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ARTICLE INFO ABSTRACT

Edited by Bingye Xue Nepeta nuda L., a medicinally significant member of the Lamiaceae family, exhibits diverse bioactive compounds
and ecological adaptability, yet its chloroplast (cp) genome remained uncharacterized, limiting phylogenetic and
evolutionary insights. This study aimed to sequence and annotate the complete cp genome of N. nuda, compare
its structural and evolutionary features with those of eight congeneric species, and identify potential molecular
markers for species discrimination. Using high-throughput Illumina sequencing, we assembled a 152,195 bp
quadripartite cp genome encoding 131 functional genes, including key photosynthesis-related and self-
replication genes. Comparative analyses revealed distinct codon usage biases (A/U preference), moderate sim-
ple sequence repeats (SSR) diversity (18 loci), and hypervariable regions (e.g., ycfl, matK, rpl32-trnL-UAG)
suitable for phylogenetic markers. Positive selection signals were detected in seven genes (e.g., matK, ycfI,
rpoC1), suggesting adaptive evolution. Inverted repeat (IR) boundary analysis showed conserved synteny but
lineage-specific variations, while Mauve alignments highlighted a 20 kb deletion in most Nepeta species except
N. stewartiana and N. laevigata. Phylogenomic reconstruction positioned N. nuda within a monophyletic Nepeta
clade, closely related to N. hemsleyana, and resolved anomalous placements (e.g., N. cataria clustering with
Ocimum). The ycfl marker outperformed matK in species-level resolution, though whole-genome analysis pro-
vided superior nodal support. These findings enrich genomic resources for Nepeta, clarify evolutionary re-
lationships, and identify candidate markers for species identification, with implications for conservation,
taxonomy, and medicinal applications leveraging the species' adaptive traits.
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(Petrova et al., 2022). Additionally, N. nuda is distributed throughout
Iran, where populations exhibit various nepetalactone stereoisomers

1. Introduction

Nepeta nuda L. belongs to the Lamiaceae family, specifically to the
subfamily Nepetoideae and tribe Mentheae, which comprises the largest
number of genera and species within Nepetoideae and Lamiaceae
(Acimovic et al., 2020). This perennial herbaceous plant is characterized
by numerous erect stems that can grow 50 to 100 cm tall, with oblong-
lanceolate lower leaves and ovate upper leaves. Its flowers are organized
in lax or dense spike-like verticillasters that bloom from June to August,
depending on the altitude (Ac¢imovic et al., 2022; Ac¢imovic et al., 2020).
Nepeta nuda exhibits a wide geographical distribution across Europe and
Asia, naturally growing in forest clearings, meadows, and ruderal hab-
itats alongside roads at montane and subalpine altitudes up to 2100 m,
often dominating other species in the surrounding area (Acimovic et al.,
2020; As'ov, 2006; Petrova et al., 2022). In Bulgaria, it is found in all
floristic regions up to 1900 m a.s.l. and is known as “naked (or hairless)
catmint,” referring to its naked or sparse short hairy stem and leaves
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that constitute a large proportion of their essential oils (Narimani et al.,
2017).

Nepeta nuda possesses significant medicinal properties that have
been utilized in traditional folk medicine. It is traditionally used to
remedy gastrointestinal problems, respiratory diseases, cystitis, prostate
gland inflammation, dysmenorrhea, and to treat wounds and mastitis.
Studies have demonstrated that extracts of N. nuda exhibit antiviral,
antioxidant, antibacterial, antiparasitic, and anticancer properties (fla-
vonoids and phenolic acids) (Alim et al., 2009; Angelova et al., 2016;
Gormez et al., 2013; Kabalay et al., 2018; Sarikurkcu et al., 2018).
Phytochemical analyses identify two major classes of bioactive com-
pounds: iridoids (including nepetalactones, 1,5,9-epi-deoxyloganic acid,
and nepetariaside) and phenolics (particularly rosmarinic acid and fla-
vonoids), which collectively exhibit antioxidant, antimicrobial, and
antiviral properties. Essential oil profiles vary considerably among
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Fig. 1. Circular representation of the Nepeta nuda chloroplast genome. The map, constructed using OGDRAW, displays the quadripartite structure with annotated
genes color-coded by functional category. Outer rings indicate gene positions in the large single-copy (LSC), small single-copy (SSC), and inverted repeat (IR) regions.

populations, with four distinct chemotypes recognized: 1) 1,8-cineole-
dominant, 2) nepetalactone-rich, 3) mixed (germacrene D/1,8-
cineole/nepetalactone), and 4) non-specific chemotypes. Notably,
environmental factors strongly influence volatile composition, with
temperature positively correlating with 1,8-cineole accumulation while
negatively affecting nepetalactone production. Organ-specific metabolic
profiling reveals higher constitutive levels of defensive compounds in
inflorescences compared to leaves, suggesting prioritized resource
allocation to reproductive structures (Acimovic et al., 2022; Anicic¢ et al.,
2021; Jamzad et al., 2003; Petrovi¢ et al., 2024).

As mentioned, the genus Nepeta exhibits significant diversity, with
numerous species having medicinal and ecological importance. Accu-
rate identification and phylogenetic analysis of these species are crucial

for understanding their evolutionary relationships and potential appli-
cations. In this regard, cp genome serves as a powerful tool for species
identification and phylogenetic studies due to its high conservation,
maternal inheritance, and moderate mutation rate (Tonti-Filippini et al.,
2017). The cp genome is a circular, double-stranded DNA molecule
typically ranging from 120 to 160 kb in size, characterized by a quad-
ripartite structure consisting of a large single-copy (LSC) region, a small
single-copy (SSC) region, and two inverted repeat (IR) regions (Akrami
et al., 2025; Soorni and Golchini, 2025). It encodes essential genes
involved in photosynthesis, transcription, and translation, making it a
valuable resource for evolutionary and phylogenetic studies. Due to its
conserved nature, the cp genome is widely used in species identification,
population genetics, and resolving taxonomic uncertainties.
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Fig. 2. The bar plot of the Relative Synonymous Codon Usage (RSCU) values for each amino acid of N. nuda. Codons are color-coded, and their corresponding amino

acids are labeled below the plot.

Additionally, hypervariable regions within the cp genome can serve as
molecular markers for distinguishing closely related species (Daniell
et al., 2016; Dobrogojski et al., 2020; Zhang et al., 2023).

Several Nepeta species have had their cp genomes sequenced,
providing insights into their genetic structure and evolutionary re-
lationships. For instance, Nepeta bracteata possesses a cp genome of
151,588 bp, with 130 genes, including 87 protein-coding genes and 35
tRNA genes (Chen et al., 2024). Comparative analysis revealed hyper-
variable regions such as ndhH-rps15 and trnH-GUG-psbA, which could
serve as molecular markers for species identification (Chen et al., 2024).
Similarly, Nepeta cataria has a cp genome of 152,339 bp, encoding 132
genes, and phylogenetic analysis indicated its close relation to Callicarpa
nudiflora (Zhou et al., 2020). Another study on N. cataria reported a
slightly larger cp genome (153,526 bp) and identified its close phylo-
genetic relationship with Nepeta racemosa (Luo, 2019).

Additionally, multiple Nepeta species from Tibet have been
sequenced, including Nepeta dentata, N. hemsleyana, N. laevigata, and
N. thomsonii. These species exhibit typical quadripartite cp genome
structures, with sizes ranging from 151,893 bp (N. hemsleyana) to
152,312 bp (N. dentata). All four species contain 88 protein-coding
genes, 37 tRNA genes, and 8 rRNA genes, consistent with other Lam-
iaceae members. Phylogenetic analyses suggest close evolutionary re-
lationships among these species, with N. dentata and N. laevigata forming
a distinct clade, while N. hemsleyana and N. thomsonii exhibit slight di-
vergences in gene arrangement (Niu et al., 2023).

Despite the availability of cp genome data for several Nepeta species,
N. nuda remains unsequenced, creating a gap in understanding its

phylogenetic placement and genetic distinctiveness. To address this, we
sequenced the complete cp genome of N. nuda and conducted compar-
ative analyses with other Nepeta species. Our findings contribute to the
genomic resources of the genus and provide insights into the evolu-
tionary relationships and potential medicinal applications of N. nuda.

2. Material and methods
2.1. DNA isolation, sequencing, assembly, and annotation of cp genome

Fresh leaf specimens from N. nuda were collected from Heris County,
East Azerbaijan, Iran. No specific permissions were required for the
collection of these plant samples. The plant material was formally
identified and is available at the Herbarium of the Ferdowsi University
of Mashhad (FUMH) under voucher number of 6302. Genomic DNA was
extracted from 100 mg of flash-frozen tissue using the DNeasy Plant Mini
Kit (QIAGEN, Germany), followed by stringent quality assessment via
1% agarose gel electrophoresis and NanoDrop 2000c spectrophotometry
(A260/A280 > 1.8; A260/A230 > 2.0). High-purity DNA was processed
into Illumina TruSeq libraries (350 bp inserts) and sequenced on a HiSeq
2000 platform (2 x 150 bp paired-end reads). Raw reads were quality-
filtered wusing FastQC (https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/) and Trimmomatic (Bolger et al., 2014), then
assembled into complete cp genomes via GetOrganelle v1.7.7.1 (Jin
et al., 2020a), with assembly validation performed in Bandage (Wick
et al., 2015). Annotation was conducted using CPGAVAS2 (Shi et al.,
2019), and GeSeq (Tillich et al., 2017), while circular genome
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Fig. 3. Comparative analysis of simple sequence repeat (SSR) characteristics across Nepeta species. Bubble plot showing the abundance and average length of SSRs
categorized by repeat motif type (x-axis) and genomic location (facets). Each bubble represents a specific SSR type within a species, with bubble size proportional to
SSR frequency and color intensity (viridis scale) indicating mean repeat length (bp). Color gradients highlight species-specific differences in average SSR length, with

warmer tones indicating longer repeats.

visualizations were generated with OGDRAW (Greiner et al., 2019).

2.2. Genome feature characterization

Synonymous codon preference was evaluated through Relative
Synonymous Codon Usage (RSCU) analysis, with calculations performed
in MEGAG6 (Tamura et al., 2013) and subsequent visualization of codon
bias patterns achieved through the RSCU-Plot Shiny app (https://pc
g-lab.shinyapps.io/RSCU-Plot/)(Akrami et al., 2025; Diani Gohar and
Soorni, 2025; Hejazi et al., 2025; Soorni and Golchini, 2025). Micro-
satellite identification was performed using CPStools (Huang et al.,
2024), with the following parameters: mononucleotide repeats required
>10 units, dinucleotide repeats >6 and trinucleotide repeats >5 units,
while tetra-, penta-, and hexanucleotide motifs required >4 repeat units.

2.3. Sequence divergence and selective pressure analysis

To assess sequence polymorphism across coding regions, we
computed nucleotide diversity (Pi) values for all annotated genes using
specialized cp genome analysis software, CPStools (Huang et al., 2024).
Besides, selective pressure on consensus protein-coding genes across
nine Nepeta species genomes was assessed using the EasyCodeML soft-
ware (Gao et al., 2019). Site models were employed to compare four
model pairs (MO vs. M3, M1a vs. M2a, M7 vs. M8, and M7a vs. M8a), and
likelihood ratio tests (LRTs) were conducted with a significance
threshold of p < 0.05. The ratio of nonsynonymous (Ka) to synonymous

(Ks) substitutions (denoted as ®) was calculated for each gene. The
resulting o values, in conjunction with LRT outcomes, were used to infer
patterns of selective pressure acting on specific amino acid sites.

The integrated analyses of SSR distribution patterns, nucleotide
polymorphism landscapes, and positive selection analysis were con-
ducted through comparative examination of eight additional complete
cp genomes representing distinct Nepeta species: N. bracteata
(0Q689450), N. dentata (OP186463), N. laevigata (OP186465),
N. stewartiana (MT733874), N. thomsonii (OP186466), N. cataria
(MT663220), N. hemsleyana (MW387500), and N. tenuifolia
(NC_053707), which were retrieved from NCBI's Organelle Genome
Resources database to enable systematic evaluation of genomic struc-
tural variation and evolutionary dynamics across the genus.

2.4. Comparative structural analysis of Nepeta cp genomes

A comprehensive comparison of nine Nepeta cp genomes was con-
ducted to assess structural variations at the genomic level. The expan-
sion and contraction dynamics of inverted repeat (IR) regions, including
LSC, IRb, SSC, and IRa, were analyzed and visualized using IRScope
(Amiryousefi et al., 2018), with particular attention to the four junction
points (JLB, JSB, JSA, and JLA) between IR and single-copy regions. To
further evaluate genome architecture, the Mauve alignment algorithm
(Darling et al., 2004) was employed to detect structural rearrangements
and assess collinearity, revealing conserved synteny while identifying
potential lineage-specific inversions or shifts in gene order. This dual-


https://pcg-lab.shinyapps.io/RSCU-Plot/
https://pcg-lab.shinyapps.io/RSCU-Plot/

F.A. Hejazi and A. Soorni

0.12

0.08

0.04

Nucleotide Diversity (Pi)

0.00

Gene

Plant Gene 46 (2026) 100581

/-

IGS

Region Type

Fig. 4. Comparative analysis of nucleotide diversity (Pi) in Nepeta chloroplast genomes. Boxplots depict Pi values for coding genes (blue) and intergenic spacer
regions (IGS; orange), with jittered points showing individual values. The top and bottom three most extreme values for each region type are labeled with feature
names and exact Pi values. White diamonds indicate mean diversity values. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

method approach provided robust insights into the evolutionary dy-
namics shaping Nepeta cp genomes, highlighting both conserved fea-
tures and structural divergence that may underlie functional adaptation.

2.5. Phylogenetic reconstruction and marker evaluation

To resolve evolutionary relationships within Nepeta, we performed
phylogenetic analyses following established methodologies (Akrami
et al., 2025; Soorni and Golchini, 2025). Whole cp coding sequences
from our sequenced taxa were combined with publicly available ge-
nomes from representative Lamiaceae genera (Salvia, Mentha, Lav-
andula, Thymus, Origanum, Ocimum, and Teucrium), using Ajuga bracteosa
as the outgroup. Sequence alignment was conducted with MUSCLE
v3.8.1551 (Edgar, 2004) under default parameters, followed by refine-
ment using trimAl v1.4 (Capella-Gutiérrez et al., 2009) to eliminate
ambiguously aligned regions (retention threshold: 95% site occupancy;
minimum sequence similarity: 0.1%). The curated alignments were
concatenated into a supermatrix using SequenceMatrix (Vaidya et al.,
2011). Maximum likelihood inference was implemented in IQ-TREE
(Nguyen et al., 2015) with the GTR + I' model, selected via Model-
Finder, and nodal support was assessed with 1000 ultrafast bootstrap
replicates. The final topology was visualized and annotated in iTOL
(Letunic and Bork, 2021). To evaluate the discriminatory power of hy-
pervariable markers, we extracted matK and ycfl loci from the same
taxonomic sampling. These regions were analyzed using identical
alignment and phylogenetic protocols to assess their resolution at
various taxonomic levels.

3. Results
3.1. Cp genome assembly and annotation

The cp genome of N. nuda was fully assembled, revealing a typical
quadripartite structure with a total length of 152,195 bp, consisting of a
LSC region (83,380 bp), a small SSC region (17,585 bp), and two IR
regions (IRa/IRb, each 25,615 bp)(Fig. 1). Genome annotation identi-
fied 131 functional genes, including 85 protein-coding genes, 8 ribo-
somal RNAs (rRNAs), and 36 transfer RNAs (tRNAs), along with two
genes containing intronic sequences (ndhB, rpl2 duplicated in IR re-
gions). Photosynthesis-related genes constituted the largest functional
category, comprising five subunits of photosystem I (psaB, psaA, psal,
psaJ, psaC), 15 subunits of photosystem II (psbA-psbN), 12 NADH de-
hydrogenase genes (ndhA-ndhK), six cytochrome b/f complex compo-
nents (petA-petl), and six ATP synthase genes (atpA-atpl). Self-
replication machinery included ribosomal proteins (rpl, rps), RNA po-
lymerase subunits (rpoA-rpoC2), and rRNA/tRNA genes. Additionally,
several other essential genes were identified, such as the maturase matK,
protease clpP, and conserved open reading frames (ycfI-ycf4). Notably,
ycfl and ycf2 were duplicated in the IR regions, while trmE-UUC and
trnM-CAU exhibited multiple copies.

3.2. Genomic feature comparison

The RSCU analysis of N. nuda revealed distinct codon preference
patterns, with a strong bias toward A/U-ending codons across most
amino acids (Fig. 2). The species showed particularly high preference for
AUU (Ile, RSCU = 1.52), UUA (Leu, 1.94), and ACU (Thr, 1.61), while
strongly avoiding C-ending codons like CUC (Leu, 0.36), GGC (Gly,
0.47), and UGC (Cys, 0.49). Stop codon usage favored UAA (1.67) over
UAG (0.69) and UGA (0.63).
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Table 1
The results of positive selective pressure analysis in M7 vs. M8 model.

Gene LnL ® LRT p-
(M8) value

Positively Selected Sites

matK —3110.78 10.56 2.84E- 46 P 0.698,81 L 0.948,92 Q
07  0.548,180 V 0.644,189 L 0.580,203
G 0.501,280 R 0.714,301 R
0.735,308 E 0.618,310 G 0.941,329
$0.634,34010.728,365 L
0.604,392C 0.733,457 L.0.675,476 Q
0.745,485 L 1.000%*,486 R 0.998**
9.49E- 169 R 0.925,170 R 0.900,183 A
05  0.999%*%,190 V 0.786,191 Q 0.633
1.19E- 15V 0.651,72 V 0.505,97 S
03  0.598,106 T 0.931,123 L 0.531,235
A 0.791,317 R 0.706,463 K
0.920,502 S 0.856,514 Q 0.781,520
G 0.699,521 M 0.916,523 R
0.952%,535 A 0.979%,536 L
0.667,571 F 0.548,579 V 0.596,585 L
0.581,652 N 0.855,682 T 0.681,699
V 0.759,710 N 0.583,722 F 0.698
3.40E- 276 E 0.508,352 K 0.533,354 S
08  0.993**,355 F 0.940,356 F
0.526,417 V 0.597,444 T 0.584,492
Vv 0.618,52210.545,537 P 0.744,576
P 0.635,580 P 0.642,596 G
0.681,599 K 0.984*,600 I 0.746,601
N 0.637,617 N 0.510,620 S
0.811,633 W 0.655,673 T 0.596,674
E 0.569,754 V 0.748,899 S
0.626,918 W 0.651,980 I 0.544,981
G 0.723,1033 R 0.646,1035 W
0.668,1107 S 0.645,1116 1
0.554,1166 S 0.900,1284 L
0.997**,1287 Q 0.668,1288 R
0.586,1324 N 0.992**,1370 T
0.520,1382H 0.730,1398 P
0.628,1481 S 0.905,1533H
0.625,1544 R 0.606,1546 S
0.610,1564 Q 0.740,1566 E
0.566,1712 T 0.509,1716 D 0.962*
4.30E- 145V 0.978*,209 D 0.722,421 Q
06  0.798,433 K 0.755,473 V 0.743
6.47E- 1 M 0.939,148 G 0.603,261 Q
03  0.734,411 G 0.708,412 R 0.688
5.68E- 26 L 0.987*,98 L 0.912
03

ccsA —1944.64 10.32

ndhF —4596.21 3.17

yefl -12,623.47  7.75

rpoCl1 —3530.37 42.14
ndhD —2644.06 7.43

ndhC —545.52 6.13

*: means P < 0.05, **: means P < 0.01.

The analysis of SSRs in the cp genomes of nine Nepeta species
revealed distinct patterns of SSR distribution, with mononucleotide A/T
repeats being the most abundant, followed by dinucleotide and trinu-
cleotide motifs, predominantly located in intergenic spacer regions
(IGS), with fewer occurrences in introns and coding sequences (Fig. 3).
Notably, N. nuda exhibited a moderate SSR frequency (18 loci) charac-
terized by predominant A/T repeats, including a T11 in the rpoC2 gene -
a conserved hotspot across species - and a T10 in the atpB gene, mir-
roring patterns observed in N. cataria and N. dentata. While the rpl32-
trnL-UAG locus displayed compound T/G repeats in N. hemsleyana and
N. dentata, N. nuda featured a simpler A1l motif, indicating lower
variability at this locus. Unique to N. nuda was a G10 repeat in the
petB_1-petB_2 intron, shared only with N. bracteata's C15 repeat in psbZ-
trnG-GCC, and an extended T15 repeat in rpl32-trnL-UAG, distinguishing
it from other species, which typically had shorter repeats (T10-T12) at
this locus.

3.3. Sequence divergence and selective pressure analysis

Analysis of nucleotide diversity (Pi) across nine Nepeta species revealed
pronounced heterogeneity in sequence variation among cp genes and IGSs
(Fig. 4). Among genes, ycf1 (Pi = 0.0426) and matK (Pi = 0.0362) showed
the highest diversity, consistent with their known roles in adaptive evolution,
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while ribosomal genes (e.g., rps3, Pi = 0.0240) and photosystem components
(e.g., psbA, Pi = 0.0075) were more conserved. Notably, tRNA genes (e.g.,
trnH-GUG, Pi = 0) and some critical housekeeping genes (e.g., rbcL, Pi =
0.0132) exhibited minimal variation, likely due to functional constraints.
The IGS regions exhibited significantly higher diversity (mean Pi = 0.038 +
0.019) compared to coding genes (mean Pi = 0.014 + 0.009), with the most
polymorphic IGS being rpl32-trnL-UAG (Pi = 0.0805), ccsA-ndhD (Pi =
0.0903), and ndhG-ndhl (Pi = 0.0830), suggesting these regions as potential
hotspots for evolutionary divergence. The elevated diversity in IGS regions
and select genes (ycf1, matK) underscores their utility for phylogenetic and m
Figure 1population genetic studies in Nepeta, while conserved loci may serve
as robust markers for deeper evolutionary comparisons.

The analysis of 77 cp genes across nine Nepeta species revealed seven
genes exhibiting strong signatures of positive selection (P < 0.01),
characterized by elevated ® (dN/dS) ratios and multiple sites under
diversifying selection (Table 1). The maturase K gene (matK) showed the
strongest evidence (® = 10.56, P = 2.84 x 1077), with 18 positively
selected sites including two with near-certain probability (485 L, 486R),
suggesting adaptive evolution in this RNA splicing-related gene. The
ycf1 gene (o = 7.75, P = 3.40 x 107%) displayed particularly widespread
selection with 34 sites under positive selection, including three with
extremely high probability (354S, 1284 L, 1324 N). The ccsA gene (o =
10.32, P = 9.49 x 107°) showed strong selection at site 183 A, poten-
tially affecting cytochrome c¢ biogenesis. Among NADH dehydrogenase
genes, ndhF (o = 3.17) and ndhD (® = 7.43) contained multiple selected
sites (523R, 535 A in ndhF; 1 M* in ndhD), while ndhC showed two
highly significant sites (26 L, 98 L). The RNA polymerase subunit rpoC1
exhibited an exceptionally high o value (42.14, P = 4.30 x 10~%) with
strong selection at 145 V**, indicating potential adaptive changes in
transcriptional regulation.

3.4. IR region expansion and contraction in cp genomes

The boundaries of IR regions in cp genomes are known to be dynamic
and play a critical role in genome size variation and structural evolution
among angiosperms. In the present analysis of nine Nepeta species, IR
boundary dynamics were examined by comparing the positions of genes
at the four junctions: LSC/IRb (JLB), IRb/SSC (JSB), SSC/IRa (JSA), and
IRa/LSC (JLA), with particular attention to the behavior of ycf1, ndhF,
rps19, rpl2, trnN-GUU, and trnH-GUG (Fig. 5).

Across all Nepeta species, several conserved features were observed.

The gene ndhF consistently spans the JSB boundary, with a minor
portion (32-76 bp) located in IRb and the majority (~2156-2200 bp) in
the SSC region. Similarly, all species possess a ycf1 gene located at the
JSA boundary, with the majority of the gene (~4480-4494 bp) in SSC
and a smaller portion (~1056-1100 bp) extended into IRa. Further-
more, the trnN-GUU gene was uniformly located within IRa in all spe-
cies, at a conserved distance from JSA (~1384-1430 bp), suggesting
stability in the IRa extension. The trnH-GUG gene was also consistently
located just inside the LSC downstream of JLA, at a narrow range of
distances (5-13 bp), except for N. laevigata, where it was not detected,
potentially due to annotation limits or real absence. Despite this general
conservation, species-specific differences highlight the subtle expansion
or contraction of IR boundaries. Notably, N. bracteata, N. cataria, and
N. nuda lacked a duplicated ycf1 pseudogene at JSB, whereas all other
species exhibited partial duplication of ycfI in IRb (~1056-1179 bp),
indicating variation in IRb expansion. In species like N. dentata,
N. hemsleyana, N. stewartiana, and N. thomsonii, this duplicated segment
reflects a typical IR expansion pattern resulting in ycfl pseudogene
formation. Boundary variation is also evident at the JLB junction. In
most species, rps19 spans the LSC/IRb boundary, with ~234-238 bp in
LSC and ~ 41-45 bp in IRb. However, N. tenuifolia uniquely has rps19
entirely in LSC, separated by a 67 bp gap from IRb. Similarly, rpl2 is
typically located ~102-107 bp from the JLB, but some structural vari-
ations were observed: N. laevigata lacks rpl2 and rps19 at the junction,
instead containing rpl22 with a 112 bp gap to IRb, and N. hemsleyana and
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N. stewartiana feature duplicated or missing rpl2 within IRa, suggesting
IR recombination or gene loss.

Among all species, N. nuda exhibits a moderate and stable IR
configuration, lacking the ycfI pseudogene at JSB but maintaining all
other standard boundary features. It shares most of its IR structural
characteristics with N. bracteata and N. cataria, indicating a common
pattern of IR contraction relative to the other taxa.

3.5. Structural analysis of cp genomes in Nepeta species

Comparative analysis of locally collinear blocks (LCBs) and gene
order conservation in the cp genomes of Nepeta and related species

revealed strong overall synteny (Fig. 6). Using the progressive alignment
algorithm in Mauve, we identified a single large conserved collinear
block (>150 kb) in all species. However, a notable terminal region
(~130-150 kb) within this block is present only in N. stewartiana and
N. laevigata, but absent in the other Nepeta species examined. This
pattern suggests a lineage-specific deletion of approximately 20 kb in
most Nepeta species, while N. stewartiana and N. laevigata retained the
ancestral structure. Overall, the cp genomes show high conservation in
gene order, punctuated by this terminal variation.
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3.6. Phylogenetic relationships

The phylogenetic reconstruction based on complete cp genome se-
quences elucidated the evolutionary relationships among Nepeta species
and related Lamiaceae taxa (Fig. 7). N. tenuifolia emerged as an early-
diverging lineage, positioned as sister to all other examined Nepeta
species. A strongly supported monophyletic clade (100% bootstrap)
comprised N. bracteata, N. laevigata, N. stewartiana, N. thomsonii,
N. nuda, N. hemsleyana, and N. dentata, with N. bracteata and N. laevigata
forming a distinct sister pair. The phylogenetic placement of N. cataria
outside the core Nepeta clade, instead clustering with Ocimum species,
suggested either convergent evolution or the need for taxonomic
reevaluation of this species. Comparative analysis revealed that Nepeta
species showed closer phylogenetic affinity to Ocimum, Lavandula, and
Salvia than to Mentha or Thymus, providing new insights into the com-
plex evolutionary history of Lamiaceae.

To evaluate the potential of matK and ycfl as DNA barcodes for
species discrimination and phylogenetic reconstruction, we performed
separate maximum-likelihood analyses using these highly variable cp
markers (Fig. 8). Both genes generally supported the monophyly of
major genera, though their resolution for species-level relationships
within Nepeta showed notable differences compared to the whole cp
genome phylogeny.

The matK-based tree placed N. tenuifolia in a derived position, sister
to a clade containing N. dentata, N. hemsleyana, and a subclade
comprising N. bracteata/N. laevigata and N. stewartiana/N. thomsonii,
albeit with moderate bootstrap support (50-98%). Of particular interest,
N. nuda occupied an intermediate position (61% support) between these
groups, suggesting a potential transitional evolutionary role. In contrast,
the ycfl phylogeny provided stronger support (100% bootstrap) for
N. nuda as a distinct lineage closely related to N. hemsleyana, better
matching the whole-genome topology.

Both markers consistently placed N. cataria outside the core Nepeta
clade, clustering it with Ocimum species (57-88% support), reinforcing
observations from the whole-genome analysis. The ycf1 tree showed
superior resolution for Nepeta relationships overall, particularly for our
focal species N. nuda, though neither single-gene analysis fully repli-
cated the robust nodal support of the complete cp genome.

These results demonstrate that while ycf1 performs better than matK
for resolving Nepeta phylogeny, particularly for key species like N. nuda,
multi-gene approaches remain preferable for comprehensive phyloge-
netic reconstruction. The persistent anomalous placement of N. cataria
across all analyses suggests this species may require taxonomic re-
evaluation or additional genomic investigation to clarify its evolu-
tionary history.

4. Discussion

The cp genome of N. nuda exhibited a typical quadripartite structure,
consistent with other Nepeta species, including N. bracteata, N. cataria,
N. hemsleyana, and N. dentata (Bautista et al., 2022; Chen et al., 2024;
Niu et al., 2023; Zhou et al., 2020). This structural conservation is a
hallmark of land plant chloroplast genomes, as demonstrated by
extensive comparative studies in Lamiaceae and other angiosperms
(Daniell et al., 2016; Jansen et al., 2007). The minimal length variation
among these species underscores the strong evolutionary constraint on
plastid genome architecture, a phenomenon attributed to the essential
roles of chloroplasts in photosynthesis and other metabolic processes
(Ruhlman et al., 2010). However, subtle differences in the size of IR
regions and single-copy (SC) regions contribute to these variations,
likely due to expansion/contraction events at IR boundaries (Chen et al.,
2024; Niu et al., 2023). Such structural dynamics are common in plastid
genomes and have been extensively documented in Lamiaceae, where IR
boundary shifts are often lineage-specific (Du et al., 2022; Parks et al.,
2009; Qian et al., 2013; Soorni and Golchini, 2025; Wolf et al., 2011).
For example, the contraction of IR regions into SSC regions has been
linked to the loss or pseudogenization of ycfI in some lineages, a pattern
observed across diverse plant families (Jin et al., 2020b; Wang et al.,
2018).

The cp genome of N. nuda encodes 131 functional genes, a count
consistent with the range observed in congeneric species (N. bracteata:
130; N. cataria: 132) (Chen et al., 2024; Zhou et al., 2020). These subtle
interspecific variations in gene content reflect pervasive evolutionary
dynamics shaping plastome architecture across Lamiaceae. Three pri-
mary mechanisms likely underlie these discrepancies: IR boundary
shifts, lineage-specific gene losses, and annotation heterogeneity. IR
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Fig. 7. Phylogenetic tree of 50 cp genomes, including 9 Nepeta species and other species such as Salvia, Thymus, Menthia, Lavandula, Origanum, Ocimum, and one
outgroup (A. bracteosa), reconstructed using maximum likelihood in IQ-TREE under the GTR + Gamma model. The highlighted region emphasizes the position and
relationships of the sample sequences from this study, illustrating their clustering with closely related species. Branch support was assessed with 100 boot-

strap replicates.

expansions or contractions, well-documented in related genera (Daniell
etal., 2016; Wang et al., 2017), can alter gene copy numbers through the
duplication or truncation of boundary-spanning genes (e.g., rps19 or
ycf1). According to our results, ycf1 and ycf2 were frequently duplicated
in IR regions, while rps19 and rpl2 exhibited lineage-specific shifts across
species. These findings align with broader studies on plastid genomes,
which highlight the role of ycf1 as a hypervariable marker for species
discrimination due to its high substitution rates and structural vari-
ability (Dong et al., 2015). For instance, Salvia species exhibit IR-
mediated variation in ndhF and ycfl positioning, directly impacting
gene tallies (Akrami et al., 2025; Du et al., 2022). Similarly, in Mentha
aquatica, the partial extension of rps19 into the IRb region results in its

duplication, whereas its complete localization within the LSC in
M. canadensis yields a single copy (Soorni and Golchini, 2025; Zubair
Filimban et al., 2022). Beyond structural rearrangements, gene loss and
pseudogenization contribute significantly to observed variation. Non-
essential genes (e.g., ndh subunits, accD) are frequently lost or
rendered nonfunctional, as demonstrated in IRLC legumes and Trifolium
(Cai et al., 2008; Sabir et al., 2014; Sveinsson and Cronk, 2014).
Although Nepeta species maintain photosynthetic competence, the
absence of specific tRNA or ribosomal protein genes (e.g., rpl23) in some
taxa may reflect nuclear relocation of plastid-targeted proteins, a phe-
nomenon documented in legumes. Additionally, discrepancies in gene
annotation, particularly for hypothetical ORFs (ycf genes) and short
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tRNA sequences, can artificially inflate or reduce counts. For example,
variable ycf1 annotation due to fragmentation in draft assemblies has led
to inconsistent reporting across studies (Turudic et al., 2023; Xiao-Ming
et al., 2017), while tRNA duplications (e.g., trnE-UUC triplication in
Satureja khuzestanica) may be overlooked by automated pipelines. The
131-132 gene range in Nepeta aligns with trends in derived Lamiaceae
lineages (e.g., Mentha: 132; Satureja: 128-130) but represents a reduc-
tion compared to early-diverging angiosperms (~140 genes), suggesting
progressive genome streamlining. This pattern mirrors observations in
other Nepetoideae genera, potentially linked to ecological specialization
(e.g., drought adaptation in N. cataria)(Chen et al., 2024). However, the
retention of IRs distinguishes Nepeta from radically reduced plastomes
(e.g., IRLC legumes), implying that non-IR mechanisms, such as small
deletions or relaxed selection on noncoding regions, drive its modest
gene loss.

The presence of positive selection in matK, ycf1, rpoC1, ndhF, ndhD,
ndhC, and ccsA genes indicates that adaptive evolution has acted on
functionally important regions of cp genome in N. nuda. Several of these
genes (ndhC, ndhD, and ndhF) encode subunits of the NADH dehydro-
genase-like complex, which is involved in cyclic electron flow and
photoprotection, suggesting that selection may be associated with
adaptation to variable environmental conditions. The ccsA gene plays a
key role in cytochrome c¢ biogenesis and efficient electron transport,
while rpoC1, a core subunit of the plastid RNA polymerase, may be
subject to selection due to its role in regulating cp gene transcription. In
addition, matK, a maturase involved in intron splicing, and ycf1, a highly
variable and essential chloroplast gene, have frequently been identified
as targets of positive selection in angiosperms (Carbonell-Caballero
et al., 2015; Wang et al., 2024; Yang et al., 2022). Collectively, these
results suggest that selection on genes related to photosynthesis, tran-
scriptional regulation, and RNA processing has contributed to the
evolutionary diversification of N. nuda within the Lamiaceae family
(Akrami et al., 2025; Diani Gohar and Soorni, 2025; Hejazi et al., 2025).

The nucleotide diversity analysis revealed hypervariable regions

10

(ycfl, matK, rpl32-trnL-UAG) in N. nuda. The superior discriminatory
power of ycfl and matK has been previously demonstrated in multiple
plant groups, reinforcing their utility as core barcodes. The extensive
variability in ycfI likely stems from the gene's large size and relatively
relaxed selective constraints compared to core photosynthetic genes.
While the full-length ycfl sequence (approximately 5-6 kb) presents
practical challenges for standard barcoding applications, targeted
sequencing of its most variable regions (particularly the 3’ end) has
proven effective for resolving closely related species (Dong et al., 2015).
The matK gene also demonstrated significant variability, reinforcing its
status as one of the core plant DNA barcodes. As a maturase involved in
group II intron splicing, matK appears to tolerate a higher degree of
sequence variation than genes involved in core photosynthetic func-
tions. This pattern of constrained functionality coupled with elevated
substitution rates makes matK particularly valuable for phylogenetic
reconstruction at intermediate taxonomic levels. Our findings in N. nuda
mirror those reported for other Lamiaceae genera, including Mentha
(Zubair Filimban et al., 2022) and Ocimum (Kirankumar et al., 2023),
suggesting conserved evolutionary dynamics across the family. The
consistent performance of matK across diverse plant lineages
(Hollingsworth et al., 2011) further supports its utility as a reliable
marker for Nepeta taxonomy. The identification of the rpl32-trnL-UAG
region as hypervariable in N. nuda corresponded to findings in Ardisia
(Yuan et al., 2024), Scutellaria (Shan et al., 2021), Diospyros (Li et al.,
2018), and Fritillaria (Chen et al., 2022), where rpl32 in the SSC region
was identified as one of the most hypervariable DNA barcodes.

Phylogenetic analysis placed N. nuda in a clade with N. hemsleyana
and N. dentata. Surprisingly, N. cataria clustered with Ocimum rather
than core Nepeta, suggesting convergent evolution or historical
misclassification (Luo, 2019). Whole-genome phylogenies outperformed
single-gene trees (ycf1 and matK), emphasizing the need for multi-locus
approaches.
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5. Conclusion

This study presents the first complete cp genome assembly of
N. nuda, providing critical insights into its genomic architecture,
evolutionary dynamics, and phylogenetic relationships within the genus
Nepeta. The cp genome exhibits a typical quadripartite structure, with
notable features such as codon usage bias favoring A/U-ending codons,
moderate SSR diversity, and highly variable regions (ycf1, matK, rpl32-
trnL-UAG) that serve as potential molecular markers for species identi-
fication. Positive selection analysis revealed seven genes under strong
diversifying selection (matK, ycf1, rpoC1, ndhF, ndhD, ndhC, ccsA), sug-
gesting adaptive evolution, possibly linked to environmental adaptation
or metabolic specialization. Comparative analysis of IR boundaries and
structural variations highlighted conserved synteny across Nepeta spe-
cies, with a lineage-specific 20 kb deletion distinguishing most taxa from
N. stewartiana and N. laevigata. Phylogenetic reconstruction confirmed
the monophyly of Nepeta and resolved N. nuda as closely related to
N. hemsleyana, while the anomalous placement of N. cataria with Oci-
mum species warrants further taxonomic investigation. The superior
resolution of ycfI compared to matK underscores its utility as a barcode
marker, though whole-genome analysis remains optimal for robust
phylogenetics. These findings expand genomic resources for Nepeta,
enhance understanding of its evolutionary history, and provide valuable
markers for future studies in species identification, conservation, and
medicinal plant research.
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