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Abstract
Background  The East Asia-eastern North America disjunction represents a classic biogeographic pattern, widely 
interpreted as a relic of Tertiary temperate forests that were widespread across the Northern Hemisphere. Although 
this pattern has been well-documented in woody plants, disjunctions in herbaceous taxa have remained relatively 
unexplored, despite their potential to provide significant evolutionary insights. The genus Chamaelirium represents a 
suitable system for investigating herbaceous discontinuity between East Asia and eastern North America. However, 
unresolved section-level relationships within the genus based on limited molecular data indicated that its systematics 
still required clarification. Here, we generated complete plastid genomes (plastomes) for five Chamaelirium species 
covering all sections of the genus and performed the phylogenomic analysis for the first time with a reexamination of 
its historical biogeography.

Results  Comparative genomic analyses revealed that Chamaelirium plastomes exhibit relatively conserved structures 
and content organization; however, several noteworthy variations were observed. Specifically, an expansion of the 
IR region was identified in the plastid genomes of C. viridiflorum and C. chinense, while the loss of the rps16 gene 
in C. japonicum and C. koidzumianum may have contributed to a reduction in genome size. Phylogenetic analysis 
combined with niche modeling revealed two major clades within Chamaelirium, corresponding to the two sections 
proposed in traditional classifications. Robust support for interspecific relationships within each section was provided 
by morphological characters, plastome variations, and geographical distributions. Divergence time estimates and 
ancestral region reconstructions indicate that Chamaelirium originated in the Eocene (ca. 53.03 Ma), with the ancestral 
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Background
Disjunct distribution, a biogeographic pattern charac-
terized by discontinuous distributions of organisms, 
represents a critical focus for understanding global bio-
diversity patterns and evolutionary histories [1–3]. As 
one of the most prominent disjunctions, the interconti-
nental disjunction between eastern North America and 
East Asia has long attracted considerable attention from 
many researchers [4–6]. This disjunction is generally 
explained as a relic of the temperate forests across the 
Northern Hemisphere during the Tertiary [6, 7]. Climatic 
and orogenic changes have caused this fragmentation, 
including global cooling that drove glaciations in Europe 
and other regions with higher northern latitudes during 
the Neogene and the Quaternary, and Neogene orogenies 
as well as subsequent development of the xeric and high-
elevation coniferous floras in western North America 
and western East Asia [5, 8]. Both the Bering and North 
Atlantic land bridges are considered to have facilitated 
the development of deciduous forests during the Tertiary 
and to have served as important corridors for floristic 
exchanges between eastern North America and East Asia 
[6, 8, 9]. Some studies suggest that cases of migration out 
of Asia or North America via both land bridges are sup-
ported among examined discontinuous lineages, though 
migration patterns from Asia to North America via the 
Bering Land Bridge predominate [5, 8]. However, despite 
the East Asia-eastern North America disjunction pattern 
being the result of multiple complex processes, most dis-
continuous taxa are represented by woody plants, while 
herbaceous lineages account for only a small propor-
tion [5, 6, 10]. Consequently, relatively few studies have 
explored the evolution of this disjunction in herbaceous 
groups.

Chamaelirium Willd. (Melanthiaceae) (Fig. 1) provides 
a promising case for advancing studies on herbaceous 
disjunction patterns between eastern North America and 
East Asia. Historically considered monotypic, Chamae-
lirium underwent a taxonomic revision in 2017 when 
Tanaka [11] merged the genus Chionographis Maxim. 
into Chamaelirium. This reclassification, based on mor-
phology (e.g., flower structure, tepal characteristics, and 

sexual system), chromosome counts, and phenology, 
divided the genus into two sections: sect. Chamaelirium 
and sect. Chionographis [11, 12]. The former section 
is represented solely by C. luteum (L.) A.Gray, found in 
eastern North America, and the latter was further sub-
divided into two subsections, with distributions in East 
Asia (China, Korea, Japan, Laos, and Vietnam). The 
subsect. Chionographis includes four species: C. koid-
zumianum (Ohwi) N.Tanaka, C. cordifolium (N.Tanaka) 
N.Tanaka, C. hisauchianum (Okuyama) N.Tanaka, and 
C. japonicum (Willd.) N.Tanaka; and another subsect. 
Cathayana encompasses C. actinomorphum (Aver. & 
N.Tanaka) N.Tanaka & Aver., C. chinense (K.Krause) 
N.Tanaka, C. shiwandashanense (Y.Feng Huang & 
R.H.Jiang) N.Tanaka, and C. nanlingense (L.Wu, Y.Tong 
& Q.R.Liu) N.Tanaka. Since 2017, recent taxonomic work 
has further expanded the genus to 12 formally recognized 
species through descriptions of three Chinese endemics, 
i.e., C. viridiflorum L.Wang, Z.C.Liu & W.B.Liao [13], C. 
shimentaiense Y.H.Tong, C.M.He & Y.Q.Li [14], and C. 
jiuwanshanense Ying Qin & Yan Liu [15].

Despite morphological and phenological coherence 
within Tanaka’s taxonomic framework of Chamaelir-
ium, molecular validation of infrageneric relationships 
remains necessary, including for species described after 
2017, whose evolutionary relationships remain unre-
solved at the molecular level. Kim et al. [16] previously 
conducted a biogeographic study of Melanthiaceae 
using four plastid markers (atpB, rbcL, matK, and ndhF) 
involving four Chamaelirium species, suggesting that 
the North American lineage of Chamaelirium may fol-
low the “out-of-North America” origin pattern. However, 
they were unable to recover the subsect. Chionographis 
as monophyletic in phylogenetic analysis, as C. japoni-
cum (subsect. Chionographis) clustered with C. chinense 
(subsect. Cathayana). This discordance highlights the 
need for additional molecular data with informative 
loci to reassess the pending genetic relationship within 
Chamaelirium and potentially the biogeography of the 
genus.

The plastid genome (plastome), due to its high gene 
density, conserved nature, and moderate evolution rate, 

area of its crown most likely located in East Asia. The divergence between the East Asian and North American lineages 
occurred during the early Miocene (ca. 17.95 Ma), with the Bering Land Bridge acting as a corridor; subsequent global 
cooling likely facilitated the establishment of an intercontinental disjunction in the genus. The rise of the East Asian 
monsoon during the late Miocene may have further triggered its diversification in East Asia.

Conclusions  Our phylogenomic analyses of Chamaelirium have resolved previously ambiguous section-level 
relationships and provide novel genomic resources for clarifying infrageneric boundaries. Furthermore, by presenting 
Chamaelirium as a new case, this study highlights the significance of the Miocene and the Bering Land Bridge in 
shaping the East Asian-North American disjunction pattern among herbaceous plants.

Keywords  Chamaelirium, Phylogenomics, Niche modeling, Miocene, Bering land bridge, East Asian monsoon
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is considered a valuable tool for resolving systematic rela-
tionships at different taxonomic levels in plants, whereas 
mutational events such as substitution, translocation, 
insertion, and deletion within the genome often pro-
vide important clues for studying large-scale evolution-
ary processes [17–20]. However, genomic resources for 
Chamaelirium are critically limited to date, with only 
the C. japonicum plastome reported by Bodin et al. [21], 
accompanied by comparative analyses with related taxa. 
Consequently, we have newly sequenced and assembled 
the plastid genomes of five Chamaelirium species (C. chi-
nense, C. japonicum, C. viridiflorum, C. koidzumianum, 
and C. luteum) in this study, which cover the two recog-
nized sections of the genus. Several research objectives 
were clearly defined: (i) to investigate plastome dynam-
ics within Chamaelirium, (ii) to reconstruct its phyloge-
netic relationships, and (iii) to reassess the biogeographic 
events associated with the formation of the East Asian-
eastern North American disjunction for this genus.

Results
Comparative genomics within Chamaelirium
We successfully assembled complete circular plastid 
genomes of five Chamaelirium species, all exhibiting the 
typical quadripartite structure (Fig. 2A). These genomes 
comprised a pair of inverted repeat (IR) regions (27,398–
27,541 bp) separated by a large single-copy (LSC) region 
(81,654–84,329 bp) and a small single-copy (SSC) region 
(18,206–18,244  bp), with total genome sizes ranging 
from 154,657  bp to 157,655  bp. All plastomes included 
8 rRNA and 38 tRNA genes, but the number of protein-
coding gene (CDS) varied among species. C. chinense, 
C. viridiflorum, and C. luteum encoded 89 CDS, while 
C. japonicum and C. koidzumianum possessed 88 CDS 
due to the loss of the rps16 gene. The overall GC content 
ranged from 37.7% to 38.0%, with corresponding values 
of 35.9%–36.0% in the LSC, 31.2%–31.4% in the SSC, and 
42.4%–42.5% in the IR regions. Twenty-one genes were 
duplicated in the IR regions, and 18 intron-containing 

Fig. 1  Photos of three Chamaelirium species. A-B C. chinense and its female flowers (photographed by Xin-jian Zhang and Cheng Zhang respectively). 
C C. shimentaiense (photographed by Li Li). D-G Male flowers and leaves of C. viridiflorum (photographed by Wan-yi Zhao). All photos used have been 
approved by the photographers
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genes were identified, with clpP and ycf3 each harboring 
two introns (Table  1 and S1). Visualization of the plas-
tid genome boundaries of the five Chamaelirium spe-
cies found six genes (rps3, rpl22, ycf1, ndhF, rps19, and 
psbA) near the four junctions (LSC/IRb, IRb/SSC, SSC/
IRa, and IRa/LSC) (Fig.  2B). Of these, ycf1 and rps3 
spanned across the boundary, forming pseudogenes 
(ψycf1 and ψrps3) at the IRb/SSC boundary and within 
the IRa region, respectively. Additionally, the ndhF gene 
extended 19 bp into the IRb in C. chinense and C. viridi-
florum but was fully contained within the SSC region in 
C. japonicum, C. koidzumianum, and C. luteum.

Adaptive evolutionary analysis was performed using 
shared CDS from the five Chamaelirium species, and we 
averaged the Ka/Ks values for each gene as their respec-
tive final Ka/Ks (Ka/Ks: the ratio of non-synonymous 
to synonymous nucleotide substitution rates). The Ka/
Ks > 1 and < 1 indicated that the gene was under positive 
selection and purifying selection, respectively. Our analy-
sis revealed that nearly all of the genes were undergoing 
strong purifying selection in the Chamaelirium plastid 
genome, with the exception of ycf2, which was subjected 
to positive selection (Fig. S1). Notably, 13 genes without 
any synonymous changes (Ks = 0), including rps19, rps15, 
rpl36, rpl33, rpl23, rpl2, psbM, psbJ, psbI, psbF, petL, 

Fig. 2  Plastome basic characters of Chamaelirium species. A Gene map of Chamaelirium plastomes, with genome sizes ranging from 154,657 bp to 
157,655 bp; the rps16 gene is absent in C. japonicum and C. koidzumianum. Genes are color-coded by function, with genes inside and outside of the circle 
transcribed in clockwise and counterclockwise directions, respectively. The darker gray area in the inner circle corresponds to GC content, whereas the 
lighter gray corresponds to AT content. B Plastome boundaries (LSC/IRb, IRb/SSC, SSC/IRa, IRa/LSC) in Chamaelirium
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petG, and ndhG, yielded an indeterminate Ka/Ks value. 
Nucleotide diversity (Pi) analysis detected highly vari-
able hotspots in the plastid genome (Fig. S2). Pi values 
for intergenic regions (IGS) ranged from 0 to 0.07, while 
gene regions (GS) ranged from 0 to 0.01389. We defined 
IGS with Pi > 0.05 and GS with Pi > 0.0125 as hotspots. 
Three highly variable IGS (psbT–psbN, trnS-GCU–trnG-
UCC, and rps3–psbA) and three GS (trnT-GGU, rpl20, 
and ndhF) were identified, with Pi values of 0.07, 0.06757, 
0.06582, 0.01389, 0.01356, and 0.01327, respectively.

Phylogenetic reconstruction and niche modeling for 
Chamaelirium
Alignments of 82 shared CDS produced a phylogenetic 
matrix of 82,251  bp, encompassing 19 samples from 18 
species. Phylogenetic analysis using maximum likeli-
hood (ML) and Bayesian inference (BI) yielded consis-
tent and well-resolved topologies (Fig. 3). Chamaelirium 
was strongly supported as a monophyletic group (BP = 1, 
BS = 100) and was sister to a clade comprising Heloni-
opsis A. Gray and Ypsilandra Franch. Two major clades 
were identified within Chamaelirium, with genomic and 
morphological characters mapped onto the phyloge-
netic tree to trace patterns of variation across clades. The 
most basal clade, represented solely by C. luteum from 
the sect. Chamaelirium, established a sister relation-
ship to the remaining species (BP = 1, BS = 100). Another 
clade (BP = 1, BS = 100), corresponding to the sect. Chi-
onographis, encompassed two subclades: one formed 
by C. viridiflorum and C. chinense from the subsect. 
Cathayana (BP = 1, BS = 100); and the other comprising 
C. japonicum and C. koidzumianum from the subsect. 
Chionographis (BP = 1, BS = 100).

Ecological niche modeling evaluated the area under the 
curve (AUC) values averaged over all 10 replicate runs 
exceeded 0.95 for all three Sect. (0.979 for Chamaelirium, 
0.998 for Cathayana, and 0.994 for Chionographis), indi-
cating high predictive reliability of the modeling. The 
modeling (Fig.  4C) showed that the predicted distribu-
tion of the sect. Chamaelirium closely matched actual 
occurrence records in eastern North America. In con-
trast, the actual and predicted potential distributions of 
the subsect. Cathayana and subsect. Chionographis were 
confined to East Asia. Specifically, suitable habitats for 
the subsect. Cathayana were predicted to expand from 
southeastern China into coastal regions of Vietnam and 
southern Japan, while those for the subsect. Chionogra-
phis were predicted to extend beyond their current range 
in Japan and Korea into southeastern China.

Molecular dating and ancestral region reconstruction for 
Chamaelirium
The BEAST analysis (Fig.  4A) indicated that Chamae-
lirium diverged from its nearest sister group during Ta
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the Eocene at ca. 53.03  Ma (Node 1, 95% HPD: 70.72–
32.33  Ma). Within this genus, the divergence between 
the North American clade (sect. Chamaelirium) and the 
East Asian clade (sect. Chionographis) occurred around 
17.95 Ma (Node 2, 95% HPD: 34.82–6.67 Ma) during the 
Miocene. The split of the crown of the East Asian clade 
commenced at ca. 8.13  Ma (Node 3, 95% HPD: 17.55–
2.61  Ma). Based on the pruned dated tree, the BBM 
method estimated that the ancestral region of the crown 
of Chamaelirium was ambiguous, with a slightly higher 
probability in East Asia (49%) than in North America 
(44%) (Fig. 4B).

Discussion
Plastome dynamics for Chamaelirium
The present study provides five newly plastid genomes 
from Chamaelirium and reveals several striking differ-
ences that may reflect evolutionary events. Typically, 
changes in plastome size result from IR contraction or 
expansion, gene loss or duplication [22–24]. Notably, we 
observed rps16 gene loss in C. japonicum and C. koid-
zumianum, although it was retained in the other three 
species (Fig. 2A). Bodin et al. [21] also reported the dele-
tion of this gene in their C. japonicum sample. At least 
17 genes, including the rps16, were commonly lost in 
angiosperms [25]. We hypothesize that the absence of 

Fig. 3  Phylogeny, genomic and morphological characters of Chamaelirium. Phylogeny was inferred based on 82 shared protein-coding genes (CDS), and 
numbers at the nodes indicate the Bayesian posterior probabilities (BP) (left) and ML bootstrap supports (BS) (right). Genomic and morphological varia-
tions within Chamaelirium were mapped onto a phylogenetic tree
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the rps16 gene may contribute to the smaller plastome 
sizes of C. japonicum (154,657  bp) and C. koidzumia-
num (155,324  bp) compared to the other three species 
(156,924–157,655  bp), but whether this gene has been 
transferred to their nuclear genome requires further 
investigation [21, 26]. Visualization of IR boundary junc-
tions revealed significant IR expansion in C. viridiflorum 
and C. chinense, allowing the ndhF gene to cross the IRb/
SSC boundary (Fig.  2B). Despite such expansions, C. 
luteum still retained the largest plastome (157,655  bp), 
suggesting that IR expansion may not be the primary fac-
tor driving genome size enlargement in Chamaelirium.

Adaptive evolution of plastid genomes in response to 
environmental pressures is a common phenomenon, 
as the environment can exert strong selective forces on 
plant evolution [27]. The ratio of non-synonymous to 
synonymous nucleotide substitution rates (Ka/Ks) serves 
as a key measure of selective pressure on genes [28]. In 
our analysis, positive selection was detected only for the 
ycf2 gene in Chamaelirium plastomes (Fig. S2). This gene 
encodes products essential for chloroplast protein input 
and cell survival [17, 29], and the detection of positive 

selection acting on ycf2 further highlights its potential 
adaptive role in the evolutionary process of Chamae-
lirium. While most genes were under strong purifying 
selection, a prevalent mechanism in natural selection 
that continuously eliminated harmful mutations [30], 
purifying selection on these plastid genes in Chamae-
lirium would be the evolutionary result of the retention 
of the adaptive characters of species. Mutational events 
did not occur randomly but were concentrated in hotspot 
regions of the plastid genome [31, 32]. The identifica-
tion of highly informative and variable genomic regions 
is crucial for plant phylogenetic reconstruction and for 
advancing DNA barcoding development [33]. We fur-
ther proposed six variable hotspot regions in this study, 
localized in psbT–psbN, trnS-GCU–trnG-UCC, rps3–
psbA, trnT-GGU, rpl20, and ndhF (Fig. S2). Taking into 
account the cost and time constraints associated with 
plastome sequencing, hotspot regions could provide 
an ideal compromise between the expense of ultra-bar-
codes (such as the whole plastid genome) and the issue 
of limited genetic variation for standard barcodes [34]. 
As potential candidates, these regions are expected to be 

Fig. 4  Divergence time estimation and biogeographical reconstruction of Chamaelirium. A Chronogram of Chamaelirium derived from the MCC tree 
based on BEAST analysis. Section names are overlaid with red and yellow shading to denote their distributions in North America and East Asia, respec-
tively. The blue bars represent the highest posterior density (HPD) intervals of the divergent age (HPD = 95%), and the stars show calibration points for 
the molecular dating. Circles with numbers indicate key nodes (nodes 1–3), giving mean age and HPD intervals. B Ancestral region reconstruction of 
Chamaelirium using Bayesian binary method (BBM). The distribution of Chamaelirium species is divided into two regions: (A) North America and (B) East 
Asia; the different colors in the pie charts display the relative probabilities for each distribution area being inferred. C Maps showed occurrence points for 
species within each section, with shades corresponding to the possible distribution predicted by MaxEnt v.3.4
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developed into novel DNA markers in the future, which 
will contribute to expanding the datasets of taxon-spe-
cific barcoding and be applied to phylogenetic inference 
and species identification in Chamaelirium.

Resolving Chamaelirium phylogeny from multiple 
perspectives
Our phylogenetic results based on plastid genomic data 
support the monophyly of Chamaelirium, with two 
major clades corresponding to the North American sect. 
Chamaelirium and the East Asian sect. Chionographis, 
consistent with the findings of Kim et al. [16] (Fig.  3). 
Tanaka [11, 12] proposed that these two sections differ 
markedly in several morphological aspects: the former 
is dioecious (vs. hermaphroditic or gynodioecious in the 
latter) and possesses ovaries with 6–12 ovules per loc-
ule (vs. with only two), suggesting that each section can 
be strikingly defined as monophyletic. Within the sect. 
Chionographis, following the infrageneric taxonomic 
framework by Tanaka [11], the newly described species 
C. viridiflorum (published in 2018) should be assigned 
to the subsect. Cathayana [13], a placement now con-
firmed by our molecular data for the first time. Notably, 
our results also resolved long-standing conflicts arising 
from the use of limited molecular markers [16], provid-
ing strong support for the monophyly of the subsect. 
Chionographis as sister to the subsect. Cathayana, with 
the two subsections distinguishable by floral symmetry 
(zygomorphic vs. actinomorphic; only C. chinense exhib-
its zygomorphic flowers in the subsect. Cathayana) and 
fruit ripening season [11, 13]. Meanwhile, plastid genome 
variations further reflected infrageneric genetic relation-
ships, including changes in plastome size (sect. Chamae-
lirium > subsect. Cathayana > subsect. Chionographis), IR 
region expansion (subsect. Cathayana), and the deletion 
of the rps16 gene (subsect. Chionographis), thereby pro-
viding additional evidence for phylogenetic divergence 
within Chamaelirium.

From the perspective of geographical evidence 
(Fig.  4C), significant differences were observed in the 
distributions of each Chamaelirium section: the sect. 
Chamaelirium is restricted to eastern North America, as 
are the subsect. Cathayana to southeastern China and 
the subsect. Chionographis to the Korea-Japan region, 
respectively. Our ecological niche modeling further sup-
ported these findings, indicating that the sect. Chamae-
lirium and the sect. Chionographis separately occupy 
distinct suitable habitats in North America and East 
Asia. The results integrating geographical distribution 
and niche modeling revealed a clear spatial segregation 
along phylogenetic lineages, which may imply the pres-
ence of phylogenetic conservatism in the distribution 
of each section. This integrative approach, combining 
phylogeny and niche modeling to elucidate evolutionary 

relationships has also been applied in several other taxa, 
such as Uncaria (Rubiaceae Juss.) [35] and Trinomia 
(Halictidae) [36]. However, despite our modeling iden-
tifying extensive suitable habitats for East Asian taxa 
across space, discrepancies with their actual distribu-
tions remained. Potential biases in modeling projections 
could not be entirely ruled out (e.g., geographical extrap-
olation) [37]; a widely accepted explanation is that geo-
graphic barriers, biotic interactions, or other barriers to 
gene flow may prevent species from colonizing all poten-
tially suitable habitats [36].

Historical biogeography inference
Our molecular dating estimated the stem age of Chamae-
lirium at ca. 53.03 Ma (Fig. 4A), aligning closely with pre-
vious estimates of Kim et al. [16] (ca. 55.8 Ma) and Yang 
et al. [38] (ca. 49.76  Ma). However, our biogeographic 
reconstruction for the crown ancestor of Chamaelirium 
contrasts with the conclusion of Kim et al. [16] that the 
North American lineage originated via in situ evolu-
tion. Instead, we propose that East Asia is the more 
likely ancestral area for the North American lineage of 
Chamaelirium, though our BBM analysis provided only 
weak support for this hypothesis, with marginally higher 
probabilities for East Asia (Fig.  4B). This result may be 
influenced by our expanded taxon sampling and the use 
of different datasets without outgroups. Our conclu-
sion is also further corroborated by morphological evi-
dence: Tanaka [11] considered the North American sect. 
Chamaelirium to be more advanced than the East Asian 
sect. Chionographis in its sexual characters since its dio-
ecy as an apomorphy was likely to be derived from the 
gynodioecy and hermaphroditism of the latter. This infer-
ence parallels the ancestral region assessment for the 
genus Sageretia Brongn. (without outgroups) based on 
morphology [39].

Plant interchanges between Eurasia and North Amer-
ica are thought to have occurred via the North Atlantic 
Land Bridge (NALB) and the Bering Land Bridge (BLB), 
two major migration routes that facilitated the dispersal 
of taxa in the Northern Hemisphere at different times 
[4, 5, 9]. The NALB began to gradually disintegrate from 
the Eocene to Miocene (ca. 50–15  Ma), although inter-
mittent island chains may have allowed limited inter-
changes [7, 9, 40, 41]. As a critical spread pathway for 
thermophilic taxa [5], the NALB became less favorable 
for warm-climate taxa since the early Oligocene [42]. In 
contrast, the BLB, active from at least the early Paleocene 
to its closure between 7.4 and 4.8 Ma, functioned as an 
important corridor for temperate taxa [5, 7]. Combined 
with our inferred crown age for Chamaelirium, the sep-
aration of the North American and East Asian lineages 
can be traced back to ca. 17.95 Ma (Fig. 4A). This timing 
is slightly younger than that proposed by Kim et al. [16] 
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(ca. 23.5 Ma), a gap that may stem from the use of dis-
tinct calibration points applied in our expanded dataset. 
Therefore, the BLB appears to have been the more likely 
route for Chamaelirium disjunction, a hypothesis fur-
ther supported by multiple studies reporting that the vast 
majority of herbaceous lineages occurring disjunction 
during the Miocene likewise utilized the BLB for migra-
tion between East Asia and North America [5, 10, 43, 44]. 
The peak warming phase of the late Middle Miocene Cli-
matic Optimum (MMCO, ca. 17–15 Ma) [45] may have 
enabled the migration of Chamaelirium from East Asia to 
the high latitudes of the Northern Hemisphere to reach 
North America through the BLB, followed by southward 
retreat during subsequent cooling. Continued global 
cooling during the late Miocene likely interrupted further 
interchanges between the East Asian and North Ameri-
can lineages, ultimately establishing their intercontinen-
tal disjunction. Similar migration patterns and formation 
mechanisms have also been observed in the intercon-
tinental disjunction of several examined herbaceous 
lineages, such as the Amianthium A. Gray-Veratrum L. 
clade in Melanthiaceae [16] and Apios Fabr. (Fabaceae) 
[46]. Notably, organisms crossing the BLB must be able 
to survive the cold and dark winters in the high-latitude 
Bering region [42], while certain inherent morphological 
characters of plants may have played crucial roles in this 
process, as exemplified by the hooked persistent upper 
calyx lobes on Phryma fruits [43]. For Chamaelirium, 
its tubers surviving the winter may confer an adaptive 
advantage in this regard [11], as has been reported in 
Apios, which shares a similar character [46]. Additionally, 
the rise and development of the Asian monsoon climate 
increased humidity in previously arid regions of East Asia 
since the Miocene [47–49], promoting the dispersal and 
divergence of sections Thibeticae, Axiparis, and Euthyra 
in Paris L. within Melanthiaceae [50], and may also have 
created favorable conditions for the spread of Chamae-
lirium. The crown divergence of the East Asian clade of 
Chamaelirium occurred at ca. 8.13 Ma, aligning tempo-
rally with the establishment of the Indian and East Asian 
monsoons (ca. 9–8  Ma) [51]. Under this scenario, the 
presence of winged seeds in Chamaelirium [11] suggests 
a potential adaptation to anemochory, which may have 
further driven its dispersal and subsequent diversification 
throughout East Asia.

Conclusion
In this study, we conducted the first plastid phylogenom-
ics analyses for Chamaelirium using expanded datasets 
and taxon sampling, coupled with a review of its his-
torical biogeography. Our results not only clarified the 
phylogenetic position of C. viridiflorum (a new species 
published in 2018) for the first time but also robustly 
addressed previous phylogenetic uncertainties, providing 

strong support for the current taxonomic framework of 
the genus. Besides, the biogeographic inferences indi-
cate that the Bering Land Bridge and global cooling likely 
played pivotal roles in shaping the East Asian-North 
American disjunction of Chamaelirium, while the estab-
lishment and strengthening of the East Asian monsoon 
may have significantly influenced the subsequent diver-
sification of this genus in East Asia. For future research 
directions, further increasing sampling density will be 
essential. In addition to consolidating the phylogeny and 
clarifying finer-scale biogeographic patterns, investigat-
ing the adaptive evolution of morphological characters 
also will be crucial for advancing our understanding of 
this genus.

Materials and methods
Plant materials, DNA extraction, and sequencing
According to the latest taxonomic revision of Chamae-
lirium and incorporating recently described new taxa 
[11–15], we sampled five of the 12 currently recognized 
species through field surveys. Based on morphology and 
distribution, these selected taxa are representative across 
taxonomic sections and exhibit the characteristic East 
Asian-North American disjunction. With the exception 
of C. luteum, which was sampled from the USA (Ala-
bama), the remaining samples were sourced from East 
Asia (China, the Republic of Korea, and Japan). These 
samples were identified using morphological approaches 
and verified by either co-authors of this study or the cor-
responding collectors and then deposited in professional 
institutions or private herbaria. Detailed voucher infor-
mation regarding the study materials, including sampling 
location, species appraiser, and specimen source, is pre-
sented in Table S2. Silica gel-dried leaves of Chamae-
lirium species were used for sequencing in this study, 
and high-quality DNA extraction, library preparation, 
and sequencing were performed by Novogene (Beijing, 
China). Sequencing libraries were generated using the 
NEB Next® Ultra DNA Library Prep Kit for Illumina®, 
and the prepared libraries were sequenced on an Illumina 
HiSeq 4000 platform according to the manufacturer’s 
recommendations.

Plastid genome assembly, annotation, and comparative 
analyses
GetOrganelle v1.7.4.1 [52] was used to de novo assemble 
plastid genomes with reference to the following param-
eters: -F plant_cp -R 15 -t 8 -k 75, 105, 115, 127. The 
preliminary assembly results were visualized in Bandage 
v.8.1 to assess the quality of the assembly [53]. All cir-
cular plastid genome sequences were annotated on the 
web page GeSeq (​h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​m​p​​g​o​​l​m​.​​m​p​g​​.​d​
e​/​​g​e​​s​e​q​.​h​t​m​l) [54], and then the annotation results were 
manually checked and adjusted in Geneious v.9.0.2 [55] 

https://chlorobox.mpimpgolm.mpg.de/geseq.html
https://chlorobox.mpimpgolm.mpg.de/geseq.html
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with Chamaelirium japonicum (GenBank accession: 
KF951065) as the reference to correct annotation accu-
racy. The complete plastid genome map was drawn using 
OGDRAW (​h​t​t​p​​s​:​/​​/​c​h​l​​o​r​​o​b​o​​x​.​m​​p​i​m​p​​-​g​​o​l​m​​.​m​p​​g​.​d​e​​/​O​​
G​D​r​a​w​.​h​t​m​l) [56]. Plastid genome boundaries were ​v​i​s​u​
a​l​i​z​e​d using the IRscope online program (​h​t​t​p​​s​:​/​​/​i​r​s​​c​o​​p​
e​.​​s​h​i​​n​y​a​p​​p​s​​.​i​o​/​i​r​a​p​p​/) [57]. The gene selection pressure 
analysis was performed on the Genepioneer platform (​
h​t​t​p​​:​/​/​​c​l​o​u​​d​.​​g​e​n​e​p​i​o​n​e​e​r​.​c​o​m​:​9​9​2​9) with the following 
settings in calculating the Ka/Ks values: genetic code 
Table 11 (bacterial and plant plastid code); method: YN 
[58]. For nucleotide diversity analysis, plastid genome 
sequences were aligned using MAFFT v.7.308 [59], and 
then CPStools was used to estimate Pi values [60].

Phylogenetic reconstruction
In order to reconstruct the phylogenetic status of 
Chamaelirium, the phylogenetic matrix integrated five 
newly sequenced Chamaelirium plastomes with 14 
genome accessions of other related taxa from the NCBI 
(National Center for Biotechnology Information, ​h​t​t​p​​s​:​/​​
/​w​w​w​​.​n​​c​b​i​.​n​l​m​.​n​i​h​.​g​o​v​/) (for GenBank accessions, see 
Table S3). We referred to Kim et al. [16] and Yang et al. 
[38] to root the tree using Calochortus Pursh and Smi-
lax L. 82 shared plastid CDS were extracted from each 
sample for subsequent phylogenetic reconstruction, 
and sequence alignment was conducted using MAFFT 
v.7.308 with manual adjustment. Phylogenetic inference 
was performed based on BI and ML analyses. For BI anal-
ysis, GTR + I + G was selected as the best-fitting model 
according to the Akaike information criterion (AIC) 
in jModelTest2 v.2.1.6 [61]. The Markov chain Monte 
Carlo analyses were run with four simultaneous chains 
of 10,000,000 generations and tree sampling every 1,000 
generations. After the first 25% of trees were discarded 
as burn-in, the remaining trees were used to construct 
a majority-rule consensus tree with Bayesian poste-
rior probabilities by using MrBayes v3.2.7a [62] on the 
CIPRES Portal (https://www.phylo.org/). The ML analysis 
was performed using IQ-TREE v.2.0.3 with 1,000 boot-
strap replicates, and the optimal model TVM + F + R2 was 
selected by Bayesian Information Criteria (BIC) [63].

Species occurrence, climate data, and niche 
modeling
Occurrence data for five Chamaelirium species in the 
phylogeny were obtained from the Global Biodiversity 
Information Facility (GBIF, https://www.gbif.org/), ​f​i​e​l​d​
w​o​r​k records, and specimen information from the Chi-
nese Virtual Herbarium (CVH, http://www.cvh.ac.cn/). 
After manually checking the distribution data to remove 
duplicates, assumed cultivation records, and other 
unlikely location coordinates, in order to avoid spatial 
autocorrelation and sampling bias, only one occurrence 

of each species was kept in a grid of 10×10 km cells [64]. 
Finally, a total of 719 occurrences of five species were 
retained (Table S4), and 19 bioclimatic factors with a spa-
tial resolution of 2.5 arc min for current climatic condi-
tions (1970–2000) were downloaded from WorldClim 
v.2.1 for subsequent analysis [65]. Climatic niche mod-
eling for each section of Chamaelirium was performed 
using MaxEnt v.3.4.4 [66], setting autofeatures with 10 
replicates and 25% locality data as the testing dataset. 
ENMtools was used to assess correlations between 19 cli-
matic factors, and highly correlated bioclimatic variables 
were removed (correlation coefficient values of >|0.8|). 
We kept eight bioclimatic factors for niche modeling: (i) 
annual mean temperature (bio1), (ii) mean diurnal range 
(bio2), (iii) isothermality (bio3), (iv) temperature annual 
range (bio7), (v) precipitation of driest month (bio14), 
(vi) precipitation seasonality (bio15), (vii) precipitation of 
warmest quarter (bio18), and (viii) precipitation of cold-
est quarter (bio19).

Divergence time Estimation and ancestral distribution 
region reconstruction
Given the absence of reported fossil records for Melan-
thiaceae and its close relatives, we adopted the dating 
strategy following Yang et al. [38] according to a previous 
study [67]. We applied three time points to calibrate the 
phylogenetic tree: (i) the crown age constraint of 84.8 Ma 
for Melanthiaceae, (ii) a divergence age of 74 Ma for the 
split between the Parideae-Xerophyllideae clade and the 
Chionographideae-Heloniadeae clade, and (iii) the crown 
age of 52.3 Ma for the divergence between tribes Parideae 
and Xerophyllideae. These critical age estimates were 
derived from 17 fossil calibrations across the monocots 
and major clades of angiosperms [67]. Divergence time 
estimation was conducted using BEAST v2.4.7 [68], with 
parameters configured in BEAUti v1.10.4. The GTR + I + Γ 
substitution model, identified as optimal by jModelT-
est2 v2.1.6, and the uncorrelated lognormal relaxed clock 
and the Yule tree prior were selected. Two independent 
BEAST runs were performed, each comprising 400 mil-
lion generations, with sampling every 1,000 generations. 
Convergence of the BEAST analyses was assessed using 
Tracer v1.5 [69], ensuring that all parameters achieved 
effective sample sizes (ESS) exceeding 200. The initial 
25% of sampled trees were discarded as burn-in, and a 
maximum clade credibility (MCC) tree was generated in 
TreeAnnotator v1.10.4.

We reconstructed the ancestral region of Chamaelir-
ium using the Bayesian binary MCMC method (BBM) in 
RASP v4.4 [70]. Considering the lack of taxa represent-
ing specific distribution regions in the most recent sister 
clade of Chamaelirium, outgroups were consequently 
excluded, and two distribution areas, East Asia and North 
America, were divided and coded in the BBM analysis. 

https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://chlorobox.mpimp-golm.mpg.de/OGDraw.html
https://irscope.shinyapps.io/irapp/
https://irscope.shinyapps.io/irapp/
http://cloud.genepioneer.com:9929
http://cloud.genepioneer.com:9929
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.phylo.org/
https://www.gbif.org/
http://www.cvh.ac.cn/


Page 11 of 13Peng et al. BMC Plant Biology         (2025) 25:1315 

Based on the pruned MCC tree derived from the BEAST 
analysis, we set ten MCMC chains running simultane-
ously for 20  million generations, sampling every 1,000 
generations and discarding the first 25% of trees as burn-
in, under the fixed JC model and the temperature param-
eter of 0.1.
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evolutionary analysis for Chamaelirium based on shared protein-coding 
gene (CDS). Genes marked in red with “*” produce undefined Ka/Ks values 
(corresponding to the fade-out area). Fig. S2: Nucleotide diversity (Pi) of 
(A) intergenic regions (IGS) and (B) gene regions (GS) in the Chamaelirium 
plastome. Highly variable loci in IGS (Pi >0.05) and GS (Pi >0.0125) regions 
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were newly generated in this study. Table S4: Distribution coordinates of 
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