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Abstract 

Background  Scutellaria, a sub-cosmopolitan genus, stands as one of the Lamiaceae family’s largest genera, encom-
passing approximately 500 species found in both temperate and tropical montane regions. Recognized for its 
significant medicinal properties, this genus has garnered attention as a research focus, showcasing anti-cancer, 
anti-inflammatory, antioxidant, and hepatoprotective qualities. Additionally, it finds application in agriculture and hor-
ticulture. Comprehending Scutellaria’s taxonomy is pivotal for its effective utilization and conservation. However, 
the current taxonomic frameworks, primarily based on morphological characteristics, are inadequate. Despite several 
phylogenetic studies, the species relationships and delimitations remain ambiguous, leaving the genus without a sta-
ble and reliable classification system.

Results  This study analyzed 234 complete chloroplast genomes, comprising 220 new and 14 previously published 
sequences across 206 species, subspecies, and varieties worldwide. Phylogenetic analysis was conducted using six 
data matrices through Maximum Likelihood and Bayesian Inference, resulting in a robustly supported phylogenetic 
framework for Scutellaria. We propose three subgenera, recommending the elevation of Section Anaspis to subge-
neric rank and the merging of Sections Lupulinaria and Apeltanthus. The circumscription of Subgenus Apeltanthus 
and Section Perilomia needs to be reconsidered. Comparative analysis of chloroplast genomes highlighted the IR/
SC boundary feature as a significant taxonomic indicator. We identified a total of 758 SSRs, 558 longer repetitive 
sequences, and ten highly variable regions, including trnK–rps16, trnC–petN, petN–psbM, accD–psaI, petA–psbJ, rpl32–
trnL, ccsA–ndhD, rps15–ycf1, ndhF, and ycf1. These findings serve as valuable references for future research on species 
identification, phylogeny, and population genetics.

Conclusions  The phylogeny of Scutellaria, based on the most comprehensive sample collection to date and com-
plete chloroplast genome analysis, has significantly enhanced our understanding of its infrageneric relationships. The 
extensive examination of chloroplast genome characteristics establishes a solid foundation for the future develop-
ment and utilization of Scutellaria, an important medicinal plant globally.
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Background
The sub-cosmopolitan genus Scutellaria, one of the 
Lamiaceae family’s largest genera, comprises approxi-
mately 500 species, as reported by the Plants of the 
World Online (POWO) [1]. These species are predomi-
nantly distributed in tropical montane and temperate 
regions. The Irano-Turanian regions, especially Central 
Asia and the Iranian plateau, represent the genus’s maxi-
mum diversity center. Additionally, the eastern Medi-
terranean and the Andes serve as significant centers for 
its speciation [2, 3]. Scutellaria can be distinctly identi-
fied at the generic level by its calyx, which features two 
undivided lips and an appendage that folds into an erect, 
sail-like structure on the upper lip, known as the scutel-
lum, giving rise to the genus’s name. Alternatively, this 
structure may present as an appendage intumescence 
rather than a scutellum [2, 4]. Another notable charac-
teristic is the corolla’s upper lip, which is usually galeate 
except for some South American species placed in Sect. 
Perilomia (Kunth) Epling [2]. This genus is renowned for 
its medicinal properties, with many species being rich in 
flavonoids, such as S. baicalensis Georgi [5], S. indica L. 
[6, 7], and S. barbata D.Don [8]. These species have been 
utilized in medicinal practices across various countries, 
particularly in China for over 2000 years. As vital sources 
of raw materials for Chinese medicinal formulations, 

they are extensively employed in treating conditions such 
as hepatitis, jaundice, tumors, leukemia, hyperlipidemia, 
arteriosclerosis, diarrhea, and inflammatory diseases [9, 
10]. The medicinal significance of this genus remains a 
focal point of research, with modern pharmacology con-
firming its anticancer, anti-inflammatory, antioxidant, 
and hepatoprotective properties [8, 11–16]. Addition-
ally, neoclerodane diterpenoids isolated from Scutellaria 
species exhibit significant antifeedant activity, offering a 
robust defense against herbivory by lepidopterous larvae, 
benefiting agricultural production [17–20]. Furthermore, 
numerous Scutellaria species hold economic value in the 
horticultural industry, attributed to their rich colors and 
broad adaptability, ranging from wetlands to rocky ter-
rains and from coastlines to alpine regions (Fig. 1) [2].

Despite its significant economic value attracted the 
attention of many botanists and evolutionary biologists, 
the taxonomy of Scutellaria has remained poorly under-
stood. Hamilton [21] first divided Scutellaria into three 
sections: Sect. Lupulinaria A. Ham., Sect. Galericularia 
A. Ham., and Sect. Stachymacris A. Ham. Following 
Hamilton, Bentham [22–24] merged Sect. Galericularia 
and Sect. Stachymacris into Sect. Vulgare Benth., and 
established Sect. Heteranthes Benth. Briquet [25] divided 
the genus into Subgenus Scutellariopsis Briq. and Subg. 
Euscutellaria Briq. including Bentham’s three sections. 

Fig. 1  The representative species of Scutellaria. A S. amoena, B S. baicalensis, C S. hainanensis, D S. discolor, E S. lushuiensis, F S. kingiana, G S. 
likiangensis, H S. hypericifolia, I S. rehderiana, J S. tenax, K S. strigillosa, L S. sieversii 
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Different taxonomies emphasize different morpho-
logical characters. Later, regional treatments mainly 
followed Briquet’s classification system but various tax-
onomies appeared because the global variation was not 
taken into account [26–30]. The latest global taxonomy 
was proposed by Paton [2] based on more comprehen-
sive morphological characters and samples. The num-
ber of species in Scutellaria is closer to 360 being lower 
than the 500 reported in POWO as Paton employed a 
broader species concept and believed that the species 
concept employed in the Flora URSS and Flora Reipub-
licae Popularis Sinicae was too narrow [2]. The genus 
was divided into Subg. Scutellaria and Subg. Apeltanthus 
(Nevski ex Juz.) Juz. emend. A.J.Paton. The former subge-
nus was further divided into five sections: Sects. Scutel-
laria, Salazaria (Torrey) A.J.Paton., Perilomia (Kunth) 
Epling emend. A.J.Paton, Anaspis (Rech.f.) A.J.Paton, 
and Salviifoliae (Boiss.) Edmondson. Subg. Apelthanthus 
was further divided into Sect. Apeltanthus Nevski ex Juz. 
and Sect. Lupulinaria A. Ham., and then Sect. Lupuli-
naria was subdivided into Subsect. Lupulinaria (A. 
Ham.) A.J.Paton and Subsect. Cystaspis (Juz.) A.J.Paton 
[2]. Meanwhile, Paton’s analysis revealed that both Sect. 
Scutellaria and Sect. Lupulinaria Subsect. Lupulinaria 
are paraphyletic. The former encompasses approximately 
240 species, tentatively organized into 34 species-groups, 
while the latter comprises about 120 species, categorized 
into four informal species-groups. Subsequent research 
on the classification and evolution of Scutellaria has pre-
dominantly relied on Paton’s classification system.

Several molecular phylogenetic studies have provided 
insights into the taxonomy and phylogeny of Scutellaria. 
The phylogenetic study including 45 samples (34 taxa 
from China) by Zhao et al. [31] using ITS and ETS sug-
gested that two clades were supported and clade I includ-
ing S. galericulata L., S. diffusa Benth. and S. nuristanica 
Rech.f. at the base. Subgenus Apeltanthus was sister to S. 
likiangensis Diels allies and embedded into Subg. Scutel-
laria, so Subg. Scutellaria was considered to be paraphy-
letic. Although Subg. Apeltanthus clustered into a clade, 
the monophyly of the subgenus could be questioned 
because only five species of that taxon were investigated. 
In the study of Safikhani et al. [32], samples focused on 
Subg. Apeltanthus. Using ITS and trnL-F of 42 samples 
(36 samples from Iran), the phylogeny of Scutellaria 
presented by Safikhani et al. [32] showed that the mem-
bers of Subg. Apeltanthus (31 samples) formed a clade, 
but Sect. Lupulinaria was non-monophyletic because S. 
stocksii Boiss. (Sect. Apeltanthus) was nested within it. 
Sect. Scutellaria was also non-monophyletic because S. 
galericulata was a sister to a clade including species of 
Sects. Anaspis and Scutellaria. However, the phyloge-
netic research based on 44 species of Scutellaria using 

ITS and trnL-F by Seyedipour et al. [33] considered that 
Subg. Apeltanthus was paraphyletic because S. repens 
Buch.-Ham. ex D.Don (Sect. Scutellaria) was embedded 
within it. Subg. Scutellaria was also supported to be par-
aphyletic due to Subg. Apeltanthus nested within it. Also, 
Sect. Scutellaria and Sect. Lupulinaria were not mono-
phyletic. The latest phylogeny of Scutellaria including 76 
taxa from the sections of Paton also showed that Subg. 
Scutellaria was paraphyletic to Subg. Apeltanthus based 
on three plastid markers (matK-trnK, rpl16, trnL-F), and 
three clades were well-supported resolved [34]. S. pontica 
K. Koch and a clade including S. baicalensis, S. amoena 
C.H.Wright, S. rehderiana Diels, and S. kingiana Prain 
form an unresolved polytomy with Subg. Apelthanthus, 
and S. schweinfurthii Subsp. paucifolia (Baker) A.J.Paton 
is sister to that polytomy. Further, Sect. Salviifoliae was 
not monophyletic due to the different phylogenetic 
position between S. diffusa and S. pontica. Sect. Lupuli-
naria was also not monophyletic because S. poecilantha 
Nevski ex Juz. (Sect. Apeltanthus) was nested within it, 
and the members of Subsect. Lupulinaria were scattered 
into different subclades. The study also showed that S. 
kingiana belonging to Sect. Anaspis was sister to an East 
Asian lineage including S. amoena, S. rehderiana, and S. 
baicalensis (Sect. Scutellaria). S. galericulata placed in 
Sect. Scutellaria was sister to S. minor Huds. Recently, 
research on phylogenetic relationships within Scutel-
laria using the complete chloroplast genome (cpDNA) 
was also processed with a few species [35, 36]. The results 
consistently showed that S. kingiana belonging to Sect. 
Anaspis formed a clade with S. baicalensis and allies, and 
then was sister to Subg. Apeltanthus, which was con-
sistent with the results by Salimov et  al. [34] and Zhao 
et al. [31]. These studies have significantly enhanced our 
understanding of the phylogeny of Scutellaria. However, 
the phylogenetic relationships within the genus are still 
not well understood, primarily due to a lack of samples 
or molecular markers with insufficient phylogenetic loci. 
There is a critical need for a well-resolved phylogeny of 
the genus based on comprehensive global sampling.

Although unclear infrageneric relationships of Scutel-
laria, a series of phylogenetic studies strongly supported 
the monophyly of Scutellaria [37–41]. Despite some of 
the infrageneric taxa have been given generic rank in 
the past, such as Anaspis Rech.f., Perilomia Kunth, Sala-
zaria Torrey, Harlanlewisia Epling, Theresa Clos, and 
Cruzia Phil., the morphological and molecular phyloge-
netic studies revealed that these taxa belong to the genus 
Scutellaria [2, 3, 27, 28]. Recent studies showed that six 
genera were circumscribed in the subfamily Scutellari-
oideae, which is characterized by abundant calyx fibers 
and pericarps with tuberculate or elongate outgrowths 
[37, 38, 41–47]. Scutellaria is the largest genus, followed 



Page 4 of 19Wang et al. BMC Biology          (2024) 22:185 

by Tinnea (including 19 species) which is endemic to 
Africa [43]. The other four genera including Holmski-
oldia Retz. [44], Wenchengia C.Y. Wu & S. Chow  [45], 
Renschia Vatke [43, 46], and Heliacria Bo Li, C.L. Xiang, 
T.S. Hoang & Nuraliev  [47] are all monospecific, which 
are distributed to the southern Himalayas, Hainan prov-
ince of China and Vietnam, northern Somalia and Viet-
nam respectively. In the present study, the three genera 
(including Tinnea, Holmskioldia, and Wenchengia) 
closely related to Scutellaria were sampled as outgroups 
[37–41].

Since the first cpDNA of tobacco was reported by 
Shinozaki et  al. [48], an increasing number of cpDNA 
sequences have been published. Until June 2023, over 
3800 cpDNA sequences have been published in the 
National Center for Biotechnology Information (NCBI) 
organelle genome database. However, only 21 cpDNA 
sequences have been published in Scutellaria, and the 
number of species is too few to discuss the phylogenetic 
relationships based on omics data for the whole genus. 
It is reported that the published chloroplast genome of 
Scutellaria is a typical quadripartite structure contain-
ing two identical copies of inverted repeats (IRa and 
IRb, IRs) separated by a small single-copy region (SSC) 
and a large single-copy region (LSC), with a length from 
151 to 154 kb, which is consistent with the characteris-
tics of most photosynthetic land plant plastid chromo-
somes with a size from 120 to 160 kb [49–51]. The gene 
content and order of cpDNA within this genus are highly 
conserved comprising 112–114 distinct genes: 79–80 
protein-coding genes, 29–30 transfer RNAs (tRNAs), 
and four ribosomal RNAs (rRNAs), similar to most ter-
restrial plants [51, 52]. The properties of stable maternal 
inheritance, highly conserved sequences, low mutation 
and recombination rates, as well as small genome make 
the cpDNA become an ideal model to study taxonomy 
and evolution, and many scholars have used it to study 
the evolutionary relationships of different taxa [52–57]. 
For Scutellaria, however, most studies based on a few 
molecular markers mainly focus on species identification 
and phylogeny of some taxonomic complexes in recent 
two decades [58–60]. The construction of phylogenetic 
trees was mainly based on ITS or chloroplast DNA frag-
ments [31–34]. Phylogenetic relationships on the genus 
using the complete chloroplast genome were carried out 
with a few species by Zhao et al. [36] and Shan et al. [35]. 
Extensive sampling and more genomic data in improv-
ing phylogenetic inference are helpful [61, 62]. In this 
study, we acquired 234 cpDNA sequences encompassing 
206 species, subspecies, and varieties of Scutellaria from 
regions across Eurasia, Americas, Africa, and Oceania. 
Additionally, four samples from three genera within the 
Scutellarioideae—Tinnea aethiopica Kotschy ex Hook. f., 

Wenchengia alternifolia C.Y. Wu & S. Chow, and Holm-
skioldia sanguinea Retz.—were included as outgroups. 
Utilizing this extensive dataset, our objectives were to 
(1) enhance the resolution of the phylogenetic frame-
work for Scutellaria; (2) describe and compare the struc-
ture and gene content of Scutellaria cpDNA sequences; 
(3) identify candidate DNA markers within the cpDNA 
sequences for efficient and accurate species identifica-
tion, with a focus on medicinal species and potential 
adulterants, and to facilitate future phylogenetic and phy-
logeographic studies.

Results
Chloroplast genome characteristics of Scutellaria
In the present study, a total of 220 samples representing 
196 species, subspecies, and varieties of Scutellaria were 
sequenced successfully for the first time. Together with 
sequences obtained online, the size of the 234 cpDNA 
sequences ranged from 150,867  bp (S. incana Biehler) 
to 154,253  bp (S. coerulea Moc. & Sessé ex Benth.), 
exhibiting a variation of 3386 bp (Fig. 2). All chloroplast 
genomes showed a typical quadripartite structure, con-
sisting of a pair of inverted repeats (IRa and IRb) regions 
(24,850–25,633  bp) separated by a large single-copy 
(LSC) region (83,245–86,276 bp) and a small single-copy 
(SSC) region (17,205–17,582 bp). The total guanine-cyto-
sine (GC) content across all cpDNA sequences was rela-
tively consistent, ranging from 38.19% (S. arabica Jaub. 
& Spach) to 38.54% (S. scutellarioides (Kunth) Harley), 
with IR regions exhibiting significantly higher GC con-
tent (43.49–43.72%) compared to the LSC region (36.17–
36.65%) and the SSC region (31.89–32.95%) (Additional 
file 1: Table S1).

Typically, the Scutellaria chloroplast genomes con-
tained 112–115 coding genes, including 79–81 protein-
coding genes, 29–30 transfer RNA (tRNA), and four 
ribosomal RNA (rRNA) genes, arranged in the same 
sequence (Additional file  1: Table  S1). Most protein-
coding genes were present in a single copy, except for 
ndhB, rpl2, rpl23, rps7, ycf2, and ycf15, which had two 
copies. All rRNA genes were duplicated, and a relatively 
high proportion of tRNA genes (7/30) had two copies, 
including trnA-UGC​, trnI-CAU​, trnI-GAU​, trnL-CAA​, 
trnN-GUU​, trnR-ACG​, and trnV-GAC​. While most genes 
lacked introns, nine protein-coding genes (ndhA, ndhB, 
petB, petD, atpF, rpl16, rpl2, rps16, rpoC1) and six tRNA 
genes (trnA-UGC​, trnG-UCC​, trnI-GAU​, trnK-UUU​, trnL-
UAA​, trnV-UAC​) contained one intron. Furthermore, 
the clpP, ycf3, and rps12 genes had two introns, mark-
ing the highest intron count among all genes. Nota-
bly, the rps12 gene underwent a trans-splicing event, 
with the 5’-rps12 (including exon 1) located in the LSC 
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region and the 3’-rps12 (containing exon 2, exon 3, and 
an intron) generally situated in the IR region (Additional 
file 1: Table S2).

Phylogenetic analysis
Following alignment adjustments, the lengths of three 
sequence matrices were determined: 78,001  bp for 81 
protein-coding genes, 30 tRNA genes, and four rRNA 
genes (PC), 59,245  bp for 134 non-coding regions 
(NC), and 137,246 bp for a concatenation matrix of 115 
genes and 134 non-coding regions (PCN). Based on 

the unpartitioned and partitioned strategies (PC, NC, 
PCN, PC-p, NC-p, PCN-p) using Maximum Likelihood 
(ML) and Bayesian Inference (BI), 12 phylogenetic trees 
obtained a largely consistent topology and the relation-
ships within eight clades were well-resolved with strong 
support (Fig. 3, Additional file 2: Figs. S1–S11). Clade 1 
emerged as the earliest diverging group. Clades 2, 3, and 4 
formed a monophyletic group and were identified as sis-
ter to another monophyletic branch that included Clades 
5, 6, 7, and 8. Given comprehensive loci and higher reso-
lution, the phylogenetic tree based on PCN-p combined 

Fig. 2  Complete chloroplast genome map of Scutellaria. Genes inside the circle are transcribed clockwise, while those outside the circle are 
transcribed counterclockwise. The darker gray inner circle shows the GC content, while the lighter represents the AT content. Different colors 
represent different types of genes. LSC, large single copy; SSC, small single copy; IRA, inverted repeat region A; IRB, inverted repeat region B
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ML and BI methods is presented in Fig.  3. The mono-
phyletic Scutellaria defined by Paton [2] was strongly 
supported by all trees (BS = 100%, SH = 100%, PP = 1; 
Fig. 3, Additional file 2: Figs. S1–S11). Tinnea as an Africa 
endemic genus is closer related to Scutellaria with the 
maximum support (BS = 100%, SH = 100%, PP = 1) in 
Scutellarioideae. Members of the Subgenus Scutellaria, 
as defined by Paton [2], were distributed across all clades 
except Clade 4 belonging to Subg. Apeltanthus. The 

phylogeny indicated that Subg. Apeltanthus was com-
pletely nested within Subg. Scutellaria, and suggested 
that Subg. Scutellaria is not monophyletic and requires 
significant reclassification. Furthermore, the largest sec-
tion Subg. Scutellaria Sect. Scutellaria was identified as 
polyphyletic since its members were scattered across dif-
ferent clades, excluding Clade 4 (Fig. 3).

Clade 1 (27 accessions) was identified as the earli-
est diverging group. Within this clade, Section Anaspis, 

Fig. 3  The phylogenetic tree of Scutellaria combined Maximum likelihood and Bayesian inference using a partition matrix of 115 genes and 134 
non-coding regions (PCN-p). The support values of bootstrap support (BS), SH-like approximate likelihood ratio (SH-aLRT), and posterior 
probabilities (PP) were shown in turn near the nodes. Only the support rates of BS and SH-aLRT were shown when the topologies of ML and BI 
trees were inconsistent. Values equal to 100% or 1 were replaced with asterisks. Clades 1–8 of Scutellaria were marked. Clade 8 was subdivided 
into Clades 8a–8d. All species belonging to the classification system by Paton were marked with different colored rectangles for different sections. 
Some unlabeled species have not been classified yet. The boundary genes of different parts in each cpDNA were mapped to the topology. The “-” 
showed consistency with the length of the reference and the “↑” represented the distance between the boundary gene and the nearest boundary
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excluding S. kingiana, was sister to a lineage of S. meg-
alaspis Rech.f.–S. tournefortii Benth. from Sect. Scutel-
laria, receiving strong support (BS = 100%, SH = 100%, 
PP = 1). Sect. Anaspis was not monophyletic because 
S. kingiana (Sect. Anaspis) was located in Clade 3. S. 
altissima L. was sister to S. tournefortii, both related to S. 
brevibracteata Stapf allies with high support (BS = 99.2%, 
SH = 100%, PP = 1). The lineage of S. megalaspis–S. pereg-
rina L. (Sect. Scutellaria) was resolved with moderately 
supported (BS = 87%, SH = 96%, PP = 1).

Clades 2, 3, and 4 collectively formed a monophyletic 
group, serving as a sister group to another monophyletic 
group comprising Clades 5, 6, 7, and 8. Clade 2 (4 acces-
sions), belonging to Section Scutellaria, featured spe-
cies endemic to Africa, with well-resolved phylogenetic 
relationships among S. schweinfurthii Briq., S. schwein-
furthii subsp. paucifolia, S. polyadena Briq., and S. vio-
lascens Gürke (BS = 100%, SH = 100%, PP = 1). In Clade 
3 (17 accessions), two lineages were disjunct in distri-
bution between Eastern Mediterranean to Turkey (Sect. 
Salviifoliae) and China (S. kingiana and relatives), but 
the sister relationships between them were highly sup-
ported (BS = 99.8%, SH = 100%, PP = 1). The members 
of Sect. Salviifoliae were strongly supported cluster-
ing into a monophyletic group (BS = 100%, SH = 100%, 
PP = 1). S. kingiana (Sect. Anaspis) was placed as a sis-
ter to an eastern Asia lineage of S. baicalensis alliances 
(Sect. Scutellaria), so the location of the species needs 
to be reconsidered. Subgenus Apeltanthus mainly dis-
tributed in Central Asia was clustered into Clade 4 (56 
accessions), which was resolved as monophyly. However, 
Sects. Apeltanthus and Lupulinaria were polyphyletic 
because S. guttata Nevski ex Juz. (Sect. Apeltanthus) 
was sister to S. cordifrons Juz. (Sect. Lupulinaria) with 
strong support (BS = 100%, SH = 100%, PP = 1), and S. 
immaculata Nevski ex Juz. (Sect. Apeltanthus) as sister 
to S. leptosiphon Nevski (Sect. Apeltanthus) were embed-
ded within Sect. Lupulinaria. These members of Sect. 
Apeltanthus appeared in different positions from S. stock-
sii (Sect. Apeltanthus) which is sister to the rest of Subg. 
Apeltanthus with high support (BS = 100%, SH = 100%, 
PP = 1).

Within Section Perilomia, S. scutellarioides and S. floc-
culosa Epling & Mathias formed a clade with S. eplingii 
Legname and S. woodii J.M.Mercado unplaced by Paton 
[2], then together these species were sister to Mexico 
group of S. hintoniana Epling and S. coerulea of Sect. 
Scutellaria in Clade 5 (15 accessions). Two main sub-
clades were branched in Clade 5. The one subclade 
where Sect. Perilomia was located as sister to the other 
subclade of S. seleriana Loes. and its relatives with the 

maximum support (BS = 100%, SH = 100%, PP = 1). All 
members in this clade are mainly distributed in neotropi-
cal regions. Single species S. violacea B.Heyne ex Benth. 
was defined as Clade 6 and the sister relationships among 
Clades 6, 7, and 8 were strongly supported (BS = 100%, 
SH = 100%, PP = 1). S. violacea is mainly distributed in 
the Indian Peninsula, Indochinese Peninsula to East 
Asia. There were two subclades in Clade 7 (11 acces-
sions) and the phylogenetic relationships between them 
were strong support (BS = 100%, SH = 100%, PP = 1). The 
members of this clade belonging to Sect. Scutellaria are 
mainly distributed in USA, except for S. suffrutescens 
S.Watson from Northeast Mexico. Clade 8 (103 acces-
sions) included the most species of Sect. Scutellaria and 
was subdivided into Clades 8a, 8b, 8c, 8d. S. scandens 
D.Don mainly distributed in East Asia was sister to S. 
racemosa Pers. grown in the New World with high sup-
port in Clade 8a (BS = 98.6%, SH = 100%, PP = 1). The 
members of Clade 8b are mainly distributed in East Asia 
and North America, except for S. galericulata widely 
found in the Northern Hemisphere, S. minor native to 
West Europe, and S. hastifolia L. widely distributed in 
Mid-West Europe. In Clade 8c, S. humilis R.Br. from Aus-
tralia was sister to a North American lineage of S. nana 
A.Gray and its relatives with strong support (BS = 100%, 
SH = 100%, PP = 1). The remaining members of Clade 8 
were mostly from East Asia, particularly China. The line-
age of S. rubropunctata Hayata–S. meehanioides C.Y.Wu 
was not fully resolved, appearing in a polytomy.

Although the phylogenetic trees largely agreed, the 
positions of some species within Clades 4 and 8 varied 
due to weakly supported relationships among several 
species, resulting in some species being grouped in poly-
tomies (Fig. 3, Additional file 2: Figs. S1–S11). The posi-
tion of S. minor, S. hastifolia, and S. tuberifera C.Y.Wu & 
C.Chen in Clade 8 differed in different analyses. S. minor 
was sister to S. hastifolia using the partitioned NC matri-
ces with ML and BI methods (BS = 92.2%, SH = 73%, 
PP = 0.9587), similar to the ML phylogeny of unparti-
tioned NC matrices with moderate support (BS = 85.5%, 
SH = 73%). The ML phylogeny based on PCN, PCN-p, 
and PC-p showed that S. minor was sister to S. shikoki-
ana Makino allies with low support. However, the phy-
logenetic tree based on BI suggested S. tuberifera was 
sister to S. shikokiana with high support using PCN and 
PCN-p. Additionally, S. immaculata and S. leptosiphon 
formed a clade, being sister to a lineage of S. ossethica 
Kharadze–S. fruticosa P.Willemet based on NC, NC-p, 
PCN, and PCN-p matrices with ML or BI methods, while 
phylogenies based on PC and PC-p showed the lineage of 
S. immaculata and S. leptosiphon remained in a tritomy.
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Comparative analyses of cpDNA sequences of the genus
Sequence variation analysis
Comparative chloroplast genomic analyses were con-
ducted on 18 representative species spanning various 
branches. The genomic collinearity analysis revealed 
that the cpDNA sequences of these 18 species were 
highly conserved, with no gene inversion or rearrange-
ment events detected (Additional file 3: Fig. S12). Multi-
ple sequence alignment maps (Additional file 3: Fig. S13) 
and nucleotide polymorphism analysis consistently found 
that IR regions were relatively more conserved than LSC 
and SSC regions. The pi values in IR regions were signifi-
cantly lower than 0.01, with a maximum value of 0.007, 
while nearly 49.2% of pi values in LSC were higher than 
0.01, with the highest value reaching 0.038 and 79.3% 
pi values exceeding 0.01 in SSC with a maximum value 
of 0.048 (Additional file 1: Table S3). In addition, multi-
ple sequence alignment maps showed that the cpDNA 
sequences were more highly divergent in the intergenic 
spacers compared to coding regions. The nucleotide pol-
ymorphism analysis identified ten notably hyper-variable 
regions, including trnK–rps16, trnC–petN, petN–psbM, 
accD–psaI, petA–psbJ, ndhF, rpl32–trnL, ccsA–ndhD, 
rps15–ycf1, and ycf1, with pi values exceeding 0.025. 
Among these, only two loci were located in coding 
regions (Fig. 4).

IR/SC boundary feature
All 234 cpDNA sequences of Scutellaria contained the 
same boundary genes that junction of LSC/IRb (JLB) 
within rps19, junction of IRb/SSC (JSB) within ndhF or 
trnN–ndhF, junction of SSC/IRa (JSA) within ycf1 or 

ycf1–trnN, and junction of IRa/LSC (JLA) within trnH or 
rpl2–trnH. For JSB, 233 cpDNA sequences (99.6%) were 
located in ndhF, and discovered that this gene of S. peti-
olata Hemsl. ex Lace & Prain with only 885 bp was signif-
icantly shorter than others, which resulted in a distance 
of 1223  bp from the JSB. In addition, ycf1 of S. serrata 
Andrews and S. creticola Juz. were slightly shorter, not 
crossing the JSA with a distance of 17 and 207 bp from 
the JSA, respectively. Only JLA was not within genes 
except for the cpDNA sequences of S223, S. chungtien-
ensis C.Y.Wu, and S. amoena with trnH spanning IRa and 
LSC regions.

The location of the boundaries varied in different taxa. 
Rpl2 in IRs had a distance of 95 bp from JLA or JLB in 
Clade 8 with 86 cpDNA sequences (83.5%), which were 
also present in Clades 2 and 6. However, the main bound-
ary distance was 100  bp in Clade 4 with 48 cpDNA 
sequences (85.7%) (Fig. 3). TrnN, the other gene located 
in the IRs, was distant from JLA and JLB with 1101  bp 
in Clade 4 accounting for 89.3%, but only 12 cpDNA 
sequences (11.7%) in Clade 8. The trnN was distant from 
the boundaries with 1108 bp in 60 cpDNA sequences of 
Clade 8 (58.3%), followed by 1107  bp with 18 cpDNA 
sequences (17.5%). Additionally, in the LSC, the distance 
of 2 bp between trnH and JLA in all cpDNA sequences of 
Clades 2 and 6, was also present in 95 cpDNA sequences 
(92.2%) of Clade 8. But 3  bp was the most common 
boundary distance in Clade 4 with 45 cpDNA sequences 
(80.3%). Another gene, rps19 spanned LSC and IRb 
regions and the length located in LSC was 233  bp in 
Clade 4 with 53 cpDNA sequences (94.6%), but it was 
mainly 238 bp in Clade 1 and Clade 8, having 19 cpDNA 

Fig. 4  Sliding window analysis of cpDNA sequences from 18 representative species randomly selected covering all clades of Scutellaria. X-axis: 
the length of the windows, Y-axis: nucleotide diversity within each window (window length: 600 bp, step size: 200 bp)
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sequences (70.4%) and 95 cpDNA sequences (92.2%), 
respectively. Besides, ndhF also crossed two regions, SSC 
and IRb, and almost all of ndhF had 45 bp located in IRb 
of Clade 4 (87.5%), but the length in other clades var-
ied greatly. Mapping the boundary feature of all cpDNA 
sequences to the phylogenetic trees, a detailed schematic 
diagram was drawn in Fig. 3.

SSRs and repetitive sequences
A total of 758 SSRs were identified, with 593 (78.2%) 
located in the LSC region, significantly outnumber-
ing those in the SSC and IR regions, which contained 
107 (14.1%) and 58 (7.7%) SSRs, respectively. Further-
more, 465 SSRs (61.3%) were found in intergenic spacers 
(IGS), markedly exceeding the numbers in introns and 
CDS, with 158 (20.8%) and 135 (17.8%) SSRs, respec-
tively (Additional file  1: Table  S4). Six types of SSRs 
were investigated including mononucleotide, dinucleo-
tide, trinucleotide, tetranucleotide, pentanucleotide, and 
hexanucleotide. Mononucleotide repeats were the most 
abundant with 456 SSRs (60.2%), followed by tetranucle-
otide having 124 SSRs (16.4%), and pentanucleotide was 
the least with 5 SSRs only present in S. parvula Michx., 
S. galericulata, S. violacea, and S. petiolata but hexa-
nucleotide was absent in all species (Fig.  5, Additional 
file  1: Table  S5). In terms of repeat types, the majority 

motif of mononucleotide repeats was A/T with 390 SSRs, 
accounting for 85.5%, and dinucleotide only had an AT/
TA motif (Additional file 1: Table S6). These repeat types 
were present in all species. Additionally, repeat units 
of GAA/TTC, ATA/TAT, and AATA/TATT were also 
exited in all species. Conversely, AATG/CATT, AAGA/
TCTT, and TTCT/AGAA of tetranucleotide repeats were 
unique motifs in S. scandens, S. barbata, and S. scutel-
larioides, respectively. And rare pentanucleotide repeats 
including AAAAG/CTTTT, GAATA/TATTC, CTTAT/
ATAAG, AAATA/TATTT, and ATAAA/TTTAT were 
exclusive to S. parvula, S. galericulata, S. petiolate, and S. 
violacea, respectively (Additional file 1: Table S7).

A total of 558 repetitive sequences were identified, cat-
egorized into four types: palindromic (P), forward (F), 
reverse (R), and complement (C), among which the most 
abundant repeat type of P with 297 repeats (53.2%), fol-
lowed by F with 244 repeats (43.7%) that were widely dis-
tributed in all species (Fig. 5, Additional file 1: Table S8). 
However, R type was detected in S. scandens, S. incana, S. 
oligodonta Juz., and S. stocksii and C type was only found 
in S. petiolata (Additional file  1: Tables S8–S9). The 
abundant repeats were located in LSC with 306 repeats 
(54.8%), followed by IRs with 140 repeats, but the repeats 
were the least in SSC (Additional file 1: Table S9). These 
sequences ranged from 30 to 1096  bp, with repeats of 

Fig. 5  The statistics of the simple sequence repeats (SSRs) and repetitive sequences of cpDNA sequences from 18 representative species 
randomly selected covering all clades of Scutellaria. A The location distribution of 18 representative species in the topology. B Proportion of five 
kinds of a total of SSRs. C The number of five types of SSRs in each species. mono-, mononucleotides; di-, dinucleotides; tri-, trinucleotides; tetra-, 
tetranucleotides; penta-, pentanucleotides. D Proportion of four kinds of repeats. E The number of four types of repetitive sequences in each species
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30, 39, and 60 bp present in all species (Additional file 1: 
Table S10).

Discussion
The phylogeny of Scutellaria
Our study represents the most comprehensive phylog-
enomic analysis of Scutellaria to date, employing the 
largest sample size and a substantial number of cpDNA 
sequences published for the first time. Compared to pre-
vious phylogenetic analyses, our research significantly 
enhanced tree resolutions and established a robust 
framework for understanding Scutellaria’s phylogeny uti-
lizing six sequence matrices (PC, NC, PCN, PC-p, NC-p, 
PCN-p). Consistently, all phylogenetic trees affirmed 
that Scutellaria, as defined by Paton [2], is monophyl-
etic, aligning with the findings of earlier studies [31–34, 
37–41].

The monophyly of the Subgenus Scutellaria was not 
supported, as all phylogenetic trees indicated that Subg. 
Apeltanthus was nested within Subg. Scutellaria, with 
members of Subg. Scutellaria dispersed across all clades 
except for Clade 4 (Fig. 3, Additional file 2: Figs. S1–S11). 
This finding aligns with recent molecular research [31, 34, 
36]. On the basis of morphology, Scutellaria was divided 
into Subg. Scutellaria and Subg. Apeltanthus by Paton 
[2], the former with one-sided or rarely spiral inflores-
cence and flowers subtended by leaves or leaf-like bracts, 
while 4-sided inflorescence with flowers subtended by 
cucullate bracts in the latter subgenus. However, the 
inflorescence of some species such as S. linearis Benth., S. 
luteocaerulea Bornm. & Sint., and S. litwinowii Bornm. & 
Sint. (Subg. Apeltanthus Sect. Lupulinaria) is one-sided, 
but bracts are still cucullate and nutlets have similar mor-
phology to those of other species in Subg. Apeltanthus. 
Seyedipour et al. [33] considered that Subg. Apeltanthus 
was paraphyletic because S. repens (Subg. Scutellaria) 
was sister to S. luteocaerulea and its relatives (Subg. 
Apeltanthus Sect. Lupulinaria). The nutlet of S. repens is 
gray-black and completely covers the surface with hairs, 
also similar to the nutlets of Subg. Apeltanthus Sect. 
Lupulinaria [2]. However, the inflorescence is secund and 
the bracts are not cucullate. S. repens was placed into “S. 
repens species-group” (sect. Scutellaria) circumscribed 
by Paton based on axillary inflorescences subtended by 
leaf-like bracts. However, nutlet morphology showed that 
this species-group may not be a natural group [2, 63]. 
Nevertheless, the absence of S. repens in this and prior 
studies, underscores the need for further research with 
more comprehensive samples and loci information to 
investigate the placement of S. repens.

Subgenus Apeltanthus, divided into Sections Apelt-
anthus and Lupulinaria by Paton, exhibits varying 
calyx and nutlet characteristics across these sections 

[2]. However, the monophyly of Sects. Apeltanthus and 
Lupulinaria was not supported by this analysis because 
S. guttata (Sect. Apeltanthus) was sister to S. cordifrons 
(Sect. Lupulinaria) with the strong support. S. leptosi-
phon and S. immaculata (Sect. Apeltanthus) were also 
nested into Sect. Lupulinaria, distant from the phyloge-
netic position of S. guttata and S. stocksii. The monophyly 
of Sect. Lupulinaria was also questioned in previous 
research based on ITS that S. stocksii of Sect. Apeltanthus 
was nested into Sect. Lupulinaria Subsect. Lupulinaria 
[32], which was consistent with the results of Seyedipour 
et al. [33] and Salimov et al. [34]. Sects. Lupulinaria and 
Apeltanthus should be merged as there is no evidence 
from this or previous molecular phylogenetic studies to 
maintain them as separate taxa [34]. The characteristics 
of boundary genes in this clade were evident. The dis-
tance of 100 bp between rpl2 and JLA or JLB presents in 
48 species (85.7%) of Subg. Apeltanthus and the 233 bp of 
rps19 of 53 species (94.6%) located in LSC. Subg. Apelt-
anthus is distributed from the Caucasus eastward to the 
Pamir Mountains and southward to the Iranian plateau, 
though S. alpina L. occurs in western Europe. It is mainly 
concentrated in the western Irano-Turanian region which 
is the center of species diversity distribution [2, 34]. The 
presence of numerous short internal branches in Clade 4 
further indicates rapid radiation within the Irano-Tura-
nian region.

In the analyses of Salimov et al. [34], the Caucasian S. 
pontica (Section Salviifoliae), an East Asian lineage com-
prising Sect. Scutellaria (S. baicalensis, S. amoena, and S. 
rehderiana) and Sect. Anaspis (S. kingiana), along with 
Subg. Apeltanthus formed a tritomy [34]. Furthermore, 
Sect. Salviifoliae was not monophyletic, as S. diffusa’s 
phylogenetic position differed from S. pontica. However, 
in this study, the resolution among the aforementioned 
groups has been improved, and the species of Sect. Salvi-
ifoliae formed a monophyletic clade with strong support. 
Sect. Salviifoliae was strongly supported as a sister to 
the East Asian lineage (S. baicalensis and its relatives), 
together were sister to Subg. Apeltanthus with high 
support (Fig.  3, Additional file  2: Figs. S1–S11), which 
is consistent with Sect. Salviifoliae being morphologi-
cally intermediate between Sect. Scutellaria and Subg. 
Apeltanthus, as reported by Bentham [23] and Paton [2]. 
Sect. Salviifoliae was distinguished from the East Asian 
lineage by the apomorphy of hairs completely covering 
the nutlet surface, and from Sect. Lupulinaria Subsect. 
Lupulinaria due to the lack of the four-sided inflores-
cence, cucullate bracts, as well as strongly flattened pedi-
cels. The analysis of boundary genes also indicated that 
the distance of 99 bp between rpl2 and JLA or JLB, 3 bp 
between trnH and JLA, and the length of 233 bp of rps19 
in the LSC were both present in Sect. Salviifoliae and S. 
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ossethica, S. raddeana Juz., S. orientalis L., and S. farsis-
tanica Rech.f. of Sect. Lupulinaria, inferencing that Sect. 
Salviifoliae was possibly viewed as the closest ancestor of 
Subg. Apeltanthus. The monophyletic clade containing 
Clades 2–4 was strongly supported, which is consistent 
with morphological characteristics in leaves with obtuse 
teeth or entire on each margin growing in arid upland 
or mountains, suggesting that Subg. Apeltanthus might 
include the larger clade containing Clades 2–4. Moreo-
ver, members of Sect. Apeltanthus were nested within 
Sect. Lupulinaria across various positions in Clade 4, 
suggesting that these two sections should be merged.

S. kingiana, previously classified under Subgenus 
Anaspis [28, 30] or Subgenus Scutellaria Section Anaspis 
[2], in this study, is shown to be sister to the East Asian 
lineage of the S. baicalensis alliance from Sect. Scutellaria 
with strong support (Fig.  3, Additional file  2: Figs. S1–
S11). The phylogenetic relationships within this lineage 
are consistent with leaf morphology and habitat: species 
adapt to relatively arid zones with stem leaves dentate-
serrate, crenate, to subentire or entire. S. kingiana and 
the members of Sect. Anaspis were clustered into differ-
ent clades in this study, S. kingiana in Clade 3 and Sect. 
Anaspis in Clade 1. Thus, S. kingiana may not belong to 
Sect. Anaspis and Sect. Anaspis was non-monophyletic. 
All phylogenetic trees showed that Sect. Anaspis except 
for S. kingiana was sister to a lineage of S. megalaspis–S. 
tournefortii with strong support in Clade 1 (Fig. 3, Addi-
tional file 2: Figs. S1–S11). The lineage except for S. utri-
culata Labill. corresponding to “S. albida species-group” 
(Sect. Scutellaria) defined by Paton is similar to Sect. 
Anaspis (excluding S. kingiana) in nutlets type that gray-
black nutlets with hairs partially covering the surface, the 
papillae with interior air space and lacking glands on the 
internal surface [2]. Species of “S. albida species-group” 
and S. utriculata probably should be transferred to Sect. 
Anaspis.

Subgenus Scutellaria Section Scutellaria, compris-
ing approximately 240 species distributed across the Old 
and New Worlds, was divided into 34 informal species-
groups by Paton [2]. Consistent with the morphologi-
cal basis classifying Sect. Scutellaria as paraphyletic, 
this study also found that the monophyly of the section 
was not supported, aligning with previous analyses [31, 
33–36]. As the largest section within Subg. Scutellaria, 
the sub-cosmopolitan Sect. Scutellaria was dispersed 
across various clades, yet exhibited clear morphological 
and geographic patterns within the section. The lineage 
of S. megalaspis–S. tournefortii was identified as sister 
to Sect. Anaspis excluding S. kingiana, based on similar 
nutlet anatomy. African species S. schweinfurthii, S. poly-
adena, and S. violascens were clustered into Clade 2 with 
strong support. S. baicalensis allies (Sect. Scutellaria), 

primarily found in China, were determined to be sister to 
Sect. Salviifoliae in Clade 3. Neotropical species of Sect. 
Scutellaria in Clade 5 were identified as sister to Sect. 
Perilomia with strong support. Xerophytic species from 
America and Mexico, characterized by a woody rhizome, 
formed a distinct clade in Clade 7. A lineage of Sect. 
Scutellaria spanning from East Asia to North America 
was grouped into Clade 8, excluding Australian species S. 
humilis and West European species S. minor and S. hasti-
folia. The most comprehensive infrageneric classification 
of Scutellaria by Paton only included 13 species from 
China, despite China being a major center of diversity for 
the genus with 102 species, notably with most Chinese 
species being closely related to Sect. Scutellaria in Clade 
8d. Therefore, a more detailed division of Sect. Scutel-
laria, based on denser sampling, is necessary.

The inferred close relationship between Clades 7 and 
8 corresponds to their widespread distribution in East 
Asia and North America, suggesting a potential crossing 
between these regions via the Beringian land bridge, sim-
ilar to the dispersion of the mint tribe Elsholtzieae (Lami-
aceae) [64]. The widespread species S. galericulata in the 
Old and New World may be migrated by water and birds 
because it was grown near the waterside [3]. S. minor 
and S. hastifolia mainly distributed in West Europe were 
strongly supported as a sister to East Asia and North 
America species. Species migration in Europe and North 
America is likely to occur via Greenland in the Late Cre-
taceous and Early Tertiary and the Late Paleocene and 
Early Eocene, respectively [3, 65]. S. violacea, distributed 
across the Indian Peninsula, the Indo-China Peninsula, 
and East Himalaya, was positioned in Clade 6 as a sister 
to Clades 7 and 8, probably affected by the impact of the 
Indian Plate’s collision with Asia [3, 65].

Within the neotropical clade (Clade 5), relationships 
are well-resolved. Scutellaria scutellarioides, the type 
species of Sect. Perilomia, and S. flocculosa from Peru are 
strongly supported as a sister to the neotropical species 
of Sect. Scutellaria. This result aligns with the research by 
Salimov et  al. [34], which showed that S. scutellarioides 
and S. volubilis Kunth (Sect. Perilomia) were a sister to 
S. costaricana H.Wendl. and S. incarnata Vent. of Sect. 
Scutellaria. The inferred relationships correspond well 
with the floral morphology of a one-sided inflorescence, 
red or scarlet flowers, and a corolla tube that bends dis-
tally. Therefore, we recommend considering a wider 
circumscription of Sect. Perilomia. Intriguingly, S. suf-
frutescens primarily distributed in Northeast Mexico was 
sister to S. wrightii A. Gray, S. drummondii Benth., and S. 
resinosa Torr., which occur in America, with strong sup-
port in Clade 7. The formation of a connection between 
North and South America during the Eocene–Oligocene, 
named Gaarlandia, corresponding to the present-day 
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Caribbean islands [65], might have facilitated the disper-
sal of species in the New World.

Combining this study with other recent molecular phy-
logenetic studies, we suggest that updates to the taxon-
omy of the genus are urgently needed:

(1)  Three main clades of Scutellaria were well-
resolved, consistent with the inference by Salimov 
et  al. [34] using chloroplast molecular fragments. 
Clade 1 in this study, equivalent to Clade B in Sali-
mov’s study, Clades 2–4 corresponding to Clade A, 
and Clades 5–8 equal to Clade C, are suggested to 
represent three subgenera. However, differences in 
phylogenetic relationships among them are evident. 
In Salimov’s research [34], Clade A and Clade B 
formed a clade, but the relationship between the two 
clades was resolved with moderate support. In con-
trast, Clades 2–4 are strongly supported as sister to 
Clades 5–8 in this study. Thus, Clade 1 in this study 
is considered as the early-divergent branch of Scutel-
laria.
(2)  Members of Section Apeltanthus were nested 
within Sect. Lupulinaria in different positions with 
high support in Clade 4, similar to the result by Sali-
mov et al. and others [32–34]. Therefore, Sect. Apelt-
anthus and Sect. Lupulinaria should be merged. The 
monophyletic clade containing Clades 2–4 was con-
sistent with morphological characteristics of leaves 
with obtuse teeth or entirely on each margin grow-
ing in arid upland or mountains, suggesting that the 
circumscription of Subg. Apeltanthus needs to be 
revised. Furthermore, African species S. schwein-
furthii relatives (Sect. Scutellaria), Sect. Salviifoliae, 
S. kingiana (Sect. Anaspis) and S. baicalensis alliance 
(Sect. Scutellaria) should be transferred to Subg. 
Apeltanthus instead of Subg. Scutellaria whose type 
is S. galericulata within Clade 8. Subg. Scutellaria 
would then include Clades 5–8.
(3)  Section Anaspis, excluding S. kingiana, was sis-
ter to the lineage of S. tournefortii–S. megalaspis 
in Clade 1, with similar nutlet anatomy, gray-black 
nutlets with hairs partially covering the surface, and 
papillae with interior air space but lacking glands on 
the internal surface. Thus, we suggest elevating Sect. 
Anaspis, except for S. kingiana, to subgeneric rank, 
as the name Anaspis was once considered at subge-
neric rank in Flora URSS [28] and Flora Reipublicae 
Popularis Sinicae [30]. The lineage of S. tournefortii–
S. megalaspis should be separated from Sect. Scutel-
laria and transferred to the new subgenus. Further 
analysis is needed to confirm the phylogenetic posi-
tion of S. fedtschenkoi Bornm., the type species of the 
section, due to the lack of DNA sequences.

(4) Based on the close phylogenetic relationships 
and similarities in morphological characters and 
geographical distribution between Sect. Perilomia 
and the neotropical population of Sect. Scutellaria, 
the circumscription of Sect. Perilomia should be 
expanded to include more neotropical species.
(5) The position of S. kingiana is distinct from the 
remaining members of Sect. Anaspis. However, S. 
kingiana is strongly supported as a sister to the S. 
baicalensis relatives with similar leaf morphology, 
habitat, and geographical distribution. Therefore, S. 
kingiana should be transferred to the section where 
the S. baicalensis alliance is located.

Unclear species identification
The identification of certain species complexes is prob-
lematic because the representatives of varieties of the 
same species do not form a clade, as observed in the 
Scutellaria scordiifolia Fisch. ex Schrank, S. pekinensis 
Maxim., and S. indica complexes. This issue highlights 
the need for extensive revision of a large number of spe-
cies and variants. Establishing clear species boundaries 
is crucial for phylogenetic studies. In Flora of Pan-Hima-
laya [66], S. nuristanica was considered as a synonym of 
S. petiolata because there were no obvious differences in 
geographical disjunction and morphology of stem indu-
mentum between the two species. Consistent with the 
present study, S. nuristanica was sister to S. petiolata 
with strong support. In addition, despite S. altaicola 
C.Y.Wu & H.W.Li being treated as a synonym for S. alta-
ica Fisch. ex Sweet based on morphology [1], our analysis 
suggests it should remain an independent species due to 
their non-clustering in a clade (Fig.  3, Additional file  2: 
Figs. S1–S11). Species delimitation in Scutellaria often 
poses challenges, necessitating further revision work.

Potential molecular markers for Scutellaria
DNA barcoding, a tool for species identification and dis-
covery of novel or cryptic species, supports food safety 
and identifies candidate exemplar taxa [67–71]. Since it 
was first proposed in 2003 [72], it has been applied to 
research on multiple taxa [70, 73, 74]. The technology has 
also been used for species identification in Scutellaria. 
S. baicalensis, the botanical origin of a well-known tra-
ditional Chinese medicine “Huang Qin”, which is facing 
the rapid decline of natural resources due to high market 
demand, overexploitation, habitat destruction, and eco-
system degradation, resulting in high price in the market. 
This scarcity has led to a very common phenomenon of 
fraudulent adulteration with inherent differences that 
seriously affect the safety of medication [75, 76]. Some 
molecular markers, such as chloroplast fragments rbcL, 
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matK, psbA–trnH, rpl16, and rpl16–rpl14, and nuclear 
ribosomal ITS, have been used to discriminate S. bai-
calensis and its adulterants [59, 60, 75, 77]. However, 
these studies only focused on a few species. Chloroplast 
fragments trnL intron, matK–trnK, trnL–trnF, and ITS 
have been also applied to analyze intrageneric relation-
ships of Scutellaria [32, 34]. However, resolution within 
related species was poor caused by insufficient phyloge-
netic signal of these markers with low diversity. In this 
study, 10 highly variable markers of cpDNA sequences 
with variation exceeding 0.025 were identified that can 
serve as potential DNA barcodes for species identifica-
tion and phylogeny for Scutellaria, consistent with the 
result based on 11 species of Scutellaria by Zhao et  al. 
[36]. Among them, candidate DNA barcodes includ-
ing trnH-psbA, trnK-rps16, petN-psbM, petA-psbJ, and 
ycf1 were identified based on three species of the genus 
by Jiang et al. [78]. While the reliability of these markers 
requires further validation, they provide a basis for future 
research in species identification, phylogeny, and popula-
tion genetics.

SSRs, valuable for constructing high-density genome 
maps and establishing genetic and evolutionary rela-
tionships [79–82], are abundant in cpDNA sequences of 
Scutellaria, predominantly consisting of poly-adenine 
(A) and poly-thymine (T) repeats. SSRs tend to occur in 
intergenic spacer regions, although they are also found 
in coding regions where they can influence gene activ-
ity and protein expression. This study observed SSRs in 
regions that encode essential components of the chloro-
plast transcription machinery and detected mono- and 
tetranucleotide SSRs as the most abundant types within 
Scutellaria. The new SSRs identified offer potential 
molecular markers for medicinal species identification, 
genetic diversity estimation, and phylogenetic analysis.

Conclusions
Our study represents the most comprehensive phylog-
enomic analysis of Scutellaria to date, based on com-
plete chloroplast genomes. It marks an improvement 
over previous studies, which were limited by either insuf-
ficient sampling or the range of genetic loci examined. 
Our results identified eight highly supported clades, 
with Clade 1 emerging as the earliest divergent branch 
and Clades 2–4 being sister to the monophyletic Clades 
5–8. Through the integration of morphological and geo-
graphical distribution data, we proposed three subgen-
era and offered suggestions for updates to the genus’s 
taxonomy. However, these proposals require validation 
through more extensive sampling and the inclusion of 
informative loci, including nuclear genes. The analysis of 
chloroplast genome characteristics provides a foundation 

for studying the genetic structure and diversity of this 
resource-rich genus. Furthermore, comparative analyses 
of the chloroplast genomes of 18 representative species 
have identified potential molecular markers for taxon-
omy, genetic diversity, and species identification, particu-
larly useful for distinguishing adulterants. Nevertheless, 
the rapid advancement of omics technologies and the 
need for an extensive multidisciplinary approach encom-
passing molecular systematics, phylogenomics, morpho-
logical anatomy, and taxonomy underscore the future 
directions for the phylogenetic study of Scutellaria.

Methods
Taxa sampling, DNA extraction, sequencing
Chloroplast genomes of 220 accessions, represent-
ing 196 species, subspecies, and varieties of Scutellaria 
spanning Eurasia, Americas, Africa, and Oceania, were 
newly sequenced. Additionally, we retrieved 14 cpDNA 
sequences corresponding to ten species and varieties 
from the NCBI GenBank database, including S. altaica 
(GenBank accession number: MN128387) [36, 83], S. 
indica var. coccinea S.Kim & S.Lee (MN047312) [84, 85], 
S. orthocalyx Hand.-Mazz. (MN128383) [36, 86], S. mol-
lifolia C.Y. Wu & H.W. Li (MN128384) [36, 87], S. calcar-
ata C.Y. Wu & H.W. Li (MN128385) [36, 88], S. kingiana 
(MN128389) [36, 89], S. insignis Nakai (NC028533 and 
KT750009) [90, 91], S. rehderiana (MT982397 and 
NC060314) [92, 93], S. tuberifera (MW376477 and 
NC059812) [94, 95], and S. meehanioides (MW381011 
and NC057189) [96, 97]. Thus, a total of 234 cpDNA 
sequences were employed for phylogenetic and compara-
tive genomic analyses, encompassing all sections except 
for Sect. Salazaria (Torrey) A.J.Paton. Additionally, four 
cpDNA sequences from three genera within the Scutel-
larioideae—Holmskioldia sanguinea (MN128388) [36, 
98], Tinnea aethiopica (MN128380) [36, 99], and two 
sequences of Wenchengia alternifolia (MN128378 and 
MN128379) [36, 100, 101]—were selected as outgroups. 
Detailed information and voucher specimens for these 
accessions were cataloged in Additional file 1: Table S11.

High-quality total genomic DNA was extracted from 
about 1.5  g herbarium or silica gel-dried leaves using a 
modified cetyltrimethylammonium bromide (CTAB) 
protocol [102]. DNA quality was evaluated using horizon-
tal electrophoresis with 1.5% agarose gel. Libraries con-
struction was performed according to the manufacturer’s 
manual (Illumina, San Diego, CA, USA) and sequenced 
on the Illumina NovaSeq 6000 platform with 2 × 150 bp 
paired-end reads by Tianjin Novogene Technology Co., 
ltd. Approximately 20 GB of raw data was generated for 
each sample. Fastp was used to trim the raw reads and 
adapter to obtain high-quality clean data by removing 
the connector sequences and the low-quality reads, and 
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detailed information on sequencing data was placed in 
Additional file 1: Table S12 [103].

Chloroplast genome assembly and annotation
The complete chloroplast genomes were assembled with 
NOVOWrap v1.20 [104] and GetOrangelle v1.7.2a [105] 
and selected the best-quality genome for annotation. In 
this study, we chose the cpDNA of Scutellaria barbata 
(NC059814) as a reference when we used NOVOWrap 
v1.20. Afterward, we selected the best genome accord-
ing to the schematic diagram of the collinearity analy-
sis of the assembly results. In addition, we also used 
GetOrangelle v1.7.2a to assemble with default parame-
ters: -F embplant_pt -R 15 -k 21,45,65,85,105. Then, PGA 
was used to annotate with Amborella trichopoda Baill. 
(NC005086) and S. baicalensis (NC027262) as references 
[106]. To improve the accuracy of annotation results, 
we have manually corrected the annotation results in 
Geneious v2021.1.1 [107]. A circular map of the cpDNA 
was visualized using Organellar Genome DRAW v1.3.1 
(OGDRAW) [108].

Phylogenetic analyses
All of the protein-coding genes (CDS), tRNAs, rRNAs, 
and non-coding regions were automatically extracted 
based on annotation results by a custom Python script: 
get_annotated_regions_from_gb.py (https://​github.​com/​
Kingg​erm/​Perso​nalUt​iliti​es/). Each locus was individually 
aligned using MAFFT v7.471 with default settings except 
–localpair and –maxiterate 1000 [109]. Removal of diver-
gent and ambiguous sequence alignments may improve 
topology [110]. All sequences were adjusted manually 
after being checked to improve positional homology fol-
lowing the rules of Löhne et  al. [111] (Additional file  1: 
Table  S13). We formed three sequence matrices after 
adjusting the alignment: (1) PC including 81 protein-cod-
ing genes, 30 tRNA genes, and four rRNA genes, (2) NC 
contained 134 non-coding regions, (3) PCN comprised 
115 gene sequences and 134 non-coding regions. The 
phylogenetic trees were analyzed using an unpartitioned 
strategy on the three sequence matrices, respectively, 
because chloroplast genomes are often considered as a 
linked single locus [112, 113]. Empirical studies showed 
that different regions may not be regarded as a single 
locus due to experiencing divergent evolutionary forces 
[114, 115]. Thus, a total of six matrices with or without 
partitioning (PC, NC, PCN, PC-p, NC-p, PCN-p) were 
implemented for phylogenetic analysis using ML and BI 
methods, respectively.

For unpartitioned strategies, three unpartitioned 
super-matrices were used for phylogeny using ML and BI. 
The best-fit substitution model was identified based on 
the Bayesian Information Criterion (BIC) criterion using 

ModelFinder embedded in IQ-TREE, with GTR + F + R3 
model for PC, TVM + F + R10 model for NC, and 
GTR + F + R6 model for PCN, together with default set-
tings except for 1000 Ultrafast bootstrap replicates and 
1000 bootstrap replicates of SH-like approximate likeli-
hood ratio test (SH-aLRT) to program ML analysis using 
IQ-TREE v 1.6.12 [116]. BI analysis was conducted with 
Mrbayes v 3.2.7a under the GTR + I + G model [117]. 
Four Markov Chain Monte Carlo chains with one cold 
and three hot chains were implemented for 1,000,000 
generations and sampled every 500 generations, and 
the first 25% of all trees were discarded as ‘burn-in’ (the 
default settings of Mrbayes).

In terms of partitioned strategy, the appropriate parti-
tion schemes were obtained in the process of gene con-
catenation using a plug-in in PhyloSuite v1.2.2 [118]. 
Partitionfinder v2.1.1 was used to estimate the evolu-
tionary model of each partition [119]. For ML analysis, 
the evolutionary model was obtained based on param-
eters branchlengths = linked, models = all, model_selec-
tion = aicc, and search = rcluster. The phylogenetic trees 
were inferred using IQ-TREE v 1.6.12 with 1000 Ultra-
fast bootstrap replicates and SH-aLRT, and the parament 
-spp to provide the most appropriate partition scheme 
and evolutionary model. In BI analysis, the evolutionary 
model of each partition was determined based on options 
branchlengths = unlinked, models = mrbayes, model_
selection = aicc, and search = greedy, and the phylogeny 
was analyzed with Mrbayes v 3.2.7a. Four Markov Chain 
Monte Carlo chains (one cold and three hot chains) were 
run for 1,000,000 generations and sampled every 500 
generations, and the first 25% of all trees were discarded 
as ‘burn-in’ (the default settings of Mrbayes). All phylo-
genetic relationships were visualized using FigTree v1.4.4 
[120]. The Bayesian trees with posterior probability (PP) 
and ML trees with bootstrap support (BS) and SH-aLRT 
support (SH) were shown in all trees.

Comparative analyses of cpDNA sequences in the genus
CPJSdraw v1.0.0 and IRscope were used for boundary 
visualization analysis of IR/SC for the whole cpDNA 
sequences [121, 122].

In addition, we randomly selected 18 species covering 
eight clades for comparative genomic analyses. We used 
Mauve v2.4.0 for estimating the collinearity to analyze 
whether there was a large segment sequence rearrange-
ment among cpDNA sequences [123]. For divergence 
analysis, the online comparison tool mVISTA was applied 
to compare and visualize the similarity with the shuffle-
LAGAN mode, and S. scutellarioides newly sequenced 
in this study was used as a reference [124]. Additionally, 
to assess the nucleotide variabilities, cpDNA sequences 
of 18 representative species were aligned using MAFFT 

https://github.com/Kinggerm/PersonalUtilities/
https://github.com/Kinggerm/PersonalUtilities/
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v7.471 with default settings except for –maxiterate 1000 
and –localpair [109]. Then, nucleotide diversity (pi) 
values were calculated using DnaSP v6 with a window 
length of 600 bp and a step size of 200 bp [125].

Simple sequence repeats (SSRs) or microsatellites were 
identified by the online tool MISA v2.1 with a settled 
minimum threshold of mono-, di-, tri-, tetra-, penta-, and 
hexanucleotide repeats set to 10, 5, 4, 3, 3, and 3, respec-
tively, and set an option about the maximum length of 
sequence between two SSRs to register as compound SSR 
to 0 [126]. Then, the results were annotated to obtain the 
location of SSRs in the cpDNA sequences by the plat-
form JSHYCloud (http://​cloud.​genep​ioneer.​com:​9929). 
The repeat sequences including forward, reverse, pal-
indromic, and complementary formats were predicted 
using the online software REPuter with a minimal size of 
30 bp and Hamming distance of 3 [127]. The results were 
also annotated to determine the location in the cpDNA 
sequences by the platform JSHYCloud (http://​cloud.​
genep​ioneer.​com:​9929).
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Additional file 2: Fig. S1. The phylogeny of Scutellaria based on 
Maximum likelihood was inferred based on a tandem matrix of 115 
genes (PC). The support values of bootstrap support (BS) and SH-like 
approximate likelihood ratio (SH-aLRT) were shown in turn near the 
notes. All species belonging to the classification system by Paton were 
marked with different colored rectangles for different sections. Some 
unlabeled species have not been classified yet. Clades 1–8 of Scutellaria 
were marked. Clade 8 was subdivided into Clades 8a–8d. Values equal 
to 100 % were replaced with asterisks. Fig. S2. The phylogeny of Scutel-
laria based on Bayesian inference was inferred based on a tandem 
matrix of 115 genes (PC). The support values of posterior probabilities 
(PP) were shown near the notes. All species belonging to the classifica-
tion system by Paton were marked with different colored rectangles 
for different sections. Some unlabeled species have not been classified 
yet. Clades 1–8 of Scutellaria were marked. Clade 8 was subdivided 
into Clades 8a–8d. Values equal to 1 were replaced with asterisks. Fig. 
S3. The phylogeny of Scutellaria based on Maximum likelihood was 
inferred based on a partition matrix of 115 genes (PC-p). The support 
values of bootstrap support (BS) and SH-like approximate likelihood 
ratio (SH-aLRT) were shown in turn near the notes. All species belong-
ing to the classification system by Paton were marked with different 
colored rectangles for different sections. Some unlabeled species have 
not been classified yet. Clades 1–8 of Scutellaria were marked. Clade 8 
was subdivided into Clades 8a–8d. Values equal to 100 % were replaced 
with asterisks. Fig. S4. The phylogeny of Scutellaria based on Bayesian 
inference was inferred based on a partition matrix of 115 genes (PC-p). 
The support values of posterior probabilities (PP) were shown near the 
notes. All species belonging to the classification system by Paton were 
marked with different colored rectangles for different sections. Some 
unlabeled species have not been classified yet. Clades 1–8 of Scutellaria 
were marked. Clade 8 was subdivided into Clades 8a–8d. Values equal 
to 1 were replaced with asterisks. Fig. S5. The phylogeny of Scutellaria 
based on Maximum likelihood was inferred based on a tandem matrix 
of 134 non-coding regions (NC). The support values of bootstrap 
support (BS) and SH-like approximate likelihood ratio (SH-aLRT) were 
shown in turn near the notes. All species belonging to the classifica-
tion system by Paton were marked with different colored rectangles 
for different sections. Some unlabeled species have not been classified 
yet. Clades 1–8 of Scutellaria were marked. Clade 8 was subdivided into 
Clades 8a–8d. Values equal to 100 % were replaced with asterisks. Fig. 
S6. The phylogeny of Scutellaria based on Bayesian inference was 
inferred based on a tandem matrix of 134 non-coding regions (NC). 
The support values of posterior probabilities (PP) were shown near the 
notes. All species belonging to the classification system by Paton were 
marked with different colored rectangles for different sections. Some 
unlabeled species have not been classified yet. Clades 1–8 of Scutellaria 
were marked. Clade 8 was subdivided into Clades 8a–8d. Values equal 
to 1 were replaced with asterisks. Fig. S7. The phylogeny of Scutellaria 
based on Maximum likelihood was inferred based on a partition matrix 
of 134 non-coding regions (NC-p). The support values of bootstrap 
support (BS) and SH-like approximate likelihood ratio (SH-aLRT) were 
shown in turn near the notes. All species belonging to the classifica-
tion system by Paton were marked with different colored rectangles 
for different sections. Some unlabeled species have not been classified 
yet. Clades 1–8 of Scutellaria were marked. Clade 8 was subdivided into 
Clades 8a–8d. Values equal to 100 % were replaced with asterisks. Fig. 
S8. The phylogeny of Scutellaria based on Bayesian inference was 
inferred based on a partition matrix of 134 non-coding regions (NC-p). 
The support values of posterior probabilities (PP) were shown near the 
notes. All species belonging to the classification system by Paton were 
marked with different colored rectangles for different sections. Some 
unlabeled species have not been classified yet. Clades 1–8 of Scutellaria 
were marked. Clade 8 was subdivided into Clades 8a–8d. Values equal 
to 1 were replaced with asterisks. Fig. S9. The phylogeny of Scutellaria 
based on Maximum likelihood was inferred based on a tandem matrix 
including 115 genes and 134 non-coding regions (PCN). The support 
values of bootstrap support (BS) and SH-like approximate likelihood 
ratio (SH-aLRT) were shown in turn near the notes. All species belong-
ing to the classification system by Paton were marked with different 
colored rectangles for different sections. Some unlabeled species have 
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not been classified yet. Clades 1–8 of Scutellaria were marked. Clade 8 was 
subdivided into Clades 8a–8d. Values equal to 100 % were replaced with 
asterisks. Fig. S10. The phylogeny of Scutellaria based on Bayesian infer-
ence was inferred based on a tandem matrix including 115 genes and 134 
non-coding regions (PCN). The support values of posterior probabilities 
(PP) were shown near the notes. All species belonging to the classification 
system by Paton were marked with different colored rectangles for differ-
ent sections. Some unlabeled species have not been classified yet. Clades 
1–8 of Scutellaria were marked. Clade 8 was subdivided into Clades 8a–8d. 
Values equal to 1 were replaced with asterisks. Fig. S11. The phylogeny of 
Scutellaria based on Bayesian inference was inferred based on a partition 
matrix of 115 genes and 134 non-coding regions (PCN-p). The support 
values of posterior probabilities (PP) were shown near the notes. All spe-
cies belonging to the classification system by Paton were marked with 
different colored rectangles for different sections. Some unlabeled species 
have not been classified yet. Clades 1–8 of Scutellaria were marked. Clade 
8 was subdivided into Clades 8a–8d. Values equal to 1 were replaced with 
asterisks.

Additional file 3: Fig. S12. Collinearity analysis of cpDNA sequences from 
18 representative species randomly selected covering all clades of Scutel-
laria. The white rectangle box represents CDS, the red box represents 
rRNA, and tRNAs are indicated by green boxes. The two pink elongated 
rectangular boxes present in each genome are IR regions. Fig. S13. 
Visualization for comparison of cpDNA sequences from 18 representative 
species randomly selected covering all clades of the genus with S. scutel-
larioides as the reference using mVISTA. The X-axis depicts the sequence 
length, and the Y-axis depicts the percentage identity of the reference. 
Genome regions are color-coded as exon, UTR, mRNA, and conserved 
noncoding sequences (CNS). Gray arrows at the top line show the direc-
tion and position of each gene. The vertical scale represents the percent-
age of sequence identity, ranging from 50% to 100%.
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