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ABSTRACT

Artemisia L. is one of the most diverse genera in the Asteraceae, widely used in agriculture and medicine, with a giant range of complicated taxa.
The task of establishing the phylogeny difficulties owing to the highly similar morphological characters. East Asia, a biodiversity hotspot and
major usage area for Artemisia, has received limited attention. Here, we collected 71 species (two subspecies, 94 samples) of Artemisia and its
allies from East Asia and its neighbouring regions, and combined with public databases, ensuring representation of all East Asian subgenera.
The phylogeny and historical biogeography of Artemisia and its allies in East Asia were reconstructed using plastome, nuclear ribosomal DNA
(nrDNA), and nuclear single nucleotide polymorphism data obtained by genome skimming technology. Under the phylogenetic framework, we
inferred introgression, divergence, and historical biogeography. We reveal strong nucleoplasmic conflicts in Artemisia, its allies, and subgenera.
Past classifications could not classify most subgenera under Artemisia as monophyletic. East Asian Artemisia was probably diversified in situ in
the Early Oligocene with the influences of climatic oscillations and geographic activities. A. pectinate, A. palustris, A. keiskeana, and A. hedinii
appeared to belong to the early divergent lineages of modern East Asian Artemisia. These findings provide new insights into the evolution of
Artemisia.
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INTRODUCTION originated in arid or subgrid habitats of temperate Asia during
the Late Eocene or mid-Tertiary (Wang 2004, Wu et al. 2011).

Artemisia L., with >500 distinct or subspecific species, belongs e Y i
The modern distribution of Artemisia is characterized by centres

to the Asteraceae family, which contains annuals, biennials, and EEEE . )
perennials (Valles and McArthur 2001, Vallés and Garnatje of diversity in temperate and cold temperate regions of Eurasia,
2005). Most species in Artemisia are wind-pollinated (Wang North America, and ’Asm (Lin 1993).

2004) and are found mainly in temperate arid and semi-arid re- Because Artemisia’s remarkable diversification has resulted in
gions of the Northern Hemisphere mid to high latitudes. Most a divers'e and comp licatéd range of species., the genus h'as been
members of this genus are of high economic value and are widely the subject of taxonomic and phylogenetic research 51.nce De
used in pharmaceuticals, fodder, pesticides, etc. (Obolskiy ef al. Tournefor t(1719) t(_) the present day. A pleth-o_r a of studies h’fwe
2011, Kapepula ef al. 2020). Based on published fossil records delved into the multifaceted nature of Artemisia, encompassing
and phytogeographic data, Artemisia was considered to be its ecological niches, chemical compounds, cytological features,
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pharmacological properties, and systematic relationships (Hayat
et al. 2009, Abad et al. 2012). Despite this concern, there exist
several unresolved challenges pertaining to the taxonomic
classification of the genus. The delineation and elucidation of
Artemisia’s phylogeny are fraught with complexity due to the high
morphological diversity, the presence of intermediate forms, the
occurrence of natural hybrids, and the prevalence of polyploidy
(Riggins and Seigler 2012). These factors contribute to the intri-
cate puzzle that is the evolutionary history of Artemisia, a genus
that continues to defy easy categorization and understanding.

The monophyly of Artemisia has long been a contentious
issue in botanical taxonomy. Multiple studies have provided evi-
dence for a monophyletic lineage of the genus based on various
factors such as sequence characters [internal transcribed spacer
(ITS), external transcribed spacer region (ETS), nuclear genes,
and some plastid genes] as well as pollen morphology (Torrell et
al. 1999, Watson et al. 2002, Sanz et al. 2008, Malik et al. 2017,
Hussain et al. 2019). However, recent molecular phylogenetic in-
vestigations have indicated the potential polyphyly of Artemisia
(Pellicer et al. 2011, Sanz et al. 2011, Riggins and Seigler 2012,
Yu et al. 2022, Jiao et al. 2023), based on ITS, ETS, plastome, and
single nucleotide polymorphism (SNP). These investigations
also documented potential homologies between Artemisia and
its allies, and acknowledged the necessity for future investigation
into the link between Artemisia and allies within the broader as-
semblage.

Hobbs and Baldwin (2013) proposed a classification for
Artemisia, dividing it into six subgenera: Absinthium, Artemisia,
Dracunculus, Seriphidium, Tridantatae, and Pacifica. However, it
is worth noting that this classification may not accurately reflect
the natural taxa within the genus. The majority of studies indi-
cate that most subgenera were polyphyly, such as Dracunculus,
Absinthium, Seriphidium, Artemisia, and Tridantatae (Garcia et al.
2011, Pellicer et al. 2011, Sanz et al. 2011, Hussain et al. 2019,
Jiao et al. 2023). The latest molecular phylogenetic study has
resulted in a new classification and expansion of Artemisia into
eight subgenera (adding the subgenera Pectinata and Ponticae)
based on SNP data from the one-to-one orthologues (Jiao et al.
2023). Despite this novel classification, further empirical data
are imperative to substantiate its validity. There is also a not-
able disparity between the outcomes of morphological and mo-
lecular phylogenetic studies in determining the ancestral taxa
of Artemisia (Hall and Clements 1923, Ling 1995, Riggins and
Seigler 2012, Jiao et al. 2023). Hence, additional verification is
required to establish the taxonomic and evolutionary lineage of
Artemisia and its subgenera.

Plastomes contain important genetic information that can
be used to resolve phylogenetic relationships in species with
complex genomes. It has been successfully applied in the de-
termination of phylogenetic relationships in complex taxa such
as Allium L. (Xie et al. 2020), Leguminosae Juss. (Zhang et al.
2020b), subtribe Melocanninae of Poaceae Barnhart (Zhou et
al. 2022), and Rheum L. (Zhang et al. 2022). The publication of
a large number of plastomes (Shen et al. 2017, Kim et al. 2020,
Shahzadi et al. 2020) and high-quality genomes (Liao et al. 2022,
Miao et al. 2022) of Artemisia has provided a wealth of useful
information on phylogeny. Nevertheless, there is still a scarcity
of large-scale datasets with a rich phylogenetic signal to resolve

the phylogeny of Artemisia and to validate the taxonomic classi-
fications.

Asia is one of Artemisia’s diversity hotspots, as well as a main
distribution location for the genus’ Old World species, con-
taining ~300 species (Ling 1995). East Asia is one of the sub-
hotspots for the distribution of Artemisia, with >200 species,
nearly half of which are endemic (Ling 1995, Li 2007, Kim et al.
2020). Previous molecular phylogenetic investigations have en-
compassed a substantial quantity of Artemisia from East Asia, but
their phylogenetic relationships remain controversial (Riggins
and Seigler 2012, Hussain et al. 2019, Kim et al. 2020, Jiao et al.
2023). Meanwhile, biogeography and evolution of Artemisia,
particularly in this region, remains less studied in depth.

East Asia comprises the ‘high step, which includes the
Qinghai-Tibetan Plateau (QTP), the Himalayas, and the
Hengduan Mountains (Wang et al. 2012), as well as the ‘low step),
which includes eastern China, the Japanese archipelago, and the
Korean Peninsula (Qiu et al. 2009). The current distribution
pattern of the East Asian flora has been influenced by geologic
history, floristic components, and changes in plant diversity and
competition. This has resulted in varying species composition,
endemism, and richness across different floristic regions (Wu et
al. 2011, Chen et al. 2018a). Therefore, we collected Artemisia
species from East Asia and its neighbouring regions, and com-
bined with published data from the GenBank database, the final
dataset includes all Artemisia subgenera in the East Asian region.
We attempted to investigate (i) the monophyly of Artemisia
in the East Asian region and the phylogenetic relationships of
the genus and its close relatives; (ii) the applicability of current
taxonomic divisions under Artemisia; (iii) phylogenetic con-
flicts between different datasets (plastome, nuclear ribosomal
DNA (nrDNA), and genome-wide SNPs); and (iv) the origin
and historical biogeography of the genus Artemisia in the East
Asian region. Our study provides a reference for understanding
Artemisia phylogeny and guiding the selection of datasets in fu-
ture phylogenetic studies.

MATERIALS AND METHODS

Sample collection and DNA extraction

We collected fresh leaves from a total of 94 individuals in the
field (Supporting Information, Table S1), including 64 spe-
cies of Artemisia, six species of Ajania and one species of
Brachanthemum. To show the relationships within the species,
we included two or more individuals from different localities for
some species. Voucher specimens for the species sampled were
deposited in the QTP Museum of Biology (HNWP), Northwest
Institute of Plateau Biology, Chinese Academy of Sciences.

We extracted total genomic DNA using ~10mg of silica-
dried leaf tissue through modified CTAB protocols (Doyle
1987). The extracted DNAs of all the individuals were then
sent to Novogene (Beijing, China). The genomic DNA library
was generated using NEB Next' Ultra™ DNA Library Prep Kit
for Illumina (NEB, USA) following the manufacturer’s recom-
mendations, and index codes were added to each sample and
sequenced on an Illumina HiSeq 2500 sequencer (San Diego,
CA, USA) using the paired-end option (2 x 150 bp). To include
more comprehensive information on East Asian Artemisia, we
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downloaded 43 plastomes of Artemisia and its relative genus
from GenBank (Supporting Information, Table S2, https://
www.ncbi.nlm.nih.gov/genbank/). A total of 137 individuals
were included in this study, of which 78 species and 119 indi-
viduals were from Artemisia, seven species and eight individ-
uals were from Ajania, seven species and eight individuals were
from Chrysanthemum, one was from Neopallasia pectinata, and
one was from Brachanthemum pulvinatum. Here, B. pulvinatum
served as an outgroup of Artemisia and its relative genus.

Assembly and phylogenetic datasets

Data from sequencing were quality and filtered using FastP
v.0.23.2 (Chen et al. 2018b). The plastome and complete nrDNA
sequences (contain 18S-ITS1-5.8S-ITS2-26S) of the newly sam-
pled species were then de novo assembled using GetOrganelle
v.1.7.5 (Jin et al. 2020).

These plastomes were annotated and examined using the pub-
lished plastome of A. tangutica (GenBank accession MT701043)
as a reference, which was assembled using Illumina and PacBio
sequencing data. For both the assembled and GenBank-
downloaded plastomes, we used PGA (Qu et al. 2019) and
the online tool CPGAVAS2 (Shi et al. 2019) for annotation to
ensure consistency and accuracy of the gene coding sequence
(CDS) data in the analysis.

PhyloSuite v.1.2.2 (Zhang et al. 2020a) was used to extract
protein coding genes (CDSs) sequences. As for the analysis of
plastic phylogeny, were constructed three phylogenetic datasets:
Dataset I with 80 shared CDSs; Dataset II with 80 CDSs first
and second codons concatenated (CDS'*?); and Dataset I1I con-
taining the whole plastome.

There were 98 nrDNAs assembled, of which 94 were newly
sequenced in our study and the other four were assembled from
the published sequencing data. The Sequence Read Archive
numbers were displayed in Supporting Information, Table S3.

The published nrDNA data of Atractylodes chinensis (GenBank
accession MZ456956), a closely related species of Artemisia,
was used as a reference sequence for manual annotation and
examination of the newly obtained nrDNA from this study. The
annotated nrDNA sequences were merged as Dataset IV. To cor-
respond to species in Dataset IV, Dataset III was abridged and
reconstituted as Dataset V.

Phylogenetic analysis

The multiple sequence alignment was performed using MAFFT
v.7.505 (Katoh and Standley 2013) for all datasets of the locus.
The alignment parameters were set to ‘G-INS-i (accurate)’
Dataset I used the ‘codon’ mode, while the remaining datasets
were in the normal’ mode. Substitutional saturation was as-
sessed for each dataset in DAMBE v.7.0.68 (Xia and Xie 2001)
and measured using the substitution saturation index (I ).
No substitution saturation was seen in the data (Supporting
Information, Table SS), hence all datasets collected in this study
were included for further analysis.

Maximum likelihood (ML) method and Bayesian inference
(BI) were applied to all the datasets to reconstruct the phylo-
genetic relationships of Artemisia and its related taxa. For ML
analyses, the best-fit model was inferred using ModelFinder
(Kalyaanamoorthy et al. 2017) based on Bayesian information

criterion. ML trees were run in IQ-TREE v.2.0.3 (Nguyen et
al. 2015) under substitution models shown in Table S3 (in the
Supporting Information), and 1 000 000 bootstrap replicates
were applied in each single run. For Bayesian inference, we used
ModelFinder to infer the best-fit model based on the corrected
Akaike information criterion (AICc) and subsequently per-
formed BI tree inference using MrBayes v.3.2.7 (Ronquist et al.
2012). Each Bl analysis was performed by two independent runs
of four one million generations of Monte Carlo Markov chains
(MCMCs) under the GTR+G+I substitution model, with trees
sampled every 1000 generations. The first 25% of the sampled
trees were burned and the rest were used to generate consensus
trees and calculate Bayesian posterior probabilities. The trees
were visualized and edited using Figtree and Interactive Tree of
Life (iTOL) (Letunic and Bork 2019).

To evaluate the reliability of phylogenetic tree selection, we
used CONSEL (Shimodaira and Hasegawa 2001) to analyse
topologies that exhibit substantial conflicts. The outcomes de-
rived from the distinct datasets were individually inputted into
RAxML (Stamatakis 2014), and the likelihood values for each
locus of the matrix were computed for the various topologies.

SNP calling and genetic structure analysis

A. annua chromosome-level genome (Liao et al. 2022) as the
reference, Hisat2 (Kim et al. 2019) was used to align clean data
to the reference genome with the parameter set to --no-spliced-
alignment. The process of identifying genetic variants involved
the use of picard v.2.27.4 (Broad Institute 2019) and gatk4
v.4.3.0.0 (McKenna et al. 2010) to perform SNP calling. The
subcomponents of GATK4 VariantFiltration were used to ex-
clude potential false-positive variant calls. The exclusion of these
calls was carried out using the specified parameters: QD < 2.0 ||
FS > 60.0 || MQ < 40.0 || SOR > 3.0 || MQRankSum < ~12.5
|| ReadPosRandSum < —8.0. To enhance the manageability
of the variant call format (VCF), we used vcftools v.0.1.16
(Danecek et al. 2011) to filter and format the variant data. The
filtering criteria included SNP loci with a missing rate < 50%,
a minor allele count > 3, and a minor allele frequency > 0.0S.
The home scripts were used to exclude variants that were found
within a 7 bp range around indel locations and inside the inter-
vals of repeat sequences. As a final filtering strategy, we used
Plink v.1.90b6.21 (Purcell et al. 2007) and applied the param-
eters ‘indep-pairwise 50 10 0.2’ to obtain a subset of SNPs that
were pruned for linkage disequilibrium. This subset was further
filtered to include only SNPs with a minor allele frequency >
5%. The Dataset VI was composed of the final set of high-quality
SNPs that were obtained.

The ML phylogenetic tree was constructed based on the gen-
etic distance matrix among the total SNP data set from all 98 in-
dividuals using IQ-TREE and the tree was displayed usingiTOL.
For genetic structure analysis, ADMIXTURE v.1.3.0 (Alexander
et al. 2009) was used to assess cross-validation error values with
parameter settings from K = 1 to K = 10, and we chose K= 7 to
K = 9 for visualization using the R package ggplot2.

Landscape tree analysis

To investigate the variability present in phylogenetic trees, the
Robinson-Foulds algorithm (Robinson and Foulds 1981) were
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used to analysed the statistical distribution of trees. Datasets I, II,
and III consisted of 137 individuals, while Datasets IV, V, and VI
contained 98 individuals. The distances between unrooted trees
were computed using the R v.4.3.0 package TREESPACE v.1.0.0
(Jombart et al. 2017), following the workflow by Gongalves et al.
(2019). Subsequently, the first two principal coordinate analyses
(PCoAs) were estimated. Results were visualized using ggplot2
v.3.4.3.

Test for reticulation

To investigate relationships and reticulation among East Asian
Artemisia, we generated phylogenetic networks from the un-
linked SNP matrix. Networks were constructed in SplitsTree4
v4.17.1 (Huson and Bryant 2006) using default settings;
implementing Uncorrected P/Hamming Distances to obtain
distance matrices, NeighborNet to obtain splits.

The software tool Dsuite (Malinsky ef al. 2021) facilitates the
computation of the D and f, statistics using SNPs stored in VCF
files. The program Fbranch has been incorporated into Dsuite
to untangle interrelated f,-ratio outcomes and attribute indica-
tions of gene flow to particular branches within a phylogenetic
tree. Here, we employed Dsuite to evaluate the extent of gene
flow and introgression using the genomic dataset of VCF files
containing biallelic genomic SNPs. The D and f,-ratio statistics
(Patterson et al. 2012) were calculated for all trios using Dtrios.
The f-branch statistics were conducted by using ML tree as
input. The output f-branch statistics in matrix-like format were
then displayed using the plotting function.

Divergence time estimation and ancestral range
reconstruction

Previous studies have demonstrated that plastid-based
phylogenies are more likely to reveal clear geographical pat-
terns (Pham et al. 2017, Hodkinson et al. 2019, Yang et al. 2021).
Therefore, the divergence times of Artemisia were estimated
based on Dataset III with the Bayesian approach conducted in
BEAST v.1.8.4 (Drummond and Rambaut 2007). The analysis
employed the BEAST software, which used a relaxed molecular
clock model and lognormally distributed substitution rates for
each branch in the phylogenetic tree. According to the result
of ModelFinder’s calculations, the GTR+I'+I nucleotide sub-
stitution model was used, along with a birth—death incomplete
sampling speciation process tree prior. The calibration of fossils
was conducted by using evidence of the presence of Artemisia
pollen fossils found in the Tethyan region (Wang 2004 ), which
has been identified in Early Oligocene sediments. Based on fossil
information, we used the lognormal prior, setting an offset of 31
Mya, a mean of 0.5, and a standard deviation of 0.5. The default
values were assigned to all other preceding variables.

Two independent MCMC analyses were terminated at 30
million generations (one tree was preserved every 1000 gen-
erations) with a 10% ageing rate. Two independent runs were
merged in LogCombiner v.1.6.2. Tracer v.1.7 (Rambaut et al.
2018) was used to check the convergence of the effective sample
size. Maximum clade credibility tree with median heights was
generated using TreeAnnotator v.1.10.4. FigTree (Rambaut
2007) was used to implement the visualization. To examine the
possibility of rapid species differentiation in Artemisia during

its evolutionary history, we used the R package ape to generate
lineage-through-time plots.

Following the studies of the flora of Artemisia and the flora
of East Asia (Ling 1995, Wu et al. 2011, Chen et al. 2018a)
Artemisia and its allies were divided into five regions: (A) China—
Japan; (B) Hengduan-Himalaya; (C) QTP; (D) Tethyan; and
(E) Pan-Arctic. Of these, (A)—(C) together constitute the East
Asian flora. Species distribution information is referenced from
the Global Biodiversity Information Facility (https: / /www.gbif.
org/). Accounting for phylogenetic uncertainty and less com-
prehensive outgroups, BEAST-generated trees were removed
species outside Artemisia for ancestral range reconstruction ana-
lysis. Modified trees were exported to RASP v.4.2 (Yu et al. 2015)
and models were compared using the R package BioGeoBEARS
(Matzke 2018) for the biogeographic model's DEC, DIVALIKE,
and BAYAREALIKE with/without J-parameters. The optimal
model was chosen by evaluating the Akaike information cri-
terion values.

RESULTS
Plastome, ribosomal DNA, and SNP datasets

For the 94 newly sequenced individuals, we obtained a total of
1078.89 Gb of sequencing data, with an average of 11.47 Gb
(Supporting Information, Table S1). The total sequence length of
the plastome of Artemisia ranged from 149 849 bp (A. eriopoda)
to 151 367 bp (A. anomala, Supporting Information, Table S3).
Artemisia’s plastomes were conservative in structure, without
obvious structural variation. The Artemisia plastomes all com-
prised a long single-copy sequence (ranging 81 609-83 083 bp),
a short single-copy sequence (ranging 18 175-18 539 bp),
and two inverted repeats (ranging 24 927-24 976 bp). The
number of gene CDSs in the Artemisia plastomes was 132-133
(Supporting Information, Table S4). Matrix lengths of dif-
ferent datasets based on plastomes were 68 133 bp for Dataset
I, 45423 bp for Dataset II, 150 352 bp for Dataset III, and
150 335 bp for Dataset V.

We assembled a total of 98 nrDNAs, and the details are
summarized in Supplementary Table S3 (in the Supporting
Information). Lengths of the obtained nrDNA ranged from
4405 bp (A. thellungiana) to 5853 bp (A. sieversiana), and the
length of the integration matrix for Dataset IV was 5836 bp.
The suitability of these datasets for phylogeny showed that the
I values were much smaller than the I__ values (Supporting
Information, Table SS).

The paired-end reads obtained from a total of 98 individ-
uals were mapped to the haploid reference genome of A. annua.
Following the process of base calling, the overall dataset con-
sisted of 545 919 806 sites. Subsequently, on applying filtering,
the number of high-quality variant sites was determined to be
8604 for Dataset V1.

Plastid phylogeny
The plastid phylogeny comprised 137 individuals in all, of which
119 Artemisia individuals represent the five major subgenera
(Hobbs and Baldwin 2013) or seven major subgenera ( Jiao et
al. 2023) in East Asia. Phylogenetic trees (Fig. 1 and Supporting
Information, Figs S1-SS) constructed from the various datasets
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Figure 1. ML phylogenetic relationships of Artemisia and its relative taxa inferred from whole plastomes. Numbers associated with branches
are ML bootstrap values. Nodes with no numbers indicate 100% bootstrap support.
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Figure 2. Comparison of nrDNA-based (left), plastome-wide (middle), and SNP (right) phylogenetic relationships. The values associated with
branches are ML bootstrap values. Nodes with no numbers indicate 100% bootstrap support.

revealed almost similar topology. We showed the phylogeny
built on the whole plastomes with better support (Fig. 1). Most
branches of the phylogenetic trees had high support in our re-
sults. We compared the phylogenetic results with the main clas-
sification of Artemisia subgenera from previous studies (Ling
1995, Hobbs and Baldwin 2013, Jiao et al. 2023). However,
neither infrageneric classification system was able to resolve
the subgenera Absinthium, Artemisia, Dracunculus, Seriphidium,
Pectinata, and Ponticea into monophyletic taxa. We have div-
ided Artemisia and its related taxa into nine lineages based on
the plastid phylogeny. Artemisia, Ajania, and Chrysanthemum are
strongly supported as sister genera. Ajania and Chrysanthemum
have nested within Clade 1. Clade II (bootstrap BS = 100) and
Clade III (bootstrap BS = 98) are complex, with species from
multiple subgenera. According to Jiao et al.'s (2023) subgeneric
classification of Artemisia, Clade V (bootstrap BS = 100) con-
tains mainly species of the subg. Dracunculus, Clade VII (boot-
strap BS = 100) contains mainly species of the subg. Artemisia,
clade VIII (bootstrap BS = 96) contains mainly species of the
subg. Ponticea, and Clade IX (bootstrap BS = 84) contain mainly
species of the subg. Absinthium.

We used PCoA to explore the inconsistency of the phylo-
genetic trees. The first and second axes of PCoA explained

42.3% and 21.8% of the variation in tree topology, respectively
(Supporting Information, Fig. S8A). The CDS-based (DatasetI)
topology is closer to those of the whole plastomes (Dataset III)
than to those of CDS'*. In the phylogenetic results constructed
for the different datasets, the topologies of Clades II, IV, and VI
conflict: (i) Clade II forms a sister with Clade I or Clade III;
and (ii) Clade IV or Clade VI forms a sister with Clade V. We
used CONSEL to validate conflicting clades and all datasets sup-
ported Clade II being a sister to Clade III and Clade IV being a
sister to Clade V (Supporting Information, Table S6).

Comparison of phylogeny between plastome,
NRDNA, and SNP

For 98 individuals containing raw sequencing data, we fur-
ther compared phylogenetic relationships based on plastomes,
nrDNA, and SNPs (Fig. 2 and Supporting Information, Figs S6,
S7). There existed a notable incongruence between the topolo-
gies of the plastid and nuclear ML datasets. The three datasets
recovered varying numbers of clades and demonstrated contra-
dicting links among species and clades, which were statistically
well-supported (Fig. 2). There was a strong nucleoplasmic con-
flict in Artemisia. The monophyly of Artemisia is supported by
the phylogenetic analysis of nrDNA and SNP. However, plastid
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phylogeny resolved Artemisia as a paraphyletic group. Except
for Clades II + IIT and Clade VI, the members of the remaining
clades has remained largely consistent, although they differ in
position in the phylogeny based on different datasets.

For the phylogenetic trees based on 98 individuals, the first
and second axes of PCoA explained 72.5% and 25.8% of the vari-
ation in tree topology, respectively (Fig. S8B in the Supporting
Information). The topology based on nrDNA, whole plastid
genomes, and SNPs is vastly different.

Genetics structure and reticulation

The genetic structure of the major lineages of Artemisia showed
that some members of the major lineages exhibit varying de-
grees of admixture of genetic components, excepted for clade
VIII, with a range of K of 7-9 (Supporting Information, Fig. S9).
Clade III species at different locations in the SNP phylogeny
showed almost uniform genetic components. A. selengensis and
A. anomala in Clade VI showed a mixed type of Clades III and
VIL

The NeighborNet of East Asian Artemisia showed extensive
reticulation (Supporting Information, Fig. S10). There are clear
cross links between Clades V, VII, and VIII, and these clades
are taxonomically well differentiated. Notably, most lineages
showed extensive reticulation before it diversified.

Low f, values across numerous species suggested the occur-
rence of reticulate evolution on a broader temporal scale within
the evolutionary framework. Multiple species pairs in Artemisia
exhibited an abundance of shared alleles. However, it is note-
worthy that significant introgression primarily took place within
the major lineages, as depicted by the red dashed box in Figure 3.
N. pectinata, A. palustris, A. keiskeana, and A. hedinii show more
complex genetic components than most species of Artemisia, but
we did not detect significant introgression in these species.

Divergence time estimation and ancestral range
reconstruction

Molecular clock estimates indicated that the crown groups of
Artemisia and its related taxa were estimated at 31.29 Mya [95%
highest posterior density (HPD) 32.94-31.02 Mya] in the Early
Oligocene (Fig. 4). The relatively early diverging clades under
Artemisia are Clades II, III, IV, and VI, whose crown group times
were inferred to be 22.25 Mya (HPD95% 26.47-16.82 Mya),
28.78 Mya (HPD95% 30.43-26.53 Mya), 21.74 Mya (HPD95%
26.01-16.44 Mya), and 25.18 Mya (HPD95% 27.95-21.90
Mya), respectively. Clade V underwent diversification at ~17.62
Mya (95%HPD 21.38-14.12 Mya). During the Early Miocene
at 20.30 Mya (95%HPD 23.46-17.24 Mya), and Clade VII di-
verged from its sister clade and underwent diversification at
10.88 Mya (95%HPD 13.78-8.45 Mya). Clades VIII and IX di-
verged at 18.53 Mya (95% HPD 21.58-15.49 Mya). The lineage-
through-time results indicated that Artemisia underwent a rapid
lineage accumulation between the Pliocene and the Pleistocene
(Supporting Information, Fig. S11).

We chose the BAYAREALIKE+] model for the ancestral
range reconstruction (Supporting Information, Table S7). To
explore the historical process of diversification of modern East
Asian Artemisia, the ancestral distribution state of each of the
major nodes was estimated based on their recent distributions

acquired from floristic works and specimen information (Fig.
3, Supporting Information Figs S12, S13). Modern Artemisia
in East Asia was likely to diversified in situ, with a possible an-
cestral distribution in the China—Japan, followed by a spread to
the Pan-Arctic and Tethyan regions. Notably, the two principal
branches of Clade VII seem to have evolved in parallel, adapting
to different altitudes.

DISCUSSION

Phylogenetic relationship of Artemisia and its related genera

Employing three distinct datasets, we have constructed a robust
backbone phylogeny of Artemisia in East Asia, encompassing
all subgenus under Artemisia in East Asia and the majority of
lineages previously identified (Ling 1995, Hobbs and Baldwin
2013, Jiao et al. 2023). Our analysis reveals that, in contrast to
the nrDNA phylogeny, the plastid and SNP phylogenies exhibit
stronger support across the identified clades. The results showed
high topological incoherence and severe nucleoplasmic conflicts
between them. In addition, reticulate evolution such as hybrid-
ization, incomplete lineage, plastid capture events, or recombin-
ation may have emerged across Artemisia and its relatives.

Achieving congruent phylogenetic signals between cyto-
plasmic and nuclear genomes is often challenging, a phenom-
enon well-documented in the literature (Soltis et al. 1991, Liu
et al. 2020). Hybridization, incomplete genealogical sorting
(ILS), polyploidy, plastid capture, etc. may participate in
nucleoplasmic conflicts (Degnan and Rosenberg 2009, Kawabe
etal. 2018, Wang et al. 2018). ILS allows for the sharing of iden-
tical haplotypes across multiple lineages without the need for
hybridization, leading to widespread genetic admixture across
a taxon’s range (Wu and Campbell 20085, Pasquet et al. 2021).
However, Plastid capture commonly happens across or within
species with sympatric distribution and reproductive compati-
bility (Liu et al. 2017), probably explaining the phylogenetic
inconsistency between plastids and nuclear in this study. In
this study, not only interspecies, but also intersubgenus and
even intergeneric phylogenetic relationships showed strong
nucleoplasmic conflicts (Fig. 2), suggesting that plastid cap-
ture events may be common in Artemisia. Reports of repro-
ductive compatibility between Artemisia and Chrysanthemum
(Zhu et al. 2013), along with overlapping distributions of
Artemisia with Ajania in the QTP and Himalaya, and with
Chrysanthemum in the China—Japan region, imply that hybrid-
ization events may have occurred in these areas, with introgres-
sion probably occurring early in their divergence history (Fig.
4, Supporting Information Figs S8, S12, S13). Plastid exchange
between major lineages early in evolution may obscure phylo-
genetic relationships even at higher levels (Stull ef al. 2020).
This imply that non-monophyletic plastid phylogenies may
be explained by plastid capture through hybridization during
the early diversification of Artemisia. In addition, we sup-
port the taxonomic revision (Muldashev 1981, Huang ef al.
2017) of Ajania and Phaeostigma (Aj. ramose = P. ramose, and
Aj. variifoliav = P. variifolium). Recent reticulation conflicts
between Ajania and Chrysanthemum may have led to a blur-
ring of the boundaries between the two genera (Supporting
Information, Fig. $10).
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Notably, recent molecular phylogenetic studies have iden-
tified Artemisia as non-monophyletic, with A. stracheyi and
Aj. quercifolia clustered together as a single clade (Jiao et
al. 2023). While the nuclear data from this study suggest
that East Asian Artemisia is monophyletic, the absence of
these key species means that a definitive conclusion on the
monophyly of the genus cannot be drawn. Future studies will
require more comprehensive sampling and accurate data for
further study.

Phylogeny of the major lineages and species of East Asian
Artemisia

Previous studies have made revisions to the classification of
Artemisia (Hobbs and Baldwin 2013, Jiao et al. 2023 ). However,
most of the subgenera lacked support as monophyletic groups.
This study confirmed that the subg. Dracunculus is an early lin-
eage of Artemisia (Sanz et al. 2008, 2011, Jiao et al. 2023), ra-
ther than the subg. Absinthium (Tkach et al. 2008a). The subg.
Dracunculus (Clade V), subg. Artemisia (Clade VII), subg.
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Poniticae (Clade VIII), and subg. Absinthium (Clade IX) was
more clearly divergent and was supported by genome-wide
SNPs and plastid datasets (Fig. 2, Supporting Information Fig.
$10). However, the phylogenetic positions of subg. Artemisia,
subg. Poniticae and subg. Absinthium varied across datasets
and studies, and can be categorized mainly into the following:
(i) subg. Artemisia is the related taxa to subg. Poniticae, subg.
Absinthium, and subg. Seriphidium (Malik et al. 2017, Jin et al.
2023); (ii) subg. Artemisia and subg. Absinthium are the sister
to subg. Poniticae and subg. Seriphidium (Watson et al. 2002,
Jiao et al. 2023); (iii) subg. Absinthium is the related taxa to
subg. Artemisia and subg. Seriphidium (Sanz et al. 2011); and
(iv) subg. Poniticae is the related taxa to subg. Seriphidium and
subg. Artemisia (Sanz et al. 2008, Hobbs and Baldwin 2013).
Among them, the phylogenetic results of this study based on
the plastid and SNPs dataset are more supportive of (i), whereas
the nrDNA datasets are more supportive of (ii). Subg. Poniticae
and subg. Absinthium may share a common ancestor (Figs 1,
2, Supporting Information Fig. S10). All studies revealed that
subg. Poniticae, subg. Seriphidium, subg. Absinthium, and subg.
Artemisia should belong to one large clade, but the phylogenetic
relationships among these subgenera remain unresolved (Sanz et
al. 2008, Tkach et al. 2008b, Hobbs and Baldwin 2013, Malik et
al. 2017, Jiao et al. 2023).

Our results support the division of subg. Artemisia into three
lineages (Jiao et al. 2023) that are highly correlated with geo-
graphic distribution (Figs 2, 4, Supporting Information Figs 12,
13). Among them, A. selengensis and A. anomala serve as the early
lineages of subg. Artemisia. The nucleoplasmic conflict observed
may be attributed to plastid capture events between these spe-
cies and A. palustris. In the China—Japan region, the overlapping
geographical ranges of A. selengensis, A. anomala and A. palustris
suggest the potential for hybridization events. Pollen competi-
tion is influential in the formation of hybrids (Rieseberg 1995).
and it can be hypothesized that the ancestral lineage of Clade I
may have served as the maternal parent, and A. palustris served as
the paternal parent. Continuous backcrossing after hybridization
resulted in their progeny possessing the cytoplasm of the ma-
ternal parent and the nuclear genes of the paternal parent, thus
leading to the plastid similarity of A. palustris, A. selengensis, and
A. anomala. Additionally, we detected introgression of Clades III
and VII into A. selengensis and A. anomala, with a more signifi-
cant introgression from Clade VII into these two species (Fig.
3). This explained why A. selengensis and A. anomala have a mix-
ture of genetic components of Clades III and VII and clustered
together with Clade VIL

N. pectinate, with heterogamous disc florets and functional
male-centric florets, was separated from Artemisia (Poljakov
1955). However, our results support N. pectinate (= A. pectinate)
as a member of Artemisia (Sanz et al. 2008, Jiao et al. 2023). It is
noteworthy that N. pectinate shows a large variation in its phylo-
genetic position based on different datasets, and is not explained
by plastid capture events (Fig. 2). According to the latest classifi-
cation under Artemisia, A. pectinate, and A. hedinii were included
in the subg. Pectinata (Jiao et al. 2023). However, in this study,
all the data results showed that they are not closely related, and
more molecular and morphological evidence is still needed for
the taxonomic delimitation of this species in the subgenus.

In early molecular phylogenetic studies, the relationship be-
tween A. scoparia and A. demissa has not been well explained,
and the two species were placed in the same lineage on the basis
of genome sizes (Pellicer et al. 2011, 2014). However, our study
now provides a clearer picture, indicating that A. demissa di-
verged earlier than A. scoparia with robust support (Figs 1, 2).
In addition, as the world’s widespread taxonomic species, A.
scoparia and A. capillaris have a nested phylogenetic relationship,
and both showed polyphy. A similar report has been reported in
A. frigida (Oyundelger et al. 2022). A. scoparia and A. capillaris
collected from different regions tended to cluster in different
branches of the phylogenetic tree (Fig. 4), indicating that they
may have undergone adaptive divergence in different regions
and formed different lineages.

Phylogenetic results from different datasets showed a high de-
gree of inconsistency, with strong nucleoplasmic conflicts within
different lineages. Events such as introgression, ILS, hybridiza-
tion, and polyploidy maylead to the occurrence of nucleoplasmic
conflicts. Major lineages were clearly separated in this study, and
introgression occurred mainly within them, but introgression
across lineages also occurred (Fig. 3). Highly similar plastomes,
introgression, and rapid radiation within the major lineages sug-
gest the presence of plastid capture events between Artemisia
species. This exacerbates the complexity of species phylogenies
within the genus (Kim et al. 2020). At the same time, gene flow
across lineages and early reticulation conflicts may suggest an-
cestral gene flow. Gene flow across lineages is recognized as a
common and important process in adaptive radiation and plays a
crucial role in facilitating species adaptation to diverse and varied
habitats (Berner and Salzburger 2015). ILS and random recom-
bination allowing certain regions of the genome to retain genes
acquired from other lineages during ancestral hybridization, this
also helps to explain the low resolution and topological incon-
sistencies in early molecular phylogenetic studies of Artemisia
(Riggins and Seigler 2012, Hobbs and Baldwin 2013, Shen et
al. 2021, Jin et al. 2023). Moreover, some species of Artemisia
are not reproductively isolated (Valles et al. 2011). The lack of
reproductive isolation, coupled with wind pollination, sets the
stage for a plethora of reticulate events, including various types
of hybridization, generating multiple and recurrent taxa (Garcia
et al. 2011). This has also resulted in ambiguous phylogenetic
relationships among taxa and influenced the results of mo-
lecular phylogenies of Artemisia (Gagnon et al. 2022), as well as
explained past studies produced different phylogenetic results
based on different molecular data.

Historical biogeography of the major lineages of East Asian
Artemisia

The presence of Artemisia pollen fossils is limited during the
Early Miocene, but becomes more prevalent throughout the
late Miocene and are notably plentiful during the Pliocene and
Pleistocene periods (Wang 2004). This can infer that Artemisia
probably underwent divergence throughout the early and mid-
Miocene epochs, with a significant concentration of diver-
sification events occurring in the late Miocene and Pliocene
periods (Sanz et al. 2011). A marked increase in lineage accu-
mulation for Artemisia from the Pliocene to Pleistocene period
(Supporting Information, Fig. S10) a pattern that corresponds
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to the recorded changes in the relative abundance of fossil pollen
during the same period. These findings are in alignment with the
environmental and climatic fluctuations that occurred in Asia
throughout the late Tertiary period (Wang 2004).

The Asian origin of Artemisia is undisputed, but the exact
region remains controversial. According to Ling (1995) and
Wang (2004), Artemisia’s predecessor probably originated in
north-western Asia, possibly from the mesothermic subarctic
or semihumid forest steppe habitats, based on evidence from
paleobotanical and pollen fossils. Tkach et al. (2008) used ITS
and ETS to reveal the Arctic origins of several lineages under the
modern Artemisia. A recent historical biogeographic analysis of
the subg. Seriphidium suggests that Artemisia originated in the
arid-semi-arid mid-latitudes of Asia in the Late Eocene (Malik
et al. 2017), but this study categorizes both the Hengduang-
Himalaya and the QTP as Tethyan. This contradicts the delinea-
tion of the East Asian flora (Wu et al. 2011, Chen et al. 2018a).
This study redefined the distribution region of Artemisia (Fig.
4) by referring to studies on East Asian flora (Wu et al. 2011,
Chen et al. 2018a) and world Artemisia flora (Ling 1995). The
results indicated the modern East Asian Artemisia was probably
diversified in situ in the Early Oligocene. The early divergence of
Artemisia coincided with the strengthening of the Asian mon-
soon and climate cooling during the Oligocene—Miocene (Deng
et al. 2019). The major lineages diverged in the Early Miocene
(Sanz et al. 2011), a period in which orogenic movements and
climatic reorganization in East Asia combined to promote spe-
cies dispersal and diversification (Li et al. 2021, 2023).

The subg. Artemisia in this study can be divided into three
lineages: Clade VI is distributed only within China—Japan and
Hengduan-Himalaya; Clade VII-1 gathers most of the taxa that
are distributed only in the Hengduan—Himalaya; and Clade
VII-2 gathers a larger number of species that are widely distrib-
uted with a distinct high-latitude component (Fig. 4). Among
them, Clade VII-1 and Clade VII-2 occurred mainly in the
mid-Miocene (13.78-8.45 Mya), corresponding to the global
climatic transition and the ongoing geotectonic events in the
Himalayas (Shevenell et al. 2004, Steinthorsdottir et al. 2021,
Sun et al. 2023). The complex topography, heterogeneous habi-
tats, and dispersal barriers resulting from continued orogeny,
lower temperatures, and the intensification of the Asian mon-
soon climate during this period may have facilitated the occur-
rence of parallel speciation in both clades (Zhisheng et al. 2001).
Parallel species formation events, similar to those observed in
Artemisia, have been reported in a recent phylogenetic study of
Rhododendron L. (Mo et al. 2022).

The subg. Poniticae and subg. Absinthium diversifies at almost
the same time, and both exhibit a more prominent Tethyan
element to their diversification. The distinction lies in the fact
that subg. Poniticae tends to diversify at high latitudes, whereas
the low-latitude ancestral range component is more pronounced
in subg. Absinthium during diversification (Fig. 4, Supporting
Information Figs $12, S13). This phase coincided with the mid-
Miocene period of climatic suitability, when suitable climate and
uplift of the Mongolian Plateau may have influenced the early
divergence of these two subgenera (Xiang et al. 2021). The fol-
lowing QTP-Himalaya uplift led to asymmetric climatic evolu-
tion in the Asian monsoon and inland arid zones (Lewis et al.

2008, Ao et al. 2023 ), which could lead to further divergence and
adaptive evolution of the two lineages. In addition, the relatively
strong uplift that occurred after the Cenozoic in places such as
the Ural Mountains and the Mongolian Plateau (Wang et al.
2019) have further exacerbated the adaptive evolution of subg.
Absinthium.

Subg. Dracunculus has ~80 species and is distributed mainly in
steppes and arid to semi-arid regions throughout the Northern
Hemisphere, but it is particularly diverse in East Asia (Pellicer et
al.2011). In this study, phylogenetic results based on nuclear data
showed that this subgenus is divided into two lineages (Pellicer
etal. 2011, Jiao et al. 2023). Early Miocene cooling and monsoon
climate (Zachos et al. 2001, Clift et al. 2002) together contrib-
uted to the diversification of the subg. Dracunculus. In com-
parison to Clade V-1, species in Clade V-2 exhibit a larger ycfI
pseudogene (¥ycfl) deletion (Fig. 4, Supporting Information
Table S2), which may be related to the recent rapid diversifica-
tion (Malik et al. 2017).

This study confirms that subg. Seriphidium genealogy belongs
to Artemisia (Jiao et al. 2023), with an intimate phylogenetic re-
lationship to subg. Absinthium, in general agreement with pre-
vious findings (Malik et al. 2017, Jin et al. 2023 ). We verified that
the subg. Seriphidium is the youngest taxon in Artemisia (Riggins
and Seigler 2012, Malik ef al. 2017). The core clade of the subg.
Seriphidium originated around the late Miocene—early Pliocene
and underwent a major diversification transition (Malik et al.
2017). Our estimate of a slightly later divergence than the pre-
vious study (Malik et al. 2017) may be related to sampling.
According to Hobbs (2013) subgeneric taxonomic classification,
we detect differences in the plastid structure of subg. Seriphidium
between species that belong to Clade III and those that clustered
with subg. Absinthium: the latter contains the trnT-GGU gene
while the former does not (Supporting Information, Table S3).
This gene is one of the highly variable regions in the plastomes of
subg. Seriphidium (Jin et al. 2023). It has been proven that in the
subfamily Asteroideae, pseudogenization of trnT-GGU is con-
nected to insertion inside the 5" acceptor stem rather than habit,
habitat, or geographical distribution (Abdullah et al. 2021).

The early divergent lineages of East Asian Artemisia

Although introgression mainly occurs within the major lineages,
there are still some introgressions across the lineages. However,
A. pectinate, A. palustris, A. keiskeana, and A. hedinii show more
complex genetic components than most species of Artemisia,
but we did not detect significant introgression in these species.
Introgression from multiple lineages and species could explain
the complex genetic components of A. pectinate, A. palustris, and
A. hedinii (Fig. 3). By contrast, there was no evidence of intro-
gression between the main lineages and several species in A.
keiskeana. All the available data suggest that A. keiskeana repre-
sents an ancient branch of East Asian Artemisia. These species
tended to be located at the base of the major lineages (Clade
V, Clade VII + Clade VIII + Clade IX) in the phylogeny based
on different datasets (Fig. 2), which is generally consistent with
the results of the previous studies (Pellicer et al. 2011, Malik
et al. 2017, Jiao et al. 2023). These four species diverged in the
Oligocene—Miocene, predating the diversification of the major
lineages under Artemisia (Fig. 4). Therefore, we speculate that
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species such as A. pectinate, A. palustris, A. keiskeana, and A.
hedinii, which have mixed genetic components (Supporting
Information, Fig. $9), may be the early diverging lineages of
major lineages of modern Artemisia in East Asia. The presence of
a mixed genetic architecture has the potential to serve as an op-
timal foundation for the quick process of speciation, even in the
absence of geographic isolation. The reason for their potential to
more effectively promote the accumulation of linkage disequi-
librium in the presence of gene flow is greater in comparison to
either a limited number of crucial loci or highly polygenic top-
ologies (Nosil et al. 2009). The occurrence of secondary contact
among the early diverging lineages may have played a role in pro-
moting the rapid and repeated diversification of species that ex-
hibit similar morphological features under Artemisia. This also
can explain the differences in the phylogenetic positions of these
species in different datasets. However, it can also impose con-
straints on the development of phenotypic divergence, which
could otherwise be readily achieved through the recombination
of existing alleles (Marques et al. 2019, De-Kayne et al. 2022).

Nevertheless, we cannot rule out the possibility that the early
diverging lineages actually functioned as ‘fused species’ with
mixed genetic architecture, supplying the gene pool with gen-
omic fractions adapted to heterogeneous environments and
having the potential to diverge into multiple species in specific
circumstances (Edelman et al. 2019, Yu et al. 2023). The Early
Miocene global cooling event, which lasted ~23 Mya and ex-
ceeded 400 kya in duration (Miao et al. 2013), is a significant
period during which these early diverging lineages underwent
divergence. This prolonged cooling event introduces uncer-
tainty regarding the extinction of the predecessors of the early
diverging lineages throughout the extensive periods of glaci-
ation. The ‘fused taxa’ with mixed genetic architecture success-
fully migrated via refugia and subsequently underwent growth
and diversification, leading to the establishment of the now
thriving Artemisia taxa.

CONCLUSION

In this study, we applied genome skimming techniques to obtain
multiple molecular datasets, established robust phylogenetic rela-
tionships of Artemisia and its subgenera in East Asia, and provided
the first insight into the historical biogeography. East Asian Artemisia
may have originated in situ in the Early Oligocene. The diversifica-
tion of Artemisia and its subgenera were impacted by historical geo-
graphic events and climatic fluctuations. A. pectinate, A. palustris, A.
keiskeana, and A. hedinii are regarded as the early diverging lineages
of modern East Asian Artemisia, possessing mixed genetic compo-
nents. Introgression occurs mainly within major lineages, and reticu-
lation events affect and obscure deep phylogeny. Our study reveals
the complex phylogenetic relationships and evolutionary history
of East Asian Artemisia and its subgenera. Further investigation is
required through the implementation of more comprehensive sam-
pling and in-depth studies to gain a more profound understanding
of this intricate taxonomic group.

SUPPLEMENTARY DATA

Supplementary data is available at Botanical Journal of the Linnean
Society online.

CONFLICT OF INTEREST

None declared.

FUNDING

This research was partially supported by the Second Tibetan
Plateau Scientific Expedition and Research (STEP) program
(2019QZKK0502), Qinghai Provincial Science and Technology
Major Project (2023-SF-AS), the Biological Resources Programme of
Chinese Academy of Sciences (KFJ-BRP-017-101), CAS—Qinghai
on Sanjiangyuan National Park (LHZX-2021-04), and CAS ‘Light of
West China’ Program (2024).

DATA AVAILABILITY

The data on which this article is based are available from the GenBank
nucleotide database at https://www.ncbi.nlm.nih.gov/genbank/, and
the accession number is in Table S3 in the Supporting Information.

REFERENCES

Abad MJ, Bedoya LM, Apaza L et al. The Artemisia L. genus: a review
of bioactive essential oils. Molecules 2012;17:2542-66. https://doi.
0rg/10.3390/molecules17032542

Abdullah, Mehmood F, Heidari P et al. Pseudogenization of the
chloroplast threonine (trnT-GGU) gene in the sunflower family
(Asteraceae).  Scientific Reports  2021;11:21122.  https://doi.
org/10.1038/541598-021-00510-4".

Alexander DH, Novembre J, Lange K. Fast model-based estimation of an-
cestry in unrelated individuals. Genome Research 2009;19:1655-64.
https://doi.org/10.1101/gr.094052.109

Ao H, Liebrand D, Dekkers M]J et al. Eccentricity-paced monsoon vari-
ability on the northeastern Tibetan Plateau in the Late Oligocene high
CO, world. Science Advances 2023;7:eabk2318.

Berner D, Salzburger W. The genomics of organismal diversification il-
luminated by adaptive radiations. Trends in Genetics 2015;31:491-9.
https://doi.org/10.1016/j.tig.2015.07.002

Chen S, Zhou Y, Chen Y et al. fastp: an ultra-fast all-in-one FASTQ
preprocessor.  Bioinformatics  2018b;34:1884-90.  https://doi.
org/10.1093/bioinformatics/btyS60

Chen YS, Deng T, Zhou Z et al. Is the East Asian flora ancient or not?
National Science Review 2018a;5:920-32. https://doi.org/10.1093/
nsr/nwx156

Clift P, Lee JI, Clark MK et al. Erosional response of South China to arc
rifting and monsoonal strengthening; a record from the South China
Sea. Marine Geology 2002;184:207-26. https://doi.org/10.1016/
$0025-3227(01)00301-2

Danecek P, Auton A, Abecasis G et al.; 1000 Genomes Project Analysis
Group. The variant call format and VCFtools. Bioinformatics
2011;27:2156-8. https://doi.org/10.1093/bioinformatics/btr330

Degnan JH, Rosenberg NA. Gene tree discordance, phylogenetic infer-
ence and the multispecies coalescent. Trends in Ecology & Evolution
2009;24:332-40. https://doi.org/10.1016/j.tree.2009.01.009

De-Kayne R, Selz OM, Marques DA et al. Genomic architecture of
adaptive radiation and hybridization in Alpine whitefish. Nature
Communications 2022;13:4479. https://doi.org/10.1038/
s41467-022-32181-8

Deng T, Wu F, Wang S et al. Significant shift in the terrestrial ecosystem
at the Paleogene/Neogene boundary in the Tibetan Plateau. Chinese
Science Bulletin 2019;64:2894-906.

De Tournefort JP. Institutiones rei herbariae: Vol. 1. Typographia regia
1719;1:i57-68.

Doyle JJ. A rapid DNA isolation procedure for small quantities of fresh
leaf tissue. Phytochem Bulletin 1987;19:11-5.

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evolutionary Biology 2007;7:214. https://doi.
org/10.1186/1471-2148-7-214

G202 UoIBN 60 UO 1s9nB Aq 855£908/91 0JEOG/UESUUINOG/E60L "0 L/I0P/3I0IE-80UBADE/UESUUI[IOG/LL0D dNODILSPEDE//:SANY WO} POPEOJUMOQ


http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boaf016#supplementary-data
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boaf016#supplementary-data
https://www.ncbi.nlm.nih.gov/genbank/
http://academic.oup.com/botlinnean/article-lookup/doi/10.1093/botlinnean/boaf016#supplementary-data
https://doi.org/10.3390/molecules17032542
https://doi.org/10.3390/molecules17032542
https://doi.org/10.1038/s41598-021-00510-4”
https://doi.org/10.1038/s41598-021-00510-4”
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1016/j.tig.2015.07.002
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/nsr/nwx156
https://doi.org/10.1093/nsr/nwx156
https://doi.org/10.1016/s0025-3227(01)00301-2
https://doi.org/10.1016/s0025-3227(01)00301-2
https://doi.org/10.1093/bioinformatics/btr330
https://doi.org/10.1016/j.tree.2009.01.009
https://doi.org/10.1038/s41467-022-32181-8
https://doi.org/10.1038/s41467-022-32181-8
https://doi.org/10.1186/1471-2148-7-214
https://doi.org/10.1186/1471-2148-7-214

Multiple molecular data provide new insights into phylogeny and historical biogeography of East Asian Artemisia L. (Asteraceae) o 13

Edelman NB, Frandsen PB, Miyagi M et al. Genomic architecture and
introgression shape a butterfly radiation. Science 2019;366:594-9.
https://doi.org/10.1126/science.aaw2090

Gagnon E, Hilgenhof R, Orejuela A et al. Phylogenomic discord-
ance suggests polytomies along the backbone of the large genus
Solanum. American Journal of Botany 2022;109:580-601. https://doi.
org/10.1002/2jb2.1827

Garcia S, Durant McArthur E, Pellicer J et al. A molecular phylogenetic
approach to western North America endemic Artemisia and allies
(Asteraceae): Untangling the sagebrushes. American Journal of Botany
2011;98:638-53.

Gongalves DJP, Simpson BB, Ortiz EM et al. Incongruence between gene
trees and species trees and phylogenetic signal variation in plastid
genes. Molecular Phylogenetics and Evolution 2019;138:219-32.
https://doi.org/10.1016/j.ympev.2019.05.022

Hall HM, Clements FE. The Phylogenetic Method in Taxonomy: the North
American Species of Artemisia, Chrysothamnus, and Atriplex. Carnegie
Institution of Washington Publication, 1923.

Hayat MQ, Ashraf M, Khan MA et al. Phylogeny of Artemisia L.: recent
developments. African Journal of Biotechnology 2009;8:2423-8.

Hobbs CR, Baldwin BG. Asian origin and upslope migration of Hawaiian
Artemisia (Compositae-Anthemideae). Journal of Biogeography
2013;40:442-54. https://doi.org/10.1111/jbi. 12046

Hodkinson TR, Perdereau A, Klaas M et al. Genotyping by sequencing
and plastome analysis finds high genetic variability and geographical
structure in Dactylis glomerata L. in Northwest Europe despite lack
of ploidy variation. Agronomy 2019;9:342. https://doi.org/10.3390/
agronomy9070342

Huang Y, An YM, Meng SY et al. Taxonomic status and phylogenetic
position of Phaeostigma in the subtribe Artemisiinae (Asteraceae).
Journal of Systematics and Evolution 2017;55:426-36. https://doi.
org/10.1111/jse.12257

Huson DH, Bryant D. Application of phylogenetic networks in evolu-
tionary studies. Molecular Biology and Evolution 2006;23:254-67.
https://doi.org/10.1093/molbev/msj030

Hussain A, Potter D, Kim S et al. Molecular phylogeny of Artemisia
(Asteraceae-Anthemideae) with emphasis on undescribed taxa
from Gilgit-Baltistan (Pakistan) based on nrDNA (ITS and ETS)
and cpDNA (psbA-trnH) sequences. Plant Ecology and Evolution
2019;152:507-20.

Institute B. Picard toolkit. Broad Institute, GitHub repository, 2019.
https://broadinstitute.github.io/picard.

Jiao B, Chen C, Wei M et al. Phylogenomics and morphological evolution
of the mega-diverse genus Artemisia (Anthemideae, Asteraceae): im-
plications for its circumscription and infrageneric taxonomy. Annals of
Botany 2023;131:867-83. https://doi.org/10.1093/aob/mcad051

Jin G, Li W, Song F et al. Comparative analysis of complete Artemisia sub-
genus Seriphidium (Asteraceae: Anthemideae) chloroplast genomes:
insights into structural divergence and phylogenetic relationships.
BMC Plant Biology 2023;23:1-15.

JinJJ, Yu WB, Yang JB et al. GetOrganelle: a fast and versatile toolkit for
accurate de novo assembly of organelle genomes. Genome Biology
2020;21:241. https://doi.org/10.1186/s13059-020-02154-5

Jombart T, Kendall M, Almagro-GarciaJ et al. Treespace: statistical explor-
ation of landscapes of phylogenetic trees. Molecular Ecology Resources
2017;17:1385-92. https://doi.org/10.1111/1755-0998.12676

Kalyaanamoorthy S, Minh BQ, Wong TKF et al. ModelFinder: fast
model selection for accurate phylogenetic estimates. Nature Methods
2017;14:587-9. https://doi.org/10.1038/nmeth.4285

Kapepula PM, Kabengele JK, Kingombe M et al. Artemisia spp. deriva-
tives for COVID-19 treatment: anecdotal use, political hype, treat-
ment potential, challenges, and road map to randomized clinical trials.
The American Journal of Tropical Medicine and Hygiene 2020;103:960.

Katoh K, Standley DM. MAFFT multiple sequence alignment software
version 7: improvements in performance and usability. Molecular
Biology and Evolution 2013;30:772-80. https://doi.org/10.1093/
molbev/mst010

Kawabe A, Nukii H, Furihata HY. Exploring the history of chloroplast
capture in Arabis using whole chloroplast genome sequencing.

International Journal of Molecular Sciences 2018;19:602. https://doi.
org/10.3390/ijms19020602

Kim D, Paggi JM, Park C et al. Graph-based genome alignment and
genotyping with HISAT?2 and HISAT-genotype. Nature Biotechnology
2019;37:907-1S. https://doi.org/10.1038/s41587-019-0201-4

Kim GB, Lim CE, Kim JS et al. Comparative chloroplast genome ana-
lysis of Artemisia (Asteraceae) in East Asia: insights into evolu-
tionary divergence and phylogenomic implications. BMC Genomics
2020;21:1-17.

Letunic I, Bork P. Interactive Tree Of Life (iTOL) v4: recent updates and
new developments. Nucleic Acids Research 2019;47:W256-9. https://
doi.org/10.1093 /nar/gkz239

Lewis AR, Marchant DR, Ashworth AC et al. Mid-Miocene cooling
and the extinction of tundra in continental Antarctica. Proceedings
of the National Academy of Sciences of the United States of America
2008;105:10676-80. https://doi.org/10.1073/pnas.0802501105

Li C, Zheng D, Yu J et al. Late Oligocene mountain building of the East
Kunlun Shan in northeastern Tibet: impact on the Cenozoic climate
evolution in East Asia. Global and Planetary Change 2023;224:104114.

Li C, Zheng D, Zhou R et al. Late Oligocene tectonic uplift of the East
Kunlun Shan: expansion of the northeastern Tibetan Plateau.
Geophysical Research Letters 2021;48:¢2020-GL091281.

Li]J. Flora of China. Harvard Papers in Botany 2007;13:301-2.

Liao B, Shen X, Xiang L et al. Allele-aware chromosome-level genome
assembly of Artemisia annua reveals the correlation between ADS
expansion and artemisinin yield. Molecular Plant 2022;15:1310-28.
https://doi.org/10.1016/j.molp.2022.05.013

Lin YR. Study on the systematic evolvementand classification Compositae
and relation between Artemisia L. and its alliance. Bulletin of Botanical
Research 1993;13:168-73.

Ling YR. On the floristics of Artemisia L. in the world. Bulletin of Botanical
Research 1995;15:1-37.

Liu BB, Campbell CS, Hong DY et al. Phylogenetic relationships and
chloroplast capture in the Amelanchier-Malacomeles-Peraphyllum
clade (Maleae, Rosaceae): evidence from chloroplast genome and
nuclear ribosomal DNA data using genome skimming. Molecular
Phylogenetics and  Evolution ~ 2020;147:106784.  https://doi.
org/10.1016/j.ympev.2020.106784

Liu X, Wang Z, Shao W et al. Phylogenetic and taxonomic status analyses
of the Abaso section from multiple nuclear genes and plastid frag-
ments reveal new insights into the North America Origin of Populus
(Salicaceae). Frontiers in Plant Science 2017;7:2022.

Malik S, Vitales D, Qasim Hayat M et al. Phylogeny and biogeography
of Artemisia subgenus Seriphidium (Asteraceae: Anthemideae). Taxon
2017;66:934-52. https://doi.org/10.12705/664.8

Malinsky M, Matschiner M, Svardal H. Dsuite — fast D-statistics and re-
lated admixture evidence from VCF files. Molecular Ecology Resources
2021;21:584-95. https://doi.org/10.1111/1755-0998.13265

Marques DA, Meier JI, Seehausen O. A Combinatorial view on speciation
and adaptive radiation. Trends in Ecology & Evolution 2019;34:531-
44. https://doi.org/10.1016/j.tree.2019.02.008

Matzke MN]J. BioGeoBEARS: BioGeography with Bayesian (and likeli-
hood) Evolutionary Analysis with R Scripts. GitHub, 2018. http://
dx.doi.org/10.5281/zenodo.1478250

McKenna A, Hanna M, Banks E et al. The genome analysis toolkit:
a MapReduce framework for analyzing next-generation DNA
sequencing data. Genome Research 2010;20:1297-303. https://doi.
org/10.1101/gr.107524.110

Miao Y, Luo D, Zhao T et al. Genome sequencing reveals chromosome
fusion and extensive expansion of genes related to secondary metab-
olism in Artemisia argyi. Plant Biotechnology Journal 2022;20:1902—
15. https://doi.org/10.1111/pbi.13870

Miao YF, Fang XM, Song CH et al. Pollen and fossil wood’s linkage with
Mi-1 Glaciation in northeastern Tibetan Plateau, China. Palaeoworld
2013;22:101-8. https://doi.org/10.1016/j.palwor.2013.06.001

Mo ZQ, Fu CN, Zhu MS et al. Resolution, conflict and rate shifts: in-
sights from a densely sampled plastome phylogeny for Rhododendron
(Ericaceae). Annals of Botany 2022;130:687-701. https://doi.
org/10.1093/aob/mcacl14

G202 UdJBIN 60 UO 1saNnB AQ 8GGE908/9 L 0FE0G/UEBUUIIOG/EE0 |0 L/I0P/S0IE-90UBADE/UBSUUIIOG/WOS"dNO"0lWaPED.//:SANY WOy PAPEO|UMOQ


https://doi.org/10.1126/science.aaw2090
https://doi.org/10.1002/ajb2.1827
https://doi.org/10.1002/ajb2.1827
https://doi.org/10.1016/j.ympev.2019.05.022
https://doi.org/10.1111/jbi.12046
https://doi.org/10.3390/agronomy9070342
https://doi.org/10.3390/agronomy9070342
https://doi.org/10.1111/jse.12257
https://doi.org/10.1111/jse.12257
https://doi.org/10.1093/molbev/msj030
https://broadinstitute.github.io/picard
https://doi.org/10.1093/aob/mcad051
https://doi.org/10.1186/s13059-020-02154-5
https://doi.org/10.1111/1755-0998.12676
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1093/molbev/mst010
https://doi.org/10.3390/ijms19020602
https://doi.org/10.3390/ijms19020602
https://doi.org/10.1038/s41587-019-0201-4
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1093/nar/gkz239
https://doi.org/10.1073/pnas.0802501105
https://doi.org/10.1016/j.molp.2022.05.013
https://doi.org/10.1016/j.ympev.2020.106784
https://doi.org/10.1016/j.ympev.2020.106784
https://doi.org/10.12705/664.8
https://doi.org/10.1111/1755-0998.13265
https://doi.org/10.1016/j.tree.2019.02.008
https://doi.org/10.5281/zenodo.1478250
https://doi.org/10.5281/zenodo.1478250
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1111/pbi.13870
https://doi.org/10.1016/j.palwor.2013.06.001
https://doi.org/10.1093/aob/mcac114
https://doi.org/10.1093/aob/mcac114

14 .« Yuetal

Muldashev AA. New Genus Phaeostigma (Asteraceae) from the East Asia.
Botanicheskii Zhurnal 1981;4:587.

Nguyen LT, Schmidt HA, von Haeseler A et al. IQ-TREE: a fast and ef-
fective stochastic algorithm for estimating maximum-likelihood
phylogenies. Molecular Biology and Evolution 2015;32:268-74.
https://doi.org/10.1093/molbev/msu300

Nosil P, Harmon LJ, Seehausen O. Ecological explanations for (incom-
plete) speciation. Trends in Ecology & Evolution 2009;24:145-56.
https://doi.org/10.1016/j.tree.2008.10.011

Obolskiy D, Pischel I, Feistel B et al. Artemisia dracunculus L.(tarragon):
a critical review of its traditional use, chemical composition,
pharmacology, and safety. Journal of Agricultural and Food Chemistry
2011;59:11367-84. https://doi.org/10.1021/jf202277w

Oyundelger K, Harpke D, Herklotz V et al. Phylogeography of Artemisia
frigida (Anthemideae, Asteraceae) based on genotyping-by-
sequencing and plastid DNA data: migration through Beringia. Journal
of Evolutionary Biology 2022;35:64-80. https://doi.org/10.1111/
jeb.13960

Pasquet RS, Feleke Y, Gepts P. Cowpea [Vigna unguiculata (L.) Walp.]
maternal lineages, chloroplast captures, and wild cowpea evolution.
Genetic Resources and Crop Evolution 2021;68:2799-812. https://doi.
org/10.1007/s10722-021-01155-y

Patterson N, Moorjani P, Luo Y et al. Ancient admixture in human
history. Genetics 2012;192:1065-93. https://doi.org/10.1534/
genetics.112.145037

Pellicer J, Hidalgo O, Garnatje T et al. Life cycle versus system-
atic placement: phylogenetic and cytogenetic studies in annual
Artemisia (Asteraceae, Anthemideae). Turkish Journal of Botany
2014;38:1112-22.

Pellicer J, Valles J, Korobkov AA et al. Phylogenetic relationships of
Artemisia subg. Dracunculus (Asteraceae) based on ribosomal and
chloroplast DNA sequences. Taxon 2011;60:691-704. https://doi.
org/10.1002/tax.603006

Pham KK, Hipp AL, Manos PS et al. A time and a place for every-
thing: phylogenetic history and geography as joint predictors of
oak plastome phylogeny. Genome 2017;60:720-32. https://doi.
org/10.1139/gen-2016-0191

Poljakov PP. Dva novykh roda sem. Slozhnotsvetnykh. Duo genera nova
e fam. Compositae. Botanicheskie Materialy Gerbariya Botanicheskogo
Instituta imeni VL Komarova Akademii Nauk SSSR 1955;17:418-31.

Purcell S, Neale B, Todd-Brown K et al. PLINK: a tool set for whole-
genome association and population-based linkage analyses.
American Journal of Human Genetics 2007;81:559-75. https://doi.
org/10.1086/519795

Qiu Y, Sun Y, Zhang X et al. Molecular phylogeography of East Asian
Kirengeshoma (Hydrangeaceae) inrelationtoQuaternaryclimatechange
and landbridge configurations. The New Phytologist 2009;183:480—
95. https://doi.org/10.1111/j.1469-8137.2009.02876.x

Qu X]J, Moore MJ, Li DZ et al. PGA: a software package for rapid, ac-
curate, and flexible batch annotation of plastomes. Plant Methods
2019;15:1-12.

Rambaut A. FigTree: Produce High-Quality Figures of Phylogenetic Trees.
Edinburgh (UK): Institute of Evolutionary Biology, University of
Edinburgh, 2007. http://tree.bio.ed.ac.uk/software/figtree/.

Rambaut A, Drummond AJ, Xie D et al. Posterior summarization
in Bayesian phylogenetics using Tracer 1.7. Systematic Biology
2018;67:901-4. https://doi.org/10.1093/sysbio/syy032

Rieseberg LH. The role of hybridization in evolution: old wine in new
skins. American Journal of Botany 1995;82:944-53. https://doi.
org/10.2307/2445981

Riggins CW, Seigler DS. The genus Artemisia (Asteraceae: Anthemideae)
at a continental crossroads: molecular insights into migrations, dis-
junctions, and reticulations among Old and New World species
from a Beringian perspective. Molecular Phylogenetics and Evolution
2012;64:471-90. https://doi.org/10.1016/j.ympev.2012.05.003

Robinson DF, Foulds LR. Comparison of phylogenetic trees.
Mathematical Biosciences 1981;53:131-47. https://doi.org/10.1016/
0025-5564(81)90043-2

Ronquist F, Teslenko M, Van Der Mark P et al. MrBayes 3.2: efficient
Bayesian phylogenetic inference and model choice across a large
model space. Systematic Biology 2012;61:539-42. https://doi.
org/10.1093/sysbio/sys029

Sanz M, Schneeweiss G, Vilatersana Lluch R et al. Temporal origins and
diversification of Artemisia and allies (Anthemideae, Asteraceae).
Collectanea Botanica 2011;30:7-13.

Sanz M, Vilatersana R, Hidalgo O et al. Molecular phylogeny and evo-
lution of floral characters of Artemisia and allies (Anthemideae,
Asteraceae): evidence from nrDNA ETS and ITS sequences. Taxon
2008;57:66-78.

Shahzadi I, Abdullah, Mehmood F, Ali Z, Ahmed I, Mirza B. Chloroplast
genome sequences of Artemisia maritima and Artemisia absinthium:
comparative analyses, mutational hotspots in genus Artemisia and
phylogeny in family Asteraceae. Genomics 2020;112:1454-63.

Shen CZ, Zhang CJ, Chen]J et al. Clarifying recent adaptive diversification
of the chrysanthemum-group on the basis of an updated multilocus
phylogeny of subtribe Artemisiinae (Asteraceae: Anthemideae).
Frontiers in Plant Science 2021;12:1-17.

Shen X, Wu M, Liao B et al. Complete chloroplast genome sequence
and phylogenetic analysis of the medicinal plant Artemisia annua.
Molecules 2017;22:1330.

Shevenell AE, Kennett JP, Lea DW. Middle Miocene Southern Ocean
cooling and Antarctic cryosphere expansion. Science 2004;305:1766—
70. https://doi.org/10.1126/science.1100061

Shi L, Chen H, Jiang M et al. CPGAVAS2, an integrated plastome se-
quence annotator and analyzer. Nucleic Acids Research 2019;47:-W65—
73. https://doi.org/10.1093/nar/gkz345

Shimodaira H, Hasegawa M. CONSEL: for assessing the confidence of
phylogenetic tree selection. Bioinformatics 2001;17:1246-7. https://
doi.org/10.1093/bioinformatics/17.12.1246

Soltis DE, Soltis PS, Collier TG et al. Chloroplast DNA variation within
and among genera of the Heuchera group (Saxifragaceae): evidence
for chloroplast transfer and paraphyly. American Journal of Botany
1991;78:1091-112. https://doi.org/10.2307/2444898

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 2014;30:1312-3.
https://doi.org/10.1093/bioinformatics/btu033

Steinthorsdottir M, Coxall HK, de Boer AM et al. The Miocene:
the future of the past. Paleoceanography and Paleoclimatology
2021;36:2020-PA004037.

Stull GW, Soltis PS, Soltis DE et al. Nuclear phylogenomic analyses of
asterids conflict with plastome trees and support novel relationships
among major lineages. American Journal of Botany 2020;107:790-
805. https://doi.org/10.1002/ajb2.1468

Sun J, Li J, Liu W et al. Middle Miocene paleoenvironmental change
and paleoelevation of the Lunpola Basin, Central Tibet. Global and
Planetary Change 2023;220:104009. https://doi.org/10.1016/j.
gloplacha.2022.104009

Tkach NV, Hoffmann MH, Réser M et al. Temporal patterns of evolution
in the Arctic explored in Artemisia L. (Asteraceae) lineages of different
age. Plant Ecology & Diversity 2008a;1:161-9.

Tkach NV, Hoffmann MH, Roéser M et al. Parallel evolu-
tionary patterns in multiple lineages of Arctic Artemisia L.
(Asteraceae). Evolution 2008b;62:184-98. https://doi.
org/10.1111/}.1558-5646.2007.00270.x

Torrell M, Garcia-Jacas N, Susanna A et al. Infrageneric phylogeny of the
genus Artemisia L. (Asteraceae, Anthemideae) based on nucleotide
sequences of nuclear ribosomal DNA internal transcribed spacers
(ITS). Taxon 1999;48:721-36.

Vallés J, Garcia S, Hidalgo O et al. Biology, genome evolution, biotechno-
logical issues and research including applied perspectives in Artemisia
(Asteraceae). Advances in Botanical Research 2011;60:349-419.

Vallés J, Garnatje T. Artemisia and its allies: genome organization
and evolution and their biosystematic, taxonomic and phylo-
genetic implications in the Artemisiinae and related subtribes
(Asteraceae, Anthemideae). Plant Genome: Biodiversity and Evolution
2005;1:255-8S.

G202 UdJBIN 60 UO 1saNnB AQ 8GGE908/9 L 0FE0G/UEBUUIIOG/EE0 |0 L/I0P/S0IE-90UBADE/UBSUUIIOG/WOS"dNO"0lWaPED.//:SANY WOy PAPEO|UMOQ


https://doi.org/10.1093/molbev/msu300
https://doi.org/10.1016/j.tree.2008.10.011
https://doi.org/10.1021/jf202277w
https://doi.org/10.1111/jeb.13960
https://doi.org/10.1111/jeb.13960
https://doi.org/10.1007/s10722-021-01155-y
https://doi.org/10.1007/s10722-021-01155-y
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1534/genetics.112.145037
https://doi.org/10.1002/tax.603006
https://doi.org/10.1002/tax.603006
https://doi.org/10.1139/gen-2016-0191
https://doi.org/10.1139/gen-2016-0191
https://doi.org/10.1086/519795
https://doi.org/10.1086/519795
https://doi.org/10.1111/j.1469-8137.2009.02876.x
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1093/sysbio/syy032
https://doi.org/10.2307/2445981
https://doi.org/10.2307/2445981
https://doi.org/10.1016/j.ympev.2012.05.003
https://doi.org/10.1016/0025-5564(81)90043-2
https://doi.org/10.1016/0025-5564(81)90043-2
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1093/sysbio/sys029
https://doi.org/10.1126/science.1100061
https://doi.org/10.1093/nar/gkz345
https://doi.org/10.1093/bioinformatics/17.12.1246
https://doi.org/10.1093/bioinformatics/17.12.1246
https://doi.org/10.2307/2444898
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1002/ajb2.1468
https://doi.org/10.1016/j.gloplacha.2022.104009
https://doi.org/10.1016/j.gloplacha.2022.104009
https://doi.org/10.1111/j.1558-5646.2007.00270.x
https://doi.org/10.1111/j.1558-5646.2007.00270.x

Multiple molecular data provide new insights into phylogeny and historical biogeography of East Asian Artemisia L. (Asteraceae) o 15

Valles J, McArthur ED. Artemisia systematics and phylogeny: cyto-
genetic and molecular insights. USDA Forest Service Proceedings
2001;21:67-74.

Wang E, Kirby E, Furlong KP et al. Two-phase growth of high topography
in eastern Tibet during the Cenozoic. Nature Geoscience 2012;5:640—
S. https://doi.org/10.1038/nge01538

Wang K, Lenstra JA, Liu L et al. Incomplete lineage sorting rather than
hybridization explains the inconsistent phylogeny of the wisent.
Communications Biology 2018;1:169. https://doi.org/10.1038/
$42003-018-0176-6

Wang WM. Onthe originand development of Artemisia (Asteraceae) inthe
geological past. Botanical Journal of the Linnean Society 2004;145:331-
6. https://doi.org/10.1111/j.1095-8339.2004.00287.x

Wang X, Carrapa B, Chapman JB et al. Parathethys last gasp in
Central Asia and late Oligocene accelerated uplift of the Pamirs.
Geophysical ~ Research  Letters  2019;46:11773-81. https://doi.
org/10.1029/2019g1084838

Watson LE, Bates PL, Evans TM et al. Molecular phylogeny of subtribe
Artemisiinae (Asteraceae), including Artemisia and its allied and seg-
regate genera. BMC Evolutionary Biology 2002;2:1-12.

Wu CA, Campbell DR. Cytoplasmic and nuclear markers reveal con-
trasting patterns of spatial genetic structure in a natural Ipomopsis
hybrid zone. Molecular Ecology 2005;14:781-92. https://doi.
org/10.1111/}.1365-294X.2005.02441.x

Wu ZY, Sun H, Zhou ZK, Li DZ, Peng H. Floristics of Seed Plants from
China. Beijing: Science Pres, 2011.

Xia X, Xie Z. DAMBE: software package for data analysis in molecular
biology and evolution. The Journal of Heredity 2001;92:371-3.
https://doi.org/10.1093/jhered/92.4.371

Xiang KL, Erst AS, Yang J et al. Biogeographic diversification of Eranthis
(Ranunculaceae) reflects the geological history of the three great
Asian plateaus. Proceedings of The Royal Society B: Biological Sciences
2021;288:20210281. https://doi.org/10.1098/rspb.2021.0281

Xie DF, Tan JB, Yu Y et al. Insights into phylogeny, age and evolution of
Allium (Amaryllidaceae) based on the whole plastome sequences.
Annals of Botany 2020;125:1039-58. https://doi.org/10.1093/aob/
mcaa024

Yang YY, Qu XJ, Zhang R et al. Plastid phylogenomic analyses of
Fagales reveal signatures of conflict and ancient chloroplast capture.

Molecular Phylogenetics and Evolution 2021;163:107232. https://doi.
org/10.1016/j.ympev.2021.107232

Yu ], Niu Y, You Y et al. Integrated phylogenomic analyses unveil reticu-
late evolution in Parthenocissus (Vitaceae), highlighting speciation
dynamics in the Himalayan-Hengduan Mountains. New Phytologist
2023;238:888-903.

Yu J, Xia M, Wang Y et al. Short and long reads chloroplast genome assem-
blies and phylogenomics of Artemisia tangutica (Asteraceae). Biologia
2022;77:915-30. https://doi.org/10.1007/s11756-021-00951-2

Yu Y, Harris AJ, Blair C et al. RASP (Reconstruct Ancestral State
in Phylogenies): a tool for historical biogeography. Molecular
Phylogenetics and Evolution 2015;87:46-9. https://doi.org/10.1016/j.
ympev.2015.03.008

Zachos J, Pagani M, Sloan L et al. Trends, rhythms, and aberrations in
global climate 65 Ma to present. Science 2001;292:686-93. https://
doi.org/10.1126/science. 1059412

Zhang D, Gao F, Jakovli¢ I et al. PhyloSuite: an integrated and scalable
desktopplatformforstreamlinedmolecularsequence datamanagement
and evolutionary phylogenetics studies. Molecular Ecology Resources
20202;20:348-55. https://doi.org/10.1111/1755-0998.13096

Zhang H, Zhang X, Landis JB et al. Phylogenomic and compara-
tive analyses of Rheum (Polygonaceae, Polygonoideae). Journal
of Systematics and Evolution 2022;60:1229-40. https://doi.
org/10.1111/jse.12814

Zhang R, Wang YH, Jin JJ et al. Exploration of plastid phylogenomic con-
flict yields new insights into the deep relationships of Leguminosae.
Systematic Biology 2020b;69:613-22.

Zhisheng A, Kutzbach JE, Prell WL et al. Evolution of Asian mon-
soons and phased uplift of the Himalaya-Tibetan plateau since
Late Miocene times. Nature 2001;411:62-6. https://doi.
org/10.1038/35075035

Zhou MY, Liu JX, Ma PF et al. Plastid phylogenomics shed light on inter-
generic relationships and spatiotemporal evolutionary history of
Melocanninae (Poaceae: Bambusoideae). Journal of Systematics and
Evolution 2022;60:640-52. https://doi.org/10.1111/jse.12843

Zhu'W, JiangJ, Chen S et al. Intergeneric hybrid between Chrysanthemum
X morifolium and Artemisia japonica achieved via embryo rescue
shows salt tolerance. Euphytica 2013;191:109-19. https://doi.
org/10.1007/s10681-013-0869-3

G202 UdJBIN 60 UO 1saNnB AQ 8GGE908/9 L 0FE0G/UEBUUIIOG/EE0 |0 L/I0P/S0IE-90UBADE/UBSUUIIOG/WOS"dNO"0lWaPED.//:SANY WOy PAPEO|UMOQ


https://doi.org/10.1038/ngeo1538
https://doi.org/10.1038/s42003-018-0176-6
https://doi.org/10.1038/s42003-018-0176-6
https://doi.org/10.1111/j.1095-8339.2004.00287.x
https://doi.org/10.1029/2019gl084838
https://doi.org/10.1029/2019gl084838
https://doi.org/10.1111/j.1365-294X.2005.02441.x
https://doi.org/10.1111/j.1365-294X.2005.02441.x
https://doi.org/10.1093/jhered/92.4.371
https://doi.org/10.1098/rspb.2021.0281
https://doi.org/10.1093/aob/mcaa024
https://doi.org/10.1093/aob/mcaa024
https://doi.org/10.1016/j.ympev.2021.107232
https://doi.org/10.1016/j.ympev.2021.107232
https://doi.org/10.1007/s11756-021-00951-2
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1016/j.ympev.2015.03.008
https://doi.org/10.1126/science.1059412
https://doi.org/10.1126/science.1059412
https://doi.org/10.1111/1755-0998.13096
https://doi.org/10.1111/jse.12814
https://doi.org/10.1111/jse.12814
https://doi.org/10.1038/35075035
https://doi.org/10.1038/35075035
https://doi.org/10.1111/jse.12843
https://doi.org/10.1007/s10681-013-0869-3
https://doi.org/10.1007/s10681-013-0869-3

	Multiple molecular data provide new insights into phylogeny and historical biogeography of East Asian Artemisia L. (Asteraceae)
	INTRODUCTION
	MATERIALS AND METHODS
	Sample collection and DNA extraction
	Assembly and phylogenetic datasets
	Phylogenetic analysis
	SNP calling and genetic structure analysis
	Landscape tree analysis
	Test for reticulation
	Divergence time estimation and ancestral range reconstruction

	RESULTS
	Plastome, ribosomal DNA, and SNP datasets
	Plastid phylogeny
	Comparison of phylogeny between plastome, NRDNA, and SNP
	Genetics structure and reticulation
	Divergence time estimation and ancestral range reconstruction

	DISCUSSION
	Phylogenetic relationship of Artemisia and its related genera
	Phylogeny of the major lineages and species of East Asian Artemisia
	Historical biogeography of the major lineages of East Asian Artemisia
	The early divergent lineages of East Asian Artemisia

	CONCLUSION
	Supplementary Data
	References


