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Abstract
Phylogenomic data enriched with informative loci have significantly improved phylogenetic resolution and 
facilitated the elucidation of evolutionary mechanisms underlying phylogenetic discordance. Species of the East 
Asian lineage (EAL) within the Allium subgenus Anguinum are widespread in the Himalaya–Hengduan Mountains 
(HHMs), which exhibit long-standing taxonomic ambiguity and phylogenetic discordance, calling for investigation. 
In this study, we collected 102 samples, including 45 transcriptomes and 57 plastid genomes, covering multiple 
populations of all currently recognized taxa within the EAL and relatives. A total of 2,186 low-copy nuclear genes 
(LCGs) and 163 plastid sequences (including 111 genes and 52 intergenic regions) were employed for phylogenetic 
analyses. Our results revealed that the EAL is a monophyletic taxon but exhibits a polytomous phylogeny, it 
further divides into four sublineages in the LCG-based tree and two sublineages in the plastid-based tree, which 
display distinct geographical distribution patterns. Samples of A. ovalifolium var. leuconeurum, A. ovalifolium var. 
cordifolium and A. funckiifolium from the northwest Sichuan Basin and Qinling-Daba Mountains clustered within 
the A. ovalifolium samples of these regions, while A. nanodes is entirely embedded within the HHMs populations 
of A. prattii and A. ovalifolium. Extensive phylogenetic conflicts were detected within EAL, and the ancestral 
area reconstruction indicates that the EAL originated in the Hengduan Mountains (HDMs). Morphological and 
phylogenetic evidence confirmed the varietal status of A. ovalifolium var. leuconeurum and A. ovalifolium var. 
cordifolium, while also proposing the reclassification of A. funckiifolium as A. ovalifolium var. funckiifolium. The 
observed polytomous phylogeny within EAL is likely attributed to rapid radiations triggered by geological events 
and climatic fluctuations during the late Pliocene and Pleistocene, coupled with recurrent isolation–contact 
dynamics, which resulted in the retention of ancestral polymorphisms and historical gene flow. Widespread 
phylogenetic discordance in the EAL is mainly due to incomplete lineage sorting (ILS), with hybridization also 
playing key roles. This study not only reveals the underlying causes of taxonomic controversies within the EAL but 

Phylogenomics of East Asian lineage within 
subgenus Anguinum (Allium, Amaryllidaceae): 
insights into its taxonomic puzzles 
and phylogenetic conflicts
Rui-Yu Cheng1, Yuan Wang1, Bo-Ni Song1, Jin-Bo Tan1, Jia-Hui Sun2, Song-Dong Zhou1, Xing-Jin He1 and 
Deng-Feng Xie1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1186/s12870-025-06982-0
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06982-0&domain=pdf&date_stamp=2025-7-17


Page 2 of 18Cheng et al. BMC Plant Biology          (2025) 25:948 

Introduction
Allium L., one of the largest monocotyledon genera in the 
Northern Hemisphere, comprises more than 1,000 spe-
cies [1, 2] and is the sole member of the monotypic tribe 
Allieae within subfamily Allioideae (Amaryllidaceae) [3, 
4]. Species of this genus are distributed predominantly 
across temperate and subtropical regions, including 
seasonally dry areas like the Irano-Turanian zone. The 
genus exhibits two primary diversity centers: one span-
ning Southwest/Central Asia to the Mediterranean, and 
another in North America [5–8], and encompasses eco-
nomically critical crops like garlic, onion, and leek [9]. 
Taxonomically, Allium is divided into 15 subgenera, 72 
sections and three evolutionary lineages, which have 
been confirmed by many studies [2, 6, 7, 10–13]. Despite 
revisions that integrated morphological and molecu-
lar markers (rbcL, ITS, rps16) [6, 10], challenges persist, 
including polyphyly in subgenera (e.g., Allium, Cepa), 
unresolved relationships within lineages, subgenera, or 
sections [9, 10, 14–16], and unclear causes for phyloge-
netic conflicts [15–17].

The East Asian lineage (EAL) is one of the two lineages 
of the subg. Anguinum (G. Don ex W.D.J. Koch) N. Fri-
esen [6, 10], species of which are characterized by dis-
tinctive broad leaves and reticulated bulb tunics, features 
that serve as key diagnostic characters differentiating 
it from other Allium taxa [1, 6, 18]. Since the establish-
ment of sect. Anguinum, the number of species within 
this taxon has undergone continuous modifications due 
to accumulating morphological and molecular evidence, 
as well as the ongoing discovery of new species (Fig. S1) 
[1, 5, 18–21]. According to the most recent research by 
Yang et al. [20], the subgenus currently comprises 10 
recognized species and several infraspecific variants, 
exhibiting a broad transcontinental distribution span-
ning southwestern Europe, East Asia, and northeastern 
North America [1]. In China, this subgenus is repre-
sented by eight species and two varieties. Allium prattii 
C.H.Wright and A. ovalifolium Hand.-Mazz have wide 
distributions across the Himalaya–Hengduan Mountains 
(HHMs), whereas A. microdictyon Prokh., A. ochotense 
Prokh., and A. listera Stearn predominantly occur in cen-
tral and northeastern China. In contrast, A. funckiifolium 
Handel-Mazzetti, A. ovalifolium var. leuconeurum J.M. 
Xu, A. ovalifolium var. cordifolium (J.M. Xu) J.M. Xu, 
and A. nanodes Airy Shaw exhibit restricted distribu-
tions confined to the Hengduan Mountains (HDMs) and 
adjacent areas. The European endemic A. victorialis L. is 

distributed across the Caucasus, and the North Ameri-
can endemic A. tricoccum Solander occurs throughout 
the United States and Canada. Additionally, the Korean 
island endemic Allium ulleungense H.J. Choi & N. Friesen 
is restricted to Ulleungdo Island [1, 5, 12, 22–24]. Based 
on phylogenetic trees inferred from ITS and chloroplast 
fragments, the subgenus is divided into two major clades: 
the East Asian Lineage (EAL) and the Eurasian-North 
American Lineage (ENAL) [1, 6]. The EAL is represented 
by Allium prattii and includes two additional species and 
two varieties (A. ovalifolium, A. nanodes, A. ovalifolium 
var. leuconeurum, and A. ovalifolium var. cordifolium). 
Allium prattii is characterized by purple tepals, broad 
linear leaves with a cuneate base, and is widely distrib-
uted in alpine meadows and shrublands at elevations 
above 3,000  m in the HHMs region. A. ovalifolium is 
distinguished by white flowers, ovate leaves with a shal-
low cordate or rounded base. It is widely distributed 
along forest margins and hillsides at elevations of 1,500–
3,200  m in the HDMs and central China. This species 
includes two varieties: A. ovalifolium var. leuconeurum, 
distinguished by its white leaf veins, and A. ovalifolium 
var. cordifolium, which differs in having a distinctly cor-
date leaf base. These two varieties are narrowly distrib-
uted and co-occur on forested slopes around 2,500  m 
elevation in the northwestern part of the Sichuan Basin. 
Allium nanodes is a narrow endemic characterized by fal-
cate leaves and extremely short pedicels, and is confined 
to scree slopes at elevations above 4,000 m in the HDMs. 
Notably, although A. funckiifolium lacks molecular data 
due to its long absence from collection, it has generally 
been considered part of the East Asian Lineage in previ-
ous studies, based on morphological features and distri-
bution described by Xu et al. [18]. This species is unique 
in having a single leaf and is restricted to bamboo forests 
and forest understories at around 2,000 m elevation along 
the border between Hubei and Chongqing provinces in 
China. In addition to the species of the EAL, three other 
species of this subgenus occur in China: A. listera, A. 
microdictyon, and A. ochotense, all of which are widely 
distributed in forested mountain slopes at elevations of 
600–2,000  m in central and northeastern China [7, 18, 
24–26].

Early research on the EAL primarily centered on mor-
phological and cytological analyses. Pioneering work 
demonstrated significant taxonomic value through dis-
tinct adaxial-abaxial leaf epidermal differentiation among 
its five constituent species [27]. Subsequent investigations 
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highlighted striking morphological homogeneity within 
the EAL, particularly in foliar traits [22, 23]. Notably, 
population-level studies of A. prattii revealed geographi-
cally structured leaf morphological variation indicative 
of environmental adaptation [28]. Cytologically, while all 
Anguinum species share a conserved chromosome base 
number (n = 8), they exhibit remarkable ploidy diversity 
spanning diploid (2n) to pentaploid (5n) cytotypes [29–
33]. Molecular phylogenetic analyses revealed that the 
subg. Anguinum is sister to subg. Caloscordum (Herb.) 
R.M. Fritsch [6, 8, 10]. The position of the EAL was fur-
ther confirmed by Yang et al. [20],which is sister to the 
ENAL,while only 3 species of the ENAL distributed in 
China. The phylogenetic position of A. funckiifolium has 
remained unclear due to its long history of being uncol-
lected, and previous studies have placed it withinthe EAL 
based on morphological characteristics [1, 20].

Although the monophyly of subg. Anguinum and the 
sister relationship between these two alliances are well-
supported, species delimitation within each alliance, 
particularly in the EAL, remains contentious. Analy-
ses of ITS and cpDNA markers initially revealed that A. 
prattii is sister to A. nanodes and also showed that A. 
ovalifolium clusters with its varieties A. ovalifolium var. 
leuconeurum and A. ovalifolium var. cordifolium [1, 23]. 
However, these relationships proved unstable, collapsing 
into a mosaic-like topological complexity. In addition, the 
morphological characteristics and phylogenetic position 
of A. funckiifolium have remained unclear due to its long 
history of being uncollected. Divergence time inferred 
from ITS and cpDNA markers, as well as the complete 
plastome, consistently indicate that the EAL represents 
an early-diverging lineage [1, 20]. The ancestral taxa of 
this lineage gave rise to a series of species now distributed 
across the HHMs region and surrounding areas within a 
relatively short timespan of several million years [1, 20]. 
Notably, as an early-diverging lineage, the EAL not only 
exhibits unstable interspecific relationships, but also dis-
plays widespread phylogenetic incongruence between 
nuclear and chloroplast gene trees [1, 34], potentially 
attributable to interspecific gene flow within the lineage. 
Current studies are constrained by incomplete taxon 
sampling, limited integration of morphological data, and 
the intrinsic limitations of relying solely on the single or 
several molecular markers. Consequently, these studies 
lack direct evidence for the causes of nuclear–plastid dis-
cordance within the EAL, and most conclusions remain 
speculative. Future research should aim to collect more 
samples of the EAL, integrate multidimensional datasets, 
and apply phylogenomic approaches to resolve species 
relationships and explore the underlying drivers of phylo-
genetic incongruences within the EAL.

Phylogenomic data possess numerous informative 
characters and have been widely used for phylogenetic 

analyses in recent years [35–43]. Phylogenomic 
approaches also have been efficiently used for explain-
ing the causes of phylogenetic conflicts, and similar data 
and methods also have been used for phylogenetic recon-
struction and evolutionary analyses in species of Allium 
[15, 16, 34, 44]. Here, we first investigate the monophyly 
of the EAL based on 57 complete chloroplast genomes, 
which covered all 10 recognized species within subg. 
Anguinum and two additional varieties. Based on this 
phylogenetic framework, we further incorporated 45 
transcriptomes and 45 plastomes from multiple popu-
lations of all EAL species and related taxa to perform 
comprehensive phylogenetic analyses, where the tran-
scriptome data were generated specifically to recover 
single-copy nuclear genes (SCGs) and low-copy nuclear 
genes (LCGs). Morphological data were also integrated 
to (i) reconstruct the species phylogeny of the EAL within 
subgenus Anguinum and analyze their relationships, and 
(ii) investigate the mechanisms underlying the observed 
phylogenetic conflicts within the lineage.

Materials and methods
Sampling and morphological anatomy
Over the last five years, we conducted extensive field 
surveys and collected plant materials from multiple 
populations of species in subg. Anguinum (Table S1). All 
samples were collected from the wild without the need 
for specific permission. Voucher specimens were depos-
ited at the Herbarium of Sichuan University (SZ), and 
specimen numbers are provided in Table S1. All plant 
materials were identified taxonomically by Dr. Deng-
Feng Xie, encompassing multiple individuals of all target 
species within the EAL. To provide an overview of the 
analytical framework used in this study, we summarized 
the entire workflow in a flowchart (Fig. 1), including sam-
pling, plastome assembly, phylogenetic reconstruction, 
and conflict analysis. Freshly collected leaf specimens 
were flash-frozen in liquid nitrogen and maintained at 
−80  °C until RNA isolation and transcriptome sequenc-
ing. Meanwhile, the corresponding leaf samples were also 
used for DNA extraction and whole genome resequenc-
ing. Floral tissue samples from various plant organs were 
fixed in FAA (formalin-acetic acid–alcohol) solution to 
facilitate comprehensive morphological and anatomical 
examinations. In this study, a total of 45 transcriptome 
profiles were generated, including 42 newly sequenced 
samples and 3 obtained from NCBI (Table S2). In addi-
tion, 57 complete chloroplast genome datasets were 
generated, including 45 newly sequenced samples and 
12 publicly available datasets from NCBI (Table S3). We 
selected Allium neriniflorum as the outgroup. To visual-
ize the morphological differences among the EAL spe-
cies, we collected plant images for each species in the 
field and captured detailed microscopic images of their 
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flower and leaf morphology using a stereomicroscope 
(Nikon, SMZ25).

Transcriptome sequencing, whole-genome resequencing 
and plastome assembly
Transcriptomic sequencing started with RNA isolation 
using the RNAprep Pure Plant Kit (Tiangen Biotech), 
followed by rigorous quality control assessments via a 
NanoPhotometer spectrophotometer (IMPLEN) and 
an Agilent 2100 Bioanalyzer. Sequencing libraries were 
constructed with the NEB Next Ultra™ RNA Library 
Prep Kit (Illumina) and subjected to 150 bp paired-end 
sequencing on an Illumina NovaSeq 6000 platform. 
Raw sequencing data underwent preprocessing with 
fastP [45] and Trimmomatic v0.36 [46] to eliminate 
adapter contamination and low-quality sequences, 
generating refined reads for transcriptomic assem-
bly and analytical workflows. For the whole-genome 
resequencing, total genomic DNA was extracted from 
fresh or silica gel-dried materials using the CTAB 

method [47], followed by whole-genome resequenc-
ing on the Illumina HiSeq 6000 platform (Novogene, 
Beijing, China). After quality assessment and filter-
ing using fastp, high-quality reads were assembled 
into plastomes using GetOrganelle v1.7.7.1 [48], 
which were subsequently annotated using GeSeq [49]. 
Finally, we manually verified and refined the annotated 
plastomes using Geneious v11.0.5 [50]. The anno-
tated plastid genomes of 36 individuals from the EAL 
were used to construct visual genome maps and per-
form comparative analyses using the online programs 
OGDRAW and mVISTA [51, 52]. All raw sequencing 
data of transcriptomes have been securely archived in 
the Genome Sequence Archive (GSA) at the National 
Genomics Data Center (NGDC), with detailed acces-
sion identifiers cataloged in Table S2. Additionally, 
all assembled plastome genome sequences have been 
deposited in the NCBI database, and their correspond-
ing accession numbers are listed in Table S3.

Fig. 1  Research workflow diagram. (A) Phylogenetic framework reconstruction of subg. Anguinum (highlighted in yellow); (B) Phylogenetic analysis of 
the EAL (highlighted in green); (C) Investigation of phylogenetic conflicts and their sources within the EAL (highlighted in red)
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Phylogenetic framework construction of subgenus 
Anguinum
A total of 57 assembled complete chloroplast genomes 
were used for the phylogenetic reconstruction of subg. 
Anguinum. We extracted both genes and intergenic spac-
ers (IGSs) from the plastomes, identifying 111 genes and 
52 IGSs in total for subsequent tree-building. Sequence 
alignment was performed using MAFFT v7.505 (default 
parameters), followed by trimming with TrimAl v1.2 [53] 
under the ‘-gt 0.9’ threshold. The concatenated superma-
trix of 163 chloroplast sequences was generated using 
PhyloSuite [54]. Phylogenetic reconstruction employed 
two complementary approaches: (1) concatenated maxi-
mum likelihood (ML) analysis and (2) coalescent-based 
species tree inference, to ensure topological robustness 
through mutual validation. The maximum likelihood 
(ML) method was used in concatenation analysis employ-
ing IQ-TREE v1.6.8 [55]. The best partitioning scheme for 
each codon position in each gene was determined using 
ModelFinder [56], and branch support was assessed with 
1,000 Ultra-Fast bootstrap (UFBS) replicates (parameter 
‘-bb 1,000’). The coalescent-based approach was further 
used to estimate the species tree. Gene trees were gener-
ated using IQ-TREE v1.6.8, with 1000 ultrafast bootstraps 
and the best-fitting model identified with ModelFinder. 
ASTRAL v 5.6.3 was used to infer the species trees [57]. 
In ASTRAL-III, the best ML gene trees were used to infer 
the species tree and two methods were used to infer the 
species with LPP and BS values: (i) comprehensive gene 
tree integration applying local posterior probabilities 
(LPP) for nodal confidence evaluation under parameter 
configuration ‘-t 3’; and (ii) species tree inference utiliz-
ing optimized maximum likelihood gene trees with mul-
tilocus branch support assessed through 1,000 bootstrap 
replicates (parameters: -i -b -r) [58].

Transcriptome assembly and single-copy genes 
identification
To establish a phylogenetically robust dataset, we devel-
oped a multi-stage bioinformatic workflow that inte-
grated systematic filtering and curation protocols. The 
analysis pipeline began with de novo transcriptome 
assembly for all 10 samples in subg. Anguinum using 
Trinity v2.8.4 [59], including two individuals from A. 
prattii, two from A. ovalifolium, and one representative 
per specimen for all other species (Table S4). Candidate 
coding sequences (CDSs) were predicted via TransDe-
coder (​h​t​t​p​​:​/​/​​t​r​a​n​​s​d​​e​c​o​​d​e​r​​.​s​o​u​​r​c​​e​f​o​r​g​e​.​n​e​t​/), followed by 
redundancy reduction through CD-HIT 4.6.1 [60] using 
a stringent similarity threshold (-c 0.98). Orthogroup 
inference was then performed using OrthoFinder v2.5.2 
[61] to perform the orthogroup search. Only the single-
copy orthologues with length > 300  bp were retained, 
which resulted in a final set of 3,687 phylogenetically 

informative SCGs and was used for subsequent sequence 
capture.

Assembly of captured sequence, alignment, and filtering
The software GeneMiner [62] was used to assemble low-
copy genes (LCGs) from the capture sequenced qual-
ity-filtered reads. The sequences of the above identified 
3,687 SCGs from each species were used as target input 
file (references) for GeneMiner, with the extraction pro-
cedure running following the parameters as: “-rtfa refs 
(3,687 SCGs) -min 300 -max 5,000 -limit_count auto -t 
4 -bn 20 -o outfile”. The MAFFT v 7.429 [63] was then 
used to align amino acid (AA) sequences, and the corre-
sponding codon alignments were converted from the AA 
alignments using PAL2NAL v 14.0 [64]. To ensure data 
quality, we removed any aligned loci with more than 20% 
missing data, as well as individual DNA sequences that 
were shorter than 300  bp or contained more than 50% 
gaps. Moreover, we detected potential genetic recombi-
nation in the alignments, as it can bias the inference of 
the species tree when using coalescent methods [65]. We 
used PhiPack v 1.1 [66] to calculate the pairwise homo-
plasy index (Φ) for recombination, considering an align-
ment with a P-value of less than 0.05 as significant. These 
significant alignments were removed, and the remaining 
rigorous data were used for subsequent analyses, which 
resulted in 2,186 LCGs shared by all 45 samples.

Phylogenetic reconstruction of EAL and ICA scores 
calculation
Given that our study focuses on the EAL, we refer to spe-
cies from another lineage simply as ‘The ENAL’ in the 
subsequent analyses. The above 2,186 LCGs dataset from 
45 samples was used to reconstruct the nuclear phylog-
eny of species in the EAL. Concatenation-based maxi-
mum likelihood (ML) and coalescent-based species tree 
inference were used for phylogenetic reconstruction, 
applying standardized protocols consistent with the phy-
logenetic framework reconstruction (see Sect.  2.3). The 
concatenated ML topology was reconstructed via IQ-
TREE v1.6.8 with ultra-fast bootstrap support (UFBS), 
while coalescent-based species trees were generated 
using ASTRAL-III version 5.6.3 (BS and LPP support 
values). For the 45 plastome datasets corresponding to 
the transcriptomic samples, a total of 111 genes and 52 
intergenic spacers (IGSs) were identified and extracted. 
Subsequent analytical steps also followed a standardized 
workflow identical to that used for phylogenetic frame-
work construction (see Sect. 2.3).

We used phyparts v0.01 [67, 68] to compare gene tree 
and species tree topologies based on both the transcrip-
tomic and plastome datasets, to quantify phylogenetic 
concordance. The Internode Certainty All (ICA) values 
were calculated to evaluate nodal support heterogeneity. 

http://transdecoder.sourceforge.net/
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ICA values near 1 indicate strong internodal consensus, 
values near 0 suggest equiprobable bipartition conflicts, 
and values less than 0 signify the presence of conflicting 
bipartitions with certain frequencies.

Phylogenetic discordance analysis
To thoroughly assess phylogenetic discordances among 
gene trees as well as between nuclear and plastid species 
trees, the study employed several approaches to evalu-
ate phylogenetic discordances based on multiple phylo-
genetic trees derived from Sect.  2.6. Using nuclear and 
plastid gene datasets, the following phylogenetic trees 
were inferred: (i) a concatenated maximum likelihood 
(ML) tree constructed in IQ-TREE (with UFBS support 
values) and (ii) a species tree inferred via ASTRAL-III 
version 5.6.3 (with BS and LPP support values).

First, the gene concordance factor (gCF) and site con-
cordance factor (sCF) were calculated using IQ-TREE 
version 2.1.3 [55]. The gCF measures the proportion of 
gene trees that include a specific branch, whereas the sCF 
quantifies the proportion of alignment sites that support 
the same branch [69]. For further details on the method-
ology and implementation, refer to the official IQ-TREE 
website (https://www.iqtree.org). Secondly, we applied 
ASTRAL-III with the ‘-t 2’ parameter, which computes 
three quartet support values (q1, q2, q3) to measure the 
consistency between gene trees and the inferred species 
tree. These three values show quartet support for the 
main topology, the first alternative, and the second alter-
native, respectively. To further evaluate the phylogenetic 
discordance, phyparts v0.01 was used to quantify node 
support on the species tree. This approach provides three 
values for evaluating internal nodes: (i) Concordance (S); 
(ii) Top Conflict (C), and (iii) Other Conflict (W), pro-
viding a detailed view of phylogenetic conflicts within 
the dataset. The analysis was conducted using the phyp-
artspiecharts.py script (available at ​h​t​t​p​​s​:​/​​/​g​i​t​​h​u​​b​.​c​​o​m​/​​m​
o​s​s​​m​a​​t​t​e​​r​s​/​​p​h​y​l​​o​s​​c​r​i​​p​t​s​​/​b​l​o​​b​/​​m​a​s​​t​e​r​​/​p​h​y​​p​a​​r​t​s​p​i​e​c​h​a​r​t​s).

Incomplete lineage sorting estimation
To investigate whether the discordance between nuclear 
and plastid phylogenies could be attributed to incom-
plete lineage sorting (ILS), we utilized a method that 
summarizes quartets of gene trees [70]. This approach 
involves computing the quartet count concordance fac-
tors (qcCFs) and deriving P-values to evaluate the com-
patibility of gene trees with a species tree [71]. Using the 
function quartetTreeTestInd from the R package ‘MSC-
quartets’ [70], we calculated qcCFs for all 2,186 LCG 
trees derived from 45 individuals representing 6 species 
and 2 varieties. These qcCFs were then used to gener-
ate simplex plots within MSCquartets, employing two 
models: one with a known species tree (model T1) and 
another without a species tree hypothesis (model T3). 

For the T1 model, we incorporated the 45-taxon spe-
cies tree inferred from ASTRAL-III. In the simplex plots, 
each quartet count vector was represented by color-
coded symbols, with red and blue indicating rejection 
or failure to reject the test at specified alpha levels (set at 
0.01, 0.001, 1e-04, and 1e-06). Symbols closer to the cen-
troid suggest ILS, while those nearer to the vertices imply 
alternative mechanisms, such as introgression.

To further investigate and visualize signals of ILS and 
introgression/hybridization (IH) across lineages, we 
employed the software Phytop [72]. This tool provides 
a reliable quantification of ILS and IH levels among lin-
eages and effectively visualizes these patterns based 
on ASTRAL-generated gene trees. Each gene tree was 
reconstructed using IQ-TREE v1.6.8, following the pro-
cedure outlined in Sect.  2.4. The species tree was then 
inferred using ASTRAL-III v5.6.3 with the parameter ‘-t 
2’. Finally, the inferred species tree was used as input in 
Phytop to compute and visualize ILS and IH values.

Network analysis
To investigate the hypothesis that reticulate evolution, 
caused by hybridization or introgression, contributes to 
observed discordances, we further inferred a hybridiza-
tion network employing NeighborNet using the Quar-
tet distance (NANUQ) method [73]. Empirical quartet 
counts were calculated from 2,186 LCG trees of 45 taxa, 
and the network quartet distances between taxa was 
determined using the NANUQ function in the R package 
MSCquartets. The analysis was conducted under the ‘T3 
model’ with the parameter “α = 0.01” [70]. Subsequently, 
a split graph was generated for visualization using the 
NeighborNet algorithm in SplitsTree4 version 4.15.1 [74], 
based on the quartet distances between taxa.

Ancestral area reconstruction
To explore the relationship between the phylogenetic 
structure and conflicts of the EAL and its biogeographic 
history, we used six regions based on the paleogeo-
graphic and climatic evidence, geographic distribution 
and floral composition for ancestral area reconstruc-
tion [1, 18, 22, 23, 75]: (A) eastern Himalayas, (B) Heng-
duan Mountains, (C) Taihang Mountains, (D) Northeast 
Asia, (E) North America, and (F) Europe. We conducted 
ancestral state reconstruction using Bayesian discrete 
trait analysis implemented in BEAST v1.10.4 [76], based 
on the plastid dataset from 57 samples. Sampling locali-
ties were coded as discrete geographic states, with six 
regions defined according to population distribution. 
The analysis was performed under the GTR substitu-
tion model with empirical base frequencies and gamma-
distributed rate heterogeneity across sites using four rate 
categories (GTR + Gamma). A strict molecular clock was 
assumed. The discrete trait analysis followed the Bayesian 

https://www.iqtree.org
https://github.com/mossmatters/phyloscripts/blob/master/phypartspiecharts
https://github.com/mossmatters/phyloscripts/blob/master/phypartspiecharts
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stochastic search variable selection (BSSVS) framework 
to identify well-supported migration pathways between 
regions. Markov chain Monte Carlo (MCMC) chains 
were run for 250  million generations, sampling every 
250,000 steps, with the first 10% discarded as burn-in. 
Convergence and effective sample sizes (ESS > 200) were 
assessed in Tracer v1.7.11 [76]. The maximum clade cred-
ibility (MCC) tree, including node information (inferred 
ancestral distributions), was summarized using TreeAn-
notator and visualized in FigTree [76, 77]. Divergence 
time estimates (Mya) for subg. Anguinum, as well as for 
the EAL and ENAL, are labeled at the corresponding 
nodes based on the results of Yang et al. [20].

Results
Phylogenetic framework of subgenus Anguinum
We first confirmed the phylogenetic framework of subg. 
Anguinum using 57 plastomes, which cover all recog-
nized species within the subgenus. The phylogenetic trees 
constructed using both concatenation and coalescent-
based methods yielded consistent topological structures, 
which consistently support that subg. Anguinum can be 
stably divided into two lineages (Fig. S2, UFBS/BS = 100, 
LPP = 1.00): the EAL and the ENAL. The EAL includes 
A. funckiifolium, A. ovalifolium, A. prattii, A. nanodes, A. 
ovalifolium var. leuconeurum, and A. ovalifolium var. cor-
difolium, while the ENAL comprises A. victorialis, A. lis-
tera, A. tricoccum, A. microdictyon, A. ochotense, and A. 
ulleungense. This well-supported result provides a robust 

and clear foundation for our subsequent analyses of the 
phylogeny and phylogenetic conflicts within the EAL.

Morphological analysis
Through field investigations, literature review and 
detailed anatomical experiments, we collected and sum-
marized the morphological characteristics of all species 
and varieties of the EAL. In general, species of the EAL 
have cylindrical to conical bulbs; the outer skin is fibrous 
and exhibits a distinct reticulate pattern. The leaves are 
usually 2 in number, arranged oppositely, rarely 1 or 3, 
linear to ovate in shape, and often tapering at the base to 
form a petiole. The outer perianth segments are narrower 
than the inner ones and boat-shaped. The filaments are 
entire; the ovary tapers at the base into a short stalk, with 
one ovule per locule. Among them, A. ovalifolium is char-
acterized by having two leaves that are lanceolate-oblong 
to ovate-oblong in shape, with a rounded to shallow cor-
date base. Its perianth segments have obtuse or notched 
apices, often bearing irregular small teeth (Fig. 2, A1-F1). 
A. funckiifolium is morphologically very similar to A. 
ovalifolium, but it can be distinguished by having only a 
single leaf and a scape that forms a Y-shaped structure 
with the petiole (Fig.  2, A6-F6). The two varieties of A. 
ovalifolium, namely A. ovalifolium var. cordifolium and A. 
ovalifolium var. leuconeurum, closely resemble the typical 
form of A. ovalifolium. However, A. ovalifolium var. cor-
difolium is distinguished by its deeply cordate leaf base 
and often prominently undulate margins (Fig. 2, A3-F3), 

Fig. 2  Morphological comparison of species of the EAL. A1-F1 Allium ovalifolium; A2-F2 Allium ovalifolium var. leuconeurum; A3-F3 Allium ovalifolium var. 
cordifolium; A4-F4 Allium nanodes; A5-F5 Allium prattii; A6-F6 Allium funckiifolium. A1-A6 Overall plant morphology; B1-B6 Inflorescence morphology; 
C1-C6 Flower morphology; D1-D6 Ovary and stigma morphology; E1-E6 Cross-section of the ovary; F1-F6 Morphology of the inner and outer tepals 
(upper row: outer tepals; lower row: inner tepals)
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while A. ovalifolium var. leuconeurum is easily identified 
by its white-veined leaves (Fig. 2, A2-F2). A. prattii fea-
tures 2 linear or linear-lanceolate leaves with a cuneate 
base that slightly extends along the petiole, and its peri-
anth segments are typically pink to purplish-red (Fig. 2, 
A5-F5). A. nanodes is unique within the genus, bearing 2 
leaves that often curve backward in a sickle-like manner 
and a very short scape, setting it apart from other species 
(Fig.  2, A4-F4). Furthermore, we observed intermediate 
morphological forms between species in certain popula-
tions, including transitional forms between A. prattii and 
A. nanodes (Fig. S3B) and between A. ovalifolium and A. 
prattii (Fig. S3E).

Transcriptome dataset and phylogenetic analyses
For the 45 transcriptome samples, the number of 
valid reads (clean reads) ranged from 43,045,294 to 
130,018,252 and the GC content ranged from 39.99% to 
43.82% (Table S2). After rigorous screening, 2,186 LCGs 
were finally identified from 45 transcriptomes and used 
for phylogenetic analysis. Our analyses consistently sup-
port that subg. Anguinum is polytomous and splits into 
two lineages (the EAL and the ENAL) with full support 
in multiple methods (UFBS/BS = 100, LPP = 1.00) (Figs. 3 
and S4). In all phylogenetic trees generated, A. nanodes, 

A. prattii, A. ovalifolium, A. ovalifolium var. cordifo-
lium, A. ovalifolium var. leuconeurum, and A. funckiifo-
lium form the EAL (LPP = 1.00; UFBS/BS = 100 at the 
node), while the remaining species constitute the ENAL 
(LPP = 1.00; UFBS/BS = 100 at the node) (Figs. 3 and S4). 
Furthermore, individuals within the EAL were clustered 
into four sublineages, which exhibited distinct patterns 
of geographical distribution (Fig.  3). The sublineage I 
mainly distributed in the HDMs, within it, all individuals 
of A. nanodes (1–4) form a monophyletic clade, which is 
sister to a group of intermingled individuals of A. prat-
tii (1–4) and A. ovalifolium (1–3). Sublineage II distrib-
uted in the Northwestern HDMs, it is a monophyletic 
branch composed entirely of individuals of A. prattii 
(5–11). Sublineage III is a nearly monophyletic branch 
formed by A. ovalifolium (4, 5) and its two varieties, A. 
ovalifolium var. cordifolium (1–4) and A. ovalifolium var. 
leuconeurum (1, 2). All samples of this sublineage exhibit 
a clustered distribution pattern along the northwestern 
margin of the Sichuan Basin, located in the northeastern 
section of the HDMs. However, sublineage IV is a com-
plex branch formed by individuals of multiple species, 
it distributed in Qinling-Daba mountains (QDMs) and 
included two individuals of A. prattii (12, 13), three indi-
viduals of A. ovalifolium (8–10), and two individuals of A. 

Fig. 3  Species tree inferred from 2,186 single-copy genes (LCGs) from 45 samples using ASTRAL-III, along with the distribution of individual sampling 
locations. (A) Support values from different methods [BS/ASTRAL-III and LPP/ASTRAL-III] are indicated above the branches. An asterisk (*) indicates maxi-
mum support (e.g., 100%). Different sublineages within the EAL are labeled with distinct colors on the branches, and different species are marked with 
distinct colors for their species names, with all individuals of the same species marked in the same color. The figure provides the number of gene trees in 
concordance/conflict with the displayed node, as well as the “internode certainty all” (ICA) scores for each node (A to E). (B) The sampling locations of all 
individuals are plotted based on their geographic coordinates, with individuals within each sublineage labeled and circled in the corresponding branch 
color
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funckiifolium, which showed nested relationship with A. 
ovalifolium (6, 7) and its variety A. ovalifolium var. leu-
coneurum (3) (Figs. 3 and S4). Phylogenies inferred from 
concatenated and coalescent methods exhibited slight 
phylogenetic discordance, however, all four sublineages 
were consistently resolved across both analytical frame-
works (Fig.  4). Regarding ICA scores, substantial con-
flicts among gene trees were observed at major nodes. All 
LCGs supported the division of the EAL and the ENAL 
(Fig.  3, node A). Among the 2,186 LCGs, the diver-
gence node of the EAL was supported by 1,195 genes 
(ICA = 0.1202). Within the lineage, pronounced gene 
tree discordance was observed at critical branch nodes, 
specifically at the ancestral nodes of sublineages I and II 
(node D, ICA = −0.0234) and the common ancestor of 
sublineages I–III (node C, ICA = −0.0198). These nodes 
exhibited low phylogenetic support, with fewer than 30 
LCGs recovering the inferred relationships.

Plastid features and phylogenetic analyses
For the plastid genome analysis, the 57 plastid genomes 
ranged in length from 153,124  bp to 154,610  bp (Table 
S3). Among them, the 36 individuals from the EAL 
were further processed for genome visualization and 

comparative analysis (Figs. S5 and S6). The results indi-
cated that the EAL species exhibit highly conserved chlo-
roplast genome structures, with no obvious differences 
among species (Fig. S5). Notably, the mVISTA analysis 
revealed that multiple populations of A. prattii, A. ovali-
folium, and A. nanodes share strikingly similar patterns in 
several regions, including the intergenic spacers between 
trnS-GGA and rps4, psbE and petL, and ccsA and ndhD, 
all of which show distinct deletion events (Fig. S6). To 
capture as much information as possible about all reliable 
variant sites in the plastid genomes, we extracted and 
rigorously screened 111 genes and 52 intergenic regions 
(IGSs) for phylogenetic analysis. Phylogenomic analysis 
based on the dataset comprising 45 individual samples 
yielded a topological structure consistent with that of the 
57-sample dataset, with the two major lineages robustly 
resolved under both concatenation and coalescent-based 
methods. Compared to the LCGs dataset, the EAL exhib-
ited greater phylogenetic complexity at the plastid level, 
with more pronounced nested relationships among spe-
cies (Fig. S7). Within the EAL, all individuals formed two 
well-defined sublineages (sublineages i and ii) (Figs.  4 
and S7), which were consistent with the geographic loca-
tions. Individuals of sublineage i main distributed in the 

Fig. 4  Species tree inferred from 163 plastid sequences (including 111 genes and 52 intergenic regions) from 45 samples using ASTRAL-III, along with 
the distribution of individual sampling locations. (A) Support values from different methods [BS/ASTRAL-III and LPP/ASTRAL-III] are indicated above the 
branches. An asterisk (*) indicates maximum support (e.g., 100%). Different sublineages within the EAL are labeled with distinct colors on the branches, 
and different species are marked with distinct colors for their species names, with all individuals of the same species marked in the same color. The figure 
provides the number of gene trees in concordance/conflict with the displayed node, as well as the “internode certainty all” (ICA) scores for each node (A 
to E). (B) The sampling locations of all individuals are plotted based on their geographic coordinates, with individuals within each sublineage labeled and 
circled in the corresponding branch color
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HDMs, and composed by A. nanodes (1–4), A. prattii 
(1–10), and A. ovalifolium (1–3), which exhibited nested 
relationships. Samples of sublineage ii mainly distrib-
uted in northwestern adjacent of the Sichuan Basin 
and QDMs, including A. funckiifolium (1, 2), A. prattii 
(11–13), A. ovalifolium (4–10), and its two varieties, A. 
ovalifolium var. cordifolium (1–4) and A. ovalifolium var. 
leuconeurum (1–3). All samples of this group clustered 
with each other and displayed complex relationships. 
In addition, phylogenetic topologies inferred from con-
catenated and coalescent approaches detected extensive 
conflicts within the EAL (Fig. S7). Regarding ICA scores, 
significant conflicts among gene trees were detected 
at major nodes. Among the 163 plastid sequences, only 
64 sequences (ICA = 0.05056) supported the divergence 
node of the EAL (Fig. S7B, node B). Notably, more pro-
nounced conflicts were observed within the lineage, with 
only 39 sequences (ICA = 0.0344) supporting the diver-
gence of sublineage i (Fig. S7C, node D) and 66 sequences 
(ICA = 0.0403) supporting the divergence of sublineage ii 
(Fig. S7B, node E).

Phylogenetic discordance analyses
To elucidate the underlying causes of the observed incon-
gruences between gene trees as well as between nuclear 

and plastid phylogenies in the EAL, we conducted com-
prehensive analyses utilizing transcriptome data and 
plastid sequences obtained from the 45 samples. In the 
phylogenetic trees constructed based on LCGs (Fig. S4) 
and plastid sequences (Fig. S7), extensive phylogenetic 
conflicts were detected within the internal branches of 
the EAL. In the LCG tree, sublineage I and sublineage 
II formed sister clades, encompassing multiple popula-
tions including A. nanodes, A. prattii, and A. ovalifolium. 
In contrast, these individuals were clustered and nested 
within a single clade (sublineage i) in the plastid phylog-
eny. For example, in the LCG tree, multiple individuals 
of A. nanodes (1–4) and A. prattii (5–11) formed dis-
tinct clades, whereas in the plastid tree, they were inter-
mingled and failed to form independent clades. A similar 
pattern was observed for sublineage III and sublineage 
IV in the LCG tree, which included multiple populations 
of A. funckiifolium, A. prattii, A. ovalifolium, and its two 
varieties, while these individuals were intermingled and 
nested within a large clade (sublineage ii) in the plastid 
tree (Figs. 3, 4 and 5).

Quartet-based analysis of the LCGs-based tree and 
plastid tree consistently showed a huge proportion of 
loci did not support the divergent nodes, indicating a 
notable level of phylogenetic inconsistency (Fig. 5). High 

Fig. 5  Cytonuclear and genealogical discordances along with the detection of ILS. Species trees are inferred from (A) 2,186 LCGs and (B) 163 plastid 
sequences. Values q1/q2/q3 of each node are shown above the branches. In the heatmap coloring of nodes and branches, red represents high support 
strength for the topology of the node, indicating high reliability of the node, while blue represents low support strength for the topology of the node, 
indicating low reliability of the node. Different species are marked with distinct colors for their species names. (C) Simplex plots of qcCFs under the MSC 
model of ILS with T1 and T3 models (α = 0.001, other levels are provided in Fig. S11) for the 2,186 LCG trees. Red triangles in the plot indicate rejection of 
the MSC on the species tree, blue circles indicate probable ILS
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proportion of main topology (q1 > 0.6) was detected at 
the divergence nodes of the EAL (Fig. 5, node A, q1/q2/
q3 = 0.78/0.11/0.11). Given the divergence nodes of sub-
lineages, significant gene tree conflicts were detected, 
particularly in the phylogeny reconstructed using the 
LCG-based dataset, where the main topology constituted 
less than 50% (q1 < 0.50). In the quartet analysis using 
PhyParts, the divergence nodes of the two major lineages 
received consistent support (concordant LCG/plastid 
sequences = 2186/0). The divergence node of the EAL 
also received majority support (concordant LCG/plastid 
sequences = 1195/991). In contrast, nearly all other nodes 
were marked in red, indicating severe phylogenetic con-
flicts at these positions (Fig. S8). Furthermore, we evalu-
ated the phylogenetic discordance through calculating 
the gene concordance factor (gCF) and site concordance 
factor (sCF) values. In the LCG tree, the gCF values and 
sCF values ranged from 0.27 to 69.4% (mean = 15.61%) 
and 32.87–78.26% (mean = 44.70%), respectively (Fig. 
S9). In the plastid tree, the gCF and sCF values ranged 
from 0.61 to 46.01% (mean = 11.13%) and 27.91–100% 
(mean = 72.05%), respectively (Fig. S10). Significant cor-
relations (P < 0.001) were observed between both concor-
dance factors (gCF and sCF) and bootstrap support (BS) 
or branch length, indicating that low BS or branch length 
values corresponded to the lowest gCF and sCF values in 
both the LCG and plastid datasets (Fig. 6). Additionally, 
while more nodes in the LCG and plastid trees exhib-
ited full BS support, their sCF values were lower than 
their gCF values. A positive correlation was also detected 

between BS and branch length in both the LCG and plas-
tid trees (Fig. 6D, H).

Intensity of ILS and reticulate evolution
We employed the “T1” and “T3” models in MSCquar-
tets analysis to evaluate the intensity of ILS within the 
EAL based on 2,186 LCG trees. The results detected a 
total of 148,996 exhaustive quartets across all taxa. As 
the rejection thresholds varied from 0.01 to 1e-06, the 
percentage of rejected trees ranged from 12.07% to 
24.19% under the T1 model, while under the T3 model, 
this proportion ranged from 11.87% to 23.52% (Figs. 5C 
and S11). In the simplex plots, a large number of quar-
tet concordance factors (qcCFs) were plotted near the 
T1 or T3 model lines, with blue circles tightly clustered 
near the vertices. These results indicate that ILS is the 
primary driver of phylogenetic discordance, while addi-
tional mechanisms such as hybridization or introgres-
sion also explain some of the phylogenetic conflicts. 
Phytop was utilized to detect ILS across 12 key nodes 
within the multi-population species of the EAL. Sig-
nificant ILS signals (ILS-i) were detected at these 12 
nodes, ranging from 32.4% (Fig.  7, node A) to 98.8% 
(node K). High ILS signals (ILS-i > 60.0%) were detected 
at all nodes except for node A. Among them, five nodes 
showed particularly strong ILS signals: nodes I, L, J, 
and G within sublineage I, and node K within sublin-
eage IV. The ILS values for these nodes, from lowest to 
highest, were 89.1%, 89.8%, 90.6%, 98.0%, and 98.8%, 
respectively. Among these five nodes, nodes I, J, and 

Fig. 6  Connections between two concordance factors (gCF and sCF) and bootstrap (BS) or branch length across all nodes of the phylogenetic tree are 
examined using (A-D) the LCGs datasets and (E-H) plastid sequences datasets
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L represent divergence points among partially nested 
populations of A. prattii and A. ovalifolium; node G 
corresponds to the divergence between certain popula-
tions of A. prattii and A. ovalifolium and all populations 
of A. nanodes; while node K represents the divergence 
between some populations of A. ovalifolium (includ-
ing its varieties) and all populations of A. funckiifolium. 
Additionally, certain introgression/hybridization sig-
nals (IH-i) were detected at 8 key nodes (B, C, E, F, H, 
I, J and L), ranging from 23.4% (Fig. 7, node F) to 48.8% 
(node E). Significant introgression/hybridization sig-
nals were observed at node B (IH-i = 46.7%) and node E 
(IH-i = 48.8%). Specifically, node B represents the com-
mon ancestral node of sublineages I–III and includes 
all population individuals distributed in the HDMs and 
surrounding areas, while node E corresponds to the 
divergence point between A. ovalifolium and A. funcki-
ifolium within sublineage IV (Fig.  7). These results 
indicate that ILS is the primary driver of phylogenetic 
conflicts, while introgression/hybridization also plays 
an important role. We employed the NANUQ network 
method to determine whether reticulate evolution has 
contributed to the phylogenetic conflicts. The analysis 
results depicted a reticulated topology and revealed a 
complex network structure (Fig. S12).

Reconstruction of ancestral area
To further validate our hypothesis regarding the underly-
ing mechanisms of the nested phylogenetic relationships 
within the EAL, we performed ancestral area recon-
struction based on 57 plastome samples. By integrat-
ing our results with the divergence time estimates from 
Yang et al., based on plastid genomes, we found that 
the EAL represents an early-diverging lineage within 
subg. Anguinum, originating around 3.05 Ma (95% HPD: 
1.22–5.34  Ma). Its most recent common ancestor likely 
originated in the HDMs (region B, Fig. S13). The origin 
of subg. Anguinum itself likely began with an early diver-
gence event in the HDMs at approximately 4.85 Ma (95% 
HPD: 2.08–8.32 Ma). Subsequently, the ancestral lineage 
of the EAL expanded outward from the HDMs, spreading 
westward to the Himalayas and the Qinghai–Tibet Pla-
teau, and eastward to the QDMs. Further diversification 
in these regions gave rise to the various lineages observed 
within the EAL (Fig. S13).

Discussion
Phylogenetic relationships of the EAL
Phylogenomic data and methods have been demon-
strated to be highly effective in exploring species delimi-
tation, phylogenetic reconstruction, and evolutionary 

Fig. 7  Detection of the ILS and reticulate evolution signals from species of the EAL. (A) Species tree inferred from the 2,186 LCGs of the EAL. Different 
sublineages within the EAL are labeled with distinct colors on the branches, and different species are marked with distinct colors for their species names, 
with all individuals of the same species labeled in the same color. Node support values (BS) are represented by circles of different sizes. (B) Signals of 
incomplete lineage sorting (ILS-i) and introgression/hybridization (IH-i) across the nodes (A-L) are identified and visualized, corresponding to the nodes 
in the phylogenetic tree
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mechanisms [34, 41–43, 78–80]. We here confirmed 
that the subg. Anguinum can be divided into two lin-
eages (EAL and ENL) based on extensive samples from 
multiple populations. This division is strongly supported 
(UFBS/BS = 100, LPP = 1.0; Figs.  3 and 4 and S2) and is 
consistent with previous studies [1, 6, 7, 20]. The EAL 
further divided four and two sublineages in the LCGs-
based tree and the plastid data tree, respectively, which 
exhibited strong concordance with their geographic 
distributions (Figs.  3 and 4). Such high concordance 
between phylogenetic lineages and their geographic dis-
tribution may typically be attributed to geographic iso-
lation or adaptive evolution [81, 82]. Given the complex 
geographic and environmental conditions of species in 
the EAL [1, 18], we speculate that populations among 
sublineages are separated by geographical barriers, and 
gene flow among sublineages is restricted. However, gene 
flow between species within each sublineage is frequent, 
which was supported by our results (nodes B, C, E, F, H, 
I and L in Fig.  7), such gene introgression may obscure 
species boundaries, resulting in embedded and reticulate 
phylogenetic topologies of the EAL, as demonstrated by 
our results (Fig. S12). Similar scenario has been reported 
in other taxa, such as Quercus, Liriodendron, and Picea 
[83–85].

In addition, through synthesizing previous litera-
ture [18, 75], conducting systematic field surveys, and 
performing detailed morphological examinations and 
molecular analyses, we conclusively validated the taxo-
nomic status of two long-disputed varieties of A. ovali-
folium (A. ovalifolium var. cordifolium and A. ovalifolium 
var. leuconeurum). Specifically, these two varieties differ 
from the typical A. ovalifolium only in leaf characteris-
tics: A. ovalifolium var. cordifolium has deeply cordate 
leaf bases (Fig. 2A3), while A. ovalifolium var. leuconeu-
rum has white leaf veins (Fig. 2A2), whereas the typical 
A. ovalifolium has green veins and rounded or shallowly 
cordate bases (Fig. 2A1). Ecologically and phenologically, 
the two varieties are narrow endemics distributed only in 
the northwestern Sichuan Basin, with ranges overlapping 
with the widespread A. ovalifolium, and they share simi-
lar habitats and identical flowering/fruiting periods. Our 
phylogenetic results further revealed that the two variet-
ies of A. ovalifolium do not form distinct monophyletic 
groups but are nested within A. ovalifolium individuals 
from the same region. All these lines of evidence confirm 
the taxonomic status of A. ovalifolium and its varieties 
(Fig. 3, sublineage III).

We also discovered a new distribution site of A. ovalifo-
lium var. leuconeurum in the QDMs, which is sympatric 
with A. funckiifolium and A. ovalifolium. The A. funcki-
ifolium is distributed only in the QDMs and has long 
remained uncollected and understudied due to its narrow 
distribution and unclear record [1, 5, 6, 16, 19, 20, 86]. 

Our phylogenetic results showed that the two popula-
tions of A. funckiifolium were phylogenetically embedded 
within the A. ovalifolium and A. ovalifolium var. leuco-
neurum, rather than forming a distinct monophyletic 
clade (Fig. 3, sublineage IV). A. funckiifolium differs from 
A. ovalifolium in its solitary larger leaf (16.5–22.8  cm 
long × 11.3–15.7  cm wide), contrasting with the latter’s 
two smaller leaves (8–15  cm long × 3–7  cm wide), as 
described in earlier taxonomic treatments [18, 75]. How-
ever, based on our field investigations and morphological 
studies, we observed that both leaf number and size are 
variable traits in these two species, insufficient to distin-
guish them taxonomically. Furthermore, the distribution 
range of A. funckiifolium is entirely encompassed by that 
of A. ovalifolium, with which it shares similar habitats 
and phenology (flowering and fruiting periods). Thus, 
integrating previous literature with our phylogenetic 
results, morphological analyses, and observations of hab-
itat and phenology, we propose to classify A. funckiifo-
lium as a variety of A. ovalifolium, namely A. ovalifolium 
var. funckiifolium.

A total of 2,186 orthologous genes were here used 
for phylogenetic analyses, which effectively eliminated 
concerns regarding insufficient informative sites in this 
dataset. Both concatenation and coalescent approaches 
yielded highly supported species relationships (Figs.  3 
and S4). However, our phylogenetic tree detected poly-
tomous phylogenetic results, especially for A. prattii, A. 
ovalifolium and A. nanodes (Fig.  3, sublineage I). Such 
nested phylogenetic pattern may be attributed to the fol-
lowing evolutionary processes. Based on previous stud-
ies and our field investigations [16, 18, 75], although 
the three species exhibit markedly different habitats: A. 
prattii grows in shrublands on mountain slopes above 
3,000 m elevation, A. ovalifolium inhabits shaded under-
story environments at lower altitudes, and A. nanodes 
is restricted to extreme high-altitude scree slopes. They 
are sympatrically distributed in the HDMs region, 
with some populations showing transitional and indis-
tinguishable morphologies (Figs.  3 and S3). Extensive 
studies have identified HDMs as a biodiversity hotspot 
characterized by complex topography and unique cli-
matic conditions, and frequent hybridization events have 
been documented in many taxa, such as Rhododendron, 
Swertia, and other Allium species [16, 87–92]. Previ-
ous research indicates that subg. Anguinum originated 
approximately 4.85 Mya (95% HPD, 2.08–8.32  Ma), 
representing a recently diverged lineage, with the most 
recent common ancestor of the EAL emerging around 
3.05 Mya (95% HPD, 1.22–5.34 Ma), coinciding with the 
further uplift of the Qinghai–Tibetan Plateau and the 
intense orogenic activities in the HDMs during the Late 
Pliocene [16, 20, 93]. Furthermore, the relatively short 
branch lengths observed in the phylogenetic tree provide 
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additional evidence for rapid radiative evolution within 
this subgenus [16, 20]. Recent studies have demonstrated 
that rapid evolutionary radiation consistently maintains 
higher levels of ancestral polymorphism retention com-
pared to gradual speciation events [42, 94–96]. As a sto-
chastic evolutionary process, such retention of ancestral 
polymorphisms obscures species boundaries and gener-
ates nested phylogenetic patterns [16, 97]. In addition, 
the results of our ancestral area reconstruction indicate 
that the EAL most likely originated in the HDMs, which 
is consistent with the inferred origin of subg. Anguinum 
(Fig. S13). This suggests that the species within the EAL 
may have diversified in situ from their ancestral lineage. 
Overall, considering the pervasive reticulate evolution 
observed in subg. Anguinum (Fig. S12), the short diver-
gence time of the EAL, the result of ancestral distribution 
reconstruction, the distinct habitats occupied by A. prat-
tii, A. ovalifolium, and A. nanodes, and their intermixed 
morphological traits, we hypothesize that the blurred 
species boundaries and mutually embedded phylogenetic 
patterns among these three species may be linked to his-
torical geological events and climatic fluctuations in the 
HDMs region. The climatic fluctuations triggered by the 
uplift of the Qinghai–Tibet Plateau during the Late Plio-
cene (3.6–2.588 Mya), along with intense orogenic move-
ments in the HDMs that led to habitat fragmentation, 
likely drove rapid divergence of ancestral populations of 
the EAL within their respective microhabitats [98]. The 
subsequent Pleistocene period (2.588–0.126 Mya), char-
acterized by alternating glacial and interglacial cycles, 
may have further caused cyclical range expansions and 
contractions with isolation and contact dynamics of 
the EAL species [98, 99]. These dynamics likely facili-
tate recurrent gene flow in contact zones, particularly 
between A. prattii and A. ovalifolium. The rapid radia-
tion followed by this cyclical “isolation-contact” dynamic 
ultimately resulted in the retention of ancestral poly-
morphisms, and the establishment of complex reticu-
late relationships through frequent genetic exchange, 
as evidenced by our MSCquartets analyses (Fig.  7: 
node F, IH-i = 23.4%, ILS-i = 85.7%; node I, IH-i = 40%, 
ILS-i = 89.1%; node J, IH-i = 38%, ILS-i = 90.6%; node L, 
IH-i = 35.6%, ILS-i = 89.8%).

In summary, through synthesizing historical literature, 
field surveys, phylogenetic reconstructions, and mor-
phological assessments, our results confirm the taxo-
nomic status of A. ovalifolium var. cordifolium and A. 
ovalifolium var. leuconeurum and propose the taxonomic 
revision of A. funckiifolium to A. ovalifolium var. funcki-
ifolium comb. nov. In addition, our phylogenetic recon-
struction of the EAL of Allium subg. Anguinum revealed 
a complex pattern of nested relationships. Combined 
with previous estimates of divergence times, we specu-
late that this interspecific nesting may be closely related 

to the uplift of the Qinghai–Tibetan Plateau and climatic 
fluctuations during the late Pliocene. Such scenario has 
been documented in other taxa, such as sclerophyllous 
oaks and Pedicularis [100, 101], as well as in other Allium 
species like sect. Sikkimensia [97]. Future research should 
expand taxon sampling and incorporate more compre-
hensive genomic data to clarify the species relationships 
and evolutionary dynamics of the EAL and relatives.

Causes underlying phylogenetic discordances and current 
chanllenges for the EAL
Phylogenetic discordance is very common in eukaryotes, 
and it can be attributed to various factors, among which 
ILS and introgression or hybridization (reticulate evolu-
tion) are the prevalent causes [102–108]. In this study, 
significant discordances were detected not only among 
individual gene trees (Figs. S4 and S7) but also between 
the phylogenetic trees inferred from 2,186 LCGs and 163 
plastid-sequences datasets (Figs.  5 and S8). The qcCFs 
statistics confirm that ILS is the main cause of phyloge-
netic conflicts, although other mechanisms (e.g., intro-
gression or hybridization) should also be considered 
as possible sources of phylogenetic discordance, with 
α-values ranging from 0.01 to 1e-06 (Figs.  5C and S11). 
ILS is prevalent in recently and rapidly diverging lin-
eages, such as those undergoing adaptive radiation, due 
to the short time intervals between speciation events [42, 
94–96]. Previous studies have revealed that the origin of 
subg. Anguinum dates back to approximately 4.85 million 
years ago (Mya), with the most recent common ancestor 
of the EAL emerging around 3.05 Ma [20]. Additionally, 
the species within this lineage exhibit relatively short 
branch lengths in the phylogeny of the larger Allium sys-
tem [16, 20]. All the evidence suggests that the species in 
this subgenus have undergone rapid radiation, and the 
retention of certain ancestral polymorphisms may con-
tribute to phylogenetic conflicts [109]. The short branch 
lengths but fully supported nodes (BS = 100) (Fig.  6D, 
H), and a significant positive correlation between 
branch lengths and two concordance factors (gCF and 
sCF) (Fig.  6, P < 0.001), further supporting a relation-
ship between ILS (as indicated by branch lengths) and 
phylogenetic conflicts [34, 42, 43]. Moreover, strong 
ILS signals were detected at nearly all key nodes within 
the EAL (Fig.  7: nodes B–L; ILS-i values ranging from 
32.4 to 98.8%), further confirming that incomplete lin-
eage sorting (ILS) is the primary cause of phylogenetic 
discordance.

In addition to ILS, reticulate evolution (introgression or 
hybridization) also plays a significant role in shaping the 
phylogenetic lineage structure of eukaryotes, particularly 
in plants [92, 105, 110]. We provide direct evidence dem-
onstrating the contribution of hybridization or introgres-
sion to phylogenetic conflicts in the EAL (Figs. 5 and 7). 
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By comparing the phylogenetic trees inferred from LCGs 
and plastid data under quartet concordance factor analy-
sis, we found that phylogenetic conflicts are widespread 
in the EAL (Figs. 5 and S8). Meanwhile, we also detected 
significant signals of introgression/hybridization (IH-
i) at several key nodes within the EAL (Fig.  7), such as 
the ancestral node of the lineage (node B, IH-i = 46.7%) 
and the divergence nodes of multiple sublineages, par-
ticularly numerous nodes within sublineage I (node F, 
IH-i = 23.4%; node I, IH-i = 40%; node J, IH-i = 38%; node 
L, IH-i = 35.6%). The coexistence of phylogenetic con-
flicts and introgression/hybridization signals at specific 
nodes in the phylogenetic tree may indicate that hybrid-
ization or introgression has a non-negligible contribution 
to the discordance in phylogenetic relationships at these 
positions. The network topology inferred from NANUQ 
analysis also corroborated the existence of reticulate evo-
lution (Fig. S12).

Under the influences of ILS and hybridization or intro-
gression, interspecific boundaries within the EAL have 
become increasingly blurred, leading to more complex 
species relationships, a pattern consistent with our find-
ings here (Figs.  5 and S8). The species within this lin-
eage are primarily distributed in the HDMs and adjacent 
regions, an area characterized by exceptionally complex 
geological and climatic conditions [87–90, 93]. While 
substantial geographic barriers may isolate species into 
distinct regions, such isolation is often transient, and the 
speciation model accompanied by gene flow has gained 
broad academic recognition [92, 111]. Our field inves-
tigations have revealed coexisting sympatric-allopatric 
distribution patterns among the EAL species, while 
molecular analyses demonstrate significant interspecific 
ILS and hybrid introgression signals, along with phylo-
genetically nested species relationships. We therefore 
propose that these species have undergone a complex 
evolutionary process: on one hand, all species retain sub-
stantial ancestral genetic information with incomplete 
lineage sorting over short timescales; on the other hand, 
frequent interspecific hybridization and introgression 
driven by geological and climatic changes in the HDMs 
and adjacent areas have shaped species relationships with 
distinct geographic distribution patterns (as illustrated in 
Fig.  3). Meanwhile, local adaptation through niche dif-
ferentiation and natural selection continuously drives 
species-specific evolution [112], particularly evident in 
widespread species A. prattii and A. ovalifolium. These 
multifaceted factors not only influence genetic variation 
patterns but also obscure species boundaries within this 
subgenus [113, 114].

Overall, our study reconstructed a comprehensive phy-
logeny of the EAL and, for the first time, used multiple 
phylogenomic datasets to elucidate the underlying causes 
of its phylogenetic discordances and nested relationships. 

Compared to previous studies [1, 5, 6, 10, 17, 77–79], We 
have undertaken a more extensive sampling of the EAL 
by including multiple populations per species and, for the 
first time, incorporated all recognized species within this 
lineage. Our study focused on the EAL, most species of 
which are endemic to China, historically been marked by 
unclear phylogenetic relationships and long-standing tax-
onomic controversies. The results suggest that the EAL 
exhibits complex species relationships potentially involv-
ing multiple speciation modes and different evolutionary 
stages, representing a typical species complex. However, 
even with the aid of high-throughput sequencing data, 
resolving the species relationships within the EAL and 
across the entire subg. Anguinum remains highly chal-
lenging. Future studies should conduct comprehensive 
field surveys across its distribution range while collecting 
population-level morphological, cytological, and molec-
ular data to further elucidate species relationships and 
speciation mechanisms.

Conclusion
In summary, this study systematically investigated the 
complex phylogenetic relationships, causes of phyloge-
netic discordance, and evolutionary history of the East 
Asian lineage of Allium subg. Anguinum by integrating 
phylogenomic, morphological, and ecological evidence. 
Phylogenetic analyses strongly support that all species 
of the East Asian lineage form a distinct clade, which is 
sister to the Eurasian–North American lineage. Due to 
the combined effects of partially retained ancestral poly-
morphisms and reticulate evolutionary processes, species 
within the East Asian lineage exhibit pronounced phy-
logenetic nesting and blurred species boundaries. The 
rapid radiation of this lineage was likely driven by mul-
tiple factors, including climatic fluctuations triggered by 
the further uplift of the Qinghai–Tibetan Plateau during 
the late Pliocene and habitat fragmentation caused by 
orogenic activity in the HDMs. Following diversification, 
dramatic climatic oscillations during Pleistocene glacial–
interglacial cycles likely promoted a repeated “isolation–
contact” speciation model in glacial refugia, resulting in 
the phylogenetic nesting and morphological intergrada-
tion among A. prattii, A. nanodes, and A. ovalifolium. 
Multiple lines of evidence confirmed the taxonomic sta-
tus of two varieties of A. ovalifolium (var. cordifolium 
and var. leuconeurum) and proposed the reclassification 
of A. funckiifolium as a new variety (A. ovalifolium var. 
funckiifolium). Furthermore, the widespread phyloge-
netic discordance within the EAL was found to be mainly 
driven by incomplete lineage sorting (ILS) and frequent 
hybridization or introgression events. This study not 
only enhances our understanding of the evolutionary 
dynamics of this lineage but also provides a typical case 
for exploring the evolutionary mechanisms of complex 
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species groups in the biodiversity hotspot of the HDMs. 
Future research should incorporate denser population 
sampling, whole-genome data, and ecological niche 
modeling to further elucidate the evolutionary processes 
underlying speciation in this lineage.
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