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Abstract

Background Schnabelia species, herbaceous perennial plants within the Lamiaceae family, possess medicinal

value and are endemic to China. While previous studies have focused on morphological classification, molecular
systematics, and medicinal components, there has been limited research on phylogenomics. To reveal their plastid
genome characteristics and phylogenetic relationships, we sequenced and assembled the plastomes of all five
Schnabelia species (S. oligophylla, S. tetrodonta, S. nepetifolia, S. terniflora, S. aureoglandulosa), conducted comparative
genomic analyses, and constructed a phylogenetic tree incorporating closely related taxa in subfamily Ajugoideae, as
well as conducting divergence time estimation.

Results Plastome size of the five species ranged from 155,733 bp to 156,944 bp, encompassing 115 unique genes,
with a GC content of 37.8% same for all species. Five intergenic spacer regions (trnH-GUG-psbA, trnK-UUU-matK, petB-
petD, ndhD-psaC, ndhA-ndhH) were identified as divergence hotspots. Gene selection pressure analysis demonstrated
that all genes were under negative selection. Phylogenetic relationship of Ajugoideae species based on plastomes
confirmed the monophyly of Schnabelia. Two clades within Schnabelia were supported, one containing two original
species and the other comprising three species transferred from Caryopteris. The stem age of the Schnabelia is
estimated to be approximately 30.24 Ma, with the split of two Sections occurring around 12.60 Ma.

Conclusions We revealed plastid genome evolutionary features for five species within the genus Schnabelia.

The identified highly variable regions can provide a tool for future identification of these medicinal plants. The
diversification of Schnabelia during middle Miocene and the Quaternary suggests that historical geological and
climatic shifts facilitated species differentiation. These findings enhance our understanding of Schnabelia's evolution
and support future research on chloroplast diversity, aiding conservation and sustainable use.

Keywords Chloroplast genome, Comparative genomics, Lamiaceae, Phylogenomics, Schnabelia

*Correspondence:
Xinjie Jin
20210347@wzu.edu.cn
Qixiang Lu
lgxdeer@zstu.edu.cn

Full list of author information is available at the end of the article

© The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati
vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12870-025-06647-y&domain=pdf&date_stamp=2025-5-7

Wei et al. BMC Plant Biology (2025) 25:600

Background

Schnabelia Hand.-Mazz., a genus within the family Lami-
aceae Martinov, comprises five herbaceous perennial
plant species endemic to central, south, southeast, and
southwest China [1]. Schnabelia belongs to one of the 12
subfamilies of Lamiaceae, Ajugoideae, the third-largest
subfamily of Lamiaceae with 23 genera and about 760
species, predominantly distributed in tropical regions,
with a few species endemic to China [2]. The genus has
undergone significant taxonomic revisions over time. Ini-
tially classified under Verbenaceae by Handel-Mazzetti
in 1921, Schnabelia is now recognized as a constitu-
ent of Lamiaceae [3-5]. Originally, it included only two
species, S. oligophylla Hand.-Mazz. and S. tetrodonta
(Y. Z. Sun) C. Y. Wu & C. Chen, both characterized by
their 4-winged stems. Later, Cantino et al. (1992; 1999)
expanded the genus by transferring three species of
Caryopteris [3, 4] (C. aureoglandulosa, C. nepetifolia, and
C. terniflora) into Schnabelia, a classification supported
by molecular evidence [1, 2, 6]. They exhibit notable
geographical variations while maintaining morphologi-
cal similarities. The five species of Schnabelia exhibit
distinct distributions in China. S. oligophylla has a wide
range, spanning Fujian, Jiangxi, Hunan, Guangdong,
Guangxi, and Sichuan provinces, while the endangered
S. tetrodonta is restricted to the Sichuan Basin, northern
Guizhou, and the Jinfoshan area in Chongqing [7]. Mor-
phologically, S. oligophylla has five calyx teeth, while S.
tetrodonta has four. These two species are notable within
Lamiaceae for their unique 4-winged stems, setting them
apart from the other three species in the genus [2]. S.
nepetifolia is found mainly in eastern China, including
Zhejiang, Jiangsu, Anhui, and Fujian provinces, charac-
terized by solitary flowers in leaf axils. S. terniflora has a
broader range, extending from central to southwestern
China, including regions like Shaanxi, Henan, Hubei, and
Sichuan. S. aureoglandulosa, primarily found in south-
western Sichuan, Guizhou, and Yunnan, resembles S.
terniflora but differs by having blunt leaf margins with
dense pubescence on young leaves, which later becomes
glabrous [8, 9].

In addition to their botanical interest, all five species
of Schnabelia contain active chemical compounds with
medicinal value and are widely used in traditional Chi-
nese medicine [8, 10—12]. For instance, S. oligophylla and
S. tetrodonta are employed for heat clearing, detoxifica-
tion, blood circulation promotion, dampness removal,
wind dispelling, and pain alleviation due to the alkaloids,
flavones and saponins they contain [13-15]. Chemical
constituents of diterpenoids in S. terniflora, S. nepetifo-
lia, and S. aureoglandulosa have been investigated and
demonstrated to possess antitumor and antibacterial
activities [8, 10, 11, 16, 17]. Given the complex medici-
nal properties and morphological similarities of the five
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Schnabelia species, accurate species identification and
differentiation are crucial for both scientific research and
practical applications in traditional Chinese medicine.
The species’ overlapping geographical ranges and mor-
phological similarities further emphasize the need for
reliable molecular markers to ensure precise identifica-
tion. Although previous research has mainly focused on
morphological classification, molecular systematics, and
the medicinal components of Schnabelia, phylogenomic
studies have been scarce, largely due to the lack of effec-
tive genetic markers. Therefore, developing such mark-
ers is essential for advancing our understanding of these
species.

Previous studies have utilized plastid fragments such as
rbcL, ndhF, matK, and nuclear ITS to resolve the system-
atic placement and classification of Schnabelia (1, 2, 4, 6].
Cladistic analysis using morphological data and plastid
gene sequences rbcL. and ndhF by Cantino et al. (1999)
firstly challenged the monophyly of Caryopteris and
transferred three Caryopteris species to Schnabelia [4].
Similar conclusions were obtained by Huang (2002) using
ndhF [6]. Shi et al. (2003), for the first time, used both
the plastid fragment matK and nuclear ITS sequences,
reconfirming that S. oligophylla and C. terniflora formed
one clade [1]. However, the sampling coverage of the
above phylogenetic study did not include all Schnabelia
species. Until 2018, Xiang’s (2018) phylogenetic study of
the subfamily Ajugoideae, which used two nuclear genes
(ITS and ETS) and five plastid fragments (matK, rbcL,
rpsl6, truL-trnF, truH-psbA), provided the first compre-
hensive revelation of Schnabelia, and the results showed
that the expanded Schnabelia is monophyletic, and con-
sists of two morphologically distinct clades, recognized
as sect. Cylindricaulis and Schnabelia [2]. In recent years,
phylogenomic studies using chloroplast genomes have
focused on the delimitation of subfamilies and tribes
under the family Lamiaceae, with limited sampling of
Schnabelia species. For example, Li et al. (2016) proposed
three new subfamilies within Lamiaceae according to the
phylogeny results based on plastome data, using only S.
oligophylla [18]. Zhao et al. (2021) updated the tribes
within the 12 subfamilies of Lamiaceae, and only S. oli-
gophylla was analyzed [19]. There have been no studies
on the phylogeny of the Schnabelia using plastome data,
even though complete chloroplast genomes are neces-
sary to fully characterize the phylogenetic relationships
of species within the genus.

Considering classification challenges, plastomes offer
a promising approach for resolving the phylogenetic
relationships and identifying genetic markers for spe-
cies classification. By examining the plastomes in detail,
we aim to deepen our understanding of the evolution-
ary dynamics within Schnabelia and establish a founda-
tion for more comprehensive molecular studies. Plastids
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serve as crucial organelles in plant cells, housing an inde-
pendent genome encoding a set of genes associated with
photosynthesis and carbon fixation [20]. In angiosperms,
the plastomes typically exhibit a quadripartite struc-
ture, comprising a large single-copy region (LSC) and a
small single-copy region (SSC) separated by two inverted
repeat regions (IRa and IRb) [21]. Angiosperm plastomes
consist of 120-130 genes, varying in size from 115 to
165 kb across different species [22]. Compared to nuclear
genomes, plastomes are relatively conserved and inher-
ited uniparentally, offering an effective tool for plant
identification and phylogenetics, particularly among
closely related taxa [23, 24]. However, a more robust phy-
logenetic study based on the entire plastome has yet to
be conducted for Schnabelia. Additionally, the complete
plastome sequence harbors abundant genetic informa-
tion, including molecular markers for subsequent bar-
code development, systematic evolution, and population
genetic studies.

To date, only the plastome of S. tetrodonta is pub-
lished, which reported the structure and characterization
of the plastid genome [25]. No comprehensive studies
have been conducted focusing on plastomic compara-
tive analysis, including genome structure, gene content,
and genomic variation among Schnabelia species. In
this study, we sequenced the plastomes of five Schnabe-
lia species, conducted comparative analyses, and con-
structed a phylogenetic tree incorporating closely related
taxa in subfamily Ajugoideae, as well as conducting diver-
gence time estimation. Our study aims to: (1) elucidate
the characteristics of Schnabelia plastomes, including
gene content, IR variation, codon usage patterns, and
selective pressure; (2) identify rapidly evolving plastid
fragments for potential barcoding markers and applica-
tion in population genetics analyses; (3) fully clarify the
phylogenetic relationships within Ajugoideae; and (4)
estimate the divergence time of Schnabelia species, and
infer the possible influence of geological and historical
climate on the species differentiation. Our study will con-
tribute to the expansion of the genomic resources avail-
able for Schnabelia and provide critical information to
support the identification and phylogenetic analysis of
Schnabelia species. Moreover, the research findings will
also have practical applications for the population genet-
ics and conservation study of Schnabelia.

Materials and methods

Plant materials

The five Schnabelia species were collected from the fol-
lowing locations: Chenshan Botanical Garden in Shang-
hai (S. oligophylia); Qingchengshan in Chengdu, Sichuan
Province (S. tetrodonta); Tianmushan in Lin’an, Zheji-
ang Province (S. mnepetifolia); Maoxian County in Sich-
uan Province (S. terniflora); and Jinfoshan in Chongging
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(S. aureoglandulosa).Plant specimens were identified
by Dr. Pan Li of Zhejiang University, and the Voucher
specimens were deposited in the Zhejiang University
Herbarium (HZU, Hangzhou, China) with Accession
number LP186180, LP 011579, LP161315, LP20120124
and LP186194, corresponding to the order above. For
each specimen, 2-3 fresh leaves were collected and dried
using silica gel.

DNA extraction, sequencing, assembly and annotation
Total genomic DNA was extracted from dried leaves
using DNA Plantzol Reagent (Invitrogen, Carlsbad, CA,
USA) following the manufacturer’s protocol. The quality
and concentration of DNA were assessed using agarose
gel electrophoresis. Paired-end sequencing libraries were
constructed according to the Illumina standard proto-
col (Illumina, San Diego, CA, USA) and sequenced on
the Illumina HiSeq2500 platform at the Beijing Genom-
ics Institute (BGI, Shenzhen, China). Raw reads were
processed with Fastp v 0.23.2 to remove adapters and
low-quality bases (Q<20 over a 10-bp sliding window),
retaining reads with >80% high-quality bases and <5%
ambiguous nucleotides [26]. The obtained clean reads
were de novo assembled using the GetOrganelle pro-
gram for each specimen [27]. Subsequently, the quad-
ripartite structure was validated and examined using
Bandage [28]. The assembled plastomes were annotated
using CPGAVAS2 (http://47.96.249.172:16019/analyze
r/annotate, accessed on 10 August 2023), with the pub-
lished plastome sequence of S. oligophylla as a reference.
Final annotations were cross-validated using GeSeq [29].
Circular maps illustrating the plastome structure were
generated using OGDRAW [30]. The plastome data
for the five Schnabelia species were submitted to Gen-
Bank under accession numbers PP503204-PP503208,
respectively.

Repeat and SSRs analyses

Repeat sequences in the plastomes, including forward
repeats, reverse repeats, palindromic sequences, and
complement repeats, were identified using REPuter (h
ttps://bibiserv.cebitec.unibielefeld.de/reputer,  accessed
on 17 August 2023). The parameter settings were a
Minimal Repeat Size of 30, Hamming Distance of 3, and
Maximum Computed Repeats of 100. Simple Sequence
Repeats (SSRs), consisting of small repetitive sequences
of 1-6 bp, were analyzed using MISA [31] (http://pgrc.
ipk-gatersleben.de/misa, accessed on 18 August 2023),
with the following parameter settings for single nucleo-
tide, dinucleotide, trinucleotide, tetranucleotide, penta-
nucleotide, and hexanucleotide SSRs: 10, 6, 5, 5, 5, and 5,
respectively.
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Codon usage bias analyses

Codon usage bias (CUB) refers to the uneven usage fre-
quency of synonymous codons encoding the same amino
acid, which varies among species [32, 33]. The codon
usage bias parameters, including ENC (effective number
of codons), RSCU (relative synonymous codon usage),
and GC3 (GC content at the third position of codons),
were estimated using the CHIPS and CUSP sections in
the EMBOSS online website (https://codonw.sourceforge
.net/, accessed on 12 August 2023) and CodonW V1.4.2
(https://codonw.sourceforge.net/, accessed on 15 August
2023). ENC reflects the deviation of codon usage from
random selection, while RSCU represents the relative
probability of specific codon usage among synonymous
codons. GC3 was used as a parameter of codon prefer-
ence due to lower selection pressure on the third position
of codons compared to the first two positions.

Selective pressure analyses

To quantify selective pressure, we used the Ka-Ks mod-
ule in the online tool developed by Nanjing Gene Pioneer
Biotechnologies Inc. (http://cloud.genepioneer.com:992
9/#/tool/alltool?type=4, accessed on 20 August 2023) to
calculate non-synonymous (Ka) and synonymous (Ks)
nucleotide substitutions and the Ka/Ks ratio o for each
plastid gene. Values of w=1, w>1, and w<1 indicate neu-
tral, positive, and purifying selection, respectively [34].

Sequence divergence analysis and nucleotide diversity
analyses

Global comparison of the five Schnabelia plastomes was
conducted using the online tool mVISTA [35] (Berkeley,
CA, USA) (https://genome.lbl.gov/vista/mvista/submit.s
html, accessed on 24 August 2023) with the Shuffle-LA
GAN mode and default parameters for sequence align-
ment. Polymorphic hotspot regions in the plastomes of
Schnabelia were identified using DnaSP v6.0 [36]. Using
S. oligophylla as the reference, a sliding window approach
was applied with a step size of 200 bp and a window
length of 600 bp to analyze nucleotide polymorphism
values (Pi) [37].

Phylogenetic analyses

A total of 34 plastomes from 8 genera in subfamily Aju-
goideae were obtained for phylogenetic tree reconstruc-
tion. Colquhounia vestita (NC_058331) and Cymaria
dichotoma (NC_058333) were used as outgroups.
Sequences were aligned using MAFFT V7 [38], and phy-
logenetic analyses were conducted using both Maximum
likelihood (ML) and Bayesian inference (BI) methods
based on whole plastomes. ML analysis was performed
using IQ-TREE V.1.6.8 [39] with the GTR + F + R4 nucleo-
tide substitution model and 1,000 bootstrap replicates. BI
analyses were performed using MrBayes v3.2 [40] with
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the nucleotide substitution model TVM +1 + G. Posterior
probabilities were estimated using Markov Chain Monte
Carlo (MCMC) chains (20 million generations and sam-
pled every 1,000 generations), with the first 25% of sam-
pled trees discarded as burn-in.

Divergence time estimation

Currently, no fossil records of Schnabelia have been
reported. We selected two fossils as calibration points
and modeled them with a log-normal distribution [41].
The first, Ocimum pollen fossils from the Early Eocene
of India, were placed in the crown group node of the
subfamily Nepetoideae [42, 43]. A minimum age of 47.8
MYA and a maximum age of 107 MYA were set, with
a mean of 2.6 and a standard deviation (SD) of 0.5. The
second calibration point was the Stachys laticarpa fossil
from Germany dated back to the Middle Miocene [44,
45], which was used to constrain crown group of Stachys.
A calibration age of 13.8—-11.6 Ma was set, with a mean of
1.5and an SD of 0.5.

The shared protein-coding sequences (CDS) of 27 spe-
cies, representing 12 subfamilies of Lamiaceae, were
extracted with Python and aligned to be 60,921 bp
using MAFFT V7.520 [38], and phylogenetic trees
were constructed using IQ-TREE V1.6.8 [39] with the
GTR+F+R3 model. Divergence times were estimated
by MCMCTree V4.8 [46] using an independent rates
clock model (clock=2), the HKY85 substitution model
and a gamma rate model. Samples were collected every
100 generations for a total of 100,000 generations, with
20% of the initial samples discarded as burn-in. Tracer
software was used to confirm an effective sample size
(ESS)>200 [41]. The phylogenetic tree and divergence
times were visualized using FigTree (http://tree.bio.ed.a
c.uk/software/figtree/) and Chiplot (www.chiplot.online,
accessed 24 November 2024).

Results

Plastome structure and features

Sequencing of the plastomes of five Schnabelia species
yielded raw data ranging from 1.61 G (S. terniflora) to
30.4 G (S. oligophylla). Following assembly, the size of
these genomes ranged from 155,733 bp for S. nepetifolia
to 156,944 bp for S. oligophylla. Each plastome comprises
four regions: the large single-copy region (LSC), small
single-copy region (SSC), and two inverted repeat regions
(IRa and IRb) (Fig. 1). LSC lengths varied from 82,652 bp
(S. nepetifolia) to 83,756 bp (S. aureoglandulosa), while
SSC lengths ranged from 9,948 bp (S. aureoglandulosa,
S. terniflora) to 9,959 bp (S. tetrodonta). The IR region
spanned from 31,563 bp (S. nepetifolia) to 31,710 bp (S.
tetrodonta, S. oligophylla). The GC content across all spe-
cies was consistent at 37.8%, with the IR region exhibiting
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Fig. 1 Plastome maps of five Schnabelia species. The genes transcribed clockwise are shown inside of the circle while genes transcribed anti-clockwise
are shown outside. The function of genes is color-coded. The dark grey color shows the GC content whereas the light grey color indicates AT content
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Table 1 The basic characteristics of five Schnabelia plastomes
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Species name Genome LSC length (bp) SSClength IR length (bp) Gene PCGs rRNA tRNA Duplicat- GC
Size (bp) (GC content) (bp) (GC (GC content) ed genes con-
content) tent
(%)
S. oligophylla 156,944 83,567 (36.2%) 9,957 (32.8%) 31,710 (40.8%) 115 81 4 30 21 378
S. tetrodonta 156,901 83,522 (36.2%) 9,959 (32.7%) 31,710 (40.8%) 115 81 4 30 21 378
S. nepetifolia 155,733 82,952 (36.2%) 9,955 (32.6%) 31,563 (40.8%) 115 81 4 30 21 378
S. terniflora 156,839 83,627 (36.1%) 9,948 (32.6%) 31,632 (40.8%) 115 81 4 30 21 378
S. aureoglandulosa 156,866 83,756 (36.1%) 9,948 (32.6%) 31,581 (40.8%) 115 81 4 30 21 378
LB JSB ISA LA
136 bp 912 bp« 912 bp 136 bpe_
s h beh'a oh‘gophylla {1502 bp 1182 b \ 1182 b, 1502bp
CRnna
(PPS03206) 156944bp LLSC //83.567 bp[IRb //~_31,710 bp[ssc // 9.957 bp|IRa /[ 31.710bp[15C__// |
150 bp H— —— \75 bp
52 bp: 39bp 2199 bp 1211bp 911 bp ~0 bp
136 bp 912 bpe—., 912 bp 136 bpe_
s i 1502 bp 1182 b 1182 b 1502bp
. tetrodonta
(PPS03208) 156901bp [sc // 83,bp|IRb /[ 31,710 bp|S // 9.959 bo|IRa /[ 31710 bp[1sc // |
150 bp H— l—‘H—{ “33 bp
52 bp« 39bp 2199 bp 1212 bp 911 bp ~0 bp
/-—~137 bp 902 bp+ ’,,-—~902 bp 137 bp< ~
P Jandi 1501 bp 1182bp [ 1182b 1501bp
. dureogian
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. ) P oot |
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(PP503205) 156966bp |LSC // 82,652 bp|IRb /[ 31,563 bp|ssC // 9,955 bp|IRa /[ 31563 bplisc [/ |
44 bps« 39bp 2199 bp 1206 bp 901 bp ~0bp

Fig.2 Comparison of the border positions of LSC, SSC, and IR regions in the plastomes in five Schnabelia species. JLB, LSC/IRb junction; JSB, SSC/IRb junc-

tion; JLA, LSC/IRa junction; JSA, SSC/IRa junction

a higher GC content (40.8%) compared to the LSC (36.1—
36.2%) and SSC (32.6—32.8%) regions (Table 1).

The plastomes of Schnabelia species demonstrated a
high conservation in gene content and order. All five spe-
cies shared 115 unique genes, comprising 81 CDS genes,
4 ribosomal RNA genes (rRNA), and 30 transfer RNA
genes (tRNA). Among these, 21 genes were duplicated
in the IR regions, including 10 CDSs, 4 rRNAs, and 7
tRNAs (Fig. 1). Nine protein-coding genes (ndhA, ndhB,
petB, petD, atpF, rpll6, rpl2, rps16, rpoCl) contained one
intron, while six tRNA genes (trnA-UGC, trnG-UCC,
trul-GAU, trnK-UUU, trnL-UAA, truV-UAC) and three
genes (ycf3, clpP, rpl12) contained two introns. Addition-
ally, partial genes ndhF and ndhA formed at the borders
of IR regions due to IR duplication (Table S1).

Contraction and expansion of inverted repeats

Variations were evident at the IR/LSC and IR/SSC bor-
ders across the five Schnabelia plastomes (Fig. 2). The
LSC/IRb junction (JLB) was positioned between the
rps19 and rpl2 genes, with a consistent distance of 52 bp
from the boundary to rpsl9 in all species, except S.
nepetifolia (44 bp), while the distance from the bound-
ary to rpl2 ranged from 126 bp to 145 bp. The ndhF gene
spanned the IRb/SSC junction (JSB), covering 2,199 bp
in the SSC region and 39 bp in the IRb region, forming
a partial gene in IRa. The distance from JSB to ndhH was
912 bp in S. oligophylla and S. tetrodonta, and 902 bp in
the other species. The ndhA gene at the SSC/IRa junc-
tion (JSA) had 905/911 bp in the IRa region and 1,205—
1,112 bp in the SSC. The adjacent boundary to trnH
(JLA) possessed a distance of 136—145 bp to the rpl2
gene, consistent with the IRb (136 bp in S. oligophylla and
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S. tetrodonta; 145 bp in S. nepetifolia; 137 bp in S. terni-
flora and S. aureoglandulosa) (Fig. 2).

Repeat sequence analyses and SSRs

Using REPuter analysis, three types of repeat sequences
were identified, with 446 repeats detected, compris-
ing 234 forward repeats, 209 palindromic repeats, and
3 reverse repeats (Table S2). Forward and palindromic
sequences were the most common. S. aureoglandulosa
exhibited the highest number of forward repeats (42),
while S. oligophylla displayed the most palindromic
sequences (40). Repeat sequences of 30-39 bp predomi-
nated, accounting for 59.75% across the five species
(Fig. 3). MISA analysis identified 171 SSRs, with S. terni-
flora harboring the most (38) and S. tetrodonta the few-
est (31). A/T repeats were most abundant, constituting
86.55% of the total, with 93.57% of SSRs being mononu-
cleotide repeats. SSRs were predominantly located in the
intergenic spacer (IGS) region (56%), followed by CDSs
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(22%) (Fig. 4; Table S3). Distribution analysis revealed
120 SSRs in the LSC region, 5 in the SSC region, and 46
in the IR region.

Codon usage analyses

The average codon numbers for Schnabelia species
ranged from 51,911 to 52,314, with effective codon num-
bers ranging from 55.28 (S. tetrodonta) to 56.01 (S. aureo-
glandulosa). Leucine was the most prevalent amino acid
(~9.80%), while tryptophan was least abundant (~ 1.38%).
Relative synonymous codon usage (RSCU) analysis
revealed variations across species, with S. oligophylla
and S. terniflora displaying 29 codons with RSCU values
greater than 1, while S. aureoglandulosa, S. nepetifolia,
and S. tetrodonta exhibited 31. The AGA codon, encod-
ing arginine (Arg), had the highest RSCU value in all spe-
cies (Fig. 5; Table S4). Plastid genes had enriched A/T
bases at the third codon position compared to G/C, with
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the G/C content ranging from 35.6% (S. tetrodonta) to
36.5% (S. aureoglandulosa).

Selective pressure analyses
Ka, Ks, and Ka/Ks ratio values were computed for
the genes of the five plastomes (Table S5). For the 81

protein-coding genes, the highest Ka/Ks ratio of 0.84462
was detected in S. terniflora. None of the protein-coding
genes had a Ka/Ks ratio greater than 1, indicating that all
genes in these plants have undergone purifying selection
(Table S5; Fig. 6).
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Sequence polymorphism analyses

The mVISTA analysis provided insights into the global
variation among the five Schnabelia plastomes, utiliz-
ing S. oligophylla as the reference genome. Results indi-
cated a degree of similarity among these species, with
no discernible evidence of gene rearrangements. Most
sequence variations were concentrated in the large sin-
gle-copy (LSC) and small single-copy (SSC) regions,

while the inverted repeats (IRs) were comparatively more
conserved (Fig. 7). Nucleotide polymorphism values
(Pi), obtained from DnaSP v6.0, facilitated the identifica-
tion of divergence hotspots among the five individuals,
ranging from 0 to 0.045 (Table S6). Eleven divergence
hotspots (Pi>0.022) were delineated, including trnH-
GUG-psbA, truK-UUU-matK, trnK-UUU, trnG-UCC
intron, psbM, truM-CAU, trnL-UAA intron, petB-petD,
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ccsA, ndhD-psaC, ndhA intron, and ndhA-ndhH (Fig. 8).
Among these, five IGS regions (¢rnH-GUG-psbA, trnK-
Uuu-matK, petB-petD, ndhD-psaC, ndhA-ndhH) could
prove valuable in the development of genetic markers.
Our nucleotide polymorphism analysis indicated that
high-variation hotspots are primarily situated in the SSC
region.

Phylogenetic analyses

A phylogenetic tree encompassing 34 species of the sub-
family Ajugoideae was reconstructed using two meth-
ods: maximum likelihood (ML) and Bayesian inference

(BI). Phylogenetic trees generated by both methods
exhibited congruent topology and garnered robust sup-
port values. Bootstrap (BS) values and Bayesian pos-
terior probabilities (PP) were assigned to each node
(Fig. 9). The subfamily Ajugoideae segregated into four
main clades, representing four tribes, Ajugeae, Clero-
dendreae, Teucrieae and Rotheceae. The phylogenetic
analysis demonstrated that Ajugeae initially formed a
monophyletic clade with Clerodendreae (PP/BS =1/100),
which subsequently merged with Teucrieae to establish
a higher-level lineage (PP/BS=1/100). This expanded
group ultimately grouped with Rotheceae, completing
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a fully resolved monophyletic topology with maximal
statistical support (PP/BS=1/100) across all nodes. The
tribe Teucrieae comprises Teucrium and Schnabelia.
Schnabelia forms a monophyletic clade and shares the
closest relationship with Teucrium within the sampled
extent. Within Schnabelia, two clades were discerned:
one comprising S. oligophylla and S. tetrodonta, the two
original species based on traditional classification, and
the other clade encompassing three species transferred
from Caryopteris. Within Teucrium, the two subspecies
of T. stocksianum and T. mascatense formed a mono-
phyletic clade. While Rotheceae was represented by a
single taxon in our sampling, Clerodendreae formed a
strongly supported monophyletic clade (PP/BS=1/100).
The tribe Ajugeae segregated into four distinct genus-
level lineages (Ajuga, Caryopteris, Amethystea, and Pseu-
docaryopteris). A strongly supported sister relationship
(PP/BS=1/100) was recovered between Caryopteris and
Amethystea, which subsequently formed a sister clade
with Pseudocaryopteris (PP/BS=1/100). This tripartite
lineage ultimately emerged as sister to Ajuga with maxi-
mal nodal support (PP/BS=1/100). While Amethystea
and Pseudocaryopteris were each represented by single

taxa in our analysis, Caryopteris and Ajuga comprised
multiple accessions. Both multi-sampled genera formed
strongly supported monophyletic groups (Caryopteris:
PP/BS =1/100; Ajuga: PP/BS =1/100).

Fossil-calibrated molecular dating

The divergence time of Schnabelia was estimated based
on plastid CDS sequences (Fig. 10). The split between
Schnabelia ancestor and its sister genus (Teucrium) was
dated to the early Oligocene, approximately 30.24 mil-
lion years ago (Ma) (95% highest posterior density
(HPD): 19.03-42.78 Ma). The crown age of Schnabelia
was inferred to be around 12.60 Ma (95% HPD: 5.52—
19.70 Ma). Within Sect. Cylindricaulis, the divergence
time between S. nepetifolia and (S. aureoglandulosa +S.
terniflora) is estimated to be during the Late Miocene
to Pliocene, approximately 8.93 Ma (95% HPD: 3.47-
15.35 Ma), the diversification within Sect. Schnabelia was
dated back to 0.26 Ma (95% HPD: 0.042—0.50 Ma).
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Discussion

China possesses high species diversity and endemism
[47]. Schnabelia, a genus endemic to China, contain five
species each with distinct distribution, hinting at Chi-
na’s role as a “museum” or “cradle” [48]. However, there
are few studies on the evolutionary history of Schnabe-
lia, and the available molecular markers and genetic
resources are limited. All five species of the Schnabelia
have medicinal value. Recent studies of the bioactivities
of crude polysaccharides from leaves and flowers of S.
terniflora showed promising value in cosmetics industry
[49]. Climatic changes, as well as anthropogenic collec-
tion for medicinal use, pose a potential threat to their
populations, especially those of limited-distribution spe-
cies, such as S. tetrodonta and S. aureoglandulos. Here,
we sequenced the chloroplast genome of five Schnabelia
species, revealed their characteristics through compara-
tive analysis, and used plastome data for evolutionary
analyses. The polymorphic loci that we obtained will pro-
vide useful tools for population genetics and conserva-
tion study of Schnabelia in the future.

Plastome features

While plastomes are commonly utilized for plant classi-
fication, population genetics, and phylogenetic analyses,
research on the plastomes of Schnabelia is still scarce
[25], with no comparative genomic analysis conducted
on the genus. In this study, we sequenced and assembled
genomes of all five Schnabelia species (S. oligophylla, S.
tetrodonta, S. nepetifolia, S. terniflora, and S. aureoglan-
dulosa) and compared the plastomic features and varia-
tions among them. While gene loss may occur in some
plants to adapt to specific environments or changes in
nutritional modes [50, 51], no gene rearrangements or
losses were detected in Schnabelia, indicating a high
degree of conservation within the genus, likely due to
their similar morphological characteristics and habitat
preferences.

The overall GC content (37.8%) of the five plastomes is
nearly identical, which closely aligns with values reported
in other Lamiaceae plastomes [52—-54]. The SSC region
consistently exhibits the lowest GC content, which can
contribute to significant plastome structure variability
[55]. The GC content of the IR region was higher than
that of the LSC and SSC regions, a phenomenon com-
monly observed in other plants [56]. The length of the
IR regions was relatively conserved and varied between
31,563 bp and 31,710 bp across the five plastomes.
Although the contraction and expansion of the IR region
leading to length variation has been detected in many
angiosperm plastomes [57, 58], the total length variation
due to IR change was not obvious in Schnabelia.

Repetitive sequences significantly correlated with
gene rearrangements, recombination, or inversion in
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plastomes [59]. In Schnabelia, three types of repeats were
identified at similar levels: forward, reverse, and palin-
dromic, with forward repeats being the most abundant
and no gene rearrangements detected. Simple sequence
repeats (SSRs) are widespread in the genomes of eukary-
otic organisms [60], and SSRs, as molecular markers, play
an important role in population genetics analysis, such as
population genetic structure and dynamic history infer-
ence [61-63]. In this study, a total of 171 SSRs were iden-
tified in the five genomes. Most SSRs were found in the
IGS region of the LSC region. Among the detected SSRs,
A/T-type mononucleotide repeats were the most abun-
dant, consistent with other plant plastomes [64]. These
SSRs could provide valuable information for detecting
polymorphisms within and among Schnabelia species in
future population genetics studies.

Coding sequences are more conserved and are often
used in phylogenetic analyses above the genus level [21,
65]. In our study, genetic variation mainly occurred in
non-coding regions, which are widely used to investi-
gate taxonomy and molecular phylogeny at the inter-
specific level [23, 66—68]. Sliding window analysis using
DnaSP revealed 5 highly variable IGS regions, including
truH-GUG-psbA, trnK-UUU-matK, petB-petD, ndhD-
psaC, ndhA-ndhH. Insertion/deletion is prevalent in
trnH-GUG-psbA [69], and researchers have used this
region to study closely related genera and species such
as Corythophora (Lecythidaceae) [70], Saxifragaceae
[71]. In addition, truK-UUU-matK was also commonly
used for phylogenetic analysis [72]. These regions could
be targeted as DNA barcode development to assist with
identification of morphologically similar Schnabelia spe-
cies (e.g. S. terniflora and S. aureoglandulosa) or after
processing of plant material for medicinal use. Exten-
sive research is focused on developing DNA barcod-
ing from plastomes for identifying medicinal plants. For
example, Guo et al. (2023) identified 8 highly divergent
hotspot regions from the plastome for the medicinal herb
Scrophularia ningpoensis and its common adulterants
discrimination [73]. S. oligophylla and S. tetrodonta are
among the eight most effective medicines in the folklore
of Jinfoshan, Chongqing, but long-term over-exploitation
has led to the decline of wild resources [74], and it is pro-
posed that they be listed as Grade III wild endangered
protected plants [75]. To promote conservation and
sustainable utilization of plant resources, future stud-
ies could also use plastid variation hotspot regions (e.g.,
truH-GUG-psbA, truK-UUU-matK, ndhA-ndhH) to
assess the genetic diversity of Schnabelia populations in
fragmented habitats. These data can inform prioritization
for in situ conservation, especially for endemic species
with high medicinal potential but limited distribution,
such as S. tetrodonta and S. oligophylia.
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Codon usage bias is likely a result influenced by selec-
tion and mutation, which can help us better understand
the mechanisms of gene evolution [76]. More than 90%
of the codons typically terminate with A and/or T (U),
exhibiting high RSCU scores across the five plastomes.
The AGA codon encoding arginine (Arg) has the high-
est RSCU value in all five species. GC3s is correlated
with codon bias to evaluate codon usage patterns [77].
The GC3s values ranged from 35.6 to 36.5% in Schnabe-
lia, indicating a strong bias towards A/U-ending codons.
Previous research showed that CUB of the plastid genes
is related to organisms’ gene expression level and adapt-
ability to the environment [78, 79]. During the evolution-
ary process of plastomes, most genes undergo purifying
selection, while some genes experience positive selection
due to environmental adaptation [80]. In selective pres-
sure analysis, all the Ka/Ks ratios of 81 protein-coding
genes were identified as less than 1 across the five Sch-
nabelia species, suggesting that despite the different dis-
tribution areas among the five species, there hasn’t been
significant adaptive evolution in the plastid genes. All
plastid genes appear to be essential in their current habi-
tats and life forms, subject to strong purifying selection.

Phylogenetic relationships

Previous studies have examined the taxonomic posi-
tion of Schnabelia from morphology and anatomy [81,
82]. However, due to the similarity of Schnabelia to cer-
tain genera within the Verbenaceae and Lamiaceae, its
taxonomic status was once ambiguous [4]. For example,
Schnabelia shows similarities to Ajuga and Teucrium
from Lamiaceae in pollination, ovary cleavage and axil-
lary solitary flower structure. At the same time, its calyx
characteristics are much closer to Caryopteris from Ver-
benaceae [83]. Although the phylogeny and classification
of Schnabelia have been determined by researchers using
plastid gene fragments [1, 2], the use of whole chloroplast
genome sequences to ultimately confirm their robust
evolutionary relationships is still necessary. Nowadays,
Plastomes have been extensively employed for recon-
structing phylogenetic relationships instead of plastid
fragments in recent years [84]. Phylogenetic studies of
Lamiaceae using plastomes have been conducted for sub-
family and clade circumscription, but only S. oligophylla
was analyzed [18, 19]. Our present study focused on Sch-
nabelia and included all the species to reconfirm their
phylogenetic relationships. Our phylogenetic tree yielded
by ML and BI methods displayed the same topology con-
sistent with previous research [19], with all clades being
almost fully supported. Our results indicated that the
subfamily Ajugoideae contained four main clades, repre-
senting four tribes of Ajugeae, Clerodendreae, Teucrieae
and Rotheceae recently updated by Zhao et al. (2021).
Our results show that Schnabelia is encompassed within
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the tribe Teucrieae, with the species being most closely
related to Teucrium within the present sampling extent.
However, under a larger-scale sampling, a dataset of five
plastid genes demonstrated that Rubiteucris and Sch-
nabelia share the closest relationship, followed by Teu-
crium [18]. Furthermore, analyses by Zhao et al. (2021),
based on 79 shared plastid genes, corroborated the sis-
ter relationship between Rubiteucris and Schnabelia. In
the present study, the five species of Schnabelia formed
a monophyletic group, which consisted of two clades:
one including the original two species (S. oligophylla and
S. tetrodonta), and the other incorporating three species
(S. aureoglandulosa, S. nepetifolia, and S. terniflora) that
were transferred from Caryopteris. Our results are con-
sistent with a previous study using seven DNA regions
by Xiang et al. (2018). The two clades represent the two
sections of Sect. Schnabelia and Sect. Cylindricaulis,
between which obvious morphological differences exist.
Specifically, Sect. Schnabelia has winged stems, caducous
leaves, a relatively smooth nutlet surface, and an absence
of peltate glandular trichomes on the leaves. Conversely,
Sect. Cylindricaulis is characterized by a distinctly reticu-
late nutlet surface, with the calyx partially enclosing the
nutlet, and the presence of peltate glandular trichomes.

Divergence time of Schnabelia

Based on the plastid CDS sequences, the root age of
Lamiaceae we obtained (60.35 Ma) was slightly younger
than the 63.9/65.45 Ma proposed by Fonseca et al. (2021)
[85]and Yao et al. (2016) [48]. This discrepancy may be
due to the difference in the selection of fossil calibration
sites, use of plastome data and molecular clock mod-
els [86, 87]. The major diversification within Lamiaceae
occurred after the Paleocene-Eocene Thermal Maximum
(PETM, ~56 Ma), a global warming event that likely
facilitated the northward expansion of plant distributions
and triggered diversification in numerous plant lineages,
such as Koenigia [88], Styracaceae [41], and Blechnaceae
[89, 90].

Our results also indicated that the divergence of the
main Lamiaceae lineages occurred mainly after the Cre-
taceous-Paleoproterozoic (K-Pg) boundary, particularly
in the 40-50 Ma time frame [91]. This suggested that the
rapid cooling of the climate following the climatically
optimal warm conditions of the Eocene had a profound
effect on the origin of the modern diversity of Lamiaceae
[86]. The timing of Lamioideae divergence (41.23 Ma,
95% HPD: 29.32-56.78 Ma) coincides with the climate
cooling in the early Eocene, a period of habitat frag-
mentation that may have facilitated species differentia-
tion [92, 93]. The age of the crown group of Ajugoideae
(46.98 Ma, 95% HPD: 33.94-64.72 Ma), on the other
hand, supported the expansion of the warm temperate
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flora in the Eocene, corroborating the findings of Rose et
al. (2022).

The origin of Schnabelia was dated back to the early
Oligocene (30.24 Ma), accompanied by the uplift of the
Tibetan Plateau and Cenozoic climatic cooling events,
which may have facilitated the adaptive radiation of the
species through the creation of new ecological niches
and increased habitat heterogeneity [47, 90]. Further-
more, the divergence of Sect. Schnabelia and Sect. Cylin-
dricaulis can be traced back to 12.60 Ma in the middle
Miocene, corresponding to the uplift of the southeastern
margin of the Tibetan Plateau (~15-10 Ma) [94, 95].
Climate change and topographic complexity triggered
by the uplift of the Tibetan Plateau may have provided
diverse microclimatic ecological niches for the ancestral
species of Schnabelia. During the Quaternary, the inter-
play of glacial-interglacial cycles and monsoonal climate
played an important role in shaping plant diversity. Dur-
ing this period, many plant taxa have experienced a high
degree of diversification at the intraspecific level [96].
This increased monsoon variability and climatic cooling
also facilitated species formation and adaptive differenti-
ation of subtropical taxa, such as Dysosma versipellis [97]
and Tetracentron sinense [98]. The most recent differen-
tiation of Sect. Schnabelia (0.26 Ma) may be associated
with several warm and prolonged interglacials after the
mid-Pleistocene (1.2-0.8 Ma), which provided favorable
conditions for population expansion [96].

Conclusions

This study investigated the plastomes features and evolu-
tion of five Schnabelia species, revealing a certain degree
of conservation in their gene content, repeats and SSRs
numbers, and IR/SC boundary variation. Codon usage
bias across all species showed similar patterns, and
no positive selective pressure were detected on all the
protein-coding genes despite their different distribu-
tion areas. However, five IGS regions (trnH-GUG-psbA,
truK-UUU-matK, petB-petD, ndhD-psaC, ndhA-ndhH)
were identified as divergence hotspots which can serve
as potential molecular markers for species identifica-
tion. The phylogenetic tree constructed based on the
complete plastomes confirmed the systematic position
of Schnabelia within the subfamily Ajugoideae, showing
a close relationship with Teucrium and supporting two
internal lineages: one containing the original two spe-
cies and the other involving three species transferred
from Caryopteris. The middle Miocene crown age of Sch-
nabelia (12.60 Ma) implied that the divergence of Sect.
Schnabelia and Sect. Cylindricaulis could be associated
with uplift of the Tibetan Plateau and global climate cool-
ing events. Our study provided polymorphic loci and
genetic resources for future species identification, popu-
lation genetics research, genetic diversity estimation, and
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conservation of Schnabelia. The divergence time estima-
tion of Schnabelia provided insights into Schnabelia’s
endemism and evolutionary history in China. However,
to infer the genetic diversity and a more informative evo-
lutionary history of this Chinese endemic genus, further
population genetics studies based on large-scale sam-
pling are necessary in the future.
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