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Abstract
Background  Panax, including medicinally important species such as P. ginseng, P. quinquefolius, and P. notoginseng, 
exhibits diverse pharmacological properties. However, morphological traits are lost and DNA is often degraded during 
processing, complicating species identification. As photosynthetic organelles, plastomes offer both stable molecular 
markers and a direct window into light adaptation. Unlike their sun-loving relatives (Aralia), Panax species are shade-
tolerant, making them ideal for studying shade adaptation.

Results  Here, a total of 188 plastomes from Panax and its close relatives were annotated and analyzed, including 
31 newly assembled plastomes of P. quinquefolius from diverse geographic regions. Through a deep comparative 
genomic analysis, we obtained the following findings: (1) Panax plastomes are highly conserved, with only minor 
shifts at IR-SC boundaries, and 3,397 variants identified across species. (2) All individuals of P. ginseng, P. quinquefolius, 
and P. notoginseng formed monophyletic clades, and two species-specific SNP markers were identified for accurate 
discrimination of these three key medicinal taxa. (3) Nine plastid genes showed significantly different selection 
patterns between Panax and Aralia, with intensified selection likely linked to shade adaptation.

Conclusion  This study provides two single-nucleotide markers for authenticating processed medicinal materials and 
reveal plastome-level signatures of shade adaptation, offering valuable resources for species identification, cultivation 
and management.
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Background
Panax belongs to Araliaceae and comprises approxi-
mately 18 species, of which 12 are currently recognized 
as accepted species in The Plant List [1–4]. Species of the 
genus Panax exhibit a disjunct distribution between east-
ern Asia and eastern North America. Except for P. trifo-
lius and P. quinquefolius, which occur in North America, 
all other species are distributed in eastern Asia [1]. Most 
species within Panax are valued in traditional Chinese 
medicine due to their rich content of ginsenosides [3]. 
Among them, P. ginseng (Asian ginseng), P. quinquefolius 
(American ginseng), and P. notoginseng (Sanqi) are the 
most widely used medicinal species, although their phar-
macological effects differ significantly [5]. According to 
data from UN Comtrade Database [6], global exports of 
ginseng root products reached 3,466 tons in 2024, with 
a total export value of 97,480,459 USD. Despite its sig-
nificance, the taxonomy and phylogenetic relationships 
within Panax remain controversial, attracting consider-
able scientific attention. Recent studies have attempted 
to reconstruct the phylogeny of 18 Panax species using 
both nuclear and plastid genome (plastome) [1]. How-
ever, these reconstructions have revealed substantial 
incongruence between nuclear and plastid phylogenies, 
particularly for species distributed in the Himalayas and 
adjacent regions. A common limitation of these studies is 
their reliance on single-individual sampling for most spe-
cies, which undermines the reliability and representative-
ness of the phylogenetic inferences.

Robust phylogenetic relationships are fundamental for 
accurate species identification. Plastids, one of the organ-
elles harboring their own genomes, possess highly con-
served genomes in land plants, typically organized into a 
circular quadripartite structure comprising a large single-
copy (LSC) region, a small single-copy (SSC) region, and 
a pair of inverted repeats (IRs), with sizes ranging from 
115 to 165 kilobases (kb) [7]. The plastid genome is gen-
erally multi-copy within the cell, maternally inherited, 
non-recombinant, and exhibits a moderate mutation rate 
[8–12]. These features make it widely used in phyloge-
netic studies across various taxonomic levels, including 
species, genus, family, and higher taxonomic category 
[13–15]. With advances in sequencing technologies, an 
increasing number of plastomes and high-throughput 
sequencing datasets for Panax have become available, 
providing an unprecedented opportunity to enhance 
sampling representativeness in phylogenetic analyses. 
Moreover, the plastome serves as an important source 
of molecular markers, for instance, matK and rbcL are 
recognized as core DNA barcodes in plants [16]. Whole-
plastome barcoding has also demonstrated substantial 
potential for species identification, particularly in cases 
where traditional single-locus markers lack sufficient dis-
criminatory power [17, 18]. However, in certain practical 

contexts, such as the identification of traditional Chi-
nese medicinal materials that have undergone process-
ing treatments like baking and steaming, morphological 
traits are often lost and DNA is degraded [19]. Under 
such conditions, traditional morphological methods and 
conventional DNA barcoding approaches become inef-
fective. Developing single-nucleotide diagnostic mark-
ers (SNDMs) thus represents a promising strategy for 
identifying materials with degraded DNA [20]. SNDMs 
are designed to amplify and target extremely short DNA 
fragments (often < 200 bp), whereas conventional barcod-
ing relies on amplifying much longer conserved regions 
(e.g., ITS2, ~ 400  bp; psbA-trnH, ~ 450  bp). In severely 
degraded DNA, the probability of preserving a short, 
targetable fragment is significantly higher than that of a 
long, intact barcode region [21, 22].

On the other hand, plastids are the primary site of 
photosynthesis, where plants capture light energy and 
convert it into chemical energy, functioning as both pho-
toreceptors and energy converters [23, 24]. The plastome 
encodes approximately 85 unique genes, most of which 
are involved in photosynthesis, including subunits of 
photosystems I and II, components of the electron 
transport chain, and proteins associated with replica-
tion and translation within the plastid [25]. As such, the 
plastome is the organellar genome most closely linked 
to plant adaptation to varying light environments. Spe-
cies of Panax are perennial, shade-tolerant herbs that 
typically grow in forest understories and require shade 
management even under cultivation (e.g., P. ginseng and 
P. quinquefolius) [26–28]. In contrast, most species of 
Aralia, the closest related genus to Panax, are sun-loving 
trees that thrive under direct sunlight [29]. This ecologi-
cal divergence makes Panax and Aralia an ideal natural 
comparative system for studying plastome adaptations to 
varied light habitats.

The advancement of high-throughput sequencing tech-
nologies has led to the generation of a large volume of 
sequencing data. As of December 2024, we downloaded 
all publicly available plastomes of Panax and its close rel-
atives from the Nucleotide database of the National Cen-
ter for Biotechnology Information (NCBI) and obtained 
raw sequencing data from the Genome Sequence Archive 
(GSA) at the China National Center for Bioinformation 
(CNCB). We reassembled 31 plastomes of P. quinquefo-
lius individuals from different locations, re-annotated 
157 published plastomes, and conducted comprehen-
sive comparative genomic analyses. Our objectives were 
to: (1) perform a pan-plastome analysis of all accepted 
Panax species (except P. sokpayensis), focusing on gene 
content, repeats, IR-SC boundary, and generated a com-
prehensive landscape of plastome variant in Panax; (2) 
reconstruct the phylogenetic relationships among Panax 
and its related species based on plastomes, and identify 
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species-specific markers to distinguish P. ginseng, P. 
quinquefolius, and P. notoginseng at single-nucleotide 
level; and (3) use the natural shade-tolerant/sun-loving 
contrast between Panax and Aralia, in combination 
with site model, branch model, branch-site model, and 
RELAX analysis, to explore the evolutionary mechanisms 
of plastome adaptation to differing light environments. 
This study offers novel insights into the genetic basis of 
shade adaptation in Panax and provides valuable makers 
for species identification and conservation, supporting 
improved management and utilization of economically 
important ginseng resources.

Results
Characteristics of pan-plastomes in Panax
To investigate the interspecific relationships within 
Panax, identification of economically important species, 
and adaptive evolutionary mechanisms under shaded 
environments, we re-annotated and manually curated 
the plastomes of 188 accessions from Panax (154), Aralia 
(26), and outgroups (8). This dataset included 31 de novo 
assembled plastomes of P. quinquefolius, as well as 47 
accessions of P. ginseng and 16 accessions of P. notogin-
seng (Additional file 1: Table S1). All plastomes exhibited 
a conserved quadripartite structure, consisting of a pair 
of IR regions separating a LSC region and a SSC region.

The average length of Panax plastomes was 156,238 bp, 
ranging from 155,984 to 156,548  bp (Fig.  1; Table  1). 
The average LSC region length was 86,135  bp (range: 
86,071–86,322  bp), SSC region 18,036  bp (range: 
17,934 − 19,364  bp), and IR region 26,033  bp (range: 
25,393 − 26,136  bp). The average GC content of Panax 
plastomes was 38.1% (range: 38.0%-38.1%). The GC con-
tent of the LSC, SSC, and IR regions ranged from 36.2% 
to 36.3%, 32.0%-32.3%, and 42.9%-43.1%, respectively. A 
total of 133 genes (115 unique) were annotated across all 
154 Panax samples, including 88 protein-coding genes 
(PCGs, 81 unique), 37 tRNA genes (30 unique), and 8 
rRNA genes (4 unique). Seven PCGs (rpl2, rpl23, ndhB, 
rps12, rps7, ycf2, ycf15) were duplicated due to their 
presence in the IR regions (Additional file 1: Table S1 
and S2). Specifically, due to shifts in the IR–SSC bound-
ary, ycf1 was fully retained only at the IRa-SSC junction, 
whereas at the IRb-SSC junction only a truncated frag-
ment remains, which was not counted as an independent 
PCG. Ten PCGs (rps16, atpF, rpoC1, petB, petD, rpl16, 
rpl2, ndhB, rps12, ndhA) each contained a single intron, 
while two PCGs (ycf3 and clpP) contained two introns 
each. Only rps12 contained a trans-spliced intron. The 
total alignment length across all samples was 159,863 bp 
(Fig.  1; Additional file 1: Table S2). A total of 3,568 
variant sites were identified in Panax, including 171 
indels (4.79%) and 3,397 SNPs (95.21%). Of these, 2,318 
(64.97%) variants were located in the LSC, 609 (17.07%) 

in the SSC, and 848 (23.77%) in the IR regions (Addi-
tional file 1: Table S3). In P. ginseng, 154 variant sites 
were detected, including 11 indels (7.14%) and 143 SNPs 
(92.86%). In P. quinquefolius, 59 variant sites were identi-
fied, including 18 indels (30.51%) and 41 SNPs (69.49%). 
P. notoginseng exhibited 39 variant sites, with only one 
indel (2.56%) and 38 SNPs (97.44%).

Relative synonymous codon usage (RSCU) analysis was 
conducted for all examined plastomes (Additional file 2: 
Fig. S1). Overall, a clear bias toward A/U-ending codons 
was observed across most amino acids. For example, 
codons such as UUU (Phe), AUU (Ile), and GUU (Val) 
were generally preferred over their C/G-ending synony-
mous counterparts. Similarly, UUA and UUG were more 
frequently used among leucine codons. This A/U-ending 
preference was consistent across all examined Aralia and 
Panax species, with only minor interspecific variations 
in RSCU values. In contrast, codons ending with G or C 
were generally underrepresented, indicating a conserved 
codon usage pattern in Panax plastomes.

Plastid phylogenomics analysis in Panax
We reconstructed the phylogenetic relationships of 
Panax and its closely related genera based on both 
complete plastomes and concatenated PCGs. The final 
aligned and quality-controlled matrices were 149,100 bp 
in length for the full plastome and 63,736 bp for the 81 
shared PCGs. To clarify interspecific relationships within 
Panax, multiple accessions were included for each spe-
cies except Panax pseudoginseng. The two phylogenetic 
trees exhibited consistent topologies across major clades 
(Fig.  2; Additional file 2: Fig. S2). Panax was recovered 
as a monophyletic group, with P. trifolius occupying the 
most basal position, representing the earliest diverging 
lineage. This was followed by the divergence of P. stipule-
anatus, after which two major clades emerged. One clade 
comprised P. ginseng and P. quinquefolius, while the other 
included the early-diverging P. notoginseng along with P. 
pseudoginseng, P. bipinnatifidus, P. japonicus, P. wangia-
nus, P. vietnamensis, and P. zingiberensis. Notably, the 
wild and cultivated accessions of P. quinquefolius clus-
tered together without forming separate monophyletic 
clades, suggesting limited differentiation in the plastome 
between cultivated and wild populations. In contrast, the 
genus Aralia was not monophyletic and split into two 
major clades: Clade A, which included both woody and 
herbaceous species, and Clade B, consisting exclusively 
of woody species, which exhibited a closer phylogenetic 
relationship with Panax.

Repeats and structural variations in Panax and relative 
genus
We conducted a comparative analysis of repeats across 
the plastomes of Panax and Aralia, using Osmoxylon 
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novoguineense (MK943807.1) as the baseline (Fig. 3). The 
repeats were categorized into tandem repeats and dis-
persed repeats. Tandem repeats were further divided into 
simple sequence repeats (SSRs, repeat units of 1–6  bp) 
and general tandem repeats (repeat units > 6 bp). Among 
the SSRs in the plastomes of Panax and Aralia, mononu-
cleotide repeats were the most abundant, followed by di-, 
tetra-, tri- and pentanucleotide repeats. Hexanucleotide 

repeats were exclusively detected in Panax ginseng, P. 
quinquefolius, P. notoginseng, P. wangianus, P. zingiberen-
sis, and P. vietnamensis (Fig. 3A; Additional file 1: Table 
S4). To further investigate the functional distribution 
of SSRs, all identified SSR loci were classified into cod-
ing sequences (CDS), introns, and intergenic spacers 
(IGS) based on genome annotation (Additional file 1: 
Table S5 and S6). Across all sampled species, SSRs were 

Fig. 1  Pan-plastome and variants distribution in Panax. From the outside to the inside, the first circle exhibited the annotation information of the 
plastome. Gene name on the outside of the circle is transcribed clockwise, while those on the inside are transcribed counterclockwise. Gene colors corre-
spond to functional categories indicated in the legend below. The second circle shows the boundaries of LSC, SSC, and IRs. The inner four heatmap tracks 
exhibited the distribution of variants across the plastomes. Blue lines indicate single nucleotide polymorphisms (SNPs), and red lines indicate insertions/
deletions (InDels). From outer to inner, the four heatmap tracks correspond to: ① all Panax plastomes, ② P. ginseng, ③ P. quinquefolius, and ④ P. notoginseng
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predominantly located in IGS regions, with counts rang-
ing from 23 to 29 per species, accounting for the major-
ity of SSR loci. In contrast, relatively fewer SSRs were 
detected in CDS regions, typically ranging from 9 to 14, 
while intronic regions harbored the lowest numbers (3–9 
SSRs).

For general tandem repeats, the predominant repeat 
unit size ranged from 10 to 30 bp, with only a few spe-
cies exhibiting a small number of repeat units < 10  bp 
or > 30  bp. The accumulated length of tandem repeats 
varied among species, ranging from 856  bp to 1677  bp, 
with Aralia undulata accumulated the longest cumula-
tive repeat length (Fig. 3B; Additional file 1: Table S7 and 
S8). According to the orientation of the repeat units, dis-
persed repeats can be classified into four types: forward 

(F), reverse (R), complement (C), and palindromic (P) 
repeats. In general, forward (F) and palindromic (P) 
repeats are predominant in the plastomes of Panax and 
Aralia, reverse (R) repeats are relatively rare, whereas 
complement (C) repeats were detected only in A. elata 
and P. zingiberensis (Fig.  3C; Additional file 1: Table 
S9). On the other hand, based on the repeat length, dis-
persed repeats were categorized into four groups: <40 bp, 
40–60 bp, 60–80 bp, and > 80 bp, with the < 40 bp being 
the most prevalent (Fig. 3D; Additional file 1: Table S10). 
Overall, the number of dispersed repeats ranged from 29 
to 87 across species, with total accumulated lengths vary-
ing from 738 bp to 3,172 bp. P. zingiberensis exhibited the 
highest number, and displayed the greatest accumulated 
repeat length, reaching 3,466 bp.

Table 1  General information of studied plastomes
Species Number of 

accessions
Length (bp) Gene content
LSC SSC IR Total PCGs tRNA rRNA Total

Panax ginseng 47 86134.11 ± 29.89 18079.87 ± 16.72 26084.55 ± 40.03 156383.09 ± 76.95 88(81) 37(30) 8(4) 133(115)

Panax japonicus 2 86199.00 ± 0.00 18013.00 ± 0.00 25988.00 ± 0.00 156188.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Panax bipinnatifidus 16 86162.81 ± 43.78 18002.69 ± 10.42 26014.88 ± 38.84 156195.25 ± 109.04 88(81) 37(30) 8(4) 133(115)

Panax notoginseng 16 86142.63 ± 28.95 18123.50 ± 358.11 26032.06 ± 182.10 156330.25 ± 53.59 88(81) 37(30) 8(4) 133(115)

Panax quinquefolius 32 86080.97 ± 7.77 17993.00 ± 0.00 26001.78 ± 10.08 156077.53 ± 20.91 88(81) 37(30) 8(4) 133(115)

Panax stipuleanatus 7 86112.86 ± 36.49 18155.43 ± 18.92 25885.86 ± 3.02 156043.86 ± 35.88 88(81) 37(30) 8(4) 133(115)

Panax vietnamensis 9 86183.44 ± 19.48 17946.89 ± 16.41 25985.11 ± 63.64 156100.56 ± 144.48 88(81) 37(30) 8(4) 133(115)

Panax trifolius 2 86322.00 ± 0.00 18047.00 ± 0.00 25894.00 ± 0.00 156157.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Panax zingiberensis 13 86137.62 ± 20.65 17967.69 ± 2.84 26089.08 ± 30.64 156283.46 ± 78.95 88(81) 37(30) 8(4) 133(115)

Panax wangianus 9 86184.44 ± 6.50 17966.33 ± 1.00 26042.22 ± 30.16 156235.22 ± 58.49 88(81) 37(30) 8(4) 133(115)

Panax 
pseudoginseng

1 86124.00 ± NA 18008.00 ± NA 25971.00 ± NA 156074.00 ± NA 88(81) 37(30) 8(4) 133(115)

Aralia elata 4 86030.00 ± 266.74 18105.25 ± 7.23 25923.00 ± 0.00 155981.25 ± 273.96 88(81) 37(30) 8(4) 133(115)

Aralia spinifolia 1 86384.00 ± NA 18068.00 ± NA 25874.00 ± NA 156200.00 ± NA 88(81) 37(30) 8(4) 133(115)

Aralia echinocaulis 3 86066.67 ± 7.51 18121.00 ± 0.00 25941.00 ± 0.00 156069.67 ± 7.51 88(81) 37(30) 8(4) 133(115)

Aralia continentalis 2 86049.00 ± 0.00 18052.00 ± 0.00 25949.00 ± 0.00 155999.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Aralia undulata 2 86025.00 ± 0.00 18092.00 ± 0.00 26108.00 ± 0.00 156333.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Aralia chinensis 2 86154.50 ± 171.83 18087.00 ± 19.8 25943.00 ± 29.70 156120.00 ± 142.84 88(81) 37(30) 8(4) 133(115)

Aralia atropurpurea 3 86242.67 ± 20.21 18072.00 ± 6.93 25963.00 ± 0.00 156241.33 ± 26.56 88(81) 37(30) 8(4) 133(115)

Aralia cordata 3 86099.33 ± 2.89 18052.00 ± 0.00 25967.00 ± 0.00 156085.33 ± 2.89 88(81) 37(30) 8(4) 133(115)

Aralia caesia 3 86295.00 ± 0.00 18060.00 ± 0.00 25923.00 ± 0.00 156201.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Aralia parasitica 2 86171.00 ± 0.00 18055.00 ± 0.00 25926.00 ± 0.00 156078.00 ± 0.00 88(81) 37(30) 8(4) 133(115)

Aralia thomsonii 1 86026.00 ± NA 18123.00 ± NA 25938.00 ± NA 156025.00 ± NA 88(81) 37(30) 8(4) 133(115)

Schefflera 
heptaphylla

1 86610.00 ± NA 18147.00 ± NA 25964.00 ± NA 156685.00 ± NA 86(80) 37(30) 8(4) 131(114)

Schefflera delavayi 2 86072.50 ± 67.18 18069.50 ± 108.19 26073.00 ± 49.50 156205.50 ± 191.63 87(80) 37(30) 8(4) 132(114)

Schefflera 
actinophylla

1 86576.00 ± NA 18157.00 ± NA 25968.00 ± NA 156675.00 ± NA 86(80) 37(30) 8(4) 131(114)

Schefflera digitata 1 86540.00 ± NA 18154.00 ± NA 25927.00 ± NA 156548.00 ± NA 86(80) 37(30) 8(4) 131(115)

Heteropanax 
fragrans

2 86567.50 ± 41.72 18117.50 ± 37.48 25949.00 ± 38.18 156583.00 ± 2.83 88(81) 37(30) 8(4) 133(115)

Osmoxylon 
novoguineense

1 86695.00 ± NA 18544.00 ± NA 25521.00 ± NA 156281.00 ± NA 88(81) 37(30) 8(4) 133(115)

Number indicates mean and standard deviation

The numbers in parenthesis represented the number of unique genes in plastome

LSC large single copy region, SSC small single copy region, IR one of a pair of inverted repeat region, PCGs protein-coding genes, tRNA transfer RNA rRNA ribosomal 
RNA
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To detect whether there are structural variations in 
the plastomes of Panax and Aralia, we used mVISTA 
to visualize the plastomes across different individu-
als within each species, and no structural variation was 
observed within each species. Therefore, one represen-
tative per species was selected for visualization, and no 
recombination or rearrangement was detected, only 
shifts in the boundaries between IR and SC was detected 
(Fig. 4; Additional file 2: Fig. S3). The rps19 is located at 
the boundary between the LSC and IRb. In P. trifolius, 
233  bp of the rps19 is located in the LSC and 46  bp in 
the IRb. In P. stipuleanatus, the gene has shifted 7  bp 

further into the IRb, whereas in other Panax species, the 
shift into IRb is 5 bp. In contrast, Aralia species exhibit 
greater variation than Panax, with the rps19 of A. spini-
folia entirely located in the LSC. The ndhF is positioned 
at the IRb/SSC boundary. In P. trifolius, P. stipuleana-
tus, P. ginseng, P. pseudoginseng, P. bipinnatifidus, and P. 
japonicus, the ndhF is entirely contained within the SSC, 
whereas in other Panax species, it spans both the IRb 
and SSC. Among Aralia species, only A. chinensis shows 
ndhF spanning the IRb and SSC. The ycf1 gene located at 
the SSC/IRa boundary and is shared between SSC and IR 
regions in both Panax and Aralia. In Panax, the portion 

Fig. 2  Maximum likelihood tree reconstructed based on whole plastome sequences. Branch colors indicate bootstrap values, while shade color indicates 
species. Deep blue indicates wild P. quinquefolius samples, whereas light blue indicates cultivated P. quinquefolius samples
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Fig. 3 (See legend on next page.)
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of ycf1 located in the SSC region ranges from 4,051 to 
4,150 bp. The IRa/LSC boundary is located between the 
psbA and rpl2. In the plastome of P. trifolius, psbA is 
located 99 bp from the boundary in the IRa, and rpl2 is 
489 bp from the boundary in the LSC. In P. stipuleanatus, 
psbA is 106 bp and rpl2 is 484 bp from the boundary. In 
other Panax species, psbA is 104 bp from the boundary, 
and rpl2 ranges from 483 to 493 bp away. Slight shifts in 
the positions of psbA and rpl2 were also observed in the 
plastomes of Aralia.

Evolutionary pattern in Panax and related species
All Panax species are herbs typically found in canopy-
shaded habitats with low light availability. Even key 
medicinal species such as P. ginseng, P. quinquefolius, 
and P. notoginseng require shading during cultivation. In 
contrast, the closely related genus Aralia consists pre-
dominantly of woody species that are exposed to direct 
sunlight, particularly those lineages most closely related 
to Panax (Fig.  2). To elucidate the evolutionary mecha-
nisms underlying plastid adaptation to shade environ-
ments, this study conducted a comparative analysis of 
plastomes, which responsible for light capture and pho-
tosynthesis in plants.

Firstly, we employed a pairwise model to calculate 
selection pressures of the concatenated PCGs matrix 
among species, revealing that all dN/dS were all below 
1 - even below than 0.5 - thereby indicating that plastid 
PCGs are generally subject to purifying selection and 
remain relatively conserved (Additional file 2: Fig. S4).

Due to structural and functional constraints on intact 
genes that may obscure detectable signals of selection, 
we further employed a site model to identify sites poten-
tially under selection. Comparison between the M0 and 
M3 models revealed significant variation in ω across sites 
in 11 genes (accD, cemA, clpP, matK, ndhF, psbD, rbcL, 
rpoA, ycf1, ycf15, and ycf2) (Table 2). Subsequent analyses 
using the M8 vs. M7 models, combined with the Bayes-
ian Empirical Bayes (BEB) method, identified 39 posi-
tively selected sites across 8 PCGs. These included two 
genes involved in photosynthesis (ndhF and rbcL), one 
associated with plastid self-replication (rpoA), and five 
with other functions (clpP, matK, ycf1, ycf15, and ycf2), 
comprising 7 sites from photosynthesis genes, 2 from 
replication-related genes, and 30 from other catego-
ries. Furthermore, we conducted protein structural and 
coevolutionary analyses on these eight genes harboring 

positively selected sites, revealing extensive residue - res-
idue coevolution networks (Fig. 5; Additional file 1: Table 
S11). The ycf1 exhibited the most complex network, with 
128 unique residues forming 949 coevolving residue 
pairs, followed by ndhF (171 pairs), ycf15 (120 pairs), ycf2 
(38 pairs), matK (31 pairs), clpP (9 pairs), rbcL (9 pairs), 
and rpoA (3 pairs). Notably, certain residues participated 
in multiple coevolving pairs, often spanning distinct pro-
tein domains and contributing to the structural complex-
ity of the coevolutionary networks. For instance, in clpP, 
although residues V23 and I75 were not directly linked, 
both exhibited coevolution with D40 (V23 - D40 and D40 
- I75). Remarkably, all 120 coevolving pairs in ycf15 were 
derived from just 15 residues, suggesting the presence 
of localized coevolutionary hotspots. Mapping the posi-
tively selected and coevolving residues onto predicted 
3D structures further revealed that, with the exception 
of rpoA, all analyzed genes harbored residues subjected 
to both evolutionary forces, highlighting potential sites of 
functional and evolutionary significance.

To further investigate genes potentially associated 
with shade tolerance, we designated Panax (represent-
ing shade-adapted taxa, marked as #1) and Aralia Clade 
B (composed primarily of sun-exposed taxa, marked as 
#2) as foreground branches for comparative evolution-
ary analysis. After excluding genes with extremely low 
dS values that resulted in inflated ω estimates, a total of 
59 PCGs were retained, comprising 32 photosynthesis-
related genes, 17 self-replication genes, and 10 genes of 
other functional categories (Additional file 1: Table S12). 
Among these, 26 genes exhibited completely contrasting 
selection pressures between the two clades (Fig. 5; Addi-
tional file 1: Table S12). Specifically, 20 genes showed 
ω > 1 in the Panax and ω < 1 in Aralia Clade B, suggest-
ing positive selection in Panax but purifying selection in 
Aralia. These included 9 photosynthesis-related genes, 6 
self-replication genes, and 5 from other category. Con-
versely, 6 genes exhibited ω < 1 in Panax and ω > 1 in Ara-
lia Clade B, comprising 4 photosynthesis-related genes, 
1 self-replication gene, and 1 from other category. These 
contrasting patterns suggest divergent selective trajecto-
ries across functional gene categories between Panax and 
Aralia Clade B. Further analysis using RELAX revealed 
9 genes (atpB, ndhJ, petD, psaA, rpl20, rps8, ccsA, clpP, 
and ycf1) with significantly intensified selection (K > 1) in 
the Panax or/and Aralia Clade B, all of which correspond 
to the subset with ω > 1 in Panax and ω < 1 in Aralia, 

(See figure on previous page.)
Fig. 3  Statistics on various types of repeats in the sampled plastomes. A Number of SSR with different lengths. “mono”, “di”, “tri”, “tetra”, “penta” indicated 
simple mono-, di-, tri-, tetra- and pentanucleotide microsatellites, respectively. B Number and accumulated length of tandem repeats with different 
lengths. The line indicates the accumulated length, while the bar indicates the number of repeats. C Number of dispersed repeats classified by type. “F” 
indicates the forward repeats, “R” indicates the reverse repeats, “C” indicates the complement repeats, and “P” indicates the palindromic repeats. D Num-
ber and accumulated length of dispersed repeats with different length. The line indicates the accumulated length, and the bar indicates the number of 
repeats
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reinforcing the hypothesis of adaptive divergence in 
response to contrasting light environments. In particular, 
ndh genes encode components of the NAD(P)H dehydro-
genase complex, which plays a crucial role in optimizing 

photosynthetic efficiency under varying light intensities 
in terrestrial plants [30]. The psaA encodes a core sub-
unit of Photosystem I and has been reported to be posi-
tively selected in both shade-tolerant and sun-loving 

Fig. 4  Plastome structure of Panax and related species. Boxes represent boundary genes, with gene names labeled above. Arrows and numbers indicate 
the distance between each junction and its adjacent gene. Genes marked with an asterisk (*) are pseudogenes. The bar graph displays the mean length 
and standard error of sampled plastomes
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rice cultivars [31]. The rpl20 and rps8 encode ribosome 
responsible for the translation of plastid-encoded genes, 
and their expression is closely linked to plant adaptation 
to different light environments [32, 33].

Additionally, to identify specific sites under positive 
selection in Panax and Aralia Clade B, we applied the 
branch-site model using each clade as the foreground 
branch. Notably, significant support for Model A was 
detected only when Aralia Clade B was designated as the 
foreground branch, with the gene accD showing evidence 
of episodic positive selection; however, no individual pos-
itively selected sites were identified under the Bayesian 
Empirical Bayes (BEB) analysis (Additional file 1: Table 
S13 and S14).

Collectively, we identified three genes (matK, clpP, and 
ycf1) that harbor positively selected sites, suggesting their 
potential roles in adaptive evolution. Moreover, Panax 
and Aralia Clade B exhibited opposing selection pres-
sures on these genes. Notably, the divergence in selec-
tive patterns for clpP and ycf1 between the two clades 
appeared to be increasingly pronounced, indicating their 
possible involvement in adaptation to contrasting light 
environments.

Species-specific sites and phylogenetic evaluation of 
hypervariable regions in Panax
To identify candidate molecular markers for distinguish-
ing Panax species, we assessed the nucleotide diversity 

Table 2  Parameter estimation of the site model tests
Gene Name Model d.f. 2△lnL LRT P-value Positive selection sites (BEB)
accD M2a vs. M1a 2 2.3986 0.3014 Dismiss

M8 vs. M7 2 3.1076 0.2114 Dismiss

M8 vs. M8a 1 2.3982 0.1220 Not allowed

cemA M2a vs. M1a 2 10.1863 0.0061 Dismiss

M8 vs. M7 2 10.0871 0.0065 Dismiss

M8 vs. M8a 1 9.4115 0.0022 Not allowed

clpP M2a vs. M1a 2 23.4009 0 A38**, V39**, D40**

M8 vs. M7 2 22.1734 0 A38**, V39**, D40**

M8 vs. M8a 1 22.0556 0 Not allowed

matK M2a vs. M1a 2 5.6310 0.0599 R77*

M8 vs. M7 2 7.4971 0.0236 R77*

M8 vs. M8a 1 5.4382 0.0197 Not allowed

ndhF M2a vs. M1a 2 4.2298 0.1206 F737*

M8 vs. M7 2 14.2584 0.0008 A667*, F737*

M8 vs. M8a 1 4.2256 0.0398 Not allowed

psbD M2a vs. M1a 2 7.9034 0.0192 Dismiss

M8 vs. M7 2 13.4001 0.0012 Dismiss

M8 vs. M8a 1 7.9034 0.0049 Not allowed

rbcL M2a vs. M1a 2 24.3466 0 Y226*, A328**, T439**

M8 vs. M7 2 30.1167 0 E30*, Y226**, M320*, A328**, T439**

M8 vs. M8a 1 24.1097 0 Not allowed

rpoA M2a vs. M1a 2 3.3821 0.1843 Dismiss

M8 vs. M7 2 5.9909 0.0500 E256*, N264*

M8 vs. M8a 1 3.3523 0.0671 Not allowed

ycf1 M2a vs. M1a 2 93.7486 0 K205**, Y206**, K518**, G587*, L645**, L661*, 
L662*, D888*, D1480**, G1500*, T1532*

M8 vs. M7 2 110.7480 0 K205**, Y206**, K518**, G587*, L645**, L661*, 
L662*, D888*, D1249*, D1480**, G1500*, T1532**

M8 vs. M8a 1 93.1606 0 Not allowed

ycf15 M2a vs. M1a 2 28.4161 0 I64**, I65*, F67**, R69*, S72*, F75*, G76**, V78*, 
H83**

M8 vs. M7 2 28.0286 0 I64**, I65**, F67**, R69*, S72**, H74*, F75*, 
G76**, V78*, H83**

M8 vs. M8a 1 27.6975 0 Not allowed

ycf2 M2a vs. M1a 2 39.5836 0 S466*, S841*, Y850*, F1414**

M8 vs. M7 2 30.7887 0 S466**, S841**, Y850**, F1414**

M8 vs. M8a 1 30.7755 0 Not allowed
d.f. difference in the number of parameters in the ω distribution, lnL log-likelihood value, LRT likelihood ratio test, BEB Bayes empirical Bayes analysis

* P > 95%; ** P > 99%
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Fig. 5  Selective pressure in Panax plastomes estimated using branch model and site model. A The dN/dS values of retained protein-coding genes across 
different foreground clades under the branch model. Pink and yellow backgrounds represent positive and purifying selection, respectively, based on 
dN/dS values. A purple stick indicates that the gene is under positive selection in Panax but under purifying selection in Aralia. Among these genes under 
intensified selection are marked with an asterisk (*) in the color blocks below. A blue stick indicates that the gene is under positive selection in Aralia 
but under purifying selection in Panax. The color blocks at the bottom represent gene functions consistent with those shown in Fig. 1. B Distribution of 
positively selected and co-evolved residues in the clpP, matK, ndhF, rbcL, rpoA, ycf1, ycf15, and ycf2 proteins. All tertiary protein structures were predicted 
by homology modeling based on Osmoxylon novoguineense. Magenta indicates co-evolved residues, blue indicates positively selected residues, and red 
marks residues under both, with appropriate labels
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(Pi) across the plastid genomes of 154 Panax accessions 
(Fig.  6A). The averaged nucleotide diversity values for 
the LSC, SSC, and IR regions were 0.0033, 0.0053, and 
0.0009, respectively. Notably, the clpP, petB, and ycf1 
genes and their flanking regions exhibited relatively 
high variability (Pi > 0.01), suggesting their potential as 
candidate regions for molecular marker development 
in Panax. Given that P. ginseng, P. quinquefolius, and P. 
notoginseng are widely used traditional medicinal plants, 
often subjected to processing that leads to DNA degra-
dation, short DNA barcodes are particularly valuable 
for their authentication. By comparing plastid genomes 

from 47 accessions of P. ginseng, 32 of P. quinquefolius, 
and 16 of P. notoginseng from diverse geographic origins, 
we obtained two single-nucleotide sites that reliably dif-
ferentiate all three species (Fig. 6B). The first, located at 
position 61,571 (between accD and psaI), is an A in P. 
ginseng, a C in P. notoginseng, and a T in P. quinquefolius. 
The second site, at position 69,389 (between trnP-UGG 
and psaJ), is a C in P. ginseng, gap in P. notoginseng, and 
a T in P. quinquefolius. These loci provide robust spe-
cies-specific markers for the authentication of medicinal 
Panax products.

Fig. 6  Species-specific sites in three important medicinal Panax species. A Nucleotide diversity across Panax plastomes. Colored blocks above indicate 
gene locations and functional categories, consistent with Fig. 1. B Two species-specific sites among P. ginseng, P. quinquefolius, and P. notoginseng
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To further assess the phylogenetic utility of these 
hypervariable regions, we reconstructed maximum likeli-
hood trees based on each locus (clpP, petB, and ycf1) as 
well as their concatenated dataset (Additional file 2: Fig. 
S5). Substantial differences in sequence characteristics 
were observed among loci (Additional file 1: Table S15), 
with ycf1 (5586 bp) containing a markedly higher number 
of parsimony-informative sites (612) compared to clpP 
(33) and petB (14).

Consistent with this pattern, trees based on clpP and 
petB showed extremely low bootstrap support (mean 
BS = 11.2 and 7.6, respectively), with fewer than 10% 
of nodes supported at ≥ 70, resulting in poorly resolved 
topologies (Additional file 1: Table S15). In contrast, ycf1 
exhibited markedly improved support (mean BS = 40.9), 
and the concatenated dataset showed similar perfor-
mance. Notably, both ycf1 and the concatenated dataset 
provided strong resolution at the species level, with most 
interspecific relationships receiving high bootstrap sup-
port (often close to 100) and showing overall topological 
congruence with the plastome-based phylogeny.

Discussion
In this study, 31 plastomes of Panax quinquefolius were 
newly assembled, and a total of 123 plastomes represent-
ing all currently accepted species of the genus Panax [4], 
except the narrowly distributed and endangered P. sok-
payensis from Sikkim [34], were re-annotated. Each spe-
cies was represented by at least two individuals except 
P. pseudoginseng, including 47 individuals of P. ginseng, 
32 of P. quinquefolius, and 16 of P. notoginseng, all of 
which are widely used traditional Chinese medicine. 
A pan-plastome analysis was conducted across Panax. 
The plastomes exhibited the typical quadripartite cir-
cular structure characteristic of angiosperms, compris-
ing a large single-copy (LSC) region, a small single-copy 
(SSC) region, and a pair of inverted repeats (IRs) [7]. 
Genome lengths ranged from 155,984 to 156,548  bp, 
with a variation of only 564 bp and a consistent GC con-
tent of approximately 38%. A total of 3,568 variant sites 
were identified in the pan-plastome of Panax, which is 
fewer than those reported in the herbaceous Petrocosmea 
(4,139) [35], but more than in Gossypium (1,809) and 
Capsicum (756) [15, 36]. The observed preference for 
A/U-ending codons is consistent with the overall AT-rich 
nature of plastid genomes. Such codon usage bias is com-
monly attributed to mutational pressure and/or selection 
acting on translational efficiency. This pattern is consis-
tent with codon usage bias reported in other angiosperm 
plastomes [37–39]. The conserved RSCU patterns across 
species further suggest a stable evolutionary constraint 
on codon usage in Panax plastomes. No large-scale 
structural rearrangements or recombination events were 
detected; only minor shifts at the boundaries between 

IR and SC regions were observed, indicating that the 
plastomes of Panax are relatively conserved. SSRs were 
mainly distributed in IGS regions, with fewer loci in CDS 
and introns. This pattern likely reflects stronger func-
tional constraints on CDS regions and relatively relaxed 
selection in IGS regions [40], and is conserved across 
all examined species. Additionally, 26 plastomes of the 
closely related genus Aralia, which composed mostly of 
woody species exposed to direct sunlight [29], were re-
annotated. Comparative plastomics between Panax and 
Aralia were performed to investigate the potential evolu-
tionary impact of shade tolerance on plastome evolution 
in Panax.

Plastid phylogenomics, species-specific sites, and marker 
evaluation in Panax
Two rounds of whole-genome duplication, along with 
geographic isolation, ecological shifts, and a recent radia-
tion event in Panax centered in the Hengduan Mountains 
of western China, have promoted species diversification 
within this genus. Furthermore, due to the prevalence 
of morphological intermediates in rhizomes and leaflets 
[41], species delimitation and phylogenetic relationships 
within Panax remain controversial. Therefore, this study 
reconstructed the phylogenies within the Panax using 
complete plastomes and concatenated plastid PCGs. The 
analysis revealed that P. trifolius represents the earliest 
diverging lineage within Panax, followed by P. stipulea-
natus, P. ginseng and P. quinquefolius forming a well-sup-
ported monophyletic clade. P. notoginseng appears to be 
a distinct species that diverges prior to the diversification 
of the remaining taxa, which is consistent with the find-
ings of Xia et al. [42], which inferred a similar topology 
based on 11 plastomes. However, the authors sampling 
included only one individual per species, limiting the rep-
resentativeness of their results. In contrast, our expanded 
sampling revealed that P. pseudoginseng, P. bipinnatifidus, 
and P. japonicus could not be clearly distinguished based 
on plastid data, nor could P. zingiberensis and P. vietna-
mensis. These findings suggest that Panax underwent 
a rapid radiation [43], leading to insufficient plastome 
divergence to resolve certain closely related species. Pre-
vious studies have also reconstructed the phylogenetic 
relationships within Panax using 358 nuclear ortholo-
gous loci and complete plastome [1]. Consistently, P. 
trifolius was identified as the earliest diverging lineage. 
However, the phylogenetic positions of P. japonicus and 
P. pseudoginseng in both nuclear and plastid trees differ 
markedly from those reconstructed in our study, poten-
tially due to limited sampling or misidentification of 
species. Despite differences in sampling, these studies 
collectively support the notion that, aside from the well-
resolved clades comprising P. trifolius, P. stipuleanatus, 
P. ginseng, and P. quinquefolius, the relationships among 
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the remaining Panax species remain complex and are 
likely confounded by historical gene flow [1]. Although 
discrepancies exist between plastid and nuclear phylog-
enies, all available evidence supports the recognition of 
P. ginseng, P. quinquefolius, and P. notoginseng as distinct 
and well-defined species. This, in turn, provides a solid 
foundation for mining species-specific molecular mark-
ers from the plastome for accurate identification.

The high economic and medicinal value of ginseng has 
led to frequent occurrences of adulteration and counter-
feiting in the marketplace, with even toxic species such 
as Mirabilis jalapa and Phytolacca acinosa being mis-
represented as ginseng substitutes [44, 45]. Although 
previous studies on Panax taxonomy and identification 
have identified numerous candidate molecular mark-
ers [42, 46, 47], practical application remains challeng-
ing. Panax species are typically sold in processed forms 
such as dried roots, powders, and liquid extracts, and 
DNA degradation during storage, decoction, or heating 
in traditional medicine preparations often compromises 
the effectiveness of conventional molecular markers. 
Additionally, significant price differences among Panax 
species have led to widespread substitution even within 
this genus. Despite all containing ginsenosides, species 
such as P. ginseng, P. quinquefolius and P. notoginseng 
differ markedly in their pharmacological properties [3, 
42]. Therefore, in this study, we focused on identifying 
highly specific, single-nucleotide molecular markers to 
distinguish these three major medicinal species. Based 
on a comprehensive sampling of 47 individuals of P. gin-
seng, 32 of P. quinquefolius, and 16 of P. notoginseng from 
diverse geographic origins, we identified two species-
specific sites in the plastome that allow complete differ-
entiation among the three species. Notably, at position 
61,571, the base type of all P. ginseng samples was A, the 
base type of P. notoginseng samples was C, and the base 
type of P. quinquefolius samples was T, demonstrating 
that a single nucleotide site can serve as a reliable marker 
for precise species identification.

Although several hypervariable regions were identified 
based on nucleotide diversity, their phylogenetic per-
formance differed substantially. The short loci (clpP and 
petB), despite relatively high variability, provided lim-
ited phylogenetic resolution and low bootstrap support, 
likely due to their small number of informative sites. In 
contrast, the long ycf1 region showed strong species-level 
resolution and high support, largely consistent with the 
plastome phylogeny. The concatenated dataset further 
improved overall support, highlighting the importance 
of increasing total phylogenetic signal [48, 49]. These 
results indicate that both sequence variability and suffi-
cient length are critical for effective marker selection, and 
that ycf1 represents a promising candidate for species 
discrimination in Panax.

Adaptation to shade environment of Panax plastomes
Photosynthesis is a fundamental biological process that 
converts light energy into chemical energy, serving as 
the primary source of food and oxygen for nearly all life 
forms [50]. It is intricately linked to key global issues 
such as food security, energy production, ecological sta-
bility, and environmental sustainability [50]. Plastids, as 
the primary organelles responsible for photosynthesis, 
function both as light energy receptors and as converters, 
making them central to the study of plant responses to 
light environments [51, 52]. Panax, which typically grows 
in understory forest habitats and requires shade when 
cultivated artificially, represents an important shade-
tolerant species [28]. Light intensity not only influences 
its growth but also plays a critical role in the biosynthesis 
of ginsenosides, directly affecting both yield and medici-
nal quality [26, 27]. Consequently, Panax species pro-
vide valuable models for investigating the mechanisms 
underlying plant adaptation to low-light environments. 
In this study, the phylogenetic relationships within Panax 
and its closely related genus Aralia, reconstructed using 
plastome data, align with previous findings. Notably, 
Aralia is not monophyletic and is divided into two major 
clades: clade A, comprising both woody and herbaceous 
species, and clade B, consisting exclusively of woody spe-
cies that are more closely related to Panax [29, 53, 54]. 
Therefore, clade B of Aralia serves as a natural control for 
exploring the evolutionary mechanisms underlying shade 
tolerance in Panax.

We compared the ω values of all PCGs concatenated 
matrix between any two species of Panax and Aralia, 
and found that all values were below 0.5. This pattern is 
consistent with findings from plastome analyses across 
773 angiosperms [55], supporting the notion that plastid 
genes are generally subject to purifying selection due to 
their fundamental roles in photosynthesis. In this study, 
we identified eight PCGs contained positively selected 
sites, including two photosynthesis-related genes (ndhF 
and rbcL), one gene involved in self-replication (rpoA), 
and five genes of other or unknown functions (clpP, 
matK, ycf1, ycf15, and ycf2). The ndhF gene encodes a 
subunit of the NDH complex, which mediates a second-
ary electron transport pathway in the PSI cycle and is 
integral to the overall photosynthetic process [30]. Func-
tional studies in Nicotiana tabacum (tobacco) mutants 
have shown that ndhF is responsive to light intensity and 
plays a role in photosynthetic efficiency [56]. The rbcL 
gene, encoding the large subunit of ribulose-1,5-bispho-
sphate carboxylase/oxygenase (RuBisCO), is not only a 
widely used molecular marker in plant phylogenetics but 
also directly involved in carbon fixation during photo-
synthesis [57, 58]. Previous studies have shown that rbcL 
is subject to positive selection in aquatic plants such as 
Potamogeton, likely as an adaptive response to low-light 
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underwater environments [59]. Moreover, rbcL has been 
implicated in the broad ecological adaptation of Ilex 
across a wide range of habitats, from tropical regions to 
temperate alpine zones [60]. In addition, matK and ycf2 
have been identified as positively selected during the 
adaptation of Chrysosplenium to shaded habitats [61], 
while ycf1 has been linked to light adaptation in alpine 
plants such as Saxifraga [62]. Therefore, the eight PCGs 
containing positively selected sites identified in this 
study may contribute to the light habitat differentiation 
between Panax and Aralia, either directly through their 
involvement in photosynthetic processes or indirectly via 
related functional pathways.

To further investigate the impact of light habitat 
on plastome evolution, we separately designated the 
Panax and Aralia Clade B as foreground branches and 
conducted a comparative selection analysis, follow-
ing a strategy similar to that used by Iverson et al. [63], 
which focused on mitochondrial genome evolution in 
high- and low-altitude animals. In total, we identified 
26 genes exhibiting completely opposite selection pres-
sures between Panax and Aralia Clade B, encompass-
ing genes related to photosynthesis, self-replication, and 
other functions. Among these, 20 genes were positively 
selected in Panax, while 6 showed positive selection in 
Aralia Clade B. Notably, nine genes (atpB, ndhJ, petD, 
psaA, rpl20, rps8, ccsA, clpP, and ycf1) were found to be 
under intensified selection. These genes are fundamen-
tal to the maintenance of plastid functions and have also 
been implicated in light-environment adaptation. Collec-
tively, these nine genes may be involved in the adaptive 
divergence between the shade-tolerant Panax and the 
light-preferring Aralia Clade B, and may exert a lasting 
influence on their respective light habitat differentiation.

Conclusion
In this study, we re-annotated 123 plastomes representing 
all currently accepted species of the genus Panax, except 
the narrowly distributed and endangered P. sokpayen-
sis from Sikkim. We conducted a comparative analysis 
of the plastomes and found that the plastomes of Panax 
are highly conserved. We reconstructed the phylogenetic 
relationships of multiple accessions and confirmed that 
the three economically important species (P. ginseng, P. 
quinquefolius, and P. notoginseng) are genetically distinct 
and well-defined. We identified two single-nucleotide 
species-specific markers that can reliably distinguish P. 
ginseng, P. quinquefolius, and P. notoginseng. In addition, 
three highly variable regions were identified as potential 
candidates for molecular marker development in Panax. 
When we use the natural contrast between the shade-
tolerant Panax and the sun-loving Aralia, we found nine 
genes potentially involved in the adaptive divergence, 
and eight genes harboring positively selected sites along 

with extensive residue-residue coevolution networks in 
Panax. Therefore, these findings serve as a foundation 
for molecular-based screening, accurate identification, 
and conservation of valuable medicinal species. They also 
provide new insights into how plant responses to variable 
light conditions, supporting improved management and 
utilization of economically important ginseng resources.

Materials and methods
Data recourse
According to The Plant List [4], Panax comprises 12 
recognized species and one variety: P. bipinnatifidus, P. 
bipinnatifidus var. angustifolius, P. ginseng, P. japonicus, 
P. notoginseng, P. pseudoginseng, P. quinquefolius, P. sok-
payensis, P. stipuleanatus, P. trifolius, P. vietnamensis, 
P. wangianus, and P. zingiberensis. In this study, we col-
lected data from 11 recognized species, excluding P. sok-
payensis, which is narrowly distributed in Sikkim, India 
(part of the Himalayan region), and currently classified 
as endangered. To robustly resolve interspecific relation-
ships within Panax, multiple accessions were included 
for each species, except for P. pseudoginseng, which was 
represented by a single accession due to limited avail-
ability. Sampling was particularly intensive for three eco-
nomically significant species: 47 accessions of P. ginseng, 
32 accessions of P. quinquefolius, and 16 accessions of P. 
notoginseng. The genome sequencing data for the 31 P. 
quinquefolius accessions were downloaded from glob-
ally distributed sources, including both cultivated and 
wild populations. To further investigate potential adap-
tation of Panax species to shade environments, we also 
downloaded 26 plastomes from the closely related genus 
Aralia. Aralia is the genus most closely related to Panax 
and comprises predominantly sun-loving, large rhi-
zomatous perennials. This relationship provides an ideal 
natural comparative system for investigating plastome 
adaptations to contrasting light environments. Addition-
ally, based on the phylogeny of Araliaceae, we selected 
eight samples from the genera Schefflera, Heteropanax, 
and Osmoxylon—all of which are closed to both Aralia 
and Panax—to serve as outgroups [64, 65]. Sample acces-
sion numbers and related information are provided in 
Additional file 1: Table S1.

Plastome assembly and annotation
The whole-genome resequencing data (150  bp paired-
end, Illumina platform) for 31 P. quinquefolius accessions 
were obtained from the National Genomics Data Center 
[66]. The raw data were first subjected to quality assess-
ment using FastQC v0.12.1 [67]. Low-quality bases and 
adapter were trimmed by Trimmomatic v0.39 with the 
following parameters: ILLUMINACLIP: TruSeq3-PE.
fa:2:30:10, HEADCROP:3, LEADING:20, TRAILING:24, 
CROP:147, SLIDINGWINDOW:4:15, AVGQUAL:28, 
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MINLEN:36, TOPHRED64 [68]. After quality control, 
the clean data were de novo assembled using GetOr-
ganelle v1.7.7.1 [69]. Assembly graphs were manually 
inspected and adjusted using Bandage v0.8.1, based on 
sequencing depth and connectivity [70]. To facilitate 
comparison of plastomes between Panax and its closely 
related genera, all plastid genomes were annotated using 
PGA (Plastid Genome Annotator), with the plastome of 
Amborella trichopoda (AJ506156.2) as the reference [71]. 
CDS sequences were extracted using CPStools v2.0.2 
[72], and gene annotations were manually refined, follow-
ing multiple sequence alignment performed with MAFFT 
v7.505 to ensure consistency and accuracy [73]. Finally, 
the reliable annotation information of each plastome was 
obtained and submitted to figshare [74].

Phylogeny reconstruction
We reconstructed the phylogenetic relationships among 
Panax and Aralia species based on complete plastome 
and coding sequences (CDS), respectively. CPStools 
v2.0.2 was used to automatically extract and merge 
shared CDS regions from the annotated file [72]. The 
merged CDS and full-length sequences were aligned 
separately using MAFFT v7.505, and gap regions were 
removed using Gblocks v0.91b [75]. Phylogenetic trees 
were reconstructed using RAxML-NG [76] with the 
GTR + G model and 1000 bootstrap replicates. The 
resulting trees were visualized using iTOL [77].

Comparative plastome analysis
To assess plastome-wide variation within Panax, DNA 
polymorphism was analyzed across all ginseng samples. 
Specifically, complete plastomes from all Panax species 
were first aligned using MAFFT v7.505 [73]. In addition 
to the genus-wide analysis, intra-specific polymorphisms 
were separately calculated for multiple individuals of P. 
ginseng, P. quinquefolius, and P. notoginseng. Variants 
were identified using DnaSP v6 [78], and their distribu-
tion across the plastome was visualized with the cir-
clize package in R v4.4.1 [79]. The Relative Synonymous 
Codon Usage (RSCU) was computed using CondonW (​
h​t​t​p​​s​:​/​​/​c​o​d​​o​n​​w​.​s​​o​u​r​​c​e​f​o​​r​g​​e​.​n​e​t​/) and visualized through 
the RSCU-Plot Shiny application (​h​t​t​p​​s​:​/​​/​p​c​g​​-​l​​a​b​.​​s​h​i​​n​y​a​p​​
p​s​​.​i​o​/​R​S​C​U​-​P​l​o​t​/).

Osmoxylon novoguineense (MK943807.1), a species 
closely related to both Panax and Aralia, was used as the 
reference genome. One plastome from each species was 
selected to analyze structural variation across Panax and 
Aralia. In addition, sequence conservation among these 
plastomes was assessed using mVISTA, with the Shuffle-
LAGAN algorithm [80].

Repeats were examined in the representative plastomes 
of Panax and Aralia. Simple sequence repeats (SSRs) 
were identified using the SSR subcommand in CPStools 

v2.0.2 [72], with minimum repeat thresholds set to 10, 5, 
4, 3, 3, and 3 for mono-, di-, tri-, tetra-, penta-, and hexa-
nucleotide motifs, respectively. Tandem repeats were 
detected using Tandem Repeats Finder v4.09 with default 
parameters [81]. Dispersed repeats were identified using 
REPuter [82], with the minimum repeat length set to 
20 bp.

All comparative analyses were conducted based on 
whole-genome sequence alignments and were indepen-
dent of annotation transfer from the reference genome.

Evolutionary analysis
To investigate the adaptive evolution of plastomes in 
Panax to shaded habitats, we conducted a comprehen-
sive comparative analysis between Panax and its sun-
exposed close relatives in the genus Aralia across the 
following six aspects: (1) genome-wide genetic diversity 
analysis of plastomes; (2) pairwise comparisons of non-
synonymous (dN), synonymous (dS) substitution rates, 
and the dN/dS ratio (ω) for protein-coding genes (PCGs) 
between Panax and Aralia; (3) detection of positive 
selection for each PCG among different lineages using 
PAML v4.9j under the branch model; (4) identification 
of positively selected sites using PAML v4.9j under the 
site model; (5) detection of positive selection acting on 
specific sites along foreground branches using PAML 
v4.9j under the branch-site model; and (6) assessment 
of relaxed or intensified natural selection on foreground 
branches using HYPHY v2.5.42 under the RELAX model. 
The detailed procedures are as follows:

(1)	These plastomes were aligned using MAFFT v7.505 
[73], and highly variable regions were filtered out 
using Gblocks v0.91b [75]. Then, the Nucleotide 
diversity (Pi) was calculated using DnaSP v6 with 
window size: 600 bp and step size: 200 bp [78].

(2)	We first used CPStools v2.0.2 to extract coding 
region of PCGs from 23 representative plastomes 
of Panax, Aralia, and Osmoxylon novoguineense 
[72]. The extracted sequences were aligned using 
the codon alignment (translation align) mode in 
PhyloSuite v1.2.3, and stop codons were removed 
[83]. Gap regions were further filtered manually to 
generate reliable alignments for each PCG. These 
individual alignments were concatenated into a 
supermatrix using FASconCAT-G v1.05.1 [84], 
which was then converted to PAML format using 
EasyCodeML v1.41 [85]. Finally, pairwise values of 
dN, dS, and the dN/dS ratio (ω) were calculated using 
the pairwise mode in PAML (runmode = -2) [86].

(3)	Detection of positive selection among different 
lineages. Foreground and background branches were 
specified in the phylogenetic tree using EasyCodeML 
v1.41 [85], with the Panax and Aralia Clade B 

https://codonw.sourceforge.net/
https://codonw.sourceforge.net/
https://pcg-lab.shinyapps.io/RSCU-Plot/
https://pcg-lab.shinyapps.io/RSCU-Plot/
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designated as branch #1 and branch #2, respectively. 
For each PCG, dN, dS, and the dN/dS ratio (ω) were 
estimated using the codeml subprogram in PAML 
v4.9j under the branch model (runmode = 0) [86]. 
The M0 model (model = 0) assumes a uniform ω ratio 
across all clades, while the M2 model (model = 2) 
allows for different ω values between foreground 
and background clades. Model comparisons were 
assessed using likelihood ratio tests (LRTs) based on 
the χ² distribution.

(4)	Identification of positively selected sites. Each PCG 
was initially analyzed using PAML v4.9j under the 
M0 and M3 models to evaluate variation in the 
dN/dS ratio (ω) among sites [86]. The M0 model 
(NSsites = 0) served as the null hypothesis, assuming 
a uniform ω across all sites, while the M3 model 
(NSsites = 3) allowed ω to vary discretely among 
sites. A significantly better fit of M3 compared 
to M0 (P < 0.05) indicated that selective pressure 
varies across sites [86]. Three pairs of models (M2a 
vs. M1a, M8 vs. M7, and M8a vs. M8) were also 
analyzed using PAML v4.9j [86]. Among these, 
M2a and M8 are models that allow for positive 
selection, whereas M1a, M7, and M8a serve as their 
respective null models. A significantly better fit of 
the positive selection model over its corresponding 
null model (P < 0.05) was taken as evidence that the 
gene is subject to positive selection. Furthermore, we 
performed structural and coevolutionary analyses of 
genes under positive selection. For PCGs identified 
as being under positive selection, three-dimensional 
(3D) protein structures were predicted using 
AlphaFold3 [87], based on the reference sequence 
MK943807.1. Coevolutionary analyses integrating 
the predicted 3D structures, phylogenetic tree, and 
aligned matrix were conducted using CAPS v2.0 with 
default parameters [88]. These protein structures 
were visualized using the educational version 
of PyMOL [89], where positively selected sites, 
coevolving residues, and their overlapping regions 
were mapped and displayed.

(5)	Detection of positive selection on specific sites in 
foreground lineages. Positive selection acting on 
specific codon sites in foreground branches of each 
PCG was assessed using the branch-site model in 
the codeml implemented in PAML v4.9j [86]. Model 
A (model = 2, NSsites = 2, fix_omega = 0, omega = 2) 
assumes that a subset of sites is under positive 
selection (ω > 1) in the foreground branch, while 
all other sites and background branches are under 
purifying selection or neutrality. The corresponding 
null model (model = 2, NSsites = 2, fix_omega = 1, 
omega = 1) constrains ω in the foreground branch 
to 1, thereby disallowing positive selection. A 

significantly better fit of Model A compared to 
its null hypothesis (P < 0.05), based on likelihood 
ratio tests (LRTs) evaluated against a chi-square 
(χ²) distribution, indicates the presence of positive 
selection in the foreground lineage. Codon sites 
under positive selection were further identified using 
the Bayesian Empirical Bayes (BEB) method, with 
reference to sequence MK943807.1.

(6)	Assessment of relaxed or intensified natural selection 
on foreground branches using the RELAX model 
in HYPHY v2.5.42 [90]. Panax and Aralia Clade 
B were designated as foreground clades FG1 and 
FG2, respectively. The analysis involved a likelihood 
ratio test (LRT) comparing the null model (K = 1), 
which assumes equal selection strength between 
foreground and background lineages, with alternative 
models where K ≠ 1. A significant P-value (P < 0.05) 
indicates a deviation from the null model: K < 1 
suggests relaxed selection, whereas K > 1 indicates 
intensified selection in the foreground branch.

Identification of species-specific sites and phylogenetic 
evaluation of hypervariable regions in Panax
Panax ginseng, P. quinquefolius, and P. notoginseng are 
three major species widely used in traditional Chinese 
medicine. To identify species-specific sites in P. gin-
seng, all plastomes of the three species were aligned 
using MAFFT v7.505 [73]. Polymorphic sites were then 
detected using DnaSP v6 [78]. After manual curation, we 
retained only those sites that showed complete differen-
tiation among the three species. The identified species-
specific sites were subsequently visualized using Jalview2 
[91]. We quantified the number of informative sites in 
the alignment matrices of individual hypervariable genes 
and concatenated datasets using AMAS [92], and recon-
structed their phylogenetic trees using RAxML-NG [76] 
under the GTR + G model with 1,000 bootstrap repli-
cates; the resulting trees were visualized in iTOL [77]. 
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g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​0​-​0​2​6​-​0​8​9​0​8​-​w.

Additional file 1: Table S1. Samples used and general information of 
plastomes in this study. Table S2. Protein-coding genes and functional 
classification encoded by Panax plastomes. Table S3. Nucleotide variants 
in plastomes of all samples in Panax. Table S4. The number of different 
lengths SSR (simple sequence repeat) in 23 representative samples. Table 
S5. Detailed annotation of simple sequence repeats (SSRs) identified in 
23 representative samples. Table S6. Summary of the distribution of SSRs 
across CDS, introns, and IGS regions in 23 representative samples. Table 
S7. The number of different lengths tandem repeats and the accumulated 
length in 23 representative samples. Table S8. The general information of 
tandem repeats in 23 representative samples. Table S9. The number of the 
different type dispersed repeats in 23 representative samples. Table S10. 
The number of the different length dispersed repeats and the accumu-
lated length in 23 representative samples. Table S11. Information about 
intra-molecular co-evolved residue pairs for protein sequences containing, 

https://doi.org/10.1186/s12870-026-08908-w
https://doi.org/10.1186/s12870-026-08908-w


Page 18 of 20Wang et al. BMC Plant Biology         (2026) 26:1067 

and overlapping residues in co-evolution and adaptive evolution analyses. 
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selection tests. Table S13. Parameter estimation of the branch-site model 
tests. Table S14. The positive selection sites identified by branch-site 
model. Table S15. Comparison of sequence characteristics and phyloge-
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Additional file 2: Fig. S1 The bar plot of the Relative Synonymous Codon 
Usage (RSCU) values for each amino acid, grouped by species. Codons 
are color-coded, and their corresponding amino acids are labeled below 
the plot.Fig. S2 Maximum likelihood tree reconstructed based on cod-
ing sequences. Fig. S3 Sequence conservation and identity among the 
representative plastomes. Fig. S4 Pairwise selective pressure among Panax 
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reconstructed from individual hypervariable loci and their concatenated 
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