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a b s t r a c t

Saussurea is one of the largest and most rapidly evolving genera within the Asteraceae, comprising
approximately 520 species from the Northern Hemisphere. A comprehensive infrageneric classification,
supported by robust phylogenetic trees and corroborated by morphological and other data, has not yet
been published. For the first time, we recovered a well-resolved nuclear phylogeny of Saussurea con-
sisting of four main clades, which was also supported by morphological data. Our analyses show that
ancient hybridization is the most likely source of deep cytoplasmic-nuclear conflict in Saussurea, and a
phylogeny based on nuclear data is more suitable than one based on chloroplast data for exploring the
infrageneric classification of Saussurea. Based on the nuclear phylogeny obtained and morphological
characters, we proposed a revised infrageneric taxonomy of Saussurea, which includes four subgenera
and 13 sections. Specifically, 1) S. sect. Cincta, S. sect. Gymnocline, S. sect. Lagurostemon, and S. sect.
Strictae were moved from S. subg. Saussurea to S. subg. Amphilaena, 2) S. sect. Pseudoeriocoryne was
moved from S. subg. Eriocoryne to S. subg. Amphilaena, and 3) S. sect. Laguranthera was moved from S.
subg. Saussurea to S. subg. Theodorea.

Copyright © 2024 Kunming Institute of Botany, Chinese Academy of Sciences. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Saussurea DC. (Candolle, 1810) is one of the largest genera in the
tribe Cardueae (Asteraceae), encompassing approximately 520
species in the Northern Hemisphere (Raab-Straube, 2017; Zhang
et al., 2021d). These species exhibit extraordinary diversity in
both morphologies and preferred habitats (Fig. 1; Lipschitz, 1979;
Chen, 2015). The first comprehensive infrageneric classification of
Saussurea was proposed by Lipschitz (1979), and included six
subgenera and 19 sections (Fig. 2). However, recent molecular
studies have raised concerns about the artificiality of this classifi-
cation and recognized Saussurea as a monophyletic genus, resulting
in a revised classification with four subgenera (S. subg. Amphilaena
enter, South China Botanical
0650, China.
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(Stschegl.) Lipsch., S. subg. Eriocoryne (DC.) Hook. f., S. subg. Saus-
surea, and S. subg. Theodorea (Cass.) Lipsch.) and 14 sections (Raab-
Straube, 2003; Shi and Raab-Straube, 2011;Wang et al., 2013; Chen,
2015; Yuan et al., 2015). Herrando-Moraira et al. (2020) moved two
of three species in S. sect. Jurineiformes (Lipsch.) Lipsch. to Jurinea
Cass., including the type species, S. chondrilloides C. Winkl., thus,
this section no longer belongs to Saussurea (Fig. 2). Hemisteptia
Fisch.& C.A. Mey. and Polytaxis Bunge are sister groups to Saussurea
and are not nested within Saussurea in the phylogenetic trees of
previousmolecular studies (Xu et al., 2019; Herrando-Moraira et al.,
2020). Unlike Herrando-Moraira et al. (2020), we chose to focus on
a narrower definition of Saussurea, excluding Hemisteptia and Pol-
ytaxis, to simplify the infrageneric classification in the present
study.

Molecular evidence has challenged the existing Saussurea
infrageneric classification (Raab-Straube, 2003; Kita et al., 2004;
Wang et al., 2009, 2013; Xu et al., 2019; Zhang et al., 2021b).
However, a comprehensive classification supported by robust
phylogenetic trees, incorporating morphological and other data, is
Publishing services by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This
censes/by-nc-nd/4.0/).
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Fig. 1. Saussurea species diversity. A. S. elegans (CHINA. Xinjiang: Bole, 28 Jul. 2022); B. S. salsa var. pamirica (CHINA. Xinjiang: Akto, 18 Jul. 2022); C. S. dolichopoda (CHINA. Shaanxi:
Xi'an, 29 Jul. 2021); D. S. alpina (CHINA. Xinjiang: Altay, 22 Aug. 2014); E. S. medusa (CHINA. Sichuan: Diebu, 17 Jul. 2023); F. S. tridactyla (CHINA. Xizang: Cona, 12 Aug. 2013); G.
S. glandulosissima (CHINA. Xizang: Nyingchi, 18 Aug. 2023); H. S. leontodontoides (CHINA. Sichuan: Maoxian, 8 Aug. 2018). A, B, D, and F were photographed by Y.S. Chen, and the
remaining by L.S. Xu.

Fig. 2. Historical infrageneric classification schemes for Saussurea. Members of Saussurea are on yellow background. Main changes are marked with blue arrows. Groups removed
from Saussurea are on white background. Study citations are on blue background.
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lacking (Chen, 2015). Previous attempts, using a limited set of
traditional Sanger sequence markers, failed to produce reliable
trees with high support values (Fig. 3AeC; Raab-Straube, 2003; Kita
et al., 2004; Wang et al., 2009; Wang et al., 2013) due to the
extremely low levels ofmolecular divergence among closely related
species and the insufficient number of informative sites, particu-
larly in rapidly evolving groups. Phylogenomic studies of Saussurea
have used three types of next-generation sequencing (NGS) data
(Fig. 3DeF): chloroplast genome sequences, RNA-sequencing data
(RNA-Seq), and hybrid capture phylogenomics (Hyb-Seq). Phylog-
enies based on chloroplast genomes have shown relatively high
support values and revealed the artificiality of the current infra-
generic classification (Fig. 3D). However, these phylogenies did not
22
incorporate other forms of evidence, such as morphology (Xu et al.,
2019; Zhang et al., 2021b), and were therefore unable to provide a
cogent infrageneric classification. Hyb-Seq (Fig. 3E with 39 samples
from 36 species; Herrando-Moraira et al., 2020) and RNA-Seq
(Fig. 3F with 5 samples from 5 species; Zhang et al., 2021c) phy-
logenies to date have not included a broadly representative sample
of the genus, and consequently, were unable to elucidate phylo-
genetic relationships of infrageneric groups.

Hyb-Seq, known as "target/hybrid enrichment" or "sequence
capture", is a valuable technique in phylogenomic and evolutionary
studies (Mandel et al., 2014). It allows the targeted capture of
specific DNA regions (target regions) using probes or "baits"
designed from the known genome or transcriptome of closely



Fig. 3. Comparison of previous phylogenies performed on Saussurea. Below the study citation are specified the molecular markers and the phylogenetic inference method used. The
branch support values correspond to bootstrap values in the case of maximum parsimony (MP) and maximum likelihood (ML) methods, posterior probabilities in Bayesian inference
(BI), and local posterior probabilities in the coalescent Astral method (Astral). A dash (�) indicates inconsistency in topologies among different phylogenies. Red letters indicate the
subgenus of Saussurea to which the species belongs (SA, S. subg. Amphilaena; SE, S. subg. Eriocoryne; SS, S. subg. Saussurea; ST, S. subg. Theodorea) and the number of samples.
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related species, rather than sequencing the entire genome
(Herrando-Moraira et al., 2018). For the Compositae, Mandel et al.
(2014) developed a target enrichment method, which uses the
Hyb-Seq approach, comprising a probe (myBaits COS Composi-
tae1Kv1) set of 9678 baits targeting a total of 1061 conserved
orthologous loci (COS), identified from thousands of expressed
sequence tags (EST) across three available genomes of the family.
Recently, Moore-Pollard et al. (2024) designed another probe set:
Compositae-ParaLoss-1272. These probe sets have proven to be
effective in generating well-resolved phylogenies at various taxo-
nomic levels (Herrando-Moraira et al., 2018, 2019, 2020; Mandel
et al., 2019; Siniscalchi et al., 2019; Xu and Chen, 2021; Hatami
et al., 2022). Moreover, Hyb-Seq is cost-effective, requiring only
silica gel-dried or herbarium tissues, making it more accessible
compared to RNA-Seq, which necessitates fresh tissues.

This study used molecular (from Hyb-Seq) and morphological
data to 1) determine which molecular data (nuclear or chloroplast)
and morphological characters are suitable for exploring the infra-
generic classification of Saussurea, 2) propose an infrageneric
framework at the subgenus level, and 3) reclassify the existing
sections to subgenus based on the sampled species.
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2. Materials and methods

2.1. Taxon sampling

Our taxon sampling scheme of Saussurea (103 samples of 103
species) covered thirteen sections (Fig. 2) within Saussurea
(Table S1 with 11 samples of S. sect. Amphilaena, three of S. sect.
Pseudoamphilaena Lipsch., nine of S. sect. Eriocoryne, three of S. sect.
Pseudoeriocoryne Lipsch., two of S. sect. Cincta Lipsch., six of S. sect.
Gymnocline Franch., ten of S. sect. Laguranthera (C.A. Mey. ex Endl.)
Lipsch, three of S. sect. Lagurostemon (Cass.) DC., four of S. sect.
Rosulascentes (Kitam.) Lipsch., 33 of S. sect. Saussurea, 11 of S. sect.
Strictae C.B. Clarke, one of S. sect. Maritimae (Nakai) Lipsch., and
seven of S. sect. Theodorea) and encompassed all three Saussurea
clades, as determined through studies of the chloroplast genome
(Xu et al., 2019; Zhang et al., 2021b). We also incorporated four
samples from three closely related genera of Saussurea, following
previous studies (Mandel et al., 2019; Herrando-Moraira et al.,
2020; Zhang et al., 2021a). In total, 107 samples were included in
the present study. Of the 68 samples newly sequenced, materials
were obtained from our field collections or herbaria (HUH, IBSC,
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and PE). Sequence data for the remaining 39 samples were down-
loaded from GenBank (https://www.ncbi.nlm.nih.gov/). For
detailed sampling information, please refer to Table S1.

2.2. DNA extraction and sequencing

Total genomic DNA was extracted from either silica gel-dried
tissue or herbarium tissue using a CTAB Plant Genomic DNA
Extraction Kit (Biomed Beijing). Probe design, library construction,
capture preparation, and sequencing were performed by iGeneTech
Bioscience Co., Ltd. (Beijing, China). In summary, 13,623 custom
RNA probes (Xu et al., 2024) were designed for 1061 COS described
by Mandel et al. (2014). Then 200 ng of genomic DNA from each
individual was sheared by a Biorupter (Diagenode, Belgium) to
obtain fragments of 150e200 bp. The ends of these fragments were
repaired and affixedwith an Illumina Adaptor (Fast Library Prep Kit,
iGeneTech, Beijing, China). Once the library was constructed,
capture-enrichment experiments were carried out following the
manufacturer's instructions (iGeneTech, Beijing, China). The
captured libraries were mixed in equal molar amounts and then
sequenced on partial lanes on the Illumina NovaSeq6000 platform
(Illumina, San Diego, CA) with 150 base paired-end reads.

2.3. Sequence extraction and orthologous gene identification

We performed quality checks on raw data using FastQC v.0.11.9
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and
then cleaned the data with TrimGalore v.0.6.7 (https://doi.org/10.
5281/zenodo.5127899), which was set to trim off ends with more
than 5 bp of overlap with adapter sequences or low-quality (< 25)
reads, in addition to adapter removal. Reads with a minimum
length of 75 bp were retained with both corresponding forward
and reverse pairs.

To extract sequence data for nuclear loci, we used targets from
the most relevant reference genome, Carthamus tinctorius L., which
contained a set of 475 COS created by Mandel et al. (2014). For
chloroplast data, we used 245 chloroplast sequences (coding and
noncoding sequences, extracted with Geneious 11.0.2 (Kearse et al.,
2012)) from Saussurea chabyoungsanica Im (KX622799, Cheon et al.,
2016) as targets. HybPiper v1.3.1 (Johnson et al., 2016) was utilized
to extract the sequences: A targets file (Suppl. 1) with 720 se-
quences (including 475 nuclear and 245 chloroplast sequences)
was used to extract nuclear and chloroplast sequences; Trimmed
reads were first mapped to the targets using BWA 0.7.17 (Li and
Durbin, 2009) and subsequently assembled into contigs using
SPAdes 3.13.0 (Bankevich et al., 2012). "paralog_investigator.py"
and "paralog_retriever.py" of HybPiper were employed to retrieve
paralog sequences.

The sequences were aligned in MAFFT v.7.475 (Katoh and
Standley, 2013) with default settings. FastTree v.2.1.11 (Price et al.,
2010) was utilized to generate gene trees with SH-like local sup-
ports, with values above 0.95 considered statistically well-
supported. PhyloPyPruner 1.2.4 (https://gitlab.com/fethalen/
phylopypruner/) was used to identify orthologous genes using the
alignments with paralog sequences and gene trees from FastTree as
input (the nuclear and chloroplast alignments obtained were pro-
cessed separately). The paralogy pruning method was set to ‘LS’
(the subtree that contains the highest number of sequences is the
"largest subtree" and is retained as an ortholog) and nodes with a
support value below 0.95 were collapsed. Alignments shorter than
100 bp, with fewer than 4 operational taxonomic units (OTUs), or
with a branch length five times larger than the standard deviation
of all branches within the tree were removed. To improve the ac-
curacy of sequence alignment, the alignments of orthologues were
checked and modified manually in BioEdit v.7.2.5 (Hall, 1999) and
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re-aligned in MAFFT with high accuracy (–maxiterate 1000
–localpair). Then we counted the parsimony-informative sites of
each matrix with AMAS (Borowiec, 2016), the missing percentage
of each sample with HybPhyloMaker v.1.6.4 (Fer and Schmickl,
2018), and the number of extracted sequences with HybPiper.
Samples with less than 25 chloroplast sequences (10% of the total
chloroplast target sequences) or 48 nuclear sequences (10% of the
total nuclear target sequences) obtained were excluded from sub-
sequent phylogenetic analysis to reduce the negative impact of
missing data. HybPhyloMaker was employed to select the samples
with a missing percentage of less than 90% in two supermatrices,
which were concatenated with AMAS from chloroplast and nuclear
alignments, respectively.

2.4. Phylogenetic analyses

We employed two complementary approaches for phylogenetic
reconstruction: the concatenation approach, using the supermatrix
dataset as input, and the coalescent approach, utilizing separate
matrices for each locus. For the concatenation approach, we per-
formed the ML analyses using IQ-TREE 2.0.3 (Minh et al., 2020)
under Edge-linked partition model for 1000 ultrafast bootstraps
(UFboot, Minh et al., 2013), as well as the Shimodaira-Hasegawa-
like approximate likelihood-ratio test (SHaLRT, Guindon et al.,
2010). Values of SHaLRT � 80% and UFboot � 95% indicate well-
supported branches. For the coalescent approach, 1000 ultrafast
bootstrap replicates were used to estimate individual gene trees
with IQ-TREE. ASTRAL-III v.5.5.3 (Zhang et al., 2018) was then used
to estimate the species tree based on local posterior probabilities
(LPP) obtained from the previous set of gene trees (LPP > 0.7 in-
dicates well-supported branches, Sayyari and Mirarab, 2016).

2.5. Cytoplasmic-nuclear discordance analyses

Although the most likely source of cytoplasmic-nuclear discor-
dance is hybridization, incomplete lineage sorting (ILS) may pro-
duce a similar pattern (Folk et al., 2017; Zhou et al., 2022). We
summarized the number of conflicting and concordant bipartitions
with PHYPARTS (Smith et al., 2015), using the nuclear phylogeny
estimated by ASTRAL-III and the individual nuclear gene trees, to
test whether ILS occurs in the phylogeny. Then we reduced the
dataset to a computationally tractable size (19 samples, 4 samples
of each ntclade [nuclear tree's clade] of Saussurea and one of
Hemisteptia, Polytaxis, and Jurinea, respectively). We extracted
these 19 samples from the supermatrix using AMAS, then deleted
the matrices with less than 4 samples and the samples with more
than 80% missing data using the script modified from HybPhylo-
Maker5_missing_data_removal.sh in HybPhyloMaker. The individ-
ual gene trees for each locus were estimated with RAxML v.8.2.9
(Stamatakis, 2014) under the model GTRGAMMA. The method
selected was a simultaneous rapid bootstrapping of 1000 replicates
to assess branch support and best ML tree search with 10 ran-
domized maximum parsimony starting trees. Individual gene trees
(best trees) and bootstrap replicates were used to estimate a spe-
cies tree in ASTRAL-III with 1000 coalescent bootstrap replicates. To
test whether ILS alone explained the incongruence between plas-
tome and nuclear phylogeny, we followed Folk et al. (2017) to
simulate 10,000 plastome trees under the coalescent model using
DendroPy v.4.1.015561 (Sukumaran and Holder, 2010). The species
phylogeny from the ASTRAL-III tree was used as a guide tree for the
simulation. To simulate plastome gene trees, branch lengths were
scaled by a factor of four to account for the haploidy and maternal
inheritance of the plastome. Clade frequencies of simulated trees
were summarized using PHYPARTS. If ILS alone is responsible for
cytoplasmic-nuclear discordance, the topology from our empirical

https://www.ncbi.nlm.nih.gov/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.5281/zenodo.5127899
https://gitlab.com/fethalen/phylopypruner/
https://gitlab.com/fethalen/phylopypruner/


L. Xu, Z. Song, T. Li et al. Plant Diversity 47 (2025) 21e33
plastome gene tree should be present in simulated trees with high
frequency; if gene flow is present, the topology recovered in our
empirical tree should be absent or at very low frequency in the
simulated trees.

To further explore reticulate evolutionary histories within
Saussurea, we inferred species networks using SNaQ (Solis-Lemus
and Ane, 2016), which was implemented in the package Phylo-
Networks v.0.12.0 (Solis-Lemus et al., 2017). The species phylogeny
from ASTRAL-III and individual gene trees were used as input, and
nested analyses were performed allowing for zero (hmax ¼ 0) to
four (hmax ¼ 4) hybridization events. Each nested analysis was
optimized by 30 independent runs, and the best-fitting model was
selected based on the phylogeny and the log pseudolikelihood
score.

2.6. Morphological character analyses

To test which character state has a relatively simple evolu-
tionary history and could serve as a diagnostic characteristic for
each clade, we performed ancestral reconstruction for 18
morphological character states, which have been commonly used
in the classification of Saussurea (Table 2). All morphological char-
acters were initially checked against existing literature (Lipschitz,
1979; Shi and Raab-Straube, 2011; Chen, 2015; Raab-Straube,
2017) and subsequently confirmed in specimens (Table S2). Cyto-
logical data (Table S1) are primarily from Raab-Straube (2017) and
Tropicos [https://www.tropicos.org/]). Bayesian Binary MCMC
(BBM) analysis was carried out in RASP 4.3 (Yu et al., 2020),
following the method described in Andr�es-S�anchez et al. (2014).
The input tree for the BBM was an ML tree from the concatenation
approach containing only Saussurea species. The BBMwas runwith
the Fixed Jukes-Cantor (Fixed(JC)) state frequencies model and
Gamma þ G among-Site rate variation model for 100 million gen-
erations, utilizing 10 chains and 2 parallel runs to obtain a com-
bined result.

3. Results

3.1. Phylogeny

For all samples, the average number of reads per sample ob-
tained was 15,305,930, ranging from 3,110,000 in Saussurea tarax-
acifolia (Lindl. ex Royle) Wall. ex DC. (SRR11926458, sequenced
with Hyb-Seq method using myBaits COS Compositae set 1Kv1
(Hyb-Seq 1Kv1)) to 92,009,403 in S. ochrochlaena Hand.-Mazz.
(SRR14280112, RNA-Seq). For 475 COS, HybPiper obtained 474
matrices from all samples (the average number of COS per sample
was 469, ranging from 448 in S. involucrata (Kar. & Kir.) Sch. Bip. to
474 in four samples) and 451 matrices were retained after
excluding paralogues (the average number of COS per sample was
339, ranging from 250 in S. robusta Ledeb. to 358 in S. licentiana
Hand.-Mazz.; Table S1), resulting in a concatenated nuclear matrix
of 306,289 bp with 28,137 (9.2%) parsimony-informative sites
(Table S3). The missing percentage of each sample in the concate-
nated matrix ranged from 71.6% in S. andryaloides (DC.) Sch. Bip to
25.9% in S. amurensis Turcz. ex DC., with an average of 40.3%
(Table S1). For 245 chloroplast sequences, HybPiper obtained 240
matrices from all samples (the average number of chloroplast se-
quences per sample was 212, ranging from 35 in S. stubendorffii
Herder to 240 in 47 samples) and 191 matrices were retained after
excluding paralogues (the average number of chloroplast se-
quences per sample in the final matrix was 160, ranging from 26 in
S. acromelaena Hand.-Mazz. to 189 in five samples; Table S1),
resulting in a concatenated matrix of 121,294 bp with 1,842 (1.5%)
parsimony-informative sites (Table S3). The missing percentage of
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each sample in chloroplast supermatrix ranged from 89.5% in
S. acromelaena to 5.4% in S. globosa F.H. Chen, with an average mean
of 18.5% (Table S1).

Phylogenetic reconstructions of nuclear data, both through the
concatenation and coalescent approaches, yielded highly similar
topologies of four ntclades (Fig. S1); most discordances werewithin
each ntclade. In the resulting trees (Figs. 4(left) and S1), Saussurea
was found to be sister to Hemisteptia and contained four clades
(ntclade 1e4), which does not fully support the current classifica-
tion (Fig. 4(left) and Table 1). Ntclade 1 (SHaLRT ¼ 100;
UFboot ¼ 100; LPP ¼ 1.00) contained seven samples of S. sect.
Theodorea, one of S. sect. Maritimae, and 10 of S. sect. Laguranthera;
ntclade 2 (SHaLRT ¼ 100; UFboot¼ 100; LPP ¼ 1) contained four of
S. sect. Rosulascentes, and 28 of S. sect. Saussurea; ntclade 3
(SHaLRT¼ 100; UFboot¼ 100; LPP¼ 0.99) contained nine of S. sect.
Eriocoryne and one of S. sect. Pseudoeriocoryne; ntclade 4
(SHaLRT ¼ 100; UFboot ¼ 99; LPP ¼ 0.91) contained two of S. sect.
Pseudoeriocoryne, 11 of S. sect. Amphilaena, three of S. sect. Pseu-
doamphilaena, two of S. sect. Cincta, six of S. sect. Gymnocline, three
of S. sect. Lagurostemon, 11 of S. sect. Strictae, and five of S. sect.
Saussurea.

The phylogeny based on chloroplast data (Figs. 4(right) and S2)
closely resembled that of previous studies (Xu et al., 2019; Zhang
et al., 2021b), revealing three main clades (ctclade [chloroplast
tree's clade] 1e3) within Saussurea, which also does not completely
support the current classification (Table 1). Ctclade 1 (SHaLRT¼ 88;
UFboot¼ 99) contained 12 samples of S. subg. Amphilaena, five of S.
subg. Eriocoryne, and 18 of S. subg. Saussurea; ctclade 2
(SHaLRT ¼ 99; UFboot¼ 100) contained one of S. subg. Amphilaena,
seven of S. subg. Eriocoryne and five samples of S. subg. Saussurea;
and ctclade 3 (SHaLRT ¼ 74; UFboot ¼ 99) contained one of S. subg.
Amphilaena, 46 of S. subg. Saussurea and eight of S. subg. Theodorea.

For further details on phylogeny construction, please refer to
Table 1.

3.2. Cytoplasmic-nuclear discordance

The discordance between the nuclear and chloroplast phylog-
enies was evident when we compared the two phylogenetic trees
(Fig. 4). Ctclade 3 encompassed 48 out of 50 samples from ntclades
1 and 2, whereas ntclades 3 and 4 contained 46 out of 49 samples
from ctclades 1 and 2. Notably, 1) ntclade 2 was closely related to
ntclades 3 and 4 in the nuclear phylogeny; however, the samples
within ntclade 2 did not form a clade and are mostly intermixed
with ntclade 1 in the chloroplast phylogeny; 2) ntclades 3 and 4
were more evolved groups in the nuclear phylogeny, whereas they
exhibited a different pattern in the chloroplast phylogeny.

Analysis of the phylogeny estimated by ASTRAL-III and the in-
dividual gene trees showed that most nodes of the nuclear phy-
logeny within Saussurea are not highly supported by nuclear gene
trees (Fig. S3).

Analyses of cytoplasmic-nuclear discordance showed that the
topology recovered in our empirical tree occurs at a very low fre-
quency in the simulated trees of each clade of Saussurea (Fig. 5
(right)). Analysis of SNaQ (Figs. 5 (left) and S4) showed that when
the number of hybridization events was two (hmax ¼ 2), the
network score was the best (-Ploglik ¼ 1524.5). There were two
gene flow events within Saussurea: between ntclades 1 and 2 (0.65/
0.35) and within ntclade 1 (0.09/0.91).

3.3. Morphological character analyses

We examined 18 morphological character states (Table 2; Figs.
S5eS10). Thirteen character states arose independently more
than once, whereas the remaining five (highly branched from lower

https://www.tropicos.org/


Fig. 4. Phylogenetic reconstruction obtained via the concatenation approach based on 451 nuclear loci [left] and 191 chloroplast sequences [right] from IQ-TREE. Ultrafast bootstrap,
Shimodaira-Hasegawa-likeapproximate likelihood-ratio test values, and localposterior probabilities aremarkedaboveeachbranch [SHaLRT/UFboot/LPP]). Subgenusandsectionsaremarked
following the species namewith a colored symbol. Thecolor of branch lines, connecting lines, andspecies names inntclade 1 ispurple, ntclade2 is red,ntclade3 isblue, andntclade 4 is green.
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Fig. 5. Cytoplasmic-nuclear discordance of Saussurea. Left: gene flow among Saussurea inferred by SNaQ analyses. The light blue and dark blue lines indicate hybrid edges. The light
blue and dark blue numbers indicate estimated inheritance probabilities from major and minor parental species, respectively. Right: conflict between plastome phylogeny and
simulated plastid gene trees. Pie charts indicate the proportions of 10,000 simulated plastid gene trees supporting that clade (blue), the main alternative conflicting topology for
that clade (green), the remaining conflicting topologies for that clade (red). The color of branch lines, connecting lines, and species names in ntclade 1 is purple, ntclade 2 is red,
ntclade 3 is blue, and ntclade 4 is green.

Table 1
Phylogenetic information obtained from nuclear and chloroplast data.

Clades Support values (SHaLRT/UFboot/LPP) Number of samples of each previous subgenus

Amphilaena Eriocoryne Saussurea Theodorea

ntclade1 100/100/1.00 0 0 10 8
ntclade2 100/99/1.00 0 0 32 0
ntclade3 100/100/0.99 0 10 0 0
ntclade4 100/99/0.91 14 2 27 0
ctclade1 88/99/- 12 5 18 0
ctclade2 99/100/- 1 7 5 0
ctclade3 74/99/- 1 0 46 8
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part, highly branched on the upper part of the stems, uppermost
leaves densely woolly on both surfaces, capitula arranged in clus-
tered secondary heads, and phyllaries with colored apices)
emerged independently only once (Table 2; Fig. 6AeD), and may
serve as diagnostic characteristics. Moreover, the chromosome base
numbers of almost all species recorded in ntclades 1 and 2 were
12e14, whereas those in 3 and 4 were 15e18 (Fig. S11).
Table 2
Ancestral state reconstruction of 18 morphological character states.

Characters and coding

Stem A: Short or nearly absent
B: Solitary or rarely branched
C: Highly branched from the low
D: Highly branched on the upper

Basal leaves (at anthesis) A: Rosette
B: Not rosette

Uppermost leaves A: Membranous, surrounding syn
B: Similar to mid-stem leaves
C: Densely woolly on both surfac

Involucre diameter A: < 10 mm
B: � 10 mm

Inflorescence A: Capitula one or two
B: Capitula arranged in compoun
C: Capitula arranged in simple co
D: Capitula arranged in clustered

Phyllary A: Apices colored
B: Apices not colored
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4. Discussion

4.1. Performance of Hyb-Seq of Saussurea

To study the generic boundaries of subtribe Saussureinae,
Herrando-Moraira et al. (2020) targeted 1061 loci, of which 1054
(99.3%) were recovered, and 588 (55.4%) were retained after
Number of originations

� 2
� 2

er part 1
part 1

� 2
� 2

florescence � 2
� 2

es 1
� 2
� 2
� 2

d corymbiform synflorescence � 2
rymbiform synflorescence � 2
secondary heads 1

1
� 2



Fig. 6. Diagnostic characteristics of each ntclade. A. Stem. B. Uppermost leaves. C. Inflorescence. D. Phyllary apex. Detailed probabilities of characters for each node are shown in
Figs. S5eS10. The colored line drawings indicate the diagnostic characteristics of each ntclade. The colors of dots on the main nodes indicate the characters states. I. Saussurea salsa
var. pamirica (CHINA. Xinjiang: Akto, 18 Jul. 2022); II. S. epilobioides (CHINA. Gansu: Dingxi, 01Aug. 2023); III. S. medusa (CHINA. Sichuan: Diebu, 17 Jul. 2023); IV. S. dolichopoda
(CHINA. Shaanxi: Xi'an, 29 Jul. 2021); V. S. elegans (CHINA. Xinjiang: Bole, 28 Jul. 2022). I, II, and V were photographed by Y.S. Chen, and the remaining by L.S. Xu.
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filtering loci with paralog warnings. The present study used targets
from the most relevant reference genome, Carthamus tinctorius,
which includes 475 targets, of which 474 (99.8%) were identified
(147 (31.0%) of them with paralog warnings). After excluding
paralogue sequences with PhyloPyPruner, 451 (95.1%) loci were
retained. We obtained a similar proportion of loci (99.8% vs 99.3%)
and loci with paralog warnings (31.0% vs 44.6%) using HybPiper.
However, we obtained a greater percentage of loci excluding
paralog sequences using PhyloPyPruner, compared to directly
filtering loci with paralog warnings (95.1% vs 55.4%), which is
mainly due to the difference dealing with paralogs. However, we
obtained a lower proportion of parsimony informative sites (9.2% vs
31.3%), which is mainly due to sampling (genus vs subtribe levels).
Although we used fewer loci (451 vs 544), our nuclear phylogeny
was more robust (all four main clades are well-supported
(Fig. 4(left)) vs three main clades not well-supported (Fig. 3E)).
The targets used and species sampled may be contributing to such
differences. Our phylogeny was similar to the tree of the coalescent
approach in Herrando-Moraira et al. (2020). Specifically, ntclade1
included all sampled species of the basal clade, ntclade 2 included 9
sampled species of the most evolved clades, ntclades 3 and 4
included 14/17 sampled species of the other two clades. However,
our phylogeny was different from the tree of generated by the
concatenation approach in Herrando-Moraira et al. (2020), espe-
cially in ntclades 2, 3, and 4. ILS may play important roles in the
different topologies (see below).

4.2. Cytoplasmic-nuclear discordance

The different nuclear phylogenetic topologies between the
concatenation and coalescent approach (Fig. S1), the low fre-
quencies of nuclear gene trees in nuclear phylogeny (Fig. S3), and
the occurrence of simulated organellar gene trees in chloroplast
phylogeny (Fig. 5(right) ) indicate that ILS impacted the nuclear
phylogeny of Saussurea. However, we also found conflicting plastid
bipartition frequencies at or near zero in the 10,000 simulated
organellar gene trees, especially within Saussurea (Fig. 5(right)). ILS
alone is therefore insufficient to explain the observed cytoplasmic-
nuclear incongruence recovered in these datasets. Thus, historical
gene flow must be invoked.

The ancient hybridization between ntclades 1 and 2 may have
influenced cytoplasmic-nuclear discordance within Saussurea
(Fig. 5(left)). The ancestor of Saussurea had the original chloroplast
genotype. A new type resulting from the ancient hybridization
between ntclades 1 and 2 was shared by ntclades1 and 2; thus,
these two clades were most related to each other in the plastome
phylogeny. Hybridization accelerates evolution, therefore, ctclade 3
(shared the hybrid genotype) wasmore evolved than ctclades 1 and
2 (shared the original genotype) in the plastome phylogeny.
Therefore, ancient hybridization is the most likely source of deep
cytoplasmic-nuclear conflict in Saussurea. Moreover, this indicates
that nuclear data is more suitable than chloroplast data for
exploring infrageneric classification in Saussurea.

To further address this discordance and determine which data is
more suitable for exploring the infrageneric classification of Saus-
surea, we incorporated cytological and morphological characters.
First, we examined 18 morphological characters commonly used in
the classification of Saussurea. We found that the nuclear phylogeny
for Saussurea was supported by at least five morphological char-
acters (Fig. 6), whereas the chloroplast phylogeny lacked support.
For example, characteristics such as highly branched from the
lower part of stems and phyllaries with colored apices distin-
guished ntclade 1 from the other clades (Fig. 6A and D); highly
branched on the upper part of the stems distinguished ntclade 2
from the other clades (Fig. 6A); uppermost leaves densely woolly
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on both surfaces and capitula arranged in clustered secondary
heads distinguished ntclade 3 from ntclade 4 (Fig. 6B and C).
Furthermore, almost all species with chromosome base numbers
recorded in ntclades 1 and 2 shared 12e14 chromosomes, whereas
ntclades 3 and 4 shared 15e18 (Fig. S11). We were unable to find
cytological or morphological evidence to support the chloroplast
phylogeny.

We believe that phylogenetic analysis based on nuclear data is
better suited for exploring the infrageneric classification of Saus-
surea. Subsequent analyses of the phylogeny and infrageneric
classification of Saussurea were primarily based on the nuclear
phylogeny.

In addition to the factors we analyzed above, different se-
quences employed, unequal numbers of COS (250e358) and chlo-
roplast sequences (26e189) used, insufficient sampling and other
unpredictable reasons may also play important roles in the
cytoplasmic-nuclear discordance that require further study.

4.3. Phylogeny

Numerous researchers have made substantial efforts to enhance
the accuracy of Saussurea's molecular phylogeny, progressing from
Sanger-based to NGS-based data (Raab-Straube, 2003; Kita et al.,
2004; Wang et al., 2009, 2013; Xu et al., 2019; Zhang et al.,
2021b). In comparison to prior Sanger-based data, our study
demonstrates enhanced stability in the topology and support
values. Previous studies encountered issues with two or four clades
lacking strong support (Fig. 3), whereas our research achieved a
more precise nuclear phylogeny and identified four clades using
two different methods (Fig. 4). When compared to chloroplast data
(NGS-based sequencing, Xu et al., 2019), our data provided more
reliable information and stronger support from various lines of
evidence (see above). Moreover, compared to nuclear data from
NGS-based studies with limited sample sizes of Saussurea
(Herrando-Moraira et al., 2020, with 39 samples from 6 sections,
and Zhang et al., 2021c, with 5 samples from 4 sections), our study
improved sample representation by including 103 species across 13
sections (see taxon sampling).

4.4. Diagnostic characters of each clade

Morphological characters with complex evolutionary histories
can be misleading and often lead to artificially assigned relation-
ships, especially in rapidly evolving groups (Wang et al., 2009). A
total of 13/18 morphological character states checked originated
independently more than once (Table 2; Figs. S5eS10), and thus
cannot serve as diagnostic characters for each clade. For example,
the membranous uppermost leaves have been previously consid-
ered as a diagnostic character for S. subg. Amphilaena. However, our
findings showed that this trait had independently evolved at least
three times (Fig. 6B), and the members of this subgenus did not
cluster together in the phylogeny. Similar patterns were observed
for rosettes in S. sect. Lagurostemon (Fig. S6) and conspicuous
phyllary appendages used to identify S. subg. Theodorea. In contrast,
characters with simpler evolutionary histories (independently
evolved once) can serve as diagnostic characters and help to
distinguish clades from each other. Uppermost leaves densely
woolly on both surfaces (Fig. 6B) and capitula arranged in clustered
secondary heads (Fig. 6C) were found to distinguish ntclade 3 from
other clades; highly branched from the lower part of stems and
phyllaries with colored apices distinguished ntclade 1 (Fig. 6A and
D); stems highly branched on upper parts distinguished ntclade 2
(Fig. 6A); capitula arranged in complex corymbiform synflor-
escence (compound corymbiform or corymbiform synflorescence)
and highly branched stems were observed in ntclades 1 and 2,
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whereas capitula arranged in simple synflorescence (solitary or
simple corymbiform synflorescence) and not highly branched
stems (stemless, short, solitary, or rarely branched) occurred in
ntclades 3 and 4.

4.5. Subgenera

There are two sections in Saussurea subg. Theodorea as per
Lipschitz (1979): S. sect. Maritimae and S. sect. Theodorea. All
samples belonging to these two sections clustered into ntclade 1,
but did not form a monophyletic group, instead mixing with
samples belonging to S. subg. Saussurea sect. Laguranthera
(Fig. 4(left)). Stems highly branched from the lower part and
phyllaries with colored apices distinguished ntclade 1 from the
other three clades (Fig.6A and D). The type species of S. subg.
Theodorea, S. amara (L.) DC. was present in ntclade 1. Thus, we
propose to treat species with the morphological characters
described above as members of S. subg. Theodorea. Ntclade 1
included all samples of S. sect. Maritimae, S. sect. Theodorea, and S.
sect. Laguranthera. We propose to treat these three sections as
members of S. subg. Theodorea.

There are ten sections in Saussurea subg. Saussurea as per
Lipschitz (1979). Four of these sections were later removed from
Saussurea or treated as synonyms based on molecular and
morphological data (Raab-Straube, 2003; Shi and Raab-Straube,
2011; Wang et al., 2013; Herrando-Moraira et al., 2020), leaving
six remaining sections (see Fig. 2: S. sect. Gymnocline, S. sect.
Laguranthera, S. sect. Lagurostemon, S. sect. Rosulascentes, S. sect.
Saussurea, and S. sect. Strictae). Samples from the remaining six
sections did not cluster together in our phylogenetic tree
(Fig. 4(left)). Stems highly branched on upper parts distinguished
ntclade 2 from the other clades (Fig. 6A). In addition, phyllaries
lacking colored apices distinguish this clade from ntclade 1,
whereas the presence of compound corymbiform synflorescence
distinguished it from ntclades 3 and 4 (Fig. 6C and D). The type
species of S. subg. Saussurea (S. alpina (L.) DC.) was found in
ntclade 2. Thus, we propose to treat species with the morpho-
logical characters described above as members of S. subg. Saus-
surea. Ntclade 2 included all species of S. sect. Rosulascentes and
the type species of S. sect. Saussurea (S. alpina). We, therefore,
propose to treat these two sections as members of S. subg. Saus-
surea and to remove the other four sections from S. subg.
Saussurea.

There are three sections in Saussurea subg. Eriocoryne as per
Lipschitz (1979): S. sect. Cincta, S. sect. Eriocoryne, and S. sect.
Pseudoeriocoryne. Samples from these three sections did not cluster
together in our phylogenetic tree (Fig. 4(left)). All nine samples
from S. sect. Eriocoryne and one sample from S. sect. Pseudoer-
iocoryne (S. wellbyiHemsl.) were found in ntclade 3, all two samples
from S. sect. Cincta (S. alpina Franch. and S. uliginosa Hand.-Mazz.)
and two samples from S. sect. Pseudoeriocoryne (S. kingii J.R.
Drumm. ex C.E.C. Fisch. and S. stella Maxim.) were found in ntclade
4. These phylogenetic results agreed partly with adjustments made
by Chen (2015), who moved some species of S. sect. Cincta
(including S. uliginosa, S. fistulosa J. Anthony, S. delavayi, and
S. bijiangensis Y.L. Chen ex B.Q. Xu, N.H. Xia & G. Hao) and some
species from S. sect. Pseudoeriocoryne out of S. subg. Eriocoryne. The
type species of S. subg. Eriocoryne (S.aussurea gossipiphora D. Don)
was included in ntclade 3, and all samples in ntclade 3 can be
distinguished from the other three clades using the following traits:
1) uppermost leaves densely woolly on both surfaces and 2)
capitula arranged in clustered secondary heads (Fig. 6B and C).
Thus, we propose to treat species with the morphological charac-
ters described above as members of S. subg. Eriocoryne with only
one section, S. sect. Eriocoryne.
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There are two sections in Saussurea subg. Amphilaena as per
Lipschitz (1979): S. sect. Amphilaena and S. sect. Pseudoamphilaena.
All samples from these two sections belonged to ntclade 4 but did
not cluster together (Fig. 4(left)). Morphological characters associ-
ated with ntclade 4 included not highly branched stems, phyllaries
lacking colored apices, uppermost leaves not densely woolly on
both surfaces, and capitula arranged in simple corymbiform syn-
florescence, or solitary (Fig. 6). The type species of S. subg. Amphi-
laena (S. obvallata (DC.) Sch. Bip.) was found in ntclade 4. Thus, we
propose to treat species with the morphological characters
described above as members of S. subg. Amphilaena. Ntclade 4
included type species of S. subg. Amphilaena sect. Amphilaena (S.
obvallata) and sect. Pseudoamphilaena (S. longifolia Franch.), S. subg.
Eriocoryne sect. Pseudoeriocoryne (S. stella), and S. subg. Saussurea
sect. Cincta (S. delavayi), sect. Gymnocline (S. ciliaris Franch.) and
sect. Strictae (S. taraxacifolia), as well as all samples of S. subg.
Saussurea sect. Lagurostemon. We, therefore, propose to treat these
seven sections as members of S. subg. Amphilaena. This subgenus
was the most complex within all the four Saussurea clades, dis-
playing great variations in morphology, habitat, and maximum
elevational range (200e6200 m).

4.6. Revised infrageneric classification scheme of Saussurea

The commonly accepted classification of Saussurea proposed by
Lipschitz (1979) is highly artificial both at the subgenus and section
levels, as many of the morphological characters on which this
scheme is based have been shown to have evolved multiple times
(Raab-Straube, 2003; Kita et al., 2004; Wang et al., 2009, 2013; Xu
et al., 2019; Zhang et al., 2021b). In this study, we reset the existing
13 sections into four subgenera (Fig. 7; S. subg. Amphilaena, S. subg.
Eriocoryne, S. subg. Saussurea, and S. subg. Theodorea), mostly
following how type species were places in our nuclear phylogeny
based on the following key.

1a. Stems usually highly branched from the lower part; phylla-
ries or at least inner rows with colored apices (light green to
purple) …………………………………………..Subg. Theodorea

1b. Stems branched on the upper part or not branched; phylla-
ries without colored apices.

2a. Stems usually highly branched on the upper parts; capitula
usually arranged in compound corymbiform synflorescence,
rarely solitary …… ……………………………..Subg. Saussurea

2b. Stems usually not highly branched; capitula arranged in
clustered secondary heads, simple corymbiform synflor-
escence or solitary.

3a. Capitula clustered in secondary heads, surrounded by or
half-surrounded by densely woolly subtending leaves
…………………………………………………... Subg. Eriocoryne

3b. Capitula usually arranged in simple corymbiform synflor-
escence or solitary, not surrounded by or half-surrounded by
densely woolly subtending leaves………… Subg. Amphilaena

Saussurea subg. Theodorea Cass. in Bull. Sci. Soc. Philom. Paris
1818: 168. Type: S. amara (L.) DC.

Herbs, biennial, perennial, or subshrubs. Stems usually tall,
highly branched from the lower part. Capitula usually many to
numerous, arranged in a compound corymbiform synflorescence.
Involucres campanulate, cylindrical, or tubular. Phyllaries or at least
inner rows with colored apices (light green to purple). Corolla light
pink to purple, usually exserted from involucres. Pappus in 2 rows,
inner bristles plumose, outer bristles scabrid.

This subgenus corresponds to ntclade 1, as revealed in this study
(Figs. 4 and 7), and includes three sections: Saussurea sect. Lagur-
anthera, S. sect.Maritimae, and S. sect. Theodorea. The species of this



Fig. 7. A new infrageneric classification for Saussurea. The main changes in the present study are marked with red arrows.
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subgenus are predominantly distributed across the steppes of
Eurasia (Fig. 8).

Saussurea subg. Saussurea. Type: S. alpina (L.) DC.
Herbs or subshrubs, perennial. Stems usually highly branched

on the upper part of the stems, rarely not branched. Capitula usu-
ally arranged in a compound corymbiform synflorescence, rarely
one or two. Involucres campanulate, ovoid, cylindrical, tubular, or
narrowly tubular. Phyllaries usually green, brown, or dark at apex.
Corolla pink to purple, sometimes not obvious. Pappus dirty white,
straw-colored, or yellowish brown, in 2 rows, inner bristles
plumose, outer bristles scabrid.

This subgenus corresponds to ntclade 2, as revealed in this study
(Figs. 4 and 7), and consists of two sections: Saussurea sect. Rosu-
lascentes (Kitam.) Lipsch. and S. sect. Saussurea. Species of this
Fig. 8. Distributions of four subgenera of Saussurea. The locations of Saussurea species were
10.15468/dl.avtup5) and Chinese Virtual Herbarium (CVH, https://www.cvh.ac.cn/), and mo
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subgenus are distributed in alpine grasslands in Europe, North
America, north andmidwestern Asia, and in forests in northeastern
to southern China, Japan, the Korean peninsula, and the Russian Far
East (Fig. 8).

Saussurea subg. Eriocoryne (Wall. ex DC.) Hook. f., in Fl. Brit.
India 3: 376. 1881. ≡ Aplotaxis sect. EriocoryneWall. ex DC., Prodr. 6:
541. 1838. Type: S. gossipiphora D. Don.

Herbs, perennial, monocarpic or polycarpic. Stems usually not
highly branched, erect, usually hollow, distally usually club-shaped
and inflated. Capitula many, usually clustered in secondary heads at
the center of leaf rosette or terminal on stem, enclosed or sub-
tended by uppermost cauline leaves. Involucres usually campanu-
late, or cylindrical. Phyllaries usually green, brown, dark, or
subhyaline at apex. Corolla white to dark purple, usually not much
mainly obtained from the Global Biodiversity Information Facility (GBIF, https://doi.org/
dified (Table S4).

https://doi.org/10.15468/dl.avtup5
https://doi.org/10.15468/dl.avtup5
https://www.cvh.ac.cn/
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out of involucre. Pappus dirty white, straw-colored, light to dark
brown, gray, or blackish, usually in 2 rows, outer bristles usually
scabrid, sometimes absent.

This subgenus corresponds to ntclade 3, as revealed in this study
(Figs. 4 and 7), and includes only one section: Saussurea sect.
Eriocoryne. Species of this subgenus are primarily distributed
within alpine alluvial fans or alpine scree vegetation on the
Qinghai-Tibet Plateau (Fig. 8).

Saussurea subg. Amphilaena (Stschegl.) Lipsch. in Trudy Mos-
kovsk. Obshch. Isp. Prir. 3: 182. 1960. ≡ S. sect. Amphilaena Stschegl.
in Bull. Soc. Nat. Imp. Naturalistes Moscou 21(3): 244.1848. Type: S.
obvallata (DC.) Sch. Bip.

Herbs or subshrubs. Stems from developed to nearly absent,
usually not highly branched or branched on the upper part.
Capitula usually arranged in a simple corymbiform synflorescence
or solitary. Involucres campanulate, globose, ovoid, cylindrical, or
tubular. Phyllaries usually green, brown, or dark at apex. Corolla
white to dark purple, usually slightly exserted from involucres.
Pappus white to blackish, usually in 2 rows, outer bristles usually
scabrid or rarely plumose, sometimes absent.

This subgenus corresponds to ntclade 4, as revealed in this study
(Figs. 4 and 7), and includes seven sections: Saussurea sect.
Amphilaena, S. sect. Pseudoamphilaena, S. sect. Cincta, S. sect. Gym-
nocline, S. sect. Lagurostemon, S. sect. Strictae, and S. sect. Pseu-
doeriocoryne. These species are broadly distributed across most
habitats of the Qinghai-Tibet Plateau and adjacent areas (Fig. 8).

4.7. Relationships and evolution of the four subgenera

The relationships between the four subgenera are depicted in
the nuclear phylogeny and were further supported by morpho-
logical findings. The ancestor of Saussurea subg. Theodorea exhibi-
ted traits similar to the ancestor of Saussurea (Fig. 6), which aligns
with the basal position of S. subg. Theodorea in the nuclear phy-
logeny. S. subg. Amphilaena, S. subg. Eriocoryne, and S. subg. Saus-
surea are closely related and share similar traits, particularly the
absence of colored apices on their phyllaries. Of these three sub-
genera, S. subg. Saussurea is the basal group, with its ancestor
featuring highly branched stems and compound corymbs, remi-
niscent of the common ancestor of all Saussurea species. Relation-
ships between these four subgenera were further substantiated by
the evolution of various characteristics. Ancestral groups exhibited
more primitive character states compared to more evolved groups.
The evolution of Saussurea stems transitioned from complex to
simple, with the ancestors of S. subg. Theodorea and S. subg. Saus-
surea (more basal groups), having highly branched stems, whereas
S. subg. Amphilaena and S. subg. Eriocoryne (more evolved groups)
have single stems or stemless. Similarly, the evolution of the
number of capitula shifted frommany to few, with the ancestors of
the S. subg. Theodorea, S. subg. Saussurea, and S. subg. Eriocoryne
(more basal groups) displaying various synflorescences composed
of many capitula, whereas the ancestor of S. subg. Amphilaena
(more evolved groups) featured a simple corymbiform synflor-
escence with a few capitula.

4.8. Sections

In our nuclear phylogeny, nearly no section of Saussurea was
monophyletic (Fig. 4), and some species of a single section were
distributed in different ntclades (subgenus), e.g., Saussurea sect.
Saussurea and S. sect. Pseudoeriocoryne. This highlights the need for
taxonomic revisionwithin these sections. While our study aimed to
revise the subgeneric classification of Saussurea, the limitations in
our sampling scheme prevented us from addressing infrasectional
classification issues. Consequently, we primarily relocated sections
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based on the position of each section's type species. The taxonomic
revision of sections within Saussurea still necessitates compre-
hensive sampling across the genus, given the large number of
Saussurea species and the complex evolutionary history of the
genus, which makes achieving greater phylogenetic resolution a
challenging endeavor.

5. Conclusions

We present the first well-resolved nuclear phylogeny of Saus-
surea, which consists of four main clades supported by morpho-
logical data. Our analyses show that ancient hybridization is the
most likely source of deep cytoplasmic-nuclear conflict in Saus-
surea, and a phylogeny based on nuclear data is more suitable for
exploring the infrageneric classification of Saussurea than one
based on chloroplast data. We used our nuclear phylogeny and
morphological characters to propose a revised infrageneric classi-
fication of Saussurea, which includes four subgenera and 13
sections.
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