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Judita Zozomová-Lihová a,*
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A B S T R A C T

Accurate species delimitation is essential for understanding biodiversity and evolutionary processes, yet it re
mains challenging in taxonomically complex groups shaped by recent divergence and reticulate evolution. 
Nevertheless, such groups offer unique insights into the earliest stages of speciation and its driving forces. The 
genus Erysimum (Brassicaceae), notable for its karyological diversity and high endemism, represents an excellent 
model for such studies. Here, we investigated the E. odoratum complex, encompassing up to 10 recognized 
species in the Carpathians and western Balkans, to test its monophyletic origin, clarify species boundaries and 
elucidate the main drivers of diversification. We combined cytotype screening (chromosome counting and flow 
cytometry), morphometric analysis, and two high-throughput sequencing methods: RADseq, to resolve phylo
genetic relationships as well as to detect fine-scale genetic structure and introgression; and target enrichment 
(Hyb-Seq), to elucidate polyploid origins. Our results demonstrate that the studied complex is polyphyletic, and 
we focused on the lineage comprising E. odoratum s.str. and Carpathian species. Phylogenomic data from the 
Carpathians contradict traditional taxonomy, which recognized up to four diploid endemics, and instead support 
a single species, E. witmannii with geographically structured genetic variation. Within E. odoratum s.str., we 
identified multiple polyploid cytotypes resulting from independent auto- and allopolyploidization events, 
although disentangling parental subgenomes, ancestral polymorphisms, and introgression remains difficult. We 
propose that diversification in this species complex has been driven by a combination of allopatric divergence 
and reticulate evolution (involving both introgression and allopolyploidy), further shaped by chromosomal 
dynamics such as dysploidy.

1. Introduction

Species are the fundamental units in many biological fields such as 
systematics, biogeography, ecology, evolution and conservation biology 
(de Queiroz, 2005). Accurate species delimitation is therefore essential 
not only for a correct assessment of biodiversity, but also for any 
research in these disciplines. Recognizing and delimiting species can be 
challenging, although an integrative approach is increasingly being 

taken, in which species boundaries are examined from multiple 
comparative perspectives (Dayrat, 2005; Oberprieler, 2023; Karbstein 
et al., 2024). Furthermore, the unified species concept, which defines 
species as independently evolving metapopulation lineages, eliminates 
conflicts between alternative species concepts by treating the traditional 
species defining properties as different lines of evidence relevant for 
assessing lineage separation (de Queiroz, 2007). This approach is not 
only more accurate and objective in delineating species, as it integrates 
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multiple data types, but also provides insights into the processes that 
lead to the separation of lineages (de Queiroz, 2007; Wiens, 2007; 
Oberprieler, 2023; Karbstein et al., 2024). As speciation is a continuous 
process in which morphological, ecological, and genetic differentiation, 
as well as reproductive isolation, evolve at different rates, a central 
challenge is how to integrate and reconcile contradictory results from 
diverse data sets to avoid under- or overestimating species diversity (de 
Queiroz, 2007; Dufresnes et al., 2020, 2023; Stankowski and Ravinet, 
2021; Karbstein et al., 2024). For instance, strong selection pressure can 
accelerate morphological or ecological divergence with low genetic 
differentiation, while genetic drift in peripheral and/or small pop
ulations can increase genetic divergence with little or no morphological 
change (Pinheiro et al., 2018; Oberprieler, 2023). Autopolyploidy or 
major chromosomal rearrangements leading to instantaneous repro
ductive isolation may not be accompanied by immediate morphological 
or ecological divergence (in terms of pollinators, phenology, habitats), 
resulting in cryptic diversity (Eriksson et al., 2017; Spoelhof et al., 2017; 
Mairal et al., 2018).

With the advent of high-throughput sequencing methods and 
genome-scale analyses that can reveal even subtle patterns of genetic 
structure, genetic divergence is now much easier to detect than in the 
past, but this also carries the risk of taxonomic over-splitting (Dufresnes 
et al., 2020; Chambers and Hillis, 2020; Vences et al., 2024). Formalized 
approaches to species-delimitation applied within a multispecies coa
lescence model, which can account for confounding processes such as 
incomplete lineage sorting, offer more certainty and less subjectivity 
(reviewed by Karbstein et al., 2024; Hausdorf, 2025). Nevertheless, they 
need to be carefully interpreted in geographically fragmented meta
populations with constrained gene flow and strong intraspecific popu
lation structuring (Yang et al., 2019; Mason et al., 2020). Therefore, 
despite the wealth of available data and tools, delimiting species is not 
necessarily a trivial task.

In the process of speciation, the genetic divergence of populations is 
driven by the combined forces of mutation, genetic drift, and differential 
selection pressures in the genome (Rieseberg and Burke, 2001; Ravinet 
et al., 2017). Other evolutionary processes that occur frequently in 
vascular plants include major genomic/chromosomal rearrangements 
(polyploidy, dysploidy) and hybridization, which generate reticulate 
evolutionary patterns and lead to taxonomically intricate species groups 
(Karbstein et al., 2024). These are groups of closely related species or 
metapopulations that are likely to be at an early stage of divergence with 
shallow differentiation, harbor ancestral polymorphisms, and are 
affected by on-going interspecific gene flow and neopolyploidization 
events. The study of such systems provides a unique opportunity to 
explore and understand the initial phases of speciation but also poses a 
challenge for objective and accurate species delimitation and correct 
assessment of species diversity (Pinheiro et al., 2018). Past taxonomic 
practice has usually led here to an excess of redundant (synonymous) 
species names, names of dubious or unknown application, where con
clusions were drawn on the basis of sparse plant material, mis
interpreted individual phenotypic variants, and failed to consider wider 
biological evidence (Dayrat, 2005).

The genus Erysimum L. is an ideal candidate to validate the tradi
tional, mainly morphology-based taxonomy and to investigate the di
versity and complexity of evolutionary and speciation processes. It is one 
of the largest but poorly explored genera of the Brassicaceae (>200 
species, German and Al-Shehbaz, 2008; Kiefer et al., 2014; German 
et al., 2023), distributed in the Northern Hemisphere, with centres of 
diversity in Southwest Asia and the Mediterranean Basin. Phylogenetic 
studies suggest that the current species diversity is the result of a recent 
and rapid radiation during the late Pliocene to early Pleistocene 
(Moazzeni et al., 2014; Züst et al., 2020). The genus is rich in endemics 
(Jalas and Suominen, 1994; Abdelaziz et al., 2014; Moazzeni et al., 
2014; Osuna Mascaró, 2020) and exhibits high karyological diversity 
(Polatschek, 2013; Kiefer et al., 2014). The most comprehensive 
phylogenetic reconstruction to date (Züst et al., 2020) revealed a high 

degree of gene discordance, likely due to incomplete lineage sorting, 
widespread introgression and polyploidy (see e.g., Osuna Mascaró, 
2020; Osuna-Mascaró et al., 2022, Osuna Mascaró et al., 2023).

Since the phylogenetic relationships in the genus are still poorly 
understood, the species are mainly classified into informal species 
complexes based on similar morphology and growth forms (Ball, 1993; 
Polatschek, 2013). One of these informal species groups, which is the 
subject of the present study, is the E. odoratum group (Ball, 1993; Jalas 
and Suominen, 1994). This group comprises diploid to hexaploid bi
ennials growing in xerothermic rocky meadows and shrublands, forest 
edges, screes and cliffs, predominantly on calcareous substrates (more 
rarely on serpentine and siliceous ones), with the centre of diversity in 
Central Europe and the western Balkan Peninsula. Up to ten species have 
been recognized within the group, although the recognition of some of 
them is doubtful or their delimitation uncertain. Neither the genetic nor 
the morphological divergence patterns within this group have yet been 
studied in detail. As a result, its taxonomic treatment quite differs among 
different sources (Ball, 1993; Jalas and Suominen, 1994; Michalková, 
2002; Oprea, 2005; Marhold, 2011; Polatschek, 2013; Kiefer et al., 
2014). The most widespread species is E. odoratum Ehrh., which is 
distributed from northeastern France to eastern Ukraine and spreads 
south to the northern Balkans (Jalas and Suominen, 1994; Polatschek, 
2013). In addition to the widespread tetraploid cytotype (2n = 32), the 
diploid cytotype (2n = 14) has also been detected in the Western Car
pathians (Michalková, 2002; Marhold et al., 2007). Nevertheless, the 
status of this diploid cytotype is uncertain. Due to presumed morpho
logical differences, some authors considered it as a separate species 
using not validly published names (E. vagicum nom. prov. or 
E. carpaticum nom. prov., see Kliment, 1999; Michalková, 2002), while 
Polatschek (2013) assigned these diploids to another species, 
E. witmannii Zaw. in his broad concept of this species. Three diploids 
were reported from the Carpathian range (Jalas and Suominen, 1994; 
Kliment, 1999; Michalková, 2002): E. witmannii (2n = 14, common in 
the Western Carpathians, scattered in the Eastern and Southern Carpa
thians), E. pallidiflorum Jáv. (2n = 14, restricted to the Western Carpa
thians and the adjacent Pre-Carpathian region) and E. transsilvanicum 
Schur (2n = 18, common in the Eastern and Southern Carpathians). 
Erysimum witmannii and E. pallidiflorum were reported to grow para
patrically but in different habitats (in terms of plant communities, alti
tude and slope inclination) and morphologically differing in some 
quantitative traits (Michalková, 1999, 2001, 2002). Both have pale, 
sulphur-coloured petals in contrast to the bright to golden yellow petals 
present in E. odoratum s.str. (Michalková, 2001). The circumscription of 
E. transsilvanicum (also treated as E. witmannii subsp. transsilvanicum 
(Schur) P.W.Ball; Oprea, 2005) and its distinction from E. witmannii has 
never been examined in detail and remains uncertain.

Furthermore, five other species of the E. odoratum complex have 
been reported from the Balkans (Ball, 1993; Jalas and Suominen, 1994): 
three allopatric species of the montane to (sub)alpine belt, E. carniolicum 
Dolliner (2n = 14, distributed from Slovenia to Montenegro), 
E. kuemmerlei Jáv. (2n = 14, Kosovo, North Macedonia and Albania), 
E. pectinatum Bory & Chaub. (2n = 12, 14; Peloponnese) and two 
recently described endemics of the southern Dinaric mountains 
descending to sea level (Polatschek, 2013), E. vitekii (2n = 12, southern 
Bosnia and Herzegovina, southern Croatia, Montenegro, northern 
Albania) and E. croaticum (2n = 42, southern Croatia and Kosovo). The 
variation in the number of chromosomes found even at the diploid level 
(2n = 12, 14, 18) and the tetraploid number (2n = 32), which is not 
twice the known diploid ones, suggest chromosomal rearrangements 
and high genome dynamics within this species complex.

In the present study, first we aimed at delimiting the E. odoratum 
species complex, testing the hypothesis of its monophyletic origin and 
resolving the phylogenetic relationships between the recognized spe
cies. As the monophyletic origin was refuted, we further focused on the 
clade comprising the widespread E. odoratum s.str. and Carpathian 
diploids. Using an integrative approach, considering genomic, 
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morphological, genome size and chromosomal data, we investigated 
whether the Carpathian endemics, described in the past but of uncertain 
recognition and delimitation, can be confirmed as separately evolving 
lineages (species). We also aimed at elucidating the main drivers of 
evolution within this complex, to find out whether chromosomal evo
lution (dysploidy and polyploidy) is coupled with speciation and how 
the polyploids originated (via auto- or allopolyploid pathways). This 
study provides valuable insights into early phases of speciation and 
contributes to the debate on appropriate species delimitation within 
taxonomically critical species complexes.

2. Material and methods

2.1. Plant material

We collected samples (specimens, leaves, seeds) from several pop
ulations of each species assigned to the E. odoratum group, which were 
geographically distributed to cover species’ ranges. The type localities 
were also sampled, provided they were sufficiently detailed in the pro
tologues, to ensure correct interpretation of the names. A total of 131 
populations of the target complex of E. odoratum were sampled. To test 
the hypothesis of its monophyletic origin, an additional 24 populations 
of nine other species from the target area were sampled, focusing mainly 
on diploids to minimize potentially confounding effects of polyploidy 
and reticulations (outside the target group) on the phylogenetic recon
struction. The additional species sampled included more widespread 
species (E. cheiranthoides L., E. cuspidatum (M.Bieb) DC., E. diffusum 
Ehrh.), Balkan endemics (E. calycinum Griseb., E. linariifolium Tausch, E. 
microstylum Hausskn.) or subendemics extending to the Carpathians, 
Apennines or Alps (E. comatum Pančić, E. crassistylum C. Presl, E. sylvestre 

(Crantz) Scop.). All sampled localities are listed in Supplementary 
Table S1. Geographic distributions of the target species are depicted in 
Fig. 1, and those of the additional species outside the E. odoratum group 
are shown in Supplementary Fig. S1.

In the Carpathians, we sampled all major mountains with known 
occurrences or suitable habitats. Unfortunately, the area of Ukraine 
could not be visited due to the war. However, records of E. odoratum and 
E. witmannii/E. transsilvanicum are scarce there (Jalas and Suominen, 
1994; Polatschek, 2010), reflecting the limited occurrence of alkaline 
calcareous bedrock in the Ukrainian Carpathians, predominantly 
restricted to the border area (Chyvchyny Mts., Kobiv and Prokopiv, 
2018) of the Maramureş Mts. in Romania. The classification of the pale 
yellow-flowered populations from the Western Carpathians into 
E. witmannii and E. pallidiflorum was morphologically ambiguous and 
primarily based on the geographic origin of the sampled populations 
(following Michalková, 1999, 2002, see Supplementary Table S1). The 
delimitation of E. witmannii and E. transsilvanicum in the Eastern and 
Southern Carpathians is unclear, and we could not distinguish between 
them in the field. All three diploid species, E. witmannii, E. pallidiflorum 
and E. transsilvanicum, were therefore collectively referred to as 
E. witmannii s.l. Our sampling included the type localities of E. witmannii 
(Pieniny Mts., Poland/Slovakia border) and E. pallidiflorum (Naszály, 
Hungary), and we conducted denser sampling in the Slovenský raj Mts., 
where both species presumably grow in close proximity (Michalková, 
1999). Diploid, bright to golden yellow-flowered populations from the 
Western Carpathians, which were previously assigned to E. odoratum s. 
str. (Michalková, 2002; Marhold et al., 2007), are referred to here with 
the provisional name E. vagicum nom. prov. to avoid confusion with the 
tetraploid E. odoratum s.str. (from here on without ‘s.str.’). Accessions of 
Malcolmia graeca, from the genus phylogenetically closest to Erysimum 
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Fig. 1. Sample sites and cytotype variation of the studied Erysimum species. A. Sample sites of E. odoratum, E. witmannii s.l., and the Balkan species assigned to the 
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(Hendriks et al., 2023), were used as outgroups in phylogenetic 
reconstructions.

2.2. Flow cytometric measurements of nuclear DNA content

Relative nuclear DNA content was estimated by flow cytometry 
(Doležel et al., 2007a,b) using the CyFlow Space instrument (Partec, 
Münster, Germany) equipped with a UV-LED excitation source. Usually 
four individuals were measured per each sampled population, but this 
number was increased when we observed heterogeneity in the measured 
values (see Supplementary Table S1). Silica gel-dried leaf samples were 
co-processed with leaf tissue of Solanum lycopersicum ‘Stupické polní rané’ 
(2C = 1.96 pg; Doležel et al., 1992) or Solanum pseudocapsicum (2C =
2.59 pg; Temsch et al., 2010) as an internal standard following a 
modified protocol using Otto buffers (Doležel et al., 2007b). Leaf tissue 
of the sample and the standard were co-chopped in 1 ml of ice-cold Otto I 
buffer (0.1 M citric acid, 0.5 % Tween 20), filtered through 42-μm nylon 
mesh, and the filtrate was mixed with 1 ml of a solution containing Otto 
II buffer (0.4 M Na2HPO4・12H2O) and DAPI (4 μg/ml) fluorochrome. 
The fluorescence intensity of 5,000 stained nuclei was measured, and 
flow cytometric histograms were analysed using FloMax software v. 
2.7d (Partec, Münster, Germany). Relative nuclear DNA content (2C 
value, expressed in arbitrary units; a.u.) was determined based on the 
ratio of the G0/G1 peak positions between the sample and the internal 
standard. Coefficients of variation (CV) were calculated for both the 
sample and the standard, with only histograms exhibiting CV values 
below 5 % threshold being accepted.

2.3. Chromosome counting

Chromosomes were counted in 43 selected populations (see Sup
plementary Table S1) chosen to represent the different genome size 
categories detected within the species studied to ensure that they were 
correctly assigned to the different cytotypes and ploidies. Mitotic chro
mosomes were counted from young anthers (collected and fixed either 
in the field or from plants raised from seeds) or from root tips (harvested 
from seedlings or cultivated plants). Chromosome spreads were pre
pared following Mandáková and Lysak (2016), stained with DAPI (2 
mg/ml) in Vectashield antifade, and analysed under a Zeiss Axioimager 
Z2 epifluorescence microscope equipped with a CoolCube camera 
(MetaSystems).

2.4. RADseq and Hyb-Seq libraries

Two next-generation sequencing methods were applied, double- 
digest RAD sequencing (ddRADseq, Andrews et al., 2016) and Hyb- 
Seq, a technique that combines target enrichment with genome skim
ming (Weitemier et al., 2014). While RADseq, which yields many short 
loci and a high number of single nucleotide polymorphisms (SNPs) 
distributed across genomes, is best suited for analysing relationships 
between recently diverged taxa, detecting fine-scale genetic structure 
within species, as well as introgression signals, target enrichment gen
erates longer loci that enable allele phasing, gene tree and species tree 
estimation. The latter is particularly advantageous for phylogenetic in
ferences in groups affected by reticulation and polyploidy. The combi
nation of these two techniques appears to be efficient in elucidating 
recent but highly reticulate evolutionary processes (Karbstein et al., 
2022). Here, we applied RADseq to each sampled population, analysing 
one to four individuals per population, while a selection of 34 samples 
(see Supplementary Table S1) was analysed for Hyb-Seq, specifically to 
examine the polyploid origin of E. odoratum.

Total genomic DNA was extracted from silica gel-dried leaves using 
the Exgene Plant SV kit (GeneAll, Seoul, Korea) and purified with 0.4x 
AMPure XP beads (Beckman Coulter, CA, USA). The double-digest 
RADseq libraries were prepared according to the protocol of Peterson 
et al. (2012) with some modifications as described in detail in Šlenker 

et al. (2024). The libraries were sequenced with 150-bp paired-end reads 
on Illumina systems at Novogene, Cambridge, UK.

The Hyb-Seq libraries were prepared using the NEBNext Ultra II FS 
DNA Library Prep Kit for Illumina (New England Biolabs, MA, USA) 
following the manufacturer’s protocol. Genomic DNA (250 ng per 
accession) was fragmented enzymatically, followed by end repair and 
dA-tailing with a single enzyme mix included in the kit. After the 
adaptor ligation and clean-up with the QIAquick PCR Purification Kit 
(Qiagen), size selection was performed by SPRIselect beads (Beckman 
Coulter) to produce 500–600 bp long fragments. Amplification was 
performed with eight cycles of PCR, using index primers from NEBNext 
Multiplex Oligos for Illumina. The amplified libraries were purified with 
0.75x AMPure XP beads (Beckman Coulter) and pooled equimolarly (24 
accessions/pool). The pooled libraries were enriched by hybridization 
with biotinylated RNA baits (using an Erysimum-specific bait set, see 
below for probe design and synthesis) at 65 ◦C for 26 h, using the 
myBaits kit and following the protocol v. 5.03 (Daicel Arbor Biosciences, 
MI, USA). The target-enriched libraries were PCR amplified for nine 
cycles using the KAPA HiFi HotStart mix (Kapa Biosystems, Cape Town, 
South Africa), purified with the QIAquick PCR Purification Kit, and 
pooled with an unenriched library fraction in a 2:1 ratio. After the final 
purification step with 0.9x AMPure XP beads, the libraries were 
sequenced with 150-bp paired-end reads on an Illumina MiSeq system at 
BIOCEV, Czechia.

To develop a custom set of Hyb-Seq probes, the genome and genome 
annotation of Erysimum cheiranthoides (ECHE2.0; Züst et al., 2020; 
available at https://erysimum.org), the chloroplast genome of the same 
species (NCBI accession number MN207123.1), and the mitochondrial 
genome of Arabidopsis thaliana (NCBI accession number OX261949.1) 
were used. The probe design followed the protocols outlined by Wei
temier et al. (2014) and Schmickl et al. (2016). Specifically, the co
ordinates of individual exons were extracted from the genome 
annotation file and used with Bedtools getfasta (Quinlan and Hallm, 
2010) to retrieve the corresponding exon sequences. To minimize the 
enrichment of multi-copy loci, exons with ≥ 90 % sequence similarity 
were identified using pblat (Wang and Kong, 2019) and removed, 
retaining only unique sequences. Additionally, only exons with a single 
genomic match were included to avoid targeting duplicated regions. 
Exons with ≥ 90 % similarity to chloroplast or mitochondrial sequences 
were also excluded. Final filtering retained 1,004 exons from 955 genes, 
ranging in length from 695 to 1,197 bp. These exons were compiled as 
target sequences for probe synthesis. In total, 20,000 biotinylated 80- 
mer RNA probes were synthesized by Daicel Arbor Biosciences (MI, 
USA).

2.5. RADseq data processing

Illumina sequencing reads were demultiplexed, quality-filtered, and 
deduplicated using the FASTX-Toolkit v. 0.0.14 (available at: http://h 
annonlab.cshl.edu/fastx_toolkit/index.html), fastp v. 0.20.1 (Chen, 
2023), and BBTools (https://jgi.doe.gov/data-and-tools/bbtools), 
respectively. Mapping to the genome of Erysimum cheiranthoides (Gen
Bank: GCA_011420285.1) was done using BWA 0.7.5a (Li, 2013), and 
subsequent variant calling and filtration (following a workflow adapted 
from GATK’s best practices; Van der Auwera et al., 2013) was performed 
by GATK v. 4.4.0.0 (McKenna et al., 2010), to obtain biallelic SNPs with 
no more than 20 % of missing genotypes. Moreover, samples with 
missing genotypes above 50 % were discarded. Unlinked RADseq loci 
were also identified to allow selection of a single random SNP per locus 
(unlinked SNPs were required for certain analyses, see below). All pro
cedures followed the workflows described in Šlenker et al. (2024) and 
Šlenker (2024).

Phylogenetic relationships were inferred by constructing a maximum 
likelihood (ML) tree in RAxML-NG v.0.9.0 (Kozlov et al., 2019) with 
inputs in PHYLIP format and the heterozygous genotypes represented as 
IUPAC ambiguities. The GTR model with Felsenstein’s method for 
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ascertainment bias correction were applied. The VCF file was converted 
to PHYLIP format using the vcf2phylip.py script (Ortiz, 2019), and 
invariant sites were removed using the ascbias.py script (available at htt 
ps://github.com/btmartin721/raxml_ascbias), following the recom
mendations of Leaché et al. (2015). Branch support and the degree of 
discordance were further assessed using the quartet sampling method 
(Pease et al., 2018), which enables distinction between weak support 
and conflicting signal within a phylogenetic tree. Further insight into the 
overall genetic structure was obtained using a Bayesian clustering 
approach implemented in STRUCTURE v. 2.3.4 (Pritchard et al., 2000) 
and a neighbor-net network in SplitsTree4 (Huson and Bryant, 2006). 
For the STRUCTURE calculations, we generated 100 datasets, each by 
randomly selecting a single SNP from every RADseq locus containing at 
least six SNPs, using the vcf_prune.py script (Šlenker, 2024). The cal
culations were performed and summarized as described in Šlenker et al. 
(2021). For the neighbor-net (NN) analysis, Nei’s genetic distances (Nei, 
1972) were calculated in the R package StAMPP (Pembleton et al., 2013) 
using R 4.4.0 (R Core Team, 2024).

Furthermore, a Bayes factor species delimitation analysis (BFD*, 
Leaché et al., 2014; Leaché and Bouckaert, 2018) was performed to 
statistically validate the genetic clusters within the Carpathian diploids 
(corresponding to E. witmannii s.l. and E. vagicum). Marginal likelihoods 
of species trees were derived using the Path Sampling approach with 
SNAPP v.1.4.2 (Bryant et al., 2012) and BEAST v. 2.5.0 (Bouckaert et al., 
2014). The dataset of unlinked SNPs was used, which was reduced to 
three samples per genetic cluster (two for the cluster from the Vihorlat 
Mts., see Results). Analyses were run in eight steps for each model, with 
1,000,000 MCMC iterations, sampling every 1,000th, and a burn-in 
cutoff of 10 %. Competing species delimitation models were ranked by 
comparing their marginal likelihood estimates and their support was 
assessed by calculating the Bayes factor (Kass and Raftery, 1995), as 
suggested by Leaché and Bouckaert (2018). Seven alternative species 
models were explored, either keeping the Carpathian diploids as one 
unit or splitting them into two to four entities, taking into account the 
ML tree, NN and STRUCTURE clustering results.

To infer a species tree, we assembled FASTA sequences for each 
RADseq locus and sample using GATK’s FastaAlternateReferenceMaker 
tool, with heterozygous SNPs encoded using IUPAC ambiguity codes. 
The RADseq loci that were at least 150 bp long and comprised at least 
eight phylogenetically informative sites (5,073 loci in total) were used 
for gene tree construction in RAxML-NG, followed by species tree esti
mation in ASTRAL-III (Zhang et al., 2018), as described in the Hyb-Seq 
data processing section (see below). Here, only diploids were included to 
avoid potential bias due to allopolyploidy (which was addressed in more 
detail with the Hyb-Seq data, see below).

Potential introgression events between the analyzed species were 
examined using the ABBA–BABA and related statistics (Durand et al., 
2011) implemented in Dsuite (Malinsky et al., 2021). We calculated the 
D, f4-ratio, and f-branch statistics. For this analysis, we used the topol
ogy of the species tree constructed above in ASTRAL-III, with the Car
pathian diploids sorted into four entities following the phylogenetic and 
clustering patterns (see Results).

The RADseq reads were also utilized to obtain data from plastomes. 
The reads were mapped to the plastome of E. cheiranthoides (GenBank 
accession number MN207123.1), processed, and the ML tree was con
structed in RAxML-NG as described above.

2.6. Hyb-Seq data processing

The Hyb-Seq reads were processed using HybPiper v. 2.2.0 (Johnson 
et al., 2016) to extract consensus sequences of targeted exons. Highly 
variable sequences (indicative of potential paralogs), where the pro
portion of SNPs exceeded 5 % were excluded from subsequent pro
cessing (identified using HybPhaser; https://github.com/LarsNauh 
eimer/HybPhaser). This filtering resulted in a final dataset of 964 se
quences (exons/supercontigs). Consensus sequences were aligned using 

MAFFT v. 7.450 (Katoh and Standley, 2013), and flanking regions and 
sites with gaps in more than 25 % of sequences were removed using the 
R package ips (Heibl, 2008) in R 4.4.0 (R Core Team, 2024). ML trees 
were inferred in RAxML-NG using the best-fitting substitution models as 
determined by the ModelFinder function of IQ-TREE v.1.6.12 
(Chernomor et al., 2016; Kalyaanamoorthy et al., 2017) based on the 
Bayesian information criterion. Bootstrap analyses were performed 
using 500 replicates. For the species tree reconstruction, internal 
branches with bootstrap support ≤ 20 % were collapsed using Newick- 
Utilities v. 1.6 (Junier and Zdobnov, 2010). The species tree was con
structed employing a multispecies coalescent model implemented in 
ASTRAL-III (Zhang et al., 2018), including computation of local poste
rior probabilities to evaluate branch support (Sayyari and Mirarab, 
2016).

The supercontig sequences of the polyploid accessions of E. odoratum 
were further processed for read-backed phasing to infer allele sequences, 
as described in detail in Šlenker et al. (2021). We applied four different 
methods to identify homeologous diploid subgenomes and the most 
likely parental species or lineages: PhyloSD (Sancho et al., 2022), EPA- 
ng (Barbera et al., 2019), AlleleSorting (Šlenker et al., 2021), and 
GRAMPA (Thomas et al., 2017). In the PhyloSD approach, we followed 
the pipeline outlined by Sancho et al. (2022) with some modifications. 
Since the pipeline requires a single representative for each diploid 
genome, we calculated the species tree for each gene tree using ASTRAL- 
III. Due to unacceptable data loss, we did not discard incongruent 
diploid skeletons (unlike in Sancho et al., 2022), but rather applied 
stricter criteria in the “Bootstrapping Refinement” step, keeping only the 
homeologs that were confirmed by at least 20 % of bootstrap replicates. 
Only the major homeolog-types (those with at least 12–15 % represen
tation in the polyploid genome) were further processed with the “Sub
genome Assignment” algorithm. The principal coordinate analysis 
combined with a superimposed minimum spanning tree did not indicate 
multiple homeologs referring to the same subgenome; therefore, 
ASTRAL-III was used to infer the final subgenomic tree. In the Allele
Sorting approach (applicable to the tetraploids only), alleles were sorted 
into two homeologs based on sequence divergence, labelled to attribute 
them to different subgenomes (Šlenker et al., 2021), and treated as in
dependent accessions in the coalescent based species tree inference in 
ASTRAL-III. EPA-ng (Barbera et al., 2019), a reimplementation of the 
evolutionary placement algorithm (EPA), performs maximum 
likelihood-based placement of allelic sequences onto a reference 
phylogenetic tree. Only placements with a likelihood weight ratio 
greater than 0.9 were considered significant and subsequently used for 
species tree inference in ASTRAL-III. Finally, GRAMPA (Gene-tree 
Reconciliation Algorithm with MUL-trees for Polyploid Analysis) uses an 
algorithm for counting gene duplications and losses to identify poly
ploidy events, distinguishing between allo- and autopolyploid, and place 
them on a phylogeny (Thomas et al., 2017).

2.7. Morphometrics

A selection of 70 populations, representing E. odoratum and the 
Carpathian diploids (E. witmannii s.l., E. vagicum nom. prov.), was used 
for a detailed morphological assessment using multivariate morpho
metrics (Supplementary Table S1). The morphometric samples consisted 
mostly of 20 individuals per population collected in the field and pre
served as herbarium specimens, as well as separately detached and 
pressed floral parts (one flower per individual, spread out and glued to a 
sheet of paper with transparent tape to preserve shape and size). In 
addition, seeds were sown from 21 populations and the reared plants 
were kept in a common garden experiment to observe morphological 
traits under the same conditions and to produce a parallel morphometric 
dataset to the samples collected in the field. When the cultivated in
dividuals reached the flowering stage in the second year of cultivation, 
one flower per individual was detached and pressed as described above, 
as well as three cauline leaves from the lower, middle and upper part of 
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the stem (to avoid shrivelling of the leaves at a later phenological stage), 
and the plants were further cultivated until the siliques approached the 
mature stage. The plants were then harvested and preserved as speci
mens for morphometric measurements. In this way, both floral and fruit 
characters were measured on the same individuals.

We measured or recorded 32 morphological characters on herbarium 
specimens, either sampled in the field or cultivated in an experimental 
garden. In addition, ratio characters were derived; in these cases, one of 
the original characters used for ratio calculation was removed from the 
final data matrix. The list of all characters is provided in Supplementary 
Table S2. Size of floral parts was measured using ImageJ v.1.53e soft
ware (Schneider et al., 2012). Trichomes were observed using a ste
reomicroscope (Olympus SZ61) and QuickPHOTO Micro v.3.2 software. 
Non-parametric Spearman rank correlations were first calculated to 
detect and avoid pairs of highly correlated traits (applying the threshold 
of ρ > 0.85) that could bias discriminant analyses; in such cases one 
character from the highly correlated pair was excluded from the final 
matrices. Since lower cauline leaves are sometimes shed or shrivelled at 
the flowering stage, two datasets were assembled: matrix 1 that included 
all sampled individuals but omitting the characters (and ratios) on lower 
cauline leaves (1,139 individuals x 26 characters), matrix 2 that 
included only specimens with retained lower cauline leaves and 
comprised all characters (929 individuals x 34 characters). In addition, a 
population-level dataset (matrix 3, 66 population samples x 35 charac
ters) and a dataset of cultivated specimens (matrix 4, 233 individuals x 
39 characters) were generated. Data subsets from matrices 1, 2 and 4 
were also assembled for specific partial analyses (see Results). We per
formed cluster analyses, principal component analyses (PCA) and ca
nonical discriminant analyses (CDA) using the MorphoTools2 package 
(Šlenker et al., 2022) in R v.4.0.0 (R Core Team, 2020).

3. Results

3.1. Chromosome numbers and genome size variation

For the populations of E. witmannii s.l. (Carpathians) and E. vagicum 
nom. prov. (Western Carpathians) we confirmed the diploid cytotype 
with 2n = 14 and assessed the relative DNA content (relative genome 
size, RGS) ranging from 0.21 to 0.27 a.u. (0.23 ± 0.008, sample/stan
dard ratio, with Solanum lycopersicum as the primary standard). A few 
DNA triploids were also detected in some populations of E. witmannii s.l. 
(Supplementary Table S1). In contrast, for the populations from the 
Munţii Bucegi and Piatra Craiului Mts. in the Southern Carpathians, we 
found 2n = 16 chromosomes and the RGS of 0.41–0.45 a.u. (Fig. 1).

In the vast majority of the sampled populations of E. odoratum we 
found the tetraploid cytotype with 2n = 32 and the relative DNA content 
ranging from 0.65 to 0.81 a.u. (0.69 ± 0.02). In some regions, however, 
we recorded some different cytotypes as follows (Fig. 1). Populations 
from the Papuk Mts. (northeastern Croatia, populations Malis, Bacin), 
Banat Mts. (southwestern Romania, pop. Ciuc), and Retezat Mts. 
(southwestern Romania, pop. Ret, Sco, Cam) had 2n = 22 with RGS =
0.46–0.49 a.u. Populations from the Fruška Gora Mts. (northern Serbia) 
had 2n≈42 (pop. Glav) and 2n≈50 (pop. Vgrad; the precise number was 
difficult to determine in both cases due to fragile chromosomes, 
requiring further cytogenetic analyses) with the RGS of 0.92–0.97 a.u. 
(pop. Glav) and 1.08–1.12 a.u. (pop. Vgrad), probably representing 
hexaploids, alike the population from the Homoljske planine Mts. in 
eastern Serbia (pop. Beljanica, RGS = 1.15–1.38 a.u., chromosomes not 
counted).

As for the Balkan species of the complex, we found two cytotypes in 
both E. carniolicum and E. pectinatum, 2n = 12 and 2n = 16, but with 
different RGS values. In E. pectinatum, the 2n = 12 cytotype had RGS =
0.23 a.u. and that with 2n = 16 had RGS = 0.41–0.43 a.u. In contrast, 

E. carniolicum exhibited higher RGS value: 0.43–0.51 a.u. for the cyto
type with 2n = 12 and 0.62–0.65 a.u. for 2n = 16. In both E. vitekii and 
E. kuemmerlei we found so far only the cytotype with 2n = 12 and RGS =
0.21–0.23 a.u. Erysimum croaticum was confirmed as hexaploid with 
2n≈38–40 and RGS = 0.88–0.95 a.u. (Supplementary Table S1).

3.2. Phylogenetic relationships, species delimitation and introgression 
signals inferred from RADseq data

Sequencing of the RADseq libraries yielded 1,024,119 to 22,815,642 
paired reads per sample, with an average of 4,652,345.09 reads retained 
after quality control and deduplication. Of these, 40.42 % to 97.43 % 
were successfully mapped to the reference genome, representing an 
average mapping rate of 89.9 %. The final VCF file comprised 694,358 
SNPs, distributed across 18,870 presumably unlinked genomic regions 
(RADseq loci).

The maximum-likelihood (ML) tree showed that the species attrib
uted to the E. odoratum complex do not form a monophyletic lineage but 
are split into three clades (Fig. 2A, Supplementary Fig. S2): 1. hexaploid 
E. croaticum is resolved as sister to Balkan perennial diploids 
E. linariifolium and E. microstylum with high support (bootstrap support, 
BS = 98 %; quartet concordance, QC = 0.5; quartet differential, QD =
0.33); 2. E. carniolicum, E. vitekii and E. kuemmerlei form a weakly sup
ported clade (BS = 72 %, QC = 0.18, QD = 0) and together with the 
branch of E. pectinatum (receiving, however, only BS = 32 %, QC =
0.048, QD = 0) being sister to Alpine-Balkan (E. sylvestre) and 
Carpathian-Balkan (E. comatum) perennial diploids; and 3. E. odoratum, 
E. witmannii s.l. and E. vagicum nom. prov. form a monophyletic clade 
(BS = 100 %, QC = 0.69, QD = 0.27), with the latter two placed in a 
nested monophyletic subclade (BS = 100 %, QC = 0.86, QD = 0.12), 
resulting in paraphyletic E. odoratum. Clustering within E. odoratum 
largely follows geographic patterns, with the minor cytotype 2n = 22 
found in three nested positions (each receiving BS = 100 %, QC =
0.83–0.98, QD = 0.3–0.71) among the populations of the widespread 2n 
= 32 cytotype. The hexaploids were resolved at the base of the clade, in 
congruence with their marginal positions in the neighbor-net (NN, 
Fig. 2B). Within the clade of the Carpathian diploids (see also Supple
mentary Fig. S2A), i.e., comprising E. witmannii s.l. and E. vagicum nom. 
prov., four clades (or clusters, nr. 1–4) were consistently delimited in ML 
(each with BS = 100 % and QC = 0.43–1), NN as well as in STUCTURE 
analyses (at K = 4, Fig. 2C). Furthermore, two other clades (clusters) 
were found in intermediate positions in ML and NN (denoted as 2/3, 3/ 
4, with BS = 100 % and QC = 0.98–1; but their placement in the tree 
receiving very low QC and QD, Supplementary Fig. S2A) and genetically 
admixed in STRUCTURE. All six clades can be geographically well 
delimited as follows: 1. Southern Carpathian populations with 2n = 14 
(Buila-Vânturariţa Mts.), 2. Southern Carpathian populations with 2n =
16 (Bucegi, Piatra Craiului), 3. Eastern Carpathian populations (Haşmaş, 
Maramureş, Ştânişoarei Mts.), 2/3. Eastern Carpathian populations from 
the Postăvarul Mts. (being geographically close to clade 2), 4. Western 
Carpathian populations, and 3/4. Eastern Carpathian populations from 
the Vihorlat Mts. (being geographically close to clade 4). The three 
diploid taxa recognized within the Western Carpathians, i.e., the pale 
yellow-flowered E. witmannii s.str. and E. pallidiflorum s.str., and the 
bright yellow-flowered E. vagicum nom. prov., did not form mono
phyletic clades; in contrast, all the diploid populations clustered by 
mountain ranges (Supplementary Fig. S2A).

Bayes factor delimitation analyses (BFD*) of the Carpathian diploids 
based on RADseq data (10,044 SNPs) computed in SNAPP supported the 
model with four entities, i.e. splitting them into the Southern Carpathian 
with 2n = 14 (corresponding to clade 1, see Fig. 2), Southern Carpathian 
with 2n = 16 (clade 2), Eastern Carpathian (including the Vihorlat 
samples, i.e. comprising three clades: 3, 3/4 and 2/3), and the Western 
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Fig. 2. Phylogenetic reconstruction in the Erysimum odoratum complex and related species based on RADseq data. A. Maximum-likelihood tree inferred in RAxML. 
Branch support (major branches only) is indicated by bootstrap and quartet concordance values. Species assigned to the study complex are highlighted in colours. 
Symbols indicate minor cytotypes or pale yellow-flowered morphotypes, in the Western Carpathians assigned to E. pallidiflorum (with the letter ‘p’ in the circle) or 
E. witmannii s.str. (‘w’ in the circle). The chromosome numbers of the species of the E. odoratum complex follow Supplementary Table S1, those outside the complex 
correspond to the data by Polatschek (1997, 2013). B. Neighbor-net (NN) analysis based on Nei’s genetic distance. Symbols and clade numbering as in A. C. Bayesian 
clustering based on unlinked SNPs of Carpathian diploids at K = 4. Vertical lines separate different populations. The coloring in the graph indicates the sample 
assignment to the genetic clusters. The cluster numbering as in A and B. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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Carpathian entity (clade 4). The model with the Vihorlat samples (clade 
3/4) assigned to the Western Carpathian entity (4) received only a 
slightly lower support than the one with the highest score. The models 
with fewer entities, i.e. one, two or three, received much lower support 
(Table 1).

The ASTRAL-III species tree (Fig. 3A), derived from 5,073 RADseq 
loci for diploids only (i.e. omitting E. diffusum, E. croaticum and 
E. odoratum), also showed non-monophyly of the E. odoratum complex. 
In accordance with the ML tree (Fig. 2A), the three western Balkan 
species of the complex, E. carniolicum, E. vitekii and E. kuemmerlei, were 
found to be closely related (albeit with low local posterior probability, 
LPP = 0.6) and in a sister position to the perennials E. sylvestre and 
E. comatum (with LPP = 0.55). On the other hand, E. pectinatum from 
Peloponnese was resolved in a different clade (LPP = 0.92) compared to 
the ML tree (see Fig. 2A with BS = 32 %). The Carpathian diploids 
(E. witmannii s.l. and E. vagicum nom. prov.) were supported as a lineage 
distinct from the Balkan species (LPP = 1).

ABBA-BABA tests computed for diploids only revealed significant 
introgression signals between several species both within and across the 
clades (Supplementary Table S3, Fig. 3B). As for the Balkan members of 
the E. odoratum complex, the f-branch statistics suggested gene flow 
between E. carniolicum and E. sylvestre, between the species pair E. vitekii 
and E. kuemmerlei and E. linariifolium, as well as between E. carniolicum 
and E. vitekii (Fig. 3B). In all cases, these taxa show parapatric to sym
patric distribution patterns (Fig. 1, Supplementary Fig. S1). Neverthe
less, these gene flow inferences may also be biased by the weak 
statistical support of (and within) this clade (Figs. 2A, 3A). Among the 
Carpathian diploids of the complex (E. witmannii s.l. and E. vagicum nom. 
prov.), we detected the strongest signal of introgression between the 
Southern Carpathian populations with 2n = 14 and the internal branch 
comprising the Eastern and Western Carpathian populations (both 2n =
14), between the Southern Carpathian diploids with 2n = 16 and the 
Eastern Carpathian ones (2n = 14; Fig. 3B), as well as with other species 
outside the species complex, in particular with the parapatric 
E. comatum (Supplementary Table S3A). ABBA-BABA tests that also 
included polyploid E. odoratum (Supplementary Table S3B, Supple
mentary Fig. S3) revealed signals of introgression mainly with 
E. comatum and E. witmannii s.l. (all lineages with 2n = 14, incl. 
E. vagicum nom. prov.), both of which grow in parapatry with 
E. odoratum (Supplementary Fig. S1).

3.3. Phylogenetic relationships and the origin of polyploids reconstructed 
from Hyb-Seq data

Sequencing of the Hyb-Seq libraries resulted in, on average, 
721,535.18 quality-filtered reads per individual, out of which 55.77 %, 
on average, were mapped to the 1,004 targeted nuclear sequences. After 
excluding sequences with a variability exceeding 5 %, we successfully 
assembled 964 exons (supercontigs) ranging from 695 to 1,412 bp, with 
an average length of 1,072.14 bp.

The ASTRAL-III species tree inferred from the gene trees based on 
consensus sequences (Fig. 4A) showed the topology largely congruent 
with the RADseq-based trees (Figs. 2A, 3A), with a few discrepancies as 
described below. As in the RADseq tree, the monophyly of the 
E. odoratum species complex was refuted, as its members were split into 
three different clades. Three western Balkan representatives of the 
complex, E. carniolicum, E. vitekii and E. kuemmerlei, were resolved in a 
well-supported clade (LPP = 1) but including also the Alpine-Balkan 
perennial diploid E. sylvestre. The branch of the Carpathian-Balkan 
perennial E. comatum attached to this clade as well but with a lower 
support (LPP = 0.78). The southern Balkan member of the species 
complex, E. pectinatum from the Peloponnese, alike the species tree of 
RADseq loci (Fig. 3A) but in contrast to the ML tree of RADseq data, was 
resolved as sister (LPP = 0.66) to the clade of Balkan diploid perennials 
E. linariifolium, E. microstylum and E. crassistylum. Finally, the Carpathian 
diploids (E. witmannii s.l. and E. vagicum nom. prov.) and the polyploid 
E. odoratum formed a distinct clade (LPP = 1.0).

The PhyloSD and EPA-ng algorithms showed very similar results in 
the assignment of alleles identified in the polyploids of E. odoratum. Both 
analyses unambiguously classified between 25 % and 40 % of the alleles 
(on average 34.5 %, see Supplementary Table S4). The highest pro
portions of classified alleles, ranging from 33–40 % (in the hexaploids 
from the Fruška Gora Mts.) to 60–65 % (in the cytotype with 2n = 22 
from the Papuk Mts.), were assigned to the ‘witmannii’ type 
(Supplementary Table S4, Fig. 4B). In the ASTRAL trees, these 
witmannii-like homeologs were resolved in the sister position to the 
branch of E. witmannii s.l. (Fig. 4C), supporting this species as one of the 
parental species of polyploid E. odoratum. The other major-type alleles, 
those reaching a proportion of more than 12–15 % up to 24 %, were 
assigned either to the ‘cuspidatum’ or the ‘comatum’ type, and placed in 
the sister positions to the branches of these two species in the ASTRAL 
trees (Fig. 4B,C). Nevertheless, the boundary between the major and 
minor homeolog-types was not clear, as 2–11 % of the homeologs 
(depending on the accession) were assigned to a broader range of dip
loids (Fig. 4B, Supplementary Table S4).

In the AlleleSorting procedure, the optimal threshold for unequivo
cal allele sorting in E. odoratum (‘between homeolog distance’, for de
tails see Šlenker et al., 2021 and https://github.com/MarekSlenke 
r/AlleleSorting; applicable to the tetraploids only, therefore, omitting 
the hexaploids here), was found to be 2.5. On average 8.92 % of exon 
sequences passed the threshold and their alleles could be unambiguously 
sorted into homeolog A (alleles closer to the clade of E. witmannii s.l., one 
of the suspected progenitors based on the topology of the species tree 
inferred from the consensus sequences and the PhyloSD and EPA-ng 
results described above) and homeolog B. In the ASTRAL species tree, 
the A homeologs of all analyzed accessions were resolved in the sister 
position to E. witmannii s.l., while the positions of the B homeologs 
differed as follows (Fig. 4C, Supplementary Fig. S4). The B homeolog of 
the common tetraploids (2n = 32, represented by the accessions Kavlar 
and Breit) was placed as sister to E. cuspidatum, while that of the cyto
type with 2n = 22 from the Banat Mts. (accession Ciuc) was resolved as 
sister to E. comatum; both these placements are congruent with the 
PhyloSD and EPA-ng results and support independent allopolyploid
ization events for these two cytotypes (Fig. 4C). In contrast, the B 
homeologs of the accessions from the Retezat (accessions Ret, Sco, 2n =
22) and Papuk Mts. (accession Malis, 2n = 22) Mts. were placed as sister 
to the clade comprising the A homeolog and E. witmannii s.l., favouring 

Table 1 
Results of species delimitation in the clade of Carpathian diploids, comprising 
Erysimum witmannii s.l. and E. vagicum nom. prov., using Bayesian factor de
limitation analysis (BFD*) in SNAPP based on unlinked SNPs of RADseq data. 
The model of a single entity comprising all diploid populations from the Car
pathians (model 0) is tested against six other models, in which populations are 
divided into two to four entities based on geographic and cytotype patterns and 
genetic clustering (Figs. 1, 2). W. Carp.: Western Carpathians; SE Carp.: South
eastern Carpathians; E. Carp.: Eastern Carpathians; S. Carp.: Southern Carpa
thians. The models also include a different assignment of the genetically 
intermediate population from the Vihorlat Mts. (biogeographically part of the 
Eastern Carpathians, but geographically close to the Western Carpathians). The 
model with the highest support is highlighted in bold. BF: Bayes factor; MLE: 
marginal likelihood estimate.

Model No. of 
entities

MLE BF

Carpathians 1 − 116509.21 0
W Carp. (incl. Vihorlat Mts.), SE Carp. 2 − 114876.83 3264.77
W Carp., SE Carp. (incl. Vihorlat Mts.) 2 − 116651.15 283.88
W Carp. (incl. Vihorlat Mts.), E Carp., S 

Carp.
3 − 114547.38 3923.65

W Carp., E Carp. (incl. Vihorlat Mts.), S 
Carp.

3 − 114710.79 3596.84

W Carp. (incl. Vihorlat Mts.), E Carp., S 
Carp. (2n = 14), S Carp. (2n = 16)

4 − 112242.82 8532.78

W Carp., E Carp. (incl. Vihorlat Mts.), 
S Carp. (2n ¼ 14), S Carp. (2n ¼ 16)

4 ¡112105.57 8807.28
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autopolyploid origins (Supplementary Fig. S4). Autopolyploidy was 
indicated for the accession from the Papuk Mts. also by the PhyloSD and 
EPA-ng approach, but not for the accessions from the Retezat Mts. 
(Fig. 4C).

Using the GRAMPA algorithm (Fig. 4C, Supplementary Fig. S5), the 
cytotype from the Papuk Mts. (accession Malis, 2n = 22) was resolved as 

an autopolyploid of E. witmannii s.l., while all other accessions of 
E. odoratum were identified as allopolyploids, with E. witmannii s.l. being 
one of the parents, while the others were either E. cuspidatum (for the 
common tetraploid cytotype 2n = 32 as well as the hexaploids from the 
Fruška Gora Mts.) or E. comatum (for the cytotype with 2n = 22 from the 
Banat Mts. and the Retezat Mts.).

A

witmannii s.l.
Malcolmia

vitekii
kuemmerlei

carniolicum
comatum

sylvestre
pectinatum

microstylum
crassistylum

calycinum
linariifolium

cuspidatum
cheiranthoides

cu
sp

id
at

um

ch
ei

ra
nt

ho
id

es
cheiranthoides

cuspidatum

witmannii

cl
ad

e 
1

2 34

lin
ar

iif
ol

iu
m

ca
ly

ci
nu

m

cr
as

si
st

yl
um

m
ic

ro
st

yl
um

pe
ct

in
at

um

sy
lv

es
tre

co
m

at
um

ca
rn

io
lic

um

vi
te

ki
i

ku
em

m
er

le
i

S 
C

ar
p.

 2
n=

14

S 
C

ar
p.

 2
n=

16

W
 C

ar
p.

 2
n=

14

E 
C

ar
p.

 2
n=

14

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000

comatum
sylvestre

carniolicum

kuemmerlei
vitekii

linariifolium

microstylum
crassistylum

pectinatum

calycinum

S Carp. 2n=14

W Carp. 2n=14

witmannii:

S Carp. 2n=16

E Carp. 2n=14

clade 1

clade 3
clade 4

clade 2

S Carp. 2n=14

W Carp. 2n=14

witmannii:

S Carp. 2n=16

E Carp. 2n=14

clade 1

clade 3
clade 4

clade 2

B

Fig. 3. Phylogenetic and gene flow inferences in the Erysimum odoratum complex and related species (diploids only) based on RADseq data. A. Species tree inferred in 
ASTRAL-III from 5,073 RADseq loci at least 150 bp long and comprising at least eight phylogenetically informative sites. Species of the E. odoratum complex are 
highlighted in colours. Pie charts depict three local posterior probabilities (LPP) for the given branches (not shown for the fully supported branches when the local 
LPP equals 1). B. Results of f-branch analysis computed in Dsuite. The split of E. witmannii s.l. into four lineages follows the phylogenetic and clustering patterns 
resolved congruently by maximum-likelihood, neighbor-net and STRUCTURE analyses (clades/clusters 1–4 as in Fig. 2), omitting the genetically admixed pop
ulations (clades denoted as 2/3 and 3/4). Coloured squares indicate a significant excess of SNPs sharing between the respective branches caused by gene flow. White 
and grey squares represent non-significant values or trios incompatible with the phylogenetic tree. Note that two branches marked by dashed lines received low 
support in the species tree.
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Overall, these results suggest multiple allopolyploid origins of 
E. odoratum, with probably only the populations from the Papuk Mts. 
(pop. Malis, 2n = 22) to be of an autopolyploid origin (Fig. 4C).

3.4. Plastome phylogeny

Phylogenetic reconstructions based on plastome data retrieved from 
Hyb-Seq and RADseq reads were fully congruent with each other, but 
showed strong discordance with the results of the nuclear data. Three 
major clades could be delimited in the plastome trees, but each included 
accessions from different unrelated species, and in turn conspecific ac
cessions were often split into different clades (Supplementary Fig. S6). 
Overall, the topology of the plastome tree lacked any taxonomic or 
geographic structure.

3.5. Morphometrics

3.5.1. Morphological differentiation between the diploids and tetraploids
Cluster analysis and PCA based on population means of 66 field- 

sampled and morphometrically analysed populations (matrix 3) 

indicated morphological distinction between E. odoratum (tetra- and 
hexaploids) and the diploids comprising E. witmannii s.l. and E. vagicum 
nom. prov., albeit with overlaps (Supplementary Fig. S7A, B), which was 
further explored using discriminant analyses (CDA) based on individual 
plants (matrix 1 and 2). CDA with two predefined groups, tetraploids 
(E. odoratum, including the common cytotype 2n = 32 and the cytotype 
2n = 22 from the Papuk Mts., but excluding the hexaploid populations 
and that from the Retezat Mts., see below) and diploids (E. witmannii s.l. 
and E. vagicum) showed morphological differentiation between these 
two groupings, but still with some overlap (Fig. 5A). The characters with 
the highest values of total canonical structure (Supplementary 
Table S5), contributing best to this distinction, were as follows: number 
of leaves, length of trichome rays, petal blade/petal length ratio (all 
three with the higher values in the tetraploids), the leaf length/stem 
height ratio and petal length (the higher values in the diploids, Sup
plementary Table S6). CDA of the same two predefined groups but based 
on the cultivated plants (matrix 4) showed a similar pattern and sup
ported the same diagnostic morphological characters, except of the leaf 
length/stem height ratio (Supplementary Fig. S7D, Supplementary 
Table S6). The leaf length/stem height ratio, nevertheless, shows many 
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outlying values of field-sampled individuals, decreasing its reliability. 
While the length of trichome rays, length of petals, and petal blade/petal 
length ratio remain fairly stable when the field-sampled and cultivated 
plants are compared (Fig. 5B), the number of stem leaves is markedly 
shifted to lower numbers in the cultivated plants, but the differences 
between the diploids and tetraploids (and thus the diagnostic value of 
this character) are retained (Fig. 5B).

3.5.2. Morphological differentiation between the polyploid cytotypes of E. 
odoratum

CDA focusing on E. odoratum only, with four predefined groups 
corresponding to different cytotypes – the common 2n = 32 cytotype 
(selection of eight populations to keep the group sizes balanced), the 
cytotype 2n = 22 from the Papuk Mts., the cytotype 2n = 22 from the 
Retezat Mts., and hexaploids from the Fruška Gora Mts. – showed that 
the Retezat population and the hexaploids are differentiated from the 
common tetraploid cytotype (2n = 32) along the first and second ca
nonical axes, respectively, while the 2n = 22 cytotype from the Papuk 
Mts. is not (Fig. 5C). Total canonical structure values suggest that the 
population from the Retezat Mts. is differentiated by having fewer stem 
leaves, higher leaf length/stem height ratio, the stem leaves are more 
densely hairy and have deeper teeth on margin when compared with the 

common tetraploids (Supplementary Tables S5 and S6). The hexaploids 
from the Fruška Gora Mts. also have higher leaf length/stem height 
ratio, but differ by fewer trichomes on leaves, longer trichome rays, 
longer petal blade in ratio to the total petal length and narrower petals 
(Supplementary Table S6). When including also the diploids (CDA with 
four predefined groups, Supplementary Fig. S7C), it appears that both 
the Retezat and Fruška Gora populations are in some characters inter
mediate between the diploids and the common tetraploids (e.g., in the 
number of leaves, and the leaf length/stem height ratio, most correlated 
with the first axis), but are also shifted along the second canonical axis in 
opposite directions, in respect of the more hairy and dentate leaves, 
wider stigma (Retezat) and longer leaves and longer trichome rays 
(Fruška Gora).

3.5.3. Morphological differentiation in the Carpathian diploids
To examine the differentiation patterns within the diploids, first we 

computed CDA based on field-collected samples with four pre-defined 
groups, following their genetic clustering and being consistent with 
the geographic origins: Western Carpathian populations (incl. 
geographically adjacent and genetically intermediate populations from 
the Vihorlat Mts.), Eastern Carpathian populations in Romania, and the 
Southern Carpathian populations split into two groups geographically 
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and cytotypically (2n = 14 vs 2n = 16). The results (Fig. 5D) show large 
overlap between the four groups, although some tendencies can be 
recognized. The Eastern Carpathian populations (2n = 14) and the 
Southern Carpathian ones with 2n = 16 are shifted from the remaining 
two groups along the first canonical axis, due to the larger floral parts 
(especially pronounced in the cytotype 2n = 16), narrower and fewer 
stem leaves, and the higher leaf length/stem height ratio (especially in 
the Eastern Carpathian populations) (Supplementary Tables S5 and S6). 
An alternative analysis with the populations from the Vihorlat Mts. 
classified into the Eastern Carpathian group showed only negligible 
differences (not shown).

PCA analysis of cultivated diploid individuals showed extensive 
overlap between the four groups, while CDA indicated that the Roma
nian (Eastern and Southern Carpathian) accessions are shifted from the 
Western Carpathian (incl. Vihorlat Mts.) along the first axis, due to 
having longer silicules, larger siliqua/stem angle, and higher leaf 
length/stem height ratio (Supplementary Fig. S7E, F).

CDA focusing on the Western Carpathians (incl. Vihorlat Mts.) with 
three predefined groups corresponding to the traditionally recognized 
diploid taxa (albeit not supported by the present RADseq data, see 
above) − E. witmannii s.str., E. pallidiflorum (both having pale yellow 
petals) and E. vagicum nom. prov. (bright yellow petals) – showed that 
the former two are best differentiated from each other, but both show 
much overlap with E. vagicum (Fig. 5D, Supplementary Table S6). The 
analysis shows that E. witmannii s.str. differs from E. pallidiflorum by 
larger floral parts and longer silicules and pedicels (the latter two 
characters shown by the analyses based on cultivated plants, Supple
mentary Fig. S7F), and, in turn, E. pallidiflorum has more dentate leaf 
margins (in respect of the number and depth of teeth).

4. Discussion

4.1. Polyphyly of the Erysimum odoratum species complex and evidence 
of multiple introgression events

Erysimum is one of the largest genera in the Brassicaceae family 
(German and Al-Shehbaz, 2008; Al-Shehbaz, 2012), yet it is surprisingly 
understudied. The low resolution of conventional phylogenetic markers 
(Abdelaziz et al., 2014; Moazzeni et al., 2014; Czarna et al., 2016) and 
the high gene discordance observed in transcriptome data (Züst et al., 
2020) – probably a consequence of recent and rapid radiation, incom
plete lineage sorting, and reticulate evolution – have hindered deeper 
evolutionary insights, making it a taxonomically and phylogenetically 
challenging genus (Osuna Mascaró, 2020). In the absence of a robust 
phylogenetic framework, it remains uncertain whether the species 
complexes delimited in the genus primarily on the basis of morpholog
ical traits, growth habits and biogeographic patterns (Ball, 1993; Jalas 
and Suominen, 1994; Polatschek, 2013) represent distinct evolutionary 
lineages. Recently, phylogenetic analyses have not supported the 
recognition of the E. nevadense group from the southeastern Iberian 
Peninsula (Abdelaziz et al., 2014). In the present study, it was unsur
prisingly found that the E. odoratum complex is polyphyletic, too. 
Morphology alone hardly allows reliable inferences about evolutionary 
relationships, especially when recent and reticulate speciation events 
are involved (e.g., Frajman et al., 2016; Đurović et al., 2017; Karbstein 
et al., 2020; Vasile et al., 2024). The two high-throughput sequencing 
methods (RADseq, Hyb-Seq) applied here yielded largely concordant 
phylogenetic patterns, but also some discrepancies that can be attrib
uted to interspecific gene flow (see below). The combination of these 
two techniques proved to be beneficial: RADseq has been shown to be 
efficient to study genetic differentiation in recently diverged clades 
(Boucher et al., 2016; Karbstein et al., 2020, 2022; Ott et al., 2022; 
Šlenker et al., 2024) as well as to assess introgression (Buono et al., 
2021; Carnicero et al., 2023; Yi et al., 2023; Slovák et al., 2023), while 

target enrichment (Hyb-Seq) enables the clarification of polyploid ori
gins (Morales-Briones et al., 2022; Ren et al., 2024; ̌Spaniel et al., 2023).

Despite morphological resemblance of the species assigned to the 
E. odoratum complex, they were divided into at least three phylogenetic 
clades, two Balkan and one widespread clade comprising polyploid 
E. odoratum and nested Carpathian diploids. Of the Balkan representa
tives of this species complex, E. vitekii and E. kuemmerlei, which grow 
allopatrically in the western Balkans (Polatschek, 2013, and our un
published data), were resolved as well-supported sister species in both 
the RADseq and Hyb-Seq trees (Figs. 2A, 3A, 4A). They were also found 
to be closely related to three other parapatrically distributed species, 
namely E. carniolicum (another member of the target species complex 
growing in the western Balkans), E. comatum and E. sylvestre (the latter 
two not considered part of this complex), which occur in the Balkans and 
extend to the Southern Carpathians and the Eastern Alps, respectively 
(Jalas and Suominen, 1994; Polatschek, 2013). However, topological 
differences between the trees constructed from RADseq and Hyb-Seq 
data and the low support, especially in the RADseq trees (Figs. 2A, 
3A), did not allow precise phylogenetic inferences within this clade. The 
low quartet concordance (QC = 0.18) and quartet differential (QD = 0) 
values for the position of E. carniolicum (Supplementary Fig. S2B) indi
cate that this weak support is due to conflict caused by introgression 
rather than incomplete lineage sorting (see Pease et al., 2018), which 
was also supported by f-branch analyses suggesting introgression with 
E. sylvestre (Fig. 3B). A similar introgression scenario could apply to 
another member of the complex, E. pectinatum. This endemic of the 
Peloponnese, morphologically similar to E. kuemmerlei and even syn
onymized in the past (Josifović et al., 1972; Vangjeli, 2017), appeared to 
be genetically distinct, which supports its separate taxonomic treatment. 
However, its precise phylogenetic placement remained uncertain: it was 
resolved either as a sister lineage to the clade of E. vitekii, E. kuemmerlei 
and E. carniolicum (in the ML tree of RADseq) or to the clade comprising 
other Balkan species − E. microstylum, E. linariifolium, and E. crassistylum 
(in the species trees of both Hyb-Seq and RADseq data). Low statistical 
support (Figs. 2A, 4A) in combination with discordant skew (QD = 0, 
Supplementary Fig. S2B) favours hybridization events, as also indicated 
by the f-branch statistics of the RADseq data (Fig. 3B).

Introgression signals were detected in several other cases, both 
within and between clades, providing evidence of pervasive interspecific 
gene flow in the genus (Fig. 3, Supplementary Fig. S3, Supplementary 
Table S3). Similarly, recent studies of Iberian endemics indicated very 
weak pre-zygotic barriers between species, which were consistent with 
the strong evidence of hybridization and introgression, even across 
ploidy levels (Osuna Mascaró et al., 2023). Cytonuclear discordance 
observed for the Iberian species (Osuna Mascaró et al., 2023), as well as 
in the present study could also reflect past hybridization events, along 
with the retention of ancestral variation across different species 
(incomplete lineage sorting), a feature typical of recent and rapid 
speciation (Lee-Yaw et al., 2019; Meng et al., 2021).

The four Balkan members of the complex discussed above, E. vitekii, 
E. kuemmerlei, E. carniolicum, and E. pectinatum, were confirmed to be 
diploid with 2n = 12 and 2n = 16 (in contrast to the previously reported 
2n = 12 and 2n = 14, Polatschek, 1997, 2013) but with highly variable 
genome size, indicative of complex chromosomal and repetitive DNA 
dynamics and/or genome duplication followed by rapid diploidization 
(Bennetzen and Wang, 2014; Mandáková and Lysak, 2018; Wang et al., 
2021), pending further research. Hexaploid level was corroborated for 
E. croaticum, a recently described species that was thought to be close to 
E. carniolicum and E. vitekii (Polatschek, 2013) but found to be only 
distantly related to these species. While the Balkan species assigned to 
the E. odoratum complex will be studied in more detail elsewhere (study 
in progress), we have focused here on the core of this complex − Car
pathian E. witmannii s.l. and E. odoratum s.str., which are discussed in 
detail below.
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4.2. Evolution in the Carpathians: Diploids harbouring great and 
geographically structured genetic variation but in conflict with the 
traditional taxonomy

Diploid populations from the Carpathians assigned to the E. odoratum 
species complex formed a monophyletic lineage comprising several 
clades with allopatric distribution (Fig. 2). However, this well-defined 
genetic structure is at odds with traditional taxonomic treatments that 
delimited up to four species in the Carpathians (Jalas and Suominen, 
1994; Michalková, 2002; Oprea, 2005). While the circumscription of 
E. transsilvanicum, described from the Southern Carpathians (Schur, 
1866), has remained uncertain due to the unclear morphological or 
geographic delimitation of this putative taxon, particularly in relation to 
the sympatric E. witmannii (Jalas and Suominen, 1994), the other three 
entities – E. witmannii s.str., E. pallidiflorum and E. vagicum nom. prov. – 
were studied in more detail in the Western Carpathians (incl. Vihorlat 
Mts.) from morphological, ecological and chorological aspects (Kliment, 
1999; Michalková, 1999, 2002). This enabled us to classify the pop
ulations sampled from the Western Carpathians to these three putative 
species, and to test their genetic and morphological differentiation. We 
found that the genetic clustering (Fig. 2, Supplementary Fig. S2A) 
strictly followed geographic origin (mountain ranges), which contra
dicted their taxonomic classifications. Recent divergence and ongoing 
homogenizing gene flow may lead to clustering by sampling location 
rather than taxonomic entity, as recently observed in the genus 
Euphrasia (Ding et al., 2025), but we assume that this is not the case for 
the Erysimum studied here, as argued below. Morphologically, we found 
some tendencies of differentiation between these three putative species 
in terms of flower and fruit size and leaf margin, both in the field- 
sampled and cultivated plants (Fig. 5D, Supplementary Fig. S7E,F), 
but with much overlap in contrast to Michalková (1999) who reported 
non-overlapping differences in petal length and width. We assume that 
the recognition of these three entities in the Western Carpathians was 
artificial and caused by the limited sampling from a broad morpholog
ical and ecological range, characteristic of the Western Carpathian 
diploid populations, and probably also obscured by the variation in petal 
colors. Pale yellow-flowered morphotypes likely arose (or were selected 
for) repeatedly in both the Western and Eastern Carpathians (Fig. 2, 
Supplementary Fig. S2A) and do not merit separate taxonomic 
treatment.

Species delimitation analyses calculated under the multispecies 
coalescence model (BFD*, Table 1) favoured the scenario of four entities 
in the Carpathians, which essentially follow four major, allopatrically 
distributed clades (Figs. 1, 2): two in the Southern Carpathians (corre
sponding to clades nr. 1 and 2, which differ in chromosome number), 
one in the Eastern Carpathians (polyphyletic, consisting of clade nr. 3, 
and two smaller clades nr. 2/3 and 3/4 of geographically more distant 
populations), and one in the Western Carpathians (clade nr. 4). How
ever, we found no morphological support for these four entities 
(Fig. 5D), suggesting that the observed genetic divergence represents an 
intraspecific phylogeographic structure shaped by the isolation of pop
ulations in glacial refugia followed by gradual postglacial colonization, 
and the presence of migration barriers in the heterogeneous landscape of 
the Carpathians (Mráz and Ronikier, 2016, and see below). It is 
acknowledged that species delimitation inferences can be biased in the 
presence of some general evolutionary processes such as interspecific 
gene flow, isolation by distance, gene flow barriers, or selection, either 
over- or underestimating the number of species, and that other com
ponents of the integrative approach beyond genetics need to be 
considered for proper species delimitation (Leaché and Bouckaert, 2018; 
Yang et al., 2019; Mason et al., 2020; Karbstein et al., 2024).

Geographically structured genetic variation, as observed here in 
Erysimum, is a common feature of Carpathian plant species (e.g. Ronikier 
et al., 2008; Băcilă et al., 2015; Šrámková-Fuxová et al., 2017; 
Melichárková et al., 2019; Stachurska-Swakoń et al., 2020), which re
flects the high topographic complexity and geological heterogeneity of 

this mountain range and may also be related to the past range dynamics, 
the presence of multiple local glacial refugia and different recoloniza
tion routes (Ronikier, 2011; Mráz and Ronikier, 2016). The present 
genetic structure supports some of the known intra-Carpathian biogeo
graphic boundaries (Ronikier, 2011; Mráz and Ronikier, 2016), such as 
between the Western and Eastern Carpathians, between the Eastern and 
Southern Carpathians or within the Southern Carpathians along deep 
transverse valleys (e.g. the tectonic valley of the river Olt, which sepa
rates the populations from the Buila-Vânturariţa Mts., Figs. 1, 2). The 
divergence of the populations from the Buila-Vânturariţa Mts. is prob
ably also reinforced by their isolated location, as they represent the 
westernmost confirmed occurrence and a distribution gap is suspected 
to the east in the adjacent Fagaraş Mts. (due to the scarcity of suitable 
habitats and the prevailing crystalline bedrock, personal observ.). Thus, 
the observed genetic patterns suggest the existence of multiple glacial 
refugia for E. witmannii across the Carpathians and a gradual, stepwise 
range expansion (following the stepping stone colonization model, 
Kimura and Weiss, 1964), similar to other Carpathian plants (Ronikier, 
2011). The presence of genetically admixed populations in the Post
ăvarul and Vihorlat Mts. (clades 2/3 and 3/4, Figs. 1, 2), located in the 
border areas, suggest the existence of contact zones between the 
different recolonization routes, further supporting this migration model.

The introgression tests also showed evidence of gene flow between 
the allopatric lineages in the Carpathians (Fig. 3B), which was supported 
by very low QD scores (Supplementary Fig. S2A) measuring skew in 
discordance (Pease et al., 2018). The strongest signal of introgression 
was observed between the lineages of the same cytotype (2n = 14), but 
to a lesser extent also between the two cytotypes (2n = 14 and 2n = 16) 
despite the expected reproductive barrier due to gamete in
compatibilities. The origin of the geographically restricted cytotype 
with 2n = 16 is intriguing particularly due to its large genome size, 
which is almost twice that of 2n = 14, suggesting a complex genome 
restructuring (Mayrose and Lysak, 2020) alike in the Balkan species (see 
above), which remains to be investigated in the future.

4.3. Paraphyletic Erysimum odoratum s.str. displays multiple polyploid 
origins, morphological and chromosomal variation

Here we confirmed the tetraploid chromosome number (2n = 32) as 
the dominant cytotype of E. odoratum (Michalková, 2002; Marhold et al., 
2007; Polatschek, 2013) in the study area, which extends from the 
Carpathians to the southernmost distribution limit in the northern Bal
kans (Fig. 1). Additionally, we also identified previously unknown 
cytotypes occurring in the mountains of northeastern Croatia (Papuk 
Mts.), southwestern Romania (Retezat and Banat Mts.), and Serbia 
(Fruška Gora and Beljanica Mts.). On the other hand, our genetic data 
show that the diploid cytotype reported from the Western Carpathians 
(provisionally also under the names E. vagicum nom. prov. or 
E. carpaticum nom. prov., Kliment, 1999; Michalková, 2002) should be 
excluded from E. odoratum, and belongs to E. witmannii s.l. The cytotype 
recorded in the Papuk, Retezat and Banat Mts. has an unusual chro
mosome number of 2n = 22, which might suggest a triploid level. 
However, initial cytogenomic analyses of accessions from the Banat Mts. 
have indicated a tetraploid genomic composition (Mandáková, unpubl.), 
suggesting chromosome number reduction from regular tetraploids 
(post-polyploid descending dysploidy, Mandáková and Lysak, 2018; 
Mayrose and Lysak 2020). Post-polyploid structural chromosomal 
changes are a key component of the complex process of post-polyploid 
diploidization, which gradually converts a polyploid genome back to a 
functionally diploid state and can contribute significantly to speciation 
events and adaptive radiation (Mandáková et al., 2016; Farhat et al., 
2023; Zuo et al., 2022). However, these chromosomal rearrangements 
usually occur in the long term (e.g. Jiang et al., 2025) and are rarely 
observed at the intraspecific level (see Mas de Xaxars et al., 2015; 
Melichárková et al., 2020; Scarlett et al., 2023). Whether the pop
ulations from the Banat, Retezat and Papuk Mts. harbouring 2n = 22 are 
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characterized by the same genomic rearrangements remains unclear, but 
phylogenomic evidence from RADseq and Hyb-Seq data favours at least 
two separate origins (see below).

The paraphyly of E. odoratum (Fig. 2) may seem intriguing and 
taxonomically challenging at first glance, but some non-allopatric 
modes of speciation, such as progenitor-derivative (budding) or poly
ploid speciation, can lead to paraphyletic species (Crawford, 2010; 
Hörandl and Stuessy, 2010; Otero et al., 2022). Paraphyletic species are 
in fact not rare (Rieseberg and Brouillet, 1994) and can be seen as a 
natural transitional stage in evolution (Hörandl and Stuessy, 2010). 
Based on the polyploid status of E. odoratum and a nested position of the 
diploid E. witmannii s.l. (Fig. 2), we hypothesized that the paraphyly of 
E. odoratum is due to an allopolyploid origin, with E. witmannii s.l. being 
one probable ancestor. We tested this hypothesis using phased exon 
sequences from Hyb-Seq target genes and with different approaches 
suitable to identify parental subgenomes and their phylogenetic posi
tions with respect to the extant diploids, following the principle 
described by Rothfels (2021) and implemented in several tools (Thomas 
et al., 2017; Barbera et al., 2019; Šlenker et al., 2021; Sancho et al., 
2022). The results differed slightly between approaches but consistently 
yielded two outcomes: 1) strong evidence that E. witmannii s.l. is one of 
the parents for all cytotypes, and 2) indication of multiple independent 
polyploid origins, likely involving different ancestors. Allopolyploid 
origins with E. cuspidatum as the second parental species were inferred 
for the common tetraploid (2n = 32) cytotype, while E. comatum was 
suggested as the second parental species for the 2n = 22 cytotype from 
the Banat and Retezat Mts. The genomes of both these diploids, 
E. cuspidatum and E. comatum, together with that of E. witmannii, are 
possibly present also in the hexaploids from the Fruška Gora Mts. In 
contrast, the populations from the Papuk Mts. (2n = 22) appeared to be 
of an autopolyploid origin. However, the inference of a polyploid origin 
may be obscured by traces of interspecific gene flow found in Erysimum 
genomes (Abdelaziz et al., 2014, Osuna Mascaró, 2020; Osuna-Mascaró 
et al., 2022, Osuna Mascaró et al., 2023, and present data), as well as by 
a high degree of ancestral variation due to recent speciation (Moazzeni 
et al., 2014; Züst et al., 2020). Assignments of the alleles both using the 
PhyloSD and EPA-ng methods (Supplementary Table S4, Fig. 4B) 
pointed to a broad spectrum of diploids, with no clear threshold for 
distinguishing between major (parental) and minor (arising from gene 
flow and ancestral variation) homeologs (see Sancho et al., 2022). 
Furthermore, we found that some cytotypes can be differentiated 
morphologically, such as the cytotype from the Retezat Mts. and that 
from the Fruška Gora Mts. (Fig. 5C), and also observed a phenological 
shift in the population from the Banat Mts. (pop. Ciuc, 2n = 22). This 
population started flowering approximately 4 weeks earlier than other 
populations of E. odoratum, both in the field and in common garden 
experiments (personal observ.), which implies an additional prezygotic 
barrier restricting gene flow from the adjacent populations (Fig. 1). 
Variation in flowering time across populations has also been recorded in 
Iberian Erysimum, which likely affected introgression patterns (Osuna 
Mascaró et al., 2023).

4.4. Erysimum as a model for the study of early stages of speciation with 
various evolutionary drivers

The geographic structuring of genetic variation in Erysimum occurs at 
multiple levels, and, together with the high proportion of narrow en
demics (Jalas & Suominen, 1994), suggests that ecogeographic separa
tion is one of the key drivers of speciation. Geographic patterns are 
evident not only in previously published phylogenies at the genus level 
(Moazzeni et al., 2014; Züst et al., 2020) but also here within the 
E. odoratum species complex in its traditional circumscription, particu
larly in the phylogenetically distinct positions of the Carpathian 
E. witmannii s.l. and western Balkan endemics, as well as at the species 
level. Beyond the inherent effect of geographic distance, there are also 
biogeographical barriers in the mountainous landscapes of the 

Carpathians (Mráz and Ronikier, 2016) and the northwestern Balkans 
(Španiel and Rešetnik, 2022), which appear to limit gene flow, allowing 
genetic drift and selection to shape evolutionary trajectories (Butlin, 
2024) both in E. odoratum and E. witmannii s.l. Additionally, karyotype 
evolution has led to cytotype variation within both species, potentially 
establishing intrinsic barriers to gene flow in sympatric or geographi
cally proximate populations. These barriers may further drive popula
tion differentiation and contribute to speciation (Rieseberg, 2001; 
Kennedy et al., 2006; Soltis et al., 2007; Peirson et al., 2012). Further
more, phylogenomic data indicate that E. odoratum may be an assem
blage of independently evolved polyploids, however, distinguishing 
between remnants of parental genomes, shared ancestral variation, and 
introgression remained challenging. Taken together, the complex pat
terns of variation observed in both E. odoratum and E. witmannii s.l. 
appear to result from a broad spectrum of evolutionary processes. We 
suggest that these taxa – each composed of multiple lineages that have 
evolved through allopatric divergence as well as reticulate events 
(introgression or allopolyploidy), further shaped by chromosomal evo
lution – are in early stages of the process of speciation (de Queiroz, 2007; 
Butlin and Faria, 2024). From a taxonomic point of view, however, we 
refrain from simplistic taxonomic splitting based on genetic, geographic 
or cytotype differentiation, as it would not capture the observed more 
complex, network-like patterns. Therefore, we argue for a broad species 
concept for both E. odoratum, encompassing all polyploid cytotypes, and 
E. witmannii, comprising all Carpathian diploid populations, subsuming 
also the previously reported taxa/names E. pallidiflorum, 
E. transsilvanicum, E. vagicum nom. prov., and E. carpaticum nom. prov. 
under E. witmannii, which has nomenclatural priority (Turland et al., 
2025).

In conclusion, this study enhances our understanding of the evolu
tionary processes that have shaped this complex genus of crucifers. Our 
findings suggest that the morphology-based infrageneric division into 
species complexes is probably largely artificial and in need of revision. 
However, defining intrageneric entities – whether formally as sections 
or informally as species complexes – may be complicated by reticulation 
events that probably also involved distantly related taxa. Here, we also 
highlight the challenges of clarifying taxonomy and evolution in 
recently radiated plant lineages affected by multiple evolutionary 
drivers including polyploidy, introgression and karyotype 
rearrangements.
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gation, Formal analysis. Marek Šlenker: Writing – review & editing, 
Visualization, Validation, Supervision, Investigation, Formal analysis, 
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R. Bačák et al.                                                                                                                                                                                                                                   Molecular Phylogenetics and Evolution 214 (2026) 108481 

14 



Recovery and Resilience Plan for Slovakia under the project No. 09I03- 
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