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ARTICLE INFO ABSTRACT

Keywords: Widely distributed plant genera offer insights into biogeographic processes and biodiversity. The Carduus-
Bioge(?graphy Cirsium group, with over 600 species in eight genera, is diverse across the Holarctic regions, especially in the
Carduinae Mediterranean Basin, Southwest Asia, Japan, and North America. Despite this diversity, evolutionary and
Cirsium : . s . - . .
Diversification biogeographic processes within the group, particularly for the genus Cirsium, remain underexplored. This study
Target-entichment examines the biogeographic history and diversification of the group, focusing on Cirsium, using the largest
Taxonomy molecular dataset for the group (299 plants from 251 taxa). Phylogenomic analyses based on 350 nuclear loci,

derived from target capture sequencing, revealed highly resolved and consistent phylogenetic trees, with some
incongruences likely due to hybridization and incomplete lineage sorting. Ancestral range estimations suggest
that the Carduus-Cirsium group originated during the Late Miocene in the Western Palearctic, particularly in the
Mediterranean, Eastern Europe, or Southwest Asia. A key dispersal event to tropical eastern Africa around 10.7
million years ago led to the genera Afrocarduus and Afrocirsium, which later diversified in the Afromontane
region. The two subgenera of Cirsium—Lophiolepis and Cirsium—began diversifying around 7.2-7.3 million years
ago in the Western Palearctic. During the Early Pliocene, diversification rates increased, with both subgenera
dispersing to Southwest Asia, where extensive in situ diversification occurred. Rapid radiations in North America
and Japan during the Pleistocene were triggered by jump-dispersals events from Asia, likely driven by geographic
isolation and ecological specialization. This added further layers of complexity to the already challenging
taxonomic classification of Cirsium.Keywords: Biogeography; Carduinae; Cirsium; Diversification; North Hemi-
sphere; Target-enrichment; Taxonomy.
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1. Introduction

During the last decade, macroevolutionary, taxonomic, and biogeo-
graphic studies have strongly benefited from the advent of new molec-
ular (e.g. Weitemier et al. 2014) and bioinformatic tools (e.g. Johnson
et al. 2016). Such advances have significantly enhanced phylogenetic
resolution, even in recently diverged and highly diversified plant line-
ages. This improvement has provided solid phylogenetic hypotheses
essential for studies of diversification and biogeographic history, as well
as for refining taxonomic classifications of complex groups (e.g. Mandel
et al. 2019; Herrando-Moraira et al. 2019; Watson et al. 2020; Sinis-
calchi et al. 2021).

Widely distributed and highly diverse plant groups offer unique
opportunities to investigate how biogeographic processes and past cli-
matic/geological changes have shaped current biodiversity patterns at a
global scale (e.g. Dupin et al., 2017; Gorospe et al., 2020), and to address
the main drivers of diversification in species-rich regions (e.g. Herrando-
Moraira et al. 2023). Subtribe Carduinae is an interesting group of plants
for studying biogeography and diversification processes as it is one of
the most speciose subtribes in tribe Cardueae, with ca. 600 species in 13
genera (Moreyra et al., 2023). The subtribe occurs predominantly in the
Northern Hemisphere, with its highest diversity in the Mediterranean
Region and South-West Asia (Herrando-Moraira et al., 2019; Ackerfield
et al., 2020). The largest genus in this subtribe is Cirsium Mill. (ca. 420
species), which also is one of the largest genera in the Compositae.
Cirsium is also the most taxonomically complex genus of the subtribe
(Table 1). Its species have been classified into at least 16 different
genera, and their demilitation is still under discussion (Ackerfield et al.,
2020). Recently, Cirsium was split into four genera (Del Guacchio et al.,
2022), but this was based on a poorly resolved phylogenetic tree based
on two nuclear and five plastid markers. Here we follow the generic
classification of the subtribe suggested in our recent phylogenomic study
(Moreyra et al., 2023).

Within Cirsium, two subgenera are commonly recognized: Lophiolepis
Cass. and Cirsium (Bures et al., 2023). This classification reflects two
groups of species that can be clearly distinguished by morphology (Bures
et al.,, 2023) and correspond to two distinct evolutionary lineages
(Moreyra et al., 2023). The subgenera also differ in biogeographic range
and ecological preferences: Lophiolepis occurs in the Palearctic region
with mostly xerophilous species (Davis & Parris, 1975; Bures et al.,
2023), while Cirsium occurs in both the Palearctic and Nearctic regions,

Table 1
Summary of the main taxonomic treatments of the relevant clades and species
discussed in this study.

Study/Taxa Eurasian + West Asia Cirsium Cirsium
North clade vulgare italicum DC.
American (Savi.) Ten.
Clade
De Candolle Cirsium sect. Cirsium sect. Cirsium sect. Cirsium sect.
and Duby, Cirsium Epitrachys Epitrachys Epitrachys
1828, De DC. DC. DC.
Candolle,
1837
Ackerfield Cirsium Mill. Eriolepis Eriolepis Eriolepis
et al., 2020 Cass. Cass. Cass.
Del Guacchio Cirsium Mill. Lophiolepis Cirsium Mill. Epitrachys
et al., 2022 Cass. (DC. ex
Duby) K.
Koch
Bures et al., Cirsium subg. Cirsium subg. Cirsium “italicum
2023 Cirsium Lophiolepis subg. clade”
Cass. Cirsium
Moreyra et al., Cirsium sect. Cirsium sect. Cirsium sect. Not included
2023 Cirsium Epitrachys Cirsium
DC.
This study Cirsium subg. Cirsium subg. Cirsium Cirsium subg.
Cirsium Lophiolepis subg. Cirsium
Cass. Cirsium
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with species in xeric as well as in mesic habitats such as alpine meadows
or open forests in temperate climates (Bures et al., 2023).

The geographic origins of Cirsium and its main lineages remain un-
known. We also lack a biogeographic study based on a solid phyloge-
netic framework with a comprehensive taxonomic sampling to unravel
the main processes that have driven its current widespread distribution
in the Northern Hemisphere. Previous studies have mostly focused on
the geographic origins of the North American radiation (Ackerfield
et al., 2020; Siniscalchi et al., 2023). However, the highest diversity in
both subgenera is found in South-West Asia (ca. 200 species), suggested
to be the center of the origin of several Cardueae clades (Herrando-
Moraira et al., 2019). Subgenus Cirsium is also highly diverse in North
America, Japan, and the Western Mediterranean region (Werner et al.,
1976; Talavera, 2015; Ackerfield et al., 2020), whereas Lophiolepis is
highly diverse in the Eastern Mediterranean region (Charadze, 1963;
Davis & Parris, 1975; Bures et al., 2023). Given their differences in
habitats and geographic range, it seems likely that the two subgenera
differ in time of origin and diversification dynamics as well.

Here we investigate the evolutionary and biogeographic history of
the genus Cirsium based on a robust phylogenetic framework, and in
particular addressing the contentious issues regarding its generic
boundaries. We first assembled a taxonomically and biogeographically
comprehensive sample set of the entire Carduus-Cirsium group (Fig. 1)
with a particular focus on Cirsium, including more than 60 % of its
species. We obtained sequences of nuclear loci by applying the target
enrichment approach with the Compositae1061 probe set (Mandel et al.,
2014), and carefully assessed the orthology of the sequences. The
resulting phylogeny was time-calibrated, and ancestral range inference
based on a probabilistic approach (Matzke, 2013) was conducted to
elucidate the biogeographic origins and history of the group. Finally, we
investigated the diversification dynamics of Cirsium by fitting time-,
environmental- and diversity-dependent models (Etienne et al., 2012;
Morlon et al., 2016), as well as constant models, to test for different
macroevolutionary scenarios.

2. Material and methods
2.1. Taxon sampling

We sampled 295 accessions of subtribe Carduinae (following Mor-
eyra et al., 2023), including 266 samples of Cirsium (248 species; c. 60 %
of the genus). For the other genera belonging to the Carduus-Cirsium
group, we included eleven samples of Carduus, three of Afrocirsium,
four of Afrocarduus, two of Silybum, one from the monotypic Tyrimnus,
four of Picnomon and four of Notobasis. For the remainder of the subtribe,
we included one species from each of the genera Cynara, Ptilostemon,
Lamyropsis and Galactites, and two species of Nuriaea. Four species of
subtribe Onopordinae Garcia-Jacas & Susanna (sister to subtribe Car-
duinae) and one from Echinopsinae Cass. ex Dumort. were included as
outgroup taxa following the classification of Herrando-Moraira et al.
(2019). The sampling was designed to cover not only the main taxo-
nomic groups but also the geographic distribution. A total of 188 sam-
ples were newly sequenced from fresh material collected in the field and
preserved in silica-gel or from herbarium specimens from ARIZ, ASU, B,
BC, BONN, BR, BRY, CS, JACA, MA, MADJ, MBK, MEXU, MW, OBI, PE,
RENO, RM, RSA, TARI, TEX, T, TOKMM, USCH, RSA, RM, RJB, UNM,
USCH, W, WAG and WTU (studied material in Table S1). The sequences
of the 111 remaining samples were previously obtained by Moreyra
et al. (2023). Detailed sample information and accession numbers are
provided in Table S1.

2.2. DNA extraction and target-capture sequencing
For the new samples analyzed in this study, we performed target

capture sequencing using the Compositae1061 kit (Daicel Arbor Bio-
sciences, Ann Arbor, Michigan, USA: Mandel et al., 2014) following the
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Fig. 1. Diversity of the Carduus-Cirsium group genera: (A) Cirsium vulgare (Savi) Ten., (B) Carduus nutans L., (C) Picnomon acarna (L.) Cass., (D) Silybum marianum
(L.) Gaertn., (E) Tyrimnus leucographus (L.) Cass., (F) Notobasis syriaca (L.) Cass., (G) Afrocarduus keniensis (R.E.Fr.) Garcia-Jacas, Moreyra & Susanna, (H) Afrocirsium
buchwaldii (O.Hoffm.) Calleja, Garcia-Jacas, Moreyra & Susanna. Photos A-F, under Creative Commons License: CC BY 4.0, CC BY-SA 4.0; authors: (A-B) Robert
Flogaus-Faust, (C) Konstantinos Barsakis, (D) Krzysztof Ziarnek, (E) Eleftherios Katsillis, (F) Zeynel Cebeci. Photos G and H: Lucia D. Moreyra and Merce Galbany-

Casals, respectively.

same steps as detailed in Moreyra et al. (2023). First, 20—50 mg of dried
plant material was measured per sample. DNA was extracted using E.N.
Z.A® SP Plant DNA Kit (Omega Bio-Tek Inc., Norcross Georgia, USA)
following the manufacturer’s instructions. DNA concentration was
calculated using Qubit™ 3.0 Fluorometer (Thermo Scientific, Waltham,
MA, USA) and then sheared (100 ng—1 pg in 50 ul) using a Qsonica
Q800R3 Sonicator (Qsonica LLC, Newtown CT, USA) at 20 % amplitude
for 45 s to 20 min at 4 °C to obtain fragments of 300-400 bp. The length
of the fragments was checked by electrophoresis in 1.2 % agarose gel.

Genomic libraries were prepared from 25—45 pl of sample using
NEBNext Ultra II DNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, Massachusetts, USA), using half of the volumes stipu-
lated by the manufacturer and fifteen cycles of PCR amplification. Li-
braries were barcoded with dual index primers
NEBNext® Multiplex Oligos for Illumina® or NEBNext Multiplex Oligos
for Illumina (96 Index Primers) (New England Biolabs, Ipswich, Mas-
sachusetts, USA). Samples with less than 50 ng were discarded. Pools
containing 10 genomic libraries were mixed in equimolar conditions.
Subsequently, pools were evaporated or filled with water to 7 pl of
volume to execute a target-enrichment protocol using the MyBaits
Compositae-1061 kit. Pools were sequenced (150 bp PE) using HiSeq
2500 and HiSeq X by Macrogen Co. (Seoul, South Korea).

2.3. Raw sequence processing and nuclear ortholog assignment

Raw reads were trimmed using Trimmomatic v.0.32 (Bolger et al.,
2014). After checking the quality of the reads using Fast-QC, quality-
trimmed reads were assembled to contigs using BWA (Li & Durbin,
2009) as implemented in HybPiper (Johnson et al., 2016). As a reference
file, we used the original Compositae-1061 target file plus the same
exons recovered from the Cirsium tioganum sample, which we previously
mapped using HybPiper and yielded the highest coverage in our data set
(~50x). These sequences were added to the target file to account for
sequence diversity and to improve loci retrieval during the mapping and
assembly steps (McLay et al., 2021).

Due to the prevalence of polyploidy in Compositae (Moore-Pollard
et al., 2024), paralogous sequences (hereafter paralogues) require

thorough investigation. To ensure that our final alignments only
included orthologous sequences, we applied the following procedure:
first, we assembled the genes mapping the new target file using
HybPiper. Then, we filtered the genes taking into account the paralog
warnings generated by HybPiper, discarding those genes with more than
10 paralog warnings. For the genes that had between 1 and 10 paralog
warnings, we used the paralog retriever pipeline from HybPiper to also
recover the potential paralogs. We aligned these sequences using MAFFT
v.7.029 (Katoh & Toh, 2008) and trimmed using TrimAl (Capella-
Gutiérrez et al., 2009), with the —all option to build gene trees using
RAXML v.8.2 (Stamatakis, 2014). We visually inspected gene-tree to-
pology and selected those genes in which the designation of the
orthologous and paralog copy was made correctly, according to the
phylogenetic position expected for that species based on the current
phylogenetic knowledge of the study group (Ackerfield et al., 2020;
Bures et al., 2023; Moreyra et al., 2023). Genes with more than one
paralog and misassigned orthologous sequences (i.e. assigned by
HybPiper as paralogues instead of orthologous and vice versa) were
discarded. Finally, genes that presented less than 50 % of missing data,
and that included at least 80 % of species presence were retained. This
type of approach has provided good results in phylogenetic studies
avoiding the loss of a considerable proportion of potentially informative
loci (Soto Gomez et al., 2019). After gene selection, we ran HybPiper
using the —run_intronerate option to also recover introns and intergenic
sequences flanking targeted exons. All matrices were aligned and trim-
med as described above. The final dataset consisted of 350 alignments,
which were concatenated to generate a supermatrix using FasconCAT-G
v.1.05.1 (Kiick & Longo, 2014).

2.4. Phylogenetic analyses

Concatenated and coalescence-based approaches were applied to
infer the evolutionary history of the study group. For the concatenated
approach, a partitioned analysis was run based on the 350-gene super-
matrix, using RAXML-NG-MPI (Kozlov et al., 2019) in CESGA cluster
(Galicia Center for Supercomputing Technology, Santiago de Compos-
tela, Spain). For each locus, the best-fit evolutionary model was selected
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using ModelTest-NG (Darriba et al., 2019). A total of 250 independent
searches were done to search for the best tree. Branch support analyses
were run using the autoMRE option, which generates bootstrap trees
until these converge; branch support was calculated both using Felses-
tein’s Bootstrap (BS) and Transfer Expectation Bootstrap (TBE).

For the coalescence analysis, gene trees were calculated using
RAXML-NG in CESGA and the analysis was done using ASTRAL-III
v.5.7.8 (Zhang et al., 2018) as implemented in the HybPhyloMaker
pipeline (Fér & Schmickl, 2018). Support values were calculated using
local posterior probabilities (LPP), and branches were considered to be
supported when LPP was > to 0.95. To detect the degree of incongru-
ence between gene trees, a quartet-based method analysis was run with
the —t 8 option of ASTRAL-III, which allows for identifying the per-
centage of genes that support alternative topologies for each node.

2.5. Divergence time estimation

We used the RelTime method (Tamura et al., 2012; Tamura et al.,
2018; Tao et al., 2020) implemented in MEGA X (Kumar et al., 2018) to
generate a time-calibrated phylogeny, using as input the best Maximum
Likelihood tree obtained from the concatenated analysis. Three cali-
bration points were included to constrain nodes (Fig. S3). The mean age
for the root (CP1, Fig. S3) was set at 17.7 Mya (based on Mandel et al.,
2019) with a normal distribution and a softbound in which the lower
limit corresponded to 14 Mya, because there is fossil evidence of achenes
similar to those found in Afrocarduus, Afrocirsium, Cirsium and Nuriaea
(Mai, 1995). The upper bound was the result of setting a normal dis-
tribution for the mean of 17.7 Mya and the lower bound of 14 Mya. The
other two calibration points were the following: we set a minimum age
of 14 Mya to CP2 (Fig. S3) based on a fossil Cirsioid achene (Mai, 1995),
and we set a maximum age of 5.6 Mya to CP3 (Fig. S3) for the most
recent common ancestor of the populations sampled for Cirsium lat-
ifolium, which is endemic to Madeira, based on the estimated geological
age of this archipelago (Ramalho et al., 2015).
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2.6. Historical biogeographic inference

We focused the biogeographic analyses on the Carduus-Cirsium
group, trimming from the calibrated tree the outgroup and the genera
Cynara, Galactites, Lamyropsis, Nuriaea and Ptilostemon. We also left only
one tip for each taxon when multiple individuals were sequenced.
Moreover, we followed the suggestion by Bures et al. (2023) to exclude
Cirsium italicum, as its position in the tree was very different from the one
retrieved in the coalescent tree.

We collected information on the distribution area for each species
from floras and online resources (Charadze, 1963; Davis & Parris, 1975;
Werner et al., 1976; Petrak, 1979; Shi et al., 2011; Iwatsuki et al., 1995;
Talavera, 2015; POWO: https://powo.science.kew.org), and also from
voucher herbarium specimens (see Table S1). The geographic areas were
defined taking into account the main distribution of endemic species and
the main biogeographic regions of the world. A total of 13 operational
areas were defined (Fig. 2) to cover the distribution of the species from
the subtribe. These include four areas in America: Southern North
America (J), Western North America (K), Eastern North America (L),
Central North America (M); three in Africa: North Africa (G), Maca-
ronesian archipelagos (H), Afromontane region (I); and six in Eurasia:
Middle Asia (A), East Asia (B), South-West Asia (C), Japan (D), Euro-
Siberian Region (E), North Mediterranean Basin (F).

We estimated geographic range evolution using the R package Bio-
GeoBEARS v.1.1.3 (Matzke, 2013; available at https://github.com/
nmatzke/BioGeoBears). We set the maximum number of areas allowed
in each node to five, which is the number of areas that occupy the most
widespread species of our phylogeny (Cirsium vulgare), to make the
analysis computationally feasible.

We evaluated the adequacy of three biogeographic models: 1) the
dispersal-extinction—cladogenesis model (DEC; Ree et al., 2005; Ree &
Smith, 2008), 2) a likelihood-based implementation of the dis-
persal-vicariance analysis model (DIVAlike; Ronquist, 1997), and 3) a
version of the BAYAREA model (BAYAREAlike; Landis et al., 2013),
which assumes that range evolution does not occur at cladogenetic
events. Furthermore, we fitted a more complex version of each model
adding the jump-dispersal parameter (DEC + j, DIVAlike + j,

Biogeographic areas
B MiddleAsia

B East Asia

© South-West Asia
B Japan

B Euro-Siberian region

E North Mediterranean Basin

@ North of Africa

Macaronesian archipelagos

1 Central-North Afromontane region

H =

Southern North America
Western North America
Eastern North America
Central North America

(.

Fig. 2. Geographic representation of the 13 geographic areas defined in the current study: Middle Asia (A), East Asia (B), South-West Asia (C), Japan (D), Euro-
Siberian Region (E), North Mediterranean Basin (F), North Africa (G), Macaronesia (H), Central-North Afromontane Region (I), Southern North America (J),
Western North America (K), Eastern North America (L), Central North America (M).
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BAYAREAlike + j; Matzke, 2014) to account for founder-event specia-
tion. This parameter represents a range jump occurring during lineage-
splitting events, where one daughter lineage occupies a new range while
the other retains the ancestral range (Matzke, 2014). The evaluation of
the best-fitting model was based on the Akaike Information Criterion
(AIC) and AIC weights (AICwt) (Burnham & Anderson, 1998). Addi-
tionally, we employed Biogeographic Stochastic Mapping (BSM) anal-
ysis (Dupin et al., 2017) with 100 replicates to determine the average
occurrences of anagenetic and cladogenetic events considering
geographic distributions, phylogeny, and the best-fitting model.

2.7. Diversification analyses

As a preliminary analysis, we outlined the progression of lineages
over time using a lineage-through-time plot (LTT; Nee et al., 1992). To
accomplish this, we used the R package ape and the mltt.plot function
(Paradis & Schliep, 2019), with the y-axis representing the number of
lineages in a logarithmic scale. We examined the diversification dy-
namics of Cirsium using a hypothesis-driven methodology to sidestep
identifiability issues, as recommended by Louca & Pennell (2020) and
Morlon et al. (2022). In essence, we defined diversification models to
test whether speciation or extinction rates varied linearly or exponen-
tially with time or climate changes (global temperature variation;
Zachos et al., 2008). We also fitted two constant-rate models (pure-birth
and birth—death) as null hypotheses. These analyses were implemented
using the R package RPANDA (Morlon et al., 2016). We also tested
whether the rate of species diversification was dependent on species
diversity, fitting (1) models in which the carrying capacity, i.e. the
number of species that can exist at the same time, represented by the
parameter (K), was the same for the entire study group; and (2) models
in which all parameters were allowed to shift at a certain time
(parameter t_shift), to test whether there was a significant shift in
diversification dynamics during the history of Cirsium, as the visual in-
spection of the LTT plot suggested. These last models were run using the
R package DDD (Etienne et al., 2012). We applied to all models an
analytical correction corresponding to the sampling fraction to account
for incomplete taxon sampling. All models were compared based on AIC
and the most fitted model was identified as the one with the minimal AIC
value.

3. Results
3.1. Target loci recovery

Of the 1,064 loci originally mapped from the target reference, we
retained 350 (for more information about paralogs detected, sequence
lengths, and statistics reports, see Table S2). Because we used the
“supercontig” option on HybPiper, the average length of each alignment
was more than twice the length of the original reference. In combina-
tion, the 350 genes accounted for 158,591 parsimony informative sites
and 251,647 patterns (unique columns in the alignment). The nuclear
supermatrix generated for the concatenated analysis had a length of
319,583 bp. For the coalescence analysis, a gene tree was calculated for
each of the 350 alignments.

3.2. Phylogenetic Relationships

The concatenated and coalescence analyses yielded similar topol-
ogies (Figs. S1 and S2) except for a few nodes. The percentages of sup-
ported nodes (> 70 % of BS or TBE, and > 0.95 of LPP) for the
concatenated analyses were 83 % (TBE) and 69 % (BS); for the coales-
cence analysis, it was 68 % (LPP). The genera Cynara, Galactites,
Lamyropsis and Nuriaea were recovered outside the Carduus-Cirsium
group in both phylogenies, with high support (BS = 100; TBE = 1;
LPP = 1). Within the Carduus-Cirsium group, the genus Carduus was
fully supported as monophyletic (BS = 100; TBE = 1; LPP = 1) with
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Tyrimnus as sister (BS = 100; TBE = 1; LPP = 1), and with Silybum as
sister to Carduus + Tyrimnus clade (BS = 100; TBE = 1; LPP = 1). The
monotypic genus Picnomon was recovered as sister to the monotypic
Notobasis (BS = 70; TBE = 0.82) in the concatenated analysis, whereas in
the coalescence approach, it was recovered as sister to Cirsium subg.
Lophiolepis with high support (LPP = 1). In consequence, the genus
Cirsium was recovered as monophyletic in the concatenated analyses
(TBE = 0.89), whereas in the coalescence analysis, Picnomon was
included in Cirsium with high support (LPP = 1). Within Cirsium, the
main topological difference between two analyses was due to Cirsium
italicum. In the coalescence tree, each of the subgenera Cirsium and
Lophiolepis were monophyletic with high support (LPP = 1 and 0.95,
respectively). In the concatenation phylogeny, however, C. italicum was
recovered as sister to all other Cirsium species (TBE = 0.89).

3.3. Divergence times and ancestral ranges

The stem age of the Carduus-Cirsium group was estimated to 16.3
Mya, and it started to diversify at 11.3 Mya (9.1-13.8 95 % CI, Fig. S3).
The stem and crown ages of Cirsium were 10 and 9.5 Mya (7.2-12.2 Mya
95 % CI), respectively, and the subgenera diverged at 8.8 Mya and
started to diversify at similar times (7.2-7.3 Mya; 5.2—10 and 5.5-9.7
Mya 95 % CI, respectively).

The BAYAREAlike + j model was selected as best-fitting (AICcwt =1,
Table S3). Range contraction (e = 0.0499) had a much larger contri-
bution than range expansion by dispersal (d = 0.0068) and founder
event speciation processes (j = 0.0069). A considerable number of the
ancestral ranges inferred for deep and intermediate nodes involved two
or more areas, consistent with the high level of range contraction. For
the deepest nodes, we obtained a high number of possible states with
low probabilities; however, at least 90 % of the probability always
included four areas: South-West Asia (C; hereafter SW Asia), the Euro-
Siberian region (E), the North Mediterranean Basin (F; hereafter N
Mediterranean Basin) and North Africa (G).

The most probable ancestral range of Cirsium (node 1, 8.8 Mya,
6.7-11.5 Mya 95 % CI, Fig. 3) involved four areas: SW Asia (C), the
North Mediterranean Basin (F), the Euro-Siberian region (E) and North
Africa (G). The ancestral range of the lineage formed by most species of
subg. Lophiolepis (node 2, 7.2 Mya, 5.2-10 Mya 95 % CI) involved the N
Mediterranean Basin (F) and North Africa (G) with 50 % probability, and
the rest of the probability was shared among different combinations of
the following areas: N Mediterranean Basin (F), Euro-Siberian region
(E), North Africa (G), and SW Asia (C). The two following divergence
events yielded two lineages mainly distributed in N Mediterranean Basin
(F) and/or North of Africa (G). A jump dispersal towards SW Asia (C;
node 5, 4.8 Mya, 3.3-6.9 Mya 95 % CI) was followed by extensive in situ
diversification plus additional jump dispersals to Middle Asia (A) and
more recently to the N Mediterranean Basin (F). The second dispersal to
N Mediterranean Basin (F; node 6, 0.66 Mya, 0.5-1.8 Mya 95 % CI) was
followed by notable diversification; in addition, at least two back dis-
persals occurred to SW Asia (C), and two lineages dispersed or expanded
their range to the Euro-Siberian region (E).

The ancestral range of subg. Cirsium (node 7, 7.3 Mya, 5.5-9.7 Mya
95 % CI) had highest probability (40 %) in the North Mediterranean
Basin (F), Euro-Siberian region (E) and North Africa (G). The first
divergence event resulted in one small lineage (node 8, 5.1 Mya, 3.6-7.1
Mya 95 % CI, Fig. 3) originating from a jump to East Asia (B) or Middle
Asia (A)/East Asia (B), and one large lineage (node 9, 6.4 Mya, 4.7-8.6
Mya 95 % CI) originating in the Euro-Siberian region (E) and the North
Mediterranean Basin (F). Within the large lineage, several jump dis-
persals were inferred, including one to SW Asia (C) (node 10, 3.6 Mya,
2.5-5 Mya 95 % CI) and several to Middle Asia (A) and/or E Asia (B)/
Euro-Siberian region (E)/N Mediterranean Basin (F). The sister clade of
the lineage that originated from a jump dispersal to SW Asia (C; node 11,
3.8 Mya, 2.6-5.3 Mya 95 % CI) was formed by several lineages that
remained in the ancestral range, with expansions to Middle Asia (A),
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Fig. 3. Ancestral range estimation of the Carduus-Cirsium group using the best-fitting model BAYAREALIKE + j based on a time-calibrated phylogeny generated
under the concatenation approach using target-enrichment data (Compositae1061 probe set). Pie charts at nodes show the relative probability of the possible states
combining colors for more than one area. Node numbers are provided for nodes mentioned in the text.
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Fig. 3. (continued).
East Asia (B) and SW Asia (C). Another lineage descending from node 9 95 % CI) and another jumped to North America (node 14, 1.3 Mya,

jumped to Asia (node 12, 3.5 Mya, 2.3-5.3 Mya 95 % CI). Later, one of 0.7-2.5 Mya 95 % CI), both followed by rapid and notable diversifica-
the Asian lineages jumped to Japan (D; node 13, 2.4 Mya, 1.7-3.6 Mya tion. Another jump dispersal to Japan (c. 1 Mya, 0.4-2.2 Mya 95 % CI)
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resulted in the endemic C. dipsacolepis. Moreover, the ancestor of
C. lineare originated from an ancestor that expanded its range from East
Asia (B) to Japan (D) c. 1.4 Mya (0.7-2.7 Mya 95 % CI). One of the latest
jump dispersals occurred from the N Mediterranean Basin (F) to Maca-
ronesia (H; 0.54 Mya, 0.2-1.2 Mya 95 % CI) and resulted in C. latifolium,
endemic to Madeira.

According to BSM analysis, the most frequent biogeographic events
were within-area speciation (71 %), range expansion (18 %) and founder
events (11 %) (Fig. 4; Tables 2 and Table S4). SW Asia (C) and the N
Mediterranean Basin (F) played a key role in the diversification of the
Carduus-Cirsium group as the majority of dispersal events occurred from
or to one of these two regions (Fig. 4, Table S4). The most common
dispersal patterns involved range expansions or jump dispersals from
West to East: SW Asia (C) to Middle Asia (A) (8.4 events), and from the
Mediterranean (F) to SW Asia (C) (6.8 events). The N Mediterranean
Basin (F) was the source area of most dispersals (20 %), followed by
West Asia (C; 18 %). The main sink area was Middle Asia (A; 20 %,
Table S4). The Euro-Siberian region (E) was acting both as sink and
source (11 % in both directions).

Dispersals towards Japan (D) occurred from Middle (A) and East Asia
(B) (1.03 and 2.05 events, respectively), with several back-dispersals to
East Asia (B; 5.04 events). American taxa originated from a single
dispersal from Middle (A) or East Asia (B) (0.66 and 0.59 events). The
Macaronesian (H) and North African (G) species originated from the N
Mediterranean Basin (F) (1.1 and 2.6 events, respectively). The afro-
montane lineages may have originated from the N Mediterranean Basin
(F), SW Asia (C), North Africa (G) or the Euro-Siberian region (E; 0.29,
0.3, 0.23, 0.27 events, respectively).

3.4. Diversification analyses

We tested 24 different models: two constant-rate, six time-
dependent, six temperature-dependent, six temperature-time depen-
dent and four diversity-dependent models (Table S5). The best-fitted
model was the diversity-dependent one with a time shift at 4.6 Mya
and without extinction (AICc = 723.2; A before shift = 0.44; A after shift
= 1.19; Fig. 5). The AAICc with the following best-fitted model
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Table 2

Summary of biogeographic stochastic mapping counts for the Carduus-Cirsium
group using the BAYAREALIKE + j model. Mean numbers of the different
types of events estimated are shown along with standard deviations.

Mode Parameter  Type Mean (SD) %
Within-area y Sympatry 235.9 71.0
speciation (1.68)
Dispersal j Founder 37.09 11.2
(1.68)
d Range expansion 59.12 (3.5) 17.8
e Range 0 (0) 0.0
contraction
Total 332.1 (3.5) 100.0
Estimated A time-shift
) A=044 A=1.19 ,
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Fig. 5. Lineage-through-time plot (LTT) indicating the number of lineages that
emerged (species; log-transformed) in a temporal line (Millions of years ago).
Red line indicates the estimated time when the A picked up from 0.44 to 1.19
according to the best-fitting diversification model.
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Fig. 4. Summary of mean dispersal events estimated from 100 biogeographic stochastic mappings in the Carduus-Cirsium group (see all event counts in Table 3).
Whole arrows represent the mean number of dispersals > 0.95 with thickness proportional to the mean number of dispersals. The dotted arrows represent mean

dispersals 0.20-0.94.
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(diversity-dependent with time shift and extinction; AICc = 725.2) was
equal to 2. Since the only difference between the first and the second
best-fitted model is that the second one accounts for extinction, and the
best-fitted model has two parameters less than the second best-fitted
model, we will only discuss our results based on the first-fitted model.
For the rest of the models AAICc > 25.

4. Discussion

This study presents the first biogeographic analysis of Cirsium based
on a highly resolved phylogeny and a broad and representative taxo-
nomic sampling of the entire genus (266 samples, 248 species), made
possible through a target-capture approach in combination with the
careful application of up-to-date bioinformatic methods to assess
sequence orthology. Our analysis incorporated 350 nuclear loci, more
than 300,000 sites, and a quarter-million patterns (unique columns). In
comparison, the most extensive previous phylogenetic study of Cirsium
was based on 176 samples and seven molecular markers (Del Guacchio
et al., 2022). Notably, our concatenated and coalescent-based phylo-
genetic approximations yielded well-resolved and largely congruent
phylogenies, with discrepancies observed at only a few nodes. These few
incongruencies are likely due to hybridization, a common phenomenon
in this genus, as well as incomplete lineage sorting, typical of recent
radiations (Ackerfield et al., 2020; Moreyra et al., 2023).

4.1. The early history of the Carduus-Cirsium group

We estimated that the ancestor of the Carduus-Cirsium group started
to diverge at the beginning of the Late Miocene (11.3 Mya, 9.1-13.8 95
% CI; Fig. 3), a period marked by a global cooling trend (Westerhold
et al., 2020), most likely in the regions surrounding the Mediterranean
Sea, SW Asia or the Euro-Siberian region. This ancestor split into two
lineages. One of these lineages includes the small genera Silybum and
Tyrimnus plus Carduus, which has the highest species concentration in
the Mediterranean Basin and South-West Asia. This lineage will not be
further discussed here as it is not the main focus of the study.

The ancestor of the other lineage was distributed in the same range as
its previous ancestor and lineage divergence started at 10.7 Mya
(8.6-13.2 95 % CI). This timing coincides with a complex geological
period that led to the formation of what is now the Mediterranean Re-
gion, transitioning from the open basin of Mediterranean Tethys to the
modern closed basin with the closure of Paratethys (Cornacchia et al.,
2018). This paleogeographic reorganization led to increased land con-
nectivity between SW Asia and Northeast Africa, and may have facili-
tated the southward dispersal of one of the two descending lineages
towards the mountains of tropical eastern Africa. This East African
ancestor split into two lineages that correspond to the endemic genera
Afrocarduus and Afrocirsium. Afrocarduus and Afrocirsium include species
that were traditionally ascribed to Carduus and Cirsium, but we have
recently shown that they constitute two independent evolutionary lin-
eages with distinct sets of morphological features that can be morpho-
logically distinguished from the other genera of the Carduus-Cirsium
group (Moreyra et al., 2023).

The dispersal to montane and alpine habitats of tropical eastern Af-
rica from the Mediterranean basin and western Asia may have been
facilitated by the subtropical climate in mountainous environments in
the source region during the Miocene (Pignatti, 1978; Kovar-Eder et al.,
2006); this climate and the associated laurel evergreen forests later
disappeared from the Mediterranean basin and western Asia. Afro-
carduus and Afrocirsium currently occur in the montane and alpine
temperate habitats that constitute the Afromontane region, which are
markedly cooler and more humid than the surrounding arid lowlands
(Gehrke & Linder, 2014). Thus, the ancestor of these genera could have
been linked to the paleotropical flora that inhabited the northern
hemisphere during the Tertiary. A few studies focusing on other plant
groups have also reported that Tertiary lineages that went extinct in the
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Mediterranean basin and/or in western Asia survived in the evergreen
forests in the Afromontane Region (Mairal et al., 2015) or the oceanic
islands of Macaronesia (Fernandez-Palacios et al., 2011).

It is also interesting to note that the current species diversity in
Afrocarduus and Afrocirsium mainly resulted from diversification during
the Pliocene and Pleistocene, although their ancestor arrived much
earlier (10.7 Mya, 8.6-13.2 95 % CI). Their diversification may have
been fostered by the interplay of orogenic events and the intensification
of global cooling since the Pliocene (Westerhold et al., 2020). High
mountains existed in eastern Africa already during the Oligocene, but
major uplift events still occurred during the Pliocene and Pleistocene
(Sepulchre et al., 2006). Such orogenic activity, combined with the
intensified global cooling, probably increased the total area of Afro-
montane and Afroalpine habitats in comparison to the Miocene (Gehrke
and Linder, 2014).

The ancestor of the lineage containing the remaining genera, Cirsium,
Notobasis and Picnomon, dates back to the late Miocene (10 Mya,
7.9-12.6 95 % CI) and probably occurred in the N Mediterranean Basin,
N Africa, SW Asia and the Euro-Siberian Region. The monotypic genera
Notobasis and Picnomon constitute the sister lineage of Cirsium, and they
diverged from each other c. 9.5 Mya (7.3-12.3 95 % CI). These genera
apparently persisted in the ancestral areas. However, this result should
be taken with caution since our coalescence analysis shows the genus
Picnomon as sister to subg. Lophiolepis (Figs. S1 and S2). This incon-
gruence between the concatenated and coalescence approach was also
observed in our previous study of subtribe Carduinae, and we hypoth-
esized that it resulted from hybridization and incomplete lineage sorting
(Moreyra et al., 2023).

The origin of Cirsium was also placed during the late Miocene, about
9 Mya (7.3-12.2 95 % CI), when a global cooling trend was happening
(Herbert et al. 2016). This mean age is younger than that inferred by
Ackerfield et al. (2020; 12 Mya). However, in their study, Cirsium was
inferred as paraphyletic based on insufficiently informative loci, and this
may have biased the dating analysis. Moreover, Ackerfield et al. (2020)
placed the calibration point based on a fossil record of a Cirsioid achene
(Mai, 1995) at the Carduus-Cirsium group node, whereas we placed it at
the node splitting the genus Nuriaea (recently described in Moreyra
et al., 2023) from the remainder of the Carduus-Cirsium group (CP2,
Fig. S3). Thus, Ackerfield et al. (2020) put this calibration point more
closely to the present due to the lack of Nuriaea representatives in their
phylogeny, and this could have pushed back the dating of the whole
group.

4.2. Biogeographic history of Cirsium

The two main Cirsium clades, corresponding to the subgenera
Lophiolepis and Cirsium, likely originated in the western Palearctic. Both
lineages started to diversify at the end of the Miocene (7.2 and 7.3 Mya;
5.2—10 and 5.5-9.7 Mya 95 % CI, respectively), a period marked by
accelerated global cooling and the onset of modern climatic conditions
(Herbert et al., 2016). This period was characterized by global biotic
turnovers (Herbert et al., 2016), and the Mediterranean Basin, one of the
ancestral areas shared by the subgenera, is believed to have been at its
driest during the latest Miocene, (6.6-5.3 Mya; Eronen et al., 2009). The
speciation rate of Cirsium increased drastically during the Early Pliocene
(4.6 Mya), almost tripling, from A = 0.44 to A = 1.19. The inferred time
for the diversification rate shift coincides with two parallel dispersals
(one in each subgenus, nodes 5 and 10, Fig. 3) towards SW Asia, one of
the regions with the highest concentration of Cirsium species. Both dis-
persals were followed by substantial in situ diversification that lasted
until the Late Pleistocene.

In subgenus Lophiolepis, the majority of the species are indeed found
in SW Asia, although several dispersals to neighboring regions (Middle
Asia, Euro-Siberian and Mediterranean region) occurred during the
Pleistocene. One recent dispersal towards the N Mediterranean Basin
(0.7 Mya; 0.5-1.8 Mya 95 % CI) was followed by a rapid radiation, and
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also led to two back-dispersals to SW Asia. Because the vast majority of
the species of this subgenus are adapted to the same type of habitats,
allopatric processes may have prevailed in its diversification. The
complex topography of SW Asia and the Mediterranean region, in
combination with range contraction-expansion cycles due to Pleisto-
cene climatic oscillations, probably fostered rapid non-adaptive radia-
tions as reported for other plant genera such as Dianthus (Valente et al.,
2010).

Subgenus Cirsium has a much wider geographic distribution than
Lophiolepis. In addition to the regions where Lophiolepis is found, taxa of
subgenus Cirsium also occur in East Asia, Japan, North America, and
Macaronesia. This subgenus includes both mesophilous and xerophilous
species (Bures et al., 2023). The inferred ancestral range of subgenus
Cirsium is the same as for Lophiolepis, but substantial diversification in
subgenus Cirsium also occurred in the western Palearctic in parallel to
the SW Asian diversification during the Pliocene and Pleistocene. The
Eastern Mediterranean Region was a humid refugium for the Central
European flora during the Early Pliocene, when the precipitation
decreased in Central Europe (Eronen et al., 2009 and references
therein). At the same time, the Asian Monsoon became weaker and
xerophilous plants increased in Middle Asia (Zhao et al., 2020).

One of the western Palearctic ancestors of subgenus Cirsium
dispersed to Middle Asia (node 12, Fig. 3) during the mid-Pliocene (3.8
Mya; 2.3-5.3 Mya 95 % CI) and split into two speciose Asian lineages.
Each lineage dispersed to new areas and radiated rapidly there: one in
Japan, and one in North America (further discussed below). The higher
climatic niche lability of subgenus Cirsium (compared to subgenus
Lophiolepis) may have fostered its geographic expansion to other regions.
For instance, the dispersal to Middle Asia may have been associated with
a change of habitat; most Middle Asian species are adapted to moist
habitats such as riverbanks, gorges, forests, and montane slopes in
montane or sub-alpine zones (Shi et al., 2011), and some species are
generalists found across Central, East Asia and Japan (C. maackii,
C. pendulum, and C. japonicum).

4.3. Rapid radiation of Cirsium in Japan

The Japanese archipelago harbors more than 100 Cirsium species,
and the vast majority (90 %) are endemic (Iwatsuki et al., 1995).
Whereas a previous biogeographic analysis included only three of them
(Ackerfield et al., 2020), we here included 38 Japanese species (30
endemic). All but two of these species form a clade that originated from
a single jump dispersal from Middle Asia to Japan at the beginning of the
Pleistocene (c. 2.4 Mya; 1.7-3.6 Mya 95 % CI). Although our sampling is
not complete, our results suggest that the high concentration of Cirsium
endemics in Japan is mostly the result of a single rapid radiation
following a dispersal event from the continent, a common pattern in
islands. We hypothesize that this rapid radiation may result from an
interplay of allopatric and ecological speciation, as reported for other
rapid insular radiations in Cardueae (Vitales et al., 2014). Allopatry may
have played an important role during the Pleistocene sea-level fluctua-
tions, which resulted in varying connectivity among the Japanese
islands (Pillans et al., 1998; Davison et al., 2005). Some species may
have originated by ecological speciation linked to habitat specialization,
such as C. tamastoloniferum, a narrow endemic living only in marshy
lands (Kadota, 2012). A potential additional factor is polyploidy, how-
ever, the ploidy levels of only a few Cirsium species from Japan have
been studied to date, including only four of our species; indeed, the
frequency of polyploidy has not been extensively studied in Cirsium, but
current knowledge suggest that this phenomenon is rare in its subtribe
(Bures et al., 2023).

4.4. The North American Cirsium radiation resulted from a single
dispersal from Asia

Colonization of America from Asia is observed in many plant groups
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(e.g., Nazaire et al., 2014; Wen et al., 2016), including thistles (Susanna
et al., 2011). Previous studies (Kelch & Baldwin, 2003; Barres et al.,
2013; Ackerfield et al., 2020) suggested that all American Cirsium spe-
cies could result from a single dispersal event from Asia through the
Bering Land Bridge during the Miocene (Ackerfield et al., 2020) or
Pliocene (Barres et al., 2013). Our results confirm this single dispersal
hypothesis, but we found that it took place from Central or East Asia
during the Pleistocene (1.9 Mya; 0.7-2.5 Mya). A similar age was ob-
tained by Siniscalchi et al., 2023 (2 Mya), whose study solely focused on
North American Cirsium species. However, they suggested that diversi-
fication of this clade occurred 1.9-1.2 Mya, whereas our results suggest
1.3-0.4 Mya. Because both studies used target-capture with the same
probe Kkit, the discrepancy could be caused by different bioinformatic
pipelines (PHYLUCE; Faircloth, 2015 in Siniscalchi et al., 2023 vs
HybPiper in this study) and/or different calibration points to build the
time-calibrated tree. PHYLUCE is a conservative pipeline and is less
efficient in recovering loci than HybPiper, which directly affects the
estimation of branch lengths (Herrando-Moraira et al., 2018).

Our analysis suggests that the ancestral area of the American clade is
either Southern North America (J) or Central North America (M; Fig. 3).
In contrast, Siniscalchi et al. (2023) estimated Western North America as
the ancestral area; such difference is probably due to the fact that in our
tree the earliest diverging American clades correspond to Mexican and
Central North American species that were not sampled in their work.
Our BSM results show frequent exchanges between Western, Central and
South North America, with Eastern North America being mainly a sink
area, receiving at least two dispersals; however, such results should be
taken with caution, given that several branches of this clade are very
short and unsupported, as often happens in rapid radiations. Globally,
our results support Siniscachi et al. (2023) hypothesis that the North
American radiation is the result of geographic speciation processes
fostered by range expansion—contraction events during the Pleistocene
cycles, as well as by habitat specialization leading to ecological specia-
tion. Pollinator shifts may have also played a role in speciation processes
of this clade: hummingbird pollination evolved multiple times in
American Cirsium (Siniscalchi et al. 2023), and indeed most of the North
American hummingbird lineages diversified also during the Pleistocene
(Licona-Vera & Ornelas, 2017).

4.5. Taxonomic implications

The focus of this paper is not on the systematics of Cirsium, which we
considered resolved in our previous work (Moreyra et al., 2023). How-
ever, in light of the comments by Del Guacchio et al. (2022) and Bures
et al., (2024) and the substantial additions to our sampling, we will
outline some considerations that can be drawn from our results.

4.5.1. The problem of Picnomon

Our results (Figs. S1 and S2) support the monophyly of the genus
Cirsium, except the coalescent analysis (Fig. S2), in which Picnomon is
nested within Cirsium, being retrieved as sister to the subgenus Lophio-
lepis. Picnomon acarna, the only species of the genus, is morphologically
similar to those of Cirsium and even it was first described as Cirsium
acarna L. Incongruences found in our topologies for genus Picnomon
could be the result of a hybrid origin, possibly between the ancestors of
subgenera Lophiolepis and Notobasis. When a hybrid species shares the
same ploidy level as the parental species (Picnomon n = 16; Notobasis n
= 17; subg. Lophiolepis n = 16-17), hybridization events can be identi-
fied through methods based on phylogeny and sequence read-mapping
(reviewed in Steenwyk et al., 2023). In phylogeny-based approaches,
datasets comprising genetic loci from both the hybrid and parental
species are anticipated to exhibit nearly equal support for two distinct
topologies (reviewed in Steenwyk et al., 2023), and this is consistent
with what we observe in our results: the concatenated-based tree
(Fig. S1) shows Picnomon as sister to Notobasis, whereas the coalescence-
based tree (Fig. S2) shows Picnomon as sister to Cirsium subg. Lophiolepis.
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Therefore, we suggest again keeping Picnomon as a monotypic genus,
probably hybridogenic.

As described in the introduction of this article, the circumscription of
Cirsium is controversial and has been the object of intense debate in the
last years (Ackerfield et al., 2020; Del Guacchio et al., 2022; Moreyra
et al., 2023; Bures et al., 2023; Bures et al., 2024, Moreyra & Susanna,
2024). A major rearrangement was proposed by Del Guacchio et al.
(2022), who splitted Cirsium into four genera. However, as we already
pointed out in Moreyra et al. (2023) and Moreyra & Susanna, (2024),
such a proposal relied on poorly resolved phylogenies with limited
taxonomic sampling and mainly based on a few plastid regions already
shown to be inadequate by Ackerfield et al. (2020). In contrast, our
previous and current results rely on highly resolved phylogenies built on
extensive datasets (986 nuclear and 183 plastid loci, summing up to 247,
251 and 117,823 nucleotides respectively) that support Cirsium as a
monophyletic genus. The only problem with this classification is the
position of two species, C. italicum and C. vulgare, both of them suspected
to be hybridogenic (Del Guacchio et al., 2022; Moreyra et al., 2023;
Bures et al., 2023; Bures et al., 2024).

4.5.2. Hybrids in Cirsium: Cirsium italicum and C. vulgare

In our previous study on the Carduus-Cirsium group (Moreyra et al.,
2023) our results were robust, but our sampling did not include Cirsium
italicum, which is now added to this new study. Del Guacchio et al.
(2022) segregated C. italicum as a new genus, Epitrachys, and resusci-
tated Cassini’s genus Lophiolepis for the rest of the species of subg.
Lophiolepis (Table 1). They justified their proposal on the morphological
singularity of C. italicum and the lack of monophyly of subg. Lophiolepis
due to the position of C. italicum outside the main Lophiolepis clade. The
incongruences recovered in our topologies confirm that C. italicum is
indeed a very challenging species regarding its taxonomic placement: in
the present study, C. italicum is sister to all other Cirsium species in the
concatenated-based tree (Fig. S1) while in the coalescent tree (Fig. S2) it
is placed within Cirsium subg. Cirsium, with high support in both trees.
Such hard incongruence regarding the position of C. italicum points
significantly to a hybrid origin, which could explain the morphological
intermediacy of C. italicum between Cirsium and Lophiolepis.

As for Cirsium vulgare, it was reported to “jump” between subgenera,
depending on the molecular dataset analyzed (nuclear vs. plastid) and
the approach used (Ackerfield et al., 2020; Del Guacchio et al., 2022;
Moreyra et al., 2023; Bures et al., 2024). As a result, it was also sus-
pected to be of hybrid origin (Ackerfield et al., 2020; Moreyra et al.,
2023; Bures et al., 2023) and finally proved to be one by Bures et al.,
2024. Our present results support this hypothesis (Figs. S1 and S2). In
Moreyra et al. (2023), C. vulgare was placed in subg. Lophiolepis in the
concatenated analyses while it was placed in subgenus Cirsium in the
coalescent analyses. In our present study, using a larger dataset, it is
placed in subgenus Cirsium in both trees. On morphological grounds,
C. vulgare shows the distinctive foliar spines of subg. Lophiolepis and it is
consistently classified in this subgenus. The conundrum has an easy
explanation: this species is the result of a hybridization event between
one species of subgenus Cirsium and one from subgenus Lophiolepis based
on visual inspection of the phylogenetic position of paralogous copies in
gene trees. As explained in the methods section, we examined each gene
tree with paralogous copies to ensure that putative orthologous copies
were correctly identified. In every gene tree that contained both
orthologous and paralogous copies of C. vulgare, the putative ortholo-
gous copy was always placed within the clade corresponding to subg.
Cirsium, whereas the paralogous copy was placed in subg. Lophiolepis.
Our results and the fact of C. vulgare being tetraploid (Bures et al., 2023
and references therein) support the hypothesis that this species is an
allopolyploid (Bures et al., 2024).

4.5.3. Hybrids and systematics
Hybrids between subgenera Cirsium and Lophiolepis are common: at
least 12 known cases following Del Guacchio et al. (2022) who state:
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“Numerous intergeneric hybrids have been described between Lophio-
lepis and Cirsium (especially C. vulgare)”. This figure of 12 is notably
inferior to the frequent hybrids described within each subgenus, as it
could be expected from the 7 Mya dating of the split of the subgenera
(Fig. S3). Actually, according to Dirmenci (pers. comm.), hybrids be-
tween Cirsium and Lophiolepis are unknown in the eastern part of its area.
Anyway, as already commented, hybridization between both subgenera
is at the origin of C. italicum and C vulgare; the fact that the two sub-
genera may create fertile hybrids is strong evidence of the closeness of
the two groups, and supports the traditional circumscription of Cirsium
first proposed by Miller (1768) and followed by most of authors until
2022.

Moreover, and regarding the taxonomic classification, the segrega-
tion of C. italicum as Epytrachys (Del Guacchio et al., 2022), and the
recent proposal of segregating C. vulgare as another monotypic genus
(Bures et al., 2024), would leave subg. Cirsium as paraphyletic, since the
Asiatic clade including C. interpositum, C. lidjiangense, C. verutum and
C. subulariforme are placed as basal in the subgenus.

The case of the closely related subtribe Centaureinae is quite illus-
trative of our views on the classification of Cirsium. The large genus
Centaurea is divided in three subgenera, namely Centaurea, Cyanus and
Lopholoma (Hilpold et al., 2014), which constitute a well-supported
clade in a recent phylogenomic analysis (Calleja et al., in prep.). Even
if no hybrids have been hitherto found between subgenera of Centaurea,
current classification (Susanna and Garcia-Jacas, 2007; 2009; Hilpold
et al., 2014) do not favor splitting the genus in three different genera.
Thus, according to our own guidelines (supported by other Compositae
specialists, e.g. Funk et al., 2009) when dealing with species-rich genera,
we consider Cirsium a single genus with two subgenera, namely subg.
Cirsium and subg. Lophiolepis.
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