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Abstract: Standardisation is essential to ensure the quality, efficacy, and safety of
Revised: 25 September 2025 basil oil products. Although Ocimum basilicum L. is the most widely traded species,
Accepted: 25 September 2025 other Ocimum species are often sold under the same name, increasing the risk of
Published: 21 October 2025 misidentification and adulteration. Intraspecific variation in morphology and
chemical composition further complicates standardisation, highlighting the need for
a comprehensive authentication strategy. This study evaluates genetic, chemical,
and morphological methods for the authentication of commercial basil accessions
to support accurate species identification and product standardisation. Samples
were analysed using DNA barcoding (matK, trnH-psbA, rbcL, rpll6), GC-MS-
based chemical profiling, and trichome characterisation via scanning electron
microscopy. Phylogenetic analysis placed all commercial samples within a broad
clade encompassing O. basilicum, its hybrids, and related species. Species-specific
single nucleotide variations in matK and trnH-psbA supported the identification of
distinct accessions. Notably, liquorice basil showed genetic similarities to non-
basilicum species, suggesting the need to revisit its classification. Chemical
profiling revealed substantial variation in essential oil composition, with some
samples dominated by linalool and eugenol, and others by methyl chavicol, raising
potential safety concerns. Morphological analysis further highlighted differences in
trichome density, particularly in the blue spice variety. The findings underscore the
limitations of using a single method for basil authentication and advocate for an
integrated approach. DNA barcoding supports species identification, while
chemical profiling is essential for chemotype differentiation. Developing reliable
DNA markers and incorporating combined analyses into routine quality control can
strengthen industry standards for natural product authentication.
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1. Introduction

Herbal medicine represents one of the earliest forms of healthcare, forming the foundation of both traditional
and modern medical practices [1-5]. The popularity of medicinal and aromatic plants (MAPs) has increased
significantly over the past few decades, with demand continuing to grow [6—8]. Plants synthesise a vast array of
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secondary metabolites, which serve as the basis for commercial products in the pharmaceutical, food, perfume,
and cosmetic industries [9—11]. MAPs are integral to both traditional and modern medicinal practices, with
approximately 60,000 species globally harvested for their therapeutic properties [12—14].

Despite the extensive use of MAPs, the sector faces numerous challenges that impact the quality and efficacy
of herbal medicines [15—17]. One of the major concerns is the prevalence of substitutes and adulterants in the
market, which can compromise the safety and effectiveness of final products. Additionally, accurate species
identification is critical, as misidentification can lead to ineffective or harmful outcomes [7,18-21]. Variability in
the quality of MAPs due to environmental factors and cultivation practices further complicates their use [22,23].
To address these challenges, various regulatory guidelines have been established. The World Health Organization
(WHO) provides standards to ensure that MAPs are cultivated, harvested, and processed in ways that preserve
their medicinal and aromatic properties [1]. The International Fragrance Association (IFRA) plays a critical role
in regulating the safe use of fragrance ingredients, including essential oils [24], restricting or prohibiting substances
that pose potential health risks, such as allergens or toxic compounds. Additionally, the International Organization
for Standardization (ISO) sets key benchmarks for essential oils, covering purity, composition, and labelling, as
seen in standards like ISO 9235 [25]. The European Pharmacopoeia further provides monographs detailing quality
testing, storage, and identification requirements to ensure that medicinal plants and their derivatives meet stringent
quality standards [26]. Despite these established guidelines, numerous cases and studies have reported instances
of adulteration and the presence of harmful compounds in commercial products [7,16,27-29]. These challenges
highlight the need for more robust quality control measures to ensure the safety, efficacy, and authenticity of MAP-
derived products.

Ocimum basilicum L.(basil), belonging to the family Lamiaceae, is widely used in the cosmetic and personal
care, pharmaceutical, and fragrance industries due to its therapeutic properties [30-36]. Basil is cultivated in Asia and
the Mediterranean regions, with major exporters including France, Italy, Morocco, and Egypt [37]. In the United
Kingdom, fresh basil, dried basil leaves, and basil essential oil are imported from various countries, including Israel,
Italy, Egypt, and India [38]. However, challenges persist regarding the quality assurance of basil products.

There are numerous chemotypes and morphotypes of basil, each with unique genetic, chemical, and
morphological characteristics, making its taxonomy challenging to resolve [39—45]. While macro-morphological
variability is evident among basil species, identification through micro-morphological characteristics becomes
difficult when the plant is in powdered form or as essential oils [39,46-53]. Furthermore, there are no clearly
defined chemical markers that can reliably differentiate between various basil types [S0-54]. Several genomic and
DNA barcoding studies have been conducted to distinguish basil from other species within the same genus, or
from different species within the family [52—63]. Confusion also arises from the common names used for basil.
For example, the names “lime basil” and “lemon basil” refer not only to accessions within O. basilicum but also
to O. americanum L. and O. x africanum, respectively. Similarly, in India, the term “holy basil” is used for O.
tenuiflorum Burm.f., a distinct species with significant medicinal significance, which can lead to misidentification
[63]. Beyond taxonomic challenges, certain compounds present in basil raise safety concerns. Eugenol, a key
component, acts as dermal sensitiser even when present below threshold levels, while methyl eugenol and chavicol
are classified as carcinogenic by IFRA, further complicating quality assurance [64—67]. This study aims to evaluate
genetic, chemical, and morphological approaches for the authentication of O.basilicum species, cultivars, and
hybrids in commercial basil products. By assessing the effectiveness of each method, the research seeks to support
the development of reliable tools for species identification and quality control, with relevance to the herbal,
pharmaceutical, and essential oil industries.

2. Materials and Methods

2.1. Sample Collection

Seeds of various commercial basil accessions (referred to as “tested samples” henceforth) were obtained from
different sources. The plants were grown in the glasshouse at De Montfort University, Leicester. Specific details
regarding the sources and names of the basil tested samples are outlined in Table 1.
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Table 1. Description provided on the labels of tested samples used in the study.

Name of Species

Sample Name Source (Specified on the Label)
Blue Spice Premier Seeds Direct O. basilicum

Dark opal basil Premier Seeds Direct O. basilicum purpurscens
Dwarf Greek basil Premier Seeds Direct O. basilicum

Lemon Basil De Ree O. basilicum citriodorum
Lettuce leaf basil Magic Garden Seeds O. basilicum
Lime basil Premier Seeds Direct O. basilicum
Liquorice basil Premier Seeds Direct O. basilicum
Sweet basil ‘Genovese’ Magic Garden Seeds O. basilicum
Thai large leaf Premier Seeds Direct O. basilicum
Siam Queen Basil Premier Seeds Direct 0. basilicum

2.2. Genetic Analysis

2.2.1. DNA Isolation and Amplification

Total genomic DNA of each accession was extracted from 100 mg of frozen material, previously ground to
a fine powder in liquid nitrogen with mortar and pestle, using DNeasy Plant Mini Kit (Qiagen Inc., Germantown,
MD, USA) following the manufacturer’s guidelines.

Polymerase chain reaction (PCR) was performed using a master mix consisting of 1X MyTaq Red Mix, 0.2
uM forward and reverse primers (Table 2), 2 uL of template DNA, making up a final reaction volume of 50 pL
with distilled water. A positive control (known DNA sample) and a negative control (distilled water) were always
used to ensure the PCR had worked successfully and there was no contamination.

The PCR conditions were as follows: initial denaturation for 5 min at 95 °C, followed by 35 cycles of 1 min
at 95 °C, with annealing times of 40 s at 44 °C for marK, 30 s at 58 °C for trnH-psbA, 20 s at 52 °C for rbcL, and
60 s at 52 °C for rp/16. The extension step was performed for 1 min at 72 °C. A final extension was carried out
for 5 min at 72 °C for all markers.

Table 2. Primers used for amplifying different barcode regions.

Amplicon Size

Name Sequence (~bp) Reference
matK-F 5'-CGTACAGTACTTTTGTGTTTACGAG-3' 700 [66]
matK-R 5'-ACCCAGTCCATCTGGAAATCTTGGTTC-3'

trnH-psbA-F 5'-GTTATGCATGAACGTAATGCTC-3' 400 [66]
trnH-psbA-R 5'-CGCGCATGGTGGATTCACAATCC-3'
rbcL-F 5'-ATGTCACCACAAACAGAGACTAAAGC-3' 570 [66]
rbcL-R 5'-GTAAAATCAAGTCCACCRCG-3'
Rpl16-F 5'-GCTATGCTTAGTGTGTGACTCGTTG-3' 600 [68]
Rpl16-R 5'-CCCTTCATTCTTCCTCTATGTTG-3'

2.2.2. Loci and Primers

Four loci from the chloroplast genome—maturase K (matK), intergenic spacer region of #nH and
photosystem Il protein DI (trnH-psbA), ribulose-bisphosphate carboxylase (rbcL), ribosomal protein L16 (rpl16)
were tested for their ability to serve as DNA barcodes for differentiating between 10 types of basil. Primers for the
amplification of these loci were selected based on previously published studies (as detailed in Table 2).

2.2.3. Sequencing and Analysis

Samples that produced positive PCR results were sent for sequencing. Sequencing services were provided by
Macrogen (http://foreign.macrogen.com/eng/, accessed on 6 June 2024). The resulting chromatograms were
analysed with CLC Bio Main Workbench (Workbench 7) [69] through a comparison of relevant gene sequences
from Ocimum species, obtained from publicly available databases. The accession numbers of the sequences used
in this study are listed in Table 3. Phylogenetic trees were constructed using MEGA 11.0.13 software through the
Neighbor-Joining (NJ) method, applying the Kimura 2-Parameter (K2P) model for evolutionary distance
estimation [70]. Sequence alignment was performed using MUSCLE with default parameters for multiple
sequence alignment within MEGA 11.0.13. For pairwise distance analysis, any positions containing gaps or
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missing data were removed using the complete deletion option. The reliability of the clades in the NJ phylogenetic
trees was assessed using bootstrap analysis, where 1000 replicates were used to test the support of clade nodes,
providing confidence levels for the groupings observed in the tree.

Table 3. NCBI accession numbers of the O. basilicum accessions and Ocimum species used in this study.

Name trnH-psbA matK rbcL rpll6
O. basilicum Thai Large Leaf PV389098 PV494194 PV439827 PV389107
O. basilicum Blue Spice PV389106 PV494195 PV439834 PV389109
O. basilicum Lemon PV389102 PV494196 PV439829 PV389111
O. basilicum Liquorice PV389099 PV494197 PV439830 PV389112
O. basilicum Lime PV389104 PV494198 PV439831 PV389113
O. basilicum Dwarf Greek PV389100 PV494199 PV439828 PV389110
O. basilicum Dark Opal PV389103 PV494200 PV439832 PV389114
O. basilicum Lettuce Leaf PV389101 PV494201 PV439835 PV389115
O. basilicum Sweet Basil PV389105 PV494202 PV439836 PV389116
O. basilicum Saim Queen PV389097 PV494203 PV439833 PV389108
O. basilicum MW582309.1 MF694868.1  MF694752.1  0Q706275.1
O. basilicum MHO069957.1  KC755404.1 MF694751.1
O. basilicum KX096042.1 MW150012.1
O. basilicum FR726116.1 MN243437.1
O. basilicum FR726117.1 MF468160.2
O. basilicum KF855613.1 MN243269.1
O. basilicum MF457811.1 KC755403.1
O. basilicum KU666423.1
O. basilicum MHO069955.1
O. basilicum var. purpurascens 1X294427.1
O. basilicum var. purpurascens KT338803.1
O. basilicum x O. kilimandscharicum MW150023.1 MW150016.1
O. basilicum x O. kilimandscharicum MW150022.1 MW150015.1
O. americanum MN251662.1 KC755400.1
O. americanum MN755613.1 JX465687.1
O. americanum MF457814.1
Ocimum X africanum JX294428.1 JX465686.1
Ocimum % africanum KU707910.1 JX465683.1
Ocimum % africanum JX262182.1 KC755405.1
Ocimum % africanum KT338802.1
O. kilimandscharicum MF457817.1  MW150014.1
O. kilimandscharicum MF457815.1 JX465685.1
O. kilimandscharicum JX262180.1
O. gratissimum KT338808.1 MWI150013.1 MF326410.1 NC 057196.1
O. gratissimum MNS816239.1 JX465684.1
O. gratissimum JX262181.1
O. gratissimum MW150020.1
O. gratissimum KR736034.1
O. tenuiflorum KX096041.1 0Q798990.1 OL537014.1  MN687904.1
O. tenuiflorum OM677459.1 JX465680.1 MF326417.1
O. tenuiflorum MF457807.1  MW150017.1
O. tenuiflorum KU666421.1 JX465682.1
O. filamentosum KR735338.1 KR734359.1
O. filamentosum KR735702.1 JX465688.1
O. filamentosum KR735322.1 KR734494.1
O. filamentosum KR735202.1
O. filamentosum 1X294429.1
O. campechianum MF784557.1  MH464371.1
O. campechianum HG963580.1 MF379672.1

2.3. Microscopic Analysis

The Carl Zeiss Evo® HD 15 scanning electron microscope was used to conduct the SEM work on the fresh

basil samples under varying magnifications
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2.4. Chemical Analysis

2.4.1. Essential Oil Isolation

The essential oil was extracted from freshly harvested foliage of all the tested samples using the hydro-
distillation method, employing a Clevenger’s apparatus, as previously outlined [46]. The obtained essential oil was
collected in de-moistened glass vials and stored in airtight containers for subsequent GC and GC-MS analysis.

2.4.2. GC-MS Analysis

The analysis of the essential oil was performed with GC-MS/MS system (8890 GC with a 7000D mass
spectrometer of Agilent Technologies) equipped with HP-5MS fused silica capillary columns (15 m x 0.25 mm x
0.25 pm). Carrier gas flow was 1 mL min! in column 1 and 1.2 mL min™! in column 2. The GC oven temperature
was programmed from 60 to 240 °C, at a rate of 3 °C min'. The injector temperature was set at 280 °C. The
transfer line and source temperatures were set at 280 °C and 230 °C, respectively. The injection volume was 1.0
uL, with a split ratio of 30:1. Mass spectra were recorded in EI mode (70 eV), with a mass scan range from 50—
500 amu. The identification of compounds was achieved based on retention time, mass spectral data, and mass
spectral library search (MassHunter, NIST17.L). The external standards, including Eugenol (ACROS
ORGANICS), Methyl eugenol (SIGMA-ALDRICH), Estragole (ACROS ORGANICS), Chavicol (MERCK), and
Linalool (Thermo Scientific), were used for the identification of key compounds in the samples by comparing their
mass spectra and retention times. The relative amounts of individual components in different samples were
determined as peak area (%) from the total ion chromatogram (GC-MS).

2.4.3. Data Analysis

The Pearson correlation coefficient model in SPSS 20.0 (SPSS Inc., Chicago, IL, USA) was used to
statistically analyse variations in the percentage composition of the volatile oil composition [71]. To determine
similarities among the O. basilicum accessions, a UPGMA dendrogram was created. Additionally, using SPSS
Statistics 20.0 software (SPSS Inc.), principal component analysis (PCA) was carried out utilising the percentage
of essential oil constituents.

3. Results

Different tested samples were grown in a controlled environment and collected at the flowering stage. These
samples were then analysed for genetic, chemical, and morphological variations to identify differences among the
tested samples. These analyses are crucial for both scientific and industrial purposes.

3.1. Genetic Analysis

Four DNA barcode regions (matK, trnH-psbA, rbcL and rpl16) were selected and sequenced. Additionally,
sequences for nine other Ocimum species were retrieved from NCBI (accession numbers listed in Table 3) to
expand the scope of the analysis and support species-level differentiation within the genus. After cleaning and
aligning the sequences using the CLC platform and MEGA11, high sequence similarity was observed among tested
samples and reference sequences from NCBI, particularly in the rbcL and rpl16 regions. However, our study does
not support their utility in assessing genetic relationships within Ocimum. Phylogenetic analysis and single-
nucleotide polymorphism (SNP) analysis were performed using the matK and trnH-psbA regions.

3.1.1. Phylogenetic Analysis

A Neighbour-Joining analysis was performed using 1000 bootstrap (BS) replicates in MEGA 11 to assess
the phylogenetic relationships among the Ocimum species and tested samples. In the matK phylogenetic tree, the
clades were poorly resolved compared to the trnH-psbA tree. The tested samples formed a separate clade with O.
basilicum, its hybrids, and related species O. americanum L., O. campechianum Mill., and O. kilimandscharicum
Giirke, though this grouping had a low BS value. In contrast, the trnH-psbA tree provided better resolution and
higher BS support. In this tree, O. tenuiflorum Burm.f., O. gratissimum Forrsk., O. filamentosum Forrsk., and O.
campechianum Mill. formed a distinct, well-supported clade (BS 95%), separated from the rest of the Ocimum
species (Figure 1). The phylogenetic analysis indicated that the tested samples likely belong to O. basilicum, its
hybrids, or distinct species. However, this inference lacks strong support due to the reliance on single-region
phylogenetic trees.
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KT338803.1 Ocimum basilicum var. purpurascens
FR726117.1 Ocimum basilicum
MW582309.1 Ocimum basilicum
MF457814.1 Ocimum americanum
MN755613.1 Ocimum americanum
MW150022.1 Ocimum basilicum x Ocimum kiimandscharicum
MW150023.1 Ocimum basilicum x Ocimum kilimandscharicum
KX096042.1 Ocimum basilicum
KF855613.1 Ocimum basilicum
JX262182.1 Ocimum x africanum

@ Thai saim queen basil

@ Thailarge leaf basil

@ Dwarf Greek basil

@ Lemon basil

@ Dark opal basil

@ Lime basil

MF457817.1 Ocimum kilimandscharicum
MF457815.1 Ocimum kiimandscharicum
MH069955.1 Ocimum basilicum
KU666423.1 Ocimum basilicum
JX294427.1 Ocimum basilicum var. purpurascens
FR726116.1 Ocimum basilicum

Blue spice basil

MF457811.1 Ocimum basilicum
JX262180.1 Ocimum kilimandscharicum
@ Lettuce leaf basil

MN251662.1 Ocimum americanum

@ Liquorice basil

MH069957.1 Ocimum basilicum
KU707910.1 Ocimum x africanum
KT338802.1 Ocimum x africanum
JX294428.1 Ocimum x africanum

@ Sweet basil

KX096041.1 Ocimum tenuiflorum
KU666421.1 Ocimum tenuiflorum
MF457807.1 Ocimum tenuiflorum
OM6774359.1 Ocimum tenuiflorum
Ref sequence Ocimum tenuiflorum
MF784557.1 Ocimum campechianum
g — HG963580.1 Ocimum campechianum
&2~ KR736034.1 Ocimum gratissimum
JX262181.1 Ocimum gratissimum
KT338808.1 Ocimum gratissimum
MN816239.1 Ocimum gratissimum
MW150020.1 Ocimum gratissimum
KR735702.1 Ocimum filamentosum
KR735338.1 Ocimum filamentosum
KR735322.1 Ocimum filamentosum
KR735202.1 Ocimum filamentosum
7X294429.1 Ocimum filamentosum

matK trnH-psbA

MF468160.2 Ocimum basilicum
MN243269.1 Ocimum basilicum
MN243437.1 Ocimum basilicum
KC755400.1 Ocimum americanum
KC755404.1 Ocimum basilicum
@ Lettuce leaf basil
@ Dark opal basil
@ Sweet basil
KC755405.1 Ocimum x africanum
KC755403.1 Ocimum basilicum
TX465687.1 Ocimum americanum
@ Dwarf Greek basil
TX465685.1 Ocimum kilimandscharicum
MF694868.1 Ocimum basilicum
MW150014.1 Ocimum kiimandscharicum
JX465683.1 Ocimum x africanum
@ Blue spice basil
@ Lime basi
MW150016.1 Ocimum basilicum x Ocimum kiimandscharicum
MW150015.1 Ocimum basilicum x Ocimum kiimandscharicum
@ Liquorice basil
MW150012.1 Ocimum basilicum
@ Thailarge leaf basi
@ Lemon basil
TX465686.1 Ocimum x africanum
MH464371.1 Ocimum campechianum
MF379672.1 Ocimum campechianum
TX465680.1 Ocimum tenuiflorum
JX465682.1 Ocmum tenuiflorum
0Q798990.1 Ocimum tenuiflorum
% - MW150017.1 Ocimum tenuiflorum
\ ~ MW150013.1 Ocimum gratissimum

s L JX465684.1 Ocimum gratissimum

JX465688.1 Ocimum filamentosum

w0 L~ KR734359.1 Ocimum filamentosum

&2 - KR734494.1 Ocimum filamentosum

Figure 1. Phylogenetic trees reconstructed using neighbour-joining analysis based on the matK and trnH-psbA
regions. BS values > 50% from 1000 replicates are indicated above the nodes. Blue symbols represent the tested
samples, while arrow colours represent different species, with each species assigned a unique colour.

3.1.2. SNVs

To further investigate genetic variability, nucleotide variation analysis and the development of DNA barcodes
were carried out. SNVs were detected in both matK and trnH-psbA regions, which enabled differentiation between
certain Ocimum species and positioning of the tested basil samples. The marK analysis revealed species-specific
variations across different regions (Figure 2). O. filamentosum showed distinct markers in Regions II, III, and I'V.
O. gratissimum displayed unique variations in Regions I and III. O. tenuiflorum was distinguished by variations
in Regions II and III. Liquorice basil and O. basilicum % O. kilimandscharicum displayed similarity in their
sequences within Region II, while showing variation from other species and samples.

The trnH-psbA region exhibited more considerable variation among Ocimum species (Figure 2). In the trnH-
psbA-region 1, variations were found to differentiate between O. tenuiflorum, O. filamentosum, and other species.
However, a distinct sequence (#rnH-psbA-I1) with significant variations was identified across all nine Ocimum
species. Due to the uniqueness of this sequence, it was designated as the “signature #rnH-psbA sequence” for the
genus Ocimum (Figure 2). This signature sequence in the t#nH-psbA region serves as a valuable molecular marker
for differentiating species within the genus. However, liquorice basil showed sequence similarity with O.
africanum, and O. basilicum % O. kilimandscharicum displayed similarity with O. americanum, suggesting
limitations in the marker’s ability to resolve these closely related accessions.

To address the sequence similarities observed in Figure 2 and avoid the need to test and sequence multiple
barcoding regions, we designed a simple and effective two-step targeted approach. In the first step, the unique
signature sequence in the #rnH-psbA region can differentiate the majority of species and be sufficient to
authenticate most of the accessions, as shown in Figure 2. This sequence allows the identification of O. basilicum,
O. gratissimum, O. tenuiflorum, O. filamentosum, O. campechianum, O. kilimandscharicum. However, for species
sharing identical sequences in this signature region, such as liquorice basil, genetically similar to O. africanum,
and O. basilicum * O. kilimandscharicum, genetically similar to O. americanum, Step 2 is necessary. This step
involves using the mafK region II (Figures 2 and 3) to differentiate these species. O. africanum presents a single
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nucleotide variation when compared to liquorice basil, and similarly, the same single nucleotide variation can
differentiate O. americanum from O. basilicum * O. kilimandscharicum. Therefore, by combining both regions
using this two-step approach, all species within Ocimum can be effectively differentiated. The two-step approach

is outlined in Figure 3.

malK-chi:)n 1

AATATTGTAATCTTATTACTTCAAAGAAAGTCAGCTCCTCTTTGTCAAAAAGAAATCAAAGATTCTTTTTTTTCTTATAT
AATATTGTAGTCTTATTACTTCAAAGAAAGTCAGCTCCTCTTTGTCAAAAAGAAATCAAAGATTCTTTTTTTTCTTATAT

marK-RegioE 1n % 5 .
TCAACATCTTATGGAGTTCTTCTTGAACGAATCTATTTCTATATAAAAATAGAACATCTTGTGAACGTCTTTGTTAAGGATTTTCGGGCGAACCTATGGT
TCAACATCTTCTGGAGTTCTTCTTGAACGAATCTATTTCTATATAAAAATAGAACGTCTT  TGAACGTCTTTGTTAAGGATTTTCGGGCGAACCTATGGT
TCAACATCTTCTGGAGTTCTTCTTGAACGAATCTATTTCTATATAAAAATAGAACGTCTTGTGAACGTCTTTGTTAAGGATTTTCGGGCGAACCTACGGT
TCAACATCTTCTGGAGTTCTTCTTGAACGAATCTATTTCTATATAAAAATAGAACGTCTTGTGAACGTCTTTGTTAAGGATTTTCGGGCGAACCTATGGT

ns_azK;ch'ion nr % " i
TGATCGAAGAACCCTGCATGCATTATATTAGGTATCAAGGAAAATCCATTCTGGCTTCAAAAGGGACATCTCTTTTCATGAATAAATGGAAATTTTACCT
TAGTIGAGGAACCC GCATGCATTATATT . GGTATCAAGGAAAATCCATTCTGGCTTCAAAAGGCACATCTCTTTTCATGAATAAATGGAAATTTTACCT
TGGTCGAGGAACCCTGCATGCATTATATTAGGTATCAAGGAAAATCCATTCTGGCTTCAAAAGGGACATCTCTTTTTATGAATAAATGGAAATTTTACCT
TGGTCGAGGAACCCTGCATGCATTATATTAGGTATCAAGGAAAATCCATTCTGGCTTCAAAAGGGACATCTCTTTTCATGAATAAATGGAAATTTTACCT
mml(»Region w SRR

CTTI TTGGGAATGGCATTTTTTGGTGTGGTTTCATCCAAGAAGGATTTGTATAAACCAATTTTCCAAGCATTCCCTTG AAATTTTTGGCTATCTT
CTTCTTGGGAATGGCATTTTTTGGTGTGGTTTCATCCAAGAAGGATTTGTATAAACCAATTTTCCAAGCATTCCCTTG: -AAATTTTTGGCTATCTT
trnHl-pshA-Region | &
TTGTT TATCAAAAGA( TTTATTGCTCCTTTCTTTTCTTTTCAATTAGGAGTCCTTTTCTATTTTTCTAGTAGTATTGGACTTACTTAGACTTTTCTTTCC
TTGTTCTATCAAAAGAGGGTTTATTGCTCCTTTCTTTTCTTTTCAATTATGAGTCCTTTTCTATTTTTCTAGTAGTATTGGACTTACCTAGACTTTTCTTTCC
TTGTTCTATCAAAAGAGGGTTTATTGCTCCTTTCTTTTATTTTCAATTAGA/GAGTCCTTTTG/CTATTTTTCTAGTAGTATTGGACTTACCTAGACTTTTCTTTCC
trnl l—p\f.\—kcginn 11 (Signatyre Sequence)

dkokkhk Fk R kKRR H R hh A KAk *
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Figure 2. Sequence variations were manually constructed using the results of multiple alignments from MEGA11
for different varieties of O. basilicum, tested samples and species within the genus Ocimum. Different colours were
assigned to each species for a clear distinction.
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Figure 3. Diagrammatic representation of the strategy for differentiating various species of Ocimum and tested
samples using DNA barcode regions.

In this study, hybrid species such as O. basilicum * O. kilimandscharicum and O. africanum exhibited
sequence similarities with other taxa, complicating clear resolution and highlighting the limitations of the ¢rnH-
psbA marker in distinguishing hybrids. The integration of additional markers, such as mafK, can enhance
resolution and help address these challenges, enabling more accurate differentiation of hybrid species from other
Ocimum taxa.
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Following the two-step strategy outlined in this study, all commercial samples could be identified as O.
basilicum. However, most labels correctly include the species name, aside from liquorice basil, which is labelled
as O. basilicum but genetically aligns more closely with other Ocimum species. This suggests that its classification
within O. basilicum needs to be reconsidered.

To explore the differences among the commercial samples that were not detected by the DNA approach, we
sought to determine whether variations at the trichome and chemical levels could provide additional insights,
explaining why these samples have been marketed under distinct names.

3.2. Micro-Morphological Analysis

In this study, our observations revealed that all samples contained glandular trichomes (GTs), both capitate,
peltate, and non-glandular trichome (NTG), as shown in Figure 4. In the accessions where NGT were absent in the
areas away from the midrib (Figure 4A), they were present in the midrib region (Figure 4B). This confirms that
NGT was present in all accessions used in the study.

A

Thai Large Leaf Sweet Basil

B i m Queen Dark Opal

Lettuce Leal Liquorice

Thai Siam Queen Dark Opal

Figure 4. SEM images of foliar trichomes in O. basilicum, showing different trichome types and their distribution
across various accessions. (A) Foliar areas away from the midrib, imaged at 200x magnification. (B) Midrib area
exhibiting NGT at varying magnifications.
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Significant variations were observed in the abundance of different trichomes among accessions, as
highlighted in Figure 5. For density calculations, areas (per mm?) away from the midrib were used. The blue spice
is particularly noteworthy for its significantly high abundance of all trichome types. In contrast, other cultivars
exhibit a much lower abundance of NGT compared to GTs. However, no distinct morphological differences in
trichomes were observed that could be used to reliably differentiate the samples. Therefore, we proceeded to the
next approach—chemical analysis.

600
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2 400 L
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= NGT
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Q
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Figure 5. Trichome counting was performed on different samples using Fiji (Image]J version 1.54f). The total
number of trichomes per image (as shown in Figure 4A) was used to estimate trichome abundance. Error bars
represent £10% of the mean values, indicating the variability in measurements.

3.3. Chemical Analysis

A comprehensive analysis of essential oils from multiple basil accessions, using GC-MS, identified 31
distinct components (Table 4). The majority of samples (over 90%) were dominated by phenylpropenes, with
concentrations ranging from 41.1% to 77.9%. The chemical composition of the tested basil accessions is
summarised in Table 4, which provides peak area percentages of individual compounds. The results confirm the
presence of key compounds such as linalool, methyl chavicol (estragole), methyl eugenol, and eugenol, reflecting
the diversity in basil chemotypes. The grouping of samples based on their chemical profiles provides insight into
the variability of key essential oil components across different tested samples (Figure 6A,B).

Component Plot

BDO
101
| lugenol and linalool cluster
BG Lo
; N,
W% :
BS
Chavicol-enriched cluster
05 .-
0BC 78 3

b —mu

=

Eugenol and linalool cluster

Component 2 (17.72%)

BL . \osu ;
. o
Chavicokenriched cluster N Wil
3150 &ye

Fuclidean Distance - Component 1 (71.29%)

Figure 6. Hierarchical cluster analysis showing the chemical relationship among tested samples (A); PCA plot of
the volatile oil components (B).
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Table 4. Essential oil composition of tested samples. BDO = Dark Opal, BG = Dwarf Greek, BL = Liquorice Basil,
BS = Blue Spice, BTSQ = Thai Siam Queen, OBC = Lettuce Leaf, OBL = Lemon, OBLI = Lime, OBS = Sweet
Basil, TLL = Thai Large Leaf.

Peak Area (%)

BDO BG BL BS BTSQ OBC OBL OBLI OBS TLL
o-Pinene 1.2 - - - - 1.2 - - - -
fS-Pinene 1.7 - 1.0 - - 1.9 - - 1.2 -
Myrcene 1.9 - - - - - - - 1.1 -

1,8-Cineole 18.6 3.3 8.4 9.5 32 28.4 - 3.1 132 42
(E)-B-Ocimene - - 2.8 3.5 2.1 2.9 - - 1.4 -
y-Terpinene - - - - - - - 1.9 - -
Fenchone 1.7 - - - - - 0.8 - - -
Linalool 7.2 14.0 - - 9.5 - - 299 334 113
Camphor 1.8 - 1.6 - - - - - - -
Borneol - - - - 0.9 - - - - -
Terpinen-4-ol - 2.8 - - - - 6.0 - 4.4
a-Terpineol - - - - - - - .
Methyl chavicol * - - 77.6 11.0  69.6 173  56.4 - - 31.6
Nerol - - - - - - 3.8 -
Neral (=citral b) - - - - - - 114  17.8 - -
Chavicol - - - 1.2 - - - - - -
Geraniol - - - - - - 3.8 -
Geranial (=citral a) - - - - - - 13.5 21.1 - -
Bornyl acetate - . - - - -
Eugenol 18.9 38.7 - 49.5 - 34.9 - - 39.4 408
S-Elemene - . . .
Methyl eugenol 43.5 27.0 - - 8.3 - 0.8 - 1.7 4.3
[-Caryophyllene - - - 1.3 - - 3.8 7.3 - -
trans-a-Bergamotene 3.5 1.8 - - 2.5 - - 4.8 2.4 1.2
o-Humulene - - - 1.4 - - - - - -
Germacrene D - 2.7 2.0 3.1 - 1.0 2.5 4.7 - -
[-Bisabolene - - - 9.6 - 6.6 - - - -
o-Bulnesene - 2.8 0.8 - - - - - - -
y-Cadinene - - 1.2 - 1.0 - - - - 0.5
o-Bisabolene - - - 9.9 - 5.5 3.2 3.4 - -
epi-a-Cadinol - - 3.1 - 2.1 - - - 4.6 1.0
Peak Area (%)
BDO BG BL BS BTSQ OBC OBL OBLI OBS TLL

Compound

Class composition

Monoterpenoids
Monoterpene hydrocarbons 4.8 - 3.8 3.5 2.1 6.0 - 1.9 3.7 -
Oxygenated monoterpenes 29.3 219 10.0 9.5 13.6 284 334 779 46.6 20.6
Sesquiterpenoids

Sesquiterpene hydrocarbons 3.5 122 55 253 4.2 13.1 9.5 20.2 4.0 1.7
Oxygenated sesquiterpenes - - 3.1 - 2.1 - - - 4.6 1.0
Phenylpropanoids 624 657 77.6 61.7 77.9 522 57.2 - 41.1  76.7

* Methyl chavicol (=Estragole).

3.3.1. Eugenol and Linalool Cluster

Hierarchical clustering (Figure 6A,B) reveals distinct groupings based on essential oil composition. This
group includes accessions such as Dark Opal, Dwarf Greek, Blue Spice, Lettuce Leaf, Thai Large Leaf, Sweet
Basil, and Lime.

In this group, Thai Large Leaf accession showed relatively high concentrations of phenylpropene-type
compounds (76.7%). The other accessions Dark Opal, Dwarf Greek, Lettuce Leaf, and Sweet Basil contained
moderate amounts of both phenylpropenes (62.4%, 65.7%, 52.2%, and 41.1%, respectively) and oxygenated
monoterpenes (29.3%, 21.9%, 28.4%, and 46.6%, respectively). Notably, Blue Spice contained the highest
percentage of sesquiterpene hydrocarbons (25.3%), in addition to phenylpropenes (61.7%) and oxygenated
monoterpenes (9.5%). This accession also exhibited a higher abundance of GTs, indicating a positive correlation
between trichome density and the concentration of essential oil compounds.

A further breakdown shows that the concentration of eugenol or methyl eugenol in this group is significantly
higher compared to the other cluster. For instance, the Dark Opal and Blue Spice accessions were dominated by
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eugenol (49.5%) and methyl eugenol (43.5%), respectively, while the Thai Large Leaf also displayed moderate
concentrations of both eugenol (40.8%) and methyl chavicol (31.6%). These findings suggest differential enzyme

activity within the phenylpropanoid pathway (Figure 7).
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Figure 7. An overview of Mevalonate Pathway and phenylpropanoid pathways leading to the generation of linalool
and methylate-phenylpropenes in Ocimum basilicum. DXS, DXP synthase; DXR, DXP reducto isomerase; MCT,
2-C-methyl-D-erythritol-4-(cytidyl-5-diphosphate) transferase; CMK, CDP-ME kinase; MCS, CMEPP synthase;
HDS, HMBPP synthase; HDR, hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate reductase; IDI, IPP isomerase;
AACT (acetoacetyl-CoA thiolase), HMGS (HMG synthase), HMGR (HMG reductase), MVK, MV A kinase; PMK,
phosphome-valonate kinase; PMD, MVA diphosphate decarboxylase; GPPS, GGPP synthase, LIS, Linalool
Synthase, PAL, phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-coumarate: CoA ligase;
C3H, p-coumarate 3-hydroxylase; COMT, caffeoyl O-methyl transferase; CC4H, cinnamoyl-CoA 4-hydroxylase;
CC3H, p-coumaroyl- CoA 3-hydroxylase; CCOMT, caffeoyl-CoA O-methyl transferase; CCR, cinnamoyl-CoA
reductase; CAD, cinnamyl alcohol dehydrogenase; CAAT, coniferyl alcohol acetyl transferase; EGS, eugenol
synthase; EOMT, eugenol O-methyl transferase and CVOMT, chavicol O-methyl transferase. The enzymes for 4-
and 3-hydroxylation of CoA esters have not been demonstrated yet, and hence [CC4H] and [CC3H] are indicated
in brackets to indicate their probable role (adapted from Rastogi et al. [62]).

Linalool, a desirable constituent known for its mild, floral fragrance, was found in moderate concentration in

the accession Lime (29.9%) and Sweet Basil (33.4%). Lime also exhibited notable levels of citral (neral: 17.8%,

geranial: 21.1%) while exhibiting minimal or no expression of eugenol, methyl eugenol, or methyl chavicol.

Conversely, Sweet Basil displayed substantial eugenol content (39.4%).

Another observation in our findings was that all samples were collected for analysis during the flowering
stage. The observed variability in the expression of compounds suggests that developmental stages play a

significant role in determining the chemical profiles of a species.
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3.3.2. Methyl Chavicol-Enriched Cluster

This cluster includes three accessions: Liquorice and Thai Siam Queen, which are highly enriched in methyl
chavicol (77.6% and 69.6%, respectively), and Lemon, which contains methyl chavicol at a lower concentration
(56.4%) along with significant amounts of citral (neral 11.4%, geranial 13.5%) (Figure 6A,B). The high
concentration of methyl chavicol in these accessions differentiates them from others at the flowering stage. This
suggests that chavicol (if harvested earlier) or methyl chavicol, in combination with the absence of eugenol or low
levels methyl eugenol (<10%), could serve as effective chemical markers for identification of these samples.
However, the reliability of these markers is highly dependent on the harvesting stage. In addition, the high
concentration of methyl chavicol in Liquorice Basil suggests a closer relationship with O. basilicum than genetic
analysis alone indicates. In genetic variation studies, Liquorice Basil exhibited similarities with other Ocimum
species, highlighting a discrepancy between genetic and chemical classifications. This inconsistency complicates
the authentication of Liquorice Basil as O. basilicum, as labelled on its packaging. Such discrepancies pose
challenges for quality control processes.

4. Discussion

In the present study, multiple approaches were employed to differentiate commercial O. basilicum (basil)
samples, including DNA barcoding, trichome analysis, and chemical profiling. The selected DNA barcode regions
have been widely used and have demonstrated their effectiveness in distinguishing species within the genus
Ocimum and related genera [21,40,42,54,61-63,72—79]. However, in our analysis, the phylogenetic resolution
provided by these markers was limited. The phylogenetic trees based on the t#rnH-psbA and matK regions did not
form a distinct clade for the O. basilicum samples, instead showing close genetic similarity with its hybrids, and
failed to provide strong support for the monophyly of O. basilicum. In contrast, previous studies utilising complete
chloroplast genome sequences have shown improved phylogenetic resolution within the genus [80,81]. These
findings underscore the limitations of single regions and highlight the potential of whole-genome approaches for
resolving complex taxonomic relationships within Ocimum.

DNA identification has proven to be a reliable method for species-level classification [82—85]. The #rnH-
psbA region in particular has been shown to be highly effective for species-level identification, including in the
genus Ocimum [57,66,67,71,86-92]. It is also recognised by the British Pharmacopoeia as a DNA barcode for
distinguishing O. tenuiflorum from other Ocimum species [86]. However, while DNA is effective at the species
level, it is often insufficient for intraspecific identification due to the complexities introduced by selective breeding
and hybridisation, particularly in commercially or ornamentally cultivated varieties [32,92—95]. Similarly, in this
study, the DNA markers used were unable to distinguish O. basilicum from its hybrids. Although a two-step
strategy was employed by incorporating an additional marker, these markers still failed to differentiate within the
O. basilicum species. Basil commercial breeds have a long history of selective breeding and hybridisation, which can
obscure genetic distinctions within the species. The use of universal DNA markers presents challenges in
distinguishing varieties, cultivars, or chemotypes within the same species. To improve precision, it is necessary to
develop specific DNA barcodes targeting chloroplast or nuclear genome sequences for more accurate identification.
Since our focus was to discriminate between different forms of O. basilicum, DNA barcoding alone was not sufficient.
Therefore, we proceeded to use morphological and chemical analyses to achieve better differentiation.

The presence of both GT and NGT is a common characteristic of plant species in the Lamiaceae family [96—
101]. NGT plays a critical role in plant defence mechanisms, including reducing transpiration, enhancing tolerance
to cold, deflecting intense solar radiation, and reducing herbivory [102—104]. GTs, on the other hand, serve as
protective barriers against external stressors such as herbivores, pathogens, UV-B radiation, extreme temperatures,
and drought through the volatile oils they secrete [104—107]. The presence of distinct trichome types also holds
significant taxonomic value, offering potential markers for systematic studies within the Lamiaceae family [108—
111]. In this study, our observations revealed that all samples contained capitate, peltate, and NTG trichome types,
which are also found in other Ocimum species [112,113]. Trichome abundance can serve as a useful marker during
the pre-processing stages. However, its utility diminishes once the sample has been processed [104,114]. Factors
such as drying, mechanical handling, or prolonged storage may lead to the destruction or reduction of trichomes,
as well as the evaporation of volatile compounds stored in glandular trichomes [115-118]. Moreover, the
variability in trichome abundance between the midrib region and other leaf areas makes it less reliable for the
authentication of processed samples. These changes can compromise the reliability of trichome-based assessments
in processed samples [7,119]. Additionally, environmental factors play a significant role in the distribution and
density of both GT and NGT. Variables such as light intensity, temperature, humidity, and soil conditions can
influence trichome development, making it essential to account for these factors when assessing the quality of raw
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materials [104,120,121]. Trichome morphology can offer valuable insights, especially in identifying plant species
or verifying the presence of specific traits associated with bioactive compounds. However, relying solely on
trichome abundance in basil accessions for quality assurance is proven insufficient [122,123]. Therefore, the study
progressed to chemical analysis for more definitive differentiation.

Chemical analysis remains a valuable tool when assessing the presence of bioactive compounds, as DNA
testing alone cannot confirm whether a compound is expressed. Here, chemical analysis revealed phenylpropenes
as major constituents in basil essential oils, consistent with previous studies [45,124,125]. Hierarchical cluster
analysis and PCA plots identified two major clusters: a eugenol and linalool-rich cluster and a chavicol-rich cluster.
These results indicate variation in enzyme activity within the phenylpropanoid pathway. The substrate p-
coumaroyl-CoA is predominantly directed towards conversion into caffeoyl-CoA, which serves as the substrate
for eugenol biosynthesis rather than converting to p-coumaroyl aldehyde, which is subsequently directed towards the
production of chavicol [61,126—128] (Figure 7). The enzyme eugenol O-methyltransferase catalyses the conversion
of eugenol to methyl eugenol, and chavicol O-methyltransferase converts chavicol to methyl chavicol [129,130].
Eugenol is recognised as an allergenic compound [2,10], and both methyl eugenol and methyl chavicol have been
implicated as potentially carcinogenic substances in prior studies [24,131-135]. This raises significant safety
concerns, particularly given that certain accessions, such as Blue Spice and Dark Opal, exhibit high concentrations
of these compounds. The observed variability in chemical profiles underscores the importance of carefully
considering the biosynthetic pathways and their potential impact on the quality and safety of basil-derived products.

Linalool known for its mild, floral fragrance [136,137] was found in moderate concentration in the accession
clustered in eugenol and linalool-rich cluster. In a study by Radulovi¢ et al. [138], a-linalool was proposed as a
chemical marker for the authentication of O. basilicum, particularly in the accession of sweet basil. However,
linalool concentrations as high as 94% have also been reported in other Lamiaceae members, such as Mentha
spicata, which undermines its reliability as a species-specific marker for O. basilicum authentication [111].
Eugenol and methyl eugenol are two prominent constituents of basil essential oil; however, their concentrations
are influenced by the developmental stage at harvest. Accessions showing high eugenol levels at the current stage
may exhibit increased methyl eugenol concentrations if harvested later, as methyl eugenol is often biosynthesised
from eugenol during maturation [135]. However, the reliability of chemical markers is influenced by the harvesting
stage, as the concentration of secondary metabolites fluctuates throughout plant development [134,139-144]. If
plants are not harvested at the optimal stage, variations in compound composition and quantity may affect the
accuracy of chemical profiling. In addition, both eugenol and methyl eugenol are also major components of
essential oils derived from O. tenuiflorum, making it challenging to consider these compounds as reliable chemical
markers for the tested samples or other species within the Ocimum genus [89]. This limits their usefulness for
classification or authentication within O. basilicum.

Methyl chavicol is widely used as a flavouring agent in the food industry and is approved by the Food and
Drug Administration for such application [145]. However, it is considered an undesirable compound in essential
oils due to potential health concerns [24,66]. The accessions in chavicol-rich cluster are aligned with the methyl
chavicol-rich chemotype classification described by Lawrence et al. [49]. This suggests that chavicol (if harvested
earlier) or methyl chavicol, in combination with the absence of eugenol or low levels methyl eugenol, could serve
as effective chemical markers for identification of these samples. However, the reliability of these markers is
highly dependent on the harvesting stage [140—144]. In addition, the high concentration of methyl chavicol in
Liquorice Basil suggests a closer relationship with O. basilicum than genetic analysis alone indicates. In genetic
variation studies, Liquorice Basil exhibited similarities with other Ocimum species, highlighting a discrepancy
between genetic and chemical classifications. This inconsistency complicates the authentication of Liquorice Basil
as O. basilicum, as labelled on its packaging. Such discrepancies pose challenges for quality control processes.

The choice of testing method should align with the research or industry objective. If the goal is species
identification, DNA barcoding remains the most effective approach. However, if the objective is to verify
compound composition and quality, chemical analysis is required. Our findings demonstrate that, although the
majority of samples were identified as O. basilicum, their chemical profiles varied significantly. This highlights
the need of a multi-tiered analytical approach—integrating both genetic and chemical assessments—to ensure the
quality, authenticity, and safety of commercial basil products in quality control and authentication processes. This
aligns with findings from other studies [39,53,55-58,146—151].

To improve industry standards, a multi-method authentication strategy should be adopted. This approach
ensures a more robust and reliable means of verifying plant identity and product quality. Additionally, product
labelling should provide comprehensive and accurate information, including the species name, variety, cultivar, and
chemotype. This is particularly crucial for plant species that have undergone breeding or hybridisation for commercial
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use. This comprehensive approach benefits the industry by mitigating risks associated with mislabelling and
adulteration, while consumers gain confidence in the authenticity and quality of the products they purchase.
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