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Abstract
Background  The genus Conioselinum Fisch. ex Hoffm. (Apiaceae) presents long-standing taxonomic challenges due 
to poorly resolved infrageneric relationships and significant morphological convergence with related genera such as 
Ligusticum s.l. Although integrating plastomes and nrDNA data has been effective in resolving complex phylogenies, 
a comprehensive phylogenetic framework and a critical reevaluation of key diagnostic traits for Conioselinum remain 
insufficient.

Results  Our nrDNA phylogeny established a robust framework supporting the monophyly of Conioselinum as nested 
within the Hymenidium clade, delineating three distinct subclades (A, B, and C). This phylogenetic framework is 
further corroborated by corresponding morphological traits. We reaffirmed that the terminal localization of vascular 
bundles in fruit ribs is a stable synapomorphy for Conioselinum, when integrated with a consistent suite of diagnostic 
markers—specifically deciduous basal leaves, linear bracteoles, and absent or obsolete calyx teeth—it effectively 
distinguishes the genus from closely related allies. Divergence time estimation traced a rapid radiation from the Late 
Miocene to the Pleistocene, coinciding with the Qinghai-Tibet Plateau uplift. Furthermore, selective pressure analyses 
identified positive or relaxed selection in six genes (ycf1, matK, rpoA, ycf2, rps7, and ccsA), suggesting their role in 
adapting to alpine environmental stresses. Evident cytonuclear conflicts in some taxa underscore a complex history 
likely involving reticulate evolution.

Conclusion  This study highlights the utility of integrating phylogenomics with morphology to resolve complex 
taxonomies. Based on congruent evidence from both sources, we propose a revised circumscription for Conioselinum. 
Together, these molecular and morphological insights establish a solid foundation for future taxonomic revisions and 
enhance our understanding of adaptive diversification in Apiaceae.
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Background
The genus Conioselinum Fisch. ex Hoffm. (Apiaceae) was 
established by Georg Franz Hoffmann in 1814, with Coni-
oselinum tataricum Hoffm. designated as the type spe-
cies in 1816. The genus is morphologically characterized 
by persistent and numerous bracts, obcordate petals, and 
ovate fruits with winged ribs and multiple commissural 
vittae [1]. Although initially monotypic (C. tataricum), 

Conioselinum has undergone extensive taxonomic revi-
sions over the past two centuries. These modifications 
include the addition of 8 to 9 species, the exclusion of 
several taxa [2, 3], and the transfer of ten species formerly 
placed in Ligusticum s.l. and two from Cnidium Cusson 
[4, 5] (Fig. 1, Table S1). Despite these efforts, the cir-
cumscription of Conioselinum remains contentious due 
to discrepancies across various floristic accounts. While 

Fig. 1  Images of 12 taxa under Conioselinum. A Conioselinum tataricum, the type of Conioselinum; B C. shanii; C C. reflexum; DC. nematophyllum; EC. tenui-
sectum; F. Liguticum reptans; G. C. smithii; H. C. pteridophyllum; I. C. acuminatum; J. C. anthriscoides; K. Kadenia salina; L. C. nullivittaetum
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maintained as a distinct genus in the floras of North-
ern/Central Europe, Northern Asia, and North America 
[6–8], it is frequently merged within Ligusticum s.l. in 
treatments focusing on central and southwestern China 
[9–11]. This taxonomic instability stems largely from the 
striking morphological convergence between Coniose-
linum and Ligusticum s.l., particularly regarding their 
highly dissected leaves and the presence of winged lateral 
ribs in the mericarps, underscoring the urgent need for 
an integrated systematic re-evaluation utilizing robust 
molecular and morphological evidence.

Significant gaps persist in the understanding of this 
taxonomically complex group. Early molecular study 
using the rbcL gene suggested a close relationship 
between Conioselinum filicinum (Wolff) Hara and a clus-
ter comprising Cnidium officinale Makino., Ligusticum 
sinense Oliv., and Ligusticum jeholense (Nakai & Kitag.) 
Nakai & Kitag [12]. Subsequent analyses of nuclear ribo-
somal internal transcribed spacer (nrITS, including ITS1 
and ITS2) sequences revealed that Conioselinum species 
are nested within the Hymenidium (Sinodielsia) clade 
and the Conioselinum chinense clade. Notably, previous 
researchers have hypothesized that the latter might rep-
resent misidentified specimens of C. chinense [13–15]. 
To date, phylogenetic insights into the genus have been 
derived from studies characterized by specific taxon 
sampling and identified instances of paraphyly, provid-
ing a foundational but partial understanding of intra-
generic relationships. While traditional DNA barcodes 
such as rbcL, matK, and nrITS have been instrumental 
in early broad-scale analyses, their resolution within lin-
eages exhibiting low substitution rates remains to be fully 
explored. Regarding morphological evidence, although 
extensive documentation exists for general fruit anatomy, 
these data have yet to be rigorously evaluated within a 
phylogenomic framework to assess character evolution; 
meanwhile, other key features, including pollen mor-
phology [16–18], leaf epidermis [19–21], and cytological 
characteristics [22, 23], represent areas that await further 
comprehensive investigation.

To resolve these taxonomic ambiguities, we employed 
next-generation sequencing (NGS) technologies. 
Genome skimming has emerged as a powerful tool for 
resolving complex phylogenies by providing high-den-
sity genomic data. By simultaneously capturing both 
plastome data and complete nuclear ribosomal DNA 
(nrDNA, including the ETS, 18 S, ITS1, 5.8 S, ITS2, 26 
S, and partial NTS regions), this approach provides a 
wealth of phylogenetically informative sites. Such com-
prehensive genomic resources offer significantly higher 
resolution for resolving evolutionary relationships than 
individual gene fragments or traditional molecular mark-
ers [24–32].

In this study, we integrate plastomes, nrDNA sequences 
and carpological evidence to revisit the phylogeny of 
Conioselinum. Our specific objectives were to: (i) recon-
struct a robust phylogenetic framework for Conioselinum 
and its allies by integrating molecular data with morpho-
logical traits to clarify long-standing inter- and infrage-
neric taxonomic uncertainties; (ii) compare the structural 
characteristics and adaptive evolution of Conioselinum 
plastomes to understand the genomic basis of their diver-
sification. By prioritizing phylogenetic resolution over 
broad genomic description, this study aims to provide a 
more definitive taxonomic understanding of Conioseli-
num within the family Apiaceae.

Results
Characteristics of NrDNA and plastomes
The assembled nrDNA sequences and plastomes of 
16 representative taxa (14 Conioselinum species and 
two close biological allies) were analyzed to assess 
genomic conservation and divergence. The nrDNA 
sequence of each sample was composed of six regions: 
ETS, 18  S, ITS1, 5.8  S, ITS2, 26  S+partial NTS), rang-
ing from 7,054  bp (Ligusticum reptans (Diels) H.Wolff) 
to 10,672  bp (Conioselinum nematophyllum Pimenov 
& Kljuykov). The GC content of each complete nrDNA 
sequence is observed to range from 51.8% to 53.3% 
(Table  1). While the GC content in the transcription 
region remains relatively stable: the GC content in the 
18  S region (49.0%–49.1%); 5.8  S region (53.8%–54.4%); 
and 26 S+partial NTS region (52.7%–54.9%).

The plastomes exhibited a typical quadripartite struc-
ture, ranging from 135,088  bp (Conioselinum reflexum 
Pimenov & Kljuykov) to 158,320  bp (Kadenia salina 
(Turcz.) Lavrova & V.N.Tikhom.), with a CG content 
of 36.8% to 37.6%. While gene content was largely con-
sistent (121–134 genes), significant gene losses (rrn23, 
rrn16, ycf15, ycf68, rps7, ndhB, trnA-UGC, trnI-GAU, 
trnL-CAA, and trnV-GAC) were identified in C. reflexum, 
and localized duplications (trnK-UUU, matK, and psbA) 
were observed in K. salina (Table 2 and S2, Fig. 2). Anal-
ysis of IR/SC boundaries revealed that the JSA and JSB 
borders were relatively stable, positioned within the ycf1 
and retro-copy ycf1 (ψycf1) regions, with a fixed distance 
of 1886 bp (ψycf1 to JSB, JSA to ycf1) across all plastomes 
(Figure S1, marked in red). In contrast, the JLB boundary 
was variable, positioned within ycf2, trnH (in C. tatari-
cum), or rrn23 (in C. reflexum). Notably, the JLA line 
exhibited between the trnL and trnH, but C. reflexum and 
K. salina exhibited IR contraction and expansion, respec-
tively, affecting the JLA boundary. Although RSCU val-
ues were generally conserved across the genus (Figure S2, 
Table S3), sequence divergence analysis highlighted spe-
cific hypervariable coding regions (ycf1, ycf2, rps19, and 
psbE-psbJ) (Figure S3 and S4). These results underscore 
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the overall structural stability of Conioselinum plastomes 
while identifying lineage-specific variations that provide 
the basis for subsequent phylogenetic and marker screen-
ing analyses.

Phylogenetic relationships
Phylogenetic analyses of 45 taxa based on nrDNA and 
plastome protein-coding genes (CDS) sequences yielded 
well-supported but strongly incongruent topologies 
(Fig.  3). In the nrDNA phylogeny, 16 taxa (14 Coniose-
linum species and two close biological allies) formed a 
monophyletic group (ML bootstrap values, BS = 90; BI 
posterior probabilities PP = 0.87), corresponding to the 
Hymenidium clade. This clade was sister to a clade con-
taining genera such as Angelica L., Hymenidium Lindl., 
Trachydium Lindl., Levisticum Hill, Seselopsis Schischk., 
and Oreocomopsis Pimenov & Kljuykov. These 16 taxa 
were further resolved into three subclades with high 
support. Subclade A (BS = 99; PP = 1) is regarded as the 
core Conioselinum clade, as it contains the type species, 
C. tataricum, along with six other species: Conioseli-
num nematophyllum Pimenov & Kljuykov, Conioselinum 
acuminatum (Franch.) Lavrova, Conioselinum sinchia-
num (Fu Kuntsun) Pimenov & Kljuykov, Conioselinum 
nullivittatum (K. T. Fu) T. Ren & X. J. He, Conioseli-
num tenuisectum (H. Boissieu) Pimenov & Kljuykov, 
and K. salina. The remaining species were divided into 
two sister subclades: subclade B (BS = 100; PP = 1), com-
prised three species (C. reflexum, Conioselinum pseu-
doangelica (H.Boissieu) Pimenov & Kljuykov, and 
Conioselinum pteridophyllum (Franch.) Lavrova). Sub-
clade C (BS = 100; PP = 1) consisted of the six remaining 

species (Conioselinum shanii Pimenov & Kljuykov, 
Conioselinum anthriscoides (H.Boissieu) Pimenov & 
Kljuykov., Conioselinum smithii (H.Wolff) Pimenov & 
Kljuykov, Ligusticum reptans (Diels) H. Wolff, Coniose-
linum tenuissimum (Nakai) Pimenov & Kljuykov, and 
Conioselinum officinale (Makino) K.Ohashi & H.Ohashi).

In contrast, the plastome CDS phylogeny exhibited 
a strong topological conflict with the nrDNA tree. The 
topology of the phylogenetic trees constructed by the 
concatenation method and ASTRAL is consistent (Figure 
S5). Specifically, a significant and well-supported incon-
gruence was observed regarding the position of the type 
species, C. tataricum, which was recovered as an inde-
pendent lineage sister to a large clade comprising other 
species of Subclade A and Subclade C (BS = 100; PP = 1). 
More strikingly, all three species of subclade B, together 
with K. salina, formed a distinct clade (BS = 100; PP = 1) 
that was sister to a larger assemblage including the 
Hymenidium clade, Selineae and Coriandreae (BS = 100; 
PP = 1). This positioning represents a hard topological 
conflict compared to the nrDNA framework, supported 
by maximum bootstrap and posterior probability values 
in both analyses.

Morphological and anatomical evidence
Based on field observations, herbarium reviews, and 
detailed anatomical analysis of 16 representative taxa, 
the studied group exhibits high logical congruence with 
the nrDNA phylogenetic framework (Fig. 4). By plotting 
these alternative character states against the nrDNA tree, 
we confirmed that while the terminal position of vascu-
lar bundles remains a stable synapomorphy for the genus 

Table 1  Summarizes the main features of the NrDNA sequences among 16 sampled species of Conioselinum and its close biological allies
Species nrDNA

Total 
Length 
(bp)

Total 
GC%

ETS 18 S ITS1 5.8 S ITS2 26 S+partial  
NTS

Length 
(bp)

GC% Length 
(bp)

GC% Length 
(bp)

GC% Length 
(bp)

GC% Length 
(bp)

GC% Length  
(bp)

GC%

Conioselinum tataricum 7822 53.2 477 52.8 1809 49.1 217 56.2 160 55.0 224 55.4 4935 54.5

Conioselinum nematophyllum 10,672 52.7 477 50.9 1809 49.1 219 55.7 160 55.0 225 56.0 7782 53.4

Conioselinum sinchianum 7746 53.0 578 50.2 1809 49.1 218 55.5 160 55.0 225 56.0 4756 54.5

Conioselinum acuminatum 10,532 52.7 564 50.4 1809 49.0 218 56.0 160 55.0 225 56.0 7556 53.5

Conioselinum nullivittaetum 10,665 53.3 478 50.4 1809 49.0 218 54.6 160 54.4 225 56.0 7775 54.4

Conioselinum tenuisectum 10,423 52.8 478 50.6 1809 49.0 218 54.1 160 54.4 225 56.0 7533 53.7

Conioselinum smithii 10,228 51.9 478 50.2 1809 49.1 217 55.3 160 54.4 224 54.5 7340 52.5

Conioselinum anthriscoides 7202 52.6 478 50.2 1809 49.1 217 55.3 160 54.4 224 54.5 4314 54.0

Conioselinum shanii 8719 52.0 478 50.2 1809 49.1 217 55.3 160 54.4 224 54.5 5831 52.8

Conioselinum tenuissimum 7502 53.2 478 50.2 1809 49.1 217 55.3 160 54.4 224 54.5 4614 54.9

Conioselinum officinale 6827 52.6 478 50.2 1809 49.1 217 55.3 160 54.4 224 54.5 3939 54.1

Conioselinum pseudoangelica 10,137 52.2 477 50.9 1809 49.1 217 54.8 160 53.8 225 54.2 7249 52.9

Conioselinum pteridophyllum 8874 51.8 586 50.2 1809 49.1 217 55.8 160 53.8 225 54.7 5877 52.6

Conioselinum reflexum 9764 52.3 477 51.2 1809 49.1 217 55.3 160 53.8 225 54.2 6876 53

Kadenia salina 10,299 52.1 478 50.4 1809 49.0 218 55.0 160 55.0 225 54.7 7409 52.7

Ligusticum reptans 7054 52.3 478 50.0 1809 49.0 217 55.3 160 54.4 224 54.5 4166 53.6
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Conioselinum, traits such as bract persistence, petal color, 
and fruit rib morphology provide the most reliable diag-
nostic markers for infrageneric delimitation.

At the intergeneric level, the localization of vas-
cular bundles within the fruit ribs is confirmed as a 
definitive diagnostic synapomorphy distinguishing 
Conioselinum from its closely related genera (such as 
Angelica, Hymenidium, Oreocomopsis, and Levisticum). 
Specifically, all examined Conioselinum species and two 
close biological allies stably possess vascular bundles at 
the terminal position of the ribs, whereas they are consis-
tently situated at the base in outgroup genera (Figure S6). 
Furthermore, the endosperm shape serves as a differen-
tiating trait: Conioselinum species typically possess nar-
rowly elliptic or elliptic endosperm, contrasting with the 
U-shaped endosperm with a significant depression char-
acteristic of Hymenidium and Oreocomopsis (Tables S4).

At the infrageneric level, distinct alternative character 
states across the three identified subclades demonstrate a 
clear evolutionary trajectory. A primary transition is evi-
dent in the bract and bracteole morphology: Subclades A 
and B are characterized by caducous or absent bracts and 
linear bracteoles, whereas Subclade C is uniquely distin-
guished by persistent bracts and linear bracteoles with 
prominent white-membranous margins. Petal coloration 
further differentiates these lineages, with white petals 
being standard for Subclades A and C, while colorful or 
purplish hues frequently occur in Subclade B (Tables S5). 
In terms of carpology, mericarp morphology shifts from 
the oblong-obovate shape with broad-winged marginal 
ribs typical of Subclades A and B to an ovate shape with 
significantly reduced marginal ribs in Subclade C. Fur-
thermore, the number of commissural vittae serves as a 

distinctive anatomical marker, with Subclade B typically 
possessing a higher count (up to six) compared to the 
more stable range of two to four observed in Subclade A 
(Fig. 4, Tables S4).

Plastome divergence
To understand the evolutionary constraints on the 
Conioselinum plastomes, we analyzed nucleotide diver-
sity (Pi) (Figure S7) and the Ka/Ks ratio (ω) (Figure S8) 
across the sixteen representative taxa. The Pi analysis of 
53 CDS regions and 65 intergenic spacers revealed that 
non-coding regions exhibited significantly higher vari-
ability (mean Pi = 0.00595, up to 0.03621 in ccsA-ndhD) 
compared to CDS regions (mean Pi = 0.00225). Based on 
these results, we identified seven highly variable genomic 
hotspots, including five CDS regions (Pi > 0.005): matK, 
rps2, rps3, ycf2, and ycf1, and 2 intergenic spacers 
(Pi > 0.015): ccsA།ndhD and petA།psbJ, which are pro-
posed as candidate molecular markers for future large-
scale species identification and phylogenetic studies in 
this genus.

Consistent with the low sequence divergence in coding 
regions, the Ka/Ks analysis indicated that most genes are 
under widespread purifying selection (ω < 1) [33]. How-
ever, the ycf1 gene exhibited an ω value greater than 1 
(1.09268), suggesting it has undergone positive selection. 
Additionally, five genes (matK, rpoA, ycf2, rps7, and ccsA) 
showed elevated ω values exceeding 0.5. The coincidence 
of high Pi values and relaxed evolutionary constraints 
in genes like ycf1, ycf2, and matK further underscores 
their potential utility as phylogenomic markers, reflect-
ing the rapid diversification and adaptive evolution of 
Conioselinum.

Table 2  Summary of plastome genomic features among 16 sampled species of Conioselinum and its close biological allies
Species Length (bp) Gene Number GC

(%)Total LSC SSC IRs Total PCG tRNA rRNA
Conioselinum tataricum(Type species) 148,642 93,747 17,665 37,230 130 85 36 8 37.6

Conioselinum nematophyllum (= Ligusticum nematophyllum) 148,610 94,007 17,635 36,968 130 85 36 8 37.6

Conioselinum sinchianum (= Cnidium sinchianum) 148,652 94,014 17,676 36,962 130 85 36 8 37.6

Conioselinum acuminatum (= L. acuminatum) 148,005 93,314 17,701 36,990 130 85 36 8 37.6

Conioselinum nullivittaetum (= L. nullivittaetum) 148,590 93,969 17,653 36,968 130 85 36 8 37.6

Conioselinum tenuisectum (= L. tenuisectum) 148,356 93,725 17,653 36,978 130 85 36 8 37.6

Conioselinum smithii (= L. jeholense) 148,489 93,889 17,642 36,958 130 85 36 8 37.6

Conioselinum anthriscoides (= L. sinense) 148,520 93,957 17,613 36,950 130 85 36 8 37.6

Conioselinum tenuissimum (= L. tenuissimum) 148,553 93,979 17,632 36,942 130 85 36 8 37.6

Conioselinum pseudoangelica (= L. glaucifolium) 146,985 94,350 17,513 35,112 130 85 36 8 37.5

Conioselinum pteridophyllum (= L. pteridophyllum) 147,500 94,865 17,513 35,122 130 85 36 8 37.4

Conioselinum officinale (= Cnidium officinale) 148,564 94,011 17,617 36,936 130 85 36 8 37.6

Conioselinum shanii 148,487 93,955 17,608 36,924 130 85 36 8 37.6

Conioselinum reflexum 135,088 106,488 17,514 11,086 121 81 33 6 36.8

Kadenia salina 158,320 88,766 17,598 51,956 134 87 38 8 37.0

Ligusticum reptans 148,540 93,992 17,584 36,964 130 85 36 8 37.6
i) Species Kadenia salina and Ligusticum reptans are included due to their robust phylogenetic affinity to Conioselinum based on preliminary molecular data

ii) PCG: Protein-coding gene
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Divergence time Estimation
Divergence times were estimated using the MCMCTree 
method based on two molecular datasets: nrDNA (Fig. 5) 
and plastome 79 CDS (Table S6). The analysis inferred 
that the Hymenidium Clade diverged from the Selineae–
Coriandreae clade during the Miocene, with estimates 

ranging from approximately 16.44 Mya (95% HPD: 
5.61–30.58 Mya) based on nrDNA to 8.8 Mya (95% HPD: 
2.27–19.9 Mya) based on the plastome. Significant tem-
poral asymmetry was observed regarding the origin of 
the genus Conioselinum. The nrDNA data estimated this 
origin at approximately 12.58 Mya (95% HPD: 4.25–24.05 

Fig. 2  Genomic characteristics of the type species Conioselinum tataricum. A Schematic diagram of the nuclear ribosomal DNA (nrDNA) structure. ETS: 
External Transcribed Spacer, 18 S rRNA, ITS1 and 2: Internal Transcribed Spacer Regions 1 and 2, 5.8 S rRNA and 26 S rRNA, flanked by Non-Transcribed 
Spacers (NTS). The lengths of specific regions are indicated in parentheses. B Map of the chloroplast genome. LSC: Large Single-Copy region, SSC: Small 
Single-Copy region, and IRa and IRb: Inverted Repeats a and b. The gray bars in the inner circle represent GC content
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Mya), while the plastome data provided a more recent 
estimate of approximately 6.84 Mya (95% HPD: 1.72–
15.75 Mya). 

In the nrDNA phylogeny, Subclade A diverged during 
the late Miocene, while Subclades B and C split approxi-
mately 6.56 Mya (95% HPD: 1.84–14.53 Mya). Most 
Conioselinum species diversified and formed after the 
Miocene, with the majority of extant species diversifica-
tions occurring during the Quaternary, with the notable 
exceptions of the initial splits leading to C. tataricum and 
K. salina. Within the Hymenidium clade, the plastome 
analysis identified a major divergence event around 7.18 
Mya (95% HPD: 1.74–16.95 Mya), leading to a lineage 
comprising K. salina and the species of Subclade B.

Discussion
Plastome evolution and adaptive divergence
A comparative analysis of 16 plastomes (including 14 
Conioselinum taxa and 2 closely related allies) reveals 
a conserved genomic architecture punctuated by spe-
cific instances of structural dynamism. All investigated 
plastomes exhibit the quadripartite structure typical of 
Apiaceae (Fig. 2; Table 2) [34–37]. Nevertheless, con-
spicuous structural modifications were identified in C. 
reflexum, characterized by gene loss and IR contraction, 
and in K. salina, which displays genome expansion driven 
by gene duplication and IR expansion. Such rearrange-
ments are frequently concomitant with phylogenetic dis-
cordance [38, 39], providing a plausible genomic basis for 

the incongruent phylogenetic placements of these taxa 
between plastome and nuclear datasets.

Interestingly, this structural plasticity contrasts with 
the high conservation observed in features such as codon 
usage, suggesting an evolutionary decoupling where 
architectural rearrangements occur independently of 
synonymous substitution patterns. This genomic stability 
amidst structural shifts may be a byproduct of the genus’s 
broad environmental tolerance. Distributed widely across 
East Asia to North America, Conioselinum species pre-
dominantly span temperate zones above 1500 m, facing 
diverse selective pressures from high-light arid slopes to 
moist, shaded alpine habitats (Figs. 1 and 4) [10].

To identify the genetic signatures underlying this envi-
ronmental adaptation, we analyzed selective pressures on 
53 PCGs (> 300 bp). While the majority of these genes 
are under stringent purifying selection (ω < 0.5), the iden-
tified positive selection on ycf1 (ω > 1.0) is particularly 
noteworthy. Given its essential role in cell survival, the 
positive selection of ycf1 may have bolstered resilience to 
alpine abiotic stresses, such as elevated UV radiation and 
extreme temperature fluctuations [40]. Additionally, we 
detected evidence of relaxed purifying selection (0.5 < ω 
< 1) on five genes (matK, rpoA, ycf2, rps7, and ccsA). The 
relaxed selection on rpoA (RNA polymerase subunit) and 
rps7 (ribosomal protein) suggest a capacity for functional 
diversification or compensatory evolution in chloroplast 
transcription and translation [41–43], while shifts in ccsA 
(cytochrome biogenesis), matK (intron maturase), and 

Fig. 3  Combination of mericarps and phylogenetic phylogenetic tree, reconstructed using both (A) maximum likelihood (ML) and (B) Bayesian inference 
(BI) analyses based on nrDNA and plastome CDS sequences for 45 taxa. Conioselinum comprising three major subclades: Subclade A (red), Subclade B 
(green), and Subclade C (yellow). Branch supports are indicated as bootstrap values (BS) for ML and posterior probabilities (PP) for BI, asterisks (*) denote 
maximal support (BS = 100%, PP = 1); (C) Typical mericarp structure of Conioselinum, vascular bundles (VB); endosperm (ES); dorsal ribs (DR), lateral ribs (LR), 
marginal ribs (MR); parenchyma cells with lignified pitted walls (PP), furrow vittae (VV), and the commissure vittae (CV); Scale bars = 1 mm
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ycf2 (protein translocation complex) may reflect adap-
tive modifications in RNA processing and protein import 
mechanisms under stressful conditions [44, 45]. Col-
lectively, these signatures of structural dynamism and 
molecular selection provide pivotal insights into the evo-
lutionary mechanisms that facilitated the successful colo-
nization and subsequent diversification of Conioselinum 
across its ecologically disparate range.

Systematic implications and congruence between 
molecular and morphological traits
To address the long-standing taxonomic uncertainties 
outlined in our objectives, the phylogenetic analyses 
based on nrDNA and plastome datasets confirm that 
Conioselinum is deeply nested within the Hymenidium 
clade, rather than being polyphyletically distributed 
across two major clades as previously suggested [14, 15]. 

Fig. 4  The phylogenetic relationship, distribution information, morphological characteristics among Conioselinum and related groups. Symbols on 
branches: vascular bundle localization; Species-specific States: (A) Bracts: triangle; (B) Fruit ribs: circle; (C) Bracteoles: star; (D) Geographic Distribution: 
diamonds
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Within this framework, Conioselinum is shown to be 
closely allied with Hymenidium, Levisticum, Seselopsis 
and specific taxa from Angelica, Oreocomopsis and Tra-
chydium. While both datasets support the recognition 
of three major subclades within the genus, we observed 
significant topological incongruence between the nrDNA 
and plastome phylogenies (Fig. 3). The plastome tree 

provided higher resolution for deep-level nodes but 
revealed relationships that conflict with the nrDNA data-
set and previous classifications [5, 10, 46], suggesting a 
complex evolutionary history likely involving hybridiza-
tion or incomplete lineage sorting.

Integrating phylogenetic analyses with morphologi-
cal characteristics has led to a clearer delimitation of 

Fig. 5  The estimation of divergence times inferred from 45 nrDNA sequences and two secondary calibration points (red stars). Blue bars and numbers 
above represent the 95% highest posterior density (95% HPD) for each node. The scale axis is in millions of years ago (Mya). Yellow spots indicated origin 
nodes of Conioselinum. The major geological events and global temperature trend (gray curve) was modified from Favre et al. [52]
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Conioselinum (Fig. 4). The genus is morphologically dis-
tinguished from its allies by a specific combination of 
traits, most notably deciduous basal leaves, linear brac-
teoles, and the absence or obsolescence of calyx teeth. 
For phylogenetic inference, biparentally inherited nrDNA 
provides a more reliable framework, as its rapidly evolv-
ing non-coding regions help resolve species-level rela-
tionships. Although the bootstrap values in the plastome 
tree appear high (mostly 100%), this does not necessar-
ily indicate that it represents the correct species tree. If 
ancient chloroplast capture events have occurred, the 
strong support may largely reflect the consistent evolu-
tionary history of the chloroplast genome itself, rather 
than the history of species divergence. Therefore, com-
bined analysis of morphological and nrDNA data effec-
tively delimit Conioselinum from its allies using these 
vegetative and floral markers alongside the distal local-
ization of vascular bundles within the fruit ribs, a stable 
synapomorphy that distinguishes it from related genera 
where vascular bundles typically reside at the rib base [4].

In light of this molecular complexity, the Subclade A—
which includes the type species C. tataricum—emerges 
as the phylogenetic core of the genus. This core lineage 
consistently exhibits the aforementioned diagnostic suite: 
deciduous basal leaves, caducous or absent bracts, lin-
ear bracteoles, and obsolete calyx teeth. This anatomi-
cal marker aligns precisely with the basal divergence in 
our trees, reinforcing the evolutionary foundation of the 
genus. Across the genus, the morphological boundaries 
between the three subclades reflect distinct evolutionary 
trajectories: Subclade A taxa typically exhibit white pet-
als and larger fruits with fewer vittae; Subclade B species 
share colorful petals and increased commissural vittae; 
and Subclade C is uniquely defined by narrow-winged 
fruit ribs, persistent bracts and bracteoles with narrow 
white membranous margins.

The case of K. salina (formerly Kadenia salina) fur-
ther epitomizes the necessity of an integrative reas-
sessment. Historically shuffled among Cnidium [47], 
Ligusticum [48], Selinum L [49]. , and Kadenia Lavrova 
& V.N.Tikhom [50], its systematic position has long been 
contentious. Our nrDNA phylogeny places it near the 
Conioselinum type species, whereas plastome data nests 
it within Subclade B. This observed cytonuclear discor-
dance explains the historical instability in the taxonomic 
placement of K. salina. Nevertheless, its morphological 
characteristics—specifically the presence of linear brac-
teoles, obsolete calyx teeth, terminal vascular bundles, 
and narrowly winged fruits—clearly indicate affinity with 
Conioselinum rather than with Cnidium or Kadenia [10, 
50].

The distinction between Conioselinum and its allies is 
further clarified by specific anatomical markers. Angelica 
species exhibit narrowly lanceolate bracteoles and lateral 

ribs that are obtuse-rounded or filiform, while Hymenid-
ium taxa are distinguished by bracteoles with broad 
white membranous margins and a U-shaped endosperm. 
Despite these differences, the deciduous nature of basal 
leaves, linear bracteoles, absent or obsolete calyx teeth, 
and the terminal localization of vascular bundles remains 
the most diagnostic trait for Conioselinum. This struc-
tural evolution is deeply intertwined with the group’s bio-
geographic history; specialized taxa in the Gaoligong–Nu 
Mountains and the southern Himalayas represent deep 
evolutionary lineages driven by topographic complex-
ity, while northern lineages in the Altai–Tianshan–Qil-
ian systems match the genetic variations identified in 
our datasets. Consequently, these findings indicate that 
a revised circumscription is required for Conioselinum. 
We propose that all species within the three subclades 
(Subclades A, B, and C) investigated in this study be 
included in the revised circumscription of Conioselinum. 
Future research utilizing low-copy nuclear genes will be 
essential to further resolve the observed cytonuclear con-
flicts and stabilize the taxonomy of this morphologically 
diverse lineage.

Divergence times and drivers of diversification
The rapid diversification of Conioselinum from the Late 
Miocene to the Pleistocene was likely orchestrated by a 
synergy of regional tectonic activities, global climatic 
oscillations, and adaptive molecular evolution. The sig-
nificant discrepancy in divergence time estimations 
between the nrDNA and plastome datasets provides a 
compelling basis for a potential hybrid origin of the lin-
eage. Our divergence time estimation indicates that the 
primary lineages of Conioselinum began to diversify dur-
ing the Late Miocene (Fig. 5, marked by yellow spots), 
a period that coincides with the final uplift phase of the 
Qinghai-Tibet Plateau (QTP) uplift and the intensifi-
cation of the Asian monsoon [51, 52]. These geologi-
cal upheavals, alongside the progressive elevation of the 
Himalayas and Tianshan ranges, created complex, het-
erogeneous habitats and novel geographic barriers [53, 
54]. We propose that the colonization of these emerging 
high-altitude niches served as a powerful selective force, 
as evidenced by the positive selection identified in the 
ycf1 gene (see 3.1). This molecular signature of adaptation 
likely bolstered the resilience of Conioselinum ancestors 
to alpine abiotic stressors, such as elevated UV radiation 
and extreme temperature fluctuations, thereby facilitat-
ing the initial divergence of Subclades A and C into these 
newfound ecological spaces [55].

The evolutionary trajectory of Conioselinum fur-
ther intensified during the late Quaternary, particularly 
within the Hengduan Mountains to Gaoligong Moun-
tains region. The three species comprising Subclade B (C. 
reflexum, C. pseudoangelica, and C. pteridophyllum) are 
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narrow endemics of this region. The intense uplift of the 
Hengduan Mountains and the subsequent incisement of 
deep river valleys (Yangtze, Mekong, and Salween) pro-
vided the requisite geographic isolation for such montane 
diversification [51, 56–59]. Concurrently, the relaxed 
purifying selection observed in genes like rpoA, rps7, and 
ccsA suggests a fine-tuning of chloroplast transcription 
and translation, reflecting adaptive functional shifts as 
these lineages occupied specialized micro-habitats within 
the “sky island” archipelago [60–62].

However, the evolutionary history of the genus is not 
solely a product of isolation but also of reticulate evolu-
tion. The significant cytonuclear discordance observed 
between our nrDNA and plastome phylogenies points 
toward a complex interplay of hybridization, intro-
gression, and incomplete lineage sorting (ILS) [28, 29, 
33]. There are prior reports of hybridization within 
Conioselinum revealed that the medicinal cultivar C. 
anthriscoides ‘Chuanxiong’ likely originated through 
hybridization involving wild C. anthriscoides popula-
tions and an unidentified maternal donor [63, 64]. The 
propensity for hybridization is particularly evident in 
Subclade C, where recent speciation may still be ongoing. 
This is further corroborated by the polyploid nature of 
C. pteridophyllum (4n = 44), whose double chromosome 
count distinguishes it from the diploid congeners (2n = 
22) [23]. Furthermore, the sympatry of Conioselinum 
with related genera such as Tongoloa H. Wolff, Selinum, 
and Ligusticum in alpine regions heightens the possibil-
ity of chloroplast capture [65–67], a phenomenon that 
likely obscured the phylogenetic relationships within the 
plastome framework. According to the molecular dating, 
the stem of Conioselinum originated in the Late Mio-
cene, with the nrDNA-based estimate of approximately 
12.58 Ma (95% HPD: 4.25–24.05 Ma) being notably older 
than the plastome-based estimate of 6.84 Ma (95% HPD: 
1.72–15.75 Ma). This temporal asymmetry suggests a 
historical “chloroplast capture” event following ancestral 
hybridization; specifically, the common ancestor of the 
Conioselinum complex likely acquired a new maternal 
genome through hybridization with a related lineage dur-
ing the Late Miocene, followed by rapid radiation driven 
by intensifying geological activity. This hypothesis is fur-
ther supported by the remarkably recent and clustered 
plastome divergence times for Subclades B and C (3.75–
7.18 Mya) base on plastomes, which indicate that these 
lineages may have emerged from a series of frequent gene 
flow exchanges or reticulate evolution events during the 
Pliocene. Collectively, the combination of tectonic-driven 
isolation, molecular adaptation to alpine stress, and 
hybridization events explains both the rapid radiation of 
Conioselinum and the taxonomically challenging nature 
of this morphologically diverse complex.

Conclusion
Integrating genome skimming with carpological evi-
dence, this study establishes a robust phylogenetic frame-
work for the genus Conioselinum. The nrDNA-based 
phylogeny confirms that Conioselinum is a monophyletic 
lineage nested within the Hymenidium clade and com-
prises three primary subclades (A, B, and C). This phy-
logenetic structure shows strong concordance with a 
distinct suite of macro-morphological characters, specifi-
cally deciduous basal leaves, linear bracteoles, and absent 
or obsolete calyx teeth. Crucially, this research reaffirms 
that the terminal localization of vascular bundles in fruit 
ribs constitutes a stable synapomorphy for Conioselinum 
when integrated with these vegetative and floral markers, 
providing a definitive anatomical marker to distinguish it 
from closely related allies. Combining phylogenetic and 
morphological evidence, we propose a revised circum-
scription of Conioselinum to include all species compris-
ing these three subclades.

The observed topological incongruence between the 
plastome and nuclear phylogenies reflects a complex 
evolutionary history likely shaped by ancient chloro-
plast capture or hybridization. Despite these cytonuclear 
conflicts, the integration of phylogenomic and carpolog-
ical data provides a solid foundation for the formal taxo-
nomic revision of the genus. Future studies employing 
population-level sampling and low-copy nuclear genes 
will be essential to further resolve these evolutionary 
complexities and refine species-level boundaries within 
this morphologically diverse lineage.

Materials and methods
Taxon sampling, DNA extraction and sequencing
Fresh leaf samples representing 22 taxa—including 14 
Conioselinum species and eight closely related taxa (one 
Ligusticum species, three Cnidium species, two Angelica 
species, and one species each from Levisticum and Ses-
elopsis)—were collected during field surveys. verified by 
comparing morphological characters with type speci-
mens, relevant taxonomic literature, and authenticated 
herbarium specimens. Formal identification was per-
formed by Meng-Die Liu and Professor Song-Dong Zhou 
(Sichuan University). All voucher specimens were depos-
ited in the Herbarium of Sichuan University (CDBI), 
Chengdu, China (Table S1).

Total genomic DNA was extracted from silica gel-dried 
leaf tissues using a modified cetyltrimethylammonium 
bromide (CTAB) protocol [68]. To obtain high-density 
genomic resources, whole-genome skimming was con-
ducted on the Illumina NovaSeq platform (Personalbio, 
Shanghai, China). The sequencing generated 150-bp 
paired-end reads, yielding approximately 10 Gb of raw 
data per sample, ensuring sufficient coverage for the 
assembly of complete plastomes and nrDNA clusters.
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Genome assembly and comparative genomics
Raw sequencing data were processed using Adapter-
Removal v2 [69] and fastP v0.15.0 [70] to generate 
high-quality clean reads (Q30 > 90%). For each sample, 
plastomes and nrDNA sequences were assembled de novo 
using NOVOPlasty [71]. Plastomes were annotated with 
Plastid Genome Annotator (PGA) and manually proof-
read in Geneious Prime v2025.0.2 [72, 73]. Final plastome 
annotations were visualized using Organellar Genome 
DRAW (OGDRAW) [74]. The nrDNA sequences were 
delimited by mapping to reference sequences (Musa coc-
cinea, GenBank accession LC610755) and identifying 
conserved ribosomal motifs [75–77]. All newly obtained 
sequences (Table S7) were uploaded to GenBank.

To evaluate genomic divergence, comparative analyses 
were performed across 16 representative taxa (14 Coni-
oselinum species and two close biological allies). IRscope 
was employed to analyze the boundaries between 
inverted repeat (IR) and single copy (SC) regions [78]. 
The nucleotide diversity (Pi), nonsynonymous (Ka) and 
synonymous (Ks) nucleotide substitution rates were cal-
culated using DnaSP v6.12.03 [79]. Additionally, genomic 
conservation was evaluated with mVISTA’s Shufe-
LAGAN alignment algorithm [74] and Mauve Alignment 
[80] plugin in Geneious Prime, employing Conioseli-
num tataricum as the reference. Protein-coding genes 
(CDS) longer than 300 bp were extracted for subsequent 
adaptive evolution analyses [81, 82]. Relative synony-
mous codon usage (RSCU) values were calculated using 
CodonW [83] and RSCU values were visualized as heat-
maps in TBtools [84].

Phylogenetic analysis
To resolve the phylogenetic position of Conioselinum, 
two datasets derived from 45 taxa were analyzed. The 
first, a nrDNA dataset spanning 5,833 bp (comprising 
30 newly generated sequences), included partial ETS, 18 
S, ITS1, 5.8 S, ITS2, and partial 26 S regions. This data-
set exhibited a high level of sequence variation, with 
600 (10.29%) variable sites and 355 (6.09%) parsimony-
informative sites (PIS). Compared with the standard ITS 
region (620 bp), the nrDNA alignment provided a sub-
stantial increase in the total number of informative char-
acters. The second, a plastid protein-coding gene (PCG) 
dataset, encompassed 66,589 bp (comprising 22 newly 
sequences) across 79 protein-coding genes. Despite 
its lower overall percentage of variation compared to 
the nrDNA data, the plastome dataset yielded a vastly 
greater absolute number of informative sites, featuring 
5,487 (8.24%) variable sites and 1,908 (2.87%) PIS. Based 
on previous phylogenetic analyses [15, 37], Bupleurum 
chinense Franch. was selected as the outgroup, given its 
early-diverging position within the subfamily Apioideae.

Phylogenetic reconstruction was performed using 
Maximum Likelihood (ML) and Bayesian Inference 
(BI). For the nrDNA dataset, a partitioned strategy was 
applied to separate conserved ribosomal subunits from 
variable spacers, with best-fit models selected via Mod-
elFinder [85] under the Bayesian Information Criterion 
(BIC). ML trees were reconstructed using IQ-TREE 
v2.4.0 [82, 86] with 1,000 ultrafast bootstrap replicates. 
For the plastid dataset, concatenated ML analysis was 
performed using RAxML v8.2.10 [87] (GTRGAMMA 
model), and a coalescent-based species tree was esti-
mated using ASTRAL v5.7.1 [88] based on 79 individual 
gene trees generated by IQ-TREE.

For BI analysis of both datasets, MrBayes v3.2.7 [89] 
was employed with two independent runs and four 
MCMC chains for 2,000,000 generations (sampling every 
100 generations). The first 25% of samples were discarded 
as burn-in. MCMC convergence and stationarity were 
confirmed by: (i) ASDSF < 0.01; (ii) PSRF = 1.000 for all 
parameters; and (iii) ESS > 200 as verified in Tracer v1.7.2 
[90]. All trees were visualized using iTOL v6 [91].

Morphological and anatomical observations
To evaluate the phenotypic divergence and identify 
diagnostic characters within Conioselinum and related 
genera, morphological characteristics (including whole 
plants, flowers, and roots) were observed in their natu-
ral habitats (Table S4 and S5). Fully mature fruits from 
20 taxa (Table S8) were preserved in formaldehyde-acetic 
acid-ethanol (FAA) solution. Samples from 16 taxa were 
examined and photographed using a Nikon stereomi-
croscope (Tokyo, Japan), with 10 mericarps measured 
per species to assess carpological variation (Fig. 3). For 
anatomical analysis to compare fruit internal structures 
that may reflect phylogenetic relationships, mature meri-
carps from 16 taxa were processed for paraffin sectioning 
according to the following protocol (Figure S6): tissues 
fixed in FAA were dehydrated through an ethanol series, 
cleared in xylene, and embedded in paraffin; serial sec-
tions were cut using a rotary microtome, stained with 
safranin-fast green, and finally mounted for bright-field 
microscopy observation. Additional morphological data 
were cross-referenced with type specimens, Flora of 
China [10, 46], and previous literature [4, 92] to ensure 
accurate species identification and trait comparison.

Molecular dating
Divergence times were estimated using MCMCTree of 
PAML v4.10.7 [93] based on two molecular datasets: 
nrDNA and plastome 79 CDS (Table S6). Due to the 
scarcity of reliable macrofossils in Apiaceae, we utilized 
two secondary calibration points anchored by the fam-
ily’s most definitive microfossil records (pollen) as reas-
sessed [94]: (i) the stem node of Bupleureae, constrained 
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by Priabonian pollen fossils with a minimum age of 33.90 
Mya; and (ii) the stem node of Pleurospermeae, similarly 
constrained by Priabonian fossil records. These calibra-
tion points were implemented with a normal distribution 
prior, using mean ages and standard deviations derived 
from the 95% HPD intervals (39.49–52.41 Mya and 
36.65–47.8 Mya, respectively).

The MCMC analysis was performed with the follow-
ing parameters: 5 × 108 generations, with trees sampled 
every 2,000 generations, and the first 25% of samples dis-
carded as burn-in. To ensure the reliability of the time 
estimates, convergence was verified using Tracer v1.7.2 
[90], confirming that the effective sample size (ESS) for 
all parameters was ≥ 200, indicating sufficient sampling 
and stationarity of the MCMC chains. The final consen-
sus tree was viewed in FigTree [95] and tvBOT v2.6.1 
[96], displaying node ages and 95% highest posterior den-
sity intervals (95% HPDs) for divergence times.
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