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ARTICLE INFO ABSTRACT

Keywords: Genome-scale data have significantly increased the number of informative characters for phylogenetic analyses
Arall:a sect. Aralia and recent studies have also revealed widespread phylogenomic discordance in many plant lineages. Aralia sect.
Araliaceae Aralia is a small plant lineage (14 spp.) of the ginseng family Araliaceae with a disjunct distribution between
Phylogenomics

eastern Asia (11 spp.) and North America (3 spp.). We herein employ sequences of hundreds of nuclear loci and
the complete plastomes using targeted sequence capture and genome skimming to reconstruct the phylogenetic
and biogeographic history of this section. We detected substantial conflicts among nuclear genes, yet different
analytical strategies generated largely congruent topologies from the nuclear data. Significant cytonuclear
discordance was detected, especially concerning the positions of the three North American species. The phylo-
genomic results support two intercontinental disjunctions: (1) Aralia californica of western North America is sister
to the eastern Asian clade consisting of A. cordata and A. continentalis in the nuclear tree, and (2) the eastern
North American A. racemosa forms a clade with A. bicrenata from southwestern North America, and the North
American A. racemosa - A. bicrenata clade is then sister to the eastern Asian clade consisting of A. glabra (Japan),
A. fargesii (C China), and A. apioides and A. atropurpurea (the Hengduan Mountains). Aralia cordata is supported
to be disjunctly distributed in Japan, Taiwan, the Ulleung island of Korea, and in Central, Southwest and South
China, and Aralia continentalis is redefined with a narrower distribution in Northeast China, eastern Russia and
peninsular Korea.

Cytonuclear discordance
Eastern Asian-North American disjunction
Sino-Japanese disjunction

1. Introduction patterns of eastern Asia. Aralia represents one of the c. 50 plant genera in

Araliaceae (Wen et al., 2001; Frodin & Govaerts, 2003; Lowry et al.,

Aralia L. sect. Aralia is a small group of 14 herbaceous perennial
species in the ginseng family Araliaceae, and represents one of the six
sections of the genus Aralia (Wen, 2011). The section shows a classical
disjunct distribution between eastern Asia (11 spp.) and North America
(3 spp.), with several closely related species allopartrically distributed in
both eastern Asia and North America (Wen et al., 1998; Wen, 2011).
Within eastern Asia, species of the section also show strong endemism in
each of the major biogeographic regions, such as western Himalaya,
eastern Himalaya, Southwest China, Northeast Asia, Japan, and Taiwan,
making Aralia sect. Aralia an ideal system for exploring biogeographic
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2004; Plunkett et al., 2004, 2018; Gallego-Narbon et al., 2022), with
generic delimitation being actively studied (Wen, 1993, 2011; Mitchell
et al., 2012; Li & Wen, 2013; Lowry & Plunkett, 2020).

Most species of Aralia sect. Aralia have been used as traditional
medicines in eastern Asia, however, the section has been taxonomically
difficult with species delimitations controversial (Wen, 2011). The
Aralia cordata complex is the largest group in the section, and includes
six eastern Asian species: A. cordata, A. taiwaniana, A. continentalis,
A. schmidtii, A. tibetana and A. cachemirica, that occur allopatrically
throughout eastern Asia and are morphologically similar (Wen, 2011).
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Based on the most recent monograph (Wen, 2011), Aralia cordata is
recognized to be restricted to Japan and the Ulleung volcanic island near
the Korean Peninsula, and A. continentalis has a broad distribution from
southwest China to eastern Russia and Korea; Aralia taiwaniana is
endemic to the mountains of central Taiwan; Aralia schmidtii is distrib-
uted from the Sakhalin and Kuril islands in eastern Russia to the
northern part of the Japanese archipelago in the North Pacific; Aralia
tibetana and A. cachemirica are endemic to the eastern Himalaya and the
western Himalaya, respectively (Fig. S1). Yet Aralia continentalis and
A. taiwaniana were sometimes treated as synonyms of A. cordata or as a
variety (Zhu, 1989; Huang, 1993; Xiang and Lowry, 2007). The species
delimitations of the Aralia cordata complex remain controversial due to
the lack of phylogenetic studies with a broad taxon sampling.

Wen et al. (1998) inferred the phylogeny of Aralia sect. Aralia based
on the nuclear ribosomal ITS data. Due to the limited phylogenetic
informative sites and limited taxon sampling (A. glabra, A. continentalis,
A. schmidtii and A. taiwaniana not included), the phylogenetic relation-
ships within the section are still poorly understood. Wen et al. (1998)
reported that the three North American taxa, A. californica, A. racemosa,
and A. racemosa ssp. bicrenata (now recognized as A. bicrenata in Wen,
2011) formed a monophyletic group based on ITS sequence data. But
Aralia californica was sister to the clade consisting of the eastern North
American A. racemosa and eastern Asian A. cordata based on the com-
bined data of ITS and three chloroplast markers (Wen, 2011). The
monophyly of the North American group of Aralia sect. Aralia thus needs
to be tested, and resolving the positions of the three North American
species will provide an example to understand the evolution of classical
eastern Asian-North American biogeographic disjunctions (Wen, 1999;
Wen et al., 2016; Lee et al., 2019; Zhou et al., 2020).

The position of the eastern Asian Aralia henryi has also been
controversial. It was placed outside the core Aralia sect. Aralia clade
with a low support value (BS = 53) in the ITS topology (Wen et al., 1998)
while it formed a monophyletic group with the other species of Aralia
sect. Aralia based on the combined data (Wen, 2011). Aralia henryi is
distributed from southwest to central China, extending to Zhejiang
province of eastern China. Morphologically, A. henryi bears a small
inflorescence with a few umbels and flowers and has bright red fruits,
making A. henryi highly distinctive in Aralia. The phylogenetic position
of A. henryi hence needs to be further tested.

Genome-scale data including plastid and nuclear genome data have
significantly increased the number of informative characters for phylo-
genetic analyses and have been successfully utilized for reconstructing
phylogenies of many plant groups recently (Wen et al., 2013, 2015;
Zimmer & Wen, 2015; Xiang et al., 2017; Kleinkopf et al., 2019;
Leebens-Mack et al., 2019; Li et al., 2019; Medina et al., 2019; Ma et al.,
2021). The chloroplast genome sequences, easily obtainable from
genome skimming (Jansen & Ruhlman, 2012), have become a popular
source of data for reconstructing the phylogenetic relationships of many
groups at different levels in the past ten years (Bock et al., 2014; Panero
et al., 2014; Zhang et al., 2015, 2016; Wen et al., 2018; Liu et al., 2019;
Valcarcel & Wen, 2019; Wang et al., 2020; Li et al., 2021; Zhou et al.,
2022). The nuclear genome harbors biparentally inherited information
and is essential to explore evolutionary events, such as hybridization
and introgression (Rieseberg & Soltis, 1991; Soltis & Kuzoff, 1995;
Ackerfield & Wen, 2003; Hardig et al., 2000; Bock et al., 2014). In the
phylogenomic era, considerable discordance across gene trees has been
detected in many cases (Salichos & Rokas, 2013; Wen et al., 2013; Xiang
et al.,, 2017; Hodel et al., 2021; Morales-Briones et al., 2018, 2021;
Widhelm et al., 2019; Liu et al., 2021a; Ma et al., 2021). The potential
sources of conflicts among gene trees may include hidden paralogs,
ancient or recent hybridization or reticulate evolution, horizontal gene
transfer, and the widespread presence of incomplete lineage sorting
(ILS) in recent rapid radiations (Hodel et al., 2022). Furthermore,
comparing phylogenies inferred from genomes with different inheri-
tance patterns has the potential to elucidate hybridization and intro-
gression events (Sun et al., 2015; Crowl et al., 2017; Wang et al., 2021;
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Dong et al., 2022; Zhou et al., 2022), which are often considered as
common driving forces in the evolution of plant species (Anderson &
Stebbins, 1954; Seehausen, 2004; Soltis & Soltis, 2009; Payseur & Rie-
seberg, 2016; Liu et al., 2019, 2021a, 2022).

Combining the benefits from the target enrichment technique and
the cost-effective genome skimming, the Hyb-Seq approach can effi-
ciently survey hundreds or thousands single- or low-copy nuclear genes
with chloroplast genomes as the by-product from the same genomic li-
brary, and has been widely employed to resolve phylogenetic relation-
ships in diverse lineages (e.g. Weitemier et al., 2014; Heyduk et al.,
2015; Stephens et al., 2015; Moore et al., 2017; Villaverde et al., 2018; Li
et al.,, 2019; Ma et al., 2021). With the utilization of massive genome-
scale sequence data for phylogenetic studies, highly supported yet
conflicting cytonuclear phylogenies from Hyb-Seq data have become
more prominent and need to be carefully assessed (Bruun-Lund et al.,
2017; Morales-Briones et al., 2018, 2021; Herrando-Moraira et al., 2019;
Edelman et al., 2019; Lee-Yaw et al., 2019; Ma et al., 2023). In addition
to the primary goal of constructing species trees, it is also necessary to
explore evolutionary processes such as hybridization events that we can
infer based on the patterns of discordances of phylogenomic datasets.

In this paper, we employ a phylogenomic dataset of hundreds of
nuclear loci and the complete chloroplast genomes through targeted
sequence capture and genome skimming to: (1) uncover the phyloge-
netic relationships within Aralia sect. Aralia; (2) test and explore the
potential discordance among gene trees and cytonuclear discordance;
and (3) explore the intercontinental biogeographic disjunction history
between eastern Asia and North America in Aralia sect. Aralia.

2. Materials and methods
2.1. Taxon sampling and library preparations

We sampled 13 of the 14 recognized species (only except A. schmidtii)
of Aralia sect. Aralia, with multiple accessions representing each species
from across most of their geographic distribution and/or morphological
variability, along with six species representing three other sections of
Aralia and four species of the closely related Panax for the phylogenetic
analyses (Wen & Zimmer, 1996; Wen & Nowicke, 1999; Zuo et al.,
2017). Four taxa of Polyscias, Pseudopanax and Osmoxylon of Araliaceae
were used as the outgroups based on the previous phylogenetic studies
(Wen et al., 2001; Valcarcel & Wen, 2019). The voucher information is
presented in Table 1.

Total genomic DNAs were extracted from silica-gel dried leaves or
herbarium specimens using the modified SDS method (Dellaporta et al.,
1983). The quality of total DNA was checked by gel electrophoresis and
Qubit (dsDNA BR assays: Thermo Fisher Scientific, Waltham, Massa-
chusetts, USA), and then diluted to a concentration of 15 ng/pL. The
DNAs were then sheared to a target peak size of ca. 500 bp by sonication
in a Q800 Sonicator (Qsonica L.L.C, Newtown, Connecticut, USA) for
library preparation. An Illumina paired-end DNA library was con-
structed using a NEBNext UltralIDNA Library Prep Kit for Illumina (New
England Biolabs). Agencourt AMPure XP magnetic beads (Beckman
Coulter) were used for fragment size selection for 400-500 bp, and also
for DNA purification.

2.2. Baits, target enrichment and sequencing

The baits used for target enrichment and sequencing were reported
in detail in Gallego-Narbon et al. (2022). Briefly, the bait set of targeted
genes was designed for Araliaceae based on comparisons of the genomes
of Panax ginseng (Kim et al., 2018; https://ginsengdb.snu.ac.kr/) and
P. notoginseng (Zhang et al., 2017; https://www.plantkingdomgdb.com
/panax_notoginseng/), and transcriptome sequences of Hedera helix
and Polyscias fruticosa from the 1000 Plant Transcriptomes Initiative
(OneKP; https://www.onekp.com; code: SUVN and EDBB, respectively).
The selection was conducted mainly in Geneious Prime (https://www.
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Table 1

Species sampled in the current study. Voucher specimens are deposited at the

United States National Herbarium (US).

Species

Voucher

Geographical origin

Aralia sect. Aralia
Aralia apioides

Aralia apioides
Aralia apioides
Aralia apioides
Aralia atropurpurea
Aralia atropurpurea

Aralia bicrenata
Aralia bicrenata
Aralia cachemirica¥c

Aralia cachemirica
Aralia californica
Aralia californica
Aralia californica
Aralia chinensis
Aralia continentalis+c
Aralia "continentalis”

Aralia continentalis
Aralia continentalis
Aralia continentalis
Aralia continentalis
Aralia continentalis
Aralia continentalis
Aralia cordata
Aralia cordata
Aralia cordata
Aralia cordata
Aralia cordata
Aralia glabra
Aralia henryi
Aralia henryi
Aralia racemosa
Aralia racemosa
Aralia racemosa
Aralia racemosa
Aralia racemosa
Aralia taiwaniana
Aralia tibetanax

Aralia tibetana
Aralia tibetana
Aralia tibetana

Aralia sect. Dimorphanthus
Aralia dasyphylla
Aralia elata
Aralia fargesii
Aralia fargesii

Aralia sect. Humiles
Aralia humilis

Aralia sect. Pentapanax
Aralia franchetii
Aralia parasitica

Panax
Panax bipinnatifidus
Panax japonicus
Panax quinquefolius
Panax trifolius

Outgroups
Osmoxylon
novoguineense
Arthrophyllum
Jjavanicum

Tibet-MacArthur
2680
Tibet-MacArthur
2382
Tibet-MacArthur
2283

J. Liu 809

Tibet-MacArthur
1917
J. Liu 729

Wen 1-D1
Wen 1-J4
No. 5964

Anzar 501
Wen 6694
Wen 7104
Wen 13496
Wen 11402
Russia 1952
Wen 12092

Xie L. 2018
Wen 11550
Wen 3129
Wen 5426
Wen 5545
Wen 9330
AJOU 21170
AJOU 21169
Zhou 2000
Wen 8542
Soejima 1072
Soejima 1085
Wen 12841
Wen 10640
Xu,Lu& Lutz 114
Wen 11752
Wen 11971
Wen 10482
Wen 13427
Wen 9424
No. 5606

Q22

Xie L. 13145
Xie L. 13149
Wen 10129

Liu P.L. 363
Liu P. L. 418
Wen 5446

Wen 8679

Wen 14623
Wen 14615

Nie 1162
Soejima 1118
Wen 6243
Wen 10099
Wen 10706

Wen 10157

Tibet, China (Qinghai-Tibet
Plateau)

Yunnan, China (Hengduan
Mountains)

Yunnan, China (Hengduan
Mountains)

Sichuan, China (Hengduan
Mountains )

Sichuan, China (Hengduan
Mountains )

Sichuan, China (Hengduan
Mountains )

Colorado, USA

New Mexico, USA

Changla galli, Pakistan
(Himalayas)

Kashmir, India

Monterey Co., California, USA
Tehama Co., California, USA
Siskiyou Co., California, USA
Guangdong, China

Razdolnaya river basin, Russia

Sichuan, China (Hengduan
Mountains )

Hebei, China

Guangxi, China

Jilin, China

Jilin, China

Jiangxi, China

Hunan, China

Ullung county, South Korea
Ullung, South Korea

Japan

Japan, Honshu

Japan

Japan

Hubei, China

Yunnan, China

Vermont, USA

North Carolina, USA
Newton Co., Arkansas, USA
Quebec, Canada

New Hampshire, USA
Taiwan

Painya Khola, Nepal
(Himalayas)

Tibet, China (Qinghai-Tibet
Plateau)

Tibet, China (Qinghai-Tibet
Plateau)

Tibet, China (Qinghai-Tibet
Plateau)

Java, Indonesia
Shaanxi, China
Shaanxi, China
Hubei, China

Oaxaca, Mexico

Yunnan, China
Yunnan, China

China

Japan
Virginia, USA
Maryland, USA

Indonesia, Keeron District,
Papua
Bogor, Indonesia
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Table 1 (continued)

Species Voucher Geographical origin
Polyscias australiam Wen 10710 Irian Barat, Indonesia
Pseudopanax Wen 2019306 Chile originally, cult.
latevirens

geneious.com), with a maximum E-value of 1 x 10710 for all BLAST
searches. The coding regions of P. ginseng (ver. 1.1) and P. notoginseng
(ver. 1) were BLASTed against each other to identify putative ortholo-
gous genes. Only the genes present in both genomes were considered,
and we selected the genes that were strictly single-copy in P. notoginseng
and had no more than two matches in P. ginseng, because P. notoginseng is
a diploid (2n = 2x = 24) and and P. ginseng is a tetraploid (2n = 4x = 48).
The selected genes were double checked by BLASTing against their
genome data, and then filtered to keep those longer than 300 bp and
having 85-99 % of the pairwise identities between P. ginseng and
P. notoginseng. The retained genes were further BLASTed against the
transcriptome assemblies of Hedera helix and Polyscias fruticosa, and
those with multiple matches in either H. helix or P. fruticosa were
excluded. This process resulted in a set of 933 genes with a range from
300 to 3990 bp and a total length of 700,778 bp. For bait synthesis, we
used the sequences of Panax ginseng as the references to check if the
genes were single-copy. Otherwise, we used the sequences of
P. notoginseng or H. helix. The myBaits 120-mer biotinylated RNA probes
with 3 x tiling on each locus were designed and synthesized by Arbor
Biosciences (Ann Arbor, MI, USA, Catalog #180912-94A). Before the
synthesis, the probes were filtered by removing high repeat elements,
which were identified using the Plant Genome and Systems Biology
(PGSB) repeat database (Nussbaumer et al., 2013).

We pooled 6-10 indexed libraries in one reaction, with equimolar
amounts of each sample to a total of 100 ng. Solution-based hybridiza-
tion and enrichment was carried out through the MYBaits target
enrichment system (MYcroarray, Ann Arbor, Michigan) following the
standard MYBaits v4.01 protocol (https://arborbiosci.
com/mybaits-manual/). The final enriched libraries were quantified
by gel electrophoresis and Qubit. To recover the plastid regions, 40 % of
unenriched libraries were added to the target-enriched libraries, then
pooled into one superpool in equimolar ratios. The superpool was then
sequenced with 150 bp paired-end reads on an Illumina HiSeq 4000
platform (Novogene, Sacramento, CA, USA).

2.3. Raw data processing and assembly

The raw reads data generated from the Illumina HiSeq runs were
trimmed and filtered using Trimmomatic v.0.39 (Bolger et al., 2014),
with a 4 bp sliding window, minimum quality scores of 15 and the 36 bp
minimum length of reads. The results were checked by FastQC (htt
ps://www. bioinformatics.babraham.ac.uk/projects/fastqc) for quality
control.

For nuclear gene assembly, the pipeline HybPiper v1.3 (Johnson
et al., 2016) was used to extract and sort genes for downstream phylo-
genetic analyses. In this pipeline BWA (Burrows-Wheeler Alignment
tool) (Li & Durbin, 2009) was used to sort reads to target genes, and
SPAdes v.3.5.0 (Bankevich et al., 2012) was used to assemble reads to
contigs for each target sequence. A target sequence file containing the
total 933 genes for bait design was used as reference in the pipeline. If
multiple long-length contigs were assembled by SPAdes for a target
sequence for a sample, one contig was chosen automatically based on
higher sequencing coverage depth or higher percent identity to the
reference sequence under the default settings. Then individual locus
datasets where each sample was represented by one sequence, was
produced and used for subsequent processing. Also paralog assessment
was done for all samples and genes.

For plastome assembly, we employed NOVOPlasty (Dierckxsens
et al., 2017) for de novo assembly based on clean reads that adapters
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were removed from raw reads with Trimmomatic. The assembly was
prepared with a k-mer of 39, and rbcL gene extracted from Aralia cordata
(Genbank MH778959) as seed sequence. Samples which failed to be
assembled by the one step NOVOPlasty, due to likely low sequence
coverage of some parts, a multistep approach described by Zhang et al.
(2015) and Liu et al. (2019) was used. Briefly, the reference-guided
assemblies were performed by Bowtie2 (Langmead & Salzberg, 2012).
Then, the chloroplast genomes of Aralia cordata (Genbank MH778959),
Panax notoginseng (Genbank KP036468), and Osmoxylon novoguineense
(Genbank MK943807) were applied as reference genomes for the first
batch assembly performed with SPAdes with K-mer of 21, 33, 55, 77. To
correct errors and ambiguities resulted from each approach, the scaf-
folds from the abovementioned de novo assembly were remapped to the
plastome based on the reference-guided assembly in Geneious. Subse-
quently, chloroplast genomes were annotated and manually checked
using Geneious, and the abovementioned three reference genomes were
used for annotation for the related groups.

2.4. Phylogenetic analyses

2.4.1. Plastome data

For the plastome phylogenetic analyses, the 55 whole plastomes
(WPs, including only one copy of inverted repeat region) were aligned
using the automatic alignment strategy in MAFFT (Nakamura et al.,
2018). Poorly aligned regions were then removed using trimAl v1.2
(Capella-Gutiérrez et al., 2009) with a heuristic selection. To assess the
consistency of phylogenetic inference from the whole plastomes (WPs)
and the coding sequences only, we extracted a total of 80 coding se-
quences (CDSs) from each annotated plastome. Sequences were aligned
and trimmed with the same options and all resulting alignments were
concatenated to a supermatrix in Geneious.

The datasets of WPs and CDSs were used to construct phylogenetic
trees using maximum likelihood (ML) and Bayesian inference (BI),
respectively. We performed the ML analyses with RA x ML v.8.1.11
(Stamatakis, 2014) using the following settings: GTR + G model, 100
searches for the best-scoring tree, 1000 rapid bootstrap (BS) replicates.
For the CDSs dataset, RA x ML analyses were used with partitioned by
gene. The Bl analysis was performed with MrBayes 3.2.7 (Ronquist et al.,
2012). The GTR + G model of molecular evolution was used for WPs
dataset, and the best-fit partitioning schemes and models estimated by
PartitionFinder2 (Lanfear et al., 2016) were used for the CDSs dataset.
Two Markov chain Monte Carlo (MCMC) analyses were run for 10 000
000 generations, respectively. Trees were sampled from every 1000
generations, and the first 25 % of samples were discarded as burn-in.
Convergence was assumed when all parameters had effective sampling
sizes (ESS) greater than 200 as estimated with Tracer v1.7 (Rambaut
et al., 2018). TreeAnnotator v1.10.4 was used to summarize the
remaining trees and generate a maximum clade credibility (MCC) tree.

2.4.2. Nuclear phylogenomic analyses

Individual nuclear gene datasets were aligned using MAFFT with the
-auto option. Then spurious sequences or poorly aligned regions were
automately removed from alignment with options -gt 0.8, -resoverlap
0.75 and -seqoverlap 75 in trimAl. To minimize systematic error and
phylogenetic biases, datasets after trimming were then filtered with
alignment length greater than 300 bp and with at least 48 samples. Then
we obtained a dataset containing 766 loci (nr55s766). Since our study
focuses on the phylogenetic relationships of Aralia sect. Aralia, we
reduced our taxon sampling to 10 ingroups of the section with one
outgroup (Panax japonicus), and constructed three reduced datasets with
different screening criteria: nr11s417 (417 nuclear loci having the 11
species), nr11s364 (364 most conserved nuclear loci, based on minimum
80 % identical sites), and nr11s95 (95 nuclear loci with length greater
than 1000 bp).

Considering a relatively high proportion of paralogs recovered, we
also performed a tree-based orthology inference approach explored by
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Yang and Smith (2014). The paralog copies for all samples and exons
were retrieved through HybPiper. Because it is common that multiple
isoforms for each gene may be recovered, they may form monophyletic
or paraphyletic tips on the gene tree. For phylogenomic purposes, we
performed tip masking to keep the monophyletic tips as the represen-
tative on the gene tree, with the highest number of non-ambiguous
characters in the alignment. After masking monophyletic tips, paral-
ogy pruning using the MO strategy was conducted to infer orthologs for
downstream phylogenetic analyses following the pipeline available in
the repository (https://bitbucket.org/yanglab/phylogenomic_datas
et_construction/). As a result, a dataset with 500 ortholog loci
(nr55s5000r) was produced from MO orthology inference. A reduced
dataset (nr11s194or) with 11 samples and 194 ortholog loci was also
produced through strictly one-to-one paralogy pruning.

For both nuclear datasets (nr55s766 and nr55s5000r), we performed
concatenation- and coalescent-based methods to estimate phylogenetic
species trees. The four reduced datasets (nr11s417, nr11s364, nr11s95
and nr11s194or) were only used to infer coalescent-based phylogenies.

As per each concatenated super-matrix, we inferred a ML tree using
RA x ML with a partition-by-locus scheme, a GTR + G model for all
partitions, 100 searches for the best tree and 1000 rapid bootstrap
replicates for assessing clade support.

To reconstruct the coalescent-based species tree, we employed
ASTRAL-III (Zhang et al., 2018), a summary statistic method that ac-
counts for discordance among gene trees produced by ILS. Individual
gene trees were estimated using RA x ML with a GTR + G model, and
500 replicates of bootstrapping. As ASTRAL is sensitive to gene tree
estimation error (Gatesy & Springer, 2014; Mirarab & Warnow, 2015),
we used TreeShrink (Mai & Mirarab, 2018) to remove suspicious tips
with abnormally long branched from specific gene trees using a false-
positive error rate (a) of 0.01, and collapsed branches with low boot-
strap support (<10 %) using the Newick Utilities package (Junier &
Zdobnov, 2010). The resulting gene trees were used as input to estimate
species trees in ASTRAL-III, and using local posterior probabilities (LPP)
to assess clade support.

2.5. Phylogenetic conflict analyses

To explore phylogenetic incongruence between gene tree and species
tree estimates, we employed Phyparts (Smith et al., 2015) to calculate
internode certainty all (ICA) and the number of conflicting/concordant
bipartitions, using the individual gene trees with a BS support cutoff of
50 % and the species tree inferred from ASTRAL as the target tree. Given
a set of individual gene trees, ICA value can quantify the degree of
conflict on each node of a species tree. ICA values close to 1 indicate
strong concordance in the bipartition, ICA values close to 0 indicate
equal support for one or more conflicting bipartitions. Negative ICA
values indicate internode of interest conflicts with a bipartition that has
a higher frequency, and ICA values close to —1 indicate the absence of
concordance for the bipartition of interest (Salichos et al., 2014). Phy-
parts results were visualized with phypartspiecharts.py (available from
https://github. com/mossmatters/MJPythonNotebooks).

To assess the amount of gene tree conflict on branches of species tree,
we also evaluated tree conflict and branch support with Quartet Sam-
pling (QS; Pease et al. 2018) using 1000 replicates. Quartet Sampling
assesses the confidence, consistency, and informativeness of each in-
ternal branch through subsampling quartets from the input trees and
alignment, with a set of three scores (Quartet Concordance or QC,
Quartet Differential or QD, and Quartet Informativeness or QI) (Pease
et al., 2018). The QC indicates quartet concordances; QD informs about
the proportion of the two possible discordant topologies; and QI notifies
the informative capacity of the dataset to resolve the phylogeny. The
nuclear dataset (nr55s766) was used for both phylogenetic conflict an-
alyses of Phyparts and QS.


https://bitbucket.org/yanglab/phylogenomic_dataset_construction/
https://bitbucket.org/yanglab/phylogenomic_dataset_construction/
http://phypartspiecharts.py
https://github
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2.6. Phylogenetic network analyses

To explore specific reticulate evolution events and gene flow, we also
applied a phylogenetic network analysis using SNaQ in the Julia pack-
age PhyloNetworks (Solis-Lemus and Ané, 2016; Solis-Lemus et al.,
2017), which uses maximum pseudolikelihood to fit a network and ac-
counts for the contribution of ILS. Considering our focus on the phy-
logeny of Aralisa sect. Aralia and the computational limitation, we
reduced our taxon sampling to 16 ingroups in the section with Panax
japonica as outgroup. A dataset of 349 strictly one-to-one ortholog loci
with 17 samples (nr17s349or) was produced through paralogy pruning
and included in the species networks inference. Networks were inferred
based on inheritance probabilities and branch lengths using a pseudo-
likelihood value, which is a multiple of the network’s log-likelihood
score.

We tested the maximum number of hybridization events (hmax) with
values ranging from O to 9, using the ASTRAL tree as a starting tree for
the initial network optimization, and 50 independent runs per hmax
value. The optimal number of hybridization events was selected by
examining the log pseudo-likehood profile of hmax as recommended by
the developers (Solis-Lemus & Ané, 2016). For the best value of hmax,
the phylogenetic network with the highest pseudo-likelihood values was
selected.

2.7. Divergence age estimates

To estimate the disjunction times between eastern Asia and North
America, we employed treePL 1.0 (Smith and O’Meara, 2012), an
implementation of a divergence time method using penalized likelihood
(Sanderson, 2002) for very large datasets.

We first performed an analysis under the “prime’’ option to select the
optimal set of parameter values. Then we set gradient-based (opt), auto-
differentiation-based (optad) and auto-differentiation cross-validation-
based optimizers (optcvad) to two and ran a second analysis using
random subsample and replicate crossvalidation to identify the best
value for the smoothing parameter. We ran the final analysis by setting
the best chi-square value for smoothing parameter (smoothing = 0.1).
To compare the results of different datasets, ML tree inferred from the
concatenated nuclear matrix (nr55s766) and plastid matrix (WPs) were
used as input tree, respectively.

For both date estimations, two secondary calibration points and one
fossil calibration point were set. We constrained the Aralia - Panax
divergence at 34.44 Mya (95 % highest posterior density or
HPD:20.22-50.55 Mya), and the root of the tree was calibrated to be
52.67 Mya (95 % HPD: 33.21-74.66 Mya) based on two secondary
calibration points obtained from the complete plastome matrix in
Valcarcel & Wen (2019). The crown age of A. elata - A. dasyphylla -
A. chinensis clade was constrained to be 11.2 Mya based on fossil seeds of
Aralia from Stare Gliwice in Upper Silesia of eastern Europe in the
Miocene, which were closely related to the extant Aralia elata (Szafer
1961). For each date estimations, we ran three separate analyses with
the mean age, the minimum age and maximum age inferred in Valcarcel
& Wen (2019), to estimate the range of the node age.

3. Results
3.1. Characteristics of the datasets

For all 55 samples, percentage of target reads out of total number of
reads ranged from 6.1 % (A. continentalis 1952) to 65.7 % (A. cordata
Wen 5426); assembly through HybPiper resulted in a total of 933 nuclear
genes (100 % of targeted sequences) and up to 931 genes per species;
and paralogous copies were identified for a mean of 99 genes per species
(from 27 to 247 genes), about 10.6 % of genes appear to have paralogs
recovered. Statistics on gene assembly are presented in Table S1.

A total of 766 low-copy nuclear loci (at least 300 bp alignment length
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and 48 sample coverage) were obtained from the original 933-locus
datasets assembled by HybPiper. After paralog pruning, a dataset of
500 ortholog loci were obtained. The two datasets were used for
phylogenetic inference. The aligned length of the concatenated 766-
locus matrix was 586,741 bp, of which 73,797 characters (12.6 %)
were parsimony-informative, while the 500-locus matrix was 422,677
bp in length, of which 47,900 characters (11.3 %) were parsimony-
informative.

We also successfully assembled the complete plastomes of all 55
samples from off-target reads, of which 43 were assembled by NOVO-
Plasty. The plastome matrix (WPs) had an aligned length of 130,320 bp
with 3925 parsimony-informative sites (3 %). Eighty protein coding
regions were retrieved from the each of the annotated plastomes,
resulting in a concatenation matrix (CDSs) of 68,526 bp with 1489
parsimony-informative sites (2.2 %).

3.2. Nuclear phylogenomic analyses

Coalescent-based analyses based on the nr55s766 or nr55s5000r
datasets produced almost identical well-supported topologies on the
main clades only with slight differences among shallow nodes at the
individual level (Figs. 1 & S2). For both nr55s766 and nr55s5000r
datasets, the ML tree inferred by concatenated analyses was similar to
the coalescent-based ASTRAL tree, only with the exception of the posi-
tion of A. taiwaniana within the A. cordata — A. continentalis clade and A.
“continentalis” (Wen 12092) within the A. cachemirica — A. tibetana clade
(Figs. 1, 2A, S2). Topologies of species trees inferred from the four
reduced datasets (nr11s95, nr11s194or, nr11s364 and nr11s417) were
identical (Fig. S3) and congruent with the results based on the nr55s766
and nr55s5000r (Figs. 1 & S2). Here we present the nuclear phylogeny
with ASTRAL species tree based on the nr55s766 dataset (Fig. 1),
considering the coalescent-based method is more appropriate for the
high heterogeneity of our nuclear dataset.

The monophyly of Aralia sect. Aralia was supported. Six well-
supported clades were identified within the section (Fig. 1). Aralia
henryi represented the first clade and it was sister to the remaining
species of sect. Aralia. The three North American species did not form a
clade. The southwest North American A. bicrenata and the eastern North
American A. racemosa were sisters (LPP = 1, BS = 100), then the
A. bicrenata — A. racemosa clade was sister to a clade consisting of
A. glabra, A. atropurpurea, A. fargesii, and A. apiodies from eastern Asia,
with strong support (LPP = 1, BS = 100), while the western North
American A. californica grouped with the eastern Asian A. cordata —
A. continentalis group with moderate support (LPP = 0.97, BS = 90).

Within the A. cordata - A. continentalis clade, two subclades were
recognized: one subclade included samples of A. continentalis from
Northeast China and Far East Russia, and the second subclade had
samples of A. continentalis from Central, East and South China,
A. cordata, and A. taiwaniana. Hence Aralia continentalis was resolved to
be non-monophyletic. In the coalescent-based species tree, A. taiwaniana
grouped with A. continentalis from Central, East and South China with a
moderate support value (Fig. 1, LPP = 0.96) and then sister to A. cordata
from Japan and the Ullung Island, while in the concatenated trees, it was
nested within the clade containing samples of A. continentalis from
Central, East and South China, and A. cordata from Japan and the
Ulleung Island (Fig. 2A).

Although most of the major clades of Aralia sect. Aralia and re-
lationships within and among them were similar and well-support in all
nuclear topologies (Figs. 1, 2A, S2) based on concatenated and
coalescent-based method, a prevalence and high level of discordance
between gene trees and species tree were revealed by the ICA scores and
QS values at both backbone and shallow nodes (Fig. 1). The sister
relationship between the A. racemosa + A. bicrenata clade and the
A. glabra — A. fargesii group was supported by only two gene trees (ICA =
-0.01), and the sister relationship of A. californica and the A. cordata
—A. continentalis group was supported by only three gene trees (ICA =
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Fig. 1. ASTRAL species tree of Aralia sect. Aralia inferred from the nr55s766 dataset. Support values (Bootstrap/Local posterior probability) are plotted above
branches. For major clades, pie charts inferred from Phyparts present the proportion of gene trees that support that clade (blue), the proportion that support the main
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-0.04). Gene counts (pie charts) based on conflict analyses showed most
genes were uninformative for resolving the relationships among the
major clades and even among and within species of sect. Aralia.

According to the SNaQ analyses, the log-pseudolikelihood value
decreased sharply when the hmax from 0 to 1, stabilized at hmax = 2,
and improved slowly afterwards (Fig. 3A). Therefore, hmax = 2 was
considered as the optimal number of hybridization events, and the
phylogenetic network was presented in Fig. 3B. The phylogenetic
network suggested two gene flow or hybridization events: A. racemosa
having a hybridization edge with A. glabra, and A. taiwaniana having a
hybridization edge with A. “continentalis” (Wen 12092). The first gene
flow or hybridization event contributed to the origin of A. racemosa with
inheritance probabilities of 38.9 % from A. glabra. The second reticu-
lation event was inferred between A. taiwaniana and A. “continentalis”
(Wen 12092), with A. “continentalis” (Wen 12092) contributing 10.4 %
gene flows to A. taiwaniana (Fig. 3B).

3.3. Plastome phylogeny and cytonuclear incongruence

The plastome ML trees inferred from WPs and BI tree inferred from
WPs and CDSs data are highly consistent (Fig. 2B & S5). Two samples of

sect. Pentapanax were nested in the sect. Aralia, that resulted in non-
monophyly of sect. Aralia, probably due to incomplete sampling at the
sectional level in Aralia (lack of sampling in sect. Nanae and sect. Scia-
dodendron). Within Aralia sect. Aralia, the same five main clades (except
the clade (A. racemose, A. bicrenata)) were recovered. Within each main
clade, relationships were mostly congruent with our nuclear analyses.
However, the relationships among the major clades differed from the
nuclear tree, mainly due to the placement of the three North American
species. In the plastome tree, Aralia racemosa and A. bicrenata formed
successive sisters to the A. cordata - A. continentalis group. Aralia cal-
ifornica was sister to the clade containing the A. cordata complex,
A. racemosa and A. bicrenata (Fig. 2B).

The position of A. taiwaniana was incongruent between the WPs tree
and CDSs tree (Fig. 2B & S4). Aralia taiwaniana was sister to A. cordata
from Japan and Ulleung in the WPs tree (Fig. 2B & S4A), while in the
CDSs tree it formed a sister group with the clade containing A. cordata
from Japan and Ulleung and A. continentalis from Central, East and
South China (Fig. S4B). The relationships within A.fargesii - A.apioides -
A. atropurpurea clade were incongruent between the WPs tree and CDSs
tree. In the WPs tree, A.fargesii was sister to A.apioides while in the CDSs
tree it formed a sister group with A. atropurpurea (Fig. S4).
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Additionally, the sample of Aralia “continentalis” (Wen 12092,
collected from Mt. Emei in Sichuan) grouped with samples of
A. continentalis from northeastern China in the plastome trees (Fig. 2B &
S4), quite different from its placement in the nuclear tree, where it
grouped with the two Himalayan species, A. tibetana and A. cachemirica
(Figs. 1 & 2A).

3.4. Divergence age estimates

The origin of sect. Aralia was estimated to the late Eocene (38.15
Mya, ranging from 22.15 to 50.02 Mya) (Fig. 4) based on the nuclear
data. The three North American species diverged from their eastern
Asian congeners during the late Oligocene. The western North American
A. californica diverged at 23.17 Mya (ranging from 14.44 to 32.94 Mya),
and the most recent common ancestors (MRCA) of the North American

A. racemosa and A. bicrenata diverged at 25.32 Mya (ranging from 15.68
to 36.1 Mya). The split of the two subclades within the A. cordata -
A. continentalis group was dated to 21.59 Mya (ranging from 13.47 to
30.67 Mya). Divergence times estimated based on the plastome data
were younger (Fig. S5), even though all dating analyses were inferred
with the same calibration points. This difference of molecular dating
may be caused by the differences in the inheritance pattern and evolu-
tionary rates between plastome and nuclear genome, or also due to the
high heterogeneity of the nuclear genes. Plastomes are known to be
highly conserved, with relatively low nucleotide substitution rates
compared to the nuclear genome (Wolfe et al., 1987).
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and “Q” correspond to Pliocene and Quaternary, respectively.
4. Discussion
4.1. Cytonuclear discordance

Although most main clades within Aralia sect. Aralia were recovered
by both nuclear and plastome trees, significant cytonuclear incongru-
ence was detected especially related to the positions of the three North
American species (Figs. 1 & 2). The nuclear phylogeny supported that
A. californica was sister to A. cordata - A. continentalis (LPP = 0.97, BS =
90) with weak QS support (0.21/0.56/0.99) and only 3 out of the 424
informative gene trees (ICA = —0.004) (Fig. 1), while the plastome trees
placed A. californica as sister to a large clade containing A. tibetana -
A. cachemirica, A. bicrenata, A. racemosa, and A. cordata - A. continentalis
albeit with low support (BS = 74, Fig. 2B). In the nuclear phylogeny, the
A. racemosa - A. bicrenata clade was sister to the clade consisting of four
Asian species (A. apioides, A. fargesii, A. atropurpurea, and A. glabra) (LPP
=1, BS = 100) with weak QS support (0.26/0.69/1) and only 2 of the
336 informative gene trees (ICA = —0.01) (Fig. 1), while in the plastome
tree, A. racemosa and A. bicrenata formed successive sisters to the
A. cordata - A. continentalis group (Fig. 2B).

Discrepancies among the phylogenies of nuclear and plastome data
can be caused by phylogenetic uncertainties, ILS, hybridization and
introgression (Rieseberg & Soltis, 1991; Maddison, 1997; Huelsenbeck
etal., 2000; Vargas et al., 2017). Hybridization and introgression events
had been elucidated by comparing the phylogenies inferred from nu-
clear and chloroplast data in many cases (Bock et al., 2014; Sun et al.,
2015; Vargas et al., 2017; Rose et al., 2021). In our case, the conflicts are
mainly located in the phylogenetic positions of the three North Amer-
ican species between the plastome (WPs & CDSs, Fig. 2B & S4) and
nuclear (Figs. 1 & 2A) trees, and also there is low gene tree concordance
related to their nodes. The SNaQ results suggested that gene flow or
hybridization events in the evolutionary history of the section, with at
least two exchanges of genetic material that have occurred between

unrelated lineages (Fig. 3B). The cytonuclear discordance may be
explained by the likely hybrid origin of some of the species. However,
ancestral hybridizations or extinction of the ancestral lineages may
obscure the phylogenetic signal among extant species. The hybridization
events and processes within Aralia sect. Aralia need to be further
explored in future studies especially using phylogeographic analyses.

4.2. Species delimitations of A. cordata and A. continentalis and a
potential new species from Sichuan province

The species delimitation in the eastern Asian Aralia cordata complex
has been difficult and controversial (Wen, 2011). Kitagawa (1935)
separated Aralia continentalis from the Japanese Aralia cordata. He
recognized A. continentalis as from Manchuria of northeastern China as
well as Korea, based on the main differences in overall inflorescence
architecture, pedicel length, thickness and pubescence, and the con-
nation of styles. Hoo and Tseng (1978) recognized A. continentalis as
widely distributed from continental eastern Asia, including Northeast,
North and Southwest China, as well as Russia and Korea, and A. cordata
as from East and Central China, Taiwan, and also in Japan. This
circumscription of both species was followed by Xiang and Lowry
(2007). Hoo and Tseng (1978) also pointed out that inflorescences and
pedicels cannot be used as the criteria for species delimitation in Aralia
because these characters are highly variable even within individuals,
however the connation of styles may be a main difference of the two
species, with A. continentalis having styles connate to middle, and
A. cordata possessing styles divided nearly to the base. Wen (2011)
recognized A. continentalis as broadly distributed from Far East Russia,
the Korean Peninsula, and Northeast to Central, Southwest and South
China, similar to the treatment of Hoo & Tseng (1978) and Xiang and
Lowry (2007), while Wen (2011) treated A. cordata as restricted to
Japan and the Ulleung Island of Korea.

Aralia continentalis as previously delimited is inferred to be non-
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monophyletic by our phylogenetic analyses (Figs. 1 & 2). Samples from
Northeast and North China and Far East Russia clearly formed a clade
with strong support, while samples from Central, East and South China
(Guangxi, Hunan and Jiangxi provinces) constituted another clade.
Aralia taiwaniana from Taiwan are nested within A. cordata in the nu-
clear trees (Figs. 1 & 2A) or sister to A. cordata from Japan and the
Ulleung Island of Korea in the chloroplast phylogeny (Fig. 2B). Our re-
sults thus support defining A. cordata more broadly to include pop-
ulations from Japan, the Ulleung Island of Korea, Taiwan, and Central,
East, South and Southwest China. Furthermore, the results support
delimiting A. continentalis more narrowly as from Northeast China and
Far East Russia and the Korea Peninsula. Distributions of the redelimited
A. cordata and A. continentalis are shown in Fig. 1.

Aralia cordata, as it is redefined herein, is characterized by its longer
main inflorescences, terminal umbels mostly with more than 35 flowers,
and longer pedicels (9-20 mm). The redefined Aralia continentalis is
characterized by its shorter inflorescences, terminal umbels with<35
flowers, and relatively short (6-10 mm) pedicels.

The geographic separation of A. continentalis in Northeast Asia and
A. cordata in Japan and East, Central and South China supports a
north-south biogeographic barrier within the Sino-Japanese Floristic
region (also see Wang et al., 2016; Ma et al., 2018a, 2018b, 2022). A
climatic barrier that occurred in the early Miocene may have led to such
a north-south division (Guo et al., 2008). In the mid to late Miocene, the
arid belt expanded and it almost reached the coast of northern China by
the Pliocene, serving as a climate barrier that impeded gene flow be-
tween the Neogene relict plants in the north and south regions in eastern
Asia. Phylogeographic analyses of these two closely related taxa in
Aralia sect. Aralia need to be conducted to clarify the temporal and
spatial biogeographic diversification patterns and processes in eastern
Asia, as this biogeographic pattern remains emerging and needs to be
further studied.

With regard to the Aralia “continentalis” sample Wen 12092 from Mt.
Emei, the nuclear and plastome data of the population suggest that it
may represent a new species from Sichuan province. This sample groups
with two Himalayan species A. tibetana and A. cachemirica in the nuclear
tree (Figs. 1 & 2A), while it forms a clade with A. continentalis in the
plastome tree (Fig. 2B). Phylogenetic network suggested A. “con-
tinentalis” (Wen 12092) contributed 10.4 % of gene flows to
A. taiwaniana. Though the hybridization events detected with SNaQ are
not fully congruent with the hybridization events suggested by the
conflicts detected between genomes, species network implied a reticu-
late evolution event involved in this sample.

Morphologically Wen 12092 from Mt. Emei shows similarities with
A. tibetana with fewer flowers and non-leafy stipules. But its grouping
with A. continentalis from North and Northeast Asia in the plastid tree
suggests the need to further explore the evolution of this species in the
phylogeographic context of Aralia sect. Aralia. Wen (2011) also noted a
few specimens from Sichuan which are similar to A. tibetana. Further
investigations with more collections around Southwest China are
required to explore the role of the hybridization in the origin of this
potential new species.

4.3. Phylogenetic relationships within Aralia sect. Aralia

Although significant gene tree discordance and cytonuclear conflict
were detected in Aralia sect. Aralia, all nuclear phylogenies estimated
from different datasets and approaches (e.g., ASTRAL and ML trees
based on nr55s766, Figs. 1 & 2A; ASTRAL and ML trees based on
nr55s500, Fig. S2; ASTRAL trees based on the four reduced nuclear
datasets, Fig. S3) resulted in similar topologies: Aralia sect. Aralia is
supported to be monophyletic, and six distinct major genetic lineages
were detected within the section (Figs. 1 & 2A). Our discussions here on
the phylogenetic relationships of the section are based on the coalescent-
based species tree inferred from nuclear data (Fig. 1).

The lineage I consists of only the morphologically unique A. henryi.
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The phylogenetic placement of A. henryi has been difficult to resolve
(Wen et al., 1998; Wen, 2011). It has been treated as a member of Aralia
sect. Anomale (now placed in synonymy of Aralia sect. Aralia in Wen,
2011) along with A. apioides, A. fargesii and A. glabra (Harms, 1897; Hoo
& Tseng, 1978). Here A. henryi represents the first diverged clade of sect.
Aralia, in agreement with the results from ITS and chloroplast markers
(Wen et al., 1998; Plunkett et al., 2004; Wen 2011). Aralia henryi is
hence best treated as a member of sect. Aralia in spite of its morpho-
logical distinctions with bright red fruits and highly reduced
inflorescence.

The lineage II consists of four eastern Asian species: A. glabra,
A. atropurpurea, A. apioides and A. fargesii. This clade of the four eastern
Asian species is supported in both the nuclear and the chloroplast trees,
with A. glabra from Japan sister to the clade of the three remaining taxa
of this clade from China (Figs. 1, 2A, S4). The four species are
morphological similar in terms of leaf architecture and inflorescence
structure. Within this group, A. apioides from the Hengduan Mountains
(HDM) is more closely related to A. fargesii from Central China, rather
than to another HDM species A. atropurpurea. Biogeographically,
A. atropurpurea, A. apioides and A. fargesii are distributed in HDM or
adjacent to this region, which as a well-known temperate biodiversity
hotspot (Xing & Ree, 2017). The origin of the three HDM species was
herein estimated in the middle Miocene (12.07 Mya: 7.34-17.43 Mya)
(Fig. 4). The rapid and recent uplifts of the HDM during the late Miocene
have been an important mechanism driving the diversification and
speciation in this region (Wen et al., 2014; Xing & Ree, 2017; Liu et al.,
2021b; Mao et al., 2021).

The lineage III consists of two North American species, A. bicrenata
and A. racemosa. A close relationship of these two taxa was suggested
based on the ITS sequences (Wen et al., 1998). Aralia bicrenata was once
treated as a synonym of A. racemosa (Smith, 1944) or as a subspecies of
A. racemosa (Welsh & Atwood, 1975). Aralia racemosa and A. cordata
were suggested as a species pair disjunctly distributed between E Asia
and E North America (Li, 1952, 1972). The A. racemosa - A. bicrenata
clade was herein shown to be sister to the clade consisting of four Asian
species: A. apioides, A. fargesii, A. atropurpurea, and A. glabra in the nu-
clear tree. Yet in the plastome tree, A. bicrenata and A. racemosa did not
form a clade and these two species were grouped with the A. cordata -
A. continentalis group from eastern Asia (see Fig. 2B).

The two Himalayan species A. cachemirica and A. tibetana constitute
the lineage IV. The western Himalayan A. cachemirica and the eastern
Himalayan A. tibetana are sister species and their divergence was
perhaps driven by allopatric speciation in the Himalayan region. Based
on morphological similarity and biogeographic affinity, the two species
were included in the Aralia cordata complex along with A. cordata,
A. continentalis, A. taiwaniana and A. schmidtii (Wen, 2011). Within
eastern Asia, these two Himalayan species indeed showed a close rela-
tionship with the Sino-Japanese A. cordata - A. continentalis group
(Figs. 1 & 2A).

The lineage V consists of only the western North American
A. californica. Aralia californica was sister to the eastern Asian A. cordata
- A. continentalis clade, rather than with the two other North American
species. This relationship is consistent with the close biogeographic
connection between eastern Asia and western North America, which has
been shown in many lineages of vascular plants (Wen et al., 2016, 2018).

The lineage VI includes the two eastern Asian taxa A. cordata and
A. continentalis. Within the redefined A. cordata, two biogeographic
lineages were suggested: one from Japan and Ulleung island, and the
other from continental China and Taiwan. The floristic relationship of
eastern China with Japan was considered to be closer than that between
eastern China and northeast China and Korea (Xie, 1997). A close
relationship between populations from South Central China and Taiwan
inferred by all nuclear analyses suggested that populations of A. cordata
from Taiwan most likely derived from A. cordata of mainland China
instead of from Japan. Aralia cordata is distributed in Fujian province as
its eastern limit in continental China, and the Taiwan strait may have
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played an important role in the populational exchanges of this lineage.
Of all the six lineages, the A. glabra - A. fargesii group and the
A. cordata complex both showed a biogeographic disjunction between
Japan and China, a common biogeographic pattern within eastern Asia
(Qiu et al., 2011; Qi et al., 2012, 2014; Wang et al., 2020). These two
disjunctions in Aralia sect. Aralia were dated to the early or middle
Miocene (Fig. 4). Japan was separated from the mainland East Asia
during the Miocene by the opening of the Japan Sea around 15-23 Mya
(Otofuji et al., 1985). The close biogeographic relationships between
Japan and eastern and Central China have been well documented (Gri-
sebach, 1872; Diels, 1901; Wu & Wu, 1996; Wang et al., 2020).

4.4. Two intercontinental disjunctions between eastern Asia and North
America in Aralia sect. Aralia

Aralia sect. Aralia is an example showing an uneven intercontinental
disjunction between eastern Asia and North America with a noticeably
higher species richness in eastern Asia (ca. 10 of the 13 species in the
section). Eastern Asia was also suggested as the center of diversity of this
section (Wen et al., 1998; Wen, 2011). Biogeographic analyses based on
the ITS sequences suggested that the origin of the section in eastern Asia,
and the ancestor of the North American species migrated across the
Bering land bridge (BLB) in the late Tertiary and diversified within the
North America most likely in the west-east direction (Wen et al., 1998).
Our phylogenetic analyses based on both nuclear and plastome data
suggested that the three North American species may have derived from
different ancestral lineages of eastern Asia, and the SNaQ network an-
alyses suggested that eastern Asian species A. glabra was involved in the
evolutionary origin of the North American species A. racemosa through
gene flow or hybridization events. The current disjunction pattern may
be due to two independent migration events. Although close phyloge-
netic and biogeographic relationships between eastern and western
North America were indicated in many cases (Xiang et al., 1998), even in
the previous study of sect. Aralia (Wen et al., 1998), there are also some
exceptional examples showing that the eastern and western North
American elements had derived from different lineages independently
(Fritsch, 2001).

The two eastern Asian - North American disjunction events were
estimated from the late Oligocene to the early Miocene. It suggested that
the Bering Land Bridge (BLB) was the most likely corridor for migration
and subsequent exchanges of plants within this temperate section.
During the Oligocene to Miocene, BLB was suitable for the temperate
deciduous plants (Wen et al., 2016). Our estimate of the divergence of
the southwestern North American A. bicrenata and eastern North
American A. racemosa was at around 20.63 Mya (ranging from 12.68 to
29.52 Mya). The Rocky Mountains which uplifted in the early Tertiary in
western North America had served as an effective barrier for floristic
exchanges between eastern and western North America (Graham, 1993;
also see Wen, 1999; Wen et al., 2016).

5. Conclusions

The targeted sequence capture is effective to clarify the phylogenetic
relationships of Aralia sect. Aralia, especially to resolve the relationships
within the eastern Asian Aralia cordata complex. Redelimitations of
A. cordata and A. continentalis are herein proposed based on the phylo-
genomic framework, and Aralia taiwaniana is best treated as a synonym
of Aralia cordata. The phylogenomic analyses resolved two interconti-
nental disjunctions between eastern Asia and North America within
Aralia sect. Aralia: one between eastern Asian and eastern-southwestern
North America, and the other between eastern Asia and the Californian
Floristic Province of western North America, suggesting east-
ern and western North American lineages had different origins and
migrated along different routes (also see Wen et al., 2016). Phyloge-
nomic data of Aralia sect. Aralia also showed discordance between gene
trees and species trees, as well as extensive cytonuclear discordance. The
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analyses presented here support hybridization as an important driver in
the diversification of Aralia sect. Aralia both in eastern Asia and North
America.
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