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Studying endemic plants is crucial for enhancing biodiversity in their unique habitats and exploring
their evolutionary history. However, classification relying only on morphological traits can be
subjective and may lead to inconsistencies in taxonomy. To address this issue, molecular approaches
are necessary for precise identification and classification. The Korean endemic plant Arisaema
thunbergii Blume subsp. geomundoense S.C.Ko (Araceae Juss.) has been classified based on its distinct
spadix appendage color and wrinkled texture. Nevertheless, its taxonomic placement remains
uncertain owing to a lack of sufficient molecular research, and it has recently been treated as a
synonym of A. thunbergii subsp. urashima (H.Hara) H.Ohashi & J.Murata. To resolve their evolutionary
relationships, we sequenced and analyzed the complete plastid genomes of A. thunbergii subsp.
geomundoense, A. thunbergii subsp. thunbergii and A. heterophyllum Blume, obtaining genome lengths
of 168,650-173,154 bp. Each plastome harbors 78 protein-coding genes (PCGs), 30 tRNA genes, and
four rRNA genes, with infA retained as a pseudogene. Phylogenetic reconstruction based on all 78
plastid PCGs robustly supports the monophyly of seven of the 15 recognized sections in Arisaema Mart.
and confirm that A. thunbergii subsp. geomundoense is nested within A. thunbergii subsp. thunbergii.
Based on these findings, we propose that A. thunbergii subsp. geomundoense should be treated

as a synonym of A. thunbergii subsp. thunbergii. Molecular clock estimates indicate that Arisaema

first appeared in the Oligocene and subsequently radiated during the Miocene. Utilizing plastome
sequences and previously established calibration points, this study refines the evolutionary timeline of
Arisaema, highlighting its divergence and adaptation during the Miocene.

Keywords Korean endemic plant, Arisaema thunbergii subsp. geomundoense, Plastid genome (plastome),
Phylogenetic analyses, Divergence times, Taxonomic treatment

Endemic plants are species native exclusively to a specific region. These plants have evolved by adapting to unique
ecological and geographical characteristics, possessing genetic diversity that is essential for understanding their
evolution, speciation, and biogeography2. In the Korean Peninsula, Nakai® initially cataloged 1,118 endemic
vascular plant taxa. However, subsequent studies later revised and refined these records, excluding cultivated
varieties from their assessments, ultimately identifying 373 endemic taxa’™. Despite the recognition of newly
identified endemic taxa in Korea, considerable confusion remains due to ongoing debates over scientific
nomenclature and the taxonomic validity of certain taxa.

Araceae Juss., primarily distributed in temperate and tropical regions, comprise approximately 143 genera
and over 3,600 species, characterized by inflorescences forming a spadix-spathe pseudanthium!®!!. The family
has been classified into multiple subfamilies, with Mayo et al.'® recognizing seven subfamilies. Later, Bogner
and Hesse!? proposed the addition of the subf. Zamioculcadoideae. Phylogenetic analyses have supported
this classification'*-1%and recent studies have confirmed an eight-subfamily classification, despite ongoing
taxonomic disagreements'®. Among the genera of the subf. Aroideae, Arisaema Mart., commonly known as
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the cobra Lily, comprises approximately 212 species of perennial herbs found in forests. It has been widely
studied for its bioactivity properties, including antioxidant, anticancer, insecticidal, antimicrobial, anthelmintic,
and hepatoprotective effects'”. With respect to the previously diverse infrageneric classification systems of
Arisaema, Murata et al.!® proposed 14 sections in their nomenclatural review, while Ohi-Toma et al.’, based on
phylogenetic analyses, identified 15 sections and further refined species-level classifications. In Korea, both A.
takesimense Nakai and A. thunbergii Blume subsp. geomundoense S.C.Ko are recognized as endemic plants®. The
latter subspecies was first described from Geomundo Island, part of Dadohaehaesang National Park, and was
initially classified within section Tortuosa subsect. Flagellarisaema, now recognized as sect. Flagellarisaema®.
It has drawn academic interest due to its distinctive ecological adaptations. Ko et al.?’ identified the diagnostic
characteristics of A. thunbergii and its subspecies, noting that A. thunbergii subsp. geomundoense has one or two
leaves and a dark to bright purple, wrinkled spadix appendage (Fig. 1).

However, classification based solely on morphological traits may lead to subjective interpretations,
highlighting the need for objective analyses using quantifiable data. Renner et al.?! analyzed 81 taxa based on
the trnL-trnF region and identified sect. Tortuosa as the basal lineage of the genus. Later, Ohi-Toma et al."”
expanded upon this phylogenetic framework by incorporating four plastidial non-coding regions, further
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Fig. 1. Photographs of A. thunbergii subsp. geomundoense, study sampling sites, and complete plastome map of
Arisaema taxa analyzed in this study. (A) Habit of the perennial plant; (B) Inflorescence; (C) Spathe and male
spadix; (D) Map of sampling locations. The photographs were taken by Joonhyung Jung on 18 May 2022 at Mt.
Suwol, Geomundo Island, Samsan-myeon, Yeosu-si, Jeollanam-do, South Korea; (E) Colored boxes indicate
conserved plastid genes; those on the inner circle are transcribed clockwise, while those on the outer circle

are transcribed counterclockwise. The innermost ring displays gray bar graphs representing the plastome’s GC
content.
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refining the infrageneric classification of Arisaema. Additionally, genetic analysis of Korean Arisaema species
based on the nuclear ITS region and the plastidial matK and rbcL genes revealed no significant genetic
differences between A. thunbergii subsp. geomundoense and A. thunbergii subsp. thunbergii*2. In recent years,
plastid genome (plastome) sequencing has become a valuable tool for studying evolutionary relationships
among species. Given the highly conserved nature of plastomes, structural variations, phylogenetic analyses, and
biogeographical studies have been widely used to explore angiosperm evolution?*-2°. Although recent studies
on Arisaema have reported complete plastome sequences?’->’structural analyses remain lacking. In addition, A.
thunbergii subsp. geomundoense requires further investigation of its subspecific relationships due to insufficient
genetic data. This study aims to determine the taxonomic status of A. thunbergii subsp. geomundoense as a
Korean endemic plant and clarify its phylogenetic position. To achieve this, we assembled the plastomes of
A. thunbergii subsp. geomundoense from two different sites along with its close relatives, A. thunbergii subsp.
thunbergii and A. heterophyllum. Additionally, we examined plastome structural variations within the genus
Arisaema and estimated divergence times to provide insights into its evolutionary history. Our findings will
enhance the understanding of phylogenetic relationships within Arisaema and contribute to the conservation
and clarification of the taxonomic identity of Korean endemic plants.

Results

Plastome characteristics and comparative analyses

The five plastomes analyzed in this study ranged from 168,650 base pairs (bp) in A. heterophyllum to 173,154 bp
in A. thunbergii subsp. thunbergii (Fig. 1; Table 1). Each genome contained a total of 130 genes, including those
duplicated in the inverted repeat (IR) regions. These comprised 46 RNA genes, 49 protein-coding genes (PCGs),
25 ribosomal protein genes, and 10 transcription/translation-related genes (Table S1). In the plastomes of
A. thunbergii subsp. geomundoense and its close relatives within Arisaema, the infA gene was identified as a
pseudogene. The GC content varied slightly between A. thunbergii subsp. geomundoense and A. thunbergii subsp.
thunbergii, ranging from 34.2 to 34.3%, indicating a highly conserved genomic structure (Table 1). The analysis
revealed that the nucleotide sequences of plastid PCGs were identical between A. thunbergii subsp. geomundoense
from Geomundo Island and two individuals of A. thunbergii subsp. thunbergii, confirming the absence of genetic
differences. While plastid PCGs were well conserved across taxa, non-coding regions exhibited high variability
(Figs. 2 and 3). No genomic inversions were detected in this study. The boundaries of the large single-copy
(LSC), small single-copy (SSC), and inverted repeat (IR) regions were compared, specifically at the LSC/IRb
(JLB), IRb/SSC (JSB), SSC/IRa (JSA), and IRa/LSC (JLA) junctions (Fig. 4A). Notably, the trnH-GUG gene was
found within the boundary of the IR and LSC regions in all species except A. ringens (Thunb.) Schott (Fig. 4A).
At the JSB, the ndhF gene is predominantly nested across most Arisaema species. However, A. flavum (Forssk.)
Schott and A. ringens exhibit a distinct pattern, with ndhF located exclusively within the SSC region. No other
notable structural characteristics were observed at the respective region boundaries.

We assessed nucleotide diversity (Pi) across 15 Arisaema taxa (Fig. 4B and Table S2). For plastid PCGs, Pi
values spanned from 0 (atpH, pbfl, petG, petL, petN, psa], psbE, psbl, and psbT) to 0.01287 (ycf1), averaging
0.0038. Among tRNA and rRNA genes, eleven loci showed variation, with Pi ranging from 0.00365 (trnF-GAA)
t0 0.03411 (rrn23) and a mean of 0.0035. In contrast, for the standard deviation of Pi, among the plastid PCGs,
psal exhibited the highest value at 0.00554 (mean 0.00083), while among the tRNA and rRNA genes, trnH-
GUG and rrn23 showed the highest values at 0.01111 and 0.02865, respectively. In the intergenic spacers (IGS),
the trnN-GUU-ndhF region exhibited the highest Pi at 0.05842, whereas the ndhA-ndhH, psaB-psaA, psbF-
PSbE, psbL-psbE, rpl2-rpl23, rpoCl-rpoB, rps7-rpsl12, rrn4.5-rrn5, trnl-CAU-ycf2, and trnl-GAU-trnA-UGC
regions all had Pi values of 0; the standard deviation of Pi was highest in the rrn23-rrn4.5 spacer at 0.03593.

Codon usage in Arisaema

Relative synonymous codon usage (RSCU) was assessed for 78 plastid PCGs across Arisaema taxa (Fig. 5). Stop
codons (UAA, UAG, and UGA) were excluded from this evaluation. The dataset comprised between 22,667 and
22,759 codons (Table S3). Among amino acids, leucine (L) was the most abundant amino acid (10.28-10.30%),
while cysteine (C) was the least represented (1.12-1.15%) (Table S3). In terms of codon preference, AUU (coding

Length and G + C content GenBank

LSCbp |SSCbp |IRbp Total bp | accession
Taxa (G+C%) | (G+C%) | (G+C%) | (G+C%) | No. Voucher
Arisaema thunbergii Blume subsp. geomundoense S.C.Ko 96,154 23,136 26,570 | 172,430
(Geomundo Island) 323 | 75| @09y | (363 | V231678 |JH220518001
Arisaema thunbergii Blume subsp. geomundoense S.C.Ko 96,574 23,144 26,599 172,916
(Gageodo Island) (322)| (75| (408) | (342 |PV231677 | JH220506001
Arisaema thunbergii Blume subsp. thunbergii (Gyoraeri 96,893 23,139 26,561 | 173,154
Natural Recreation Forest, Jeju Island) (324) | (275)| (409) | (343) | PVZ3I679 | JH220519001
Arisaema thunbergii Blume subsp. thunbergii (Seogwipo 96,325 23,150 26,570 | 172,615
Natural Recreation Forest, Jeju Island) (32.3) (27.5) (40.9) (34.3) PV231680 JH220519005

. 93,976 22,140 26,267 168,650

Arisaema heterophyllum Blume (Mt. Cheonggye) (32.8) (28.3) (41.3) (34.9) PV231676 JH220531001

Table 1. Characteristics of the large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR)
regions in the plastomes analyzed in this study.

Scientific Reports |

(2025) 15:36043 | https://doi.org/10.1038/s41598-025-20011-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

1 N N N

B

T -

EEEE D et R

R R

_4_‘_<

3

EEEEEEEE S

1 =1 =i

s = s = o I = I B e

amurense
bockii

ringens
erubescens
flavum
franchetianum
decipiens

l L, hunbergii subsp. thunbergii ©
[I bergii subsp. thunbergii
{E— bergii subsp. g d oM ICDS
i thunbergii subsp. g d 66
o heterophylium1 [ CNS
]= heterophyllum2 L rRNA
[=- heterophyllum3

T prazeri tRNA

Fig. 2. Percent sequence identity plots of plastomes from 15 Arisaema taxa, with Pinellia pedatisecta Schott
(GenBank accession No. OR772809) as the reference. Sequence identity values were calculated and visualized
using mVISTA. Superscript abbreviations denote sampling localities; GG Gageodo Island individual, GM
Geomundo Island individual, G Gyoraeri Natural Recreation Forest individual, S Seogwipo Natural Recreation
Forest individual.

for isoleucine, I) was the most frequently used codon (966-976), whereas UGC (coding for cysteine, C), was
the least used (59-64). For RSCU values, the CUU (coding for leucine, L) exhibited the highest values (1.806—
1.838; mean 1.822), whereas the AGC (coding for serine, S) had the lowest values (0.351-0.370; mean 0.362).
Notably, in A. thunbergii (including A. thunbergii subsp. geomundoense), GGC (coding for glycine, G) was the
least preferred codon, with RSCU values of 0.375-0.376. The codons AUG (coding for methionine, M) and UGG
(coding for tryptophan, W) both showed RSCU values of 1.

Identified molecular diagnostic characters in Arisaema

We aligned 78 plastid PCGs across all Aroideae taxa and identified molecular diagnostic characters (MDCs)
counts of 177 in Arisaema (including 9 deletions), 77 in Sauromatum, 188 in Typhonium (with 6 insertions and
9 deletions), and 205 in Pinellia (with 12 insertions and 6 deletions) (Fig. 6 and Table S4). A focused analysis
within Arisaema revealed sect. Pistillata to possess 47 unique MDCs, sect. Sinarisaema 8, sect. Dochafa 17, sect.
Franchetiana 91 (including 18 insertions), sect. Decipientia 131 (including 12 insertions and 42 deletions), sect.
Flagellarisaema 79 (including 9 insertions), and sect. Odorata 403 (including 57 insertions and 48 deletions).
MDCs were detected using two separate alignments: one comprising all Aroideae species and another limited
to Arisaema species.

Phylogenetic relationships of Arisaema

An alignment matrix consisting of 78 plastid PCGs from 19 ingroup and three outgroup taxa contained 68,988
characters, of which 65,971 (95.63%) were constant and 1,451 (2.10%) were parsimony-informative. Maximum
parsimony (MP) analysis Yielded the most parsimonious tree with a length of 3,488, a consistency index (CI)
0f 0.904, and a retention index (RI) of 0.930. The topologies inferred from MP, maximum likelihood (ML), and
Bayesian inference (BI) analyses were largely congruent, with strong support at most nodes: parsimony bootstrap
percentages (PBP) exceeding 90%, mean bootstrap percentages (MBP) reaching 95%, SH-like approximate
likelihood ratio test (SH-aLRT) values of 95%, and posterior probabilities (PP) of 0.95 or higher. Within
Arisaema, seven sections were recovered as monophyletic. Sect. Odorata (A. prazeri Hook.f.) formed a basal
clade (PBP=100; MBP=100; SH-aLRT =100; PP =1.00), followed by the divergence of sect. Flagellarisaema,
which includes the focal species of this study, A. thunbergii and A. heterophyllum (PBP =100; MBP =100; SH-
aLRT =100; PP=1.00). However, the subspecies of A. thunbergii were not fully resolved, forming a polytomy
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Fig. 3. Circular map of comparative plastome analyses in Arisaema generated with CGView, using A. prazeri
Hook f. as the reference. Outer ring shows annotated genes (CDS in blue, tRNA in red, rRNA in purple); genes
outside the ring are Transcribed counter-clockwise, inside clockwise. The innermost ring marks the 50 kb scale
of the A. prazeri plastome; the second innermost ring shows GC skew [(G-C)/(G + C)], with positive skew in
green and negative skew in purple; the third innermost ring shows GC content (%) in 100 bp windows.

in both MP and BI trees (Fig. 7). Among the five remaining sections, sect. Pistillata was resolved as sister to
the clade comprising sect. Dochafa and sect. Sinarisaema, forming a terminal group with moderate support
(PBP=76; MBP =76; SH-aLRT =74.2; PP =0.9321).

Divergence time estimation of Arisaema

The mean divergence age estimates and 95% highest posterior density (HPD) intervals for key nodes from the
BEAST analysis are presented in Fig. 8; Table 2. The results suggest that Arisaema diverged during the Oligocene,
approximately 27.29 million years ago (Mya), with a 95% HPD range of 24.10-30.36 (node 1). Arisaema sect.
Odorata diverged around 18.81 Mya (95% HPD: 14.32-23.43 Mya, node 2), while sect. Flagellarisaema diverged
approximately 14.47 Mya (95% HPD: 10.30-18.73 Mya, node 3). The subsequent split between the A. thunbergii
individuals and A. heterophyllum occurred around 7.61 Mya, with a 95% HPD range of 3.58-11.84 Mya (node
4). Sect. Decipientia diverged approximately 10.21 Mya (95% HPD: 6.85-13.64 Mya, node 5), while sect.
Franchetiana split around 8.89 Mya (95% HPD: 5.85-11.98 Mya, node 6). Among the remaining sections, sect.
Pistillata and sect. Sinarisaema+ sect. Dochafa diverged around 8.50 Mya, with a 95% HPD range of 5.60-11.58
Mya (node 7).

Discussion

Plastome structure of Arisaema and comparative analyses

In recent studies, plastome sequences of Arisaema were reported?’ 2°but structural variations among species were
not analyzed. We completed plastome sequencing for five Arisaema taxa classified within sect. Flagellarisaema.
As with most species in the subf. Aroideae, the infA gene, which encodes Translation initiation factor 1 and

Scientific Reports |

(2025) 15:36043 | https://doi.org/10.1038/s41598-025-20011-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com

A

[scientificreports/

Inverted Repeats

JLe JsB JSA JLA JLe Jss JSA JLA

A, thunbergii EAneT

173,064 bp

o

A omurense BN TP - i - . A
171,453 bp rﬂ&"ﬂ:w — 7T i subsp. thunbergii ° as3p / i — T i 7
e promen v

- v
~ o - . A tinberl — - i
A. bockii i e a 4 9! - el ——— ) o
ﬁﬂ?‘“—/l—aﬁ i 5 AT ] subsp. o Sedes o L — T e
175,537 bp il — T 172,525 bp .~ =
nte e’ 4 P oo’
A ringens piz2 0 = i e s by A (hunbergg‘ a2 B9~ i ,_"ih__ ey A
160,792 bp e - — ﬁ"T‘l_l subsp. 17,736 bp e e T r— —._'-ﬂ"i'i
nnte o & ton T
A erubescens s g o Aasy wan A thunbergii gz s~ T w
167,607 bp T T "_‘&'__J subsp. O [ o T il F— T WI
W g 172,340 bp -
e -3 v
A sz 0 w0 ki o A han g T — Ceoie wan
167,582 6p P 77 o £ — — T m ] 168,650-170,610 bp |j-—m“mm.u» g i T — 1)
- - o
A. franchadianm &“ ﬂ@m P ' A. prazeri o - o
169,443 bp Sizodhy | 1 — 1 o ] 170,935 bp — ey e L ]
nnte g’ o T
A. decipiens "‘:“‘ :mv > mr _:_m*g. ] i Pineliia pedatisecta Iﬁ%ﬂ_m_ BT ’ — "
167,792 bp e #1020y I ——aursree i& ] 168,250 bp 036 0p. i 256i76p  z39m0p R
" — - Py
0080
trnN-GUU-ndhF ndhG-ndhl
0.085 0.05842 0.05459

0.050

0.040

0015

0010 |

SRS

*.e(?OO‘PQ &
DEPPEs
FEEE

M Nucleotide diversity, Pi M Standard deviation of Pi

Fig. 4. (A) Comparison of the large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR)
region boundaries; (B) nucleotide diversity (Pi) across the plastomes across the 15 Arisaema plastomes,
calculated for protein-coding genes (PCGs), tRNA, rRNA, and intergenic regions using a sliding-window
analysis (window = 100 bp and step =25 bp). Superscript abbreviations denote sampling localities; GG Gageodo
Island individual, GM Geomundo Island individual, G Gyoraeri Natural Recreation Forest individual, S
Seogwipo Natural Recreation Forest individual.

participates in the assembly of the initiation complex, was universally pseudogenized across all examined
Arisaema species”*-3, This was determined by detecting an open reading frame (ORF) with a conserved
domain via the NCBI Conserved Domains Database (CDD), following the approach of Wang et al.*%. In some
angiosperms, infA has relocated from the plastome to the nucleus, likely due to relaxed purifying selection on
the plastome™.

Our comparative analyses indicate that the plastomes of A. thunbergii subsp. geomundoense and its closest
relatives are highly conserved in structure. In contrast, A. ringens exhibits markedly elevated nucleotide diversity
in the 16 S and 23 S rRNA genes (Figs. 2 and 3), resulting in increased Pi values within the IR regions (Fig. 4B).
This finding deviates from the common pattern observed in angiosperms, where IR regions typically display
lower variability than the LSC and SSC regions®**7. Moreover, in A. ringens, the rnH-GUG gene is situated
entirely within the LSC region, whereas in other Arisaema taxa, it spans the boundary between the LSC and
IR regions. Since tRNA and rRNA genes are typically well conserved in other angiosperms, including other
Arisaema taxa, further studies are required to confirm these variations across different individuals of A. ringens.
We also calculated the standard deviation of Pi (Fig. 4B), which supported the expected patterns: high Pi with
low standard deviation reflects uniformly high diversity, high Pi with high standard deviation indicates localized
peaks of variability, and low Pi with high standard deviation reveals isolated clusters of variation within otherwise
conserved regions. Altogether, these results strongly support the hypothesis that A. ringens alone underlies the
elevated diversity.
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Fig. 5. Relative synonymous codon usage (RSCU) analysis of 20 amino acids across 78 plastid protein-coding
genes (PCGs) in 15 Arisaema plastomes. (A) Stacked-bar chart displaying the RSCU values for each amino
acid, with frequencies indicated above each bar; (B) Heat map of codon usage bias, where red denotes higher
RSCU values and blue denotes lower RSCU values.

Finally, codon usage analysis of the 78 plastid PCGs indicates that both mutational bias and selection influence
species-level codon frequencies: codons ending in A or U are preferentially used, while those ending in G or C
are underrepresented. Similar patterns have been reported in other Aroideae taxa*® underscoring the value of
RSCU studies for uncovering evolutionary processes. Unlike other Arisaema taxa, A. thunbergii (including A.
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Fig. 6. Assessment of molecular diagnostic characters (MDCs) across 78 plastid protein-coding genes (PCGs).
(A) MDC counts across 22 Aroideae species. (B) MDC counts across 15 Arisaema taxa, grouped by section.
Red and blue bars represent more than 200 MDCs; pink and sky-blue bars represent 80-200 MDCs; and gray
bars represent fewer than 80 MDCs.

thunbergii subsp. geomundoense) exhibited its lowest RSCU value for the GGC codon rather than for AGC (Table
S3). This atypical bias may reflect lineage-specific shifts in translational selection or genome composition. For
instance, it could influence the efficiency of glycine incorporation during protein synthesis or signal adaptive
responses to ecological pressures unique to A. thunbergii. Further investigation of gene expression levels and
tRNA abundances in this species will help clarify the functional consequences of this codon usage deviation.

Putative molecular markers in Arisaema and related genera

Recently, MDCs have been utilized to distinguish cultivars and as evidence for taxonomic treatments®. Although
the sampling was not sufficient to cover the entire genus, we analyzed the unique MDCs present in Arisaema,
Sauromatum, Typhonium, and Pinellia of the subfamily Aroideae, as well as the MDCs in different sections
within the genus Arisaema (Fig. 6 and Table S4). Among the four genera analyzed in this study, we identified
177 MDCs unique to Arisaema, including 3 insertions and 9 deletions. We also identified a total of 33 MDCs
in the ycfl, and the gene with the highest MDC density relative to its length was psbK (total length: 189 bp, 2
MDCs, and MDC density: 1.058). Notably, Arisaema sect. Odorata, which is positioned in the basal group of the
genus, exhibited the highest number of MDC:s (Fig. 6). In our target taxon, A. thunbergii (including A. thunbergii
subsp. geomundoense), we found 231 unique MDCs, among which 167 were insertions in the accD (MDC
density: 9.565). The next highest number was found in the atpB, with 9 MDCs and a density of 0.601, of which
6 were deletions resulting in the loss of ‘DT” amino acids. These findings are expected to be useful for the future
development of super-barcoding systems or molecular markers based on the unique genetic characteristics of
Arisaema and its sections.

Phylogenetic position of A. thunbergii subsp. geomundoense and its taxonomic revision

The genus Arisaema is well classified into 15 sections and has been extensively studied in terms of its phylogenetic
relationships and biogeographical history, despite its morphological diversity!®*°. Our phylogenetic analyses
indicated that seven sections within Arisaema were monophyletic, with A. prazeri from the sect. Odorata
identified as the basal lineage of the genus. High support values were observed at almost all nodes, except for
the relationship between sect. Pistillata and the clade comprising sect. Dochafa and sect. Sinarisaema (PBP =76;
MBP =76; SH-aLRT =74.2; PP =0.9321) (Fig. 7). Compared with the phylogenetic relationships inferred from
the data of Tran et al.?’, our dataset, although lacking many Arisaema species, shows that monotypic sect.
Dochafa [A. flavum] clusters with sect. Sinarisaema, forming a terminal clade. In contrast, in the phylogeny
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Fig. 7. Strict consensus tree derived from 78 plastid protein-coding genes (PCGs). Support at each node is
indicated as parsimony bootstrap percentage (PBP)/mean bootstrap percentage (MBP)/SH-like approximate
likelihood ratio test support (SH-aLRT)/posterior probability (PP). Only nodes with PBP <95%, MBP < 95%,
SH-aLRT <95%, and PP <0.95 are annotated; nodes failing to meet any of these criteria or displaying
conflicting topologies are marked “~”. Taxa sequenced in this study are shown in bold, and boxes indicate
sectional placement within Arisaema. Colored boxes indicate genomic events identified from the complete
plastomes. Superscript abbreviations denote sampling localities; GG Gageodo Island individual, GM
Geomundo Island individual, G Gyoraeri Natural Recreation Forest individual, S Seogwipo Natural Recreation
Forest individual.

of Tran et al.*, sect. Dochafa did not form a terminal clade but instead diverged shortly after the basal clade
comprising sect. Fimbriata, Odorata, Attenuata, and Anomala.

The Korean endemic plant A. thunbergii subsp. geomundoense was first described by Ko et al.?’ and is
distinguished by a dark, wrinkled enlargement at the base of spadix appendage (Fig. 1). This subspecies has been
continuously identified and reported in the northern island regions of Korea*!*?yet its phylogenetic relationship
with A. thunbergii subsp. thunbergii remains unclear due to limited research. Noh et al.?? conducted the first
genetic analysis of Korean Arisaema species using three DNA barcodes (plastid matK and rbcL and nuclear
ITS), including both A. thunbergii subsp. geomundoense and A. thunbergii subsp. thunbergii. Their results
revealed no genetic variation between the two subspecies, indicating that they form a single cluster. Similarly,
our phylogenetic analyses based on both the MP and BI analyses also showed that A. thunbergii subsp. thunbergii
and A. thunbergii subsp. geomundoense form a polytomy, further supporting their genetic indistinguishability. In
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Age estimate

Node | Description Mean (Mya) | 95% HPD (Mya)
1 Genus Arisaema (stem node) 27.29 24.10-30.36
2 Genus Arisaema (crown node) 18.81 14.32-23.43
3 Sect. Flagellarisaema (stem node) 14.47 10.30-18.73
4 Sect. Flagellarisaema (crown node) 7.61 3.58-11.84
5 Sect. Decipientia (stem node) 10.21 6.85-13.64
6 Sect. Franchetiana (stem node) 8.89 5.85-11.98
7 Sect. Pistillata (stem node) 8.50 5.60-11.58
8 Sect. Sinarisaema+ Dochafa (crown node) | 1.20 0.34-2.30
9 Sect. Pistillata (crown node) 6.28 3.76-8.87

Table 2. Estimated divergence times within Arisaema.
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both studies, the subspecies of A. thunbergii clustered with A. heterophyllum, a member of sect. Flagellarisaema,
which was consistently recovered as a monophyletic group.

According to the recent data from Plants of the World Online*3A. thunbergii subsp. geomundoense is treated
as a synonym of A. thunbergii subsp. urashima (H.Hara) H.Ohashi & J.Murata. However, this classification
conflicts with the identification key proposed by Ko et al.?%, which specifically distinguishes A. thunbergii subsp.
geomundoense by its smooth yet wrinkled enlargement at the base of the spadix appendage. To clarify this
ambiguous classification, we collected two individuals from each subspecies, A. thunbergii subsp. geomundoense
and A. thunbergii subsp. thunbergii. Our plastome analyses revealed that A. thunbergii subsp. geomundoense
collected from Geomundo Island, where the paratype specimens were originally obtained, had identical plastid
PCGs to A. thunbergii subsp. thunbergii, indicating no genetic differentiation. In addition, comparative plastome
analyses showed no structural variation among the subspecies of A. thunbergii. These findings strongly suggest
that A. thunbergii subsp. geomundoense should be treated as a synonym of A. thunbergii subsp. thunbergii,
warranting a taxonomic reassessment of its subspecific status. Moreover, the morphological characteristics
proposed by Ko et al.?%, such as the color and wrinkling of the enlargement at the base of spadix appendage,
are likely the result of ecological variation rather than genetic differentiation. To further clarify infraspecific
classification within A. thunbergii, additional research on the Japanese subspecies, A. thunbergii subsp. urashima,
is necessary.

Divergence times of Arisaema

The divergence times of Arisaema have been reported in previous studies'>2404445 Although our analysis
included fewer Arisaema species and did not incorporate fossil data, our results suggest seven sectional
divergence events based on genomic data. Using a dataset of 78 plastid PCGs, the stem node of Arisaema was
estimated at 27.29 Mya, with a 95% HPD of 24.10-30.36 Mya. This estimate is younger than those reported by
Nauheimer et al.> (approximately 32 Mya) and Tran et al.* (33.27 Mya), but similar to the estimate by Zhao
et al.'® (approximately 28 Mya). Divergence time estimation is known to be influenced by factors such as taxon
sampling and the type of genetic data used; however, fossil calibrations typically have a greater impact on the
resulting estimates®*”. While Tran et al.** analyzed 127 Arisaema species using a single fossil calibration and
four chloroplast DNA regions, our study followed a more recent approach that employed five fossil calibrations
and transcriptome data!®. Based on our results, the genus Arisaema likely began diverging in the late Oligocene,
followed by subsequent sectional diversification events throughout the Miocene.

Conclusions

We present a well-supported phylogenetic framework for the genus Arisaema using complete plastome
sequences. Since our study focused on verifying the taxonomic status of the Korean endemic A. thunbergii
subsp. geomundoense, sampling was concentrated within the sect. Flagellarisaema. Although this Limited the
resolution of relationships among all 15 sections in Arisaema based on genomic data, our results indicate that
Arisaema exhibits conserved plastome structures. Moreover, the MDCs identified in this study offer additional
genetic resources that can facilitate super-barcoding and enable high resolution taxonomic identification within
Arisaema. Furthermore, plastome analyses support the treatment of A. thunbergii subsp. geomundoense as a
synonym of A. thunbergii subsp. thunbergii. Expanding the dataset to include Japanese A. thunbergii subsp.
thunbergii and A. thunbergii subsp. urashima would enhance their subspecific classification and support research
on morphological variations influenced by ecological factors.

Materials and methods

Sample preparation and plastome assembly

Two individuals of A. thunbergii subsp. geomundoense were collected from natural habitats in South Korea. One
was obtained from Geomundo Island, Samsan-myeon, Yeosu-si, Jeollanam-do (N 34°00’30.5” E 127°19’18.9”),
the designated location of the paratype?’while the other was collected from Gageodo Island, Heuksan-myeon,
Shinan-gun, Jeollanam-do (N 34°04’45.1” E 125°06°53.1”) (Fig. 1). For comparative purposes, additional samples
were collected, including two individuals of A. thunbergii subsp. thunbergii from Gyoraeri Natural Recreation
Forest (N 33°26’17.5” E 126°39°49.0”) and Seogwipo Natural Recreation Forest (N 33°19°05.2” E 126°28°06.4”)
on Jeju Island, as well as one individual of A. heterophyllum from Mt. Cheonggye in Gyeonggi-do (N 37°23’54.6”
E 127°02°25.5”).

Leaf tissues were were silica-dried prior to genomic DNA (gDNA) extraction, and corresponding voucher
specimens were prepared and archived in the Gachon University Herbarium (GCU) (Table 1). Total gDNA
was extracted from the dried material using a modified cetyltrimethylammonium bromide (CTAB) protocol®.
Plastome sequencing was performed by generating 300 bp paired-end reads on the Illumina MiSeq platform
(Table S5). Reads were assembled with reference to the A. heterophyllum plastome (GenBank accession No.
ONO060885) retrieved from NCBI, employing both Geneious Prime 2024.0.5 and GetOrganelle?**. Gene
annotation was conducted using GeSeq°! and the complete plastome was visualized with OGDraw*.

Comparative analysis of plastome structure and codon usage patterns

The structure, gene content, and organization of the plastomes were analyzed and compared (Table 1). To explore
structural variations within Arisaema, 12 previously published plastome sequences were incorporated into the
analysis (Table S6). Whole plastome sequences were aligned using MUSCLE and visualized with the LAGAN
mode in mVISTA>**%. For the mVISTA visualization, the annotated plastome sequences of Pinellia pedatisecta
Schott (GenBank accession No. OR772809) was selected as the reference due to its sister-group relationship
with Arisaema, enabling assessment of sequence conservation and divergence at a broader inter-generic scale.
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Furthermore, to facilitate structure-focused comparisons within Arisaema, we selected the high-quality, well-
annotated plastome of A. prazeri as the reference and compared it against nine other Arisaema plastomes using
the CGView Comparison Tool®. GC distribution was evaluated by calculating GC skew, defined as (G-C)/
(G+C). The IR/LSC and IR/SSC junctions were examined and visualized using IRscope®®.

We evaluated nucleotide diversity (Pi) in plastid PCGs, tRNA genes, rRNA genes, and intergenic spacers using
data from 15 complete Arisaema plastome sequences. Sequence divergence was investigated via a sliding-window
analysis in DnaSP v6.0°, using a 100 bp window and a 25 bp step. Furthermore, the relative synonymous codon
usage (RSCU) for 78 plastid PCGs was determined with the DAMBE program®®. Finally, the RSCU clustering
diagram was generated using the pheatmap pacage in R (https://CRAN.R-project.org/package=pheatmap).

Molecular diagnostic characters
Plastid PCGs were analyzed with FastaChar v0.2.4%° to identify MDCs specific to each Arisaema section and
unique to the genus in comparison with three related genera.

Phylogenetic analyses

Complete plastome sequences for three Pinellia species, P. cordata N.E.Br., P. pedatisecta, and P. ternata (Thunb.)
Makino) were downloaded from NCBI to function as outgroups. The ingroup consisted of 15 Arisaema taxa,
along with two species each from Sauromatum and Typhonium, to reconstruct phylogenetic relationships. For
phylogenetic analysis, we extracted 78 plastid PCGs and aligned them using MUSCLE in Geneious Prime
2024.0.5%. Then, we inferred the phylogeny using MP, ML, and BI approaches. MP analysis was carried out
in PAUP* v4.0a%, with all characters equally weighted and unordered and gaps treated as missing. A heuristic
search employed 1,000 random addition replicates combined with tree bisection and reconnection (TBR)
branch swapping, retaining up to ten most-parsimonious trees per replicate. Clade support was assessed via
1,000 bootstrap pseudoreplicates under the same settings, reported as PBP. ML inference was performed on
the IQ-TREE web server (http://igtree.cibiv.univie.ac.at/), with node support quantified by MBP and SH-aLRT
based on 10,000 ultrafast bootstrap. Appropriate substitution models were selected and applied to each gene
(Table S7). For BI, the optimal nucleotide substitution model was selected in MEGA 11 using the Bayesian
Information Criterion (BIC; Table S8)°!. MrBayes v3.2.7%? analyses consisted of two independent runs of
1 million generations, sampling every 1,000 generations. The initial 25% of samples were discarded as burn-
in, and a 50% majority-rule consensus tree was generated from the remaining trees, with PP providing branch
support. Convergence was confirmed by ensuring all parameters achieved an effective sample size (ESS) greater
than 200. Finally, phylogenetic trees were visualized and edited in FigTree v1.4.4%.

Molecular dating

Divergence times within Arisaema were inferred using BEAST v1.10.4, drawing on 78 plastid PCGs. BEAUti
v1.10.4 was employed to construct the input XML, specifying a GTR+I+G substitution model, identical to
that used in our BI, a Yule speciation prior, and an uncorrelated lognormal relaxed clock®>®. The Markov chain
Monte Carlo (MCMC) chain ran for 100 million generations, with samples taken every 1,000 generations.
After discarding the first 10% of trees as burn-in, the remaining trees were summarized into a maximum clade
credibility chronogram in TreeAnnotator v1.10.4, using mean node heights and a posterior probability cutoff of
0.50. Mean divergence estimates and their 95% HPD intervals were extracted in Tracer and visualized in Figtree
v1.4.4%,

In the absence of fossil constraints for both our ingroup and outgroup, we employed three secondary
calibration priors: the Pinellia crown node was estimated at 13 Mya with a normal distribution (mean=13 and
standard deviation = 1; S1)the Pinellia stem node at 28 Mya with a normal distribution (mean =28 and standard
deviation=1.5; S2)®and the Sauromatum+ Typhonium crown node at 23 Mya with a normal distribution
(mean =23 and standard deviation = 1.5; $3)%, These priors were incorporated to improve the precision of our
divergence time estimates.

Data availability
The five plastome sequences we obtained from this study were archived in NCBI. The accession numbers are
presented in Table 1 (PV231676-PV231680).
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