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Introduction

Astragalus is the largest genus (cca. 2500 spp.) of flowering plants. Beside the huge number
of species, the diversity of genus is reflected also by many local endemics throughout the World,
or rampant speciation e.g. in the Andes or Central Asia. The Romanian flora, for example, includes
three endemic species: A. peterfii Jav., A. roemeri Simonk., and A. pseudopurpureus Gusul. They
are emblematic flagship species of Romanian nature conservation all of them having a restricted
geographic distribution. The first one grows in steppe-like habitats of the Transylvanian Lowland,
whereas the latter two are confined to mountain habitats of the Eastern Carpathians.

Exploring the relationships of such species is the obligation of current botanical researches.
With the aid of DNA sequencing and phylogenetic tree reconstruction methods, fulfillment of
such needs seems relatively straightforward. Generally, the more closely related the species are,
the more similar are their sequences. Several methods commonly used for phylogenetic inference
are based on this principle. An important issue these type of studies usually face is adequate
taxon sampling. Which taxa to include among those cca. 25007 Previous taxonomic treatments
based on morphological investigations or earlier phylogenetic studies on the genus can serve as
guidelines for this purpose.

The interest of the author in plant phylogenetic inference had been raised during his M.Sc.
studies and was heavily influenced by researchers from the Babe -Bolyai University and the
University of Debrecen. At the beginning of his PhD studies investigations aimed at reconstructing
the molecular phylogenetic relationship of the narrow endemic Astragalus peterfii. Later, the
author expanded the taxon sampling to whole Europe as far as that taxonomic section is
considered to which A. peterfii belonged. The ultimate goal of his Ph.D. studies became to
reconstruct this groups' phylogeny in Europe using state-of-the-art research methods. In the

thesis the most important results of this three-year long research are presented.



Theoretical background

Inference of species relationships using DNA sequences

For more than two decades now, DNA sequences have been the main source of
information for inference of species relatedness at almost all taxonomic levels and are going to be
in the future (Baldwin, 1992; Shaw et al., 2005). An antecedent of this was the recognition that
DNA sequence variation (between taxa) was most likely to reflect more reliable relationships of
species as compared with morphological characters which are prone to be highly homoplasious
due to morphological convergence, and therefore to flaws in systematics (Downie et al., 2000;
Richardson et al., 2000). Reliability is especially true for non-coding phylogenetic markers that are
generally free from selective pressure, therefore are likely to depict a neutral picture of species'
history (Kolarcik et al., 2010). Two additional key factors have also contributed to the popularity
of sequence based molecular phylogenetic inference: generation of sequences in a routine
manner and advances in computational techniques and algorithms.

Phylogenies have direct implications to phylogenetic systematics: a clade of a phylogenetic
tree is a (monophyletic) unit to which a taxonomic unit can be assigned if the clade in question is
also supported by a morphological character or a combination of morphological characters
(Chatrou et al., 2012). An important issue to this approach is the (statistical) confidence of a
certain clade. Only statistically (at least) well supported, robust clades should be considered.
Moreover, the support, resolution and taxa content of any clade can vary in face of new data
(sequences and/or more taxa) or when different phylogenetic tree reconstruction methods are
applied. Robustness, therefore, is an important feature in phylogenetic systematics: taxonomic
units are usually drawn from congruent, stable, statistically and morphologically supported
clades.

Within angiosperms nucleotide substitution rates of plastid genomes usually exceed three
times, while that of nuclear genomes 12—-16 times of the mitochondrial genome (Weng et al.,
2012)), and references therein). Not surprisingly, in stark contrast with animals, mitochondrial
sequences have gained less importance in plant phylogenetics.

Plastid DNA markers, even if they are usually less variable than the nuclear ones, present a
sum of advantages when compared to nuclear regions. They usually reflect the classical
(bifurcating) way of speciation on a phylogenetic tree due to their single-copy feature within an
organism, which also ensures the lack of recombination. Another advantage is the accessibility to
universal primers (Xu et al., 2012). The above accounts make these types of markers ideal for e.g.
testing monophyly (especially above the species level) even if they reflect the species' history only

from the perspective of the maternal lineage (since they are usually inherited maternally). Plastid
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DNA phylogenies, however, can often have polytomies in analyses of datasets that lack sufficient
levels of sequence variation. Such cases can be explained by the recent and/or rapid
diversification of the plant-group in question or by the use of inappropriate (i.e. relatively slowly
evolving) markers.

Phylogenetic relationships, especially those towards the tips of a phylogenetic tree (at the
species level), cannot be fully uncovered only by the use of uniparentally inherited markers when
hybridisation, introgression, gene transfer (and other processes of similar output) shaped
speciation. Hybridisation and allopolyploidisation (hybridisation followed by polyploidisation), for
example, are recognised as major forces driving plant evolution and speciation (Grant, 1981;
Soltis and Soltis, 2009). These processes can be identified by phylogenies inferred from
biparentally inherited nuclear markers if copies of a nuclear region originating from different
putative parental species are retrieved from a hybrid organism and those copies were sufficiently
diverged prior to hybridisation. If either of such copies is homogenised towards another parental
copy-type —a phenomena commonly occurring in case of the internal transcribed spacer region of
nuclear ribosomal DNA (Alvarez and Wendel, 2003) — inconsistencies between the nuclear and
plastid DNA phylogenies may still serve as evidence for reticulate (hybrid) speciation, or
eventually allopolyploidisation. Incongruencies between nuclear and plastid DNA phylogenies (or
paralogy of any particular nuclear loci), however, can also be caused by incomplete lineage
sorting and recombination (Rieseberg and Brunsfeld, 1992; Xu et al., 2012). Discriminating
reticulation from incomplete lineage sorting (i.e. retention of ancestral polymorphism) is often
difficult and represents a challenging task for evolutionary biologists (Wendel and Doyle, 1998;
Willyard et al., 2009).

In spite of the rapidly growing popularity of the low/single-copy nuclear genes, the internal
transcribed spacer (ITS) region of the nuclear ribosomal DNA (hereafter referred to as nrITS
region) is still one of the most widely used plant phylogenetic markers. It comprises the ITS1 and
ITS2 regions linked by the 5.85 rRNA gene (Calonje et al., 2008). ITS1 and ITS2 are transcribed
during transcription but degraded after, thus they can be considered as neutral phylogenetic
markers. Due to the high copy number within the genome, the relative shortness (i.e. the length
is usually only several hundred base pairs) and existing universal primers, amplification of nrITS is
relatively straightforward even from partially degraded DNA samples (e.g. extraction from
herbarium material). However, repeats of this marker sometimes are not fully homogenised or do
not track both parent's genomes in hybrids (Zimmer and Wen, 2012), and references therein) due
to the already mentioned concerted evolution, making it a less promising tool as compared with

low-copy nuclear genes.



General overview of the genus Astragalus

Astragalus: an evolutionary success story

Astragalus L. is the most species rich plant genus among angiosperms with approximately
2,500 species (Lock and Schrire, 2005). Species of this genus are non-climbing herbs, mostly
perennials and to a lesser extent annuals. Astragalus species are present on all continents,
excluding Australia, and occupy mostly the cool, arid, continental regions of the northern
hemisphere and South America (Lock and Schrire, 2005). The genus reaches its greatest diversity
in southwest and central Asia (ca. 1500 spp.), the Sino-Himalayan region (500 spp.), western
North America (ca. 400-450 spp.) and along the Andes in South America (ca. 100 species)
(Kazempour Osaloo et al., 2003). Astragalus is diverse also in the Mediterranean climatic regions
of southern Europe (including Asia Minor) and the New World's western coasts.

Although the diploid chromosome number is 2n=16 for the genus, high numbers of
tetraploid, hexaploid and octoploid taxa were reported in cytological studies throughout the
world in Astragalus (Ledingham, 1960; Ledingham and Rever, 1963; Masoud et al., 2009). This
suggests an important role of polyploidisation in the evolution of the genus. In addition to
polyploidy, adaptive radiation on a global scale (Kazempour Osaloo et al., 2003) probably made a
significant contribution to the great number of species and high rates of endemism in Astragalus.
A third factor that might have a significant role in species diversification is the rareness or even
lack of hybridisation (Liston, 1992; Judd et al., 2008; Kazemi et al., 2009) in combination with
widespread autogamy (D. Podlech, personal communication (2010)), which could have facilitated
the isolation of species. As no evidence was reported yet for hybridisation in Astragalus, one
could assume that neither hybridisation nor allopolyploid speciation had contributed to
speciation in the genus. These phenomena had otherwise profoundly shaped the evolution of

angiosperms (Grant, 1981; Soltis and Soltis, 2009).

Section Dissitiflori of the genus Astragalus with special emphasis on
the European species

Section Dissitiflori is among the most species-rich (app. 160 spp.) sections of the genus
Astragalus and is the largest section in the otherwise paraphyletic subgenus Cercidothrix which
encompasses the bifurcate-haired Astragali (Ranjbar, 2004). This section was established by A. P.
de Candolle in 1825. Later, Bunge (1868) introduced the same section under the name of
Xiphidium, unaware that this had already been done by de Candolle (Ranjbar, 2004).
Lectotypification was accomplished by Podlech (1990). As a result, the lectotype of this section is

Astragalus varius S. G. Gmel.



Sect. Dissitiflori has its main centre of speciation in the mountains of Central Asia. Derived
lineages of this section spread far to the north, east, west, and south (Goncharov et al., 1946),
extending the section’s range to whole Eurasia (Ghahremani-Nejad, 2004). In Europe the section
exhibit a disjunct distribution area and comprises some 50 species, while the Flora of Romania
counts 7-8 taxa (Ciocarlan, 2009). Several narrow endemic Astragalus species of Europe are found
in this section, e.g. A. hispanicus Coss. ex Bunge in Spain, A. aquilanus Anzal. and A. vesicarius L.
subsp. pastellianus Pollini (Arcang.) in Italy, A. peterfii Jav. in Romania, A. tarchankuticus Boriss. in
Ukraine. Sect. Dissitiflori is considerably divers in the Balkans and Asia Minor.

According to Bunge (1868) species of this section are shrubby, sub-shrubby, or herbaceous
perennials with well-developed stems coated with bifurcate or more rarely to subbasifixed hairs.
Leaves are imparipinnate; stipules are free or adnate to petiole, otherwise free from each other.
Racemes are mostly loose, borne on a well-developed peduncle. Bracteoles are absent. Flowers
are shortly pedicellate. Calyx is tubular. Petals are glabrous; wing limbs are mostly rounded at
apex to retuse or slightly emarginate. Legumes are sessile, or more rarely stipitate, 2-locular;
valves are leathery. Photos of selected taxa (focusing on their inflorescences) of the European
members of Astragalus sect. Dissitiflori are presented on Fig. 3.

Polyploidisation is thought to have a significant role in the diversification of species
belonging to section Dissitiflori (Sytin, 2009).

Relationships (either phylogenetic or morphological) are scarcely known within the
European taxa of sect. Dissitiflori, and the taxonomy of the section is blurred by the controversial
nomenclatural history of several taxa. With the exception of the study of Zippel and Wilhalm
(2009) — in which they examine the origin of different populations of a Dissitiflori taxon (see
chapter 3.5) — there is no molecular phylogenetic study published addressing the question of

species’ relationships in this section.

Taxonomic uncertainties within the European taxa of Astragalus sect.

Dissitiflori

One of the taxonomically problematic species groups in sect. Dissitiflori is the A. vesicarius
L. aggregate which, according to its most recent circumscription including Europe but
disregarding the former Soviet Union, includes three subspecies: A. vesicarius L. subsp. vesicarius
(incl. A. albidus Waldst. & Kit.), A. vesicarius subsp. pastellianus and A. vesicarius subsp.
carniolicus (A. Kern.) Chater (Podlech, 2008). A. vesicarius subsp. vesicarius has the widest but
more disperse distribution, stretching from the Iberian Peninsula to Ukraine, whereas A.
vesicarius subsp. pastellianus is endemic to north-western lItaly, and A. vesicarius subsp.
carniolicus is confined to north-western Italy, Croatia and Slovenia. Besides the above mentioned
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three subspecies, two taxa were repeatedly affiliated with (or even subsumed within) the
vesicarius group: A. pseudoglaucus Klokov and A. tarchankitucus Boriss. A. pseudoglaucus is
confined to the North-western part of the Black Sea region (coastal regions of Bulgaria, Romania,
Ukraine and probably Moldova), and A. tarchankuticus, grows exclusively in the Crimea, on the
Tarhankut Peninsula, from where it was originally described (Borissova, 1951). In Flora Europaea,
they are treated as ’probable’ subspecies of A. vesicarius (Chater, 1968). Later, the new
combination A. vesicarius subsp. pseudoglaucus (Klokov) Ciocarlan has been introduced
(Ciocarlan and Sarbu, 2001). More recently, A. tarchankuticus was synonymised under A.
albicaulis D.C. whereas A. pseudoglaucus was synonymised with A. vesicarius (Podlech, 2011),
thus corroborating the view of Ciocarlan and Sarbu (2001) on this taxon based on morphological

grounds.

The problems of origin and relationships of the Romanian narrow endemic

Astragalus peterfii

An emblematic species of Romanian nature conservation, Astragalus peterfii Jav. is an
endemit of the Transylvanian Lowland (Campia Transilvaniei, Romania). It was discovered in 1916
by the bryologist Marton Péterfi near the village Suatu (County Cluj), and the species was
dedicated to him by the author of the species, Sdndor Javorka. A botanical reserve was
designated to preserve the species as early as in 1932 at the locus classicus by Professor
Alexandru Borza. For several decades this single site remained the only known occurrence of
Péterfi’s Milk-vetch. An additional population was discovered in 1962, a few kilometres away near
village Cdianu (Badarau et al., 2000). Astragalus peterfii figures on several red lists and
international conservation agreements (Habitats Directive, IUCN Red List, Bern Convention and
Romanian National Red List). It is an octoploid (2n=64) species (Ledingham and Rever, 1963) of
section Dissitiflori.

The problem of the origin and relatedness of A. peterfii has provoked a series of
hypotheses, assessed mainly using morphological observations. The first remark on this subject
was made by the author of the species itself. According to Javorka (1916), A. peterfii is closely
related to A. glaucus M. B., which grows near the city of Odessa (the Ukraine). Studying the
genetic variability of the species using biochemical analysis, Borza (1998) found a pattern of
isoenzymes suggesting an allopolyploid origin of A. peterfii. He also compared A. peterfii with 10
other Romanian Astragalus species based on protein polymorphism in order to assess
phylogenetic relationships among them (Borza et al., 1994). None of the investigated species
turned out to be closely related to A. peterfii; an unsurprising result as none of the other
investigated taxa belonged to section Dissitiflori. Panzaru (2006) came forward with a new theory

9



concerning the taxonomy of the species claiming that Astragalus peterfii was a synonym of
Astragalus vesicarius subsp. pastellianus, the endemic northern Italian subspecies.

The above short account confirms the interest in the problem of the origin and phylogenetic
relationships of the Péterfi's Milk-vetch.

The surveyed taxonomic literature is suggestive for the presence of a putative species
complex in Astragalus sect. Dissitiflori potentially comprising A. pseudoglaucus, A. tarchankuticus,
A. peterfii and members of A. vesicarius s.l. Disentangling species complexes is often difficult and
requires integration of information from different sources, e.g. plastid and nuclear genome, or
morphometrics.

Astragalus molecular phylogenetic studies of the last two decades first were aimed at the
circumscription of the whole genus, including the pioneer works which reconstructed main
extrageneric affinities and intersectional relationships within it (Wojciechowski et al., 1993;
Wojciechowski et al., 1999; Kazempour Osaloo et al., 2003, 2005; Wojciechowski, 2005; Kazemi et
al., 2009; Zhang et al., 2009). Nonetheless, after these earlier studies we are now poised to start
to understand shallower levels of phylogenetic relationships, as exemplified by the study of Rihai
et al. (2011) breaking new grounds in Astragalus in this respect. This tendency was maintained by
Javanmardi et al. (2012) who reconstructed the phylogeny of Astragalus sect. Alopecuroidei. The
present thesis also tries to continue the aforementioned trend by attempting to reconstruct the

phylogeny of the European members of Astragalus sect. Dissitiflori.
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Fig. 3. Inflorescence images of selected taxa of the European members of Astragalus sect. Dissitiflori:
1 - A. peterfii, 2 - A. pseudoglaucus, 3A - A. vesicarius subsp. albidus, 3B - A. vesicarius subsp.
pastellianus, 4 - A. varius, 5 - A. tarchankuticus, 6 - A. pallescens, 7 - A. ucrainicus, 8 - A. subuliformis, 9 -
A. asper. (Photos by Laszl6 Bartha except for the photo of A. peterfii by Attila Molnar V.)
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Main objectives of the thesis

The principal goals of the thesis were as follows:

e to find and/or develop molecular phylogenetic markers for the genus Astragalus which
are sufficiently variable to resolve relationships at the sectional level;

e to provide the first phylogenetic hypothesis for the European taxa of the genus
Astragalus section Dissitiflori based on plastid sequences;

e to make an approach for estimating the section's timing of diversification in Europe;

e to test for the presence of reticulate speciation in the section/genus employing nuclear
DNA markers;

e to explore the molecular phylogenetic relationships of the narrow endemic Astragalus
peterfii;

e to try to disentangle a putative species complex with the aid of the plastid phylogeny,

nuclear sequence data and multivariate morphometrics;
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Materials and methods

Taxon sampling

The sampling design aimed at including as much European taxa of the section Dissitiflori as
possible. For creating a better phylogenetic framework the sampling strategy included a limited
number of taxa from Asia (mainly Asia Minor, the Caucasus and Middle Asia). For selection of
taxa, the classifications of Podlech (2008, 2011) and Sytin (2009) were followed. With the
exception of one relevant species — A. apollineus Boiss. from South Greece — | managed to collect
material of almost all European representatives of the Astragalus section Dissitiflori. As for
outgroup selection, | took into consideration the previously published plastid ndhF gene based
Astragalus phylogenies of Kazempour Osaloo et al. (2003, 2005). | included three taxa from
sections closely related to sect. Dissitiflori: two from sect. Erioceras (A. reduncus Pall. and A.
subarcuatus Popov.) and one from sect. Trachycercis (A. dolichophyllus Pall.). To ensure the
correct rooting of phylogenetic trees, a more distantly related outgroup was also selected. This
was A. glycyphyllos L. (sect. Glycyphyllus) which was definitely outside of clade F (in the so called
clade C sensu Kazempour Osaloo et al. (2003)). For the molecular clock analyses | included
Oxytropis pilosa L. also due to the previously published (Wojciechowski, 2005) approximate age of

the Oxytropis—Astragalus split which could be used as a prior setting in the analyses.

Plant material and DNA extraction

For genomic DNA extraction both herbarium and field collected material was used. In the
latter case, leaves were dried and stored in silica gel until DNA extraction. In case of one sample
of Astragalus vesicarius subsp. pastellianus, DNA was purchased from DNA bank (Botanical
Garden, Berlin-Dahlem). ZR Plant/Seed DNA Kit (Zymo Research) was used for genomic DNA

extraction.

Molecular marker development and marker selection

The selection of plastid markers to be used was preceded by a pilot screen of five candidate
regions (ndhF-rpl32, rpl32-trnL, trnH-psbA, accD-psal and petA-psbl)) with the primers retrieved
from Shaw et al. (2007). Amplification and sequencing of trnH-psbA, accD-psal and petA-psb) has
been successful with the universal primers retrieved from the literature, amplification of ndhF-
rpl32 and rpl32-trnL, however, has been poor or unsuccessful, but enough for the design of new,
more efficient, Astragalus specific forward and reverse primers for these two regions.

Additionally, new (mainly Fabaceae specific) primers were designed for an approx. 1.5 kb

region from the 3’-end of the plastid ycfl region using as a guide the sequences of Cicer L.,
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Glycine L., Medicago L. and Phaseolus L. ycfl retrieved from GenBank. After the first pilot
amplifications and sequencing, a more reliable Astragalus specific reverse primer was designed
and used for all subsequent reactions.

Among the six plastid regions tested, ycfl, ndhF-rp/32 and rpl32-trnL seemed to be the
most variable (data not shown); therefore these markers were chosen for the subsequent
phylogenetic work.

As for the nuclear markers, | started to work with the popular nrITS region, and also
attempted to develop a single-copy nuclear gene marker for Astragalus. This was the LEAFY (LFY)
which had been found to be single-copy in several other plant groups (Zimmer and Wen, 2012),
and references therein). | used the primers ITS5 (forward) and ITS4 (reverse) of White et al.
(1990) for amplification of nrITS region, while for the second intron or first intron + second exon +
second intron region of LEAFY new primers were designed on the basis of Fabaceae sequences
retrieved from GenBank.

The single copy feature of LEAFY was tested in a few diploid taxa (e.g. A. hispanicus, A.
varius, A. vesicarius subsp. albidus). After the first pilot PCR amplifications, sequencing and
cloning, it turned out that this region was not single copy in Astragalus, therefore, its use was
omitted from subsequent work. Three copies/paralogs of this gene have been retrieved from
selected diploid Astragali and their identity was confirmed by BLAST search of the GenBank
nucleotide database.

Plastid DNA markers were planned to be analysed usually from one specimen of species,
while the nriITS region was attempted to be sampled for at least two specimens per species.
Plastid DNA data was planned to be supplemented with nuclear DNA data for selected taxa of
mostly uncertain taxonomy or unknown phylogenetic position (see Theoretical backgrounds

section).

Cloning and sequencing

The direct sequencing of nrITS showed unambiguous double peaks in the majority of
accessions suggesting the presence of more than one nrITS sequence type in the sample. In order
to detect this intra-individual variability, | performed cloning using pGEM-T Vector System |
(Promega) for ligation and GenelET Plasmid Miniprep Kit (Fermentas) for plasmid isolation. nrITS
was cloned from 23 accessions (belonging to ten taxa) originating from 21 populations with an
average of 7.842.5 cloned sequences per specimens.

All DNA sequencing was performed at commercial service at Macrogen Inc. (South Korea).
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Phylogenetic analyses

DNA sequence aligning

Sequences of ndhF-rpi32, rpl32-trnL and nrITS clones were directly exported from the
chromatograms to FASTA format files using ChromasLite v.2.01 (Technelysium Pty). ycfl
fragments of the same taxonomic sample (obtained with different internal sequencing primers)
were assembled using BioEdit (Hall, 1999).

Sequences were aligned in MEGAS (Tamura et al., 2011) by algorithm ClustalW followed by
subsequent manual editions in case of the plastid DNA regions. In case of ycfl, during the manual
correction of the alighment, codon positions were taken into consideration. Translation for this
region was achieved in MEGA5 using the plant plastid code and resulted in an alignment
containing no stop codons.

As suggested by Vignal et al. (2002) only those singleton mutations above 1% were
considered to be single nucleotide polymorphisms (SNPs) in the nrITS matrix, others below this
threshold limit were corrected manually. nrITS clone sequences with uncommonly long deletions
and/or many point mutations were regarded as pseudogenes and were excluded from

subsequent work.
Phylogenetic tree reconstructions based on plastid sequences

To keep matters simple, separate plastid data matrices have been analysed only under
parsimony criteria in order to get insight into the resolving power of these markers and reveal
putative conflicting signals between them. Therefore, topologies of the strict consensus trees
derived from the MP analysis of the separate plastid data matrices were at first compared. My
strategy was to apply different tree reconstruction methods (maximum parsimony (MP), Bayesian
inference (BI) and maximum likelihood (ML)) only to a combined final dataset which lacks taxa
with strongly contrasting positions between the strict consensus trees of the separate plastid
regions (either statistically supported or not). Moreover, such a combined final dataset should
easily pass (p value > 0.05) the incongruence length difference ILD test (Farris et al., 1994) which
is widely used to uncover discrepancies between different DNA regions which are going to be
concatenated.

The ILD test (as implemented in PAUP* 4.0b10 (Swofford, 2002)) was employed using 100
replicates of heuristic searches with TBR branch-swapping.

MrModeltest v2. (Nylander, 2004) was used to select the nucleotide substitution models
for the three plastid DNA regions using the AIC criterion. Bayesian analysis was carried out on a
partitioned dataset with the nucleotide substitution models listed in Table 5, involving two
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simultaneous runs of 10.000.000 generations of Monte Carlo Markov chains by saving every
10.000 tree into a file. Each run employed four simultaneous chains (one cold and three heated
with a heating parameter of 0.2). The 50% Majority Rule consensus phylogram was generated in
MrBayes using 25% as "burn-in".

Maximum parsimony analysis was run in PAUP* and relied on heuristic search using 1000
random addition of sequence replicates and tree bisection-reconnection (TBR) branch swapping
with MULTREES option in effect, MAXTREES set to 50.000 (without possibility of '‘promt' and
'auto-increase') and a limit of ten trees retained for each replicate. Characters were weighted
equally and gaps were treated as missing data. The statistical robustness of tree branches was
estimated via bootstrapping method; 1000 pseudo-replicates were performed in PAUP* with
MAXTREES (re)set to 1000 and with the retention of one tree per replicate.

Maximum likelihood analysis relied on RAXML (Stamatakis, 2006) using the RAXxML GUI
version 1.2 (Silvestro and Michalak, 2011) under the GTR + I model of sequence evolution. Nodal
support values for the ML topology were estimated using the rapid bootstrap algorithm
implemented in RAXML employing 100 replicates (Stamatakis et al., 2008).

All heuristic searches and Bayesian analyses were run at the University of Oslo Bioportal
(https://www.bioportal.uio.no/). Phylogenetic trees were visualised and edited in TrieeView
(Page, 1996), FigTree version 1.3.1 (A. Rambaut; http://tree.bio.ed.ac.uk/software/figtree/),
MrEnt (Zuccon and Zuccon, 2006) and CorelDRAW X3.

Network analyses of nrITS clone sequences

Because of the large number of clones and presence of diverged nriITS paralogs in some of
the samples, phylogenetic network approaches rather than hierarchical tree-based ones were at
first used in the nrITS analyses.

The program Collapse v.1.2 (Posada, 2006) was used for defining unique sequence types
(ribotypes) in the nrITS dataset and assess the distribution of these ribotypes within and between
accessions. The defined unique ribotypes were then included in parsimony network analysis

A distance network analysis (split graphs) was carried out on the ribotype matrix in order to
deliniate putative groupings within the nrITS dataset and to assess confidence to groupings using
Bootstrapping with 1000 replicates. The phylogenetic network constructed for this purpose was
based on NeighborNet (NN) algorithm (Bryant and Moulton, 2004) as implemented in SplitsTree
v.4.10 (Huson and Bryant, 2006) using uncorrected pairwise (p) distances, excluding both

constant and non-informative characters.
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Results

Sequencing success and sequence alignments

Plastid ycf1, ndhF-rpl32 and rpl32-trnL

Amplification and sequencing of ycfl has been successful in case of each (47) targeted
Astragalus taxa plus Oxytropis pilosa. The partial ycfl region flanked by the amplification primers
has been completely recovered by assembling the fragments obtained with the internal
sequencing primers and belonging to the same taxonomic sample. The length of the assembled
region varied from 1460 base pairs (bp) (A. argyroides) to 1517 bp (A. zingeri).

Amplification of ndhF-rp/32 and rpl32-trnL failed in case of several, mainly herbarium
samples leading to a maximum number of 11 missing sequences in case of rp/32-trnL. Sequence
characteristics of the plastid regions and assessments of MP heuristic searches are summarised in

Table 5.
nriTS

The original aligned nrITS matrix contained 181 sequences, 598 characters and 56 variable
sites. Only one base long, putative parsimony-informative indels were found at three positions.

The program Collapse retrieved 54 unique ribotypes from the original 181 sequences.

Table 5. Sequence characteristics and assessment of maximum parsimony heuristic searches of plastid
datasets

ycfl ndhF-rpl32 rpl32-trnL combined
sequence lengths 1460-1517 630-704 738-809 -
alignment length 1553 803 915 3271
no. of missing sequences 0 7 11 18
no. of variable sites 128 51 45 159
no. of parsimony inf. sites 45 11 9 65
equally most parsimonious trees - - - 27559
tree length - - - 276
cl - - - 0.8696
RI - - - 0.9130
evolutionary model selected (under AIC) GTR+G+l GTR GTR GTR+G+I/GTR/GTR
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Phylogenetic tree analyses of plastid sequences

Heuristic search of the combined, complete plastid dataset under parsimony criteria
resulted in 27559 equally most parsimonious trees with 276 steps in length. The A and B clades
(retrieved already by previous analyses of the separate data matrices) have been recovered with
high Bootstrap support percentages (87% and 96%, respectively). The inclusion/exclusion of A.
medius, A. reduncus and A. ucrainicus into clade A was not consistent throughout the parsimony
analyses of the separate plastid datasets. On this tree, however, these species are firmly excluded
from the highly supported clade A. The A and B clades together with a third clade (comprising A.
fissuralis, A. subuliformis and A. ucrainicus) plus three additional species (A. balkaricus, A. medius
and A. reduncus) form a rather unsupported basal polytomy. This polytomy is sister to A.
argyroides which itself branches after A. dolichophyllus implying that A. argyroides constitutes the
first diverging lineage of the Dissitiflori taxa. Clade A breaks up into several subclades a part of
which was tentatively designed in a successive (i.e. clades A, A1, Al1.1) manner. Clade B was less
resolved than clade A.

There are both within clades A and B several surprising relationships which worth noting.
Astragalus subarcuatus (traditionally classified under sect. Erioceras) was inferred with high
statistical certainty (BS=94%) as sister to A. temirensis. Another Erioceras taxon (A. reduncus) is
part of the already mentioned basal polytomy.

The most surprising relationship from within clade B consists of the highly supported
(BS=91) sister relationship of two taxa.

Careful examination of the taxa content of clades (and the species distribution) led to the
recognition that clades A, B and B1 show broad geographical structure: clade A has mostly East
European distribution ('eastern clade') while clade B (excluding clade B1) has mostly
Mediterranean distribution ('south-western clade'), whereas clade B1 is definitely confined to
East Europe.

The topology of consensus phylogram derived from the Bayesian analysis is broadly
congruent with that of the MP strict consensus tree. Clades A, B and B1 are highly consistent
between the parsimony and Bayesian trees as far as the taxa content and statistical support of
internal relationships are considered. The long branch of the Bayesian tree leading to the

polytomy of clade B is conspicuous as compared with the rest of the internal branches of the tree.
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A. glycyphyllos A. glycyphyllos
A. dolichophyllus A. dolichophyllus
A. argyroides A. argyroides
A. balkaricus A. balkaricus
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Fig. 9. Schematic comparison of the maximum parsimony and Bayesian consensus topologies. Numbers
adjacent to branches/clades represent MP Bootstrap support percentages and Bayesian posterior
probability values, respectively. Taxa content and internal relationships of clades A, B and B1 are

confidential but are presented in the thesis.

Network analysis of nrITS sequences

The NeighborNet analysis of ribotypes (Fig. 13) indicated a non-tree-like evolution of the
sequences (with fit value 97.74 of the resulting split graph) hinting at more complex evolutionary
processes acting in the background. Seven groups could be separated on the network (labelled
from A to G), which corresponded with the groupings delimited on the TCS network. Therefore,
sequence content of the groupings corresponded between the TCS and NeighborNet networks.

Bootstrap support values were high (BS=89-100%) for five out of the seven groups and low
in case of ribotype groups E (BS=64%) and F (BS=66%).

Group A was topologically the most segregated group on the NeighborNet split graphs and
statistically was the best supported (BS=100%) among all groupings. This is concordant with its

outlier position from within the TCS network.
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nriTS sequences retrieved from A. asper, A. ucrainicus and A. vesicarius each belonged to
one single ribotype group (C, G, and E, respectively), while sequences of the rest of the five
species clustered into 2—4 different groups. Astragalus peterfii has the single highest number of
ribotype groups identified within it; nonetheless, incomparably high number of clones was
sequenced in this species.

The number of different species which shared the same ribotype group varied from two to
four. Sequences from ribotype groups C and F belonged exclusively to one species (A. asper, and
A. varius, respectively) while the rest of the ribotype groups were shared by different species.
Interestingly, groups A and B are the dominant ribotype groups of A. pallescens, A. peterfii and A.
pseudoglaucus.

The frequency of nrITS sequences belonging to a given ribotype group within the species
has shown considerable differences (Table 9). Some groups were more characteristic for one
species than another by including more sequences from the given species, e.g. ribotype group E

encompassed the sequences retrieved mainly from A. vesicarius (i.e. ‘vesicarius-like’ ribotype

group).
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Fig. 13. Phylogenetic network based on NeighborNet analysis of the ribotypes. Sequences are
grouped together to genetically similar groups as represented by the capital letters A-G. Values represent
Bootstrap support percentages of 1000 Bootstrap replicates.
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Discussion

Phylogeny of Astragalus section Dissitiflori in Europe: implications
to biogeography and timing of diversification

The first plastid based phylogenetic hypothesis for the European taxa of the genus
Astragalus sect. Dissitiflori relied on a comprehensive taxon sampling and shed lights to several
peculiar aspects of this groups' diversification. The broad geographic structure revealed for clades
A, B and B1 unravelled three main biogeographic patterns for the section: a major East European
and Asian distribution represented by clade A, a mostly Mediterranean distribution (but
extending to Central-West Europe and the Caucasus) represented by clade B (excluding clade B1)
and a minor branching of clade B (i.e. clade B1) representing the East European and Asian
distribution of two sister taxa. At first it was tempting to hypothesise a more ancient
diversification for clade A as compared with clade B, and a more rapid diversification for clade B
as compared with clade A. Facts arguing for these predictions were as follows: the greater
resolution (with well supported internal relationships) of clade A as compared with the
unresolved polytomy of clade B and the long branch leading to clade B as compared with the sort
branches distributed from the basal Dissitiflori split towards the tips of clade A (reflected by e.g.
the ML phylogram of the plastid dataset).

Polytomies (lack of resolution) of phylogenetic trees (especially at deep nodes) have usually been
regarded as consequences of rapid speciation, use of inadequate (i.e. insufficiently variable)
markers or character conflicts resulting from multifurcate speciation (Riggins and Seigler, 2012),
and references therein). In case of clade B, multifurcate speciation can be excluded because
plastid markers belong to the same genetic linkage group and are likely to have the same
phylogenetic history. The combination of three plastid markers used has been effective in one (A)
clade but unsuitable in another (B) clade of a moderately large taxonomic group. This would imply
a more rapid speciation of taxa from clade B as compared with species from clade A or lineage
(clade) specific heterogeneity in the rate of nucleotide substitutions, a phenomenon not
inexistent in plants (Weng et al., 2012), and references therein). | attribute low sequence
divergence (variation) to the generally less unresolved feature of clade B, a fact confirmed also by
pairwise distance analysis of sequences. Pairwise distances — as calculated in Mega 5.0 under the
Maximum Composite Likelihood model — ranged between 0.001-0.005 (overall mean 0.003) in
case of clade B, while in case of clade A this value varied between 0.001-0.012 (overall mean
0.005).

Finally, a shorter time frame in which clade B could have diverged was not confirmed by the

molecular clock analysis. According to one of the resulted chronograms diversification of both
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clades underwent during the Pleistocene. Within clade B the youngest age (crown) had been
assigned to clade B1 (around 500.000 years) which is in concordance with a hypothesised
'secondary' ramification of clade B accounting for the diversification of two taxa in East

Europe/Asia.

Non-monophyly of sections Dissitiflori and Erioceras

Both species of sect. Erioceras, initially selected as outgroups, are nested in sect. Dissitiflori
making the latter non-monophyletic. Astragalus subarcuatus is deeply nested within clade A and
was resolved with high statistical certainty (MP BS=94%, Bl PP=1.00, ML BS=98%) as sister to A.
temirensis, whereas A. reduncus is among the earliest deriving species of plastid phylogenies but
branching after Dissitiflori taxa (e.g. A. argyroides and A. balkaricus) on the basis of the maximum
likelihood phylogram. In order to acquire monophyly for sect. Dissitiflori, both taxa should be
transferred into this section. In fact, more thorough investigations are needed on the delimitation
of these sections prior to their redefinition. More taxa should be included from section Dissitiflori
from its center of diversification and sect. Erioceras should also be more comprehensively
sampled.

In case of an eventual redefinition of sect. Dissitiflori, consideration should be taken on
different alternatives leading to a more broadly vs. more narrowly defined section. A more
broadly treatment would imply the inclusion of Erioceras taxa, whereas splitting of the currently
recognised section into sections/subsections would imply taxonomic assignation e.g. to the very
compact clade B. Following monophyly, 'morphological diagnosability is an important subsidiary
criterion for the classification of groups' (Chatrou et al., 2012), thus until a morphological
character or a combination of characters supporting this clade is not identified, any attempts for
assigning a taxonomic rank to clade B seems meaningless. On the other hand, taxonomic
decisions should not be based exclusively on plastid DNA phylogenies. Creating a backbone
phylogeny based on at least one low-copy nuclear marker it is highly recommended.

Mapping different states of a set of morphological characters on clade B do not resulted in
the recognition of at least one constant character which could potentially serve as a
synapomorphy for this clade when comparing its members e.g. with taxa of clade A. As a next
step, such additional (qualitative) morpho-anatomical characters should be screened which are
thought to be not influenced by environmental factors. Pollen micromorphology meets this

criterion and therefore it would be worth surveying in taxa of clade A vs. clade B.
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Fig. 17. Photos of leaflets of selected taxa of sect. Erioceras (1 - A. reduncus; 2 - A. subarcuatus) and sect.
Dissitiflori (3 - A. temirensis; 4 - A. pseudoglaucus; 5 - A. vesicarius; and A. peterfii) highlighting the
difference in the pubescence of vegetative characters between the two sections.

Reticulate speciation and incomplete concerted evolution of nrITS in
Astragalus section Dissitiflori

Although some major contributions to the phylogeny of Astragalus and its sister genus
Oxytropis are based partially or totally on nrITS (Wojciechowski et al., 1999; Jorgensen et al.,
2003; Kazempour Osaloo et al.,, 2003, 2005; Wojciechowski, 2005; Kazemi et al., 2009;
Archambault and Stromvik, 2012), these studies do not report the cloning of this marker. Thus,
the present study can be considered to be the first work reporting serious paralogy of nriTS in a
group of Astragalus by utilising deep-cloning. Scherson et al. (Scherson et al., 2005) screened
novel nuclear loci for reconstructing phylogenies at low taxonomic levels in New World
Astragalus. They confirmed by cloning the presence of different copies of two nuclear loci (ARG10

and FENR) and SNPs in the nuclear locus tRALS in some taxa of New World Astragalus. This
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pattern, however, was interpreted as consequence of duplication events, and presence of alleles
at the given loci without phylogenetic significance. Therefore, my interpretation for the presence
of paralogy in the nrITS in Astragalus is the first taking reticulation as the possible source of
paralogy into consideration. Moreover, the reticulate structure of nrITS in the polyploid A.
pallescens (2n=32 (Philippov et al., 2008)), A. peterfii (2n=64 (Ledingham and Rever, 1963)) and A.
pseudoglaucus (2n=64 (Pavlova and Kozhuharov (1993), under A. glaucus)) is suggestive for their
allopolyploid origin, thus allopolyploidy in Astragalus is the first time hypothesised here based on
molecular data.

The reticulate structure of the nrITS data set strongly suggests that evolutionary processes
different from dichotomous splitting of lineages (e.g. merging) took place in section Dissitiflori.
The parallel persistence of the dominant ribotype groups A and B in a single genome suggests a
retarded concerted evolution (Campbell et al., 1997) of nrITS. The A and B copies might persist in
the putative parental progenitors or in their descendants forming a unique ribotype group (a
single group per species, according to the present concept). Retardation or incompletion of
concerted evolution has long been known in other plant groups (both within diploids and
polyploids). Classical examples for incomplete concerted evolution with respect to the nuclear
ribosomal DNA includes Amelanchier (Campbell et al., 1997), Arabidopsis suecica (O'Kane et al.,
1996), Brassica napus (Bennett and Smith, 1991), Paeonia (Sang et al., 1995) but new examples
are continuously being discovered and it seems that incomplete homogenization of nrITS is the
rule rather than the exception (Liu et al., 2006). Factors such as the presence of different nrITS
arrays at different chromosomes (e.g. due to allopolyploidy), asexual reproduction, and perennial
habit (Sang et al., 1995; Campbell et al., 1997) may promote the maintenance of nrITS
polymorphism (i.e. mitigation of unequal crossing over and gene conversion to complete

concerted evolution (Hillis et al., 1991)).

Origin and relationships of A. peterfii

My results suggest an allopolyploid origin of Astragalus peterfii due to the presence of four
distinct nrITS ribotype groups in the genome of this octoploid species which is hardly compatible
with an exclusive autopolyploid origin. As for the molecular phylogenetic relationships, the plastid
phylogeny placed A. peterfii with A. pallescens and A. tarchankuticus. Out of these two species,
however, only A. pallescens shares the dominant nrITS ribotype groups (type A and B) with A.
peterfii, and moreover, in a seemingly similar ratio. Multiple Discriminant Analysis of 14
quantitative morphological characters from field-collected plants, however, revealed a substantial
morphological overlap between A. peterfii and A. pallescens, and a complete distinctness

between A. peterfii vs. A. pseudoglaucus, and A. peterfii vs. A. tarchankuticus. Considering the

25



above three types of information, it can be concluded that out of the studied taxon-set A.
pallescens is the closest relative of A. peterfii. Creating a more powerfull hypothesis for the
phylogenetic relationships of A. peterfii might require the use of low-copy nuclear genes, which

are at least less susceptible to concerted evolution (Zimmer et al., 1980; Hillis et al., 1991).

Taxonomic implications to selected taxa of sect. Dissitiflori

The distribution of specific ribotype-groups within the species, in connection with the
plastid phylogeny and multivariate morphometric data, allows drawing some conclusions on the
taxonomy of those species for which taxonomic uncertainties have been highlighted in the
Introduction chapter. For instance, all nrITS sequences of A. vesicarius belong to ribotype group E,
nriTS sequences of A. pseudoglaucus and A. pallescens are found mostly within groups A and B,
but the latter two taxa differ in their placement on the plastid phylogeny and are segregated by
multivariate morphometric analysis.

The synonymisation of A. peterfii under A. vesicarius subsp. pastellianus is supported
neither with plastid, nor with nrITS sequence data. This, however, does not refute the fact that A.
vesicarius might have contributed to the formation of my species of interest since ribotype group
E (in a small portion) was recovered also from A. peterfii.

The situation is somehow similar in the case of A. pseudoglaucus and A. tarchankuticus. A.
pseudoglaucus was synonymised with A. vesicarius by Ciocarlan and Sarbu (2001) and Podlech
(2011). In my opinion, the submerge of A. pseudoglaucus into A. vesicarius is misleading and is
refuted by nrITS sequence data, though A. vesicarius might be involved in the formation of the
species as plastid DNA donor. The striking difference between A. pseudolaucus and A. vesicarius
concerning their nrITS structure and phylogenetic position is counterbalanced by their overlap in
morphology which argues for cryptic genetic diversity in this taxonomic group.

The taxonomic independence of A. tarchankuticus is also supported with respect to A.
albicualis with which it has been synonymised (Podlech, 2011). Both A. tarchankuticus accessions
each have one nrITS clone sequence in ribotype group E and have most of their nrITS sequences
in group G. Contrary to this, nrITS sequences of the two A. tarchankuticus samples are clustered
mostly in groups A and D in a similar ratio.

Several factors could have led to the uncertain taxonomy of these species. Among the
already revealed reticulation, parallelism in morphology might have also hampered the
identification of hidden taxonomic richness in this group.

Another consequence of ribotype group differentiation is the molecular confirmation of a

species complex within section Dissitiflori, formed by A. pallescens, A. peterfii, A. pseudoglaucus,
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and A. tarchankuticus. All of these species have the ribotype group A as a presumed ‘core’ of their

nriTS array and are known polyploids with the exception of A. tarchankuticus.

Phylogenetic utility of the combined use of ycfl, ndhF-rpl32 and
rpl32-trnL regions in Astragalus phylogenetics

In the present study the plastid regions ycfl, ndhF-rp/32 and rp/32-trnL have been used in
Astragalus phylogenetics for the first time. The primary goal in utilising these markers was to infer
relationships at exclusively low taxonomic levels (i.e. at the intrasectional level). Therefore, their
variability is hardly comparable with the already used plastid markers utilised at higher taxonomic
levels (e.g. at generic or inter-sectional levels) in Astragalus phylogenetics: trnL intron
(Wojciechowski et al., 1999), ndhF gene (Kazempour Osaloo et al., 2003), trnL-F region (Kazemi et
al., 2009). The recent comparison of Dong et al. (2012) involving 23 plastid regions (among
others, ycfl and rp/32-trnL, but omitting ndhF-rp/32) found ycfl the most variable followed by
trnK and rpl32-trnL, thus confirming the perspectives of these regions in plant phylogenetic
inference.

In spite of the fact that ycfl+ndhF-rpi32+rp/32-trnL could not discriminate well diverged
species like A. tarchankuticus from A. peterfii, it was sufficiently variable to delimitate several well
supported clades within section Dissitiflori (see Results chapter) and even within the recognised
species complex. In my opinion, the three plastid regions used here might have potential for

further phylogenetic studies in Astragalus, e.g. for sectional delimitations.
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General conclusions

e A combined phylogenetic analysis with three plastid regions sampled in the European
taxa of the genus Astragalus sect. Dissitiflori provided sufficient resolution to draw

definite conclusions on the group's diversification.

e The main feature characterising the group's plastid phylogeny is a deep evolutionary split
leading to two main geographically structured clades: the 'eastern' clade encompasses
species mainly of East European and Asian distribution; and the 'south-western' clade
comprises species mainly from the Mediterranean (incl. Asia Minor), Central and West
Europe and the Caucasus. The 'south-western' clade has a younger ramification which
reflects the surprising close relationship between two taxa, both with contrasting East

European and Asian distribution.

Incongruence between the plastid phylogeny and the phylogenetic position of A.
vesicarius s.I. on the nrITS phylogenetic tree strongly suggests that the 'eastern' and

'south-western' clades interacted as a result of past hybridisation.

Section Dissitiflori is not monophyletic in its current definition because the two taxa

included from sect. Erioceras are nested within it.

The strongly reticulate structure of nrITS in a group of mostly polyploid taxa of
controversial nomenclatural history (A. peterfii, A. pallescens, A. pseudoglaucus, A.
tarchankuticus) argue for their allopolyploid origin. Reticulate structure of nrITS has been
firstly revealed for the genus in the framework of this PhD thesis, and paralogy of a
nuclear marker in Astragalus was explained with past hybridisation (i.e. reticulate

speciation) for the first time here.

Ribotype group differentiation, in combination with the plastid phylogeny and
multivariate morphometric data, proved to be a useful tool in suggesting the taxonomic

independence of several species of taxonomic instability in Astragalus sect. Dissitiflori.
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