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Abstract

Ocimum species present a wide array of diverse secondary metabolites possessing immense
medicinal and economic value. The importance of this genus is undisputable and exemplified in
the ancient science of Chinese and Indian (Ayurveda) traditional medicine. Unlike several other
plant species of Artemisia, Salvia, Catharanthus, Taxus, Mentha, etc. that are largely exploited,
detailed characterization and identification of important metabolites from Ocimum species
remained unexplored. Till date, most of the analyzed Ocimum species are predominantly rich in
either phenylpropanoids or terpenoids. Metabolite data suggests domination of a unique set of
signature compounds in all species. However, molecular pathways leading to the production,
accumulation and metabolism of these compounds are poorly understood. Past few years have
witnessed an upsurge in our understanding of the complex and intricately woven secondary
metabolic pathways. Such information is generated through systematic analysis and correlation
of metabolite profiling with transcriptomics data sets from different Ocimum species. The
present review is aimed at integrating our current knowledge to understand the active secondary
metabolic pathways, the key players in flux regulation including external stimuli, differential
gene expression, transcription factors, microRNAs, enzyme promiscuity, etc. Extensive analysis
of available data identifies events that may have contributed to evolve Ocimum species rich with
specific set of metabolites, thus, shedding light on pathway diversification. We believe that a
better understanding of the multi-level regulation of intermediates and metabolites will help us

harness the inherent diversity of Ocimum species optimally.
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1. Introduction

Genus Ocimum belonging to family Lamiaceae comprises between 50 tol50 species.! The
difference in the estimates of species number is partly attributed to reasons like taxonomic
revisions and generic description of the genus amongst others. It was first described by Linnaeus
in 1753 in the book Species Plantarum.* The name Ocimum basilicum was derived from the
Greek word Okimon (smell) and basilikon (royal), referring to its royal fragnance. While in India
the Ocimum plant is considered sacred and worshipped, in other parts of the world it is hailed as
the “queen of herbs” because of its strong aromatic appeal and culinary usage. With the
establishment of ancient medicinal practises in India (Ayurveda) and China (Traditional Chinese

Medicine), Ocimum was recognised as a medicinal herb with great healing powers.

Main centres of diversity for Ocimum include tropical and subtropical regions of Africa,
India and South America.” With the exception of O. fenuiflorum and O. gratissimum that are
indegenous to India, most species are native to Africa and found in wild population.* Although
Ocimum species are known to abound in medicinally important metabolites, only few species
have been thoroughly profiled. Our knowledge about most other species remains limited. All
species are identifiable by the presence of a large amount of signature metabolite(s) along with
several other metabolites in relatively minute quantities. The diversity of metabolites produced
by Ocimum plants is indeed enormous. Specific functions and/or necessity for production of such
diverse and complex chemical compounds by the plant remain elusive. Interestingly, what we
know is certain Ocimum species are either “terpenoid-rich” or “phenylpropanoid-rich”. However,
factors determining the direction of flux are largely unknown. Terpenoids are formed from the
mevalonic acid (MVA) pathway in the cytoplasm and the methylerythritol phosphate (MEP)

pathway in the plastid.’ Phenylpropanoid pathway starts with the amino acid phenylalanine and
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eventually results in the formation of phenylpropenes such as eugenol, chavicol, anethole etc.,
along with intermediates for biosynthesis of lignin, rosmarinic acid, anthocyanins etc. These
pathways have been well characterized in related genera including Salvia, Mentha and

Lavandula ®'? but not in such details in any Ocimum species. However, with the influx of next

13,14 15-19

generation sequencing data along with metabolomics, proteomics and phylogeny studies,
now it seems possible to gain a deeper insight into the perplexing diversity. The present review
aims at providing a comprehensive overview of the evolutionary, environmental and internal

factors that may have resulted in pathway diversification and extensive chemical evolution

across Ocimum species.
1.1 Importance of studying genus Ocimum

The unequivocal importance of genus Ocimum was established more than 5,000 years back with
the advent of ancient traditional medicinal practises in India and China. Thereafter, there have
been several reports of important bioactivities of Ocimum species; tissue extracts and metabolites
there in (Table 1).2>*! Although most species in this genus are associated with some or the other
bioactivity, the exact compound or group of compounds, responsible for the said bioactivity
remains elusive in most cases (Table 1). Basil also finds extensive application in the food,
flavor, and fragnance industry, and the essential oil serves as a major source of economic wealth
to the country. The plant is easy to grow and propagate, and adapts well to extreme
environmental conditions including high precipitation, long dry spells and high temperature.
Some species are capable of vegetative propagation through stem cuttings like O.
kilimandscharicum, which makes commercial cultivation less tedious and more cost effective.
Several Ocimum species grow as wild plants in various parts of the world. Since there has been
no significant domestication of this wild medicinal plant, its genetic diversity has been preserved

4
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in nature, making the system more interesting to explore. Furthermore, presence of different basil
types/cultivars rich in diverse metabolites provides a unique system for studying secondary
metabolic pathways. In addition, glandular trichomes accord the opportunity to study the
biosynthesis and regulation of these pathways at the level of a single cell. Ocimum thus presents

an attractive system to explore, particularly from the point of view of secondary metabolism.

1.2 Overview of extensive diversity within genus Ocimum

Although genus Ocimum boasts of 50 — 150 species, metabolite data for very few species is
available. For example, O. obovatum and O. labiatum are well tested for therapeutic properties
(Table 1); however, their chemical composition remains unknown. Ocimum species abound in
diverse secondary metabolites including terpenoids, phenylpropanoids, rosmarinic acid,
flavonoids and phenolics. Figure 1 shows representative examples of structurally diverse classes
of secondary metabolites found across genus Ocimum. These mainly include monoterpenes
(example, camphor, eucalyptol, a-pinene, B-ocimene, terpinolene), sesquiterpenes (example,
farnesene, B-caryophyllene, germacrene D) and phenylpropanoids (example, eugenol, eugenol
methyl ether, chavicol, methyl chavicol, methyl cinnamate). Few metabolites like germacrene D
and B-caryophyllene are commonly found across most species in the genus; however, others like
camphor and eugenol have a specie- specific distribution (Table 2). Higher terpenes (C20 and
above) and alkaloids have not been well charaterized from any Ocimum species. Since most
Ocimum species have not been profiled for their metabolites, the possibility that the genus
represents much more diversity than what we percieve now is realistic. As mentioned previously,
each species is characterized by a distinct metabolic fingerprint and presence of a signature
compound(s) as the major fraction. Although metabolite profiling via conventional techniques

such as gas chromatography (GC) has been routinely employed, advanced analytical techniques
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including liquid chromatography (LC), mass spectrometry (MS) and nuclear magnectic
resonance (NMR) have not been reported, which help in gaining a better understanding of the
global distribution of metabolites and pathway intermediates. Till now only 12 Ocimum species
have been analysed for their essential oil composition (Fig. 2, Table 2). Overall, they can be
classified as having (i) high phenylpropanoid content, (ii) high terpenoid content, and (iii)
similar/comparable amounts of phenylpropnoids and terpenoids. High phenylpropanoid content
group contains about 60 to 90% phenylpropanoids and includes O. gratissimum,”* O.
tenuiflorum® and O. selloi.** High terpenoid containing group, includes O kilimandscharicum,®
O. minimum,*® O. basilicum,*” O. americanum,*® Ocimum % citriodorum® and O. lamiifolium®
contain approximately 40 to 75% terpenoids. The third group includes O. campechianum,”" O.
micranthum’® and O. canum’® which show approximately equal amount of phenylpropanoids and
terpenoids. Interestingly, terpenoids unlike phenylpropanoids, show a universal presence in
varying amount in all Ocimum species. Table 2 gives a comprehensive list of species-wise

metabolite distribution.

Signature compounds known in Ocimum species are as follows: camphor in O.
kilimandscharicum (56%), citral in O. americanum (47%), eugenol in O. gratissimum (82%) and
O. micranthum (47%), eugenol methyl ether in O. tenuiflorum (62%), linalool in O. basilicum
(48%), methyl chavicol in O. selloi (93%) and O. canum (53%), geranyl acetate in O. minimum
(70%), sabinene in O. lamiifolium (33%) and geranial in Ocimum x citriodorum (43%) (Fig. 2,
Table 2). In plant kingdom, metabolite diversity is commonly found at the level of family or
genus, but such vivid diversity at the level of species and subtypes (within species) makes genus

Ocimum occupy a special niche in nature.
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2. Potential evolutionary events influencing metabolite diversity via pathway

modulation

Ocimum genome has evolved as a result of dramatic series of events including polyploidy,
aneuploidy, chromosomal duplications/translocations/deletions etc., '® ** * which led to
unprecedented diversification of species in Africa, India and South America. The ability to cross-
pollinate and hybridize further led to the emergence of subtypes within species, which were
capable of interbreeding and producing hybrids. For example, Ocimum Xcitriodorum is a hybrid
between O. americanum and O. basilicum and has a strong lemony scent.'® O. americanum
originated from O. canum and O. basilicum.”® The African blue basil subtype (O.
kilimandscharicum) is evolved as a hybrid between O. kilimandscharicum and O. basilicum and
abounds in camphor, linalool and eucalyptol. Interestingly, the hybrids display significantly
different metabolite profile than their parents including new metabolites that are not found in the
parents, indicating co-dominance, epistatis or interaction of genes.® As reported in several other
plant genera, ploidy levels also affect essential oil production, resulting in a greater accumulation
of essential oils in polyploids than that in diploids.”> °"° All these events taken together might
have led to greater genetic diversity and continuous expansion of gene pool, yielding new

species/subtypes/varieties over a short period.

During the course of evolution, there may have been events that led to terpenoid and
phenylpropanoid pathway diversification across different Ocimum species. It is interesting to
note that species abounding in phenylpropanoids also have an active terpenoid pathway and vice
versa. This suggests that all species evolved from an ancestor, which harbored active genes for
both the pathways. However, differential expression and regulation of pathway genes determined

the final chemical composition in each species.” '® Other factors like plant habit may also have
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influenced the selection of one pathway over the other. For example, it has been suggested that
the sanctum group has evolved to produce phenolic compounds because of its perennial woody
habit, whereas the basilicum group has evolved to produce terpenoid-rich compounds owing to
its annual herbaceous habit.* Evolution of gene coding regions also had a profound impact on the
diversity of Ocimum species metabolites. For example, O. basilicum fenchol synthase and
myrcene synthase, and geraniol synthase and linalool synthase are 95% and 81% similar,
respectively; however, they catalyse the formation of very different products. These genes most
probably evolved as a result of gene duplication events and acquired mutations leading to
functional differentiation, '® eventually contributing to metabolite diversity. Few pathway genes
involved in the biosynthesis of selected metabolites have been reported and characterized from
Ocimum and few other genera (Table 3). Genes like eugenol synthase involved in catalysing the
final step of eugenol production has been well charaterized (Table 3). However, most genes
present upstream in the eugenol biosynthetic pathway remain functionally uncharacterized
despite availability of huge transcriptomic databases. Genes from camphor biosynthesis pathway
have been well characterized from related genera like Salvia and Lavandula, however, there are
no reports from genus Ocimum (Table 3). Modifying enzymes like chavicol and eugenol O-
methyltransferases also have been well characterized (Table 3). Information about transcription
factors responsible for controlling biosynthesis of these metabolites and the transporter proteins
responsible for long distance transport from source to sink tissue in Ocimum species also remains
scarce. Genes reported from yet another important category of compounds, flavones and
flavonoids, have been listed in Table 3. Overall, information about the biosynthesis, transport
and storage of these metabolites, at the genetic level is very scarce and need to be further probed.

Several other factors during species diversification and naturalization in other parts of the world
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have been discussed briefly, which help us in explaining the mystery behind the complex

chemical evolution and pathway diversification.

3. Factors regulating secondary metabolite flux and chemical diversity in

Ocimum species

Metabolite diversity observed at the level of species in genus Ocimum is dependent on several
internal and external factors (Fig. 3). Some of the known factors responsible for regulating
terpenoid and phenylpropanoid pathways are discussed.

3.1 Differential gene expression of enzymes in phenylpropanoid and terpenoid pathways

Gene expression plays an important role in diverting metabolic flux toward either the terpenoid
or the phenylpropanoid pathway.” '*'° In particular increased expression of terminal enzymes in
the terpenoid pathway and reduced expression of phenylpropanoid entry point enzymes such as
phenylalanine ammonia-lyase (PAL) has been observed in O. basilicum var. SD, rich in
terpenoids. In another variety, O. basilicum var. EMX, however, the expression level of general
phenylpropanoid pathway enzymes, PAL and 4-coumarate-CoA ligase (4CL) was found to be
significantly higher corresponding to higher phenylpropanoid content.’ These results were
supported by next generation sequencing data of O. tenuiflorum and O. basilicum."* O.
tenuiflorum rich in phenylpropanoids, shows much higher expression of general
phenylpropanoid pathway enzymes including PAL, cinnamate-4-hydroxylase (C4H) and 4CL,
reads per kilobase per million (RPKM) = 91.47, 34.53 and 9.52 respectively; compared to O.
basilicum rich in terpenoids, RPKM = 11.3, 11.83 and 5.65 respectively. In O. basilicum,
however, the entry point enzymes of the MEP pathway, representing the cytosolic pathway for
terpenoid synthesis, including 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) was

more (RPKM = 50.58) compared to O. tenuiflorum (RPKM = 15.69).'* Thus, overexpressing the
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entry point enzymes at major metabolic branching points also helps in directing the flux towards

either phenylpropanoid or terpenoid pathway.'**"'**

Evidently, differential expression of enzymes
strategically present at pathway branch points might play a crucial role in determining flux

regulation (Fig. 4).

3.2 Enzyme promiscuity

One of the major reasons for metabolite diversity observed in Ocimum species is the promiscuity
of terpene synthases. These enzymes are capable of accepting a substrate and yielding a major
product as well as multiple side products. For instance, lijima et al characterized eight terpene
synthases from three cultivars of O. basilicum."® '"'* In vitro recombinant protein assays using
geranyl diphosphate (GPP) as substrate for putative monoterpene synthases and farnesyl
diphosphate (FPP) as substrate for putative sesquiterpene synthases was performed. Terpinolene
synthase gave terpinolene as the major product and a-pinene, limonene and an unidentified
monoterpene as the side products. Fenchol synthase produced fenchol and limonene as major
products and a-pinene and an unidentified monoterpene as the side products. Cadinene synthase
produced y-cadinene as the major product and muurola 3, 5-diene as the side product. Selinene
synthase produced selinene as the major product and pB-elemene and nerolidol as side products.
In contrast, myrcene synthase and geraniol synthase exclusively produced myrcene and geraniol

100
as end products.

In another study by Major et al, using bornyl diphosphate synthase
(producing camphene as the side product), it was proven that electrostatically guided dynamics
determined end product formation.'"’ Current evidence suggests that enzyme promiscuity may

play an important role in contributing to the diversity across Ocimum species.

33 Transcription factors

10
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Transcriptional regulation of secondary metabolism in plants for flavonoids (particularly
anthocyanins), alkaloids (including nicotine, indole alkaloids and benzylisoquinolines) and
terpenoids has been widely reported.''?” Recently, PAP1 transcription factor was shown to

enhance the production of both terpenoids and phenylpropanoids in rose plan‘[.116

Deep
sequencing of O. tenuiflorum and O. basilicum revealed the presence of 40 transcription factor
families including MYB, WRKY, bHLH, HB, NAC, bZIP etc. which are known regulators of
secondary metabolism in plants.'* A recent study performed using the red and green forma of O.
tenuiflorum suggested light-mediated regulation of anthocyanin accumulation.'*® It was observed
that when red forma seedlings grown under natural lighting conditions, were transferred to a
special greenhouse which cuts off the UV-A and UV-B radiation, the leaves turned green within
20 days. Further investigation revealed the role of transcription factors, bBHLH and WD40, in
downregulating the terminal enzymes of anthocyanin biosynthesis including flavonone-3'-
hydroxylase, leucoanthocyanidine dioxygenase and dihydroflavonol reductase, responsible for
red coloration. In another study by Misra ef al, transcription factors belonging to
APETALAZ2/Ethylene responsive factor (ERF), WRKY, plant homeo domain (PHD) and zinc
finger families were upregulated in methyl jasmonate (Mela)-treated O. basilicum plants,
suggesting their possible role in regulating secondary metabolism in Ocimum species.''> Thus,
available data suggests transcription factors are also key regulators of terpenoid and

phenylpropanoid pathway in Ocimum species and provide a more stringent control over the

direction of flux.
3.4 Post-translational modifications

Post-translational modifications including phosphorylation, ubiquitination and arginine
monomethylation of phenylpropanoid and terpenoid pathway enzymes such as

11
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phosphoglucomutase, glucose-6-phosphate isomerase, phosphoglycerate mutase, PAL and
chavicol O-methyl transferase (CVOMT) were observed in basil glandular trichomes. Post
translation modifications help in explaining situations where the mRNA level does not match
with the metabolite or protein level. For example, the enzyme CVOMT is responsible for
methylating chavicol. O. basilicum var. SD produces negligible amount of methylchavicol.
However, the mRNA and protein levels for this enzyme were found to be very high. In contrast,
very little enzyme activity and metabolites were detected. It was observed that this enzyme was
ubiquinated providing a valid explanation for the discrepencies in mRNA, protein, enzyme
activity and metabolite level. Ubiquitination leads to a rapid degradation of CVOMT post
translation,” resulting in decreased formation of methyl chavicol. In another example, PAL,
catalyzing the first committed step in phenylpropanoid biosynthesis, is phosphorylated in O.
basilicum var. SD, rich in monoterpenes; however, other basil varieties (SW, MC, and EMX-1),
rich in phenylpropanoids, lack PAL phosphorylation.” It has been reported earlier that
phosphorylation results in the reduction of PAL activity.'**"*" Above examples suggest that post
translation modifications provide an additional regulatory step in determining the expression of

key enzyme activities in secondary metabolic pathways in Ocimum species.
3.5  Presence of isozymes

Phenylpropanoid pathway produces substrates for synthesis of several important secondary
metabolites. PAL, C4H and 4CL catalyse the initial few steps leading to the formation of
coumaryl CoA. Latter represents a branching point, from which different end products including
phenylpropenes, lignins, flavonoids and rosmarinic acid can be synthesized. Thus, 4CL
represents a crucial step in pathway regulation and diversification. In recent work by Rastogi et

103

al, it was reported that O. basilicum 4CL has 5 different isoforms.”~ RNAi experiments
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involving the silencing of a specific isoform, Oba4CL, led to a reduced production of
phenylpropanoids without affecting lignin and sinapic acid content. Thus, only one of the
isoforms of 4CL was involved in the synthesis of phenylpropenes. This also represents the
commitment of a specific isoform of an enzyme to a specific biosynthetic pathway at a very
initial step. Presence of such pathway-committed isoforms keeps the pathway finely tuned and

delicately balanced in basil.

3.6 External factors

Being species native to the tropics, Ocimum plants are always subjected to severe environmental
conditions including excessive heat, rainfall, humidity, dryness etc. Adaptability, thus, is the key
to survival. It has been reported that external environmental factors, including the type of light,
radiation, season, geographic conditions etc., influence essential oil composition. Same Ocimum
specie show altered metabolic profile under different environmental factors. Red and blue
shading conditions in O. selloi showed decline in level of phenylpropanoids and elevated level of
in comparison with plants grown in full light.** Plants grown under blue shading had more
number of metabolites than plants subjected to full light and red shading. Decreased
accumulation of methyl chavicol was observed in plants cultured under colored netting,
accompanied by an increase in a-copaene, germacrene D and bicyclogermacrene content.** This
suggests a chemical defense strategy of plants against less favorable growth conditions. Similar
kind of study was performed with O. basilicum cultivated in soil covered by colored mulches
which demonstrated that size and aroma of leaves as well as the concentration of soluble phenols
greatly improved."*! Seasonal variation of essential oil composition was observed in O. basilicum
and O. tenuiflorum.® To show the effect of geographic conditions on essential oil composition,

O. gratissimum and O. campechianum were grown in Choco Department (Columbia) and
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Ecuador region that resulted in different chemical composition.”’ Similarly, O. basilicum and O.
gratissimum grown in Benin, Cameroon, Congo and Gabon vary in chemical composition.”
O.gratissimum plants grown in Columbia showed altered metabolite profile as compared with

91,132-135

those grown in Europe. This data indicates external factors including climatic conditions

and geographical variations might be influencing the chemical profile of Ocimum species.

3.7  Developmental and tissue specific regulation
During cinnamic acid and methylcinnamate (MC) formation from phenylalanine, activity of two
enzymes, PAL and S-adenosyl-L-methionine: cinnamate carboxyl methyltransferase

(SAM:CCMT) shows an important regulatory control point.'*®

In different developemental
stages of O. basilicum, the relation between MC content, PAL and SAM:CCMT activity was
examined. SAM: CCMT activity showed correlation with MC content in young leaves.'*®
Likewise, eugenol-O-methyltransferase (EOMT) is responsible for methylation of eugenol to
form methyleugenol in one of the final steps of phenylpropanoid pathway. The expression
pattern of EOMT positively correlated with the amount of eugenol/isoeugenol and
methyleugenol in different developmental stages of all the analyzed chemotypes.">” Along with
development-specific regulation of metabolite accumulation, some metabolites in Ocimum
species also show tissue-specific regulation. For example, analysis of trichome, leaf, stem and
root shows a strong association between eugenol content and Ob4CL expression in O.
basilicum.'”

3.8  MicroRNA mediated regulation

Based on O. basilicum EST data set, the function of miRNAs and their targets was predicted
using in silico approach.*® Four miRNA families miR164c, miR5658, miR414 and miR5021

were evaluated for their potential targets. These miRNA families showed regulatory role during

14
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stress-metabolite response. Although this study was based upon computational evaluation,
further in planta experimentation is required to determine the critical role of miRNAs during

.. . . 138
secondary metabolism in Ocimum species.

4. Future perspective

Ocimum acts as a reservoir of several important secondary metabolites found in nature, thereby
making it a very attractive system to explore. Although the genome of Ocimum has not yet been
sequenced, the recent influx of next generation sequencing data of various tissues such as
trichomes and leaves, has helped us in understanding various factors that are responsible for
regulating the formation of phenylpropanoids and terpenoids in Ocimum species. Using the
current information, we can genetically engineer Ocimum species to overexpress the desired
metabolites by redirecting the metabolite flux.'**'* This knowledge can also be used for
breeding new chemotypes producing interesting spectra of essential metabolites. Since these
metabolites impart flavor and aroma, and possess medicinal properties, they can be
heterologously expressed in plants, which are routinely used raw in our diet, such as tomato,
thereby increasing their flavor and nutritive value. The expression of O. basilicum a-zingiberene
synthase under the control of polygalacturonase promotor led to the unexpected accumulation of
15 sesquiterpenes and 10 monoterpenes, which were not present in the non-transformed fruit.'*’
In a separate study, the expression of O. basilicum geraniol synthase under the same promoter
led to the accumulation of geraniol and its derivatives, which had profound impact on tomato

flavor as well as aroma.'**

Moreover, expressing terpene synthase genes from Ocimum in food
crops will impart greater resistance against pathogens and pests. Till date, it is not well

established whether there is a cross talk between the phenylpropanoid and terpenoid pathways.

The glandular trichomes present in several Ocimum plants provide a very exciting isolated
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single-celled system to unravel the exchange, if any, of upstream intermediates between these
two pathways. Thus, Ocimum species find useful applications in industrial, culinary, medicinal

as well as scientific research areas, asserting their important position in the plant kingdom.

5. Conclusions

Phenylpropanoid and terpenoid pathways in genus Ocimum have evolved as a result of various
evolutionary, environmental and molecular events. Understanding the regulatory checkpoints in
these pathways is a step closer towards efficiently harnessing this plant system. We believe that
genes for both terpenoid and phenylpropanoid biosynthesis are present in all Ocimum species.
However, several factors including genetic background, habit, ploidy levels, hybridization,
differential gene expression, transcriptional and post translational modifications, isozymes etc.
have played a major role in metabolic pathway diversification making Ocimum species either
terpene- or phenylpropanoid- rich. The presence of many terpene synthases in single species and
each one’s ability to synthesize diverse metabolites from a single sustrate has further
complicated the chemical evolution process. Most reviews on Ocimum have concentrated only
on the medicinal benefits and industrial uses of this genus. To our knowledge, this is the first
review that attempts to provide cumulative information about the potential reason/s for the
complex chemical evolution and discusses terpenoid and phenylpropanoid pathway

diversification events across Ocimum species.

6. Abbreviations

MVA Mevalonic acid

MEP Methylerythritol phosphate
GC Gas chromatography

LC Liquid chromatography

16
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MS Mass spectrometry

NMR Nuclear magnetic resonance

PAL Phenylalanine ammonia-lyase

4CL 4-Coumarate-CoA ligase

C4H Cinnamate-4-hydroxylase

RPKM  Reads per kilobase per million

DXR 1-deoxy-D-xylulose 5-phosphate reductoisomerase

GPP Geranyl diphosphate

FPP Farnesyl diphosphate

UV-A Ultraviolet-A

UV-B Ultraviolet-B

ERF Ethylene responsive factor

PHD Plant homeo domain

Mela Methyl Jasmonate

CVOMT Chavicol O-methyl transferase

MC Methyl cinnamate

SAM S-adenosyl-L-methionine

CCMT  Cinnamate carboxyl methyltransferase

EOMT  Eugenol-O-methyltransferase

Ob4CL  Ocimum basilicum 4-Coumarate-CoA ligase
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Table 1: Bioactivities of Ocimum species tissue extracts/purified compound(s)

sp. Bioactivity Extract/Compound | Dose and/or activity Organism/ cell line/ assay
Ok Free radical Leaf essential oil, Essential oil, GI50=8.31 pg/mL DPPH free- radical scavenging assay GC-MS™ |
scavanging® camphor, mixture of | Camphor, IC50=12.56 ng/mL !
1,8-cineole and Limonene + 1,8-cineole, IC50=23.25 i
limonene pg/mL |
Anticancer”” >’ Leaf essential oil;*’ Essential oil via hydrodistillation, Human ovarian cancer cell line”’; C(57)BL and | GC-MS™ |
50% alcoholic GI50=31.90 mg/mL* Swiss albino mice injected intradermally with 5
aqueous leaf extract’! | 50% alcoholic aqueous leaf extract, BoH;¢ metastatic melanoma cell line.?! '
dose = 200 mg/kg p.o.*’ J
Anti-inflamatory™ | Leaf essential oil, Reduction in total leucocyte Carrageenan-induced pleurisy in mice GC-MS? |
camphor, mixture of | migration= 82 + 4% (30 mg/kg :
1,8-cineole and essentia oil), 95 + 4% (100 mg/kg of F
limonene essential oil), 83 £+ 9% (camphor), 80 :
+ 5% (1,8-cineole + limonene) !
Insecticidal™ DCM leaf extract, Dose =10, 100 and 1000 ppm Helicoverpa armigera (second instar larvae) GC-MS |
camphor, limonene incorporated in artificial diet i
and B-caryophyllene ;
Antidiarrhoel™ Aqueous leaf extract | 100, 200 and 400 mg/kg , p.o. Castor-oil induced diarrhoea model, castor oil | Nil i
induced enteropooling assay in rats; charcoal ;
meal/intestinal motility test in mice !
Antimicrobial™ Essential oil, borneol, | MIC, essential oil (1.55-3.35), S. aureus, S. epidermidis, S. mutans, S. viridan, | GC-MS |
bornyl acetate, borneol (1.25-4.50), bornyl acetate E. coli, E. cloacae, K. pneumoniae, P. '
camphor, (1.75-4.88), camphor (1.33-3.24), aeruginosa, C. albicans, C. tropicali, C. I
caryophyllene oxide, | caryophyllene oxide (0.073 to >6.4), | glabrata.
1,8-cineole, limonene, | 1,8- cineole (2.0-9.5), limonene
linalool, a-pinene, B- | (>20), linalool (0.25 to >20), a-
pinene, spathulenol pinene (2.0-15.0), B-pinene (9.75 to
>20), spathulenol (1.35 to >20)
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(*values in mg/mL)
Antiplasmodial® | DCM plant extract Extract, IC50 (CQ resistant clone) = | SYBR Green I fluorescence Nil
1.547+0.226 ng/mL assay (MSF assay) against Plasmodium
Extract, IC50 (CQ sensitive clone) = | falciparum (CQ resistant and sensitive clone)
0.843+0.123 pg/mL
Antioxidant™®*’ Methanolic extracts Extract, dose = 1 mg/mL**~’ Ferric reducing antioxidant power (FRAP) HPLC' ;
of leaves,”**’ and assay’"; Iron (III) reduction, B-carotene- i
callus®® linoleic acid bleaching, DPPH, superoxide |
anion free radical scavenging assay”’ '
Radioprotective® | 50% alcoholic Extract, dose =200 mg/kg p.o. Mice irradiated by “’Co source in the cobalt Nil |
aqueous leaf extract therapy unit i
Mosquito Plant essential oil, dry | 20% plant essential oil solution Field trials (community study) using A. Nil |
repellent® plant material prepared in glycerine and acetone, arabiensis, A. gambiae and C. !
and burning 1 kg of dry plant quinquefasciatus :
material; protection efficiency (PE), :
Essential oil = 89.75% (Anopheles |
arabiensis) and 90.50% (Culex !
quinquefasciatus) i
OIlb | Antioxidant™ Ethanolic leaf extract, | Extract, IC50 =13 + 0.8 (DPPH DPPH, FRAP, Cupric reducing antioxidant NMR '
labdane (isolated assay), 53.62 = 0.57 (FRAP assay), capacity (CUPRAC) and crocin bleaching i
diterpenoid) 47.32 £0.76 (CUPRAC assay) and | assay (AAPH) .
54.86 = 1.28 pg/mL (AAPH); |
Labdane diterpenoid demonstrated !
minimal to no activity |
Anti- Ethanolic leaf extract, | Extract, dose = 25ug/mL Cytometric bead array (CBA) technique™ NMR™
inflammatory®’ labdane diterpenoid Labdane diterpenoid, dose = 50 uM*’ '
Ola | Antimicrobial”" | Essential oil extract; | MIC= 1.75-4.90 mg/mL""; MIC (all S. aureus, S. epidermidis, S. mutans, S. GC-MS™
3 Ethanolic extract of extracts) <512 ug/mL30; MIC= 10 - | viridan, E. coli, E. cloacae, K. pneumoniae, P.
various plant parts; 50 mg/mL*! aeruginosa, C. albicans, C. tropicalis, C.
methanol, aqueous glabrata;** B. cereus, C. perfringens, L.
and n-hexane extracts monocytogenes, E. faecalis, S. aureus, S.
pyogenes, S. epidermidis;>°S. aureus, E. coli,
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P. aeruginosa, S. boydii
Mosquito- Volatiles from fresh, | f-ocimene (14%) strongly repelled Anopheles arabiensis, Aedes aegypti, GC-MS
repellent® dried and smoking female mosquitoes
dried leaves
Antioxidant™"" Plant essential oils Methanolic extract, dose=1 mg/mL;*’ | Iron (III) reduction, p-carotene- linoleic acid HPLC”,
and methanolic Methanolic extract, IC50 = 8.6 = 0.7 | bleaching, DPPH, superoxide anion free radical GC-MS* ;
extracts®’ (DPPH assay); 12.8 = 0.8 (linoleic scavenging assay;”' DPPH and linoleic acid i
acid assay);” Essential oil, IC50 = peroxidation assay |
27.5 + 1.4 (DPPH assay); 46.1 = 2.3 f
(linoleic acid assay) pg/mL™> :
Anti- Aqueous and 400, 600 and 800 mg/kg body weight | carrageenin, histamine, and serotonin induced | Nil i
inflammatory* ethanolic leaf extracts mice paw edema. |
Hepatoprotective™ | Aqueous and 1 and 2 mg/mL Aqueous extracts tested on CCl4 -treated
methanolic leaf guinea pigs by using barbiturate induced sleep
extracts modification; methanolic extracts tested in
vitro using precision cut liver slices (PCLS)
against acetaminophen-induced hepatotoxicity
Analgesic™® Aqueous and 400, 600 and 800 mg/kg body weight | Tail-flick, hot-plate and tail-pinch assay in Nil i
ethanolic plant albino male mice ,
extracts |
Oo Anitmicrobial®’ Leaf essential oil MIC= 50-200 pg/mL Escherichia coli, Staphylococcus aureus, GC-MS
Klebsiella spp, Pseudomonas spp., Proteus |
spp. !
Ot Antidiabetic™ 60% ethanolic leaf Extract, dose = 250 and 500 mg/kg Male Wistar albino rats Nil |
extract body weight _]
Anti- 60% ethanolic leaf Extract, dose = 250 and 500 mg/kg Male Wistar albino rats Nil '
hyperlipidemic*® extract body weight |
Anti-oral toxicity | Hydroalcoholic leaf 5- 2000 mg/kg body weight Male Wistar albino rats Nil
effect™ extract
Antioxidant™ Methanolic extracts Extract, dose = 50-1000 pl DPPH, hydroxyl radicals, hydrogen peroxide, | Reverse
of leaf, inflorescence, chelating ferrous iron and ferric ion reducing phase
stem and callus potential assay HPLC
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DNA damage Anthocyanin extracts | 5, 10 and 20 pg/ml Oxidative DNA damage induced via H,O,and | UPLC
protective™ UV using pUC19 plasmid
Antibacterial®'"* Essential oil MIC (essential oil) =25-100 E. coli, S. enteritidis, S. typhimurium, S. typhi,
ng/mL;*' MIC (essential oil) = 0.364 | S. flexneri, B. cereus, S. aureus;"'E. coli and S.
mg/mL (S. aureus), 0.728 mg/mL (E. | aureus™
coli) ;
Anticancer™ Aqueous and 50- 400 pg/mL Sarcoma-180, HFS-1080 cell lines; swiss Nil i
ethanolic leaf extracts albino wistar mice ,
Antiglycation™ Methanolic and water | IC50 values for different fractions measuring inhibition of advanced glycation end | Nil !
extracts and their ranged from 21.01 = 2.06 to 68.29 + | products by flurometry 5
fractions (DCM, 1.68 pg/mL; concentrations tested= '
ethyl-acetate, n- 250 to 2000 pg/mL i
butanol, water) J
Antistress™ OciBest (whole plant | 1200 mg of actives per day Self-evaluation by participants using symptom | Nil !
extract in gelatin rating scale after 0, 2, 4, 6 week of trial period :
capsules) !
a-amylase Isopropanol extract IC50= 8.9 ng/mL Porcine pancreatic a-amylase (PPA) inhibition | GC-MS :
inhibitory® assays i
Mosquito Plant essential oil EC50= 133 ppm; EC90= 240 ppm Aedes aegypti GC-MS |
repellent”’ I
Antiherpes™ Methanol and DCM Therapeutic index (TT), DCM extract | African Green Monkey (GMK) cells infected Nil !
extracts =10.003 (after HSV-2G adsorption); | with Herpes Simplex Virus (HSV) !
TI for methanol extracts = 1.644, |
2.473 and 29.395 before,during and i
after HSV-2G adsorption J
Ameliorative Methanol extracts, 100 and 200 mg/kg p.o. Wistar albino rats HPTLC |
potential*’ Saponin- rich fraction I
Oa Free Radical Ethanol, butanol and | 50-300 pg/mL DPPH-, ABTS-, hydrogen peroxide-, nitric
Scavenging™ ethyl-acetate extracts oxide-, hydroxyl radical- scavenging assay

from leaves
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Anti-inflammatory | Essential oil, linalool, | 50-300 mg/kg body weight Zymosan-induced arthritis and paw edema in GC-MS
Activity’’ 1,8-cineole female balb/c mice
Anti-herpes™ Methanol and DCM Therapeutic index (TT) for DCM African Green Monkey (GMK) cells infected Nil
extracts extracts = 1.865, 2.623 and 7.04 with Herpes Simplex Virus (HSV)
before,during and after HSV-2G
adsorption; TT for methanol extracts ;
=2.345 and 27.357, during and after |
HSV-2G adsorption
Antimircobial® Plant essential oil MIC = 0.04% v/v (for S. mutans, L. Streptococcus mutans, Lactobacillus casei, Nil :
casei and C. albicans); MCC = Candida albicans :
0.08%, 0.3% and 0.08% v/v (for S. i
mutans, L. casei and C. albicans E
resp.) J|
Oba | Antiherpes™ Methanol and DCM Therapeutic index (TI) for DCM African Green Monkey (GMK) cells infected Nil :
extracts extracts = 1.835 and 1.817, during with Herpes Simplex Virus (HSV) |
and after HSV-2G adsorption; TI for ?
methanol extracts = 1.563 and 2.176, :
during and after HSV-2G adsorption :
Anti-inflammatory | Whole plants;™ Abiotic elicitors (aqueous solution), | Lipoxygenase and cyclooxygenase inhibitory |
53,54 Ethanol-water (25%) | dose = 10°M (jasmonic acid), 10°M assay in leaves treated with abiotic elicitors;> 1
extract of leaves™ (arachidonic acid), 10°M (B- Swiss albino mice™ |
aminobutyric acid) sprayed on 21- |
day old plants;>® 4 mg extract per day j
for five days™ |
Antiplasmodial® | Plant ethanolic IC50=43.81-78.69 png/mL Plasmodium falciparum Nil '
extracts (leaf, stem, ’
root,flower) |
Antioxidant and Essential oil extracted | DPPH assay, IC50 = 0.03 to >100 DPPH assay for antioxidation, B. cereus, M. GC- ‘
Antimicrobial®*®® | via pg/mL, Antimicrobial assay, MIC = | flavus, S. aureus, E. faecalis, E. coli, P. MSS6’59;
hydrodistillation;® 0.009-23.48 ug/mL;56IC50 =124.95 | aeruginosa, S. typhimurium, L. monocytogenes, | HPLC-
plant extracts ug/mL (DPPH assay), 25.69 (umol | A. fumigatus, A. niger, A. versicolor. A. MS>’
prepared using Trolox/mg plant material (TEAC ochraceus, P. funiculosum, P. ochrochloron, T.
ethanol, butanol, assay), 18.84% (HAPX assay);”’ viride tested for antimicrobial activity;* DPPH,
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chloroform,water, IC50 =8.17-24.91 pg/mL Trolox equivalent antioxidant capacity (TEAC)
ethyl acetate;™ (neutralization of DPPH radical), ,hemoglobin ascorbate peroxidase activity
essential oil, linalool, | 6.92-25.45 pg/mL (neutralization of | inhibition (HAPX) and electron paramagnetic
eugenol™ acetone and | NO radical), 10.61-17.21 pg/mL resonance (EPR);"assay for neutralization of
ethanol extracts® (neutralization of superoxide DPPH, NO, superoxide and hydrogen peroxide
radical), 17.93-71.42 ng/mL radicals;>®, E. coli, E. aerogenes,E. faecalis, L. ,
(neutralization of hydrogen peroxide | monocytogenes, P. aeruginosa, S. enterica, S. !
radical);”® MIC = 60-100 pg/0.1 mL | typhimurium,S. dysenteriae, S. aureus™ E. coli, i
(acetone extract), 20-60 pg/0.1 mL K. pneumonia, S. aureus, P. aeruginosa and |
(ethanol extract)® Proteus sp.%° '
Antimalarial®' Leaf essential oil ICs0=21.0 + 4.6 pg/mL Plasmodium falciparum GC-MS :
Anticancer”®’ Plant methanolic Dose = 20-320 ug/mL;** Ursolic Cytotoxic activity against MCF-7 cells;®” Nil :
extract;*” petroleum acid, LCsp=18.6 pg/mL Sulforhodamine B assay using HT-144, MCF- !
ether soluble and 7, NCI-H460, SF-268 cell lines, immuno- :
insoluble methanolic fluorescence microscopy for studying effect on i
extracts, ursolic acid cytoskeleton and nuclei of MCF-7 cells ;
Larvicidal Leaf essential 0il®* LCs50=9.75-14.1 ppm;(’4 LCso= Culex tritaeniorhynchus, Aedes albopictus and GC-MS* I
activity**®> 3.734% (first instar larvae),4.154% Anopheles subpictus;®* Aedes aegypti® |
(second instar larvae), 4.664% (third |
instar larvae), 5.124% (fourth instar |
larvae), 5.449% (pupae)® !
Antituberculosis® | Methanolic extract of | Dose = 6.25 pg/mL, inhibition = §8- Microplate Alamar Blue Assay (MABA) }
leaves, fruits and 49% j
flowers; bacilicin }
Preventing Ethyl-acetate extract | 100 and 200 mg/kg p.o. Swiss albino mice Nil i
ischemia, of leaves .
reperfusion- |
induced cerebral :
damage and motor
dysfunctions®’
Antihypertensive | Aqueous plant extract | 100, 200 and 400 mg/kg per day Two kidney one clip Goldblatt model for Nil
effects®® orally renovascular hypertension in Wistar rats
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Vasorelaxant and | Aqueous plant extract | 0.5 g/kg body weight for 10 weeks Female wistar rats HPLC
anti-platelet
aggregation®
Antigiardial Plant essential oil, Dose = 2 mg/mL (essential oil), 300 | Giardia lamblia GC-MS
activity’’ linalool, eugenol pg/mL (linalool), 850 pg/mL
(eugenol) !
Antiviral” Aqueous and Ursolic Acid, EC50=6.6, 4.2, 0.4, Herpes viruses (HSV), Adenoviruses (ADV), Nil :
ethanolic plant 0.5 mg/L (against HSV-1, ADV-8, Hepatitis B virus, coxsackievirus B1 (CVBI)
extracts, apigenin, CVB-1 and EV-71 resp.); Apigenin, | and Enterovirus 71 (EV71) '
linalool, ursolic acid | EC50=9.7,11.1, 7.1, 12.8 mg/L ]
(against HSV-2, ADV-3, Hepatitis B !
surface antigen, Hepatitis B 'E' '
antigen resp.); Linalool, EC50 = 16.9 I
mg/L (against ADV-II) :
Og Protection of liver | Polyphenol extract Dose = 0 to 12 mg/kg body weight CCly-induced liver fibrosis in wistar rats HPLC :
from oxidative for 8 weeks |
stress and |
fibrosis’* _!
Antioxidant and Leaf aqueous extract | Antioxidant activity, ICso = 83.0 DPPH assay for antioxidant activity;
Antimutagenic’ ug/mL antimutagenic activity evaluated using
Salmonella typhimurium (TA98 and TA100)
strains using the Salmonella/microsome test
Antitrypanosomal | Crude ethanol extract, | IC50 (antitrypanosomal activity) = Trypanosoma bruceibrucei, Plasmodium GC-MS |
and essential oil and pure | 1.29 to >100 pg/mL 1C50 falciparum |
antiplasmodial™ compounds (antiplasmodial activity) =41.92- :
76.92 pg/mL |
Free radical Aqueous extract, ECso=242.47-254.33 ng/mL (DPPH | DPPH assay, hydroxyl radical and nitric oxide | HPLC, |
scavenging and methanol extract and | assay); 10.47-46.33 ng/mL (hydroxyl | scavenging assay, ferric thiocyanate (FTC) FTIR, i
antioxidant’ eugenol radical scavenging activity); 14.17- method, reducing power determination NMR
37.88 pug/mL (nitric oxide
scavenging activity) and 50.92-92.26
pg/mL (antioxidant activity).
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Prevention against | Aqueous leaf extract | doses =0 to 40 mg/kg body weight) | CCls-induced liver fibrosis in wistar rats Nil
Liver Fibrosis’® for 8 weeks.
Antimicrobial’”"® | Plant essential 0i1;77’78 MIC=0.18-3.75 mg/mL;77 dose, S. aureus, S. epidermidis, S. faecalis, M. flavus, | GC-MS
7 eugenol, methyl essential oil = 10, 50, 100 mg/mL;78 M. luteus, B. subtilis, E. coli, K. pneumonia, S.
eugenol;77 hexane and marcescens, P.vulgaris, P. mirabilis, P.
methanol extracts aeruginosa, S. typhimurium, E. aerogenes, A. |
alone and in niger, A. fumigatus, P. chrysogenum;’'B. i
combination with cereus, S. flexineri,C. albicans’®; E. coli and S. ,
aminoglycosides’ aureus (clinical and standard strains)’ |
Corrosion Seed extract Dose, extract = 4% — 10% (v/v) Gravimetric methods Nil '
Inhibition™® |
gerebroprotection Ethanolic plant 150 or 300 mg/kg body weight p.o. Male wistar rats HPLC |
extract !

*QOk (O. kilimandscharicum), Olb (O. labiatum), Ola (O. lamiifolium), Oo (O. Obovatum), Ot (O. tenuiflorum), Oa (O. americanum),
Oba (O. basilicum), Og (O. gratissimum), GI50 (growth inhibition at 50%), IC50 (half maximum inhibitiory concentration), EC50
(half maximal effective concentration), LC50 (median lethal concentration), p.o. (oral administration), MIC (minimum inhibitory
concentration), GC-MS (gas chromatography — mass spectrometry), DCM (dichlorormethane), TI (therapeutic index), HPLC (High
performance liquid chromatography), HPTLC (High performance thin layer chromatography), FTIR (Fourier transform infrared

spectroscopy), NMR (Nuclear magnetic resonance), UPLC (Ultra performance liquid chromatography)
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Table 2: Species- wise distribution of terpenes and phenylpropanoids in Ocimum

Chemical composition

PP Monoterpene (%) Sesquiterpene (%) Phenylpropanoids (%)
o™ Camphene (0.79), borneol (2.74) Germacrene (4.9), B-elemene (1.59), - Methyl eugenol (62.29), eugenol
caryophyllene (8.7), farnesol (4.19), fanesene | (2.79).
(11.27)
Os* Nil - Caryophyllene (2.04), germacrene- D (1.3), | Methyl chavicol (93.2), methyl
bicyclogermacrene (1.2), pathulenol (1.30). eugenol (0.6)
0g™ Sabinene (0.31), myrcene (0.30), (Z)- Copaene (0.29), bourbonene (0.43), (E)- Eugenol (82)
ocimene (11.88), (E)-ocimene (0.77), trans- | caryophyllene (0.88), germacrene-D (2.23),
4-thujanol (0.44), terpinen-4-ol (0.44). cadinene (0.24), caryophyllene oxide (0.21).
Ok ® a-Pinene (1.23), camphene (7.32), 3 - Trans-caryophyllene (0.33), germarcrene D Nil

myrcene (1.58), L-phellandrene (0.26), o- (0.43)
terpinene (0.33), p-cymene (0.62), limonene
(13.56), 1,8-cineole (0.85), B-ocimene
(2.00), y-terpinene (0.88), trans-sabinene
hydrate (0.49), a-terpinolene (1.33), linalool
(1.7), cis-sabinene hydrate (0.47), camphor
(56.07), 4-terpineol (3.5), myrtenol (1.24).

Oom™ a-Thujene (0.002), a-pinene (0.004), a-Copaene (0.028), a-cubebene (0.12) Eugenol (0.126), chavicol (0.224).
sabinene (0.01), B-pinene (0.003), myrcene
(0.013), a-terpinene (0.003), limonene
(0.002), B-phellandrene (0.003), eucalyptol
(0.01), trans-B-ocimene (0.006), y-terpinene
(0.13), cis-linalool oxide (0.01), trans-
linalool oxide (0.03), neo-allo-ocimene
(0.013), plinol (0.022), terpinen-4-ol
(2.352), a-terpineol (0.022), n-octyl acetate
(0.007), nerol (0.034), linalyl acetate
(0.194), geraniol (0.07), geranyl acetate
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(69.48), bornyl acetate (0.095), myrtenyl
formate (0.03), carvacrol (0.043), exo-2-
hydroxycineole acetate (0.018)

Oba®’ a-Pinene (1.9), sabinene (1.9), B-pinene a-Ylangene (0.76), B-cubebene (0.16), a-cis- | Eugenol (0.9)
(3.3), B-myrcene (3.0), D-limonene (1.6), bergamotene (0.76), a-trans-bergamotene
1,8-cineole (22.6), B-phellandrene (0.1), B- | (4.8), cis-muurola- 4(14), 5-diene (2)
cis-Ocimene (0.5), B-linalool (47.6),
camphor (0.8), a-terpineol (1.2)

0a™ Linalyl alcohol (2.03), B-citral (36.58), Caryophyllene (1.05), a-bergamotene (0.94), | Nil
citral (47.18), nerol acetate (0.32) humulene (0.51), germacrene D (1.4), a-

selinene (0.37), bicyclogermacrene (0.92), B-
elemene (0.24), a-bulnesene (0.46), cis-a-
bisabolene (2.67), (-)-spathulenol (0.31), B-
selinenol (0.19).

OcixCit | Nerol (5.04), neral (33.0), geraniol (1.6), Nil Nil

8 geranial (43.0)

Ola™® a-Thujene (0.3), a-pinene (0.6), sabinene a-copaene (0.2), B-bourbonene (0.3), - Nil

(33.8), B-pinene (2.2), myrcene (2.8), a-
phellandrene (0.5), a-terpinene (2.0), p-
cymene (2.2), B-phellandrene (4.0),
limonene (1.0), (Z)-B-ocimene (17.2), (E)-
B-ocimene (3.0), y-terpinene (1.6),
terpinolene (1.9), linalool (2.0), cis-p-
menth-2-en-1-ol (0.5), trans-p-menth-2-en-
1-o0l (0.3), terpinen-4-ol (8.4), p-cymen-8-ol
(0.8), a-terpineol (0.2)

caryophyllene (5.6), a-humulene (0.1), (E)-B-
farnesene (1.0), germacrene-D (1.1), y-
cadinene (0.1), 6-cadinene (0.2)
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oc’! Camphene (0.4), a-pinene (0.2), sabinene B-Bourbonene (9.5), a-copaene (1.9), trans-p- | Eugenol (9.0), methyl eugenol
(0.1), B-pinene (0.8), limonene (0.3), B- caryophyllene (7.8), a-guaiene (5.6), cis-p- (12)
myrcene (0.2), 1.8-cineole (3.3), linalool farnesene (0.5), sesquisabinene (0.2), a-
(2.9), borneol (0.5), a-terpineol (0.3) humulene (2.8), y-muurolene (0.3),
germacrene D (10.1), B-selinene (1.4),
bicyclogermacrene (3.4), a-bulnesene (7.1), y-
cadinene (0.5), d-cadinene (2.0), B-
sesquiphellandrene (0.4), caryophyllene oxide
(0.4), spathulenol (0.4), epi-a-muurolol (2.0),
T-muurolol (0.7), 11- selinen-4-a-ol (1.1).
Omi’” R-Pinene (0.24), camphene (0.07), a-pinene | Elemene isomer (0.63), a-elemene (4.17), Eugenol (46.55)
(0.75), myrcene (0.26), 1,8-cineole, (5.35), | elemene isomer (0.63), a-elemene (9.06), a-
cis-ocimene (2.69), trans-ocimene (0.35), caryophyllene (11.94), R-bergamotene (0.13),
linalool (1.49), allo-ocimene (2.42), borneol | R-humulene (2.4), germacrene (0.13), a-
(0.14), menthal,5-dien-8-ol (0.33), R- selinene (0.86), bicyclogermacrene (2.9),
terpineol (0.45), neral (0.06). spathuleno (1.15), caryophyllene oxide (1.23).
Oca™ R-Pinene (0.2), B-pinene (0.32), f-myrcene | B- Elemene (0.29), trans-caryophyllene (0.5), | Methylchavicol (52.71), eugenol
(0.18), 1,8-cineole (4.98), y -terpinene trans-a-bergamotene (1.7), germacrene (0.52), | (2.6)
(0.21), linalool (26.37), camphor (0.41), bicyclogermacrene (0.6), y -cadinene (0.38),
borneol (0.17), trans-B-terpineol (0.17), cedrol (0.22), cadinol (1.18).
terpinen-4-ol (1.64), endo fenchyl acetate
(0.21), bornyl acetate (0.64).

* Ot (0. tenuiflorum), Os (O. selloi), Og (O. gratissimum), Ok (O. kilimandscharicum), Om (O. minimum), Oba (O. basilicum), Oa

(O. americanum), Ocixcit (Ocimum x citriodorum), Ola (O. lamiifolium), Oc (O. campechianum), Omi (O. micranthum, Oca (O.

canum) (Parenthesis values indicate relative percentage of respective metabolite)
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Table 3: Genes involved in biosynthesis of major secondary metabolites in Ocimum species

Compound Gene Reaction catalysed Method of characterization
Eugenol Eugenol synthase (EGS) Coniferyl acetate to eugenol | Three dimensional structure determination viz. protein x-ray
(Ocimum basilicum)™' crystallography and in vitro mutagenesis studies suggest that
reaction proceeds via formation of quinone-methide intermediate |
followed by reduction; involving conserved residue Lys-132.
Eugenol synthase (EGS) Cloning, functional characterization and expression of FaEGS1a
(Fragaria ananassa)'** and FaEGS1b (catalysing formation of eugenol); and FaEGS2
(catalysing formation of eugenol and also isoeugenol with lower
catalytic efficiency ) :
Coumaryl CoA Ligase Hydroxycinnamic acids to Transient silencing of 4CL gene leads to reduction in eugenol '
(4CL) (Ocimum coenzyme A (CoA) esters accumulation, however, lignin and sinapic acid content remained
tenuiflorum)'® unaffected, indicating involvement of a specific isoform of 4CL in
eugenol biosynthesis which is different from those involved in
lignin biosynthesis.
R2R3-MYB transcription Transcription factor Identification and functional characterization of FaEOBII in
factor (EOBII) (Fragaria regulating structural genes | strawberry fruit receptacles, responsible for regulating eugenol
ananassa)'™ in phenylpropanoid biosynthesis by interaction with FaMYB10
pathway
Eugenol methyl | Eugenol O-methyl Eugenol to eugenol methyl | Recombinant protein expression and characterization in E. coli,
ether transferase (EOMT) ether molecular modelling based on crystal structure of IOMT and site
(Ocimum basilicum)'*> "% directed mutagenesis suggested single amino acid difference being |
responsible for substrate specificity in EOMT and CVOMT |
Methyl chavicol | Chavicol O-methyl Chavicol to methyl Linking O-methyltransferase activity with developemental timing :

transferase (CVOMT)
(Ocimum basilicum)' %

chavicol

and chemotype of O. basilicum through enzyme assays
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Camphor bornyl diphosphate synthase | Geranyl diphosphate to Partial purification and characterization of BPPS from soluble
(BPPS) (Salvia bornyl diphosphate enzyme preparations of young leaves; demonstration of GPP as
officinalis)' preferred substrate for cyclization
Characterization and functional expression of recombinant BPPS
X-ray crystal structure determination using Multiwave anomolous
dispersion (MAD) to 2.0A resolution, modelling with substrates,
intermediates and mechanistic implications on terpene cyclization
Molecular dynamics and multidynamic free energy simulations
reveal bornyl cation to be an important enzyme induced bifurcation
point; electrostatic steering by diphosphate moiety in active site
guides the formation of primary product (BPP)
Borneol dehydrogenase Borneol to camphor Partial purification and characterization of BDH from soluble
(BDH) (Salvia officinalis)'"! enzyme extracts prepared using young leaves
Borneol dehydrogenase Cloning, functional characterization and determination of tissue-
(BDH) (Lavandula specific expression of LiBDH
intermedia)'"?
Eucalyptol 1,8-cineole synthetase Neryl diphosphate to 1,8- Partial purification and characterization of cineole synthetase from

(1,8- cineole)

(Salvia officinalis)'"

cineole

soluble enzyme extracts prepared using young leaves

(O. basilicum) '

characterization via enzyme assays

Linalool Linalool synthase (LIS) (O. | GPP to linalool Cloning and expression of full length cDNA in E.coli followed by
basilicum)'® characterization via enzyme assays
Terpinolene Terpinolene synthase (TES) | GPP to terpinolene (as Cloning and expression of full length cDNA in E.coli followed by |
(O. basilicum) ' major product) and a- characterization via enzyme assays |
pinene and limonene (as |
side products) |
Fenchol Fenchol synthase (FES) (O. | GPP to fenchol (as major Cloning and expression of full length cDNA in E.coli followed by
basilicum) '® product) and a-pinene and | characterization via enzyme assays
limonene (as side products)
Myrcene Myrcene synthase (MES) GPP to myrcene Cloning and expression of full length cDNA in E.coli followed by
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Cadinene Cadinene synthase (CDS) FPP to y-cadinene (as major | Cloning and expression of full length cDNA in E.coli followed by
(O. basilicum) ' product) and Muurola 3,5- | characterization via enzyme assays
diene (as side product)
Selinene Selinene synthase (SES) (O. | FPP to a & B- selinene (as Cloning and expression of full length cDNA in E.coli followed by
basilicum) '” major product) and f- characterization via enzyme assays
elemene and nerolidol (as |
side product)
Zingiberene Zingiberene synthase (ZIS) | FPP to a-zingiberene (as Cloning and expression of full length cDNA in E.coli followed by

(O. basilicum) '

major product) and a-
bergamotene, nerolidol, B-
farnesene and B-bisabolene
(as side product)

characterization via enzyme assays

Germacrene-D

Germacrene D synthase
(GDS) (O. basilicum) '

FPP to Germacrene D

Cloning and expression of full length cDNA in E.coli followed by
characterization via enzyme assays

Geraniol Geraniol synthase (GES) (O. | GPP to geraniol Cloning, expression and functional charaterization of the enzyme
basilicum)'"* followed by RNA gel- blot analysis revealing exclusive expression
of GES in trichomes and not in leaves
Amyrin 2,3-oxidosqualene cyclase 2,3-Epoxy-2,3- Cloning and expression of ObAS1 and ObAS2 in Saccharomyces
(triterpene) (ASI and AS2) (O. dihydrosqualene to a/f- cerevisiae strain BY4741 under GAL1 promoter; ObAS1 was
basilicum)'" amyrin identified as a-amyrin synthase, while ObAS2 produced both a-
and B- amyrins I
General phenyl | Production of anthocyanin | Transcriptional regulator of | Introduction of PAP1 transcription factor from 4. thaliana into i
propanoid pigment 1 (PAP1) (4. floral scent Rosa hybrida (Rose) altered the colour and scent profile of
pathway thaliana)'® transgenic plants resulting from an increase in metabolic flux :

through terpenoid and phenylpropanoid pathways

p-coumaroyl shikimate 3'-
hydroxylase (CS3'H) (O.
tenuiflorum)"*

p-Coumaroyl 5-O-
shikimate to caffeoyl 5-O-
shikimate

de novo sequencing of transcriptome
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Caffeic acid O-methyl
transferase (COMT) (O.
basilicum)'

RSC Advances

Caffeate to ferrulate

de novo sequencing of transcriptome

Caffeic acid O-methyl
transferase (COMT) (O.
tenuiflorum)"*

Caffeate to ferrulate

de novo sequencing of transcriptome

Cinnamyl alcohol
dehydrogenase (CAD) (O.
tenuiflorum)'

Cinnamyl alcohol to
cinnamyldehyde

de novo sequencing of transcriptome

Cinnamyl alcohol
dehydrogenase (CAD) (O.
basilicum)’

Cinnamyl alcohol to
cinnamyldehyde

de novo sequencing of transcriptome

Cinnamate-4-hydroxylase
(C4H) (0. tenuiﬂorum)14

Cinnamic acid to 4-
coumaric acid

de novo sequencing of transcriptome

Cinnamate-4-hydroxylase
(C4H) (O. basilicum)"*

Cinnamic acid to 4-
coumaric acid

de novo sequencing of transcriptome

Flavonoid
pathway

Chalcone synthase (CHS)
(0. tenuiﬂorum)117

Conversion of 4-coumaroyl-
CoA and malonyl-CoA to
naringenin chalcone

de novo sequencing of transcriptome

Flavone 8-hydroxylase
(F8H) (O. baSilicum)lls’ 119

Hydroxylation of salvigenin

Cloning and expression of recombinant protein ObF8H-1 in yeast
and followed by characterization via enzyme assays

2-Oxoglutarate-dependent
flavone demethylase (O.
basilicum)'*°

Accumulation of 7-O-
demethylated flavone
nevadensin

Enzyme assays using trichome protein extracts

Flavonoid O-
methyltransferase (FOMT)
(Ocimum basilicum)''

6- and 4’-O-methylation of
flavones

Cloning and expression of full length cDNA in E. coli followed by
characterization via enzyme assays
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Figure legends

Figure 1: Representative examples of structurally diverse classes of secondary metabolites viz.
monoterpenes, sesquiterpenes and phenylpropanoids found across genus Ocimum

Figure 2: Overview of diversity across Ocimum species. Numbers in parenthesis indicates
number of compounds; numbers outside parenthesis indicate percentage of metabolite in total
volatile  fraction. (Ot, O. tenuiflorum; Os, O. selloi; Og, O. gratissimum; Ok,
O. kilimandscharicum; Om, O. minimum; Oba, O.basilicum; Oa, O. americanum; Oci x Cit,
Ocimum x Citriodorum; Ola, O. lamiifolium; Oc, O. campechianum; Omi, O. micranthum; Oca,
O. canum)

Figure 3: Factors responsible for chemical diversity; and terpenoid and phenylpropanoid
pathway diversification in Ocimum species

Figure 4: Major regulatory checkpoints in phenylpropanoid and terpenoid pathways. Enzymes
potentially governing the direction of flux have been marked in red. (PEP, Phosphoenol
pyruvate; G3P, Glyceraldehyde-3-phosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP,
Methylerythritol phosphate; MVA, Mevalonic acid; IPP, Isopentenyl pyrophosphate; DMAPP,
Dimethylallyl pyrophosphate; GPP, General phenylpropanoid pathway; DAHPS, 3-Deoxy-D-
arabinoheptulosonate 7-phosphate synthase; PAL, Phenylalanine ammonia-lyase; C4H,
Cinnamate-4-hydroxylase; 4CL, 4-Coumarate-CoA ligase; DXS, 1-deoxy-D-xylulose 5-
phosphate synthase; DXR, 1-deoxy-D-xylulose 5-phosphate reductoisomerase; MTPS,
Monoterpene synthases; STPS, Sesquiterpene synthases; DTPS, diterpene synthases; TTPS;

Triterpene synthases)
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Evolution & Speciation
*Aneuploidy, polyploidy
*Chromosomal aberrations
*Cross pollination, hybridisation
*Habit (annual/perennial)

S

Internal factors

*Differential gene expression
*Transcription factors/ miRNAs
*Post- translational modifications
*Presence of isozymes

*Tissue specific regulation
*Enzyme promiscuity

External factors
*Sunlight

*Colour shading
*Seasonal variation
*Geographical location
*Climatic condition
*Rainfall/ precipitation

Pathway diversification

Terpenoid-rich Phenylpropanoid- Terpenoid and
species rich species phenylpropanoid rich species
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Glycolysis

Sucrose —> —>—>pgp——> Pyruvate — 5 Acetyl CoA
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Evolution & Speciation
*Aneuploidy, polyploidy
*Chromosomal aberrations
*Cross pollination, hybridisation
*Habit (annual/perennial)

Internal factors

Differential gene expression
*Transcription factors/ miRNAs
*Post- translational modifications
*Presence of isozymes

*Tissue specific regulation
*Enzyme promiscuity

External factors
*Sunlight

*Colour shading
*Seasonal variation
*Geographical location
Climatic condition
*Rainfall/ precipitation

Pathway diversification

Terpenoid-rich Phenylpropanoid- Terpenoid and
species rich species phenylpropanoid rich species

Textual abstract: Evolution of chemical diversity and diversification of terpene and
phenylpropanoid pathway in Ocimum species
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