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Abstrakt: Rod ostruzinik (Rubus), zejména jeho nejbohatsi podrod (subgenus Rubus),
predstavuje v Evropé a na Jiznim Kavkazu jednu z taxonomicky nejkomplikovangjsSich
skupin rostlin. Jen v Evropé je uznavano vice nez 750 druhl ostruzinikd, z nichz
naprosta vétsina je polyploidnich s rdiznou mirou asexualniho rozmnoZovani pomoci
semen (apomixe, agamospermie). Pouze malo druhd je diploidnich, a tedy striktné
sexudlnich. OstruZinikova flora Jizniho Kavkazu je prozkoumana jen velmi sporadicky,
ackoliv nepochybné predstavuje jedno z evolucénich center podrodu Rubus. PfedloZena
prace se zabyva tfemi dil¢imi tématy: 1.) fylogeneze evropskych ostruzinikl s dlirazem
na nalezeni vztah( a vazeb mezi diploidnimi a polyploidnimi taxony; 2.) fylogeografie
diploidniho okruhu R. ulmifolius/sanctus agg. a jeji vztah kevoluci polyploidniho
komplexu série Discolores; 3.) cytotypova, reprodukéni a haplotypova diverzita
kolchidskych ostruzinikd.

Préace ukazuje, Ze cely polyploidni komplex i pfes svou bohatost a rozmanitost vznikl
z genofondll pouhych 7 ancestralnich diploidnich druhl nebo druhovych okruh,
z nichz tfi jsou pravdépodobné vyhynulé. Naopak nékteré diploidni druhy jizni Evropy
a Makaronézie se na evoluci polyploid( zfejmé nepodilely. Jeden z predkl, R.
ulmifolius/sanctus agg., prodélal béhem posledniho glacialu redukci svého rozsifeni a
efekt hrdla lahve ve vychodnich ¢astech arealu. To vedlo ke sniZeni genetické diverzity
a snad i ke snizeni kompeti¢ni schopnosti, coz mohlo usnadnit expanzivni Sifeni nové
vzniklych polyploidnich apomiktd v severozapadni Evropé a na Jiznim Kavkazu. Déle
se ukazalo, Ze tito apomikti nezfidka kombinuji preglacialnich genetickou divezitu
diploidnich predki s genofondem recentnich sexuall ze svého regionu. Ackoliv vétsina
recentnich apomiktl vznikla az v prdbéhu holocénu, agamicky komplex jako celek je
mnohem starsi, sahajici pfinejmensim do predchoziho interglacidlu. Apomixe by tedy
neméla byt vnimana jako slepa ulicka evoluce, ale jako zplsob uchovani a Sitfeni
genetické diverzity v prostoru a cCase. Kromé vyhod samotné apomixe a
(allo)polyploidie tak soucasni apomikti mohou téZit jak z genetické diverzity svych
vyhynulych (nebo geneticky znacné pozménénych) predkd, tak i z lokalné
adaptovanych genovych komplexd recentnich diploidd.

Jedna z kapitol prace podava prvni vhled do evoluce ostruzinikd zapadniho Kavkazu —
Kolchidy. Ukazuje, Ze v Kolchidé dominuji tetraploidni linie, které jsou bud’ striktné
sexudlni (morphoser. Glandulosi a Radula), nebo apomiktické s minimalni rezidualni
sexualitou (morphoser. Discolores a Micantes). Variabilita v plastidové DNA odhalila
izolovanost kolchidskych ostruzinik(l od recentni evropské batoflory a omezenou Ucast
recentnich diploidl na evoluci polyploidniho komplexu.
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Abstract: Genus Rubus, especially its richest subgenus — Rubus, is one of the
taxonomically most complicated plant groups in Europe and the Southern Caucasus. In
Europe, more than 750 species are recognised, most of which are polyploids with varied
degree of asexual reproduction via seeds (apomixis, agamospermy). Only few species
are diploid and thus strictly sexual. The Caucasian bramble flora is only poorly
explored, although it undoubtedly represents one of the evolutionary centres of the
subgenus. The thesis covers three topics: 1. Phylogenesis of European brambles with
special focus on relationships among diploid and polyploid taxa; 2. Phylogeography of
diploid R. ulmifolius/sanctus agg. and its relation to the evolution of polyploids from
series Discolores; 3. cytotype, haplotype and reproduction diversity of Colchic
brambles.

The study shows that the rich and diverse polyploid complex originated from only seven
diploid species or species aggregates, of which three are probably extinct today. On
contrary, some South European and Macaronesian diploids did not contribute to the
evolution of polyploids. One of the diploid ancestors, R. ulmifolius/sancus agg.,
experienced a reduction in its distribution and significant bottlenecks in eastern parts of
its distribution area. This led to the decrease in the genetic diversity and subsequently
possibly to lower competition abilities which may have enabled an expansion of newly
arisen polyploids in Northwest Europe and the Southern Caucasus. It is further shown
that apomicts combine pre-glacial gene-pools of the diploid ancestors and genetic
diversity of recent sexuals from their region. Although most of the recent apomicts were
formed in the Holocene, the whole agamic complex is much older, its history stretching
at least to the last interglacial period. Therefore, apomixis should not be seen as an
evolutionary dead end, but as a way of preservation and spread of genetic diversity in
space and time. In addition to the advantages of asexuality and (allo)polyploidy,
apomicts can use both genetic diversity of their extinct (or markedly changed) ancestors
and the locally adapted gene complexes of contemporary diploids.

One of the chapters provide the first insight into evolution of west Caucasian brambles.
It shows that tetraploid accessions are prevalent and exhibit either strict sexuality
(morphoser. Glandulosi and Radula), or apomixis with rare residual sexuality
(morphoser. Discolores and Micantes). Plastid DNA variation revealed isolation of
Colchic and European brambles and limited involvement of contemporary diploids on
evolution of the polyploid complex.
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CHAPTER 1: Introduction and aims of the thesis



Asexuality and its role in plant evolution

Sex has been drawing attention of evolutionary biologists for centuries and it is
considered a driving force of evolution of life (Flerg 2005). Numerous apparent
disadvantages (e.g. disruption of advantageous genotypes, risk of Allee effect) and high
costs of sexual reproduction (cost of males, cost of meiosis, production of specialized
reproduction structures and mechanisms; Williams 1971) made it almost unbelievable
that such system could evolve and spread via Darwinian evolution. Though, its ubiquity
in nearly all lineages of Eukarya testifies the long-term importance of sex. Two main
groups of hypotheses explaining the evolution of sex are often mentioned. The first
group suppose that sex enhance population evolutionary potential — the sexual
population is able to generate recombinant types that can make it better able to keep up
with changes of the environment. The second group of hypotheses supposes benefits of
sex on the level of individuals, especially via elimination or reparation of deleterious
mutations (Crow 1994). Sex also maintains diploid genome constitution which brings
many other advantages, e.g. enhanced evolution of new genes, and preservation of
intrapopulation and intraspecific polymorphism (Flegr 2005). Reversion to asexuality
thus used to be considered a blind alley of evolution (Darlington 1939).

Asexual reproduction in plants is often referred to as apomixis which may include both
asexual reproduction by seeds (i.e. agamospermy) and vegetative propagation.
Apomixis is nevertheless usually understood as a synonym to agamospermy in
contemporary literature. In this narrow sense, it can be divided to sporophytic and
gametophytic apomixis. Both types share the same basic characteristic that embryo
inherits the whole genome from the mother plant without participation of male gamete,
its origin is nevertheless different. In sporophytic apomicts, embryo is derived directly
from somatic cells of the nucellus or the ovule integument. Such embryo is dependent
on fertilization of sexually derived megagametophyte because both sexual and asexual
embryos share the endosperm. Sporophytic apomixis thus leads to polyembryony and is
often known as adventitious embryony (Hand and Koltunow 2014).

On the other hand, pathways of gametophytic apomixis include development of
mitotically formed megagametophyte (or incorrectly, embryo sac). This can be derived
either from the megaspore mother cell (MMC) or a cell with apomictic potential
occupying its position (diplospory), or from a somatic cell of the ovule adjacent to the
MMC (apospory; Hand and Koltunow 2014; Bicknell and Koltunow 2004). In
aposporous apomicts, sexually derived and aposporous embryos can coexist within one
ovule. The unreduced apomictic egg cell usually develops into embryo without
fertilization; if fertilization occurs, it leads to higher ploidy level in (hybrid) offspring.
The central nucleus of the unreduced megagametophyte can develop into endosperm
either spontaneously in some plant groups (autonomous type), or usually requires
fertilization by a sperm cell for successful endosperm development (pseudogamy).
Thus, since successful seed development usually cannot proceed without viable
endosperm, pseudogamous apomicts are dependent on pollination (Asker and Jerling
1992; Bicknell and Koltunow 2004; Hand and Koltunow 2014). A very special type of
apomixis is male apomixis which involves replacement of the genetic material of the
egg cell by that from the pollen. So far, it has been observed only in the Mediterranean
cypress tree Cupressus dupreziana Camus (Pichot et al. 2001).



Gametophytic apomixis has many consequences on different levels. On the level of
individual/genotype, it enables an effective spread in both space (effective seed
dispersal, e.g. by wind or birds, and better colonization ability due to no need for sexual
counterpart; Horandl 2006) and time (recombination is suppressed and does not disrupt
the genotype which can be preserved for long time periods in many geographically
distant ramets). On the other hand, genetic variation within a genet can be generated
mainly via mutations (which are moreover mostly deleterious), chromosome
rearrangements (Richards 1996) or recombination during restitutional meiosis (van
Baarlen et al. 2000). On the population level, apomixis can decrease genotypic (and
possibly also allelic) diversity which leads to lower adaptability and poorer ability to
respond to environmental changes. Though, empirical studies provide quite the opposite
evidence. First, only few plant taxa are strict asexuals and many apomicts retain some
degree of residual sexuality (Asker and Jerling 1992; Gustafsson 1947). Especially in
sympatric populations of apomicts and related sexuals, many novel apomictic genotypes
can be generated via hybridizations (Horandl and Paun 2007). Second, gametophytic
apomixis is almost consistently associated with polyploidy and hybridity, both of which
increase heterozygosity (both observed and expected) on the individual and population
levels. Consequently, populations of apomicts can exhibit as high genotypic diversity as
strictly sexual populations and even higher allelic diversity (Hérandl and Paun 2007;
van der Hulst et al. 2000). On the levels of species and genera, apomixis forms a certain
reproductive isolating barrier between genotypes. Each apomictic genotype can thus be
considered as a separated evolutionary unit (agamospecies) and the whole population of
such genotypes as an agamic species complex.

Systematics of apomictic complexes

Due to high degree of residual sexuality and a great genotypic diversity, apomictic
plants are notoriously known as a nightmare for taxonomists as well as field botanists.
Since no biological species sensu Mayr (1942) can be delimited in asexual plants by
definition, several species concepts were applied in different genera. None of them is
nevertheless universally appropriate and useful in every apomictic complex. In some
taxa, apomictic genotypes are grouped together with sexual progenitors into one
complex which is treated as a single species. This is the case of grasses (Poaceae) where
continuous morphological variation and potential interfertility among all members of
the complex are observed (Kellogg 1990).

In most apomictic genera, two or more types of species are considered. Strictly sexual
(diploid or polyploid) groups are treated as true biological species, whereas apomicts
are classified as microspecies/agamospecies which can be grouped in macrospecies,
aggregate species, circle species or other informal groups. Every formal species (i.e.
microspecies) is usually formed by either a few closely related, sexually derived
genotypes (e.g. some Taraxacum Wigg. microspecies; Majesky et al. 2012; 2015), or by
a single genotype which accumulates only mutational intra-clonal variation without
sexual recombination, as is the case of Rubus L. (Kraft and Nybom 1995; Nybom 1998;
Sarhanova 2014), Sorbus L. (Lepsi et al. 2008), according to recent taxonomical
concept probably also Boechera A. Léve & D. Léve (Windham and Al-Shehbaz 2007)
and others. Unfortunately, this means that a species could be formed very rapidly by a
single hybridization event, as well as it could go extinct easily by the death of the only
ramet representing it. The resulting number of species and their instability would make
the taxonomy of many genera very complicated and even unusable.



Pragmatic approaches to classification of such complexes thus add other criteria for
description of a species, such as geographic distribution, ecological function and
production of homogeneous offspring (e.g. LepsSi et al. 2008). For instance, in
systematics of brambles (batology), the so-called Weberian concept (Weber 1996)
assumes that only widely or regionally distributed biotypes (i.e. apomictically stabilized
hybrids with distribution areas larger than 50 km in diameter) should be considered a
species. Local and individual biotypes should also be studied and may be given
provisional names, but these should not be validated as species. This implies that not all
individual shrubs can be classified in the species rank, but they usually can be assigned
to higher taxa, such as series or sections. Omitting local stabilized apomicts is
sometimes criticized as pseudoscientific and hampering the full view on diversity in the
genus. Modifications to the Weberian concept thus emerge and advocate describing also
local biotypes (Haveman and de Ronde 2013; Ryde 2011). This criticism is partly
justified, of course, but considering the practical aspects and sustainability of taxonomy,
such alternative tendencies are not much followed.

Geographic patterns in agamic complexes

Apparent geographic trends in distributions of asexual biotypes and their sexual
relatives have been observed in many plant and animal taxa. First, apomicts are reported
to exhibit larger distribution ranges than sexuals, although many exceptions exist
(Bierzychudek 1985; Hoérandl 2006) and, moreover, the interpretation is often
dependent on the groups being compared (microspecies or whole agamic complex, all
sexual progenitors or separate species) and is greatly affected by the taxonomical
concept. For example, in relatively well explored European dandelions (Taraxacum),
the complex of apomictic triploids occupies big part of Europe, whereas diploid taxa do
not exceed the northern limit in Northern France, Western Germany and the Czech
Republic (van Dijk 2003). Nevertheless, separate agamospecies exhibit various ranges
from very small ones to those several thousand kilometers large (Kirschner et al. 2016;
Travnicek et al. 2010) which may be dependent mainly on the age of the genotype and
its spreading ability (B. TravniCek, pers. communication). Similarly, in the complex of
Hieracium alpinum L., diploid cytotypes are restricted to the Eastern and Southern
Carpathians, whereas triploid apomicts cover the rest of the range, including the Alps,
Ural and Scandinavia (Mraz et al. 2009). On contrary, most agamospecies of European
brambles exhibit smaller ranges than most sexual species (excluding Macaronesian
endemics) and even all apomictic microspecies taken together have narrower range than
the most widespread sexual diploid R. ulmifolius-R. sanctus agg. occurring from
Macaronesia to Afghanistan and from Morocco to Northern Great Britain, or than
sexual tetraploid R. caesius L. occupying most of Europe and big part of Asia (Kurtto et
al. 2010).

Apomicts often tend to occupy higher altitudes and latitudes than their sexual relatives.
Such a trend is well documented for many taxa (Asker and Jerling 1992), although for
most of them, the patterns seem better correlated by the Pleistocene glaciations rather
than altitude and latitude per se. This can be seen on the above-mentioned example of
H. alpinum (Mraz et al. 2009), as well as in North-American Crataegus L. (Loo et al.
2012) or Townsendia hookeri Beaman which survived as a diploid cytotype in two
distant glacial refugia and the newly arisen apomictic polyploids spread to the
surrounding deglaciated areas (Thompson et Whitton 2006). Also in taxonomically rich
Taraxacum and Rubus the patterns are conspicuous, as both of which are represented in



previously glaciated regions mainly by apomictic lineages, whereas sexuals (at least the
diploid ones) usually do not cross the line of glaciation or are rare behind it (van Dijk
2003; Kurtto et al. 2010).

Different geographic distributions of sexuals and apomicts are usually termed
geographic parthenogenesis and causes of this phenomenon may be manifold.
Bierzychudek (1985) suggested that success of apomicts in some areas may be caused
mainly by (allo)polyploidy which could be advantageous in severe and/or unstable
environments. Polyploids can profit from duplicated gene copies which can gain new or
slightly varied functions (neofunctionalization or subfunctionalization). This allows for
ecological niche expansion and increased flexibility in responsiveness to environmental
change (Maldung et al. 2013). Polyploidy also prevents mutational meltdown of small
populations by masking deleterious recessive mutations. Polyploid populations
furthermore exhibit slower genetic drift due to increased effective population size
compared to diploid populations of the same absolute size (Moody et al. 1993, Parisod
et al. 2010). Nevertheless, probably the greatest advantage of polyploidy is fixed
heterozygosity (Brochmann et al. 2004). Elevated heterozygosity is typical for all
polyploids by definition due to presence of multiple gene copies. It is nevertheless
maintained mainly in allopolyploids which integrate two or more copies of the same
gene originating from two different taxa (or distant populations) and, at the same time,
often exhibit disomic pairing which disrupts free segregation (Stift et al. 2008). Fixation
of heterozygosity is further enhanced by apomixis which also prevents segregation. This
can have several ecological effects. First, polyploids may be more vigorous than either
of their diploid progenitors (heterosis) and this vigour is not significantly reduced in
subsequent generations which is typical for sexuals with free segregation (Johansen-
Morris and Latta 2006). Second, fixed heterozygosity protects against inbreeding
depression and genetic drift (Brochmann et al. 2004; Moody et al. 1993). These
advantages, together with the greater potential adaptability, plasticity, and spreading
abilities, likely make apomictic polyploids successful colonizers of new habitats,
especially under low competition pressure, e.g. after deglaciation or human-mediated
changes in the landscape.

Geographic parthenogenesis was nevertheless observed also on a single ploidy level in
Rubus ser. Glandulosi (Sarhanova et al. 2012) indicating that the phenomenon may not
be caused by differences among ploidies only. Series Glandulosi is a complex taxon
containing around thirty-five accepted apomictic, mostly tetraploid microspecies and
sexual populations with uncertain species status (usually assigned to artificially defined
R. hirtus agg., Kurtto et al. 2010). Although the series has a large distribution area in
Eastern, Southern and wider Central Europe and the Southern Caucasus, agamospecies
could be delimited only in its northern and northwestern parts (Kurtto et al. 2010). The
flow-cytometric seed screen performed so far confirmed this pattern as apomictically
derived seeds were detected only in the Sumava Mts (South Bohemia; Sarhanova et al.
2012) and North Bohemia (both in the West Czech Republic; unpublished data),
whereas strictly sexual populations were observed in the Western Carpathians
(Sarhanové et al. 2012), Central Moravia (the East Czech Republic; unpublished data)
and Colchis (see chapter 4). Sarhanova (2014) did not detect any genetic differentiation
between the Carpathian and Bohemian populations based on nine SSR loci and
suggested that differential hybrid origin and genome composition likely did not play a
role in geographical parthenogenesis in this case. The Bohemian populations
nevertheless exhibited elevated observed heterozygosity which was quite unexpected on
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the margin of the taxon distribution. Apomixis was thus hypothesized as a factor
buffering against small-population phenomena such as drift or inbreeding that decrease
heterozygosity and often have deleterious effects on populations.

Alternatively, other ploidy-independent hypotheses may also apply, such as the “Red
Queen” hypothesis, postulating that apomicts are not able to face a pressure of
predators, pests and pathogens in lower altitudes or latitudes due to their decreased
evolutionary flexibility (Verhoeven & Biere 2013). Alternatively, apomixis may be a
way how to reduce gene flow from central to marginal subpopulations which prevents a
fixation of local adaptations (Haag and Ebert 2004; Vrijenhoek & Parker 2009). It is
also an effective solution to problems with finding a sexual counterpart under low
population densities and/or in small populations (Tomlinson 1966). Subsequently,
uniparental reproduction may lead to better colonization ability which form an
important part of the apomicts’ r-strategy (Grime 1977), being particularly
advantageous for colonization of newly deglaciated areas or disturbed habitats in some,
but not all agamic complexes (Hérandl 2006).

Eurasian blackberries as a model system

As noted several times above, brambles serve as one of good model systems for studies
on apomixis-related phenomena, from genetics of apomixis to geographical
parthenogenesis and systematics. Genus Rubus with its twelve (mostly polyphyletic or
paraphyletic) subgenera occurs on all continents (except Antarctica) and is of great
economical and ecological importance as a fruit crop, invasive weed and significant
component of many plant communities (Alice and Campbell 1999). Total number of
species is difficult to estimate because the latest comprehensive revision of the genus is
more than a century old (Focke 1910-1914). Excluding the richest subgenus Rubus,
there are approximately 335 species (Thompson 1997). For subgenus Rubus in eastern
North America, Davis (1990) claimed 198 species, around 750 species have been
reported for Europe (Kurtto et al. 2010) and many others can be found in western North
America and the Caucasus (Focke 1910-1914). The total number of currently accepted
species in the genus may therefore be estimated at more than 1,300. It is nevertheless
highly dependent on the species concept and data availability from species rich regions,
such as North America and the Caucasus (subgenus Rubus) and East and Southeast Asia
(subgenera ldaeobatus and Malachobatus; Focke 1910-1914). In Europe, brambles
have attracted a lot of attention, although they are represented by only one subgenus that
contains more than three native species — subgenus Rubus. The long-term development
of species concept resulted in acceptance of hundreds of names and refusal of other
hundreds. For practical reasons, the subgenus is divided into three sections, four
subsections and approximately 22 series in Europe (only native taxa; Kurtto et al. 2010)
reflecting morphological and often also ecological similarities.

Apomixis and its evolutionary consequences have been studied predominantly in
subgenus Rubus, although it was found also in subgenus Malachobatus (Amsellem et
al. 2001), subgenus Idaeobatus (Pratt et al. 1958), and apomeiotic initials were detected
in subgenera Cylactis and Chamaemorus (Czapik 1983). Reproduction in brambles is
highly variable. While diploid taxa are strictly sexual, triploid accessions exhibit
disrupted meiosis and seem therefore strictly apomictic (Sarhanova et al. 2012). The
same may be expected for pentaploids. Tetraploids, which are most common in Europe
(Krahulcova et al. 2013) and particularly in Great Britain (the author’s unpublished
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data), are mostly facultative apomicts with varied degree of sexuality. Both sexually and
apomictically derived seeds can be formed in a single individual or even in a single
flower (Sarhanova et al. 2012; the author’s unpublished data). Apomixis in brambles is
pseudogamous apospory or diplospory and its components (apomeiosis and
parthenogenesis) are mutually independent. This occasionally leads to a formation of
functionally haploid embryo (parthenogenetic development after meiotic reduction) or
embryo with higher ploidy than that of the mother plant (fertilization of unreduced egg
cell; Sarhanova et al. 2012). Moreover, apomixis in brambles is affected by external
factors such as temperature and drought (Sarhanova et al. 2012; and the author’s
unpublished data).

Aims of the thesis

Both morphological observations and artificial crossing experiments led to conclusions
that hybridization plays a major role in Rubus evolution and probably led to formation
of many agamospecies, as well as whole series. Though, solid evidence for hybrid
origin of any particular natural taxon is scarce. Neither phylogenesis nor evolutionary
relationships in subgenus Rubus have been studied yet. Patterns of geographic
parthenogenesis have been being uncovered only recently (Sarhanova et al. 2012;
Sarhanova 2014) and there are still more questions than answers in this field. Similarly,
our knowledge on the evolution and diversity of the subgenus in non-European (as well
as some European) regions has not improved significantly in the last decades.

Therefore, this thesis aims to contribute to our understanding of evolution of apomictic
complexes on wider geographical scale and uncover relationships and evolutionary
mechanisms among different groups of European and Caucasian brambles. The thesis
consists of the following parts:

CHAPTER 2: How just a few makes a lot: Speciation via reticulation and
apomixis on example of European brambles (Rubus subgen. Rubus,
Rosaceae)

This chapter uncovers general evolutionary patterns in the European bramble
flora, evaluates the roles of hybridization and apomixis and also the roles of the
sexual ancestors. Furthermore, it uncovers a spatio-temporal frame of European
Rubus evolution for the first time.

CHAPTER 3: Origin of apomicts as a result of the sexual’s phylogeography: a
model case of European and Caucasian brambles (Rubus, Rosaceae)

This chapter concentrates on one of the diploid sexual ancestors — R. ulmifolius
agg., and its polyploid descendants. By comparison of the diploid’s
phylogeography and the polyploids’ distribution patterns, origin and expansion of
apomicts are implied.

CHAPTER 4: Melting pot of biodiversity: first insights into the evolutionary
patterns of the Colchic bramble flora (Rubus subgenus Rubus)

This part describes patterns of cytological, reproductive and molecular diversity in
brambles of the Western Caucasus — one of the evolutionary hotspots of the
subgenus.
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Abstract

New species are generated by many means, among which hybridization plays an
important role. Interspecific hybrids can form isolated evolutionary units, especially
when mechanisms increasing viability and fertility, like polyploidy and apomixis, are
involved. A good model system to study reticulate evolution in plants is Rubus subgen.
Rubus (brambles, blackberries), which only in Europe includes 748 accepted species,
out of which only four are sexual diploids and all others are polyploid apomicts. We
employed two molecular markers (ITS and cpDNA) to shed light on the evolutionary
history of European bramble flora and main processes generating such high species
diversity. We distinguished just six ancestral diploids (including two extinct ones) for
both markers, which gave rise to all European polyploid accessions, and revealed an
extreme reticulation in bramble evolution. We furthermore detected hybridogenous
origins and identified putative parents for several taxa (e.g. ser. Nessenses), while in
other groups (e.g. ser. Discolores) we could also infer the direction of hybridization. By
comparing different cp haplotypes having clear geographic patterns, we hypothesize
that the origin of European brambles can be attributed to both Holocene species range
expansion and Pleistocene climate fluctuations.

Introduction

Species-rich genera — i.e. large ones containing more than 500 species (Frodin 2004) —
represent up to one quarter of all flowering plant species (Monro 2006). Besides
taxonomic discussions, many factors are thought to underly such systematic patterns,
among them life form, mode of dispersal, key innovations, rate of neutral evolution, co-
evolution with pollinators and other various biotic and abiotic interactions leading to
rapid radiation, divergence and multiple speciation events (Eriksson and Bremer 1991;
Hodges and Arnold 1995; Rieseberg and Willis 2007). Hybridization has furthermore
played a major role in plant speciation, often in combination with polyploidy, as it
ensures rapid reproductive isolation between the hybrid and parental species, usually
within one or two generations (Rieseberg and Willis 2007). On the genome level, it
further enhances evolution through gene redundancy and potential subfunctionalization
of duplicated genes (Comai 2005). Moreover, polyploidization, either via somatic
doubling, fusion of unreduced gametes or through the so called triploid bridge, can
often lead to reduction of maladaptive changes in gene expression and restoration of
hybrid fertility through allopolyploidy-induced sequence elimination or changes in gene
expression ameliorated by genome duplication (Rieseberg and Willis 2007).
Nonetheless, meiotic aberrations and associated decreases in fertility, not to mention
complete sterility, represent significant obstacles to the establishment of a hybrid
lineage (Comai et al. 2003; Comai, 2005). One potential evolutionary solution to this
problem is asexual reproduction, either by vegetative means or through seeds (apomixis
or agamospermy; Asker and Jerling 1992).

Apomixis (and parthenogenesis in animals) is typically associated with both polyploidy
and hybridity, since many apomictic taxa are of allopolyploid origin (Bicknell and
Koltunow 2004), although it is unclear whether these traits represent cause or effect of
asexual reproduction. For example, the widespread occurrence of diploid apomixis in
Boechera A. Léve & D. Loéve, by definition implicates hybridization rather than
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polyploidy as the inducer of apomixis from sexual ancestors (Beck et al. 2012),
although analyses of genetic variation also demonstrate that diploid apomicts are not
always interspecific hybrids (Lovell et al. 2013). Apomixis has also been reported in
several autopolyploid taxa, e.g. Townsendia hookeri Beaman (Thompson and Whitton
2006), Paspalum L. (Hojsgaard et al. 2008) or Ranunculus kuepferi Greut. et Burd.
(Cosendai et al. 2011). Hence, depending on the species context, hybridization and
polyploidy may only indirectly be correlated with apomixis, for example by masking
deleterious mutations accumulated during the asexual life cycle.

The adaptive and evolutionary potential of asexuality has historically been
underestimated, resulting from the assumption that obligate apomicts are characterized
by low genetic variability (Hérandl and Paun 2007). In contrast, accumulating evidence
based upon genetic markers and population genetic methods support the opposite view.
As many apomicts are facultative, whereby low levels of sexuality are maintained,
backcrossing with sexual relatives is hypothesized to lead to multiple evolutionary
origins of apomictic lineages, with the concomitant generation of considerable clonal
diversity (van der Hulst et al. 2000; Paun et al. 2006). On the population level,
apomictic lineages often show higher levels of genetic variability (e.g. observed
heterozygosity) compared to their sexual relatives (Horandl and Paun 2007), a reflection
of their allopolyploid origin in addition to mutation accumulation (i.e. Muller’s ratchet;
Muller 1964), the latter of which generates new alleles which are subsequently
redistributed into new genotypes via occasional sexual outcrossing (Asker and Jerling
1992; Majesky et al. 2012, 2015). Beside fixed heterozygosity, potential hybrid vigor
and buffering of inbreeding depression, apomicts can take advantages from uniparental
reproduction, lowered cost of sex, maintaining adapted genotypes and at the same time
also from reproduction by seeds including dormancy, diaspore protection and better
dispersal ability compared to vegetative reproduction (Horandl 2006). All these factors
can lead to great ecological and evolutionary success of many apomictic plant genera.

The genus Rubus L. is a good example of such a successful taxon, being characterized
by twelve subgenera and a worldwide distribution (excluding Antarctica). It is
widespread across Europe (Kurtto et al. 2010), with some European species having
been introduced for fruit production into different parts of the world where they have
repeatedly become aggressive invaders (Caplan and Yeakley 2010; Clark et al. 2013).
The taxonomic classification of the enormous number of described species has been a
challenging task for generations of researchers. A recent taxonomic approach — referred
to as the Weberian concept (Weber 1996) — consider a species only if it is
morphologically stable over wider distribution area, and ignores local
morphotypes/biotypes of putatively hybrid origin. Although this approach reduced the
number of accepted species considerably, 763 Rubus species are still recognized in
Europe, of which 748 belong to the subgenus Rubus (brambles, blackberies; Kurtto et
al. 2010). Morphologically similar species are clustered into series, which are rather
artificial units with overlapping morphology. Further, out of the high number of known
species in Europe, only four sexual diploids (i.e. R. ulmifolius, R. canescens, R.
incanescens and R. sanctus) are known, and additionally four confirmed diploid sexuals
occur in neighbouring regions of the Transcaucasia (R. moschus) and Macaronesia (R.
bollei, R. palmensis and R. serrae; Gustafsson 1942; Matzke-Hajek 2001; Kurtto et al.
2010). It is likely that this extensive taxonomic complexity is the reason for the absence
of any reliable subgenus-wide phylogenetic analysis to date.
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The three above mentioned factors — apomixis, polyploidy and hybridization — are the
main contributors to such complexity, as the majority of European brambles are
tetraploid (with some triploid, pentaploid and hexaploid) pseudogamous apomictic
lineages (Krahulcova et al. 2013). Reproduction is highly variable, ranging from
obligate sexuality to obligate apomixis on the inter- and intraspecific levels, to the floral
level within a single individual or even ovules within a single flower (Pratt and Einset
1955; Gerlach 1965; Sarhanova et al. 2012). Apomixis itself can furthermore combine
both apospory and diplospory (Christen 1950; Pratt and Einset 1955), not to mention
that the reproductive mode can be influenced by external environmental factors
(Sarhanova et al. 2012). Especially in tetraploid taxa, the degree of residual sexuality
can be considerable, as seen on both seed and seedling levels (Jennings et al. 1967;
Nybom 1995; Kollmann et al. 2000). On the other hand, triploid and pentaploid
accessions show almost obligate apomixis (Sarhanova et al. 2012). Additionally,
fertilization of unreduced embryo sacs, leading to increased ploidy levels, or
spontaneous development of reduced embryo sacs giving rise to polyhaploid offspring,
are sometimes observed in flow-cytometric seed screen analyses of various taxa
(Sarhanova et al. 2012) as well as in offspring from artificial crossings (Crane and
Thomas 1949). The fusion of two reduced egg nuclei (i.e. automixis) has also been
found (Gerlach 1965; Antonius and Nybom 1995).

Batologists (specialists on brambles) have long been aware of hybridization as the main
driving force of Rubus evolution, as reflected in the overlapping morphology of the
various Rubus series. Many experimental crosses have shown frequent hybridization
even between distant taxa, as the fitness of F1 and subsequent hybrids are very high,
sometimes higher than that of their respective parents (Lidforss 1914; Jennings et al.
1967; Nybom 1988). These studies have also shown improved meiosis in artificial
hybrids (see also Bammi and Olmo 1966) resulting in higher pollen viability and seed
set, as well as in higher degree of sexuality. Early experiments with artificial hybrids
additionally revealed enormous morphological variability among hybrid progeny, much
of which often resembles distantly related natural taxa (Lidforss 1914; Rozanova 1934,
1938). Importantly, these works point out that a given cytologically and
morphologically defined polyploid accession can be formed not only multiple times
independently, but also in several ways from the same basal ancestors (Mavrodiev and
Soltis 2001). These experimental data have been confirmed for natural populations
using molecular markers in several lower-level taxa (Kraft et al. 1995; Alice et al. 2001;
Sarhanova 2014), although only morphological and cytological evidence has been
employed to study wide-scale evolutionary patterns of European brambles.

While much is understood regarding microevolutionary processes and morphological
differentiation in Rubus, the mechanisms of diversification, especially with regards to
which species were (or still are) involved in polyploid evolution in European Rubus,
remain unclear. In this study, we analyse chloroplast and nuclear DNA markers
(Internal transcribed spacer; ITS) in a broad sample covering all major series within the
Rubus subgen. Rubus to understand the evolutionary patterns and processes influencing
their evolution, and furthermore we attempt to identify parental species associated with
hybridization. While commonly used in phylogenetic studies, ITS is part of highly
repetitive tandem rDNA array whose evolution is complicated by processes such as
sequence homogenization, intergenic recombination and pseudogenization (Alvarez and
Wendel 2003). These may lead to distortion or even loss of phylogenetic signal in
hybrid complexes. On the contrary, it was documented that concerted evolution of ITS
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is suppressed in polyploid apomicts (genus Taraxacum, Asteraceae) preserving high
intraindividual variability (Zaveskd Drabkova et al. 2009). Thus we aimed to quantify
the intragenomic processes potentially affecting the usefulness of ITS for reconstruction
of evolutionary pathways in apomictic genera.

Materials and methods

Plant material

A total of 287 individuals from 145 species were sampled throughout Europe and
adjacent regions in order to cover the complete taxonomic complexity of the subgenus
Rubus, including all four known sexual diploids from Europe, two from Macaronesia
and one from Transcaucasia (Supplementary table 1). Moreover, 15 local hybrids of at
least partly known origin (17 samples), 14 undetermined putatively apomictic taxa (14
samples), one series of unclassifiable facultative apomicts (ser. Glandulosi; 17
samples), R. idaeus (subgen. Idaeobatus) and two outgroup species (R. odoratus and R.
cf. biflorus) were included. Taxonomy and nomenclature follow recent literature based
on the so-called Weberian taxonomic concept (Kurtto et al. 2010).

Molecular methods

DNA was extracted from silica gel-dried leaves, or in few cases from herbarium
specimens, following the CTAB (Cetyl Trimethyl Ammonium Bromide) protocol of
Doyle and Doyle (1987) with minor modifications. For chloroplast DNA variation, four
regions were tested; the trnH—psbA intergenic spacer (Newmaster and Ragupathy 2009)
and the psaA coding region (primers F: GGATGCCTGTGCCCATAAGAAATCGC, R:
GGATTTCTCATAGTTGGTGCTGCTGCG) revealed only low variability and were
not used. The other two non-coding regions were selected for the analysis: the matK
intron amplified with XFA and AST_R primers (Dunning and Savolainen 2010), and
the trnL-trnF intergenic spacer with e and f primers (Taberlet et al. 1991). One
universal primer pair, ITS1-1TS4, was used for amplification of the ITS1-5.8S rDNA-
ITS2 (internal transcribed spacer) nuclear locus (White et al. 1990). All PCR reactions
were performed in 15 pL reaction volume using Pfu DNA polymerase (Thermo
Scientific) according to manufacturer’s recomendations with 0.8 uM final concentration
of each primer, 20 ng of template DNA and 0.25 u DNA polymerase. Cycling
conditions were as follows: initial dentautation at 95 °C for 5 min., 37 cycles including
one-minute denaturation at 95 °C, 40sec. annealing step at 48 °C, 52 °C or 59.6 °C for
the matK, trnL-trnF and ITS, respectivelly, and extension step at 72 °C for 160 sec.,
followed by 10 min. final extension step at 72 °C. ITS PCR products were cloned into a
bacterial vector prior to sequencing using the CloneJet™ PCR Cloning Kit (Thermo
Scientific) with One Shot® TOP10 chemically competent cells (Invitrogen™) following
manufacturer’s instructions. Subsequent Templi-Phi™ reactions and Sanger sequencing
of Templi-Phi products (ITS) or polyethylene glycol-purified PCR products (chloroplast
markers; 10% PEG 6000 and 1.25M NacCl in the precipitation mixture) were performed
on a 96-capillary ABI 3730 instrument in the IPK central sequencing facility or by
Macrogen Europe. For all three markers sequencing of both DNA strands was
performed to avoid any ambiguities. All sequences were deposited in NCBI Genbank
and accession numbers can be obtained from Supplementary table 1.
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In addition to sequencing, additional sets of ITS-transformed bacterial colonies were
analyzed by PCR-RFLP (restriction fragment length polymorphism) to test for deviation
from expected proportion of parental ribotypes, and thus for concerted evolution acting
on these sequences. Plasmid-specific pJET1.2 primers were used for colony-specific
PCR, followed by digestion with the BspLl (NlalV) restriction enzyme, which
differentiated three parental taxa with two restriction sites (R. idaus, R. caesius, R. sect.
Rubus; Alice et al. 2001). Visualization was performed on 1.5% agarose gels stained
with ethidium bromide.

Data analysis

The raw forward and reverse chloroplast sequences were aligned in the SEQMAN PrO™
module of the LASERGENE® software (ver. 11; DNASTAR Inc., WI, USA) and
manually trimmed, checked and edited. Alignments and haplotype identification were
performed with GENEIOUS (ver. 3.6.1.; created by Biomatters, available from
www.geneious.com). A median joining algorithm was used for creating phylogenetic
haplotype networks in NETWORK (ver. 4.6.1.2; Bandelt et al. 1999; epsilon=10) and
maximum parsimony (MP) calculation was performed in the same software to reduce
unnecessary median vectors and links in the final network (Polzin and Daneshmand
2003). Microspecies sharing the same haplotype were grouped together and their
geographic distributions, extracted from the Atlas Florae Europaeae (Kurtto et al.
2010), were overlaid with sexual taxa of the same haplotype onto a single map in QGIS
(ver. 2.0.1; Open Source Geospatial Foundation Project, www.qgis.org) to produce
haplotype density distribution maps.

Alignment of ITS sequences was performed in MAFFT (ver. 7; Katoh and Standley,
2013). For each sequence the free energy of RNA structure and CG content were
computed using the NUPACK web server (Zadeh et al. 2011). Single nucleotide
polymorphisms (SNPs) having a frequency < 1.2 % (as calculated based on number of
observations of all frequency classes in the dataset) were excluded from the analysis, as
they could represent technical errors and furthermore did not contribute any
phylogenetic information. Products of intraindividual recombination were distinguished
from the alignment manually based on observations of stable motifs characterizing the
parental species. The resulting set of non-recombinant and non-pseudogenous
sequences was analyzed in SPLITSTREE using NeighborNet method (Huson and Bryant,
2006) and NETwWORK (ver. 4.6.1.2; Bandelt et al. 1999) using the Star contraction
algorithm (Forster et al. 2001) with default maximal radius of 5 mutations.
Subsequently a median joining algorithm and MP calculation (Polzin and Daneshmand,
2003) were used for creating phylogenetic networks following recommended
parameters (epsilon=10, several mutations downweighted according to their mutation
frequency within the network up to a half value). The same ITS dataset was analyzed
using Bayesian inference (Bl) and the K80+1+G mutational model of MRBAYES (ver.
3.2; Huelsenbeck and Ronquist, 2001) in four replicate runs, with four chains each and
3 milion generations (first 40 % of them discarded as burn-in), sampling every 500"
tree. Phylogenetic trees for selected non-hybridogenous taxa were calculated using
maximum likelihood (ML) methods in MEGA (ver. 5.2.2; Tamura et al. 2011) and Bl
in MRBAYES with the same parameter as above, except for 600 000 generations of
MCMC and HKY and HKY+l models for the cpDNA and combined cpDNA+ITS
datasets, respectively. Likelihood ratio tests were performed in JMODELTEST (ver. 2.1.4;
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Darriba et al. 2012) to choose the most appropriate mutation models for all ML and BI
analysis.

For quantification of concerted evolution in ITS sequences, the expected ratio of
parental ribotypes (i.e. specific types of ITS sequences) was assessed according to the
ploidy of the studied individual and its parental taxa. Observed ratios of parental
ribotypes were then tested against the expectations by a single-proportion exact test in
NCSS software (ver. 2007; Hintze, J., www.ncss.com.).

Results

Both species specific and shared cp haplotypes in Rubus

The total length of the intergenic spacer trnL-trnF consensus alignment was 475 bp,
including two 6 bp insertions and two deletions (6 and 8 bp) in subgen. ldaeobatus, and
one 6-8 bp insertion in R. caesius. Thirteen (2.7 %) SNPs were identified within
subgen. Rubus and 28 SNPs (5.9 %) in the total sample-set. The matK intron sequencing
revealed no length polymorphism over a 993 bp alignment, and was characterized by 22
SNPs (2.2 %) within the subgenus Rubus and 47 SNPs (4.7 %) in the whole sample-set .

The combination of both markers distinguished 24 haplotypes (Supplementary table 1),
including two haplotypes of R. idaeus (Idal, Ida2) and two outgroup haplotypes (Odo,
Bfl), which were named after the main taxa or geographic regions they represented.
Only four haplotypes were found strictly in diploid species (excluding R. idaeus) —
haplotypes Sanl, San2 and San3 in R. sanctus and haplotype Inc in R. incanescens,
whereas 4 haplotypes were detected in both diploid and polyploid species (Canl, Glal,
Ulml1 and Ulm2). Haplotype Cael was present in tetraploid sexual R. caesius and in
most of the apomictic hybridogenous taxa classified in sect. Corylifolii. Four haplotypes
were detected only in polyploids from Europe (Suber), western Transcaucasia (Cau) or
Madeira (Madl and Mad2). The remaining haplotypes characterized a few polyploid
taxa, and were clearly derived from Cael, Canl and Glal (see Figure 1).

In diploids, intraspecific haplotypic variability was detected only in the R.
ulmifolius/sanctus complex. Two haplotypes (UIm1 and Ulm2) were spread across the
whole western part of its distribution area with an eastern limit in the west Balkans,
whereas haplotype Sanl occured only in the east and south of the peninsula. In the
Transcaucasian region, none of these haplotypes was detected in diploid R. sanctus,
where it was instead characterized by the San2 or San3 haplotypes. On the other hand,
both Ulm1 and Ulm2 haplotypes but none of San haplotypes were found in both
Europaean and Caucasian polyploids. An almost opposite situation was observed in
haplotype Glal, which was detected in all three samples of the Caucasian endemic
diploid R. moschus and many Europaean polyploids, whereas no polyploid with this
haplotype from the Caucasus was observed. Within each polyploid microspecies, only
one haplotype was found. Potential inconsistencies could be explained by inaccurate
taxonomic determination (marked as cf. or aff. in Supplementary table 1), as many
species were sampled in large geographic area and precise determination is often
difficult due to the high morphological plasticity of brambles.
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Figure 1: Median joining cp haplotype network: each detected haplotype is denoted by one circle sized
according to the number of species bearing it (see a list of accessions with their haplotypes in
Supplementary table 1); diploid species and R. caesius are plotted in color whereas apomictic
microspecies are white. The number of mutational changes between haplotypes and median vectors
(black dots) are shown above branches.

Highly polymorphic Internal Transcribed Spacer sequences

In total, 503 transformed bacterial colonies were sequenced (8 colonies per taxon on
average). The total length of the ITS alignment was 717 bp, including one single-
nucleotide insertion in the outgroup (R. odoratus), one in R. idaeus, and a two-
nucleotide length polymorphism in a poly-C region within the ingroup. The alignment
included 30 bp of 18S rDNA, 255 bp of ITS1, 164 bp of 5.8S rDNA, 211 bp of ITS2
and 57 bp of 26S rDNA. CG content varied between 52.0 and 57.1 %, and the free
energy of RNA structure between -252.0 and -202.5 kcal.mol™ at 37 °C (see online
version of the article).

As all sequences formed two distinct clusters according to the analysis of CG content
and RNA structure stability, sequences exhibiting CG content lower than 55.0 % and
free energy higher than approximately -226 kcal.mol™ were considered as pseudogenes
(n = 23). All pseudogenes exhibited 5 to 15 mutated positions within the 5.8S rDNA
region, whereas only 38 out of 480 non-pseudogenous sequences were mutated in one
or exceptionally in two or three positions within this region. Moreover, all pseudogene
sequences formed significantly distinct clusters in MP analysis (Supplementary fig 1).
Excluding pseudogenes, 186 positions (25.8 %) were polymorphic in the alignment, but
pairwise sequence similarity was 98.7 %, since 108 single-nucleotide polymorphisms
were colony-specific, i.e. present in only one colony in the dataset, and other 49
polymorphisms were present only in two to six colonies in the total dataset. Neglecting
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these polymorphisms as random uninformative mutations (except for several species-
characteristic SNPs), the number of variable sites was lowered to 91 (12.7 %) including
the outgroup R. odoratus, or 60 (8.4 %) considering ingroups only (see the genbank
sequences or online version of the article).

BspLI (NlalV) was used for digestion of cloned PCR fragments, as it cleaves the PCR
product of R. caesius in two sites, that of R. sect. Rubus in a single position, while not
cleaving ribotypes of R. idaeus. Sixteen individuals of fifteen species, which are known
to be hybrids between two of the mentioned taxa, were selected and 538 colonies were
analyzed (34 colonies per individual on average). Eight individuals showed significant
reduction of one of the parental ribotypes, in seven cases the proportion of parental
sequences did not differ significantly from expectation (Table 1). In R. dollnensis the
proportion was strongly biased (8:36), but deviation from expectation could not be
tested since the origin of this species turned out to be unclear. In all cases both expected
parental ribotypes and no unexpected restriction products were observed.

Table 1: Proportion of parental ITS ribotypes in hybridogenous accessions based on PCR-RFLP.

Asterisks indicate significance of deviation from expected proportion (*** P<0.001; ** P<0.01; *
P<0.05; ns P>0.05; *P<P0 indicates significant deviation only in one-side test).

Number of colonies

Sexual Apo- Proportion of Proportion of Expect_ed I

Accession parent parent Sum s_exual’s _apo's P(rSOeF))((l’nglg n Sc;g\r/]ilgtcigzt
ribotype ribotype ribotype ribotype ribotype)

R. scissoides® 2 26 28 0.071 0.929 05 s

R. dolInensis 8 36 44 0.182 0.818 NA NA

R. kuleszae (N Moravia) 7 35 42 0.167 0.833 04 s

R. albifrons ined. 7 24 31 0.226 0.774 0.5 Frx

R. wahlbergii 8 35 43 0.186 0.814 0.4 Frx

R. nessensis 11 35 46 0.239 0.761 0.5 HAx

R. grossus agg. 6 24 30 0.200 0.800 0.4 *

R. fasciculatus 10 28 38 0.263 0.737 0.5 *x

R. albocarpaticus ined. 12 32 44 0.273 0.727 0.4 ns (*P<P0)

R. grossus agg. 5 11 16 0.313 0.688 0.4 ns

R. subditivus ined. 12 13 25 0.480 0.520 0.5 ns

R. aff. wahlbergii 3 4 7 0.429 0.571 0.4 ns

R. kuleszae (c Moravia) 22 26 48 0.458 0.542 0.4 ns

R. grossus 19 21 40 0.475 0.525 0.4 ns

R. orthostachys 19 9 28 0.679 0.321 0.5 ns (*P>P0)

R. franconicus 24 4 28 0.857 0.143 0.5 Hhx

In Kurtto et al. (2010) incorectly named as R. scissus W.C.R.Watson (see Weber 2013).

The star contraction algorithm yielded 59 groups of similar ribotypes, which formed 7
separated clusters when analyzed by the maximum parsimony approach in NETWORK
(Figure 2). Ribotype position within each cluster was dependent on algorithm
parameters, but in all cases the clustering into 7 groups and constant assignment of
every sequence to its respective cluster was observed when using both the MP (Figure
2; several approaches in various software used) and Bl methods (Supplementary figure
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2). Ribotypes of each diploid taxon and tetraploid R. caesius were confined to a single
cluster, except for R. bollei, which contained two different types of ITS sequences — one
close to R. ulmifolius (i.e. ulmifolius ITS ribotype group) and the second forming a
distinct branch within the glandulosi cluster together with the geographically nearby R.
palmensis (Figure 2). The suberecti ITS cluster was formed mainly by ribotypes of R.
subsect. Rubus (former Suberecti), but contained no diploid species. All ribotypes found
in the cultivated tetraploid hybrid ‘Thornfree’ — probably a descendant of North
American diploid representative(s) of this subsection — also clustered with this group.
Ribotypes clustering with two or three groups were found in almost all natural polyploid
taxa (Table 2). Tetraploid representatives of ser. Glandulosi, both from Europe and
Transcaucasia, bore only glandulosi ribotypes, but two sequences (Gla_c04, Gla_c05)
detected in R. ser. Glandulosi and one in R. schleicheri (Schl_c05) were placed at the
base of the caesius branch (Figure 2). Few ribotypes could not be assigned
unambiguously to any of the clusters, but were constantly placed close to them. These
were composed of different sequence motifs and could be considered products of
multiple recombinations (see online version of the article).

canescens
rihotypes

glandulosi
ribotypes

caesius ribotypes

outgroup

ddddd

nnnnn

I suberecti ribotypes
ulmifolius

ribotypes

Figure 2: Median-joining network of cloned ITS sequences: each circle denote a distinct ribotype or
group of similar ribotypes (circle size corresponds to the number of sequenced bacterial colonies),
colonies from diploid taxa and R. caesius are plotted in color whereas other colonies are white. The
number of mutations between ribotypes or median vectors (black dots) is shown above branches, possible
recombinant ribotypes marked with an asterisk.
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Table 2: Assignment of cloned ITS ribotypes of each taxon (diploid species in bold) — number of
colonies clustering to respective ITS ribotype groups as defined in Figure 2 and Supplementary figure 2,
number of detected pseudogenes and recombinant sequences. Intrageneric taxonomical position is
indicated by section and series; note that all species are classified in subgen. Rubus, except for R. idaeus
(subgen. Idaeabatus). For geographical origin of the individuals see Supplementary table 1.

ITS ribotype group

. e g = 2 &
= Q c =y o] 5 ot =]
coe 2 8 2 5 2 2
Section Series Species (abbreviation) <
- - R. idaeus (1da) 5
Caesii - R. caesius (Cae) 6
Rubus Anisacanthi R. conothyrsoides (Cth) 1 4 4 1
Canescentes R. canescens (Can) 8
Discolores R. bifrons (Bif) 8 & 2
R. bohemicola (Boh) 2 7 1 2
R. crispomarginatus (Cri) 1 4 1
R. elatior (Ela) 3 4 1
R. elegantispinosus (Ele) 8
R. grabowskii (Gra) 2 4 1 1
R. montanus (Mon) 2 1 6 1
R. praecox (Pra) 4 5
R. ulmifolius/sanctus (Ulm) 15
Glandulosi R. moschus (Mos) 8
R. pedemontanus (Ped) 6 1
R. platyphyllus (Pla) 8
R. ser. Glandulosi (Gla) 13
Grandifolii R. palmensis (Pal) 7
Hystrix R. schleicheri (Schl) 5 4
Micantes R. clusii (Clu) 6 4
R. permutabilis ined. (Perm) 1 6 4
R. tabanimontanus (Tab) 4 5 1
R. vratnensis (Vra) 2 5 2
Mucronati R. hypomalacus (Hma) 5 1
Nessenses R. nessensis (Nes) 1 1 3
R. scissoides (Sci) 1 7
Pallidi R. foliosus (Fol) 6 &
Radula R. incanescens (Inc) 7
R. radula (Rad) 6 2
R. vatavensis ined. (Vat) 2 3 3 1
Rhamnifolii R. bollei (Bol) 4 2
R. gracilis (Gra) 2 4 1
R. rhamnifolius (Rha) 8 2
Silvatici R. silvaticus (Sil) 1 6 3
R. wimmerianus (Wim) 5 &
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Sprengeliani R. capricollensis (Cap) 1 4 1
R. sprengelii (Spr) 1
Rubus R. constrictus (Con) 5 2 1
R. divaricatus (Div) 1 4 2
R. perrobustus (Prr) 5 1
R. plicatus (Pli) 1
R. sulcatus (Sul) 7 1
Vestiti R. pyramidalis (Pyr) 1 6 2
R. vestitus (Ves) 1 9
Corylifolii - (subsect. R. pruinosus (Pru) 5 1 2
Subidaeus)
Hystricopses R. dollnensis (Dol) 1 7 1 1
Sepincola R. franconicus (Fra) 9 5
Subcanescentes  R. fasciculatus (Fas) 4 4
Suberectigeni R. orthostachys (Orth) 7 1 1 1
Subsilvatici R. camptostachys (Camp) 6 1 1
Subthyrsoidei R. albocarpaticus ined. (Alb) 1 1 2 2
R. albifrons ined. (Aro) 1 7
R. subditivus ined. (Ago) 5 1 1 3
R. grossus (Gro) 5 3 2
R. grossus agg. sp. 1 (Spe01) 4
R. grossus agg. sp. 2 (Spe02) 2 2
R. kuleszae (Kul) 3 2 3 3
R. aff. wahlbergii (Pwa) 1 2 3
R. wahlbergii (Wah) 1 3 1
— (hybrid) - (hybrid) R. canescens x crispomarginatus (CxC) 2 2
R. cv. Thornfree (Alg) 5
R. ulmifolius x caesius (UxC) 1 5 2
R. caesius x ? (Hyb) 5 3
sum 12 54 47 135 84 114 24 31

Discussion

Hybridization is believed to play an important role in plant evolution and speciation
(Rieseberg, 1995; Nolte and Tautz, 2010). Especially in many apomictic complexes it is
responsible for generating very high morphological and allelic diversity, which can be
fixed and preserved due to combination of asexuality and polyploidy (Asker and Jerling
1992; Horandl and Paun 2007). European brambles seem to represent an extreme case
of such a highly diverse hybridogenous complex, since very few diploid taxa are known
while at the same time many hundreds of apomictic species are recognized (Kurtto et al.
2010). Moreover, Rubus is characterized by a highly variable reproductive mode,
varying from obligate sexuality to obligate apomixis, and represents a good model for
studying the importance of asexuality in plant evolution. In this study we provide the
first molecular data covering the whole taxonomic complexity of Rubus subgen. Rubus
in Europe on a large geographic scale. The two molecular markers (chloroplast DNA
and ITS of nuclear rDNA) reveal very different levels of polymorphism, which might
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be explained by different processes of Rubus evolution, but which together point to a
restricted species-pool which led to the origin of this apomictic complex.

Table 3: Presence of cp haplotypes and ribotypes in higher taxonomical units (sections and series; R.
palmensis, R. bollei, R. incanescens and unclear primary hybrids excluded). For more details see
Supplementary table 1.

Section/subsection Series No. of species Detected No. of Detected
/samples haplotypes (no. species/colonies ribotypes (no. of
(cpDNA) of species) (ITS) colonies)
Rubus/Rubus Rubus 14/16 Suber (8) 5/28 Suber (19)
Uim1 (4) Ulm (6)
Canl(1) Can (3)
Can2 (1)
Rubus/Rubus Nessenses 4/11 Suber (3) 2/10 Suber (8)
Ulm1 (1) Ida (2)
Rubus/Hiemales Discolores 35/82 Canl (19) 9/65 Ulm (29)
Ulm1 (8) Can (19)
Uim2 (4) Gla (11)
Can2 (4) Suber (6)
Rubus/Hiemales Rhamnifolii 8/9 Ulm1 (6) 2/14 Ulm (12)
Canl (1) Gla (2)
Can2 (1)
Rubus/Hiemales Silvatici 14/16 Glal (3) 2/18 Gla (11)
Suber (1) Ulm (3)
Uim1 (9) Suber (1)
Uim2 (1)
Rubus/Hiemales Sprengeliani 2/3 Suber (1) 2/6 Ulm (4)
Ulm1 (1) Gla (2)
Rubus/Hiemales Vestiti 6/6 Glal (3) 2/19 Ulm (11)
Gla2 (1) Gla (7)
Ulml (1) Suber (1)
Uim2 (1)
Rubus/Hiemales Micantes 11/12 Canl (1) 4/39 Gla (21)
Can2 (1) Can (15)
Glal (8) Suber (3)
Gla2 (1)
Ulm2 (1)
Rubus/Hiemales Mucronati 11 Ulm1 (1) 1/6 Gla (5)
Uim (1)
Rubus/Hiemales Anisacanthi 212 Glal (1) 1/9 Gla (4)
Ulm1 (1) Ulm (4)
Suber (1)
Rubus/Hiemales Radula 6/9 Glal (2) 2/13 Gla (8)
Gla2 (1) Ulm (5)
Uim1 (1)
Uim2 (2)
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Rubus/Hiemales Pallidi 3/3 Glal (1) 1/9 Gla (6)

Gla2 (1) Ulm (3)
Ulm2 (1)
Rubus/Hiemales Hystrix 4/4 Glal (3) 1/9 Gla (5)
Gla3 (1) Can (4)
Rubus/Hiemales Glandulosi 12/35 Glal (7) 4/28 Gla (27)
Gla3 (2) Ulm (1)
Cau (2)
Gla2 (1)
Corylifolii/Subidaeus - 11 Cael (1) 1/8 Ida (5)
Can (2)
Cae (1)
Corylifolii/Sepincola Suberectigeni 11 Cael (1) 1/8 Cae (7)
Can (1)
Corylifolii/Sepincola Sepincola 2/2 Cael (2)
Corylifolii/Sepincola Subthyrsoidei 10/19 Canl (6) 8/48 Cae (19)
Can2 (2) Ulm (17)
Cael (1) Can (11)
Cae2 (1) Suber (1)
Corylifolii/Sepincola Subsilvatici 2/2 Cael (2) 17 Cae (6)
Suber (1)
Corylifolii/Sepincola Subcanescentes 4/5 Cael (3) 2/16 Ulm (11)
Cae2 (1) Can (4)
Suber (1)
Corylifolii/Sepincola Subradulae 2/2 Cael (1)
Cae2 (1)
Corylifolii/Sepincola Hystricopses 1/2 Cael (1) 1/8 Can (7)
Cae (1)
Caesii - 17 Cael (1) 1/6 Cae (6)
Cae3 (1)

Limited homogenization preserves high variability of ITS sequences

The internal transcribed spacer of ribosomal DNA (ITS) is a widely used marker for
phylogenetic studies at the generic or infrageneric levels (reviewed by Alvarez and
Wendel 2003). Nevertheless, employment of this marker can lead to serious errors if
used in highly reticulate systems because of various processes of intergenic sequence
homogenization in a genome, so called concerted evolution (Wendel et al. 1995).
Considering the influences of hybridization and apomixis on Rubus evolution, it was
necessary to evaluate the extent of this process. We thus chose hybridogenous
accessions between distantly related taxa, such as R. ser. Subthyrsoidei (hybridogenous
taxa from R. ser. Discolores and R. caesius) and ser. Nessenses (hybridogenous taxa
probably from R. idaeus and R. ser. Rubus), which were fortunately distinguishable by a
single restriction enzyme (BspLl). In seven individuals no significant reduction in either
of the ribotypes occurred, nine accessions were partially homogenized as the observed
ratio of parental ribotypes differed significantly from expected ratios (0.5 for
tetraploids, 0.4 for pentaploids; Table 1). Nevertheless, in all 16 individuals both
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parental ribotypes were detected, indicating only incomplete homogenization and slow
concerted evolution. Although it was not the main aim of this study, it seems probable
that different rates of homogenization can be observed even within a single apomictic
line as suggested by two individuals of pentaploid R. kuleszae (Table 1) which showed
different proportions of parental ribotypes. But confirmation of this hypothesis requires
more cloning and genotyping data.

Homogenization, as inferred from unequal proportion of parental ribotypes, was
detected in several other hybrid taxa. In recent hybrids of Tragopogon L. species,
Kovarik et al. (2005) detected concerted evolution of ITS sequences which is reflected
in reduction of one of the parental ribotypes during the 50 years since initial
hybridization. A similar pattern was observed in allopolyploid Gossypium L. species
(Wendel et al. 1995), some tetraploid Paeonia L. species (Sang et al. 1995), or in the
parthenogenetic hybrid lizard Heteronotia binoei Gray (Hillis et al. 1991).
Consequently, an absence of intragenomic nrDNA sequence variability was considered
to be a general rule.

In contrast, more recent reports have revealed additive intra-individual variation in
nrDNA, indicating preserved parental sequences in many hybrids or hybridogenous
taxa. This information proved to be valuable for evolutionary inferences in Paeonia L.
(Sang et al. 1995), Rosa L. (Ritz et al. 2005), Sidalcea A. Grey (Andreasen and
Baldwin 2003), Armeria Willd. (Fuertes Aguilar and Nieto Feliner 2002), Bursera Jacq.
ex L. (Weeks and Simpson 2004), Helianthus L. (Timme et al. 2007) or in the
apomictic genera Hieracium L. (Fehrer et al. 2009), Taraxacum Weber ex F.H. Wigg.
(Zaveska Drabkova et al. 2009), Amelanchier Medik. (Campbell et al. 1997) and
Boechera A. Love & D. Love (Koch et al. 2003), among others.

Beside orthologous ribotypes originating in sexual ancestors, part of the intra-individual
ITS variability observed in this study could be explained by ITS paralogs, which
represent the result of independent evolution of two or more ribotypes in a single
phylogenetic lineage. As has been shown in several plant taxa, more functional
sequences can coexist in a genome when concerted evolution is slower than speciation
(Suh et al. 1993; Dubcovsky and Dvorak 1995; Buckler et al. 1997). If some of them
escape functional constraints, they may become non-functional, i.e. pseudogenes
(Buckler and Holtsford 1996; Buckler et al. 1997; Harpke and Peterson 2006). Here we
have provided evidence for both functional ITS paralogs and pseudogenes, the latter
being clearly distinguished by typical characteristics (summarized by Bailey et al. 2003)
including low stability of secondary RNA structure, lower CG content, high mutation
rate in an otherwise conservative 5.8S region as well as characteristic genetic distance
variation between pseudogenes and functional ribotypes (Supplementary fig 1).
Considering that pseudogenization via mutation accumulation should be a random
process (i.e. Muller’s ratchet; Muller 1964), the identification of three pseudogene
clusters (Supplementary figure 1) implies that there have been 3 pseudogenization
events in the taxa studied here. Pseudogenes were relatively rare considering all data
together (4.6 %), although one accession of R. montanus Lej. was characterized by high
levels (60%) of non-functional ribotypes. All pseudogenes were detected in polyploid
accessions, especially in apomictic species of ser. Discolores and its descendants. Only
functional ITS ribotypes were found in sexual diploids indicating that (allo)polyploidy
and possibly also apomixis may be the factors triggering and preserving pseudogenes in
an evolutionary lineage. Even after exclusion of pseudogenes, very high intra-individual
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variability remained; the majority of which was caused by random single-nucleotide
mutations.

Besides hybridization and mutation, the third factor underlying ITS sequence variability
could be intergenic recombination. The majority of detected recombinant sequences
contained apparent parental motifs in two blocks, indicating a single recombination
event. Furthermore, several sequences were difficult to distinguish unambiguously as
recombinants because the parental motives were mixed along the sequence in several
blocks and could have therefore arisen via multiple recombinations. These ribotypes
clustered more or less separately in phylogenetic analyses (Figure 2). Four sequences
were obvious pseudorecombinants, i.e. chimeric sequence between functional ribotype
and pseudogene. Whether the recombinats are of natural origin or rather represent PCR
artifacts cannot be determined from our data, but chimeric ITS or ETS sequences have
been detected several times before (Campbell et al. 1997; Barkman and Simpson 2002;
Koch et al. 2003; Timme et al. 2007) and in some cases they may come to dominate the
genome via concerted evolution (Alvarez and Wendel 2003).

Rubus polyploids have arisen multiple times mainly from six ancestors

European brambles (Rubus subgen. Rubus; blackberries in American English) represent
a large agamic complex, i.e. most species are polyploids and reproduce asexualy
through seeds (Weber 1996). Years of intensive batological research have revealed only
eight diploid (and obligately sexual) species in Europe and adjacent regions, including
R. bollei Focke (Gustafsson 1942), R. palmensis A.Hansen and R. serrae Soldano from
Macaronesia (all measured by flow-cytometry; unpublished data), and R. moschus Juz.
endemic to Transcaucasia (possibly synonymous to R. caucasicus Focke, the
nomenclature is unresolved; Krahulcova and Holub 1997). Despite the dominance of
asexuality, brambles show a very high variability in morphology (Nybom 1998), genetic
markers (Clark et al. 2013; Sarhanovéa 2014; present study and unpublished SSR data)
and ploidy (Krahulcova et al. 2013; Krahulcova and Holub 1997). The main
evolutionary force generating such high variability seems to be hybridization, as has
been shown in Rubus based upon numerous experimental crossing experiments and a
few studies on natural populations (Lidforss 1914; Nybom 1995; Clark and Jasieniuk
2012; Sarhanové 2014).

Focke (1910) and later Gustafsson (1942) postulated the occurrence of so called
primary species, which could represent the sexual ancestors of all polyploid taxa, and
which furthermore encompass the morphological variation seen within European
brambles. Although they were unsure about several taxa, their observations are in
remarkable agreement with the data shown here. According to our phylogenetic
analysis, all detected ITS ribotypes and chloroplast haplotypes distinguish six main
clusters within the subgenus Rubus (Figures 1 and 2). The suggested extant ancestral
diploids R. ulmifolius, R. moschus and R. canescens clearly define three of them; the
fourth cluster contains only sequences of the other putative ancestor — tetraploid R.
caesius — and most accessions belonging to sect. Corylifolii. The fifth group contains no
diploid European bramble, but is defined by polyploid species of subsect. Rubus
(former Suberecti), closely related to several North-American diploids. While none of
these NA diploid species were analysed here, the obtained ribotypes of the suberecti
cluster were identical to sequences of American R. allegheniensis (Alice and Campbell
1999) and a tetraploid putative hybridogenous descendant of this (or related) species,
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frequently cultivated in Europe nowadays under name “American hybrid
(‘Thornfree’)”. Also, the Suber haplotype matched the sequence of R. allegheniensis by
Fazekas et al. (2008). Together, these data imply that i) diploid species of subsect.
Rubus occurred in Europe in the past and is extinct (or unknown) now, or ii) European
polyploid accessions of subsect. Rubus arose in North America and migrated from
there. The second option, however, seems much less plausible considering differences
between American and European brambles (see e.g. Davis 1990) and hence natural
intercontinental dispersal is likely not an evolutionary force in Rubus. Finally, the sixth
ITS cluster is characterized by the unrelated raspberry R. idaeus, which is classified in
the subgenus Idaeobatus. Cp haplotypes of this group are not shared with any stabilized
apomictic accession from our sample-set, but raspberry ITS sequences were identified
in R. pruinosus and species of ser. Nessenses (Table 2), indicating that R. idaeus shares
a common ancestor with these taxa.

A brief look at phylogenetic networks from chloroplast and ITS data therefore implies
that all European brambles are descendants of just six ancestral gene pools.
Nevertheless, several ambiguities remain. One of them is regarding involvement of the
remaining extant diploid sexuals. Rubus incanescens, hypothesized by Focke (1910) to
be one of the ancestors, could have participated in hybridizations considering that its
ribotypes cluster very closely to R. moschus. On the other hand, it possesses a very
distinct cp haplotype not detected in any other species, and hence its role in the
evolution of polyploid brambles would have been only (or predominantly) as a
staminate parent. How probable this hypothesis can be is impossible to say without
further studies. The species is relatively rare and has a narrow distribution area
(southern France with adjacent regions, and Algiers; Focke 1910; Gustafsson 1942;
Kurtto et al. 2010) and morphologically resembles a hybrid between ser. Glandulosi
and ser. Discolores (sometimes therefore classified in ser. Radula; Kurtto et al. 2010),
but it is apparently a taxonomically isolated species of probable ancient origin
considering its specific cp haplotype, ploidy and morphology. The hypothesis of its
involvement as staminate parent is nevertheless supported by the fact that our
specimens (kindly provided by L. Belhacene) were diploid and triploid (measured by
flow-cytometry, unpublished data) having similar appearance but different haplotypes,
indicating at least occasional hybridization with other taxa.

Conversely, two studied diploid Macaronesian taxa, R. bollei and R. palmensis, share
haplotypes with R. ulmifolius and many polyploid taxa, but their ribotypes form a
separate branch within the glandulosi ITS cluster, hence it is improbable that they could
be the parental species. The same seems likely for R. serrae from Madeira, since the
only analyzed sample of this species (although of hybrid origin) bears unique cp
haplotype (Madl in Figure 1). Also the last Macaronesian species R. hochstetterorum
Seub. (Matzke-Hajek 2001) is characterized by a distinct matK sequence (published by
Schaefer et al. 2011). On the other hand, several morphologically diverse polyploid
accessions from western Transcaucasia bear a unique cp haplotype (Cau) not shared
with any known diploid species (Supplementary table 1). This could imply involvement
of other taxa in the evolution of Caucasian polyploid complexes.
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A further point is the suberecti ITS cluster (Figure 2, Supplementary figs 1 and 2),
which is clearly subdivided into two groups, both of which are found in the tetraploid
American artificial hybrid ‘Thornfree’ as well as in several European accessions.
Whether this subdivision represents two ancestral species, or rather intraspecific
evolution of different paralogs, cannot be answered without extensive sampling of
American brambles. Though, the Suber cp haplotype, which characterizes R. subsect.
Rubus, does not show any variation either in our data-set (Figure 1) or when compared
to the matK sequences of Fazekas et al. (2008), thus pointing to the latter hypothesis.

The last question arising from the ITS phylogenetic analysis is how and when
glandulous brambles evolved. Although all accessions from R. ser. Glandulosi and
related taxa were represented in the glandulosi ITS cluster, and most of them also share
the same cp haplotype with the morphologically close diploid R. moschus, two ITS
ribotypes of R. ser. Glandulosi (Gla_c04, Gla_c05) and one of R. schleicheri (Schl_c05)
were placed close to the caesius ribotype cluster in all statistical analyses (Figure 2 and
Supplementary figs 1 and 2). Both morphologically and ecologically, ser. Glandulosi
and R. caesius form well distinguishable taxa with no signs of recent common origin
(Tomaszewski et al. 2013). The exclusively tetraploid R. caesius is a widely distributed
(Kurtto et al. 2010; Krahulcova et al. 2013) predominantly sexual species with regular
meiosis (Gustafsson 1942; Christen 1950; Dowrick 1961) whose diploid ancestor is
unknown and probably extinct. Our ITS data suggest (1) that this diploid probably
existed shortly after diversification from other primary species, (2) that it took part in
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the formation of polyploid series Glandulosi and (3), via autopolyploidization, the
tetraploid R. caesius which independently evolved on the molecular (Figures 1 and 2),
morphological and ecological levels.

Several apomictic lineages may have a Pleistocene origin

Based upon the relationships between some European and North American brambles,
the apomictic complex of R. subgen. Rubus was suggested to be of Tertiary origin
(Asker and Jerling 1992). This hypothesis cannot be entirely rejected based on our data,
although considering the star-like topology of the phylograms containing primary
bramble species (Figure 3), obvious differences in mutational rates between lineages
and critical lack of suitable paleobotanical data, all methods of molecular dating are
hence impractical (Bromham and Penny 2003). Nonetheless, clear geographic patterns
were detected in two parental taxa and their descendants, which may help with
approximating relative dates of hybridizations and polyploidizations. First, the
aggregate species R. ulmifolius—R. sanctus (species concept adopted from Monasterio-
Huelin and Weber 1996) bears five different cp haplotypes across the studied area. Two
of them (UIm1, Ulm2) were detected in the Macaronesian and European R. ulmifolius
with the eastern limit in the Western Balkans, and in polyploid accessions throughout
the studied area. The eastern diploid type (R. sanctus) has one haplotype in the Balkan
Peninsula (Sanl; the Ulml haplotype occurs only within hybrid zone in the Western
Balkan) and two haplotypes in Transcaucasia (San2 only in Armenia, San3 in both
Armenia and Georgia). None of these San haplotypes was detected in any polyploid
brambles, suggesting that only the western type of R. ulmifolius participated in
polyploid formation. Furthermore this did not necessarily occur only in Western
Europe, since both the Ulml and UIlm2 haplotypes were also detected in Caucasian
polyploids. These haplotypes display only one or no autapomophic polymorphisms, an
observation implying an ancestral state (Figure 1), and thus at least some of the
polyploids may be older than eastern R. sanctus. This hypothesis is further supported by
the presence of suberecti ITS ribotypes in series Discolores (Table 2), since these
ribotypes were not found in any diploid species. The second taxon, R. moschus, today
endemic to Transcaucasia, shares a close morphological and molecular relationship with
European polyploid ser. Glandulosi. On the other hand, the related polyploids from
Caucasus bear a completely different haplotype (Cau), indicating that diploid R.
moschus (or its close ancestor) occurred in Europe in the past and gave rise to
glandulous polyploids there, together with the diploid ancestor of current R. caesius.

Since the haplotype distribution of the R. ulmifolius-R. sanctus group, as well as the
occurence of R. moschus, correspond to known glacial refugia of thermophilous plants
on the Iberian, Apennine and Balkan Peninsulas and regions of Colchis and Hyrcania
(Nieto Feliner 2011; Akhani and Djamali 2010), it seems probable that distribution
areas of these species were severely restricted and fragmented by Pleistocene climate
fluctuations, leading to haplotype differentiation and star-like cp haplotype networks
(Worth et al. 2011). The great climate changes characterizing the Quaternary could also
be the main reason for extinction of diploid ancestors of R. subsect. Rubus and R.
caesius, especially during the last deglaciation, as shown e.g. for Picea critchfieldii
Jackson & Weng (Jackson and Weng 1999). If these assumptions are true, the first
significant polyploidization events which generated the recent apomictic species of ser.
Glandulosi and ser. Discolores must have occurred already before the last glacial
maximum (LGM). Also in other genera, glacial cycles are believed to play an important
role in formation and spread of apomictic polyploids due to changes in distribution
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areas of sexual diploids, which increases chances for hybridization and selection for
advantageous polyploid asexual genotypes for colonizing deglaciated regions (Horandl
2009). Nevertheless, whether the phylogeographic patterns observed in European
brambles originated in the last or earlier glacial periods can be only specified by
additional research on fossil material, which is relatively accessible, but difficult and
laborious to analyse in such a complex group (e.g. Tomlik-Wyremblewska 1995;
DeVore and Pigg 2007; Bhandari et al. 2011).

Although at least some apo-species of subsect. Rubus, ser. Glandulosi and ser.
Discolores seem to have a Pleistocene origin, cp haplotype ditribution maps (Figure 4)
indicate that most apomictic lineages were formed only recently. The highest species
diversity has accumulated in regions from the British Isles up to the central Europe
(Kurtto et al. 2010), an area which was glaciated or significantly influenced by
glaciation during the LGM and thus likely unsuitable for bramble survival (Ray and
Adams 2001). Also, the diversity of polyploid species sharing cp haplotypes with R.
ulmifolius or R. canescens corresponds significantly to the northern limit of these
respective diploids (Figure 4a, b). A very similar pattern can be observed when
comparing apomictic accessions sharing the Glal haplotype to the distribution of the
predominantly sexual tetraploid taxon of the ser. Glandulosi (since this is not a formally
delimited taxon, its distribution was approximated by that of R. hirtus agg. sensu Kurtto
et al. 2010; Figure 4c). Species diversity of Cae haplotypes is centered around the same
area, obviously reflecting species density of the former haplotypes (Figure 4d). This
implies that tetraploid sexuals of R. ser. Glandulosi and modern R. caesius, rather than
their diploid ancestors, participated in formation of most allopolyploid lineages. On the
other hand, the Suber haplotype is spread over a great part of the continent with no
evident center of diversity (Figure 4e), which further supports the hypothesis of a pre-
glacial origin of R. subsect. Rubus. Although slight bias due to uneven sampling and
insufficient batological research in many areas of Eastern and Southern Europe cannot
be ruled out as factors potentially contributing to the above mentioned geographical
pattern, it can be hypothesized that R. ulmifolius spread from the western part of the
Mediterranean along the Atlantic coast, whereas R. canescens and sexual R. ser.
Glandulosi emerged from the Balkans, followed by post-glacial contact and
hybridization in north-western continental Europe. The open landscape of the early
Holocene in this area (Klerk 2002; Bos and Urz 2003) may have then become optimal
for the establishment and spreading of apomictic lineages, a phenomenon which could
be explained by a number of hypotheses (Rosenberg 1946; Asker and Jerling 1992;
Horandl 2009, to name but a few).
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Figure 4: Distribution maps of haplotypes UIm1 and UIm2 (a; 34 species), Canl and Can2 (b; 24 spp.),
Glal (c; 25 spp.), Cael and Cae2 (d; 13 spp.) and Suber (e; 12 spp.) compiled from data by Kurtto et al.
(2010). Hybridogenous taxa shown as overlaying circles, i.e. darkness corresponds to the number of
species bearing the haplotype and occuring in the mapping plot. Black dots shows current distribution of
sexual taxa of the respective haplotype — R. ulmifolius (a), R. canescens (b), R. hirtus agg. (c) and R.
caesius (d). Map f shows origin of the accessions used in this study — diploids as cross, polyploids as
circles.

Unidirectional hybridization characterizes Rubus hybridization

Although our molecular data cannot be universally used for inferring origin of every
hybrid taxon due to partial concerted evolution of ITS sequences and uniparental
heritability of chloroplast markers, they shed light on the origin of several taxa (Tables
2 and 3). For example, while they confirm evolutionary relationships between polyploid
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accessions of R. ser. Discolores and R. ulmifolius (cf. e.g. Tomaszewski et al. 2013),
they also surprisingly implicate other basal species in the formation of this series,
namely R. moschus (or its ancestor), extinct diploid(s) of R. ser. Rubus, and R.
canescens, which even shares its haplotype with most triploid Discolores
(Supplementary table 1). This finding is in accordance with former morphological
observations (cf. Gustafsson 1939). On the other hand, most tetraploids of this series
bear Ulm haplotypes, further supporting morphological observation of two evolutionary
groups in the series (Travnicek and Zazvorka 2005). Both R. ulmifolius and R.
canescens were frequently also involved in the formation of other taxa in addition to R.
ser. Discolores, which is supported by shared branched trichomes on leaves of many
taxa from R. sect. Rubus (Tomaszewski et al. 2013).

Our data further confirm ser. Nessenses as a hybridogenous group formed from
members of R. ser. Rubus and R. idaeus (the hypothesis is further evidenced by
morphological characters such as incompletely pinnate leaves, dark red drupelets and
small prickles), the latter always being a staminate parent (Supplementary table 1). The
whole sect. Corylifolii was confirmed to be hybridogenous from tetraploid R. caesius
and members of R. sect. Rubus (Gustafsson 1942), since the vast majority of studied
accessions contains ITS ribotypes of the caesius cluster (Table 2). In the case of
pentaploid ser. Subthyrsoidei, all accessions bear Canl or Can2 haplotypes and share
several common traits with the triploid Discolores (Tomaszewski et al. 2013), pointing
to the latter as being the pistillate parent. In contrast, all tetraploid accessions of sect.
Corylifolii share haplotypes with R. caesius, as do both triploid and tetraploid primary
hybrids between this species and R. ulmifolius. A different pattern was found in
tetraploid ser. Radula, being hybridogens from tetraploid Discolores and ser.
Glandulosi, and although most of the species share haplotype Glal with the second
parent (see also Sarhanovéa 2014), at least one (R. radula) bears the Ulm1 haplotype,
pointing to ser. Discolores being the pistillate parent (Supplementary table 1). A similar
situation can be observed in ser. Micantes — R. tabanimontanus, which has the Glal
haplotype, whereas it is morphologically very similar to R. gliviciensis with the Canl
haplotype.

Except for the last two series, all studied hybrid systems show an apparent non-
randomness in parental roles. Triploid Discolores may be handicapped as a staminate
parent due to very low pollen viability (Gustafsson 1942; Nybom 1988). In R. caesius
the pollen viability is very high (Nybom 1985), but the pollen performance may favor it
rather as a pistillate parent of most tetraploid Corylifolii. Slow growth of pollen tubes,
incapability of fertilizing the egg cell or pollen competition have been suggested as
explanations for the failure of some hybrid combinations in controlled crosses (Asker
and Jerling 1992; Werlemark and Nybom 2003). These data also show that a generally
assumed advantage of apomicts, whereby they benefit both from uniparental
reproduction and preserved male function which enable pollination of sexual relatives
(Horandl 2006), is not a universally valid model for Rubus, because the more sexual
taxon often serves as pollen donor, not to mention that physiological constrains seem to
play the pivotal role in determining paternity in each hybridization.
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Conclusions

Our data reveal two different levels of genetic diversity in European brambles. First,
intra-individual polymorphism, represented by ITS data in our study, is very high
mainly as a result of polyploidy, hybridization, asexuality and (in case of ITS) slow
concerted evolution. Second, overall allelic diversity is extremelly low, despite the high
number of studied species, as seen in both total cp haplotype diversity and
differentiation of ITS ribotypes. While this low overall allelic variation may lead to an
impression that such an evolutionary complex undergoes loss in adaptive potential at
some point of its evolution, the ability to accumulate, preserve and eventually to also
recombine high diversity in a single genome is a good argument for the opposite view
on apomictic complexes. This view is further supported by the obvious evolutionary
success of Rubus around the world, as it occupies very diverse habitats and many
species have become widespread or even expansive/invasive. The same is also true for
other apomictic genera, such as Taraxacum, Hieracium or Ranunculus L. (Asker and
Jerling 1992; Horandl and Paun 2007), making apomixis an intriguing phenomenon of
plant evolution.

Specifically in brambles, apomixis has been found in several subgenera (subgen.
Malachobatus (Focke) Focke — Amsellem et al. 2001; subgen. Idaeobatus — Pratt et al.
1958; apomeiotic initials detected in subgg. Cylactis (Raf.) Focke and Chamaemorus
(Focke) Focke — Czapik 1983), and hence a genetic predisposition for apomixis may be
much older than R. subgen. Rubus. Additionally, this reproduction mode is not
restricted to European brambles, as shown by our preliminary flow-cytometric data
indicating that apomixis and polyploidy are common among Caucasian accessions.
Several works have also revealed widespread apomixis in eastern North American
brambles (Einset 1951; Pratt and Einset 1955; Asker and Jerling 1992). These regions
may therefore represent other hotspots of parallel reticulate evolution of the subgenus
Rubus, re-connected only recently by gene-flow between indigenous and invasive or
cultivated species (Clark and Jasienuik 2012). Past and recent evolutionary processes in
non-European brambles still remain to be revealed and could add valuable information
to our understanding of (not only) this evolutionary and ecologically successful group,
which is necessary for further studies on genetics of apomixis in higher plants.
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Abstract

Apomixis (agamospermy) occurs in a variety of plant taxa of diverse phylogenetic
origins and resulted in a high abundance and wide distribution of some groups,
demonstrating its important role in the evolution of plants. When and where apomicts
arose, why they are so evolutionary successful and whether their success is temporally
persistent are long-standing questions in evolutionary biology. We used next-generation
sequencing on ten nuclear microsatellite loci, Sanger sequencing on two plastid loci and
ecological niche modelling to unravel phylogeographic patterns in the widely distributed
diploid sexual bramble Rubus ulmifolius agg. and its allopolyploid apomictic
descendants of series Discolores and related taxa. The sampling covered a significant
part of their distribution ranges in Europe and adjacent regions. The data reveal strong,
continental-scale genetic structuring within this bird-dispersed diploid. Geographical
patterns of genetic diversity and ecological niche models indicate its survival mainly on
the Iberian Peninsula and in Morocco during the last glacial maximum, as well as severe
population bottlenecks in the Eastern Mediterranean and the Caucasus, whereas low
allelic diversity in Northwestern Europe stems from post-glacial re-colonization from
southern refugia. The distribution of alleles among ploidy levels indicates that the first
allopolyploidization events occurred prior to the last glaciation and also reflects the
recent gene flow from diploids to polyploids. Because areas with a high genotype
diversity of polyploid apomicts mostly exhibit a low genetic diversity of the diploid, we
hypothesize that genetic deterioration resulting from genetic bottlenecks and post-
glacial recolonization in the sexual ancestor may affect its competitive abilities and
enable the diversification and spread of apomicts.

Introduction

Apomictic/agamospermic plants (i.e., those reproducing asexually via seeds) represent
an interesting model system for research on the evolutionary importance of sex (e.g.,
Hojsgaard and Horandl 2015). They also have great agricultural potential (Kandemir
and Saygili 2015). Nevertheless, the high complexity of apomixis-associated
phenomena renders their study challenging. For instance, gametophytic apomixis (the
most frequently studied type of apomixis; sporophytic apomixis will not be considered
further) is almost consistently associated with, but probably not caused by, polyploidy
and hybridity (Lovell et al. 2013). Apomictic developmental pathways are induced and
regulated by multiple loci and possibly also by epigenetic mechanisms (Hand and
Koltunow 2014) and may even be modulated by environmental factors (Evans and
Knox 1969; Gounaris et al. 1991; Sarhanova et al. 2012). Additionally, most apomictic
taxa maintain a normal sexual pathway. Such facultative apomicts are then able to
generate high genotypic diversity in sympatric populations with other apomicts or
related sexuals, thus having advantages of both asexuality (stabilization of advantageous
genotypes) and sexuality (generation of new genotypes; Houliston and Chapman 2004;
Majesky et al. 2015; van der Hulst et al. 2003). Furthermore, many taxa exhibit
geographic parthenogenesis, i.e., they show different degrees of asexuality across their
distribution ranges. Polyploid apomicts usually occur in higher latitudes/altitudes than
their diploid sexual relatives and tend to occupy previously glaciated areas (Horandl
2006). Geographic parthenogenesis may be caused mainly by advantages of polyploidy
and by the more effective reproduction and dispersal of apomicts in harsh environments.
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Nonetheless, it was observed also on a single ploidy level within a climatically
relatively homogeneous region (Sarhanova et al. 2012) and is likely shaped by multiple
co-acting factors, including niche diversification and competition between sexuals and
apomicts (Hérandl 2006).

Brambles (Rubus subgenus Rubus) may serve as typical examples of plants exhibiting
geographic parthenogenesis. In Europe and adjacent regions, the taxon consists of eight
extant sexual diploids, few sexual tetraploid species and more than 750 recognized
polyploid apomictic microspecies with varying degrees of residual sexuality (Kurtto et
al. 2010; Sochor and Travnicek 2016; Sarhanova et al. 2012). Diploids are confined to
the Mediterranean, Macaronesia or warm regions of Western Asia, and only two of
them can be found occasionally in temperate parts of Central (R. canescens DC.) or
Western Europe (R. ulmifolius Schott; Kurtto et al. 2010). In contrast, polyploid species
diversity is concentrated in Western and Central Europe and the Southern Caucasus. In
warmer regions (e.g., the Northern Mediterranean), polyploid apomicts occur rather
rarely or are locally absent and usually do not form widespread stabilized lineages (i.e.,
agamospecies; Kurtto et al. 2010; the authors’ pers. obs.).

The evolution of European and Caucasian brambles is highly reticulate, as it is driven
by hybridization and polyploidization. The whole polyploid complex originated from
only seven diploid ancestors, of which three are now extinct or unknown (Sochor et al.
2015; Sochor and TravniCek 2016). Extant polyploid apomicts are thus the result of
multiple hybridization events between taxa of varying ploidy levels (Sochor et al. 2015;
Nybom 1988; and pers. obs.). Taxonomically, the subgenus Rubus is divided into
several infrageneric ranks, such as sections and series, although most of the taxa seem
artificial. One of the most widespread and morphologically rather distinct series is
Discolores, which includes the diploid species aggregate R. ulmifolius—R. sanctus (for
simplicity, hereafter referred to as R. ulmifolius agg.) and a number of triploid and
tetraploid apomicts (Kurtto et al. 2010; Sochor and Travnicek 2016). R. ulmifolius agg.
proved to be one of the diploid parents of these polyploids, and it was suggested that
multiple polyploidization events occurred in different time periods, at least in Western
Europe. Some polyploids originated likely before the last glacial maximum, as implied
from the specific distribution patterns of plastid haplotypes, but the Holocene evolution
of the group could not be easily ascertained (Sochor et al. 2015). Especially in the
Balkan and Caucasian polyploid populations, the modern involvement of the diploid is
unclear, as polyploids mostly exhibit different haplotypes in the respective area (Sochor
et al. 2015, Sochor and Travnicek 2016).

In this study, we therefore focus on the widespread and morphologically well-
characterized diploid R. ulmifolius agg. and its polyploid descendants. Employing the
next-generation sequencing of ten microsatellite loci, the Sanger sequencing of two
plastid loci and ecological niche modelling, we aim 1) to disentangle the
phylogeography of R. ulmifolius agg. (i.e., to identify glacial refugia and post-glacial
recolonization routes) and 2) to shed light on the origin and expansion of polyploid
apomicts from the series Discolores. Such information is critical for our understanding
of the evolution of apomictic complexes and may help explain the evolutionary
importance of apomixis as well as probable reasons for geographical parthenogenesis.
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Materials and methods

Plant material

Diploid specimens of R. ulmifolius agg. and polyploid accessions of ser. Discolores and
Discolores-like taxa were sampled across Europe, Transcaucasia and Morocco. With
minor exceptions (e.g., Ireland, Transcaspian Region), the entire distribution range of R.
ulmifolius agg. was covered. The sampling area for the diploid species aggregate was
divided into 11 regions (hereafter termed “populations”), each containing 9-10
individuals (Supplementary figure 1A; for a list of populations, see Table 1). Several
samples from Israel, Turkey and Macaronesia were also added. Polyploids were divided
into five regions according to general distributional patterns observed in Rubus (Kurtto
et al. 2010, Supplementary figure 1B). Overall, 116 individuals of R. ulmifolius agg.
were sampled for SSR sequencing and 82 for chloroplast (cp) DNA sequencing (70
samples for SSR and cp; 46 only for SSR; 12 only for cp). Sixty-one polyploid
individuals were used for SSR sequencing (of which 53 were also used for cpDNA
sequencing), covering 33 microspecies and 18 undescribed morphotypes (pers. obs.)
from ser. Discolores or Discolores-like taxa. Another 51 polyploid individuals of
diverse taxonomic affinity but that shared chloroplast haplotypes with R. ulmifolius agg.
were added to complete the haplotype distribution patterns. Rubus canescens, R. caesius
L., R. moschus Juz., R. plicatus Weihe et Nees and tetraploid members of series
Glandulosi (12 individuals in total) were included as an “outgroup” for SSR analysis,
representing other parental species of European brambles (Supplementary table 1). In
taxa with unknown ploidy levels, ploidy was determined by the flow cytometry of fresh
leaves with Solanum lycopersicum L. or Zea mays L. as internal standards, stained with
propidium iodide (for details, see Sarhanova et al. 2012). Collected herbarium vouchers
are deposited at the herbarium of Palacky University in Olomouc (OL).

Molecular methods

Genomic DNA was extracted from silica-gel-dried leaves following the CTAB (Cetyl
Trimethyl Ammonium Bromide) protocol of Doyle and Doyle (1987). For cp haplotype
determination, 993 bp of the matK intron and 461 bp of the trnL—trnF spacer were
amplified with XFA and AST_R primers (Dunning and Savolainen 2010) and e and f
primers (Taberlet et al. 1991), respectively, as described by Sochor et al. (2015). The
PCR products were purified by precipitation with polyethylene glycol (10 % PEG 6000
and 1.25 M NacCl in the precipitation mixture) and sequenced by Macrogen Europe.

For SSR analysis, we used a multiplex and barcoding approach to amplify and sequence
ten SSR loci from at least four linkage groups (Supplementary table 2; Castillo et al.
2010; Graham et al. 2004; Woodhead et al. 2008). Only SSR loci with a repeat unit
length of at least 3 bp were selected. The 192 individual DNA samples that were used
for SSR sequencing were divided into two sample sets, each containing 96 individuals.
By appending 8-nucleotide barcodes to the 5' tail of both the forward and reverse primer
sequences, we created tagged primers that were specific for each sample set and locus
(40 tagged primers in total for 10 loci and two sample sets; the barcode being identical
for F and R primers of one specific set and locus). Primers were ordered from Metabion
International AG (Planegg/Steinkirchen, Germany). The web tool MuLTIPLX 2.1
(Kaplinski et al. 2005) was used to define primer groupings within each of the two
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sample sets in order to identify the optimal primer compatibility and to avoid undesired
primer pairings. The tool was run with the default settings, and 'Calculating scores’ was
set to 'primer-primer any’. Two multiplex groups were suggested for each sample set.
Multiplex PCR reactions were performed in 96-well microtiter plates for each of the
multiplex groups using a Qiagen Multiplex PCR kit (Qiagen, Hilden, Germany). The
PCR conditions and primer list are given in Supplementary table 2. The PCR products
were then pooled, and a total of 96 libraries were prepared for the paired-end
sequencing of the SSR amplicons on an Illumina MiSeq at TraitGenetics GmbH
(Gatersleben, Germany).

Molecular data analysis

cpDNA sequence editing, alignments and haplotype identification were performed in
GENEIOUS (ver. 7.1.7., Biomatters, Auckland, New Zealand). Haplotype assignment and
naming followed that of Sochor et al. (2015). A median-joining algorithm was used to
create phylogenetic haplotype networks in NETWORK (ver. 4.6.1.2; Bandelt et al. 1999).
GENEIOUS was also used to process the Illumina SSR sequence data. The reads were
demultiplexed based on the barcodes that were specific for each sample set and locus
(single mismatch allowed). All of the reads were mapped to a reference sequence
specific for the respective locus, manually trimmed after the tenth nucleotide (from the
3’ end) of each primer, and de novo assembled with strict algorithm parameters that
were optimized for each locus separately (maximum mismatches per read 1 %,
maximum gap size >150 bp, minimum overlap >40 bp). Contigs with the highest
coverage (usually 10°—10° reads per locus and individual sample) were then considered
alleles. Contigs with coverage lower than 10 % of that of the contig with the highest
coverage were always excluded as non-specific PCR  products or
polymerase/sequencing errors. In cases where a higher number of different “allelic”
contigs than expected (based on ploidy level) were observed, all of these sequences
were examined in an alignment with other sequences from the sample set, and
apparently erroneous sequences were discarded. All of the resulting allele sequences
were visually checked for possible errors, manually edited and named in order to enable
further binary/codominant data analyses. Both plastid and nuclear SSR sequences were
deposited in NCBI GenBank (accession numbers KU895556-KU895795).

A Mantel test for the isolation by distance hypothesis, Principal coordinates analysis
(PCoA) based on a genetic distance matrix and population genetic summary statistics
(allele numbers, heterozygosity, and Fs according to Wright 1951) were performed in
GENALEX (ver. 6.501; Peakall and Smouse 2012). F-statistics according to Weir and
Cockerham (1984) and Fisher's exact probability test for genetic population
differentiation were calculated in GENEPOP (ver. 4.0.11; Markov chain burn-in 10,000;
100 batches; 5000 iterations per batch; Raymond and Rousset 1995; Rousset 2008). For
the detection of population structure in the diploid specimens, a Bayesian clustering
algorithm was used as implemented in STRUCTURE (ver. 2.2; Pritchard et al. 2000) using
a codominant data matrix. The algorithm parameters were as follows: burn-in 50,000;
number of iterations 400,000; number of runs 10 for each K from 1 to 12; admixture
model; no prior information was used. The most appropriate K was selected by
computing Pr(X|K) and AK in STRUCTURE-SUM (ver. 2009; Ehrich 2006). The
individuals’ Q-values were averaged in CLUMPP (ver. 1.1.2; Jakobsson and Rosenberg
2007). The STRUCTURE results were displayed graphically by the software DISTRUCT
(ver. 1.1; Rosenberg 2003). An analysis of allelic (Hd) and nucleotide diversity (Pi) was
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performed with allelic sequences in DNAsP (ver. 5.0; Librado and Rozas 2009). All of
the maps were produced using QGIS (ver. 2.0.1; Open Source Geospatial Foundation
Project, www.qgis.org).

Ecological niche modelling

In order to complement our molecular data, ecological niche modelling was performed
using the maximum entropy approach as implemented in MAXENT (ver. 3.3.3k; Phillips
et al. 2006). Current and past maps of habitat suitability of R. ulmifolius agg. were
constructed based on 19 biologically relevant climatic variables compiled in the
WorldClim database (Hijmans et al. 2005; http://www.worldclim.org). Out of these, six
variables (bioclim 6, 7, 10, 11, 16 and 17) were excluded from the models due to high
correlation with other variables (Pearson correlation coefficient >0.9; calculated in
SDMTooLBox, ver. 1.1c; Brown 2014). Bioclimatic layers from the present and
coordinates of 178 known localities (based on our observations or extracted from
herbarium databases) served as training data. Background points (10,000) were selected
only from areas of a maximum distance of 200 km from the presence points as extracted
using the convex-hull algorithm in SDMTooLBox. Presence data were chosen and
filtered through the same software in order to cover evenly the whole species
distribution area with a minimum distance of 20 km between species records to avoid
potential sampling bias (Merow et al. 2013). Various values of MAXENT model
parameters were explored, and the resulting models were compared to the known
distribution area (Kurtto et al. 2010, Monasterio-Huelin and Weber 1996, pers. obs.). In
the final models, the regularization multiplier was set to 2.5, clamping and fading by
clamping was allowed, and other model parameters were left as defaults. As projection
input data, bioclimatic layers from three paleoclimate models (CCSM, MIROC-ESM
and MPI-ESM-P) of the Last Glacial Maximum (LGM; 22 ky BP) and the mid-
Holocene (6 ky BP) and one model of the last interglacial period (LIG; 120-140 ky BP)
were used (Brady et al. 2012; Sueyoshi et al. 2013; Otto-Bliesner et al. 2006; Giorgetta
et al. 2013). All of the climatic variables had a spatial resolution of 2.5 arc-minutes.
Each ecological niche model was averaged based on 15 independent MAXENT runs.

Results

Chloroplast variation patterns differ in diploids and polyploids

Nine haplotypes were identified within R. ulmifolius agg. based on 9 single nucleotide
polymorphisms (SNPs, 0.9 %) in the 993 bp matK alignment and 3 SNPs (0.7 %) in the
455 bp trnL-trnF alignment (Supplementary table 3). The highest cp-haplotype diversity
in diploids was observed in Morocco (4 haplotypes) and Western Transcaucasia (3
haplotypes, but only one common; Fig. 1). In Western and Central Europe, including
the northern parts of the Balkans, only two haplotypes were found (UIm1 and Ulm2)
across all ploidy levels. Only four haplotypes were shared with polyploid accessions —
two commonly (Ulm1, Ulm2) and two only rarely (Sanl, San3). Whereas the Ulm1 and
Ulm2 haplotypes were widespread from Macaronesia to the Western Balkans in
diploids, most haplotypes were only regionally distributed. Haplotype distribution was
almost incongruent between diploids and polyploids in Transcaucasia; although neither
Ulm1l nor Ulm2 was detected in Caucasian R. ulmifolius agg., these were the most
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common haplotypes in polyploids in that region (Fig. 1). Transcaucasia was also
characterized by the highest haplotype diversity in polyploids (4 haplotypes in total,
Fig. 1B).

Table 1: Within-population characteristics: number of individuals (N); number of alleles (N,); effective
number of alleles (Ne); Shannon information index (I); observed, expected and unbiased expected
heterozygosity (H,, He, and uHe, respectively); Fs according to Weir & Cockerham (1984; WC84) and
Wright (1951; Wr); number of private alleles (Ay); and locally common alleles found in < 25 % of
populations (A).

Pop. Abbrev. N Na Ne | Ho He uHe (F\}SIC84) (F\}\S/r) Ay A

Armenia Am 9 2300 1.805 0.643 0.400 0419 0444 0.1042 0.041 0500 0.300
Georgia Ge 10 2,600 1958 0.676 0.387 0.400 0.421 0.0907 0.022 0.000 0.700
Balkans — Central BC 10 3.800 2419 0.887 0.390 0459 0483 0.2014 0.129 0.100 0.700
Balkans —West ~ BW 10 3900 2387 0.998 0460 0539 0568 02036 0223 0.100 0.700
Balkans — North BN 10 3.500 2210 0.905 0478 0502 0.529 0.1056 0.057 0.000 0.100
France — South FS 10 3.800 2185 0.861 0.390 0450 0474 0.1847 0.104 0.600 0.400
France — North FN 9 2600 1.819 0.640 0.225 0.381 0.403 0.4542 0348 0.000 0.100
Great Britain GB 9 2400 1550 0527 0251 0.310 0.329 0.2537 0.150 0.000 0.000
Spain — North SN 10 3500 2271 0.875 0430 0471 049 0.139 0.069 0.500 0.300
Morocco — North  MN 10 3500 2127 0.850 0.478 0.454 0478 0.0047 -0.077 0.100 0.400
Morocco — South  MS 10 2900 2173 0.764 0.360 0432 0454 02164 0.153 0.000 0.300

Nuclear SSR allelic variation reveals complex geographic patterns

In total, 148 alleles were distinguished for ten SSR loci based predominantly on SNPs.
Because SSR length polymorphism was randomly distributed and seemed therefore
mostly homoplasic, it was considered only exceptionally to further distinguish common
alleles. Sixteen alleles were unique for R. ulmifolius agg., 55 alleles were shared
between this diploid taxon and polyploid accessions, and 54 alleles were polyploid-
specific or shared with other diploid taxa and could therefore be considered non-
ulmifolius in origin. Twenty alleles were identified only in “outgroup” taxa (Table 2).
Alleles could be further distinguished according to their geographic distributions. The
“eastern” populations were considered Armenia (Am), Georgia (Ge) and Balkan-
Central (BC); all others were considered “western”. Balkan populations (BC, BW, and
BN) were considered to represent a transition zone based on allele distribution maps
(Fig. 2; Supplementary fig. 2) and population genetic clustering (see below).
Conspicuously numerous alleles were shared between eastern diploid R. ulmifolius agg.
and eastern polyploids (hereafter as E/E alleles; 10), between western diploid and
western polyploids (W/W; 14) and between western diploid and all (both western and
eastern) polyploids (W/a; 13; Table 2). Several alleles were population-specific,
especially in the East — two E/O alleles (not present in polyploids) and three E/E alleles
specific for Am, three E/O specific for the Balkan populations and one E/E allele for Ge
(Supplementary fig. 2).
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Figure 1: Detected cp-haplotypes in diploid accessions (above; N = 82) and polyploid accessions (below;
N = 82).

diploid Table 2: Distribution of SSR alleles in eastern
(E), western (W), both (a = all) or none (0)
E W a 0 diploid R. ulmifolius agg. and polyploids; the
E 10 0 3 6 Balkans were considered a transition zone
polyploid W 0 14 3 23
a 13 11 25
0 8 7 1 19

Genetic diversity indices (number of alleles, heterozygosity, Shannon information
index) were lowest for populations Am, Ge, Great Britain (GB) and France—North (FN).
Mediterranean populations exhibited a high and mutually comparable diversity (Table
1). The inbreeding coefficient F,s always exhibited positive values [except for the value
for Morocco—North (MN) when calculated using the method of Wright (1951); Table
1], being highest in FN [0.454, Wright's method; 0.348, the method of Weir and
Cockerham (1984)] and only slightly affected by the Wahlund effect of population
subdivision [F;s for French and German subpopulations of 0.397 and 0.368 according to
Weir and Cockerham’s method, or 0.306 and 0.044 according to Wright’s method,
respectively]. Among-population comparisons of allelic (Hd) and nucleotide (Pi)
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diversity resulted in three groups. First, Am, Ge and BC exhibited low values of both
Hd (<0.444) and Pi (<0.0055). Second, FN and GB exhibited high Pi and low Hd.
Third, all of the other populations were characterized by both high Pi (>0.473) and high
Hd (>0.0061; Fig. 3).

=

Figure 2: SSR allele distribution patterns in R. ulmifolius agg. (thin pie charts) and polyploid accessions
(in bold) using an example of locus 01B06. Each colour represents one allele and its relative frequency in
a population (pie charts). The circle size in the phylogenetic network corresponds to the allele occurrence
in the total dataset; N and R indicate the numbers of single nucleotide mutations and changes in
microsatellite repeat number, respectively. Distribution maps for other loci can be found in
Supplementary fig. 2.
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Figure 3: Allelic (Hd) and nucleotide diversity (Pi) within populations of R. ulmifolius agg.; error bars
show standard errors of a mean among loci.
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A Bayesian population clustering analysis of R. ulmifolius agg. resulted in the highest
statistical support for K=4 and 8 [based on mean DeltaK and L(K); data not shown]. For
both K values, Am clustered separately, and Ge clustered together with a part of BC, the
latter of which showed a gradual transgression towards BW. All of the western
populations were highly variable for K=8 (with the exception of GB), showing high
levels of admixture. For K=4, the western population GB was at the one end, and MS
and MN were at the other end, forming two homogeneous clusters and reflecting a
North-South gradient in genetic structuring along the Atlantic coast (Fig. 4). Clear East-
West and South-North gradients were also observed in the PCoA plot (Fig. 5). Pair-wise
Fst indices confirmed the high degree and significance of genetic differentiation among
most of the non-neighbouring populations, with western populations being less strongly
differentiated than the eastern ones (Supplementary table 4). These geographic patterns
resulted in a significant positive correlation of geographic and genetic distances
between individuals when the whole sampling area was considered (R%=0.316,
P<0.0001; Supplementary fig. 3). When each region was analysed separately,
significant correlation was detected only in FN and BC, which were subdivided into two
geographic clusters (not shown in the thesis).

Figure 4: STRUCTURE diagram of R. ulmifolius agg. for two different values of K.

Ecological niche modelling suggests uneven habitat loss during LGM

Ecological niche modelling was able to reveal all of the areas with the extant occurrence
of R. ulmifolius agg. (Fig. 6A). Projections on climatic layers of the last glacial
maximum (LGM) provided slightly different results depending on the models used for
paleoclimatic reconstruction (Fig. 6B, C). The main differences were observed in the
Adriatic shelf, the Apennine Peninsula, the Atlantic shelf and the Southern coasts of the
East Mediterranean basin. All of the models indicated the existence of suitable climatic
conditions on both sides of the Strait of Gibraltar, along the Atlantic coast and in the
Levant. On the other hand, the Black Sea coast and Transcaucasia exhibited a reduction
of climatically suitable habitats during the LGM (Fig. 6B, C). Changes in MAXENT
model parameters, input data or background selection had only very minor effects on
the final results and were generally less influential than were the projection layers (not
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shown). Models of the mid-Holocene and the last inter-glacial period climate did not
reveal any significant differences in suitable habitats compared to the extant distribution
(not shown in the thesis).

OAm
A
A O mGe
A
A
a4 ©BC
O * A AAA
ee © *BW
. A
o HE A BN
g = o o o O
~ a < O.OO oFS
= ¢ o °
[} [i 0* A o &
8 < 8 > ,’ :_ * AFN
o™ * ? o ® A ©
o . _e Q’_:Q AGB
O -
o " - o
= . OSN
°
o -MN
MS
© Other

Coord. 1

Figure 5: PCoA plot of R. ulmifolius agg. The axes explain 27.0 % and 11.5 % of the total variation,
respectively.

Discussion

In this study, we used two chloroplastic and ten nuclear loci to study phylogeographic
and evolutionary patterns in a taxonomically extremely complex group of European
brambles. Our NGS approach provided sequence information of SSR alleles. SSRs are
known for their high degree of homoplasy when only length polymorphism is taken into
account (Selkoe and Toonen 2006). This can be confirmed by our data because SSR
length was mostly not correlated with single nucleotide polymorphisms in flanking
regions. The use of the SSR markers that were used here thus cannot be recommended
for fragment-analysis-based studies with a divergent sample set. Although our primary
aim was to reveal geographic patterns among diploid and (allo)polyploid accessions, the
combination of the vegetation dynamics caused by the Quaternary climatic oscillations,
hybridizations and polyploidization events with limited methodological possibilities of
allopolyploid data analysis made this task very complicated. Despite the fact that these
complex patterns cannot be visualized by standard analytical methods (such as
multivariate or clustering analysis), we managed to disentangle the phylogeographic
processes by combining different approaches.

46



A 2 o Habitat suitability
5 *;7\ B 0.0
I 1015

1030
1050
N 0.75
10

Habitat suitability

00
[ 0.15
[ |0.30
050
B 0.75
10

Habitat suitability
oo

[ 0.15

[ 1030
1050

Il 0.75
10

Figure 6: MaxEnt model of habitat suitability for R. ulmifolius agg. (A) present situation (known
localities used as training data are shown as dots), (B) the LGM based on the CCSM model, and (C) the
LGM based on the MIROC model.

-
Yy

Strong genetic structure indicates weak long-distance gene flow

Metapopulation genetic structure is shaped by many processes, among which gene flow
(in plants mainly via seed or pollen dispersal) plays a major role (Bohonak 1999).
Effective long-distance seed dispersal by large birds is well documented for many
wetland plants (van Leeuwen et al. 2012) but remains enigmatic for other plant groups,
as its effectiveness can be influenced by many often poorly understood factors (Nathan
et al. 2008; Schupp et al. 2010; Sosa et al. 2013). Brambles are typical bird-dispersed
plants with a wide spectrum of dispersers of diverse migratory and feeding behaviours
(Jordano 1982; Rejmanek 2015). Spanish populations of R. ulmifolius were found to be
dispersed mainly by various migrant birds (Jordano 1982), which may lead to the
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assumption of intensive gene flow and weak geographical genetic structure. Such a
pattern was actually observed in several fleshy-fruit shrubs and trees, such as Sorbus
aucuparia L. (Raspé et al. 2000) or Prunus spinosa L. (Mohanty et al. 2002). In
contrast, both our nuclear and chloroplast data show clear inter-regional differences in
R. ulmifolius agg., especially in the Mediterranean and Transcaucasia (Figs 1, 2 and 4),
where Fst indices indicate very strong differentiation even between neighbouring
regions (Supplementary table 4), such as Am and Ge separated by the Lesser Caucasus
range, which is unsuitable for the species (Juzepczuk 1952), or Ge and BC connected by
only a narrow strip of ecologically suitable Black Sea coast (Fig. 6A; Davis and Meikle
1972). The structuring of genetic variation (Figs 4 and 5) also indicates the strong
influence of only short- or medium-distance gene flow in the diploid accessions, leading
to significant isolation by distance on the (supra)continental scale, but not within
narrowly defined regions. These findings agree with our previous studies on other
bramble species using SSR and cpDNA markers, which revealed some degree of
genetic differentiation within (ecologically rather heterogeneous) regions of Colchis and
Central Europe (Sochor et al. 2015; Sochor and Travnicek 2016; Sarhanova et al. in
prep.). Floristic and reproduction mode analyses further suggested the absence of gene
flow on the scale of hundreds of kilometres in Central and West European brambles
(Haveman et al. 2016; Sarhanova et al. 2012). A similarly strong genetic structure was
observed in another bird-dispersed taxon, Frangula alnus Mill., mainly in populations
from Mediterranean mountain ranges. Although low differentiation was detected among
temperate populations of that species, this did not reflect the recent gene flow, which
could not be estimated precisely due to low observed genetic variation (Hampe et al.
2003).

High genetic variability and its geographic structuring in R. ulmifolius agg. are reflected
in its morphological diversity, which has caused much confusion in taxonomy. The
latest taxonomic revision by Monasterio-Huelin and Weber (1996) resulted in the
acceptance of just two names — R. ulmifolius Schott for western populations up to the
Western Balkans and R. sanctus Schreber for eastern populations from the Balkans
eastwards (see also Kurtto et al. 2010). Our data confirm this concept, as the Balkans
indeed form a transition zone between the eastern and western gene pools, as seen in
both studied markers. Because we did not examine morphological variation, the further
taxonomical distinction (e.g., between Am and Ge) or re-classification of the species is
beyond our scope. However, because the two taxa are closely related and R. ulmifolius
is by far the most widely known name within the complex, we use the informal name R.
ulmifolius agg. for both.

In addition to the above-discussed isolation by distance, some degree of connectedness
between neighbouring regions was observed by both nuclear and plastid markers in R.
ulmifolius agg. (Figs 1 and 2). Cp-haplotype Sanl (characteristic for the Southern
Balkans) was detected in population Ge, and San3 (common in Ge) was found in Am.
Distinction between occasional long-distance colonization events and consecutive
“stepping stone” expansion is impossible in these cases due to the disjunctive sampling
design. A specific situation was nevertheless observed for the Moroccan haplotypes
Ulm3 and Ulm4, which derived from Caucasian haplotype San3 (Fig. 1). Homoplasic
independent origins of these haplotypes are improbable because San3 differs from the
most basal haplotype UIm2 in three mutations and likely originated in the Caucasus (see
Sochor et al. 2015). The Caucasus and Morocco have probably never been connected by
suitable habitats, as seen from ecological niche modelling (Fig. 6), and an ancient long-
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distance migration followed by further mutation accumulation thus seems a likely
explanation and is further supported by two SSR alleles that are shared between the two
regions (160 of locus 01M20 and 230 of 53E02; Supplementary fig. 2).

Population bottlenecks shaped the genetic diversity of R. ulmifolius agg.

Extensive meta-analyses of various plant and animal species showed a significant
decrease in within-population genetic diversity from the Eastern towards the Western
Mediterranean on both the European and African sides of the basin (Fady and Conord
2010; Conord et al. 2012). The authors explained this common (but not universal)
pattern particularly by different climates during the Last Glacial Maximum (LGM).
Although their assumptions on paleoclimate are somewhat contradictory to modern
models (Brady et al. 2012; Sueyoshi et al. 2013; Giorgetta et al. 2013), climatic
variables can indeed explain the observed patterns. Our ecological niche reconstructions
for R. ulmifolius agg. confirm an exceptional reverse trend typical for chamaephytes
(Conord et al. 2012). All three LGM climatic models assumed a widely suitable
environment in Morocco and the Southern Iberian Peninsula, whereas its extent was
significantly reduced in the Eastern Mediterranean (except for Levant) and
Transcaucasia (Fig. 6, Supplementary fig. 2), the extent of reduction being dependent
on the model used. At the same time, bioclimatic layers 1 (mean annual temperature)
and 13 (precipitation of the wettest month) gave the highest contributions to the model
(29.3 and 20.8 %, respectively), with layer 13 being positively correlated with predicted
habitat suitability (data not shown). This supports the hypothesis that the higher genetic
diversity of chamaephytes in the Western Mediterranean stems from the availability of
snow protecting over-wintering buds (Conord et al. 2012), whereas it may have a
negative effect on other life forms. Molecular data confirmed the supposed habitat
reduction in the east because populations Am, Ge and BC exhibited low allelic (Hd) and
nucleotide (Pi) diversity — indicators of long-lasting or repeated population bottlenecks
(Kiefer et al. 2009; Avise 2000). On the other hand, high values of Hd and Pi in West-
Mediterranean populations imply long-term demographic stability (or multiple
colonizations and admixed populations). Furthermore, severe bottlenecks are likely
responsible for the loss of nuclear alleles and cp-haplotypes in eastern R. ulmifolius agg.
but not in eastern polyploids, as illustrated by the high number of W/a alleles (Table 2)
and the absence of UIm1 and Ulm2 haplotypes in the eastern diploids (Fig. 1).

The last glacial cycle likely produced the South-North gradient in the diploids’ genetic
structure. Populations GB and FN exhibited low Hd but high Pi, which is characteristic
for populations founded from several diverged sources (Avise 2000). Our data are thus
consistent with a leading-edge expansion model, which supposes the gradual
colonization of free (northern) areas by only a fraction of genotypes from the closest
populations (Nieto Feliner 2014; Hewitt 2004), in case of R. ulmifolius mainly from
different parts of the Iberian Peninsula (Fig. 6; Supplementary table 4). This inevitably
leads to lower allelic/haplotypic diversity with increasing latitude. Moreover, so-called
surfing on the wave of advance often causes significant changes in allelic frequencies as
a result of repeated founder effects and strong genetic drift (Excoffier and Ray 2008;
Edmonds et al. 2004). Although gene surfing is a more or less theoretical concept with
rather scarce empirical evidence (Gracia et al. 2013, Hallatschek et al. 2007), this
phenomenon can be observed for a few alleles in R. ulmifolius as well (Fig. 2 and
Supplementary fig. 2). With denser sampling along the Atlantic coast, the species may
be a good model for population genetic studies of range expansion.
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Polyploid hybrids may profit from the genetic deterioration of their parents

Hybridization and polyploidization undoubtedly play an important role in plant
evolution, although it is unclear whether they enhance or hinder diversification
(Madlung 2013). In European brambles, allopolyploids are stabilized by apomixis,
which makes each hybrid genotype a distinct evolutionary unit by enabling spread in
both time and space, as apomictic hybrids are able to quickly colonize unoccupied areas
(Horandl 2011) and thus increase the probability of survival in case of dramatic
environmental change. At the same time, residual sexuality via preserved meiosis (both
male and female) or via fertilization of unreduced female gametes does not exclude
them from further evolution (Sarhanové et al. 2012; Sochor et al. 2015). Sexual diploids
and apomictic polyploids are nevertheless often geographically separated with limited
overlap — the former are distributed mainly in southern areas, whereas the latter occupy
mostly colder temperate regions of Central and Western Europe and Transcaucasia
(Kurtto et al. 2010; Sochor and Travnicek 2016). This so-called geographic
parthenogenesis has been described for many plant and animal taxa and different
geographical variables (altitude, latitude, glaciation, human disturbance etc.), but its
reasons remain more or less hypothetical, partly because there are probably many
factors acting together to shape patterns of geographic parthenogenesis (Hérandl 2006).

Asexuals usually occupy marginal habitats, very often deglaciated areas. Post-glacial
migrations likely enabled the hybridization of formerly isolated taxa — a prerequisite (or
at least an indirect correlate) for apomixis in most plants (Horandl 2006, Lovell et al.
2013). Newly arisen apomicts could then take advantage of (1) (allo)polyploidy (e.g.,
elevated heterozygosity reflected by heterosis; the masking of deleterious mutations;
gene redundancy; or loss of self-incompatibility; Comai 2005; Madlung 2013); (2)
asexuality (better colonization ability due to no need for a reproduction mate;
reproductive assurance in low population densities; resistance to negative effects of
population fragmentation and inbreeding; and absence of gene flow from core habitats
which, in case of sexuals, prevents adaptation to extreme conditions and may thus drive
selection for reproductive isolation between core and marginal populations, e.g., via
asexuality; Haag and Ebert 2004, Vrijenhoek and Parker 2009); (3) reduced pressure of
predators, pests and pathogens (Verhoeven and Biere 2013); and (4) free niches after
deglaciation and Neolithic revolution in Europe (Matzke-Hajek 1997). Two main
hypotheses have been further proposed to explain early competitive interactions
between sexuals and apomicts. The *“general-purpose genotype” model suggests
selective advantages for and the spread of few apomictic genotypes with high ecological
tolerance (generalists) and thus with high competitive ability compared to sexuals. On
the other hand, the “frozen niche-variation model” predicts the coexistence of sexuals
and many apomictic genotypes specialized to narrow, non-overlapping niches (or
subsequent exclusion of sexuals if the generation of these apomictic specialists is too
fast; Vrijenhoek and Parker 2009). Both models may be valid in brambles, as a huge
number of diverse apomictic lineages exists (often represented by just few ramets), as
well as several extremely widespread genotypes exhibiting apparently broad ecological
tolerance (Kurtto et al. 2010).

Importantly, our molecular data strongly support the so-called “metapopulation
hypothesis”. Originally, this hypothesis postulated genetic bottlenecks in marginal
populations and subsequent drift and inbreeding, which have very different effects on
sexuals than on apomicts (Haag and Ebert 2004). Here, we evidence the genetic
deterioration in R. ulmifolius agg. in Northwestern Europe due to post-glacial re-
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colonization and in eastern populations due to severe bottlenecks at the LGM. Both
Northwestern Europe and Transcaucasia are hotspots of polyploid species diversity,
although polyploid apomicts (often only local hybrids) can be found elsewhere within
the distribution range of R. ulmifolius (Kurtto et al. 2010; Sochor and Travnicek 2016).
Diploid and polyploid brambles generally occupy slightly different ecological niches, as
seen in their distribution in the Mediterranean (diploids occupy mainly hot and dry
coastal habitats, whereas polyploids prefer inland and mountainous habitats) and in the
pattern of geographical parthenogenesis (see above). However, in regions with low
diploid allelic diversity, they are not ecologically separated (pers. obs.), indicating that
their niches partly overlap. In addition to the above-mentioned hypotheses, we therefore
hypothesize that the genetic deterioration of diploid R. ulmifolius agg. may have
enabled the diversification and spread of apomicts in NW Europe and Transcaucasia. In
contrast, competition among genetically diverse diploids and its polyploid descendants
likely limits the spread of the latter in the Mediterranean.

Apomicts integrate gene pools of both pre- and post-glacial diploids

In our previous papers, we hypothesized that although most polyploid Rubus
species/taxa originated in the Holocene and that their spread may have been driven by
human-mediated changes in landscape beginning only a few millennia ago (Sochor et
al. 2015; Sarhanova et al. in prep.), several must have been formed before the LGM (or
any similarly strong environmental event), e.g., members of R. subsect. Rubus, R.
“hirtus” agg., or some Caucasian polyploids (Sochor et al. 2015). This is strongly
supported by the present data. While high numbers of W/W and E/E alleles point to a
recent origin of western and eastern apomicts, respectively, multiple a/a and especially
W/a alleles indicate that a large proportion of eastern polyploids’ genomes derived from
an ancient diploid gene pool before it was restricted by the LGM bottlenecks in the east.
The same is probable also for western apomicts, although the molecular evidence is less
clear due to better continuity of populations (and thus smaller genetic changes) in the
Western Mediterranean (Fig. 6). Moreover, several region-specific alleles shared
between di- and polyploids imply the origin of Caucasian polyploids in a small area of
their current occurrence and only limited spread outside of it. A noticeable exception is
R. armeniacus Focke, which is a European cultivated and invasive crop, but there have
never been doubts about its Caucasian origin (Focke 1910). Here, we confirm its
formation in Armenia because it shares several private alleles with Armenian R.
ulmifolius agg. (it was hence treated as an Armenian polyploid in Fig. 2 and
Supplementary figs 1B and 2).

At the same time, we found only two eastern polyploid accessions sharing the cp-
haplotype with the eastern diploid, while all others bore the “western” haplotypes Ulm1
and Ulm2 or haplotypes derived from other diploid ancestors (see also Sochor et al.
2015; and Sochor and Travnicek 2016). Previously, the absence of shared haplotypes
led us to assume that eastern R. ulmifolius agg. either did not participate in recent
hybridizations or that it served predominantly as a pollen parent. In the light of the
nuclear SSR data, the latter hypothesis is more likely. The situation is somewhat
paradoxical because Caucasian polyploids (at least in Colchis and with exception of the
ecologically different series Glandulosi) exhibit only limited sexuality (Sochor and
TrévniCek 2016) and are thus expected to serve mainly as pollen donors in
hybridizations (Sarhanova et al. in prep.). Unidirectional hybridization is nevertheless a
ubiquitous phenomenon not only in plants but also in animals and fungi and may be
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hypothetically caused by many pre- or post-zygotic mechanisms, including genetic
imprinting, epigenetic effects or cytoplasmic—nuclear interactions (Turelli and Moyle
2007), or exogenous factors (Muir et al. 2015). It was also assumed to play a role in the
origin of several other Rubus taxa, such as pentaploid Corylifolii accessions. In that
case, triploids always serve as acceptors of diploid pollen from R. caesius probably due
to their low pollen viability and frequent production of unreduced megaspores (Sochor
et al. 2015). For Caucasian polyploids, this explanation would be only speculative, as
the pollen viability is unknown (however, low viability would not be surprising
considering the high proportion of unreduced megaspores; Sochor and Travnicek 2016).
Among many other hypotheses, the “SI x SC rule” is noteworthy, which states that
pollen from self-incompatible species is able to fertilize ovules from self-compatible
species but not vice versa (Zhou et al. 2008). The physiological mechanism of this rule
is only partly characterized and shares at least three common factors with the self-
incompatibility system in tomato (Baek et al. 2015). Because self-incompatibility was
observed in R. ulmifolius and is often broken by polyploidy (Comai 2005; Tammisola
and Ryyndnen 1970), this rule may be a possible explanation for the observed pattern.

Conclusion

Using the next-generation sequencing of nuclear microsatellites, the Sanger sequencing
of non-coding plastid regions and ecological niche modelling, we shed light on the
phylogeography of R. ulmifolius agg. — one of the only three extant diploid species
(excluding R. idaeus) that gave origin to the extremely rich European and Caucasian
bramble flora. The complex patterns of allelic and nucleotide diversity resulted from
Pleistocene and Holocene climate changes, which also drove the evolution of apomictic
brambles (Haveman et al. 2016; Sochor et al. 2015). However, associations between the
evolution of apomicts and the phylogeography of a sexuals have, to our knowledge,
never been explicitly studied. The present data show that apomictic taxa not only
preserve alleles lost in the diploid ancestors due to past genetic bottlenecks but also
integrate these old alleles with younger ones from the same or different diploid taxa via
recent gene flow. Then, facultative apomicts can profit both from the advantageous
genetic constitution of their asexual ancestors (which preserved the old alleles via
apomixis and polyploidy) and from the local adaptation of recent sexual populations.
This makes them a very flexible evolutionary system and a highly successful plant
group. Additionally, in regions where diploids’ genetic diversity was deteriorated by
environmental conditions in the past, apomicts seem to have a competitive advantage
that could promote their further spread and diversification. Genetic bottlenecks in
sexuals may thus serve as another explanation for geographic parthenogenesis in plants.
Overall, our data demonstrate a tight interplay between the evolutionary histories of
apomicts and their sexual ancestors.
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Abstract

The Caucasus is a biodiversity hotspot of global significance, containing a number of
highly diverse and species rich plant taxa. The region is also thought to be an important
evolutionary hotspot for Rubus subgenus Rubus. However, Caucasian brambles have
only been poorly studied to date and our knowledge of their evolutionary mechanisms,
systematics, and taxonomic variability remains rudimentary. The objectives of this
study therefore were to shed light on the evolution, diversity and reproduction modes of
Rubus in one of the two Caucasian glacial refugia — Colchis. Flow cytometry
measurements were used to estimate DNA ploidy level, a flow cytometric seed screen
was conducted to determine reproduction mode, and Sanger sequencing of two non-
coding plastid regions was used to reveal phylogenetic patterns. The most common
ploidy level was tetraploid, followed by diploid and rarely triploid. Intra-individual
variation in reproduction mode was rather low, as the “morphoseries Glandulosi and
Radula” exhibited strict sexuality and other taxa were mostly apomictic. A few
exceptions were observed that deserve further attention, for example, sexuality induced
hypothetically by haploid pollen or by environmental conditions, a high proportion of
triploid embryos, or polyspermy. Plastid haplotype variability revealed specific, ancient
evolutionary patterns with limited involvement of extant diploid taxa, and recent
isolation from European brambles. We provide the very first insight into the variability
and evolution of Colchic brambles, which can serve as a starting point for further
systematic and evolutionary studies.

Introduction

The Caucasus is among the 25 most threatened biodiversity hotspots in the world with a
high level of endemism (Myers et al. 2000) and one of the richest floras of its latitude
(Zimina 1978). One reason for this is the presence of two glacial refugia within this
relatively small area, which enabled survival of the temperate flora, including tertiary
relics. These refugia are Hyrcania, located along the southern Caspian coast, and
Colchis in the West of the Southern Caucasus (Tarkhnishvili et al. 2012). The so-called
“Colchic Triangle”, delimited by the ranges of the Greater and Lesser Caucasus in the
North, East, and South and the Black Sea in the West, is characterized by particularly
high plant diversity and endemism due to the Pleistocene development and geographical
isolation of the region, which together resulted in new free niches and the subsequent
adaptive radiation and speciation of some families (Kikvidze and Ohsawa 2001).
Currently, more than 4,100 species of vascular plants are recognized in Georgia
(Gagnidze 2005), of which around 3,000 are reported in Colchis (Kikvidze and Ohsawa
2001). However, the taxonomic and floristic literature is mostly several decades old, or
it is based on former treatments. Further detailed investigations will presumably result
in the discovery of many species that are new either for science or for the region, and
especially so for complicated and complex taxa, e.g. Orobanche L. (Piwowarczyk 2015)
or Astragalus L. (Ganbarov and Ibrahimov 2015).

The genus Rubus L., specifically its subgenus Rubus (blackberries, brambles),
unambiguously belongs among the most diverse and yet least explored Colchic taxa
(Juzepczuk 1925; Gagnidze 2005). Generally, the evolution of brambles is driven by
extensive hybridization, polyploidy, and asexual reproduction by seeds (apomixis), the
last of which enables the stabilization of the hybrid state (Gustafsson 1942; Pratt et al.
1958; Sochor et al. 2015). Rubus subgenus Rubus in Europe and adjacent regions thus
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constitutes an assemblage of 1) few “true biological” (sensu Mayr 1942) sexual species
(both diploid and tetraploid); 2) stabilized polyploid, mostly facultative asexual
agamospecies derived from both extant and extinct sexual ancestors; and 3) various
products of ancient and recent hybridizations (Sochor et al. 2015). Moreover, the
presence of geographical parthenogenesis (Sarhanova et al. 2012) or autosegregation
(Gustafsson 1942), among others, further increases the complexity of evolutionary
patterns in some taxa. Manifold taxonomic concepts have been applied to deal with
such a difficult subject, among which only one, termed “Weberian batology” (Holub
1997; Weber 1996), is widely accepted in Europe where Rubus systematics has
advanced the most. It represents a pragmatic, morphology-based agamospecies concept
(Haveman 2013) and postulates that only widely or regionally distributed biotypes
should be considered species. Local and individual biotypes should also be studied and
may be given provisional names, but these should not be validated as species (Weber
1996). Unfortunately, this implies that not all individual shrubs can be classified at the
species rank, but they can usually be assigned to higher taxa, such as series or sections,
although these often reflect only morphological similarities, not phylogenetic
relationships (Sochor et al. 2015), and their function is only rather pragmatic.

Although still vastly enigmatic, the Colchic diploid taxa are amongst the relatively best
explored. Rubus sanctus Schreber is closely related to the Western European R.
ulmifolius Schott. Thorough taxonomic revision by Monasterio-Huelin and Weber
(1996) led to synonymization of many names and resulted in the acceptance of just two
names in the complex: R. ulmifolius (syn. R. discolor Weihe et Nees, R. rusticanus
Mercier etc.) for western populations and R. sanctus (syn. R. sanguineus Friv., R.
anatolicus (Focke) Hausskn. etc.) for Balkan, Caucasian, and other eastern plants. The
second diploid species, R. moschus Juz., the only known extant diploid member of
series Glandulosi, is endemic of the Lesser Caucasus and is often erroneously treated
under the name R. caucasicus Focke of unclear status (Juzepczuk, 1925). The third
diploid, R. canescens DC., is often treated under such names as R. tomentosus Borkh.
and R. lloydianus Genev., but otherwise it does not seem to cause any taxonomic
difficulties. The systematics of polyploid groups is not so clear-cut, however. In the
three main floras covering the Southern Caucasian region (Juzepczuk 1941; Juzepczuk
1952; Kutateladze 1980), 44 species are mentioned in total and only 24 of them have
been recorded in Colchis (including the adjacent area of Borjomi and its vicinity). That
is a very low number compared to the extremely high morphological diversity observed
in the field (see also Juzepczuk 1925). Moreover, at least five of these species (R.
caucasicus Focke, R. candicans Weihe, R. hirtus Waldst. et Kit., R. serpens Wiehe, and
R. ponticus Juz.) can be considered doubtful or aggregate taxa (Kurtto et al. 2010 and
pers. obs.) and seven others (R. abchaziensis (Sudre) Sudre, R. adzharicus Sanadze, R.
carthalinicus Juz., R. miszczenkoi Juz., R. nakeralicus Sanadze, R. ochtodes Juz. and R.
platyphylloides Sanadze) are probably known only from the type locality or a very
restricted area (Juzepczuk 1925; Juzepczuk 1952; Kutateladze 1980). Moreover, some
of these names are based on insufficient herbarium material and/or a single individual
specimen of somewhat extreme appearance (Juzepczuk 1925). All of these names must
be used very carefully and call for the critical systematic revision of Colchic brambles.

Colchis appears to represent a very specific and isolated centre of Rubus evolution,
which shares several common ancestors with the European bramble flora (Sochor et al.
2015). Considering the very poor knowledge of the genus in the Caucasus, we aim to
unravel general patterns in 1) cytological variability, 2) reproduction mode, and 3)
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plastid DNA variation in Colchic brambles, which together reflect fundamental
evolutionary mechanisms and processes. By this, we intend to provide new insights into
the evolutionary mosaic of apomictic complexes, and establish a foundation for future
biosystematic research on the Caucasian brambles. This will enable further progress in
other fields of science, such as biogeography, evolutionary or reproductive biology (e.g.
Sochor et al. 2015; Sarhanové et al. 2012).

Materials and methods

Plant material

Plant material was collected during three field trips in 2013 to 2015 at approximately 17
wider localities in Racha, Lechkhumi, Zemo Svaneti, Adjara, Samegrelo, Imereti, and
Abkhazia (Fig. 1). As type locality of R. moschus, the surroundings of Borjomi were
also explored, although this area lies beyond the Meskheti/Likhi Range and does not
formally belong to Colchis. Altogether, 70 individuals were studied, but not all analyses
could be performed for every individual due to the limited accessibility of appropriate
material. In total, 52 individual plants were used for flow cytometry measurement
(FCM), 22 plants were sampled for flow cytometric seed screen (FCSS), and 65 for
plastid (cp) DNA sequencing, including one sample of R. idaeus L. as an outgroup. The
sample-set was divided into 36 morphological groups (hereafter termed morphotaxa)
based on herbarium material and preliminary field observations and assigned to putative
higher-level taxa (see e.g. Weber 2005). Since their identity with European taxa is often
debatable, we use the designation “morphoseries”, implying that while these taxa may
be of different origin they share the basic morphological traits with the respective
European series. All herbarium vouchers are deposited in the herbarium of Palacky
University in Olomouc (OL) and scans can be obtained from the corresponding author
upon request.

Flow cytometric analysis

Ploidy levels of studied accessions were assessed based on the relative fluorescence of
stained nuclei, as determined by FCM of fresh leaves or, in a few cases, by FCSS of
dried fruits, using a BD Accuri C6 (BD Biosciences, Franklin Lakes, NJ, USA) or a
Partec CyFlow ML (Sysmex Partec, Gorlitz, Germany) flow cytometer. Reproduction
mode was assessed from the relative position of the peaks for embryo, endosperm, and
an internal standard by FCSS (for details see Matzk et al. 2000; Sarhanova et al. 2012).
As internal standards, Solanum lycopersicum ‘Stupické polni rané’ (2C = 1.96 pg;
DoleZel et al. 1989) or Glycine max ‘Polanka’ (2C = 2.5 pg; Dolezel et al. 1994) were
used for FCM and Zea mays ‘CE-777" (2C=5.43 pg; Lysék and Dolezel 1998) for
FCSS. Leaf tissues (or seed) of the sample and standard were chopped together with a
razor blade in 0.5 mL LBO1 buffer (Dolezel et al. 1989; 15 mM Tris, 2mM EDTA, 0.5
mM spermine tetrahydrochloride, 80 mM KCI, 20 mM NacCl, 0.1 % Tritone X-100, 30
o/L PVP40, and 550 pL/L 2-mercaptoethanol [pH = 8.0]). The suspension was filtered
through a 42 pm nylon mesh and stained with 20 yL of propidium iodide (PI) or 4',6-
diamidino-2-phenylindole (DAPI). At least 3,000 particles were measured within the
size limits of the sample and the standard only. BD Accuri C6 (BD Biosciences) or
FlowMax (Sysmex Partec) software was used to calculate peak positions and
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coefficients of variation (CV). The highest CV value for accepted peaks was approx. 5.0
%. For ploidy level calibration, genotypes of R. moschus (2n = 14; chromosomes
counted by Krahulcova and Holub 1997; documented by herbarium specimen collected
by TravniCek under no. R266/11 deposited in OL herbarium) and R. bifrons Vest (2n =
28; counted by Tesafova (2012); documented by herbarium specimen Dus2 in OL
herbarium) were also measured.
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Plastid DNA analysis

DNA was extracted from silica gel-dried leaves following the CTAB
(cetyltrimethylammonium bromide) protocol of Doyle and Doyle (1987). Two plastid
regions were analysed: the matK intron amplified with XFA and AST_R primers
(Dunning and Savolainen 2010) and the trnL-trnF intergenic spacer with e and f primers
(Taberlet et al. 1991). PCR reactions were performed in a 15 pL reaction volume using
Pfu DNA polymerase (Thermo Scientific) according to manufacturer’s
recommendations with 0.8 uM final concentration of each primer, 20 ng of template
DNA and 0.25 u DNA polymerase. Cycling conditions were as follows: initial
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denaturation at 95 °C for 5 min, 37 cycles including one-minute denaturation at 95 °C,
40s annealing at 48 °C or 52 °C for matK and trnL-trnF, respectively, and extension
step at 72 °C for 160 s, followed by 10min final extension at 72 °C. Polyethylene
glycol-purified PCR products (10 % PEG 6000 and 1.25M NaCl in the precipitation
mixture) were sequenced using the Sanger method at Macrogen Europe in both DNA-
strand directions to avoid any ambiguities. Sequence editing, alignments, and haplotype
identification were performed in GENEIOUS (ver. 7.1.7.; created by Biomatters, available
from www.geneious.com). All haplotypes were compared to the sequences by Sochor et
al. (2015) and named accordingly. A median-joining algorithm was used to create a
phylogenetic haplotype network in NETWORK (ver. 4.6.1.2; Bandelt et al. 1999). All
sequences were deposited in NCBI Genbank (accession numbers KT581122 -
KT581217).

Results

Tetraploid is the most common ploidy level in Colchic brambles

The relative fluorescence (calculated as the ratio of sample/Solanum) for diploid taxa
was observed within the interval 0.324 to 0.420 for PI staining (R. moschus control
0.339 for PI and 0.305 for DAPI). Tetraploids fell within the intervals 0.675 to 0.822
and 0.602 to 0.725 for Pl and DAPI, respectively (Table 1; R. bifrons control 0.791 and
0.725). Within-ploidy variation in DNA content was quite high and corresponded to
morphological affinity, since the diploid species of series Glandulosi, R. moschus,
exhibited relative fluorescence ratios of 0.324 with Pl (~2C=0.634 pg), whereas a
fluorescence ratio of 0.420 (~2C=0.822 pg) was observed in R. sanctus (series
Discolores). Tetraploids exhibited similar variation among the series (see Table 1).

Out of the 34 studied morphotaxa of blackberries (R. subgenus Rubus), four were
observed to be diploid — R. sanctus, R. moschus (with two slightly different
morphotypes), and one putative hybrid R. sanctus x canescens (Table 1). Since R.
canescens is a strictly diploid species (Krahulcova et al. 2013), it was not included in
the flow cytometry analysis, although the species was observed also in the vicinity of
Borjomi. Only one sampled individual was triploid. It belongs to “morphoseries
Radula” and can only be a local hybrid of tetraploid R. “morphoseries Discolores”
(reduced female gamete; see Supplementary table 1) and diploid R. moschus (reduced
male gamete), both of which commonly occur at the site. All other studied morphotaxa
(85 %) were tetraploid and no higher ploidy levels were found (Table 1).

Glandulosi and Radula are obligate sexuals, other taxa mostly apomictic

The flow cytometric seed screen was able to reveal meiotic reduction and subsequent
fertilization of the female gamete as well as the pollen contribution in most cases. Most
embryos were developed either via a normal sexual pathway (i.e. the reduced
megagametophyte giving rise to 4x embryo and 6x endosperm by double fertilization in
4x mother plants) or via standard pseudogamous apomixis (i.e. the unreduced
megagametophyte, unfertilized egg cell, and fertilized central cell; 4x embryo and
usually 10x endosperm in 4x mother plants; Table 2), both preserving the mother plant
ploidy level in offspring. Deviations leading to lower or higher DNA content in
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embryos were detected in 30 seeds (15 %; Table 2). Obligate sexuality was observed in
all accessions of “morphoseries Glandulosi” and “Radula”, while other taxa exhibited
prevalent apomixis with a low proportion of residual sexuality (Table 2).

Table 1. Mean relative fluorescence (MRF) of 2C nuclei stained with propidium iodide (PI) or 4',6-
diamidino-2-phenylindole (DAPI) as a ratio of sample to standard (all values are calculated relative to the
internal standard Solanum lycopersicum, 2C = 1.96 pg) and estimated DNA ploidy level of studied
morphotaxa. Number of sampled individuals and total number of measurements per morphotaxon are
provided, together with the method used (flow cytometry measurement [FCM] or flow cytometric seed
screen [FCSS]).

Est.
#Ind./#Meas. ploidy
Morphotaxon Morphoseries (Pl + DAPI) MRF (PI) MRF (DAPI) level
R. cf. ibericus Juz. Discolores 1/1 (FCM) 0.801 - ax
R. morphotaxon dis1 Discolores 1/1 (FCM) 0.717 - 4x
R. morphotaxon dis2 Discolores 1/9 (FCSS)* 0.784 £0.065 - ax
R. morphotaxon dis3 Discolores 1/6 (FCSS)? 0.822 £0.052 - 4x
R. morphotaxon dis4 Discolores 1/1 (FCM) 0.689 - 4x
R. morphotaxon dis5 Discolores 1/1 (FCM) 0.767 - 4x
R. morphotaxon dis6 Discolores 1/2 (FCM) 0.729 £0.092 - ax
R. morphotaxon dis8 Discolores 1/1 (FCM) - 0.695 4x
R. morphotaxon dis9 Discolores 1/1 (FCM) - 0.692 ax
R. morphotaxon dis10 Discolores 1/1 (FCM) - 0.687 4x
R. morphotaxon dis11 Discolores 1/1 (FCM) - 0.686 4x
R. morphotaxon dis12 Discolores 1/1 (FCM) - 0.674 4x
R. morphotaxon dis13 Discolores 1/1 (FCM) - 0.702 ax
R. morphotaxon dis14 Discolores 1/1 (FCM) - 0.713 4x
R. morphotaxon dis15 Discolores 1/1 (FCM) - 0.710 ax
R. morphotaxon dis16 Discolores 1/1 (FCM) - 0.721 4x
R. morphotaxon dis17 Discolores 1/1 (FCM) - 0.703 4x
R. sanctus Schreb. Discolores 2/2 (FCM) 0.420£0.001 - 2X
R. "hirtus" agg. Glandulosi 3/4 + 2/2 (FCM) 0.667 +0.042  0.609 £ 0.001  4x
R. cf. platyphyllus C. Koch Glandulosi 11/15 +2/2 (FCM) 0.675+0.114 0.602 +0.002  4x
R. moschus Juz. (morphotype 2)  Glandulosi 2/2 (FCM) 0.324 £0.039 - 2x
R. moschus Juz. (morphotype 1)  Glandulosi 4/9 (FCM) 0.337£0.041  0.305 2X
R. cf. peruncinatus (Sudre) Juz.  Micantes 1/6 (FCSS)? 0.771£0.075 - 4x
R. morphotaxon micl Micantes 1/1 (FCM) 0.709 - 4x
R. morphotaxon mic2 Micantes 2/2 (FCM) 0.732+0.037 - 4ax
R. morphotaxon mic3 Micantes 1/1 (FCM) - 0.614 4x
R. morphotaxon mic4 Micantes 1/1 (FCM) - 0.602 ax
R. morphotaxon mic5 Micantes 1/1 (FCM) - 0.657 4x
R. morphotaxon radl Radula 1/3 (FCM) 0.699 £0.037 - 4x
R. morphotaxon rad2 Radula 1/1 (FCM) 0.568 - 3x
R. morphotaxon rad3 Radula 1/1 (FCM) - 0.696 ax
R. canescens x sanctus - (hybrid) 1/1 (FCM) 0.365 2X
- (section
R. morphotaxon corl Corylifolii) 1/1 (FCM) - 0.691 4x
- (subgenus
R. idaeus L. Idaeobatus) 1/2 (FCSS)* 0.346 +0.073 - 2x

! Based on standard sexually developed embryos only.
?Based on standard apomictically developed embryos only.
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The male contribution to the embryo and/or endosperm generally corresponded to the
ploidy level of the respective taxon (i.e. haploid sperm in diploid taxa and diploid sperm
in tetraploid taxa). Nevertheless, two tetraploid individuals from “morphoseries Radula
and Glandulosi” produced predominantly triploid embryos with pentaploid endosperm,
indicating pollination by haploid pollen. Similarly, tetraploid R. cf. peruncinatus
(Sudre) Juz. produced 38 % pentaploid embryos, presumably derived from fertilization
of an unreduced egg cell by haploid pollen. One seed with heptaploid embryo and
several seeds with exceptionally high ploidy levels of the endosperm (up to 13x) were
also observed in this accession.

Table 2: Assessment of reproduction mode using flow cytometric seed screen (FCSS).

Origin of embryo (%) Pollen ploidy" (%)
Sample Red. Red. Unred. Unred.
code Morphotaxon (ploidy) Morphoseries #seeds Fert. Unfert. Fert. Unfert. | n=1x n=2x n>2x
MS57/13  R. morphotaxon dis2 (4x) Discolores 12 92 0 8 0 0 92 8
MS58/13  R. morphotaxon dis3 (4x) Discolores 10 10 10 20 60 0 70 30
MS30/14  R. morphotaxon dis4 (4x) Discolores 10 10 0 0 90 0 80 20
MS41/14  R. morphotaxon dis5 (4x) Discolores 10 0 0 0 100 0 50 50
MS42/14  R. morphotaxon dis6 (4x) Discolores 10 0 0 10 90 0 90 10
MS33/14B R. "hirtus" agg. (4x) Glandulosi 10 100 0 0 0 0 100 O
MS42/13A R. cf. platyphyllus (4x) Glandulosi 7 86 0 14 0 0 100 O
MS42/13D R. cf. platyphyllus (4x) Glandulosi 9 100 0 0 0 0 100 O
MS44/13  R. cf. platyphyllus (4x) Glandulosi 10 100 0 0 0 0 100 O
MS46/13C R. cf. platyphyllus (4x) Glandulosi 10 100 0 0 0 0 100 O
MS46/13D R. cf. platyphyllus (4x) Glandulosi 4 100 0 0 0 0 100 O
MS53/13%  R. cf. platyphyllus (4x) Glandulosi 10 100 0 0 0 100 0 0
MS56/13°  R. cf. platyphyllus (4x) Glandulosi 10 100 0 0 0 0 100 O
MS52/13  R. cf. platyphyllus (4x) Glandulosi 6 100 0 0 0 0 100 O
MS51/130 R. moschus morphotype 1 (2x) Glandulosi 10 100 0 0 0 100 O 0
MS36/14B R. moschus morphotype 2 (2x) Glandulosi 10 100 0 0 0 100 0 0
MS59/13  R. cf. peruncinatus (4x) Micantes 11* 0 0 45 55 | 27° 18° 55°
MS44/14  R. morphotaxon micl (4x) Micantes 10 10 0 0 90 0 70 30
MS45/14  R. morphotaxon mic2 (4x) Micantes 10 0 0 0 100 0 70 30
MS37/14  R. morphotaxon radl (4x) Radula 8 100 0 0 0 87 13 0
MS15/15 R. morphotaxon rad3 (4x) Radula & 100 0 0 0 0 100

(subgenus

MS54/13  R. idaeus(2x) Idaeobatus) 2 100 0 0 0 100 O 0

Red./Unred. = reduced/unreduced megagametophyte, Fert./Unfert. = fertilized/unfertilized.

! Note that in a few cases more than one sperm cell may be involved and/or fusion of more than two
maternal nuclei may occur.

2 Maternal plant could not be measured by flow cytometry measurement (fresh material was not
preserved) but probably tetraploid based on morphology and cpDNA haplotype. Fruits collected on
natural locality with excess of diploid Rubus moschus.

® Fruits obtained by greenhouse cultivation.

* Two seeds were excluded as no endosperm peak was observed.

5 Male contribution was impossible to assess due to extraordinarily high ploidy of endosperm indicating
involvement of more than three nuclei in endosperm formation and possibly also unusual embryo origin
in this individual.
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Haplotypic variation does not correspond to morphology

Within 63 samples from 35 species and morphotaxa of “true” brambles (R. subgenus
Rubus), 13 plastid DNA haplotypes were distinguished (Fig. 2) by 13 single nucleotide
polymorphisms (1.3 %) in 993 bp matK alignment and 18 polymorphic sites (3.9 %) in
the 461 bp trnL-trnF alignment, including one 6 bp insertion in the Cael haplotype (see
the online version of the article). Most haplotypes were restricted to either diploid or
polyploid accessions; the only exception was haplotype San3 which was shared between
R. sanctus and tetraploid “morphotaxon dis8”. The most common haplotypes were
Caul and locally also Gla3, both of which were found in morphologically very distinct
polyploid accessions. Three haplotypes were observed in diploid R. sanctus, but only
one was common and widespread (San3). The other two were detected in one (San4) or
two individuals (Sanl). Both morphotypes of R. moschus bore Glal and Gla5
haplotypes. No morphoseries with more than one accession were defined by a single
haplotype. The highest haplotype diversity was observed in “morphoseries Discolores”,
which had seven haplotypes in total (Supplementary table 1).
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Figure 2: Median-joining plastid haplotype network. Each detected haplotype is denoted by one circle
sized according to the number of individuals bearing it. Haplotypes detected by Sochor et al. (2015) but
not in the present study are shown as small grey circles. Haplotypes detected in both Europe and Colchis
are in bold. The number of mutational changes between haplotypes and median vectors (black dots) are
shown above branches.
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Discussion

Specific ploidy-level pattern in Colchic brambles

Since our sampling covers a great part of Colchis as well as an extensive range of
morphological variability, we provide a very first insight into overall cytological
diversity in Colchic Rubus. The dominance of tetraploid accessions seems slightly
deviant relative to both European and North American true brambles. Among North
American bramble taxa, ploidy levels are more diverse, including chromosome counts
up to nonaploidy in Eastern North America and up to dodecaploidy in Western North
America along with high proportions of triploid and diploid accessions (Thompson
1997). Similarly, European brambles exhibit a higher proportion and also more common
occurrence of triploid microspecies, especially in Central Europe (Krahulcova et al.
2013; and pers. obs.), with most triploids belonging to series Discolores (predominantly
originating from R. canescens as a pistillate ancestor; Sochor et al. 2015), or to
subsection Rubus (Krahulcova et al. 2013). In Colchis, however, the haplotype is rarely
shared between R. canescens and the polyploids (see below), thus indicating only
limited involvement of this diploid in Colchic bramble evolution (cf. Sochor et al.
2015). Subsection Rubus (former Suberecti) is probably completely absent in the
Colchic flora (Juzepczuk 1941). Also, pentaploid and hexaploid accessions, which
comprise 7 % of the European bramble flora and a significant part of bramble
vegetation in Europe, belong mainly to section Corylifolii, a taxon containing
(geno)types derived from hybridizations between R. caesius L. and members of section
Rubus (Sochor et al. 2015). During three field trips (totalling together around 7 weeks)
only one member of section Corylifolii was found in Colchis, and its mention in the
literature is also rare (Juzepczuk 1941). Thus, R. caesius does not seem to hybridize as
often in the Western Caucasus as in Europe, although it was found at two sites in Racha
and occurs elsewhere in Colchis (Juzepczuk 1952; Kutateladze 1980). Nevertheless,
some Corylifolii accessions have been observed in Armenia (R. J. VVasut, pers. comm.).
The lack of pentaploid lineages may also be related to the scarcity of triploids, which
often serve as pistillate parents in pentaploid formation (Sochor et al. 2015). The
distinctive cytological patterns observed in Colchis, therefore, seem to be shaped mainly
by the lack of a few particular taxa, although detailed mechanisms cannot be
hypothesized yet.

Peculiar reproduction modes contradict the cytological variability

Despite many cytological and embryological studies in the past (e.g. Longley 1924;
Gustafsson 1942; Czapik 1983), we still have only limited knowledge of the natural
reproduction processes in brambles, even without mentioning the role of natural
selection acting on seeds and seedlings. In addition to artificial crossings (Lidforss
1914; Nybom 1995), it is mainly the development of the FCSS method that has revealed
a surprisingly high proportion of sexually derived embryos even in putatively strict
apomicts (Sarhanova et al. 2012). Although these recombinant seeds do not necessarily
have to increase the genetic variability of a population, FCSS has proved to be a
suitable method for assessing the degree of residual sexuality of each species and its
potential role in the evolution of apomictic genera (Dobes et al. 2014).
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Colchic brambles seem to exhibit lower intra-individual variability than European
tetraploids (cf. Sarhanové et al. 2012), as most accessions studied are either strict
sexuals or almost strict apomicts (Table 2). The former group includes “morphoseries
Glandulosi”, where only 1 out of 96 embryos originated from an unreduced (though
fertilized) megagametophyte. This agrees with the finding of Sarhanova et al. (2012) in
series Glandulosi from the Carpathians. In contrast, most accessions from
“morphoseries Discolores” and “Micantes” exhibited prevalent apomixis with only
occasional sex. This is a surprising finding considering the lack of widely distributed
morphotypes in our sample set. Although our sampling was not focused on the
identification of widely distributed morphotaxa, just one morphotype was sampled more
than once. Repeated observations of a single morphotype at different localities were
quite rare, as well. This contrasts with the opposite pattern observed in Europe, where
several (genetically uniform) accessions exhibit very wide distribution areas (Kurtto et
al. 2010), and, at the same time, they produce a quite high proportion of sexually
derived seeds (Sarhanova et al. 2012; and unpublished data). The only exception within
the apomictic morphoseries was “morphotaxon dis2”, with all its egg cells fertilized and
mostly reduced (Table 2). This shrub was sampled on a coastal swamp, not more than
500 m from the coast at sea level. It may therefore be hypothesized that environmental
factors (such as salt stress), rather than genotype, may have increased the frequency of
meiotic megagametophytes in this case, as had previously been observed in the
aposporous grass Cenchrus ciliaris L. (Gounaris et al. 1991) and suggested in Rubus
(Sarhanova et al. 2012).

Two tetraploid (sexual) individuals produced mainly triploid embryos (R. cf.
platyphyllus C. Koch and R. morphotaxon radl; Table 2 and online version of the
article). Both co-occurred with diploid R. moschus agg. which probably served as a
pollen donor. Therefore, fertilization of a diploid egg cell by haploid sperm does not
seem to be rare in Colchis, even though this is not consistent with the scarcity of triploid
accessions detected. Together with approximately 75% of aborted seeds in these
individuals (data not shown), this observation implies strong postzygotic selection
against triploid embryos following their early development. Further strong selection
may also be expected at the seedling and later stages of development, as demonstrated
recently, e.g. in poplar hybrids (Lindtke et al. 2014), or during the reproductive phase
when triploid hybrids fail to reproduce apomictically. Alternatively, high abortion and
low germination rates could be caused by an imbalance in the maternal:paternal
contribution to the endosperm (Haig 2013). Nevertheless, this seems unlikely for Rubus
as it is characterized by relaxed requirements for specific ratios of parental genomes in
the endosperm (Sarhanova et al. 2012). Interestingly, a high proportion of seeds with
exceptionally high ploidy levels of the embryo (5x or 7x) and endosperm (up to 13x; see
the online version of the article) was detected in one individual of R. cf. peruncinatus
(“morphoseries Micantes”). Based on embryological observations, Gerlach (1965)
described the fusion of an egg nucleus with two sperm nuclei (originating from the
same pollen tube or two different ones) in R. caesius and did not exclude the possibility
of additional fertilization by a synergid or other nuclei in the megagametophyte.
Hypothetically, these exceptional seeds could therefore be formed either via
endoreduplication, or due to the involvement of more sperm cells or megagametophyte
cells in the embryo and endosperm formation. Although these mechanisms have
provoked some controversy in the past, with potentially important evolutionary
implications (Dowrick 1961), they have never been extensively studied and their
significance in natural populations remains enigmatic.
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Haplotype diversity points to isolated evolution of Colchic brambles and regional
differentiation

Colchic and European brambles share several ancestral taxa that have participated in the
origin of both apomictic complexes via hybridization and polyploidization (Sochor et
al. 2015). This is supported by our data since six out of thirteen detected haplotypes
(excluding R. idaeus) are shared with European Rubus. Nevertheless, their distributions
differ significantly between the regions both in frequency and across ploidy levels.
Although many haplotypes are shared between diploids and polyploids in Europe, just
one such haplotype (San3, originating in R. sanctus) was observed in the Colchic
accessions (Fig. 2). Moreover, this case may be rather exceptional given that R. sanctus
apparently rarely serves as a female parent in hybridizations not only in Colchis but also
in the Balkans or Armenia (Sochor et al. 2015; and the author’s unpublished data). The
absence of R. moschus haplotypes Glal/Gla5 in Colchic polyploids implies, too, that
recent gene flow from this diploid to polyploid accessions is limited (if not absent).
However, data from Europe show that this (or closely related) diploid gave rise to the
European tetraploid accessions probably in the previous interglacial period (Sochor et
al. 2015).

Another example of a historical connection between Europe and Colchis is the Ulm1
haplotype, which is the most common haplotype in Western European diploid R.
ulmifolius, but was found only in two tetraploid accessions in Colchis. Three haplotypes
(Cael, Gla3 and Sanl) were detected in both regions at the same ploidy level,
indicating either shared ancestry, or recent gene-flow (in the case of Sanl, which is
characteristic for Balkan R. sanctus). On the contrary, seven haplotypes are, as far as we
know, specific to the Southern Caucasus (Caul, Cau2, San3, San4, Gla5, Gla4 and
Can3; see also Sochor et al. 2015) and point to the long-term isolation of Caucasian and
European brambles.

The haplotype distribution patterns can be explained by preglacial connections of the
Caucasian and European bramble floras and their subsequent isolation leading to
parallel evolutionary pathways in the two regions. Molecular data from Armenian
brambles furthermore points to differentiation even between the East and West
Caucasus (Sochor et al. 2015; and the author’s unpublished data), and some geographic
differentiation was detected even within Colchis. The most striking regional differences
were observed in “morphoseries Glandulosi”’; R. moschus is apparently restricted to the
Western Lesser Caucasus (see also Juzepczuk 1925), where it often dominates the
bramble shrub forest vegetation. Meanwhile, R. “hirtus” agg. (i.e. all undeterminable
members of series Glandulosi without leaf tomentum, irrespective of colour of stem
glands) occurs commonly in the westernmost part of the Lesser Caucasus and also
dominates some of the westernmost parts of the Greater Caucasus, but is considerably
rarer elsewhere (Juzepczuk 1952). On the other hand, R. cf. platyphyllus is the most
common bramble species in the Central Greater Caucasus and in a somewhat sparsely
tomentose form also in a small region in Abkhazia, incidentally coinciding with the
distribution of the Gla3 haplotype (Fig. 1, Supplementary table 1).

Within-region geographic structuring of bramble flora is further supported by the lack
of widely distributed apomictic morphotypes (see above). Such strong differentiation
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most likely reflects the high diversity of topographic, soil, climatic, and other
environmental conditions in the region, forming diverse niches and also ecological or
physical barriers to gene-flow (Kikvidze and Ohsawa 2001). Survival of multiple
species in different parts of Colchis during the last glacial maximum, post-glacial
recolonization routes delimited by their ecological requirements (Alvarez et al. 2009)
and subsequent hybridizations in contact zones could further shape patterns of species
and genetic diversity. At the same time, the long history of human impact on the
landscape may have speeded up bramble evolution in the region as it did in Central
Europe, although there it led to range expansion of apomicts rather than their
geographic differentiation (Matzke-Hajek 1997).

Conclusion and future directions

In this paper we provide the first insights into evolutionary mechanisms and patterns of
Colchic brambles. We believe that these data will trigger further evolutionary and
taxonomic studies, which will profit not only from traditional morphological methods,
but also from cytological and molecular analyses. FCM proved to be an easy-to-use
method for detecting diploid accessions, which constitute very important units in Rubus
evolution and may still be overlooked in the Caucasus. Moreover, knowledge of ploidy
level can help to distinguish different taxa and contribute to revealing their evolutionary
origins (cf. Sarhanova et al. 2012). FCSS, as a method of estimating reproduction mode,
provides useful information as to the degree of apomixis and can detect strictly (or
predominantly) sexual taxa, which cannot be treated as agamospecies. Colchic brambles
can furthermore serve as a good model system for studies of reproduction-related
phenomena, as indicated by several of the above-mentioned findings. Molecular
methods can provide additional information for phylogenetic systematics. Highly
variable sequences (e.g. microsatellites) reveal allelic and clonal diversity and help us to
distinguish clonal genotypes — a prerequisite for agamospecies delimitation. They can
also confirm recent hybridization events (e.g. Clark and Jasieniuk 2012; and the
author’s unpublished data). Phylogenetically more conserved molecular markers (e.g.
cpDNA) can detect different origins of morphologically similar morphotypes while
pointing to ancient ancestry, as shown in this and previous studies (Sochor et al. 2015).
Morphology-based Weberian concept may furthermore help to establish a pragmatic
classification system, although it should not form an obstacle for sampling and studying
locally distributed biotypes. By utilizing multiple methods and approaches, further
studies on Colchic brambles will undoubtedly bring very interesting results with
important implications for biogeography, evolution of polyploids and apomixis, plant
breeding, etc.
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Summary and conclusions
Title: Diversity, phylogenesis and evolutionary mechanisms in the genus Rubus

European and Caucasian brambles appear to be among the top taxa in category
“taxanomist’s nightmare, evolutionist’s delight” (Maclntyre 1967). This thesis shows
that it is a highly dynamic group with history of extensive hybridization. The apomictic
European and Caucasian blackberries mostly originate from only four extant diploid
species or species aggregates (R. ulmifolius—sanctus agg., R. canescens, R. moschus, R.
idaeus) and three extinct species (diploid members of R. subsect. Rubus, an ancestor of
R. caesius, an unknown Caucasian diploid), and many species are derived from two
tetraploid sexual taxa (R. caesius, R. ser. Glandulosi). Strict or prevalent sexuality of R.
caesius and R. ser. Glandulosi and residual sexuality of other biotypes have led to
extreme morphological and genetic diversity, especially in free deglaciated regions and
in areas with low competition of the sexual ancestors, i.e. in Northwest Europe and the
Southern Caucasus.

The Quaternary climate fluctuations and human impact on the landscape probably were
the most influential evolutionary drivers as most apomictic lineages were formed only
in the Holocene as a result of post-glacial migrations. From this point of view, indeed,
apomixis may be seen as a temporary phenomenon or blind alley of evolution
(Darlington 1939). On the other hand, there is evidence that the apomicts existed
already before the last glacial period. It is highly probable that many of the pre-glacial
apomictic lineages went extinct, but some of them survived the last glacial maximum
and thus preserved parts of their sexual ancestors’ gene pools that would otherwise
disappear. Moreover, apomictic lineages represent novel, independent evolutionary
units which only occasionally accept genes from contemporary diploids, utilizing both
ancient adaptive variation and new locally advantageous alleles. Apomixis thus
represents a way of spread of genetic variation in space and time and its preservation for
further “evolutionary use”.

Although this thesis brings many new insights into the evolutionary mechanisms and
trends in apomictic brambles, there are still many questions to be answered. Besides
specific taxonomical questions regarding relationships among particular taxa, it is
especially genetics and regulation of apomixis that is very poorly known in Rubus.
Batology and other studies on brambles are therefore far from exhausted and will
definitely bring very interesting results in the future.
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Shrnuti a zavér
Nazev prace: Diverzita, fylogeneze a evolucni mechanismy v rodu Rubus

Evropské a kavkazské ostruziniky patfi mezi predni zastupce kategorie ,,nocni mdra
taxonoma, rozkosS evolucionisty” (Macintyre 1967). Prace ukazuje, Ze je to velmi
dynamicka skupina poznamenana ¢astou hybridizaci. VSechny plvodni ostruziniky
Evropy a Kavkazu jsou totiZ potomky pouhych &ty recentnich diploidnich druh(i nebo
druhovych komplext (R. ulmifolius—sanctus agg., R. canescens, R. moschus, R. idaeus)
a tfi vyhynulych (diploidi z R. subsect. Rubus, pfedchddce R. caesius a neznamy diploid
ze zapadu Jizniho Kavkazu) a mnoho apomiktickych mikrospecii je odvozeno ze dvou
tetraploidnich sexuélnich taxoni (R. caesius a R. ser. Glandulosi). Uplna nebo
prevladajici sexualita R. caesius a R. ser. Glandulosi a reziduélni sexualita jinych
biotypll tak vedla k extrémni morfologické a genetické diverzité, zejména v Uzemich
postiZzenych zalednénim a v oblastech se snizenymi kompeti¢nimi tlaky ze strany
sexualnich predkd, tedy v severozapadni Evropé a na Jiznim Kavkazu.

Ctvrtohorni klimatické zmény a anthropogenni zmény v krajiné byly pravdépodobné
nejsilnéjSimi evolucnimi tlaky, jelikoz vétSina apomiktickych linii vznikla az
v holocénu jako dlsledek postglacidlnich migraci. Z tohoto pohledu se apomixe
opravdu mdzZe jevit jen jako docasny fenomén — slepa ulicka evoluce (Darlington 1939).
Na druhou stranu, v préci je predloZzena fada nepfimych dlikazl, Ze apomiktické
ostruziniky existovaly jiz pred poslednim glacidlnim maximem. Z nich velmi
pravdépodobné mnoho vyhynulo, ale alespoil nékteré prezily aZz do holocénu a
zachovaly taky ¢ast ancestralnich genofondl, které by jinak vymizely. Navic,
apomiktické linie reprezentuji nové, nezavislé evolucni jednotky jen prileZitostné
prijimajici geneticky material recentnich diploid(l. Jsou tak schopny vyuZivat jak
adaptivni variabilitu svych davnych predkl, tak i nové, lokalné vyhodné alely
recentnich diploidnich populaci. Apomixe tak spiSe neZz slepou ulicku evoluce
predstavuje zplsob $ifeni genetické variability v prostoru a ¢ase a jeji uchovani pro
nasledné ,,evolucni vyuziti*.

Ackoliv tato dizertacni prace prinasi fadu novych poznatkl o evoluénich mechanismech
a trendech apomiktickych ostruzinikli, z(stava v této oblasti stadle mnoho
nezodpovézenych otazek. Kromé taxonomickych problém( kolem pfibuznosti
konkrétnich taxonl je to zejména genetika a regulace apomixe, ktera je u ostruzinikd
jen velmi mélo prozkoumana. Batologie a dalsi védni obory zabyvajici se ostruziniky
tak zdaleka nejsou vycerpané a v budoucnu jisté pfinesou fadu zajimavych poznatkd.
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Chapter 2, Supplementary table 1: List of studied accessions, their herbarium voucher numbers, taxonomic position, geographic origin, obtained cp haplotypes, genbank
accession numbers and ploidy level measured by flow cytometry (FC), flow cytometry seed screen (FCSS) or published earlier for the respective microspecies (Krahulcova et
al. 2013, Kurtto et al. 2010).

Herbarium Genebank Ploidy
voucher Taxon Section Series Latitude Longitude Locality Haplotype accession no. level
KM036728, 37172,
NA'T R. odoratus - - 49°35'09"N  17°14'59"E  Czechia, Olomouc - cultivation Odo 37678-37685 2x
NA R. cf. biflorus - - 27°46'32"N  86°43'19"E  NE Nepal, near Khumjung OutBfl KM036730, 37179 NA
OL-lda02 R. idaeus - - 49°35'59"N  16°54'59"E  cE Czechia, ¢ Moravia, distr. Prostéjov Idal KM036844, 37173  2x
OL-lda03 R. idaeus - - 50°02'41"N  15°44'06"E cN Czechia, E Bohemia, Pardubice ldal KM036845, 37174  2x
NA R. idaeus - - 50°46'15"N  14°46'32"E N Czechia, N Bohemia, Jablonné v Podjestédi  Ida2 KM036625, 37176  2x
KM036626, 37175,
NA'T R. idaeus - - 48°05'50"N  24°24'24"E  SW Ukraine, Zakarpatska oblast, near Rachiv Ida2 37405-37411 2X
2X
NA R. idaeus - - 43°06'29"N  42°44'40"E  NW Georgia, Svaneti, near Mestia lda2 KM036673, 37177 (FCSS)
OL-AM32/2 R. caesius Caesii - 38°56'56"N  46°11'45"E S Armenia, Syunik, near Meghri Cael KMO036650, 37159  4x
OL-AM8 R. caesius Caesii - 39°42'38"N  45°12'28" E c Armenia, near Areni Cae3 KMO036651, 37169 4x
OL-25456 R. caesius Caesii - 48°51'18"N  16°43'29"E  SE Czechia, S Moravia, Nové Mlyny Cael KM036838, 37156  4x
NA R. caesius Caesii - 49°00'20"N  20°43'17"E cE Slovakia, near SpiSské Podhradie Cael KMO036545, 37157  4x
OL-25622 R. caesius Caesii - 49°48'40"N  18°01'28"E  NE Czechia, N Moravia, near Bilovec Cael KM036546, 37152  4x
KM036547, 37142,
NA'T R. caesius Caesii - 49°57'24"N  02°13'47"E  SE France, Picardie, near Amiens Cael 37232-37236 4x
NA R. caesius Caesii - 42°12'08"N  20°59'21"E S Kosovo, near Jazhincé Cael KM036548, 37143  4x
NW Germany, Nordrhein-Westfalen, KMO036561, 36856,
OL-R143/11™  R. conothyrsoides Rubus Anisacanthi 52°19'38"N  07°38'35"E  Ibbenbiiren Glal 37281-37288 4x
NW Germany, Nordrhein-Westfalen, near Bad
OL-R189/11 R. infestus Rubus Anisacanthi 52°15'41"N  08°47'05"E  Oeynhausen Uimi KM036628, 36927  4x
KM036550, 36889,
OL-24830"™ R. canescens Rubus Canescentes 48°30'39"N  18°24'34"E  cW Slovakia, district Zlaté Moravce Canl 37245-37252 2X
SE France, Provence-Alpes-Cote d'Azur, near
NA R. canescens Rubus Canescentes 43°28'30"N  06°55'39"E  Fréjus Canl KM036652, 36978 2x
NA R. canescens Rubus Canescentes 41°50'08"N  43°15'53"E ¢ Georgia, near Borjomi Canl KMO036653, 36979  2x
OL-24885 R. canescens Rubus Canescentes 41°40'17"N  20°51'12"E  NW Macedonia, dist. Mavrovo and Rostusha Canl KMO036551, 36890 2x
NW Croatia, Licko-senjska Zupanija, near Licko
OL-24917 R. canescens Rubus Canescentes 44°45'09"N  15°22'29"E  LeSce Canl KM036888 2X
OL-R169/13 R. aff. arduennensis  Rubus Discolores 49°09'57"N  08°00'55"E W Germany, Rheinland-Pfalz, near Landau Ulm1 KM036643, 37023 NA
OL-R256/13 R. arduennensis Rubus Discolores 50°04'20"N  10°39'53"E ¢ Germany, Bayern, near Konigsberg Canl KM036644, 36976 NA
NA R. armeniacus Rubus Discolores 49°18'05"N  08°05'32"E W Germany, Rheinland-Pfalz, near Neustadt Ulm2 KM036529, 37131  4x
OL-24949 R. armeniacus Rubus Discolores 49°34'39"N  17°17'13"E  cE Czechia, ¢ Moravia, Olomouc Ulm2 KMO036528, 36850  4x
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. flos-amygdalae

. flos-amygdalae

. flos-amygdalae

. flos-amygdalae

. geniculatus

Rubus

Rubus

Rubus
Rubus
Rubus
Rubus
Rubus

Rubus
Rubus
Rubus

Rubus
Rubus

Rubus
Rubus
Rubus

Rubus

Rubus

Rubus

Rubus
Rubus

Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus

Rubus

Rubus

Discolores

Discolores

Discolores
Discolores
Discolores
Discolores
Discolores

Discolores
Discolores
Discolores

Discolores
Discolores

Discolores
Discolores
Discolores

Discolores

Discolores

Discolores

Discolores
Discolores

Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores

Discolores

Discolores

49°10'52"N

47°21'55"N

49°27'15"N
49°08'50"N
48°21'47"N
49°19'41"N
49°08'31"N

49°22'46"N
49°08'30"N
48°30'40"N
45°34'00"N
49°18'05"N
49°18'22"N
49°16'45"N
49°16'39"N
48°32'39"N
48°03'56"N
47°14'06"N
48°55'33"N
49°17'29"N
52°16'45"N
52°18'23"N
49°18'48"N
49°20'29"N
49°08'50"N
49°12'04"N
49°49'23"N
52°23'14"N

52°22'08"N

17°20'45"E

17°49'01"E

18°15'40"E
17°23'06"E
18°28'02"E
08°14'53"E
13°52'22"E

18°01'14"E
13°52'20"E
18°24'34"E
17°20'32"E
08°05'28"E
13°41'35"E
13°53'22"E
17°54'46"E
21°23'15"E
20°35'28"E
17°51'29"E
14°24'45"E
13°52'37"E
08°09'32"E
08°19'40"E
08°06'17"E
08°16'44"E
17°23'05"E
17°24'05"E
18°01'13"E
07°5727"E

08°05'02"E

cE Czechia, S Moravia, near Otrokovice
NW Hungary, Gyor region, near
BakonyszentaszIo

NE Czechia, NE Moravia, near RoZnov pod
Radhostém

cE Czechia, S Moravia, near Otrokovice
CW Slovakia, district Zlaté Moravce

W Germany, Rheinland-Pfalz, near Hal3loch
SW Czechia, S Bohemia, near Volyné

E Czechia, E Moravia, dist. Vsetin
SW Czechia, S Bohemia, near Volyné

cW Slovakia, district Zlaté Moravce
N Croatia, Bjelovarsko-bilogorska zupanija,
near Sirac¢

W Germany, Rheinland-Pfalz, near Neustadt

SW Czechia, S Bohemia, near Horazdovice
S Czechia, S Bohemia, near Strakonice

E Czechia, E Moravia, dist. Vsetin

NE Hungary, Borsod-Abauj-Zemplén, near
Gonc

NE Hungary, Borsod-Abauj-Zemplén, near
Bulkkszentkereszt

W Hungary, Veszprém region, near Zirc
SW Czechia, S Bohemia, near Ceské
Budéjovice

SW Czechia, S Bohemia, near Strakonice

NW Germany, Niedersachsen, near Oshabriick
NW Germany, Niedersachsen, near Osnabriick
W Germany, Rheinland-Pfalz, near Neustadt
W Germany, Rheinland-Pfalz, near Hal3loch
cE Czechia, S Moravia, near Otrokovice

cE Czechia, S Moravia, near Otrokovice

NE Czechia, N Moravia, near Bilovec

NW Germany, Niedersachsen, near Oshabriick
NW Germany, Niedersachsen, near
Wallenhorst

Canl

Canl

Canl
Canl
Canl
Canl
Ulm1

Ulml
Ulm1
Ulm1

Ulm1
Ulm1

Canl
Canl
Canl

Canl

Canl

Canl

Canl
Canl

Canl
Canl
Ulm1l
Ulm1l
Canl
Canl
Canl

Canl

Ulm1

KM036524, 37061
KM036525, 37171

KM036526, 36885
KM036531, 37059
KM036532, 36886
KM036533, 36887

KMO036536, 37050
KMO036539, 37210-

37215, 37668-
37669

KM037138

KMO036538, 36921

KMO036537, 36920

KMO036540, 36922
KMO036541, 37065,

37216-37225

KM036542, 36974

KMO036558, 37063
KMO036559, 36891,

37276-37280

KMO036560, 36892

KM036564, 37107
KMO036566, 37120,

37307-37677

KM036567, 37108
KM036568, 37081,

37312-37319

KM036569, 37088
KM036573, 37127
KM036574, 37085
KM036575, 37111

KMO036576

KMO036577, 36975
KMO036578, 36894

KM036582, 37019

3x
3x

3X
3X
3X
3x
4x

4x (FC)
4x
4x

4x
4x

4x
ax
3x

3x
3x
3x

3x
3x

4x
4x
3X
3X
3x
3x
3x

3x

4x
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OL-R218/12 R. geniculatus Rubus Discolores 50°24'07"N  05°51'53"E E Belgium, Walloon Region, near Stavelot Ulm1 KMO036583, 37128  4x
V. Zila 5517/12 R. goniophorus Rubus Discolores 50°29'33"N  08°33'30"E cW Germany, Hessen, near Wetzlar Canl KM036601, 37089  3x
V. Zila 5516/12 R. goniophorus Rubus Discolores 50°25'38"N  08°25'42"E cW Germany, Hessen, near Weilm{inster Canl KM036602, 37075  3x
KM036603, 37060,
37367-37372,
OL-25457'™ R. grabowskii Rubus Discolores 50°09'03"N  15°50'43"E cN Czechia, E Bohemia, near Hradec Kralové  Canl 37686 3x
OL-R163/12 R. grabowskii Rubus Discolores 49°07'11"N  05°30'24"E  NE France, Lorraine, near Verdun Canl KM036607, 37090  3x
OL-R118/09 R. guttiferus Rubus Discolores 48°52'03"N  14°21'03"E  SW Czechia, S Bohemia, near Cesky Krumlov ~ Can2 KM036611, 37057  3x
NE Hungary, Borsod-Abauj-Zemplén, near
OL-R44/09 R. guttiferus Rubus Discolores 48°26'04"N  21°18'28"E  GOnc Can2 KM036612, 36899  3x
OL-R95/10 R. guttiferus Rubus Discolores 47°53'20"N  19°56'37"E N Hungary, Heves region, near Matraszentimre Can2 KM036613, 36900 3x
OL-24840 R. guttiferus Rubus Discolores 48°27'43"N  18°18'21"E  cW Slovakia, district Zlaté Moravce Can2 KM036738, 37110 3x
OL-R116/09 R. henrici-egonis Rubus Discolores 48°51'38"N  14°20'53"E  SW Czechia, S Bohemia, near Cesky Krumlov ~ Can2 KM036615, 37052  3x
OL-R9/12 R. henrici-egonis Rubus Discolores 48°31'16"N  18°25'28"E  cW Slovakia, district Zlaté Moravce Can2 KM036616, 36901  3x
OL-R90/10 R. henrici-egonis Rubus Discolores 47°53'42"N  19°51'42"E N Hungary, Heves region, near Matraszentimre Can2 KM036617, 36902  3x
OL-R178/11 R. lindebergii Rubus Discolores 52°22'08"N  08°05'02"E NW Germany, Niedersachsen, near Osnabriick Ulm1 KM036637, 37094  4x
OL-MD R. cf. moestus Rubus Discolores 49°1827"N  17°56'566"E E Czechia, E Moravia, near Vsetin Can2 KM036678, 36981  4x (FC)
KM036840, 37106,
37656-37661,
OL-R209/10™  R. montanus Rubus Discolores 49°08'31"N  17°13'40"E  SE Czechia, S Moravia, distr. Kromé&fiz Canl 37430-37433 3%
OL-24837 R. montanus Rubus Discolores 48°27'49"N  18°18'36"E  cW Slovakia, district Zlaté Moravce Canl KM036718 3x
OL-24932 R. montanus Rubus Discolores 46°49'50"N  15°33'11"E  SE Austria, Steiermark, near Leibnitz Canl KM036717, 37099  3x
OL-R164/12 R. montanus Rubus Discolores 49°07'11"N  05°30'24"E  NE France, Lorraine, near Verdun Canl KM036720, 37082  3x
N Croatia, Bjelovarsko-bilogorska zupanija,
OL-R94/12 R. montanus Rubus Discolores 45°56'32"N  16°53'45"E  near Bjelovar Canl KM036719, 36907  3x
OL-R227/12 R. palaefolius Rubus Discolores 50°38'52"N  07°00'07"E W Germany, Nordrhein-Westfalen, near Bonn Ulml KM036731, 37125 3x (FC)
OL-R231/12 R. palaefolius Rubus Discolores 50°4528"N  07°10'14"E W Germany, Nordrhein-Westfalen, near Bonn ~ Uim1 KM036732, 37126  3x
SW Czechia, S Bohemia, near Ceské
NA R. parthenocissus Rubus Discolores 49°02'54"N  14°25'55"E  Budéjovice Canl KM036733, 37109  3x
R194/10 R. parthenocissus Rubus Discolores 49°10'52"N  17°20'45"E  SE Czechia, distr. Kroméfiz Canl KM037053 3x
OL-25619 R. parthenocissus Rubus Discolores 49°4923"N  18°01'13"E  NE Czechia, N Moravia, near Bilovec Canl KM036734, 37083  3x
SW Czechia, S Bohemia, near Ceské
OL-R119/09 R. pericrispatus Rubus Discolores 48°54'52"N  14°19'57"E  Budé&jovice Canl KM036736, 37064  3x
NW Hungary, Gyor region, near
OL-R18/12 R. pericrispatus Rubus Discolores 47°21'34"N  17°49'01"E  Bakonyszentaszl6 Canl KM036737, 37073  3x
R. peripragensis N Czechia, N Bohemia, near Straz pod
OL-24945 ined. Rubus Discolores 50°41'32"N  14°51'27"E  Ralskem Canl KMO036756, 37115  3x*
OL-25589 R. perperus Rubus Discolores 49°02'50"N  14°25'55"E  SW Czechia, S Bohemia, Hlubokéa nad Vitavou Canl KMO036742, 37054  3x
OL-R12/12 R. perperus Rubus Discolores 48°32'01"N  18°24'48"E  cW Slovakia, distr. Partizanske Canl KM036743, 36908 3x
OL-R33/10 R. perperus Rubus Discolores 47°39'46"N  18°24'07"E N Hungary, Komarom-Esztergom region, Tata  Canl KM036744, 37112  3x
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OL-R130/10

OL-R108/12
OL-R158/12"™

OL-R102/12
OL-R30/12
OL-R159/11
OL-25624
OL-AM36
OL-AM20
OL-24842
OL-24863

OL-R223/11™
OL-25592

OL-R105/12

OL-R16/12
OL-R187/11
OL-R230/12

OL-AM25/30
OL-AM25/6
OL-AM34
OL-AM38
NA

NA
OL-24874
OL-24876
OL-24891
OL-24896
OL-24903
NA
OL-24906

NA

l T ©® » ¥ X M X ¥ OV X XV O XWXV X OV XV OV OV XV VXV IV O XNV XUV O XD

. phyllostachys

. phyllostachys
. phyllostachys

. aff. phyllostachys
. pilosipraecox

. polyanthemus

. portae-moravicae
. aff. praecox agg.
. aff. praecox agg.
. aff. praecox agg.
. praecox

. praecox
. praecox

. praecox

. praecox
. praecox
. pseudargenteus
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °
. sanctus °

. sanctus °

. sanctus °

Rubus

Rubus
Rubus

Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus

Rubus
Rubus

Rubus

Rubus
Rubus
Rubus

Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus

Rubus

Discolores

Discolores

Discolores

Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores

Discolores
Discolores

Discolores

Discolores
Discolores
Discolores

Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores

Discolores

49°18'47"N
45°45'20"N
49°20'29"N
45°34'00"N
47°10'49"N
52°24'47"N
49°48'09"N
39°08'43"N
39°29'30"N
48°27'39"N
44°4300"N
49°07°49"N
47°49'25"N
45°45'20"N
47°21'33'N
52°25'10"N
50°38'52"N
39°26'32"N
39°26'32"N
38°54'12"N
39°12'01"N
42°23'18"N
42°2341"'N
41°59'46"N
41°58'22"N
42°12°08"N
41°39'54"N
42°26'22"N
42°38'23"N
42°55'07"N

39°42'02"N

17°37'59"E
17°18'47"E
08°16'44"E
17°20'32"E
17°48'24"E
07°55'44"E
18°00'39"E
46°26'03"E
46°18'45"E
18°18'11"E
20°28'04"E
14°00'33"E
18°49'49"E
17°18'47'E
17°48'21"E
07°56'38"E
07°00'07"E
46°26'08"E
46°26'08"E
46°17'16"E
46°25'27"E
41°33'60"E
41°33'57"E
21°33'06"E
21°09'35"E
20°59'21"E
19°40'57"E
18°35'23"E
18°07'49"E
17°37'37"E

22°52'30"E

E Czechia, E Moravia, distr. Kromé¥iz
N Croatia, Bjelovarsko-bilogorska Zup., near
Grubisno Polje

W Germany, Rheinland-Pfalz, near Hal3loch
N Croatia, Bjelovarsko-bilogorska Zupanija,
near Sira¢

NW Hungary, Veszprém region, near Harskuat
NW Germany, Niedersachsen, near Bramsche
NE Czechia, N Moravia, near Bilovec

SE Armenia, Syunik, near Kapan

SE Armenia, Syunik, near Goris

CW Slovakia, district Zlaté Moravce

cN Serbia, near Beograd

SW Czechia, S Bohemia, near Volyné

S Slovakia, near Starovo

N Croatia, Bjelovarsko-bilogorska zup., near
GrubiSno Polje

NW Hungary, Gyor region, near
Bakonyszentaszlo

NW Germany, Niedersachsen, near Bramsche
W Germany, Nordrhein-Westfalen, near Bonn

SE Armenia, near Goris

SE Armenia, near Goris

S Armenia, Syunik, near Meghri

SE Armenia, Syunik, Kapan

W Georgia, Samegrelo-Zemo Svaneti, Anaklia
W Georgia, Samegrelo-Zemo Svaneti, Anaklia
N Macedonia, near Skopje

NW Macedonia, distr. Zhelino

S Kosovo, near Jazhincé

N Albania, distr. Lezhé

W Montenegro, near Herceg Novi

S Croatia, Dubrovnik

S Bosnia and Herzegovina, Neum
cE Greece, Thessalia Sterea Ellada,
Agiokampos

Canl

Canl
Canl

Canl
Can2
Ulm2
Ulm1
Ulm1l
Ulm1l
Canl
Ulm1l

Ulml
Ulml

Ulm1

Ulml
Ulm1
Ulm2

San2
San3
San2
San2
San3
San3
Sanl
Sanl
Sanl
Sanl
Uim1l
Uimi
Uimi

Sanl

KM036748, 37077

KM036749, 37070
KM036750, 37071

KM036563, 36893
KM036752, 37084
KMO036755, 36986
KM036754, 37132
KM036679, 37028
KM036659, 37024
KM036762, 36911

KM036763, 37114
KM036757, 37139,
37481-37489

KM036758, 37021
KM036759, 37100

KM036760, 37101
KM036761, 37096
KMO036766, 36987

KM036691, 37016
KM036692

KM036693, 37017
KM036694, 37018
KM036689, 37014
KM036690, 37015
KM036801, 37129
KM036802, 37072
KM036803, 36916
KM036805, 37013
KM036807, 36944
KM036808, 36945
KM036809, 36946

KM036688, 37012

3x

3x
3x

NA
4x (FC)
4x
4x

ax
4x

4x

4x
4x
NA

2X
2X
2X
2X
2X
2X
2X
2X
2X
2X
2X
2X
2X

2X
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OL-25620"
OL-R35/12
OL-25547
GAT-FB12-15
OL-24804

OL-24806
OL-24807

OL-24809
OL-24815
OL-24816

OL-24818
OL-MD-K4
MS14/13

NA
NA
OL-24895
OL-24898

OL-24909

OL-24913
OL-24918
OL-24928
OL-R178/12
OL-R183/12
OL-R187/12

OL-R192/12"™
OL-UIm02

NA

V. Zila

V. Zila

25574
OL-R140/11

2o v R v R v B v B v R v R v B v B v B v R v B v B v B v R v B s B v R B s B v > v I v B v

A X0V UV OV O AV D

. sanctus °
. subflaccidus ined.
. ulmifolius
. ulmifolius
. ulmifolius

. ulmifolius
. ulmifolius

. ulmifolius
. ulmifolius
. ulmifolius

. ulmifolius
. ulmifolius
. ulmifolius

. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius

. ulmifolius

. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius

. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius
. ulmifolius
. winteri

Rubus
Rubus
Rubus
Rubus
Rubus

Rubus

Rubus

Rubus
Rubus
Rubus

Rubus
Rubus
Rubus

Rubus
Rubus
Rubus
Rubus

Rubus

Rubus
Rubus
Rubus
Rubus
Rubus
Rubus

Rubus
Rubus
Rubus
Rubus
Rubus
Rubus
Rubus

Discolores
Discolores
Discolores
Discolores
Discolores

Discolores

Discolores

Discolores
Discolores
Discolores

Discolores
Discolores
Discolores

Discolores
Discolores
Discolores
Discolores

Discolores

Discolores
Discolores
Discolores
Discolores
Discolores
Discolores

Discolores
Discolores
Discolores
Discolores
Discolores
Discolores
Discolores

42°04'08"N
47°04'01"N
32°40'09"N
37°08'06"N
43°43'58"N

43°16'22"N

43°46'19"N

43°15'15"N
41°17'53"N
41°39'19"N

42°29'43"N
28°07'57"N
43°35'33"N

43°23'43"N
43°45'14"N
42°05'09"N
42°02'41"N

43°09'48"N

43°51'25"N
44°57'39"N
45°39'49"N
50°12'29"N
50°20'10"N
50°52'15"N

50°53'08"N
45°13'29"N
42°45'43"N
50°05'43"N
50°40'31"N
41°23'08"N
52°20'12"N

27°58'01"E
17°3525"E
16°53'12"W
06°39'49"W
06°48'07"E

06°38'46"E

06°22'40"E

06°31'37"E
01°52'24"E
02°31'50"E

02°49'16"E
17°13'15"W
07°02'08"E

06°43'43"E
07°25'16"E
20°22'34"E
19°29'05"E

17°24'56"E

15°50'45"E
15°01'50"E
14°10'41"E
01°49'38"E
01°44'56"E
01°34'59"E

02°30'42"E
13°37°27"E
11°62'27"E
08°21'08"E
07°17'49"E
09°10'22"E
07°38'44"E

SE Bulgaria, distr. Burgas, Sinemorec
NW Hungary, distr. Veszprém, near Ajka
Madeira, near Funchal

SW Spain, Andalusia, near Punta Umbria

SE France, Alpes-Maritimes, near Cannes

SE France, Provence-Alpes-Céte d'Azur,
Cogolin

SE France, Provence-Alpes-Cdéte d’Azur, near
Trigance

SE France, Provence-Alpes-Cote d'Azur,
Cogolin

NE Spain, Catalunya, near Barcelona

NE Spain, Catalunya, near Sant Celoni
S France, Languedoc-Roussillon, near Le
Boulou

Canary Islands

SE France, Alpes-Maritimes, near Cannes
SE France, Provence-Alpes-Cote d'Azur,
Fréjus

SE France, Alpes-Maritimes, near Monaco
NE Albania, near Kukés

N Albania, distr. Shkodér

¢ Croatia, Splitsko-dalmatinska Zupanija, near
Vrgorac

¢ Croatia, Sibensko-kninska Zupanija, near
Vodice

NW Croatia, Licko-senjska Zupanija, near Senj
SW Slovenia, Postojna, near Pivka

NE France, Picardie, near Abbeville

NE France, Picardie, near Abbeville

NE France, Nord-Pas-de-Calais, near Calais

NE France, Nord-Pas-de-Calais, near Dunkerk
NW Croatia, Istria, near Pore¢

c Italy, N Lazio, near Acquapendente

W Germany, Hessen, near Wiesbaden

W Germany, Nordrhein-Westfalen, near Bonn
S Corsica, Bonifacio

NW Germany, N Nordrhein-Westfalen

Sanl
Canl
Ulm1
Ulm1
Ulm1

Ulml

Ulml

Ulm1
Ulm2
Ulml

Ulm1
Ulm2
Ulm2

Ulm1
Ulm1
Ulm1
Ulm1l

Ulm1

Ulm1l
Ulm2
Ulm1
Ulm1
Ulm1
Ulm1

Ulm2
Ulm1
Ulm1
Ulm1l
Ulm1l
Ulm2
Ulm2

KMO036795, 37133,
37596-37600

KM036783, 37102
KM036671, 37026
KM036814, 36947
KM036816, 37103

KM036817, 37116
KM036818, 37034

KM036819, 37097
KM036820, 37010
KM036821, 37035

KM036822, 37087
KM036703, 37005
KM036705, 37007

KM036706, 37029
KM036707, 37030
KM036804, 36942
KM036806, 36943

KM036797, 36939

KM036798, 36940
KM036799, 37008
KMO036800, 36941
KM036810, 37086
KM036811, 37032

KM036812, 37033
KM036813, 37009,
37601-37610

KM036796, 37056
KM036815, 36948
KM036823, 37140
KM036824, 37130
KM036704, 37006
KM036837, 37062

2X
NA
2x (FC)
2x
2x

2X
2X

2Xx
2Xx
2X

2Xx
2Xx
2x (FC)

2x
2X
2X
2X

2Xx

2X
2X
2X
2x (FC)
2x (FC)
2x

2X
2X
2x
2X
2X
2X
4x
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OL-AM10 R. sp. Rubus Discolores® 39°41'43"N  45°27'05"E ¢ Armenia, Vajoc Dzor, near Vayk Ulm2 KMO036658, 36992 NA
OL-AM39-WF  R. sp. Rubus Discolores® 39°19'42"N  46°22'27"E S Armenia, Syunik, near Kapan Gla4 KMO036712, 37047 NA
OL-25003 R. sp. Rubus Discolores® 42°2329"N  41°34’11"E W Georgia, Samegrelo-Zemo Svaneti, Anaklia  Cau KMO036656, 37038 NA
OL-AM2 R. sp. Rubus Discolores 40°11'34"N  44°30'54"E ¢ Armenia, Jerevan Canl KMO036685, 36982 NA
OL-R184/13 R. elegans Rubus Glandulosi 49°02'40"N  08°06'52"E W Germany, Rheinland-Pfalz, near Landau Glal KM036661, 36993 NA
OI-R167/11 R. hilsianus Rubus Glandulosi 52°15'46"N 07°59'01"E NW Germany, Niedersachsen, near Osnabriick Glal KM036618, 36868 NA
OL-R211/11 R. iuvenis Rubus Glandulosi 51°11'07"N  07°31'10"E W Germany, Nordrhein-Westfalen, near Halver Gla3 KM036627, 36870 NA
OL-R311/13 R. lividus Rubus Glandulosi 50°11'10"N  12°17'20"E W Czechia, W Bohemia, near AS Glal KM036677, 36999  4x
KM036721, 37124,
OL-R266/11™  R. moschus Rubus Glandulosi 49°59'33"N  14°33'39"E  Czechia, Praha-Prdhonice - cultivation Glal 37434-37441 2x (FC)
OL-25000 R. moschus Rubus Glandulosi 41°49'46"N  43°18'50"E ¢ Georgia, near Borjomi Glal KMO036680, 37000 2x (FC)
NA R. moschus Rubus Glandulosi 41°51'43"N  43°14'50"E ¢ Georgia, near Borjomi Glal KM036681, 37001  2x
KM036740, 36876,
OL-24940"™ R. pedemontanus Rubus Glandulosi 50°47'36"N  14°52'34"E  NW Czechia, N Bohemia, near Liberec Glal 37462-37468 5x
OL-24963 R. pedemontanus Rubus Glandulosi 50°47'14"N  14°02'12"E NW Czechia, N Bohemia, near Dé¢in Glal KM036741, 36985 5x
OL-R159/10 R. pedemontanus Rubus Glandulosi 49°11'10"N  13°29'47"E  SW Czechia, SW Bohemia, near SuSice Gla2 KM036739, 37036  5x
OL-R202a/13 R. pedemontanus Rubus Glandulosi 49°01'27"N  07°53'10"E E France, Alsace, near Haguenau Glal KM036684, 37003  5x
OL-R300/13 R. perlongus Rubus Glandulosi 50°15'44"N  12°23'49"E W Czechia, W Bohemia, near Sokolov Glal KM036686, 37004  4x (FC)
NA R. cf. platyphyllus Rubus Glandulosi 41°51'41"N  43°14'45"E ¢ Georgia, near Borjomi Cau KM036682, 37041 NA
OL-25002 R. cf. platyphyllus Rubus Glandulosi 41°50'35"N  43°15'37"E ¢ Georgia, near Borjomi Cau KM036701, 37046 4x (FC)
OL-24996 R. cf. platyphyllus Rubus Glandulosi 43°05'22"N  42°44'34"E  NW Georgia, Svaneti, near Mestia Cau KM036698, 37043  4x (FC)
KM036699, 37044,
OL-24997'™® R. cf. platyphyllus Rubus Glandulosi 43°06'44"N  42°44'51"E NW Georgia, Svaneti, near Mestia Cau 37578-37585 4x (FC)
OL-24998 R. cf. platyphyllus Rubus Glandulosi 43°0156"N  42°42'43"E  NW Georgia, Svaneti, near Mestia Cau KMO036700, 37045 4x (FC)
SW Czechia, S Bohemia, near Ceské 4x
OL-R183/10 R. sp.4 Rubus Glandulosi 48°57'55"N  14°32'13"E  Budg&jovice B Glal KM036847, 37104 (FCSS)
SW Czechia, S Bohemia, near Ceské KMO036586, 37079,
OL-R225/11™ R.sp.* Rubus Glandulosi 49°01'49"N  14°19'04"E  Bud&jovice Glal 37351-37357 NA
4x
OL-24964 R.sp.! Rubus Glandulosi 49°38'34"N  17°21'40"E  cE Czechia, ¢ Moravia, near Olomouc Glal KMO036595, 36866 (FCSS)
OL-Tes2/10 R. sp.4 Rubus Glandulosi 49°48'52"N  18°00'09"E  NE Czechia, N Moravia, near Bilovec Glal KM036597, 37051  4x (FC)
NA R.sp.* Rubus Glandulosi 49°8'N 20°8'E cN Slovakia, Vysoké Tatry Glal KM036598 NA
OL-zdi R.sp.! Rubus Glandulosi 50°46'08"N  14°52'40"E  NW Czechia, N Bohemia, near Liberec Glal KMO036599, 37122  4x (FC)
OL-25616 R.sp.* Rubus Glandulosi 41°52'00"N  23°20'18"E SW Bulgaria, distr. Blagojevgrad, near Bansko  Glal KM036592, 36864 NA
cN Germany, W Sachsen-Anhalt, near
OL-24826 R.sp.* Rubus Glandulosi 51°49'41"N  10°36'12"E  Wernigerode Glal KM036590, 36862 NA
OL-24827 R. sp.* Rubus Glandulosi 49°06'16"N  18°06'43"E E Czechia, E Moravia, near ValaSské Klobouky Glal KM036591, 36863 NA
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OL-24855 R.sp.! Rubus Glandulosi 48°14'07"N  24°11'20"E  SW Ukraine, Zakarpatska oblast, near Rachiv  Glal KM036587, 37091 NA
KM036588, 36861,
OL-24857'™ R.sp.! Rubus Glandulosi 48°05'57"N  24°23'55"E  SW Ukraine, Zakarpatska oblast, near Rachiv  Glal 37358-37365 NA
OL-25006 R.sp.! Rubus Glandulosi 41°51'43"N  43°14'50"E c Georgia, near Borjomi Cau KM036667, 37040 4x (FC)
OL-24881 R. sp.* Rubus Glandulosi 41°40'17"N  20°51'12"E  NW Macedonia, dist. Mavrovo and Rostusha Glal KM036589, 37092 NA
N Croatia, Bjelovarsko-bilogorska Zup., near
OL-R104/12 R.sp.* Rubus Glandulosi 45°45'20"N  17°18'47"E  GrubisSno Polje Gla3 KM036846, 36859 NA
OL-R133/12 R.sp.* Rubus Glandulosi 46°30'18"N  16°40'05"E W Hungary, Zala, district Letenyei Glal KM036585, 36860 NA
OL-R161/12 R.sp.! Rubus Glandulosi 49°07'11"N  05°30'24"E  NE France, Lorraine, near Verdun Glal KM036594, 36865 NA
OL-R197/12 R. sp.* Rubus Glandulosi 50°49'50"N  02°57'09"E  NW Belgium, W Vlaanderen, near Ypry Glal KM036593, 36984 NA
OL-25611 R.sp.* Rubus Glandulosi 46°34'02"N  22°42'09"E  NW Romania, Bihor, near Stei Glal KM036596, 36867 NA
KM036683, 37002,
OL-MD-K6'™ R. palmensis Rubus Grandifolii 28°07'27"N  17°13'27"W Canary Islands, c part of La Gomera Ulm2 37455-37460 2x (FC)
OL-25641 R. apricus Rubus Hystrix 49°16'45"N  13°53'22"E  SW Czechia, S Bohemia, near Strakonice Gla3 KM036527, 36849  4x
OL-25648 R. bavaricus Rubus Hystrix 49°22'04"N  12°53'07"E W Czechia, W Bohemia, near DomaZlice Glal KM036534, 36851  4x
OL-24941 R. koehleri Rubus Hystrix 50°47'36"N  14°52'34"E  NW Czechia, N Bohemia, near Liberec Glal KM036630, 36871  4x
KM036777, 37068,
OL-25617"° R. schleicheri Rubus Hystrix 50°44'00"N  15°00'51"E NW Czechia, N Bohemia, near Liberec Glal 37533-37542 4x
NW Czechia, N Bohemia, near Strédz pod
OL-24943 R. acanthodes Rubus Micantes 50°40'48"N  14°51'00"E  Ralskem Glal KMO036515, 36848  4x
N Croatia, Bjelovarsko-bilogorska zupanija, KM036555, 36855,
OL-R95/12™  R. aff. clusii Rubus Micantes 45°56'32°N  16°5345"E  near Bjelovar Glal 37258-37267 NA
OL-25633 R. clusii Rubus Micantes 48°42'11"N  14°41'09"E  SW Czechia, S Bohemia, Novohradské hory Gla2 KMO036556, 36951  4x
OL-VD R. glivicensis Rubus Micantes 49°32'10"N  17°22'12"E  cE Czechia, ¢ Moravia, near Olomouc Canl KMO036600, 36896  4x
OL-25645 R. chaerophyllus Rubus Micantes 50°51'N 14°28'E NW Czechia, N Bohemia, near D&cin Glal KM036554, 36854  4x
OL-R179/12 R. micans Rubus Micantes 50°14'15"N  01°51'25"E  NE France, Picardie, near Abbeville Glal KM036714, 36875  4x
cE Czechia, distr. Brno-venkov, Veverska KM036745, 36909,
OL-R234/12™ R. permutabilis ined.  Rubus Micantes 49°16'38"N  16°25'14"E  BitySka Can2 37469-37479 5x (FC)
cE Czechia, VysocCina, near Bystfice pod
OL-R240/12 R. permutabilis ined.  Rubus Micantes 49°27'05"N  16°16'12"E  PernStejnem Can2 KM036746, 36910 5x (FC)
4x
OL-25005 R. cf. peruncinatus Rubus Micantes * 41°49'46"N  43°18'50"E ¢ Georgia, near Borjomi Cau KM036657, 37039 (FCSS)
OL-R171/11 R. raduloides Rubus Micantes 52°16'45"N  08°09'32"E  NW Germany, Niedersachsen, near Osnabriick Glal KM036772, 36878 NA
OL-25649 R. silvae-bohemicae  Rubus Micantes 49°3057"N  12°47'12"E W Czechia, W Bohemia, distr. DomaZlice Uim2 KM036784, 36880  4x
OL-25634 R. silvae-norticae Rubus Micantes 48°50'49"N  14°27'18"E  SW Czechia, S Bohemia, near Cesky Krumlov ~ Glal KM036786, 36882  4x
NW Czechia, N Bohemia, near Straz pod KM036794, 37105,
OL-24946'™ R. tabanimontanus ~ Rubus Micantes 50°41'32"N  14°51'27"E  Ralskem Glal 37586-37595 4x
KM036829, 36883,
OL-R158/99"™  R. vratnensis Rubus Micantes 49°28'39"N  13°20'40"E W Czechia, W Bohemia, distr. Klatovy Glal 37629-37637 4x
NW Germany, Nordrhein-Westfalen, near KM036624, 36926,
OL-R201/11™  R. hypomalacus Rubus Mucronati 52°13'18"N  08°40'12"E  Binde Uimi 37390-37396 4x
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Rubus

Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii

Corylifolii

Silvatici

Silvatici
Silvatici
Silvatici

Silvatici
Silvatici

Silvatici
Silvatici
Silvatici
Silvatici
Sprengeliani

Sprengeliani
Sprengeliani
Vestiti °

Vestiti
Vestiti

Vestiti
Vestiti

Vestiti
Vestiti'
NA

subsect.
Subidaeus™
Hystricopses
Hystricopses

Sepincola

Sepincola

46°19'12"N

50°26'57"N
50°06'06"N
46°50'24"N

52°25'48"N
52°18'23"N

52°21'05"N

52°26'11"N

49°01'10"N

47°21'33"N

49°48'54"N

50°26'01"N
48°57'24"N
46°57'50"N

52°15'41"N
47°00'36"N
50°43'26"N
49°20'29"N
46°20'11"N
48°47'54"N
38°57'03"N

58°00'06"N

50°45'28"N

49°35'51"N

46°15'33"N

52°13'35"N

Subcanescentes  48°27'49"N

17°13'07"E

05°57'55"E
02°09'05"E
17°15'59"E

07°45'10"E
10°50'40"E

07°42'33"E

07°44'20"E

18°07'29"E

17°48'21"E

18°00'35"E

05°54'20"E
14°44'13"E
16°42'17"E

08°47'05"E
16°47'12"E
06°14'19"E
08°16'44"E
17°11'05"E
14°23'37"E
46°10'33"E

14°26'59"E

14°46'24"E

17°2'51"E

17°10'18"E

08°41'19"E

18°18'36"E

SW Hungary, Somogy, hear Somogyszob

E Belgium, Walloon Region, near Spa
NE France, Picardie, near Abbeville

W Hungary, Zala region, near Keszthely
NW Germany, SW Niedersachsen, near
Bramsche

cN Germany, E Niedersachsen, near Wolfsburg
NW Germany, Nordrhein-Westfalen,
Ibbenbiren

NW Germany, SW Niedersachsen, near
Bramsche

W Slovakia, Trencin region, near Dubnica nad
Vahom

NW Hungary, Gyor region, near
Bakonyszentaszl6

NE Czechia, N Moravia, near Bilovec

E Belgium, Walloon Region, near Spa
SW Czechia, S Bohemia, near Trebon

W Hungary, Vas region, near Kérmendi
NW Germany, Nordrhein-Westfalen, near Bad
Oeynhausen

W Hungary, Vas region, near Vasvar
NW Germany, SW Nordrhein-Westfalen, near
Aachen

W Germany, S Rheinland-Pfalz, near Neustadt

SW Hungary, Somogy region, near Csurg6
SW Czechia, S Bohemia, near Cesky Krumlov
S Armenia, Syunik, near Meghri

S Sweden, near Jonkdping

N Czechia, N Bohemia, near Jablonné v
Podjestedi

cE Czechia, ¢ Moravia, near Olomouc

SW Hungary, Somogy, near Csurgd

NW Germany, Nordrhein-Westfalen, near
Bunde

cW Slovakia, district Zlaté Moravce

Ulm1

Ulml
Glal
Glal

Ulml
Ulm2

Ulml

Glal

Suber

Suber

Ulm1

Suber
Suber

Glal

Glal
Glal

Ulml

Ulm2

Ulm1
Gla2
Glad

Cael

Cael

Cael

Cael

Cael

Cael

KM036676, 37027

KM036636, 36930
KM036640, 36874
KMO036639, 36873

KM036841, 37020
KMO036776, 36879

KM036787, 36937
KM036785, 36881,
37551-37560
KMO036835, 36966,
37648-37655

KM036834, 36965
KMO036553, 36923,
37253-37257
KM036789, 36962,
37569

KM036697, 36973
KM036649, 36991

KMO036543, 36853

KM036664, 36994
KMO036768, 36931,
37508-37516
KM036827, 37011,
37619-37628

KMO036836, 36950
KMO036735, 36953

KM036713, 37048
KM036765, 37154,
37496-37503

KM036660, 37161
KM036562, 37170,
37673-37306
KM036580, 37158,
37337-37350

KM036614, 37147
KMO036571, 37145,
37320-37327

4x (FC)

NA
4x
4x

4x
4x

NA
4x
4x
4x
4x

ax
4x

4x (FC)

4x
4x (FC)

4x
4x

NA
4x
NA

5x
5% (FC)
5x (FC)
4x
4x

4x
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NA
OL-R136/12
OL-24835
OL-25612

OL-24957"
NA
OL-R304/13

OL-R198/11"™
OL-R185/11
OL-R28/12'™
OL-Alb02
OL-Alb03"™
OL-24829
OL-25632"™
OL-R322/13
OL-R331/13
OL-25594'™
OL-25596'"
V. Zila™

V. Zila
OL-Kulo1'™

OL-25593"®
OL-24845
OL-R243/12

OL-R263/11™
OL-R143/12

OL-R279/11™
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R
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R
R
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. holosericeus
. holosericeus
. mancus ined.
. mollis

. orthostachys

. aff. fabrimontanus

. fabrimontanus
. camptostachys
. ferocior

. albifrons ined.
. albocarpaticus
ed.
. albocarpaticus
ed.
. albocarpaticus
ed.

. subditivus ined.

. gothicus

. gothicus

. grossus agg. (sp.

. grossus agg. (sp.

. grossus
. grossus

. kuleszae

. kuleszae
. kuleszae
. kuleszae

. aff. wahlbergi
. wahlbergii

. wahlbergii

Corylifolii
Corylifolii
Corylifolii
Corylifolii

Corylifolii
Corylifolii
Corylifolii

Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii

Corylifolii
Corylifolii

Corylifolii

Corylifolii
Corylifolii
Corylifolii
Corylifolii
Corylifolii

Corylifolii

Subcanescentes
Subcanescentes
Subcanescentes
Subcanescentes

Suberectigeni
Subradulae
Subradulae

Subsilvatici

Subsilvatici

Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei
Subthyrsoidei

Subthyrsoidei
Subthyrsoidei

Subthyrsoidei

Subthyrsoidei
Subthyrsoidei
Subthyrsoidei

Subthyrsoidei
Subthyrsoidei

Subthyrsoidei

47°23'39"N
46°42'16"N
48°21'41"N
50°49'20"N

49°48'22"N
46°24'13"N
50°26'09"N

52°14'32"N

52°23'14"N

47°14'36"N

49°05'29"N

49°19'17"N

49°06'44"N

48°45'45"N

50°03'57"N

50°01'36"N

49°24'34"N

49°48'31"N

49°17'26"N
49°05'37"N

49°19'43"N

49°48'28"N
48°27'23"N
49°28'39"N
50°36'55"N
58°46'22"N

50°03'55"N

16°34'59"E
16°28'53"E
18°28'00"E
14°27'58"E

18°1'17"E
17°27'49"E
11°55'44"E

08°45'14"E

07°57'27"E

17°46'52"E

17°07'46"E

17°23'27"E

18°06'29"E

14°44'31"E

15°15'16"E

15°50'32"E

12°50'11"E

18°01'19"E

13°52'41"E
12°38'48"E

16°51'06"E

18°01'18"E
18°17'27"E
16°30'30"E
14°15'18"E
17°05'16"E

17°40'34"E

W Hungary, Vas region, near Koszeg

W Hungary, Zala, district Lenti

CW Slovakia, district Zlaté Moravce

N Czechia, N Bohemia, near Ceska Kamenice

NE Czechia. N Moravia, near Bilovec
SW Hungary, Somogy region, near Nagybajom
E Germany, Sachsen, near Burgstein

NW Germany, Nordrhein-Westfalen, near Bad
Oeynhausen

NW Germany, SW Niedersachsen, near
Bramsche

NW Hungary, distr. Veszprém, near Bakonybél
SE Czechia, S Moravia, near Kyjov

cE Czechia, c Moravia, near Kroméfiz

E Czechia, E Moravia, near ValaSské Klobouky
SW Czechia, S Bohemia, near Nové Hrady
cNW Czechia, ¢ Bohemia, near Kolin

cN Czechia, E Bohemia, near Pardubice

W Czechia, W Bohemia, near DomaZlice

NE Czechia, N Moravia, near Bilovec

SW Czechia, S Bohemia, near Strakonice
SE Germany, Bayern, near Cham

cE Czechia, ¢ Moravia, near VySkov

NE Czechia, N Moravia, near Bilovec
cW Slovakia, district Zlaté Moravce
cE Czechia, W Moravia, near Kunstat

cNW Czechia, N Bohemia, distr. Litomé&fice
SE Sweden, Sédermanland, near Nykdping

NE Czechia, N Moravia, near Krnov

Cael
Cael
Cae2
Cael

Cael
Cael
Cae2

Cael

Cael

Canl

Canl

Canl

Canl

Cae2

Cael

Cael

Canl

Can2

Canl
Canl

Can2

Can2
Can2
Can2

Canl
Canl

Canl

KM036668, 37166
KM036619, 37148
KM036641, 37155

KM036715, 37150
KM036729, 37153,
37446-37454

KMO036663, 37163

KM036662, 37162
KM036549, 37144,
37237-37244

KM036572, 37146
KMO036530, 37113,
37202-37209

KM036518, 37049
KMO036519, 37074,
37190-37196

KM036520, 36884
KM036517, 37141,
37180-37189

KMO036665, 37164

KM036666, 37165
KM036788, 37117,
37561-37564
KMO036839, 37066,
37565-37568
KM036609, 36897,
37380-37389

KM036610, 36898
KM036631, 37069,
37419-37425
KM036632, 37058,
37426-37429

KM036634, 36906

KMO036633, 36905
KM036767, 37119,
37504-37507

KM036832, 36914
KM036831, 37055,
37644-37647

5x (FC)
5x
NA
4x

4x
6x (FC)
5x

4x

4x

NA

5x*

5x*

5x*
4x*?

4x (FC)
4x (FC)
NA

NA

5x
5x

5x

5x
5x
5x (FC)

NA
5x

5X
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A. Theofilovski  R. cf. wahlbergii Corylifolii Subthyrsoidei 41°49'25"N  21°28'04"E  cN Macedonia, distr. Studenichani Canl KMO036833, 36915 5x
R. bifrons x R. ser.
OL-24834 Glandulosi NA (hybrid)  NA (hybrid) 48°31'08"N  18°24'39"E  cW Slovakia, district Zlaté Moravce Glal KM036544, 36852 NA
R. bifrons x R. ser. E Czechia, Beskydy Mts., near RoZnov pod
OL-R35/08 Glandulosi NA (hybrid)  NA (hybrid) 49°29'50"N  18°10'41"E  Radhostém Glal KM037076 4x (FC)
OL-24825 R. caesius x ? NA (hybrid)  NA (hybrid) 45°03'06"N  09°45'38"E N lItaly, Emilia Romagna, near Piacenta Cael KMO036655, 37160 3x (FC)
KM036620, 37149,
OL-24843"™ R. caesius x ? NA (hybrid)  NA (hybrid) 48°27'39"N  18°17'21"E cW Slovakia, district Zlaté Moravce Cael 37397-37404 NA
R. canescens x R. KM036623, 36904,
M. Lepsi'™ crispomarginatus NA (hybrid)  NA (hybrid) SW Czechia, S Bohemia Canl 37289-37292 4x (FC)
R. canescens x R.
NA sanctus NA (hybrid)  NA (hybrid) 41°50'08"N  43°15'53"E ¢ Georgia, near Borjomi Canl KMO036654, 36980 3x (FC)
R. canescens x R. SE France, Provence-Alpes-Cote d'Azur, near
OL-24812 ulmifolius NA (hybrid)  NA (hybrid) 43°24'05"N  06°34'48"E  Fréjus Canl KM036622, 36903 NA
R. cv. Thornfree KM036642, 36988,
NA (American hybrid) NA (hybrid)  NA (hybrid) 49°26'25"N  18°11'50"E  Czechia, Roznov pod Radhostém - cultivation ~ Ulm2 37197-37201 4x (FC)
OL-25548 R. cf. serrae x ? NA (hybrid)  NA (hybrid) 32°40'07"N  16°52'51"W Madeira, near Funchal Mad2 KM036672, 36996 3x (FC)
R. cf. x wolfredoi-
OL-25542 wildpretii NA (hybrid)  NA (hybrid) 32°45'15"N  17°01'19"W Madeira, near Vargem Uimi KM036669, 37025 3x (FC)
R. cf. x wolfredoi-
OL-25544 wildpretii NA (hybrid)  NA (hybrid) 32°45'13"N  17°07'45"W Madeira, near Calheta Mad1 KMO036670, 36995 3x (FC)
R. idaeus x R. cE Czechia, distr. Brno-venkov, Veverska
OL-R235/12 caesius NA (hybrid)  NA (hybrid) 49°16'38"N  16°25'14"E  BitySka Ida2 KM036751, 37178 3x (FC)
R. moschus x R. cf.
NA ser. Discolores NA (hybrid)  NA (hybrid) 41°50'21"N  43°15'47"E ¢ Georgia, near Borjomi Cau KM036687, 37042 3x (FC)
OL-24846 R. ser. Glandulosi x ? NA (hybrid)  NA (hybrid) 48°27'27"N  18°1821"E cW Slovakia, district Zlaté Moravce Glal KM036621, 36869 NA
OL-24933 R. ser. Glandulosi x ? NA (hybrid)  NA (hybrid) 46°49'50"N  15°33'11"E  SE Austria, Steiermark, near Leibnitz Glal KM036584, 37098 NA
OL-MS15/13 R. ulmifolius x ? NA (hybrid)  NA (hybrid) 43°35'33"N  07°02'08"E  SE France, Alpes-Maritimes, near Cannes Canl KMO036708, 36983 2x (FC)
SE France, Provence-Alpes-Cdéte d’Azur, near
OL-MS17/13 R. ulmifolius x ? NA (hybrid)  NA (hybrid) 43°28'30"N  06°55'39"E  Fréjus Uimi KM036709, 37031 2x (FC)
R. ulmifolius x R.
OL-MS09/13 caesius NA (hybrid)  NA (hybrid) 44°35'37"N  08°39'55"E  NW ltaly, Piemont, near Ovada Cael KM036711, 37168 3x (FC)
R. ulmifolius x R. KM036825, 37151,
OL-R189/12™  caesius NA (hybrid)  NA (hybrid) 50°55'30"N  01°42'51"E NE France, Nord-Pas-de-Calais, near Calais Cael 37611-37618 4x (FC)
R. ulmifolius x R. 4x
OL-R191/12 caesius NA (hybrid)  NA (hybrid) 50°53'08"N  02°30'42"E NE France, Nord-Pas-de-Calais, near Dunkerk Cae4 KM036710, 37167 (FCSS)
Notes:

NA - Not Available

ITS

Sample used for ITS sequencing

! Determined by A. Krahulcova.

2 Member of R. ulmifolius agg.; acknowledging haplotype differentiation, we adopt two-species concept by Monasterio-Huelin et Weber (1996), although delimitation of both
species is difficult in western Balkan Peninsula.

®Based on morphological affinity to the Europaean ser. Discolores, ser. Radula or ser. Micantes.

* Taxon from ser. Glandulosi with unclear delimitation, mostly tetraploid and highly sexual, partly similar to R. hirtus agg. sensu Kurtto et al. (2010).
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> In Kurtto et al. (2010) incorectly named as R. scissus (see Weber 2013).

® In Kurtto et al. (2010) named as R. ochracanthus et Sennikov.
! According to Kurtto et al. (2010);'s original designation to ser. Grandifolii seems to be more appropriate.

8 Only formal designation, as diploid taxon difficult to designate to any particular series.

° All traits point rather to ser. Pallidi.
9 Sometimes categorized in ser. Radula (also in Kurtto et al. 2010).
" Subsect. Subidaeus is not subdivided to series; all other taxa within sect. Corylifolii belong to subsect. Sepincola.

2 published as R. gothicus in Krahulcova et al. (2013).
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Chapter 2, Supplementary figure 1: SplitsTree maximum parsimony network of unique ITS sequences, including pseudogenes.
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Chapter 2, Supplementary figure 2: Bl phylogram of distinct cloned ITS sequences; posterior
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Chapter 3, Supplementary table 1: List of studied accessions with taxonomic determination, population assignment, locality and cp-haplotype

Individual Collection no. SSR  Pop. Species Loc. Latitude Longitude Haplotype
ulm-aml  AM25/30 Y Am R. ulmifolius agg. SE Armenia, near Goris 39926'32"N  46°26'08"E  San2
ulm-am10 AM38 Y Am R. ulmifolius agg. SE Armenia, Syunik, Kapan 39°12'01"N  46°2527"E  San2
ulm-am2  AM24A Y Am R. ulmifolius agg. SW Azerbaijan, Qubadli, near Sanasar 39925'59"N  46°25'06"E  San3
ulm-am3  AM25/21 Y Am R. ulmifolius agg. SW Azerbaijan, Qubadli, near Sanasar 39926'32"N  46°26'08"E ~ San2
ulm-am4  AM25/6 Y Am R. ulmifolius agg. SE Armenia, near Goris 39926'32"N  46°26'08"E ~ San3
ulm-am5  AM30/2 Y Am R. ulmifolius agg. S Armenia, Syunik, near Vardanidzor 38°59'07"N  46°12'23"E
ulm-amé  AM34 Y Am R. ulmifolius agg. S Armenia, Syunik, near Meghri 38954'12"N  46°17'16"E  San2
ulm-am8  AM35/1 Y Am R. ulmifolius agg. S Armenia, Syunik, near Shvanidzor 38957'53"N  46°2221"E  San2
ulm-am9  AM35/11 Y Am R. ulmifolius agg. S Armenia, Syunik, near Shvanidzor 38957'53"N  46°22'21"E
ulm-gel MS047/13 Y Ge R. ulmifolius agg. W Georgia, Samegrelo-Zemo Svaneti, Anaklia 42°23'18"N  41°34'00"E =~ San3
ulm-gel0 MS046B/14 Y Ge R. ulmifolius agg. W Georgia, Imereti, near Kutaisi 42°11'01"N  42°28'04"E  Sanl
ulm-ge2 MSO048A/13 Y Ge R. ulmifolius agg. W Georgia, Samegrelo-Zemo Svaneti, Anaklia 42°23'41"N  41°3357"E  San3
ulm-ge3 MS048B/13 Y Ge R. ulmifolius agg. W Georgia, Samegrelo-Zemo Svaneti, Anaklia 42°23'41"N  41°33'57"E
ulm-ge4 MSO048E/13 Y Ge R. ulmifolius agg. W Georgia, Samegrelo-Zemo Svaneti, Anaklia 42°23'41"N  41°33'57"E

ulm-ge5 MS035/14 Y Ge R. ulmifolius agg. W Georgia, Adjara, Chakvi 41°42'58"N  41°43'57"E  San3
ulm-ge6 MSO040F/14 Y Ge R. ulmifolius agg. W Georgia, Adjara, Chakvi 41°43'14"N  41°43'43"E  San3
ulm-ge7 MS040M/14 Y Ge R. ulmifolius agg. W Georgia, Adjara, Chakvi 41°43'14"N  41°43'43"E  San3
ulm-ge8 MSO040H/14 Y Ge R. ulmifolius agg. W Georgia, Adjara, Chakvi 41°43'14"N  41°43'43"E

ulm-ge9 MSO046A/14 Y Ge R. ulmifolius agg. W Georgia, Imereti, near Kutaisi 42°11'01"N  42°28'04"E = San4
ulm-bcl BG-3A Y BC R. ulmifolius agg. SW Bulgaria, near Sandanski 41°30'12"N  23°22'00"E
ulm-bcl0 MS080/12 Y BC R. ulmifolius agg. S Kosovo, near Jazhincé 42°12'08"N  20°59'21"E  Sanl
ulm-bc2 BG-4/1A Y BC R. ulmifolius agg. SW Bulgaria, near Sandanski 41°31'27"N  23°23'29"E  Sanl
ulm-bc3 BG-4/4A Y BC R. ulmifolius agg. SW Bulgaria, near Sandanski 41°31'42"N  23°24'25"E

ulm-bc4 BG-5 Y BC R. ulmifolius agg. SW Bulgaria, near Stara Kresna 41°47'51"N  23°09'29"E  Sanl
ulm-bc5 BG-8A Y BC R. ulmifolius agg. SW Bulgaria, near Rila village 42°07'57"'N  23°09'14"E =~ Sanl
ulm-bc6 MS068/12 Y BC R. ulmifolius agg. N Macedonia, near Skopje 41°59'46"N  21°33'06"E =~ Sanl
ulm-bc7 MS070/12 Y BC R. ulmifolius agg. NW Macedonia, distr. Zhelino, near Rogle 41°58'22"N  21°09'35"E =~ Sanl
ulm-bc8 MS083/12 Y BC R. ulmifolius agg. S Kosovo, near Prizren 42°10'21"N  20°49'32"E

ulm-bc9 MS084/12 Y BC R. ulmifolius agg. S Kosovo, near Prizren 42°11'59"N  20°40'40"E
ulm-bw1 MS088/12 Y BW R. ulmifolius agg. N Albania, distr. Lezhé 41°39'654"N  19°40'57"E  Sanl
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ulm-bw10
ulm-bw2
ulm-bw3
ulm-bw4
ulm-bw5
ulm-bw6
ulm-bw7
ulm-bw8
ulm-bw9
ulm-bn1
ulm-bn10
ulm-bn2
ulm-bn3
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ulm-bn5
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MS099/12
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MS005A/13
MS106/12
MS113/12
MS108/12
MS152/12
UImo2
MS124/12
MH80/13
MH-1T/13
MS006/13
LMO8/12
MS008/13
MS014/13
MS018/13
MS020/13
MS026/13
MS003A/14
MS005A/14
LMO6/12
Uim-vZ2
R178/12 (F12-Ulm)
R183/12 (F15-Ulm)
R186/12 (F17-Ulm)
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BW
BW
BW
BW
BW
BW
BW
BN
BN
BN
BN
BN
BN
BN
BN
BN
BN
FS
FS
FS
FS
FS
FS
FS
FS
FS
FS
FN
FN
FN
FN
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. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.

central Croatia, Splitsko-dalmatinska Zupanija, Sestanovac

N Albania, distr. Shkodér

SE Montenegro, near Petrovac

W Montenegro, near Herceg Novi

S Croatia, Bjelovarsko-bilogorska Zupanija, near Bjelovar
S Croatia, Bjelovarsko-bilogorska Zupanija, near Slano
S Bosnia and Herzegovina, Neum

S Croatia, Dubrovacko-neretvanska Zupanija, near PloCe
S Croatia, Splitsko-dalmatinska Zupanija, near Gradac
central Croatia, Splitsko-dalmatinska Zupanija, near Split
NE ltaly, near Padova

¢ Croatia, Sibensko-kninska Zupanija, near Vodice

NW Croatia, Licko-senjska Zupanija, near Senj

N Croatia, Zadarska zupanija, near Starigrad

N Croatia, Krk

N Croatia, Istra, near Pore€

SW Slovenia, Postojna, near Pivka

SW Slovenia, N Istria, Strunjan

NE lItaly, near Montfalcone

NW ltaly, near Piacenza

SE France, Provence-Alpes-Cote d'Azur, Cogolin

NW ltaly, near Ovada

SE France, Alpes-Maritimes, near Cannes

SE France, Provence-Alpes-Cote d'Azur, Cannes/Fréjus
SE France, Provence-Alpes-Cote d'Azur, Fréjus

SE France, Provence-Alpes-Céte d'Azur, near Monaco
SE France, Rhone-Alpes, near Vienne

SE France, Languedoc-Roussillon, near Avignon

SE France, Provence-Alpes-Cote d'Azur, near Trigance
W Germany, near Bonn

NE France, Picardie, near Abbeville

NE France, Picardie, near Abbeville

NE France, Nord-Pas-de-Calais, near Calais
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43°27'13"N
42°02'41"N
42°11'58"N
42026'22"N
42°37'31"N
42°47'18"N
42°55'07"N
43°04'05"N
43°09'48"N
43°35'16"N
45°26'58"N
43°51'25"N
44°57'39"N
44°15'14"N
45°04'34"N
45°13'29"N
45°39'49"N
45°31'35"N
45°47'17"'N
45°03'06"N
43°15'15"N
44°35'37"'N
43°35'33"N
43°28'30"N
43°23'43"N
43°45'14"N
45°25'34"N
43°56'48"N
43°46'15"N
50°40'31"N
50°12'29"N
50°20'10"N
50°27'50"N

16°54'44"E
19°29'05"E
18°58'02"E
18°35'23"E
18°10'29"E
17°5327"E
17°37'37"E
17°26'02"E
17°24'56"E
16°27'34"E
11°50'45"E
15°50'45"E
15°01'50"E
15°32'07"E
14°40'36"E
13°37'27"E
14°10'41"E
13°36'41"E
13°35'20"E
09°45'38"E
06°31'37"E
08°39'55"E
07°02'08"E
06°55'39"E
06°43'43"E
07°25'16"E
04°49'28"E
04°32'09"E
06°23'32"E
07°17'49"E
01°49'38"E
01°44'56"E
01°34'48"E

Ulm1l

Ulml

Ulm1l

Ulm1l

Ulml
Ulm2

Ulm1l
Ulm1l

Ulml

uUlm2

Ulm1l
Ulm1l

Uim1l
Uim1l
Ulml
Ulml



ulm-fn5
ulm-fn6
ulm-fn7
ulm-fn8
ulm-fn9
ulm-gb1
ulm-gb2
ulm-gb3
ulm-gb4
ulm-gb5
ulm-gbh6
ulm-gb7
ulm-gbh8
ulm-gbh9
ulm-snl
ulm-sn10
ulm-sn2
ulm-sn3
ulm-sn4
ulm-sn5
ulm-sn6
ulm-sn7
ulm-sn8
ulm-sn9
ulm-mn1
ulm-mn10
ulm-mn2
ulm-mn3
ulm-mn4
ulm-mn5
ulm-mn6
ulm-mn7
ulm-mn8

R187/12 (F18-Ulm)
R188/12 (F19-Ulm)
R190/12 (F21-Ulm)
R192/12 (F22-Ulm)
Uim-vZ1

D03

D04

D05

D06

D07

D08

D09

D10

D11

MS006A/14
MD-UIm4/12
MS006B/14
MS018/14
MSO019A/14
MS019C/14
MS020A/14
MD-UIm1/12
MD-UIm2/12
MD-UIm3/12
FB-12-18B
FB12-01
FB12-9B-1
MS007A/14
MS009A/14
MSO10A/14
MS011/14
MS016A/14
MS017A/14
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FN
FN
FN
FN
FN
GB
GB
GB
GB
GB
GB
GB
GB
GB
SN
SN
SN
SN
SN
SN
SN
SN
SN
SN
MN
MN
MN
MN
MN
MN
MN
MN
MN
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. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.

NE France, Nord-Pas-de-Calais, near Calais
NE France, Nord-Pas-de-Calais, near Calais
NE France, Nord-Pas-de-Calais, near Calais
NE France, Nord-Pas-de-Calais, near Dunkerk
W Germany, near Frankfurt am Main

¢ Great Britain, England, near Preston

¢ Great Britain, England, near Preston

¢ Great Britain, England, near Northwich

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Wigan

NE Spain, Catalunya, near Vidreres

S France, Languedoc-Roussillon, near Le Boulou
NE Spain, Catalunya, near Vidreres

NE Spain, Catalunya, near Tarragona

NE Spain, Catalunya, near Barcelona

NE Spain, Catalunya, near Barcelona

S France, Languedoc-Roussillon, near Perpignan
NE Spain, Catalunya, near Barcelona

NE Spain, Catalunya, near Sant Celoni

NE Spain, Catalunya, near Figueres

S Portugal, Faro region, near Monchique

S Portugal, Faro region, near Faro

S Spain, Andalucia, near Estepona

N Morocco, Chefchaouen

N Morocco, near Chefchaouen

N Morocco, near Moulay Driss Zerhoun

N Morocco, near Azrou

NW Morocco, Rabat

NW Morocco, near Larache
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50°52'15"N
50°52'35"N
50058'11"N
500°53'08"N
50°05'43"N
53°45'00"N
53°45'00"N
53°15'00"N
53°41'20"N
53°42'00"N
53°42'00"N
53°42'00"N
53°39'00"N
53°35'00"N
41°46'24"N
42°29'43"N
41°46'24"N
41°08'25"N
41°29'42"N
41°29'42"N
42°34'21"N
41°17'53"N
41°39'19"N
42°21'19"N
37°18'57"N
37°08'06"N
36°33'40"N
35°10'16"N
34°55'32"N
34°04'20"N
33°25'09"N
34°00'27"N
35°11'49"N

01°34'59"E
01°39'33"E
02°01'08"E
02°30'42"E
08°21'08"E
02°43'00"W
02°43'00"W
02°19'50"W
02°49'42"W
02°51'00"W
02°51'00"W
02°51'00"W
02°59'00"W
02°43'00"W
02°44'20"E
02°49'16"E
02°44'20"E
01°20'50"E
02°11'30"E
02°11'30"E
02°50'45"E
01°52'24"E
02°31'50"E
03°02'12"E
08°35'47"W
07°54'34"W
05°11'55"W
05°15'23"W
05°32'41"W
05°33'17"W
05°10'39"W
06°49'12"W
06°06'41"W

Ulm1l

Ulm2
Ulml
Ulm2

Ulm1l

Ulm1l

Ulml

Ulm1l

Ulm1l

Ulm2
Ulm1l

Uim4
Uim4
Uim1l
Ulml
Ulml
Ulm2



ulm-mn9
ulm-ms1
ulm-ms10
ulm-ms2
ulm-ms3
ulm-ms4
ulm-ms5
ulm-ms6
ulm-ms7
ulm-ms8
ulm-ms9
ulm-macl
ulm-mac2
ulm-med1
ulm-med2
ulm-med4
ulm-med5
ulm-med6
ulm-med3
ulm-med8
am-poly6
arml
arm2
arm3
am-polyl
am-poly2
am-poly3
am-poly4
am-poly5
ge-poly6
ge-poly2
ge-poly3
ge-poly4

FB12-15
MS012A/14
MS015L/14
MS012C/14
MSO012E/14
MS013/14
MS014A/14
MS014B/14
MS014C/14
MS015A/14
MS015J/14
MD-UIm-K4/13
AK-6-Mad/13
ZS-Ulm-Kor/13
PM-San-Gr/13
San-Trl/14
San-Tr2/14
San-Tr3/14
PS-San-Cr/14
UIm-RJV10
AM36

F1-Arm
MS004/12
MS155/12
AM37/5
AM39-WF
AM30/1
AM10

AM2
MS059/13
MS057/13
MS022/14
MS030/14
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MN
MS
MS
MS
MS
MS
MS
MS
MS
MS
MS
Misc.
Misc.
Misc.
Misc.
Misc.
Misc.
Misc.
Misc.
Misc.
poly-Am
poly-Am
poly-Am
poly-Am
poly-Am
poly-Am
poly-Am
poly-Am
poly-Am
poly-Ge
poly-Ge
poly-Ge
poly-Ge
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. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. aff. praecox agg.

armeniacus

. armeniacus

. armeniacus

. ser. Discolores
. ser. Discolores
. ser. Discolores
. ser. Discolores
. ser. Discolores
. cf. peruncinatus
. ser. Discolores
. ser. Discolores
. ser. Discolores

S Spain, Andalucia, near Huelva

¢ Morocco, near Tinerhir

¢ Morocco, Ouzoud

¢ Morocco, near Tinerhir

¢ Morocco, near Tinerhir

¢ Morocco, Taliouine

¢ Morocco, near Demnate

¢ Morocco, near Demnate

¢ Morocco, near Demnate

¢ Morocco, Ouzoud

¢ Morocco, Ouzoud

Canary Islands, La Gomera
Madeira

S Corsica, Bonifacio

¢ Greece, Agiocampos

W Turkey, Izmir distr., Gumuldur
W Turkey, Izmir distr., Ephesus

W Turkey, Izmir distr., Ephesus
Crete

c Italy, near Acquapendente

SE Armenia, Syunik, near Kapan
W Germany, Rheinland-Pfalz, near Neustadt
Germany, Sachsen-Anhalt, near Halberstadt
cE Czechia, ¢ Moravia, Olomouc
SE Armenia, Syunik, near Kapan
SE Armenia, Syunik, near Kapan
S Armenia, Syunik, near Meghri

¢ Armenia, Vayots Dzor, near Vayk
¢ Armenia, Yerevan

¢ Georgia, near Borjomi

W Georgia, Samegrelo-Zemo Svaneti, Anaklia
N Georgia, Racha, Ambrolauri

N Georgia, Racha-Lechkhumi-Kvemo Svaneti, Tsageri
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37°08'06"N
31°34'36"N
32°00'55"N
31°34'36"N
31°34'36"N
30°31'30"N
31°43'27"'N
31°43'27"'N
31°43'27"'N
32°00'55"N
32°00'55"N
28°07'57"N
32°40'09"N
41°23'08"N
39°42'02"N
38°03'39"N
37°56'13"N
37°56'41"N
35°24'00"N
42°45'43"N
39°08'43"N
49°18'05"N
51°43'45"N
49°34'38"N
39°08'09"N
39°19'42"N
38°59'07"N
39°41'43"N
40°11'34"N
41°49'46"N
42°23'29"N
42°34'04"N
42°39'34"N

06°39'49"W
05°35'12"W
06°43'08"W
05°35'12"W
05°35'12"W
07°54'19"W
06°58'17"W
06°58'17"W
06°58'17"W
06°43'08"W
06°43'08"W
17°13'15"W
16°53'12"W
09°10'22"E
22°52'30"E
27°00'24"E
27°20'37"E
27°2025"E
24°06'00"E
11°52°27"E
46°26'03"E
08°05'32"E
11°1417"E
17°17'13"E
46°28'02"E
46°22'27"E
46°12'23"E
45°27'05"E
44°30'54"E
43°18'50"E
41°34'11"E
43°17'02"E
42°46'21"E

Ulm1l
uUlm2
Ulm3

Ulml
Ulm3
Ulm1l

uUlm3
Ulm1l

Uim2
Uim1l
Uim2
Sanl
Sanl
Sanl

Uim1l
Uim1l
Uim1l
Uim2

Ulm2
Can3
Glad
Uim1l
Uim2
Canl
Cau
Cau
Can3
Cau



ge-poly5
ge-polyl
bal-polyl
bal-poly2
bal-poly3
bal-poly4
bal-poly5
ard2
ardl
amo

bifl

bif2

boh

moe

ele

flal

fla2

flo

genl
gen2
gonl
gon2
gra

gut

hen

mon

pall

pal2

par

pcr

per

phy

pol

MS042/14
MS029/14
MS067/12
MS071/12
MS075b/12

RO-5

MS052/12
R169/13

R256/13
RJV005/12
MS018/12
R145/12 (F1-Bif)
R221/11

Moe

R173/11

R148/12 (F3-Fla)
R160/12 (F7-Fla)
FloO1 R196/10
R174/11

R218/12 (F28-Gen)
Gon-VZ1
Gon-VZ2

Gra01l

R44/09

R9/12

MS128/12
R227/12 (F31-Pal)
R231/12 (F32-Pal)
Par01

R18/12

Per01

R158/12 (F7-Phy)
R159/11
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poly-Ge
poly-Ge
poly-Bal
poly-Bal
poly-Bal
poly-Bal
poly-Bal
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
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. ser. Discolores

. ser. Micantes

. aff. praecox agg.
. aff. praecox agg.
. aff. praecox agg.
. aff. praecox agg.
. ser. Discolores

aff. arduennensis

. arduennensis
. austromoravicus
. bifrons

bifrons

. bohemiicola

. cf. moestus

. elegantispinosus
. flaccidus

. flaccidus

. flos-amygdalae
. geniculatus

. geniculatus

. goniophorus

. goniophorus

. grabowskii

. guttiferus

. henrici-egonis
. montanus

. palaefolius

. palaefolius

. parthenocissus
. pericrispatus

. perperus

. phyllostachys

. polyanthemus

SW Georgia, Adjara, near Batumi

N Georgia, Racha-Lechkhumi-Kvemo Svaneti, Tsageri

S Serbia, near Vranje

NW Macedonia, near Gostivar

S Kosovo, Kaganik

SW Romania, Caras-Severin

W Ukraine, Zakarpatska oblast, Mukacheve

W Germany, Rheinland-Pfalz, near Landau

¢ Germany, Bayern, near Kdnigsberg

E Czech Republic, NE Moravia, near Ostrava
W Slovakia, near Zlaté Moravce

W Germany, Rheinland-Pfalz, near Neustadt

S Czechia, S Bohemia, near Strakonice

E Czechia, E Moravia, near Vsetin

NW Germany, Niedersachsen, near Osnabriick
W Germany, Rheinland-Pfalz, near Neustadt

W Germany, Rheinland-Pfalz, near Ha3loch

cE Czechia, S Moravia, near Otrokovice

NW Germany, Niedersachsen, near Wallenhorst
E Belgium, Walloon Region, near Stavelot

cW Germany, Hessen, near Weilmiinster

cW Germany, Hessen, near Wetzlar

cN Czechia, E Bohemia, near Hradec Kralové
NE Hungary, Borsod-Abauj-Zemplén, near Gonc
cW Slovakia, district Zlaté Moravce

SE Austria, Steiermark, near Leibnitz

W Germany, Nordrhein-Westfalen, near Bonn
W Germany, Nordrhein-Westfalen, near Bonn
SW Czechia, S Bohemia, near Ceské Budg&jovice

NW Hungary, Gyor region, near Bakonyszentaszlo

SW Czechia, S Bohemia, Hluboké nad Vitavou
W Germany, Rheinland-Pfalz, near Ha3loch
NW Germany, Niedersachsen, near Bramsche
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41°43'14"N
42°39'34"N
42°35'58"N
41°44'01"N
42°13'26"N
44°40'52"N
48°26'14"N
49°09'57"N
50°04'20"N
49°27'15"N
48°30'40"N
49°18'05"N
49°16'45"N
49°18'27"N
52°16'45"N
49°18'48"N
49°20'29"N
49°08'50"N
52022'08"N
50024'07"N
50025'42"N
50029'33"N
50°09'03"N
48°26'04"N
48°31'16"N
46°49'50"N
50°38'52"N
50045'28"N
49°02'54"N
47°21'34"N
49°02'50"N
49°20'29"N
52024'47"'N

41°43'43"E
42°46'21"E
22°01'21"E
20°49'58"E
21°15'20"E
21°42'39"E
22°45'17"E
08°00'55"E
10°39'53"E
18°15'40"E
18°24'34"E
08°05'28"E
13953'22"E
17°56'56"E
08°09'32"E
08°06'17"E
08°16'44"E
17°23'05"E
08°05'02"E
05°51'53"E
08°35'28"E
08°33'30"E
15°50'43"E
21°18'28"E
18025'28"E
15°33'11"E
07°00'07"E
07°10'14"E
14°25'55"E
17°49'01"E
14°25'55"E
08°16'44"E
07°55'44"E

Cau
Cau
Ulml

Ulml

Ulml
Canl
Canl
Uim1l
Uim1l
Canl
Can2
Canl
Ulml
Ulml
Canl
Uim1l
Uim1l
Canl
Canl
Canl
Can2
Can2
Canl
Uim1l
Uim1l
Canl
Canl
Canl
Canl
Ulm2



pmo
pral
pra2
psa
win
acan
armp
bou
card
ciss
furn
incu
nwinl
nwin2
subin
cael
cae2
canl
can2
can3
mosl
mos2
mos3
mos4
pli
glal
gla2

PMo01
Pra02
Pra0l1 R223/11

R230/12 (F31-Psa)

R140/11
D01

D02

R02

R0O3

R04

R0O6

R08

D12

D16

R14
Cae03
MS082/12
RO-4
MS019/13
MS055/13
MS049/13
MS034/14
MS036/14
MS039/14
MS158/12
R183/10
MS046/12
AM19
AM21
AM23
AM26dis
AM4

D15
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poly-EU
poly-EU
poly-EU
poly-EU
poly-EU
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
poly-GB
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
outgroup
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. po rtae-moravicae

praecox
praecox

. pseudargenteus

winteri

. anglocandicans
. armipotens

. boudiccae

. cardiophyllus

. cissburiensis

. furnarius

. incurvatus

ser. Discolores

. ser. Discolores
. subinermoides

caesius
caesius
canescens

. canescens

canescens
moschus
moschus
moschus
moschus

. plicatus

ser. Glandulosi
ser. Glandulosi
ser. Discolores
ser. Discolores
ser. Discolores
ser. Discolores
ser. Discolores
ser. Discolores

NE Czechia, N Moravia, near Bilovec

S Slovakia, near Starovo

SW Czechia, S Bohemia, near Volyné

W Germany, Nordrhein-Westfalen, near Bonn
NW Germany, N Nordrhein-Westfalen, near Ibbenbiren
E Great Britain, Filey

¢ Great Britain, England, near Kidderminster

¢ Great Britain, England, Southport

¢ Great Britain, England, near Southport

¢ Great Britain, England, near Preston

¢ Great Britain, England, near Barnard Castle

¢ Great Britain, England, near Kirkby

¢ Great Britain, England, near Robin Hood's Bay
¢ Great Britain, England, near Southport

¢ Great Britain, England, near Bebington

SE Czechia, S Moravia, Nové Mlyny

S Kosovo, near Jazhincé

SW Romania, Caras-Severin

SE France, Provence-Alpes-Cote d'Azur, near Fréjus
¢ Georgia, near Borjomi

¢ Georgia, near Borjomi

SW Georgia, Adjara, near Batumi

SW Georgia, Adjara, near Batumi

SW Georgia, Adjara, near Batumi

cE Czechia, E Moravia, near Bystfice pod Hostynem
SW Czechia, S Bohemia, near Ceské Budgjovice
W Ukraine, Zakarpatska oblast, near Rakhiv

SE Armenia, Syunik, Vorotan

SE Armenia, Syunik, near Goris

SW Azerbaijan, Qubadli, near Sanasar

S Armenia, Syunik, near Kajaran

¢ Armenia, Ararat distr., near Artashat

¢ Great Britain, England, Southport
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49°49'14"N
47°49'25"N
49°07'49"N
50°38'52"N
52°20'12"N
54°12'N
52°24'N
53°38'N
53°33'N
53°43'N
54°28'N
53°31'N
54°26'N
53°36'N
53°21'N
48°51'18"N
42°12'08"N
44°42'11"N
46°28'30"N
41°50'08"N
41°49'46"N
41°40'55"N
41°40'23"N
41°41°27"'N
49°21'25"N
48°57'55"N
48°14'07"N
39°29'05"N
39°29'30"N
39°26'23"N
39°10'42"N
39°54'00"N
53°38'13"N

18°01'39"E
18°49'49"E
14°00'33"E
07°00'07"E
07°38'44"E
00°17'W
02°20W
03°00'W
03°04'W
02°40'W
01°57'W
02°50'W
00°33'W
02°50'W
03°02'W
16°43'29"E
20°59'21"E
21°43'44"E
06°55'39"E
43°15'53"E
43°18'50"E
41°50'29"E
41°50'58"E
41°49'30"E
17°43'49"E
14°32'13"E
24°11'20"E
46°08'25"E
46°18'45"E
46°23'57"E
46°14'03"E
44°35'56"E
02°50'11"W

Ulml
Ulml
Uim1l
Uim2
Uim2
Uim1l

Ulm1l
Ulm1l
Ulml

Ulm2
Ulm2

Cael
Cael

Canl
Canl
Glal
Glal
Glab
Glal
Suber
Glal
Glal
Uim1l
Uim1l
Uim1l
Sanl
Ulml
Ulml



MS01/15
MS058/13
AM37/2
R165/11
AM20-Dis
MS075a/12
R152/11
R156/11
Bif01
Bif-Dus
R144/09
MS018/12
R100/12
MS-cap
MS043/14
R152/12 (F5-Div)
R153/12 (F5-Grac)
RJV001/12
R139/11
R201/11
R189/11
R180/12 (F13-Int)
R118/12
R206/12
R178/11
R169/11
R62/98
R150/11
MS057/12
R105/12
R16/12
R187/11
F30-Pyr

2 2 2222222222222 2222222222222222Z222
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. ser. Discolores

. ser. Discolores

. ser. Discolores

. adspersus

. aff. praecox agg.
. aff. praecox agg.
. amisiensis

ammobius

. bifrons
. bifrons
. bifrons

bifrons

. bifrons

. capricollensis
. cf. ibericus

. divaricatus

. gracilis

. gracilis

gratus

. hypomalacus
. infestus

. integribasis

. juennensis

. leucandrus subsp. belgicus
. lindebergii

. loehrii

. nemoralis

. platyacanthus
. praecox

. praecox

. praecox

. praecox

. pyramidalis

Abkhazia, near Sukhumi

NW Georgia, Zemo Svaneti, between Mestia and Zugdidi
SE Armenia, Syunik, near Kapan

NW Germany, SW Niedersachsen, near Bramsche

SE Armenia, Syunik, near Goris

NW Macedonia, near Gostivar

NW Germany, SW Niedersachsen, near Bramsche

NW Germany, SW Niedersachsen, near Bramsche

NE Czechia, N Moravia, near Bilovec

E Czechia, E Moravia, dist. Vsetin

SW Czechia, S Bohemia, near Volyné

cW Slovakia, district Zlaté Moravce

N Croatia, Bjelovarsko-bilogorska Zupanija, near Sira¢
NE Czechia, N Moravia, near Bilovec

SW Georgia, Adjara, near Batumi

W Germany, Rheinland-Pfalz, near Ha3loch

W Germany, Rheinland-Pfalz, near Ha3loch

E Czechia, Beskydy Mts., near RoZnov pod Radhostém
NW Germany, Nordrhein-Westfalen, Ibbenbiren

NW Germany, Nordrhein-Westfalen, near Blinde

NW Germany, Nordrhein-Westfalen, near Bad Oeynhausen
NE France, Picardie, near Abbeville

SW Hungary, Somogy, near Somogyszob

E Belgium, Walloon Region, near Spa

NW Germany, Niedersachsen, near Osnabriick

NW Germany, Niedersachsen, near Osnabriick

NE Czechia, NE Moravia, near Bohumin

NW Germany, SW Niedersachsen, near Bramsche

cN Serbia, near Beograd

N Croatia, Bjelovarsko-bilogorska zup., near Grubisno Polje
NW Hungary, Gyor region, near BakonyszentaszI6

NW Germany, Niedersachsen, near Bramsche

NW Germany, SW Nordrhein-Westfalen, near Aachen
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43°05'17"N
42°59'15"N
39°08'09"N
52°25'33"N
39°29'30"N
41°40'17"N
52°25'12"N
52°23'01"N
49°48'8"N

49°23'5"N

49°07'09"N
48°30'40"N
45°34'00"N
49°48'54"N
41°41'28"N
49°19'41"N
49°19'41"N
49°25'12"N
52°20'12"N
52°13'18"N
52°15'41"N
50°14'15"N
46°19'12"N
50°26'57"N
52°22'08"N
52°13'55"N
49°54'38"N
52°25'48"N
44°43'00"N
45°45'20"N
47°21°33"N
52°25'10"N
50°43'26"N

41°17'55"E
42°15'14"E
46°28'02"E
07°52'52"E
46°18'45"E
20°51'12"E
07°45'13"E
07°55'04"E
18°0'47"E

18°2'35"E

13°52'57"E
18°24'34"E
17°20'32"E
18°00'35"E
41°42'18"E
08°14'53"E
08°14'53"E
18°20'6"E

07°38'44"E
08°40'12"E
08°47'05"E
01°51'24"E
17°13'07"E
05°57'55"E
08°05'02"E
08°01'26"E
18°24'23"E
07°45'10"E
20°28'04"E
17°1847"E
17°48'21"E
07°56'38"E
06°14'19"E

San3
Ulml
Can3
Uim1l
Uim1l
Uim1l
Ulml
Ulml
Ulml
Ulml
Uim1l
Uim1l
Uim1l
Uim1l
Ulml
Ulml
Ulml
Ulml
Uim1l
Uim1l
Uim1l
Uim1l
Ulml
Ulml
Ulml
Ulm2
Uim1l
Uim1l
Uim1l
Uim1l
Ulml
Ulml
Ulml



MS003/12
MS017/12
R84/12
R194/11
R192/11
R160/11
R136/11
R145/11
SiBO1
R216/11
AM35/16
HL1/14
HL2/14
LM03/12
LMO5/12
MS05/15
MS086/12
MS097/12
MS21/15
MS23/15
MS24/15
Uimo1
R157/12 (F7-Ves)
R151/11

2 22 2222222222222 22Z22Z22Z222Z2 22
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. radula

. radula

. radula

. thamnifolius

. rhombifolius

. senticosus

. sciocharis

. schlechtendalii
. silvae-bohemicae
. Stereacanthos
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. ulmifolius agg.
. vestitus Weihe

. vigorosus

cN Germany, W Sachsen-Anhalt, near Quedlinburg
cW Slovakia, district Zlaté Moravce

N Croatia, Bjelovarsko-bilogorska Zupanija, near Kapela
NW Germany, Nordrhein-Westfalen, near Bad Oeynhausen
NW Germany, Nordrhein-Westfalen, near Bad Oeynhausen

NW Germany, SW Niedersachsen, near Bramsche
cN Germany, E Niedersachsen, near Wolfsburg
NW Germany, Nordrhein-Westfalen, Ibbenbiren
W Czechia, W Bohemia, distr. DomaZlice

NW Germany, Nordrhein-Westfalen, near Meinerzhagen

S Armenia, Syunik, near Shvanidzor

Israel, Jerusalem

Israel, Jerusalem

SE France, Alpes-Maritimes, near Cannes

SE France, Provence-Alpes-Céte d’Azur, Cogolin
Abkhazia, near Gudauta

NE Albania, near Kukés

S Croatia, Dubrovnik

Abkhazia, near Gagra

Abkhazia, near Pitsunda

Abkhazia, Sukhumi

E Bulgaria, Sinemorec

W Germany, S Rheinland-Pfalz, near Neustadt
NW Germany, SW Niedersachsen, near Bramsche

51°44'02"N
48°30'42"N
46°01'19"N
52°14'32"N
52°15'03"N
52°24'47"N
52°1823"N
52°21'05"N
49°30'57"N
51°09'09"N
38°57'53"N
31°45'24"N
31°48'N

43°43'56"N
43°16'22"N
43°11'42"N
42°05'09"N
42°38'23"N
43°16'35"N
43°08'57"N
43°00'23"N
42°04'08"N
49°20'29"N
52°25'48"N

11°13'49"E
18°24'31"E
16°50'58"E
08°45'14"E
08°49'16"E
07°55'44"E
10°50'40"E
07°42'33"E
12°47'12"E
07°34'27"E
46°22'21"E
35°10'19"E
35°15'E
6°48'01"E
06°38'46"E
40°43'38"E
20°22'34"E
18°07'49"E
40°17'53"E
40°20'40"E
41°00'4"E
27°58'01"E
08°16'44"E
07°45'10"E

Ulml
Ulml
Uim1l
Uim1l
Uim1l
Uim1l
Ulm2
Ulml
Ulm2
Ulml
San2
San2
San5
Uim1l
Ulml
Sanl
Ulml
Ulml
San3
San3
San3
Sanl
Ulm2
Ulm1
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Chapter 3, Supplementary table 2: List of studied SSR loci; LG - linkage group, V - volume of the primer (20uM) used in 10uL reaction, ¢ - final concentration of each
primer in multiplex PCR.

Locus Multiplex  V c

Locus name abbrev. LG Primer F Primer R set [uL] [pM] Reference
ERubLR_SQO01_BO06 01B06 4 CCTCTACACCACCCCATCAG CGTCATCGTCATCTCTCTCG 1 0.15 0.3 Woodhead et al. 2008
Rubusr76b F 76b 2 CTCACCCGAAATGTTCAACC GGCTAGGCCGAATGACTACA 1 0.25 0.5 Graham etal. 2004
ERubLR_SQ19 1 AO05 191A05 5 GTTTGCTTCCTTTCGTAGTC TATACTAATGGCCACCTTGG 1 0.25 0.5 Woodhead et al. 2008
RubPara_SQ007_009 07009 2 CATGGAAAACCATGCATCATA GCTTTGTCCAAAAGTGCTGT 1 0.30 0.6 Woodhead et al. 2008
RiMO15 RiM015 3 CGACACCGATCAGAGCTAATTC ATAGTTGCATTGGCAGGCTTAT 1 0.20 0.4 Castillo etal. 2010
ERubLR_SQO07_2 H02 72H02 4 TGGCAATCAACCACTCTGTG CAAACTGACAAACGCTCTTCC 2 0.15 0.3 Woodhead et al. 2008
RubLR_SQ05_3 E02 53E02 5 GTCACACAAGGCTACCAAG ATTGAACTGGTCAACAATGC 2 0.15 0.3 Woodhead et al. 2008
ERubLR_SQO01_M20 01M20 5 TTACGAACACCCATTAATTTAAGTC AATCCTGAGACCGACGAGTG 2 050 1.0 Woodhead et al. 2008
RhM023 RhM023 ? CGACAACGACAATTCTCACATT GTTATCAAGCGATCCTGCAGTT 2 0.10 0.2 Castillo etal. 2010
RubfruitC1 RubfruitCl 2 CACGAGCTTCATCCTCTTCC ATCCAAAGCTTTTGCGATTG 2 0.15 0.3 Graham et al. 2004

Chapter 3, Supplementary table 3: Polymorphisms in cpDNA alignment.

position in the alignment

MatK trnL-trnF
Haplotype 17 146 199 306 436 457 561 837 921 54 71 76
Ulm2 A T C C A G T A C A A G
Sanl G
San2 G . A
San3 G . C A
San4 G C . . . C A
San5 T A C .
Uim1 . . . . T .
Uim3 G T . C T A
Ulm4 G T C C T A

101



Chapter 4, Supplementary table 4: Pairwise FST indices (below diagonal) and P-values of test for population differentiation (above diagonal, non-significant values in
bold).

Population Am Ge BC BW BN FS FN GB SN MN MS
Am - HS* HS* HS* HS* HS* HS* HS* HS* HS* HS*
Ge| 0.231 - HS* HS* HS* HS* HS* HS* HS* HS* HS*
BC| 0.267 0.219 - 0.000 0.000 HS* HS* HS* HS* 0.000 HS*
BW | 0.300 0.265 0.116 - 0.672 0.006 0.000 0.000 0.001 0.000 0.000
BN| 0.334 0.301 0.163 -0.025 - 0.033 0.001 0.000 0.030 0.011 0.000
FS| 0.397 0.388 0.235 0.040 0.031 - 0.065 0.000 0.062 0.000 0.000
FN| 0.428 0.419 0.263 0.076 0.070 0.047 - 0.398 0.009 0.000 HS*
GB| 0.491 0.483 0.350 0.186 0.160 0.160 0.000 - 0.000 0.000 HS*
SN| 0.383 0.367 0.230 0.046 0.025 0.015 0.040 0.121 - 0.000 0.000
MN| 0.377 0.359 0.198 0.037 0.014 0.074 0.148 0.261 0.071 - 0.028
MS| 0.409 0.397 0.266 0.105 0.087 0.108 0.217 0.334 0.111 0.026 -

*HS (Highly Significant) - at least one of the individual tests being combined yielded a zero P-value estimate
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Chapter 3; Supplementary figure 1A: Sampling design and population delimitation of R. ulmifolius
agg.
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Chapter 3; Supplementary figure 1B: Sampling design and population delimitation of polyploid and
outgroup Rubus accessions, the three Poly-Am samples in cetral Europe are R. armeniacus.
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Chapter 3, Supplementary figure 2: SSR allele distribution patterns in R. ulmifolius agg. (thin pie-charts) and polyploid accessions (in bold) for each locus. Each color
represents one allele and its relative frequency in a population (pie-charts). Circle size in phylogenetic network corresponds to allele occurrence in total data-set; N and R
indicate numbers of single nucleotide mutations and changes in microsatellite repeat number, respectively.
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A: Locus 01B06
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B: Locus 01M20
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C: Locus 07009
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D: Locus 53E02
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E: Locus 72H02
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F: Locus 76B
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G: Locus 191A05
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H: Locus FruitC1
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I: Locus Rhm23
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J: Locus RiM15
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y=0.0019x + 11.763

Entire sampled area R®=0.3155
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Chapter 3, Supplementary figure 3: Mantel test for correlation between genetic (GD) and geographic (GGD; in km) distance for entire sample-set; R = 0.562, P < 0.0001.
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Chapter 4, Supplementary table 1: Geographic origin of studied accessions, taxonomical delimitation, observed haplotypes and ploidy levels (based on FCM or FCSS).

Collection  Morphotaxon Latitude Longitude Altitude Date Locality Morphoseries Haplotype Ploidy

No.

MS55/13 R. canescens 41°50'8"N 3°15'53"E 1809 2013-08-20 Georgia, Samtskhe-Javakheti, Borjomi  Canescentes Canl -
distr, 7 km WNW of Likani village

MS43/14 R. cf. ibericus 41°41'28"N  41°42'18"E 12 2014-07-10 Georgia, Adjara, Mtsvane Kontskhi, at Discolores Ulml tetraploid (FCM)
the entrace to the botanical garden

MS31/14 R. morphotax. dis1 42°39'34"N  42°46'21"E 526 2014-07-04 Georgia, Kvemo Svaneti, Tsageri, open- Discolores Caul tetraploid (FCM)
air theatre on the N edge of the city

MS57/13 R. morphotax. dis2 42°23'29"N  41°34'11"E 0 2013-08-17 Georgia, Anaklia, ca 0.5 km SE of the Discolores Caul tetraploid (FCSS)
school

MS58/13 R. morphotax. dis3 42°59'15"N  42°15'14"E 770 2013-08-17 Georgia, Svaneti, 8 km NE of Khaishi Discolores Ulml tetraploid (FCSS)
village

MS30/14 R. morphotax. dis4 42°39'34"N  42°46'21"E 526 2014-07-04 Georgia, Kvemo Svaneti, Tsageri, open- Discolores Caul tetraploid (FCM)
air theatre on the N edge of the city

MS41/14 R. morphotax. dis5 41°43'14"N  41°43'43"E 9 2014-07-09 Georgia, Adjara, Chakvi, at the railway  Discolores Caul tetraploid (FCM)
station

MS42/14 R. morphotax. dis6 41°43'14"N  41°43'43"E 10 2014-07-09 Georgia, Adjara, Chakvi, at the railway  Discolores Caul tetraploid (FCM)
station

MS22/14 R. morphotax. dis7 42°34'3.8"N  43°17'02"E 664 2014-06-24 Georgia, Racha, centre of Sori village, Discolores Can3 -
12 km NE of Ambrolauri

MS01/15 R. morphotax. dis8 43°05'17"N  41°17'55"E 515 2015-07-04 Abkhazia, S bank of lake Amtkel Discolores San3 tetraploid (FCM)

MS02/15 R. morphotax. dis9 43°05'17"N  41°17'55"E 515 2015-07-05 Abkhazia, S bank of lake Amtkel Discolores Caul tetraploid (FCM)

MS04/15 R. morphotax. dis10 43°02'45"N  41°1927"E 246 2015-07-05 Abkhazia, near a bridge in Amtkel Discolores Caul tetraploid (FCM)
village, 25 km ENE from Sukhumi

MS06/15 R. morphotax. dis11 43°11'48"N  40°43'42"E 244 2015-07-07 Abkhazia, N part of Kvabruta village Discolores Caul tetraploid (FCM)
(near Khabiu)

MSO07/15 R. morphotax. dis12 43°14'2"N 40°48'14"E 477 2015-07-07 Abkhazia, the Aapsta river valley, 5 km  Discolores Caul tetraploid (FCM)
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MS14/15

MS17/15

MS18/15

MS19/15

MS20/15

MS05/15

MS46B/14

MS21/15

MS23/15

MS24/15

MS35/14

MS40F/14

MS40M/14

MS46A/14

MS47/13

. morphotax

. morphotax

. morphotax

. morphotax

. morphotax

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. sanctus

. dis13

. disl4

. dis15

. dis16

. dis17

43°16'35"N

43°09'20"N

43°00'17"N

42°10'58"N

42°10'58"N

43°11'42"N

42°11'01"N

43°16'35"N

43°08'57"N

43°00'23"N

41°42'58"N

41°43'14"N

41°43'14"N

42°11'01"N

42°23'18"N

40°17'53"E

40°20'16"E

41°00'16"E

42°27'46"E

42°27'46"E

40°43'38"E

42°28'04"E

40°17'53"E

40°20'40"E

41°00'4"E

41°43'57"E

41°43'43"E

41°43'43"E

42°28'04"E

41°33'60"E

360

45

45

223

46

360

46

2015-07-16

2015-07-18

2015-07-19

2015-07-20

2015-07-20

2015-07-07

2014-07-11

2015-07-16

2015-07-18

2015-07-19

2014-07-06

2014-07-09

2014-07-09

2014-07-11

2013-08-17
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Abkhazia, 2 km E of Gagra
Abkhazia, Pitsunda, city center
Abkhazia, Sukhum, N part of Imam

Shamil street

Georgia, Kutaisi international airport
Georgia, Kutaisi international airport
Abkhazia, N part of Kvabruta village

(near Khabiu)

Georgia, Imereti, Kutaisi international
airport

Abkhazia, 2 km E of Gagra

Abkhazia, Pitsunda, S of city center

Abkhazia, Sukhum, railway station

Georgia, Adjara, centre of Chakvi

Georgia, Adjara, Chakvi, at the railway

station

Georgia, Adjara, Chakvi, at the railway
station

Georgia, Imereti, Kutaisi international
airport

Georgia, Anaklia, at the main beach
near hotel Golden Fleece

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Discolores

Gla3

Gla3

Can3

Caul

Caul

Sanl

Sanl

San3

San3

San3

San3

San3

San3

San4

San3

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

diploid (FCM)

diploid (FCM)

diploid (FCM)



MS48A/13

MS12/15

MS32/14

MS33/14

MS60/13

MS16/15

MS08/15

MS23/14

MS27/14

MS43/13

MS45/13

MS46/13

MS52/13

MS53/13

MS56/13

R.

R.

sanctus

"hirtus" agg.*

. cf.

. cf.

. cf.

. cf.

. cf.

. cf.

. cf.

. cf.

. cf.

. "hirtus" agg.*

. "hirtus" agg.*

. "hirtus" agg.*

. "hirtus" agg.*

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

platyphyllus***

42°23'41"N

43°28'41"N

41°41'52"N

41°41'15"N

41°51'43"N

43°19'22"N

43°16'03"N

42°40'45"N

42°42'23"N

43°05'23"N

43° 6'44"N

43°1'56" N

41°49'46"N

41°51'41"N

41°50'35"N

41°33'57"E

40°39'30"E

41°42'50"E

41°49'49"E

43°14'50"E

40°18'46"E

40°47'38"E

43°34'20"E

43°34'38"E

42°44'34°E

42°44'51"E

42°42'43E

43°18'5"E

43°14'45"E

43°15'37"E

1735

60

204

1900

1575

710

1078

1192

1551

1729

1559

1079

1900

1852

2013-08-17

2015-07-14

2014-07-05

2014-07-06

2013-08-19

2015-07-16

2015-07-07

2014-06-24

2014-06-28

2013-08-15

2013-08-15

2013-08-16

2013-08-18

2013-08-19

2013-08-20
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Georgia, Anaklia, near the school

Abkhazia, 1.5 km NW of peak Anchkho

Georgia, Adjara, Batumi - Mtsvane
Kontskhi botanical garden

Georgia, Adjara, at the road between
Khala and Chakvistavi

Georgia, Samtskhe-Javakheti, 11.7 km
WNW of Borjomi, at the Lomis Mt.
shelter

Abkhazia, Mamdzyshkha range, 6 km
NE of Gagra

Abkhazia, near the River Makiko, 3.3
km S of the pass Gudautskij pereval

Georgia, Racha, 5 km N of Utsera, 2 km
behind Rioni a Chanchakhi confluence

Georgia, Racha, right bank of Rioni, ca
1 km before the confluence with
Chanchakhi

Georgia, Svaneti, between Mestia and
the Ushba Glacier

Georgia, Svaneti, Mestiachala valley, 4
km SSW of the Lekhziri glacier

Georgia, Svaneti, ca 1.7 km SW of the
square in Mestia

Georgia, Samtskhe-Javakheti, Borjomi
distr., 2.7 km W of Likani village

Georgia, Samtskhe-Javakheti, 11.7 km
WNW of Borjomi, at the Lomis Mt.
shelter

Georgia, Samtskhe-Javakheti, Borjomi
distr, 7 km WNW of Likani village

Discolores

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

San3

Caul

Caul

Caul

Caul

Gla3

Caul

Caul

Caul

Caul

Caul

Caul

Caul

Caul

Caul

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCSS)

tetraploid (FCSS)

tetraploid (FCM)



MS28/14

MS13/15

MS24/14

MS26/14

MS42/13

MS44/13

MS61/13

MS34/14

MS49/13

MS51/13

MS38/14

MS39/14

MS36/14

MS59/13

MS44/14

. cf. platyphyllus***

. cf. platyphyllus***

. cf. platyphyllus***

. cf. platyphyllus***

. cf. platyphyllus***

. cf. platyphyllus***

. cf. platyphyllus***

. moschus morphotype 1**

. moschus morphotype 1**

. moschus morphotype 1**

. moschus morphotype 1**

. moschus morphotype 2**

. moschus morphotype 2**

. cf. peruncinatus

. morphotax. micl

42°47'10"N

43°28'41"N

42°41'14"N

42°41'53"N

43°05'23"N

43°01'56" N

41°49'46"N

41°40'55"N

41°49'45,5"N

41°51'43"N

41°40'46"N

41°41'27"N

41°40'23"N

41°49'46"N

41°41'28"N

43°24'08"E

40°33'48"E

43°42'02"E

43°34'57"E

42°44'34°E

42°42'43"

E

43°18'50"E

41°50'29"E

43°18'50"E

43°14'46"E

41°51'06"E

41°49'30"E

41°50'58"E

43°18'50"E

41°42'18"E

1694

1040

1729

1143

1551

1565

1079

214

1079

1919

247

192

571

1079

13

2014-06-29

2015-07-14

2014-06-28

2014-06-28

2013-08-15

2013-08-15

2013-08-18

2014-07-06

2013-08-18

2013-08-20

2014-07-09

2014-07-09

2014-07-07

2013-08-18

2014-07-11
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Georgia, Racha, right bank of Rioni 9
km W of Ghebi

Abkhazia, 1 km E of lake Ritsa

Georgia, Racha, at the military highway
2.7 km SE of resort Shovi

Georgia, Racha, at the confluence of
Rioni and Chanchakhi, on the right bank
of Rioni

Georgia, Svaneti, between Mestia and
the Ushba Glacier

Georgia, Svaneti, 1.7 km SW of Mestia
centre

Georgia, Samtskhe-Javakheti, Borjomi
distr., 2.7 km W of Likani village

Georgia, Adjara, W edge of Chakvistavi

Georgia, Samtskhe-Javakheti, Borjomi,
2.7 km W of Likani village

Georgia, Samtskhe-Javakheti, 11.7 km
WNW of Borjomi, at the Lomis Mt.
shelter

Georgia, Adjara, W edge of Chakvistavi

Georgia, Adjara, at the road between
Khala and Chakvistavi

Georgia, Adjara, 1.2 km SW of
Chakvistavi

Georgia, Samtskhe-Javakheti, Borjomi
distr., 2.7 km W of Likani village

Georgia, Adjara, Mtsvane Kontskhi, at
the entrace to the botanical garden

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Glandulosi

Micantes

Micantes

Cau2

Gla3

Glal

Glal

Glal

Glab

Glal

Glab

Caul

Caul

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCSS)

tetraploid (FCM)

diploid (FCM)

diploid (FCM)

diploid (FCSS)

diploid (FCM)

diploid (FCM)

diploid (FCM)

tetraploid (FCSS)

tetraploid (FCM)



MS29/14

MS45/14

MS03/15

MS09/15

MS11/15

MS37/14

MS62/13

MS15/15

MS10/15

MS63/13

MS54/13

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. morphotax.

. idaeus

mic2

mic2

mic3

mic4

mic5

radl

rad2

rad3

corl

. cf. sanctus x canescens

42°39'34"N

41°41'28"N

43°04'54"N

43°16'40"N

43°24'20"N

41°40'32"N

41°50'21"N

43°16'27"N

43°22'11"N

41°50'8"N

43°06'29"N

42°46'21"E

41°42'18"E

41°1822"E

40°48'02"E

40°49'05"E

41°52'44"E

43°15'47"E

40°18'11"E

40°49'01"E

43°15'53"E

42°44'40"E

526

14

530

1100

830

387

1868

400

536

1808

1664

2014-07-04

2014-07-11

2015-07-05

2015-07-08

2015-07-10

2014-07-08

2013-08-20

2015-07-16

2015-07-10

2013-08-20

2013-08-15

Georgia, Kvemo Svaneti, Tsageri, open-
air theatre on the N edge of the city

Georgia, Adjara, Mtsvane Kontskhi, at
the entrace to the botanical garden

Abkhazia, 1 km SE of lake Amtkel
Abkhazia, 2 km S of the pass
Gudautskij pereval

Abkhazia, N margin of Pskhu village
Georgia, Adjara, W edge of Chakvistavi
Georgia, Samtskhe-Javakheti, Borjomi
distr, 7 km WNW of Likani village
Abkhazia, 2 km E of Gagra

Abkhazia, NW part of Bitaga village

near Pskhu

Georgia, Samtskhe-Javakheti, Borjomi
distr, 7 km WNW of Likani village

Georgia, Svaneti, Mestiachala valley, 4
km SSW of the Lekhziri glacier

Micantes

Micantes

Micantes

Micantes

Micantes

Radula

Radula

Radula

- (sect. Corylifolii)

- (hybrid)

- (subg.
Idaeobatus)

Caul

Caul

Gla3

Gla4

Caul

Caul

Caul

Gla3

Cael

Canl

Ida2

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

triploid (FCM)

tetraploid (FCM)

tetraploid (FCM)

diploid (FCM)

diploid (FCSS)

* We use the name R. "hirtus" agg. for all undeterminable members of ser. Glandulosi, i.e. unstabilized accessions without leaf tomentum, irrespective of colour of stem glands.

** The two examined morphotypes of R. moschus do not differ in most characters, except for their overall habitus and prevailing glands coloration. Morphotype 1 (better agreeing with original
diagnosis) is usually a low or moderate shrub with conspicuous red glands on its stem. Morphotype 2 forms erect stems up to several meters high having huge leaves and an overall pale
appearance caused by white glands and tomentum on its stems. Because morphotype 2 was found only in the Adjara region, which is characterized by extremely humid and warm climate,
intraspecific variability or plasticity cannot be rejected as a cause for morphological differentiation without further study, although both morphotypes occurred at the locality without any transition

forms.

*** All glandulous brambles with tomentose lower side of leaves; very polymorphic sexual complex which deserves further study.
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1 Introduction

Asexual reproduction via seeds (agamospermy or gj@nn the narrow sense) is a
widespread phenomenon in plants which has beendfaurmore than 40 plant families.
Apomixis is typically associated with both polymgiand hybridity, since most apomictic
taxa are of allopolyploid origin (Bicknell and Kottow 2004). Asexuality and extensive
reticulate evolution make every phylogenetic sty apomictic taxa challenging, not to
speak of defining taxonomical concepts that woelitect evolution of the group and, at the
same time, be useable in practice. Due to this tagether with high degree of residual
sexuality and a great genotypic diversity, apormigilants are notoriously known as a
nightmare for taxonomists and field botanists, arttlight for evolutionary biologists.

GenusRubus especially its richest subgenusRubus is one of the taxonomically most

complicated plant groups in Europe and the SoutBaucasus. In Europe, more than 750
species are recognised, most of which are polypleitdh varied degree of apomixis. Only

few species are diploid and thus strictly sexualr{t¢ et al. 2010). The Caucasian bramble

flora is only poorly explored, although the Causaswundoubtedly represents one of the
evolutionary centres of the subgenus. Only a fegcigs has been validly described from the
Southern Caucasus, and many of them need critigahbmical revision (Kutateladze 1980).

Almost nothing is known about cytological pattersd reproduction mode in Caucasian
brambles. In Europe, the systematics of bramblesase advanced and much is understood
regarding microevolutionary processes and morphcdbglifferentiation. Nevertheless the

mechanisms of diversification, especially with netgato which species were (or still are)

involved in polyploid evolution in Europedubus remain unclear.

Furthermore, brambles in Europe an adjacent regghibit marked geographical differences
among sexual and asexual biotypes (so called geligragparthenogenesis). The highest
diversity of polyploid apomicts is concentrated Northwest Europe and the Southern
Caucasus whereas diploids are confounded mainthenMediterranean and other warmer
regions (Kurttoet al. 2010). Advantages of polyploids in the northemrnferly glaciated
regions may be related to their reproduction medg. (petter colonization ability), polyploidy
(e.g. elevated heterozygosity or masking of dealmter mutations) and/or external factors
(Horandl 2006). None of these factors, nevertheleas satisfactorily explain the observed
geographic patterns.



2 Aims of the thesis

This thesis aims to contribute to our understandihgvolution of apomictic complexes in
general and uncover relationships and evolutiomagghanisms among different groups of
European and Caucasian brambles in particular. thesis aims to answer these specific
guestions:

* What is the role (both contemporary and historicaljliploid taxa in the evolution of
the polyploid complex?

* What are the driving forces &ubusevolution?

* What is the spatio-temporal frameworkRdibusevolution and how is it related to the
Pleistocene climate fluctuations?

* What are the reasons for differential geographstritutions of sexuals and apomicts
and why have apomicts diversified and expanded IjnarNorthwest Europe and the
Southern Caucasus?

» What are the patterns of cytological, reproducéined molecular diversity in the West
Caucasian brambles and how are they related t&uhgpean bramble flora?



3 Materials and methods

Plant material

The plants were sampled across the wide geograahge of Europe, Morocco, Macaronesia
and the Southern Caucasus. The aim was to coVargesgeographic and taxonomic range as
possible. From each of the sampled plants, a harbaspecimen was prepared and one
leaflet was dried in silica gel. For flow cytometreasurements, fresh leaves were collected
and preserved in plastic bags until the analysise flow cytometric seed screen was
performed on air-dried fruits. Every plant was deii@ed morphologically and the biotypes
lacking valid or provisional names were distingeidhand numbered as “morphotaxa” or
categorized on the level of series.

Molecular methods

DNA was extracted from silica gel-dried leavesjrofew cases from herbarium specimens,
following the CTAB (cetyltrimethylammonium bromidg)rotocol of Doyle and Doyle
(1987). Two non-coding regions were selected ferglastid DNA analysis: theatK intron
amplified with XFA and AST_R primers (Dunning andv®lainen 2010), and thenL-trnF
intergenic spacer with e and f primers (Tabegtetl. 1991). One universal primer pair, ITS1—
ITS4, was used for amplification of the ITS1-5.88NA-ITS2 (internal transcribed spacer)
nuclear locus (Whitet al. 1990). ITS PCR products were cloned into a baaitegctor prior
to sequencing. Subsequent Templi-Phi reactions @adger sequencing of Templi-Phi
products (ITS) or polyethylene glycol-purified PGRRoducts (plastid markers; 10% PEG
6000 and 1.25M NacCl in the precipitation mixturegres performed on a 96-capillary ABI
3730 instrument in the IPK (Gatersleben, Germamgitral sequencing facility or by
Macrogen Europe.

For SSR analysis, a multiplex and barcoding appreeas used to amplify and sequence ten
SSR loci from at least four linkage groups (seepidra3 of the thesis). Only SSR loci with a

repeat unit length of at least 3 bp were selectéé. 192 individual DNA samples that were

used for SSR sequencing were divided into two sareets, each containing 96 individuals.

By appending 8-nucleotide barcodes to the 5' thibath the forward and reverse primer

sequences, we created tagged primers that werdispaiceach sample set and locus. All ten

SSR loci were amplified in two multiplex PCR reaos. The PCR products were then

pooled, and a total of 96 libraries were prepamdtiie paired-end sequencing of the SSR
amplicons on an lllumina MiSeq at TraitGenetics Gh{zatersleben, Germany).



Molecular data analysis

The sequence data were processed and editedENEIGUS (ver. 7.1.7.; created by
Biomatters). Further analyses were performed inadety of specialized software, e.g.
NETWORK (Bandeltet al. 1999), MAFFT (Katoh and Standley, 2013), MEGA (Tamet al.
2011), GNALEXx (Peakall and Smouse 2012)gN&PoP (Raymond and Rousset 1995),
STRUCTURE (Pritchardet al. 2000).

Flow cytometric analyses

Ploidy levels were assessed based on the reldtiveesécence of propidium iodide-stained
nuclei, as determined by flow cytometric measureméRCM) of fresh leaves or, in a few
cases, by the flow cytometry seed screen (FCS8jied fruits, using a BD Accuri C6 (BD
Biosciences, Franklin Lakes, NJ, USA) or a Parte&l@v ML (Sysmex Partec, Gorlitz,
Germany) flow cytometer. Reproduction mode wassseskfrom the relative position of the
peaks for embryo, endosperm, and an internal stdno\a FCSS (Matzlet al. 2000). As
internal standard$§olanum lycopersicuni2C = 1.96 pg; Dolezadt al. 1989) orGlycine max
(2C = 2.5 pg; Dolezedt al. 1994) were used for FCM aiiba may$2C=5.43 pg; Lysak and
Dolezel 1998) for FCSS. For ploidy level calibratiagenotypes oR. moschug2n = 14;
chromosomes counted by Krahulcova and Holub 198@)Ra bifrons[2n = 28; counted by
Tesdova (2012)] were also measured.

Ecological niche modeling

Ecological niche modelling was performed Rrulmifoliusagg. using the maximum entropy
approach as implemented imaWENT (Phillips et al. 2006). Current and past maps of habitat
suitability were constructed based on 19 biologycedlevant climatic variables compiled in
the WorldClim database (Hijmames al. 2005; http://www.worldclim.org). As projection iap
data, bioclimatic layers from three paleoclimatedels (CCSM, MIROC-ESM and MPI-
ESM-P) of the Last Glacial Maximum (LGM; 22 ky B&)d the mid-Holocene (6 ky BP) and
one model of the last interglacial period (LIG; £2@0 ky BP) were used (Braay al. 2012,
Sueyoshet al. 2013; Otto-Bliesneet al. 2006; Giorgettat al. 2013).



4 Survey of results

ITS sequences formed only six ingroup clusters (fljg each characterized by one or a few
sexual species (including. idaeu¥ whereas apomicts contained ITS ribotypes clusgeio
two or three of these clusters. Plastid sequencesided a very similar pattern with
haplotypes of European polyploids being restridteflve clusters R. idaeushaplotypes not
shared). Furthermore, West Caucasian polyploigsdibre a unique haplotype not shared by
any known diploid species. Survey of ribosomal DMN#olution provided evidence for
intragenomic homogenization which prevented exat¢rthination of all diploid ancestors in
every single polyploid accession. Nevertheless hitraogenization is slow enough to enable
elucidation of overall patterns.

glandulosi
ribotypes

1 caesius ribotypes

outgroup

0do_c01
R. odoratus

Odo_c07
5

ulmifolius suberecti ribotypes

ribotypes

Figure 1: Median-joining network of cloned ITS sequences3(5@quences from 63 species or hybrids: each
circle denote a distinct ribotype or group of samitibotypes (circle size corresponds to the numolbeequenced
bacterial colonies), colonies from diploid taxa d@Rdcaesiusare plotted in color whereas other colonies are
white. The number of mutations between ribotypesnedian vectors (black dots) is shown above bras)che
possible recombinant ribotypes marked with an eiter

Comparison of distributions of sexuals and apomsttaring the same plastid haplotype
revealed high diversity of polyploids on the northenargins of the sexuals’ distribution.
Accidentally, these areas were either glaciatedastly affected by glaciation during the Last
glacial maximum. A more detailed study focusingsaxual diploidR. ulmifoliusagg.

7



(incl. R. sancukrevealed three groups of populations differinglilelic (Hd) and nucleotide
(Pi) diversity. First, the Caucasian and Balkan padputg exhibited low values of botHd
andPi. Second, Northwest European populations exhiliitgd Pi and lowHd. Third, all of
the other populations were characterized by bogh Ri and highHd. This indication of
bottlenecks in the East and recolonization of Nee$t Europe was further supported by
ecological niche models. Polyploid descendantseshatleles with the diploid populations
from their respective region. Eastern polyploidstfarmore shared many alleles with the
western (both diploid and polyploid) populationglisating possible pre-glacial origin of
these alleles. Similarly, two plesiomorphic plastidplotypes were shared among western
diploids and eastern polyploids, but no haplotypkethe eastern diploids were found in the
west of the distribution area and they were ontglyashared with the eastern polyploids.

The last part of the thesis focused on diversityhef West Caucasian (more specifically
Colchic) bramble flora. It turned out that this gpowas strongly understudied. Patterns of
cytological variability deviated slightly from Eysean brambles, with most accessions being
tetraploid (85 %), followed by diploid (12 %) andrely triploid (only one accession).
MorphoseriefRadulaandGlandulosiexhibited obligate sexuality and other taxa wegssthy
apomictic with a low degree of residual sexualdy.few exceptions were observed that
deserve further attention, for example, sexuahguced hypothetically by haploid pollen or
by environmental conditions, a high proportion wplbid embryos, or polyspermy. Plastid
haplotype variability revealed specific, ancienbletionary patterns with limited involvement
of extant diploid taxa, and recent isolation fronr&pean brambles.



5 Conclusions

The results show that the rich and diverse polgpblmmplex of Euro-Caucasian brambles
originated from only seven diploid species or spe@ggregates, of which three are probably
extinct today. On contrary, some South EuropeanMacharonesian diploids probably did not
contribute to the evolution of polyploids. One betdiploid ancestordR. ulmifolius/sancus
agg., experienced a reduction in its distributiad aignificant bottlenecks in the eastern parts
of its distribution area in the Last glacial maxmuThis led to the decrease of genetic
diversity and subsequently possibly to lower contipet abilities which may have enabled an
expansion of newly arisen polyploids in Northwestrdpe and the Southern Caucasus. It is
further shown that apomicts combine pre-glacialegpools of the diploid ancestors and
genetic diversity of recent sexuals from their oegiAlthough most of the recent apomicts
were formed in the Holocene, the whole agamic cem much older, its history stretching
at least to the last interglacial period. Therefoapomixis should not be seen as an
evolutionary dead end, but as a way of preservatih spread of genetic diversity in space
and time. In addition to the advantages of asetyualnd (allo)polyploidy, contemporary
apomicts can use both genetic diversity of thetmek (or markedly changed) ancestors and
the locally adapted gene complexes of recent diploi



6 Souhrn (Summary, in Czech)

Nazev prace: Diverzita, fylogeneze a evaini mechanismy v rodRubus

Autor: Michal Sochor

Evropské a kavkazské ostruziniky ipamezi gedni zastupce kategorie g mara
taxonoma, rozkoS evolucionisty“. Prace ukazuje, jéeto velmi dynamicka skupina
poznamenandastou hybridizaci. VSechnyapodni ostruzZiniky Evropy a Kavkazu jsou totiz
potomky pouhych ¢ty recentnich diploidnich drih nebo druhovych kompléx (R.
ulmifolius—sanctusagg., R. canescensR. moschus R. idaeuy a i pravdpodobr
vyhynulych (diploidi zR. subsectRubus predchidceR. caesiug neznamy diploid ze zapadu
Jizniho Kavkazu) a mnoho apomiktickych mikrospgeiiodvozeno ze dvou tetraploidnich
sexualnich taxah (R. caesiusa R. ser. Glandulos). Uplna nebo fevladajici sexualitaR.
caesius a R. ser. Glandulosi a rezidualni sexualita jinych biot§pvedla k extrémni
morfologické a genetické divergjt zejména v Uzemichtide postizenych zalednim a
v oblastech se sniZzenou kompetici ze strany seixhdfiredki, tedy v severozapadni Eviop
a na Jiznim Kavkazu.

Ctvrtohorni klimatické oscilace a anthropogenniémgn v krajins byly pravdpodobré
nejsilngjSimi evolwnimi tlaky, jelikoz ¥tSina apomiktickych linii vznikla az v holocénu gak
dusledek postglacialnich migraci. Z tohoto pohledwapomixe opravdu e jevit jen jako
docasny fenomén — slepa &da evoluce. Na druhou stranu, v praci jEedlozenarada
negimych dikazi, Ze apomiktické ostruziniky existovaly jiZea poslednim glacialnim
maximem. Z nich velmi prawgodobrd mnoho vyhynulo, ale alespokteré gezily az do
holocénu a zachovaly takdst ancestralnich genofandkteré by jinak vymizely. Navic,
apomiktické linie reprezentuji nové, nezavislé aevol jednotky jen fileZitostré prijimajici
geneticky material recentnich dipldidJsou tak schopni vyuZivat jak adaptivni variélili
svych davnych fedka, tak i nove, lokala vyhodné alely recentnich diploidnich populaci.
Apomixe tak spiSe nez slepoudkli evoluce pedstavuje zfisob Steni genetické variability
Vv prostoru a&ase a jeji uchovani pro nasledné ,evalwyuziti“.

Ackoliv tato disertani prace pinasitadu novych poznatko evol&nich mechanismech a
trendech apomiktickych ostruzirik zistava v této oblasti stale mnoho nezoduewnych
otazek. Krond taxonomickych probléikolem gibuznosti konkrétnich taxdre to zejména
genetika a regulace apomixe, ktera je u ostruiijgk velmi mélo prozkoumana. Batologie a
dalSi vdni obory zabyvajici se ostruziniky tak zdalekssoejvyerpané a v budoucnu jist
piinesouradu zajimavych poznaik
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