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Decoding the chloroplast genomes of five
Iranian Salvia species: insights into genomic
structure, phylogenetic relationships,

and molecular marker development
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Abstract

Background The genus Salvia, a prominent member of the Lamiaceae family, is renowned for its ecological,
medicinal, and economic significance. Despite its importance, molecular data, particularly chloroplast (cp.) genome
information, remain scarce for many native Iranian Salvia species. In this study, we sequenced and analyzed the
complete cp. genomes of five Iranian Salvia species (S. aethiopis, S. sclarea, S. glutinosa, S. verticillata, and S. officinalis) to
elucidate their genomic structure, evolutionary relationships, and potential for biotechnological applications.

Results The cp. genomes of the five Salvia species exhibited a conserved quadripartite structure, with sizes ranging
from 151,163 to 151,662 bp, and a GC content of 38%. Each genome contained 132 or 131 genes, comprising 86

or 87 protein-coding, 8 rRNA, and 37 tRNA genes, with duplications in rp/2, rp/23, and rps12. Minor variations in
gene content were observed, such as the absence of trnS-CGA in S. glutinosa. Comparative analysis of IR boundaries
showed subtle expansions in S. officinalis and S. sclarea, while S. glutinosa remained stable. Trans-splicing of the
rps12 gene was observed in all species, with complex structures in S. glutinosa and S. sclarea. Codon usage analysis
revealed a preference for A/U-ending codons, with S. verticillata displaying unique patterns. Nucleotide diversity (Pi)
identified highly variable regions, such as rp/14-rpl16 and psbK-psbl, as potential molecular markers. Phylogenetic
analysis resolved distinct clades, with S. aethiopis and S. sclarea forming a close group, S. glutinosa clustering with S.
chanryoenica, and S. officinalis showing genetic homogeneity with Mediterranean species. S. verticillata exhibited an
earlier divergence, highlighting the genus's evolutionary complexity.

Conclusions This study provides critical genomic resources for species identification, phylogenetic studies, and
the development of molecular markers, facilitating the conservation of native Salvia species and their utilization in
breeding programs for medicinal and aromatic traits.
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Background

The genus Salvia, belonging to the Lamiaceae family, is
one of the largest and most diverse genera of flowering
plants, comprising approximately 1,000 species distrib-
uted across tropical, temperate, and subtropical regions
worldwide [1-3]. Taxonomically, Salvia is characterized
by its unique floral morphology, particularly the special-
ized staminal lever mechanism, which facilitates polli-
nation [4, 5]. Salvia species are renowned for their rich
chemical diversity, producing a wide array of secondary
metabolites, including terpenoids, flavonoids, and phe-
nolic acids, which contribute to their medicinal, aro-
matic, and ecological significance [6—10]. These bioactive
compounds underpin the extensive use of Salvia in tradi-
tional medicine for treating ailments such as cardiovas-
cular diseases, diabetes, and neurodegenerative disorders
[11, 12]. Additionally, Salvia essential oils and extracts
are widely utilized in the pharmaceutical, food, and cos-
metic industries due to their antimicrobial, antioxidant,
and anti-inflammatory properties [13].

The Salvia genus is divided into three major distribu-
tion centers: Central and South America (CASA), Cen-
tral Asia/Mediterranean (CAM), and East Asia (EA),
with each region harboring distinct species adapted to
local ecological conditions [2, 4, 14—16]. Iran, as a major
center for sage diversity in Asia, boasts 61 Salvia spe-
cies [17, 18], distributed across diverse ecoregions from
the humid Caspian coast to the arid central plateau and
mountainous regions of the Alborz and Zagros ranges,
highlighting its significance as a hotspot for the conserva-
tion and study of this ecologically and medicinally impor-
tant genus. Among the diverse Salvia species native to
Iran, several are of particular ecological and medicinal
importance, each distributed across distinct provinces
and regions.

S. aethiopis is specifically found within Golestan
National Park, as well as in Dalamper and Khoy. S. sclarea
is distributed in Golestan Province, notably in Golestan
National Park, and extends to Kahkaraan village in Sepi-
dan, Fars Province. S. glutinosa is also predominantly
located in Golestan National Park. S. verticillata is widely
distributed across multiple regions, including Khod-
kavand village in Taleghan, Alborz Province, as well as
Mavana, Qasemlu, Marmisho, Qurdik-Khoy, and Daryan.
Lastly, S. officinalis is widespread across several prov-
inces, including West Azerbaijan, Fars, and Alborz, and
is also present in Golestan National Park [7, 8, 17-19].
Among these species, S. sclarea has been demonstrated
to exhibit high antioxidant activity in its roots and signifi-
cant dry matter content in its leaves, making it a valuable
source of medicinal compounds. S. officinalis also shows
notable dry matter content in its leaves and a high essen-
tial oil yield, highlighting its importance for pharmaceuti-
cal and aromatic applications [20]. S aethiopis has been
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shown to exhibit significant antioxidant properties, fur-
ther supporting its potential use in health and wellness
products according to literature reviews [8]. According
to the literature, S. verticillata essential oil (EO) exhib-
its a significant inhibitory effect on cholinesterases, with
reported inhibition rates of 20.4% against acetylcholin-
esterase (AChE) and 1.8% against butyrylcholinesterase
(BChE) [7].

Although significant chemical and biochemical infor-
mation is available for these species, molecular data,
particularly cp. genome information, remains scarce or
entirely lacking for many of these species. Chloroplasts
are vital organelles in plant cells, playing a central role in
photosynthesis by converting light energy into chemical
energy, a process essential for plant growth and devel-
opment [21, 22]. The cp. genome is a circular, multicopy
DNA molecule characterized by a highly conserved
quadripartite structure. This structure includes two
inverted repeat (IR) regions (IRa and IRb), which flank
a large single-copy (LSC) region and a small single-copy
(SSC) region [23-25]. The cp. genome encodes more
than 120 genes, which are integral to critical cellular pro-
cesses such as transcription, translation, photosynthesis,
and the biosynthesis of amino acids and fatty acids [26].
Variations in the size of cp. genomes among species are
primarily attributed to the expansion or contraction of
the IR regions [24]. Due to its uniparental inheritance
(typically maternal in angiosperms), low mutation rate,
and high conservation, the cp. genome has emerged
as a powerful tool for species identification, phyloge-
netic analysis, and genetic engineering [27-31]. Spe-
cific cpDNA sequences, such as psbA-trnH, matK, and
rbcL, are widely employed as DNA barcodes for species
identification. Furthermore, the complete cp. genome is
increasingly recognized as a “super barcode” for resolv-
ing phylogenetic relationships at lower taxonomic lev-
els, providing higher resolution and accuracy [32-37].
Beyond its applications in phylogenetic, the cp. genome
is also utilized in genetic transformation and molecular
breeding, offering significant potential for enhancing
medicinal and agricultural traits [26].

Since the initial publication of the first cp. genome of
Salvia nearly a decade ago [38], there has been a sig-
nificant increase in the number of Salvia cp. genomes
deposited in GenBank in recent years. To date, over
100 cp. genomes of Salvia have been reported, includ-
ing multiple entries for some species. For instance, the
cp. genomes of S. miltiorrhiza, S. przewalskii, S. bul-
leyana, and S. japonica have been sequenced and ana-
lyzed, revealing conserved quadripartite structures and
providing insights into their phylogenetic relationships
and genetic diversity [38, 39]. Similarly, the cp. genomes
of S. bowleyana, S. splendens, and S. officinalis have been
characterized, identifying hypervariable regions such as
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rpsl6-trnQ-UUG and trul-UAA-trnF-GAA as potential
DNA barcodes for species discrimination [40]. Further-
more, comparative studies of S. sect: Drymosphace have
highlighted the utility of cp. genomes in resolving inter-
specific relationships and detecting evolutionary patterns
[41].

Despite significant advancements in Salvia genom-
ics, the chloroplast genomes of several economically
and medicinally important species native to Iran remain
poorly characterized. While partial cpDNA data exist
for some species (S. sclarea, S. glutinosa, and S. officina-
lis), complete cp. genomes are lacking for ecologically
significant taxa like S. aethiopis and S. verticillata, and
the unique Iranian populations of all five species remain
genomically unexplored. These species were strategi-
cally selected to represent: (1) Iran’s remarkable biogeo-
graphic diversity (including endemic, semi-endemic and
widely distributed taxa), (2) distinct ecological adapta-
tions (from S. aethiopis in arid highlands to S. glutinosa
in humid montane forests), and (3) cultural importance
in traditional Persian medicine (particularly S. sclarea for
digestive remedies). To address these critical knowledge
gaps and enable future biotechnological applications,
we sequenced and analyzed the complete chloroplast
genomes of these five Iranian Salvia species, performing
comprehensive structural characterization, comparative
genomics, and phylogenetic analyses to elucidate their
evolutionary relationships and conservation priorities.
We also performed comparative genomic analyses to
identify conserved and variable regions, such as inverted
IRs, LSC, and SSC regions, as well as hypervariable
regions which are valuable for species identification and
phylogenetic studies. Additionally, we analyzed repeti-
tive sequences, codon usage patterns, and RNA editing
sites to gain insights into the evolutionary dynamics and
functional adaptations of these genomes. Phylogenetic
analyses were conducted to resolve the evolutionary rela-
tionships among these species and other members of the
Salvia genus. The genomic resources developed in this
study enable: (1) precise authentication of Salvia herbal
products using rpl14-rpl16 and psbK-psbl barcodes, (2)
conservation prioritization of genetically distinct popu-
lations through chloroplast DNA markers - addressing
critical needs for both sustainable utilization and protec-
tion of Iran’s Salvia diversity.

Results

Genome characteristics

The cp. genomes of five Salvia species were sequenced
and analyzed, revealing highly conserved structural
and compositional features. The cp. genome sizes var-
ied slightly, ranging from 151,163 bp (S. officinalis) to
151,662 bp (S. glutinosa), with all species exhibiting the
characteristic quadripartite structure of cp. genomes
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(Fig. 1). This structure included a pair of IR regions, a
SSC region, and a large single-copy LSC region. The
IR regions ranged from 51,128 bp (S. aethiopis and S.
sclarea) to 51,224 bp (S. officinalis), while the SSC regions
varied between 17,508 bp (S. officinalis) and 17,642 bp (S.
glutinosa). The LSC regions showed minor differences,
ranging from 82,428 bp (S. officinalis) to 82,807 bp (S.
glutinosa).

The cp. genomes of the five Salvia species (S. aethi-
opis, S. sclarea, S. glutinosa, S. verticillata, and S. offici-
nalis) revealed a highly conserved set of protein-coding
genes. These included 5 genes associated with Photosys-
tem I (psaA, psaB, psaC, psal, psaj), 15 genes for Photo-
system II (psbA, psbB, psbC, psbD, psbE, psbF, psbl, psb],
psbK, psbL, psbM, psbN, psbT, psbZ), and 6 genes encod-
ing subunits of ATP synthase (atpA, atpB, atpE, atpF,
atpH, atpl). Additionally, 11 genes were identified for
large ribosomal proteins (rpl2, rpli4, rpl16, rpl20, rpl22,
rpl23, rpl32, rpl33, rpl36), and 12 genes for small ribo-
somal proteins (rps2, rps3, rps4, rps7, rps8, rpsll, rpsi2,
rpsl4, rpsl5, rps16, rpsl8, rps19). Notably, the genes rpl2,
rpl23, and rpsi2 were duplicated in all species. Other
functional genes identified included those for NADPH
dehydrogenase (ndhA, ndhB, ndhC, ndhD, ndhE, ndhF,
ndhG, ndhH, ndhl, ndhj, ndhK), cytochrome b/f complex
(petA, petB, petD, petG, petL, petN), and the large subunit
of Rubisco (rbcL). Ribosomal RNA genes (rrnl6S, rrn23S,
rrn4.5 S, rru5S) and a comprehensive set of transfer RNA
genes were also present across all species. Furthermore,
genes encoding essential functions such as acetyl-CoA
carboxylase (accD), c-type cytochrome synthesis (ccsA),
envelope membrane protein (cemA), protease (clpP),
maturase (matK), and translation initiation factor (infA)
were consistently identified. Hypothetical reading frames
(yef1, ycf2, ycf3, ycf4, ycfl5) were also conserved among
the species.

The characterization of cp. genomes in five Salvia spe-
cies also revealed the presence of both cis-splicing and
trans-splicing genes. A total of 10-13 protein-coding
genes, including rpsl6, atpF, rpoCl, ycf3, clpP, petB,
petD, rpli6, rpl2, ndhB, and ndhA, were identified as
cis-splicing genes, each containing 1-2 introns (Fig S1-
S5). The positions of these genes and their intron-exon
boundaries were conserved across species, with minor
variations in genomic coordinates. Additionally, the
rps12 gene was found to undergo trans-splicing in all five
species (Fig. 2), with its exons distributed across differ-
ent regions of the cp. genome. Specifically, the 5'-end
exon was located in LSC region, while the 3’-end exon
was situated in IR regions. In S. glutinosa and S. sclarea,
the rpsi2 gene exhibited a more complex structure, with
exons present in both IRa and IRb regions.
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Fig. 1 Circular representations of Salvia cp. genomes, generated using OGDRAW, illustrating the organization of the large single-copy (LSC), small single-
copy (SSC), and inverted repeat (IR) regions. Key features, including gene locations and structural elements, are annotated to provide a comprehensive
overview of the genome architecture
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Fig. 2 Trans-splicing of the rps12 gene in five Salvia species: (A) S. aethiopis, (B) S. glutinosa, (C) S. officinalis, (D) S. sclarea, and (E) S. verticillata. The 5’-end
exon is located in the LSC region, while the 3’-end exon is situated in the IR regions

Codon usage analysis in Salvia species

The codon usage patterns of five Salvia species were
analyzed, revealing both conserved and species-specific
trends. The total number of codons ranged from 26,004
in S. verticillata to 26,433 in S. officinalis, indicating slight
variations in coding sequence length among the species
(Fig. 3). According to amino acid frequency results, leu-
cine (Leu) was the most frequently encoded amino acid
across all species, with the codon UUA showing the high-
est RSCU values (ranging from 1.61 to 1.87). In contrast,
cysteine (Cys) was the least frequent, with UGU being
the predominant codon (RSCU values ranging from 1.05
to 1.52). The standard initiation codon AUG (Met) was
universally conserved across all species, with an RSCU
value of 1.0. However, variations were observed in stop
codon usage. While UAA was the most frequently used
stop codon in all species (RSCU values ranging from 1.07
to 1.66), S. verticillata exhibited a higher preference for
UGA (RSCU=1.31), which was less pronounced in the
other species (RSCU values ranging from 0.62 to 0.66). In
general, approximately half of the codons (30 out of 64)
showed a usage bias (RSCU > 1.0), with the majority end-
ing in A or U. For example, the codons AGA (Arg), GGA
(Gly), and UCU (Ser) consistently exhibited high RSCU
values across all species, indicating a strong prefer-
ence for these codons. In contrast, codons such as CGC
(Arg) and GGC (Gly) were less preferred, with RSCU
values below 1.0. The synonymous codon usage analysis

revealed a strong bias toward codons ending with ade-
nine (A) or uracil (U) at the third position, consistent
with the general trend observed in cp. genomes of higher
plants. For example, the codons UUU (Phe), AUU (lle),
and GUU (Val) were highly preferred, with RSCU values
exceeding 1.3 in most species. Conversely, codons end-
ing with cytosine (C) or guanine (G), such as UUC (Phe),
AUC (Ile), and GUC (Val), were less frequently used, with
RSCU values below 1. Among species, S. verticillata dis-
played distinct codon usage patterns compared to the
other species. For instance, the codon UUG (Leu) had a
higher RSCU value (1.29) in S. verticillata compared to
the other species (ranging from 1.21 to 1.23). Similarly,
the codon CUU (Leu) showed an elevated RSCU value
(1.49) in S. verticillata, while it ranged between 1.28
and 1.29 in the other species. These differences suggest
potential species-specific adaptations in codon usage.

Comparative analysis of plastome IR boundaries

Analysis of boundary regions exhibited variation in the
length of the inverted repeat (IR) regions across the Sal-
via species examined in this study. The newly assembled
cp. genomes displayed IR lengths of 25,564 bp in S. aethi-
opis, 25,564 bp in S. sclarea, 25,605 bp in S. glutinosa,
25,597 bp in S. verticillata, and 25,612 bp in S. officinalis.
For comparative analysis, these sequences were evalu-
ated alongside previously published cp. genomes of S.
sclarea, S. officinalis, and S. glutinosa available in NCBI,
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Fig. 3 The bar plot of the Relative Synonymous Codon Usage (RSCU) values for each amino acid, grouped by species. Codons are color-coded, and their
corresponding amino acids are labeled below the plot

which exhibited IR lengths of 25,560 bp, 25,591 bp, and
25,605 bp, respectively. These results indicate subtle IR
expansion in S. officinalis and S. sclarea, while S. glu-
tinosa maintained structural stability. A detailed com-
parison of IR boundaries at the four junctions (JLB, JSB,

JSA, and JLA) between the IR regions (IRa and IRb) and
the single-copy regions (LSC and SSC) revealed notable
structural variations (Fig. 4). The rpsI9 gene was consis-
tently located at the LSC/IRD junction, with 233-237 bp
positioned within the LSC and 42-43 bp extending into
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lighting structural variations at the IR-LSC and IR-SSC borders

IRb across all species. The ndhF gene, situated in the SSC
region, exhibited variability in its positioning relative to
the IRb/SSC boundary. While ndhF remained within the
SSC in all species, its proximity to the boundary differed.
In some species, such as S. glutinosa and S. officinalis,
ndhF extended slightly into IRa, whereas in others, it
extended marginally into IRb. Additionally, the ycfI gene
spanned the SSC/IR junction in all species, though minor
positional shifts were observed between the previously
sequenced and newly assembled cp. genomes. Notably,
ycfl extended further into IRa in S. glutinosa (sequenced
in this study) and S. aethiopis, while it appeared slightly
contracted in S. verticillata. In other species, the ycfl
gene extended into IRD, further highlighting the struc-
tural diversity among the cp. genomes of Salvia species.

SSR and long repeats analysis

SSR analysis performed on five species of the genus
Salvia revealed a total of 18, 28, 24, 20, and 20 SSRs in
S. aethiopis, S. glutinosa, S. officinalis, S. sclarea, and
S. verticillata, respectively. Mononucleotide repeats

dominated the SSR profiles, constituting 100% of the
total SSRs in S. aethiopis, S. officinalis, S. sclarea, and
S. verticillata, and 96% (27/28) in S. glutinosa. The A/T
repeats were the most prevalent, accounting for all SSRs
in S. aethiopis (18/18), S. officinalis (24/24), and S. sclarea
(20/20), and the majority in S. glutinosa (27/28) and S.
verticillata (20/20). Dinucleotide repeats were rare, with
only one TA repeat detected in S. glutinosa. The majority
of SSRs across all species were 10-13 bp in length, with
a smaller number of longer repeats (up to 16 bp). Com-
pound microsatellites were infrequent, being observed
only in S. glutinosa (1) and S. verticillata (2). The analy-
sis of long repeats in the cp. genomes of five Salvia spe-
cies revealed a conserved pattern in the distribution and
types of repeats. In S. aethiopis, 31 long repeats were
identified, comprising 16 palindromic, 13 forward, and
1 reverse repeat, with 94% of repeats falling within the
30-40 bp range and 6% in the 40-50 bp range. S. gluti-
nosa exhibited 46 long repeats, including 21 palindromic
and 25 forward repeats, with 91% in the 30—40 bp range
and 8% in the 40-50 bp range. S. officinalis contained 41
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long repeats, consisting of 21 palindromic, and 20 for-
ward, with 88% in the 30-40 bp range and 22% in the
40-50 bp range. Similarly, S. sclarea had 31 long repeats,
with 17 palindromic, 13 forward, and 1 reverse repeat,
and a length distribution of 74% in the 30—40 bp range
and 26% in the 40—50 bp range. Finally, S. verticillata dis-
played 38 long repeats, including 20 palindromic, and 18
forward, with 92% in the 30—40 bp range and 8% in the
40-50 bp range. Across all species, palindromic repeats
were the most abundant, followed by forward repeats,
while reverse repeats were rare, and no complement
repeats were observed. The majority of long repeats
were 30—40 bp in length, indicating a highly conserved
organization of long repeats in Salvia cp. genomes,
likely contributing to genome stability and evolutionary
adaptation.

Plastome analysis and divergence

To investigate the extent of sequence divergence and
nucleotide diversity among the five Salvia species, the
mVISTA tool was employed to align the cp. genomes,
using S. officinalis as the reference (Fig S6). The results
demonstrated that LSC and SSC regions exhibited sig-
nificantly higher sequence divergence compared to IR
regions, which were more conserved. The coding regions,
particularly those involved in essential photosynthetic
and metabolic functions, were generally more conserved,
while the non-coding regions, including intergenic spac-
ers (IGS) and introns, showed higher variability. Several
IGS regions were identified as highly divergent, including
trnH-GUG-psbA, truK-UUU-matK, rpsl6-trnQ-UUG,
trnQ-UUG-psbK, trnS-UGA-psbZ, trnG-GCC-trnM-
CAU, and petG-trunW-CCA. These regions exhibited
significant sequence variation among the five Salvia spe-
cies, making them potential hotspots for species-specific
divergence. For example, the trnH-GUG-psbA spacer,
located at the beginning of the LSC region, showed high
variability, which is consistent with its frequent use as
a DNA barcode in phylogenetic studies. Similarly, the
rps16-trnQ-UUG and trnG-GCC-trnM-CAU spacers also
displayed notable divergence, further highlighting the
utility of non-coding regions in identifying species-spe-
cific markers. Additionally, the petG-truW-CCA spacer,
located in the SSC region, exhibited high variability, sug-
gesting its potential for distinguishing closely related spe-
cies within the genus.

Pi analysis further quantified the variability across the
cp. genomes of the five Salvia species (Fig. 5). Among
the coding regions, several genes exhibited exception-
ally high variability, including trnF-GAA (Pi=04162),
yefl (Pi=0.03393), trnQ-UUG (Pi=0.02778), rpl22
(Pi=0.02467), rpsl5 (Pi=0.02454), matK (Pi=0.0232),
ndhF (Pi=0.02154), and ¢rnS-UGA (Pi=0.02151).
These genes, with Pi values significantly higher than the
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genome-wide average, are strong candidates for molecu-
lar markers due to their high variability and potential util-
ity in phylogenetic studies and species identification. In
contrast, genes like rbcL (Pi=0.00837), psbA (Pi=0.0085),
and rpoB (Pi=0.00809) exhibited lower Pi values, reflect-
ing their conserved nature. The rpsi2 gene, often used as
a marker in cp. studies, showed relatively low variability
(Pi=0.00215), while rpl32 (Pi=0.01605) displayed mod-
erate divergence. These findings highlight the contrast-
ing levels of variability across different regions and genes,
with the highly divergent coding genes and IGS regions
being particularly promising for marker development.
Among IGS, several regions exhibited exceptionally high
Pi values, including trnH-GUG-psbA (Pi=0.063), trnG-
GCC-trnM-CAU (Pi=0.06), petG-trn W-CCA (Pi=0.044),
rpli4-rpll6_2 (Pi=0.043), rpsl6é_I-trnQ-UUG
(Pi=0.043), truS-UGA-psbZ (Pi=0.042), trnK-UUU_I-
rpsl6_2 (Pi=0.041), psbK-psbl (Pi=0.04). These regions,
with Pi values significantly higher than the genome-wide
average, are strong candidates for molecular markers due
to their high variability. In contrast, some IGS regions,
such as truR-UCU-atpA (Pi=0.02286) and psbZ-trnG-
GCC (Pi=0.03358), showed moderate variability, while
others like trnL-UAA_I-trulL-UAA 2 (Pi=0.01826)
and psbA-trnK-UUU_2 (Pi=0.02124) exhibited lower
divergence.

Phylogenetic analysis

The phylogenetic analysis of the Salvia genus revealed
intricate evolutionary relationships among the stud-
ied species (Fig. 6). S. aethiopis clustered closely with
S. sclarea, indicating a strong evolutionary relation-
ship and suggesting a recent divergence from a shared
ancestor; both species grouped within a larger clade that
included other Salvia species, such as S. deserta and S.
merjamie, further supporting their genetic affinity. In
contrast, S. glutinosa formed a distinct clade, showing a
more distant relationship to S. aethiopis and S. sclarea,
and instead exhibited closer genetic ties to species like S.
chanryoenica and S. glabrescens, highlighting its unique
phylogenetic position within the genus. S. officinalis
demonstrated high genetic homogeneity, as evidenced by
its well-supported clade that included multiple isolates
and vouchers, and was phylogenetically distinct from S.
aethiopis and S. glutinosa, instead showing closer rela-
tionships to other Mediterranean species such as S. ros-
marinus. S. verticillata was placed in a separate clade
alongside S. nilotica and S. forskkaolei, indicating an ear-
lier divergence from the other studied species and a dis-
tinct evolutionary trajectory. The inclusion of database
sequences revealed that S. verticillata shared a more dis-
tant relationship with S. officinalis and S. glutinosa, fur-
ther emphasizing its unique phylogenetic placement.
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sample sequences from this study, illustrating their clustering with closely related species. Branch support was assessed with 1000 bootstrap replicates

Phylogenetic analysis based on IGS regions

Phylogenetic analysis based on the hypervariable 1GS
regions rpll4-rpll6 (Fig. 7A) and psbK-psbl (Fig. 7B)
revealed a tree topology highly congruent with that
inferred from whole chloroplast genomes, demonstrating
the reliability of these markers for resolving evolutionary
relationships within Salvia. The IGS phylogeny consis-
tently recovered major species groupings observed in the
whole-genome analysis, with S. aethiopis and S. sclarea
forming a strongly supported clade (bootstrap>95%)

alongside S. deserta and S. merjamie, reflecting their
close genetic affinity. Similarly, S. glutinosa clustered dis-
tinctly with S. chanryoenica and S. glabrescens, while S.
officinalis isolates formed a monophyletic group closely
related to S. rosmarinus, mirroring their shared Mediter-
ranean origin. The early-diverging position of S. verticil-
lata, which grouped with S. nilotica and S. forskkaolei,
was also replicated in the IGS tree. Overall, the strong
topological concordance between the two phylogenetic
approaches validates the utility of these IGS regions as
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(A)

Fig. 7 Phylogenetic tree of 101 cp. genomes, including 100 Salvia samples and one outgroups (Lepechinia chamaedryoides), reconstructed using IGS
regions rpl14-rpl16 (A) and psbK-psbl (B) and 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 1000 bootstrap replicates

robust, cost-effective markers for delineating species
relationships and inferring evolutionary histories within
Salvia.

Discussion

The complete chloroplast (cp.) genomes of five Iranian
native Salvia species (S. aethiopis, S. sclarea, S. gluti-
nosa, S. verticillata, and S. officinalis) were sequenced
and analyzed, revealing highly conserved structural and
functional features while also identifying species-spe-
cific variations. These findings contribute to the growing
body of knowledge on Salvia cp. genomes, particularly
for species native to Iran, which have been underrepre-
sented in previous genomic studies. The cp. genomes of
the five species sequenced here exhibited a typical quad-
ripartite structure, with sizes ranging from 151,163 bp
(S. officinalis) to 151,662 bp (S. glutinosa), consistent
with the genome sizes reported for other Salvia species
[39, 41-45]. Indeed, to date, 173 Salvia cp. genomes are
available in the NCBI database, representing 72 unique
species, with sequence lengths ranging from 150,604 bp
to 156,047 bp. Among these, S. officinalis exhibits a
length range of 151,089 bp to 151,164 bp, while S. sclarea
and S. glutinosa have single entries of 151,268 bp and
151,662 bp, respectively. Notably, S. aethiopis and S.
verticillata lack complete cp. genome data in the NCBI
database, underscoring the novelty of this study. Previ-
ous studies have demonstrated that the variability in cp.
genome length among species is primarily driven by the

expansion or contraction of IR regions, IR loss, variations
in intergenic spacers and intron lengths, parasitic adap-
tations, polyphyly, and potential technical artifacts aris-
ing from sequencing and assembly methodologies. These
factors collectively underscore the dynamic nature of
cp. genome evolution. Additionally, genes such as atpA,
accD, and ycfl have been shown to contribute approxi-
mately 13% to genome size variation, playing a significant
role in shaping cp. genome evolution. The elevated Ka/
Ks ratios (> 1) observed in these genes suggest that posi-
tive selection has influenced their evolution, potentially
impacting energy generation and ecological strategies in
seed plants [46, 47]. These findings highlight the com-
plex interplay of structural, functional, and evolutionary
forces driving cp. genome diversity.

The chloroplast genomes of Salvia species demonstrate
a high degree of conservation, yet variability in unique
gene content offers valuable evolutionary insights. In this
study, the chloroplast genomes of the analyzed Salvia
species encoded a conserved set of genes, including 86
or 87 protein-coding, 8 rRNA, and 37 tRNA genes, with
duplications in rpl2, rpl23, and rpsi2, consistent with
typical angiosperm chloroplast structure. Comparisons
with previous studies revealed variability in reported
gene counts of some Salvia species such as S. miltior-
rhiza, S. hispanica, S. yangii, S. leucantha, S. daiguii. This
variability, driven by tRNA and protein-coding genes,
indicate potential gene losses or gains, possibly reflecting
evolutionary divergence or annotation differences. The
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duplication of rpl2, rpi23, and rpsi2 genes in the inverted
repeat regions was a conserved feature across all Salvia
species examined in this study and mirrored findings
from prior research, reinforcing a shared evolutionary
mechanism for genomic stability despite fluctuations in
unique gene numbers [38, 40, 43, 44, 48, 49].

The variations in IR lengths and boundary dynam-
ics observed in this study are consistent with patterns
reported in previous Salvia and Lamiaceae research,
pointing to a common evolutionary mechanism within
the genus [24, 26, 39, 41]. Earlier studies, such as Qian
et al. (2013) on S. miltiorrhiza [38] and Yu et al. (2023)
across various Salvia species [44], reported IR lengths
typically ranging from 25,500 to 25,700 bp, aligning with
our observed expansions in S. officinalis and S. sclarea
and stability in S. glutinosa. Du et al. (2022) similarly
documented IR boundary variability in three medicinal
Salvia species (S. bowleyana, S. splendens, and S. officina-
lis), attributing these shifts to small insertions, deletions,
or gene duplications near junctions, which corroborates
our findings [40]. The consistent positioning of the rps19
gene at the LSC/IRb junction, with a portion extending
into the IR region, reflects a highly conserved feature of
cp. genome architecture across Salvia species. This con-
servation is likely driven by the functional importance of
rps19 in ribosome [26] assembly and protein synthesis, as
evidenced by its critical role in maintaining chloroplast
function [39]. However, the variability in the positioning
of the ndhF and ycfI genes relative to the IR boundaries
highlights the dynamic nature of cp. genome evolution.
For instance, the extension of ndhF into IRa in S. gluti-
nosa and S. officinalis, and its marginal extension into
IRb in other species, suggests that IR boundary shifts
may play a role in optimizing gene expression and func-
tional efficiency. These variations could influence the
regulation of ndhF, which is involved in photosynthetic
electron transport, potentially affecting energy produc-
tion and stress responses [26]. Similarly, the positional
shifts in ycf1, particularly its extension into IRa in S. glu-
tinosa and S. aethiopis, and contraction in S. verticillata,
underscore the potential for IR boundary adjustments to
influence genome stability and gene regulation. The ycfI
gene, though its exact function remains unclear, is known
to play a role in protein translocation and chloroplast
biogenesis, and its duplication status may impact these
processes [50]. These findings align with studies in other
angiosperms, where IR boundary shifts have been linked
to adaptive evolution and functional diversification [51—
53]. The observed variability in ndhF and ycf1 positioning
may also reflect species-specific adaptations to ecologi-
cal niches. For example, the extension of ndhF into IRa in
S. glutinosa and S. officinalis could enhance the stability
and expression of this gene, potentially conferring adap-
tive advantages in specific environments. Conversely, the
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contraction of ycfl in S. verticillata might indicate a more
streamlined genome structure, possibly linked to its eco-
logical specialization. These structural variations could
serve as valuable phylogenetic markers for resolving tax-
onomic relationships within Salvia, as IR boundary shifts
are often species-specific and can provide insights into
evolutionary divergence [41].

The observed patterns of variability, particularly in
non-coding regions such as trnH-GUG-psbA, rpsl6-
trnQ-UUG, rpl14-rpll16 and psbK-psbl align with their
established use as DNA barcodes in plant taxonomy
[32, 33]. These regions, characterized by high nucleo-
tide diversity, are particularly effective for distinguish-
ing closely related species due to their rapid evolutionary
rates and low functional constraints. The utility of these
non-coding regions as molecular markers is further sup-
ported by their frequent application in phylogenetic stud-
ies across diverse plant taxa, including Salvia [34, 35].
In addition to non-coding regions, several coding genes,
such as ycfl and matK, exhibited high variability, mak-
ing them strong candidates for phylogenetic markers.
These genes, known for their high substitution rates, are
particularly valuable for resolving species-level relation-
ships and understanding evolutionary divergence within
the genus [26]. In contrast, conserved genes like rbcL and
psbA, which are under strong selective pressure to main-
tain photosynthetic function, are less suitable for species
discrimination but remain essential for deeper phyloge-
netic analyses and functional genomics. The contrast-
ing levels of variability between coding and non-coding
regions underscore the importance of selecting appro-
priate markers based on the specific goals of the study.
Non-coding regions, with their higher mutation rates, are
ideal for species identification and resolving recent diver-
gences, while conserved coding regions are better suited
for understanding broader evolutionary relationships
[41].

Conclusion

This study provides a comprehensive genomic resource
for five native Iranian Salvia species, significantly
advancing our understanding of their cp. genome archi-
tecture, evolutionary relationships, and potential bio-
technological applications. By sequencing and analyzing
the complete cp. genomes of S. aethiopis, S. sclarea, S.
glutinosa, S. verticillata, and S. officinalis, we have filled
critical gaps in the genomic data available for these eco-
logically and medicinally important species. The findings
underscore the conserved nature of cp. genome structure
across the genus while revealing species-specific varia-
tions that offer valuable insights into their evolutionary
dynamics and functional adaptations. The identification
of highly variable regions, such as IGS regions rpli4-
rpl16 and psbK-psbl, provides robust molecular markers
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for species discrimination and phylogenetic studies.
These markers, coupled with the observed patterns of
codon usage and IR boundary dynamics, highlight the
potential for leveraging cp. genome data in resolving tax-
onomic uncertainties and understanding the evolution-
ary history of Salvia. The genomic data generated here
can be instrumental in developing breeding programs
to enhance medicinal and aromatic traits, as well as in
guiding conservation strategies for native species. Ulti-
mately, these findings not only enrich our understand-
ing of Salvia genomics but also provide a foundation for
applied research in biotechnology, agriculture, and con-
servation. In summarize, the identified molecular mark-
ers and genomic features in this study enable three key
applications: (1) authentication of Salvia herbal prod-
ucts using the highly variable rpl14-rpl16 and psbK-psbl
to combat adulteration in commercial markets, (2) tar-
geted breeding of stress-tolerant cultivars by leveraging
the conserved stress-response genes in the S. aethiopis
- S. sclarea clade, and (3) conservation prioritization of
genetically distinct populations like S. glutinosa through
cpDNA barcoding.

Materials and methods

Plant material and DNA extraction

Leaves from five native Iranian Salvia species were col-
lected during their flowering stage from four distinct
provinces in Iran. These species included S. aethiopis, S.
sclarea, S. glutinosa, S. verticillata, and S. officinalis. No
specific permissions were required for the collection of
these plant samples. The plant materials were formally
identified by Dr. Soorni and are available at the Bu-Ali
Sina University Herbarium (BASU). Table S1 gives details
about the studied Salvia species, collection sites, and
herbarium voucher numbers of the specimens. Since the
study did not involve the description of a novel species,
no new voucher specimens were deposited in the her-
barium collection. To obtain cp. genome sequence, total
genomic DNA was extracted from 100 mg of fresh leaf
tissue using the DNeasy Plant Mini Kit (QIAGEN, Ger-
many). The quality and concentration of the extracted
DNA were assessed through agarose gel electrophore-
sis and a NanoDrop 2000c spectrophotometer (Thermo
Fisher Scientific Inc., USA). DNA samples meeting the
required quality standards were subsequently used for
library preparation, following the manufacturer’s guide-
lines. Sequencing was performed on the Illumina HiSeq
2000 platform (Illumina Inc., USA) using a paired-end
150 bp read configuration.

Cp genome assembly and annotation

For each accession, quality of raw data was assessed
using FastQC software version 0.11.9 (https://www.bi
oinformatics.babraham.ac.uk/projects/fastqc/). ~ Reads
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containing adapters or exhibiting low quality were fil-
tered and trimmed using Trimmomatic version 0.39
[54]. The resulting high-quality clean reads were subse-
quently assembled into cp. genomes using GetOrganelle
version 1.7.7.1 [55]. The assembly graphs were visually
inspected and validated using Bandage software [56] to
ensure the completeness of the cp. genomes. The average
coverage of the final genome assembly was 128X. Subse-
quently, the cp. genomes were annotated automatically
using two tools: CPGAWAS2 [57] and GeSeq [58]. Cir-
cular representations of the cp. genomes were generated
using OGDRAW, a tool specifically designed for creating
organelle genome maps [59]. Besides, The gene composi-
tion of the cp. genome of Salvia species was character-
ized using CPGView [60].

Codon usage analysis

Patterns of codon usage and nucleotide composition pro-
vide a theoretical framework for the genetic modification
of cp. genomes. In this study, we assessed the variation in
synonymous codon usage by calculating the relative syn-
onymous codon usage (RSCU) values. This analysis was
conducted using the MEGAG®6 software [61], which facili-
tated the determination of RSCU metrics. The result-
ing RSCU patterns were visualized using an interactive
RSCU plot generated with the RSCU-Plot Shiny app (ht
tps://pcg-lab.shinyapps.io/RSCU-Plot/).

Analysis for boundary regions of CP-genomes

The cp. genomes of five Salvia species, along with the
cp. genomes of three other species (S. sclarea, S. officina-
lis, and S. glutinosa) retrieved from NCBI (NC_050900,
NC 038165, NC_067736), were thoroughly compared
and analyzed at the genome level. In detail, the contrac-
tion and expansion of inverted repeat (IR) regions among
the large single-copy (LSC), IRb, small single-copy (SSC),
and IRa regions were visualized using IRScope [62]. This
analysis included a detailed examination of the four
junction points (JLB, JSB, JSA, and JLA) between the IR
regions and single-copy regions.

Genome comparison and nucleotide variation analysis

The comparative analysis of cp. genomes among five Sal-
via species was conducted using a series of bioinformatics
tools. Initially, pairwise alignments were performed using
the online software mVISTA with the Shuffle-LAGAN
algorithm [63], employing the annotated cp. genome of
S. officinalis as the reference sequence. Subsequently,
the five Salvia cp. regions were aligned using MUSCLE
version v3.8.1551 [64], followed using trimAl v1.4 with
the parameter “-gt 0.95 -st 0.001” [65] to remove poorly
aligned regions and gaps. To assess nucleotide diversity
(Pi) within the Salvia cp. genomes, DnaSP v6 was uti-
lized [66]. A sliding window analysis was implemented,
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with parameters set to a step size of 200 bp and a window
length of 800 bp, to evaluate genetic diversity across the
genomes.

Phylogenetic analysis

To investigate the phylogenetic relationships within the
Salvia genus, we collected coding sequences from our
sequenced species, along with 99 additional cp. genomes
from the NCBI database, representing 67 Salvia species.
In total, the dataset comprised 104 cp. genomes belong-
ing to 72 Salvia species. Following Salvia species, we
selected Melissa officinalis and Lepechinia chamaedryoi-
des as outgroups. Each gene sequence was aligned using
MUSCLE version v3.8.1551 [64] with default parameters
to ensure accurate multiple sequence alignment. The
aligned sequences were then trimmed using trimAl v1.4
with the parameter “-gt 0.95 -st 0.001” [65] to remove
poorly aligned regions and gaps, ensuring high-quality
alignments for downstream analyses. The trimmed gene
alignments were concatenated into a single sequence
matrix using SequenceMatrix [67], creating a compre-
hensive dataset for phylogenetic reconstruction. Maxi-
mum likelihood phylogenetic analysis was performed
using IQ-TREE [68] with the GTR+ Gamma model of
nucleotide substitution. Branch support was assessed
using 1000 bootstrap replicates to ensure robustness of
the inferred tree topology. The final phylogenetic tree was
visualized and annotated using the iTOL web server [69].

Validation of hypervariable IGS markers

To evaluate the phylogenetic utility of the candidate
intergenic spacer (IGS) regions rpli4-rpll16 and psbK-
psbl, these loci were extracted across a comprehensive
dataset comprising 100 Salvia samples and one outgroup
(L. chamaedryoides). Sequence alignment, quality trim-
ming, and phylogenetic reconstruction were performed
using standardized bioinformatics pipelines, as detailed
in preceding methodological sections.
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