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Abstract—Polyploidization has played a central role in the evolutionary history of most plant lineages, yet it poses signif-
icant challenges for phylogenetic inference, particularly in allopolyploid complexes with reticulate species relationships.
Luzula sect. Luzula (Juncaceae) is a taxonomically intricate group characterized by widespread polyploidy, agmatoploidy,
and high morphological uniformity. Focusing on the Eastern Alps, a key center of its diversity, we collected 1002 samples
of nine species and applied an integrative framework combining ddRADseq, plastid sequencing, relative genome size es-
timation, and chromosome counting to disentangle its evolutionary history. We extended previously inferred phylogenetic
relationships and assessed gene flow among diploids, establishing a baseline for investigating the origin of polyploids. By
analyzing patterns of genotype frequencies and genetic affinities to diploids, we inferred the most likely parental species
of polyploids and identified key hybridization events shaping the current taxonomic and karyotypic diversity within this
group. Our results reveal weak genetic differentiation among some diploid lineages, likely reflecting gene flow and incom-
plete lineage sorting. We propose a common allopolyploid origin of two tetraploids, which subsequently gave rise to a third
tetraploid and a hexaploid species through interploidy hybridization. Although the parental species of some polyploids
remain obscure, our genomic data highlight polyploidy and hybridization as major drivers of speciation in this poorly un-
derstood lineage. This study underscores the value of integrative approaches in resolving reticulate plant phylogenies and
advances our understanding of polyploid speciation. [allopolyploidy; ddRADseq; Eastern Alps; hybridization; interploidy;

*Correspondence to be sent to: Valentin Heimer, Department of Botany, University of Innsbruck, Sternwartestrafie 15, 6020 Innsbruck, Austria, Institute for

polyploid phylogenetics; reticulate evolution.]

Polyploidization, or whole genome duplication (WGD),
is one of the key drivers of angiosperm diversifica-
tion (Soltis et al. 2009; Wood et al. 2009). Two com-
mon types of polyploidy, auto- and allopolyploidy, are
widely recognized (Ramsey and Schemske 2002). Au-
topolyploids are formed within a single species and
possess multiple sets of homologous chromosomes
that pair non-preferentially during meiosis, resulting in
polysomic inheritance. In contrast, allopolyploids arise
from interspecific hybridization and combine divergent
parental genomes. During allopolyploid meiosis, chro-
mosomes generally recombine with homologs of the
same parental genome rather than with homeologous
chromosomes of the other parental genome, leading
to disomic inheritance (Lloyd and Bomblies 2016). Be-
tween the two extremes of auto- and allopolyploids,
WGD can occur along a gradient of divergence between
parental genomes, giving rise to intermediate cases such

as intervarietal autopolyploids or segmental allopoly-
ploids (Stebbins 1947; Stift et al. 2008; Parisod et al. 2010),
and the degree of divergence between subgenomes
may change over time due to homoeologous exchange
(Edger et al. 2018; Mason and Wendel 2020).

While WGD is associated with a proportional in-
crease in genome size (GS), changes in chromosome
number can also occur without changes in GS through
chromosome fragmentation or fusion. When these pro-
cesses affect all chromosomes in a concerted fashion,
they are termed agmatoploidy and symploidy, respec-
tively (Malheiros and Gardé 1950; Lucefio and Guerra
1996). In contrast to polyploidy, which is widespread in
plants (Husband et al. 2013), agmatoploidy and sym-
ploidy are restricted to lineages with holocentric (=
holokinetic) chromosomes, which are only found in a
few plant genera (Melters et al. 2012; Escudero et al.
2016; Zedek and Bures 2018). Holocentric chromosomes
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have non-localized centromeres with kinetochore ac-
tivity along the entire length of the chromatid (Haizel
et al. 2005). This enables the successful segregation of
the resulting chromosome fragments to daughter nuclei,
rendering chromosome fission not necessarily deleteri-
ous (Bures et al. 2013).

Luzula (Juncaceae) is one of the few genera where
both polyploidy and agmatoploidy/symploidy occur,
and it is the only known genus with documented cases
of simultaneous fragmentation of entire chromosome
sets in different species. Partial agmatoploidy and sym-
ploidy, however, have been evidenced in several other
plant groups (Guerra 2016). Luzula comprises ca. 115
species worldwide (Kirschner 2002) and is character-
ized by high karyotypic diversity with three common
chromosome sizes, namely, full-size (AL-type), half-
size (BL-type), and quarter-size (CL-type) chromosomes
(Nordenskiold 1951). Its ancestral karyotype is sug-
gested to be 2n = 12AL (Bozek et al. 2012). Within the
genus, Luzula sect. Luzula is remarkably diverse and
taxonomically challenging, including 57 species world-
wide, many of which are morphologically highly simi-
lar and thus often misidentified (Kirschner 2002; Baci¢
et al. 2007a, 2019). In Europe, the Alps in particular rep-
resent a center of diversity for Luzula sect. Luzula and
harbor eight species of three ploidy levels (Bacic et al.
2019). At the diploid level, five species with three dis-
tinct chromosome sizes have been documented in the
Eastern Alps and surrounding regions, the focal area of
this study: Luzula campestris (2n =12AL) is widespread
in low-elevation nutrient-poor meadows; L. exspectata
(2n = 24BL) and L. divulgatiformis (2n = 24BL), two calci-
cole species, occur in montane to alpine grasslands and
open woodlands at low elevations, respectively (Bacic et
al. 2007b); and L. pallescens (2n = 12AL) is a forest under-
story species distributed across Eurasia and only reach-
ing the easternmost margin of the Alps. Finally, L. sudet-
ica (2n= 48CL) is karyologically, morphologically, and
ecologically the most distinct, growing in (sub)alpine
moist meadows and fens. In addition, three polyploid
species occur in the Eastern Alps: the lowland species
L. divulgata (tetraploid, 2n = 24AL) that grows in decid-
uous woodlands, as well as L. alpina (tetraploid, 2n =
12AL + 24BL), a partial agmatoploid of alpine grass-
lands, and L. multiflora, which comprises a tetraploid
cytotype (2n= 24AL) occurring in montane to alpine
grasslands and a hexaploid cytotype (2n= 36AL) that
is widespread in forests and wet meadows (Baci¢ et al.
2007b).

Hybridization has been evidenced in Luzula sect.
Luzula across and within ploidy levels (Nordenskicld
1956; Kirschner 1991), possibly hindering phylogenetic
inference. Despite several studies aimed at disentan-
gling the evolutionary history of Luzula sect. Luzula
using plastid and internal transcribed spacer (ITS)
sequences, the phylogenetic relationships among the
species remained unresolved (Drabkova et al. 2006;

Zaveska Drabkova and Vicek 2009, 2010; Bozek et al.
2012; Brozova et al. 2022). The higher resolution of
double-digest restriction site-associated DNA sequenc-
ing (ddRADseq) has recently provided insights into
the phylogenetic relationships among diploid Luzula
species (Carrizo Garcia et al. 2025). However, the species
involved in the origin of polyploids remain obscure,
even though some hypotheses have been proposed
based on morphological or molecular data. Concerning
the origin of L. divulgata, Kirschner (1992) proposed a
close relationship to L. taurica (12AL), a diploid species
distributed from the Balkan Peninsula to the Cauca-
sus (Kirschner 2002). Furthermore, Kirschner (1992) hy-
pothesized that tetraploid L. multiflora might be an au-
topolyploid of L. pallescens, whereas hexaploid L. mul-
tiflora may be of allopolyploid origin (Kirschner 1996).
Finally, an allopolyploid origin of L. alpina has been pos-
tulated (Kirschner 1992), with L. exspectata (24BL) and
L. taurica (12AL) acting as putative parents (Baci¢ et al.
2019). Alternatively, L. alpina may have originated via
fission of half the chromosomes of tetraploid L. multi-
flora, to which it bears strong morphological, ecological,
and genetic similarities (Pungarsek et al. 2023).

In this study, we combine ddRADseq with plastid
DNA sequencing, relative GS estimation, and chromo-
some counts to disentangle evolutionary relationships
among the European species of Luzula sect. Luzula and
assess long-standing hypotheses regarding the origin
of polyploids. Using 1002 samples belonging to nine
species with geographic focus on the Eastern Alps and
adjacent areas, we (1) extend phylogenetic relation-
ships and infer gene flow among diploids to establish
a framework for inferring the origin of polyploids, (2)
elucidate the inheritance mode and genetic structure
of tetraploids, and finally, (3) identify the most likely
progenitor species of the polyploids. Based on previ-
ous cytological and phylogenetic studies, we expect to
detect signals of gene flow among diploids that con-
tributed to the origin of at least one allopolyploid, L.
alpina, which we hypothesize to have arisen through
hybridization between the agmatoploid L. exspectata
and a species with full-sized chromosomes. Luzula di-
vulgata and both cytotypes of L. multiflora may be of
either auto- or allopolyploid origin but are expected
to have non-agmatoploid ancestors, likely including L.
pallescens. Due to its smaller CL-type chromosomes, we
do not expect L. sudetica to be a parental species of any
polyploid.

MATERIALS AND METHODS
Plant Material

We conducted a comprehensive sampling of ten Eu-
ropean taxa of Luzula sect. Luzula, including L. alpina,
L. campestris, L. divulgata, L. divulgatiformis, L. exspectata,
L. multiflora (tetraploid and hexaploid), L. pallescens, L.
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FiGure 1. Distribution of 340 Luzula sect. Luzula populations analyzed in this study. Colors and abbreviations correspond to different species

and are consistently used throughout the manuscript. ALP, L. alpina; CAM, L. campestris; DIF, L. divulgatiformis; DIV, L. divulgata; EXS, L. exspec-
tata; MUL (4x), L. multiflora (4x); MUL (6 ), L. multiflora (6x); PAL, L. pallescens; SUD, L. sudetica; TAU, L. taurica. Morphologically indistinguish-
able L. alpina and L. multiflora (4x) were sampled collectively as “alpine tetraploids.” Detailed sampling maps for each species are provided in

Supplementary Fig. S1.

sudetica, and L. taurica, across the Eastern Alps and sur-
rounding areas, including the Balkan Peninsula for L.
taurica (Fig. 1, Supplementary Fig. S1 and Table S1I).
We sampled between 11 and 73 populations per species
(median: 41), amounting to a total of 340 populations.
Plants were identified following Baci¢ et al. (2016, 2019)
and Fischer et al. (2008). However, due to the high
morphological similarity of L. alpina and tetraploid
L. multiflora, we sampled them collectively as “alpine
tetraploids.” Leaf tissue was collected from 1 to 8 (me-
dian: 2) individuals per population and was immedi-
ately dried in silica gel for DNA extraction and rela-
tive GS (RGS) estimation. In addition, we included three
individuals of L. spicata (Luzula sect. Alpinae) and two

of L. nivea (Luzula sect. Anthelaea) as outgroups (see
Supplementary Table S2 for details on sample numbers
for each taxon). An herbarium voucher was prepared for
each specimen and deposited at IB.

Relative GS Estimation and Chromosome Counts

The ploidy level of all samples was inferred by mea-
suring the RGS via flow cytometry as described in Suda
and Travnicek (2006), using Bellis perennis L. (2C = 3.38
pg; Schonswetter et al. 2007) as an internal standard. To
accommodate the large number of samples, we also em-
ployed high-throughput flow cytometry with a pocket-
SPU automated sample loading device (Quantum Anal-
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ysis) for some samples. Nuclei were extracted from
silica-dried leaf material by either chopping or, for high-
throughput flow cytometry, grinding with glass beads
in a tissue lyser (Qiagen), and were stained with 4',6-
diamidino-2-phenylindole (DAPI). Fluorescence of at
least 3000 nuclei was measured with a CyFlow space
flow cytometer (Sysmex Partec) and analyzed in R
v.3.6.3 (R Core Team 2020) using the package flowPloidy
(Smith et al. 2018). RGS was then calculated as the ratio
of mean relative fluorescence between sample and stan-
dard.

Because L. alpina and tetraploid L. multiflora are mor-
phologically extremely similar and cannot be distin-
guished based on GS (Pungarsek et al. 2023), we gen-
erated chromosome counts for a subset of samples.
Seeds derived from herbarium vouchers were germi-
nated on filter paper at room temperature in the dark.
Root tips were stained with Schiff’s reagent follow-
ing the protocol described in Baci¢ et al. (2019), and
metaphase chromosomes were counted under an Ax-
iovert 200M microscope (Zeiss) equipped with an Ax-
ioCam HRc camera. We complemented our own data
with already published chromosome counts from pre-
vious studies (Nordenskiold 1951, 1956; Kirschner et al.
1988; Kirschner 1992; Bacic¢ et al. 2007a, 2016; Pungarsek
et al. 2023), and included six samples from Pungarsek et
al. (2023).

DNA Extraction and Plastid DNA Sequencing

Total genomic DNA was extracted from 10 to 20 mg
of dried leaf tissue following a modified CTAB pro-
tocol (Tel-zur et al. 1999). DNA extracts were subse-
quently purified using the NucleoSpin gDNA clean-up
kit (Macherey-Nagel) and quantified with a Qubit 4 flu-
orometer (ThermoFisher Scientific).

Because traditional plastid markers such as the trnL-F
region are largely unable to resolve relationships within
Luzula sect. Luzula (Zaveska Drabkova and VIcek 2010),
we identified two variable plastid regions (henceforth
referred to as V1 and V5) based on plastid assemblies
for nine of our study taxa (Li et al., unpublished). These
regions were amplified and sequenced for 405 individ-
uals from 314 populations (Supplementary Table S1).
Each region was amplified on Eppendorf 5331 thermo-
cyclers (Applied Biosystems) in a reaction mix (total vol-
ume 21 pL) containing 10.2 pL. dH,0O, 7.73 uL REDTaq
ReadyMix (Merck), 1.0 uL BSA (1 mg/uL; Promega),
0.53 pl of each primer (10 uM; V1.Fand V1.R or V5.F and
V5.R; Supplementary Table S3), and 1 uL DNA template.
PCR conditions for V1 were 5 min at 95 °C, 35 cycles of
30sat95°C,30sat 61 °C and 2 min at 65 °C, followed by
10 min at 65 °C. The same conditions were used for V5,
however with a lower annealing temperature of 57.2 °C.
After purification of PCR products with E. coli Exonucle-
ase I and SAP (Shrimp Alkaline Phosphatase; Fermen-
tas) according to manufacturer’s instructions, Sanger se-
quencing was performed at Eurofins Genomics (Ebers-

berg, Germany) using the newly designed primers V1.F,
V1.R, and V1.5 for V1 and V5.F for V5. Contigs were
assembled, aligned, and edited in Geneious Pro v.5.5.9
(Kearse et al. 2012), and both regions were concate-
nated to a single alignment. Indels were coded as binary
characters by applying simple gap coding (Simmons
and Ochoterena 2000) in SeqState v.1.25 (Miiller 2005).

3RAD Library Preparation, Sequencing, Demultiplexing,
and Alignment

Double-digest RADseq (ddRADseq) libraries were
prepared following a 3RAD protocol adapted from
Bayona-Vasquez et al. (2019). Briefly, 100 ng of DNA per
sample was digested with the restriction enzymes Xbal
and EcoRI-HF (New England Biolabs), and each sam-
ple was indexed with a unique combination of EcoRI
and Xbal adapters. Digestion and adapter ligation were
performed simultaneously, using Nhel as a third restric-
tion enzyme to cut adapter-dimers for improved liga-
tion efficiency (Bayona-Vasquez et al. 2019). Following
sample pooling, DNA fragments were size-selected for
470-600 bp using SPRIselect magnetic beads (Beckman
Coulter) and were subsequently amplified in 14 PCR cy-
cles with Illumina iTru5 and iTru7 primers. After addi-
tional size selection on a Pippin Prep (Sage Science) and
quality assessment with a High Sensitivity DNA Kit on
an Agilent 2100 Bioanalyzer (Agilent Technologies), li-
braries were sequenced as 150-cycle paired-end reads
on an Illumina NovaSeq X Plus platform at Novogene
(Munich, Germany). We used FastQC v.0.11.8 (Andrews
2010) for quality assessment of raw Illumina reads,
which were then demultiplexed using process_radtags.pl
implemented in STACKS v.2.62 (Catchen et al. 2013),
and restriction sites were trimmed with Trimmomatic
v.0.39 (Bolger et al. 2014). Demultiplexed reads were
aligned to the reference genome of L. sylvatica (Goodwin
et al. 2024) using BWA-MEM v.0.7.17 (Li and Durbin
2009) with default settings. The resulting SAM files were
converted to BAM format, sorted by reference coordi-
nates, and indexed using samtools v.1.9 (Danecek et al.
2021). Finally, read groups were added in Picard v.2.26.2
(http:/ /broadinstitute.github.io/picard/). Single nu-
cleotide polymorphisms (SNPs) were called using two
complementary approaches for diploid and mixed-
ploidy data sets in order to maximize resolution while
also ensuring accurate SNP calling of polyploids, as
described in the following paragraphs. The data sets
and filtering applied for each analysis are listed in
Supplementary Table S4.

Diploid Variant Calling and Exploratory Analyses of SNP
Data

We first analyzed relationships among diploids to es-
tablish a phylogenetic backbone, which was later ex-
panded to include the polyploids. To do this, we cre-
ated a data set containing only the six diploid species
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and two diploid outgroup taxa. SNP calling for diploids
was performed with STACKS v.2.62 (Catchen et al. 2013).
A catalogue was built from indexed BAM files using
refmap.pl with default settings, and the program popula-
tions implemented in STACKS was then used to export
data in various formats, which were further filtered us-
ing BCFtools v.1.20 (Danecek et al. 2021), dependent on
subsequent analyses (Supplementary Table S4). We first
produced a baseline data set containing all diploid sam-
ples and loci present in at least 50% of individuals with
a maximum observed heterozygosity (maxH,) of 0.65 to
construct a NeighborNet phylogenetic network in Split-
sTree v.6.3.16 (Huson and Bryant 2024) based on Nei’s
distance (Nei 1972) computed in adegenet (Jombart and
Ahmed 2011).

Phylogenetic Analyses of Diploids

Phylogenetic relationships among diploids were in-
ferred in IQ-TREE 2 (Minh et al. 2020) based on a data
set of concatenated RAD loci present in at least 50%
of individuals with a minimum read depth (minDP)
of eight, maxH,= 0.65, and a minimum minor al-
lele count (MAC) of 3. The filtered VCF file was con-
verted to PHYLIP format using vcf2phylip.py (https:
/ /github.com/edgardomortiz/vcf2phylip) and invari-
ant sites were removed in IQ-TREE 2. Finally, a max-
imum likelihood (ML) tree was constructed with 1000
ultrafast bootstrap replicates (Hoang et al. 2018), as-
certainment bias correction, and correction for overes-
timated node support (-bnni), with the best substitu-
tion model automatically determined by ModelFinder
(Kalyaanamoorthy et al. 2017). The final tree was vi-
sualized in FigTree v.1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree/). The same data set excluding the out-
group was also used to construct a NeighborNet phylo-
genetic network.

In addition, we estimated the species tree using
the Bayesian species-tree inference approach SNAPP
v1.6.1 (Bryant et al. 2012) implemented in BEAST v.2.7.4
(Bouckaert et al. 2019) based on a data set including
only a single SNP for each RAD locus present in at
least 80% of individuals. The data set was reduced to
four representative individuals of each diploid ingroup
species and two of L. spicata as outgroup to reduce com-
putation time. The input XML file for SNAPP was pre-
pared in BEAUti v.2.7.4 (Bouckaert et al. 2019) with the
default option for a pure birth (Yule) model hyperpa-
rameter A equal to the birth rate of the species tree,
which was allowed to vary and was sampled during
the MCMC, as recommended by Bryant et al. (2012) and
Drummond and Bouckaert (2015). The SNAPP analysis
was performed for four independent runs with 3,000,000
generations each and saving a tree every 1000th gen-
eration. The coalescent rate and forward (u) and back-
ward (v) mutation rates were sampled from within the
MCMC. Mixing of MCMC chains and convergence of
the SNAPP analyses were assessed in Tracer v.1.7.2. The

four runs were combined in LogCombiner v.2.7.7, dis-
carding 10% of trees as burn-in, and the frequency of
alternative topologies was computed in TreeSetAnal-
yser. Posterior probabilities (PPs) for each clade were
computed in TreeAnnotator v.2.7.6, and SNAPP trees
were visualized as a cloudogram in DensiTree v.3.0.2
(Bouckaert 2010).

Analyses of Genetic Structure and Gene Flow among
Diploids

We assessed potential admixture among diploid
species using Bayesian clustering in STRUCTURE v.2.3.4
(Pritchard et al. 2000). SNPs present in at least 70% of in-
dividuals and with maxH, = 0.65 and MAC > 3 were
exported from the STACKS catalogue in STRUCTURE
format using populations with the —write-random-snp flag
to reduce linkage by including only one random SNP
per locus, resulting in 2948 SNPs. STRUCTURE was run
with the admixture model for 1,000,000 MCMC gener-
ations with 100,000 generations as burn-in for K (num-
ber of groups) ranging from 1 to 12 with 10 replicates
each. We aggregated STRUCTURE results across repli-
cates using CLUMPAK (Kopelman et al. 2015) and in-
ferred the optimal K following Evanno et al. (2005) in the
R package pophelper (Francis 2017), while also consider-
ing other biologically meaningful values of K (Meirmans
2015). To test for introgression while accounting for the
effects of incomplete lineage sorting (ILS), we computed
the D-statistic (Green et al. 2010) and f-branch statis-
tic (Malinsky et al. 2018), constrained with the species
tree topology obtained from SNAPP, between all species
pairs (max. 50% missing data, minDP = 8) using Dsuite
v.0.5 (Malinsky et al. 2021).

Mixed-Ploidy Variant Calling and Exploratory Analyses of
SNP Data

We used GATK v.4.25.0 (McKenna et al. 2010)
for variant calling of mixed ploidy data sets. Briefly,
HaplotypeCaller was run in gVCF mode to call haplo-
types for each sample individually, with the correct
ploidy specified as inferred from RGS estimation.
Then, the resulting g.vcf files were combined with
GenomicsDBImport before joint genotyping for all sam-
ples was performed using GenotypeGVCF. We used
SelectVariants to retain only biallelic SNPs and per-
formed quality filtering with VariantFiltration following
the Broad Institute’s hard filtering recommendations
(https:/ / gatk broadinstitute.org/hc/en-us/articles/
360035890471-Hard-filtering-germline-short-variants;
Supplementary Table S4). To allow for accurate geno-
typing of polyploids, which require higher read depths
to accurately infer dosage information (Uitdewilligen
et al. 2013), only SNPs with a minimum genotype read
depth of 8 for diploids, 30 for tetraploids, and 40 for
hexaploids were retained. In addition, genotypes with
a coverage higher than 200 were removed to exclude
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potential paralogues. As for the diploid data set, a
baseline VCF was produced, containing high-quality
SNPs present in at least 50% of individuals, which was
used to construct a NeighborNet network in SplitsTree.

Inference of Inheritance Modes and Taxonomic Assignment
of Tetraploids

We followed the approach of Griinig et al. (2024)
to infer the inheritance mode, and thus the type of
polyploidy, of tetraploids. This method allows the dis-
tinction between di- and tetrasomic inheritance from
population-wide genotype frequencies. In short, VCF
files with a maximum of 30% missing data were
produced for each tetraploid population, and allele
frequency tables were retrieved using GATK Vari-
antsTolable. Then, we used a custom R script (Griinig et
al. 2024) to plot the distribution of genotype frequencies
against allele frequencies. Because only two individuals
per population were sampled for L. divulgata, we merged
geographically close populations to increase the number
of samples per population, a simplification we believe
reasonable because Luzula is wind-pollinated and pop-
ulations can likely interbreed across large distances, as
reflected by the low dxy values observed between pop-
ulations (dxy < 0.06). As a complementary approach for
inferring inheritance modes, we used nQuire (Weif3 et al.
2018), which does not rely on called genotypes but in-
stead estimates allele depth distributions from raw read
depth. BAM files for all tetraploid individuals were de-
noised using nQuire denoise, and smoothed distributions
of allelic depth retrieved from nQuire histo were plotted
inR.

To specifically address genetic structure within
the morphologically indistinguishable L. alpina and
tetraploid L. multiflora (alpine tetraploids), we per-
formed principal component analysis (PCA) in adegenet
and STRUCTURE analysis for this data set. The PCAwas
based on SNPs with a maximum of 50% missing data
and MAC > 3. STRUCTURE was run for K ranging from
1 to 10 using 2084 SNPs with MAC > 3 and present in at
least 70% of individuals that were linkage-pruned using
BCFtools (2 < 0.2 in a window of 1000 bp). The assign-
ment of alpine tetraploids to genetic clusters at K = 2,
together with the placement of samples in monophyletic
clades in the ML tree obtained from IQ-TREE 2 (see next
paragraph) and chromosome counts, was then used to
assign all alpine tetraploid individuals to one of the two
species for further analyses.

Analyses of Monophyly, Genetic Structure, and Gene Flow
among Diploids and Polyploids

To investigate whether polyploids formed mono-
phyletic clades, an ML tree of the full data set (SNPs
present in at least 50% of samples, MAC > 3) was
constructed in IQ-TREE 2 using the same settings as

for diploids. However, as a bifurcating tree is not an
appropriate representation of the evolutionary history
of allopolyploids, we refrained from inferring species
relationships from it. To account for the often-reticulate
relationships in polyploid complexes, a NeighborNet
network based on Nei’s distances and a PCA of ge-
nomic variation were produced for the same data set
excluding the outgroup. Admixture among species and
populations was assessed with STRUCTURE based
on 3644 unlinked SNPs with MAC > 3 present in at
least 70% of individuals that were linkage-pruned in
BCFtools (r> < 0.2 in a window of 1000 bp). The resul-
tant VCF file was converted to STRUCTURE format
using a custom Python script from J. Gerchen (https://
github.com/jgerchen/polyintro/blob/main/workflow
/scripts/structure/vcf_to_structure.py) adapted for
hexaploids. STRUCTURE was run with the same set-
tings as for diploids but specifying a maximum ploidy
of six. Although STRUCTURE has been shown to be
robust regarding ploidy (Stift et al. 2019), it can be bi-
ased by sample size (Lawson et al. 2018). We, therefore,
repeated the same analysis for a balanced subset of 25
individuals per species.

We inferred signatures of gene flow among the
species using Dsuite and TreeMix. Notably, introgres-
sion can be difficult to distinguish from the genomic
signatures of allopolyploidization events (Leal et al.
2024). However, we refer to the inferred signals as “in-
trogression” for better readability and elaborate on this
distinction in the Discussion. D-statistics and f-branch
statistics for all possible species trios were computed in
Dsuite based on a data set with SNPs present in at least
50% of individuals, constrained with the topology of the
ML tree. Genome-wide allele frequency data derived
from 8899 SNPs present in at least 80% of individuals
were used to test for the presence of gene flow among
lineages using TreeMix v.1.12 (Pickrell and Pritchard
2012). TreeMix input files were produced with a Python
script from M. Bohutinska (https://github.com/
mbohutinska/TreeMix_input/blob/master/conversion
TreemixMajda.py) and the analysis was run using a
pipeline written by C. Dahms (https://github.com/
carolindahms/TreeMix/tree/main). We tested variable
numbers of migration edges m from 0 to 10, performing
500 bootstrap replicates by resampling blocks of k = 100
SNPs to build a consensus tree. The R package OptM
(Fitak 2021) was then used to infer the best number
of migration edges (m) based on the change in log
likelihood, and 30 independent TreeMix runs were per-
formed for this m to compute mean migration weights
and P values.

Inference of the Putative Parental Species of Polyploids

The most likely parental species of polyploids were
inferred using the method-of-moment estimator of re-
latedness coefficients implemented in Polyrelatedness
(Huang et al. 2014). Based on a data set including SNPs
present in at least 50% of individuals, we computed
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pairwise relatedness coefficients based on allele frequen-
cies among all individuals and plotted their distribu-
tion for each polyploid taxon and putative progenitor
species. Differences in mean relatedness were assessed
with Wilcoxon rank sum tests.

We further explored the origin of tetraploids by ap-
plying genomic polarization (Leal et al. 2023). This ap-
proach utilizes multiple-sequence alignments (MSAs)
to polarize the sequence of a polyploid using another
species present in the MSA (i.e., the reference sequence).
It effectively masks variants that are identical between
polyploid and reference sequence and thus retains only
the fraction of the polyploid genome deviating from
the reference. If the reference sequence was one of the
parental species of an allopolyploid, the remaining po-
larized sequence is expected to have high similarity
to the second parental species. Conducting phyloge-
netic inference on gene trees derived from these po-
larized sequences will result in the polyploid pairing
with the most similar species after polarization. Thus,
the parental species of allopolyploids can be inferred it-
eratively by selecting different reference sequences un-
til convergence. We followed the pipeline of Leal et al.
(2023) but adapted the generation of MSAs for use with
RADseq data. In short, genotypes were called for each
sample individually, including invariant sites, and qual-
ity filtering was performed following GATK hard filter-
ing recommendations, keeping only sites with a mini-
mum read depth of five (Supplementary Table S5). We
then used BCFtools consensus to produce FASTA files for
each sample with heterozygous sites encoded as [IUPAC
ambiguity codes. As RADseq data are not suited for the
computation of gene trees, we instead split each chro-
mosome of the reference sequence into 20 regions with
equal numbers of SNPs, resulting in a total of 120 re-
gions, for each of which we produced an MSA from the
individual FASTA files. After polarization of the poly-
ploid, IQ-TREE 2 was used to infer an ML tree for each of
the MSAs (hereafter referred to as “locus tree” for sim-
plicity). Single-locus phylogenies were summarized to
estimate the species tree using the super-tree inference
method ASTRAL-III v.5.7.8 (Zhang et al. 2018), which is
consistent under the multispecies coalescent and thus
able to handle ILS. Finally, the frequency of pairings
between the polyploid and all other species/clades in-
cluded in the phylogeny was computed across individ-
ual locus trees. The species sister to the polarized poly-
ploid in the species tree was chosen as reference for
the next iteration until the analysis converged. If the
polyploid ended up being sister to an entire clade in-
stead of a single species, we used the species within
this clade, to which the most frequent pairing occurred,
as a reference. The analysis was performed separately
for each of the three tetraploid species included in this
study, including one representative individual of the
polyploid and of all potential parental taxa as well as
L. nivea as outgroup. In all cases, L. campestris was used
as the first reference sequence. Because L. sudetica has

a higher chromosome number (48CL) than any other
species, and none of the previous analyses gave any in-
dication of it being involved in the origin of polyploids
(see the “Results” section), we excluded it from this
analysis.

Phylogenetic and Phylogeographic Analyses of Plastid
Sequences

Bayesian phylogenetic analyses of plastid data were
performed using MrBayes v.3.2.7 (Ronquist et al. 2012)
applying the F81 (V1) and JC69 (V5) substitution mod-
els proposed by the corrected Akaike information cri-
terion (AICc) in MrAIC.pl v.1.4 (Nylander 2004). The
alignment was partitioned into nucleotide and indel
sets, and indels were treated as morphological data
(Lewis 2001). The Metropolis-coupled Markov chain
Monte Carlo process included four runs with four chains
each (three heated using the default heating scheme),
which were run simultaneously for 10,000,000 genera-
tions each. Trees were sampled every 1000th generation
using default priors. PPs of the consensus tree were de-
termined from all trees after discarding the first 1001
trees of each run as burn-in. Convergence of chains was
assessed in TRACER v.1.7.2 (Rambaut et al. 2018). In ad-
dition, an ML tree of the same data was inferred in 1Q-
TREE 2, using 1000 ultrafast bootstrap replicates and the
same substitution models as above, with the JC2 model
for binary indel data. To assess phylogeographic pat-
terns, we inferred a statistical parsimony network based
on the plastid alignment in TCS (Clement et al. 2000),
implemented in POPART (Leigh and Bryant 2015), with
a connection limit of 95%.

REsuLTs
Relative GS and Chromosome Number Estimation

Relative GS estimation confirmed three ploidy levels,
with RGS ranging from 0.21 to 0.29 for diploids, 0.47
to 0.60 for tetraploids, and 0.77 to 0.84 for hexaploids
(Supplementary Table S1). The ploidy level of two sam-
ples (Lalp_7_07 and Ltau_210_2) could not be estimated.
We produced new chromosome counts for 52 alpine
tetraploid individuals, which, combined with previ-
ously published counts for six individuals (Pungarsek
et al. 2023) also included in this study, yielded 42 counts
corresponding to the 12AL + 24BL karyotype of L.
alpina and 16 to the 24AL karyotype of L. multiflora
(Supplementary Fig. S2). In addition, we retrieved from
literature 13 counts for L. alpina and seven for L. multi-

flora.

Phylogenetic Relationships among Diploids

After demultiplexing and quality trimming, an av-
erage number of 13.15 million (SD = 8.31) reads per
sample were mapped against the reference genome of
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FIGURE 2. Phylogenetic relationships and gene flow patterns among European diploid species of Luzula sect. Luzula. a) Best-scoring maxi-
mum likelihood tree inferred in IQ-TREE 2 based on 27,664 SNPs derived from RADseq, including L. nivea (NIV) and L. spicata (SPI) as outgroups.
Terminal nodes were collapsed and colored according to species. The DET clade containing L. divulgatiformis, L. exspectata, and L. taurica is in-
dicated. Numbers above major branches indicate bootstrap support, and numbers (0.15) next to double dashes show branch lengths that were

shortened for readability. The full tree is provided in Supplementary Fig.

S3.b) Allocation of individuals to genetic clusters inferred by STRUC-

TURE for K = 3 and K = 6. c) Species tree estimated by SNAPP with alternative topologies visualized in red and green. Numbers are posterior
probabilities. d) NeighborNet network based on Nei’s distance calculated from 25,011 SNPs with species and their karyotypes indicated. e) In-
trogression inferred by f-branch statistics estimated in Dsuite. Gray cells indicate inadmissible comparisons due to topological constraints of the
underlying SNAPP tree topology, and dotted lines represent ancestral lineages. White diamonds indicate significant f-branch statistics (P < 0.05).

L. sylvatica. Variant calling of diploid individuals with
STACKS produced 567,744 SNPs. Following initial filter-
ing for missing data, we excluded 12 samples with >50%
missing data and two samples, which were identified
as putative hybrids or contaminations based on the
NeighborNet, retaining a total of 457 samples and 87,921
SNPs for further analyses. The ML phylogenetic tree in-
ferred in IQ-TREE 2 based on the best substitution model
(TVM + F + ASC + R6) identified by ModelFinder re-
covered most diploid species as monophyletic clades
with high bootstrap support (Fig. 2a, Supplementary
Fig. S3). Luzula campestris was sister to all other diploid
taxa (BS 100%), which were split into two sister clades.
One included L. pallescens and L. sudetica (BS 100%),
and the second clade contained L. divulgatiformis, L.
exspectata, and L. taurica (BS 100%; DET clade hereafter).
Within this group, L. taurica was retrieved as a mono-

phyletic (BS 96%) sister to a clade with paraphyletic L.
divulgatiformis forming a grade of diverging lineages, in
which three lineages of polyphyletic L. exspectata were
nested. The species tree estimated by SNAPP showed
the same overall topology as the ML tree (Fig. 2c). Most
nodes were highly supported (PP = 1), with only the
clade comprising L. pallescens and L. sudetica having
lower support (PP = 0.80). Accordingly, the 95% highest
posterior densities contained two out of three recovered
topologies, with the main topology being supported by
79.6% of trees. In the alternative topology, which was
supported by 16.5% of trees, L. sudetica was sister to a
clade containing L. pallescens and the DET clade. The
main clades of both phylogenetic trees were also recov-
ered as distinct groups in the NeighborNet phylogenetic
network, with L. divulgatiformis, L. exspectata, and L. tau-
rica showing little differentiation (Fig. 2d).
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Genetic Structure and Gene Flow among Diploids

The optimal number of clusters in the STRUCTURE
analysis according to AK was 3 (Supplementary Fig. 54),
corresponding to the major clades of the ML tree (Fig. 2b,
Supplementary Fig. S5). Luzula pallescens showed con-
siderable admixture with the DET clade. Considering
K = 6 as a biologically meaningful grouping (equal to
the number of species and also represented by a sec-
ond peak in AK; Supplementary Fig. 54), strong admix-
ture was revealed within the DET clade, particularly be-
tween L. divulgatiformis and L. exspectata and, to a lesser
degree, between L. divulgatiformis and L. taurica (Fig.
2b). When testing for potential introgression among all
diploid species pairs with Dsuite, ten trios had signif-
icant (P < 0.05) D-statistics ranging from 0.04 to 0.23
(Supplementary Table S6) and f4-ratios between 0.04 and
0.15. The f-branch statistic (f;) revealed significant ex-
cess allele sharing indicative of introgression between
all members of the DET clade and L. pallescens, with a
particularly strong signal (f, = 0.15) for L. taurica (Fig.
2e). Weaker signals of introgression were also found be-
tween L. campestris and L. pallescens, as well as between
L. campestris and the ancestral branch leading to the DET
clade.

Inheritance Mode and Taxonomic Assignment of Tetraploids

A total of 869,020 biallelic SNPs were called using
GATK for the data set including diploid and polyploid
species. After initial quality filtering for read depth and
missing data, 29,623 SNPs were retained. We removed
six samples with >50% missing data and three puta-
tive hybrids or contaminated samples, resulting in a
final data set of 1002 samples for subsequent analy-
ses. All alpine tetraploid populations belonging to L.
alpina/L. multiflora exhibited an excess of genotypes with
intermediate allelic depth, consistent with expectations
of Hardy—Weinberg equilibrium under disomic inheri-
tance as found in allopolyploids (Fig. 3a, Supplementary
Fig. S6a). This was confirmed at the level of individu-
als by nQuire, revealing an excess of intermediate al-
lelic depths for all but six individuals, which showed
a pattern more in line with tetrasomic inheritance, typ-
ical for autopolyploids (Supplementary Fig. S7a,b). In
the case of L. divulgata, genotype frequencies were less
conclusive and did not fully correspond to expecta-
tions under disomic, nor under tetrasomic inheritance
(Fig. 4a, Supplementary Fig. S6b). Along the same line,
some individuals of this species had an excess of inter-
mediate allelic depths, whereas others showed a pat-
tern more indicative of autopolyploidy (Supplementary
Fig. S7c). However, because the six putatively autopoly-
ploid alpine tetraploids were nested within the remain-
ing alpine tetraploids across all analyses, and L. divulgata
formed a single well-supported clade, we did not ex-
clude samples with aberrant genotype frequencies from
further analyses.

Alpine tetraploids segregated into two main groups
in the PCA, corresponding to chromosome counts
pertaining to either L. alpina (12AL 4 24BL) or L. mul-
tiflora (24AL, Fig. 3b,c). STRUCTURE analysis of alpine
tetraploids at K = 2, which was proposed by AK
(Supplementary Fig. S8), revealed a west-to-east geo-
graphical pattern that again largely corresponded to
the two karyotypes found through chromosome counts
(Fig. 3d,e, Supplementary Figs. 52 and S9). The western
cluster contained only counts corresponding to L. alpina
(12AL + 24BL), whereas the eastern cluster contained ex-
clusively the 24AL karyotype pertaining to L. multiflora.
Individuals from several populations in the longitudi-
nally central part of the Eastern Alps were assigned to
either of the two genetic groups or showed signs of ad-
mixture, resulting in several mixed populations with co-
occurring karyotypes in some cases (Fig. 3d,e). Follow-
ing the segregation of alpine tetraploids into two groups
in the PCA (Fig. 3b), STRUCTURE analyses (Figs. 3d,e
and 4d, Supplementary Figs. S9-511) and in the ML phy-
logenetic tree (Fig. 4c, Supplementary Fig. 512), which
corresponded to available chromosome counts, we as-
signed alpine tetraploids to either L. alpina (316 indi-
viduals) or L. multiflora (86 individuals) for subsequent
analyses.

Genetic Structure within Diploids and Polyploids

Most species formed well-defined groups in the
nearly star-like NeighborNet phylogenetic network,
except for the poorly differentiated DET clade (Fig. 4b).
Tetraploid L. divulgata was positioned near the center
of the network, whereas hexaploid L. multiflora and L.
campestris and L. pallescens and L. sudetica shared some
common splits, respectively, and were positioned on op-
posite sides of the network. All other clusters had inter-
mediate positions between them. The alpine tetraploids
L. alpina and L. multiflora were split into four more or
less coherent clusters. The two largest tetraploid clusters
corresponded to L. alpina, which was closer to the DET
cluster, whereas the two smaller clusters were closer to
L. pallescens and L. sudetica, and pertained to tetraploid
L. multiflora.

The major genetic groups present in the phyloge-
netic network were also recovered in the ML tree based
on the SYM + ASC + R8 substitution model (Fig. 4c,
Supplementary Fig. S12). Most species formed highly
supported clades, except L. alpina, for which the sup-
port was notably lower (BS 64%). Relationships within
the DET clade remained complex, as in the analy-
sis of diploids, and L. divulgatiformis was paraphyletic
and formed two subsequently divergent lineages with
monophyletic L. exspectata (BS 100%) nested within. The
tree topology was reflected in the PCA, in which L.
campestris was clearly most divergent along PC1, and
L. sudetica and L. pallescens were separated from the
remaining species along PC2 (Fig. 4e). Mirroring the
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Inheritance mode, chromosome counts, and genetic structure of alpine tetraploid species of Luzula sect. Luzula. a) Genotype

frequencies (y-axis) relative to alternative allele frequency (x-axis) for the alpine tetraploids L. alpina and L. multiflora. Thin lines are per-population
frequencies, and thick broken lines represent smoothed averages across all populations. Genotype frequencies for individual populations are
given in Supplementary Fig. S6a. b) PCA of genetic variation among alpine tetraploids along PC1 and PC2 with colors corresponding to L.
alpina (red) and L. multiflora (blue). c) Metaphase chromosomes for L. alpina (2n = 4x = 12AL + 24BL, population 38, top) and L. multiflora
(2n = 4x =24AL, population 169, bottom). d) STRUCTURE results at K = 2 for each individual grouped by population as indicated by population
identifiers below the bar charts. e) Pie charts showing population-averaged assignment of alpine tetraploid L. alpina and L. multiflora to genetic
clusters inferred by STRUCTURE for K = 2. Small dots in (b), (d), and (e) represent chromosome counts for individuals included in this study,
either newly produced or from Pungarsek et al. (2023), corresponding to the 12AL + 24BL cytotype of L. alpina (red) and the 24AL cytotype of L.
multiflora (blue). Additional chromosome counts retrieved from literature are shown as diamonds of lighter colors in (e).

blurred species boundaries inferred from phylogenetic
trees and NeighborNet analyses, L. divulgatiformis and
L. exspectata were mostly overlapping along PC1 and
PC2; however, some separation between the two species
was visible along PC4. All polyploid taxa were placed
near the center of the ordination when considering the
first two principal components; L. alpina was shifted to-
ward the DET clade, whereas L. divulgata and tetraploid
L. multiflora were particularly close to each other and
only slightly separated along PC2. Tetraploid L. mul-
tiflora was shifted toward L. pallescens, and L. divul-
gata was placed between hexaploid L. multiflora and
L. taurica.

The optimal number of clusters in the STRUCTURE
analysis of the data set subsampled to even group sizes
according to AK was 2 (Supplementary Fig. S13), cor-
responding to the DET clade on one hand, and most
of the remaining lineages on the other hand (Fig. 4d,
Supplementary Fig. S10). Notably, the tetraploids L.
alpina and L. divulgata were admixed between both clus-
ters, and weak signals of admixture were also present in
L. taurica. An additional smaller peak in AK was found
for K =9, for which all species but L. exspectata and L. di-
vulgatiformis formed their own cluster. The latter showed
some admixture with L. taurica, whereas L. exspectata
had signals of admixture with L. alpina, which showed

weak admixture with L. exspectata and tetraploid L. mul-
tiflora. A small proportion of genetic admixture with L.
divulgata was present in L. taurica, and weak admixture
with L. alpina and L. taurica was inferred for tetraploid
L. multiflora. STRUCTURE analysis conducted on the
full data set with uneven group sizes yielded differ-
ent results, with the best K being 4, followed by 7 and
9 (Supplementary Fig. S14), corresponding to some of
the major lineages but recovering L. divulgata and L.
pallescens as admixed and revealing considerable sub-
structure within L. alpina (Supplementary Fig. S11).

Signatures of Introgression among Diploids and Polyploids

The optimal number of migration edges in the
TreeMix analysis was four (Supplementary Fig. S515).
Albeit the diploid clades were also recovered in the
TreeMix tree, the positioning of polyploids differed from
that of the ML tree, with hexaploid L. multiflora being a
sister to L. campestris and all tetraploids forming a sin-
gle clade (Fig. 5a). Most relationships, however, received
low bootstrap support. Significant (P < 0.001) ancient
gene flow was inferred from L. faurica to L. divulgata (mi-
gration weight, MW = 0.36) and from L. pallescens to
tetraploid L. multiflora (MW = 0.38). More recent gene
flow occurred from L. exspectata to L. alpina (MW = 0.41)
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FIGURE 4. Genetic structure among European diploid and polyploid species of Luzula sect. Luzula. a) Genotype frequencies (y-axis) relative
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shown as bar plot.

and, albeit weaker, from L. pallescens to hexaploid L. mul-
tiflora (MW = 0.16).

D-statistics were significant for 63 species trios, rang-
ing from 0.05 to 0.34; f4-ratios were between 0.03 and
0.68 (Supplementary Table S7). The strongest signals of
introgression were observed between L. pallescens and
hexaploid L. multiflora (species trio: EXS-PAL-MUL(6x);
D-statistic = 0.34), L. alpina and tetraploid L. multiflora
(EXS-ALP-MUL(4x); D-statistic = 0.30), as well as be-
tween tetra- and hexaploid L. multiflora (EXS-MUL(4 x)-
MUL(6x); D-statistic = 0.30). Largely congruent with
the TreeMix results, f-branch statistics computed con-
strained with the ML tree topology revealed strong
gene flow between tetraploid L. multiflora and the three

species L. alpina (f, = 0.47), L. pallescens (f, = 0.28), and L.
divulgata (f, = 0.22) (Fig. 5b). Strong signatures of intro-
gression were found between L. alpina and L. exspectata
(fy = 0.40), as well as between L. alpina and the common
ancestor of L. exspectata and L. divulgatiformis (f, = 0.46).
Unlike in the TreeMix analysis, no signal of introgression
between L. divulgata and L. taurica could be detected. The
latter, however, exhibited excess allele sharing with L. di-
vulgatiformis (f, = 0.45). Hexaploid L. multiflora showed
signals of introgression with several species, namely,
tetraploid L. multiflora (f, = 0.35), L. pallescens (f, = 0.40),
and L. divulgata (f, = 0.32), as well as weaker signals with
L. alpina (f, = 0.23), L. campestris (f, = 0.12), and L. divul-
gatiformis (f, = 0.09).
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FIGURE 5. Signatures of introgression among diploid and polyploid species of Luzula sect. Luzula. a) Consensus TreeMix tree for m = 4
migration edges. Migration events correspond to the events with the highest likelihood among the 500 replicates. Bootstrap percentages are
represented by colored symbols and migration weights are indicated by the color scale. b) Introgression inferred by the f-branch statistic estimated
in Dsuite. Gray cells indicate inadmissible comparisons due to topological constraints of the underlying tree topology and dotted lines represent
ancestral lineages. White diamonds indicate significant f-branch statistics (P < 0.05).

Inference of the Putative Parental Species of Polyploids

Relatedness coefficients inferred in Polyrelatedness
were used to determine the most likely progenitors of
polyploids. Luzula exspectata and tetraploid L. multiflora
had the highest relatedness coefficients with respect to
L. alpina (mean £ SD: 0.04 £+ 0.01 and 0.04 + 0.02, re-
spectively; Fig. 6a), which were both slightly, yet sig-
nificantly, higher than those of the second-ranked L. di-
vulgata and L. divulgatiformis (Wilcoxon rank sum test
P < 0.001). In the case of L. divulgata, the highest re-
latedness was found for L. taurica (0.04 £+ 0.01), fol-
lowed (P < 0.001) by karyologically divergent L. alpina
(0.03 % 0.02), which exhibited exceptionally high varia-
tion in relatedness coefficients across individuals, L. di-
vulgatiformis (0.02 & 0.00), and both cytotypes of L. mul-
tiflora (0.02 + 0.02 and 0.02 £ 0.01, respectively). Luzula
pallescens (0.04 = 0.01) and L. alpina (0.04 + 0.04) had
significantly higher relatedness to tetraploid L. multiflora
than all other species (P < 0.001), followed by L. divul-
gata and hexaploid L. multiflora. The hexaploid L. multi-
flora had high relatedness to L. pallescens (0.03 =+ 0.00),
L. divulgata (0.02 £ 0.01), and tetraploid L. multiflora
(0.00 £ 0.02). Notably, the hexaploid was the only case
in which phylogenetically distant L. campestris had a de-
gree of relatedness comparable to that of other species
(—0.02 £0.01), even surpassing those of L. divulgatiformis
and L. exspectata.

As a complementary approach, the most likely
diploid progenitors of tetraploids were inferred us-
ing genomic polarization. Upon convergence, polar-
ized L. alpina paired with the entire DET clade (Fig.
6b, Supplementary Fig. S16a, Supplementary Results).

Within this clade, the individual species for which
most pairings occurred were L. exspectata and L. tau-
rica. In the case of L. divulgata, the analysis converged
to L. taurica and L. pallescens as likely parental species
(Fig. 6b, Supplementary Fig. S16b, Supplementary Re-
sults). However, also here most pairings across locus
trees were with the entire DET clade rather than with
an individual species when using L. pallescens as the
reference sequence. A similar result was obtained for
tetraploid L. multiflora, for which genomic polarization
again suggested L. taurica and L. pallescens as parental
species, with a particularly strong signal of the lat-
ter (Fig. 6, Supplementary Fig. S16c, Supplementary
Results).

Phylogenetic and Phylogeographic Analyses of Plastid
Sequences

Although Luzula sect. Luzula was recovered as mono-
phyletic in Bayesian and ML phylogenetic analyses of
plastid sequences, relationships among species were
largely unresolved, and many samples formed a poly-
tomy (Supplementary Fig. S17). The only species that
was monophyletic was L. sudetica. Another clade with
relatively high support (PP > 0.9, BS > 90%) com-
prised many, but not all, individuals of the four poly-
ploid species. Phylogeographic analyses of plastid se-
quences revealed 67 distinct haplotypes, which exhib-
ited a structure that was partly taxonomic and partly
geographic (Supplementary Fig. S18). Luzula sudetica
and L. taurica were distinct, whereas the other diploid
species shared many haplotypes (Supplementary Fig.
519). Alpine tetraploid L. multiflora and L. alpina mostly

920z Aienuep 2z uo Jasn yoep\ punwp3g auoizepuo ea9101qig Aq y06£928/S901eAS/0IGSAS/E60 1 "0 /Iop/ejonie-aoueApe/oigsAs/woo-dno olwapeoe//:sdiy Woll papeojumo(]


https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data
https://academic.oup.com/sysbio/article-lookup/doi/10.1093/sysbio/syaf065#supplementary-data

2025 HEIMER ET AL. - HYBRIDIZATION AND POLYPLOIDY IN LUZULA 13
a)
DIV MUL (4x) MUL (6x)
5 == 3
8 | Sl [
9 n.s. ' : }
= 4 ! n.s. !
(15} Bl H
o il ns. ! !
Q I ns.: ] é ' | i i
0 | i e H ==
0 i o i <o i
g ‘ é é’ P <t s é - 4 o ¢ ¢ - ° T M
g 4 ® s 156 T o
© ' ‘
[}
m T T T T T T T T T T T T T T T
F FSEEFFLI¢FS Fo s B
& ¥ &
™
c
k<l
©
8
0203 00 01 02 03 00_ 01 02z 08
of Pairings Frequency of Pairings Frequency of Pairings
TAU
< DET
c EXS
’g DIF
@ TAU
g PAL
cAM
0 01 02z 03 00 01 02 03 00_ 01 02z 08
Frequency of Pairings Frequency of Pairings Frequency of Pairings
Quartet scores: Qg1 @92 @aq3
FIGURE 6. Inference of the most likely progenitors of polyploid species of Luzula sect. Luzula. a) Violin plots of relatedness coefficients of

tetra- and hexaploid Luzula species to potential ancestors (left of the dashed line) and species that can be excluded as ancestral taxa based on
karyology (right of the dashed line and shaded gray). All pairwise comparisons were significant (P < 0.05) according to Wilcoxon rank sum
tests except those indicated (n.s.). b) Results of iterative genomic polarization of tetraploid L. alpina (left), L. divulgata (middle), and L. multiflora
(4x) (right). Species tree cladograms obtained with ASTRAL based on 120 “locus trees” are presented for the last two iterations that represent
convergence of the analysis. The species used as a reference sequence for polarization is indicated at the top, and the tetraploid is highlighted
in bold. Pie charts show quartet support for each branch. Bar plots on the right show pairing frequencies of the polarized tetraploid with other
species across the 120 “locus trees” inferred in IQ-TREE 2, with colors corresponding to species and gray corresponding to the DET clade. The
species with the highest pairing within the sister clade of the tetraploid is highlighted with a red box in the cladograms and was chosen as the
reference sequence for the next iteration. The results of all four iterations are shown in Supplementary Fig. S16.

shared the same haplotype, although a considerable
number of L. alpina populations had a common haplo-
type with L. exspectata. Hexaploid L. multiflora showed
a high diversity of haplotypes, with no apparent pat-
tern, although the predominant haplotype of alpine
tetraploids was also present in hexaploid L. multiflora
and L. divulgata.

DiscussioN

The crucial role of hybridization in plant evolution
has already been recognized by Stebbins (1959) and re-
cent progress in genomics has led to numerous stud-
ies providing examples of hybrid speciation in both
plants and animals (Soltis and Soltis 2009; Abbott et al.
2013; Svardal et al. 2020; Wu et al. 2022; Rosser et al.
2024). Even though there is limited evidence for homo-
ploid hybridization being directly involved in specia-

tion (Schumer et al. 2014; Yakimowski and Rieseberg
2014; Nieto Feliner et al. 2017), except for the well-
studied examples of Iris (Arnold 1993) and Helianthus
(Rieseberg et al. 1995; Owens et al. 2023), hybridiza-
tion accompanied by genome duplication (i.e., allopoly-
ploidy) is widely acknowledged as an important evo-
lutionary driver (Soltis and Soltis 2009; Brandrud et
al. 2020; Debray et al. 2022; Spaniel et al. 2023). Our
large-scale analysis, integrating genome-wide ddRAD-
seq with plastid markers and chromosome counts, iden-
tifies Luzula sect. Luzula as a plant lineage whose evo-
lutionary history has been shaped by both homoploid
hybridization and allopolyploidy, as well as by in-
terploidy gene flow. Although homoploid hybridiza-
tion in our study group is limited to introgression
without the establishment of a stable hybrid lineage,
polyploid hybridization resulted in novel allopolyploid
species.
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Introgression and Partially Blurred Species Boundaries
among Diploids

Most diploid species included in this study were re-
covered as monophyletic (Fig. 2a), with L. campestris con-
stituting the earliest diverging lineage and the remain-
ing species segregating into two main clades: the DET
clade comprising L. divulgatiformis, L. exspectata, and L.
taurica, and a second clade containing L. pallescens and
L. sudetica. The genetic divergence of L. campestris is con-
sistent with its morphological distinctiveness, as it is
the only species of the group that forms long stolons
(Bacic et al. 2019). Even though phylogenetic inference
from concatenated RAD loci does not account for het-
erotachy and may be biased due to hybridization and
ILS (Degnan 2013; Liu et al. 2015; Som 2015), our phy-
logenomic results are largely congruent between con-
catenation (Fig. 2a) and single-locus-based (Fig. 2c) ap-
proaches. They are in line with findings of Carrizo
Garcia et al. (2025) and offer greatly improved resolution
of species relationships within Luzula sect. Luzula com-
pared with earlier studies (Drabkovd et al. 2006; Zaveska
Drabkova and Vlcek 2010).

Our findings support two putatively independent
transitions toward agmatoploidy in the two major
diploid clades (Carrizo Garcia et al. 2025), namely in the
DET clade giving rise to L. divulgatiformis and L. exspec-
tata, as well as a second fragmentation event associated
with the origin of L. sudetica. Our analyses also con-
firm blurred species boundaries within the DET clade
(Carrizo Garcia et al. 2025), particularly between L. divul-
gatiformis and L. exspectata (Figs. 2a,b,e and 4d). Both taxa
are agmatoploids (24BL), likely derived from L. taurica
(12AL) via chromosome fission, yet our results cast seri-
ous doubts on their recognition as separate species, es-
pecially in light of their morphological similarity (Baci¢
et al. 2007b).

Contflicting topologies in the species tree (Fig. 2c) and
admixture between the DET clade and L. pallescens (Fig.
2b) correspond with patterns of excess allele sharing
revealed by f-branch statistics (Fig. 2e), and are, thus,
likely signatures of introgression rather than ILS. Specif-
ically, introgression most probably occurred between L.
taurica and L. pallescens, which share the same kary-
otype (12AL). In contrast, the weaker signatures of gene
flow between L. pallescens and both L. divulgatiformis
and L. exspectata are probably the result of shared an-
cestry among lineages of the DET clade (Malinsky et
al. 2021). Although rate heterogeneity among lineages
may affect the sensitivity and accuracy of D statistics
and the derived f-statistics, resulting in false positives
and incorrectly inferred admixture graphs (Frankel and
Ané 2023, 2025), we consider our results to be robust, as
the major introgression events inferred from these met-
rics are in line with the results of complementary analy-
ses such as SNAPP and TreeMix. Hybridization among
diploid species of Luzula sect. Luzula was observed in
natural populations and confirmed through controlled

crossing experiments by Nordenskiold (1956). Notably,
in those experiments, L. pallescens was among the species
that could be crossed most easily and produced the
highest proportion of fertile offspring. Although diploid
(12AL) L. campestris and L. pallescens can also hybridize
with agmatoploid L. sudetica (48CL), these crosses were
sterile (Nordenskiold 1956). The experimental results of
Nordenskiold were later verified in natural populations
(Kirschner 1991), suggesting that L. sudetica was likely
not involved in the origin of polyploids — a conclusion
also supported by our genomic data.

Evidence for an Allopolyploid Origin of Polyploids

Both tetraploid L. multiflora and L. alpina exhib-
ited genotype frequency patterns indicative of dis-
omic inheritance typical for allopolyploids (Fig. 3a,
Supplementary Figs. S6a and S7a,b; Lloyd and Bomblies
2016; Scott et al. 2023). Although results for L. divul-
gata were less conclusive and did not fully conform to
expectations under di- nor polysomic inheritance (Fig.
4a, Supplementary Figs. S6b and S7c), they nonethe-
less align more closely with an allopolyploid origin. Al-
though disomic inheritance is no definitive proof of al-
lopolyploidy and old autopolyploids are expected to
transition toward disomic inheritance over time (Le
Comber et al. 2010; Parisod et al. 2010), we consider a
hybrid origin of the polyploid Luzula species the most
plausible scenario, based on multiple lines of support-
ing evidence discussed in the upcoming paragraphs.
Notably, all four polyploid taxa formed distinct groups
across phylogenetic analyses (Fig. 4b,c,e), rather than
appearing nested within diploid clusters, as would be
expected for recent autopolyploids. While our data sug-
gest an allopolyploid origin of all four polyploid species,
their progenitors could not be unequivocally identified
in each case. The most likely evolutionary scenario on
the origin of the polyploids based on our data and a
plausible alternative are illustrated in Figure 7.

A Common Allopolyploid Origin of Tetraploid L. multiflora
and L. divulgata

Tetraploid L. multiflora consistently exhibited strong
genetic affinities with L. pallescens across analyses, ren-
dering the latter a likely parental species. This aligns
with earlier findings that artificial tetraploids produced
from L. pallescens closely resemble L. multiflora mor-
phologically (Nordenskitld 1956), and is consistent
with the hypothesized close relationship between the
two species proposed by Kirschner (1992). However,
whereas Kirschner (1992) suggested an autopolyploid
origin of tetraploid L. multiflora from L. pallescens — with
the exception of some Irish populations identified as al-
lopolyploid (Jarolimova and Kirschner 1995; Kirschner
1995) — our results instead point to an allopolyploid
origin. Specifically, they suggest L. taurica as the most
likely second parental species, albeit with lower con-
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FIGURE 7. Synthesis across analyses and most likely evolutionary scenarios for the polyploid complex of European Luzula sect. Luzula. Ploidy
levels are indicated on the left and separated by dotted horizontal lines. Karyotypes are depicted schematically with colors representing ances-
tral diploid subgenomes and large and small chromosome sizes corresponding to AL and BL chromosomes, respectively. Black arrows show
proposed hybridization events, and dashed arrows represent evolutionary divergence without hybridization. Analyses supporting or objecting
the involvement of each species in a given hybridization event are indicated as colored squares. Genomic polarization is currently not applicable
to hexaploids and cannot accommodate allopolyploids as progenitor species and is thus indicated as NA for such cases. a) Hypothesized evolu-
tionary scenario in which the tetraploids L. divulgata and L. multiflora (4x) have a common allopolyploid origin from L. taurica and L. pallescens.
This common ancestor then hybridized with L. campestris, giving rise to hexaploid L. multiflora (6x) in a second allopolyploidization event. After
divergence of L. divulgata and L. multiflora (4x), the latter was involved in the origin of L. alpina via interploidy hybridization with L. exspectata.
b) Alternative scenario in which tetraploid L. multiflora (4x) arose via allopolyploidization from L. taurica and L. pallescens. It then gave rise to L.
alpina via interploidy hybridization with diploid L. exspectata, and a second allopolyploidization event involving backcrossing with L. pallescens

resulted in the hexaploid L. multiflora (6x). The latter then hybridized with L. taurica, giving rise to tetraploid L. divulgata.

fidence (Fig. 7a). A similar but quantitatively different
pattern was found for L. divulgata, which shows strong
genetic affinity to L. taurica, though the identity of its
second progenitor remains uncertain. Genomic polar-
ization consistently identified L. taurica or the DET clade
and L. pallescens as the most likely progenitors of both
tetraploids, albeit with a clearer signal of L. pallescens in
the case of L. multiflora (Fig. 6b). Ambiguous outcomes
of genomic polarization analyses, where all tetraploids
were consistently recovered as sisters to the entire DET
clade rather than to any individual species, are likely
the result of weak genetic differentiation within the DET
clade mentioned above. Both L. divulgata and tetraploid
L. multiflora occupied intermediate positions between L.
taurica and L. pallescens in the PCA (Fig. 4e), further sup-
porting a hybrid origin from these two diploids, which
is also in agreement with the inferred patterns of intro-
gression (Fig. 2ce).

Whereas independent allopolyploidization events in-
volving the same diploids cannot be excluded and have
been evidenced in other plant genera (Perrie et al. 2010;
Guo et al. 2013; Brandrud et al. 2020), we argue that a

common origin of L. divulgata and tetraploid L. multiflora
is the most likely scenario, given that the two species ex-
hibit high relatedness coefficients to each other (Fig. 6a).
Subsequent divergence of the two taxa may then have
been accompanied by differential introgression, from L.
taurica in the case of L. divulgata (Fig. 5a) and from L.
pallescens in the case of tetraploid L. multiflora (Fig. 5a,b).
Although it is difficult to disentangle the genomic sig-
natures of allopolyploidization from more recent gene
flow (Leal et al. 2024), such post-polyploidization intro-
gression from either of the parental species could ex-
plain the apparently closer relationship of L. divulgata
with L. taurica and of L. multiflora with L. pallescens, as
reflected by relatedness coefficients (Fig. 6a). Unidirec-
tional gene flow from diploid progenitors to polyploids
has been reported in both auto- (Arnold et al. 2015;
Griinig et al. 2024) and allopolyploids (Ma et al. 2010;
Nibau et al. 2022). Additionally, introgression from dif-
ferent diploid lineages in different parts of the poly-
ploid’s range may even confer local adaptation (Arnold
et al. 2015) and result in different forms of a tetraploid,
where each new form resembles more closely the lo-
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cal diploid (Stebbins 1956). The absence of admixture
signals between L. multiflora and L. taurica (Fig. 5a,b)
may, therefore, reflect a lack of ongoing or relatively re-
cent gene flow between these species. Instead, more re-
cent admixture with L. pallescens (Fig. 5a) and L. alpina
(Fig. 3d), as previously reported (Nordenskicld 1956;
Kirschner 1991), may have obscured the older genomic
signature of the allopolyploidization event.

Even though we consider a common origin of L. di-
vulgata and tetraploid L. multiflora to be the most par-
simonious explanation for the observed genomic pat-
terns, our results are not definitive. Notably, the absence
of shared splits between the two species in the Neigh-
borNet phylogenetic network (Fig. 4b) challenges the
single-origin hypothesis. Instead, the intermediate po-
sition of L. divulgata between L. taurica and hexaploid
L. multiflora in the network and PCA (Fig. 4b,e), along
with high relatedness to both species (Fig. 6a), raises the
alternative possibility of a hybrid origin for L. divulgata
involving L. taurica and hexaploid L. multiflora (Fig. 7b).
Under this scenario, the apparent genomic affinity of L.
divulgata to L. pallescens may be a spurious signal, possi-
bly arising from hexaploid L. multiflora (a likely descen-
dant of L. pallescens; see below), acting as a genetic bridge
(McDonald et al. 2008; Grant and Grant 2020; Leal et al.
2024). However, hybridization between hexaploids and
diploids is rarely found in nature (Dewey 1973; Asay
and Dewey 1979; Ingram and Noltie 1995; Hegarty et
al. 2012), and even if it occurs, no adult plants have
been found (Castro et al. 2011, 2012). Given the general
rarity of such hybridization events in nature, we con-
sider a hybrid origin of L. divulgata via crosses between
L. taurica and hexaploid L. multiflora less likely than a
shared tetraploid ancestor with L. multiflora, followed
by differential introgression from the parental diploid
species.

Hexaploid L. multiflora Originated from
Allopolyploidization Involving Interploidy Hybridization

Our results support the long-standing hypothesis
that hexaploid L. multiflora is of allopolyploid ori-
gin (Kirschner 1992), even though the precise iden-
tity of its parental species remains somewhat uncer-
tain. The hexaploid cytotype of L. multiflora has close
genetic affinities to the tetraploid species, and genomic
data suggest an origin through interploidy hybridiza-
tion between the common ancestor of L. divulgata and
tetraploid L. multiflora and diploid L. campestris (Fig. 7a).
This hypothesis is supported by shared splits with L.
campestris in the phylogenetic network (Fig. 4b), the po-
sition of the hexaploid in the TreeMix analysis (Fig. 5a),
signals of weak but significant introgression (Fig. 5b),
relatively high relatedness coefficients (Fig. 6a), and par-
tially shared genetic clusters in the STRUCTURE analy-
sis (Supplementary Fig. 510). The elevated relatedness
of hexaploid L. multiflora to L. divulgata (Fig. 6a) com-
pared with tetraploid L. multiflora may indicate that the

hexaploid originated directly from L. divulgata, rather
than from the common ancestor of both tetraploids.
However, while significant, these differences are small,
and our data do not allow inference of the timing of
polyploidization events. An origin involving genetically
distant L. campestris aligns with the observation that the
likelihood of polyploidization increases with increasing
divergence of parental genomes during hybridization
(Paun et al. 2009). Hexaploid L. multiflora thus likely
constitutes an allopolyploid comprising three distinct
subgenomes that arose from hybridization between a
diploid and an allotetraploid, similar to Avena sativa
(Peng et al. 2022) and Triticum aestivum (Li et al. 2015).

Like its tetraploid counterpart, the hexaploid cyto-
type of L. multiflora also has genetic affinities (Figs. 5a,b
and 6a) with L. pallescens, which we, however, interpret
as a result of recent (post-polyploidization) introgres-
sion. Given that L. pallescens is likely a progenitor of the
tetraploids and assuming limited evolutionary diver-
gence of polyploids, such introgression would introduce
a homologous chromosome set likely to engage in suc-
cessful meiotic pairing. An alternative scenario — where
L. pallescens served as a parental species of the hexaploid,
and the signal of L. campestris reflects later introgression
— appears less plausible, because introgression from ge-
netically distant L. campestris would introduce a diver-
gent chromosome set, potentially causing meiotic insta-
bility.

Fiynally, under the alternative hypothesis that L. di-
vulgata arose from interploidy hybridization between
L. taurica and hexaploid L. multiflora, the latter could
have originated from backcrossing between tetraploid L.
multiflora and its likely progenitor L. pallescens (Fig. 7b).
However, this scenario does not account for the genomic
contribution of L. campestris found in the hexaploid. To-
gether with the limited evidence for diploid—hexaploid
hybridization in general (see above), our results support
a common origin of tetraploid L. multiflora and L. divul-
gata, followed by allopolyploidization with L. campestris
that gave rise to hexaploid L. multiflora, as the most likely
scenario.

Although polyploidization is generally associated
with strong postzygotic reproductive isolation from
diploid progenitors (Levin 2002; Ramsey and Schemske
2002), gene flow across ploidy levels has been docu-
mented in diverse plant genera. Such interploidy gene
flow can occur with diploid progenitors — as observed
in autotetraploid Biscutella laevigata (Griinig et al. 2024)
— but may also involve more distantly related, non-
parental species, as evidenced in Arabidopsis (Jergensen
et al. 2011; Marburger et al. 2019; Monnahan et al. 2019),
Betula (Ashburner and McAllister 2013; Zohren et al.
2016; Leal et al. 2024), Miscanthus (Clark et al. 2015), Ror-
ippa (Bleeker and Hurka 2001; Bleeker 2003) and Triticum
(Cheng et al. 2019). A recent study by Brown et al. (2024)
found that 35% of hybrids in the British flora are cross-
ploidy hybrids, notably also in Juncaceae, and suggests
that interploidy gene flow is often overlooked and may
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be more common than previously assumed, particularly
in allopolyploids.

In Luzula sect. Luzula, hybridization between
diploids and tetraploids has been deemed impos-
sible (Nordenskiold 1956; Kirschner 1991). However,
gene flow between tetra- and hexaploids has been docu-
mented (Nordenskiold 1956; Kirschner 1991), and recent
findings suggest that interploidy gene flow does occur
at least sporadically in this section, possibly mediated
through a “pentaploid bridge” (Ptacek et al. 2023). For
instance, putative pentaploids, inferred from relative GS
estimation, were reported in mixed-ploidy populations
(Geurden et al. 2025). In support of these findings, we
identified six putative triploid and three putative penta-
ploid individuals in a data set of 3462 European Luzula
sect. Luzula accessions based on RGS measurements
(Supplementary Fig. S20, Supplementary Table S8).

Luzula alpina arose through Interploidy Hybridization
between L. exspectata and Tetraploid L. multiflora

An allopolyploid origin of L. alpina has long been pos-
tulated (Kirschner 1992), and our results support this hy-
pothesis, thus rejecting the alternative hypothesis that
L. alpina is a paraphyletic taxon formed through recur-
rent partial chromosome fragmentation within L. mul-
tiflora populations (Pungarsek et al. 2023). Specifically,
we identify L. exspectata as one of the parental species of
L. alpina. Contrary to a hypothesis by Bacic et al. (2019),
however, L. taurica is unlikely to be the second progen-
itor. Instead, multiple lines of genomic evidence consis-
tently indicate that L. alpina originated via interploidy
hybridization between reduced gametes of tetraploid L.
multiflora and unreduced gametes of L. exspectata (Fig.
7a,b). This is supported by patterns of genetic admix-
ture (Fig. 4d), the intermediate position of L. alpina be-
tween L. exspectata and tetraploid L. multiflora in the PCA
(Fig. 4e), strong signatures of introgression (Fig. 5a,b),
and high pairwise relatedness to both parental species
(Fig. 6a).

At a first glance, such interploidy hybridization may
seem unlikely, given the distinct karyotypes of the
parental taxa: L. exspectata is agmatoploid with 24 frag-
mented BL chromosomes, whereas L. multiflora has 24
full-sized AL chromosomes. However, in Luzula, AL-
and BL-type chromosomes are known to readily pair
during meiosis (Nordenskiold 1961), and a hybrid origin
from these two species matches the 12AL + 24BL kary-
otype of L. alpina. The low genetic divergence between L.
exspectata and L. taurica — a likely progenitor of L. multi-
flora—further supports the possibility of successful chro-
mosome pairing and hybrid viability. In addition, a close
relationship between L. alpina and tetraploid L. multi-
flora from the Alps is also supported by their ability to
hybridize and produce fertile offspring (Nordenskicld
1956), which likely accounts for the presence of ad-
mixed individuals, particularly in the contact zone of
both species (Fig. 3d).

Finally, the presence of both L. multiflora and L. exspec-
tata plastid haplotypes in L. alpina suggests two inde-
pendent origins of the species: one involving L. multiflora
as the maternal progenitor, constituting the majority of
populations, and a secondary origin with L. exspectata as
the maternal parent that probably occurred in the north-
western region of the Eastern Alps (Supplementary Figs.
518 and S19). Although two independent origins may
partially explain the substantial genetic substructure ob-
served within L. alpina (Fig. 4b, Supplementary Fig. S9),
they do not fully account for it, as the distribution of
plastid haplotypes and nuclear genetic structure are not
entirely congruent (Supplementary Fig. 521).

Reduced Recombination Rates in Holocentrics and Adaptive
Introgression may assist the Establishment of Polyploids

Meiotic chromosome segregation poses a major chal-
lenge for newly formed polyploids during their es-
tablishment (Comai 2005; Baduel et al. 2018; Bomblies
2023) and reduced fertility and aneuploidy in new poly-
ploids are often associated with the formation of mul-
tivalents during meiosis (Ramsey and Schemske 2002;
Lloyd and Bomblies 2016). Although multivalents are
more common in autopolyploids due to the lack of
subgenome divergence (Bomblies 2023), they also oc-
cur in allopolyploids, albeit less frequently (Loidl et
al. 1990; Grandont et al. 2014; Lloyd and Bomblies
2016). In contrast to established allopolyploids, neo-
allopolyploids often exhibit higher rates of multivalent
formation (Lloyd and Bomblies 2016), leading to in-
creased rates of homeologous exchange, as observed in
Brassica napus (Szadkowski et al. 2010; Chalhoub et al.
2014), Arabidopsis suecica (Henry et al. 2014; Jiang et al.
2021), Oryza sativa (Xu et al. 2014; Wu et al. 2021), and
Tragopogon miscellus (Chester et al. 2012). Homeologous
recombination can destabilize polyploid genomes by
homogenizing divergent subgenomes, promoting aneu-
ploidy, and causing gene loss (Feldman and Levy 2009;
Zhang et al. 2013). One way to improve meiotic stabil-
ity and to reduce the prevalence of multivalents and
homeologous recombination is a reduced crossover rate
(Carvalho et al. 2010; Yant et al. 2013). In fact, having
only a single crossover event per chromosome prevents
multivalent formation completely (Lloyd and Bomblies
2016).

Holocentric chromosomes, as found in Luzula, typ-
ically exhibit low crossover rates, usually limited to
one or two crossovers per chromosome (Nordenskiold
1962; Nokkala et al. 2004; Martinez-Perez et al. 2008;
Heckmann et al. 2014). This suggests the intriguing pos-
sibility that reduced recombination rates may facilitate
polyploid establishment in Luzula, consistent with ob-
servations that diploids with low crossover frequencies
tend to give rise to more fertile tetraploids (Lavania
1991; Srivastava et al. 1992). However, polyploidy is con-
spicuously rare in the megadiverse holocentric genus
Carex (Hipp et al. 2009; Lipnerova et al. 2013). Although
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it occurs more frequently in other Cyperaceae (Vanzela
et al. 2000; Yano and Hoshino 2005), chromosome frag-
mentations and fusions rather than WGDs seem to be
the predominant drivers behind the high karyotypic
diversity of Carex and other holocentrics (Kondo and
Lavarack 1984; Hipp et al. 2009; Escudero et al. 2024).

Improved meiotic stability may also be obtained
via introgression of adaptive alleles, which can reduce
multivalent formation. This is well documented in the
case of bidirectional gene flow between the autote-
traploids Arabidopsis arenosa and A. lyrata (Yant et al.
2013; Marburger et al. 2019), and also in the allote-
traploid A. suecica, which carries beneficial meiotic alle-
les from diploid A. arenosa (Nibau et al. 2022). Likewise,
introgression from diploids into polyploids has recently
been evidenced in birches (Leal et al. 2024). Importantly,
in lineages with complex reticulate evolution, such post-
polyploidization introgression can be difficult to distin-
guish from genomic signals associated with the original
polyploidization event (Mandel et al. 2017; Wagner et al.
2020; Wang et al. 2021; Leal et al. 2024).

A similar scenario may be plausible for the European
members of Luzula sect. Luzula. As an alternative to the
allopolyploid origin proposed above, the complex ge-
nomic signals observed in L. divulgata may reflect an an-
cient autopolyploid origin from L. taurica followed by
gradual diploidization and a transition toward disomic
inheritance (Parisod et al. 2010), which might explain the
ambiguous results regarding the inheritance mode of L.
divulgata (Fig. 4a, Supplementary Figs. S6b and 7c). Ex-
tensive post-polyploidization introgression from both L.
pallescens and hexaploid L. multiflora might be misinter-
preted as a signature of allopolyploidy, similar to the
case of Betula pubescens (Leal et al. 2024). These three
Luzula species frequently co-occur, and hybridization
between tetra- and hexaploids has been documented
(Kirschner 1991). Such a scenario would agree with
known mechanisms of meiotic stabilization through in-
trogression and could explain the conflicting genomic
signatures found in L. divulgata without invoking an al-
lopolyploid origin.

Scope and Taxonomic Implications

Genomic evidence points to a central role of L.
pallescens in the formation of the studied polyploids,
supporting earlier conjectures (Kirschner 1992), yet the
precise evolutionary history of Luzula sect. Luzula re-
mains to be elucidated. Although our sampling is broad,
it does not cover the entire geographic distribution and
taxonomic diversity of the section. This is particularly
relevant for L. multiflora, a widespread species with
numerous subspecies across the northern hemisphere
(Kirschner 2002), which may involve unsampled pro-
genitors in its origin. For the other polyploids studied,
such contributions appear less likely given their more
restricted ranges. Nonetheless, involvement of extinct
lineages remains a plausible explanation for the limited

plastid haplotype sharing observed between polyploids
and diploids (Supplementary Fig. S19). Such contribu-
tions from extinct “ghost lineages” have been evidenced
in numerous other plant groups (Kamneva et al. 2017;

Wei et al. 2017; Sancho et al. 2022; épaniel et al. 2023)
and seem especially pertinent in the case of hexaploid L.
multiflora.

Although not conclusive, our results challenge the
current taxonomic circumscription of Luzula sect. Luzula.
The lack of genetic differentiation between the diploids
L. divulgatiformis and L. exspectata, confirming results of
Carrizo Garcia et al. (2025), together with their shared
karyotype, questions their status as separate species.
Their distinct ecological niches — calcareous lowland
meadows and open woodlands, and (sub)alpine lime-
stone grasslands, respectively — suggest they may rep-
resent ecotypes of a single, more broadly distributed
species rather than taxonomically distinct lineages. Sim-
ilarly, treating the tetraploid and the hexaploid cyto-
types of L. multiflora as the same species defies ge-
netic evidence. We, therefore, suggest treating the allo-
hexaploid L. multiflora as a distinct species but acknowl-
edge that a revised taxonomic treatment of the group
goes beyond the scope of this study.

CONCLUSIONS

Our results suggest a complex evolutionary history
of European Luzula sect. Luzula that involved mul-
tiple polyploidization and hybridization events. The
tetraploids L. divulgata and L. multiflora emerge as
the oldest polyploid lineages within the group, likely
originating from a common ancestor formed through
allopolyploidization from L. taurica and L. pallescens.
This common ancestor may then have hybridized with
diploid L. campestris, giving rise to hexaploid L. mul-
tiflora in a second allopolyploidization event. Finally,
tetraploid L. multiflora appears ancestral to L. alpina,
which arose via interploidy hybridization with L. exspec-
tata. The shared major haplotypes across all polyploids
(Supplementary Figs. S18 and S19) indicate that they
likely served as maternal progenitors in the proposed
hybridization events. This is consistent with the general
phenomenon that interploidy crosses are more likely to
produce viable offspring when the maternal parent has
higher ploidy, due to a better tolerated ratio of parental
contributions to the endosperm (Burton and Husband
2000; Josefsson et al. 2006). Strong signals of admixture
in L. alpina support its comparatively younger age, con-
sistent with earlier hypotheses (Nordenskiold 1956), and
imply ongoing gene flow with its progenitors. Taken
together, these findings reveal reticulate species rela-
tionships and highlight a rare case of hybrid speciation
across ploidy barriers. To our knowledge, L. alpina is the
only example where such interploidy hybridization in-
volves chromosomes of different sizes, showcasing the
holocentric genus Luzula as a unique system for investi-
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gating the evolutionary consequences of agmatoploidy
and polyploidy.

In addition to the inherent biological complexity of
the group, methodological limitations of our study may
also hinder conclusive inference of the evolutionary his-
tory of Luzula sect. Luzula. Although plastid markers
have successfully disentangled reticulate relationships
when combined with biparentally inherited low-copy
nuclear genes (Frajman et al. 2009; Marcussen et al. 2015;
Wang et al. 2021), the plastid markers used in this study
fail to resolve species relationships within Luzula sect.
Luzula. This is likely related to the young age of Luzula
sect. Luzula, which originated in the Pliocene and started
to diversify in the Pleistocene (Carrizo Garcia et al. 2025),
and differential sorting of ancestral polymorphisms, but
also ongoing gene flow. Sharing of plastid haplotypes
across species is common in wind-pollinated species and
thus hardly surprising in Luzula (Morrone et al. 2012;
Kuzmanovi¢ et al. 2017). On the other hand, the plas-
tid markers used here offer enough resolution for phy-
logenetic inference among more distantly related Luzula
species from other sections (Carrizo Garcia et al. 2025).

Finally, RADseq data, despite providing greatly im-
proved resolution compared with previous ITS and
plastid phylogenies (Drabkova et al. 2006, Zaveska
Drabkova and VI¢ek 2010), are not ideal for inferring
phylogenetic relationships, particularly in allopolyploid
complexes. Genomic data derived from targeted se-
quencing of low-copy nuclear genes (Kamneva et al.
2017), transcriptome sequencing (Yang et al. 2023), or
whole-genome sequencing (WGS; Kryvokhyzha et al.
2019) will open the door for applying more sophisticated
approaches that allow phasing of homeologs and ap-
propriately model allopolyploid networks (Jones et al.
2013; Freyman et al. 2023; Tiley et al. 2024; Kong et al.
2025). Also, the genomic polarization approach adapted
here would prove more effective when applied to target-
capture or WGS sequence data (Leal et al. 2023). Ulti-
mately, combining these techniques with a more com-
plete taxon sampling could finally enable researchers to
disentangle the complex yet exciting evolutionary his-
tory of the notoriously challenging genus Luzula.

SUPPLEMENTARY MATERIAL

Supplementary Materials may be downloaded from
the article page at SYSBIO online.
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