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Highlights 

• Several genetically and geographically distinct intraspecific lineages discovered 

• Diversification of Camelina occurred around the Pliocene/Pleistocene boundary 

• Diversification of Camelina occurred in the western and central Irano-Turanian region 

• Potential of the external transcribed spacer as a barcode region discovered 

• Morphological determination highly congruent with genetic delimitation methods 

 

Abstract 

Stretching 8,000 km from the Pannonian basin and the Danube delta in the West to the 

Manchuria region in the East and reaching up to 1,000 km in width, the Eurasian steppe belt 

is the vastest steppe region worldwide. However, our knowledge about the temporal and 

spatial patterns of floral origin and evolution of the Eurasian Steppe is limited and 

inconclusive. Case studies on typical steppe flora may help us close such gaps. The study 

subject of this project was Camelina – a taxon which occupies open dry habitats in 

temperate zones of Eurasia. To infer the evolutionary history of this genus, maximum 
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likelihood optimisation in RAxML and Bayesian Inference approach were carried out, based 

on the nuclear external transcribed spacer region. Furthermore, we performed a secondarily 

calibrated time estimation analysis using Bayesian optimisation in BEAST to infer potential 

influence of climatic shifts and paleogeographic events on the distribution patterns of 

Camelina and carried out an ancestral area reconstruction analysis using a Bayesian Binary 

Method. Our study resulted in a well-supported phylogeny that corresponds with the 

species morphology and uncovered several genetically distinct inter- and intraspecific 

lineages which appear to correlate geographically. Time divergence estimation argue for the 

diversification of Camelina to have taken place in the Middle East around the transition from 

Pliocene to Pleistocene (3-2 mya), and its historical biogeography to have been under a 

strong influence of several glacial periods and their palaeoclimatic and palaeoenvironmental 

consequences. Its young age also explains the subtle morphological character differences 

among species and high interspecific hybridisation potential. We further discuss the 

rediscovery of wild Camelina sativa populations and propose the external transcribed spacer 

as a ribotype identifying region for young and rapidly evolving core eudicot lineages.  

 

Keywords: florogenesis, Eurasian steppe, dated phylogeny, ancestral area reconstruction, 

Camelina, Brassicaceae 

 

1 Introduction 

The Eurasian steppe belt stretches an impressive 8000 km from the Danube basin in 

Romania all the way to northeast China and can be up to 1000 km wide (Lavrenko, 1969). 

Despite being the largest grassland region in the world, little is known about the florogenesis 

(= floral origin and evolution) of this belt. It has been argued that the Eurasian steppe 

developed during the early Miocene around 20 million years ago (mya) in Central Asia (Jiang 

and Ding, 2009; Strömberg, 2011), but there is accumulating evidence for an earlier origin 

(Gomes Rodrigues et al., 2012; Hurka et al., 2019; Mai, 1995; Quan et al., 2014). Regardless 

of the exact age, the onset and development of the Eurasian steppe belt was under strong 

influence of worldwide Palaeogene cooling trend interrupted by warming periods and 

development of the Asian monsoon system. Together with the retreat of Paratethys and the 

uplift of the Tibetan Plateau, early Oligocene disappearance of the Turgai Strait played a 
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pivotal role in the initial aridification of Central Asia (Hurka et al., 2019 and references 

therein). However, it remains unclear to what extent each of these features contributed to 

the climate-landscape history of the Eurasian steppes. 

Earliest records of steppe climate and vegetation for the East European Plate are from the 

late Miocene time, less than 9 mya (Bruch et al., 2011; Ivanov et al., 2011; Jacobs et al., 

1999; Velichko, 1999). The steppe ecoregion was strongly influenced by past climatic shifts. 

One of the most prominent transitions was the Last Glacial Maximum followed by Late 

Glacial climate warming, in which the vegetation went through dramatic changes caused by 

extensive flora die out (Binney et al., 2017; Frenzel, 1968; Tarasov et al., 2000). Megafaunal 

extinctions on local and global levels at the end of the late Pleistocene and early Holocene 

took place (Barnosky, 2004; Bartlett et al., 2016; Fiedel, 2009; Orlova et al., 2004; Owen-

Smith, 1987), resulting in a sudden lack of herbivores likely influencing the development of 

the Eurasians grasslands (Strömberg, 2011). Recent studies argue that the decline of large 

herbivores induces major alterations in landscape structure and ecosystem function (Bakker 

et al., 2016; Sandom et al., 2014). Furthermore, during glacial and interglacial cycles, 

continuous expansions, contractions and latitudinal range shifts of the Eurasian steppe belt 

have been documented (Frenzel, 1968; reviewed in Hurka et al., 2019) alongside with 

massive longitudinal range splits of the Eurasian steppe belt. These were caused by 

transgressive-regressive events of the Caspian Sea and ice damming of the Siberian river 

systems (Arkhipov et al., 1999; Mamedov, 1997; Svitoch, 2012; Tudryn et al., 2013).  

The genetic footprint of typical dry-adapted steppe species mirrors these changes and allows 

for detailed studies of the Eurasian steppe belt florogenesis in time and space (Franzke et al., 

2004; Friesen et al., 2016; Herden et al., 2016; Volkova et al., 2017). Brassicaceae is one of 

the biggest and highly diverse plant families of the steppes (Bone et al., 2015), whose 

representatives have diversified mostly in cool and dry environments around the Eocene-

Oligocene boundary (Hohmann et al., 2015). The tribus Camelineae DC. has diversified in the 

late Miocene (Guo et al., 2017) and is one of the most comprehensively studied Brassicaceae 

tribes, including important model systems such as Arabidopsis and Capsella and 

economically important Camelina (Koch et al., 2018). 

False flax (Camelina, Camelineae, Brassicaceae) is currently comprised of nine species—

Camelina alpkoyensis Yild., Camelina alyssum (Mill.) Thell., Camelina anomala Boiss. & 
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Hausskn. ex Boiss., Camelina hispida Boiss., Camelina laxa C.A. Mey., Camelina microcarpa 

Andrz. ex DC., Camelina neglecta J.Brock, Mandáková, Lysak & Al-Shehbaz, Camelina 

rumelica Velen. and Camelina sativa (L.) Crantz (Al-Shehbaz, 2012; Brock et al., 2019). They 

are annual or biennial herbs, presently growing mostly in open and disturbed habitats, 

including pastures, dry grasslands and along roadsides and railways (Francis and Warwick, 

2009). While C. alyssum, C. microcarpa and C. sativa have been introduced to the New 

World, the rest of the species show a more restricted distribution, not expanding further 

than the Western Asiatic part of the Irano-Turanian floristic region (sensu Takhtajan 1986). 

The latter region is also speculated to represent the area of origin not only of Camelina, but 

of the whole Brassicaceae family (Hedge, 1976). Interspecific and intergeneric hybridisation 

is a common phenomenon in Camelina (Julié-Galau et al., 2014; Séguin-Swartz et al., 2013) 

and together with subtle morphological character differences between species and 

numerous cytotypes, these make the taxonomy of Camelina notoriously difficult (Brock et 

al., 2018). Additionally, several contradictory cytotypes have been reported for this species 

group (Francis and Warwick, 2009; Koch et al., 2018; Martin et al., 2017), possibly due to a 

high hybridisation potential which further confounds accurate taxonomic inference. 

Fast-evolving rRNA operon regions such as the internal transcribed spacers 1 and 2 (ITS) 

(Schultz, 2005; Suh et al., 1993) have failed to delimitate the species in question, further 

preventing the recovery of true evolutionary relationships between the species (Brock et al., 

2018). Until now, no study has investigated other nuclear regions that could be useful as a 

barcode for species level taxonomic identification within the Camelina clade. Species 

delineation and their evolutionary relationships have been tackled successfully in a recent 

study using a double digest restriction site associated sequencing (ddRADSeq) approach, 

recovering distinct and highly supported clades that were congruent with morphologically 

assigned species names (Brock et al., 2018). However, not all Camelina species were taken 

into account. Had all the known species been included and sampled across their entire 

geographic range, the topology of the phylogenetic tree might be different. 

Identifying plant species with DNA-barcodes is already a well-established methodology that 

cost effectively promotes biodiversity assessment, conservation, ecological and life history 

studies of plants (Kress et al., 2005). As such, it is a widely used tool despite possibly being 

confounded by plant hybridisation, asexual reproduction, genome duplications and 
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incomplete lineage sorting (Fazekas et al., 2009; Stebbins, 1950). Fast and efficient species 

determination of Camelina is of practical nature due to its agricultural implications and 

hybridisation potential. For example, important oilseed crop species C. sativa is limited by 

lack of certain desirable agronomic, yield and oil quality traits (Iskandarov et al., 2014). 

Recovery of potential wild genetic resources would thus come in handy to enhance its 

breeding pool and potentially improve these inhibiting characteristics. However, because of 

its young age and supposed rapid speciation, finding an informative barcode for Camelina is 

likely a difficult task.  

The overall aim of our studies is to place the development of the flora of the Eurasian steppe 

belt into time and space. To achieve this goal, case studies are needed. Here, we carried out 

a phylogenetic and historical biogeographic reconstruction of the Camelina genus and 

consequently characterised the spatial and temporal patterns of this group within the 

florogenesis of the Eurasian steppe belt. Furthermore, we demonstrated the ribotype 

identification applicability of a well-known nuclear coding region, the external transcribed 

spacer (ETS), for the Camelina group and investigated the congruency between 

morphological and genetic species delimitation methods.  
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2 Materials and methods 

2.1 Taxon sampling and distribution range surveys 

We compiled a taxon sample covering the whole distribution area and all the known species 

of Camelina (also see Discussion). Distribution maps were put together primarily using 

geographical range information from the literature (Vassilczenko, 1939; Nikiforova, 2004; 

Meusel et al., 1965) and our own field data, and only secondarily using online databases 

(Plants of the World Online, http://www.plantsoftheworldonline.org/), whose entries were 

critically assessed before being included in the survey. Plant material was obtained from 

specimens deposited in HBG, JE, MW, NSK and OSBU herbaria (Fig. S1). In addition, several 

accessions collected as seeds during field trips have been sowed and grown in the 

greenhouse of the University of Osnabruck. In some cases, fresh leaves were collected in the 

field, dried in silica gel and used directly for DNA isolation (for the taxon list, see Fig. S1).  

Currently, the tribe Camelineae encompasses Arabidopsis (DC.) Heynh. nom. cons., Camelina 

Crantz, Capsella Medik. nom. cons., Catolobus (C.A. Mey.) Al-Shehbaz, Chrysochamela 

(Fenzl) Boiss., Neslia Desv. nom. cons. and Pseudoarabidopsis Al-Shehbaz, O’Kane & R.A. 

Price (Koch et al., 2018). To reduce potential topological and time estimation artefacts due 

to a biased taxon sampling, we included at least one representative per higher taxonomic 

unit (genus) in our analysis. The taxonomic placement of Noccidium endemic to Iran has 

been controversial, as morphological evidence and some molecular studies (Couvreur et al., 

2010) have consistently placed it into Coluteocarpaeae (German, 2018). Therefore, it was 

excluded from our analysis. For the same reason, all but two currently accepted Camelina 

species were used in this study to ensure our analyses were representative and robust. The 

following Camelina species were included in the analyses: Camelina alyssum (Mill.) Thell., 

Camelina anomala Boiss. & Hausskn. ex Boiss., Camelina hispida Boiss., Camelina laxa C.A. 

Mey., Camelina microcarpa Andrz. ex DC., Camelina rumelica Velen. and Camelina sativa (L.) 

Crantz.  

The identity of Camelina alpkoyensis Yıld. (Yıldırımlı, 2011) remained unresolved and was 

therefore not included in the analysis. The type specimen is currently at the author's 

disposal only and neither leaf nor seed material is available for molecular analysis (Yıldırımlı, 

pers. comm. Sept. 19th 2018). The holotype material was supposedly located in the 

Herbarium of Hacettepe University (Turkey); however, their database does not hold any 
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information of it (Özüdoğru, pers. comm.). Thus, molecular analysis, which would clarify 

whether this truly is a species or just an ecotype of Camelina laxa, could not have been 

carried out. During the course of this study, a new species Camelina neglecta J.Brock, 

Mandáková, Lysak & Al-Shehbaz was described (Brock et al., 2019). Nevertheless, as the 

origin of the type material is an unspecified seed collection without geo-referenced data 

deposited at the USDA and since no original voucher was ever recovered, we also excluded 

this taxon from the present analysis.  

Geographical data was recorded at the specimen collection site, recovered directly from the 

voucher specimens or reconstructed by using TopGlobus (http://www.topglobus.ru/), 

Wikimapia (http://www.wikimapia.org/) and Loadmap (http://loadmap.net/) based on text 

information from the voucher specimens. Distribution maps were produced using QGIS 

(https://qgis.org/en/site/). The Eurasian steppe belt shape included the following geographic 

units: Altai Steppe and Semi-Desert, Daurian Forest Steppe (NE Mongolia, S Siberia), Eastern 

Anatolian Montane Steppe, Emin Valley Steppe (China-Kazakhstan border), Kazakh Forest 

Steppe, Kazakh Steppe, Kazakh Upland, Mongolian-Manchurian Grassland, Pontic Steppe, 

Sayan Intermontane Steppe, Selenge-Orkhon Forest Steppe (north-central Mongolia) and 

South Siberian Forest Steppe. Their descriptions were taken from The Nature Conservancy 

(http://maps.tnc.org/gis_data.html) and WWF For a Living Planet – Temperate Grasslands, 

Savannas and Shrubland Ecoregions (https://www.worldwildlife.org/biomes/temperate-

grasslands-savannas-and-shrublands). The geographic terminology of the East European 

Plain followed the floristic division of Komarov’s U.S.S.R Flora included in the Flora Europaea 

(as outlined in Tutin et al., 1993). 

 

2.2 Molecular analyses and ancestral area reconstruction  

Total genomic DNA was isolated from herbarium specimens using the InnuPREP Plant DNA 

Kit (Analytic Jena AG, Jena, Germany) according to the instructions of the manufacturer and 

used directly in PCR amplifications. PCR was carried out using 10 µl of 2X HS Taq Mix Red 

(Biozym Scientific, Hessisch Oldendorf, Germany), 7 µl of ddH2O, 1 µl of each 10 µM primer 

and 1 µl of template DNA. Alternatively, PCR was carried out using 20.8 µl of ddH2O, 3 µl of 

10x Taq Buffer with MgCl2, 2 µl of 10mM dNTP mixture, 1 µl of DMSO, 0.2 µl of 5U Taq 
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Polymerase, 1 µl of corresponding primer, and 1 µl of the template DNA. The analysed ETS 

region spanned from a conserved sequence segment in the 18S rRNA operon to a semi-

conserved 9-bp motif near the 5’ end of ETS (Cordesse et al., 1993). Slightly shortened 

primer 18S-IGS (5’-GAGACAAGCATATGACTACTGGCAGGATC-3’; Baldwin and Markos, 1998) 

and ETS-9 primer (5’-CATGGGCGTGTGAGTGGTGA-3’; Wright et al., 2003) were used. PCR 

conditions included initial denaturation at 95 °C for 5 min, 35 cycles of denaturation at 95 °C 

for 30 s, primer annealing at 55 °C and extension at 68 °C for 1 min, and additional extension 

at 68 °C for 10 min. Samples that yielded single bands once run through gel electrophoresis 

were sent to Microsynth Seqlab (Gottingen, www.microsynth.ch)   for purification and 

sequencing. Sequences from each accession were manually edited in Chromas Lite 2.6.4 

(Chromas | Technelysium Pty Ltd) and aligned and manually corrected in AliView v1.24 

(Larsson, 2014). In addition to the ETS region, internal transcribed spacer (ITS) and trnL 

intron, psbA-trnH, ndh-rpL32 and trnQ-rps16 chloroplast regions were also investigated on a 

reduced taxon sample to infer potential intraspecific variation, using corresponding primers 

published previously in Blattner (1999), Taberlet et al. (1991), Sang et al. (1997) and Shaw et 

al. (2007), respectively. 

Maximum likelihood tree inference relied on RAxML-HPC v8.2.10 (Stamatakis, 2014) with 

1000 ML bootstrap iterations with the default number of distinct rate categories. Tree 

searches were executed from a random maximum-parsimony tree employing either the 

GTRCAT or the GTRGAMMA bootstrapping phase model. In addition, Bayesian Inference was 

carried out using MrBayes v3.2.6 (Ronquist et al., 2012) under GTR+Γ substitution model 

using the random-addition-sequence method with 10 replicates. Two independent Markov 

chain Monte Carlo (MCMC) analyses of four chains were run – one cold and three heated. 

Runs were carried out for 20 million cycles, with parameters and trees sampled every 1,000th 

cycle including an appropriate burn-in (10%) as inferred from the evaluation of the trace files 

using Tracer v1.6.0 (Rambaut et al., 2018). 

Molecular dating analyses relied on BEAUti & BEAST v1.8.4 (Suchard et al., 2018) and the 

strict clock model. The use of the strict clock model was justified, after assessing the 

coefficient of variation in the trace file, which did not exceed 0.3. We used a Coalescent: 

Constant Size tree prior, the GTR+Γ substitution model, and three independent Monte Carlo 

Markov chains (MCMC) runs for 20 million generations, with parameters sampled every 
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10,000th generation. Effective sample sizes (ESS) for all estimated parameters were assessed 

using Tracer v1.6.0 (Rambaut et al., 2018). TreeAnnotator v1.8.4 (Suchard et al., 2018) was 

used to discard 10% of the saved trees and annotate the rest of them. Maximum clade 

credibility tree with median node heights was visualized using FigTree graphical viewer of 

phylogenetic trees v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). All sequence 

evolution models used in this study were assessed using the Akaike information criterion 

(AIC) implemented in the jModelTest2 v2.1.6 (Darriba et al., 2012). All the analyses were 

carried out at the CIPRES Science Gateway computing facility (Miller et al., 2010). The 

aligned matrices are available as *.nex files upon request. 

Time estimation analysis was carried out using only one representative per ribotype, 

reducing the whole dataset to 26 entries. The following two secondary calibration points 

were used in the analysis: the crown age of tribus Camelineae dated to 8.16 ± 2.0 mya 

(Hohmann et al., 2015) and the crown group of Arabidopsis dated to 5.72 ± 1.40 mya 

(Hohmann et al., 2015; Koch, 2019; Novikova et al., 2016). To elucidate the historical 

biogeography of Camelina, an ancestral area reconstruction was carried out, using the 

Bayesian binary MCMC (BBM) method (Ali et al., 2012) implemented in RASP v4.1.0 (Yu et 

al., 2015). Distribution ranges were divided into four regions: (A) Europe, including Pontic 

steppe, (B) western and central regional sub centre of the Irano-Turanian region (Léonard, 

1988), (C) Kazakh steppe, uplands and East Kazakhstan and (D) Mongolian-Chinese steppe. 

The BBM was run with a fixed state frequencies model (JC model) including either equal 

among-site rate variation or gamma distribution (0.001, 200) for two million generations, 

ten chains each, and two parallel runs. Maximal number of allowed areas was set to two and 

we sampled every 1000th tree with a final burn-in of 10%. Furthermore, region combinations 

A and D, as well as B and D were not allowed.  
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3 Results 

3.1 Phylogeny and geographic distribution 

In total, 120 sequences were generated and deposited to GenBank under MN120314—

MN120430 over the course of the study. The ETS alignment encompassed 122 entries, was 

431 bp long and comprised 280 constant characters, 52 variable characters and 99 

parsimoniously informative characters. Fig.S2 shows the best-scoring Maximum Likelihood 

(ML, LBS values) tree (–ln=1835.01) carried out by employing the GTRCAT bootstrapping 

phase model and the Bayesian tree (BI, BPP values). Both trees show a well resolved 

backbone and congruent topologies, but not fully resolved internal topology. This is the first 

well-supported phylogeny of Camelineae that includes all the representatives of the tribus. 

Arabidopsis (100LBS, 1.00BPP), Capsella (100LBS, 1.00BPP) and Camelina (97LBS, 1.00BPP) 

taxa were recovered as monophyletic. Neslia was placed as the sister group to Camelina 

(99LBS, 1.00BPP) and Catolobus tentatively as the sister group to Capsella (80LBS, .94BPP). 

The exact position of Chrysochamela remained unclear. Camelina laxa was ranked at the 

base of Camelina group (97LBS, 1.00BPP). Internal relationships of C. sativa ribotypes (R1 

and R2), C. alyssum, C. anomala and C. hispida remained unclear, albeit moderately 

supported and grouped according to the morphology. Eastern C. microcarpa ribotypes (E1 

and E2) were placed as sister ribotypes (94LBS, .91BPP) to a combined C. microcarpa 

Western ribotypes (W1 and W2) and C. rumelica (98LBS, 1.00BPP). Further subgrouping 

within Eastern C. microcarpa ribotype as well as within Western C. microcarpa ribotype was 

recognised, albeit with a very low statistical support (66LBS, .57BPP for the eastern ribotypes 

and 61LBS, .00BPP for the western ribotypes). No delimitating names have been assigned to 

the Camelina microcarpa and Camelina sativa ribotypes. The investigated internal 

transcribed spacer (Fig. S3) as well as the chloroplast regions (data not shown) displayed 

little to no variation in Camelina and were therefore not used for further studies.  

On the species level, ribotypes and morphological determinations recovered highly 

congruent results. Morphological determinations were carried out based on the 

inflorescence structure, fruit size and shape, life strategy, and stem hairiness, following Al-

Shehbaz (1987), Brock et al. (2019) and Mirek (1984). Camelina rumelica was not only 

genetically, but also morphologically well separated from the rest of Camelina species. Its 

stem is namely covered in numerous long simple trichomes and its fruits are more densely 
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spaced in the upper than in the lower part of the infructescence. Life strategy and size of the 

fruits separated the C. microcarpa (Fig. 1) from C. sativa-alyssum. While C. sativa and C. 

alyssum are the only summer annual species and have (probably through human induced 

directional selection) developed significantly bigger fruits and seeds, C. microcarpa exhibits a 

winter annual life strategy and produces significantly smaller fruits and seeds. Camelina 

sativa and C. alyssum were told apart based on the stem hairs. While C. sativa builds mostly 

stellate trichomes, stems of C. alyssum are covered in short simple non-branching trichomes. 

Camelina anomala, C. hispida and C. laxa were the only three morphologically distinct 

species. Camelina anomala possesses simple stiff hairs only on the lower stem parts and 

linear-cylindrical siliques with seeds arranged in one row only, whilst all the other Camelina 

species build pyriform fruits with two-rowed seeds. Camelina hispida has pubescent middle 

stems and inflorescences and C. laxa exhibits heavily flexuous infructescences. Camelina 

hispida and C. laxa are also self-incompatible, while all the other Camelina species are self-

compatible. The self-compatibility of C. anomala is currently unknown. 

Camelina microcarpa can be found across the whole Eurasian Steppe belt and is the most 

widely distributed species of Camelina in Eurasia (Fig. 3). A similar geographic area was 

observed for Camelina sativa, however its natural distribution range remained unclear. Our 

surveys found C. sativa across the whole Eurasian steppe belt, with a gap in the Central 

Kazakh steppe (Fig. 4). Within C. sativa two ribotypes have been recognised, where one 

ribotype was discovered only eastwards from the Pontic steppe region. In the high altitude 

steppes of the Emin Valley (Kazakhstan-China border) both ribotypes co-occur nowadays. 

The distribution area of Camelina rumelica is more restricted, and encompasses southern 

parts of the Pontic steppe, lowlands of South-Eastern Europe, Middle East steppes and 

Western Kazakh steppes (Fig. 3). Camelina anomala, Camelina hispida and Camelina laxa 

grow only in Central Anatolian steppes and Middle East steppes (data not shown). Camelina 

alyssum was once found across most of Europe and Western Asia but is nowadays treated as 

extinct in Western and Northern Europe. However, it is still present, albeit scarcely, in the 

East European Plain. 

 

3.2 Time estimation analysis and historical biogeography 
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The overall topology of the phylogenetic tree and its rooting was in correspondence with 

other partial and whole plastome studies that have analysed phylogenetic and temporal 

aspects of Brassicaceae evolution (Guo et al., 2017; Hohmann et al., 2015). Time estimation 

analysis (Fig. 2) generated a highly congruent topology (compared to Maximum Likelihood 

and Bayesian Inference analyses), with ESS values exceeding 4000. It placed Camelina 

diversification on the Pliocene/Pleistocene border. The first major split in Camelina occurred 

at 1.5 ± 1 mya, resulting in a C. microcarpa-rumelica lineage and C. sativa-alyssum lineage 

including other species with highly restricted distribution area. The east-west split in the C. 

microcarpa-rumelica lineage was dated to 1.2 ± 1 mya and the split between C. microcarpa 

and C. rumelica first at 0.75 ± 1 mya. Irrefutable conclusions on C. sativa-alyssum lineage 

cannot be drawn due to a modest statistical support. 

Due to a smaller size of reconstructed areas and moderate statistical support on deeper 

nodes within Camelina, a Bayesian Binary Method (BBM) was used for ancestral area 

reconstruction, which accepts polytomies and tends to suggest single distribution areas for 

ancestral nodes more often than other methods (Müller et al., 2015). Both BBM models JC 

and JC+G generated highly congruent results (data not shown). The inferred ancestral area 

of Camelina was shown to be the western and central regional sub centre of the Irano-

Turanian region (Fig. 5: node 21), from which both Camelina lineages spread across the 

Kazakh steppes and uplands (Fig. 5: node 20). Eastern ribotypes of C. microcarpa evolved 

east of the Caspian Sea and potentially spread eastwards (Fig. 5: node 19 → 16). While 

western ribotypes of C. microcarpa and C. rumelica lineage never re-occupied the Irano-

Turanian region when migrating from east towards west (Fig. 5: node 19 → 18), C. hispida 

and C. anomala possibly returned to this floristic region (proportional increase of B in Fig. 5: 

nodes 15 → 14 → 12). Camelina rumelica plausibly developed in the Pontic steppe and later 

on occupied the Irano-Turanian floristic region (Fig. 5: node 18). Ribotype 2 of C. sativa did 

not migrate with the rest of species and rather stayed in the eastern steppes (east of 

Caspian Sea; Fig. 5: node 15). Contrary, C. alyssum and ribotype 1 of C. sativa migrated to 

the west (Fig. 5: node 14 → 13). For details on dispersal, vicariance and/or extinction events 

refer to the Fig.S5. 

 

4 Discussion 
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The use of molecular markers has greatly enhanced our knowledge on past vegetation 

patterns, including small, sub-regions of the Eurasian steppe belt (Kajtoch et al., 2016; 

Meindl et al., 2016; Meng et al., 2015; Plenk et al., 2017; Qiu et al., 2011). However, only a 

handful of studies (Franzke et al., 2004; Friesen et al., 2016; Hurka et al., 2012; Volkova et 

al., 2017) have focused on the Eurasian steppe belt as a whole. In our study, we put the 

biogeographical history of Camelina into time and space and linked it with past climate-

landscape features (Fig. 6). Furthermore, we present the first comprehensive 

phylogeographic study of Camelina encompassing the whole documented distribution 

ranges of all species. The only potential sampling artefact could be the lack of C. sativa 

accessions from the Central Kazakh steppe. Camelina sativa and C. alyssum are namely the 

only two Camelina summer annuals (Al-Shehbaz, 1987). As most of our fieldwork in the 

Kazakh steppe was carried out in early summer, these individuals could have escaped our 

notice. 

 

4.1 Phylogenetic Analysis of the Genus Camelina 

The tribus Camelineae was constrained secondarily with a node by Hohmann et al. (2015), 

where the tribus was represented using only three different genera – Arabidopsis, Camelina 

and Capsella. To justify this step, an additional time estimation analysis was carried out 

including only the taxa used in the Hohmann et al. (2015) study (Fig. S4). Topologies 

including time spans of both analyses were compared and no significant changes in time 

constraints or topologies were detected. Therefore, using the same node to date the whole 

Camelineae tribe seemed to be justified. Furthermore, crown group age time spans and time 

spans of speciation events in Capsella and Arabidopsis corresponded with previous 

independently published time span ages: crown age of Capsella dated to be up to 

approximately 1 mya (Douglas et al., 2015), the diversification of Arabidopsis to have taken 

place approximately 6 mya (Novikova et al., 2018), split between Arabidopsis and sister 

clade including Capsella dated to approximately 9 mya (Koch et al., 2000) and the 

Pleistocene origin of Capsella rubella and Capsella grandiflora (Hurka et al., 2012). Thus, 

despite using only secondarily calibrated nodes resulting in wider 95% confidence intervals, 

our results are supported by different independent studies that used different calibration 

methods. 
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Time estimation analysis and ancestral area reconstruction placed Camelina diversification 

at approximately 2.5 ± 1 mya on the Pliocene/Pleistocene border into the western and 

central regional sub-centre of the Irano-Turanian region. This time frame coincides with a 

global decline in temperatures and humidity (Yang and Ding, 2010), resulting in a cooler and 

dryer climate that promoted grassland expansion at the cost of forest decline. As a mostly 

continuous Eurasian steppe belt already existed on the Miocene/Pliocene border (Mai, 1995; 

Velichko, 1999), C. alyssum, C. microcarpa, C. rumelica and C. sativa consecutively might 

have spread across an already well-established steppe belt. According to our time estimation 

analysis, Camelina is a young genus, which explains the high levels of hybridisation potential 

and minute morphological character differences between species. Our study uncovers 

several ribotypes within Camelina group, indicating that despite minute morphological 

character differences even between species, intraspecific variation (at least in the ETS 

region) in Camelina is present.  

 

4.2. Historical Biogeography of the Genus Camelina 

4.2.1 Camelina microcarpa 

The split between C. microcarpa ribotypes E1 and E2 and joined C. microcarpa ribotypes W1 

and W2, and C. rumelica is dated to 1.2 ± 1 mya, which coincides with the short-lived 

Apsheronian transgression of the Caspian Sea (Kroonenberg et al., 1997; Svitoch, 2012; 

Tudryn et al., 2013). The last common ancestor of these taxa also occupied the Kazakh 

steppes, which furthermore supports the potential influence of the Caspian Sea 

transgression. This transgression was a result of a massive freshwater influx caused by the 

rise of temperatures and a consequent meltdown of glaciers. At its peak, Caspian Sea mean 

sea level was approximately 100 m higher than nowadays, covering the modern Volga–Kama 

catchment (Starobogatov, 1994; Van Baak et al., 2013). The western parts of the Pontic–

Caspian steppe were not affected by this transgression nor by other consequential events of 

the glacial periods, and thus provided a refugium for steppe vegetation (Stewart et al., 2010; 

Varga, 2010).  

Within each C. microcarpa ribotype subgroups, two additional ribotypes can be detected. 

However, the statistical support is modest. The two eastern ribotypes (coded in yellow and 
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orange in Fig. 3) and the two western C. microcarpa ribotypes (coded in dark and light green 

in Fig. 3) display only a weak geographical correlation. As the statistical support does not 

allow for irrefutable conclusions, we can only speculate that the weak geographical 

correlation of these two ribotypes could be related to human activity. Human influence 

might also explain that an outlier 12-0076-10-00 has a distinct E1 Kazakh ribotype, but is 

found in the German state of Rhineland-Palatinate in the Mainz Sand Dunes (dark green 

point in the left corner of Fig.2). Another explanation could be the dispersal mechanism of C. 

microcarpa. Wet seeds namely produce a thick mucilage coat, which promotes adherence 

ability and hence long-distance dispersal by either birds or cattle. An alternative explanation, 

however, would be that the distribution of western ribotypes is the result of extensive 

human influence. If this is the case, the Mainz outlier could represent a leftover of a once 

widely distributed E1 (eastern) ribotype. The Mainz Sand Dunes are namely home to a 

number of steppe elements (i. e. Gypsophila fastigiata, Onosma arenaria, Stipa capillata), 

whose distribution, with the exception of Mainz Sand Dunes, do not reach westwards of the 

Pannonian Basin (Hecker, 1987). 

 

4.2.2 Camelina rumelica 

Camelina rumelica separated from western ribotypes of C. microcarpa approximately 0.75 ± 

1 mya. This time span is known for intensified development of permafrost, loess and glacial 

sheets and consequential radical transformation of the zonal landscape structure. The Baku 

transgression of the Caspian Sea also belongs to this era (Hurka et al., 2019). The native 

distribution range of C. rumelica encompasses the southern parts of the East European Plain, 

Central Asia and Middle East, however it has also been introduced and naturalised in Central 

and western Europe, and in the United States (Plants of the World Online, 

http://www.plantsoftheworldonline.org/). We argue that this species developed in the 

Pontic-Caspian steppe in the mid-upper Pleistocene and expanded its distribution area 

westwards through southern East European Plain and southwards through Asia Minor. Such 

a scenario likely occurred during only recent glacial periods that favoured dry-adapted 

steppe species, which would also explain the lack of ribotype differentiation. Despite our 

extensive field trips and herbarium surveys, no C. rumelica plants were discovered east of 

the 70th meridian. Furthermore, there was also no distribution data on C. rumelica that 
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would indicate its presence east of the abovementioned meridian. This together with our 

ancestral area reconstruction further supports our argument that C. rumelica conceivably 

developed in the western parts of the Eurasian steppe belt and stepwise moved (south)-east 

and west from the Pontic steppe.  

 

4.2.3 Camelina sativa and Camelina alyssum 

Contrarily to previous assumptions (Brock et al., 2018), populations of Camelina sativa have 

been reported from the grasslands of the East European Plain, the Caucasus, the coastline of 

Caspian Sea, south-eastern parts of Central Asia (Emin Valley; China-Kazakhstan border) and 

southern Siberia. It remains unclear, however, if those populations are of anthropogenic 

origin or indeed reflect the species’ natural distribution range. With an exception of Emin 

Valley, all the other regions are well known for flax production in the past (Vavilov, 1992), 

thus it is possible that most of the investigated populations are the remnants of the former 

cultivated flax (Linum usitatissimum) fields. It has been stated that C. sativa is the ancestor 

of C. alyssum which has developed in flax fields as a result of directional selection, causing 

morphological changes in the plant’s habitus, fruit morphology and ripening type to 

resemble flax (Barrett, 1983). Thus, it also shares the same distribution dynamics as flax 

(Stebbins, 1950; Vavilov, 1992). This is supported by our topology, previous crossing 

experiments and detailed morphological studies that all point towards a close relationship 

between C. sativa and C. alyssum (Sinskaia and Bezluzheva, 1931; Stebbins, 1950; Tedin, 

1925; Zinger, 1909). With the abandonment of flax fields, the distribution range of C. 

alyssum also shrank and the species is nowadays considered extinct from most of Central 

Europe (Francis and Warwick, 2009). Both C. sativa ribotypes that were uncovered show a 

moderate east-west geographical correlation. Similar delineation into two groups has been 

observed recently, albeit with a different geographical correlation (Luo et al., 2019). The 

results are, however, incomparable as their study focused on a different geographic region 

and used a different set of markers.  

The overall geographic signal of Camelina has not been overshadowed by the human 

influence, despite being irrefutably proven to be extensively used already in the Neolithic as 

an oil source (Hovsepyan and Willcox, 2008). However, it remains unclear which species 
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exactly were used by humans in the Neolithic, if Camelina has just been gathered or actively 

cultivated, and if the latter, when and where the cultivation started (Brock et al., 2018; 

Hovsepyan and Willcox, 2008). 

 

4.3 Species’ Determination and Utility of Molecular Markers for the Genus Camelina  

Morphological determinations were highly congruent with the ETS sequences; hence the 

external transcribed region functions as a barcode for Camelina at least on a species level. 

Furthermore, we have uncovered at least two different ribotypes within C. microcarpa and 

at least two within C. sativa while amplifying this only 430 bp-long-region. This finding 

provides a powerful tool for further studies to undoubtedly identify the investigated 

Camelina species on a molecular basis, which is of great importance, as Camelina species are 

hard to delimitate based on morphology only. This locus may even work to delimitate 

species within other young, morphologically similar and highly plastic species groups, as the 

flanking regions for primers are highly conserved at least throughout the whole core 

eudicots (Baldwin and Markos, 1998; Wright et al., 2003). 

 

5 Conclusion 

Temporal and spatial aspects of florogenesis within the Eurasian steppe belt are poorly 

known, despite their great importance in climate-landscape reconstructions. We have 

uncovered hidden genetic diversity of Camelina, which harbours an important species for 

the agronomic oil industry – Camelina sativa. We have shown that phylogeny, differentiation 

and range evolution of Camelina indeed mirrors the climate/landscape dynamics of the 

steppe (Fig. 6) (Hurka et al., 2019). Furthermore, we put the development of the group into 

time and space and found a likely correlation between palaeogeographical and 

palaeoenvironmental events and the evolutionary history of Camelina. Current taxonomic 

treatments of Camelina have been confirmed using the ETS locus, however, only on the 

species level. Genetic dissimilarities of subspecies and their names were incongruent and 

their nomenclature remains to be completed. We trust that using the ETS will facilitate an 

easy and reliable species determination, possibly not limited to Camelina only. Despite 
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sharing history with humans, Camelina has developed on its own prior to its use in Neolithic 

period, however many aspects of the domestication are still yet to be answered. Our 

approach proved successful at uncovering another missing point-of-view of florogenesis 

within the Eurasians steppe belt.  
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Figures 

Figure 1: Habitus of Camelina microcarpa. A – Leaves (Tatarstan, Bavly; May 31st 2010; by 

E. Izmailov), B – inflorescence (Tatarstan, Bavly; May 31st 2010; by E. Izmailov), C – close up 

of an inflorescence (Krasnodar, Novorossiysk, Markotkh Ridge; May 16th 2016; by A. 

Malykhina), D – dried silicles (Krasnodar, Anapa, Utrish; May 10th 2016; by S. Banketov), E – 

seeds (Krasnodar, Anapa, Utrish; May 10th 2016; by S. Banketov). 

 

Figure 2: Dated phylogeny of Camelineae. Median rate is given in units of substitutions per 

million years (including 95% confidence intervals). Absolute ages are in millions of years, and 

epochs are indicated in the same colours as in (Gradstein et al., 2012). The numbers on the 

branches are statistical support values (above: ML bootstrap values, values <75 are not 

shown; below: Bayesian posterior probabilities, values <.90 are not shown). Significance 

levels: highly supported (***): BI ≥ 0.98, BS ≥ 95%; well supported (**): BI ≥ 0.90, BS ≥ 85% 

to < 95%; supported (*): BI ≥ 0.90, BS ≥ 75% to < 85%. Orange stars indicate the calibration 

points. 
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Figure 3: Distribution map of Camelina rumelica (ribotype indicated in red) and Camelina 

microcarpa (western ribotype 1 (W1) indicated in yellow, western ribotype 2 (W2) indicated 

in orange, eastern ribotype 1 (E1) indicated in dark green and eastern ribotype 2 (E2) 

indicated in light green). 

 

Figure 4: Distribution map of Camelina sativa (ribotype R1 indicated in dark blue and 

ribotype R2 indicated in light blue). 
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Figure 5: Ancestral area reconstruction of Camelina using the Bayesian binary MCMC (BBM) 

method, based on the time phylogeny derived from the BEAST analysis. The areas are coded 

as follows: (A) Europe, including Pontic steppe, (B) western and central regional sub centre 

of the Irano-Turanian region (Léonard, 1988), (C) Kazakh steppe, uplands and East 

Kazakhstan and (D) Mongolian-Chinese steppe. Unresolved parts are indicated in white. 

Numbers next to the nodes represent node frequency (%). 

 

Figure 6: Outline of the evolutionary history of Camelineae. W1 (western C. microcarpa 

ribotype 1), W2 (western C. microcarpa ribotype 2), RU (C. rumelica), E1 (eastern C. 

microcarpa ribotype 1), E2 (eastern C. microcarpa ribotype 2), AL (C. alyssum), S1 (C. sativa 

ribotype 1), AN (C. anomala), HI (C. hispida), S2 (C. sativa ribotype 2), LA (C. laxa). Taxa 

indicated with interrupted lines are Neslia, Catolobus, Capsella, Pseudoarabidopsis, 

Chrysochamela and Arabidopsis (from left to right). Geological epochs according to the 

International Commission on Stratigraphy (Cohen et al., 2018). 
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