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Abstract 
Background and Aims: Hybridization is known to drive plant speciation through the 
establishment of homoploid or allopolyploid hybrid species. Here we investigate the origin of 
Pulmonaria helvetica, a narrow endemic species described across a restricted area of 
Switzerland that was entirely covered by ice during the last glacial maximum. This species 
presents an original number of chromosomes (2n = 24) and morphological traits suggestive of 
a hybrid origin. 
Methods: We sequenced a plastid locus and 1077 double-digest restriction site associated 
DNA (ddRAD) loci in 67 individuals from across the distribution range of P. helvetica and 
candidate progenitor species growing in the same area. Assignment of genotypes to main 
genetic clusters within and among taxa using STRUCTURE tested whether P. helvetica 
represents a genetically differentiated lineage and addressed the hypothesis of its hybrid 
origin. Comparative ecological modelling further addressed possible niche differentiation 
among taxa. 
Key Results: P. helvetica was highlighted as a genetically homogeneous species distinct from 
co-occurring taxa. Consistent with a scenario of hybrid speciation, it presented clear evidence 
of balanced admixture between P. officinalis (2n = 16) and P. mollis s.l. (2n = 18, 22) that 
was also highlighted as maternal progenitor based on plastid sequences. Limited genetic 
structure within the maternal progenitor is consistent with an origin of P. helvetica through 
either homoploid hybridization with considerable karyotype changes or via complex scenarios 
of allopolyploidy involving a dysploid taxon of P. mollis s.l. Comparative niche modelling 
indicated non-significant ecological differences between P. helvetica and its progenitors, 
supporting intrinsic factors resulting from hybridization as main drivers of speciation. 
Conclusions: Hybridization appears as a major process having promoted the postglacial origin 
of the narrow endemic P. helvetica, suggesting hybrid speciation as an effective process that 
rapidly produces new species under climate changes. 
 
Keywords:  ddRAD, dysploidy, ecological modelling, endemic species, homoploid 
hybridization, speciation, postglacial expansion, Pulmonaria  
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Introduction 
Hybridization, considered as crossing between species or genetically divergent populations, 
may impact the processes of speciation in various ways (Abbott et al., 2013). It can slow or 
reverse differentiation through gene flow and recombination or it can accelerate speciation via 
adaptive introgression or the formation of new hybrid taxa (Arnold, 1997; Rieseberg, 1997; 
Soltis and Soltis, 2009). Hybridization has been involved as a significant driver of speciation 
in plants, most often in association with duplication of chromosome sets (i.e. allopolyploidy; 
(Wood et al., 2009). Homoploid hybrid speciation, whereby new species of mixed ancestry 
originate without change in ploidy, is supposedly more challenging than allopolyploidy 
(Gross and Rieseberg, 2005). Early generation hybrids usually show reduced fitness due to 
genic incompatibilities, but partial infertility resulting from meiosis of divergent 
chromosomes is indeed alleviated by genome duplication (Coyne and Orr, 2004; Rieseberg 
and Willis, 2007). Given the few documented cases of homoploid hybrid speciation, evolution 
towards complete reproductive isolation remains poorly understood (Yakimowski and 
Rieseberg, 2014).  

In contrast to nascent allopolyploid species, homoploid hybrids lack any immediate 
intrinsic postzygotic isolation through ploidy and have to maintain genetic integrity in face of 
back-crossing with parental species. Accordingly, well-documented homoploid hybrid species 
in plants are known to also show karyotypic differences with their parents (Lai et al., 2005), 
supporting the role of chromosomal rearrangements in promoting intrinsic reproductive 
isolation (Ortiz-Barrientos et al., 2016). Noticeably, both homoploid and polyploid hybrid 
species usually present ecological divergence to their progenitor species and thus some degree 
of ecogeographic isolation (Gross and Rieseberg, 2005). Although empirical studies suggest 
that extrinsic reproductive isolation may not be necessary in allopolyploids (e.g. Huynh et al., 
2020), simulations of homoploid hybrids suggest that strong ecological selection considerably 
promotes speciation (Buerkle et al., 2000). Detailed studies in sunflowers accordingly 
indicated adaptive QTLs promoting habitat isolation in the presence of gene flow (Lexer et 
al., 2003) and extrinsic reproductive isolation appear critical to the establishment of 
homoploid hybrid species (Rieseberg, 1997); (Levin, 2002). However, underpinnings of 
homoploid vs polyploid hybrid speciation remain elusive and further investigation based on 
different biological models is necessary. 

The genus Pulmonaria (Boraginaceae) is a taxonomically difficult group that includes 
ca. 18 species distributed across Eurasia and that shows considerable morphological and 
karyotypic variation (Sauer, 1975; Bolliger, 1982). Following events of polyploidy and 
aneuploidy, chromosome numbers vary widely among taxa and have been extensively used to 
distinguish species among otherwise morphologically similar lineages (Sauer, 1975; Bolliger, 
1982; Meeus et al., 2016). Meeus et al. (2016) recently provided a phylogeny based on plastid 
loci and highlighted the presence of two major clades among European Pulmonaria species. 
Considering species included in our study area, the first clade encompasses the 
P. officinalis agg. (i.e. P. officinalis and P. obscura), whereas the second clade encloses 
P. mollis s.l. (incl. P. montana) and its multiple chromosomal lineages. Interspecific hybrids 
were regularly reported in sympatry (Hess, H.E., Landolt, E., Hirzel, R., 1972; Sauer, 1975; 
Bolliger, 1982) and inconsistencies between phylogenies based on nuclear and chloroplastic 
loci (Kirchner, 2004; Meeus et al., 2016) further suggest that hybridization likely contributed 
to the evolutionary history of Pulmonaria. Switzerland being a major contact zone between 
Pulmonaria lineages that recolonized Europe after the last glacial maximum, the area appears 
particularly suitable to study the impact of hybridization on recent speciation. 
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Pulmonaria helvetica was described as a species of the aggregate P. officinalis agg. 
distinct from the previously reported P. officinalis (2n = 16) based on the discovery of 
populations presenting 2n = 24 chromosomes in western Switzerland (Bolliger, 1978, 1982). 
Its current distribution range is restricted to an area smaller than 1000 km2 of temperate 
forests at low elevation in between the Jura mountains and the Alps, and was entirely covered 
by ice during the last glacial maximum, which excludes the possibility of a relictual lineage. 
Its morphology, distinct from other Pulmonaria species, combines phenotypic characters from 
both clades within the genus. Accordingly, P. helvetica was postulated to be of recent hybrid 
origin between P. officinalis and a representative of the dysploid P. mollis s.l. (2n = 18-24) 
(Bolliger, 1978, 1982). Although these species form a mosaic across western Switzerland and 
are mostly found in allopatric populations, hybrids between P. officinalis and populations of 
P. mollis with 18 chromosomes were reported with 17 chromosomes. Accordingly, the origin 
and evolution of populations described as P. helvetica remain elusive. 

Multiple scenarios could explain the formation of P. helvetica: (i) The taxon may 
constitute a hybrid swarm due to continual production of early generation hybrids between 
species in secondary contact. Such a hybrid zone is expected to encompass a genetic cline 
from one to the other lineage (Barton and Hewitt, 1985) and would also refute P. helvetica as 
a distinct species. (ii) P. helvetica may have initially differentiated from the gene pool of a 
single species and was then introgressed with loci from another species. Limited evidence of 
admixture would accordingly be expected. (iii) P. helvetica results from hybrid speciation and 
accordingly presents a largely admixed but homogeneous gene pool. Here, we use plastid and 
nuclear sequences to characterize genetic variation and investigate the phylogenetic origin and 
population structure of P. helvetica. Particularly, we investigate whether P. helvetica is a 
distinctive gene pool to be considered as an independent species and infer its recent origin by 
addressing the hypothesis of hybrid speciation between distinct parental lineages. Finally, we 
investigate the ecological niche occupied by Pulmonaria species to assess the role of extrinsic 
factors and provide an initial account of main drivers of such recent speciation.  

 
Material and methods 
Sampling and DNA extraction  
The study area is located in western Switzerland and encompasses the complete distribution 
range of P. helvetica as well as neighbouring populations of related species from the 
aggregate P. officinalis agg. (P. helvetica Bolliger, P. officinalis L, and P. obscura Dumort), 
and the P. mollis s.l. aggregate. As it matches phylogenetic insights (Meeus, et al., 2016), we 
followed the taxonomic treatment of Hess, H.E., Landolt, E., Hirzel, R. (1972) who nested 
species from aggregates of P. montana Lej.s.l. (i.e. P. montana Lej. s.str., 2n=22/24, and 
P. montana subsp. jurana (Graber) W. Sauer, 2n=22) and P. mollis agg. (P. mollis subsp. 
alpigena W. Sauer, 2n=18, and P. collina W. Sauer, 2n=18) into a P. mollis s.l. aggregate 
(Supplementary Table S1). Our sampling therefore comprehensively accounts for existing 
variation described as species and subspecies by (Sauer, 1975). Whenever possible, we 
revisited and included populations where (Sauer, 1975) or (Bolliger, 1982) reported 
chromosome counts, but individuals described as P. montana Lej. s.str with 2n=24 were not 
recovered (Sauer, 1975). 

Within the distribution range of P. helvetica, three main regions were distinguished: a 
northern area hereafter referred to as region A, a south-western area (region B) and a south-
eastern (region C). Three populations were sampled within each region by collecting 
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individuals whose coordinates were recorded using a GPS Juno SB (Trimble), with a 
precision of 2-3m (Table 1, Supplementary Table S2). Individuals from other species as well 
as contact zones between P. helvetica and either P. obscura or P. officinalis were similarly 
sampled and georeferenced. For each individual, a summer leaf is available as herbarium 
voucher deposited at the herbarium of the University of Bern (SG001-SG067). 

 
Table 1: Individuals within species of Pulmonaria genotyped using ddRADseq (N) georeferences 
(Coord) in populations (Pop) of western Switzerland, with prior assignment to a taxon based on 
morphology (Table S1).  
Species 
(chromosomes) 

Taxon Pop Coord N 

P. officinalis agg. (phylogenetic clade I) 
P. helvetica  
(2n = 24) 

Region A 
(North) 

H-A1a 46°48'43 - 6°47'59 4 
H-A2 46°47'49 - 6°49'45 4 
H-A3 46°47'58 -  6°46'22 1 

Region B 
(South west) 

H-B1 46°36'38 -  6°37'47 3 
H-B2 46°37'11 - 6°38'59 2 
H-B3a 46°37'20 - 6°36'29 4 

Region C 
(South east) 

H-C1a 46°36'52 - 6°48'17 3 
H-C2a 46°36'45   6°48'55 2 
H-C3a 46°36'45 - 6°47'02 1 

P. obscura 
(2n = 14) 

- OB-Aa 46°45'49 - 6°52'13 4 
OB-B 46°34'18 - 6°37'10 3 
OB-BEa 46°55'19 - 7°14'39 4 

P. officinalis 
(2n = 16) 

- OFF1a 46°19'00 - 6°59'25 3 
OFF2a 46°39'36 -  6°33'34 3 

P. mollis s.l. (phylogenetic clade II) 
P. mollis agg. 
(2n = 18) 

P. collina COL1a 46°32'38 - 6°49'19 2 
COL2a 46°54'26 - 7°31'11 2 

P. mollis subsp. 
alpigena 

MOL1a 47°02'20 - 6°54'59 2 
MOL2a 47°16'06 - 7°22'59 4 

P. montana 
(2n = 22) 

P. montana subsp. 
jurana 

MON1a 46°33'44 - 6°14'22 3 

P. montana s.str. MON2a 46°43'42 - 6°27'45 1 
Contact zones between P. helvetica and another Pulmonaria species 
P. helvetica – 
P. obscura 

P. helvetica (2) 
P. obscura (3) 

S-FRO 46°35'24 - 6°40'54 5 

P. helvetica- 
P. officinalis 

* S-GOU 46°35'42 - 6°48'29 7 

a Populations with prior chromosome counts (Sauer, 1975; Bolliger, 1982) 
*Individuals from S-GOU presented intermediate phenotypes and were not a priori attributed to 
species 

 
A representative subset of 67 individuals was selected among the different species for 

genotyping at plastid and nuclear (ddRAD seq) loci. Namely, 24 P. helvetica, 
4 P. montana Lej. s.l. (thereafter P. montana), 11 P. obscura, 6 P. officinalis, 4 P. collina, 
6 P. mollis subsp. alpigena, 5 individuals from the contact zone between P. helvetica and 
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P. obscura, and 7 individuals from the contact zone between P. helvetica and P. officinalis 
(Table 1, Supplementary Table S2). For each individual, DNA was extracted from silica-dried 
leaves using the DNeasy Plant Mini Kit (Qiagen) following the manufacturer’s protocol. 
Extracts have been purified a second time with SPRI beads and checked by electrophoresis on 
agarose. DNA concentration has been quantified using a Spark 10M Multimode Microplate 
Reader (TECAN).  

 

Plastid sequences 
The plastid rps16 locus was PCR amplified following (Oxelman et al., 1997) in 22 
individuals from P. helvetica (12), P. mollis subsp. alpigena (1), P. collina (2), P. montana 
(1), P.  officinalis (2) and P. obscura (4). PCR products were Sanger sequenced (service by 
Microsynth AG, Balgach Switzerland) and sequences were submitted to Genbank (accessions 
MK962107-MK962128). For each species investigated here as well as Borago officinalis as 
an outgroup, the rps16 accessions (KT737605–KT737662; AJ431019.1) from (Meeus et al., 
2016) and here-produced sequences were aligned using MAFFT v7.308 (Katoh and Standley, 
2013) under the E-INS-i algorithm, a 100PAM/k = 2 scoring matrix, a gap open penalty of 1.3 
and an offset value of 0.123. After manual curation of the alignment, gaps were removed and 
a haplotype network based on the Median Joining method was performed following (Bandelt 
et al., 1999) in SplitsTree4 (Huson and Bryant, 2006). Maximum Likelihood analyses were 
carried out with RAxML (Stamatakis, 2014) under the GTRGAMMA model, with 1000 
bootstrap replicates.  
 

ddRAD seq library preparation 
ddRAD libraries were prepared on 67 individual samples following (Peterson et al., 2012). 
Briefly, 120 nanograms of DNA was digested with NEB EcoRI-HF (rare-cutting) and NEB 
MseI (frequent-cutting) restriction enzymes, and adapters including NGS flow-cell annealing 
regions, PCR priming sequences and 5bp indexes were ligated to genomic DNA at restriction 
sites. The EcoR1 adapters included 48 barcodes that, in combination with three MseI indexes 
adjoined a biotin tag and four degenerated bases to identify PCR duplicates, individually 
tagged all samples. After ligation of adapters, samples were pooled and fragments around a 
mean length of ca. 550bp were selected by AMPure XP beads (Agencourt). Fragment retained 
after a selection with Dynabeads M-270 Streptavidin (Invitrogen) were used to prepare the 
library.  

The concentration and distribution of fragment sizes were measured on the 2200 
Tapestation (Agilent) using the High sensitivity D1000 ScreenTape (Agilent) before 
individual libraries were pooled. This final library was quality-controlled again and sequenced 
as single-end 100 bp reads on a lane of Illumina HiSeq3000 at the Next Generation 
Sequencing Platform of the University of Bern. Raw reads from each sample are available in 
the NCBI SRA repository SUB5539358. 
 

Reference assembly and SNP calling 
The quality of the sequencing reads was checked with FASTQC (Andrews, 2010) and data 
were processed following the dDocent pipeline (Puritz et al., 2014). The process_radtag 
program (Stacks; (Catchen et al., 2013)) was used to demultiplex raw fastq reads and remove 
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low quality bases. Only reads present at least ten times and then in at least seven individuals 
were retained and clustered using CD-HIT (Fu et al., 2012), allowing for 20% mismatch. 
Corresponding loci generated a reference catalogue fitting best practice (LaCava et al., 2019) 
against which all reads were remapped using BWA (Li and Durbin, 2009). SNPs calling was 
performed using Freebayes (Garrison and Marth, 2012).  

Resulting SNPs were filtered with VCFtools (Danecek et al., 2011) and only SNPs 
with a quality of more than Q20, minimum depth of 3, mean depth of 10, minor allele count 
of 3, minor allele frequency of 0.05 and less than 50% missing data were retained. 
Furthermore, the following procedure was applied to generate a final dataset of robust SNPs: 
(a) SNPs with more than 20% NAs per population were removed, (b) loci with extreme high 
coverage, i.e. depth above 100, were excluded, (c) complex SNPs were decomposed into 
phased SNP and indels, and indels were later removed, (d) loci with more than 10% missing 
data among all individuals were removed and only biallelic sites were conserved, and (e) sites 
out of (global) Hardy-Weinberg were removed. Finally, SNP haplotypes were inferred using 
rad_haplotyper (Willis et al., 2017) to eliminate non-independent SNP loci at specific RAD 
loci and maximize the information content of each locus.  

Genetic structure within and among species 
We used the R package StAMPP (Pembleton et al., 2013) to calculate pairwise Nei’s genetic 
distances (Nei, 1972). The resulting matrix was exported and visualized as a network in 
SPLITSTREE v.4 (Huson and Bryant, 2006). 

Genetic structure was inferred without a priori population grouping using Bayesian 
assignment in STRUCTURE v2.3.4 (Pritchard et al., 2000). A first analysis was applied to the 
complete dataset using the admixture model for ancestry and the correlated model for allele 
frequencies, without any prior information about the geographical or population origin of 
individuals. It was run five times for K between K=1 and K=12 with 50,000 iterations of 
burn-in, and 1,000,000 iterations. Similar STRUCTURE analyses were run on 31 individuals 
belonging to P. helvetica to address genetic variation within that species. The 14 individuals 
belonging to P. mollis s.l. (i.e. P. montana, P. mollis subsp. alpigena and P. collina) were 
similarly analysed but did not show any genetic differentiation. 

Structure Harvester (Earl and vonHoldt, 2012) was used to process results of 
STRUCTURE runs, and produce plots of the mean likelihood values per K, execute the 
Evanno method to select the optimal K value (Evanno et al., 2005) and generate input files for 
CLUMPP (Jakobsson and Rosenberg, 2007). The presumed optimal K value was assessed as 
the maximum value before the second-order derivative rate of change in Ln probabilities L(K) 
reaches a plateau. A hierarchical presentation of different levels of clustering was however 
privileged as biologically more meaningful (Janes et al., 2017). Cluster assignment across 
replicate analyses was summarised in CLUMPP and plotted in R. Genotypic data were also 
visualised by performing a PCA with the adegenet R package (Jombart, 2008). 

Analysis of molecular variance (AMOVA) was performed using Arlequin ver. 3.5 
(Excoffier and Lischer, 2010) and partitioned genetic variance across species, populations and 
individuals with significance estimated through 1000 permutations. A first analysis compared 
the six species defined in our study area (i.e. P. helvetica, P. obscura, P. mollis subsp. 
alpigena, P. collina, P. montana and P. officinalis). Populations within species corresponded 
to field populations except for P. helvetica where samples were pooled into regions A, B, and 
C. A subsequent analysis partitioned genetic variance within P. helvetica by comparing the 
three populations nested within each sampling regions (A, B and C).  
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Patterns of isolation by distance were tested within P. helvetica and within 
P. mollis s.l. Pairwise genetic distances among individuals were estimated using Rousset’s â 
(Rousset, 2000) in SPAGeDi v1.3 (Hardy and Vekemans, 2002), and associated with 
Euclidian spatial distances among pairs of individuals using Mantel tests in the R package 
vegan (Oksanen et al., 2019) . Significance was evaluated through 10000 permutations. 

 
Modelling of occupied environmental niches 
Environmental analyses were based on available occurrences retrieved from the Info Flora 
database based on field observations reported within the last two decades with an accuracy of 
at least 1km (www.infoflora.ch). All 3242 georeferenced occurrences were filtered from 
duplicated observations within 100x100m and only occurrences included within a defined 
geographical space (i.e. sites below 2000m elevation across the study area) were kept. Due to 
possible misidentification, P. mollis, P. collina and P. mollis subsp. alpigena were treated as a 
single taxon (i.e. P. mollis agg.). Likewise, P. montana and P. montana subsp jurana were 
similarly treated (i.e. P. montana). This yield a dataset of 1314 occurrences including 281 
P. helvetica, 125 P. officinalis, 610 P. obscura, 188 P. mollis agg. and 110 P. montana.  

Values from 18 environmental variables (Supplementary Table S3) were extracted 
from the Swiss Eco-Climatic GIS data available at 25m-resolution (Zimmermann and 
Kienast, 1999) for each occurrence (Supplementary File 1), using the spatial analysts tools in 
ArcMap 10.6 (ESRI, Redlands, CA, USA). When the Pearson correlation coefficient between 
pairs of variables equalled or exceeded 0.9, a variable was selected based on the presumed 
ecophysiology and biology of Pulmonaria species. Accordingly, proximal predictors were 
privileged over indirect ones such as elevation and 12 variables were kept for ecological 
modelling: annual degree days, global radiation, topographic aspect, topographic position, 
topographic wetness index, average evapotranspiration, slope, number of precipitation days 
per growing season, mean precipitation, soil-water balance, continentality index of Gams, 
number of frost days during the growing season. 

Comparative ecological modelling among species followed (Broennimann et al., 
2012). Accordingly, principal component (PC) analyses were performed within the defined 
geographical space out of 1 Mio points randomly distributed across this background using a 
gridded environmental space with 100x100 cells corresponding to unique combinations of 
environmental conditions from the 12 environmental variables mentioned above. For each 
species, the density of occurrences in each cell is estimated through a kernel density function. 
Realized niches between all pairs of species were compared by testing for niche similarity 
(Warren et al., 2008) using the Ecospat R package (Di Cola et al., 2017). As each species was 
modelled in a common background environmental space, the inferred ecological niches could 
be straightforwardly compared and their overlap calculated using the metric D (Warren et al., 
2008). A niche similarity test was performed by randomly shifting observed density of 
occurrences from one species into the environment with the second species and inversely. The 
resulting overlap is measured across 100 repetitions building a null distribution to reject niche 
overlap between species due to regional availability of habitats when falling outside of the 
95% confidence interval of the null hypothesis. Accordingly, an observed niche overlap 
higher than expected indicates niche conservatism, whereas a lower overlap indicates 
significant niche differentiation. 
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Results  
SNP calling 
Sequencing of ddRADseq libraries produced ca. 360 106 reads, among which 252 106 were 
retained after demultiplexing. Our de novo reference catalogue presented 29,595 contigs that 
mapped 78% reads after parameter optimization and called 167,782 SNPs. After filtering 
(Supplementary Table S4), the final dataset included 4,286 biallelic SNPs matching overall 
Hardy-Weinberg expectation (Supplementary File 2). Haplotyping of SNPs further reduced 
the number of SNPs to 1,077 independent loci (Supplementary File 3). 

 
Genetic distance at plastid and nuclear loci 
The median joining network (Fig. 1a) and the Maximum Likelihood phylogenetic tree 
(Supplementary Fig. S1) inferred from the plastid rps16 locus indicated three main 
haplotypes. The first plastid haplotype was shared among samples from P. mollis s.l. without 
species distinction as well as all P. helvetica individuals. As expected, P. officinalis 
individuals presented different haplotypes, with one private to P. officinalis and the other 
shared with P. obscura. This third haplotype includes a subgroup including only sequences 
from P. obscura.  

The splits network based on Nei’s genetic distance between the 67 individuals based 
on nuclear loci of the ddRAD dataset (Fig. 1b) showed two main sets of splits. Individuals 
from P. montana, P. mollis, and P. collina formed a coherent group corresponding to 
P. mollis s.l., whereas individuals from P. obscura were grouped together, close to a group 
including samples from P. officinalis. All individuals of P. helvetica were clustered at the 
intersection of splits between P. mollis s.l. and P. officinalis.  

 
 

Fig. 1: Distance-based median 
joining network of Pulmonaria 
samples assigned to species 
according to the panel. (a) 
Network based on plastid 
rps16 sequences from 22 
samples from western 
Switzerland and sequences 
from European samples 
(Meeus et al., 2016), including 
the outgroup Borago 
officinalis. (b) Network based 
on Nei’s distance between 67 
samples from western 
Switzerland genotyped at 1077 
nuclear loci (ddRAD dataset). 
Individuals in bold are 
coloured according to their 
plastid haplotype. 
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Fig. 2: Genetic clusters based on 1077 ddRAD loci within and among Pulmonaria species and their 
distribution across the study area. (a) Study area with genotyped individuals as circles coloured according to 
their genetic clusters out of STRUCTURE at K=4. Occurrences are shown as crosses to illustrate the range of 
the different taxa according to the panel. (b) STRUCTURE plots showing the partitioning from K=2 to K=4, 
with species and populations according to Table 1. * is marking populations with prior chromosome counts 
and populations beginning with “S-” are in zones of sympatry between species. 

 

Genetic structure analysis 
Analysis of genetic variation in the complete dataset using STRUCTURE supported K=2 as 
the optimal number of clusters following the Evanno ΔK method, whereas the mean Ln 
probabilities increased from K=1 to K=4 before a plateau is reached (Supplementary Fig. S2). 
As the PCA on genotypic data was consistent with four clusters (Supplementary Fig. S3), 
different levels of partitioning ranging from K=2 to K=4 were considered to grasp the 
hierarchical clustering (Fig. 2).  
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At K=3, genetic clusters distinguished P. mollis s.l. from P. officinalis, and from 
P. obscura. Individuals of P. officinalis were however not fully assigned to this species and 
appeared to share genetic variation with P. obscura. At this level, P. helvetica appeared as a 
coherent genepool presenting admixture between P. officinalis and the cluster representative 
of P. mollis s.l. and P. montana, matching expectations of the hypothesis that P. helvetica 
originated through their hybridization.  

At K=4, P. helvetica and P. officinalis became clearly assigned to different genetic 
clusters, supporting the hypothesis that these taxa are reproductively isolated. Genotypes across 
zones where species are in sympatry were consistent with limited admixture. The contact zone 
between P. helvetica and P. officinalis (S-GOU population) showed individuals strongly 
assigned to either P. officinalis or the genetic cluster encompassing P. helvetica, with only 
limited evidence of admixture from P. officinalis (i.e. 1% to 5% assignment to that cluster). Out 
of seven samples, only one individual (S-GOU9) presented appreciable admixture with ca. 70% 
P. helvetica and 30% P. officinalis. In the area where P. helvetica is in parapatry with 
P. mollis s.l. (H-C2), sampled individuals were unambiguously assigned to P. helvetica, but a 
sample revealed noticeable admixture with the corresponding genetic cluster (8% and 15%). 
Samples collected in the contact zone between P. helvetica and P. obscura (S-FRO population) 
presented 99% pure assignment to their respective cluster, indicating no gene flow between 
those two species of the P. officinalis agg. Further partition of genetic variation at K=5 indicated 
substructure within P. helvetica, whereas putative taxa such as P. mollis subsp. alpigena, 
P. collina and P. montana remained genetically homogeneous across levels of partitioning. 
Accordingly, we considered the four genetic clusters as main species under study and estimated 
their genetic diversity (Table S5). Although the comparison of five simple scenarios with an 
approximate Bayesian computation approach did not allow to fully capture the complex 
evolution of P. helvetica, scenarios involving admixture yielded data close to the observed 
dataset (Supplementary Text T1). 

Within P. helvetica, STRUCTURE analyses between K=1 to K=4 appeared equally 
probable and highlighted substructure largely matching the geographic distribution of 
populations (Supplementary Fig. S4). At K=2, the clustering reflected sampling regions with 
individuals from regions A and B appearing distinct and region C appearing admixed. At 
K=3, individuals from each region formed distinct clusters (Fig. 3a). At K=4, supported as 
optimal partitioning based on ΔK, all individuals appeared as admixture between four 
clusters.  

Within P. mollis s.l., STRUCTURE analyses from K=1 to K=3 were also equally 
probable, with a ΔK suggesting an optimal clustering at K=3 (Supplementary Fig. S5). 
Although inconsistent with taxonomy, individuals described as P. montana (MON1 and 
MON2 populations) were partially distinguished from P. mollis agg. at K=2, whereas 
individuals of P. mollis subsp. alpigena (MOL1 and MOL2 populations) were assigned to two 
distinct clusters from K=3 and showed admixture within P. collina (COL1 and COL2 
populations; Fig. 3b).  

Consistent with the STRUCTURE analyses, partitioning of genetic variation using the 
AMOVA framework showed that the species level mostly explained the genetic structure in 
the dataset (ca. 21%). FST estimated between described taxa (i.e. P. helvetica, P. mollis subsp. 
alpigena, P. collina, P. montana, P. obscura, and P. officinalis) ranged from 0.06 to 0.46 and 
were all significant (Supplementary Table S5). Within P. helvetica, sampling regions A, B, 
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and C included most of the variation (ca. 4%), whereas pairwise FST between regions were 
occasionally significant but always low (<0.015; Supplementary Table S5).  

Mantel tests between genetic distances (â) and geographical distances among 
individuals showed a significant correlation of 0.33 (p<0.01) that was consistent with isolation 
by distance within P. helvetica. The correlation was also significant (0.23; p<0.01) among 
individuals of P. mollis s.l. (Fig. 3; Supplementary Fig. S6).  

 

 

Realized ecological niches 
The first PC-axis of the environmental space defined within the study area by ordination of 12 
variables explained 43.5% of the total inertia and was positively associated to precipitation 
variables, soil-water-balance and slope (Fig. 4). The second axis (11.8%) was negatively 
correlated to global radiation and average number of frost days during the growing season.  

The different Pulmonaria species occupied similar fractions of this space and 
presented high overlap of their realized niches. P. helvetica presented a noticeably narrow 
ecological niche as compared to all other species. Accordingly, tests between pairs of species 
showed non-significantly lower similarity than expected, consistent with a lack of niche 
differentiation among species (Table 2). 
 

Fig. 3: Distribution of genotyped individuals (a) within Pulmonaria helvetica and (b) within the P. mollis s.l. 
among K=3 genetic clusters. The slope of the correlation between genetic and geographic distances is 
indicated with rM and its corresponding significance is given by the p-value. 
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Fig. 4: Realized ecological niches of 
Pulmonaria species modelled by 
ordination in the common 
environmental space of the study 
area and defined in the correlation 
circle (top left). Shading represents 
the density of occurrences for each 
species across the common 
environmental space with solid and 
dashed lines representing 100% and 
50% of its distribution.  

ddeg: annual degreedays (3°C 
threshold), slp: slope, swb: soil 
water balance, pday: number of 
precipitation days during growing 
season, precyy:  yearly mean 
precipitation sum, sfroyy: number of 
frost days during growing season, 
srady: global radiation, topo: relative 
topographic exposure, asp: direction 
that a slope faces, gams_t: 
continentality indices of Gams, twi: 
topographic wetness index, etpty: 
average evapotranspiration per 
month (Supplementary Table S2). 

 
Table 2: Overlap of modeled environmental niches between all pairs of species, with tests for greater 
and lower similarity than expected by chance based on 100 randomization (p-values). A significant 
greater similarity indicates niche conservationism, whereas significantly lower similarity would be 
coherent with niche differentiation 

 
  

Comparison between Niche 
overlap 

Greater 
similarity, 
p-value 

Lower 
similarity, 
p-value 

P. helvetica P. officinalis 0.618 0.118 0.921 
P. helvetica P. obscura 0.641 0.118 0.911 
P. helvetica P. montana 0.613 0.129 0.842 
P. helvetica P. mollis agg. 0.544 0.139 0.921 
P. mollis agg. P. montana 0.350 0.178 0.832 
P. mollis agg. P. officinalis 0.510 0.129 0.891 
P. montana P. obscura 0.596 0.109 0.811 
P. mollis agg. P. obscura 0.400 0.208 0.802 
P. montana  P. officinalis 0.584 0.089 0.901 
P. obscura P. officinalis 0.638 0.248 0.960 
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Discussion  
Pulmonaria helvetica as a reproductively isolated species 
Genotyping of representative samples of Pulmonaria species growing across western 
Switzerland efficiently delineated taxa in this morphologically and taxonomically confuse 
group of plants. Limited substructure was highlighted within P. mollis s.l. based on 1077 
ddRAD seq loci and the distinction of nested taxa such as P. mollis subsp. alpigena (2n=18), 
P. collina (2n=18) or P. montana (2n=22) was not supported here. In the P. officinalis agg., 
nuclear loci contrastingly distinguished P. obscura (2n=14), P. officinalis (2n=16) and 
P. helvetica (2n=24), suggesting restricted gene flow among those taxa with different 
karyotypes. In particular, throughout partitioning levels of the STRUCTURE analysis, 
samples from P. helvetica formed a differentiated gene pool appearing genetically 
homogeneous and distinct from neighbouring species.  

Sharp delimitation of P. helvetica based on multilocus genotypes at K=4 and evidence 
of balanced admixture between the P. mollis s.l. and P. officinalis at K=3 contrasts with the 
genetic cline expected under a scenario of a hybrid swarm after secondary contact. 
Genotyping across contact zones where P. helvetica is in sympatry with other Pulmonaria 
species further revealed evidence of limited introgression and therefore supports this narrow 
endemic as an independent species. Together with the few experimental crosses of (Bolliger, 
1982) between P. helvetica and P. officinalis that produced progenies with reduced pollen 
fertility, this study indicates that P. helvetica is reproductively isolated from neighbouring 
taxa across the study area. 
 
Hybrid origin of Pulmonaria helvetica 
The distinctive gene pool of P. helvetica shows considerable admixture that is thus coherent 
with hybrid allelic combinations stabilized in a lineage that can be recognized as a species 
(i.e. hybrid speciation as defined by (Mallet, 2007). Plastid and nuclear loci here supported 
such hybrid origin involving P. mollis s.l. as maternal progenitor and of P. officinalis as 
paternal progenitor. As the current distribution range of P. helvetica was entirely covered by 
ice until 18 - 16 kyr BP, hybridization likely took place after recolonization of suitable forests 
on the Swiss plateau (ca. 13 kyr BP) (Burga, 1998) that promoted secondary contact between 
populations of those species.  

Natural hybrids between P. mollis s.l. and P. officinalis have been documented with 
2n = 17 and a morphology similar to P. helvetica (Bolliger, 1982). Available data thus appear 
coherent with a scenario of recombinational speciation having generated P. helvetica through 
elusive chromosomal rearrangements towards a stabilized lineage with 2n = 24. As the 
maternal taxon presents variable karyotypes following hypothetical dysploidy, Bolliger 
(1982) also pointed out the possible role of specific populations of P. montana s. str. with 
2n = 24. Although populations recovered here with highest number of chromosomes were 
only 2n = 22, hybridization involving a population of P. mollis s.l. with 24 chromosomes and 
unreduced triploid pollen from P. officinalis (n = 24) cannot be ruled out. The role of 
hybridization with dysploid taxa at the origin of biological species is poorly documented and, 
although corresponding hybrids could benefit from immediate reproductive isolation, adaptive 
changes required for a balanced meiosis in such admixed species remain particularly elusive. 
Although a more comprehensive survey would be desirable, genome-wide loci here revealed 
genetically indistinct putative maternal taxa despite different chromosome numbers and 
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therefore hardly favour a specific scenario. Additional work using e.g. herbarium samples or 
molecular cytogenetics may fully characterize events at the origin of P. helvetica and shed 
light on the evolution of its highly heterochromatic bivalents (Bolliger, (1982).  
 
Establishment of the narrow endemic species 
Hybrid speciation is necessarily initiated in the vicinity of the parental species and the fitness 
of hybrids is thus critical for the establishment of hybrid species (Abbott et al., 2013). 
Accordingly, new hybrid species investigated so far appeared typically fitter than either 
parental species in divergent habitats (Rieseberg, 1997). In contrast to such expectations, 
comparative niche modelling here did not support significant differentiation between the 
realized niche of P. helvetica and either parental species (P. officinalis, P. mollis agg., or 
P. montana), despite their current parapatry or allopatry. It should be noted that such lack of 
differentiation between species holds for environmental abiotic variables considered here and 
thus remains blind to other factors such as edaphic or biotic factors that may be of particular 
relevance. It however appears consistent with the hybrid P. helvetica having an intrinsic 
fitness advantage, as also reported in some polyploid hybrids species (Huynh et al., 2020).  

The narrow endemic P. helvetica did not only establish but spread towards the three 
main regions of its current distribution range (< 1000 km2) in which it became abundant. 
Limited genetic differentiation and the pattern of isolation by distance within the species is 
consistent with such expansion. The effective expansion of such a recent species may have 
been promoted by hybridization that is known to mask the load of deleterious recessive alleles 
fixed in parental populations and yield heterosis (Lynch, 1991; Wang et al., 2015). This has 
been shown to affect populations of perennial plants subjected to genetic drift (Oakley and 
Winn, 2012) and may have promoted the establishment and expansion of P. helvetica. It 
should however be noticed that the origin of this species also coincided with postglacial 
recolonization of multiple species and it may have benefitted from “open habitats” promoting 
hybrid speciation in face of the parental populations (Buerkle et al., 2000; Gross and 
Rieseberg, 2005). The fitness of Pulmonaria species and their hybrids should be evaluated to 
conclude on the underpinnings of such a speciation event.  

Presenting genetic evidence of admixture and strong reproductive isolation with 
parental lineages, P. helvetica satisfies criteria of a hybrid species (Mallet, 2007). Its origin 
however matches typical scenarios of neither homoploid nor polyploid speciation, but 
suggests that hybridization supports such postglacial speciation (Arnold, 1997; Levin, 2002). 
Our data could not demonstrate that reproductive isolation is derived from hybridization itself 
(Schumer et al., (2014). However, our results indicate a limited impact of niche shift and a 
central role of chromosomal changes in reducing gene flow. As also discussed by Nieto 
Feliner et al. (2017), admixed genetic variation is likely to support rapid speciation. 
Accordingly, range shifts bringing taxa in secondary contact may promote the origin of new 
species under climate changes (Levin, 2019). Further investigation should shed light on the 
consequences of reticulate evolution for diversification and expansion of hybrid species. 
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Supplementary Information 
The supplementary file contains Table S1 to S5 and Figure S1 to S6 
The supplementary Text 1 presents approximate Bayesian computations 
Supplementary Data 1 presents spatial coordinates and environmental values of all samples  
Supplementary Data 2 presents genetic data in vcf format 
Supplementary Data 3 presents genetic data in genepop format 
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