yakovlev et al., 2010; Benneth and Leitch, 2012).

Discussion

A novel taxon endemic to eastern central Sardinia

Eastern and western populations of C. muelleri (Fig. 1b), which are separated by a gap
of ca. 15 km (Arrigoni et al. 1979), are morphologically distinct: they differ in the length of

stem trichomes, trichome density of the upper surface of mid stem leaves (Figs. 2c, 4) and
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Figure 3. Scanning electron micrographs of trichomes and seeds of Cymbalaria muelleri. Scale bars are
indicated in each image. a—e Cymbalaria muelleri subsp. muelleri, Italy, Sardinia, Laconi, Corona Sa
Guardia, S'Aza du Ziu Chiccu, 680 m, 09/05/2015, P. Carnicero 1223 & M. Unzeta (BC 955789). f—j
Cymbalaria muelleri subsp. villosa, Italy, Sardinia, Ulassai, Bruncu Matzeu, 770 m, 11/05/2015, P.
Carnicero 1263 & M. Unzeta (BC 955784). a, f Stem trichomes, general view, note the different scale. b, g
Detail of stem trichomes. ¢, h Seeds, ventral side. i Seed, dorsal (hilum) side. d, e, j Detail of testa cells with
a papilla in the anticlinal wall.
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Figure 4. Overall appearance of Cymbalaria muelleri subspecies. a—c Cymbalaria muelleri subsp. muelleri.
d-f Cymbalaria muelleri subsp villosa. a, d specimens in their natural habitat. b, e upper surface of a mid
stem leaf. c, f trichomes on stem, note the difference in trichome length.
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testa sculpturing (Fig. 3c, h, i). The eastern populations exhibit a less dense, villous
indumentum composed of long trichomes (Figs. 3f, 4d—f), and have shallowly cristate-
alveolate seeds with few, or lacking, big hemispherical tubercles (Fig. 3h, i). The western
populations exhibit a puberulent indumentum composed of short densely distributed
trichomes (Figs. 3a, 4a—c) and seeds completely covered by big hemispherical tubercles
(Fig. 3c). Examination of herbarium specimens from six non-sampled populations (see
Taxonomic treatment, Additional specimens examined) revealed that the diagnostic
characters are constant within each geographic group. Below, the eastern populations are
described as C. muelleri subsp. villosa, given that the type specimen of C. muelleri is from
one of the western populations. As only characters corresponding to C. muelleri subsp.
muelleri are mentioned in identification keys (Tutin 1980; Pignatti 1982; Sutton 1988), it
was impossible to correctly identify specimens of C. muelleri subsp. villosa. Thus, we
propose a new identification key for Sardinian Cymbalaria species in order to account for

the entire intraspecific variation and to include the new subspecies.

Molecular analyses also support the recognition of two subspecies in C. muelleri.
Cymbalaria muelleri subsp. muelleri is monophyletic (BS 98%) and nested in C. muelleri
subsp. villosa, which is consequently resolved as paraphyletic (Fig. 1c, d). This pattern
clearly supports an anacladogenetic (sub)speciation process (Stuessy et al. 1990), where
subsp. muelleri evolved from the ancestral, non-extinct subsp. villosa by budding (Mayr
and Bock 2002). Although monophyly of taxa is desirable from a cladistic perspective,
important evolutionary processes such as hybridization, anagenetic and anacladogenetic
speciation almost necessarily result in non-dichotomous branching patterns (Ho6randl
2006). Moreover, paraphyletic groups often constitute natural transition states in the
origin of a holophyletic taxon (C. muelleri subsp. muelleri) from its ancestor (C. muelleri
subsp. villosa; Horandl and Stuessy 2010). Thus, the recognition of paraphyletic taxa can
reflect better the evolutionary processes, as shown at various taxonomic levels (e.g.
Ranunculus alpestris L. subsp. alpestris: Paun et al. 2008; Pozoa coriacea Lag.: Lépez et al.
2012; Saxifraga oppositifolia L.: Winkler et al. 2013; Helichrysum Mill.: Galbany-Casals et
al. 2014).
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Altogether, the strong morphological differentiation, supported by molecular
divergence, and an allopatric distribution (Stuessy et al. 2014) strongly support to
segregate the eastern populations of C. muelleri as a new taxon, which is formally
described below. We choose the rank of a subspecies, because the level of morphological
and molecular differentiation between the two taxa is not enough to deserve the species
rank, as used in Cymbalaria. Moreover, the integrity of C. muelleri as a species is
supported by several morphological characters such as thick, fleshy leaves and a relatively
robust habit, as compared to the sympatric and morphologically similar C. aequitriloba
and other related species that are also part of the polyploid western clade (Carnicero et al.
in prep., Chapter Il). Moreover, its strongly supported monophyly based on AFLP data
(Carnicero et al. in prep., Chapter Il) and its hexaploidy support the species’ integrity and

differentiation from its sister taxon, the octoploid C. hepaticifolia (Sutton 1988).
Conservation

Adding previous reports (Arrigoni et al. 1979, see Taxonomic treatment, Additional
specimens examined) to our sampling allowed us to preliminarily evaluate the two
subspecies’ state of conservation. We exclude a recent report of C. muelleri from Monte
Perda ‘e Liana (Loi et al. 2004), which was considered the northernmost locality of this
taxon. These authors did not report C. aequitriloba from this locality, although the only
specimens we found growing in that mountain were demonstrated to belong to C.
aequitriloba in a previous molecular study (Carnicero et al. in prep., Chapter Il). Therefore,
we consider the report of C. muelleri to be erroneous. We used GeoCAT (Bachman et al.
2011) to calculate the extent of occurrence (EOQO) and area of occupancy (AOO)ona 2 x 2
km grid for both subspecies of C. muelleri. The results indicate that C. muelleri subsp.
muelleri should be considered vulnerable (VU D2) and C. muelleri subsp. villosa near
threatened (NT) according to IUCN (2012) criteria. However, as we detected direct
anthropogenic threats (climbing routes, grazing) and counted a low number of individuals
in some populations (P.C. and M.G., personal field observations), a higher extinction risk
probably applies. A rigorous conservation study is needed to definitely assess the

conservation status of the two subspecies and to adopt appropriate measures to protect
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these narrow endemics.

Our study clearly shows the necessity of conducting critical surveys and systematic
studies also in areas with a long history of botanical exploration, such as Sardinia.
Specifically, habitats with difficult accessibility in areas with high diversity, such as glacial
refugia and biodiversity hotspots, may still harbor new taxa that remain undiscovered, or
are considered part of another entity due to the lack of a critical study at populational
level (e.g. Aquilegia cremnophylla Bacch., Brullo, Congiu, Fenu, J. Garrido & Mattana:
Bacchetta et al. 2012b; Androsace komovensis Schonswetter & Schneew.: Schonswetter
and Schneeweiss 2009). Mountainous areas in the Mediterranean Basin, and specifically
chasmophytic habitats, usually meet these requirements, and therefore we here stress
the need for active research in these areas. Moreover, these still unknown taxa may be
important from a conservation point of view, since their rarity is likely the reason why

they remain undiscovered.

Taxonomic treatment

Cymbalaria muelleri (Moris) A. Chev. in Bull. Soc. Bot. France 83: 645. 1937. = Linaria
muelleri Moris, Diagn. Stirp. Sard. Nov.: 1-2. 1857. —HOLOTYPE: ‘Linaria mulleri Nob.,
affinis Linaria pallida Tenor! Guss.! Chavann.! At seminibus [...] charact differt / a Mullero’
(TO* [webl!]). Isotypes: ‘Linaria aequitriloba Spr., Ad rupes prope Laconi, Unio itineraria,

Jul 1827 / Miiller’ (B, K [web!] and W!).

= Linaria pilosa var. pauciloba Benth. in DC., Prodr. 10: 267. 1846. = Linaria pilosa
subsp. muelleri (Moris) Nyman, Consp. 3: 543. 1881. = Linaria aequitriloba subsp. muelleri

(Moris) Nyman, Consp. Suppl. 2(2): 235. 1890.

* Sutton (1988) already indicated the specimens kept in B and W as type material, but

he was unaware of the existence of the holotype.

Description: Perennial herb, puberulent to villous in all vegetative organs, indumentum
composed of eglandular trichomes 130-1100 um long and short glandular trichomes up to
0.5 mm long. Stems trailing, procumbent or decumbent, up to 20 cm long, puberulent to
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villous. Leaves 6—25.3 mm in diameter, opposite to alternate, petiolate, thick and fleshy,
reniform to orbicular, entire to five-lobed, puberulent to villous on upper and lower
surfaces. Flowers zygomorphic, pedicellate, solitary in leaf axils; pedicels 8-33(47) mm
long in flower, 15-52 mm long in fruit, puberulent to villous, with decreasing density of
eglandular trichomes towards the apex and high density of short glandular hairs in the
upper part. Calyx lobes subequal, 2.0-3.3 mm long in flower, 2.3—4.2 mm long in fruit,
lanceolate, puberulent to villous. Corolla (7.2)9.1-14.2 mm long from the palate to the tip
of the spur, pale violet, violet or pink, palate yellow and occasionally with purple veins;
tube 1.7-2.7 mm wide; upper lip (4.0)5.5-8.4(9.5) x 2.7-7.7 mm with purple veins, sinus
1.4-5.2 mm long; lower lip 7.4-16.6(17.7) mm wide, sinus 2.1-5.7 mm long; spur 1.8-5.2
x 0.7-1.8 mm. Capsule 2.5-5.0 mm long, spherical, glabrous to densely glandular-
pubescent, glandular trichomes up to 0.5 mm long, loculi equal, each loculus dehiscing by
irregular valves. Seeds 1.0-1.3 mm long, ovoid, black; surface either shallowly cristate to
alveolate with low rounded ridges, in this case occasionally with large hemispherical
tubercles on the dorsal (hilum) side, or with large hemispherical tubercles on the entire
surface; testa cells polygonal with anastomosed anticlinal walls, periclinal walls bearing a

median papilla.
Cymbalaria muelleri (Moris) A. Cheval. subsp. muelleri

Description: Stems puberulent, covered by eglandular trichomes 130-250 um long.
Leaves with 50-230 eglandular trichomes per mm? in their upper surface. Seeds surface

entirely covered by large hemispherical tubercles.
Chromosome number: 2n = 42 (Onnis and Floris, 1967)

Habitat and altitudinal range: vertical to overhanging north facing limestone cliffs,

between 600 and 800 m a.s.l.

Distribution area: central Sardinia; Oristano, Nuoro and Cagliari provinces; south of
Gennargentu massif, western “Tacchi” area. The area of occupancy is ca. 16 km? and the

extent of occurrence is ca. 25 km®.
Additional specimens examined: Italy, Sardinia. Pareti rocciose sotto Regione Coringiu
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Irau (Villanovatulo), 15 Giugnio 1963, P.V. Arrigoni (FI 050334); Guturru Forreddu
(Villanovatulo), 21 May 1964, P.V. Arrigoni (F1 050335); S'aza du Ziu Chiccu (parets N NW
de la Corona Sa Guardia) sobre Laconi, sota la torre de vigilancia forestal, 690 m,
sobreploms i fissuretes, abundant, 14 Jul 2012, P. Carnicero 414 & M. Galbany (BC
955485); a poca algada a les grans parets de la Foresta comunale de Gadoni, 690 m, parts
pelades lleument extraplomades de la paret, 14 Jul 2012, P. Carnicero 416 & M. Galbany
(BC 955786); Laconi, Corona Sa Guardia, S'Aza du Ziu Chiccu, 680 m, 09 May 2015, P.
Carnicero 1223 & M. Unzeta (BC 955789); Gadoni, Foresta Latinazzu, 690 m, 09 May 2015,
P. Carnicero 1231 & M. Unzeta (BC 955788); Gadoni, Taccu di Tornulu, 750, parets
verticals i sobreplomades calcaries exp. N, 10 May 2015, P. Carnicero 1246 & M. Unzeta
(BC 955787).

Conservation status: “Vulnerable” (VU D2).

Cymbalaria muelleri (Moris) A. Chev. subsp. villosa Carnicero, subsp. nov. —
HOLOTYPE lItaly, Sardinia, Ulassai, Bruncu Matzeu, 770 m, 11 May 2015, P. Carnicero 1263
& M. Unzeta (BC 955784, Fig. 5); isotypes: TO, W.

Etymology: This subspecies is named in reference to its most apparent diagnostic

character, the villous indumentum present in stems and leaves.

Description: Stems pubescent to villous, covered by eglandular trichomes (530)630-
1100 pm long. Upper surface of mid stem leaves with 11-33 eglandular trichomes per
mm?Z. Seeds surface shallowly cristate to alveolate with low rounded ridges, occasionally

with large hemispherical tubercles on the dorsal (hilum) side surface.

Diagnosis: The new subspecies differs from subsp. muelleri in its less dense
indumentum and longer trichomes in leaves and stems. The testa is partly covered by big
hemispherical tubercles on the dorsal side (rarely absent) and shallowly cristate-alveolate

elsewhere.
Chromosome number: it is likely 2n = 42, as hexaploidy was inferred from RGS.

Habitat and altitudinal range: cliffs and big rocks, mostly shadowed faces, between 700
and 1000 m a.s.l.
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Figure 5. Holotype of C. muelleri subsp. villosa. ltaly, Sardinia, Ulassai, Bruncu Matzeu, 770 m,
11/05/2015, P. Carnicero 1263 & M. Unzeta (BC 955784)
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Distribution area: central-eastern Sardinia; Ogliastra Province; south of Gennargentu
massif, eastern “Tacchi” area. The area of occupancy is ca. 24 km? and the extent of

occurrence is ca. 43 km?.

Additional specimens examined: ltaly, Sardinia. Margini rocciosi di Sud-Ouest della
Foresta Demaniale di Monte Arbu (Seui), 23 May 1964, P.V. Arrigoni (FI 050338); FF. DD.
[Foresta Demaniale] di Montarbu (Seui), Rocce sotto Serra Middai, 23 May 1964, P.V.
Arrigoni (FI 050337); Rocce calcaree sopra Porcu e Ludu (Jerzu), 15 Jul 1964, P.V. Arrigoni
(FI 050336); Seui, Foresta di Montarbu: rupi calcaree dei Tonneri, all’altezza di Bruncu
Arrascialé. Esp. NE. m 1000 ca., 27 Jun 1972, P.V. Arrigoni & E. Nardi (FI 050339, Fl
050340); v. N Bruncu Matzeu, Ulassai, 770 m, bretxa molt ombrejada i parets verticals de
la base. 12 Jul 2012, P. Carnicero 389 and M. Galbany-Casals (BC 879630); Seui, Genni
d'Acca, 13 Jul 2012, P. Carnicero 406 & M. Galbany-Casals (BC 879629); Seui, Foresta di
Montarbu, Genni d'Aca, 900 m, 10 May 2015, P. Carnicero 1251 & M. Unzeta (BC 955783);
Ussassai, Nuraghe Urseri, 870 m, 10 May 2015, P. Carnicero 1257 & M. Unzeta (BC
955782).

Conservation status: “Near Threatened” (NT).

Identification key to Sardinian Cymbalaria taxa

la. Leaves and stems glabrous or only with occasional hairs on young organs, most

[€aVES 5—9 10D .....uvvivieiieiiiee e C. muralis subsp. muralis
1b. Leaves and stems hairy, most leaves 1-3 lobed..........ccccvviiieiieiiccccieeee e, 2
2a. Leaves thin, not fleshy. Seeds 0.8—1.2 MM [ONG.......ceveeeevvevcrrrerenreennn. C. aequitriloba
2b. Leaves thick and fleshy. Seeds 1.1-1.3 MM [ONg ....ccovvvveriiriiiieeniiiieeeee, C. muelleri

- Stems and leaves puberulent, eglandular trichomes 130-250 um long, shorter than

half the diameter of the stem. Seeds tuberculate .........ccccceevevieeincnnenn. subsp. muelleri

- Stems and leaves pubescent to villous, eglandular trichomes (530)630-1100 um long,

longer than the diameter of the stem. Seeds shallowly cristate-alveolate, often with
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some hemispherical tubercles on the dorsal side .......ccccceeeeeeiiecciiiineenenn. subsp. villosa
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Chapter IV, Systematics of eastern Mediterranean Cymbalaria Hill

Abstract

The eastern Mediterranean houses a remarkably high plant diversity. Historical
connections between currently isolated areas across the Aegean region have been
invoked to explain current distribution patterns of species. According to most recent
treatments, two Cymbalaria species occur in this area: Cymbalaria microcalyx and C.
longipes. The former comprises several intraspecific taxa, treated at different ranks by
different authors, evidencing the need of a taxonomic revision. Additionally, some
populations of C. microcalyx show exclusive morphological characters that do not
match any described taxon. Some taxa are distributed across currently isolated areas in
the Aegean, constituting thus good candidates for testing the role of paleogeographic
changes in the region in the origin and current distribution of species. In our study we
aim to resolve the systematics of eastern Mediterranean Cymbalaria and to propose a
classification congruent with molecular, morphological and ploidy level data. We
performed phylogenetic analyses using ITS, 3’ETS, ndhF and rpl32-trnL sequences. We
estimated the ploidy level of some species performing genome size measures.
Molecular data combined with morphology support the division of traditionally
delimited C. microcalyx in four different species, three of them with two subspecies
each. Unidentifiable specimens constituted a well-defined phylogenetic and
morphological entity, and are described here as a new species: Cymbalaria spetae.
Cymbalaria longipes is polyphyletic, but it is allegedly characterized by being glabrous
and diploid, unlike other eastern species that are hairy and tetraploid. In C. microcalyx
and C. minor, that have a wide distribution in currently isolated areas, west to east
colonization of the Aegean region is inferred, probably facilitated by Pleistocene land

bridges but also dispersing across marine barriers.

Keywords Aegean region, cpDNA, dispersal, marine barriers, morphology, nrDNA
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Introduction

The Mediterranean Basin constitutes a biodiversity hotspot (Myers et al., 2000;
Thompson, 2005). Specifically, the eastern Mediterranean houses two major centres of
biodiversity: the Balkans-Aegean area with 6500-7000 species, of which ~1500 are
endemic, and the Mediterranean part of the Anatolia Peninsula, with ca. 5000 species
and a 30% of endemism (Thompson, 2005). This is in part attributable to moderate
consequences of Pleistocene glaciation periods in this area (Fady-Welterlen, 2005; Wu
et al., 2007), and the complexity of its geography, with several mountain ranges, cliffs
and islands (Polunin, 1980; Thompson, 2005). Further causes of the high diversity and
endemism of the eastern Mediterranean Region are the entrance of Irano-Turanian
floristic elements to this area (Zohary, 1973; Manafzadeh et al., 2014), as well as the
fact that several Mediterranean lineages (e.g. Campanula L.: Roquet et al., 2009,
Centaurea L. subgenus Centaurea: Hilpold et al., 2014; Aegilops geniculata Roth.: Arrigo
et al.,, 2010; Haplophylum A. Juss.: Manafzadeh et al., 2014) have their origin of
diversification here. Finally, a higher degree of single island endemism compared to
western Mediterranean also contributes to the high diversity and singularity of eastern

Mediterranean (Thompson, 2005).

The Mediterranean parts of the Balkans-Aegean area and the Anatolian Peninsula
can be divided in three major fitogeographic units (Rechinger, 1950; Takhtajan, 1986):
the northwestern part of the Balkan Peninsula, the southern part of the Balkan
Peninsula (or western Aegean region, comprising most Aegean islands), and the
eastern Aegean islands-Anatolia. Two main biogeographic barriers limited the plant
species exchange among these three regions. From the West to the East, a first major
biogeographic barrier divides the northwestern part from the southern part of the
Balkan Peninsula. In fact, classic biogeographic provinces (Takhtajan, 1986) as well as
modern systematic studies (Bardy et al., 2010; Hilpold et al., 2014) show closer
affinities of the northwestern Balkan peninsula with the Apennine Peninsula than with
the southern Balkan Peninsula. The main causes for this barrier are: 1) the severe
central European climate of the continental part of the Balkans, that restrict the
Mediterranean climate area to a series of isolated patches in the coast, and 2) a

stronger influence of glaciations that isolated northern from southern Balkan
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Peninsula, as shown by the traces of glaciers at relatively low altitudes in the north of
what is actually Albania (Polunin, 1980). Further east, a second major biogeographic
break is the sea barrier between the western Aegean region and eastern Aegean
region-Anatolia (Rechinger, 1943, 1950; Strid, 1996). In former times, these two regions
were connected by land via three ancient ranges: the Bosphorus Strait in the North; a
central range that included the Cyclades islands; and a southern range that included
the southern Aegean Islands Crete, Karpathos and Rhodes. Around ten million years
ago (Ma), the southern range collapsed, originating the island of Crete and the
Karpathos archipelago, while Rhodes was still connected to Anatolia (Polunin, 1980). In
the early Pliocene (ca. 5 Ma) sea expanding northwards broke the connection via the
central range, isolating the Cyclades from the eastern Aegean islands-Anatolia (Strid &
Tan, 1997; Chatzimanolis et al., 2003; Thompson, 2005). The imaginary line east of
Karpathos and the Cyclades has been named Rechinger’s line (Strid, 1996) and is
considered the phytogeographical borderline between Europe and Asia (Strid & Tan,
1997). That sea barrier persisted even in Pleistocene glaciations, when sea levels were
150-200 m lower than nowadays, thus connecting most of the Cyclades to each other

and the eastern Aegean Islands to Anatolia (Van Andel & Shackleton, 1982).

Cymbalaria Hill (Plantaginaceae) is a Mediterranean genus with at least two well
delimited genetic lineages in the eastern Mediterranean region (Carnicero et al., 2017).
Taking Sutton (1988) as a reference, two species occur in this area: the glabrous C.
longipes (Boiss. & Heldr.) A.Chev. and the hairy C. microcalyx (Boiss.) Wettst.
Cymbalaria longipes occurs in most coastal areas from the lonian Islands in the west up
to Lebanon in the east (Fig. 1). There is little concern on its taxonomic status due to
some distinctive features: 1) its characteristic habitat in cliffs and pebbles close to the
sea; 2) it is glabrous in all vegetative organs; 3) it produces big seeds that conform a
concrescent mass in an indehiscent capsule; and 4) its ploidy level (2n =14, diploid,

Sutton, 1988).

On the other hand, C. microcalyx is an aggregate of taxa with as many taxonomic
combinations as the number of systematic studies that have dealt with them (e.g.
Cufodontis, 1936; Greuter, 1979; Speta, 1986). Cymbalaria microcalyx inhabits cliffs

from the sea level up to ca. 2000 m (Maroulis & Georgiadis, 2005), from the Balkans to
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Figure 1. Distribution of eastern Mediterranean Cymbalaria taxa, based on Sutton (1988), local Floras,
personal field observations and herbarium vouchers. Previous taxonomic treatment and final taxonomic
treatment (in bold) are given. Only one name in bold is shown when they coincide.

western Anatolia. Sutton (1988) recognized five subspecies (Fig. 1), but also mentioned
other entities not studied in depth but that, in his opinion, could deserve taxonomic
recognition. The westernmost subspecies of C. microcalyx is C. microcalyx subsp. ebelii
(Cufod.) Cufod., a narrow endemic that has distinctive seeds with very low ridges.
Cymbalaria microcalyx subsp. microcalyx refers to a group of populations from the
Peloponnese with allegedly unequal-sized seeds, all with prominent wing-like ridges.
Cymbalaria microcalyx subsp. minor Cufod. is a second taxon from the Peloponnese
and immediate islands, characterized by small, equal-sized, alveolate seeds without
wing-like expansions. However, descriptions of this taxon are somewhat confusing,
since the size of seeds reported by Sutton (1988) does not coincide with the original
description of this taxon (Cufodontis, 1936). Moreover, Speta (1986) mentioned two
apparently very different forms of C. microcalyx subsp. minor, differing notably in the
size of their seeds, but he did not propose a formal taxonomic recognition for them. A
third taxon, C. microcalyx subsp. dodekanesi Greuter, is distributed throughout
numerous Aegean lIslands: the Cyclades, eastern Aegean Islands, eastern Crete,
Karpathos and Rhodes. Its seeds are similar to those of C. microcalyx subsp. minor,
from which it can be distinguished by the lanate indumentum of the capsule.
Cymbalaria microcalyx subsp. acutiloba (Boiss. & Heldr.) Greuter occurs in the

mountains of southwestern Anatolia and bears unequal-sized seeds with prominent
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wing-like ridges (Speta, 1986; Sutton, 1988). However, Speta (1986) referred to two
different forms in the protologue, probably because he included C. microcalyx subsp.
dodekanesi from Rhodes in his concept of C. acutiloba (Boiss. & Heldr.) Speta. Finally, C.
microcalyx subsp. paradoxa Greuter, from Kastellorizo island, and C. microcalyx subsp.
heterosepala (Cufod.) Speta, from western Crete, are two narrow endemic taxa that
Sutton (1988) did not study in depth, but which were included as accepted taxa in a
recent checklist of the Flora of Greece (Dimopoulos et al., 2013), as well as C
microcalyx subsp. alba (Voliotis) Kit Tan. The latter is a Peloponnese endemic that
allegedly differs from C. microcalyx subsp. microcalyx by its white flowers (Voliotis,
1990). A recent phylogenetic study showed that C. microcalyx is not monophyletic
(Carnicero et al., 2017). Indeed, subspecies of C. microcalyx were found in at least three
distinct lineages. Regarding the ploidy levels, available data suggest that C. microcalyx
subsp. microcalyx, C. microcalyx subsp. ebelii, C. microcalyx subsp. dodekanesii, and C.
microcalyx subsp. minor are tetraploids (Speta, 1986, 1989; Sutton, 1988; P. Carnicero,
unpubl. data), whereas for C. microcalyx subsp. acutiloba, C. microcalyx subsp. alba, C.
microcalyx subsp. heterosepala and C. microcalyx subsp. paradoxa there is no data

available.

In the course of our studies on the genus Cymbalaria, two specimens kept in the
herbaria SALA and MA and identified as C. microcalyx caught our attention. These
specimens were collected from the same locality in the Taygetos mounts (Peloponnese)
and showed extremely different characters from any taxon described in the region, i.e.
small cristate-alveolate seeds, big flowers with a short and wide spur, and a higher
number of leaf lobes. In later field prospection, we found a second population showing

the same characters in the Taygetos mounts (Peloponnese).

The high amount of infraspecific taxa described within eastern Mediterranean
Cymbalaria species and the incongruence in taxonomic treatments between authors
suggest that a comprehensive study combining molecular systematics tools,
morphology and ploidy data would help to clarify the taxonomy of the group. From a
modern systematics perspective, taxonomy feeds from molecular data as well other
kinds of data to produce useful classifications that reflect the evolutionary history of

lineages (Stuessy, 2009). Moreover, the high diversity of eastern Mediterranean
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Cymbalaria, combined with extremely different species distributions areas, and the
coexistence of at least two ploidy levels, suggest that its study can be a relevant
contribution to the knowledge on plant evolution in the Mediterranean and the role of

biogeographic barriers.

Using a combination of plastid (cpDNA) and nuclear ribosomal (nrDNA) sequences,
morphological data and genome size, we aim to clarify the systematics of eastern
Mediterranean Cymbalaria species, by identifying genetic lineages, inferring their
phylogenetic relationships and finding morphologically homogeneous groups.
Specifically, we aim to test whether the unclassifiable populations from the Taygetos
mounts belong to a new taxon and its phylogenetic affinities. Finally, we aim to
propose a revised taxonomic treatment for the eastern Mediterranean Cymbalaria

species congruent with all the available data.

Material and Methods

Plant material

We sampled 65 individuals of Cymbalaria comprising at least one specimen of all
described species, with the aim of building a complete phylogenetic backbone to infer
the phylogenetic position of the eastern Mediterranean taxa. Eastern Mediterranean
taxa were more intensively sampled with the aim of studying their phylogenetic
relationships and to capture as much geographic genetic variation as possible. In total,
65 specimens were used in molecular analyses, of which 28 were sequenced for the
present study; seven in genome size measurements and 62 in morphological studies.
The sampling localities, voucher details, as well as specimens used in each analysis, are
provided in supplementary material, Table S1. Asarina procumbens Mill. was sampled
and used as outgroup, based on previous studies (Ghebrehiwet et al., 2000; Vargas et

al., 2004; Guzman et al., 2015; Carnicero et al., 2017).
DNA extraction, amplification and sequencing

Total genomic DNA was extracted from ca. 10—-30 mg silica gel dried leaf material or
herbarium vouchers following the CTAB protocol (Doyle & Doyle, 1987) with some

modifications (Tel-Zur et al., 1999). When less than 10 mg of dried material was
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available, no sorbitol washing was applied.

We amplified the ITS region and the conserved 3'ETS region of the nuclear
ribosomal DNA (nrDNA) and the ndhF region and the rp/3:’2-trnLUAG spacer of the plastid
DNA (cpDNA). We used the primers ITS1 and ITS4 (Sun et al., 1994) for the ITS region,
the primers Astl and 18SETS (Markos & Baldwin, 2001) for the 3'ETS region, the
primers 3'F (Eldenas et al., 1999) and +607 (Kim & Jansen, 1995) and the internal
primers ndhF CymbF and ndhF CymbR (Carnicero et al., 2017) for the ndhF region, and

UAG (Shaw et al., 2007) for the rpl32-trnL spacer. The

finally the primers rpl32F and trnL
profile used for amplification of ITS included 4 min denaturation at 95°C, followed by
30 cycles of 90 s denaturation at 94°C, 2 min annealing at 55°C and 3 min extension at
72°C, with an additional final step of 15 min at 72°C. The profile used for amplification

of the rpl32-trnL"*°

spacer included 3 min denaturation at 94°C, followed by 30 cycles
of 40 s denaturation at 95°C, 2 min annealing at 52°C and 2 min extension at 72°C, with
an additional final step of 10 min at 72°C. We followed the PCR profiles described in
Galbany-Casals et al. (2009) for ETS and Galbany-Casals et al. (2012) for ndhF. Direct
sequencing was conducted by the Macrogen Sequencing Service (Seoul, South Korea).

See supplementarymaterial, Table S1 for information on the vouchers and the

sequences.
Phylogenetic analyses

The sequences were first examined and edited using Mega 6.06 (Tamura et al.,
2013) and Finch TV 1.4 (Geospiza). Sequences were initially aligned using Clustal X
2.0.9 (Larkin et al., 2007) and adjusted manually in Mega 6.06. Ambiguous regions in
cpDNA alignment were detected and excluded using Gblocks v.0.91 (Castresana, 2000;
Talavera & Castresana, 2007) with relaxed conditions in order to preserve as much
information as possible: “Minimum Number Of Sequences For A Conserved Position”
and “Minimum Number Of Sequences For A Flank Position” were half the number of
sequences, “Minimum Number Of Contiguous Nonconserved Positions” was 5,
“Maximum Number Of Contiguous Nonconserved Positions” was 10, “Minimum Length
Of A Block” was 5, and “Allowed Gap Positions” was “With Half”. We kept the entire
nrDNA matrix since we detected no ambiguously aligned regions after a visual

inspection. Indels were coded as binary characters using the simple indel coding
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method (Simmons & Ochoterena, 2000). Plastid and nrDNA regions were analysed
separately due to the phylogenetic incongruence found between the two genomes (see

Results).

Maximum Parsimony (MP) analyses were conducted with PAUP*v.4.0a149
(Swofford, 2002) for both cp and nrDNA datasets. We performed 10,000 replicates of
heuristic searches with random taxon addition and tree bisection-reconnection (TBR)
branch swapping and holding all most parsimonious trees, uninformative characters
were excluded. The bootstrap analyses were performed with 1000 replicates, TBR
branch swapping and random taxon addition with 10 replicates. Consistency Index (Cl),
Retention Index (Rl) and Homoplasy Index (HI) were calculated from the consensus tree

(supplementary material, Table S2).

PartitionFinder (Lanfear et al., 2012) was used to find the best model of evolution
and the best partitioning scheme under the Bayesian information criterion (BIC;
Schwarz, 1978) for the Bayesian Inference (Bl) analyses. The models tested were those
implemented in MrBayes. A greedy search algorithm was selected for running the
analysis for each dataset. Unique partitions were found for the cp and nrDNA
respectively, and therefore no partitions were defined in further analyses. The BI
analysis was conducted with MrBayes v.3.2 (Ronquist et al., 2012). Coded indels were
defined as separate partitions and analysed with the simplest possible model, i.e. the
Jukes Cantor model. We generated 10,000 trees running MrBayes for 5,000,000
generations and sampling one of every 500 generations. After ensuring that the Monte
Carlo Markov chain (MCMC) reached stationarity, we discarded the first 2500 trees as

burn-in.
Morphological analyses

Twelve characters were scored on the basis of previous studies on Cymbalaria and
the tribe Antirrhineae (Sutton, 1988; Sdez & Crespo, 2005; Vigalondo et al., 2015;
Carnicero et al., in prep., Chapter Il) and our observed variability within studied taxa
(Table 1). Six corresponded to vegetative characters and six to reproductive characters.
Two extra characters were calculated as ratios of different corolla size characters, in
order to summarize information on the shape of the corolla rather than just absolute

measures. For the vegetative characters, three measurements per specimen were
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Table 1. Morphometric characters studied.

Character

Type

Corolla length (mm)

Quantitative

Corolla tube width (mm)

Quantitative

Spur length (mm)

Quantitative

Spur width (mm)

Quantitative

Ratio spur length (mm) /
corolla width (mm)

Quantitative (ratio)

Ratio spur length (mm) / spur
width (mm)

Quantitative (ratio)

Calyx length (mm)

Quantitative

Indumentum of stem

Indumentum of adaxial leaf
surface

Indumentum of abaxial leaf
surface

Indumentum of calyx

Indumentum of upper part of
pedicel

Semiquantitative (0 =
glabrous; 1 = subglabrous,
sparsely distributed hairs; 2
= non-overlapping uniformly
distributed hairs; 3 =
overlapping hairs; 4 = lanate)

Number of leaf lobes

Quantitative

Maximum leaf width (mm)

Quantitative

Number of seeds / capsule*

Quantitative

Heterocarpy* Qualitative
Concrescence of seeds * Qualitative
Testa sculpturing* Qualitative

Seed length (mm)*

Quantitative

*Characters excluded from the analyses due to the high amount of
missing data.

averaged when possible. Six semiquantitative indumentum characters were examined
under a binocular stereoscopic microscope. The remaining characters were measured
on scanned specimens using Image J (Abramoff et al.,, 2004). Unfortunately, C.
microcalyx subsp. heterosepala was not included in the analyses because flowers were
not available in the specimens examined. Cymbalaria ebelii was excluded from
quantitative analyses due to its clear differentiation using seed characters (Speta, 1986,
1989), its phylogenetic position (Carnicero et al., 2017, and results of the present
paper), and previous studies pointing to its independence from C. microcalyx
(Cufodontis, 1936, 1947; Sutton, 1988). The final dataset comprised 62 specimens from
37 populations. Sixty nine additional herbarium specimens were also examined for the

purpose of the taxonomic treatment (see Appendix: additional specimens examined).

Quantitative analyses were conducted using a set of R functions contained in

MorphoTools ver. 1.01 (Koutecky, 2015). Pearson and Spearman correlation coefficients
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were computed to reveal correlation structure among the characters and to ensure
that no strong correlations (> |0.9|) were present. After standardization to zero mean
and unit variance, principal component analysis (zero-centred PCA based on a
covariance matrix) was applied to display the overall variation pattern along the first
two components. A canonical discriminant analysis (CDA) was performed to assess the
morphological differentiation between the taxa which we propose to accept as a
combination morphological (PCA) and phylogenetic results (see taxonomic treatment).
We performed CDA at two different taxonomic levels: at the species level (5 groups)

and at the subspecies level (7 groups).

Several seed characters were also studied under a binocular stereoscopic
microscope and scored (Table 1), but they were excluded from the morphometric
analysis due to the high amount of missing data. Specifically we measured seeds
length, in addition to establishing other characters: the number of seeds per capsule,
testa sculpturing, heterocarpy (i.e. remarkable differences in seed size within a single
capsule) and whether or not the seeds converged in a compact concrescent mass.
Scanning electron microscopic (SEM) images were taken with the aim to better
describe and illustrate the observed differences in testa sculpturing of seeds. We
analysed mature seeds of a subset of five specimens, with special focus on taxa lacking
seed micrographs in previous studies (i.e. Cymbalaria acutiloba subsp. paradoxa, C.
microcalyx subsp. heterosepala and the putative new taxon from the Taygetos Mounts).
Material was glued on SEM aluminum stubs and sputter-coated with 40-50 nm gold.
Samples were later examined with an Evo MA 10 Scanning Electron Microscope (Zeiss)

at 15-25 kV. Terminology of seed shape and testa sculpturing follows Sutton (1988).
Flow cytometry

Relative DNA content (RGS) measurements were performed with the aim of
inferring the ploidy level of taxa without published chromosome counts. However, due
to the lack of fresh mature seeds able to germinate and the low quality of
measurements performed on dry leaf material, only four taxa were analysed. Fresh leaf
material from germinated seeds from C. microcalyx subsp. paradoxa and the putative
new taxon from the Taygetos Mounts was used (supplementary Table S1). Additionally,

C. microcalyx subsp. microcalyx and C. microcalyx subsp dodekanesi were also
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measured in order to confirm previously documented ploidy levels (Sutton, 1988; P.
Carnicero unpubl. data). The diploid C. muralis G. Gaertn., B. Mey. & Scherb. from the
Botanical Garden of the University of Innsbruck, was also measured as a reference.
Flow cytometry (FCM) of 4’,6-diamidino-2-phenylindole (DAPI; final concentration b
0.036 M) stained nuclei was used to estimate RGS and to assess DNA ploidy levels
(Suda & Travnicek, 2006). The standard used to determine DNA amounts was Solanum
pseudocapsicum L. (2C = 2.58 pg; Temsch & Greilhuber, 2010). Fresh leaf tissue was
chopped with leaf material of the reference and processed as described in Suda et al.
(2007). The relative fluorescence intensity of 3,000 particles was recorded using a
Partec CyFlow Space flow cytometer (Partec GmbH, Minster, Germany). Partec FloMax
software was used to evaluate the histograms, which were manually gated. RGS was
calculated as ratio between the relative fluorescence of sample and standard. The
reliability of the measurements was assessed by calculating coefficients of variation
(CV) for the G1 peaks of both the analysed sample and the reference standard.
Analyses yielding a CV threshold of > 5 % were discarded and the samples measured
again. Ploidy levels were estimated by comparing RGS of samples with that of diploid C.

muralis (2n = 14; Sutton, 1988).

Results

Phylogenetic analyses

The analyses of the nrDNA with MP and BI resulted in congruent phylogenetic tree
topologies. However, the results from the cpDNA presented several incongruities with

the nrDNA analysis (Figs. 2, 3).

The nrDNA analyses (Fig. 2) retrieved three main lineages. The eastern Cymbalaria
taxa appeared in two of these three lineages: one was composed only by eastern
Mediterranean species (eastern lineage, clade MS, BS = 100%, PP = 1) and a second one
was composed of central and eastern Mediterranean species (central-eastern lineage,
BS = 100%, PP = 1). The eastern lineage contained three main clades. One was

composed by all specimens from the Taygetos mounts (as C. spetae; BS = 100%, PP = 1);
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a second clade was composed by all specimens of C. microcalyx subsp. heterosepala
and one specimen of C. microcalyx subsp. microcalyx (BS = 71%, PP = 0.99); and the
third clade was composed by the rest of specimens of C. microcalyx subsp. microcalyx
(BS = 74%, PP = 1). Relationships between these three mains clades in the eastern
lineage received low statistical support. Within the central-eastern lineage, C.
microcalyx subsp. ebelii formed a clade (BS = 97%, PP = 1) sister to C. pubescens (C.
Presl) Cufod., a species endemic to Sicily, with moderate statistical support (BS = 60%,
PP = 0.91), and the remaining eastern species constituted an independent
monophyletic group (clade ALM, PP = 0.98). Within clade ALM, C. microcalyx subsp.
minor constituted a monophyletic group (BS = 53%, PP = 0.98) sister to a moderate
statistically supported clade containing C. microcalyx subsp. dodekanesi, C. microcalyx
subsp. acutiloba, C. longipes and C. microcalyx subsp. paradoxa (PP = 0.90). Cymbalaria
microcalyx subsp. dodekanesi formed two supported clades respectively constituted by
the specimens from Karpathos (specimens 5 and 6, BS = 100%, PP = 1) and by the
specimens from Rhodes (specimens 1-4, BS = 100%, PP = 1). Finally, a clade with low
statistical support grouped all specimens of C. longipes with the specimens of C.
microcalyx subsp. acutiloba and C. microcalyx subsp paradoxa (clade AL). Clade AL was
constituted by two statistically supported subclades congruent with geography: 1) C.
longipes 3 and C. microcalyx subsp. acutiloba, both from Anatolia (PP = 1), and 2) C.
longipes 4-9 and C. microcalyx subsp. paradoxa, all from eastern Aegean Islands (BS =
74%, PP = 1). Cymbalaria longipes 1, from Karpathos, was sister with moderate

statistical support to the second subclade (PP = 0.92).

In the cpDNA analyses, Cymbalaria was divided in two clades (Fig. 3). One clade
grouped all specimens from the Taygetos mounts (as C. spetae; BS = 96%, PP = 1) with
some of the central Mediterranean species (BS = 79%, PP = 1) and the other main clade
grouped together all remaining Cymbalaria specimens (PP = 0.95). Statistical supports
for the basal branches in the second clade were in general low, and therefore
phylogenetic relationships between taxa were poorly inferred. Within the eastern taxa,
only C. microcalyx subsp. minor and C. microcalyx subsp. paradoxa (three specimens
from a single population) were monophyletic (BS = 77%, PP = 0.96 and PP = 0.98,

respectively). Most eastern taxa were split in two or more clades instead. The most
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Figure 2. Phylogram from the Bayesian analysis of nrDNA of Cymbalaria. Dotted lines indicate
branches that have been manually shortened. Bayesian posterior probabilities > 0.80/bootstrap

support values > 60% are indicated.
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composed only by eastern Mediter

Previous taxonomic treatment and final taxonomic treatment (in
bold is shown when they coincide. Grey boxes indicate clades
ranean species. Clade MS: clade C. microcalyx—C. spetae. Clade

ALM: clade C. acutiloba—C. longipes—C. minor. Clade AL: clade C. acutiloba—C. longipes. Letters next to

the species names indicate the geog

raphic origin of eastern Mediterranean specimens (A: Anatolia, B:

Balkans, C: Crete, Kt: Karpathos, Kz: Kastelorizo, P: Peloponnese, R: Rhodes, S: Samos).
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Figure 3. Phylogram from the Bayesian analysis of nrDNA of Cymbalaria. Bayesian posterior probabilities
> 0.80/bootstrap support values > 60% are indicated. Previous taxonomic treatment and final taxonomic
treatment (in bold) are given. Only one name in bold is shown when they coincide. Grey boxes indicate
main congruent clades with the nrDNA. Clade AL: clade C. acutiloba—C. longipes. Letters next to the
species names indicate the geographic origin of eastern Mediterranean specimens (A: Anatolia, B:
Balkans. C: Crete. lo: lonian Islands: Kt: Karpathos. Kz: Kastelorizo. P: Pelobonnese. R: Rhodes. S: Samos).
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remarkable relationships coincident with the nrDNA analysis were: 1) the respectively
monophyletic C. microcalyx subsp. minor and C. spetae; 2) clade AL, that included the
same members with the exception of C. longipes 1, that formed a clade with C. longipes
2 instead (BS = 98%, PP = 1), and this clade was sister to C. microcalyx subsp. minor (PP
= 0.99); and 3) Cymbalaria microcalyx subsp. ebelii did not group with eastern

Mediterranean taxa.
Morphological analyses

Correlation coefficients did not exceed 0.95 for any pair of characters; therefore, all
characters were retained for further analyses (Table 1). In the PCA, the first axis
accounted for 50% of the variation and the second axis for 17%. The ordination
diagram (Fig. 4A) showed a strong separation of specimens from the Taygetos mounts
(as C. spetae) from remaining eastern species. Its clear independence was shown in
boxplots for selected characters (Calyx length and the ratio spur length / corolla length,
Fig. 4B). Cymbalaria longipes also constituted a well delimited group. Cymbalaria
microcalyx specimens were in a cloud with less clear separation among infraspecific
entities. However, three groups with low overlap could be observed: 1) Cymbalaria
microcalyx subsp. acutiloba-C. microcalyx subsp. paradoxa; 2) Cymbalaria microcalyx
subsp. minor-C. microcalyx subsp. dodekanesi; and 3) Cymbalaria microcalyx subsp.

microcalyx (including subsp. alba).

The examination of seeds under the binocular stereoscopic microscope, SEMimages
(Fig. 5) and previous studies (Speta, 1986, 1989; Sutton, 1988) supported the groups

visualized in the PCA. Details on seed morphology are summarized in Table 2.

According to phylogenetic results, the PCA analysis of quantitative characters, traits
of seed morphology and results of flow cytometry, a taxonomic classification was
proposed and used to define groups in CDA. The first three axes in the CDA at the
species level accounted for 83% of the total variation (Fig. 6A). Here, C. spetae, C.
longipes and C. microcalyx (see taxonomic treatment) were strongly supported.
Although showing less compact clouds, C. acutiloba (Boiss. & Heldr.) Speta and C.
minor (Cufod.) Speta also formed non-overlapping groups. At the subspecies level, the
first three axes accounted for 69% of the total variation (Fig. 6B). Amongst the taxa

traditionally comprised within C. microcalyx, the newly proposed C. acutiloba subsp.
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Figure 4. A: Principal component analysis of twelve floral and vegetative characters obtained for 62
specimens. Previous taxonomic treatment and final taxonomic treatment (in bold) are given. Only one
name in bold is shown when they coincide. m.: microcalyx. B, C: Boxplots showing median, upper and
lower quartiles, minimum and maximum values (excluding outliers) and outliers for the two characters
showing the greatest differences between Cymbalaria spetae and other eastern Mediterranean taxa
according to the taxonomic treatment adopted in this study.
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Figure 5. Scanning electron micrographs of seeds of eastern Mediterranean Cymbalaria taxa. A-C: C.
microcalyx subsp. heterosepala, Greece: Crete, Falasarna, cape above ruins, cracks in limestone rocks,
cliffs above the sea, 50 m, P. Carnicero 1022 (BC); D-F: C. microcalyx subsp. microcalyx, Greece:
Peloponnese, Lakonia, Mystras, gorge, trail to Taygeti, Cracks in limestone cliffs facing N and shady blocks,
400-430 m, P. Carnicero 1063 (BC); G-I: C. microcalyx subsp. paradoxa / C. acutiloba subsp. paradoxa,
Greece: Kastelorizo, above Megisti, stears climbing the cliff, Cracks in limestone rocks facing N, 100-130 m,
P. Carnicero 1039 (BC); J-L: C. microcalyx subsp. dodekanesi / C. minor subsp. dodekanesi, Greece:
Rhodes, Arcangelos, Mount Profitis llias S of vilage, following the road towards the hermitage, cracks in
limestone cliff facing NW, 430 m, P. Carnicero 1062 (BC); M-O: C. spetae Greece: Peloponnese, Lakonia,
Trypi, road to Kalamata, tunnel excavated in the rock, cracks in shady limestone rocks, 780 m, P. Carnicero
1074 (BC 955798). Scale bars: A, B: 400 um; C, I, M: 100 um; D, H, J, K: 200 um; E, F: 40 um; G: 600 pum; L:
50 um; M, N: 20 um.
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Table 2. Seed characters and ploidy level of studied species. Taxon

taxonomic treatment adopted here.

names follow the final

Seed length Seed§
range equal in
Chromo- N. size / Concres-
(smallest and . .
Taxon some seeds / . dispositio | cence of Testa
biggest seed .
number | capsule n within seeds
observed,
the
mm)
capsule
C. acutiloba irregularly cristate,
subsp. 1 1 unequal / ridges wing-like, with
. unknown few 2-3 . unknown .
acutiloba irregular numerous triangular
tips2
C. acutiloba irregularly cristate,

. I i ing-lik
subsp =28 | 46 38-46 | Uneau/ | ridges wing-like,
paradoxa irregular deeply divided in

digitate expansions
C. ebelii cristate, ridges low
2n=28" 2-10" 1.5-2.5 equal no and scarce, not wing-
like
C. longipes irregularly cristate,
a2 2 _ unequal / ridges wing-like,
2n=14 26 3.5-56 irregular yes deeply divided in
digitate expansions
C. microcalyx unequal / irregularly cristate
subsp. 2n=28"| 4-10 13-4 ined no cgutarly cristate,
microcalyx irregular ridges wing-like
C. microcalyx irregularly cristate,
subsp. unequal / ridges wing-like,
heterosepala unknown 4-6 2.2-4.8 . 9 yes strongly compressed,
irregular L
only shallowly divided
in rounded segments
C. minor . on = 28 12 0.8-13 equal o alveolate,.rldg.es low,
subsp. minor not wing-like
C. minor unequal /
subsp. decrea- alveolate, ridges high,
dodekanesi 2n =28 8-14 0.9-3.3 sing no decreasing towards
towards the apex, not wing-like
the apex
C. spetae shallowly cristate-
2n =28 17-24 0.6-0.8 equal no alveolate, ridges low,

not wing-like

! Data partially or totally obtained from Sutton (1988)
? Data partially obtained from Greuter & Rechinger (1967)
® Data inferred from flow citometry measures
* Data obtained from Speta (1989)
> P, Carnicero, unpublished chromosome count
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paradoxa was the most clearly differentiated, while other taxa never formed absolutely

well delimited groups.
Flow cytometry

Mean RGS for C. microcalyx subsp. dodekanesi and C. microcalyx subsp. microcalyx
were respectively 0.63 (0.62-0.64) and 0.60. Both exhibited, respectively, 3.15 and 2.99
times the RGS of the diploid C. muralis, although chormosome counts confirmed them
as tetraploids (Speta, 1986; Carnicero, unpubl. data). Cymbalaria spetae and C.
microcalyx subsp. paradoxa showed a mean RGS of 0.61 and 0.7 (0.70-0.71),
respectively, 3.1 and 3.5 times the RGS of the diploid C. muralis. They are therefore
estimated to be tetraploids too. These values are lower than expected if genome size
increased in direct proportion with polyploidy, which can be explained by genome
downsizing, an often reported phenomenon in non-recently formed polyploids (Leitch

and Bennett, 2004; Frajman et al., 2015; Lazarevi¢ et al., 2015).

Discussion

Our data support the split of a variable and widely distributed C. microcalyx, as
recognized in most recent revisions ( Sutton, 1988; Dimopoulos et al., 2013), into four
species with allegedly distinctive seed characters: Cymbalaria acutiloba, C. ebelii, C.
microcalyx and C. minor (see taxonomic treatment). This treatment was already
adopted by Speta (1986), although he admitted that these species were hardly
identifiable without mature seeds. They all share several distinctive vegetative and
floral characters: they are hairy throughout including the capsule, they have 3-5 lobed
leaves and a short calyx. This was probably the reason why Cufodontis (1936) and
Sutton (1988) considered them to constitute a single species. Here we describe the
new species C. spetae from the Taygetos mounts in the Peloponnese, with several
distinctive morphological characters and a well-defined genetic identity. Finally, we
propose to keep C. longipes as a single widespread species, although strongly related to

C. acutiloba as supported by molecular data.
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Figure 6. Canonical discriminant analyses. Taxa are identified according to the final taxonomic
treatment adopted in this study. A: Analysis at the species level. B: Analysis at the subspecies level.

Our treatment reflects better the high morphologic and phylogenetic diversity found
in the region than previous treatments (Figs 2, 3, 4, 6). The Peloponnese is revealed as
a diversity centre for Cymbalaria, with four species corresponding to two early
divergent genetic lineages within the genus. Moreover, considering taxonomy as a last
step in the systematic approach, we tried to make a treatment that reflect the
evolutionary history of lineages (Stuessy et al., 2014). However, it is also indispensable
to find diagnostic characters that allow the identification of the species. In the tribe
Antirrhineae, as well as other plant groups, seeds morphology have been traditionally
considered of great taxonomic value (e.g. Elisens, 1985; Vigalondo et al., 2015). In

eastern Cymbalaria, several authors highlighted the crucial importance of seeds as a
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diagnostic character (Greuter & Rechinger, 1967; Speta, 1986, 1989; Sutton, 1988).
However it has also been demonstrated that it has no diagnostic value for the western
Mediterranean species C. fragilis J.J.Rodr. (A.Chev.), which has two types of testa
sculpturing (Carnicero et al., in prep., Chapter Il). Instead, in eastern Mediterranean,
we demonstrate that seed morphology, as well as other identified diagnostic
characters, is congruent with the genetic lineages found and have therefore high

taxonomic value.
Cymbalaria ebelii: a species related to central Mediterranean taxa

Cymbalaria ebelii did not group with any eastern Mediterranean species in the
molecular analyses (Figs. 2, 3). Instead, it grouped with moderate statistical support
with C. pubescens (BS = 60%, PP = 0.91), a tetraploid from Sicily, in the nrDNA analysis.
In the cpDNA analysis, the phylogenetic position of C. ebelii 2 was not statistically
supported, while C. ebelii 1 grouped with high statistical support (PP = 1) with central
Mediterranean species. The presence of C. aequitriloba (Viv.) A.Chev. in this clade is
probably due to introgression with C. muralis, as shown by Carnicero et al. (in prep.,
Chapter Il). According to phytogeographic provinces, the area occupied by C. ebelii has
closer floristic affinities with the Apennine Peninsula and the northern Balkan coast
than with the southern Balkan Peninsula, Aegean area and Anatolia Peninsula
(Takhtajan, 1986). This disjunction could be caused by a climatic barrier, as evidenced
by a stronger effect of Pleistocene glaciations and currently more humid and cold
climate in the border between the two areas (Polunin, 1980). Our molecular results
agree with other phylogenetic and phylogeographic studies in the area showing a
strong biogeographic split between the northern and southern Balkans (Bardy et al.,
2010; Surina et al., 2011; Hilpold et al., 2014) and with the hypothesis of polyploid
speciation for the origin of C. ebelii and C. pubescens from a central Mediterranean

ancestor (Carnicero et al., 2017).

Morphologically, C. ebelii has unique oblong seeds with few low longitudinal ridges
(Speta, 1986), as we have observed in the type material. Moreover, Speta (1989) also
reported distinctive capsule traits: the walls of the capsule are folded so that there is
little space left for the few seeds contained, and it opens along undulated longitudinal

ridges. Thus, both molecular and morphological data support C. ebelii as a separate
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species. Sutton (1988) also pointed to the possibility of recognizing C. ebelii at species
level but he could not observe mature capsules and provisionally kept it at the

subspecies level under C. microcalyx.

Cymbalaria spetae: a new phylogenetically and morphologically well delimited

species

All C. spetae specimens sampled constituted a monophyletic group in molecular
analyses (Figs. 2, 3), thus strongly supporting its genetic uniqueness. Morphologically, it
showed several divergent characters with respect to all other eastern species, namely a
higher number of leaf lobes, a longer calyx, a proportionally shorter spur, a high
number of seeds per capsule and much smaller seeds (Figs. 5, 7, Table 2). In fact, the
most similar species to C. spetae is C. glutinosa Bigazzi & Raffaelli, from the southern
Apennine Peninsula, from which it can be clearly distinguished by having a longer calyx
(C. spetae: 2.3—3.7 mm vs. C. glutinosa ca. 2 mm, Bigazzi & Raffaelli, 2000) and often a
bigger corolla (C. spetae: 9-14.2 mm vs. C. glutinosa 6—12(13) mm, Bigazzi & Raffaelli,
2000). Moreover, these two species show always distant phylogenetic positions and
have different ploidy levels: C. spetae is presumably a tetraploid as inferred from RGS

estimation, while C. glutinosa is a diploid (Bigazzi & Raffaelli, 2000).

At present, C. spetae is only known from two populations in the Taygetos mounts in
the Peloponnese. Although it has clearly different characters, the specimen C. spetae 1
had been identified in herbaria as C. microcalyx, probably because it is the only hairy
eastern Mediterranean Cymbalaria included in present Floras (e.g. Webb, 1972; Strid &
Tan, 1997; Dimopoulos et al., 2013). Therefore, it is plausible that other populations of
C. spetae might have been misidentified and, consequently, the distribution area of the

species may be bigger.
Cymbalaria microcalyx and C. minor have parallel mainland-island subspecies

The recognition of C. microcalyx and C. minor as separate species is supported by
the nrDNA gene tree (Fig. 2). Morphologically, the most divergent characters are
related to seeds. While C. microcalyx has 4-10 big seeds per capsule, and the testa has
wing-like ridges, C. minor has 8—14 smaller seeds per capsule, with the testa more or

less deeply alveolate, but never forming wing-like expansions (Table 2, Fig. 5).
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Figure 7. Cymbalaria spetae in its naturalihabifat (A—C) and type Iogcality (D).
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Available data support the split of C. microcalyx in two allopatric subspecies: subsp.
microcalyx, from the Peloponnese and subsp. heterosepala, from western Crete. These
are distinguishable mainly by seed characters. Cymbalaria microcalyx subsp.
heterosepala has all seeds concrescent in a compact mass, similar to the seeds
disposition of C. longipes and C. paradoxa, while subsp. microcalyx has the seeds free,
individually separated (Fig. 5). Subsp. heterosepala was originally described as different
from microcalyx based on the different length observed among lobes of the same calyx
(Rechinger, 1943). However, we observed that this character is not even constant in all
flowers of the holotype. Moreover, Greuter & Rechinger (1967) reported that some
individuals from Peloponnese populations can also have unequal calyx lobes. The
nrDNA tree (Fig. 2) showed a close relationship between the two subspecies,
congruent with the paleogeographic history of the region. The marine distance
between the Peloponnese and Crete was considerably reduced in two periods: during
sea transgressions in the Messinian Salinity Crisis (5.96-5.33 Ma., Meijer & Krijgsman,
2005) and during the phases of low sea level in Pleistocene Glaciation periods (Van
Andel & Shackleton, 1982), thus facilitating dispersal between the two regions.
Previous land connections existed (10 Ma, Polunin, 1980), but are irrelevant to eastern
Cymbalaria because they originated much later, in the Pliocene-Pleistocene (Carnicero
et al., 2017). The paraphyly of subsp. microcalyx (Fig. 2) suggests the Peloponnese as
the ancestral area for the species followed by further dispersal to Crete. Interestingly,
two independent clades were found in the cpDNA tree for C. microcalyx subsp.
heterosepala, although a single small population was sampled. This could indicate a
higher haplotype diversity than expected in the case of a single dispersal event
(Schonswetter et al., 2008; Burnier et al., 2009), which points to persistence of gene
flow between the continent and Crete until land masses became geographically distant
and subsp. heterosepala differentiated. The fact that subsp. heterosepala is
monophyletic in the nrDNA tree (Fig. 2) supports the idea that gene flow is not
occurring at present. The fragmented distribution of other species in the Peloponnese,
Crete and southwestern Anatolia (along the southern Aegean ancient mountain range)
also support the idea of effective gene flow across sea barriers (e.g. Ranunculus
brevifolius Ten., Atraphaxis billardieri Jaub. & Spach, Potentilla speciosa Willd., Strid &

Tan, 1997). Few molecular systematic studies have been performed in the region, but a
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similar case has been revealed in Campanula subgenus Roucela (Crowl et al., 2015).
Their analyses support vicariance for the origin of C. creutzburgii Greuter (endemic to
Crete) and C. drabifolia Sm. (endemic to continental Greece and the Cyclades), driven
by the breakup of the southern Aegean range (ca. 10 Ma) which isolated Crete from the

Peloponnese (Polunin, 1980).

The nrDNA tree (Fig. 2), morphometric analyses (Figs. 4, 6) and further coincidences
in seed characters (Table 2) showed a close relationship between former C. microcalyx
subsp. minor and C. microcalyx subsp. dodekanesi. Thus we combine both under C.
minor. Both subspecies can be distinguished by characters of the seeds and capsule
(Sutton, 1988; Table 2): Cymbalaria minor subsp. dodekanesi have seeds of different
size in each loculus and a lanate capsule, while in C. minor subsp. minor capsules are
pubescent and all seeds are approximately of the same size, similar in size and shape to
the smallest seeds of subsp. dodekanesi. Cymbalaria minor subsp. minor is found in the
lonian Islands and continental Greece whereas subsp. dodekanesi grows in most
Aegean Islands (Fig. 1). Land bridges connected the Aegean Islands (the Cyclades) with
the continent during Pleistocene glaciation periods (Van Andel & Shackleton, 1982),
thus facilitating dispersal and further differentiation of the two subspecies when sea
level rose again. The nrDNA phylogenetic relationships between the two subspecies
(Fig. 2) suggest a continental origin followed by dispersal to islands, probably through
the Cyclades. The low sea level during Pleistocene glatiations also resulted in reduced
distances between the Cyclades and surrounding areas such the Eastern Aegean
Islands, Crete and Karpathos, where C. minor subsp. dodekanesi is also found at
present. A strong connection between the Cyclades, Crete and Karpathos has been
previously suggested from the high number of endemics shared (e.g. Nigella doerfleri
Vierh., Onosma graeca Boiss., Rechinger, 1950; Strid & Tan, 1997; Comes et al., 2008).
More surprising is the presence of C. minor subsp. dodekanesi in eastern Aegean
Islands, that are considered to be quite isolated from the western Aegean region by the
Rechinger line (Rechinger, 1950; Strid, 1996). Specifically, the nrDNA tree (Fig. 2)
suggests a former colonization of Crete and Karpathos from the Cyclades, followed by
dispersal across the Rechinger line to Rhodes and the remaining eastern Aegean

Islands. However, this hypothesis and its details would need to be confirmed with a
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phylogeographic study with a comprehensive sampling of C. minor subsp dodekanesi
populations. Although this phytogeographic break has been partly confirmed with
molecular data for some groups (Bittkau & Comes, 2005; Crowl et al., 2015), Rechinger
(1950) reported some taxa that occur at both sides of the barrier (e.g. Campanula

delicatula Boiss., Helichrysum orientale Gaertn.).

The cases of C. microcalyx and C. minor show parallel subspeciation events between
continental areas and islands and highlight the important role of eustatic changes in
the Pleistocene in the Mediterranean Basin and specifically in the Aegean Area.
However, the hypothesis of longer dispersal events should not be automatically
discarded in any case, since long-distance dispersal in plants has received increasing
evidence in recent years (e.g. Nathan, 2006; Guzman & Vargas, 2009; Santos-Gally et
al., 2011). Moreover, polyploids seem to be specially well suited for success after long-

distance dispersal (Linder & Barker, 2014; Ogutcen & Vamosi, 2016).
The clade AL: Cymbalaria acutiloba and C. longipes

The nrDNA supported clade AL, embedded in C. minor, thus suggesting an
anacladogenetic origin for the taxa contained in this clade (Stuessy et al., 1990; Mayr &
Bock, 2002). This could partly support the hypothesis of Greuter & Rechinger (1967)
considering C. longipes a “young” taxon of the C. microcalyx aggregate, and thus its
combination as a subspecies of a broad concept of C. microcalyx (Greuter, 1979).
However, ploidy data seriously challenges this statement: Cymbalaria minor and C.
acutiloba subsp. paradoxa are tetraploids while C. longipes is diploid, which would
imply a ploidy level reduction. Although aneuploid chromosome number reduction is
not rare (Lysak et al., 2007; Soltis et al., 2009; Fawcett & Peer, 2010), we could not find
any case of whole ploidy level reduction in plants (but see Spangler et al., 1999).
Moreover, the sampling in this clade is incomplete: Cymbalaria longipes has been only
sampled from the eastern Aegean region, including Rhodes, Karpathos and
southwestern Anatolia, but its distribution expands west till the Peloponnese and east
as far as the coast of Lebanon (Sutton, 1988). Additional genetic variation might arise if
a wider sampling was included. However, the morphological uniformity of the taxon —
the only glabrous taxon in the eastern Mediterranean region— as observed from the

herbarium material studied (see appendix: additional specimens examined) suggests
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that the species level is appropriate. It is remarkable that it has maintained a low
morphological variation across several sea barriers that enhanced speciation in other
eastern species. Cufodontis (1947) probably provided the clue to this issue: the
convergence of seeds in a compact mass in an indehiscent capsule may be helpful for
marine dispersal. Taking into account the habitat of C. longipes, cliffs and pebbles close

to the sea, it is a plausible option.

In the case of C. acutiloba, although not monophyletic, the close phylogenetic
relationship of C. acutiloba subsp. actutiloba and C. acutiloba subsp. paradoxa, as well
as morphology, support the recognition of a single species with two subspecies.
Cymbalaria acutiloba subsp. paradoxa is a tetraploid endemic to Kastellorizo, an island
close to the Anatolian coast with strong phytogeographic affinities with the Anatolian
element (Constantinidis, 2013). It is hairy throughout, unlike C. longipes, and the
capsules with mature seeds are very similar to those of C. longipes. For the Anatolian C.
acutiloba subsp. acutiloba we could not examine any complete capsule and
information in the bibliography is scarce. Later, Speta (1986) described two different
types of seed for the species, but he included populations from Rhodes as C. acutiloba,
from where only C. minor subsp. dodekanesii has been reported (Sutton, 1988;
Dimopoulos et al.,, 2013). Moreover, its ploidy level is unknown. Thus, a
phylogeographic study including a wide sampling with morphological analyses and
ploidy level estimation would be desirable to clarify the taxonomic identity and
phylogenetic relationships among taxa included in clade AL. In fact, often nrDNA data
are not sufficient to resolve phylogenetic relationships among closely related species,
and geography has often a strong weight in final results (e.g. Hilpold et al., 2014;
Herrando-Moraira et al., in prep.). In the case of Cymbalaria, AFLP data used in a
phylogeographic study successfully resolved phylogenetic relationships among western
taxa (Carnicero et al., in prep., Chapter Il), which had not been inferred in detail with

nrDNA data (Carnicero et al., 2017).

Taxonomic treatment

Cymbalaria ebelii (Cufod.) Speta in Phyton (Horn) 26(1): 50 (1986) = Linaria
microcalyx subsp. ebelii Cufod. in Arch. Bot. (Forli) 12 (3-4): 237 (1936) = C. microcalyx
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subsp. ebelii (Cufod.) Cufod. in Bot. Not. 2: 151 (1947) — Ind. loc.: Jugoslavia. Dalmatia
merid. Alte Feldmeuren in Sutomore bei Spizza, Kalk, 60 m., 15.4.1911, fl. (Latzel, -S-)
[78, L. pil.]. Montenegro merid. Boljevici (=Bogliovich) pr. Virpazar, fl. (comm. 1841
Clementi, -GG-) — Insula Wranina im Skutarisee, Anf. 6.41, fl. fr. (Ebel, -VM-) [33, 52, L.
Cymb.] — Seljani am sw.-Ende d. Skuteri-Sees, alte Mauern, 21.6.95, fl. fr (Reiser, -S-)
[78, L. pil.] — (cfr: 63) — Lectotype (designated by Sutton, 1988, Appendix 9.3: 109):

Montenegro, Insel Wranina, June 1841, Ebel s. n. (W!).

Cymbalaria minor (Cufod.) Speta in Phyton (Horn) 26(1): 51 (1986) subsp. minor =
Linaria microcalyx var. minor Maire & Petitmengin ex Cufod. in Arch. Bot. (Forli) 12(3-
4): 235 (1936) = C. microcalyx subsp. minor (Cufod.) Greuter in Boissiera 13: 107 (1967)
—Ind. loc.: Graecia: Ins. Levkas, Ins. Cephalonia, Acarnania, Achaia, Argolis. — Lectotype
(designated by Strid & Tan, 1992: 328): Leucade, roches calcaires maritimes et fente
des murailles d’une tour au cap i souana, 14 July 1906, Maire & Petitmengin 311 (WU-

Hal; isolectotype B [web!]).

Cymbalaria minor (Cufod.) Speta subsp. dodekanesi (Greuter) Carnicero, L. Sdez, N.
Garcia & Galbany, comb. nov. = C. microcalyx subsp. dodekanesi Greuter in Boissiera
13: 108 (1967) = C. acutiloba subsp. dodekanesi (Greuter) Speta in Phyton (Horn) 26(1):
51 (1986) — Ind. loc.: Karpathos, mons Aj. llias prope Olimbos — Holotype: Karpathos,
Olympos. Mte. Hagios llias, 19 May 1886, Major 140 (G [web!]).

=Linaria toplouensis Coustrier & Gand. in Gand., Fl. Cret.: 85 (1916) — Ind. loc.: Sitia:
in cavis[?] rupium ad coenobium Toplou — Type material (Sutton, 1988, Appendix 9.3:

107): Crete: Sitia, Toplou, 25 April 1914, Gandoger 549 (iso? K).

Cymbalaria longipes (Boiss. & Heldr.) A. Chev. in Bull. Soc. Bot. France 83: 641
(1937) = Linaria longipes Boiss. & Heldr. in Boiss., Diagn. pl. Or. Nov. ser. 1(12): 40
(1853) = L. cymbalaria subsp. longipes (Boiss. & Heldr.) Hayek in Feddes Repert. (Beih.)
30(2/2): 143 (1929) = C. microcalyx subsp. longipes (Boiss. & Heldr.) Greuter in
Willdenowia 8(3): 580 (1979) — Ind. loc.: ad. muros et rupes circa Adalia Pamphyliae
(Heldr.). — Type: ad muros et rupes circa Adalia [Antalya] Pamphyliae, 12 March 1845,
Heldreich 474 (holotype BM 000997823 [web!]; isotypes CGE, E [web!], FI!, G [web!],
WI).
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= Linaria cymbalaria var. crassifolia D'Urv. in Mém. Soc. Linn- Paris 1: 330 (1822) =
Cymbalaria crassifolia (D'Urv.) Grande in Bull. Ort. Bot. Napoli 4: 170 (1914) — Ind. loc.:

In rupibus maritimis Astypalaeae, ad muros insulae Leri — Type material: unknown.

= Linaria microcalyx var. glabrescens Maire in Bull. Soc. Bot. France 68: 74 (1921) —
Ind. loc.: Dans les galets de marbre de la plage du port Tristomon (Treboukhi) au Sud de

I'lle de Skyros — Type material: unknown, probably at MPU.

=Linaria cymbalaria var. sieberi Chav., Monogr. Antirrh.: 99 (1833) — Ind. loc.: [Crete]

Not stated — Type material: unknown.

Cymbalaria acutiloba (Boiss. & Heldr.) Speta in Phyton (Horn) 26(1): 50 (1986)
subsp. acutiloba = Linaria microcalyx var. acutiloba Boiss & Heldr. in Boiss., Diagn. PI.
Or. Nov. ser. 1 2(12): 40 (1853) = C. microcalyx subsp. acutiloba (Boiss. & Heldr.) Greuter
in Boissiera 13:108 (1967) — Ind. loc.: ad rupes promontorii Alaya Pamphyliae — Type:
ad rupes promontorii Alaya [Alanya], 18 April 1845, Heldreich 565 (holotype G-BOIS;
isotypes BM [web!], CGE, FI!, G [web!], K [web!], W!).

Cymbalaria acutiloba (Boiss. & Heldr.) Speta subsp. paradoxa (Greuter) Carnicero,
L. Sdez, N. Garcia & Galbany, comb. nov. = C. microcalyx subsp. paradoxa Greuter in
Willdenowia 8: 580 (1979) — Ind. loc.: K [Kastellorizo]; local in shady cliff crevices.—
Holotype: Dhodhekanisos; Kastellorhizo island group, Mejisti, S Harbous, 80—120 m, 15
April 1974, Greuter 11859 (W).

Cymbalaria microcalyx (Boiss.) Wettst. in Engler & Prantl, Natirl. Pflanzenfam. ed. 1
4(3b): 58 (1891) subsp. microcalyx = Linaria microcalyx Boiss., Diagn. Pl. Or. Nov. ser. 1
1(4): 72 (1844) — Ind. loc.: in fissuris rupium in faucibus Taygeti propé Mistra — Type: in
fissuris rupium in faucibus Taygeti prope Mistra, April 1842, Boissier s. n. (holotype G-

BOIS; isotypes B, FIl, K [web!], W!).

= Antirrhinum pilosum Bory & Chaub. in Bory, Expéd. Sci. Morée 3: 175 (1832), nom.
illeg., non Jacq. — Ind. loc.: Sur les murs des conduits du molin de Gortys et sur les murs
du chateau de Mistra; le mont Dia, a Naxie, ou il nous a paru assez rare — Type

material: unknown.

= Linaria microcalyx var. orphanidiana Cufod. in Arch. Bot. (Forli) 12 (3-4): 235
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(1936) = Cymbalaria microcalyx var. orphanidiana (Cufod.) Cufod. in Bot. Not. (2): 151
(1947) — Ind. loc.: Graecia: Laconia (Acarnania?) — Lectotype (designated here): in locis
umbrosis: montis Malevo Laconiae prope Platanos (rarissima), alt 3500', 22 April — 04

May 1857, T. G. Orphanides 712 (W!; isolectotypes B, F, Fl!, FR, GE, K[web!], W!).

= Cymbalaria microcalyx var. alba Voliotis in Ann. Mus. Goulandris 8: 224 (1990) = C.
microcalyx subsp. alba (Voliotis) Kit Tan, Endemic PIl. Greece, Peloponnese: 328 (2001)
— Ind. loc.: Mystras-Ruinenstadt, 6 km von der Stadt Sparti am Ostabhang des
Taygetos—Gebirges; auf Kalkfelsunterlage. — Holotype: Nomos Lakonias, Eparchia
Lakedemonos, Mystras—Ruinenstadt, 6 km von der Stadt Sparti am Ostabhang des

Taygetos-Gebirges; auf Kalkfelsunterlage, 8 May 1983, Voliotis 2428 (ACA).

Cymbalaria microcalyx (Boiss.) Wettst. subsp. heterosepala (Cufod.) Speta in
Phyton (Horn) 26(1): 50 (1986) = Linaria microsepala var. heterosepala Cufod. in Rech.
fil., Denkschr. Akad. Wiss. Math. -Nat. KI. (Wien) 105(1): 110 (1943) = C. microcalyx var.
heterosepala (Cufod.) Cufod. in Bot. Not. 2: 151 (1947) — Ind. loc.: Kissamos: Insel
Grabusa Agria, Kalkfelsritzen. — Holotype: Creta: Distr. [?] Kissamos, in fissuris rupium

calc. insulae Grabusa Agria, Kalkfelsritzen, 20 April 1942, Rechinger 12095 (W!).

Cymbalaria spetae Carnicero, L. Sdez, N. Garcia & Galbany, sp. nov. — Holotype (Fig.
8): Greece: Peloponnese, Lakonia, Trypi, road to Kalamata, tunnel excavated in the
rock, cracks in shady limestone rocks, 780 m, 08 June 2014, P. Carnicero 1074 (BC
955798, isotype W).

Etymology: dedicated to Franz Speta, in recognition of his outstanding work on the

taxonomy of Cymbalaria.

Description: Perennial herb, villous to lanate in all vegetative organs, indumentum
composed of eglandular trichomes and glandular trichomes. Stems trailing,
procumbent or decumbent, up to 100 cm long, villous to lanate. Leaves 13.4—-42 mm in
diameter, opposite to alternate, petiolate, reniform to orbicular, (5)7-11 lobes, villous
on both surfaces. Flowers zygomorphic, pedicellate, solitary in leaf axils; pedicels 15—
29(37) mm long in flower, 25-37 mm long in fruit, puberulent to villous, with
decreasing density of eglandular trichomes towards the apex and high density of short

glandular hairs in the upper part. Calyx lobes subequal, 2.3—3.7 mm long in flower, 3.3—
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Figure 8. Holotype of C. spetae. Greece: Peloponnese, Lakonia, Trypi, road to Kalamata, tunnel
excavated in the rock, cracks in shady limestone rocks, 780 m, 08 June 2014, P. Carnicero 1074 (BC
955798).
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3.9 mm long in fruit, lanceolate, villous. Corolla 9-14.2 mm long from the palate to the
tip of the spur, pink to violet, palate yellow to pale violet and occasionally with purple
veins; tube 2.5-4.9 mm wide; upper lip 6.2-9.6 x 5-6.8 mm with purple veins, sinus
1.7-3.1 mm long; lower lip 9.4-12.2(16.8) mm wide, sinus 3—4.7 mm long; spur 1.3-3.2
x 0.9-2.2 mm. Capsule 2.2-3.0 x 2.5-3.3 mm, spherical, glandular-pubescent,
glandular trichomes up to 0.5 mm long, loculi equal, each loculus dehiscing by irregular
valves. Seeds 17-25 per capsule, 0.6—0.8 mm long, equal-sized, spherical to ovoid, not
constituting a concrescent mass, black; surface shallowly cristate-alveolate; testa cells
polygonal with anastomosed anticlinal walls, periclinal walls of cells of the alveolus

bearing a median papilla.

Diagnosis: The new species differs from other eastern Mediterranean species (C.
acutiloba, C. ebelii, C. longipes, C. microcalyx and C. minor) in its longer calyx lobes
(2.3-3.7 mm long in flower, 3.3—3.9 mm long in fruit), smaller and more numerous
seeds per capsule (0.6-0.8 mm long, 17-25 seeds/capsule) and a proportionally
shorter and wider spur. It differs from its most similar species C. glutinosa in having a
longer calyx (C. spetae: 2.3-3.7 mm vs. C. glutinosa ca. 2 mm, Bigazzi & Raffaelli, 2000:
200) and an generalle bigger corolla (C. spetae: 9-14.2 mm long vs. C. glutinosa: 6—

12(13) mm long, Bigazzi & Raffaelli, 2000: 200).
Chromosome number: it is likely 2n = 28, as tetraploidy was inferred from RGS.
Habitat and altitudinal range: Rock crevices of shady limestone cliffs, 200—-800 m.

Distribution area: Local endemic to the Taygetos Mounts in the Peloponnese (only

two populations known).

Identification key to eastern Mediterranean Cymbalaria taxa
1a. Leaves and stems glabrous or only with occasional hairs on young organs........... 2

2a. Capsule dehiscent. More than 10 seeds per capsule. Seeds 0.9-1.3 mm

long, free from each other .......cccccveveiieiiecieeece, C. muralis subsp. muralis

2b. Capsule indehiscent. 2—6 seeds per capsule. Seeds 3.5-5.6 mm long,

forming a concrescent mass in each loculus .........ccccvvvveveeeieeiicnnnnnnenn. C. longipes
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1b. Leaves and StEMS NAiMY ....ueeeei i i it e e e e e e e e e e e eannes 3

3a. Calyx lobes 2.3-3.7 mm long in flower. 17-25 seeds per capsule. Seeds

0.670.8 MM IONG...uiiiiieiiieieciteeee e e e e e e e e re e e e e e C. spetae

3b. Calyx lobes 0.5-2 mm long in flower. 2-14 seeds per capsule. Seeds

0.8=5.6 MM LONG ...ttt et e s e bae e e e sarees 4

4a. Capsule dehiscing along undulated longitudinal ridges. Seeds

cristate with low longitudinal ridges ........cccecceeviiviiieiiniiiir e, C. ebelii

4b. Capsule dehiscing differently. Seeds alveolate or cristate with wing-

11 Sl o P =T U T URPPPP 5

5a. 8-14 seeds per capsule. Seeds equal-sized or regularly
decreasing in size towards the apex of the capsule, 0.8-3.3 mm long.
Seeds alveolate, sometimes the basal seed with more or less

ProNOUNCE MUZES. .uvvrrreeieeeeeieciirieeeee e e eererrree e e e e eenrreeeeeeeeeenn C. minor

5b. 4-10 seeds per capsule. Seeds of different size, 1.3-4.8 mm

long. Seeds irregularly cristate with wing-like ridges. .....ccccceeeevvenninneen. 6

6a. Seed ridges deeply divided in digitate expansions with

rounded apex or with numerous triangular tips............... C. acutiloba

6b. Seed ridges shallowly divided, segments drawn into a

FOUNTEA QPEX wuvviieiiiiiieeieiireeeesirieeeseirreeessieeeesssareeeesnnes C. microcalyx

Identification key to C. minor subspecies

- Seeds alveolate with regularly low ridges. Seeds more or less equal-sized, each

seed 0.8=1.3 MM IONG.....cciuiiiiiiiiieieiiee e C. minor subsp. minor

- Seeds alveolate, the basal seed with pronouced ridges, ridges descreasing towards
the apex of the capsule. Size of seeds decreasing towards the apex of the capsule,

each seed 0.9-3.3 MM IONG ....ccccvririeeeieeeceee e, C. minor subsp. dodekanesi

Identification key to C. acutiloba subspecies
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- Seed expansions drawn out into numerous triangular tips.......cccovveeeeeeiiicccciiieeeeeeeee,
........................................................................................ C. acutiloba subsp. acutiloba

- Seed expansions with a rounded apex ......ccccceeveveennnnns C. acutiloba subsp. paradoxa

Identification key to C. microcalyx subspecies
- Seeds clearly separated from each other, never constituting a concrescent mass......
.................................................................................... C. microcalyx subsp. microcalyx

- At least some seeds hard to separate from each other, constituting a concrescent

INMASS wrvrreerreeeeeierinrrrreeeeeessesisrrreeeseessenassrsseneseeesesnnsnnns C. microcalyx subsp. heterosepala
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Supplementary Material
Appendix: Specimens examined
Specimens used in morphometric analyses

Cymbalaria acutiloba (Boiss. & Heldr.) Speta subsp. acutiloba, Turkey; Ad muros et rupes
Alaya [?], April 1845, Heldreich (KO00806697); ad rupes umbrosis promontorii Alaya Ciliciae,
April 1845, Heldreich (BM000997821); ad rupes promont. Alaya, April 1845, Heldreich
(BM000997822); Prov. Mugla, dist. Fethiye: Kalkan, 30, Shady limestone rocks. Perennial, 30
March 1956, Davis & O. Polulin (E629366); Prov. Antalya. Alanya promentory, 100 m, Shady
limestone rocks. Perennial. Fls. Lavender.,, 15 April 1956, Davis 25847 & O. Polunin
(E00629362); Cymbalaria longipes (Boiss. & Heldr.) A.Chev., Greece; Dodecanese, Tilos, among
shingle at edge of shore at Livadia, 25 April 1962, Gathorne-Hardy 125 (E629369); Ep. Sitia: b.
der Hafenbucht am Kap Sidero, 10-20 m, Plattenkalk. Felsiger N-Hang, in Menge in schattigen
Ritzen, kaum mehr blihend; Fr. in Ritzen hineinwachsend, schwer zu kriegen, May 1962,
Greuter (B10 0138948); Samos, Shingle just E. of Tigani, 20 April 1964, Gathorne-Hardy
(E629254); Samos. Shingle just E. of Tigani, 20 April 1964, Gathorne-Hardy 657 (E629368);
Kykladen: Amorgos: Prof. llias, NW-Seite, ca. 500-600 m, Poterium-, Euphorbia- Kugelpolster
Marmor, 19 May 1988, W. Burri & F. Krendl (W2008-0009149); Turkey; ad mures et rupes
Adalia / ad rupes circa Altaliam Pamphyliae, March 1845, Heldreich 474 (E00629371); Ad muros
et rupes Antalia [?], March 1845, Heldreich (W); ad muros et rupes Adalia[?], March 1845,
Heldreich (BM000997824); Ad muros et rupes Adalia, April 1845, Heldreich (E346170); Prov
Antalya. Antalya. 5 m. Limestone rocks, 5 April 1956, Davis 25693 & O. Polunin (E629370);
Cymbalaria microcalyx (Boiss.) Wettst. subsp. microcalyx, Greece; Arcadiae m. Olenos, 5000-
6000', ad rupes umbrosas in veg. alpina, 20—24 July 1848, Heldreich (B10 0460657); Cymbalaria
minor (Cufod.) Speta subsp. minor, Greece; Epirus: In faucibus calc. prope Emin Agha, ca. 35
km a Joannina meridiem versus, 600 m, 12 May 1961, K.H. Rechinger, (B10 0460656);
Griechenland: lon. Insel Kefallinia, Aenos, Kalkfelsen beim Megas Soros, 1600 m, 1969, LJ.
Damboldt (B10 0460655); Cymbalaria minor (Cufod.) Speta subsp. dodekanesii (Greuter in
Greuter & Rech. fil.) Carnicero, Greece; Karpatos. Mte. Kalolimni, 24 May 1883, W. Barbey 491
(E629283); Amorgos: Leugadha [?], shady rocks, 10 April 1940, Davis 1385K (E629290); Khalki,
N. facing smallcliffs on top of hill about 2 km. N.E. of town, 03 May 1964, Gathorne Hardy 748
(E629363); Cymbalaria spetae Carnicero, L. Sdez, N. Garcia & Galbany, Greece; Lakonia,
Taigetos mts., pr. Arghia Marina, 37205'08"'N 22218'59"E, 790 m, roquedo, June—July 2007, C.
Aedo 14341 et al. (MA760738).

Additional specimens examined

Cymbalaria acutiloba (Boiss. & Heldr.) Speta subsp. acutiloba, Turkey; ad rupes Promont.
Alaya, April 1845, Heldreich (FI-Webb136502); Ad rupes promont. Alaya, April 1845, Heldreich
(E346184); Ad rupes prom. Alaya, April1845, Heldreich (BM000997820); Ad rupes promont.
Alaya, April 1845, Heldreich (G00356709); Cap Alaya, Cilician occidental/ ad rupes promont.
Alaya, April 1845, Heldreich 565 (W); Karpatos. Mte. Kalolimni, 24 May 1883, W. Barbey 491
(E629283); Amorgos: Leukadha, shady rocks, 10 April 1940, Davis 1385K (E629290); Prov.
Antalya. Alanya promentory, 100 m Shady limestone rocks. Perennial. Fls. lavender, 100, Shady
limestone rocks. Perennial. Fls. lavender, 11 April 1956, Davis & O. Polulin (E629362);
Karpathos: cliffs at Mesochorio, 06 May 1963, Gathorne-Hardy 442 (E629284); Khalki, N. facing
smallcliffs on top of hill about 2 km. N.E. of town, 03 May 1964, Gathorne Hardy 748
(E629363); 13km W Antalya, C3 Antalia, Fels in Pinus brutia wald, 820, 27 June 1965, F. Sorger
(W1991-06258); Tirkei, C4 Jael, 15 km NW Siliske, Golesu [?] Uber bereirh [?] felsiger Hang, 80
m, 10 April 1985, F. Sorger 85-48-30 (W1991-0008064); Cymbalaria ebelii (Cufod.) Speta,
Montenegro; Insel Wranina, Montenegro, Anfangs June 1841 Ebel (W); Jugoslavia: Montenegro
(Crna Gora): Skadarsko jezero: ad muros vetustos pag. Vranjina (Loc. Class.!)- 10 m, 12 May
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1984, E. 11192 & M. Mayer (B10 0460658); Cymbalaria longipes (Boiss. & Heldr.) A.Chev.,
Cyprus; ad littora Ins Cyprus, Billard, Jacquin Fil (FI-Webb136268); Greece; Ad muros et
rupes Atalia, March 1845, Heldreich (Fl); In fiss. rup. ins Salamis, Graecia, March 1876,
Pichler (F1); Halki ins., April 1886, F. Major (W1991-0006256); Argolis: inter lapides
trachyticos ad litora maris prope Vromolimni paeninsulae Methanaeae, cespites
inextricabiles efformans., 11 May 1887, Heldreich (E629255); Argolis: inter lapides
trachyticos ad litora maris prope Vromolimni paeninsulae Methanaeae, cespites
inextricabiles efformans., 11 May 1887, Heldreich 964 (K0O00806706); Argolis: inter lapides
trachyticos ad litora maris prope Vromolimni paeninsulae Methanaeae, cespites
inextricabiles efformans., 11 May 1887, Heldreich 964 (KO00806707); Chio, Rhodes, Aucher-
Eloy 1905 (FI-Webb136483); Isola di Rodi, roccie marittima della spiaggia, 16 May 1912,
Vaccari, (Fl); Isola di Rodi, Cattavia, 26 April 1922, N. Mazzocchi-Alemanni (Fl); Dodecanese,
Parmos, beach in Karo Merika bay on the side of island across narrow neck from Scala, in
shingle close to sea; forming tangles nets, 05004 May 1962, E. Gathorne-Hardy (W1991-
0006257); Tokmakia Isles (N.E. of Lesvos): Apronisos, ion pebble beach, 07 May 1978, J.R.
Edmondson & M.A.S. McClintock (E629371); Karpathos-Gr., Nomos Dodekanisou, Eparchia
Karpathou Saria, Palatia, 5, trockene Kalkstein-FluBgerdlle, 08 May 1998, N. Béhling
(E629368); Turkey; ad muros et rupes pr Adalia Pamphyliae, March 1845, Heldreich
(BM000997823); Ad muros et rupes Adalia, March 1845, Heldreich, (G00356711); Ad muros
et rupes Adalia, March 1845, Heldreich (G00356712); Ad muros et rupes Adalia, March
1845, Heldreich (G00356713); Ad muros et rupes Antalia, March 1845, Heldreich
(K000979892); C3 Antalya, Konya Alti. W Antalia, Felsswand/Stwand [?], 23 May 1963, F.
Sorger 63-26-18 (W1991-0006256); C1 Mugla, NE Knidas, 0-1 m, Stwand [?], 17 April 1984,
F. Sorger 84-5-1 (W1991-0006257); Cymbalaria microcalyx (Boiss.) Wettst. subsp.
microcalyx, Greece; Taygeti ad rupes in reg. infer., April 1842, Boissier (FI-Webb136500);
Taygeti ad rupes in reg. infer., April 1842, Boissier (W1889-0287745); Taygeti ad rupes in reg.
Inter., April 1848, E. Boissier (K0O00806698); M. Olenos Arcadiae ad rupes umbrosas, alt
6000', Jul 1848, Heldreich (KO00806699); in locis umbrosis montis Maleva Laconiae prope
Platanos (rarissimal), 3500', 22 April - 4 May 1857, T. G. Orphanides (FI-Webb136501); In
Locis umbrosis: montis Malevo Laconiae prope Platanos (rarissima), alt 3500', 22 April - 4
May 1857, E. Boissier (KO00874007); in locis umbrosis, montis Malevo Laconicae prope
Platanos (rarissima) Fl. Apr. Majo. alt 3500', 22 April - 4 May 1857, T. G. Orphanides 712 (W);
Felsen au SW Burg o Mistra, 2 April 1891, Boissier (W1998-0003784); Peloponnesus:
Laconia: Penins. Malea In promont. Supra Neapolis, substr. Calc., in fissuris rupium, 08 July
1958, K.H. Rechinger 20045 (W1981-0010318); LACONIA: Mistras prope sparti, substr. Calc.,
400-500 m, in fissuris rupium umbros., 9-10 May 1964, K.H. Rechinger 24741 (W1981-
0010590); Peloponnisos: Lakonia: ca. 2km S Mistras: Flaumeichenwald 600 m, 2 April 1972,
P. Krendl (W2003-0011868); Peloponnes, Lakonien, Ep. Epidhavros Limirias: Higel Alona
stdlich Elliniko, bei der Kapelle Ajios Sotirios. Nordexponierte Kalkfelswande; 650-700 m, 10
April 1979, W. Greuter 17056 & H. Merxmiiller (B10 0460657); Peloponnes, Lakonien, Ep.
Epidhavros Limirias: Hiigel Alona siidlich Elliniko, bei der Kapelle Ajios Sotirios, 650-700 m,
Nordexponierte Kalkfelswande, 10 April 1979, W. Greuter & H. Merxmdiller (Fl); Peloponnes:
Lakonien: Mistras, von der Burg durch die Schlucht zum Ort Mistras, ca. 400-600 m;
Schluchtwald, Platanen, Felsen, Kalk, 22 April 1986, W. Burri & F. Krend! (W2008-0008683);
Cymbalaria microcalyx (Boiss.) Wettst. subsp. heterosepala (Cufod.) Speta, Greece, Crete;
Creta: Distr. Kissamos, in fissuris rupium calc. insular Grabusa Agria, 20 April 1942, K.H.
Rechinger 12095 (W0013280).Cymbalaria minor (Cufod.) Speta subsp. minor, Greece;
Limestone cliffs above lake Pheneus (Arcadia), 6 May 1883, Lacaita 7725 (BM); Greves
maritimes a Lefkas (Leucade), Summer 1906, R. Maire & M. Petitmengin 311 (B10 0673677,
ISOTYPUS); Flora Graeca, Levkas, Frini, Strand, 22 April 1929, Th. Just (W1930-0012462);
Peloponnesus: Arcadia, in saxosis calcareis 6km a Vitina septentrionem versus, circa 800 m,
14 June 1958, K.H. Rechinger 20441 (W1981-0010317); Graecia (Epirus): In faucibus calc.
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Prope Emia Agha, ca. 35 km a Joannina meridiem versus, ca. 600 m, 12 May 1961, K.H.
Rechinger 23293 B10 0460656; Griechenland: lon. Insel Kefallinia, Aenos, Kalkfelsen beim
Megas Soros, ca. 1600 m, 1969, J. Damboldt (B10 0460655); Cymbalaria minor (Cufod.) Speta
subsp. dodekanesi (Greuter in Greuter & Rech. fil.) Carnicero, Greece; Insula Rhodos (Rodi): In
fissuris rupium calc. Montis Hag. Elias prope Archangelos, ca. 400 m, 25 June 1935, K.H. & F.
Rechinger 8405 (W1936-0010263); Karpathos: cliffs at Mesochorio, 06 May 1963, Gathorne-
Hardy 442 (E629284); EPIROS: Inter Paramythia et Glyky. in fissuris rupium calc., 28 May 1964,
K.H. Rechinger 25644 (W1994-0005692); EPIRUS: In fissuris rupium calc. supra Paramythia, 28
May 1964, K.H. Rechinger 25635 (W1994-0005691); Olimbos, 1km 0stl. des Ortes, Felsbander
und steinige Hange am NrdfuB des Profitis llias, Kalkgestein, 200 m, 19 April 1982, Raus &
Pleger (B10 0560659); Kykladen: Amorgos: Prof. llias, Nw-Seite, ca.500-600 m, Poterium-,
Euphorbia-Kugelpolster, Marmor, 19 May 1988, W. Burri & F. Krendl (W2000-0007949);
Kykladen: Amorgos: Prof. llias, Nw-Seite, ca.500-600 m, Poterium-, Euphorbia-Kugelpolster,
Marmor, 19 May 1988, W. Burri & F. Krendl (W2008-0009154); Dodekanes: Karpathos: zwischen
Volada und Lastos, ca. 600-800 m, Felsen, Blockhalden, Kalk, 7 May 1990, W. Burri & F. Krend|
(W2000-0007944); Dodekanes: Karpathos: zwischen Volada und Lastos, ca. 600-800 m, Felsen,
Blockhalden, Kalk, 7May 1990, W. Burri & F. Krendl (W2008-0009151); Dodekanes: Karpathos:
N-Seite des Lastos, Niederungen N Lastos, ca.600-700 m, Kulturen, Mauern, Wegrander, Flysch,
Kalk, 21 May 1990, W. Burri & F. Krend! (W2000-0007943); Dodekanes: Karpathos: N-Seite des
Lastos, Niederungen N Lastos, ca. 600-700 m, Kulturen, Mauern, Wegrander, Flysch Kalk, 21
May 1990, W. Burri & F. Krend! (W2008-0009150);
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Table S2 Characteristics of sequences and results of phylogenetic analyses

Parameter cpDNA nrDNA
Number of sequences 66 66
Length of sequences (bp) 1967-2731 452-1040
Total number of characters 2731 1048
Number of indels coded 25 16
Maximum Parsimony (MP) informative 123 161
characters

Number of MP trees 96195 8631
Number of steps 206 271
Consistency Index (Cl) 0.62 0.68
Homoplasy Index (HI) 0.38 0.33
Retention Index (RI) 0.85 0.95
Sequence evolution model for Bayesian GTR+G SYM + G
analyses (BIC criteria)
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Evolution, biogeography and systematics of the genus Cymbalaria Hill

Our studies have shown various processes that originated the current taxa of
Cymbalaria Hill and their distributions. Our results allowed us to make some
taxonomic contributions that approximate the classification of Cymbalaria to the
concept of integrative taxonomy (Dayrat, 2005; Will et al., 2005). Cymbalaria
originated recently, approximately with the onset of the Mediterranean climate
suggesting that Cymbalaria is well adapted to Mediterranean climatic conditions. In
contrast with its sister genus Asarina Mill. and Gadoria Giemes & Mota, with a single
relict species with a restricted distribution area in the western Mediterranean area,

Cymbalaria diversified and conquered a wide area in the Mediterranean Basin.

Biogeography

The fragmented distribution of Cymbalaria taxa allowed us to study the impact of
marine barriers in their current distribution. Most Mediterranean islands are of
continental origin, and land connections between them, and between islands and
continental areas during Pleistocene eustatic changes are well known (Thompson,
2005). However, the Mediterranean has ancient deep basins too that kept some areas
permanently isolated since their separation. This results in the presence of two main
models: species or groups of species occurring in areas that were connected or very
close to each other during low sea level periods, and others that occur in areas where
eustatic changes did not significantly reduce the marine distance between land

patches.

The western Mediterranean species group (C. aequitriloba (Viv.) A.Chev., C. fragilis
(J.J.Rodr.) A.Chev., C. hepaticifolia Wettst. and C. muelleri (Moris) A.Chev.) originated ca.
15 million years later that the last connection between the two main areas where they
occur, the Balearic Islands and Corsica-Sardinia (BCS, Chapter I). At least two long
distance dispersal events (LDD) should be invoked to explain 1) the origin of the
eastern Balearic Islands endemic C. fragilis and 2) the distribution area of C.
aequitriloba in both archipelagos (Chapter Il). We found reduced gene diversity in the
Balearic Islands, thus supporting the bottleneck expected after LDD. Our study

strengthens the hypothesis of LDD as an important process in explaining species
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distributions (de Queiroz, 2005; Nathan, 2006; Roquet et al., 2013). Moreover, LDD is
not restricted to organisms specially adapted to travel long distances, but there are
several examples in which no apparent adaptations exist (e.g. Escudero et al., 2010;
Santos-Gally et al., 2011; Pifieiro et al., 2012), as seem to be the case in most
Cymbalaria species. The change from a vicariance based paradigm to present situation
is not new, however, and recent documented examples of LDD events confirm C.
Darwin, A. R. Wallace and other former biogeographers’ hypothesis, skeptical with the

increasing prevalence of vicariance in that moment (Darwin, 1859; Wallace, 1880).

Despite the LDD events inferred, the marine distance separating Corsica and
Sardinia from the Balearic Islands is revealed as an effective barrier to gene flow since
it allowed C. fragilis to become a separate taxon (Chapter Il). Whether it is effective for
C. aequitriloba remains to be seen, since in this case we are in front of a relatively
recent colonization that would putatively end up in the differentiation of Balearic
populations in the future. The monophyly of the Balearic populations of C. aequitriloba
in the AFLPs analyses and their low genetic diversity support the effectiveness of the
barrier (Chapter Il). In contrast, Rechinger’s line, described as a major phytogeographic
barrier in the eastern Aegean area (Strid & Tan, 1997), seems to have had little
effectiveness in preventing gene flow in C. minor (Cufod.) Speta subsp. dodekanesi
(Greuter) Carnicero, L.Sdez, N.Garcia & Galbany and C. longipes (Boiss. & Heldr.)
A.Chev. (Chapter IV). The two species occur at both sides of the barrier, which exists
since ca. 5 Ma., earlier than the origin of both taxa. Although C. minor subsp.
dodekanesi shows no apparent adaptations for dispersal, Cufodontis (1947) described
that the indehiscent capsules of C. longipes were probably adapted to marine
dispersal. An enhanced hability for marine dispersal could be the reason for the wide,
disjunct distribution of C. longipes in the coasts of the eastern Mediterranean region,

from the southern Balkans to Lebanon.

However, we show how reduced distance or land bridges between islands have
presumably facilitated the migration of species in several cases. These connections
could explain the occurrence of C. aequitriloba and C. fragilis in the eastern Balearic
Islands, which were a single island during Glaciation periods, but separated from

western Balearic Islands, where these species are not present. Similarly, land bridges
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could have facilitated plant migration between Corsica and Sardinia, and thus allowed
relatively high genetic diversity values in both islands (Chapter Il). Reduced distances,
added to a climatic barrier that limited the floristic exchange between northern and
southern Balkan peninsula (Polunin, 1980), are also invoked to explain the closer
phylogenetic affinity of C. ebelii (Cufod.) Speta to plants from the Apennine Peninsula
rather than to the eastern Mediterranean species. Finally, sea transgressions in the
Pleistocene seem to have played an important role in the distribution of Aegean taxa,
especially for the colonization of Crete from the Peloponnese by C. microcalyx (Boiss.)
Wettst. and for the colonization of Aegean Islands through the Cyclades by C. minor
(Chapter 1V). However, as above mentioned, since some taxa in the eastern and
western Mediterranean managed to disperse across marine barriers, it remains thus
uncertain whether marine transgressions have been or not essential for the current

distribution of species.

These results support the coexistence of vicariance and dispersal hypothesis. The
abovementioned land bridges could have allowed ancestors with widespread
distributions that originated their descendants after the appearance of a marine
barrier. Although vicariance was not specifically inferred for any supported clade
(Chapter I) it is congruent with further data obtained for 1) the origin of C. hepaticifolia
and C. muelleri respectively from Corsica and Sardinia (Chapter Il) and 2) the split
between the two subspecies of C. minor in the eastern Mediterranean (Chapter IV).
Therefore, it should not be interpreted that vicariance hypothesis is dead, as we
demonstrate that when species coexist in time with new land connections, these
usually facilitate their dispersal. However, our results reinforce the need for testing
these hypotheses in a temporal frame (Nathan, 2006; Salvo et al., 2010), since
increasing evidence shows that the lack of land connections does not exclude the

possibility of plant dispersal (Alsos et al., 2007; Ogutcen & Vamosi, 2016).
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Speciation

Allopatric speciation occurs at very different scales in Cymbalaria. The origin of C.
fragilis after founder-event speciation is well explained by the big distance from its
sister species at the moment of speciation (Chapter Il). However, for the closely
related C. muelleri, no apparent reproductive barrier and just ca. 15 km distance
between the two distribution areas allowed for the origin of two subspecies (Chapter
lll). The latter is a clear case of anacladogenetic speciation, thus resulting in one
paraphyletic subspecies (Stuessy et al., 1990; Mayr & Bock, 2002). In fact, paths taken
by evolution often result in non-dichotomous patterns (Horandl, 2006), and if the
classification process should reflect the evolution, monophyly cannot be a sine qua non

condition.

Sympatric speciation, although inferred by biogeographic analyses, needs a critical
discussion since the geographical scale used in each study can have great influence in
its inference (Schliewen et al., 2006; Papadopulos et al.,, 2014). In the previous
example, the origin of the two subspecies of C. muelleri could have easily been
identified as sympatric speciation, but on the field one can observe that the
distribution of the two taxa never overlaps (Chapter lll). In Cymbalaria, as well as in
most chamophytes, populations can easily be very isolated from each other due to the
discontinuity of their habitat (Thompson, 2005). Thus, additional data and a profound
knowledge on the species biology are needed to certainly attribute sympatric
speciation to an event. Biogeographic analyses pointed to sympatric ecological
speciation for C. muralis and C. pallida Wettst.,, and their divergent ecological
specialization supports it, but fine scale allopatric speciation could not be ruled out

(Chapter ).

Finally, the role of polyploid speciation, which has been shown to play a major role
in Angiosperm evolution (Soltis et al., 2009; Wood et al., 2009; Fawcett & Peer, 2010),
seems to have been crucial in the evolution of Cymbalaria. We detected at least two
genome duplications preceding a clade, i.e. the clade composed by the western
species, and the clade composed by the two central Mediterranean polyploids C. ebelii
and C. pubescens (J. Presl & C. Presl) Cufod (Chapter I). In both cases, polyploids occur

far from the distribution area of their sister diploids, thus supporting the idea of
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enhanced success of polyploids in colonization of new areas (Linder & Barker, 2014). A
third clade of putative polyploid origin is constituted by the tetraploids C. microcalyx
and the new species C. spetae Carnicero, L.Sdez, N.Garcia & Galbany, but the origin of
the remaining tetraploids from the eastern Mediterranean remains unclear (Chapter
IV). It remains unknown too whether the polyploids are allo- or autopolyploids, which
would need further studies. Current evidence found in the western Mediterranean
suggests that hybridization —and thus allopolyploidy— is possible. In two C. aequitriloba
populations, we detected a strongly divergent haplotype from remaining western
species, but closely related to C. muralis haplotypes form a close area (Chapter II).
Moreover, we also observed morphologically intermediate specimens between C.
muralis and C. pallida in the field that deserve further studies. Thus, hybridization
should also be considered as a force originating new taxa, combined or not with
genome duplication (e.g. Soltis & Soltis, 2009; Pavarese et al.,, 2013; Meeus et al.,
2015).

Taxonomy

We have taken taxonomy as an integrative discipline, the last step of a systematic
study, and pretend that the proposed taxonomic treatment reflects the evolution of
the genus (Stuessy et al., 2014). Thus, we always tried to assign the species level to
groups of populations with a common origin, the same ploidy level and that are
morphologically diagnosable. When morphological differences between two putative
taxa are more subtle, they are closely related in the phylogeny and their geographic
distributions do not overlap, we proposed the subspecies level (Stuessy, 2009). As
stated in previous section, we did not consider monophyly a requisite for recognizing a
taxon since some evolutionary processes can result in non-monophyletic entities
(Horandl & Stuessy, 2010). In fact, we described the new subspecies C. muelleri subsp.
villosa Carnicero (Chapter Ill) and recognized C. minor and C. longipes (Chapter IV), the
three of them paraphyletic taxa according to our data. After all, the classification
process has a necessarily subjective component, since we are trying to apply discrete

units to the dynamic phenomenon of evolution, and current subspecies could be

219



General discussion

Darwin’s “incipient species”, as well as just forms that will disappear in the future

(Darwin, 1859).

Although always subject to a certain degree of subjectivity, it is important to keep
congruent species and subspecies delimitation criteria within a taxonomic group. Until
present, however, the most followed taxonomic treatment for the genus (Sutton,
1988) presented a rather analytic criterion for western and central Mediterranean
taxa, while the eastern Mediterranean C. microcalyx was presented as a
morphologically variable taxon with a wide distribution area, in which many subspecies
were recognized. In contrast, our molecular and morphological analyses supported to
split of C. microcalyx in four species. Our results mostly coincide with the treatment
proposed by Speta (1986, 1989). Sutton (1988) probably adopted a less analytic
treatment due to a lack of in-depth study, as he highlighted the need for further
studies in several occasions for some taxa considered under C. microcalyx. For western
and central Mediterranean species, Sutton’s (1988) treatment has been more often
followed, although we choose to recognize C. fragilis as a separate species from C.

aequitriloba, due to clear morphological and phylogenetic differentiation (Chapter Il).

Molecular tools in combination with morphology allowed us to determine
diagnostic reliable characters. Our study on seeds resulted in contradictory results and
prevented us from trying to find unique valid characters for the whole genus. On the
one hand, seed ornamentation characters correspond to genetic lineages in eastern
taxa and in the subspecies of C. muelleri (Chapters Ill, 1V). On the other hand, we have
shown how these characters are variable within C. fragilis and, instead, characters
traditionally considered of low taxonomic value, such flower size and color, and leaf

thickness, could successfully be used to identify the species (Chapter Il).

The combination of molecular and morphological tools allowed us to describe a
new subspecies under C. muelleri and a new species from the eastern Mediterranean
region: C. spetae (Chapters lll, 1V). In both cases, the detailed study of herbarium
specimens and field observations inspired the hypotheses that were further tested, the
appropriate process following the integrative taxonomy concept (Schlick-Steiner et al.,
2010). That reinforces the importance of accumulating a wide knowledge of the

species included in a systematic study.
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Concluding remarks

Cymbalaria encompasses several features that made it an attractive candidate for
systematic studies. Our studies suggested a remarkable diversity of processes and
responses to paleogeographic events in shaping its evolutionary history. Cymbalaria
contributes to refute previously well-established paradigms, such as the main role of
vicariance in biogeography and the strong diagnostic power attributed to seed
ornamentation in the Antirrhineae. However, our results in any case suggest these
rules are never working: they do work for some Cymbalaria species and for several
other published studies (e.g. vicariance: Mansion et al., 2008; Salvo et al., 2010; Crowl
et al.,, 2015; seeds as diagnostic character: Elisens, 1985; Vigalondo et al., 2015).
Instead, our studies in Cymbalaria prevent us from assuming hypotheses that fit well
with current distribution of species without specifically testing them. This remarks the
importance of using all available tools to study every life form on Earth, keeping in
mind that systematic studies can result in discoveries “typically of the kind that would

not be made otherwise” (Wilson, 1968: 1113).

Our studies meant a significant increase in the knowledge of the genus Cymbalaria,
and a modest contribution to plant systematics and evolution in the Mediterranean
region. However, they also revealed some unknowns that should be tackled in the
future. Among those, Cymbalaria provides an interesting but complex model for
studying recent polyploid speciation. Furthermore, systematic studies should still be
undertaken to provide satisfactory taxonomic classification for the whole genus.
Special attention should be payed to central Mediterranean specie, where some
uncertainties arose in the course of our field work; and on the eastern Mediterranean,
where a study with comprehensive population sampling would be helpful to confirm

our phylogeographic hypotheses and the taxonomic treatment adopted.
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Conclusions

e Cymbalaria Hill is monophyletic as confirmed with cp- and nrDNA sequences.

e Cymbalaria originated ca. 4 Ma and rapidly diverged in three lineages according to

nrDNA phylogeny, supporting the role of Mediterranean climate establishment as a

trigger for plant diversification.

e The three

main lineages found in Cymbalaria were: 1) the western lineage,

constituted by hexa- to octoploids from the western Mediterranean; 2) the central —

eastern lineage, constituted by all central Mediterranean species (all diploids) and

part of the eastern taxa (diploids and tetraploids); and 3) the eastern lineage,

constituted by two tetraploid species from the eastern Mediterranean.

e Biogeographic analyses estimated the eastern Mediterranean as the area of origin

of Cymbalaria, although ploidy data suggest the central Mediterranean as a more

plausible area.

o Allopatric, sympatric and polyploid speciation types are suggested for the genus

Cymbalaria:

o

Allopatric, founder-event speciation was inferred for the origin of C.
acutiloba (Boiss. & Heldr.) Speta, C. fragilis (J.J.Rodr.) A.Chev., and C.
pubescens (J. Presl & C. Presl) Cufod. Vicariance speciation was not
inferred by our analyses, but is congruent with available data for the
origin of C. hepaticifolia Wettst. and C. muelleri (Moris) A.Chev., and the

split of C. minor (Cufod.) Speta in two subspecies.

Sympatric speciation was inferred for six cases, although most of them
could also be caused by allopatric speciation at a local scale. Sympatric
ecological speciation could have caused the differentiation of C. muralis

G. Gaertn., B. Mey. & Scherb. and C. pallida Wettst.

Polyploid speciation had a main role in the diversification of Cymbalaria

originating at least three clades: the western lineage, the clade C.
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pubescens — C. ebelii (Cufod.) Speta and the eastern lineage. In the first

two cases, polyploidy was linked to colonization of new areas.

e The western lineage had a single common origin in Corsica — Sardinia and colonized
the eastern Balearic Islands later via at least two LDD events: 1) a first event
originating C. fragilis and 2) a second one resulting in the expansion of the

distribution of C. aequitriloba (Viv.) A.Chev. to the west.

e All western Mediterranean species were resolved as monophyletic according with
AFLP data. Cymbalaria aequitriloba is the sister species of C. fragilis and C.

hepaticifolia is sister of C. muelleri.

e Cymbalaria aequitriloba originated in Sardinia and dispersed later to Corsica and

the Balearic Islands.

e Emerged land bridges among eastern Balearic Islands during Pleistocene glaciations
probably facilitated dispersal and explain the present distribution of C. aequitriloba

in Mallorca and Menorca and C. fragilis in Cabrera and Menorca.

¢ In the light of molecular and morphological data, C. fragilis and C. aequitriloba are

re-circumscribed:

o Testa sculpturing is variable within C. fragilis and caused the erroneous
identifications. Alternative vegetative (leaf and stems thickness and
hairiness) and floral (corolla size and color) diagnostic characters are

proposed.

o C. fragilis should be considered at the rank of species and also include
specimens with shallowly alveolate seeds, previously identified as C.

aequitriloba.

o The threat category of C. fragilis should change from critically
endangered (CR) to near threatened (NT) as a consequence of the new

circumscription.

e Incongruence between AFLP and sequence data support hybridization events where

species occurs geographically close to each other.
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e The Sardinian endemic C. muelleri is split in two subspecies congruent with
molecular (AFLPs), morphological and geographical data: Cymbalaria muelleri

subsp. muelleri and C. muelleri subsp. villosa Carnicero.

e Cymbalaria muelleri subsp. muelleri originated via anacladogenetic (sub)speciation,

thus making subsp. villosa paraphyletic.

e Testa sculpturing and trichome length and density were the most valuable

diagnostic characters for differentiation of C. muelleri subspecies.

e The threat category of C. muelleri subsp. muelleri is vulnerable (VU) and C. muelleri

subsp. villosa is near threatened (NT).

e The eastern Mediterranean species C. microcalyx (Boiss.) Wettst.should be divided
in four species according to morphology and molecular data: Cymbalaria acutiloba,

C. ebelii, C. microcalyx and C. minor.

e Seed characters have high diagnostic value for identifying eastern Mediterranean

taxa.

e The new species C. spetae Carnicero, L.Sdez, N.Garcia & Galbany from the
Peloponnese is described based on divergent mophological characters and cp- and
nrDNA genealogies. Diagnostic characters are the calyx length, and the size of

corolla and seeds.

e Pleistocene marine transgressions favored the colonization of islands from the west
to the east by C. microcalyx and C. minor. Subsequent regressions caused the
differentiation of a continental and an islander subspecies in both cases. On the
basis of molecular, morphological and geographic data, C. microcalyx subsp.

dodekanesi Greuter is combined as a subspecies of C. minor.

e Cymbalaria longipes (Boiss. & Heldr.) A.Chev.and C. acutiloba constituted a clade of
anacladogenetic origin, although ploidy level data contradict the molecular

hypothesis.

e According to molecular, morphological and geographical data, C. microcalyx subsp.

paradoxa Greuter is combined as a subspecies of C. acutiloba.
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o Dispersal across the Rechinger line, a major phytogeographic barrier in the eastern
Mediterranean, is inferred for two taxa, C. longipes and C. minor subsp. dodekanesi

(Greuter) Carnicero, L.Sdez, N.Garcia & Galbany.
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