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Abstract 

This study presents an integrated phylogenetic and bioinformatic analysis of the chloroplast 

rbcL gene in different species of the genus Origanum, Lamiaceae family. The aim of the study 

is to evaluate genetic diversity, evolutionary relationships, and structural characteristics of the 

corresponding protein. Homologous sequences retrieved from the NCBI database were 

aligned with MAFFT, trimmed and analyzed using the Maximum Likelihood method based 

on the Tamura–Nei model in MEGA 12 software. The phylogenetic tree reconstruction iden-

tified monophyletic Origanum group clearly separated from the outgroup, but provided lim-

ited resolution among the sampled species. Genetic distance analysis demonstrated low mo-

lecular divergence among species within the genus. A comprehensive bioinformatic analyses 

of the rbcL protein included physicochemical characterization, conserved motif identifica-

tion, phosphorylation site prediction, secondary structure assessment, and three-dimensional 

modeling. Six conserved motifs associated with structural and functional roles were identified 

across most species. The analyzed proteins predominantly exhibited hydrophilic properties 

and high thermostability. Structural predictions and 3D models demonstrated a high degree 

of conformational conservation. Furthermore, phosphorylation analysis revealed species-spe-

cific differences in post-translational modification potential, particularly in serine-rich regions. 

The study findings provide valuable insights into the molecular evolution, phylogenetic rela-

tionships, and functional protein architecture of Origanum species, supporting future phylo-

genetic, pharmacological, and biotechnological investigations. 
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1. Introduction 
The genus Origanum, belonging to the Lamiaceae family, comprises a diverse group of 

aromatic and medicinal plant species widely distributed throughout the Mediterranean 

region, as well as Western Asia (Chaachouay et al., 2024; Nurzyńska-Wierdak and Walasek-

Janusz, 2025). These species are considered of great importance because of their pharmaco-

logical and economic properties due to their extensive use in medicine, cosmetics and phar-

maceutical industry. Several Origanum species have been recognized for their high content 

of essential oils and bioactive compounds which exhibit a variety of beneficial activities such 

as antioxidant, antimicrobial, anti-inflammatory and anticancer (de Torre et al., 2020; Sarfaraz 

et al., 2023; Li Y et al., 2025; Toso et al., 2025; Veljovic et al., 2023; Nurzyńska-Wierdak and 

Walasek-Janusz, 2025; Solomou et al., 2026).  Despite the wide commercial and medicinal 

use, the evolutionary and taxonomic relationships and classification among the Origanum 

species are still complex because of their morphological similarities, hybridization and envi-

ronmental influences (Lukas et al., 2013; Buck and Flores-Renteria, 2022; Nazar et al., 2022). 

Consequently, a molecular approach has become an essential tool for resolving phylogenetic 

relationships and understanding the genetic diversity within this genus. 

One of the most widely utilized genes used in plant phylogenetics as a molecular marker 

is the chloroplast ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL), due 

to its conserved nature and suitability for barcoding. Its high amplification efficiency and low 

mutability rate makes this gene an appealing choice for studies regarding phylogenetic diver-

sity (Pere et al., 2023). In addition to phylogenetic interference, advances in bioinformatics 

and computational biology allow a comprehensive analysis into protein functionality and 

structure. 

Although rbcL is widely used as a chloroplast DNA barcode, relatively little is known 

about whether its sequence conservation is reflected at the protein structural level within the 

genus Origanum. Furthermore, comparative analysis integrating phylogenetic reconstruction 

with physicochemical characterization, conserved motif identification, post-translational mod-

ification prediction, and three-dimensional structural modeling have not been performed for 

this marker in Origanum. Therefore, this study aims to compare the evolutionary behavior 

of the marker at both the nucleotide and protein level using an integrated bioinformatics 

framework. 

2. Materials and Methods  

Sequence retrieval and phylogenetic analysis  

Chloroplast rbcL and matK gene sequences representing Origanum species were retrieved 

from the National Center for Biotechnology Information (NCBI) 

(https://www.ncbi.nlm.nih.gov/) (O’Leary, 2024). Sequence alignments were performed using 

the Multiple Alignment using Fast Fourier Transform (MAFFT) algorithm available through 

the European Bioinformatics Institute (EMBL-EBI) web server (https://www.ebi.ac.uk/jdis-

patcher/msa/mafft) (Madeira et al., 2024). The resulting multiple sequence alignments were 

manually inspected to ensure positional homology, and poorly aligned terminal regions con-

taining missing data were removed to retain only the homologous overlapping coding region 

shared among all Origanum species included in this study. 

Phylogenetic relationships were inferred using the Maximum Likelihood (ML) method 

implemented in MEGA version 12 (Kumar et al., 2024). Evolutionary distances were esti-

mated using the Tamura-Nei substitution model, with branch support assessed by 1000 boot-

strap replicates. Sites were treated using partial deletion with 95% site coverage cutoff. Pairwise 

distances among taxa were also calculated in MEGA 12 using the same substitution model. 

https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/jdispatcher/msa/mafft
https://www.ebi.ac.uk/jdispatcher/msa/mafft
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Protein sequence analysis 

Protein sequences corresponding to each rbcL and matK coding sequences were obtained 

from the translated protein records linked to the respective GenBank entries. The physico-

chemical properties of each protein were determined using the Expasy ProtParam server 

(https://web.expasy.org/protparam/) (Gasteiger et al., 2005). The evaluated parameters in-

cluded amino acid composition, molecular weight, theoretical isoelectric point (pI), instability 

index, aliphatic index, the grand average of hydropathicity (GRAVY) and the extinction coef-

ficient. Because only the homologous barcode region common to all available sequences was 

analyzed, the translated protein sequences represent partial proteins rather than complete 

rbcL and matK proteins. The observed amino acid lengths (174-184 aa for rbcL and 248-278 

aa for matK) correspond to the analyzed barcode region. 

Three-dimensional structure prediction 

The 3D protein models were generated using SWISS-Model homology modeling server 

(https://swissmodel.expasy.org/interactive) (Waterhouse et al., 2018). Model quality was as-

sessed through the Ramachandran plots generated by the SWISS-Model evaluating stereo-

chemical properties and structural reliability. 

Conserved motif and domain analysis 

Conserved protein motifs were analyzed using MEME suite (https://meme-

suite.org/meme/tools/meme) (Bailey et al., 2015). The identified motifs were compared 

among Origanum species to evaluate conservation and distribution of functionally sequence 

regions (six motifs) and motif width of 50.    

Phosphorylation site prediction 

Potential phosphorylation sites were predicted using NetPhos 3.1  (https://ser-

vices.healthtech.dtu.dk/services/NetPhos-3.1/) (Blom et al., 1999). This tool was used to iden-

tify putative phosphorylation residues on serine (Ser), threonine (Thr) and tyrosine (Tyr) 

amino acids within the predicted sequences with a threshold of 0.5 

Structural feature prediction 

Secondary structure, solvent accessibility, intrinsic disorder and residue geometry were pre-

dicted using NetSurfP 3.0 (https://services.healthtech.dtu.dk/services/NetSurfP-3.0/) (Høie et 

al., 2022). The predictions were used to characterize the structural organization of the pro-

teins and to assess the distribution of ordered and disordered regions, as well as the exposure 

of amino acid residues to the solvent environment. 

3. Results and  Discussion 

The rbcL gene ranged from 523 (Origanum onites) to 555bp (O. minutiflorum). The rbcL 

DNA sequences of different species were obtained from NCBI GenBank. The final trimmed 

sequence of the gene comprised a 450 bp homologous rbcL alignment, in which every 

sequence (including the T. vulgaris used  as an outgroup) has complete coverage and no gaps 

or missing bases. The maximum likelihood (ML) phylogenetic tree was constructed with this 

alignment (Figure 1). 

Maximum likelihood analysis of the chloroplast rbcL sequences recovered a single 

monophyletic Origanum clade, with T. vulgaris forming the expected outgroup. Internal 

https://swissmodel.expasy.org/interactive
https://meme-suite.org/meme/tools/meme
https://meme-suite.org/meme/tools/meme
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://services.healthtech.dtu.dk/services/NetSurfP-3.0/
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branches within the Origanum clade were extremely short, indicating low sequence 

divergence among the species. This slow sequence variation observed among Origanum 

species reflects the slow evolutionary rate of the chloroplast rbcL gene. 

 
Figure 1. Phylogenetic tree of the rbcL gene in Origanum species  

The high conservation of the rbcL gene among Origanum species is expected because 

chloroplast coding genes generally evolve slowly, and rbcL is one of the most conserved 

plastid genes widely used for plant phylogenetics and barcoding (Borsch and Quandt 2009; 

Daniell et al., 2016). Although the rbcL gene effectively distinguished Origanum from the 

outgroup, it provided limited resolution among closely related species. This finding is 

consistent with previous studies showing that rbcL is highly conserved in angiosperms and is 

often insufficient as a sole marker for resolving recent species-level divergences (Kress and 

Erickson, 2007; Hollingsworth et al., 2016; Kress, 2017). 

In the RAPD analysis of O. vulgare subspecies, Katsiotis et al. (2009) grouped O. onites, 

O. majorana, O. dictamnus and O. vulgare in the same clades as our study, albeit not in the 

same subclades. A similar grouping was reported in the cpDNA ITS analysis study by 

Antaloudaki et al. in 2022. The study by Özgen et al. (2020) shows resemblance to the present 

study by grouping O. onites and O. majorana in the same subclade and O. vulgare in the 

same major clade. It should also be mentioned that in the same study, O. elongatum and O. 
compactum are also part of the same subclade. No data were reported for the other species 

of Origanum. 

This pattern of limited divergence among species is also supported by the pairwise genetic 

distance analysis (Table 1), which revealed that most Origanum species exhibit identical se-

quences (genetic distance = 0.0000), or only minimal divergence (maximum = 0.0067). In 

contrast, genetic distances between Origanum species and T. vulgaris ranged from approxi-

mately 0.073 to 0.078, corresponding to the long branch separating the outgroup from the 

ingroup in the phylogenetic tree.  
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Table 1. Pairwise distance of rbcl gene in Origanum species 

 

This agreement between the phylogeny and pairwise distance indicates that the observed 

topology accurately reflects the low level of sequence variation present in the rbcL dataset. 

These findings demonstrate that the chloroplast rbcL gene contains sufficient variation to 

distinguish Origanum from the outgroup, but provides limited phylogenetic resolution among 

closely related species because of its highly conserved nature. The absence of parsimony-

informative sites indicates that the analysed chloroplast regions provide very limited resolution 

of relationship among the included Origanum species. Consequently, internal branching pat-

terns should be interpreted cautiously, particularly when associated with low bootstrap sup-

port. Another factor taken into consideration in the study is the limited availability of homol-

ogous rbcL sequences for several recognized Origanum species in the NCBI GenBank 

database. Although Origanum comprises numerous taxonomically recognized species, only a 

subset is represented by comparable rbcL barcode sequences suitable for phylogenetic 

analysis. As a result, the present phylogeny includes only species for which homologous 

sequence data were available, potentially limiting the completeness of the inferred 

evolutionary relationships within the genus. 

To address these limitations, maturase K was used as a marker for comparison. This 

marker was expected to provide greater phylogenetic resolution because it generally evolves 

more rapidly than rbcL and contains a higher proportion of informative nucleotide substitu-

tions. The length of the sequences varied from 745 to 836bp and the final alignment length 

after trimming was 695 bp. 

  

Figure 2. matK gene phylogenetic tree of Origanum species 

The phylogenetic tree (Figure 2) for the matK marker showed two principal components: the 

Origanum taxa formed a single unresolved cluster and T. vulgaris is separated from the Ori-

ganum cluster since it serves as an outgroup belonging to a different genus. Within this Ori-
ganum cluster, there are no visible internal branch lengths separating the species, effectively 

resulting in a polytomy. This is also shown by the scale bar, which displays as 0.00 because 
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the branch lengths are extremely small. This result is also strongly supported by the pairwise 

distance analysis, which shows that the Tamura-Nei distance of the Origanum sequences is 

0.0000, whereas between Origanum and T. vulgaris is approximately 0.0065 substitutions per 

site. The absence of matK sequence divergence among the sampled Origanum species indi-

cates limited discriminatory power of the analyzed region at the species level. Even though 

the separation of T. vulgaris confirms that the dataset retains phylogenetic information at a 

broader taxonomic scale, the identical Origanum sequences resulted in an unresolved topol-

ogy. Although matK is generally considered the more variable chloroplast marker, the ho-

mologous barcode regions available in GenBank showed complete sequence identity among 

the sampled Origanum species, whereas rbcL retained limited but detectable sequence vari-

ation. 

Table 2. Pairwise distance of matK gene in Origanum species 

 

Table 3. Physicochemical parameters of the rbcl gene in Origanum species 

 

Another evaluated parameter was the isoelectric point (pI) of the protein to establish the 

acidic or basic nature of the protein. This in turn makes it possible to determine protein 

stability, diversity, as well as solubility. The species O. onites, O. sipyleum and O. vulgare. 

phyllum were found to be neutral proteins (pI= 6,92), whereas the rest were found to be basic, 

with a pI ranging from 7.58 to 8.36. The matK Origanum species proteins all had a higher 

MW in contrast to the rbcL proteins (≥29637.66) which is expected because of their greater 

amino acid composition ranging from 248 aa – 278 aa. All matK species were considered to 

be basic in nature because of their pI ≥ 9.82 (Supplementary Table 1). The predicted 

isoelectric points reveal clear differences between the two chloroplast proteins. The rbcL 

proteins exhibit relatively conserved pI values, consistent with their strong evolutionary 

conservation, whereas matK pI values suggest a greater enrichment of positively charged 

amino acid residues. According to Tokmakov et al. (2021), proteins localized within specific 

intracellular compartments exhibit characteristic pI distribution that reflect adaptation to the 

biochemical environment and molecular function. 

The next parameter evaluated was protein stability. The Instability Index (II) of the 

proteins is marked by a range of values with a cutoff mark of 40.  All values above 40 show 

that the protein is unstable, and if this value is beneath the cutoff mark, the protein is 

considered stable. All rbcL proteins are considered stable, whereas all matK proteins show 

instability. This observation is consistent with the role of matK as a chloroplast RNA-binding 

maturase, where positively charged residues may facilitate interactions with negatively charged 



186    Caka et al. / J. Biol. Stud. 9(3):180–194 (2026) 

 

RNA molecules during intron splicing. In contrast to the highly conserved rbcL proteins 

which show protein stability, matK proteins display instability indices greater than 40. 

According to the analysis, it should be mentioned that this index is an empirical in vitro 

predictor based solely on amino acid composition and does not reflect the overall protein 

condition and stability under physiological conditions. In addition, the analysis was based on 

homologous partial coding regions rather than complete matK proteins, which could 

influence the physicochemical parameters, including pI and II. 

To further assess the stability of the rbcL protein, the aliphatic index was measured. This 

index shows protein thermostability by evaluating the aliphatic side chains of the protein, such 

as valine (V), leucine (L), isoleucine (I) and alanine (A) (Table 5).  

These fractions were found to be within the 78.31 and 80.69 range. The higher the value 

of this index, the more thermally stable these proteins are considered to be. These values 

show that the Origanum species are thermostable as well as containing a high number of 

hydrophilic amino acids. This is in correlation with the nature of thermophilic proteins that 

exhibit higher values of  instrinsic thermal stability and are characterized by low segregation 

of hydrophilic surfaces and the hydrophobic core (Zhou et al., 2008; Sterpone and 

Melchionna, 2012; Bianco et al., 2017). The thermostability of the proteins is also supported 

by the GRAVY values generated, which show that the values for the rbcL protein vary from -

0.354 to -0.269 (Table 3). These values indicate that the nature of the protein is hydrophilic, 

soluble in water and appears to be globular. Amino acid composition analysis revealed that 

leucine was the most abundant residue in the rbcL protein (8.2-9.2%), despite the protein 

exhibiting an overall hydrophilic character. This finding is consistent with the structural 

organization of Rubisco, in which hydrophobic residues such as leucine are concentrated 

within the protein core to stabilize folding and maintain the conserved tertiary structure 

(Spreitzer and Salvucci., 2002; Anderson and Backlund., 2008). In contrast, polar and 

charged residues, including threonine (8.6%) and glutamine (6.9%) were also abundant and 

are predominantly exposed on the surface, conferring the overall hydrophilic character for 

the enzyme to function efficiently (Anai et al., 2023; Tomita et al., 2025). The lowest values 

were for asparagine, histidine, and tryptophan at 0%. The predominance of leucine suggests 

the presence of a stable hydrophobic core that maintains the 3D architecture of the enzyme, 

whereas the relatively high proportion of glycine (9.2%) provides conformational flexibility in 

loop and connecting regions. 

 

Table 5. Aliphatic index assessment of rbcL and matK protein  

Taxa Ala (A) Ile (I) Leu (L)  Val (V) 

Origanum dayi (matK) 2.2 7.9 12.2 5.4 

Origanum dictamnus (rbcl) 7.1 3.8 8.7 7.7 

Origanum dictamnus (matK) 2.6 9.6 13 7 

Origanum elongatum (matK) 2.2 8.3 12.6 5.4 

Origanum laevigatum (rbcl) 7.6 3.8 8.7 8.2 

Origanum laevigatum (matK) 2.6 8.8 13.2 5.9 

Origanum majorana (rbcl) 6.9 3.2 7.8 7.7 

Origanum majorana (matK) 2.9 8.7 13 5.4 

Origanum microphyllum (matK) 2.2 8.3 12.2 5.4 

Origanum minutiflorum (rbcl) 8.2 3.8 8.2 8.2 

Origanum onites (rbcl) 7.5 4 9.2 7.5 

Origanum onites (matK) 2.7 9 12.9 7.1 
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Taxa Ala (A) Ile (I) Leu (L)  Val (V) 

Origanum rotundiflorum (matK) 2.2 8.3 12.9 5.4 

Origanum saccatum (rbcl) 7.9 4 8.5 7.9 

Origanum sipyleum (rbcl) 7.5 4 9.2 7.5 

Origanum syriacum 2.7 9.3 12 5.4 

Origanum vulgare (rbcl) 7.4 4 9.1 7.4 

Origanum vulgare (matK) 2.8 9.3 11.7 5.2 

 

Such a combination of stabilizing and flexible protein residues is characteristic of highly 

conserved enzymes such as Rubisco (Zhang et al., 2021). Although leucine was the most 

abundant individual amino acid in the aliphatic index, the negative GRAVY index indicates 

that the cumulative physicochemical properties of all residues produce an overall hydrophilic 

protein, consistent with the soluble stromal localization of Rubisco. This corresponds with 

the recent studies stating that a negative GRAVY score indicates a predominantly hydrophilic, 

globular protein likely to effectively interact with water and other polar molecules (Nene et 

al., 2022; Komal et al., 2025). 

The identification of conserved sequence motifs in the rbcL protein was performed using 

MEME Suite. Six highly conserved motifs were identified across all species, with extremely 

significant E-values, indicating that these motifs represent evolutionary domains rather than 

occurring by chance. Although the precise evolutionary significance of the individual motifs   

in protein networking is unknown, their key role in protein-protein interaction is well 

documented (Saito et al., 2007). Because post-translational modification can further regulate 

protein activity, phosphorylation sites of these proteins were predicted using NetPhos 3.1. 

Only prediction scores greater than 0.5 were considered as potential phosphorylation sites of 

serine, threonine and tyrosine. The analysis revealed a high degree of conservation among 

the species; each protein contained between 12 and 13 phosphorylation sites, with Thr being 

completely conserved across all species, whereas Ser and Tyr differed by only one residue. 

This result parallels the MEME results showing that the structural and regulatory features of 

the protein have been highly conserved in the genus Origanum (Figure 3a, b, c).  

 

 
Figure 3a. MEME conserved motifs of the rbcl gene 

In contrast, matK MEME analysis showed that the same proteins do not display the same 

degree of motif conservation. Although the motifs remain highly significant, their arrangement 

is more variable among the species, consistent with the greater evolutionary flexibility of matK 

(Supplementary Figure 1). Unlike rbcL, matK is known to accumulate substitutions at a faster 

rate (Supplementary Table 2). It should be noted that the rbcL protein comprised of 174-178 

aa, whereas the translated matK proteins ranged from 248-278 aa. The difference in length 
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reflects the distinct biological functions and coding capabilities of the two chloroplast genes. 

Despite the shorter length, MEME analysis identified six highly conserved motifs shared by 

all species, accompanied by nearly identical phosphorylation profiles. The longer matK pro-

tein contained a greater number of phosphorylation sites and exhibited increased variability 

in motif organization. These findings suggest that protein length alone does not determine the 

degree of evolutionary conservation.  

 

Figure 3b. MEME motif locations of the rbcl gene  

 

Figure 3c. Phosphorylation sites of rbcl gene 

Additional support for these findings was provided by the predicted structural properties 

obtained using NetSurfP 3.0. NetSurfP 3.0 is a deep learning-based platform that predicts 

residue-specific secondary structure, solvent accessibility and intrinsic disorder from amino 

acid sequences (Høie et al., 2022). The analysis indicated that the majority of amino acid 

residues were predicted to be buried (blue), suggesting that a large proportion of the protein 

contributes to the formation of a compact core, contributing to protein stability and proper 

folding (Johnson et al., 2007; Jones and Gardner, 2015). Secondary structure prediction 

revealed that coil regions were predominant, interspersed with α-helices and β-strands (Figure 

4). The abundance of coil regions is consistent with their role in connecting regular secondary 

structural elements and providing the local conformational flexibility required for catalytic 

function while preserving the overall tertiary structure of the enzyme. Furthermore, only a 

limited number of residues were predicted to exhibit intrinsic disorder, supporting the highly 

ordered and evolutionary architecture of rbcL. MatK secondary structure analysis displayed 

the same profile (Supplementary Figure 2). 
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Figure 4. Secondary structure of the rbcL protein as evaluated by NetSurfP 3.0 

(red is exposed aa, blue is buried aa; orange is helix structure, purple arrow is 

strand, purple line is coil)  

The 3D structures from the analyzed Origanum species were predicted using the SWISS-

MODEL tool to investigate structural conservation beyond primary sequence variation 

(Figure 5). This modeling provides insight into protein function, stability and interactions, 

contributing to our understanding of proteins of pharmacological and biological relevance 

(Mahdally et al., 2024; Ravi et al., 2026). 

Despite minor sequence differences among the species, the predicted tertiary structures 

exhibited a highly conserved overall fold, indicating that sequence length did not substantially 

affect protein structure. This high degree of structural conservation is expected of rbcL, since 

its catalytic role in photosynthesis makes it subject to strong evolutionary constraints (Leung 

et al., 2026). The reliability of the predicted models was also supported by structural 

validation. More than 95% of the amino acid residues were located within the favored regions 

of the Ramachandran plots, whereas outliers were either absent or represented less than 0.3% 

of residues (Figure 6). MolProbity scores ranging from 0.5 to 1.4, along with the low 

clashscores, confirm the excellent stereochemical quality of the models. According to current 

standards for protein structure assessment, the parameters are characteristic of highly reliable 

tertiary structure predictions (Waterhouse et al., 2018; Waterhouse et al., 2024). Analysis of 

the amino acid composition also revealed that glycine was among the most abundant residues 

within the predicted proteins. These glycine-rich regions have been shown to contribute to 
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structural flexibility and are involved in cellular metabolism and gene regulation (Lorković 
2009; Cheng et al., 2023). 

 

 

Figure 5. 3D-modeling of O. vulgare rbcl (A) and matK (B)  

 

Figure 6. Ramachandran plots of two Origanum rbcL proteins (A: O. vulgare; B: 

O. majorana) 

Overall, the structural analysis demonstrated that the rbcL protein of Origanum retains a 

conserved tertiary organization despite sequence variation among species. These findings 

agree with previous studies which similarly reported, despite sequence divergence among 

plant taxa, the overall motif organization and 3D structure of rbcL remain highly conserved 

because of strong functional and evolutionary constraints (Valegard et al., 2018; Sevindik et 
al., 2024; Leung et al., 2026). Rather than evaluating chloroplast markers solely by 

phylogenetic reconstruction, the present study integrates evolutionary, physicochemical, 

structural and functional analysis, providing a more comprehensive assessment of marker 

conservation. 

5. Conclusions 
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This study demonstrates that integrating phylogenetic reconstruction with comparative 

protein characterization provides a more comprehensive evaluation of chloroplast barcode 

markers than sequence analysis alone. Although both rbcL and matk exhibited limited 

discriminatory power within the available Origanum dataset, their proteins remained 

remarkably conserved at the physiochemical and structural levels, indicating strong 

evolutionary constraints. These findings establish an integrated analytical framework for 

future studies of barcode evolution in Origanum and other Lamiaceae taxa. 
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