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Abstract

The aim of this work is to shed light on the evolutionary history of the Eurasian steppe belt using the
genetic “fingerprints” of two different steppe plants. For this purpose, the relatively old species
Krascheninnikovia ceratoides, which is widespread in large parts of the dry steppe of the Northern
Hemisphere, and the younger steppe species Adonis vernalis, which has a smaller distribution area in
the western part of the Eurasian steppe belt and prefers more humid steppe habitats, were chosen.
We tried to obtain leaf samples from five individuals per population in our collections, covering the
entire distribution range of the respective species. The DNA of the samples was extracted and
sequenced. Sequences of individual gene segments were used to estimate the time frame of
diversification within the species. Genotyping-by-sequencing, a technique in which 100 base pair long
fragments are sequenced from random locations of the genome, was used to determine the
geographic origin of the species and the relationships between populations. According to my results,
Krascheninnikovia, like the first steppe habitats, originated in Central Asia and spread from there
across the steppe. Adonis vernalis, on the other hand, originated in Europe and probably migrated
from there in the already widespread steppe to the east, and within Europe. The repeated
transgression of the Caspian Sea has left traces in the genetic information of the individuals of
Krascheninnikovia: The results in this study suggest that the species survived east and west of the
flooded area and that the individuals later came back into contact. While Krascheninnikovia seems to
have benefited from the changing climate in the Pleistocene, Adonis vernalis probably lost large parts
of its range. The evolution of the steppe is thus partly reflected in the genetic information of its
inhabitants.



Kurzfassung

Das Ziel dieser Arbeit ist, die Entstehungs- und Entwicklungsgeschichte des Eurasischen Steppengiirtels
anhand des genetischen ,Fingerprints“ von zwei unterschiedlichen Steppenpflanzen zu beleuchten.
Dazu wurde zum einen die relativ alte Art Krascheninnikovia ceratoides gewahlt, die in weiten Teilen
der trockenen Steppe der nérdlichen Halbkugel verbreitet ist und zum anderen die jiingere Steppenart
Adonis vernalis, die ein kleineres Verbreitungsgebiet im westlichen Teil des Eurasischen Steppengiirtels
aufweist und feuchtere Steppenhabitate bevorzugt. Wir haben versucht, bei unseren Aufsammlungen
Blattproben von funf Individuen pro Population zu erhalten und dabei das gesamte Verbreitungsgebiet
abzudecken. Die DNA der Proben wurde extrahiert und sequenziert. Mit Hilfe einzelner Genabschnitte
wurde der Zeitrahmen der Diversifizierung innerhalb der Art abgeschatzt. Mit Hilfe von ,Genotyping-
by-sequencing”, einer Technik, bei der 100 Basenpaare lange Fragmente von zufalligen Orten des
Genoms sequenziert werden, wurde der geographische Ursprung der Art und die
Verwandtschaftsverhaltnisse zwischen den Populationen ermittelt. Laut meinen Ergebnissen entstand
Krascheninnikovia wie auch die ersten Steppenhabitate in Zentralasien und breitete sich von dort in
der Steppe aus. Adonis vernalis hingegen entstand in Europa und migrierte von dort aus in der bereits
verbreiteten Steppe unter anderem nach Osten und innerhalb Europas. Die wiederholte Transgression
des Kaspischen Meeres hat Spuren in der genetischen Information der Individuen von
Krascheninnikovia hinterlassen: Die Ergebnisse in dieser Arbeit lassen darauf schlieRen, dass die Art
Ostlich und westlich des tiberschwemmten Gebiets (iberlebt hat und die Individuen spater wieder in
Kontakt gekommen sind. Wahrend Krascheninnikovia anscheinend im Pleistozin vom wechselnden
Klima profitiert hat, verlor Adonis vernalis wahrscheinlich groRe Teile seines Verbreitungsgebiets. Die
Entwicklung der Steppe wird somit teilweise in der genetischen Information seiner Bewohner
widergespiegelt.

Vi



1. Introduction

The natural vegetation of up to one third of Earth’s terrestrial surface are grasslands and grass-
dominated habitats (White, Murray and Rohweder, 2000; Blair and Briggs, 2014). Grasslands are
heterogeneous and provide a habitat to various plants and animals, including humans. Not only are
the open grasslands (savannas) of Africa thought to be home to the first Homo species (Reed, 1997,
Groucutt et al., 2015), but these biomes have also provided food through agricultural use and livestock
rearing since the Neolithic (White, Murray and Rohweder, 2000). Grassland products such as food,
fibre and fuel are used daily by all people today. However, due to sometimes massive direct and
indirect anthropogenic impacts such as agricultural expansion and climate change, grasslands are now
under threat, and protection and restoration would be necessary to keep the habitat as it was
(Solomon et al., 2007; B. Chen et al., 2014; Li et al., 2018; Ren and Zhou, 2018). Some of the most
threatened ecosystems on Earth are temperate grasslands (Sala et al., 2000; Hoekstra et al., 2005). In
the dry nemoral zone or temperate semi-arid region, the natural grassland is called steppe (Walter,
1968).

General abiotic features in this area are cold winters, hot summers, and an annual precipitation of
200-400 mm, most of which falls in summer (Hurka et al., 2019; Pfadenhauer and Kl6tzli, 2020). The
main steppe areas in the world are the Eurasian steppe, the North American prairies and the
Pampa/Patagonian steppe in South America (Pfadenhauer and Kl6tzli, 2020). The Eurasian steppe belt
is the largest steppe region in the world (Walter, 1968, 1974; Hurka et al., 2019; Pfadenhauer and
Kl6tzli, 2020).

The Eurasian steppe belt extends in the northern hemisphere from the Amur (eastern China) to the
Pannonian Basin (Hungary). Exclaves exist in Central Europe and in Northern Asia. At the Altai
Mountains, the Eurasian steppe divides into a Mongolian Chinese and a Euro-Siberian part. Both parts
differ in their floristic composition, climate, and edaphic factors. The Asian monsoon causes later
precipitation in Mongolia and China than west of the Altai Mountains, which is an effective barrier to
the low-pressure system and summer cyclones of Central Asia. Chernozem is common in the Euro-
Siberian steppe, while it is rare in the Mongolian Chinese steppe (Hurka et al., 2019).

As a contact zone between the two parts of the Eurasian steppe, the Altai Mountains are of particular
interest. The Altai Mountains serve as a refuge for various species and provide a range of different
habitats. During the Pleistocene, it may have hosted some temperate forest species, while today relicts
of Pleistocene biota find a refuge there (Pavelkova Ri¢dnkova, Robovsky and Riegert, 2014; Hais et al.,
2015; Hurka et al., 2019).

In general, steppes can be divided into three broad groups in a physiognomic approach: Forest and
meadow steppes (also called long or tall grass steppes), short grass steppes and desert steppes. In the
Eurasian steppe, the overall steppe types differ according to moisture and edaphic factors and can
range from forest to desert formations along the precipitation gradient, from a meadow-like tallgrass
steppe with tree or forest islands to shortgrass steppes, semi-deserts and desert formations. The
transitions between types are fluid, and within the same climatic zone different types may occur due
to differences in precipitation on southern or northern slopes, limited water availability due to soil
properties, steep slopes and intensity of grazing or general land use (Smelansky and Tishkov, 2012;
Erdés et al., 2018; Hurka et al., 2019).

The wettest steppe formation is the forest steppe, which usually occurs in the transition zone between
(closed) forest and dry steppe, forming a macromosaic of meadow steppe and tree or forest islands
(Walter and Breckle, 1986; Erdés et al., 2018; Hurka et al., 2019). It is found in Eastern Europe, Western
Siberia, China and eastern North America (Werger and van Staalduinen, 2012; Hurka et al., 2019;



Pfadenhauer and Kl6tzli, 2020). Forest steppes provide a diverse habitat and host a large variety of
species (Erdds et al., 2018).

The plants that occur in meadow steppes are hygrophytic or mesophytic and can reach heights of up
to 1.5 m. Species richness, evenness, coverage, total biomass (especially above ground), and
productivity are high (Smelansky and Tishkov, 2012). The first flowering plants of the year appear in
April, such as Adonis vernalis, Pulsatilla patens and Carex humilis. In June, Filipendula vulgaris,
Hypochaeris maculata, Phlomoides tuberosa, Salvia pratensis and C3 grasses such as Stipa pennata,
Calamagrostis epigejos, Bromus erectus, Dactylis glomerata and Koeleria macrantha often dominate
the overall picture. In August, most of the plants have dried up. The tall grass steppes of China in
eastern and north-eastern Inner Mongolia consist of Leymus chinensis and various Asteraceae (like
Hypochaeris ciliata, Syneilesis aconitifolia, Ligularia), Fabaceae (Lathyrus quinquenervius,
Trifolium lupinaster, Lespedeza), Rubiaceae (Galium verum), Rosaceae (Sanguisorba officinalis),
Ranunculaceae (Thalictrum minus, Delphinium grandiflorum) and tall geophytes (Hemerocallis, Lilium,
Veratrum). In North America, tall grass prairies are found as a transition from oak-hickory forests and
west of the forest steppe zone as a distinct formation. In the cold and dry north (Canada), C3 grasses
such as Elymus smithii, E. lanceolatus, Koeleria macrantha and Hesperostipa spartea are dominant,
while in the warmer and more humid south C4 grasses like Andropogon gerardi, Panicum virgatum
and Sorghastrum nutans are dominant (Pfadenhauer and Klé6tzli, 2020).

The short grass steppe, also called true or dry steppe, has a coverage of 50 to 80 %, which is lower than
in tall grass steppes and consists mostly of xero-mesophytic and xerophytic plants (Smelansky and
Tishkov, 2012; Pfadenhauer and Kl6tzli, 2020). Short grass steppes are mainly used for livestock; they
are usually unsustainable as arable land due to aridity, low soil fertility and widespread salinization
(Smelansky and Tishkov, 2012). Clump grasses with xerophytic characteristics such as hairiness, well-
developed cuticle and grey colouration of the plant parts dominate. Small hemicryptophytes,
chamaephytes and geophytes may grow among the clump grasses. The plants can grow up to 1 m high.
In Eurasia, mainly Stipa and Festuca, Koeleria, Poa and Elymus are present. In Eastern Europe and
Western Siberia, various Stipa species are found together with Festuca. In the southern short grass
steppes, Artemisia and Cleistogenes are characteristic, occurring mainly in desert steppes, as are some
Chenopodioideae like Krascheninnikovia ceratoides. In short grass steppes, many geophytes of the
genera Tulipa, Gagea, Ornithogalum and Iris and therophytes occur. In Central Asia, short grass
steppes are common in forest-steppe regions and south of them. Grasses such as Agropyron cristatum,
Festuca lenensis, Koeleria macrantha, Cleistogenes squarrosa and C. songorica and Stipa are found
here, but almost no geophytes or therophytes. In Eurasia, Carex, Dontostemon, Goniolimon, Potentilla,
Orostachys and Oxytropis are common. In North America, the short grass prairies are restricted to the
warm and arid southwestern region. Bouteloua aristidoides, Bouteloua dactyloides, Aristida longiseta,
Hilaria jamesii, Sporobolus cryptandrus, Elymus smithii, Koeleria macrantha, Hesperostipa comata and
Artemisia frigida are widespread here. The composition depends on the frequency of fires, the
weather and the intensity of grazing. The transition between tall and short grass prairie is called mixed
grass prairie, which contains two layers, tall grasses and short forbs and dwarf shrubs. In the Southern
Hemisphere, there are short grass steppes with clump grasses, Stipa, Bromus, Poa and Rytidosperma
taxa as well as geophytes and hemicryptophytes and dwarf shrubs (at steep slopes) (Pfadenhauer and
Klotzli, 2020).

Desert steppes form the transition to semideserts and have an annual precipitation of less than
200 mm. Short grasses (10 to 20 cm) and dwarf shrubs and subshrubs dominate with a coverage of
less than 50% (Smelansky and Tishkov, 2012; Pfadenhauer and Kl6tzli, 2020). Desert steppes are mostly
used as pastures for seasonal grazing (Smelansky and Tishkov, 2012). In South Kazakhstan, these
steppe formations consist of Stipa orientalis, S. lessingiana, Psathyrostachys juncea, Artemisia and
therophytes such as Erophila and Alyssum, while in Central Asia Stipa caucasica and S. tianschanica
dominate the formation. Short or annual taxa of Artemisia and of Chenopodiaceae as well as



Reaumuria songarica and dwarf shrubs of the genus Caragana are common (Pfadenhauer and Klotzli,
2020).

Other steppe types occur on a smaller scale, e.g. special mountain steppes such as the high mountain
cryophytic cold steppe in the Altai Mountains, where mountain steppes and alpine tundra grasslands
are in direct contact under extreme continental dry conditions (Smelansky and Tishkov, 2012).

1.1. Evolution of the steppe

After the first land plants appeared in the middle Cambrian to early Ordovician (Morris et al., 2018),
the carbon dioxide (CO,) concentration in the atmosphere dropped rapidly (Lenton et al., 2012). The
globally warm and humid climate changed to a regionally cold and arid one. This may have been caused
by the formation of the supercontinent Pangea, which had strong continentality in the inner regions
and glaciers in the mountains of the Southern Hemisphere (Parrish, 1993; Pfadenhauer and Klotzli,
2020). First forests appeared. Thereafter, rising temperatures, drought and atmospheric CO;
concentrations favoured the development of gymnosperms, which were better adapted to drought
than ferns (Pfadenhauer and KlI6tzli, 2020). During the Jurassic, Pangea began to break up into Laurasia
and Gondwana. The two continents were separated by the Tethys Ocean, which acted as a migration
barrier and caused the flora of the two landmasses to develop differently (Hurka et al., 2019). During
the Cretaceous, Gondwana split into Africa and South America. The Indian subcontinent separated and
collided with Asia during the Paleogene, leading to the uprise of the Tibetan plateau. Plate tectonic
activity led to the destruction of the western Tethys in the late Eocene and the formation of Paratethys
(Dietz and Holden, 1970; Hurka et al., 2019). Laurasia split into two continents: North America and
Eurasia (Dietz and Holden, 1970). Although the two landmasses separated about 120 Mya (million
years ago), contact between the floras persisted into the Tertiary through land bridges such as
Beringia, leading to floristic similarities (Tiffney, 1985; Pfadenhauer and Kl6tzli, 2020).

During the Cretaceous, CO, concentration and temperature increased, giving an advantage to the
better adapted angiosperms (Barron et al., 1995; Crane, Friis and Pedersen, 1995; Magallon and
Castillo, 2009; Hay, 2017). It was not until the beginning of the Tertiary that angiosperms spread
massively, colonising the world and pushing other species into niches (Crane, Friis and Pedersen, 1995;
Pfadenhauer and Klotzli, 2020).

To understand the distribution of vegetation today, the last 65 Myr (million years; Cenozoic era,
Paleogene, Neogene and Quaternary) are particularly important, during which mountains rose,
dramatic cooling occurred, cumulating in the Pleistocene ice ages, Antarctica glaciated and the
increasing influence of humans during the Holocene shaped the appearance of the landscape and
vegetation. The era started with a warm climate caused by high CO, and methane levels (Beerling and
Royer, 2011). Today'’s polar ice deserts and tundra had a nemoral to subtropical flora with trees such
as Betula, Juglans, and Taxodium (Hamilton, 1968; Basinger, Greenwood and Sweda, 1994). Since the
Eocene, almost continuous cooling set in. The concentration of CO; in the atmosphere also decreased
(Liu et al., 2009; Beerling and Royer, 2011; Zhou et al., 2019). Steppe formation presumably began in
the Paleogene/early Miocene in Central Asia (Hurka et al., 2019 and literature cited therein) and spread
westwards in the middle to upper Miocene. In the middle Eocene, east Central Asian steppe desert
was inhabited by halophytic and xerophytic shrub vegetation, with broad leaved forest and other
angiosperms being more common than Asteraceae, Poaceae and Chenopodioideae (Barbolini et al.,
2020).

Although grasses have been present in the dry and open habitats of Central Asia since at least the
Eocene, widespread dispersal only occurred from the middle Miocene onwards, showing a gap
between species diversification and ecological spread (Barbolini et al., 2020).



In the early Miocene, most of the Eurasian continent was covered with forests, while Central Asia had
a drier environment (lvanov et al., 2011). Aridity in Eurasia increased during the middle Miocene
(Utescher et al., 2007). As cooling continued and precipitation became more seasonal and continental,
the landscape opened up and forests were replaced by woodlands and grasslands (Bredenkamp, Spada
and Kazmierczak, 2002; Stromberg, 2011; Hurka et al., 2019).

A continuous steppe belt was present in the Pliocene (Eronen et al., 2009, 2010). The forest steppe
was widespread in south-eastern Europe and western Siberia. In the arid region of Middle and Central
Asia, there was a treeless steppe (Hurka et al., 2019). Numerous cold-warm cycles occurred during the
Pleistocene, as shown by oxygen isotope studies of marine sediments (Cohen and Gibbard, 2019).
Significant glaciation of the Northern Hemispheric began at the start of the Pleistocene.

As a large amount of water was bound as ice during glaciations, the aridity of the overall climate
increased. During the ice ages, the Northern Hemisphere had massive glaciers, with ice-free areas due
to the lack of precipitation in central and eastern Siberia (Farmer and Cook, 2013). The Beringia street,
also ice-free, was exposed as a result of lowered sea levels and formed a land bridge between Asia and
North America, facilitating the migration of plants and animals (Elias and Brigham-Grette, 2013). The
high mountains of the Northern Hemisphere were covered with ice (Farmer and Cook, 2013; Hurka et
al., 2019).

During the cool glacial periods, steppes spread at the expense of forests, while forests recolonised
these areas during the warmer interglacial periods (Frenzel, 1968). The range of plants growing in
steppe and semi-desert formations expanded and contracted accordingly (Tarasov et al., 2000).
Today’s steppe exclaves are possibly relicts of a larger distribution area during the glacial periods.

These repeated contractions and expansions of forest or steppe formations have had serious
consequences for the affected taxa: In Europe, arctic-alpine disjunction (Muster and Berendonk, 2006:
Pardosa saltuaria (wolf spider); Schmitt and Hewitt, 2004: Zygaena exulans (moth); Stevanovi¢ et al.,
2009) has developed. Some taxa persisted as ice age steppe relicts (Adonis vernalis) or tundra relicts
(Krascheninnikovia ceratoides, Betula nana); profound fragmentation of the Tertiary flora occurred,
with many species becoming extinct in Europe but not in barrier-free Central Asia and North America
(Pfadenhauer and Klétzli, 2020). In North America and Eurasia, a mass extinction of megafauna
occurred, possibly due to rapidly changing climate and vegetation, as well as human influence through
hunting and disease. In Europe, remnants of the once more or less continuous Artemisia-
Chenopodioideae cold steppe (tundra-steppe) belt (Frenzel, 1968; Hurka et al., 2019) are now found
in extrazonal exclaves as well as in artificial, man-made exclaves of steppe species (Hejcman et al.,
2013; Dengler et al., 2014). It is hypothesized that some trees existed in Europe even during glacial
phases (Willis, Rudner and Siimegi, 2000; Willis and Vanandel, 2004). Depending on the potential tree
coverage, the dispersal of steppe species could have been limited. With only a few patches of trees,
colonization of the European exclaves would have been possible through a stepwise migration. Such
migration has been assumed, for example, for the steppe plant Iris aphylla L. in Europe (Wrdblewska
and Brzosko, 2006; Wrdéblewska, 2008). Alternatively, with denser tree cover and only few suitable
habitats, exclaves could have been colonized by long-distance dispersal, as assumed for some southern
European Pleistocene relict species (e.g., Microcnemum coralloides (Loscos & J.Pardo) Font Quer
(Kadereit and Emre Yaprak, 2008)).

Some important landscape structures that might have affected the ability of steppe plants to migrate
within their suitable habitat during the ice ages were permanent, such as the Altai Mountains in Russia
and Mongolia, or the Khangai Mountains of central Mongolia (Caves Rugenstein et al., 2014). On the
other hand, transitory large bodies of water in the area south of the Ural Mountains, caused by the
transgressions of the Caspian Sea during the ice ages, might have prevented the migration of steppe
plants for a limited time only (Dolukhanov et al., 2009; Tudryn et al., 2013; Yanina et al., 2018; Hurka
etal., 2019).



During the Holocene, the range of the steppes shifted again, caused by climate change and increased
anthropogenic influence: anthropogenic meadows emerged (Feurdean et al., 2015), agriculture and
migration changed the species composition of the formations. Human influence destroyed parts of the
steppe, e.g., through agriculture, and led to secondary steppes, e.g., through deforestation, possibly
resulting in a subdivision and expansion of the steppe belt. Often, natural steppe biomes are only
preserved in nature reserves, on steep or inaccessible slopes, on the edge of fields and next to roads
(Tomescu, 2000; Wick, Lemcke and Sturm, 2003; Magyari et al., 2010; Novenko et al., 2016; Cheng et
al., 2020).

As the largest steppe region in the world (Walter, 1968, 1974; Hurka et al., 2019; Pfadenhauer and
Klotzli, 2020) with diverse habitats, the Eurasian steppe belt represents an interesting and ecologically
important study area that has experienced a number of range shifts and been affected by climate
change.

To study and trace the history of the Eurasian steppe belt, one can investigate its inhabitants. For
species that were affected by the repeated range shifts of their habitat, effects should be detectable
at the genomic level. In order to study and compare different aspects of steppe history, two species
with different histories and habitats were selected: on the one hand, a relatively young thermophilic
study species with a preference for meadow steppes, Adonis vernalis, and on the other hand, an older
eurythermal species found in dry steppes and semi-deserts, Krascheninnikovia ceratoides.

1.2. Krascheninnikovia

The goosefoot genus Krascheninnikovia Gueldenst. (Chenopodioideae) is represented by a single
species, Krascheninnikovia ceratoides (L.) Gueldenst., which inhabits shortgrass steppes, desert
steppes and semi-deserts of the Holarctic temperate region with extensions into the subtropical region
throughout the Northern Hemisphere (Heklau and Roser, 2008; Heklau and von Wehrden, 2011;
Pfadenhauer and Klétzli, 2020). The main distribution of K. ceratoides subsp. ceratoides largely
corresponds to the Irano-Turanian floristic region (Takhtajan, 1986), but its entire range extends far
beyond. It is broad, extending in Asia from Mongolia and northern China in the east to the southern
Volga and Don regions (European Russia) in the west (Figure 1A). To the south, it extends to the
Himalayas and Iran. West of this continuous distribution, there are small and isolated exclaves in
Anatolia (Turkey), Europe (Austria, Romania, Spain, and Ukraine) and North Africa (Egypt and
Morocco). Krascheninnikovia ceratoides subsp. lanata occurs in shortgrass prairies, dry scrublands and
semi-deserts in central and western Canada, the USA and Mexico (Heklau and von Wehrden, 2011).
The distribution of the species reflects the extent of dry grassland regions.

Central Asia has been considered the centre of diversification of Krascheninnikovia due to (1) the
elevated number of populations and the abundance of individuals (Braun-Blanquet and Bolos, 1957),
(2) the high and variable degree of ploidy, with di-, tetra-, and hexaploid individuals occurring in the
same population (Rubtsov et al., 1989); in contrast to the exclusively tetraploid Western European
populations or the diploid and tetraploid North American populations (Castroviejo and Soriano, 1990;
Sainz Ollero, Mugica and Arias Torcal, 1996; Dominguez et al., 2001; eFloras, 2008), and (3) the high
morphological variation of the Central Asian populations, which in several cases has led to errors in
the identification and description of new species, resulting in a complicated taxonomy and a large
number of synonyms of K. ceratoides (Rechinger, 1963; Komarov, 1964; Tackholm, 1974; Welsh et al.,
1987; Davis, 1988; Castroviejo and Soriano, 1990; Tutin et al., 1993; Heklau, 2006; eFloras, 2008).
Heklau et al. (2008) analysed almost the entire range of putative Krascheninnikovia species based on
genetic and morphologic differences, which did not segregate into separate linages, but remained
unresolved as a polytomy (K. arborescens, K.eversmanniana, K. lenensis and K. lanata). Today,
Krascheninnikovia is thought to constitute a single species with two subspecies, the Eurasian



K. ceratoides subsp. ceratoides and the North American K. ceratoides subsp. lanata (Pursh) Heklau
(Heklau and Roser, 2008).
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Figure 1: Distribution map and population sampling of Krascheninnikovia ceratoides. Up to five individuals per
population were used, as indicated by dot size in B and C. A) Single locus sampling. The colour coding indicates
the assigned geographical region of the population following Brummitt (2001). B) Genotyping-by-
sequencing (GBS) sampling. The colour coding indicates the assigned geographical region of the population
following Brummitt (2001) (CEur = Central Europe; EEur = Eastern Europe; WMAs = West Middle Asia; CMAs =
Central Middle Asia; EMAs = East Middle Asia; SMAs = South Middle Asia; RusAlt = Russian Altai; SCAs = South
Central Asia; WCAs = Western Central Asia; ECAs = East Central Asia; NAm = Northern America). C) The ploidy is
indicated by colour: diploid (grey) and tetraploid (black).

Krascheninnikovia ceratoides subsp. ceratoides comprises (former) Krascheninnikovia arborescens
(Losinsk.) Czerep. (Inner Mongolia to North China: Gansu, Jilin, Liaoning, Sichuan), K. ceratoides (L.)
Gueldenst. (Far East, north-eastern Egypt, Spain), K. compacta (Losinsk.) Grubov (China: Gansu,
Qinghai, Xinjiang), K. eversmanniana (Stschegl. ex Borshch.) Grubov (Kazakhstan, Mongolia, China:
Xinjiang), K. intramongolica (H.C.Fu, J.Y.Yang & S.Y.Zhao) Z.Y.Zhu, C.Z.Liang & W.Wang (Inner
Mongolia), K. latens J.F.Gmel., K. lenensis (Kuminova) Tzvelev (west and east Siberia), K. longipilosa
(C.P.Tsien & C.G.Ma) G.L.Chu, K. pungens (Popov) Czerep. (Afghanistan, Uzbekistan). In Russian, the
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common name of Krascheninnikovia is ‘Teresken’, as a general name for all species and subspecies of
the genus Krascheninnikovia.

The putative species K. compacta, K. longipilosa (or K. compacta subspecies longipilosa), K. ceratoides,
K. eversmanniana and K. arborescens have been distinguished on the basis of floral tube, leaf shape
and general growth form, with the size ranges of the attributes mostly in the range of those of
K. ceratoides (eFloras, 2008). As reviewed in Heklau and Réser (2008), Grubov (1999) has recognized
only three species for Central Asia: K. compacta (prostate growth), K. eversmanniana (round or weakly
cordate leaf base and short unfused part of the bracteoles of the female flowers) and K. ceratoides
(cuneate or narrowed leaf base and the unfused part of the bracteoles longer than in
K. eversmanniana), while K. arborescens was considered a synonym of K. ceratoides. Aktaeva (1973)
also reduced K. eversmanniana to a synonym of K. ceratoides.

Former K. lanata (Pursh) A.Meeuse & A.Smit is distributed in western North America. Although the
leaves are comparatively narrow and long with stellate leaf hairs, the flower and inflorescence
characteristics are not consistently different from the Eurasian species K. ceratoides. Therefore,
K. lanata has been proposed to be a subspecies of K. ceratoides (Heklau and Rdser, 2008).

The classification of Krascheninnikovia changed frequently, resulting in a variety of scientific names.
Former names of K. ceratoides subsp. ceratoides are Achyranthes papposa, Axyris ceratoides, Blitum
arborescens, Ceratoides arborescens, Ceratoides compacta, Ceratoides compacta var. longipilosa,
Ceratoides eversmanniana, Ceratoides intramongolica, Ceratoides latens, Ceratoides lenensis,
Ceratoides orientalis, Ceratoides papposa, Ceratoides pungens, Ceratospermum papposum, Diotis
ceratoides, Diotis ferruginea, Eurotia arborescens, Eurotia ceratoides, Eurotia compacta, Eurotia
eversmanniana, Eurotia ferruginea, Eurotia lanata, Eurotia lenensis, Eurotia prostrata, Eurotia
pungens, Krascheninnikovia arborescens, Krascheninnikovia compacta, Krascheninnikovia compacta
var. longipilosa, Krascheninnikovia eversmanniana, Krascheninnikovia intramongolica,
Krascheninnikovia latens, Krascheninnikovia lenensis, Krascheninnikovia longipilosa, Krascheninnikovia
pungens, Saltia papposa (Imperatorskaia akademiia nauk, 1771; IPNI, 2020).

Within the Chenopodioideae, the genera Krascheninnikovia, Axyris and Ceratocarpus form the group
of Axyrideae. The stellate hairs probably once originated within the Amaranthaceae, in the common
ancestor of Ceratocarpus, Axyris and Krascheninnikovia (Heklau and Réser, 2008). The Asian genus
Axyris comprises six annual species (Suchorukow, 2005): in northern and north-western Central Asia,
Axyris amaranthoides L., A. hybrida L., A. prostrata L. and A. sphaerosperma Fisch. & C.A.Mey. are
common, while in Korea A. koreana Nakai (Nakai, 1939) and in the central Caucasus A. caucasica
(Sommier & Levier) Lipsky (Sommier & Levier, 1894; II'in, 1936) are found. The Eurasian genus
Ceratocarpus consists of two annual species, C. arenarius L. (south-eastern Europe to Central Asia) and
C. utriculosus Bluket (Caucasus Mountains to Middle and Central Asia) (II'in, 1936; Tzvelev, 1996;
Grubov, 1999).

Krascheninnikovia ceratoides is a long-lived xeromorphic shrub with a growth height of 0.1 to 2 m,
depending on the habitat (Walter and Breckle, 1986). Plants of K. ceratoides can reach an age of about
300 years (Steshenko, 1956), with the time of first reproduction being about 25 years (Zalenski and
Steshenko, 1957). The plants appear to be grey in colour due to their dense cover of dendroid stellate
hairs and simple, unbranched hairs. The flat leaf blades are linear to narrowly lanceolate to ovate, with
entire margins, and truncate, cuneate, rounded, or subcordate at the base. The flowers are unisexual,
the plants can be monoecious or dioecious. The male flowers form an interrupted spike or a
subcapitate inflorescence with glomeruled, ebracteate flowers. These consist of four basally
connate perianth segments, which are ovate or elliptic,c, membranous and abaxially hairy; and
four stamens with oblong anthers and linear, exserted filaments. The female flowers are sitting single
or paired axillary, enclosed by two hairy bracteoles, that are connate in the lower part, compressed to
slightly keeled, with four hornlike tips; a perianth is absent, the female flowers consist only of an ovary
with a short style and two elongated stigmas (eFloras, 2008; Heklau and Roser, 2008).
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The bractlets surrounding the ovate and compressed fruit and the utricle are densely covered with
long hairs, which may facilitate wind dispersal. Krascheninnikovia ceratoides is thought to outcross
(Barnes, 2009). This eurythermal species tolerates a wide range of hot and cold temperatures and
altitudes: it grows at sea level (e.g., in the lowlands of Kazakhstan) and at altitudes of 4,500—-4,800 m
in the southern part of its range, such as in the Pamir and Ladakh mountain ranges (Walter and Breckle,
1986; Hartmann, 1997).

Chromosomal variations exist in K. ceratoides throughout its range. Diploids with 2n=18
chromosomes have been reported from the Ural Mountains in western Russia through Kazakhstan and
Kyrgyzstan to Mongolia and China (Zakharjeva and Soskov, 1981; Kurban, 1984; Rubtsov et al., 1989;
Yan et al., 1989; Yang et al., 1996; Seidl et al., 2020, 2021). Tetra- and/or hexaploids (2n = 36 and 54)
have been reported from Kazakhstan (Zakirova, 1999), the Russian Altai Mountains (Lomonosova and
Krasnikov, 1993), Tajikistan (Zakharjeva and Soskov, 1981), China (Kurban, 1984; Yan et al., 1989; Yang
et al., 1996), Kyrgyzstan (Rubtsov et al., 1989), Armenia (Takhtajan, 1990) and Iran (Ghaffari et al.,
2014). A mixed population of di-, tri-, tetra-, penta- and hexaploids (2n =18, 27, 36, 45 and 54) has
been reported from Kyrgyzstan (Rubtsov et al., 1989). Central European and Mediterranean
populations have been found to be tetraploid (Austria: (Dobes, Hahn and Morawetz, 1997); Spain:
(Castroviejo and Soriano, 1990); (Sainz Ollero, Mugica and Arias Torcal, 1996; Dominguez et al., 2001)).
In North America, diploid and tetraploid populations have been found (eFloras, 2008).

In Asia, the plant is used as firewood and fodder. Its overuse led to dwindling populations and
consequently soil degradation. This phenomenon has been termed Teresken syndrome after the
common name for Krascheninnikovia in Russian: Teresken (Kraudzun, Vanselow and Samimi, 2014;
Vanselow and Samimi, 2014). In North America, it is used as fodder for livestock in winter (‘winterfat’)
(Smoliak and Bezeau, 1967; Waldron et al., 2010).

The disjunct distribution pattern of K. ceratoides subsp. ceratoides has long intrigued researchers
(Willkomm and Lange, 1870; Braun-Blanquet and Bolos, 1957; Costa Tenorio, Morla-Juaristi and Sdinz-
Ollero, 2000). It was hypothesized that K. ceratoides subsp. ceratoides may have spread from Asia to
Europe by a pre-Quaternary (Miocene or Pliocene) stepping-stone migration (de Bolos, 1951; Braun-
Blanquet and Bolos, 1957; Sainz Ollero, Mugica and Arias Torcal, 1996; Costa Tenorio, Morla-Juaristi
and Sainz-Ollero, 2000). The disjunct populations could also be the result of recent migration and/or
long-distance dispersal during the Pleistocene, as has been proposed for vicariant distributions in other
plants and animals (e.g., insects, (Ribera and Blasco-Zumeta, 1998); Microcnemum coralloides,
(Kadereit and Emre Yaprak, 2008); Smilax aspera, (C. Chen et al., 2014); Cheirolophus, (Vitales et al.,
2014)). This hypothesis is also supported by recent phylogeographic studies, which suggest that some
southern European plants previously thought to be ‘Tertiary’ relicts may in fact be the result of
recent (Quaternary) dispersal and speciation events (e.g., Microcnemum coralloides, (Kadereit and
Emre Yaprak, 2008); Krascheninnikovia ceratoides in Spain, (Perez-Collazos and Catalan, 2007);
Ferula loscosii, (Pérez-Collazos et al., 2009); Ruppiaceae, (Triest and Sierens, 2014)). A more recent
introduction of the plant by humans as fuel and fodder would also be a possible explanation (Willkomm
and Lange, 1870; Costa Tenorio, Morla-Juaristi and Sainz-Ollero, 2000). Colonisation of North America
by K. ceratoides from Asia via the Bering Strait has also been proposed (Heklau and Réser, 2008), but
this hypothesis has not yet been tested by biogeographical analysis.

In Krascheninnikovia, inter-simple sequence repeat (ISSR) population genetic assays have been used
to investigate genetic structure and diversity of lberian and Chinese populations and guide the
conservation of those threatened and scarce populations (Perez-Collazos and Catalan, 2007; Wang et
al., 2015). Internal transcribed spacer (ITS) data has been used to support taxonomic studies of the
genus (Heklau and Rdser, 2008). Based on ITS, rbcL and atpB-rbcl spacer, the phylogeny of the
Chenopodioideae was calculated with a focus on Atripliceae (Kadereit et al., 2010).

Due to its distribution and age, Krascheninnikovia ceratoides (L.) Gueldenst. (Chenopodioideae) is a
particularly suitable object to shed light on the formation of dry steppes and semi-deserts.
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1.3. Adonis vernalis

Adonis vernalis is a member of the family Ranunculaceae. The most recent common ancestor of
A. vernalis and its next relative, A. villosa, originated in Asia (Lindhuber, 2020). Adonis vernalis and
A. volgensis differentiated about 2.66 Mya at the border between Neogene and
Quaternary (Lindhuber, 2020). In contrast to Krascheninnikovia ceratoides, A. vernalis is only
distributed in the Euro-Siberian part of the Eurasian steppe belt and prefers rather mesic habitats.
Adonis vernalis occurs in western Asia, southern Siberia and the Pontic-Pannonian region, with
scattered occurrences in Europe (Meusel et al., 1978) (Figure 2). The thermophilic species grows in a
wide array of habitats, including open forests, forest-steppe, mesic steppe, forest clearings and dry
meadows, mostly on calcareous soil (Poluyanova and Lyubarskii, 2008). It grows in colline to montane
altitudes, ranging from sea level (e.g. in Romania) to 1,600 m (in Spain).

Poo2 P085

Spain @ Ger @WPan @EPan @WPon @MPon @EPon @ SUral WSib @ESib

Figure 2: Distribution map and population sampling of Adonis vernalis. The distribution area is marked in grey.
Up to five individuals per population were used. The colour coding indicates the assigned geographical region of
the population following Brummitt (2001) (Spain; Ger = Germany; WPan = Western Pannonian; EPan = Eastern
Pannonian; WPon = Western Pontic; MPon = Middle Pontic; EPon = Eastern Pontic; Sural = Southern Ural; WSib
= Western Siberia; ESib = Eastern Siberia).

The perennial herbaceous plant is hemicryptophytic, usually unbranched and reaches a height of 10 to
40 cm. The leaves are pinnatisect and their position at the stem alter. Adonis vernalis flowers early in
the year, from April to June, with showy yellow flowers. The apical flower has a diameter of four to
eight centimetres. The numerous carpels develop into nutlets after pollination, which sit densely at
the receptacle. Ripe, dry fruits fall out of the receptacle (barochory). The nutritious elaiosomes of the
nutlets attract ants, which then disperse the seeds (myrmecochory) (Fokuhl, 2008). Pollination is
mainly carried out by insects such as dipterans, coleopterans, heteropterans and
hymenopterans (Denisow, Wrzesien and Cwener, 2014).

The pronounced rhizome, which can be up to 1 m deep in the soil, functions as storage organ from
which shoots are formed during growth. This vegetative propagation usually leads to the characteristic
patches of clones (Gostin, 2011; Denisow, Wrzesien and Cwener, 2014). Adonis vernalis is diploid with
16 chromosomes (Bara, Rugina and Bara, 2003). Because of its striking yellow flowers, it is sometimes
used as an ornamental plant in the garden. The poisonous plant has also been used as a medicine
against heart diseases due to its content of cardiac glycosides (Biichner et al., 1965; Sokolova, Lovkova
and Buzuk, 2007), but due to its complicated dosage, its use is discouraged today.

Synonyms of Adonis vernalis are Adonanthe vernalis (L.) Spach, Adoniastrum vernale (L.) Schur,
Adonis davurica Ledeb. ex Rchb., A. helleborus Crantz, A. parviflora Janka ex Nyman, A. pratensis
Ledeb., Anemone consiligo Baill. and Chrysocyathus vernalis (L.) Holub (IPNI, 2020). Adonis volgensis
Steven ex DC. (or A. wolgensis Steven, synonyms A. marschalliana Andrz. ex Besser, A. ruthenica Stapf,
Chrysocyathus volgensis (Steven) Holub, A. apennina Pall., Adonanthe volgensis Chrtek & Slavikova) is
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a close relative of A. vernalis. A potential hybridization between both species is hypothesised. There
are herbarium vouchers described as hybrids as well (Metlesics, 1969).

While the biogeographical history of Krascheninnikovia ceratoides has not been studied so far,
A. vernalis has been a repeated object of study. Both Hirsch et al. (2015) and Kropf et al. (2020) used
amplified fragment length polymorphisms (AFLPs) to investigate hypotheses of peripherality utilizing
Adonis vernalis. Kropf et al. (2020) investigated populations from Germany to Romania, while Hirsch
et al. additionally sampled Spanish, Ukrainian and Siberian populations up to the Urals. The Spanish
populations were genetically distinct to all other populations and may have been separated from the
other populations since the early Holocene, as suggested by Hirsch et al. (2015). Within populations
from Germany to Romania or Siberia, both studies found an east-west separation along their transects
mediated by isolation by distance. Kropf et al. (2020) point out that the populations in the Romanian
study area are large, stable and have existed for a long time. The colonization of Central Europe was
assumed to be postglacial, with A. vernalis migrating to Germany in one wave from the Pannonian
region. This was also confirmed by the almost complete absence of private loci in Hirsch et al. (2015).
In Germany, A. vernalis probably faced severe habitat loss, possibly due to anthropogenic impacts. In
Hirsch et al. (2015) the highest expected heterozygosity (He) was found in populations from Romania
and Ukraine, but the fitted curve rather indicated Russia as the area with highest He. The same result
was found for the proportion of polymorphic bands (Hirsch et al., 2015; Kropf et al., 2020).

1.4. Aim of the study

In recent years, steppe plants and their common history with the Eurasian steppe belt have been
brought into the focus of research (Franzke et al., 2004; Hurka et al., 2012; Friesen et al., 2015; Seregin,
Anackov and Friesen, 2015; Volkova, Herden and Friesen, 2017; Zerdoner Calasan et al., 2019; Friesen,
Smirnov, et al., 2020; Friesen, Zerdoner Calasan, et al., 2020; Kirschner et al., 2020). Steppe taxa with
different habitat requirements, different species age, different origin and different distribution areas
may have been affected by habitat shifting in various ways, which may reflect different aspects and
times in steppe history. To get a picture of the entire steppe history, it is therefore important to study
different steppe taxa.

As part of the project “Biogeographical dynamics of plant taxa and climate-landscape history of the
Eurasian steppe belt: Genes documenting history”, | analysed Krascheninnikovia ceratoides and
Adonis vernalis. The subjects of interest were the genetic relationship within the species, ploidy level,
place of origin and possible refugia during unfavourable conditions. With these results | want to
explore the history of the Eurasian steppe belt. As the two species are of different ages, they may have
undergone disparate evolutionary scenarios that could shed light on distinct aspects of the steppe
evolution.

By analysing the DNA of our target species using genotyping-by-sequencing (GBS) and single gene
sequencing, | want to answer the following questions and test the following hypotheses:

Since the steppe developed first in Central Asia and then in Europe, (old) steppe plants with a Eurasian-
wide distribution pattern like Krascheninnikovia should have originated in Central Asia as well,
followed by an expansion of the distribution area to the west. Younger species like Adonis vernalis may
have spread within the Eurasian steppe belt from west to east. Is this distribution range expansion
reflected in our molecular data?

As the steppe area shifted repeatedly during the Pleistocene, the resident animal and plant species
either had to endure or adapt to new conditions, persevere in refugia, or migrate with the steppe in
order to survive. The response to these extreme abiotic factors may have affected the contact between
populations and shaped the gene pool of future generations. Did Pleistocene macro cycles have a
major influence on the genetic structure of the taxa?
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The steppe formation may have occurred independently at different locations and time points
resulting in the colonisation of habitats from different source populations. Can we use the results of
our genetic analyses to identify regions that were colonized by different source populations?

2. Material and Methods

2.1. Material

Leaf material from individuals of Krascheninnikovia ceratoides and Adonis vernalis as well as from close
relatives of the studied species was collected in the distribution area of the studied species in the
Eurasian steppe belt during field trips of our project group and collaborators and dried on silica gel.
For each population we aimed to collect one voucher and at least five leaf samples with a few meters
distance between each other to avoid the collection of ramets. | completed our sampling with leaf
samples of specimens from various herbaria (Figures 1 and 2).

The sampling P025 is composed of Kyrgyz individuals of Krascheninnikovia, sampled at two different
locations about 80 km apart. Three North American populations determined as K. ceratoides subsp.
lanata (P039, P040, PO41) and two eastern Middle Asian populations of K. ceratoides subsp. ceratoides
originally determined as K. eversmanniana (P069, PO70) were included. Specimens of the genera Axyris
(A. hybrida) and Ceratocarpus (C. arenarius) were collected as closest relatives of Krascheninnikovia
ceratoides (Table 1). For A. vernalis, individuals of the taxa A. volgensis and A. turkestanica were
collected as outgroups (Table 2).

If possible, one specimen per population was collected and included in the herbarium of the Institute
of Botany of the University of Natural Resources and Life Sciences, Vienna (WHB). If collected by
collaborators, the specimens were usually kept in the herbaria of the respective institutions and
doublets were handed over to the WHB. The herbaria where the specimens can be found are given in
Table 1 and Table 2.

For phylogenetic and dating analyses of individual gene data, as performed for Krascheninnikovia, |
included additional sequences from the National Center for Biotechnology Information (NCBI)
GenBank to cover a broader range of close relatives of the target species.
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Table 1: Localities and codes of the populations of Krascheninnikovia ceratoides and outgroups studied. The populations are grouped according to geographic-
genetic groups as defined for single locus analyses. The DNA of some individuals was extracted from herbarium material; therefore, the ploidy could not be
measured. The code of populations used for GBS are written in bold. FC, measured by flow cytometry; S, ploidy inferred by software nQuire and/or ploidyNGS;
N, sample size for single locus analyses/GBS; D, diploid; T, tetraploid. Acronyms of Herbaria and Research Institutes that provided K. ceratoides samples: GUFEF
(Gazi Universitesi Fen Edebiyat Fakiiltesi, Ankara, Turkey); HUJ (The Hebrew University of Jerusalem, Jerusalem, Israel); KBIH (Komarov Botanical Institute
Herbarium, St. Petersburg, Russia); KW (M.G. Kholodny Institute of Botany, National Academy of Sciences of Ukraine, Kiev, Ukraine); NHML (Natural History
Museum Herbaria, London, UK); NHMO (Natural History Museum Herbaria. Oslo, Norway); OSBU (Herbarium of the Botanical Institute, Osnabriick, Germany);
RMRS (USDA-FS, Rocky Mountain Research Station, Provo, USA); SPARC (Semiarid Prairie Agricultural Research Centre, Ottawa, Canada); SU (Tomsk State
University, Tomsk, Russia); UA (Universidad Auténoma de Madrid, Madrid, Spain); US (Universitat Salzburg, Salzburg, Austria); UW (University of Wyoming College
of Agriculture, Laramie, USA); UZ (Universidad de Zaragoza, Huesca, Spain); WHB (University of Natural Resources and Life Sciences, Vienna, Vienna, Austria).

Ploidy FC Ploidy S atpB-rbcl rpl32-trnL trnL-trnF

Taxon Locality Code ) N) N Source ITS ETS spacer spacer spacer
Outgroups
Axyris hybrida Mongolia: Khovsgol Province (48.601331°N, 1/1 WHB 68600 (Bernhardt) LR537390 LR537117
99.181319° E)
Ceratocarpus arenaria Russia: Rostow Oblast (47.333690° N, P228_1 3/3 WHB 73141 (Pfanzelt)  LR537383 LR537109
43.954000° ) P228_2 LR537384 LR537110
P228_3 LR537385 LR537111
Ceratocarpus arenaria Ukraine P231 3/0 KW 5854 (Schiian etal.) LR537386 LR537112
Krascheninnikovia ceratoides subsp. ceratoides: Western Europe and Morocco
K. c. subsp. ceratoides Morocco: Atlas: Wadi Abyad KcMor 4/0  UA (Moreno Saiz) LR537411
K. c. subsp. ceratoides Spain: Zaragoza: Osera KcSpl 2/0  UZ (Pérez-Collazos) LR537416 LR585005 LR585038
. . . . Identical to  Identical to
K. c. subsp. ceratoides Spain: Zaragoza: Pina de Ebro KcSp2 2/0  UZ (Pérez-Collazos) LR585005 LR585038
; . , LR537417 Identical to  Identical to
K. c. subsp. ceratoides Spain: Zaragoza: Fuentes KcSp3 2/0  UZ (Pérez-Collazos) LR537418 LRS85005 LR585038
. . ) . Identical to  Identical to
K. c. subsp. ceratoides Spain: Teruel: Alfambra KcSp4 3/0 UZ (Pérez-Collazos) LR585005 LR585038
K. c. subsp. ceratoides Spain: Granada: Baza KcSp6 4/0  UZ (Cataldn) Identical to Identical to
- € SUDSp. pain: ' P LR585005  LR585038
K. c. subsp. ceratoides Spain: Aragon P142 1/0 (Pérez-Collazos) LR537368 LR537088
K. c. subsp. ceratoides Austria KcAus2 1/0  US (Peer) LR585013 LR585046
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Taxon Locality Code Ploidy FC Ploidy S Source Ts ETS atpB-rbcl rpl32-trnL trnL-trnF
(N) (N) spacer spacer spacer
. . . Identical to  Identical to
K. c. subsp. ceratoides Austria KcAus3 1/0  NHMO (Pimentel) LR585013 LR585046
, Austria: Lower Austria, Oberschoderlee WHB 65005 (Bernhardt
K. c. subsp. ceratoides (48.641944° N, 16.347722° E) P028 T(2) T(5) 1/5 etal) LR537373 LR537093 LR537431
. Austria: Lower Austria, Goggendorf WHB 65006 (Bernhardt
K. c. subsp. ceratoides (48.615000° N, 15.942139° E) P029 T(1) T(5) 5 al) LR537349 LR537068  LR537425
. Romania: Cluj County (46.968139° N, WHB 64899 (Bernhardt
K. c. subsp. ceratoides 23.553611° F) P026 T(4) T(5) 1/5 etal) LR537341 LR537060 LR537420
Krascheninnikovia ceratoides subsp. ceratoides: Eastern Europe and Caucasus
K. c. subsp. ceratoides Ukraine: Luhansk P230 1/0 KW 5853 (Pfanzelt) LR537374 LR537095
K. c. subsp. ceratoides Ukraine: Luhansk P232 1/0 KW 5857 (Pfanzelt) LR537379 LR537103
K. c. subsp. ceratoides Ukraine: Luhansk P233 1/0 KW 5858 (Pfanzelt) LR537096
K. c. subsp. ceratoides Russia: Dagestan P131 D (1) 1/0 - (Gadzhiataev et al.) LR537367 LR537087
K. c. subsp. ceratoides Russia: Voronezh Oblast (49.927085° N, P160 T(1)  T()  1/5 WHB73014 (Seidl) LR537369 LR537089
40.772559° E)
K. c. subsp. ceratoides Russia: Belgorod Oblast (50.759154° N, P161 T(1)  T() 1/5 WHB73013 (Seidl) LR537370 LR537090
37.945007° E)
K. c. subsp. ceratoides Russia: Tatarstan (54.1° N, 53.3° E) P215 T 11 SIS)BU 7992 (Neufferet | peaz37, LR537092
. Russia: Orenburg Oblast (51.549028° N, WHB 71528 (Neuffer et
K. c. subsp. ceratoides 56.702278° ) P057 D (1) D (5) 1/5 al) LR537355 LR537074
. ) ) . Identical to  Identical to
K. c. subsp. ceratoides Russia: Samara: Sergievskiy KcRus1 2/0  TSU (Olonova) LR585005 LR585038
K. c. subsp. ceratoides Russia: Astrachan: Nizchniy Baskunchak KcRus3 1/0 TSU (Olonova) LR585014 LR585047
. . . . Identical to  Identical to
K. c. subsp. ceratoides Russia: Astrachan: Nizchniy Baskunchak KcRus4 3/0 TSU (Olonova) LR585005 LR585038
. e . Identical to
K. c. subsp. ceratoides Russia: Siberia KcRus6 1/0  KBIH (Catalan) LR585015 LR585048
LR537416
K. c. subsp. ceratoides Russia: Siberia KcRus7 1/0  KBIH (Catalan) Identical to LR585016 LR585049
LR537416
. e . Identical to
K. c. subsp. ceratoides Russia: Siberia KcRus8 1/0  KBIH (Cataldn) LR585010 LR585043
LR537415
. P . Identical to
K. c. subsp. ceratoides Russia: Siberia KcRus9 1/0  KBIH (Cataldn) LR537415
) . - . Identical to Identical to  Identical to
K. c. subsp. ceratoides Russia: Southern federal district: Sarepta KcRus15 1/0  KBIH (Cataldn) LR537416 LR585005 LR585038
K. c. subsp. ceratoides Russia: Southern federal district: Sarepta KcRus16 1/0  NHMO (Pimentel) Identical to Identical to Identical to
- € Subsp- ' soarep LR537416 LRS85005  LR585038
K. c. subsp. ceratoides Kazakhstan: West Kazakhstan Region PO62 (1) (1) 11 WHB 71523 (Neuffer et LRS537356 LR537075

(50.861694° N, 53.178361° E)
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Taxon Locality Code Ploidy FC Ploidy S Source Ts ETS atpB-rbcl rpl32-trnL trnL-trnF
(N) (N) spacer spacer spacer
Krascheninnikovia ceratoides subsp. ceratoides: Western Asia, Pakistan and Nepal
K. c. subsp. ceratoides Turkey: Central Anatolia: Goreme KcTurl 1/0 Bermejo/Blanco LR537397 LR537120 LR537438 LR585006 LR585039
K. c. subsp. ceratoides Turkey: Central Anatolia: Zelve KcTur2 2/0  GUFEF (Aytag) L‘i{esr;t;ialléo LR585007 LR585040
. . . Identical to
K. c. subsp. ceratoides Turkey: Central Anatolia: Evciler KcTur3 1/0  GUFEF (Aytag) LRS37416 LR585008 LR585041
. . . - Identical to  Identical to
K. c. subsp. ceratoides Turkey: East Anatolia: Hosap KcTurd 1/0  NHML (Carine) LR537419 LR585014 LR585047
. . . ; - Identical to Identical to  Identical to
K. c. subsp. ceratoides Turkey: Central Anatolia: Kayseri KcTur5 1/0  NHML (Carine) LR537416 LR585006 LR585039
. ) Identical to  Identical to
K. c. subsp. ceratoides Pakistan: Gojal: Chapursan valley KcPakl 1/0  US (Peer) LR537394 LR537113 LR537437 LR585005 LR585038
. P, ey Identical to  Identical to
K. c. subsp. ceratoides Pakistan: Gilgit-Baltistan: Ghizar valley KcPak2 1/0  US (Peer) LR537391 LR537058 LR585005 LR585038
; . . ) Identical to Identical to  Identical to
K. c. subsp. ceratoides Pakistan: Gilgit-Baltistan: Taspur valley KcPak3 1/0  US (Peer) LR537405 LR585006 LR585039
; . . ) S Identical to  Identical to
K. c. subsp. ceratoides Pakistan: Gilgit-Baltistan: Gilgit valley KcPak4 2/0  US (Peer) LR537412 LR585013 LR585046
K. c. subsp. ceratoides Nepal: Mahakali KcNepl 1/0  NHML (Carine) LR537395 LR537118 LR585012 LR585045
K. c. subsp. ceratoides Nepal: Koshi KcNep2 1/0  NHML (Carine) LR537396 LR537119
Krascheninnikovia ceratoides subsp. ceratoides: Middle Asia
K. c. subsp. ceratoides Kazakhstan: Chagan PO31 D(1) 1/0 SSBU 24791 (Hurkaet | poagagg LR537062  LR537422
K. c. subsp. ceratoides Kazakhstan: Qaraghandy Region (48.562028°N, 53, TG)  T() 15 OSBU2ATSL(Hurkaet  posiag LR537063  LR537423
70.904444° E) al.)
K. c. subsp. ceratoides Kazakhstan: Qaraghandy Region (48.101139°N, - g4 T(1) T(5) 15 OSBU24909(Hurkaet \ oeosnng LR537064  LR537424
67.567139° E) al.)
, Kazakhstan: Qaraghandy Region (48.049750° N, D(4),T OSBU 24893 (Hurka et
K. c. subsp. ceratoides 67.184417° E) P034 D(1) (1) 1/5 al) LR537350 LR537069
K. c. subsp. ceratoides 5;253522292:8““" Region (43.927306° N, P069 T(1) T(5) 1/5 WHB 71443 (Friesen) LR537358 LR537077
K. c. subsp. ceratoides Kazakhstan: Almaty Region (44.345417° N, PO70 D(1)  D(5) 1/5 WHB71442 (Friesen)  LR537359 LR537078
78.830694° E)
K. c. subsp. ceratoides Kazakhstan: East Kazakhstan Region (47.157389 o) D(5)  D(5) 1/5 WHB71444 (Friesen)  LR537357 LR537076
N, 80.692917° E)
. Kazakhstan: Almaty Region (45.813278° N, .
K. c. subsp. ceratoides 80.367972° F) P073 T(5) T(5) 1/5 (Friesen) LR537079
K. c. subsp. ceratoides 522::2;';a8rlzslmaty Region (43.072083° N, P074 T(5)  T(5) 1/5 WHB71450 (Friesen)  LR537347 LR537066
K. c. subsp. ceratoides Kazakhstan: Almaty Region (44.226444° N, PO76 () T(5) 0/5 WHB 71452 (Friesen and

78.811944° E)
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Ploidy FC Ploidy S Source Ts ETS atpB-rbcl rpl32-trnL trnL-trnF

T Localit Cod
axon ocality ode (N) (N) spacer spacer spacer

Kazakhstan: Eastern Kazakhstan Region
(47.968056° N, 83.268000° E)
Kazakhstan: Almaty Region (46.605472° N,

K. c. subsp. ceratoides P077 T(5) T(5) 1/5 WHB 71453 (Friesen) LR537348 LR537067

WHB 71445 (Friesen and

K. c. subsp. ceratoides 80.581139° F) P079 T(1) T(5) 0/5 Seidl)
K. c. subsp. ceratoides Kazakhstan: East Kazakhstan Region (47.303694" o0, T(5) T(5) 1/5 WHB71457 (Friesen)  LR537360 LR537080
N, 84.847444° E)

, Kazakhstan: East Kazakhstan Region (48.732361° WHB 76587 (Bernhardt

K. c. subsp. ceratoides N, 84.630556° E) P269 D (5) D (5) 0/5 and Seidl)
, Kazakhstan: Aktobe Region (50.143139° N, 0OSBU 25690 (Neuffer et

K. c. subsp. ceratoides 54.730833° E) P101 T(3) T(5) 1/5 al) LR537365 LR537085
, Kazakhstan: Aktobe Region (48.857889° N, OSBU 25776 (Hurka et

K. c. subsp. ceratoides 59.208639° E) P102 T(5) T(5) 0/5 al)

K. c. subsp. ceratoides Kazakhstan: Aktobinskaya Oblast P103 1/0 SIS)BU 25792 (Neufferet | poaaee LR537086

K. c. subsp. ceratoides Kyrgyzstan: Chong-Alay P211 1/0 SIS)BU 15711 (Neuffer et LR537107
, Kyrgyzstan: Naryn (41.89831° N, 74.29642° E or ..

K. c. subsp. ceratoides 41.41817° N, 75.02267° E) P025_D D (1) D (1) 1/1  WHB 64399 (Kottl) LR537340 LR537059
. Kyrgyzstan: Naryn (41.89831° N, 74.29642° E or .

K. c. subsp. ceratoides 41.41817° N, 75.02267° ) P025_T T(4) 0/4 WHB 64399 (Kottl)
. Tajikistan: Gorno-Badakhshan, Western Pamir WHB 71501

K. c. subsp. ceratoides (37.294167° N, 72.225833° E) P067 T(4) T(5) 1/0 (Schénswetter) LR537346 LR537065

Identical to  Identical to

K. c. subsp. ceratoides Russia: Siberia KcRus5 1/0  KBIH (Catalan) LR537415 LR585005 LR585038
K. c. subsp. ceratoides Russia: Siberia: Altai Mountains KcRus10 1/0  KBIH (Cataldn) LR537413

. e ) ) . Identical to
K. c. subsp. ceratoides Russia: Siberia: Altai Mountains KcRus11 1/0  KBIH (Catalan) LR537415
K. c. subsp. ceratoides Russia: Siberia: Altai Mountains KcRus12 1/0  KBIH (Catalan) LR537414

. e . . . Identical to  Identical to
K. c. subsp. ceratoides Russia: Siberia: Altai Mountains KcRus13 1/0  KBIH (Catalan) LR585005 LR585038

. e ) ) . Identical to Identical to  Identical to
K. c. subsp. ceratoides Russia: Siberia: Altai Mountains KcRus14 1/0  NHMO (Pimentel) LR537415 LR585013 LR585046
K. c. subsp. ceratoides Russia: Altai Krai (51.141306° N, 81.197472°E)  P030 D(2) D(5) 1/5 SIS)BU 24701 (Neufferet  poaz34, LR537061  LR537421
K. c. subsp. ceratoides Russia: Kalmykia P240 1/0  WHB 73019 (Kropf) LR537377 LR537100

. Russia: Altai Republic (50.072778° N, WHB 72629 (Neuffer and
K. c. subsp. ceratoides 88.374444° E) P241 T(1) T(5) 0/5 Friesen)
K. c. subsp. ceratoides Russia: Altai Republic (49.993450° N, P242 T(1)  T(5) 1/5 WHB 72632 (Batlai) LR537382 LR537108

88.805546° E)
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Taxon Locality Code Ploidy FC Ploidy S Source Ts ETS atpB-rbcl rpl32-trnL trnL-trnF
(N) (N) spacer spacer spacer
K. c. subsp. ceratoides :gsé;ag;g;f';ewb“c (50.402260° N, P243 T(1) T(5) 1/5 WHB 72630 (Batlai) LR537376 LR537099  LR537432
K. c. subsp. ceratoides Russia: Altai Republic (50.071611° N, P036 T(2) T(5) 1/5 WHB 68953 (Neuffer)  LR537381 LR537106
88.412167° E)
K. c. subsp. ceratoides z’éjngggyg;;?‘é)m"”"ce (47.638944° N, P093 D(2) D(2) 1/2 WHB71181 (Bernhardt) LR537361 LR537081  LR537428
K. c. subsp. ceratoides g"gogggglz'géf:;’vsgc" Province (49.513056°N, o4 D(5) D(5) 1/5 WHB71087 (Bernhardt) LR537362 LR537082  LR537429
. Mongolia: Bayan-Olgii Province (48.933333° N,
K. c. subsp. ceratoides 89.800000° E) P207 T(1) 0/1 OSBU 10608 (Neuffer)
K. c. subsp. ceratoides Mongolia: Chowd P208 1/0 SIS’)BU 10243 (Neufferet  oca73g7 LR537114  LR537434
, Mongolia: Bayan-Olgii Province (49.050000° N, 0OSBU 10359 (Neuffer et
K. c. subsp. ceratoides 89.733333° F) P209 T(1) 1/1 al) LR537389 LR537116
. Mongolia: South Gobi Province (43.848056° N, OSBU 11936 (Neuffer et
K. c. subsp. ceratoides 103.170556° E) P210 T(1) 1/1 al) LR537363 LR537083
K. c. subsp. ceratoides Mongolia: Owérchangai P212 1/0 ZS)BU 12250 (Neufferet | ooas36s LR537084
K. c. subsp. ceratoides Mongolia: Chowd P213 1/0 aOIS)BU 22691 (Neufferet | poaagg LR537091  LR537430
K. c. subsp. ceratoides Mongolia: Gobi-Altai P214 1/0 SIS)BU 22566 (Neuffer et LR537380 LR537105 LR537433
. Mongolia: Gobi-Altai Province (45.874167° N, P218 OSBU 22540 (Neuffer et
K. c. subsp. ceratoides 98.102889° F) T(1) 1/1 al) LR537388 LR537115
K. c. subsp. ceratoides Mongolia: Gobi-Altai Province (45.007130°N,  P235 T(3) T(5)  1/5 WHB 72467 (Batlai) LR537378 LR537101
93.257260° E)
K. c. subsp. ceratoides Mongolia: Gobi-Altai Province (45.587150°N, - P237 D(1)  D(5) 1/5 WHB 72472 (Batlai) LR537375 LR537097
93.440340° E)
K. c. subsp. ceratoides Mongolia: Gobi-Altai Province (45.952933°N,  P238 D(1) D(5) 1/5 WHB 72470 (Batlai) LR537098
94.271800° E)
. P . Identical to LR585011 LR585044
K. c. subsp. ceratoides Mongolia: Omnoégovi KcMon1l 1/0  KBIH (Cataldn) LR537405 LR585019 LR585052
. L .. . . LR585018 LR585051
K. c. subsp. ceratoides Mongolia: Omnogovi KcMon2 1/0  KBIH (Cataldn) LR537393 LR537104 LR537436 LR585020 LR585053
. s . Identical to
K. c. subsp. ceratoides Mongolia: Omnogovi KcMon3 1/0  KBIH (Cataldn) LR537405 LR585021 LR585054
K. c. subsp. ceratoides China: Inner Mongolia: Cela KcMon4 2/0  RMRS (Kitchen) LR537409 LR585017 LR585050
K. c. subsp. ceratoides China: Inner Mongolia: Cear KcMon5 2/0  RMRS (Kitchen) LR537410
. . . . . Identical to
K. c. subsp. ceratoides China: Xianyang: Xian Carbor 1/0  NHML (Carine) LR537405 LR585031 LR585064
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Taxon

Locality

Code

Ploidy FC Ploidy S

(N)

(N)

N

Source

ITS

ETS

atpB-rbcl
spacer

rpl32-trnL
spacer

trnL-trnF
spacer

Krascheninnikovia ceratoides subsp. ceratoides: North America

K. c.

subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.
. subsp.

. subsp.

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

lanata

Canada: Saskatchewan: Gull Lake

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

USA:

Colorado: Comanche national park
Nevada: Edwards Valley

Arizona: Fredonia

California: Rosamond

Idaho: Kuna

Utah: Desert experiment ranch

Utah: Starvation

Utah: Hatch

Wyoming: Casper

Wyoming: Shell

Wyoming: Crystal Lake

Wyoming: South of Chey on 85, mi. 308
Wyoming: Briggsdale campground
Wyoming: Hwy 14 & Arapaho Refuge road
Wyoming: Riverside

Wyoming: 8 mi. S of Laramie on 230
Colorado: Foothills west of Berthoud
California (35.541667° N, 117.900000° W)
California (36.541667° N, 117.750000° W)

Utah (40.781917° N, 112.785167° W)

KLO1

KLO3

KLO6

KLO7

KLO8

KLO9

KL11

KL12

KL13

KL14

KL15

KL16

KL17

KL18

KL19

KL20

KL21

KL22

P039

P040

P041

D(1)
D (5)

D (5)

D (5)
D(4)

D (5)
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1/0
1/0
2/0
1/0
1/0
2/0
1/0
1/0
1/0
1/0
1/0
1/0
1/0
2/0
1/0
1/0
1/0
1/0
1

1

1

SPARC (Schellenberg)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
RMRS (Kitchen)
UW (Hild)

UW (Hild)

UW (Hild)

UW (Hild)

UW (Hild)

UW (Hild)

NHMO (Pimentel)
- (Leitner)

- (Leitner)

- (Leitner)

LR537404

Identical to
LR537404
Identical to
LR537392
Identical to
LR537405

LR537405

Identical to
LR537392
Identical to
LR537392
Identical to
LR537392
Identical to
LR537405
Identical to
LR537405
Identical to
LR537405
Identical to
LR537392
Identical to
LR537392

LR537406

Identical to
LR537392

LR537392

LR537407

LR537351

LR537352

LR537353

LR537102

LR537070

LR537071

LR537072

LR537440

LR537441

LR537442

LR537426

LR537427

LR585022

Identical to
LR585022

LR585023

LR585024

LR585025

LR585026

LR585027

LR585028

LR585029

Identical to
LR585022

LR585030

Identical to
LR585028
Identical to
LR585022
Identical to
LR585022
Identical to
LR585022
Identical to
LR585027
Identical to
LR585022

LR585055

Identical to
LR585055

LR585056

LR585057

LR585058

LR585059

LR585060

LR585061

LR585062

Identical to
LR585055

LR585063

Identical to
LR585061
Identical to
LR585055
Identical to
LR585055
Identical to
LR585055
Identical to
LR585060
Identical to
LR585055



Ploidy FC Ploidy S N Source Ts ETS atpB-rbcl rpl32-trnL trnL-trnF

T Localit Cod
axon ocality ode (N) (N) spacer spacer spacer

K. c. subsp. lanata USA: Utah P042 D (1) 1/0 - (Leitner) LR537354 LR537073
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Table 2: Localities and codes of the populations of Adonis vernalis and outgroups used for GBS. N, sample size; MD, missing data; D, diploid; T, tetraploid.

Ploidy FC Ploidy S

Taxon Locality Code ) N) N  Source
outgroups
Adonis turkestanica (Korsh.) Adolf  Tajikistan (39.12361° N, 68.25306° E) Aturk 1 WHB 71502 (B. Frajman & P. Schonswetter)
Adonis volgensis Steven ex DC. Russia, Rostov Region, ca 2 km SW of Yagodinka (47.61557° N, 40.31656° E) P223/Avol_4 1 - (S.Pfanzeltetal.,)
Adonis volgensis Steven ex DC. Russia, Orenburg Region, 40 km E of Orenburg (51.83006° N, 55.71411° E) P063/Avol_5 1  OSBU 25528, WHB 71521 (B. Neuffer et al.)
Adonis volgensis Steven ex DC. Kazakhstan, Kostanay Region, 220 km S of Kostanay (51.68892° N, 61.57342° E) Avol_1 1  OSBU 25833, WHB 71517 (B. Neuffer et al.)
Adonis volgensis Steven ex DC. gg.zggggﬁné)m”h Kazakhstan Region, 30 km S of Novoishimskiy (52.94283" N, Avol_2 1 OSBU 25849, WHB 71518 (B. Neuffer et al.)
Adonis volgensis Steven ex DC. Kazakhstan, Akmola Region, 10 km E of Kokshetau (53.28764° N, 69.26183° E) Avol_3 1  OSBU 25874, WHB 71514 (B. Neuffer et al.)
Adonis vernalis L.: Spain
A. vernalis Spain, Granada, Sierra de Huétor NE of Granada (37.30139° N, 3.44556° W) P125 D (5) 5 - (G.Schneeweiss & P. Schonswetter)
A vernalis ff;:i%ﬁ;xony_Anhalt, Harslebener Berge S of Halberstadt (51.83046° N, PO11 D (5) 5 - (F. Blattner)
A. vernalis Germany, Saxony-Anhalt, N of Friedrichsaue (51.85763° N, 11.33289° E) P0O09 D (5) 5 - (F.Blattner)
A. vernalis Germany, Saxony-Anhalt, Unstruthdange W of Zscheiplitz (51.21618° N, 11.72131°E)  P015 D (4) 4 - (F. Blattner)
A. vernalis Germany, Brandenburg, Oderberge S of Lebus (52.40544° N, 14.53353° E) P049 D (5) 5  WHB 69157 (K.-G. Bernhardt et al.)
A. vernalis Germany, Bavaria, Garchinger Heide N of Munich (48.29032° N, 11.65305° E) P143 D (5) 5  WHB 72504 (A. Seidl)
Adonis vernalis L.: Western Pannonian
A vernalis ?g;s;;i;blé?\év)er Austria, Steinberg-Spitzerberg N of Prellenkirchen (48.09514° N, POOL D (1) D (3) 5 WHB 63392 (K-G. Bernhardt)
A. vernalis Austria, Burgenland, between Winden am See and Jois (47.96169° N, 16.77300° E) P006/P008 D (5+4) 10 WHB65147, 68984, 68985 (K.-G. Bernhardt)
A. vernalis Slovakia, Nitra Region, N of Nitra (48.34945° N, 18.09278° E) P118 D (5) 5 - (K. Plenk)
A. vernalis Slovakia, KoSice Region, NE of Kecovo (48.49328° N, 20.48883° E) P119 D (5) 5 - (K. Plenk)



Ploidy FC Ploidy S

Taxon Localit Code Source

y (N) (N)
A. vernalis Hungary, Gyér-Moson-Sopron, Fert6rakos (47.72539° N, 16.64203° E) P095 D (5) 5  WHB 72564 (G. Kiraly)
A. vernalis Hungary, Borsod-Abauj-Zemplén, S of Szomolya (47.86292° N, 20.51653° E) P096 D (5) 5  WHB 72568 (G. Kiraly)
A. vernalis Hungary, Veszprém, Castle of Siimeg (46.98222° N, 17.28194° E) P126 D (5) 5 - (K. Plenk)

A. vernalis Serbia, Vojvodina, N of Krusedol (45.12503° N, 19.94517° E) P117
A. vernalis Romania, Cluj, N of Cluj-Napoca, NNW of Vultureni (46.96814° N, 23.55361° E) P003
A. vernalis Romania, Mures, W of Targu Mures, SSE of Panet (46.53903° N, 24.47525° E) P0O05
A. vernalis Romania, Brasov, NNE of Brasov, SE of Sanpetru (45.70478° N, 25.64053° E) P004

D (3)
D (5)
D (5)

D(5)

3 - (M. Kropf)
5  WHB 64548-64550 (K.-G. Bernhardt)
5  WHB 64553, 64554 (K.-G. Bernhardt)

5  WHB 64556 (K.-G. Bernhardt)

A. vernalis Romania, Constanta, SW of Murfatlar (44.16008° N, 28.39094° E) P002
A. vernalis Crimea, SW of Chornomorske, 8 km NNE of Olenevka (45.44391° N, 32.58656° E) P086
A. vernalis Crimea, SE of Simferopol, 3 km ENE of Mount Karatau (44.85453° N, 34.51514° E) P085
A. vernalis Ukraine, Zaporizhzhia Region, W of Troitske (47.06439° N, 35.43555° E) P222

Adonis vernalis L.: Middle Pontic

D (5)
D (3)
D(5)

D (5)

5  WHB 64559 (K.-G. Bernhardt)
3 WHB 71509 (P. A. Volkova & L. A. Abramova)
5  WHB 71511 (P. A. Volkova & L. A. Abramova)

5  WHB 74133 (S. Pfanzelt et al.)

Russia, Kursk Region, Peresyp' SE of Oboyan', SW of Pristen' (51.09167° N,

A. vernalis 36.48000° ) P168
A. vernalis Russia, Kursk Region, Ekaterinovka NE of Manturovo (51.50194° N, 37.30194° E) P170
A. vernalis Russia, Voronezh Region, 5 km NW of Rossoshki (51.25785° N, 38.86136° E) P114
A. vernalis Russia, Voronezh Region, N of Sloboda (51.18139° N, 40.28472° E) P167

D (5)
D (5)
D(2)

D (5)

5 WHB 73164 (A. Seidl et al.)

5 WHB 73167 (A. Seidl et al.)
2 WHB 72670 (N. Tikhomirov)

5  WHB 73172 (A. Seidl et al.)

A. vernalis Russia, Ulyanovsk Region, 1 km NE of Vyrypayevka (54.11792° N, 47.03575° E) P115
A. vernalis Russia, Ulyanovsk Region, 2 km N of Nizhnyaya Maza (52.94503° N, 47.92386° E) P113
A. vernalis Russia, Samara Region, 2 km NW of Klimovka (53.50139° N, 48.99197° E) P116

D (5)
D (5)

D (5)

5  WHB 72674 (P. A. Volkova & M. Yu. Grigoryan)
5  WHB 72671 (N. Tikhomirov)

5  WHB 72675 (P. A. Volkova & M. Yu. Grigoryan)
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Taxon

Ploidy FC Ploidy S

) (N) N  Source

Locality Code

Adonis vernalis L.: Southern Ural

A. vernalis Russia, Republic of Bashkortostan P0O65 D (5) 5  OSBU 25539, WHB 71529 (S. V. Smirnov)

A. vernalis Russia, Republic of Bashkortostan PO61 D (5) 5  OSBU 25541, WHB 71524 (S. V. Smirnov)

A. vernalis Russia, Republic of Bashkortostan, N of Meteli (56.03577° N, 57.95074° E) P138 D (1) 1 - (P.A.Volkova)

A. vernalis Russia, Chelyabinsk Region, S of Miass (54.94453° N, 59.98342° E) PO58 D (5) 5  OSBU 25542 (S. V. Smirnov)

A. vernalis Russia, Chelyabinsk Region, S of Chelyabinsk (54.97225° N, 61.24278° E) P0O59 D (5) 5  OSBU 25543 (S. V. Smirnov)

A. vernalis Russia, Novosibirsk Region P0O64 D (4) 5  OSBU 25536, WHB 71522 (S. V. Smirnov)
Adonis vernalis L.: Western Siberia

A. vernalis Kazakhstan, Akmola Region, N of Marinovka (52.03467° N, 69.18492° E) P0O60 D (5) 5  OSBU 25538 (S. V. Smirnov)

A vernalis sgsg;as,;rrér Region, W of Omsk, ca 6 km NE of Moskalenki (54.98428° N, P316 D (1) D (1) 1 WHB 74893 (5. Pfanzelt et al.)

A. vernalis Russia, Omsk Region P0O56 D (5) 5  OSBU 25537, WHB 71520 (S. V. Smirnov)

A. vernalis

A. vernalis

A. vernalis

Russia, Novosibirsk Region, between Verkh-Kargat and Starogornostalevo

(54.69697° N, 79.19881° E) P317 D (3) D (3) 3 WHB 74897 (S. Pfanzelt et al.)
Russia, Altai Region, Proslaukha ca 10 km NE of Baevo (53.34014° N, 80.95722° E) P318 D(2) D(2) 2 WHB 74901 (S. Pfanzelt et al.)
Russia, Altai Region, ca 40 km S of Barnaul, N of Kalmanka (52.95975° N, 83.55089° E) P007 D (5) 5  OSBU 24705 (B. Neuffer et al.)



2.2. Methods

2.2.1. Wet lab methods

Genome size. Genome size and ploidy level of K. ceratoides (N=99) and A. vernalis (N=3) specimens
were measured by flow cytometry using the CyStain Pl Absolute P kit (Sysmex, Gorlitz, Germany)
according to the manufacturer’s manual using leaf tissue from the sample together with an internal
standard: Pisum sativum L. ‘Kleine Rheinldnderin’ (2C=8.8 pg; (DoleZel and Greilhuber, 2010); as
internal standard for measurements of K. ceratoides) or Allium cepa ‘Alice’ (2C = 34.89 pg (Dolezel et
al., 1998); as internal standard for measurements of A. vernalis). In a CyFlow Space (532 nm diode
laser; Sysmex) the nuclear DNA content was measured until at least 5000 measurements had been
performed.

DNA Extraction. The genomic DNA was extracted from approximately 20 mg silica gel-dried leaf
material by first disrupting it with plastic beads in the TissueLyser Il (QIAGEN) and then extracting the
DNA with the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany), the NucleoSpin Plant Il kit
(Macherey&Nagel, Diren, Germany) or the innuPREP Plant DNA kit (Analytic Jena, Jena, Germany)
following the standard protocol using CTAB containing lysis solution SLS (Analytic Jena) according to
the manufacturers’ instructions. If necessary, less leaf material was used, e.g., when leaves were taken
from herbarium vouchers.

DNA quality was checked under UV light in a 1% agarose gel run at 90 V until the bands of the ladder
were clearly separated. The concentration of the extracted DNA from each sample was quantified with
a DS-11 FX Spectrophotometer Fluorometer (DeNovix, Wilmington, Delaware, USA), using the DeNovix
dsDNA Broad Range kit (DeNovix) according to the manufacturer’s manual.

Single target sequencing. Using Krascheninnikovia material, several nucleic and chloroplast loci were
amplified via PCR. Amplification of the ITS region was performed using the primers ITS5 and ITS4
(White et al., 1990). The external transcribed spacer (ETS) region was sequenced using the primers
ETS-Atr and 18S-E (Baldwin and Markos, 1998; Zacharias and Baldwin, 2010). To amplify the atpB-rbcL
spacer, we used the primers atpB-rbcL (f) and atpB-rbcL (r) (Xu et al., 2000; Kadereit, Mucina and
Freitag, 2006). For the rpl32-trnL region, the primers trnL(UAG) and rpL32-F were used (Shaw et al.,
2007). The primers c and f (Taberlet et al., 1991) were used to amplify the trnL-trnF region. PCR
amplification conditions for each genomic region are indicated in Appendix A. Amplification products
were purified using Exonuclease | and FastAP Thermosensitive Alkaline Phosphatase (Thermo Fisher
Scientific, Waltham, Massachusetts, USA). The DNA concentration was then measured by NanoDrop
spectrophotometer (NanoDrop Technologies, Wilmington, Delaware, USA) or with a DS-11 FX
Spectrophotometer Fluorometer (DeNovix). Both, forward and reverse, DNA strands were sequenced.
Cycle sequencing reactions consisted of 1 uL BigDye Terminator v3.1 Ready Reaction Mix (Thermo
Fisher Scientific), 1.5 uL 5x sequencing buffer, 1 uL of 1 uM or 3.5 uM primer and 6.5 pL of PCR product.
Cycling conditions after an initial temperature of 96 °C for 5 min were 25 cycles at 96 °C for 10 s, 50 °C
for 5 s and 60 °C for 4 min. Excess dye-labelled nucleotides from the sequence reaction were cleaned
up using Sephadex columns followed by a run on a 3500 Genetic Analyzer (Applied Biosystems).

GBS library preparation. Genotyping-by-sequencing library preparation was conducted following
Poland et al., 2012, using the restriction enzymes Mspl and Pstl. Samples were sequenced in two runs
on separate lanes in two consecutive runs on a HiSeq 2500 System (Illumina, California, USA) for good
genome coverage. lllumina HiSeq allowed the sequencing of fragments of about 100 bp length (single-
end reads).
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Since diploid and tetraploid individuals were found in the samples of K. ceratoides, twice the amount
of DNA was used for tetraploids to achieve the same genome coverage as for diploids. Two individuals
per study species were sequenced twice to assess the reproducibility of the method.

2.2.2. In silico methods

Geographical regions. The populations were assigned to geographical regions using the framework of
Brummitt (Brummitt, 2001). | did not use the framework of Takhtajan (Takhtajan, 1986) as it covers
rather large floristic regions in the Northern Hemisphere, which would result in a rough clustering with
most populations in the Circumboreal and the Irano-Turanian regions.

For the reconstruction of the ancestral regions of Krascheninnikovia based on single gene data, |
defined six areas: (A) Western Europe [corresponding to Southwestern, Southeastern and Middle
Europe of Brummitt (2001)] and Morocco, (B) Eastern Europe and Caucasus, (C) Western Asia including
Pakistan and Nepal, (D) Middle Asia including adjacent populations from southern Siberia, (E) Mongolia
and northern China including also adjacent populations from southern Siberia (Russian Altai
Mountains), and (F) North America. For the same analysis using GBS data, | defined different regions
as only samples from the Eurasian steppe belt were used: Central Europe (CEur), eastern Europe (EEur),
western Middle Asia (WMAs), central Middle Asia (CMAs), eastern Middle Asia (EMAs), southern
Middle Asia (SMAs), the Russian Altai Mountains (RusAlt), western Central Asia (WCAs), southern
Central Asia (SCAs), eastern Central Asia (ECAs), and North America (NAm) (Figure 1).

The populations of A. vernalis were assigned to the regions of Spain, Germany, western Pannonian,
eastern Pannonian, western Pontic, middle Pontic, eastern Pontic, southern Ural, western Siberia, and
eastern Siberia (Figure 2).

Paleoclimate modelling. The modelling of possible habitats under paleoclimate was constructed based
on an R script by Bob Muscarella using the packages dismo (Hijmans et al., 2011), rlava (Urbanek,
2020), rgeos (Bivand and Rundel, 2020), ggplot2 (Wickham, 2016), ENMeval (Muscarella et al., 2014),
rgdal (Bivand, Keitt and Rowlingson, 2021), HH (Heiberger and Robbins, 2014), rworldmap (South,
2011) and red (Cardoso, 2020) and paleoclimate data of http://www.paleoclim.org/ (Otto-Bliesner et
al., 2006; Dolan et al., 2015; Hill, 2015; Fordham et al., 2017; Karger et al., 2017, no date). The
coordinates of the study species used are composited of own collection data and data gained at
http://www.plantarium.ru/. Bioclimatic parameters with low collinearity were selected by minimizing
the variance inflation factor: Only parameters which showed in combination a variance inflation factor
of five or less were chosen. For Krascheninnikovia, the parameters biol, 4, 8,9, 16, 17, 18 and 19 were
chosen. For A. vernalis, the parameters biol, 2, 8, 10, 14, 16, and 19 were selected. The parameters
one to eleven reflect temperature variance (biol: annual mean temperature, bio2: mean diurnal range
of temperature, bio4: temperature seasonality, bio8: mean temperature of wettest quarter, bio9:
mean temperature of driest quarter, bio10: mean temperature of warmest quarter), while parameters
twelve to nineteen reflect differences in precipitation (biol4: precipitation of driest month, bio16:
precipitation of wettest quarter, biol7: precipitation of driest quarter, bio18: precipitation of warmest
quarter, bio19: precipitation of coldest quarter).

GBS raw data analysis. The raw data is available at the European Nucleotide Archive (accessions
ERS5794424 to ERS5794612 and ERS10698927 to ERS10699120). After assigning all reads to the
corresponding individual, the barcodes were cut off the sequences. To process the raw data, | used
ipyrad (Eaton and Overcast, 2020) and STACKS (Catchen et al., 2013). For ipyrad, the data type was set
to “ddrad”. The quality of the reads was checked strictly with the program cutadapt, allowing up to
five bases of low quality (Q < 20) per read. The reads were sorted and filtered, where a threshold of at
least 85% of sequence similarity of reads was used to consider reads to be at the same locus. | allowed
a depth range from six to 10,000. Loci where less than 10% of the individuals had data were dropped.
Additionally, reads with less than 35 bases, more than 5% uncalled bases (“N”), with more than 5%
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heterozygotes in consensus, with more than 20% single nucleotide polymorphisms (SNPs), or more
than nine indels were excluded from the analysis. Based on the highest ploidy level found in the
samples, | allowed up to four alleles for Krascheninnikovia and two for the Adonis data set.

For comparison and because of the multiple ploidy levels of Krascheninnikovia, | used STACKS v.2.55
(Catchen et al., 2013) for the sorting, filtering and de novo assembly of raw read data on the
Krascheninnikovia data set as well. To find the optimal parameter settings, | ran STACKS ‘denovo_map’
on a reduced data set: 16 populations (P026, P034, P040, PO57, P062, P067, P073, P094, P160, P207,
P209, P210, P215, P218, P237, P242) distributed over the entire sampling area were chosen,
comprising 56 samples in total. | varied one of the three following parameters while keeping the others
at their default value: the minimal number of identical reads required per stack, m, was tested in a
range from three to six; the differences between loci within an individual, M, was tested for one to
four base pair differences; the differences allowed between catalog loci, n, was tested for one to eight
base pair differences. The ranges for the parameters were 3 to 6 for m, 1 to 4 for M and 1 to 8 for n.
The parameter value that maximized the number of variant loci present in at least 80% of all individuals
were used for the complete data set: m=3, M=3 and n=8. | set the number of stacks per locus to five
to account for possibly present allelic variation in tetraploids. Diploid and tetraploid samples were
treated identically. The STACKS ‘population’ program using the ‘write random SNPs’ flag was used to
produce unlinked SNP data sets, with and without the Axyris and Ceratocarpus outgroups.

The analysis in ipyrad was conducted twice, with and without outgroups. In STACKS, outputs containing
all samples and only samples of Krascheninnikovia, respectively, were produced.

Phylogenetic analysis — single locus data sets (Krascheninnikovia). After single locus sequencing
forward and reverse sequences were assembled and edited using Geneious ver. 11.1.5 (Biomatters,
Auckland, New Zealand). Alignments of the consensus sequences were calculated per species and
closely related outgroups using PASTA (Mirarab et al., 2015) or MAFFT using the Q-INS-i strategy for
ITS (Katoh, Rozewicki and Yamada, 2019). Since sequences of all loci were not available for all samples,
| tested for data combinability by conducting a partition homogeneity test in PAUP* ver.4.0betal0
(Swofford, 2002) on the following sets of data of Krascheninnikovia: (1) rpl32-trnL and trnL-trnF; (2)
ITS1, ITS2 and ETS; and (3) atpB-rbcL, ITS and ETS. Partitioned and combined maximum likelihood (ML)
analyses were performed using the software IQ-TREE (Minh et al., 2020). Based on the BIC value
calculated using jModelTest ver. 2.1.10 (Darriba et al., 2012), the model of nucleotide substitution was
selected for each dataset. The best fit model was SYM + G for ETS, ITS1 and ITS2, SYM + G+l for atpB-
rbcL (but SYM + G was selected for simplicity) and GTR + G for the other chloroplast regions. Out of
100 random Maximum Parsimony (MP) trees, the best-scoring ML trees were chosen and branch
support for the best tree estimated from 1,000 bootstrap replicates using the ultrafast bootstrap
option. The distance matrix produced by the IQ-TREE analysis was visualized using SplitsTree (Huson
and Bryant, 2005).

Divergence time estimation - single locus data sets (Krascheninnikovia). To estimate the divergence
time of Krascheninnikovia and its close relatives | used the ITS1, ITS2 and ETS regions, which returned
a similar age estimate when used alone or combined. | excluded the 5.8S rDNA and the atpB-rbclL
intergenic spacer from the dating analysis due to the low variability which would lead to high variance
in age estimates at lower taxonomic levels. Molecular dating analyses of the ITS1-ITS2-ETS matrix were
performed using BEAST ver. 2.5.2 (Bouckaert et al., 2014). | included DNA sequences from the GenBank
of 113 additionally taxa of the Chenopodioideae clade, where the genus is nested in (Kadereit et al.,
2005). The Palaeocene pollen fossil Chenopodipollis multiplex dated at 65-56 Mya was used for
calibrating the crown group of the Chenopodioideae (Kadereit et al., 2003, 2005, 2010). | used a
uniform prior to constrain the age of the root node to the age of this fossil. The interface BEAUti was
used to create the BEAST input file using the following parameters: (1) symmetric models with unequal
rates but equal base frequencies (SYM; (Zharkikh, 1994)) with gamma distributed rate variation among
sites with four categories of rates defined for each of the three partitions separately, (2) a relaxed
molecular clock model with uncorrelated rates drawn from a log-normal distribution that was unlinked
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across partitions, and (3) a birth-death model of lineage diversification with random start to infer the
tree topologies. The MCMC chain was run for 50 million generations, saving data every
1000 generations, producing 50,000 estimates of dates and trees. This analysis was repeated five
times. Convergence statistics were analysed in Tracer ver. 1.7.1. The trees were combined using
LogCombiner ver. 2.5.2 with a burn-in of 10%. | used TreeAnnotator to produce the maximum clade
credibility tree from the post-burn-in trees using median node heights and to determine the
95% probability density of ages for all nodes in the trees. The tree was visualised in FigTree ver. 1.4.3.

Ploidy guessing from GBS data set (Krascheninnikovia and Adonis vernalis). To estimate the ploidy of
the individuals from GBS data, nQuire (WeiR et al., 2018) and ploidyNGS (Augusto Corréa dos Santos,
Goldman and Riafio-Pachdn, 2017) were used, which take bam files as input. These were built using
the Burrows-Wheeler Alignment tool (BWA) (Li and Durbin, 2009), with the concatenated consensus
sequence of the respective individual serving as reference. | used the following BWA settings:
maximum gap length of twelve, maximum of one gap per read and a mismatch parameter of 0.01 (Li,
2011). The bam-files were then taken as input for nQuire using denoising and for ploidyNGS selecting
the “guess ploidy” option.

Genetic cluster analysis — GBS data set (Krascheninnikovia and Adonis vernalis). To infer population
genetic structure, | performed a STRUCTURE-like analysis using the R (R Core Team, 2013) package LEA
(Frichot and Francois, 2015), using only ingroup samples. All considered hypothetical ancestral
populations were tested with 100 repetitions each. Per population the affiliation to each hypothetical
ancestral population was calculated as mean over its individuals and shown as pie charts on a map. A
Discriminant Analysis of Principal Components (DAPC) was performed using the function dapc of the
package adegenet in R (Jombart, 2008), with data in Variant Call Format (vcf) obtained from ipyrad as
input. A Principle Coordinate Analysis (PCoA) was performed using the R package dartR (Gruber et al.,
2018), again using the vcf file of ingroups.

Phylogenetic analysis — GBS data set (Krascheninnikovia and Adonis vernalis). Phylogenetic analyses
were carried out by exercising the maximum likelihood criterion using RAXML ver. 8.2.12 (Stamatakis,
2014) with the GTRCAT model. To receive bootstrap support (BS) for the nodes, | performed standard
bootstrapping with the option autoMRE. Coalescence-based analyses were performed using
SVDQuartets (Chifman and Kubatko, 2014), executed in the software PAUP* ver. 5.0 (Swofford, 2002)
on the concatenated consensus sequences of the filtered loci gathered in a NEXUS-file. One million
random quartets were evaluated, and 1,000 bootstrap replicates were performed.

Unlinked SNPs of 6,029 loci were retained in the PHYLIP file of the Krascheninnikovia data set as
consensus sequences per population, after removing all uninformative sites (Bradley, 2018).
Phylogenetic analyses were conducted by applying the maximum likelihood criterion (Stamatakis,
2014) using IQ-TREE v.2.0.3 (Minh et al., 2020) with the GTR+G model and correction for ascertainment
bias (Lewis, 2001). SH-like approximate likelihood ratio test (aLRT) (Guindon et al., 2010) and ultrafast
bootstrapping (UFBoot) (Minh, Nguyen and von Haeseler, 2013) were performed with
1,000 repetitions each to obtain bootstrap support (aLRT/UFBoot BS) for nodes. The outgroups Axyris
and Ceratocarpus are genetically too distant to assess the correct rooting, so midpoint rooting was
used, which resulted in a tree with basal positions for populations of the Russian Altai. The splits data
was visualised in SplitsTree v4.14.8 (Huson and Bryant, 2005) and the consensus tree in FigTree v1.4.3
(Rambaut, 2010).

Divergence time estimation — GBS data set (Krascheninnikovia and Adonis vernalis). To estimate the
divergence time of the GBS data, an ultrametric dated tree was built using PATHd8 (Britton et al., 2007)
based on the ML tree. | calibrated the tree using the age of diversification within the respective species
of the single gene analysis.

SNAPP, a BEAST2 package, was used to calculate a dated tree using a subset of the populations
including samples of A. vernalis, A. volgensis and A. turkestanica. Secondary dating was used based on
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the node ages calculated using matK sequences of A. vernalis and close relatives (Lindhuber, 2020). A
lognormal distribution was used, reflecting the node age of the most recent common ancestor of
A. vernalis and A. volgensis (offset 0, mean 2.66, standard deviation 0.2) and of A. vernalis and
A. turkestanica (offset 0, mean 4.4, standard deviation 0.2). As input tree a phylogenetic tree was
generated using SVDQuartets on a reduced dataset. The resulting trees were then visualised using
DensiTree ver. 2.2.7 (Bouckaert and Heled, 2014).

Ancestral range reconstruction - single locus data sets (Krascheninnikovia) and GBS
(Krascheninnikovia and Adonis vernalis). For the ancestral range reconstruction, the area definition
as described above was used. The presence or absence of populations in the defined areas was
indicated in binary. When individuals of different areas had an identical sequence, they were combined
into one entry, which was treated as present in more than one area. As input tree | used a ML
phylogenetic tree, which | transformed into an ultrametric tree with help of the program PATHd8
(Britton et al., 2007).

| used the BioGeoBEARS package ver. 1.1.1 (Matzke, 2013, 2014, 2018) for R ver. 3.4.3 (R Core Team,
2013) to calculate the likelihoods of three commonly used models for biogeographical inference: DEC,
a dispersal-extinction cladogenesis model (Ree and Smith, 2008), DIVALIKE, a likelihood version of the
dispersal-vicariance analysis (Ronquist, 1997) and BAYAREALIKE, the Bayesian inference of historical
biogeography for discrete areas (Landis et al., 2013). All three models were calculated with and without
the “jumping” parameter ‘J’ that allows founder-event speciation in the reconstruction and compared
using AlCc to determine the best fitting model for the dataset. | used the maximum clade credibility
tree with median node heights obtained from BEAST, which | pruned so that it only included samples
of the target species. The maximum number of ancestral areas was set to two.

Given the young age of our species and the recent diversification (Krascheninnikovia, inferred from the
divergence time analysis: ~2.2 Mya; clade comprising Adonis vernalis and A. volgensis: less than 2.66
Mya (Lindhuber, 2020)), respectively, no temporal scenario was included in the analysis.

| tested two alternative dispersal hypotheses: with equal dispersal rates among areas (MO0) and with
differential dispersal rates reflecting the geographic connectivity among the operational areas (M1).
In this model, dispersal rates were set to 0.8 when two areas were contiguous and to 0.2 when two
areas were separated by another area.

Private allelic richness — GBS data set (Krascheninnikovia and Adonis vernalis). To calculate private
allelic richness per region, a rarefaction analysis was performed in HP-Rare (Kalinowski, 2005).
Populations were assigned to biogeographic regions as described above. Only loci with called bases
present in all populations were used. Rarefaction sample sizes for each ‘SNP locus’ were two
populations from each region, and two alleles (‘genes’ in HP-Rare) from each population. Mean
rarefaction and standard deviation were then calculated per region.

Isolation by distance — GBS data set (Krascheninnikovia and Adonis vernalis). To test if the study
species diversified by isolation by distance, pairwise Fsr-values were calculated in R using the function
“pairwise_Gst_Nei” of the package adegenet v1.3.2 and correlated with the geographical distance [km]
between populations. A 95% confidence interval was calculated in R using the function “predict” of the
package stats v4.1.0. The significance was tested via Mantel test (function “mantel.correlog” of the
package vegan v2.4.2 using 9999 permutations).

Expected heterozygosity — GBS data set (Krascheninnikovia and Adonis vernalis). Expected
heterozygosity (He) was calculated according to the equation:

Equation 1: Expected Heterozygosity



Where p; is the frequency of the i" of k alleles. He was calculated as 1 minus the summed squared
frequencies of all of k alleles, that are summed up and averaged across all m loci. To do so, a file was
created where every individual allele was coded as a distinct number using the alleles output file of
ipyrad as a template. He was then calculated in R.
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3. Results

3.1. Krascheninnikovia

The raw data analysis of the Krascheninnikovia GBS dataset was carried out using ipyrad and STACKS
respectively. In the following, | will discuss the results of the downstream analyses of the STACKS
dataset only, as both variants produced comparable results. The results of the downstream analyses
of the ipyrad dataset can be found in Appendix B.

Ploidy. | measured the genome content of 99 individuals of Krascheninnikovia, which had a mean 2C
genome size (x standard deviation) of 2.8 £ 0.3 pg (diploids; N=38), or 5.8 £ 0.2 pg (tetraploids; N=61),
respectively. The genome size measurement of 85 samples could not be conducted, because of the
low quality of the leaf material due to the age or its storage (e.g., populations of Eastern Europe: P215;
Central Middle Asia: P0O34; Western Central Asia: P207, P209, P218; Eastern Central Asia: P210; Table
1) or because all material was used for DNA extraction. In P034 only one diploid was recognized
physically. Within the combined Kyrgyz samples P025 the genome size of one individual (P025-10223)
could be measured and was found to be diploid. The measured populations were uniformly di- or
tetraploid. In most regions, like South Central Asia and Central, South and East Middle Asia, diploid and
tetraploid populations could be found, while the populations of Central Europe, Western Middle Asia
and the Russian Altai Mountains were all tetraploid (Figure 1C; Table 1). The three measured
populations of North America were diploid.

For the samples with GBS data, | additionally used software to guess the ploidy level of the samples
utilising their GBS data. Most of the measurements by flow cytometry were confirmed by the ploidy
level estimation based on GBS data using nQuire and ploidyNGS (Table 1). The only contradiction was
found in the North American sample P041-10372, which was inferred to be tetraploid, but diploid when
measured by flow cytometry. Because of the clear results when measured by flow cytometry, this
sample was considered diploid. Of those samples not measured using flow cytometry, the populations
of Eastern Europe (P215), Western Central Asia (P207, P209, P218) and Eastern Central Asia (P210)
were identified as tetraploids; in P025, all individuals were found to be tetraploid except P025-10223,
which was diploid in both analyses, by flow cytometry and by the software. Hence, | hypothesized that
P025-10223 originated from one of the two Kyrgyz localities, while the other four P025 individuals
originated from the other locality, which are about 80 km apart. Consequently, P025-10223
(hereinafter P025_D) and the other four individuals (hereinafter P025_T) were treated as two different
populations in all analyses. In population P034, one individual (P034-10317) was found to be tetraploid,
while the others were diploid. In all populations apart from P025 and P034, the estimated ploidy of
unmeasured samples corresponded to the ploidy of measured individuals of the same population
(Figure 1C, Table 1).

Data sets. The matrices of nuclear and plastid sequence alignments contained accessions of
Krascheninnikovia, and the close genera used as outgroups, Axyris and Ceratocarpus. The accessions
used are specified in Table 1. Identical haplotypes were represented by a single accession in the
phylogenetic analyses. For the dating analysis, the ITS1, ITS2 and ETS data matrices of 191 accessions
with unique sequences were used, including 57 accessions of Krascheninnikovia, four of Axyris, five of
Ceratocarpus and 125 of other Chenopodioideae genera. Of the 686 characters, 539 were variable.

Of 24,249 loci, composed of 2,625,739 sites, 21,254 variant and unlinked sites of the raw GBS data
remained in the STACKS VCEF file of Krascheninnikovia. Of those loci, 6029 were kept after removing all
uninformative sites. In the PHYLIP file including the outgroups, only 500 SNPs of Axyris and 525 SNPs
of Ceratocarpus were retained, while the populations of Krascheninnikovia comprised on average
3731 (+ 883) SNPs. Due to this huge difference in the amount of recovered data, the analyses including
the outgroups may not be meaningful and were dismissed.
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Trees and networks. Since the partition homogeneity tests of single loci were not significant (p > 0.05),
the tested data matrices (rpl32-trnL and trnL-trnF; ITS1, ITS2 and ETS; atpB-rbcL, ITS and ETS) were
combined. | calculated a split network of the combined matrix of ITS, ETS and atpB-rbcL using IQ-TREE
(Figure 3). According to the resulting network, the samples were divided into four strongly supported
clades.
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Figure 3: Phylogenetic SplitsTree (splits output of IQ-TREE) based on analyses of ITS1, 5.8S rDNA, ITS2, ETS and
atpB-rbcl sequences of K. ceratoides. Ploidies are indicated by shade in the chart. AM849239 represents identical
sequences of KcSpl, KcSp2, KcSp4, KcSp5, KcSpb, KcAusl, KcAus3, KcRusl, KcRus2, KcRus3, KcRus4, KcRus6,
KcRus7, KcRus13, KcRus15, KcRus16, KcEgy2, KcTur2, KcTur3, KcTurs.

The largest clade (BS 92%) consists of predominantly tetraploids from Eurasia (populations west of the
Altai Mountains). Diploid individuals from a largely overlapping area (but extending further to the east
and less far west) were grouped in another clade (BS 91%), together with one tetraploid population
(PO69; ‘Predominantly diploids of Eurasia’ in Figure 3). In the third clade (BS 75%), individuals from
western Mongolia, Nepal and the Russian Altai Mountains region are grouped together. The fourth
clade (BS 80%) contains individuals from eastern Mongolia, Canada and the USA (CAs and NAm). This
is the only clade that combines accessions of both subspecies (subsp. ceratoides and subsp. lanata).
Some of the American individuals are grouped together in a highly supported clade (BS 92%), while
others are mixed with Mongolian samples. Therefore, the monophyly of the subspecies is not
supported. Some Asian samples [P211 (Kyrgyzstan); P209, KcMon2, KcMon4 and AMS849251
(Mongolia/CAs); P242 and KcRus12 (Russian Altai Mountains/RusAlt); and the samples from Nepal] are
not resolved in any of the well-supported clades described. The split network showed KcPak1 as the
earliest diverging lineage, splitting after the outgroups Axyris and Ceratocarpus (Figure 3). In the ML
tree, KcPakl was sister to all other accessions of Krascheninnikovia (Figure 4). Relationships within and
between groups were often poorly resolved and supported.

30



KcPakl

P242
P233
4 AM849239
KeMor
B — KcSp3 1
KcEgyl

P10T

of Eurasia

81 P232
97 KcSp3 2
3

z
Predominantly tetraploids

P103

17} e— AM849240
Pl42

19 AM849246
KeSpl

AMB849243

AMB849239

| AMg49245
P0G2
54| P72

5 KcPak4
|_| AMg49244
70 KcRus3
"
» AM849238
B
o)
10
20
3

AMB49248
P034

P057
P025
PO31
I Po6o
— KcPak2
— | | KcRus10
B P030

14 P13

P P238

57 1 P070
E 20 — AMB49249
P237

Predominantly diploids
of Eurasia

2.
AM849250
P209
P211
L KcNep2

(3 KcNepl
40 AM849251
KcMon4d
4” KcMon2
56 KcRus12
P214
a6 AMB49236
3 AM849235
AMB849231
18 AM849234
AM849232
15 AM849233
P036
P208

Western Mongolia,
Nepal and Russian
Altai Mountains

&
3\‘
a

I

P218
MG236122
P093
P212
P094

11 AM849247
Hp———— KcMon5

P210
12 AM849241
KL

s

MG236307
MG237050
MG234574
MG237454
KLO1
KL09

- KL19

. . 77 || MF963880
di p|OId % - PPg?t?
3 12 P040

. tetraploid N — — pod2

21 - KL22
36

KL21
O unknown ploidy level ® || Anisaona

E. Mong. and N. Am.

Figure 4: Phylogenetic IQ-TREE maximum likelihood tree based on ITS1, 5.8S rDNA, ITS2, ETS and atpB-rbcL
sequences of K. ceratoides. Numbers indicate the bootstrap support. Ploidies are indicated by shade in the chart.
KL represents identical sequences of KcMonl, KcMon3, KcPak3, Carbor, KLO8, KLO9, KL14, KL15, KL16, KL18.
KcSp1l represents identical sequences of KcSpl, KcSp2, KcSp4, KeSp5, KcSp6, KcAusl, KcAus3, KcRusl, KcRus2,
KcRus3, KcRus4, KcRus6, KcRus7, KcRus13, KcRus15, KcRus16, KcEgy2, KcTur2, KcTur3, KcTurs.

Dating. The topology that was recovered in the BEAST analysis was mostly congruent with other
Chenopodioideae analyses (Kadereit and Yaprak, 2008; Kadereit et al., 2003, 2005, 2010; Di Vincenzo
et al., 2018) (Figure 5). All samples of Krascheninnikovia were resolved in a monophyletic clade, which
was sister to Ceratocarpus. Krascheninnikovia, Ceratocarpus and Axyris formed a monophyletic clade,
referred to as Axyrideae.
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The divergence of the Axyrideae from its sister group was estimated at ~36 + 8 Mya. Axyris diverged
from the Ceratocarpus/Krascheninnikovia clade ~22 + 6 Mya and Krascheninnikovia and Ceratocarpus
diverged ~17 £ 5 Mya. According to our analyses, the diversification within Krascheninnikovia started
~2.2+0.9 Mya, when the Eurasian clade with mostly tetraploid individuals split from the clade
comprising the other lineages (posterior probability (PP) = 99%; divergence ~0.7 Mya). The clade with
mostly diploid Eurasian individuals split from the other accessions ~2.0 Mya (PP = 98%; divergence
~0.7 Mya). The samples from North America split over two subgroups (PP = 100% for both clades;
splits ~1.8 and ~1.4 Mya, with divergence ~0.5 and ~0.7 Mya, respectively). The fourth, recently
diverged clade, consists of individuals from Western Mongolia, adjacent regions of the Russian Altai
Mountains and Nepal (PP = 79%, Figure 5).
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Figure 5: Divergence time estimation of single gene loci. BEAST maximum clade credibility dated tree of
Krascheninnikovia ceratoides and outgroup Chenopodiaceae species based on analysis of ITS1-ITS2-ETS data.
Fossil-based calibration imposed to the Chenopodiaceae Palaeocene pollen fossil of Chenopodipollis multiplex
was used to calibrate the root node at 65-56 Mya, following Kadereit et al. (2003, 2005, 2010) and Di Vincenzo
et al. (2018). The chronogram shows the divergence time estimates and 95% confidence intervals for each node.
Numbers are expressed in million years.

Ancestral range. The reconstructions of divergence times and ancestral range within
Krascheninnikovia are condensed in Figure 6. Based on the AlCc values | selected the DEC + ) model
using different dispersal rates among areas. According to the analysis, the ancestral area of
Krascheninnikovia was most likely in Mongolia and northern China as well as adjacent populations from
southern Siberia combined with Middle Asia (DE in Figure 6) (0.18). An initial vicariance event within
K. ceratoides took place shortly after ~2.2 Mya, when the ancestor of the predominantly tetraploid
Eurasian clade (in Middle Asia) separated from the ancestor of the other clades (in Mongolia and
northern China). The predominantly tetraploid Eurasian lineage dispersed shortly after ~0.7 Mya from
Middle Asia to Eastern Europe and later to Western Europe, Turkey and Morocco as well as to
Mongolia. The ancestor of the predominantly diploid Eurasian lineage separated from the other
lineages that originated east of the Altai Mountains ~2.0 Mya. This clade diverged within the area of
Mongolia and northern China from ~0.7 Mya onwards and its descendant lineages dispersed from this
area to Middle Asia, Pakistan and later Eastern Europe. Two lineages are resolved in the group
comprising samples from areas east of the Altai Mountains that both migrated to North America more
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recently. The first lineage dispersed to North America between ~1.8 and ~0.5 Mya. The second lineage
expanded its range from the area of eastern Mongolia to North American between ~1.4 and ~0.7 Mya.
Thereafter, populations in North America and in eastern Mongolia became isolated from each other.
From the Mongolian and northern Chinese ancestral range of the most recently evolved group, new
dispersals to Middle Asia, Pakistan and Nepal were also inferred.
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Figure 6: Ancestral range reconstruction of Krascheninnikovia using the single gene dataset. Biogeographic
reconstruction of Krascheninnikovia ceratoides, based on the Lagrange DEC +J model. Pie charts at nodes
indicate the relative probabilities for alternative ancestral ranges (codes for operational areas correspond to
those indicated in Appendix D) and are marked with the node age. Inferred dispersal (x-y), vicariance (x/y), range
expansion (x-xy) and peripheral isolation (xy/y) events with the highest marginal probability are shown on the
tree. The maximum clade credibility tree obtained from BEAST was pruned to only contain samples of
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Krascheninnikovia. The matrix M1 shows the dispersal rates between the areas. The table with the area
description also indicates the colour coding. P101_etal represents identical sequences of P028, P029, P032, P033,
P0O73, P101, P161, P243, KcEgyl, KcEgy2, KcSpl, KcSp2, KcSp4, KcSp5, KeSp6, KcTurl, KcTur2, KcTur3, KcTurs,
KcAusl, KcAus3, KcRusl, KcRus2, KcRus3, KcRus4, KcRus6, KcRus7, KcRus13, KcRus15, KcRus16; PO34 represents
identical sequences of P025, P034, PO57, P062, P069, P072, Kc_Pak2, KcRus5, KcRus8, KcRus9, KcRus11, KcRus14,
KcAfg3; P094_etal represents identical sequences of P094, KcMon1, KcMon3, KcPak3, Carbor, KLO8, KLO9, KL14,
KL15, KL16, KL18.

Genetic clusters. LEA assigned all individuals to hypothetical ancestral populations based on their
genetic composition. After 100 repetitions, eight hypothetical ancestral populations (K) were chosen
based on the cross-entropy criterion (Figure 7). The red cluster (Figure 8) is mainly represented by
populations from Central Europe, eastern Europe, and western Middle Asia (all west of the Ural
Mountains, mostly tetraploids except for populations P057 and P062 from eastern Europe). The dark
green cluster mainly contains tetraploid populations from western, central, eastern, and southern
Middle Asia, and southern Central Asia. The light green cluster is mainly represented by diploid
populations from eastern and southern Middle Asia and from southern Central Asia and is present in
the diploids of eastern Europe and central Middle Asia. The black cluster is represented by three
individuals of PO81 of eastern Middle Asia, the light blue cluster by P238 of southern Central Asia. The
dark blue cluster is mainly comprised of populations from the Russian Altai Mountains and western
Central Asia. Populations from eastern Central Asia form the orange cluster. The populations from
North America belong to the lilac cluster. Some admixture is observed, especially between the light
green, dark green, and red clusters (Figure 8).
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Figure 7: Cross-entropy for one to fifteen hypothetical ancestral populations. In LEA, 15 hypothetical ancestral
populations (K) were tested with 100 repetitions each. According to the cross-entropy criterion implemented in
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LEA to determine the optimal number of clusters, data fit best to eleven distinguishable genetic lineages.
However, it was decided to consider only eight clusters, since the cross-entropy values differ only little for K=8

to K=11.
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Figure 8: Genetic cluster membership of Krascheninnikovia (GBS) as inferred using LEA is shown as a barplot.
Vertical bars denote individuals. Eight clusters were retained, which are indicated by different colours. The
samples are ordered by their assigned geographical region from west to east. Ploidy is indicated by grey (diploid)
and black (tetraploid) bars.

To illustrate the consecutive splits between the hypothetical ancestral populations, the cluster
membership was depicted as pie charts on a map for all K values from two to eight (Figure 9). The
deepest split, with two hypothetical ancestral populations (K = 2), was inferred between the
populations east of the Khangai Mountains in Central Mongolia (North America and eastern Mongolia),
and the populations west of the Khangai Mountains. The second deepest split (K = 3) is in the area of
the Ural Mountains, dividing the populations west of the Khangai Mountains. With K = 4, the
Mongolian populations east of the Khangai Mountains and the North American populations each form
a group of their own. The populations between the Ural and Khangai Mountains split in two groups
according to their ploidy with K = 5: diploid populations are assigned to the light green cluster, while
tetraploid populations are assigned to the dark green cluster. With K = 6, the populations of the Russian
Altai and western Central Asia form their own group (dark blue). With K = 7, population P238 from
southern Central Asia forms its own cluster (light blue), as does P081 with K = 8 (black).
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< Figure 9: Genetic clustering of samples of Krascheninnikovia (GBS) as inferred from LEA is shown as pie charts
for K =2 to K = 8 clusters. The first split occurred in Central Asia, dividing the populations west and east of the
Khangai Mountains (K = 2), followed by a split in the area of the Ural Mountains (K = 3). At K = 4, the American
populations separate; at K = 5, the diploids and tetraploids of Middle Asia and adjacent areas each form their
own group. At K = 6, the populations of the Altai Mountains form their own cluster. At K=7 and K =8, P238 and
P081 form their own cluster.

DAPC. Similarly to LEA, DAPC analysis clusters individuals according to their genetic composition
(Figure 10). Four clusters were retrieved: (1) populations from Europe (Ural Mountains to Central
Europe, including western Middle Asia), (2) the populations from Middle Asia and southern Central
Asia, (3) the populations of the Russian Altai and western Central Asia, and (4) the populations of
eastern Central Asia and North America, mirroring the first splits of the analysis performed using the
LEA package.
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Figure 10: Genetic clustering of samples of Krascheninnikovia (GBS) as calculated by dapc package of R. Four
clusters were retained. One cluster comprises the European populations, one the Middle Asian and southern
Central Asian populations, one the populations of western Central Asia and the Russian Altai, and another the
eastern Central Asian and North American populations. The lower part of the graph shows an enlarged section
of the upper part.
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PCoA. Samples from Europe, Middle Asia, southern Central Asia, the Russian Altai and western Central
Asia clustered together in the Principal Coordinate Analysis (Figure 11). Apart from this group, two
other clusters were found: samples from eastern Central Asia and samples from North America. The
populations of western Central Asia and the Russian Altai are genetically different to other populations
of the majority group. Among the samples from Europe, Middle Asia and southern Central Asia,
diploids and tetraploids segregated along the second PCoA axis.
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Figure 11: PCoA scatterplot. Symbols representing samples of the same geographical area were coloured
according to Figure 2. Circles indicate diploids, triangles tetraploids. The lower part of the graph shows an
enlarged section of the upper part. Distinct from most of the samples, the populations of eastern Central Asia
and North America each form their own cluster. Within the remaining populations, those from western Central
Asia and from the Russian Altai are genetically distinct. Within the densely scattered other populations, there is
a visible trend, which separates diploids and tetraploids from each other.
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Phylogenetic analysis. According to the ML tree, K. ceratoides comprises two fully supported major
genetic groups: populations from the Russian Altai, eastern Central Asia, and North America form one
clade, which is sister to a clade comprising the remaining accessions from the Russian Altai and from
southern Central Asia to Central Europe (Figure 12A and B). Within the first group, two well-supported
clades of populations from eastern Central Asia and North America, respectively, derive from
populations of western Central Asia and one population of the Russian Altai (99.9 aLRT/100 UFBoot
BS). In the second group, populations from the Russian Altai Mountains constitute the basally
branching lineages, forming a grade from which the southern Central Asian, Middle Asian and
European populations are derived (Figure 12B). The populations of central Middle Asia form a well-
supported clade (98.8/99), as do the populations west of the Ural Mountains (63.2/94, excluding P102:
93.6/98). In this clade, populations P101 and P102 from western Middle Asia are paraphyletic sister
groups to the European clade. The replicates of the two individuals, for which GBS analysis was
performed twice (P029-10272, P072-10637), occur next to each other in the IQ-TREE analysis (100/100)
when using data per individual, confirming the reproducibility of the method (data not shown).
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Figure 12: Phylogenetic IQ-TREE maximum likelihood tree based on Krascheninnikovia GBS data with GTR+G
model and ascertainment bias correction. A thousand repetitions of ultrafast bootstrapping (UFBoot) and of
approximate likelihood-ratio test (aLRT) were performed. The origins of the populations are indicated by colour.
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Biogeographic analysis with BioGeoBEARS. In the analysis of the GBS data of K. ceratoides, DIVALIKE+)
was chosen as the most likely model based on the AlCc values. Based on our BioGeoBEARS analysis,
the ancestral range of K. ceratoides lies within the area of the Altai Mountains: western Central Asia
(yellow) and the Russian Altai Mountains (dark blue) (Figure 13). From western Central Asia,
K. ceratoides migrated east to eastern Central Asia (orange) and from there to North America (lilac).
From the Russian Altai Mountains, it migrated to southern Central Asia and to eastern Middle Asia
(light green). From eastern Middle Asia, it then migrated again to southern Central Asia (light blue) and
to southern Middle Asia (brown). It migrated further west to central Middle Asia (pink) and to western
Middle Asia (dark green), and on to eastern Europe (red) and Central Europe (blue).
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Figure 13: Ancestral range reconstruction of Krascheninnikovia (GBS). Phylogeographic analysis using the
DIVALIKE model of the R package BioGeoBEARS. Colours indicate the origin of the samples. Krascheninnikovia
spread from the Altai Mountains to the East, reaching eastern Central Asia and North America, and to the West,
reaching Middle Asia and Europe.
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Private allelic richness. The highest private allelic richness was found in western Central Asia
(0.014+0.002), followed by eastern Central Asia (0.013+0.004) and the Russian Altai Mountains
(0.011+0.001; Figure 14). The lowest private allelic richness was found in North America (0.007+0.003).
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Figure 14: Private allelic richness of Krascheninnikovia (GBS). Private allelic richness was computed for 1725 SNPs
using HP-Rare. The highest private allelic richness was found in Central Asia.

Isolation by distance. No significant correlation was detected between geographic and genetic
distance (Figure 15). The test was conducted twice, excluding (A and B) and including (C and D) the
North American populations.
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Figure 15: Isolation by distance of Krascheninnikovia (GBS). No significant isolation by distance could be found.
First row: correlation between linear distance and Fsr. A: Eurasian populations; C: complete dataset. Second row:
Mantel correlation. Significant tests would be marked as filled quadrats. B: Eurasian populations; D: complete
dataset.

Paleoclimate modelling. The maps of modelled paleoclimate (Last Interglacial: LIG, Last glacial
maximum: LGM, Heinrich Stadial 1: HS 1 and current climate: current) show suitable habitat in the
southern range of the Eurasian steppe belt in current times and during glacial periods, while less
suitable habitat was present during interglacial stadiums (Figure 16). Possible refugia were present
near the Black Sea and in the high mountains of North China. In North America, a constant area with
suitable habitat seems to have persisted even during interglacial phases. Suitable habitat in the
Beringia land bridge was present especially during the Heinrich Stadial 1.
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Figure 16: Paleoclimate reconstruction for Krascheninnikovia (GBS). Reconstruction of the habitat suitability of
Krascheninnikovia at different times. Most suitable habitats are indicated in green. Used data points are indicated
in first panel (“current”).
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3.2. Adonis

Ploidy. Because only diploid samples were expected in Adonis vernalis, the genome content of only
three samples was measured. It had a mean genome size (* standard deviation) of 2C=19.1 + 0.4 pg.

Ploidy level estimations based on GBS data using nQuire and ploidyNGS indicates a diploid genome for
all individuals but one: P064 10559 was guessed to be most likely triploid according to nQuire, while
when using ploidyNGS, the ploidy of P064 10559 remained unclear.

Data set. 4,384,129 SNPs in 43, 916 loci were retained by the ipyrad analysis of Adonis vernalis,
A. volgensis and A. turkestanica. In the alighment, the samples of A. vernalis covered 23,562 SNPs on
average (ranging from 11,879 to 31,121 SNPs), while the samples of the outgroup had on average
18,613 SNPs (ranging from 15,011 to 21,102 SNPs). In the alignment without the outgroup,
4,399,929 SNPs in 44,123 loci were recovered. The samples covered 23,903 SNPs on average, ranging
from 12,032 to 31,518 SNPs.

Trees and networks. In the ML tree, Adonis turkestanica was chosen as outgroup (Figure 17). Samples
of A. volgensis formed a sister clade to A. vernalis. Within A. vernalis, the Spanish population was sister
to all other populations. The Romanian population P004 is sister clade to the other populations. The
remaining populations split in two well supported groups: On the one hand populations of western
Pannonian paraphyletic to German populations, on the other hand eastern Pannonian populations and
the western Pannonian population P096 as a sister clade to eastern populations. The western Pontic
populations are sister clades of the populations to the east, which do not show geographically related
grouping. The Crimean populations forms a monophyletic clade (Figure 17). The branch support values
within the populations are usually high. (Black dot: > 95%, grey dot: > 90%)
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Figure 17: Phylogenetic IQ-TREE maximum likelihood tree based on Adonis GBS data with GTR model and
ascertainment bias correction. A thousand repetitions of ultrafast bootstrapping (UFBoot) and of approximate
likelihood-ratio test (aLRT) were performed. Branches of individuals of the same populations, which clustered
together, were collapsed. Branch support is indicated by dots: black > 95%, grey > 90 %. The origins of the
populations are indicated by colour.
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Biogeographic analysis with BioGeoBEARS. The model BAYAREALIKE+) was chosen based on the AlCc
values. Based on our BioGeoBEARS analysis, there are two ancestral areas of A. vernalis, Spain and
eastern Pannonia (Figure 18). While from Spain no range expansion was observed, from eastern
Pannonia A. vernalis migrated to the West reaching western Pannonia twice, from where a northwest
migration to Northern Germany was observed. Furthermore, a migration starting in eastern Pannonia
to the east was visible, reaching the western Pontic region and from there Siberia and Kazakhstan.
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Figure 18: Ancestral range reconstruction of Adonis vernalis (GBS). Phylogeographic analysis using the
BAYAREALIKE+) model of the R package BioGeoBEARS. Colours indicate the origin of the samples. The two source
populations are from Spain and Romania. From Romania the species migrated east (reaching Siberia) and west
(reaching Germany).

Dating. In the SNAPP analysis, the nodes of the most recent common ancestor (MRCA) between
A. turkestanica and A. vernalis and of the MRCA between A. volgensis and A. vernalis were used for
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secondary dating. The diversification within A. vernalis started according to this analysis with the
separation of the Spanish population about 1.1 Mya (Figure 19). Within the remaining populations of
A. vernalis, diversification started about 0.2 Mya.
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Figure 19: Molecular dating of Adonis vernalis (GBS) using SNAPP, visualised in DensiTree. Outgroup nodes were
used for secondary dating. Diversification of A. vernalis started about 1.1 Mya.

Genetic cluster. In LEA, the most likely number of hypothetical ancestral populations according to the
cross-entropy value was seven (Figure 20). To see the depth of splits between hypothetical ancestral
populations, all numbers of hypothetical ancestral populations between two and seven were analysed.
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Figure 20: Cross-entropy for one to ten hypothetical ancestral populations. In LEA, ten hypothetical ancestral
populations (K) were tested with 100 repetitions each. According to the cross-entropy criterion implemented in
LEA to determine the optimal number of clusters, data fit best to seven distinguishable genetic lineages.
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In the barplot, all individuals are sorted according to their area of origin, sorted from west to east
(Figure 21). The Spanish population forms the yellow cluster. In Germany, western and eastern
Pannonia, the red cluster is dominant. From the western Pontic region to the most eastern populations
most individuals are assigned to the dark blue cluster. Admixture of the red and dark blue clusters is
visible in eastern Pannonia and the western Pontic area. Individual clusters are present in western
Pannonia (brown), western Pannonia (orange), western Siberia (light blue) and eastern Siberia (blue).
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Figure 21: Genetic cluster membership of Adonis vernalis (GBS) as inferred using LEA is shown as a barplot.
Vertical bars denote individuals. Seven clusters were retained, which are indicated by different colours. The
samples are ordered by their assigned geographical region from west to east.

As visible in the pie charts (Figure 22), the first and deepest split divides the Spanish population from
the others. With K = 3 the populations of Germany and western Pannonia split from the populations
to the east of them. The fourth cluster is represented by one Romanian population (orange). With K =5
and 6, two populations in the east form a cluster of their own (WSib: light blue, ESib: blue). With K=7,
a western Pannonian population forms its own cluster (brown).
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< Figure 22: Genetic clustering of samples of Adonis vernalis (GBS) as inferred by LEA is shown as pie charts for
K =2 to K =7 clusters. The first split separates the Spanish population from the others (K = 2), followed by a split
in Romania (K = 3). At K = 4 to 7, single or few populations form their own cluster in Western and Eastern
Pannonian and in Siberia.

In the Principal Component Analysis (Figure 23, DAPC and Figure 24, PCOA), the Spanish population
(yellow) forms its own cluster, which is clearly separated from the other populations. Within the
remaining populations there is clustering visible from west to east: The range of the German
populations (red) overlaps with populations of western Pannonia (brown). The eastern Pannonian
populations are placed between populations west and east of them. The range of the western Pontic
populations (green) overlaps with the populations of Siberia (blue and lilac shades).
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Figure 23: Genetic clustering of samples of Adonis vernalis (GBS) as calculated by dapc package of R. The lower
part of the graph shows an enlarged section of the upper part. One cluster comprises the Spanish population.
Within the second cluster, the populations are roughly separated according to their geographical degree of
longitude.
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Figure 24: PCoA scatterplot of Adonis vernalis (GBS). Symbols representing samples of the same geographical
area were coloured according to Figure 2. The right part of the graph shows an enlarged section of the left part.
The Spanish population is clearly separated from the others. The remaining populations are divided according to
their origin, from west to east.

Private allelic richness. Highest private allelic richness was found in Spain (0.144+0.001) (Figure 19).
The second and third highest values were found in the Pontic region (MPon 0.019+0.002; EPon
0.018%0.004), while the lowest was found in Siberia (0.011+0.001; when WSib and ESib are calculated
separately, the private allelic richness is 0.011+0.001 for both regions).
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Figure 25: Private allelic richness of Adonis vernalis (GBS). Private allelic richness was computed for 35662 SNPs
using HP-Rare. The highest private allelic richness was found in Spain.
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Isolation by distance. With increasing geographical distance within all populations but the Spanish,
the Fsr value increased significantly, affirming an isolation by distance (Figure 26).
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Figure 26: Isolation by distance of Adonis vernalis without the Spanish population (GBS). A significant isolation
by distance was found.

The expected heterozygosity He was highest in populations from Germany (0.51), followed by western
Pannonian (0.47) and western Siberia (0.46), and low in Spain (0.30) (Figure 27).
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Figure 27: Expected heterozygosity of Adonis vernalis (GBS).

Paleoclimate modelling. The maps of modelled paleoclimate (Last Interglacial: LIG, Last glacial
maximum: LGM, Heinrich Stadial 1: HS 1 and current climate: current) show suitable habitat in the
Euro-Siberian part of the Eurasian steppe belt in current times (Figure 28). During the Last Interglacial,
a more northern range of possible habitat was found. During the Last Glacial Maximum, only few
possible refugia were present, mainly near the Black Sea and at the Mediterranean coastline. During
the Heinrich Stadial 1, the suitable habitat slightly stretched from the Black Sea to the North.
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Figure 28: Paleoclimate reconstruction for Adonis vernalis (GBS). Reconstruction of the habitat suitability of
Adonis vernalis at different times. Most suitable habitats are indicated in green. Used data points are indicated
in the first panel (“current”).
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4. Discussion

| reconstructed the phylogeographic history of Krascheninnikovia ceratoides and Adonis vernalis as
widespread and typical representatives of dry and forest steppes, respectively, to gain insights into the
general evolutionary history of the Eurasian steppe belt. While K. ceratoides was able to benefit from
the climatic cycles during the Pleistocene, the range of A. vernalis likely suffered great losses during
glacial periods.

The precursors of the steppe emerged in Central Asia during the Miocene at the latest (Stromberg,
2011; Linder et al., 2017; Hurka et al., 2019). From there, the steppe began to spread, with numerous
shifts in latitudinal range due to changing climatic conditions (Devyatkin, 1993; Arkhipov and Volkova,
1994; Tarasov et al., 2000; Akhmetyev et al., 2005; Arkhipov et al., 2005). A continuous Eurasian steppe
belt was first present in the late Miocene/early Pliocene (Hurka et al., 2019). By the end of the Pliocene,
true steppes were present in Central Asia, while forest-steppe assemblies were present in south-
eastern Europe and on the West Siberian Plain (Frenzel, 1968). Cold steppe vegetation spread during
the Pleistocene ice ages (Hurka et al., 2019). Eurythermal species may have survived the last glacial
maximum in situ (Hurka et al., 2019).

4.1. Krascheninnikovia

To date, there is only one study that addresses the phylogenetic relationships, morphological variation
and taxonomy within Krascheninnikovia, but no attempt has been made to estimate the time of origin
of the genus was performed (Heklau and Rdser, 2008). | reconstructed the phylogeny and
biogeography of Krascheninnikovia and placed it in a temporal context through molecular dating. |
analysed populations throughout most of its range using single loci, while focusing on populations in
the Northern Hemisphere using GBS. With GBS, many more characters, loci and SNPs were found than
with single locus analysis. The genetically similar groups resulting from both approaches were
comparable for samples or populations of North America (P039, P040, P0O41) and eastern Central Asia
(P093, P094, P210), each forming a clearly defined group. The GBS analysis shows a geographical trend
from east to west, spanning all of western Eurasia from eastern Middle Asia to Europe; this trend is
not visible in the single gene dataset.

4.1.1. Ploidy

Although the literature mentions five different ploidy levels, namely diploid, triploid, tetraploid,
pentaploid and hexaploid, and the existence of populations with different ploidy levels, we only found
pure diploid or tetraploid populations. However, it should be noted that the mixed population reported
in the literature was found in Kyrgyzstan (Rubtsov et al., 1989) and our samples from this area could
not be measured due to their age.

In most regions diploid and tetraploid populations coexist (Ghaffari et al., 2014). In Eurasia, both
ploidies were present in Eastern Europe, Middle Asia, Southern Central Asia and Eastern Central Asia
(Table 1, Figure 1) (Zakharjeva and Soskov, 1981; Takhtajan, 1990). Most diploid samples of eastern
Middle Asia (P030, P070, P072, P269) and southern Central Asia (P237, P238) belong to the light green
cluster of the LEA analysis (Figure 8), suggesting common ancestry and thus a possible second
migration of diploids into these regions. The same cluster membership was also shared by the diploid
individuals from central Middle Asia (P034) and Eastern Europe (P057, P062), which are admixed.
Although the diploids and the tetraploids did not form well-supported clusters in the DAPC, IQ-TREE
and SVDQuartets analyses (Figures 10 and 12, Appendix B), only the diploid populations of eastern
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Middle Asia and southern Central Asia were well supported; the division into a predominantly diploid
and a predominantly tetraploid clade in Middle Asia and adjacent regions was also found in the single
gene dataset. The westward migration of K. ceratoides may have been accomplished by diploid
individuals, followed by (auto-)polyploidization in the newly colonised areas, a process that occurred
independently several times in response to climatic fluctuations in the Pleistocene (Tremetsberger et
al., 2009).

4.1.2. Dating

The divergence times estimated in this study are consistent with other studies. The ITS1-ITS2-ETS
phylogenetic tree (Figure 5) showed a similar topology to that in Kadereit et al. 2003; 2005), and BEAST
analysis dated the split between Krascheninnikovia/Ceratocarpus and Axyris at 21.8 £6.2 Mya. A
Chenopodioideae phylogeny using a relaxed molecular clock implemented in BEAST based on atpB-
rbcL sequences revealed a split node age of 21.2 Mya between K. ceratoides and Axyris prostrata
(Kadereit et al., 2010). A BEAST analysis based on ITS sequences by Di Vincenzo et al. (2018) dated the
split of Axyris from Krascheninnikovia and Ceratocarpus to 25.7 Mya (14.5-36.0 Mya) and the split of
Krascheninnikovia from Ceratocarpus to 12.8 Mya (5.3-23.1 Mya; values are for birth-death tree prior
and lognormal calibration prior), which is also broadly consistent with my results (15.6-28.8 Mya and
12.0-23.5 Mya).

The data support the monophyly of Axyrideae (Krascheninnikovia, Ceratocarpus and Axyris) as
proposed by other authors (Heklau and Réser, 2008; Kadereit et al., 2010, Figure 5), as well as the
sister group relationship of Krascheninnikovia and Ceratocarpus. Kadereit et al. (2010) supported this
relationship based on flower and fruit morphology, as the female flowers of Krascheninnikovia and
Ceratocarpus lack a perianth and are enclosed by two bracts that are persistent in fruit, producing only
one type of fruit/seed, while Axyris presents a three-parted simple perianth and shows heterocarpy
and heterospermy (production of seeds with different testa thickness). This contradicts the conclusions
of Heklau and Réser (2008), who suggested a closer relationship of Krascheninnikovia and Axyris based
on detailed morphological, morphometric and molecular analysis.

4.1.3. Origin

Central Asia is thought to have been the cradle of Eurasian temperate grassland vegetation at the
beginning of the Pleistocene (~2 Mya; Janis, 1993; Willis and McElwain, 2014), a period corresponding
to the Gelasian (Gibbard et al., 2010).

Due to the abundance of populations and individuals (Braun-Blanquet and Bolos, 1957), the high and
variable ploidy levels (Rubtsov et al., 1989) and the high morphological variation (Rechinger, 1963;
Komarov, 1964; Tackholm, 1974; Welsh et al., 1987; Davis, 1988; Castroviejo and Soriano, 1990; Tutin
et al., 1993; Heklau, 2006; eFloras, 2008) of Central Asian populations of Krascheninnikovia, it was
thought to have originated there.

According to the analyses, Krascheninnikovia ceratoides is an autochthonous steppe element, which
originated in the steppe belt (Figures 6 and 13) similarly to some species of the genus Allium (Li et al.,
2010). Ancestral range analysis of single gene data revealed Mongolia and northern China in
combination with Middle Asia to be the ancestral range of the genus (Figure 6). The ancestral area with
the second highest support was Mongolia and northern China in combination with North America.
Since the closest relatives of Krascheninnikovia, Ceratocarpus and Axyris are distributed in Asia, it
seems plausible that Krascheninnikovia originated from the area of Mongolia, North China and Middle
Asia, which is consistent with my result. The results of the reconstruction of the ancestral range using
the GBS dataset confirmed western Central Asia with the adjacent Altai Mountains as the area of
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origin (Figure 13), from where dispersal to the Northern Hemisphere began. The populations in eastern
and western Central Asia harbour a diverse gene pool, as indicated by the high private allelic richness
(Figure 14). Therefore, they may have served as a good source of dry steppe plants to recolonise
surrounding areas after times of unsuitable, more humid conditions during interglacial periods
(Crawford and Whitney, 2010). If we assume an origin in Central Asia, paleoclimate reconstruction
suggests a more southern origin of the species.

Interestingly, however, one sample from Pakistan (KcPakl) is resolved as the first branching lineage
within the genus in the maximum likelihood tree and network (Figures 3 and 4), but not in the Bayesian
time-tree (Figure 5). This sample, together with the other samples that are resolved in the ML analysis
as early branching within K. ceratoides (P209, KcMon2, KcMon4 and AM849251: Mongolia; P211:
Kyrgyzstan; P242 and KcRus12: Russian Altai Mountains; KcNepl1 and KcNep2: Nepal) suggests that the
origin of K. ceratoides could also lie further south, for example in the Tian Shan or Pamir Mountain
region, as is also suspected for other Central Asian plant groups (e.g., Lagochilus; M. L. Zhang et al.,
2017; Ammopiptanthus; Shi et al., 2017). Due to the low quality of the extracted DNA, these samples
could not be used for the GBS analysis, which focused on Northern hemisphere populations.

Barbolini et al. (2020) found that herbs, including Chenopodioideae, were first prominent in Central
Asia around ~15 Mya, coinciding with diversification within the Axyrideae. According to Barbolini et
al. (2020), in western Central Asia, Chenopodioideae and Artemisia have been the prominent
xerophytic herbs since the late Miocene, indicating an arid habitat. Under these suitable conditions,
Krascheninnikovia could have diversified during the Pleistocene. These findings confirm our dated
analysis, but also confirm a possible more southern origin of Krascheninnikovia, such as the Pamir
Mountains.

If the area of origin is not south of the Altai, colonisation of the southern parts of the range in Nepal,
Pakistan and Iran probably occurred from the Mongolian and northern Chinese ancestral area in
several colonisation events (Figure 6). Hexaploid individuals (2n = 54) are mainly found in the southern
parts of the range of K. ceratoides, namely in the Pamir Mountains of Tajikistan (Zakharjeva and Soskov,
1981), in Kyrgyzstan and China (together with diploids and tetraploids; Rubtsov et al., 1989; Yang et
al., 1996) and in Iran (together with tetraploids; Ghaffari et al., 2014). Maybe a higher (namely
hexaploid) ploidy level is favourable in the dry mountain regions south of the Eurasian steppe. Possible
explanations include a higher drought tolerance of polyploids (e.g., Zhou et al., 2019) or, more
generally, a higher tolerance of polyploids to a wider range of environmental conditions (Barron et al.,
1995; Van de Peer, Maere and Meyer, 2009). A similar hypothesis could be formulated for the
tetraploid European populations. This recent origin is consistent with other studies showing the
repeated Pleistocene differentiation opportunities that led to several events of colonisation of new
areas (dispersal) and fragmentation of ancestral areas (vicariance) due to the expansion and
contraction of populations during glacial-interglacial periods (Senecio sect. Senecio, Coleman et al.,
2003; Rana, Veith et al., 2003; Dysosma vesipellis Cheng, Qiu et al., 2009; Ligularia hodgsonii Hook.,
Wang et al., 2013; Praomys delectorum Thomas, Bryja et al., 2014).

4.1.4. Refugia

The paleoclimate models show a constant suitable habitat for Krascheninnikovia in North America, the
Black Sea and Caspian Sea area and mountain ranges south of the Eurasian steppe belt since the last
interglacial maximum.

In western Central Asia, the Altai Mountains are known as a refuge e.g. for cold-adapted species in
warm and humid phases (Fedeneva and Dergacheva, 2003; Hais et al., 2015) and may have acted as
refuge for steppe and desert plants such as K. ceratoides during the interglacial phases in the
Quaternary and as source for recolonization of the expanding steppe area during glacial periods.
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The ancestral populations may have survived in different refugia in the Altai Mountains during the
interglacial phases. During the ice ages, there were probably several habitats in the Altai Mountains
that were ideal for steppe plants (Hais et al., 2015), and it is possible that some of these spots (such as
intermountain depressions) were also suitable for K. ceratoides during the interglacial periods
(Fedeneva and Dergacheva, 2003).

4.1.5. Phylogeny

Five clades were mainly found in the single gene analyses: Eurasian samples (Spain to Russia, excluding
Altai Mountains, including Gobi (south Central Asia), which split into two groups (predominantly
diploids and predominantly tetraploids of Eurasia)); samples of western Mongolia (western Central
Asia), Nepal and Russian Altai Mountains; samples of eastern Mongolia (eastern Central Asia) and
North America; samples of North America. In GBS analyses, six main clades were found: western
samples (western Middle Asia, eastern Europe and Central Europe); samples of central Middle Asia;
samples of eastern and southern Middle Asia and southern Central Asia (Gobi); samples of the Russian
Altai Mountains and western Central Asia; samples of eastern Central Asia; samples of North America.

Comparing both approaches, the samples from the Russian Altai Mountains, Central Asia and North
America especially are similarly clustered. Differences can be seen in the Eurasian region, including
Gobi (southern Central Asia). While a separation by ploidy was found in the single gene approach, a
geographical separation is evident in the GBS approach: the Middle Asian samples did not split
according to their ploidy in the IQ-TREE analysis but showed a trend in this direction within their clade.
In the LEA analysis, on the other hand, there was a trend towards separation into two clusters
depending on ploidy. In GBS, the European samples clearly differ from other Eurasian samples.

4.1.6. Migration barriers

Populations of K. ceratoides that are geographically close to each other are usually genetically similar
(Figures 3, 4, 8, 10, 11 and 12). An exception are the populations of Central Asia, which belong to two
distinct genetic lineages. While geographically close to the populations of western Central Asia,
separated only by the Khangai Mountains, the eastern populations are genetically more similar to the
populations of North America. The Khangai Mountains (with alpine vegetation, taiga, mountain steppe
and forest-steppe) separate the populations east and west of the mountains and have long prevented
gene flow until today. The split occurred in the early stages of diversification (~2.1 Mya), after
Krascheninnikovia had migrated from western Central Asia to eastern Central Asia.

Even the populations of southern Central Asia (Gobi Desert), which are located south of the Mongolian
Altai Mountains, are genetically more similar to the populations of eastern Middle Asia than to other
Mongolian populations. For example, the tetraploid population P235 from southern Central Asia is
assigned to the dark green cluster (mainly tetraploids of Middle Asia) and the yellow cluster
(populations of Altai Mountains) in the LEA analysis. This suggests that the Altai Mountains are also an
effective migration barrier.

During the Middle Pleistocene, glaciers dammed the Siberian Ob-Irtysh-Tobol river system, causing
backwaters that reached the foothills of the Kazakh highlands and the Altai mountains. The resulting
landscape of lakes and swampy areas was not suitable for steppe plants (Arkhipov and Volkova, 1994;
Arkhipov et al., 2005; Hurka et al., 2019). According to the dated biogeographic analyses (Figure 13),
this would also have affected K. ceratoides, which was present in the Kazakh plain and even further
west at this time, by causing a range splitting and contraction followed by isolation and subsequent
expansion. Repeated secondary contact could be the explanation for the lack of monophyly of
individuals of eastern Middle Asia in the RAxML tree. It has been shown that the history of other steppe
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plants has also been influenced by the backwaters, as in Clausia aprica (Stephan) Korn.-Trotzky
(Hejcman et al., 2013), Goniolimon speciosum (L.) Boiss. (Friesen, Zerdoner Calasan, et al., 2020),
Capsella Medik. (Franzke et al., 2004) and Allium cretaceum N.Friesen & Seregin and
A. montanostepposum N.Friesen & Seregin (Hurka et al., 2012).

South of the Ural Mountains, the repeated transgressions of the Caspian Sea, which occurred several
times during the Pleistocene (Dolukhanov et al., 2009; Tudryn et al., 2013; Yanina et al., 2018),
temporarily inhibited the east-west or vice versa migration of steppe plants ((Hurka et al., 2019), their
Table 6). Populations in this area are located west (P215) or south (P057, P062, P101, P102) of the
South Urals. These populations are genetically an admixture of both gene pools, east and west of the
Urals (Figure 8). The proportion of admixture gradually decreases in both directions, possibly due to
secondary contact. According to the paleoclimatic model, the area north of the Caspian Sea was not
suitable for Krascheninnikovia during the Heinrich Stadial 1, which may also have deepened the genetic
differences.

4.1.7. Migration events

During the Pleistocene ice ages, plants adapted to cold and arid climate were able to migrate in the
expanding steppe area. Consequently, the hypothesis of radiation and diversification of K. ceratoides
suggests that during the Pleistocene, when the steppe area expanded during glacial periods,
populations in the contact zone between western Mongolia, China and Middle Asia migrated (1)
westwards, reaching Middle Asia, Europe, Anatolia and northern Africa and (2) eastwards, reaching
eastern Mongolia and North America (Figures 6 and 13).

In the single gene dataset, the samples west of the Altai Mountains split into two lineages (Figures 3
and 6). The first lineage consists of predominantly tetraploid Eurasian samples (PP =0.99) that
colonised Eastern and Western Europe, Anatolia and northern Africa from Middle Asia about
650,000 years ago. The second lineage showed a basal separation into a group of predominantly
diploid Eurasian samples (PP =0.98) and another group that originated east of the Altai Mountains
(with North America; PP =0.18). The group of predominantly diploid Eurasian samples colonised
Siberia and Eastern Europe from Mongolia and northern China about 680,000 years ago. Interestingly,
both Eurasian groups seem to have spread but did not mix in Eurasia during the same ice ages. This
could be due to the different levels of ploidy or because the two lineages evolved independently in
different habitats during the interglacial period.

The relationship within the European populations is not so clear, as the bootstrap support is low (Figure
12). While in the RAXML analysis both Austrian populations are separated, suggesting two migration
events from Eastern Europe to Central Europe, the SVDQ analysis hints to a single migration event. In
LEA, one Austrian population (P029) forms its own cluster, while the other population (P028) is
clustered with the other tetraploids of Europe (dark green cluster). Therefore, no final conclusion can
be drawn about the number of migration events and the relationships within Europe.

Regarding the question of how and when Central Europe was colonized by Krascheninnikovia, the data
argues for a stepping-stone like migration over a long-distance dispersal scenario, as in the ancestral
range reconstruction a stepwise colonization from the Altai Mountains to Central Europe was found.
In the ancestral range reconstruction of the single locus dataset (Figure 6), a migration from Central
Asia via Middle Asia to Europe was also detected, but not as clear as in the analysis of the GBS dataset
(Figure 13), as the European samples did not form a monophyletic group. A stepping-stone like
migration to Central Europe would indicate that during glacial periods, possibly existing trees grew in
patches - as opposed to dense tree cover (Willis and Vanandel, 2004), so that the steppe and semi-
desert plant Krascheninnikovia could migrate step by step.
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The colonisation of the western Mediterranean by K. ceratoides has long occupied researchers
(Willkomm and Lange, 1870; de Bolos, 1951; Braun-Blanquet and Bolos, 1957; Costa Tenorio, Morla-
Juaristi and Sainz-Ollero, 2000) and two hypotheses for natural colonisation have been proposed
(stepping-stone migration from Central Asia to the western Mediterranean in the Miocene or Pliocene
versus migration or long-distance dispersal from Central Asia in the Quaternary; Braun-Blanquet and
Bolds, 1957; Costa Tenorio et al., 2000; Pérez-Collazos and Cataldn, 2007; Pérez-Collazos et al., 2009).
The results suggest a relatively recent colonisation of the Mediterranean Basin in the Late Pleistocene
(Hurka et al., 2019). The poor branch support does not allow us to specify with certainty the number
of events and the source area(s) for the colonisation of the Mediterranean. Therefore, we cannot
unambiguously determine the nature of the migration. However, since suitable (loess-rich) habitats
existed between the Altai Mountains and western Europe during the glacial periods (Lang, 1994) and
are still suitable today, as shown by the isolated populations between Asia and the Mediterranean
(Austria and Romania), a stepping-stone scenario seems to be the simplest explanation. According to
this hypothesis, the species extended its distribution area westwards during the glacial periods and
survived in suitable, arid habitats during the interglacial periods. The genetic differences between the
Mediterranean populations could be the result of their divergence during the interglacial periods or
alternative migration routes separated in time or space. The stepping-stone scenario has been
proposed for other steppe plants with disjunct Mediterranean distribution areas (Kadereit and Emre
Yaprak, 2008). However, as some Mediterranean plants have a shared identical sequence with plants
from Egypt, this study could not exclude the hypothesis of the eighth century introduction of
K. ceratoides to the western Mediterranean as a fuel and forage plant by the Arabs (Willkomm, 1896;
Costa Tenorio, Morla-Juaristi and Sdinz-Ollero, 2000).

The results of the GBS dataset indicates that Krascheninnikovia migrated step by step from the Altai
Mountain to Middle Asia and to Europe (~1.2 Mya). Then the European populations became separated
from the populations east of the Urals ~1 Mya (Figure 13). The early split between the European
populations and the populations east of it in the LEA and DAPC analyses also supports this hypothesis.
The genetic split could be traced back to a migration barrier ~1 Mya that coincided with the Apsheron
transgression of the Caspian Sea (Hurka et al., 2019), suggesting that the separated populations each
found refugia to survive the interglacial phases in the Ural mountains (Friesen, Smirnov, et al., 2020;
Friesen, Zerdoner Calasan, et al., 2020) and west of the Caspian Sea (Varga, 2009; Stewart et al., 2010;
Friesen, Zerdoner Calasan, et al., 2020) with a recent secondary contact in the zone south of the Urals.
The same separation pattern was observed for the steppe plant Camelina microcarpa Andrz. Ex DC. in
the same time frame (~1.2 £ 1 Mya) (Volkova, Herden and Friesen, 2017).

The hypothesis of a migration from Eastern Central Asia to North America put forward by Heklau and
Roser (2008) was confirmed. The dispersal to North America may have occurred across the Beringia
Strait, which connected the Asian and American continents during several arid glacial phases in the
Pleistocene (Briggs, 1995; Yurtsev, 2001).

According to single gene analysis, two migration events from Asia to America seem to have taken place,
starting from Mongolian and northern Chinese ancestral populations. Biogeographic analysis indicates
a dispersal (E-F in Figure 6) and separate range expansion (E-EF; each with a posterior probability of
1.00 on the time-calibrated tree; Figure 5) from the ancestral Mongolian range across the Pacific Ocean
during the Pleistocene between ~1.8 and ~0.5 Mya. At this time, steppe biomes existed in North
America (Webb, 1977; Willis and McElwain, 2014) and the region could be reached via the Bering Strait.
During the arid Pleistocene glaciation phases, a Beringian land bridge was established between Siberia
and North America, which probably facilitated the passage of steppe plants (Briggs, 1995; Yurtseyv,
2001). The ML analysis (Figure 4), however, does not support two separated North American groups.
This is also consistent with the haplotype network analysis of chloroplast sequences, which only
showed one group of related haplotypes for the New World, where the most common haplotype is
represented by samples assigned to either of the two independent North American groups in the dated
analysis (KL22 versus KLO1 and KL19)(Seidl et al., 2020). The answer to the question of single (Heklau
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and Roser, 2008) or double colonisation of North America must therefore await analysis of more
variable genetic markers. The existence of diploids and tetraploids in both Asia and America has been
interpreted as independent polyploidisation processes (Heklau and Rdser, 2008).

In the analyses of the GBS dataset, the populations of North America (USA) and eastern Central Asia
(eastern Mongolia) form sister groups in the phylogenetic inferences (Figure 12), are genetically close
(Figures 8 and 9) and form strongly supported clades or clusters (Figures 8, 10, 11, 12 and 13), which
could be an indication of low or absent gene flow between the North American and other populations.
Continuous gene flow or multiple migration events could not be detected due to insufficient coverage
of the North American populations of Krascheninnikovia. Diversification within the studied populations
of America occurred about 0.2 Mya. Comparison of the samples used in both datasets shows that the
American samples (P039, P040, P041) and the populations of East Central Asia (P093, P094, P210) form
a monophyletic clade in both data sets, but in contrast to the results of single gene analysis with the
GBS dataset both clades are sisters and are closer to the root. In both datasets K. ceratoides subsp.
lanata was nested within K. ceratoides subsp. ceratoides (Figures 4 and 12).

4.1.8. Subspecies

There is an ongoing debate about possible subspecies and species in the genus Krascheninnikovia.
While some argue that Krascheninnikovia is monospecific with only two subspecies, K. ceratoides
subsp. ceratoides and subsp. lanata ((Heklau and von Wehrden, 2011), | follow this view), others
distinguish several entities at the specific level, like K. arborescens, K. eversmanniana and K. compacta
from Middle and Central Asia (Braun-Blanquet and Bolos, 1957; Tutin et al., 1993; Fedeneva and
Dergacheva, 2003; Ghaffari et al., 2014; Hais et al., 2015). As we did not include samples of all these
potential taxa, apart from two populations identified as K. eversmanniana (P069 and P070), this study
cannot be conclusive on this topic. However, the results of our analyses support the recognition of the
subspecies lanata as defined by Heklau and Roser (2008), as the North American individuals form a
clearly distinguishable genetic lineage. The data do not support the affiliation of the specimens
identified as K. eversmanniana to a clade of their own, as they are embedded at different positions
between morphologically typical specimens of subsp. ceratoides from eastern Middle Asia. A potential
further subspecies could be represented by the samples from eastern Central Asia, which were clearly
monophyletically arranged in all analyses. However, thorough morphological studies are needed to
confirm this hypothesis. Therefore, we agree with the conclusions of Heklau and Réser (2008), who
(currently) recognise two subspecific entities, i.e. subsp. ceratoides and subsp. lanata within the
monotypic Krascheninnikovia.

4.2. Adonis vernalis

As Adonis vernalis is a suitable species for intraspecific studies due to its limited dispersal distance, the
phylogeny and genetic differentiation of A. vernalis were investigated in at least two studies using
AFLPs. | analysed populations of the entire range of A. vernalis using genotyping-by-sequencing
methods to learn more about the biogeographical history of the species.

The optimal habitat of A. vernalis is dry, warm and with no or only light tree cover. According to the
paleoclimate models, suitable habitats for A. vernalis existed in Europe during the interglacial stages
of the Pleistocene. During glacial phases, these conditions could only be found on Black Sea coast and
on the European Mediterranean coasts. During the Holocene, suitable habitat extended to Europe and
to Siberia (Figure 28).

61



4.2.1. Phylogeny

The analyses show a large genetic distance between the Spanish and all other populations (Figures 17,
19, 21, 23 and 24). The Spanish population is the sister group to all other populations (Figures 17 and
18). No gene flow involving this population was detected within the data set. Moreover, the high value
of private allelic richness in the Spanish population (Figure 25) indicates a long in situ history (Médail
& Diadema, 2009). The clear separation of the Spanish populations, also observed by Hirsch (2015),
occurred around 1.5 Mya (Figure 18) or around 1.1 Mya (Figure 19) during the Calabrian. Within the
other populations, two main groups are visible: western (Germany to Pannonia) and eastern (Pontic
to Siberia) populations (Figures 17, 18, 19, 21, 22, 23 and 24), with the Romanian population P002
belonging to the eastern group.

4.2.2. Origin

Since the most recent common ancestor of A. vernalis and the closely related species A. volgensis
originates from Asia (with a differentiation of about 2.66 My) (Lindhuber, 2020), one could assume an
Asian origin. However, the common Spanish and Romanian origin raises questions. It suggests a
European origin but does not allow any further conclusions. Whether A. vernalis first appeared in the
west (Spain) or east (Romania) of Europe or elsewhere remains unknown. It is also unclear whether
A. vernalis was continuously distributed between Romania and Spain before the partition. It is possible
that, at a certain point in time, only the source populations of Spain and Romania survived in refugia
from an assumed wider distribution, while all other assumed populations died out. Further contact
between the populations was no longer possible, resulting in the genetic differences visible in today’s
populations (Figures 17, 19, 22, 23 and 24).

Consequently, A. vernalis migrated from its area of origin once through western and central Europe
(direction unclear) before almost all populations died out. Then a second migration started from
Romania. The broad extinction may be a consequence of inhospitable conditions during the ice age, or
the increased precipitation and higher humidity caused by the melting glaciers in the transition from
the glacial to the interglacial states.

The same pattern was found in other European species whose populations survived the ice age in
different refugia. The populations of the lepidoptera Maniola jurtina, for example, were separated
during the ice age, which led to a differentiation between populations of the Iberian Peninsula and of
Adriatic- and Pontic-Mediterranean origin. Central Europe was then colonised post glacial (Schmitt,
2007). The same biogeographical history could also be shown for the Lepidoptera Polyommatus
coridon (Kiihne et al., 2017) and the conifer Pinus sylvestris (Cheddadi et al., 2006).

4.2.3. Migration

If one assumes mainly barochory and myrmecochory as mode of dispersal for Adonis vernalis, the
range of the species is very limited and the colonisation of the current distribution range would require
a long time, even assuming continuous habitat. Perhaps greater distances were overcome through
zoochory, whereas epizoochory is more likely than endozoochory due to the toxicity of the plant.
Conceivable here, but not yet proven, is transport via the hoofs of grazing ungulates (Schulze,
Buchwald and Heinken, 2014), or by mammals, in whose fur the seeds could get caught on their small
hooks (Albert et al., 2015), or by birds, which could have transported the seeds under their feet.

From Spain, no migration to other countries took place according to my analyses, but there are stable
populations of A. vernalis until today, resulting in a high genetic differentiation and low expected
heterozygosity (Figure 27). Starting from eastern Pannonia about 210 kya (Figure 19) (Chibanian,
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Middle Pleistocene, Riss ice age), A. vernalis spread westwards and eastwards, resulting in genetically
distinct clusters (Figure 13). A similar relationship was found in Hirsch et al. (2015), where Romanian
populations were placed in the network between populations west and east of Romania. As Kropf et
al. (2020) conclude, the population history in Romania might be characterized by large and stable
population sizes, which would fit our hypothesis that populations in eastern Pannonia served as a
source of colonization since the late Pleistocene. Hirsch et al. (2015) found highest values of expected
heterozygosity in Romania and Ukraine, which also suggests the eastern Pannonian region as the
source area. However, the calculated values of expected heterozygosity of the data in this study were
about the same in western Pannonia and the Middle Pontic region, the eastern Pontic area and eastern
Siberia. The lowest values were found in Spain, as in Hirsch et al. (2015) (Figure 27). Hirsch et al. (2015)
divided the populations into central (Russian), intermediate (Ukraine and Romania) and peripheral
(Central Europe and Spain) populations. Based on my results - and supported by their own He and PPB
values - | would define the Ukrainian and Romanian populations as central, while all other populations
are peripheral.

Starting from eastern Pannonia, A. vernalis colonised the Eurasian steppe belt. Moving westwards, it
reached Germany about 86 kya during the Wiirm ice age (late Pleistocene) and probably expanded its
range up to northern Germany after the retreat of the glaciers in the north (Figure 13). The
relationships within European populations found in this study correspond to those of Kropf et al.
(2020).

In southern Germany, A. vernalis is found in isolated habitats such as the Garchinger Heide near
Munich, which was formed from gravel transported by the Alpine glaciers. During the last glacial
maximum, the glaciers reached almost as far as Munich. The gravel provided a nutrient-poor, dry
habitat and enabled the area to persist to this day as a habitat for endangered and rare plans from the
Mediterranean and Pontic-Pannonian region as well as for alpine species, as it was not easy to cultivate
and too dry for trees to grow, thus providing a habitat that lasted for centuries. Adonis vernalis may
have reached the Garchinger Heide during the Wiirm glaciation about 86 kya.

A migration wave from eastern Pannonia towards the east took place around 119 kya during the
Upper/Late Pleistocene, reaching the Pontic region and Siberia (Figure 18). In contrast to the western
populations, the eastern populations did not show a clear separation due to geographic distance
(Figures 23 and 24). This could be a consequence of a more contiguous habitat and consequently a
constant gene flow in the east.

Genetic differentiation in the species studied correlates with the geographic distance of the
populations, as shown by the Mantel test, confirming a mechanism of isolation by distance (Figure 26).

Probably at some point in the Mid Pleistocene there was a continuous steppe habitat suitable for
thermophilic steppe plants from Eastern Europe or even Asia to Spain, where A. vernalis could migrate
from east to west and reach Spain. Perhaps due to the increased humidity after the melting of the
glaciers, A. vernalis lost a large part of its supposed habitat and remained only in refuges in Spain and
eastern Pannonian. From Romania, the expansion of the present distribution area took place, starting
during the last ice age (Figure 18). Today, the central European habitats are fragmented and their
relationship to each other clearly depends on their geographically distance, while the populations in
the east are not as clearly structured, perhaps due to the more continuous habitat.
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5. Conclusio

Since the steppe developed first in Central Asia and only after that in Europe, old steppe plants are
expected to share this part of steppe history: An origin in Central Asia, followed by a spread to the
west in the Eurasian steppe belt, as seen in some species of the genus Allium (Li et al., 2010). This could
be shown for the autochthonous and old steppe species Krascheninnikovia.

In contrast, younger steppe species may also have originated in Europe and migrated from Europe
eastward to Asia. We could observe this in A. vernalis, which probably originated in Europe and
migrated from eastern Pannonia to the east and thus to Asia. However, we could also detect a western
migration to Germany in this species, which suggests that A. vernalis spread in the already existing
steppe area and did not spread with the expanding steppe like possibly Krascheninnikovia.

The Altai Mountains could be an important refuge for Krascheninnikovia. It may have survived the
millions of years between diversification and dispersal, retreating to possibly more southern
mountains until climatic conditions were ideal for dispersal to the plains. However, the range of
A. vernalis does not extend that far east, so the Altai Mountains did not play a role in the evolutionary
history of the species. For A. vernalis, the Black Sea coast and areas in Romania and Spain seem to be
important refuges.

The repeated transgressions of the Caspian Sea have left traces in the genetic structure of the
populations of Krascheninnikovia: A separation of the populations in this area over a longer period of
time can be assumed due to the split in LEA. Some populations of Krascheninnikovia may have survived
the transgressions in Europe, while others may have found refuge in the southern Ural Mountains, for
example. We cannot see this pattern in A. vernalis. Perhaps the species was not so widespread at that
time, or the eastern populations died out during transgression.

While Krascheninnikovia apparently benefitted from the changing climate in the Pleistocene, Adonis
vernalis faced major habitat losses during glacial phases. The paleoclimatic models showed a broad
range of suitable habitat for Krascheninnikovia, while Adonis vernalis would have been restricted to
Mediterranean and Black Sea coast lines during glacial phases.

While the origin of the Austrian Krascheninnikovia populations is not completely clear and
anthropogenic influence cannot be excluded, A. vernalis seems to have colonised Europe naturally.
However, it could only survive in steppe-like areas and therefore had to retreat to such areas due to
the changing climate. This may have led to today's fragmented distribution of populations, whose
genetic information suggests a natural, gradual migration to the northwest. The limited dispersal
possibilities of A. vernalis (a few metres per year) speak for a once continuous (meadow) steppe area
in Europe, which was then scattered, separating Adonis populations from each other. The fact that
Krascheninnikovia also has old occurrences in today's comparatively humid Europe could indicate that
the steppe in Europe used to be very dry and changed over time into a wetter steppe, in which
A. vernalis was then able to expand.
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Appendix A: Krascheninnikovia - PCR amplification
conditionsfor each genomic region.

Chloroplast atpB-rbcL intergenic spacer cycling program:
Initial denaturation at 94°C for 2 min;

35 cycles of 94°C for 30 s,

56°C for 30s,

72°Cfor60s;

and final extension at 72°C for 5 min.

Chloroplast rpl32-trnL and trnL-trnF regions cycling program:
Initial denaturation at 94°C for 2 min;

30 cycles of 94°C for 30 s,

50°C for 30,

72°Cfor60s;

and final extension at 72°C for 5 min.

Nuclear ITS5-ITS4 cycling program:
Initial denaturation at 94°C for 2 min;
35 cycles of 94°C for 30 s,

50°C for 30,

72°C for 2 min;

and final extension at 72°C for 5 min.

Nuclear ETS cycling program:

Initial denaturation at 96°C for 1 min;
35 cycles of 96°C for 10 s,

60°C for 30s,

72°Cfor 20s;

and final extension at 72°C for 7 min.
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Appendix B: Krascheninnikovia - results of ipyrad analysis of
GBS data set.
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Genetic clustering of samples as revealed using LEA is shown as pie charts for K = 2 to K = 7 clusters.
The first split occurred in Central Asia, dividing the populations west and east of the Khangai Mountains
(K =2), followed by a split in the area of the Ural Mountains (K = 3). At K = 4, the American populations
separate; at K =5, the populations of the Altai Mountains form their own cluster. At K = 6, the diploids
and tetraploids of Middle Asia and adjacent areas each form their own group. The seventh cluster
comprises a single population from Austria.
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Phylogeographic analysis using the DIVALIKE model of the R package BioGeoBEARS. Colours indicate
the origin of the samples (compare Appendix B: SVDQ). Branches were collapsed when several
members of the same populations clustered together. Krascheninnikovia spread from the Altai
Mountains to the east, reaching Eastern Central Asia and North America, and to the west, reaching
Middle Asia and Europe.
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