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Members of the genus Ocimum are endowed with a wide array of aroma and
healing properties. Commonly known as “Tulasi,” the “holy basil” (Ocimum
tenuiflorum) is revered and worshiped throughout India. It is one of the most
important plants of the traditional systems of Indian medicine, which has
been used extensively in various Ayurvedic and Yunani formulations for the
treatment of various health problems. Due to its medicinal and religious
importance, it has also been described as “Mother Medicine of Nature,” “The
Incomparable One,” and “The Queen of Herbs” by different authors. Tulasi
acts as a stimulant for physical, intellectual, and spiritual activities, which
addresses many modern-day health issues, and is an integral part of the
Ayurveda’s holistic lifestyle approach to health. It is believed that daily
intake of Tulasi supports immunity, averts infections and diseases, promotes
general health, longevity, and well-being, and also helps in dealing with the
stresses of everyday life. Despite being such an important plant, the
molecular studies defining the pathways and plant metabolites responsible for
its diverse aroma and therapeutic activities started very late. The
next-generation sequencing of the whole genome of Ocimum has introduced
this wonder herb to the modern science and opened up the doors for
unraveling its medicinal secrets, which will pave the way to harness the
therapeutic potential of this holy herb.

The essential oils of the genus Ocimum find various applications in fra-
grance and cosmetic industry as well as local medicinal systems of different
countries of the world. With its ever-increasing demand from aromatic
industry, the concerns over improving productivity and quality of its raw
materials are also increasing. Probing the transcriptome and the
whole-genome sequence of Ocimum can help in identifying molecular
markers for plant breeding to facilitate the development of improved varieties
with the desired oil composition. The genus Ocimum like its usefulness is
very wide and diverse. Chemo-profiling and pharmacognostic research fol-
lowed by in vivo validation of medicinal properties have been the major
focus of interest in Ocimum research for long, but with the advent of
next-generation sequencing “Ocimum genomics” is fast emerging and pro-
gressing. The book The Ocimum Genome has been compiled with an aim to
portray some of the most recent developments in Ocimum breeding and
genomics. I highly appreciate the hard work of the editors in organizing the
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diverse information and perception of the distinguished groups of scientists
in a concise manner within ten chapters.

I am delighted to compliment the editors, Prof. Chittaranjan Kole, an
internationally renowned agricultural scientist with original contributions on
crop genomics, and Dr. Ajit Kumar Shasany, Chief Scientist at CSIR-CIMAP,
an eminent scientist in the area of medicinal and aromatic plant research, and
the anchor person behind the “Ocimum genome story” for bringing out a much
desired book The Ocimum Genome. I am confident that this book would be a
very useful resource of knowledge to the scholars and scientists, not only
working on Ocimum but also on other medicinal or aromatic plants. Besides,
this book is also expected to serve science managers and policy makers.

I sincerely hope that the present attempts to understand the hidden
potential of Ocimum with modern approaches and outlook will open many
new opportunities.

Lucknow, India Anil Kumar Tripathi
Director, Council of Scientific and Industrial

Research-Central Institute of Medicinal

and Aromatic Plant Research (CSIR-CIMAP)

Foreword



Genome sequencing has emerged as the leading discipline in the plant sci-
ences coinciding with the start of the new century. For much of the twentieth
century, plant geneticists were only successful in delineating putative chro-
mosomal location, function, and changes in genes indirectly through the use
of a number of ‘markers’ physically linked to them. These included visible or
morphological, cytological, protein, and molecular or DNA markers. Among
them, the first DNA marker, the RFLPs, introduced a revolutionary change in
plant genetics and breeding in the mid-1980s, mainly because of their infinite
number and thus potential to cover maximum chromosomal regions, phe-
notypic neutrality, absence of epistasis, and codominant nature. An array of
other hybridization-based markers, PCR-based markers, and markers based
on both facilitated construction of genetic linkage maps, mapping of genes
controlling simply inherited traits, and even gene clusters (QTLs) controlling
polygenic traits in a large number of model and crop plants. During this
period, a number of new mapping populations beyond F2 were utilized and a
number of computer programs were developed for map construction, map-
ping of genes, and for mapping of polygenic clusters or QTLs. Molecular
markers were also used in studies of evolution and phylogenetic relationship,
genetic diversity, DNA-fingerprinting, and map-based cloning. Markers
tightly linked to the genes were used in crop improvement employing the
so-called marker-assisted selection. These strategies of molecular genetic
mapping and molecular breeding made a spectacular impact during the last
one and a half decades of the twentieth century. But still they remained
‘indirect’ approaches for elucidation and utilization of plant genomes since
much of the chromosomes remained unknown and the complete chemical
depiction of them was yet to be unraveled.

Physical mapping of genomes was the obvious consequence that facili-
tated development of the ‘genomic resources’ including BAC and YAC
libraries to develop physical maps in some plant genomes. Subsequently,
integrated genetic—physical maps were also developed in many plants. This
led to the concept of structural genomics. Later on, emphasis was laid on
EST and transcriptome analysis to decipher the function of the active gene
sequences leading to another concept defined as functional genomics. The
advent of techniques of bacteriophage gene and DNA sequencing in the
1970s was extended to facilitate sequencing of these genomic resources in
the last decade of the twentieth century.



As expected, sequencing of chromosomal regions would have led to too
much data to store, characterize, and utilize with the-then available computer
software could handle. But development of information technology made the
life of biologists easier by leading to a swift and sweet marriage of biology
and informatics, and a new subject was born—bioinformatics.

Thus, evolution of the concepts, strategies, and tools of sequencing and
bioinformatics reinforced the subject of genomics—structural and functional.
Today, genome sequencing has traveled much beyond biology and involves
biophysics, biochemistry, and bioinformatics!

Thanks to the efforts of both public and private agencies, genome
sequencing strategies are evolving very fast, leading to cheaper, quicker, and
automated techniques right from clone-by-clone and whole-genome shotgun
approaches to a succession of second generation sequencing methods.
Development of software of different generations facilitated this genome
sequencing. At the same time, newer concepts and strategies were emerging
to handle sequencing of the complex genomes, particularly the polyploids.

It became a reality to chemically—and so directly—define plant genomes,
popularly called whole-genome sequencing or simply genome sequencing.

The history of plant genome sequencing will always cite the sequencing
of the genome of the model plant Arabidopsis thaliana in 2000 that was
followed by sequencing the genome of the crop and model plant rice in 2002.
Since then, the number of sequenced genomes of higher plants has been
increasing exponentially, mainly due to the development of cheaper and
quicker genomic techniques and, most importantly, development of collab-
orative platforms such as national and international consortia involving
partners from public and/or private agencies.

As I write this preface for the first volume of the new series ‘Compendium
of Plant Genomes,” a net search tells me that complete or nearly complete
whole-genome sequencing of 45 crop plants, eight crop and model plants,
eight model plants, 15 crop progenitors and relatives, and three basal plants is
accomplished, the majority of which are in the public domain. This means
that we nowadays know many of our model and crop plants chemically, i.e.,
directly, and we may depict them and utilize them precisely better than ever.
Genome sequencing has covered all groups of crop plants. Hence, infor-
mation on the precise depiction of plant genomes and the scope of their
utilization is growing rapidly every day. However, the information is scat-
tered in research articles and review papers in journals and dedicated Web
pages of the consortia and databases. There is no compilation of plant gen-
omes and the opportunity of using the information in sequence-assisted
breeding or further genomic studies. This is the underlying rationale for
starting this book series, with each volume dedicated to a particular plant.

Plant genome science has emerged as an important subject in academia,
and the present compendium of plant genomes will be highly useful both to
students and teaching faculties. Most importantly, research scientists
involved in genomics research will have access to systematic deliberations on
the plant genomes of their interest. Elucidation of plant genomes is of interest
not only for the geneticists and breeders, but also for practitioners of an array
of plant science disciplines, such as taxonomy, evolution, cytology,
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physiology, pathology, entomology, nematology, crop production, bio-
chemistry, and obviously bioinformatics. It must be mentioned that infor-
mation regarding each plant genome is ever-growing. The contents of the
volumes of this compendium are therefore focusing on the basic aspects
of the genomes and their utility. They include information on the academic
and/ or economic importance of the plants, description of their genomes from
a molecular genetic and cytogenetic point of view, and the genomic resources
developed. Detailed deliberations focus on the background history of the
national and international genome initiatives, public and private partners
involved, strategies and genomic resources and tools utilized, enumeration on
the sequences and their assembly, repetitive sequences, gene annotation, and
genome duplication. In addition, synteny with other sequences, comparison
of gene families, and, most importantly, potential of the genome sequence
information for gene pool characterization through genotyping by sequencing
(GBS) and genetic improvement of crop plants have been described. As
expected, there is a lot of variation of these topics in the volumes based on
the information available on the crop, model, or reference plants.

I must confess that as the series editor, it has been a daunting task for me
to work on such a huge and broad knowledge base that spans so many
diverse plant species. However, pioneering scientists with lifetime experience
and expertise on the particular crops did excellent jobs editing the respective
volumes. I myself have been a small science worker on plant genomes since
the mid-1980s and that provided me the opportunity to personally know
several stalwarts of plant genomics from all over the globe. Most, if not all,
of the volume editors are my longtime friends and colleagues. It has been
highly comfortable and enriching for me to work with them on this book
series. To be honest, while working on this series I have been and will remain
a student first, a science worker second, and a series editor last. And I must
express my gratitude to the volume editors and the chapter authors for pro-
viding me the opportunity to work with them on this compendium.

I also wish to mention here my thanks and gratitude to the Springer staff,
Dr. Christina Eckey and Dr. Jutta Lindenborn in particular, for all their
constant and cordial support right from the inception of the idea.

I always had to set aside additional hours to edit books besides my pro-
fessional and personal commitments—hours I could and should have given
to my wife, Phullara, and our kids, Sourav, and Devleena. I must mention
that they not only allowed me the freedom to take away those hours from
them but also offered their support in the editing job itself. I am really not
sure whether my dedication of this compendium to them will suffice to do
justice to their sacrifices for the interest of science and the science
community.

Kalyani, India Chittaranjan Kole



The genus Ocimum L. is a member of family Lamiaceae, collectively called
basil. The distinctive characteristics in this family are a square stem with
leaves arranged in opposite decussate manner having many gland dots. The
flowers have two distinct lips and are strongly zygomorphic. Many
researchers have observed complexity in their chromosome numbers and
ploidy levels. As per the chromosome count database (CCDB), the chro-
mosome count of the genus ranges from a minimum of (n) = 6 to the
maximum of (n) = 64. The name basil is derived from the Greek word
basilikos, which means royal or the king. There are around 35-150 species
included in the genus Ocimum, which are annual and perennial herbs/shrubs
indigenous to Africa, Asia, Central, and South America, but extensively
disseminated worldwide. The finest known strongly aromatic species are the
herbs Ocimum gratissimum (African basil) and Ocimum basilicum (Thai
basil) which have a pleasant odor due to the essential oils consisting of
monoterpenes, sesquiterpenes, and phenylpropanoids. But the genus is also
popular for its medicinal properties and spiritual sanctity which are mainly
acquired by the herb Ocimum sanctum, also called Ocimum tenuiflorum (holy
basil or rulsi in Hindi). Extracted essential oils have also been shown to
contain biologically active constituents that are insecticidal, nematicidal, and
fungistatic. Such properties are often attributed to dominating essential oil
constitutes such as eugenol, methyl chavicol, camphor, linalool, and methyl
cinnamate. Three main forms of Ocimum tenuiflorum are generally popular,
one is Rama tulsi with green stems and leaves, other is Krishna tulsi with
purple colored stems and leaves, and the third one is Vana tulsi which is the
basic wild form. Though Ocimum tenuiflorum is one of the most revered
plants in India having the miraculous medicinal properties, there is very less
work carried out to know about the biochemical pathways of the miracle
compounds which are undoubtedly the secondary metabolites present in the
plant. However, in the past 5 years there had been a great pace in research on
the transcriptomics and the functional genomics of Ocimum sp. in addition to
the whole-genome sequencing of the holy basil (Ocimum tenuiflorum). This
would help enabling the discovery of genes and the molecular markers for
plant breeding to develop new improved varieties.

This book covers major aspects in the Ocimum spp. research in ten
chapters in an attempt to integrate contemporary research efforts and
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highlighting some of the most exhilarating advances in Ocimum breeding and
genomics.

Chapter 1 focuses upon the agro-technological practices and field
requirements for growing the basil plant and its economics covering the cost
input to output ratio. This chapter not only describes the techniques of
successful cultivation of basil, but also gives an overview of earning by
farmers by growing the basil crop.

Chapter 2 highlights the medicinal and therapeutic potential of the various
Ocimum species with the main emphasis on the antioxidant and antiaging
potential of phytomolecules and extracts derived from this genus. Since basil
is the rich repository of many bioactive molecules such as terpenes,
phenylpropenes, phenolic acids, and flavonoids, therefore the longevity-
promoting potential of this herb is highlighted in the present chapter. Fur-
thermore, special focus is given to the use of C. elegans model system for
screening various phytochemicals isolated from the Ocimum spp.

Chapter 3 discusses the profound effect of Ocimum on treatment and
prevention of cardiovascular diseases by means of lowering blood lipid
content, suppressing ischemia and stroke, reducing hypertension, and also its
higher antioxidant properties. These cardioprotective properties prove that
Ocimum may be treated as a good remedy against prevention and treatment
of cardiovascular diseases.

Chapter 4 demonstrates the evolutionary analysis of few protein super-
families in Ocimum tenuiflorum. This chapter describes a computational
pipeline for identification, validation, and analysis of the key components
involved in the synthesis of terpenoids and a less studied class of proteases
called rhomboids. This kind of study will have wider implication not only as a
tool to understand sequence and structure—function relationships of some
of the well-studied metabolites and enzymes, to aid protein engineering for
biotechnological utilization of these highly commercially valuable molecules.

Chapter 5 presents the detailed taxonomic description and phylogenetic
relationships among the Indian Ocimum species. Chapter 6 highlights the
genetics, cytogenetics, and diversity in the genus Ocimum and the ambiguities
in classification of the genus. It elaborates that how the revision in nuclear
DNA content has divided the section Ocimum into two clades. The first
consisting of O. basilicum and O. minimum, whereas the second consisting of
O. americanum, O. africanum, and two O. basilicum var. purpurascens
accessions. Out of all, O. tenuiflorum was found to be the most divergent
species.

Chapter 7 emphasizes on the traditional plant breeding carried out in
developing new improved Ocimum varieties like varieties CIM Ayu, CIM
Angana, CIM Saumya, CIM Kanchan, Vikarsudha, CIM Jyoti, CIM Sharada,
CIM Surabhi, and CIM Snigdha developed at the CSIR-Central Institute of
Medicinal and Aromatic Plants, Lucknow, India.

Chapter 8 describes all the available genomic resources of the Ocimum
species worldwide and illustrates the medicinal potentialities, uses, and
essential oil components of some of the widely used Ocimum species.

Chapter 9 discusses the triterpene functional genomics in Ocimum via
utilization of high-throughput sequencing of genomes and transcriptomes
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providing a prospect leading to the understanding of the molecular and
biochemical basis for the biosynthesis of diverse triterpenes and other phy-
tochemicals in Ocimum species.

Chapter 10 gives an overview of the genome sequencing of the holy basil
and the future prospects of utilizing the genome sequencing data.

We consciously tried to present these ten chapters as more or less
stand-alone deliberations, and hence, one would find obviously some
apparent redundancy while introducing the plant.

We hope that this book would be a great help to the senior and the young
Ocimum researchers and enthusiastics in providing an insight about the
present status of genomic, pharmacognostic, agronomic, and the evolutionary
studies. This compilation not only projects massive prospective for plant
improvement but also unveils the new avenues which were obscured from
long. We are really grateful to each of the authors for sparing their precious
time and effort in order to contribute their best. We would also like to thank
the entire editorial team of Springer for their assistance.

Lucknow, India Ajit Kumar Shasany
Kalyani, India Chittaranjan Kole
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R. K. Srivastava, Sanjay Kumar and R. S. Sharma

Abstract

Basil, Ocimum Spp, (Family Labiatae), is a
herbaceous, erect, annual important aromatic
plant, which attains the height of about 80—
100 cm. The leaves of the plant are dark green
or yellowish green in colour. Flowering tops
and leaves of plant yields essential oils, which
are used in perfumery and pharmaceutical
industries. Stems of the plant are often
branched and bear leaves. Many species of
basil are available in nature including Ocimum
basilicum, Ocimum canum, Ocimum gratissi-
mum and Ocimum sanctum (Sharma et al. in J
Med Arom Plant Sci 18:512-522, 1996). Basil
can be grown in wide ranges of soil like light
loam and medium loam having good water
holding capacity with a pH range of 5.0-8.30.
The best crop rotation of basil is basil-
chamomile-mint or basil-mustard—mint or
basil-potato—mint in the subtropical region.
It prefers mild climate with moderate temper-
ature of about 27 °C for successful growth.
Basil is propagated through seeds. The nurs-
ery is raised in the month of May, and the
seedlings are transplanted in the main field in
the month of June/July. Nursery-raised seed-

lings of 30 days’ age are planted with the
spacing of 30-35 cm plant to plant and 45—
50 cm row to row depending upon soil
fertility. After planting of seedlings, irrigation
is necessary. During the whole period of life,
2-3 weedings are required to minimize weed
competition. In average fertile soil, 50 kg
nitrogen, 40 kg phosphorus and 40 kg potash
per ha are sufficient. Nitrogen is applied in
three equal doses during the growth period of
the plant. It takes about 85-90 days for
maturity, when lower leaves start turning
yellow and full blooming condition appears.
Harvesting is done by sharp sickle. After
harvesting and distillation, about 110 kg of oil
is received from per hectare area. The present
market rate of basil oil is Rs. 650 per kg
(Essential oil Market Report 2014), and cost
of cultivation is about Rs. 23,546 to per ha.
A farmer can earn Rs. 47,954 per ha within a
period of 100 days.

1.1 Cultivation Technology
Basil is known for its leaves, roots, stem and

essential oils for fragrances, flavours, medicine
and sanctity in Hindu mythology. A number of

®
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The leaves of this plant or whole plant are used
for extraction of its essential oils. The oil con-
tains mainly phenols, aldehydes, tannins, saponin
and fats (Smitha et al. 2014). About 150 species
of Ocimum have been found in the world, out of
which some are wildly grown in India. A few are
commercially cultivated for their important
essential oil and crude drug purpose, but the
sweet basil or French basil is cultivated for its
essential oil.

Apart from the sweet basil, some of the holy
basil is also cultivated for their chemical con-
stituents but the sweet basil is widely cultivated
in India and in other parts of the world. The
sweet basil is native of India, but it is also cul-
tivated in France, Italy, Bulgaria, Egypt, Hun-
gary, South Africa and USA. The oil of this
species contains methyl chavicol, linalool and
some other minor constituents (Srivastava et al.
2009; Fig. 1.1).

O. basilicum is erect, herbaceous, strongly
aromatic, annual plant having a height of 75—
95 cm. Stem often branched from the base,
purplish and subglabrous in lower part, four
angular, intensely hairy higher up. Leaves are 3—
6 cm long and 1.5-3.5 cm in diameter, ovate,
lanceolate, with acuminate or rounded base,
acute or subobtuse, subentire to serrate, thinly
hairy and gland pinnate. Flowers are born in long
terminal racemose inflorescences. Pedicles den-
sely hairy, calyx 0.3-0.4 cm long at first,

Fig. 1.1 A field view of sweet basil

afterwards 0.5-0.6 cm long hairy outside, glab-
rous inside, at base with dense whorl of long
hairs above it, glandulose upper tip ovate to
round. Corolla white or pale purple tube, stamens
exert, posterior filaments short, white hairy and
transverse (Srivastava et al. 2009).

O. basilicum and O. sanctum are cultivated on
large scale in Indian states. Mostly, they are
cultivated for important essential oil in the states
of Uttar Pradesh, Punjab, Haryana, Madhya
Pradesh and some other parts of India.

1.2 Common Varieties

Ocimum basilicum

CIM-Saumya: This is a short duration crop of
90 days and has the potential to produce about
85-110 kg/ha essential oil and rich in methyl
chavicol (62%) and linalool (25%) (Bahl et al.
2018).

CIM-Snigdha: The variety matures in 80-
90 days and yields 75-110 kg per ha essential oil
and also rich in methyl cinnamate content
(78-80%) (Bahl et al. 2018).

CIM-Surabhi: This is high oil-yielding variety
with unique chemical composition having
70-75% (—) linalool with 99% purity. This

Classification:
Kingdom: Plantae
Class: Angiosperm
Oder: Lamiales
Family: Lamiaceae
Genus: Ocimum

Species: basilicum L.




1 Ocimum as a Promising Commercial Crop

variety yields 100-120 kg/ha essential oils
within 100 days (Bahl et al. 2018).

Ocimum sanctum

CIM-Ayu: This variety is having the potential to
produce 15-16 quintals dry leaf or yield 80-
100 kg/ha oil rich in eugenol (80-83%) (Bahl
et al. 2018).

CIM-Angna: This variety is having the capacity
to produce dry leaf (12—14 g/ha) or 75-90 kg/ha
essential oil containing eugenol (37-40%) and
germacrene-D (15-16%) (Bahl et al. 2018).

1.3 Soil and Climate

The crops are grown well on moderate fertile and
well-drained sandy loam to loam soils with good
water holding capacity with a pH range of 5-8. It
requires moderate climate (Temp 25-35 °C).
North Indian plains are suitable for its cultiva-
tion. In hills, it can be cultivated only as a
summer crop (Srivastava et al. 2009; Fig. 1.2).

Fig. 1.2 A view of sweet
basil after two months

1.4 Land Preparation

The field should be disc ploughed once and
harrowed twice with the mixing of 10-15 tons of
FYM per hectare. It should be ready for planting
in June to first week of July.

1.5 Propagation

Basil crop can be propagated through nursery
and direct sowing/broadcasting. However, direct
sowing is not advisable for cultivation due to
lower yield and higher rate of seed.

1.5.1 Raising of Nursery

The cultivation of Indian basil through raising of
nursery is recommended. The nursery bed should
be cleaned of stubbles, weeds and soil nema-
todes; 1.0-1.5 tons FYM, 15 kg nitrogen, 20 kg
phosphorous and 10 kg potash should be applied
in nursery bed of 500 m”. About 500 m* nursery
area would be required for one ha plantation. The
size of beds should be 2 x 4 m with proper
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irrigation channel. As the seeds are small, they
should be mixed with 5—8 times sand or fine dried
soil. Nearly 800 g—1.5 kg good germinated seeds
are required for raising nursery for one hectare
area. Appropriate time of raising nursery is last
week of May or first week of June in North Indian
conditions. Sowing should be done in line 5-
10 cm apart, and care should be taken to avoid
deep sowing. It is advisable to cover the seed beds
lightly with straw so as to conserve the moisture
which may be removed after germination of the
seeds. In dry season, it may be necessary to irri-
gate the nursery beds twice a day by light irri-
gation. Seedlings are ready for transplantation
within 25-30 days (Srivastava et al. 2009).

1.5.2 Transplanting

Transplanting should be done in the morning or
evening hours; just after the planting, irrigation is
required. Cloudy weather and light rain are
considered ideal for transplanting. It is recom-
mended to transplant the seedlings in rows and
plant spacing of 50 x 40 cm or 50 x 30 cm,

Fig. 1.3 A view of
cultivation of basil in mango
orchards

respectively, depending upon soil fertility (Bahl
et al. 2018).

1.5.3 Direct Sowing

Field should be cleaned of stubbles and weeds;
about 10-15tons FYM is required during
preparation of the land. In large-scale cultivation,
farmers cultivate the Indian basil through
broadcasting method. In this type, about 2.5-
3.0 kg seeds are required for 1 ha of land. One
part of the seed and ten parts of the sand should
be mixed for proper broadcasting. By broad-
casting, spacing of the plants cannot be main-
tained. The thinning is advisable during first
weeding for maintaining the population density
of the plants (Bahl et al. 2018; Fig. 1.3).

1.5.4 Irrigation

Irrigation depends upon the moisture in the field.
During monsoon, water requirement of the crop
is fully met up to September; thereafter, 3—4
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irrigations are required. However, in rainy sea-
son, no irrigation is required.

1.6 Interculture and Weeding

The first weeding should be done after 30-
40 days of transplantation. The second
weeding/hoeing is recommended after 1 month
from first weeding, till plants become bushy to
suppress the lower weeds.

In broadcasting type of sowing, weeding is
required after 25-30 days from sowing. In first
weeding, uprooting is required to unwanted
plants to maintain proper population. The second
weeding is recommended after 1 month of first
weeding (Bahl et al. 2018).

1.7 Manures and Fertilizers

Essential oil, the product to be obtained, is syn-
thesized in the leaves and inflorescence of basil.
Thus, adequate fertilizers are essential for luxu-
riant growth with good leaves and inflorescence
in the crops. In soil of average fertility, about 50—
60 kg nitrogen, 40 kg phosphorus and 40 kg
potash per hectare are advisable. About 20 kg
nitrogen and total quantity of phosphorus and
potash are applied as a basal dose at the time of
planting. Rest 30 kg nitrogen is applied in two
split doses during the growing season. Because it
is a short duration crop, it is most responsive to
nitrogen fertilizers (Srivastava et al. 2009).

1.8 Pest and Diseases

Basil crops are less affected by pests and dis-
eases. The common diseases are Fusarium wilt
caused by Fusarium oxysporum. During the
preparation of nursery, Pythium damping off may
also occur that damages the seedling; it is caused
by Pythium insidiosum.

The basil crop is also affected by leaf rollers
which stick to the under surface of the leaves,
fold them backwards lengthwise and web them
together.

Another pest that affects the basil crops is lace
wing caused by Cochlochi labullita. The nymphs
and adults eat leaves and younger stems, the
leaves initially get curled, and later the whole
plant gets dried up. It can be controlled by
spraying of Azadirachtin 10,000 ppm @ 5 ml/l
to control this insect (Smitha et al. 2014).

Basil is susceptible to powdery mildew
(Oidium spp.), seedling blight (Rhizoctonia
solani) and root-rot (Rhizoctonia bataticola). The
powdery mildew disease is controlled by spray-
ing of wettable sulphur (4 g/litre of water), and
the latter two diseases can be managed by
improved phytosanitary measures and by
drenching the nursery beds with Bavistin 1%
(Smitha et al. 2014).

1.9 Crop Rotation

Due to high productivity and low returns from
cereal crops, agriculture should be diversified
from traditional crops to high-value crops like
medicinal and aromatic plants. Cultivating Indian
basil as a bonus crop may be helpful in mini-
mizing the expenses on cereal crops. The rota-
tions are possible both with transplanted and
direct planted basil crops. The following crop
rotations are recommended:

Basil—Potato—Mint; Basil—Potato; Basil—
Mint; Basil-Brassica—Mint; Basil-Pea—Mint;
Basil-Wheat—Mint, Basil-—Chamomile—Mint
(Srivastava et al. 2009).

1.10 Harvesting

The basil crop herbage should be harvested when
the field is dry and weather is sunny. The crop is
harvested at a time of full bloom when lower
leaves turn yellowish. The crop may come to full
bloom in 2.5-3 months after transplanting at the
subtropical region. In Northern India, only two
harvests can be taken. In the first harvest, only
flowering tops are harvested. But single harvest
is more popular because the second harvest of
basil takes more time and the proceeding crop-
ping will be delayed (Dwivedi et al. 2000).



1.11 Distillation and Qil Yield

The distillation of the basil is done by
hydro-steam distillation using field distillation
technology. The yield of herbage from a basil
crop depends upon a number of factors including
the climate, soil properties, varieties used, timely
plantation and irrigation, control of weeds, pests
and diseases, fertilization, planting and harvest-
ing schedule. Average herb yield of basil is about
20-25 tons, and oil yield is about 110-125 kg
per hectare. For removing of any moisture, oil
should be treated with anhydrous sodium sul-
phate and decanting (Srivastava et al. 2009).

1.12 Uses of Basil Oil

Essential oil of basil has a characteristic warm
herbal anise-like note with slightly smoky back-
ground. Regarding flavour, it is sweet warm
spicy anise-like with bitter aftertaste. It is used
for imparting green herbal character in modern
fragrances, particularly in chypre, floral

Table 1.1 Economics of

e . . Particulars per hectare
cultivation of basil in India

R. K. Srivastava et al.

aldehydic and also in modern fougere types. The
general use level in such fragrances is up to 2—
3%. It also used in other fragrances for cosmetics
as well where herbal warm effect is required. In
eau de cologne and green-type perfume, this oil
gives very interesting effect. This oil also finds
use in soap fragrances and in other low cost
fragrance as well (Srivastava et al. 2009).

Basil oil is also a good source for certain
isolates and semi-synthetic chemicals like lina-
lool and anethol. Estragol (methyl chavicol) and
linalool are present in this oil after conversion of
estragol into anethol; the anethol and linalool are
repented via fractionation. The anethol is used
for imparting anise flavour, while linalool is used
for flavour and fragrance both.

In aromatherapy, it is used as insect repellent
and insect bites. It is good for bronchitis, cold,
cough, earache, sinusitis, etc. The oil is antisep-
tic, antispasmodic, carminative, digestive,
expectorant, prophylactive and insecticide in
action. It is also used in fever, flue, anxiety,
depression, fatigue and nervous tension (Srivas-
tava et al. 2009; Table 1.1).

Cost of cultivation (Rs./ha/year)

A. Cost of cultivation and distillation

Cost of seed (1 kg seed)
Land preparation

Fertilizer

Labour cost (transplanting)

Irrigation

Plant protection

Weeding (one time manually)

Harvesting
Transportation of herbs

Distillation charges

Interest on variable cost @ 7% interest

Total

B. Gross returns

Oil yield (kg)

Price of oil (per kg)
Total cost of (oil per ha.)

C. Net returns

2500
2800
2850
3000
900
700
2400
3600
1000
3000
796
23,546

110

650
71,500
47,954
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The above cost parameters are based on pre-
vailing market rate of manpower, other materials,
and produce (essential oil) may deviate in future.
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Abstract

Aging is a major risk factor associated with
the period of morbidity and pain at a later
stage of life. Although the average age for
initiation of morbidity has delayed, chronic
diseases like hypertension, cancer, diabetes,
and neurodegenerative disorders are still
prevalent in affluent aging societies leading
to death. Therefore, studying dietary interven-
tions and pathology of aging can prove as an
essential strategy for achieving healthy aging.
The recent researches demonstrated an asso-
ciation of aging with remarkable elevation
in intracellular reactive oxygen species
(ROS) and stress. The plant-based molecules
have successfully modulated lifespan and
stress level across various species. These
phytomolecules are secondary plant metabo-
lites which play a major role in plant defence
network and are synthesized as side tracks of
plant’s primary metabolism. Despite the
recently discovered potential of some phyto-
molecules in alleviating age-related stress,
antiaging and stress modulatory potential of
most of them is still unraveled. The natural
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dietary intervention modulating lifespan and
health span in model organisms should be
vastly studied for improving later life health.
The free-living soil nematode, Caenorhabditis
elegans, provides a unique and expedient
platform for studying pharmacological inter-
ventions and dissecting the genetic mecha-
nism underlying aging. The present chapter
highlights the medicinal and therapeutic
potential of the various Ocimum species which
is commonly known as the “Queen of the
herbs.” The antioxidant and antiaging poten-
tial of phytomolecules and extracts derived
from this genus is thoroughly reported. Basil
is the rich repository of many bioactive
molecules such as monoterpenes, sesquiterpe-
nes, phenylpropanoids, anthocyanins, and
phenolic acids; therefore, the longevity-
promoting potential of this herb is highlighted
in the present chapter. Furthermore, special
attention is given to the employment of
C. elegans model system for screening various
phytochemicals isolated from Ocimum spp.

2.1 Aging

The milestone discoveries in medical sciences
dramatically extended human lifespan over last
few centuries of human history. The mounting
percentage of the older population and
incidence of age-related disorders are a huge

A. K. Shasany and C. Kole (eds.), The Ocimum Genome, Compendium
of Plant Genomes, https://doi.org/10.1007/978-3-319-97430-9_2
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socioeconomic concern. The inevitable changes
due to aging are universal to all organisms, and
scientists have sought the key to youthfulness for
centuries. Despite advancement in modern med-
ical science, an elixir has so far proved elusive.
Aging and age-related chronic disorders have
become the central topic of political, medical,
and scientific interest.

Aging is a debilitating process which reduces
efficiency and function of an organism (Kenyon
2010). It is characterized by progressive deteri-
oration of tissue integrity with age and decline in
stress survival ability (Kirkwood 2005). The
increment in age-related functional impairment
can be attributed to developmental, genetic, or
environmental factors which lead to the growing
probability of death (Rattan 2006). The term
“aging” depicts the passage of time, and the
“senescence” explains all the processes of a
lifetime from maturity to death (Garigan et al.
2002). The decline in reproduction, survival, and
accumulation of metabolic by-products is the
prime characteristic of senescence (da Costa et al.
2016). Aging affects efficiency and function of an
organism, and the prime feature includes deteri-
oration of skin, bones, blood vessels, lungs, other
vital organs and nerves leading to loss of mem-
ory, motor coordination, hearing, and vision
power in human beings (Longo et al. 2015).
Aging is the single largest risk factor which
influences various chronic ailments like cardio-
vascular, cancer, and neurodegenerative disor-
ders (Blagosklonny 2009). Therefore, there is a
need to understand and alleviate the age-related
decline in health span and lifespan of an organ-
ism. Hence, the discovery of novel molecules,
which modulate aging, could lead to a new
strategy for working upon age-related diseases
like diabetes, cancer, and neurodegenerative
disorders (Fig. 2.1).

Although aging is a universal phenomenon,
still it is poorly understood and the elderly pop-
ulation in the world is rising; hence, there is a
great need to explore aging process and the
genes/pathways defining it. Therefore, the inter-
ventions regulating aging which can reduce the
severity of age-related pathologies promoting

4.73 billion
isin
between 16-
64 yr

1.9 billion
are too
‘young (0-16
yr)

577 million are
older than 64 yr

Fig. 2.1 Our aging world: about ~ 577 million are older
than 64 years out of approximately 7 billion world
population (based on data. Source from CIA, World
Bank, and gem consortium.org)

healthy lifespan in elderly have become more
necessary than ever.

2.2 Theory of Aging

The question why we age is tantamount to what
is life itself. There are countless theories
explaining the aging phenomenon across organ-
isms but until recent times the definition of
aging—*“cell senescence”—was uncertain. The
development in the field of gerontology has
generated multiple theories explaining the phe-
nomenon of aging and its inevitable conse-
quence, death. The complex process of aging is
characterized by various changes that occur at
different levels of the biological hierarchy. The
search for the single key factor such as single
gene or process has been replaced by the outlook
considering aging as a complex multifactorial
process. Multiple theories explaining aging are
not mutually exclusive (Fig. 2.2) and may
effectively elaborate the few or most of the
characteristics of the aging process alone or as a
cocktail with other theories (Rattan 2006). The
theories explaining aging process have been
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Fig. 2.2 Theories of aging
[based on the classification of
aging theories described by da
Costa et al. (2016)]

Theories of Aging

Internal

External

Programme

grouped into two categories, programmed and
error theories of aging (Rattan 2006).

The programmed theories suggest that aging
depends on biological clocks regulating lifespan
and the regulation of lifespan depends on genes
monitoring nervous, endocrine, and immune
system (Rattan 2006), whereas the error theories
propose environmental insults inducing damage
at the cellular level (mitochondrial dysfunction
and accumulation of intracellular ROS) which
leads to progression in the age in organisms
(Kirkwood 2005). The most popular theory is
primitive Harman’s free radical theory which
explains reactive oxygen species (ROS)-mediated
oxidative stress and progression in age (Harman
1955). The free radical theory of aging is based on
“rate of living hypothesis” which postulates
species with higher metabolic rates age faster and
has a shorter lifespan in comparison with species
with a lower metabolic rate (Harman 1955). The
lower metabolic rate extended lifespan in
free-living nematode model Caenorhabditis ele-
gans and fruit fly Drosophila melanogaster
(Kenyon 2010). Similarly, a reduction in glucose
levels in nutrient medium extended lifespan in
Saccharomyces cerevisiae due to calorie restric-
tion and lower metabolic rate (Kenyon 2010).

Programme

Mutation

Another theory explaining the aging phe-
nomenon is a theory of telomere shortening
(Kirkwood 2005). Telomeres are repetitive short
sequences of DNA located at the ends of
eukaryotic chromosomes, which protects the
chromosomes from degradation, fusion, and
recombination (Kirkwood 2005). The DNA
sequences at the telomeric end of each chromo-
some are not replicated during cell division in
somatic cells (Kirkwood 2005). The reduction in
the telomeric repeat is closely linked to cellular
senescence and aging (Kirkwood 2005). The
evidence demonstrating inhibition of cellular
senescence by over-expression of telomerase
enzyme restricting telomere shortening in cul-
tured human cells supports the role of telomere
shortening in aging (Kirkwood 2005).

The evolutionary theories argue that aging
results from a decline in the force of natural
selection (Kirkwood 2005), since evolution
maximizes the reproductive fitness of an indi-
vidual (Fischer et al. 2014). Hence, longevity is a
trait to be selected only if it is beneficial for fit-
ness. Therefore, lifespan may have a large degree
of plasticity within an individual species and
among species. Furthermore, the mutation accu-
mulation theory of aging proposes accumulation
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of late-acting mutations which lead to age-related
pathologies and death (Kirkwood 2005).

The concept of evolutionary trade-off is an
integral part of disposable soma theory and
antagonistic pleiotropy theory (Kirkwood 2005).
The disposable soma theory describes the con-
cept of lifespan but doesn’t explain why we age,
whereas the antagonistic pleiotropy theory sug-
gests that the selection of some genes may be
beneficial for early stages of life, but has detri-
mental effects with progression in age, thereby
leading to senescence (Kirkwood 2005). The
interaction between neuroendocrine and immune
system plays a significant role in regulating
lifespan (Rattan 2006). The interaction of neu-
ropeptides, cytokines, and hormones can mediate
pleiotropic changes regulating lifespan in an
organism (Rattan 2006).

The gene regulation theory of aging postulates
that changes in gene expression promote aging in
living organisms. Earlier marking similarity in
genetic and the biochemical pathways, regulating
aging in organisms such as yeasts, flies, and mice
hints at aging one of the programmed phe-
nomenons in higher eukaryotes (Longo et al.
2015). The study of the effect of gene mutation in
model organisms has demonstrated genetic
interplay to regulate aging across various
organisms (Kenyon et al. 1993; Longo et al.
2015). In fact, the very first mutation in age-I/
gene extended lifespan (65% increment in mean
lifespan and 110% increase in maximum lifes-
pan) in model organism C. elegans (Friedman
and Johnson 1988). Since then, many
lifespan-extending mutations have been discov-
ered and most of them have been identified as
homolog of majorly conserved cellular signaling
pathways like insulin/IGF signaling pathway
(insulin-like growth factor), sir-2.1, skn-1/nrf-2
pathway, TOR signaling, and mitochondrial
signaling (Baumeister et al. 2006).

These theories broaden our understanding of
the aging process, and integration of these theo-
ries in various model systems can account for the
phenomenon of aging. Altogether, these theories
suggest that the pleiotropic changes with aging
may result from one or more primary alterations
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that affect many downstream processes in living
organisms.

2.3 C. elegans as a Model
for Antiaging Studies

The gerontological research employs a range of
model organisms such as Escherichia coli, Sac-
charomyces cerevisiae, C. elegans, D. melano-
gaster, and Mus musculus for studying the aging
phenomenon (Longo et al. 2015). But free-living
soil nematode has been widely exploited in
gerontological studies owing to several advanta-
geous features, viz. easy and low-cost mainte-
nance and short lifespan in comparison with
other model systems (Kenyon 2010). In the year
1965, Sydney Brenner introduced this free-living
soil nematode as a model system (Brenner 1974).
The tiny size of 1 mm, short life cycle, genetic
heritability, and transparent body gives ease of
access to study every single cell during devel-
opment (Brenner 1974). The short lifespan of
maximum 30 days in wild-type C. elegans
(Fig. 2.3) makes this tiny worm an excellent
model for studying aging (Kenyon 2010).

Fig. 2.3 Microscopic view of different stages of

C. elegans
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The generation time is about three days,
which ranges from egg stage to adult stage of the
worm. The cell lineage is completely known
(Kenyon 2010). The occurrence of the male is
very low, ranging from 0.01 to 0.1%, and her-
maphrodites are  more  abundant and
self-reproductive gender having 939 somatic
cells in comparison with 1031 somatic cells in
the males (Brenner 1974). The worm has
302 neurons, muscle cells, a reproductive tract,
and an intestine (Kenyon 2010). In the year
1998, the complete genome was sequenced, and
Sydney Brenner, H. Robert Horvitz, and John E.
Sulston were jointly awarded the Nobel Prize in
2002 for their discoveries concerning genetic
regulation of organ development and pro-
grammed cell death in C. elegans. The worm can
be maintained on nematode growth medium agar
Petri plates on E. coli lawn which is used as a
food source or in axenic (without bacteria as a
food source) or dead or alive E. coli containing
liquid culture (Brenner 1974). The worms are
grown at the ambient temperature ranging from
15 to 25 °C (Brenner 1974). The life cycle of the
worm is temperature dependent; it is approxi-
mately 3 days at the temperature of 20 °C
(Brenner 1974). There are four larval stages of
the worm (L1-L4), and worms demonstrate
developmentally arrested at L2 stage under
adverse environmental conditions (Fig. 2.4). The
worm at dauer stage can survive up to two
months, and when food is available, dauer
regains normal development (Brenner 1974). The
worms are easy to maintain and can be frozen at
—80 °C for long-term storage (Brenner 1974).

There are five pairs (I, II, III, IV, and V) of
autosomal chromosomes and one pair of sex
chromosome (Brenner 1974). The hermaphrodite
can fertilize itself without mating (Brenner
1974). The short life cycle, ~300 progeny, and
ease of maintenance allow many assays to be
carried out at once, which gives this model edge
over in vitro and other cellular model systems
(Brenner 1974). The 60-80% of genomic
homology with humans, availability of the gene
knockout (KO) mutant libraries, established
genetic methodologies (forward and reverse),
and well-established RNA interference (RNAi)
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mechanism provide a range of alternatives to
manipulate and study C. elegans at the molecular
level and elucidation of the associated genetic
pathways (Tissenbaum 2015).

The growing evidence suggesting the role of
plant-based molecule in delaying aging and
age-related pathologies has given momentum to
aging research. The advancement in the field of
gerontology has proposed C. elegans as an
excellent model for studying pharmacological
manipulations. The discovery of multiple cellular
pathways and genes regulating lifespan has led to
the discovery of elicitors of longevity (Kenyon
2010). The previous studies report a range of
plant molecules which promote healthy lifespan
in C. elegans (Pant and Pandey 2015).

The higher homology of this nematode model
with mammals extends the pharmacological
application of discovered molecule in humans
too (Garigan et al. 2002). These antiaging
plant-based molecule basically found to modu-
late signaling pathways regulating aging (Pant
and Pandey 2015). The health benefits of fruits,
vegetable, and herbs can be attributed to this
plant secondary metabolite. The Ginkgo biloba,
apples, onions, red wine, and tea extract are rich
in flavonoids like quercetin (Pant and Pandey
2015). Quercetin exposure prolongs lifespan in
C. elegans by modulating intracellular ROS
level, lipofuscin aggregation, and stress response
by translocating DAF-16 into the nucleus
(Kampkotter et al. 2007). The green tea and tea
components like catechins, epigallocatechin-
3-gallate, and theaflavins are also found to pro-
mote longevity by modulating the stress response
and expression of daf-16 and its transcriptional
target sod-3 in C. elegans (Brown et al. 2006;
Abbas and Wink 2009; Saul et al. 2009). Another
flavonol, myricetin, also extended lifespan in
C. elegans in daf-16-dependent manner (Pant
and Pandey 2015). Furthermore, resveratrol was
found to promote longevity and stress resistance
in yeast S. cerevisiae, C. elegans, and D. mela-
nogaster (Longo et al. 2015).

The commonly used spice curcumin promoted
lifespan in C. elegans through protein home-
ostasis modulation (Liao et al. 2011). It was
found to modulate the function of gerentogenes
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Fig. 2.4 Different stages of C. elegans life cycle (adapted from the description in wormbook.org)

such as osr-1, sek-1, mek-1, skn-1, unc-43, sir-
2.1, and age-1 mediating longevity in C. elegans
(Kampkotter et al. 2007; Powolny et al. 2011;
Pant and Pandey 2015). This bioactive phyto-
molecule majorly found as the component of
Ocimum, and spice B-caryophyllene was able to
modulate lifespan and stress level in C. elegans.
It acts as the dietary restriction mimetic as it
interacts with genetic elicitors of dietary restric-
tion like sir-2.1 and skn-1 (Pant et al. 2014).
Additionally, another neuromodulatory com-
pound reserpine exposure from embryo to young
adult stage extended lifespan in C. elegans sig-
nificantly (Srivastava et al. 2008). It is the major
component of medicinal plant Rauvolfia ser-
pentina and an FDA-approved drug for hyper-
tension; it can be evaluated for lifespan extension
in higher-model organisms like mice and finally
humans. Harmane was able to modulate immune

response, thereby prolonging lifespan in C. ele-
gans (Jakobsen et al. 2013). The organosulfides
stimulate phase II detoxification and cellular
defence system ultimately extending lifespan in
C. elegans (Powolny et al. 2011).

2.4 Medicinal Plants and Aging

The medicinal and aromatic plants (MAPs) are a
rich repository of enormous bioactive phyto-
molecules present in the form of secondary
metabolites. These plants have been exploited by
the traditional system of medicine for treating
severe ailments. The secondary metabolites
derived from these medicinal plants have been
utilized for decades in the form of drugs,
antioxidants, flavors, and fragrances by more than
80% of the world population (Raskin et al. 2002).
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The use of plants as medicine dates is as old as
4000-5000 BC, and Chinese used the natural
herbal preparations as medicine for the first time.
The beneficial effects of medicinal plants are well
known owing to their natural origin and safer
action (Lewis and Elvin-Lewis 1995). There are
more than 3000 herbal medicines floating around
the world, and plant-based therapeutics is gaining
popularity around the world (Lewis and
Elvin-Lewis 1995). The herbal medicines not
only prevent disease, but also maintain the quality
of life with reduced healthcare cost. The tradi-
tional system of Indian medicine “Ayurveda” is
based on medicines of natural origin. The herbal
formulations are often used for treating various
age-related disorders like cardiovascular, cancer,
arthritis, and neurodegenerative disorders (Lewis
and Elvin-Lewis 1995; Kennedy and Wightman
2011). Many popular drugs are derived from
plants, like morphine from Papaver somniferum,
Ashwagandha from Withania somnifera, Ephe-
drine from Ephedra vulgaris, Atropine from
Atropa belladonna, and Reserpine from Rau-
wolfia serpentina. These plants are rich in sec-
ondary metabolites and essential oils (which are
potential sources of drugs) which are of high
medicinal value. The important advantages
claimed for therapeutic uses of medicinal plants
in various ailments are their safety besides being
economical, effective, and their easy availability
(Lewis and Elvin-Lewis 1995). In India, the
recent times have witnessed a resurgence of her-
bal medicine owing to hazardous side effects of
synthetic drugs and least side effects of naturally
derived phytomedicine (Kennedy and Wightman
2011). Because of these advantages, the medici-
nal plants have been widely used by the tradi-
tional medical practitioners in their day-to-day
practice. According to a survey (1993) of World
Health Organization (WHO), the practitioners of
the traditional system of medicine treat about
80% of patients in India, 85% in Burma, and 90%
in Bangladesh (Kennedy and Wightman 2011).
The world market for herbal medicine is budding
at an impeccable rate of 10-15% which is
expected to grow at a higher rate by 2050 (Craig
1999; Pant and Pandey 2015).
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The previous decade embarks the major dis-
coveries unravelling the role of plant-based for-
mulations and phytomolecules in defying aging
and age-related pathologies (Longo et al. 2015;
Pant and Pandey 2015). The medicinal herbs elicit
beneficial effects due to the presence of a variety
of phytomolecules such as flavonoids, terpenoids,
and alkaloids (Pant and Pandey 2015). The phy-
tomolecules are secondary metabolites which are
regarded as biochemical “side tracks” with no role
in plant’s primary metabolism but have emerged
as potential therapeutic agents (Craig 1999; Dil-
lard and German 2000). However, the flavonoids,
terpenoids, and alkaloids play a significant role in
plant defense system (Kennedy and Wightman
2011). These molecules have antioxidant and
anti-inflammatory properties which make them a
good option for targeting aging and age-related
pathologies (Powolny et al. 2011).

Various researchers have demonstrated the
lifespan-prolonging and stress modulatory effects
of natural molecules derived from medicinal
plants (Kampkotter et al. 2007; Wilson et al.
2006; Zhang et al. 2009; Powolny et al. 2011).
These studies demonstrate that phytomolecules
modulate the stress level and promote
longevity in invertebrate models (Table 2.1).
The flavonoids, alkaloids, anthocyanin, glyco-
sides, and proanthocyanidin oligomers have
demonstrated stress modulatory and lifespan-
prolonging effects (Longo et al. 2015).

In recent years, several breakthroughs have
been witnessed in phytomolecule research where
antiaging and stress modulatory activities of
various plants like Ginkgo biloba, Vitis vinifera,
Eleutherococcus senticosus, Rhodiola rosea,
Cinnamomum cassia, and Panax ginseng (Rai
et al. 2003; Liu et al. 2012; Wilson et al. 2006;
Kampkétter et al. 2007; Zhang et al. 2009;
Yu et al. 2010) have been unravelled. The
least side effects of phytomolecules like resver-
atrol, quercetin, diallyltrisulfide, curcumin,
B-caryophyllene, and reserpine which counteract
aging make them highly sought after for treating
age-related pathologies (Pant et al. 2014). The
prime goal of medicinal plant research is to
screen out the best herbal formulation/active
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Table 2.1 Plant extract/phytomolecules increase lifespan in C. elegans

S. No. Phytomolecules
1. Vitamin E

2. EGb 761

3. Resveratrol

4. Blueberry extract
5. Lipoic acid

6. Reserpine

Plant source

Olive oil,
coconut oil,
sunflower oil,
broccoli, kale,
spinach,
avocado,
almonds,
peanuts

Ginkgo biloba

Grapes

Blueberries

Tomato,
broccoli,
spinach

Rauwolfia
serpentina

|
@

o

Sources of Vitamin £

@

P

l

o %

{

Antiaging
activities and
mode of action

Antioxidant

Stress resistance

Stress resistance,
autophagy

Osmotic
pathway

Stress resistance

Serotonin
signaling

References

Harrington
and Harley
(1988)

Wu et al.
(2002)

Bass et al.
(2007),
Wood et al.
(2004)

Peng et al.
(2012),
Wilson

et al.
(2006)

Brown
et al.
(2006)

Srivastava
et al.
(2008)

(continued)
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Table 2.1 (continued)
S. No. Phytomolecules Plant source Antiaging References
activities and
mode of action
7. Quercetin Apple, DAF-16 Pietsch
strawberries, dependent et al.
onion (2011)
8. Catechin Camellia DAF-2, MEV-1, Saul et al.
sinensis and NHR-8 (2009)
dependent
9. Cinnamomum cassia Cinnamomum DAF-16, Yu et al.
Bark cassia MEV-1, and (2010)
SER-1
dependent
10. Curcumin Curcuma Protein Liao et al.
longa homeostasis (2011)
11. Diallyltrisulfide Garlic, carrots, — SKN-1 Powolny
and broccoli w 1 dependent et al.
(2011)
12. Royal jelly Royal jelly DAF-2/DAF-16 Honda
and honey dependent et al.
(2011)
13. Acacetin 7-O- Premna SIR-2.1, Asthana
o-l-rhamnopyranosyl integrifolia SAMS-1, et al.
(1-2) B-o- dietary (2015a, b)
xylopyranoside restriction, and

stress response

(continued)
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Table 2.1 (continued)

S. No. Phytomolecules Plant source

14. B-caryophyllene Ocimum and
clove

15. 4-HEG Premna
integrifolia

phytomolecule for modulating aging and pre-
venting age-related pathologies. The medicinal
plant extracts and phytomolecules have been
reported to possess antioxidant and stress mod-
ulatory potential which makes them an ideal
candidate for antiaging research. As progression
in age and age-related disorders is associated
with enhanced oxidative stress and susceptibility
to environmental stress, therefore, the medicinal
plants having high antioxidant and stress modu-
latory potential can serve as an ideal candidate
for combating aging-related decrepitude.

The reference to the use of plants as a medi-
cine dates back to 3000—4000 BC as per writings
in Rigveda. Later on, medicinal properties of
many plants and different combinations of herbal
formulations were studied and described by
ancient practitioners of Ayurvedic medicine
which forms the basic foundation of Indian sys-
tem of medicine. The Ayurvedic literature dates
back to previous centuries full of text describing
the therapeutic application of medicinal plants
such as Ashwagandha (Withania somnifera),
Sarpagandha (Rauwolfia serpentina), Brahmi
(Bacopa monnieri), Clove (Syzygium aro-
maticum), Tulsi (Ocimum sanctum), Haldi
(Curcuma longa), Adrak or Ginger (Zingiber
officinale), Garlic (Allium sativum), Sadabahar
(Catharanthus  roseus), and many more

A. Pant and R. Pandey

Antiaging References
activities and
mode of action
SKN-1, SIR-2.1, Pant et al.
DAF-16, and (2014)
xenobiotic stress
response
pathways
Stress response Shukla
et al.
(2012)

(Gurib-Fakim 2006). Therefore, there is a need
for exploring the detailed mode of action of these
rich herbs for the benefit of mankind. In Ayur-
veda, Tulsi which is scientifically known as
Ocimum sanctum L. has been well documented
for its various therapeutic potential and described
as “Dashemani Shwasaharni” (antiasthmatic)
and antiseptic drugs (Kaphaghna) (Khan and
Balick 2001). Although Ocimum spp. have been
widely exploited for its medicinal properties by
traditional practitioners of Indian and Chinese
medicine, wide scientific validation is still not
much available. In recent years, many scientific
studies have been performed to elucidate the
potential role of essential oil and phytomolecules
isolated from this therapeutically important
medicinal plant (Pant and Pandey 2015). Tradi-
tionally, different parts of this plant have been
used for treating various ailments, and in recent
years, various molecules isolated from genus
Ocimum have been scientifically evaluated for
their therapeutic potential (Chopra and Doiphode
2002). The pharmacological importance of Oci-
mum spp. has been reported and described by
some researchers recently (Pandey et al. 2013).
The present chapter highlights the antiaging
properties of Ocimum spp. and its potential as a
therapeutic agent in treating various age-related
diseases.
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2.5 Ocimum spp

The botanical name Ocimum is derived from the
Greek meaning “to be fragrant.” In the 1600 s,
the English used basil as a food flavoring and
insecticide (Gille et al. 2007). Different parts of
this plant are used in Ayurveda and Siddha sys-
tems of medicine for prevention and cure of
many illnesses (Govindarajan et al. 2005). This
plant has been part of various cultures (Fig. 2.5).
The Italians used basil as the sign of love (Gille
et al. 2007). Hindus believed that being buried
with a leaf of basil will get them salvation
(Khosla 1995). Basil is believed to be sacred to
the gods Krishna and Vishnu in India. Americans
have been growing basil for over 200 years; they
used to air-dry the plant and preserve in layers of
salt in earthen pots (Joshi 2017). The plants of
this genus are generally erect, fragrant, branched,
and about 20-50 cm in height (Baseer and Jain
2016). The leaves are aromatic, simple, opposite,
elliptic, and acute with entire or sub-serrate or
dentate margins, growing up to 5 cm long
(Baseer and Jain 2016). The flowers are small
having purple to reddish color, present in small
compact clusters on cylindrical spikes (Baseer
and Jain 2016). The flowers are small in size and
rarely 5 mm long (Baseer and Jain 2016). The
traditional system of Indian medicine utilizes

Fig. 2.5 Ocimum sanctum “Queen of herbs”

different parts of this plant viz. leaves, stem,
flower, root, seeds, and even whole plant for
treating severe ailments like bronchitis, bronchial
asthma, malaria, diarrhea, dysentery, skin dis-
eases, arthritis, painful eye diseases, chronic
fever, and insect bite (Prakash and Gupta 2005).
Apart from treating common ailments, it is also
suggested to possess anticancer, antidiabetic,
antifungal, cardioprotective, antifertility, antimi-
crobial, antispasmodic, analgesic, adaptogenic,
and diaphoretic potential (Khosla 1995). The
widely studied variety of Ocimum sps. viz.
Ocimum sanctum and Ocimum basilicum has
been suggested to possess therapeutic potential
and their active constituent like eugenol, oleanolic
acid, ursolic acid, rosmarinic acid, limonene,
carvacrol, linalool, and B-caryophyllene that
found to be majorly responsible for the therapeutic
potential of Ocimum sps (Gille et al. 2007; Baseer
and Jain 2016). Despite its wide exploitation by
practitioners of traditional medicine owing to its
high therapeutic value and wide occurrence in
India, scientific validation of this medicinal herb is
still very limited. In order to establish its potential
as a therapeutic solution to various ailments in
modern medicine, the world community of sci-
entist has extensively studied the pharmacological
properties of various extracts and molecules iso-
lated from Ocimum sps. (Khosla 1995; Bilal et al.
2012; Pingale et al. 2012). The outcome of these
studies has established its therapeutic potential for
curing various ailments.

2.6 Phytoconstituents
of Ocimum spp

The aromatic odor of Ocimum sps. (O. sanctum)
is mainly due to the presence of essential oil that
is mainly concentrated in its leaf (Prakash and
Gupta 2005). The essential oil mainly contains
phenols, terpenes, and aldehydes as its major
constituent (Baseer and Jain 2016). The essential
oil isolated from Ocimum spp. mainly comprises
of compounds like myrcene, linalool, eugenol,
B-caryophyllene, iso-eugenol, geraniol, methyl
eugenol, a-humulene, toluene, camphene, sabi-
nene, dimethyl benzene, o-thujene, octane, ethyl
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benzene, limonene, p-cymene, terpinolene, allo-
cimene, butyl-benzene, o-cubebene, nonane,
o-pinene, pinene, elemene, lactate, o-guaiene,
o-amorphene, humulene, calamine, nerolidol,
iedol and elemol, a-terpineol, a-murolene, cadi-
nene isoborneol, borneol, a-selinene, carvacrol,
and selinene (Baseer and Jain 2016). The major
class of compound that is present in essential oil
of Ocimum sps. is terpenes (Gille et al. 2007).

2.7 Ocimum sps: The Elixir of Life

The medicinal and aromatic plant O. sanctum is
commonly known as “Queen of herbs” and
locally as “Tulsi” in India (Joshi 2017).
O. sanctum (Fig. 2.1) is the most prominent
species of the Ocimum genera (Kumar et al.
2011). Tulsi is also known as “the elixir of life”
since it promotes longevity. Different parts of
this plant have been used by traditional practi-
tioner of Ayurveda and Siddha systems of med-
icine for treating various ailments like influenza,
headache, bronchitis, asthma, common cold,
cough, colic pain, earache, fever, sore throat,
malarial fever, hepatic diseases, flatulence, diar-
rhea, migraine headaches, fatigue, as an antidote
for snake bite and scorpion sting, skin diseases,
wound, arthritis, night blindness, and insomnia
(Prakash and Gupta 2005; Kumar et al. 2011;
Bilal et al. 2012; Pingale et al. 2012; Monga et al.
2017). The consumption of few leaves every day
is considered good for nerves and memory and
can cure ulcers of mouth (Khosla 1995). Ocimum
sps. are known to demonstrate immunomodula-
tory effects, and some reports suggest that it
boosts up the immune system functioning
(Mondal et al. 2011). The extract of Ocimum
leaves protects from all sorts of infection from
bacteria, fungi, protozoa, and viruses (Chiang
et al. 2005; Prakash and Gupta 2005). The fresh
leaves and stem of Ocimum sps. extract possess
bioactive compounds like phenols (antioxidants)
such as apigenin, cirsilineol, cirsimaritin, ros-
marinic acid, isothymusin, and eugenol. The
leaves of O. sanctum contain 0.7% volatile oil
which constitutes approximately 71% eugenol
and 20% methyl eugenol. The oil contains
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carvacrol and sesquiterpene B-caryophyllene as
additional components. The aqueous extract of
leaves from O. sanctum contains flavonoids like
orientin and vicenin (Gille et al. 2007). The
recent studies on elucidating the therapeutic
potential of Ocimum sps. found that it inhibits
HIV growth and proliferation of cancer cell
(Rege and Chowdhary 2014). The researchers
studied effect of O. sanctum extract exposure on
mice having sarcoma-180 solid tumors and
Ocimum-treated mice demonstrated a significant
reduction in tumor cell size and extension in
lifespan (Karthikeyan et al. 1999). Similar to
these results, another research group adminis-
tered leaf extract of O. sanctum orally
(200 mg/kg, per organism) and observed signif-
icantly reduced tumor volume, elevated body
weight, and survival rate in mice (Karthikeyan
et al. 1999). In addition to that, recent study
reports the protective effect of Ocimum sps.
against radiation-induced DNA damage (Giiez
et al. 2017). Additionally, different extracts of
O. sanctum (aqueous, alcoholic, chloroform
extract) and essential oil were found to exhibit
antibacterial activity against E. coli, P. aerugi-
nosa, S. typhimurium, and S. aureus (Kumar
et al. 2011). The Ocimum extract was found to be
equally effective against pathogenic gram-
positive and gram-negative bacteria (Joshi
2017). The O. basilicum was also found to pos-
sess potential antiaging property as an active
formulation containing basil extract when
applied topically (as the stable topical emulsion)
delayed skin aging and reduced appearance of
wrinkles (Jadoon et al. 2015). The active con-
stituent of basil and their coordinating action
imparts the antiaging properties to the cream
formulation that rejuvenates skin (Raskin et al.
2002). The presence of high phenolic content and
flavonoids makes basil extract effective against
UVR-induced damage (Jadoon et al. 2015). The
methanolic extract of O. sanctum demonstrated
cardioprotective properties as its exposure
reduced isoproterenol (ISP)-induced myocardial
infarction (Kavitha et al. 2015). The pre-
treatment with Ocimum extract significantly
reduced the level of cardiac markers, phospho-
lipases, and phospholipid content in ISP-treated
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rats (Kavitha et al. 2015). In addition to that, rats
fed with Ocimum extract demonstrated reduced
5-lipoxygenase and cyclooxygenase-2 activities
and leukotriene B4 and thromboxane B2 level in
ISP-treated animals (Kavitha et al. 2015). The
high phenolic content is demonstrated as the
reason behind the cardioprotective effect of
Ocimum extract in this study (Kavitha et al.
2015). The high phenolic contents and antioxi-
dant potential reduced the oxidative stress and
modulated the arachidonic acid pathway which
in turn was found to promote survival in
ISP-induced rats (Kavitha et al. 2015). In another
study, exposure to O. sanctum extract for
21 days was found to reduce oxidative stress
level in brain’s frontal cortex and striatum in rat
model (Bora et al. 2011). The O. sanctum extract
administration reduced hepatic liver peroxidation
induced by iron overload suggesting stress
modulating potential of Ocimum sps (Muralikr-
ishnan et al. 2012). These outcomes which sup-
port antioxidant potential of Ocimum sps. form
the basis for the use of O. sanctum for clinical
conditions involving elevated oxidative stress.
The formulation containing O.
improved learning and memory in normal and
memory-impaired rats suggesting its potential
role in alleviating age-related cognitive decline
(Malve et al. 2014). Another species of Ocimum,
i.e., O. gratissimum, also demonstrated cardio-
protective role in one study where it was able to
reduce hypercholesterolemia and hypertriglyc-
eridemia induced by fat and cholesterol-rich diet
(Chao et al. 2016). The O. gratissimum exposure
reduced total cholesterol, triglycerides, low-
density lipoprotein, and improved high-density
lipoprotein levels suggesting potential cardio-
protective activity (Chao et al. 2016). In another
study, O. demonstrated
antioxidant activity as it was able to effectively
revert the effect of highly oxidizing hydrogen
peroxide (Muralikrishnan et al. 2012; Asthana
et al. 2015a, b). The antioxidant effect demon-
strated by basil extract was an outcome of high
polyphenols and flavonoids like rosmarinic acid
and eugenol, and alkaloid like B-caryophyllene
which are well known as antioxidant compounds
(Asthana 2015c¢). The Ocimum sps. was found to

sanctum

basilicum extract
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reduce oxidative stress, improve survival, and
reduce age-related decline in cognition as per
these studies which induced age-related stress
phenotype in mice and rat model. The stress
modulatory and enhanced survival in organism
demonstrated by Ocimum sps. can be due to the
presence of high level of bioactive compounds
like eugenol, rosmarinic acid, B-caryophyllene,
ursolic acid, and oleanolic acid. Recent studies
demonstrating antiaging effect of these molecules
in model organisms support the potential role of
Ocimum sps. rich in these molecules as an anti-
aging medicinal herb (Asthana et al. 2015a, b).
One of the active ingredient oleanolic acids
which is already known to have many pharma-
cological activities was evaluated for its lifespan
and stress modulatory potential employing
C. elegans model system (Zhang et al. 2015).
The outcome of the study suggests that oleanolic
acid promotes lifespan and stress resistance in
aging worms (Zhang et al. 2015). The oleanolic
acid was found to promote life in DAF-16/FOXO
(forkhead transcription factor in humans)-
dependent manner (Zhang et al. 2015). The
oleanolic acid was able to modulate insulin sig-
naling pathway which is also found to regulate
metabolism and lifespan in humans (Zhang et al.
2015). The oleanolic acid exposure enhanced
expression of stress response gene like superox-
ide dismutase and heat shock proteins in worms
suggesting stress modulatory effects of this active
ingredient of basil (Zhang et al. 2015). In another
study, one of the major components of Ocimum
sps. ursolic acid improved age-related decline in
skeletal muscle cell performance and cellular
energy status (Bahrami and Bakhtiari 2016). In
addition to this study, another research group
found ursolic acid supplementation elevated
antiaging biomarkers like (SIRT1 and SIRT6)
and PGC-1 in hypothalamus which is known to
regulate aging and age-related mitochondrial
disorders (Bahrami and Bakhtiari 2016; Liu
1995). In addition to this study, ursolic acid was
also able to prolong survival by 30% and reduce
stress in C. elegans by modulating JNK-1
expression and its downstream targets (Negi
et al. 2016, 2017). Another bioactive component
of Ocimum sps. is rosmarinic acid which was
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also found to promote lifespan and alleviate
age-related oxidative stress utilizing C. elegans
as model for aging (Wang et al. 2012). The
antiaging potential demonstrated by rosmarinic
acid was an outcome of alteration in lifespan-
regulated signaling network regulated by genes
like osr-1, sek-1, sir-2.1, and daf-16 which are
also conserved in humans (Wang et al. 2012).
Another important component of this medicinal
herb is B-caryophyllene, which is considered as
highly antioxidant phytomolecule (Pant et al.
2014); B-caryophyllene exposure was able to
reduce age-related decline in C. elegans (Pant
et al. 2014). The P-caryophyllene pre-treated
animals demonstrated enhanced lifespan by over
22% and reduced intracellular free radical levels
(Pant et al. 2014). The PB-caryophyllene-treated
animals demonstrated reduced oxidative stress
level and prolonged survival (Pant et al. 2014).
The B-caryophyllene-mediated antiaging effects
are found to be dependent on SIR-2./, SKN-/,
and DAF-16 as B-caryophyllene pre-treated ani-
mals demonstrated increased expression of these
gerontogenes and their downstream targets,
which regulate major aging pathways (Pant et al.
2014). Altogether these recent studies suggest
that Ocimum sps. possess antiaging and stress
modulatory potential which can be used for the
benefit of mankind. These studies are able to
scientifically evaluate the antiaging potential of
this traditionally used herb which is cited as
longevity elixir due to the presence of many
bioactive compounds which possess high
antioxidant potential and stress modulatory
properties. The presence of active components
like ursolic acid, rosmarinic acid, eugenol, and
B-caryophyllene which have been individually
evaluated for their lifespan and age-related stress
modulatory effects and found to possess antiag-
ing potential. The future investigations high-
lighting the clinical evidence supporting of
Ocimum sps. as an antiaging and stress modula-
tory herb will be helpful in designing herb-based
formulations for treating age-related pathologies.
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Abstract

Cardiovascular diseases have become a major
health challenge in present time due to the
change in lifestyle and industrialization lead-
ing to the higher morbidity and mortality.
Diabetes, high blood pressure, physical inac-
tivity, excessive weight, and consumption of
alcohol and tobacco, and significant increase
in life expectancy increased the frequency of
cardiovascular diseases globally among all
class and section of people. Cardiovascular
diseases are clusters of different diseases
including hypertension, coronary artery dis-
ease, angina, congestive heart disease, con-
genital heart disease, thrombosis, etc. Plants
are being used as a remedy for various
diseases since antiquity. The beneficial medic-
inal effects of these plant materials are mainly
due to the chemical combinations of sec-
ondary metabolites produced by the plants.
Ocimum (Tulsi), “Queen of herbs” has been
regarded “elixir of life” and believed to
promote longevity. The extract of Ocimum is
being used in Ayurvedic remedies for com-
mon cold, headache, stomach disorder,
inflammation, heart disease, malaria, etc.
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Ocimum has profound effect on treatment
and prevention of cardiovascular diseases by
means of lowering blood lipid content, sup-
pressing ischemia and stroke, reducing hyper-
tension, and also due to its higher antioxidant
properties. Besides, it also plays an important
role in antiplatelet aggregation and prevents
risk of pulmonary hypertension. These car-
dioprotective properties prove that Ocimum
may be treated as a good remedy against
prevention and treatment of cardiovascular
diseases.

3.1 Introduction

Cardiovascular diseases have become one of the
leading causes of deaths globally (WHO 2015).
There are group of diseases or injuries which alter
the cardiovascular system. Generally, the people
of later age life (from a range of 40-50) are more
prone to cardiovascular diseases. There are many
factors responsible for the development of car-
diovascular diseases. Consumption of atherogenic
and hypercaloric diets leads to hypertension, dia-
betes, dyslipidemias, overweight, and other
abnormalities. Besides, diabetes is the most
important risk factor to determine coronary artery
disease, so that the presence of this morbidity
factor is considered a risk factor equivalent to
infarction, that is, despite the absence of any car-
diovascular sign, diabetics are classified under

25

A. K. Shasany and C. Kole (eds.), The Ocimum Genome, Compendium
of Plant Genomes, https://doi.org/10.1007/978-3-319-97430-9_3

®

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97430-9_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97430-9_3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-97430-9_3&amp;domain=pdf

26

“high cardiovascular risk” (NCEP 2002). Change
in lifestyle with regard to some of these risk factors
such as elevated blood sugar or blood pressure,
physical inactivity, excessive weight gain, ele-
vated lipid level, and tobacco uses or exposure to
smoke may influence risk of developing cardio-
vascular diseases at some extent. Besides, car-
diovascular diseases may arise as a result of
various other factors, such as heavy physical
exertion and severe emotional stress may lead to
the onset of an acute situation such as acute
myocardial infarction (MI), unexpected cardiac
death, and stroke (Tofler and Muller 2006; Nelson
et al. 2015). Chronic non-communicable diseases
(CNCDs) which are comprised of cardiovascular
conditions such as primarily heart disease and
stroke, some types of cancers, chronic respiratory
conditions, and type-2 diabetes affect individuals
of all ages, nationalities, and status and are
approaching an epidemic ratio worldwide.
Approximately 60% of annual deaths are due to
the above-stated conditions (Daar et al. 2007).

3.2 Types of Cardiovascular
Diseases

Cardiovascular diseases are a cluster of different
diseases which affect the cardiovascular system
and lead to many physiological alterations. These
include coronary heart disease, angina, congeni-
tal heart disease, peripheral atrial disease, aortic
aneurysm, deep vein thrombosis, and other car-
diovascular diseases.

3.2.1 Hypertension

Hypertension is a chronic medical condition in
which the elevated blood pressure (systolic
(> 140 mmHg) and diastolic (>90 mmHg)
blood pressure) of the arteries persistently
increased and is also a major risk factor for
coronary artery disease, stroke, heart failure,
vision loss, chronic kidney disease, and periph-
eral vascular diseases. Recently, World Health
Organization (WHO) reported that approxi-
mately 1 billion people have already got affected
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by hypertension globally and it is predicted to
affect 1.5 billion people by the year 2025 causing
more than seven million deaths annually (Guil-
bert 2003). In view of the severity of the condi-
tion, in every year it has been assigned for 17th
day of May month as “World Hypertension Day”
by the International Society of Hypertension
(ISH) for focus on consideration and special
attention for the awareness and management of
hypertension.

3.2.2 Aortic Aneurysm/Abdominal
Aortic Aneurysm

It occurs when the large blood vessel (the aorta)
which supplies blood to the abdomen, pelvis, and
legs becomes abnormally large outward. This is
most often found in people over age 60, who
have at least one or more risk factor, including
emphysema, high blood pressure, high choles-
terol, obesity, and smoking.

3.2.3 Acute Coronary Syndrome

This condition occurs when blood supplied to the
heart is decreased or blocked, leading to a heart
attack. The common symptoms of acute coronary
syndrome are chest pain or discomfort, which
may involve pressure, tightness, or fullness; pain
or discomfort in one or both arms, jaw, neck,
back, or stomach; shortness of breath; feeling
dizzy or lightheaded; nausea; or sweating.

3.2.4 Angina Pectoris

Angina pectoris, also called angina, is a medical
term for chest pain or discomfort due to coronary
heart disease. It occurs when the heart muscle
does not get as much blood as it needs. This
usually happens because one or more of the
heart’s arteries is narrowed or blocked, also
called ischemia. There are two types of angina:
Stable angina refers to “predictable” chest dis-
comfort associated with physical exertion or
mental or emotional stress, while unstable angina
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refers to unexpected chest pain and usually
occurs at rest. Unstable angina is typically more
severe and prolonged.

3.2.5 Atherosclerosis

When the inner layers of artery wall become
thick and irregular because of deposition of fat,
cholesterol, and other substances, this accumu-
lation of fat is then called plaque and can cause
narrowing of arteries, reducing the blood flow
through them. Plaque deposits can rupture,
causing blood clots to form at the rupture that can
block blood flow or break off and travel to
another part of the body. This is a common cause
of heart attack or ischemic stroke.

3.2.6 Coronary Heart Disease (CHD)/
Coronary Artery Disease
(CAD)

It is the most common type of heart disease. It
occurs when plaque builds up in the heart’s
arteries, a condition called atherosclerosis. As
plaque builds up, the arteries become narrow,
making it more difficult for blood to flow to the
heart. If blood flow to the heart becomes reduced
or blocked, angina (chest pain) or a heart attack
may occur. Over time, coronary artery disease
can also lead to heart failure and arrhythmias.

3.2.7 Heart Attack/Acute Myocardial
Infarction (AMI)

It occurs when a blocked coronary artery pre-
vents oxygen-rich blood from reaching a section
of the heart muscle. If the blocked artery is not
reopened quickly, the part of the heart normally
nourished by that artery begins to die. Symptoms
can come on suddenly but may start slowly and
persist over time. Warning signs include dis-
comfort in the chest (pressure, squeezing, and
fullness), discomfort in other upper body areas,
shortness of breath, a cold sweat, nausea, or
lightheadedness.
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3.2.8 Congestive Heart Failure

It occurs when the heart cannot pump enough
blood to the organs. The heart works, but not as
well as it should. Heart failure is almost always a
chronic, long-term condition. The older you are,
the more common congestive heart failure
becomes. Your risk also increases if you are
overweight, diabetic, smoke, abuse alcohol, or
use cocaine. When a heart begins to fail, fluid can
pool in the body; this manifests as swelling
(edema), usually in the lower legs and ankles.
Fluid also may collect in the lungs, causing
shortness of breath.

3.2.9 Ischemic Heart Disease (IHD)

It is a heart problem caused by heart arteries that
are narrowed. When there are blockages in
arteries, they become narrowed, which means
less blood and oxygen reaches the heart muscle.
When more oxygen is needed, such as while
exercising, the heart cannot meet the demands.
The lack of oxygen caused by ischemic heart
disease can produce chest pain, discomfort
known as angina pectoris, or even a heart attack.

3.2.10 Ischemic Stroke

It occurs when a blood clot or other particle
blocks an artery in the brain or an artery leading
to the brain. This causes brain cells to die or be
injured. Cerebral thrombosis and cerebral
embolism are ischemic strokes (American Heart
Association 2013).

3.3 Plants as a Medicine

Plants are being used as potent biochemists and
have been components of phytomedicine since
antiquity. A heritage of knowledge on preventive
and curative medicines has been found in the
Atharvaveda (an Indian religious book) and
Ayurveda (Indian traditional system of medi-
cine), and so on. There are about 13,000 plant
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species worldwide known to have been used as
drugs for the cure of different diseases.
Plant-based herbal medicines can be obtained
from any part of the plant like bark, leaves,
flowers, roots, fruits, seeds, and so on; that is,
any part of the plant may contain active com-
ponents (Gordon and David 2001). The benefi-
cial medicinal effects of plant materials consist of
the chemical combinations of secondary
metabolite products produced by the plant. The
medicinal properties of plants are specific to
particular plant species or groups as the combi-
nation of secondary products in a particular plant
is taxonomically distinct (Wink 2000). The
research on the medicinal plants is now being
much popular worldwide. Hence, there is need of
scientific examination of the remedies and stan-
dardization and quality control of the medicinal
products to ensure their safety. After such safety
evaluation, they can be approved for use in the
primary health care. In the present chapter, the
phyto-pharmaceutical aspect of one of the most
important Indian medicinal plants, Ocimum, has
been described for its medicinal uses in various
cardiovascular disease conditions.

3.3.1 Ocimum (Tulsi)

Ocimum sanctum L. (also known as Ocimum
tenuiflorum, Tulsi) has been used since thousands
of years in Ayurveda for its diverse remedial
properties. Tulsi, the Queen of herbs, the
legendary “Incomparable one” of India, is one of
the holiest and most cherished of the many
healing and health-giving herbs of the orient.
Tulsi is renowned for its religious and spiritual
sanctity, as well as for its important role in the
traditional Ayurvedic and Unani system of health
and herbal medicine of the east (Warrier 1995).
Tulsi is considered to be an adaptogen, balancing
different processes in the body, and helpful for
adapting to stress. Marked by its strong aroma
and astringent taste, it is regarded in Ayurveda as
a kind of “elixir of life” and believed to promote
longevity. Tulsi extracts are used in Ayurvedic
remedies for common colds, headaches, stomach
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disorders, inflammation, heart disease, various
forms of poisoning, and malaria.

Traditionally, O. sanctum L. is taken in many
forms, as herbal tea, extract, dried power, or fresh
leaf. For centuries, the dried leaves of Tulsi have
been mixed with stored grains to repel insects
(Biswas and Biswas 2005). O. sanctum L. (Tulsi)
is an erect, much-branched subshrub 30-60 cm
tall, with simple opposite green or purple leaves
that are strongly scented and hairy stems. Leaves
have petiole and are ovate, up to 5 cm long,
usually somewhat toothed. Flowers are purplish
in elongate racemes in close whorls. Tulsi is
native throughout the world tropics and wide-
spread as a cultivated plant and an escaped weed.
It is cultivated for religious and medicinal pur-
poses and for its essential oil. Tulsi is an
important symbol in many Hindu religious tra-
ditions, which link the plant with Goddess figure.
The name “Tulsi” in Sanskrit means “the
incomparable one.” The presence of a Tulsi plant
symbolizes the religious bend of a Hindu family.

3.3.2 Systematics of Tulsi

Among the plants known for medicinal value, the
plants of genus Ocimum belonging to family
Labiate are very important for their therapeutic
potentials. O. sanctum L. (Tulsi), O. gratissimum
(Ram Tulsi), O. canum (Dulal Tulsi), O. bas-
cilicum (Ban Tulsi), O. kilimandschricum, O.
americanum, O. camphora, and O. micranthum
are examples of known important species of
genus Ocimum that grow in different parts of the
world and are known to have medicinal proper-
ties (Chopra et al. 1956; Sen 1993; Gupta et al.
2002).

3.3.3 Phytochemical Constituents

Tulsi contains vitamin C and A and minerals like
calcium, zinc, and iron, as well as chlorophyll
and many other phytonutrients (Anbarasu and
Vijayalakshmi 2007). It also enhances the effi-
cient digestion, absorption, and the use of
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nutrients from food and other herbs: Protein:
30 kcal, 4.2 g; Fat: 0.5 g; Carbohydrate 2.3 g;
Calcium: 25 mg; Phosphorus 287 mg; Iron:
15.1 mg and Edible portion 25 mg vitamin C per
100 g. The chemical composition of Tulsi is
highly complex, containing many nutrients, and
other biologically active compounds, the pro-
portions of which may vary -considerably
between strains and even among plants within
the same field. Furthermore, the quantity of many
of these constituents is significantly affected by
differing growing, harvesting, processing, and
storage conditions that are not yet well
understood.

The nutritional and pharmacological properties
of the whole herb in its natural form, as it has been
traditionally used, result from synergistic interac-
tions of many different active phytochemicals.
Consequently, the overall effects of Tulsi cannot be
fully duplicated with isolated compounds or
extracts. Because of its inherent botanical and
biochemical complexity, Tulsi standardization has,
so far, eluded modern science. The leaf volatile oil
contains  eugenol  (1-hydroxy-2-methoxy-4-
allylbenzene), eugenol (also called eugenic acid),
carvacrol (5-isopropyl-2-methylphenol), ursolic
acid (2,3,4,5,6,6a,7, 8,8a,10,11,12,13,14b-te-
tradecahydro-1H-picene-4a-carboxylic acid),
caryophyllene  (4,11,11-trimethyl-8-methylene-
bicyclo[7.2.0]Jundec-4-ene), linalool 3,7-
dimethylocta-1,6-dien-3-o0l),  limatrol = methyl
chavicol (also called Estragole: 1-allyl-4-
methoxybenzene), while the seed volatile oil have
fatty acids and sitosterol; in addition, the seed
mucilage contains some levels of sugars and the
anthocyanins are present in green leaves (Kelm
et al. 2000; Shishodia et al. 2003). The sugars are
composed of xylose and polysaccharides. Although
Tulsi is known as a general energizer and increases
physical endurance, it contains no caffeine or other
stimulants. The stem and leaves of holy basil con-
tain a variety of chemical constituents that may
have biological activity, including saponins, fla-
vonoids, triterpenoids, and tannins (Jaggi et al.
2003). In addition, the following phenolic actives
have been identified, which also exhibit antioxidant
and anti-inflammatory activities, Rosmarinic acid
((2R)-2-[[(2E)-3-(3,4-Dihydroxyphenyl)-

29

1-oxo-2-propenyl]]Joxy]-3-(3,4-dihydroxyphenyl)
propanoic  acid), apigenin (5,7-dihydroxy-2-
(4-hydroxyphenyl)-4H-1-benzopyran-4-one), cir-
simaritin (5,4’-dihydroxy-6,7-dimethoxyflavone),
isothymusin  (6,7-dimethoxy-5,8,4'-trihydroxy-
flavone) and isothymonin. Two water-soluble fla-
vonoids are as follows: Orientin (8- C-beta-
glucopyranosyl-3'.4', 5,7-tetrahydroxyflav-2-en-
3-one) and Vicenin (6-C-beta-Dxylopyranosyl-
8-C-beta-D-glucopyranosyl apigenin) (Uma Devi
et al. 2000).

3.3.4 Antihypertensive Properties

Endothelial dysfunction is an important event in
the development of hypertension (Cassar et al.
2003). Arterial endothelium maintains the vas-
cular tone and regulates blood pressure and blood
flow to organs and tissues (Loscalzo and Welch
1995). However, when the endothelial function is
hampered, this ability of the endothelium to
maintain vascular tone gets hampered. Further-
more, there is a positive correlation between
hypertension and endothelial dysfunction
(Rodrigo et al. 1997). Altered endothelium-
mediated relaxation has been shown in patients
with hypertension and in hypertensive models
(Verma et al. 1996; Cardillo et al. 1998). The
activation of the rennin—angiotensin system
(RAS) is another most important mechanism
through which hypertension leads to cardiovas-
cular risk (Narkiewicz 2006). In the RAS,
angiotensin 1-converting enzyme (ACE) (EC:
3.4.15.1) plays a major role in the regulation of
blood pressure and normal cardiovascular func-
tion. It catalyzes the conversion of angiotensin I
to angiotensin II, which is known to increase the
blood pressure. ACE catalyzes the cleavage of
angiotensin I (a decapeptide) to angiotensin II (an
octapeptide) and inactivates bradykinin, a
vasodilator, and hypotensive peptide (Eriksson
et al. 2002). Angiotensin II stimulates vasocon-
striction, increases sodium and water reabsorp-
tion, and elevates blood pressure in emergency
conditions. Hence, the excessive action of ACE
leads to hypertension (Lee et al. 2015); further-
more, inhibition of ACE is an important strategy
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for the treatment and management of hyperten-
sion (Sharma 2004; Villiger et al. 2015). Plant
extracts rich in flavonoids and phenolic acids
have been shown to inhibit ACE activity (Oboh
et al. 2012; Irondi et al. 2016). The flavonoids are
the largest group of polyphenolic compounds
found in higher plants and are regarded as an
excellent source of functional antihypertensive
products (Croft 1998). Similarly, the phenolic
acids are effective ACE inhibitors. Their ability
to inhibit ACE has been attributed to the overall
contribution of their functional groups, including
carboxyl and hydroxyl groups; their ability to
form charge—charge interactions with the zinc ion
present in the active site of ACE, through the
oxygen atom of their carboxylate moiety; and
their interaction with the amino acids residues at
the active site of ACE, to give a stable complex
between the phenolic acid molecule and ACE.
Thus, the ACE inhibitory activity of phenolic
acids may be due to the effect of this interaction
with the zinc ion and the subsequent stabilization
by other interactions with amino acids in the
active site (Al Shukor et al. 2013). O. gratissi-
mum has stronger ACE inhibitory due to the
presence of luteolin (flavonoid) and ellagic acid
(phenolic acid), and luteolin had the highest ACE
inhibitory activity compared to other flavonoids
(TIrondi et al. 2016). Similarly, O. basilicum
extract was found to reduce systolic and diastolic
blood pressure by 20 and 25 mmHg in reno-
vascular model of hypertension in rats, which is
known to have high level of angiotensin. In
addition, it was also found that the extract of O.
basilicum reduced cardiac hypertrophy and
endothelin level in animal model (Umar et al.
2010). In vivo antihypertensive activity was also
recorded in the essential oil of O. gratissimum
and its major constituent eugenol at 20 mg/kg in
DOCA with salt-induced hypertension in rats
(Interaminense et al. 2005).

3.3.5 Effect on Ischemia

The cerebral ischemic reperfusion (IR) injury is
very complex and occurs through a series of
mechanisms of which oxidative stress is considered
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amajor culprit for neurodegeneration (Warner et al.
2004). Role of oxidative stress in the development
of IR-mediated cerebral injury is well documented
(Nour et al. 2013). Among all regions of the brain,
hippocampus is highly vulnerable to deleterious
effects of ROS. Excessive ROS causes damage to
biomolecules like DNA, lipids, and proteins (Chen
etal. 2011). Fall in endogenous antioxidants (GSH
and SOD activity) is well documented in cerebral
IR injury (Surapaneni et al. 2016). Increase in
thiobarbituric acid reactive substances (TBARS)
levels, a measure of malondialdehyde produced by
lipid membrane damage due to free radicals is an
indication of cerebral IR (Margaill et al. 2005). O.
basilicum extract is rich in phenolic compounds
like p-hydroxy benzoic acid (0.14%), caffeic acid
(0.28%), chlorogenic acid (0.13%), cinnamic acid
(0.09%), p-coumaric acid (0.18%), ferulic acid
(0.08%), and gallic acid (0.03%) along with traces
of vanillic acid. Phenolic acids have a profound
antioxidant and thus have a potent neuroprotective
role. Administration of ferulic acid was shown to
inhibit cerebral infarction, free radical-induced
apoptosis, inflammation, and oxidative stress in
animal model of cerebral ischemia (Cheng et al.
2008). Thus, the levels of TBARS, reduced GSH,
and SOD activity were measured to estimate the
extent of ROS damage in IR-mediated injury. The
restorative effects of O. basilicum and O. gratissi-
mum extracts on brain endogenous antioxidants
levels against IR-induced cerebral injury have been
investigated and revealed that phenolic compounds
including flavonoids are well documented for
antioxidant as well as neuroprotective properties
(Kelsey et al. 2010; Bora et al. 2011). The antiox-
idant and neuroprotective role of rosmarinic acid,
caffeic acid, ferulic acid, vanilic acid, quercetin, and
rutin shows a linear relationship between total
phenol content and antioxidant activity of O. kili-
mandscharicum and may contribute its efficacy in
ischemia (Hakkim et al. 2008).

3.3.6 Effect on Pulmonary
Hypertension

Pulmonary hypertension (PH) is defined and
diagnosed hemodynamically as mean pulmonary
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artery pressure (mPAP) of more than 25 mm of
Hg at rest along with normal pulmonary capillary
wedge pressure and pulmonary vascular resis-
tance of more than 3 woods unit after right heart
catheterization (Simonneau et al. 2013). Ocimum
has therapeutic potential against structural chan-
ges in pulmonary arteries. This effect of Ocimum
affirms its disease-modifying effect and has a
significant clinical relevance in pulmonary vas-
cular remodeling, a pathological feature of PH
which leads to increased pulmonary vascular
resistance (Jeffery and Wanstall 2001; Meghwani
et al. 2017), rise in pulmonary artery pressure
and vascular hypertrophy (Bogdan et al. 2012).
The oxidative stress plays an important role in
the development and progression of PH. Nicoti-
namide adenine  dinucleotide  phosphate
(NADPH) oxidase (NOX) has been demon-
strated to be the major source for reactive oxygen
species (ROS). In addition, NOX-1 expression
has been found to be increased in human and rat
PH, respectively (Csiszar et al. 2009; Ghouleh
et al. 2017). Moreover, it has also been reported
that NOX-derived ROS are vital modulators of
signal transduction pathways that control key
physiological activities such as cell growth,
proliferation, and apoptosis (Manea et al. 2015).
Therefore, the reduced level of NOX could be
beneficial for morbidity and mortality in the
patients with PH (McLaughlin et al. 2011; Kor-
sholm et al. 2015). In addition, Ocimum had an
anti-apoptotic effect and preserved the decrease
in Bcl2/Bax ratio in renovascular hypertrophy
secondary to the development of PH. Ocimum
has apparent anti-apoptotic effect which is useful
in preventing renovascular failure, a major cause
of morbidity in PH (Meghwani et al. 2018).

3.3.7 Lipid-Lowering Properties
of Ocimum

It has been widely known that enhancement of
serum cholesterol level can lead to atheroscle-
rosis; blood supply to the organs gradually
compromises until organ function becomes
impaired. The aqueous leaf extract of O. sanctum
decreased the hepatic lipid content and the
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elevation of fecal bile acid excretion without the
change of fecal lipid excretion by means of
increasing hepatic bile acids biosynthesis using
cholesterol as the precursor, and finally leading
to the decrease of hepatic cholesterol and
triglyceride accumulations which indicate the
hepatic lipid-lowering effect of Ocimum, and it is
probably related to a lower intestinal bile acids
absorption (Suanarunsawat et al. 2011). Ocimum
was found not only to lower the serum and
hepatic lipid but also to suppress the high serum
levels of AST, ALT, LDH, and CK-MB. It is
also found to suppress lipid peroxidation and
increases the activities of antioxidant enzymes in
both the liver and cardiac tissues. Ocimum had a
free radical-scavenging activity which probably
provides organs protection from hypercholes-
terolemia and several lines of evidence showed
that plants with phenolic compounds had
antilipidemic and antioxidative activities to pro-
tect the liver and heart against hyperlipidemia
(Auger et al. 2002; Yokozawa et al. 2006).
Higher levels of TGs and cholesterol are one of
the risk factors of CAD in humans (Gupta et al.
2006; Talayero et al. 2011). Thus, reduction in
cholesterol and TGs seen in human population is
a very positive outcome for reduction of
dyslipidemia-related CVD risks (Saggini et al.
2011). This reinforces the traditional claim that
Tulsi is good for heart.

3.3.8 Antiplatelet Aggregation
Activity

Endothelial dysfunction and platelet aggregation
play important role in the development of car-
diovascular diseases and the major complications
of atherosclerosis and arterial thrombus forma-
tion (Grover-Paecz and Zavalza-Gomez 2009).
Platelet aggregation is critical for the progression
of thromboembolic diseases pathogenesis (Cas-
sar et al. 2003). Hence, by targeting platelet
aggregation with drugs and/or dietary interven-
tion can prevent or treat thrombosis and reduce
the related cardiovascular disease (La Rosa et al.
1990). The polyphenol-rich diets have been
shown to play a positive role in vascular
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functioning including platelet aggregation in
humans (Murphy et al. 2003). In fact, recent
studies on platelet function demonstrated that the
phenolic compounds isolated from medicinal
plants are responsible for their beneficial effect
and attenuate the platelet aggregation (Mekhfi
et al. 2006). The aqueous basil extract inhibits
platelet aggregation and thrombin-induced pla-
telet activation. O. basilicum exerts in Vvivo
antiplatelet and antithrombotic effects (Tohti
et al. 2006). Also, the dose dependency of O.
basilicum effect pleads in favor of the reality of
the activity (Amrania et al. 2009). O. sanctum
fixed oil also increases blood clotting time, and
the response was comparable to that obtained
with aspirin. The effect appears to be due to the
antiaggregatory action of oil on platelets. Lino-
lenic acid contained in the oil can be metabolised
to EPA, which can inhibit the formation of
TXA2 through cyclooxygenase and produce
PGI3 and TXA3. Like PGI2, PGI3 also pos-
sesses antiaggregatory property while TXA3 has
much less proaggregatory activity toward plate-
lets compared with TXA2 (Zurier 1991; Fischer
and Weber 1984; Lee et al. 1985). Combined
antiaggregatory effects of PGI2 and PGI3 sup-
plemented by inhibition of TXA2 could, there-
fore, contribute toward anticoagulant effect of
0. sanctum fixed oil. O. sanctum fixed oil con-
tains EFAs like linoleic and linolenic acids.
Linoleic acid is a precursor of gamma-linolenic
acid (GLA) and arachidonic acid which can
competitively inhibit formation of cyclooxyge-
nase products (PGE2, TXA2) from A.A. EPA
produces TXA3 (which has much lesser ability
than TXA2 to constrict blood vessels) and PGI3
which has vasodilatory activity (Fischer and
Weber 1984; Lee et al. 1985; Zurier 1991).

3.3.9 Antioxidant and Antidiabetic
Properties

Free radical-scavenging enzymes such as catalase,
superoxide dismutase, and glutathione peroxidase
are the first-line cellular defense against oxidative
injury, decomposing O, and H,O, before their
interaction to form the more reactive hydroxyl
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radical (OH"). The equilibrium between these
enzymes is an important process for the effective
removal of oxygen stress in intracellular orga-
nelles. The second line of defense consists of the
non-enzymatic scavenger’s viz. ascorbic acid,
a-Tocopherol, ceruloplasmin, and sulphydryl
containing compounds, which scavenge residual
free radicals escaping decomposition by the
antioxidant enzymes. Besides, antioxidant
enzymes and physiological antioxidants, alter-
ation in LDH has been considered as one of the
most important markers of myocardial infarction.
Glutathione is implicated in the removal of free
oxygen species such as H,O,, superoxide radicals,
alkoxy radicals, and maintenance of membrane
protein thiols and as a substrate for glutathione
peroxidase (GPX) and glutathione-S transferase
(GST). Superoxide anion either can be generated
by reduction of one electron from molecular
oxygen or oxidation of one electron of hydrogen
peroxide. A significant number of enzymatic
reactions in biological systems result in the cre-
ation of this radical, and the highest amounts are
produced in reactions of oxidases such as xanthine
oxidase (XOD) and aldehyde oxidase, but also
reactions catalyzed by NADPH-cytochrome C
reductase, NADPH-cytochrome P45 reductase,
etc. In the reaction with H,O,, superoxide anion
radical produces hydroxyl ion (Haber-Weiss or
Fenton reaction), while the reaction with nitri-
coxide formed peroxynitrite anion (ONOO-)
which may have greater toxicity than the extra-
cellular OH radical (Pordevi¢ et al. 2000). Oci-
mum enhances the levels of GSH by virtue of its
increased synthesis or due to improved glutathione
reductase activity. Ocimum inhibits the LP,
enhancement of SOD activity and improvement in
GSH levels and leads to the cardioprotection by
means of its antioxidant properties. Antioxidant
properties of Ocimum are due to its constituents
like eugenol, flavonols, flavones, and antho-
cyanins. The Ocimum-induced decrease in SOD
levels may be due to the involvement of super-
oxide free radical in myocardial cell damage.
A decrease in activity of SOD can result in the
decreased removal of superoxide ion, which can
be harmful to the myocardium (Liu et al. 1977). It
is possible that in the presence of Ocimum either
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generation of free radical itself is impaired or
enhanced; SOD activity could effectively scav-
enge the first free radical superoxide from the
system. The Ocimum significantly protects the
heart by maintaining the LDH levels is an indica-
tive of the fact that Ocimum has cardioprotective
action and maintain membrane integrity of myo-
cytes. O. basilicum extracts showed a strong effect
on the inhibition of superoxide anion radical, even
at very low applied concentrations. The activity of
the extracts obtained from O. basilicum was
approximately equal to that of the synthetic
antioxidants. Hydroxyl radical (OH") is chemi-
cally the most reactive form of “activated oxygen,”
which occurs during the reduction of molecular
oxygen and is responsible for the cytotoxic effects
of oxygen (Imlay and Linn 1988). Due to its
extreme reactivity, hydroxyl radicals react imme-
diately with biomolecules and can effectively
“attack” every molecule present in living cells
such as sugars, amino acids, phospholipids,
pyrimidine and purine bases, and organic acids.
The OH radical scavenging capacity of O. basili-
cum extract exhibited different behavior with
respect to the production of OH radicals. Since
lipid peroxidation causes oxidative damage to cell
membranes and all other systems that contain
lipids, in any investigation of total antioxidative
activity of extracts it is necessary to investigate
their effects on lipid peroxidation (Chatterjee and
Agarwal 1988). The high inhibitory effects of
Ocimum extract can be related to the presence of
the amount of total phenolic contents and content
of total flavonoids in the extracts. It has already
been reported that flavonoids act as powerful
scavengers of free radicals (Robak and Gryglewski
1988). Different flavonoids inhibit lipid peroxi-
dation in vitro, and the most pronounced effect is
exhibited by quercetin (Husain et al. 1987).

3.4 Summary

Cardiovascular disease is a major cause of mor-
bidity and premature death throughout the world
and a challenge for health care. The underlying
pathology is very broad and time-dependent.
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While atherosclerosis takes several years to
develop, acute coronary and cerebrovascular
events frequently occur suddenly and are often
fatal before medical care can be given. Modifi-
cation of some risk factors has been shown to
reduce mortality and morbidity in people suffer-
ing from cardiovascular disease. Several forms of
therapy have now been evolved to prevent
coronary, cerebral, and peripheral vascular
events. Phytomedicines are one of them, they
provide good health without any adverse effects
as their therapeutic index is much higher than
conventional medicines. O. sanctum Linn. (Tulsi)
is a well-known plant that is grown all over
India. Several medicinal properties have been
attributed to the plant in Indian traditional med-
icine, in which it is mostly used as an aqueous
extract of leaves. The leaf juice has been used for
chronic fever, hemorrhage, dysentery, dyspepsia,
and skin diseases. It contains good antioxidant
activity, and this has been mainly attributed to
the presence of compounds such as flavonoids,
tannins, ascorbic acid, and carotenoids. Its oil
and leaf extract has significant anti-inflammatory,
antipyretic, analgesic, antiarthritic, anticoagulant,
hypotensive, antibacterial, and chemoprotective
activities. It has been reported that Ocimum has
profound efficacy against the cardiovascular
diseases and has significant effect on various
cardiovascular diseases including lipid-lowering
effect which leads to a low risk of developing
atherosclerosis, antihypertensive effects on blood
pressure by means of inhibiting angiotensin II,
anti-apoptotic activity of Ocimum prevents the
pulmonary hypertension, besides, inhibition of
NOX-1 gene leads to prevention of pulmonary
hypertension. Further, Ocimum inhibits the for-
mation of cyclooxygenase and stimulates the
biosynthesis of TXA3 and PGI3 which has
vasodilatory activity. The leaf extract of Ocimum
has also possessed antioxidative properties which
reduces the risk of Ischemia and other cardio-
vascular diseases. Hence, Ocimum can be used as
herbal medicine for the treatment of cardiovas-
cular diseases but further there is a need for
series of studies in the fulfillment of this
comment.
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Abstract

Phytochemicals in the form of secondary
metabolites produced by plants have been
used for therapeutic purposes, some of the
well-known examples being artemisinin for
treatment of malaria, vinblastine and vin-
blastine and vincristine for treatment of
cancer. Plants produce several such secondary
metabolites having anticancer, cardioprotec-
tant, anti-inflammatory, antidiabetic, artificial
sweetener, antimicrobial properties, and plants
have evolved elaborate pathways to synthesize
these complex biomolecules. Some of these
molecules can be highly complex in their
chemistry, and it is often impossible to
synthesize them in the laboratory, while plants
have evolved enzymes with a remarkable
capacity to catalyze these reactions with
chemo-, regio-, and stereospecificity. Under-
standing sequence and structural properties of
plant enzymes involved in the synthesis of
metabolites will help in deciphering the
mechanism underlying the synthesis of these
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phytochemicals. In the present chapter, we
describe a computational pipeline for identi-
fying, validating, and analyzing the key
components involved in the synthesis of
terpenoids and a less studied class of proteases
called rhomboids. A bioinformatic study of
this nature will have wider implication as not
only a tool to understand sequence and
structure—function relationships of some of
the well-studied metabolites and enzymes, to
aid protein engineering for biotechnological
utilization of these commercially valuable
molecules.

4.1 Introduction

Plant enzymes are critical for the production of
phytochemicals such as secondary metabolites.
Although more than 25,000 plant species are
cataloged as medicinally important (Farnsworth
1988), the understanding of the biochemical
basis for these properties is extremely limited.
Moreover, of the million metabolites estimated to
be synthesized by plants (Afendi et al. 2012), the
biosynthetic pathways are known for only about
0.1% (Caspi et al. 2016). Advancements in
sequencing techniques and development of
resources for big data analysis have resulted in
large numbers of plant genome sequencing pro-
jects being undertaken and an exponential
growth of biological sequences. Annotating a
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gene product to characterize its structure and
function in the laboratory is a lengthy and
expensive process. Increasingly, in silico meth-
ods are being used to annotate the genes that
encode for these plant biosynthetic pathways
(Radivojac et al. 2013). Understanding how
enzyme superfamilies evolve is vital for accurate
genome annotation, predicting protein functions,
and protein engineering. The sequence and
functional diversity of enzyme superfamilies
have expanded through billions of years of evo-
lution from a common ancestor. Integrative
approaches that examine protein sequence,
structure, and function have begun to provide
comprehensive views of the functional diversity
and evolutionary relationships within enzyme
superfamilies. In the present chapter, we explore
the sequence and structural space for biosynthe-
sis of terpenoids and cytochrome P450s, which
form one of the largest classes of plant metabo-
lites. We have also explored rhomboids, which
are ubiquitous intramembrane serine proteases,
found in nearly all sequenced genomes, includ-
ing plants. Although the class of enzymes is
found to be abundant in plants, their roles in
plants remain elusive.

4.1.1 Biosynthesis of Terpenoids

Terpenes (also known as terpenoids or iso-
prenoids) are one of the largest group of plant
metabolites, with more than 30,000 different
structures (Kong et al. 2011), spread over the
widest assortment of structural types with hun-
dreds of different monoterpene, sesquiterpene,
diterpene, and triterpene carbon skeletons
(Degenhardt et al. 2009). The majority of terpenes
have been isolated from plants, where their
enormous structural variability leads to a great
functional diversity. Terpenes play important
roles in almost all basic plant processes, including
growth, development, reproduction and defense.
Many terpenoids have reported therapeutic prop-
erties such as antimicrobial, anti-inflammatory,
immunomodulatory, and chemotherapeutic prop-
erties, making them highly interesting in the
medical field. Also, they are widely used in the
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flavors and fragrances in industries, in addition to
being a source of biofuels (Pazouki and Niinemets
2016). Terpenoids are derived by repetitive fusion
of the five-carbon units based on isopentane
skeleton (Fig. 4.1). The terpenoidal backbone is
synthesized from the two precursors: isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophos-
phate (DMAPP) through a different number of
repeats, rearrangement, and cyclization reactions
(Abdallah and Quax 2017). On the basis of Cs units,
we can classify the terpenoids as Cs (hemiterpenes),
Cio (monoterpenes), C;s (sesquiterpenes), Cyo
(diterpenes), C,s (sesterpenes), Csq (triterpenes),
Cyo (tetraterpenes), and >C,y (polyterpenes)
(Martin et al. 2003).

4.1.2 Terpene Synthases

Terpene synthases/cyclases (TPS) are a family of
enzymes responsible for synthesizing the vast
array of terpenoid compounds. These enzymes
are involved in catalyzing the rearrangement
and/or cyclization of the precursors geranyl
diphosphate (GPP), farnesyl diphosphate (FPP),
and geranylgeranyl diphosphate (GGPP) to pro-
duce the different classes of terpenoids (Tholl
2006). TPS genes are generally divided into
seven clades, with some plant lineages having a
majority of their TPS genes in one or two clades.
This indicates lineage-specific expansion of
specific types of genes (Table 4.1). The TS genes
were classified into the terpene synthase
(TPS) family, and into more specific subfamilies,
or as triterpene cyclases (TTCs), or squalene
synthases (SSs) (Boutanaev et al. 2015). The
interesting structural diversity of terpenoids is
based on the orientation of the substrate in the
active site, which undergoes a series of cycliza-
tions and/or rearrangements to produce a certain
terpenoid by the associated TPS (Bohlmann et al.
1998). TPS are generally classified into class I
and class II TPS based on their substrate acti-
vation mechanisms. Class I TPS are character-
ized by catalyzing the ionization of the allylic
diphosphate ester bond in their isoprenyl sub-
strates, while class II TPS catalyze protonation-
induced cyclization reaction of the substrate
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Fig. 4.1 Biosynthesis of terpenoids (Tholl 2006)

followed by rearrangement (Tholl 2006). Class I
TPS are ionization-initiated and the active sites
are located within o domain, which adopts a
common o bundle fold. The aspartate-rich resi-
dues (DDXXD) bind a magnesium cluster that
triggers the departure of the substrate diphos-
phate leaving group and concurrently initiates the
cyclization and rearrangement reaction. Class II
TPS are the protonation-initiated and the

corresponding active sites reside between P/y
domains, both of which exhibits an a-barrel fold,
in which a DXDD motif in the B domain pro-
vides the proton donor that triggers initial car-
bocation formation (Kampranis et al. 2007).
There has been an extensive study on the
analysis of plant TPS with respect to under-
standing function and evolution of the TPS
family (Chen et al. 2011; Bohlmann et al. 1998).
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Table l.L1 Details of TPS Subfamily Groups
subfamily and
lineage-specific distribution ~ 1PS-2 TPS-a-1
Tps-a-2
TPS-b
TPS-c
TPS-d TPS-d-1
TPS-d-2
TPS-d-3
TPS-e/f
TPS-g
TPS-h

Many times, products of TPS are converted into
bioactive natural products, terpenoids, in which
the hydrocarbon backbones are decorated with
oxygen by cytochromes P450. The primary dri-
vers of terpene diversification are terpenoid
synthases and cytochrome P450, which synthe-
size and modify terpene scaffolds.

4.1.3 Cytochrome P450

Cytochrome P450 monooxygenases (CYP450)
are heme-containing enzymes catalyze a wide
variety of monooxygenation reactions in primary
and secondary metabolism in plants. The largest
group of P450s is found in plants is one reason
for the immense amount of structurally diverse
natural products in this kingdom. CYP450s cat-
alyze a large variety of reactions like aliphatic
and aromatic hydroxylations, N-, O-, and
S-dealkylation, oxidative deamination, sulfoxide
formation or N-oxidation (Schuler 1996).
Phylogenetic analyses, based on translated
raw DNA sequence data, have spaced the
CYP450s into 10 clans that include 59 families
and an extensive number of subfamilies. The
sequence identity between distantly related
CYP450s is very low, but a few absolutely
conserved sequence motifs (such as the WxxxR
motif, the GXE/DTT/S motif, the ExxR motif, the
PxxFxPE/DRF motif and the PFxxGxRxCxG/A
motif) are observed to be important substrate
recognition sites (Gotoh 1992). Based on
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Functions Distribution
SesquiTPS Dicos
SesquiTPS Monocots
MonoTPS, IspS Angiosperms

CPS/KS, CPS, other DiTPS Land plants

Primarily MonoTPS Gymnosperms
SesquiTPS Gymnosperms
Primarily DiTPS, SesquiTPS Gymnosperms

DiTPS, monoTPS, SesquiTPS
MonoTPS, SesquiTPS, DiTPS
Putative bifunctional DiTPS

Vascular plants
Angiosperms

S. moellendorffii

phylogenetic classification, the type of CYP450s
is distinguished with its family number and
subfamily letter, with shared numbers used for
orthologs in different species and unique num-
bers used for paralogs in the same species. The
nomenclature for P450s comprises of the CYP
prefix, followed by an Arabic numeral which
designates the family shares more than 40%
identity with one or more previously confirmed
P450s. Furthermore, if two CYP450s share more
than 55% identity, they are considered to be
members of the same subfamilies, designated
with a capital letter and an Arabic numeral des-
ignates the individual gene (Nebert et al. 1991;
Chapple 1998). The characterization and func-
tions of CYP450s have been studied systemati-
cally in many organisms (Nelson 2009) http://
drnelson.uthsc.edu/CytochromeP450.html.

4.1.4 Rhomboid Proteases

Rhomboids are transmembrane serine proteases,
with a catalytic dyad of serine and histidine,
conserved across the three kingdoms of life
(bacteria, archaea, and eukaryotes). A member of
the family Rhomboid 1 is found to be conserved
throughout the kingdoms of life, suggesting an
important role of the family. The proteins were
first discovered in a mutational screen experi-
ment in Drosophila by Christiane Niisslein--
Volhard and FEric Wieschaus (Mayer and
Niisslein-Volhard 1988). The protein was named
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after the rhomboid-shaped heads in mutants. In
Drosophila, thomboid protein (Rhomboid 1)
controls the activation of the ligand for EGF
receptor, by cleaving the transmembrane region
of Spitz in the Golgi complex and releases the
active ligand (Urban et al. 2001). Subsequently,
new rhomboid sequences were identified in
Drosophila and the human ortholog was also
found to activate EGF signaling with a similar
mode of action (Wasserman et al. 2000). Anal-
ysis of thomboid substrates reveals that they are
transmembrane helices with a partially disor-
dered conformation (Fig. 4.2). Substitution of the
residues with helix-breakers and [-branched
residues enhances cleavage (Urban and Free-
man 2003).

In addition to animals, rhomboids have also
been studied in microorganisms and plants.
Rhomboids in Toxoplasma gondii cleave the
transmembrane micronemal (MIC) proteins,
which are important for host invasion (Urban and
Freeman 2003). Rhomboid protease AarA (in

Providencia stuartii) activated quorum sensing
by cleaving the N-terminal extension of the
transmembrane protein TatA, activating its
transport function (Stevenson et al. 2007).
Eighteen rhomboid sequences have been
identified in the model plant Arabidopsis thaliana
(Koonin et al. 2003; Garcia-Lorenzo et al. 2006).
Oryza sativa, Populus trichocarpa and Physco-
mitrella patens have 18, 16, and 13 sequences,
respectively (Tripathi and Sowdhamini 2006;
Lemberg and Freeman 2007; Kmiec-Wisniewska
et al. 2008). Rhomboid sequences from some
plant, invertebrates and vertebrates, were clustered
into different clades and specific conserved
regions identified using MEME were analyzed
from the clades (Li et al. 2015). The study was
limited to a few plant species, and a detailed
analysis of conservation functionally important
residues in different clades has not been looked at.
Although rhomboids have been identified and
studied from many plants, the functions of these
families and the substrates that they act on are

@ EGF
\ WR o
~

(b)
DmSPITZ ..PRPMLEKASTIASGAMCALVFMLFVCLAFY..
DmKEREN ..NRVMLEKASIVSGATLALLFMAMCCVVLY..
TgMIC2 ..SGIAGAIAGGVIGGLILLGAAG---GASY..
TgMIC6 ..SGHAGAIAGGVIGGLLLLSAAGAG--VAY..
TgMICl2 ..GVPVAAIAGGVVGGVLLIAGGAGA--A

Fig. 4.2 Rhomboid structure and sequence features of
substrates. a The proposed mechanism of action of
Rhomboid 1 from D. melanogaster on Spitz ligand
(adapted from Urban et al. 2001). b Alignment of the
transmembrane helices (indicated by a box) of rhomboid

Transmembrane helix

substrates Spitz and Keren from Drosophila and TgMIC2,
TgMIC6, and TgMIC12 from 7. gondii. The residues
corresponding to the substrate motif and GA motif of
Spitz in the alignment have been highlighted with an
outline (adapted from Urban and Freeman 2003)
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still unknown (Knopf and Adam 2012).
Recently, an Arabidopsis rhomboid, AtRBL10,
was found to effect floral morphology (Thomp-
son et al. 2012). In a previous study (Lemberg
and Freeman 2007), plant rhomboids were seen
to fall into four main classes, secretase B, mixed
secretases, PARL and mixed inactive
(Table 4.2). This classification suggested four
divergently evolved lineages of rhomboids. The
former two classes were active serine proteases
localized in secretory pathway. The latter two
classes were inactive enzymes with PARL being
located in the mitochondrial membrane.

There have been attempts to computationally
study the different families in specific plants to
understand the tissue-expression patterns and
function. Identifying the rhomboid sequences
and analyzing the cellular localization, function-
ally important residues and associated protein
domain families would help us understand the
different classes of rhomboids in plants and the
putative functions.

Recently, we sequenced and annotated the
Ocimum tenuiflorum (Ote) genome (Upadhyay
et al. 2015). Hence, it was possible to examine
the above mentioned three important enzyme
families at the whole genome level. This
involved identification of the respective enzyme
entries, through sequence-based approaches and
further validation by structural features and
phylogenetic relationships. These results can be
used for functional validation of the Tulsi
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rhomboid genes and increase our understanding
of the roles of plant rhomboids.

4.2 Materials and Methods
4.2.1 Sequence Search Methodology
for Collecting TPS and CYP450
in the Ocimum tenuiflorum
(Ote) Proteome

Annotated homologous sequences of TPS were
collected from previously published reports
(Chen et al. 2011) and along with reviewed
entries from Swissprot database. These sequen-
ces were aligned using MUSCLE tool and an
HMM profile was built using HMMER package
(Baldi et al. 1994). The HMM profile of classical
members was used as start point for searching
homologous sequences in TulsiDB (http://caps.
ncbs.res.in/Ote/) using BLASTp (Altschul et al.
1990). The resulting hits were then analyzed for
domain assignment using Pfam to reduce false
positives. Additionally, sequences less than 300
amino acid length were removed to avoid accu-
mulation of incomplete sequences. Furthermore,
redundant sequences sharing more than 95%
mutual sequence identity were removed using
CD-HIT.

The collection of annotated entries of
CYP450 sequences involved more careful
method considering the huge diversity and

Table 4.2 Details of rhomboid class distribution in plants from Lemberg and Freeman (2007)

Class Functions

Secretase B

Located in secretory pathway, 6 + 1 TMD topology, WR motif not
absolutely conserved, GxSxxxF catalytic motif, predicted to be the

Distribution

A. thaliana,
O. sativa

ancestral precursor, cleave type I membrane proteins (Noy/Ciy)

Mixed other secretases

May represent evolutionary intermediates between an ancestral

A. thaliana,

PARL
(presenilin-associated
rhomboid-like)

Mixed inactive homologs

rhomboid (of the B type) and the potentially more recently evolved
rhomboids of the higher eukaryotes (Secretase A type)

1 + 6 TMD topology, predicted mitochondrial localization, WR motif
within the predicted TMD2, substrates have an N;,/C,,, topology

Inactive rhomboid-like genes, relatively recent mutations of active
rhomboids, not found in other plants, presumably derived from
Arabidopsis PARL

0. sativa

A. thaliana,
0. sativa

A. thaliana


http://caps.ncbs.res.in/Ote/
http://caps.ncbs.res.in/Ote/

4 Evolutionary Analysis of a Few Protein Superfamilies ... 43

abundance of this enzyme family. Sequences
from Mimulus guttatus (Mgu), Solanum lycop-
ersicum, and A. thaliana were collected from
CYP450 database (Nelson 2009) and used as
references for searching homologs in Ote data-
base. M. guttatus was chosen as it shares close
homology with Ote, while S. lycopersicum and
A. thaliana were chosen as their genomes are
well-annotated. In order to increase the sensitiv-
ity of sequence search, multiple HMM profiles
were built for major cytochrome families and
were used as start points during sequence search
in Ote genome. Also, individual BLAST sear-
ches, with each reference sequence, were per-
formed to avoid missing any Ote entries.
Redundant hits from all of the sequence search
runs were removed using CD-HIT clustering.
The non-redundant hits were queried against
Pfam database to remove false positives. Fig-
ure 4.3 explains the sequence search workflow
followed for identifying TPS and CYP450
sequences in Ote genome.

4,22 Structural Alignment
to Compare
the Functional Important
Residues

The Terpene synthase/cyclases can be broadly
divided into two superfamilies depending on the

location of active site. The active site is charac-
terized by the presence of either a DDXXDD or
DDXD motif in the active site. Based on the
relative position of this motif, terpene cyclase
can be either classified into alpha superfamily
containing a C-terminal active site (SCOP
Superfamily ID: 48576) beta and gamma super-
family where the motif is present in the (SCOP
Superfamily ID: 48239). For the present study,
739 PDB entries from both the superfamilies
were collected SCOP 2.05 (Fox et al. 2014)
database. These hits were then reduced to total of
239 PDBs by removing redundant entries using
CD-HIT clustering. This protocol (Fig. 4.4) was
implemented for each of the families to generate
structure-based alignment.

4.2.3 Phylogenetic Analysis of TPS
and CYP450

The hits from sequence searches were aligned
using MUSCLE program, a multiple alignment
tool. Further, the alignment was processed for
removal of spurious sequences or poorly aligned
regions using the trimAL tool. The processed
alignment was used for phylogeny construction
by Randomized Axelerated Maximum Likeli-
hood (RAXML) with 1000 bootstrap replications.
Sequences sharing more than 90% mutual
sequence identity were removed using CD-HIT

(a)
Terpene synthase Profile was searched Removal of false positives
sequences from12 | mmp | Generation of wp | 222inst Otedb and PDB | wep | - CDHIT(>95%)
S5 eaad HMM profile (Ote hits -96) - Length cutoff (>300)
(298 sequences) (PDBhits -65) - Pfam domain assignment
(Final Ote TPS hits — 44)
(b)
Cvtochrome P450 B]aslt search HMM Profile for Removal off?ls.e positives
sequences collected | 2gainstOte | mp| individualsub family |wep| - CDHIT(>95%)
fromthree plants clawtab ase and searchedagainst - Pfam domain assignment
(28 htz) Otedb (Final Ote P450 hits— 368)

Fig. 4.3 Flowchart for sequence-based searches for both TPS and cytochrome p450
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Fig. 4.4 Structure analysis of TPS sequences

to reduce the computational time for construction
of phylogenetic tree. The resulting phylogeny
was viewed using a graphical viewer tool Figtree
(Rambaut 2009).

Identification of Rhomboid
Proteases in the Ote
Proteome

424

Using 18 known rhomboid sequences from A.
thaliana and 18 from O. sativa japonica (Tripathi
and Sowdhamini 2006) as queries, a multi-fold
sequence search approach was employed to
search for rhomboids in Ote (Krishna Tulsi sub-
type) from the draft genome from NCBS (Upad-
hyay et al. 2015). Multiple sequence search
methods were used to enhance the number of hits.
Since the sequence identity between the
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rhomboid sequences is very low, sensitive remote
homology prediction methods were used. The
tools used were Context-Specific BLAST
(CS-BLAST) (Biegert and Soding 2009),
Pattern-Hit Initiated BLAST (PHI-BLAST)
(Zhang et al. 1998), TBLASTN (Gertz et al.
2006) and BLASTX (Camacho et al. 2009).
Profile-based methods like Reverse-PSI BLAST
(RPS-BLAST) using Conserved Domain Data-
base (CDD) (Marchler-Bauer et al. 2002) profiles,
HMMSCAN and HMMSEARCH (using Pfam
(Sonnhammer et al. 1998) HMMs) were also
used. BLAST+ version 2.2.31, legacy BLAST
version 2.2.24, and Hmmer version 3.1.b1 were
used for the sequence searches. A set of unique
hits was constructed from the above sequence
search pipeline. The unique sequences, identified
from the sequence search method, were further
screened for criteria like the presence of 67
transmembrane helices and functionally impor-
tant residues. An all-against-all BLAST was
carried out to identify the orthologs and paralogs
among the proteins from all three species. The
sequence search workflow has been described in
detail in Fig. 4.5.

4.2.5 Identification of
Transmembrane Helices and
Subcellular Locations of the

Rhomboid Proteins

The rhomboid structural domain has six trans-
membrane helices. Some plant rhomboid
sequences are predicted to have an extra
transmembrane helix, either at the N-terminus
or the C-terminus. Tools like Psipred (Jones
1999) were used for identifying secondary
structures and Phobius (Kill et al. 2004) and
TMPred (Hofmann 1993) for identifying
transmembrane helices. Literature on Ara-
bidopsis orthologs was used to predict cellular
localization of Tulsi rhomboids. Target-P tool
was used to predict cellular localization of the
remaining rhomboids.
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PSI-BLAST
E-value 0.001 H value
0.001
Qcov 0.5, 5 iterations CS-BLAST
HMMSCAN 23 hits E-value 0.001 H value
E-value 0.01 0.001
Qcov 0.5, 18 hits Qcov 0.5, 5 iterations
21 hits
36 queries: 18 Oryza sativa +
18 Arabidopsis thaliana
HMMSEARCH ENC?"L{‘)[(}]EI
E-value 0.01 VA
Qcov 0.5, 21 hits TBLASTN+BLAST H value 0.00001
X Qcov 0.5,
E-value 0.001, 13 hits

Highest bit-score
20 hits

Fig. 4.5 Different methods used for sequence search with the tool version and parameters used have been shown in the
figure. A total of 36 thomboid sequences from Arabidopsis and rice were used as queries to search the Tulsi proteome

4.2.6 Multiple Sequence Alignment,
Phylogeny and Identification
of Variants in Functionally
Important Residues

HMMalign (Eddy 1998) from Hmmer 3.1b1 was
used for aligning the identified rhomboid
sequences with the query sequences from Ara-
bidopsis and rice, guided by Pfam (v 28) rhom-
boid family HMM. The sequence domain starts a
few residues before the first loop, and the first
transmembrane helix is not a part of the domain.
Serine and histidine residue are involved in
peptide cleavage (Lemberg et al. 2005). The
conservation of functionally important residues
‘WR’ in the first loop, ‘GXSX’ in the fourth
helix, and ‘H’ in the sixth helix was studied.
Neighbor joining and maximum parsimony from
Phylip (Felsenstein 1981) package were used for
the construction of the trees. The sequences were
classified into different classes based on the
variation in the functionally important residues.

4.2.7 Prediction of Domain
Architecture

CDD and HMM profile matching were carried using
RPS-BLAST and HMMSCAN to identify the
co-occurring domains with thomboids. The results
of the tool which predicted more number of domains
and rhomboid domain length were recorded.

4.3 Results and Discussion
4.3.1 Sequence and Structure-Based
Analysis of Newly

Identified Ote (TPS)

The identified TPS sequences from Ote genome
were clustered well in all subfamilies except for
D and H subfamily (Table 4.3). D subfamily is
known to be present only in Gymnosperms, and
the H subfamily is known to exist only in Sela-
ginella moellendorffii (Table 4.1). These TPS are



46

Table 4.3 Distribution of
Ote TPS members in
different subfamilies

Subfamily

Al 11
A2 -
B _
C 1
D1, D2, D3 -
E/F -
G 4
H _
Total 16

putative bifunctional DiTPS. A maximum number
of Ote hits were identified in G subfamily hinting
at the excessive amount of geranyl diphosphate
present in the cytosol, as this the major precursor
in most reactions synthesized by enzymes of this
family. This family also correlates with the known
fact of active volatiles produced by the basil plant.
Al subfamily enzyme shows high sequence
(>50%) identity with major sesquiterpene syn-
thase and majority fall under cadinene synthase
type of terpenes, including gamma-cadinene,
muurolene, amorphene which are major enzymes
in essential oils producing plants.

To further validate the hits from structural
perspective, the G subfamily Ote sequences were
aligned with the corresponding known PDB
entries. The presence of characteristic DDXXD
motif, which is important for alpha domain
functioning, was clearly observed. A similar kind
of alignment was performed for other subfamilies
with the respective PDB sequences and similar
trend has been observed.

The structural alignment of families showed
conservation of certain sets of residues which are
functionally important for enzyme action
(Fig. 4.6). These tend to be class-specific con-
served residues (observed within the family) and
are listed in Table 4.4.

Alignment at the superfamily level
revealed new patterns, such as the amino acid
change from NSE (NDXXSXXXE) to DTE
(DDXXTXXXE) motif, to show clear evolu-
tionary change of functionally important residues
(Figs. 4.7, 4.8, 4.9). The superfamily 48586

No. of Pdb entries
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No. of Ote entries No. of classical

members

11 64

1 33

7 22

5 11

- 16

5 23

15 27

- 6

44 202

mostly comprises of bacterial and fungal TPS,
whereas as we move to 48583 it comprises of
plant-based TPS. The clustering seen in the
phylogeny of 272 reported entries (Fig. 4.10)
corresponds well with reported clustering pat-
terns. Such clustering shows that all the new
sequences fit properly with the known classifi-
cation of TPS. All these subfamilies have been
known to show specific characterized trait which
can be summarized in Table 4.4 (Chen et al.
2011).

The presence of conserved motifs in the
newly identified sequences helps to accept them
as true hits. The new sequences have shown
characteristic DDXXD and DXDD motifs. For
instance, sequences from Tulsi, which cluster in
the C subfamily, show clear the presence of
DXDD motif, which is found in B-y active
domains. Similar patterns were found in all the
new sequences.

4.3.2 Sequence and Structure
Analysis of CYP450

CYP450 represents one of the largest classes of
proteins, containing more than 50 subfamilies. In
our sequence search and phylogenetic analysis of
CYP450 sequences in Ote, CYP71 subfamily
was found to be the largest subfamily, which is in
agreement with previous observations (Nelson
2009). Nearly 40% of all the hits belonged to five
subfamilies (CYP76, CYP716, CYP72, CYP736
along with CYP71), which are known to be
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Fig. 4.6 Structural alignment of G subfamily Ote sequences with known structures

Table 4.4 Details of residue conservation across TPS family and superfamily

Superfamily ~ Family® Conserved residues®
48239 48240 (Terpenoid cyclase E29, L38, R43, L47, Q54, L55, 159, 160, L66, (EL) 77, L79, F122,
N-terminal domain) FKASLA(133-138), G143, LYEAS(146-150)

48243 (Terpene synthases) WDT(A/G) 104-107, L135, GG(157-158), T172, L227, T250, (L/T)
277, 285-290, YGT(303-305), DGGW(346-349), Y362, TXWAM
(373-376), GV(398-399)

227201 ID(76-77), RLGI(82-85), F90, FRL(L/M)R(127-131), F144, G150,
Y168, F187, L206, I/V(210), AL(213-214)
48576 48577 (Isoprenyl E94, 1100, DDXX(XXX)D(103-110), RG (115-116), K207,
diphosphate synthases) DDXXD(250-254)
48583 (Terpenoid cyclase N2, Q17, QE(22-23), (V/L)SRWW(27-31), F36, L40, V47, Q62,
C-terminal domain) R67, M69, DDXXD(81-85), GT(88-89), ELE(92-4), D98, QR

(100-101), RLP(129-31), YM(113-114), SY(118-119), D128,
165-169, EYL(172-174), A176, DD(226-227), C245, EA
(256-257), AWKD(269-272), NL(293-294), IL(323-324)

48586 YFP(55-58), DDXXD(78-82), D(L/I)122-23, TD(151-152), QYL
(Aristolochene/pentalenene (168-170), R172
synthase)

“Some families have been removed due to redundant entries
PPositions have been labeled as per the alignment file and not actual residue position
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Fig. 4.7 Structure-based alignment of 48577 family of TPS and highlighted the conserved/functionally important

residues on the alignment

present in large numbers (Fig. 4.11). A similar
trend has been observed in previous analysis of
large model organisms (Boutanaev et al. 2015).

The diversity in sequence space in CYP450 is
mainly attributed to its various substrates. It has
been proposed earlier (Gotoh 2012) that there are
four sequence motifs (based on the nature of

substrates), which are characteristic signatures of
CYP450 family. In the present study, we have
demonstrated usage of such sequence motifs in one
of the subfamily CYP71, since similar analysis can
be used a powerful tool in identification and clas-
sification of CYP450 family and its members.
These regions for P450 71 subfamily are:
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Fig. 4.8 a Alignment of
isoprenyl diphosphate
synthases family, b alignment
of Aristolochene/pentalenene
synthase red marked areas
shows the conservation of
DDxxD motif which
stabilizes the Mg2+ ion
cluster in the active site

Fig. 4.9 Structure-based
sequence alignment of TPS
superfamily members of
known structure. SCOP
superfamily codes are marked
on the right

(a)

d1fpsa{ 249)
dirgia-( 236)
dirtra-( 210)
dlvdeaf 196)
d2azla-( 196)
d2fora-( 215)
d2opm4-249)
d3p8ra{ 213)
d3vjba{ 207)
d3vjca«{ 207)
d1hx9a2 436)
dIn20al 488 )
d3m0042136)
d2psda( 217)
dldgpat 236)
dipsla{211)
ddkuxat 205)
d3bnyat 211)

1 SRS 6: Its site is located near C-terminus after 4 SRS1: At around 150th (£50) sequence posi-

PEXXGXRXC motif (around 30aa). tion, there is a conserved WXX. (X/R) site and
2 SRS 5: It is rich in ‘Proline’ and is located few tyrosines (Y) are observed to be conserved
just adjacent to (after) EXXR motif and spans 20 amino acids before the SRS1 region.

for about 15aa.

3 SRS 4: Around 50 amino acids, toward All of the four well-defined SRS sequence
N-terminal from SRS 5, are a conserved motifs were well conserved in CYP71 subfamily
GXXTS type motif and SRS4 spans upstream of sequences from Tulsi and the alignment is
of it for around 10 amino acids shown in Fig. 4.12.
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Fig. 4.10 a Phylogeny of

272 members (Chen et al. (a)
2011) of TPS. b Phylogeny of

272 sequences from classical
members, Tulsi sequences,

and members with known

structures
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Fig. 4.11 Distribution of Ote CYP450 sequences based on their subfamilies
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Fig. 4.12 Mapping of SRS residues on cytochrome P450 subfamily 71
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Fig. 4.13 Phylogenetic tree
of Ote hits and monkey flower
P450s

Phylogenetic analysis of identified Ote
CYP450 sequences with those from monkey
flower [M. guttatus (Mgu)], S. lycopersicum and
A. thaliana showed that Ote P450 sequences
cluster very well with M. guttatus (Mgu) than
other plant genome sequences (Fig. 4.13).

4.3.3 Domain Architecture Analysis
of Ote Rhomboid Hits

Twenty-two rthomboid sequences were obtained
after the screening. For ease of analysis, the
sequences were named Otel to Ote22. A previ-
ous study by Freeman and coworkers in 2009
had classified rhomboid sequences from
eukaryotic model organisms like yeast, Droso-
phila, human, and plants (A. thaliana and O.
sativa) into the following functional groups—
PARL-type, secretase, mixed inactive types, and
i-Rhoms. Plant rhomboids were found to be of
the former three types. Most of the Tulsi thom-
boids were found to be from the mixed other

cered Darw
A |

Lo

B CreTecs

Loty ]

CYPTIAY

CW0

secretase class, followed by Secretase B (3
sequences) and one sequence from PARL class.
The list of rhomboid hits in Ote, the orthologs in
Arabidopsis and rice have been provided in
Table 4.5.

Most of the hits are found to occur as single
domains. A few of them are associated with other
domains like ribonuclease II catalytic domain
(RNB), virus attachment protein p12, ubiquitin-
associated domain (UBA), C-terminal domain of
the auxin-interacting protein family (Aida_C2),
cytochrome C biogenesis protein (CcmH),
domain of unknown function (DUF) 1421, pos-
itive regulator of the transcription factor sigma
(E) (RseC), and ribosomal protein S7 (RpsG).
The combined domain predictions from Pfam
and CDD have been provided in Table 4.6.

The hits have at least one of these Pfam
families—rhomboid, DER1 and DUF 1751 (ex-
cept Ote21 which does not have any predicted
Pfam domain). Since Ote21 matched the CDD
profile for DUF 1751, we retained the sequence
for further analysis.
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Table 4.5 Rhomboid classes in O. tenuiflorum and the corresponding orthologs in Arabidopsis and rice have been
indicated. The classes were assigned from the Arabidopsis orthologs

O. tenuiflorum protein id | Hit code | Assigned Rhomboid class  Arabidopsis ortholog id | Rice ortholog id
237723150011 Otel Secretase B At3g58460 0503244830
100106620051 Ote2 Mixed other secretase Atlg63120 Os11g47840
100110990031 Ote3 Mixed other secretase Atlg63120 Os11g47840
100078830091 Ote4 PARL Atlg18600 0s01g55740
100251520091 Ote5 - -
100018530131 Ote6 Mixed other secretase At5g38510 Os11g47840
100205230051 Ote7 Mixed other secretase Atlg63120 0s09g35730
100251720021 Ote8 - -
100197820111 Ote9 Mixed other secretase At2229050 0s08g43320
100049210061 Otel0 Mixed other secretase At1g25290 0s09g28100
100104910091 Otell Mixed other secretase At5g07250 0s08g43320
100213940171 Otel2 Atlg63120 0Os10g37760
100015610031 Otel3 Secretase B At3g59520 0s01g67040
100078690041 Otel4 Mixed other secretase At5g07250 0s09g35730
100038730091 Otel5 Mixed other secretase At5g07250 Os11g47840
100071920081 Otel6 Mixed other secretase At5g25752 0s05g13370
100243700071 Otel7 - -
100172030131 Otel8 At3g56740 0s01g16330
100231260071 Otel9 Secretase B At3g17611 Os01g18100
100149160031 Ote20 At5g07250 0s07g46170
100132970031 Ote21 At5g07250 0503224390
100278350051 Ote22 Mixed other secretase Atlg77860 Os11g47840

Few hits could be related to Pfam domain
rhomboid and distantly related families of
rhomboids like DUF1761 and DER1. Since these
two families are closely related to rhomboid
family, the hits were retained.

4.3.4 Predicting the Cellular
Localization, Function,
and TM-Helices of Ote
Rhomboid Hits

Most of the thomboid hits were predicted using
Target-P to be a part of secretory pathway, fol-
lowed by Mitochondria (Table 4.7). This is

consistent with a previous analysis that secretory
type of rhomboids is more common in plants
(Lemberg and Freeman 2007). Orthologs of
Ote7, Ote9 and Otel2 have been shown to occur
in Golgi and are expressed in all tissues by
Kanaoka and coworkers. Ote4 is the ortholog of
Arabidopsis PARL rhomboid which occurs in
mitochondria and is predicted to be inactive
(Kmiec-Wisniewska et al. 2008). Otel0 and
Otel6 orthologs in Arabidopsis are present in
plastids and are involved in floral morphology
and senescence (Knopf and Adam 2012;
Thompson et al. 2012). One of the rhomboid
orthologs was found to be overexpressed under
heat shock (Otel4). Almost all the predictions
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Table 4.6 DA obtained from Pfam and CDD for the hits in O. tenuiflorum. The domain coordinates and sequence

length (in bracket) have been provided

Hit code CDD domain architecture

Otel Rhomboid superfamily

Ote2 Rhomboid superfamily ~CcmH superfamily
Ote3 Rhomboid superfamily ~RNB superfamily
Ote4 Rhomboid superfamily

Ote5 Rhomboid superfamily

Ote6 Rhomboid superfamily

Ote7 Rhomboid superfamily ~P12

Ote8 Rhomboid superfamily

Ote9 Rhomboid superfamily

Otel0 Rhomboid superfamily

Otell Rhomboid superfamily

Otel2 Rhomboid superfamily

Otel3 Rhomboid superfamily

Otel4 Rhomboid superfamily

Otel5 Aida_C2 ~Rhomboid superfamily

Otel6 Rhomboid superfamily

Otel7 DERI1

Otel8 Rhomboid superfamily ~ DUF1421 ~UBA_like_SF superfamily
Otel9 Rhomboid superfamily

Ote20 DUF1751

Ote21 DUF1751 ~RseC_MucC Superfamily ~RpsG
Ote22 Rhomboid superfamily

agreed with the literature evidence for localiza-
tion of the Arabidopsis ortholog. An exception
was Otel9, predicted to be mitochondrial (low
confidence), but the Arabidopsis ortholog was
found in the secretory pathway.

Plant rhomboids have six to seven transmem-
brane helices. Since most of the transmembrane
helix prediction methods have not been trained on
plant transmembrane protein sequences, few
rhomboid hits were predicted to have less than six
TM-helices. Nevertheless, such sequences aligned
well with the known rhomboid sequences.

Domain coordinates
84-241(347)

92-236 ~55-285(357)
82-226 ~96-992(1101)
139-303(307)
12-211(242)
237-381(433)

96-240 ~265-312(313)
11-201(304)
108-285(352)
108-252(279)
104-258(331)
103-252(273)
1-130(196)
110-254(328)

1-44 ~ 15-259(381)
119-277(282)
11-199(237)
82-232~49-314 ~90-326(332)
67-221(302)
38-148(341)
1-19~6-78 ~27-178
499-643(767)

4.3.5 Alignment to Identify
Functionally Important
Residues

The hits obtained from Ote proteome were
aligned with the queries from the other plants.
The residues WR in the second loop, the motif
GXSX in the fourth helix and the residue H in
the sixth helix are crucial for the functioning of
the serine protease and were analyzed for con-
servation across the hits.
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Table 4.7 Intracellular localization of rhomboid hits in O. tenuiflorum predicted using known information for
Arabidopsis ortholog and Target-P. M refers to mitochondria, P to plastids, and C to chloroplasts in cellular localization

Hit Cellular localization

number

Otel Secretory pathway (Target-P)

Ote2 Other (Target-P)

Ote3 Other (Target-P)

Ote4 M (Kmiec-Wisniewska et al. 2008)

Ote5

Ote6 M (Target-P)

Ote7 Golgi (Kanaoka et al. 2005)

Ote8

Ote9 Golgi (Kanaoka et al. 2005)

Otel0 P (Thompson et al. 2012) Chloroplast
inner envelope

Otell Other (Target-P)

Otel2 Golgi (Kanaoka et al. 2005)

Otel3 Secretory pathway/other (Target-P)

Otel4 Other (Target-P)

Otel5 Other (Target-P)

Otel6 P (Kmiec-Wisniewska et al. 2008),
chloroplast inner envelope

Otel7

Otel8 M (Target-P)

Otel9 M (Target-P) (low confidence)

Ote20 Secretory pathway (Target-P)

Ote21 Other (Target-P)

Ote22 C (Target_P) (low confidence)

Literature on Arabidopsis ortholog

Secretase-B type, higher levels compared to others
(Baerenfaller et al. 2011)

Pollen elongation form Genevestigator tool prediction (Knopf
and Adam 2012)

Mitochondrial PARL, forms a 6-TM topology, instead of the
1 + 6 topology characteristic of PARL

Predicated as inactive

Expressed in all tissues

Expressed in all tissues

Mutants have reduced fertility and aberrant floral morphology
(Thompson et al. 2012)

Secretase-B type

Expressed in high levels during heat shock (Hruz et al. 2008)

Senescence from Genevestigator tool prediction (Knopf and
Adam 2012)

Secretase-B type

Predicted as inactive

The alignment also indicated the conservation
of TM-helices and less conservation in the con-
necting regions between helices (Fig. 4.14). The
Pfam domain starts from the second loop region
and does not contain the first transmembrane
helix.

The helices have been labeled and the motifs
WR (second loop), GXSX (fourth helix), and H
(sixth helix) have been indicated by a red box
around the alignment region.

Some of the sequences from each plant have a
~30-40 residues insert region in the region
connecting the first two TM-helices (Fig. 4.15).
Secondary structure prediction using hhpred and
Psipred predicts the region to be unstructured.
Rhomboids with the insert were also present in
other members of Viridiplantae (unpublished
results). The conservation of the insert across the
plant kingdom indicates that there might be a
functional importance.
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Fig. 4.14 An alignment of some of the rhomboids from Arabidopsis, rice, and Tulsi

4.3.6 Phylogeny and Orthology
with Other Plant Hits

The consensus tree from NJ showed clustering of
sequences according to similarity of functionally
important residues (Fig. 4.16) and was used for
further analysis. We have classified thomboids
into four functional classes based on phylogeny
and conservation of residues:

Class I—All the Functional
Residues Are Conserved

The sequences cluster with the Arabidopsis
rhomboids from mixed other secretases as
described in Lemberg and Freeman (2007). The

4.3.6.1

sequences from Ote belonging to this class are
Ote2, Ote3, Ote7, Ote9, Otell, and Otel2. Our
phylogeny results show these sequences cluster
at the older branches which indicates that the
class may be a primitive from which the other
rhomboids have evolved.

4.3.6.2 Class II—Only GXSX Conserved
The WR motif is replaced with WX and H
by any other residue. The sequences cluster
with the known Secretase-type B and PARL
proteins. PARL proteins are found in mito-
chondria and are inactive. The Ote sequences
belonging to this class are Otel, Ote4, and
Otel9.
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Fig. 4.15 A portion of the multiple sequence alignment of the rhomboid sequences from the three plants with the
insert region indicated in yellow. The first and the second TM-helices have been indicated in green

4.3.6.3 Class lll—I Rhom-like Class

The GXSX motif is replaced with GPYX which
is characteristic of the i-Rhom class found in
animals. The WR motif is replaced with a WK
motif, and the H is replaced with an I. The
sequences in the class do not have the catalytic
dyad of S and H and are expected to be inactive.
The cluster contains a single sequence from Ote,
Otel8.

4.3.6.4 Class IV—Other Inactive
Homologs

The GXSX motif is replaced with GFX, WR

with WN and H with I. Since the catalytic dyad is

not conserved, the sequences are not expected to

be active proteases. The sequences from Ote in
this class are Ote6, Ote8, Otel6, Otel7, Ote20,
Ote21, and Ote22. The orthologs are predicted to
be mixed other secretases.

Some of the hits were found to be paralogs
like

1. Ote8 and Otel7,
2. Ote2, Ote3, and Otel5,
3. Ote9 and Otel2,
4. Ote7 and Otell.

They picked other O. tenuiflorum hits in the
all-against-all BLAST searches and clustered
with these hits in the phylogeny.
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Fig. 4.16 Phylogenetic tree showing the relationship
between O. tenuiflorum rthomboids and A. thaliana and O.
sativa orthologs. The tree was constructed using NJ from
Phylip package. The clusters have distinct functionally
important residues which have been indicated in the same
color code in the right. Class I members cluster together

4.4 Conclusion

The knowledge of omics data would provide
clues to understand the structural and functional
diversity of plant enzymes. The genome-wide
search for TPS in Ote showed clear clustering
with the existing classification. The results also
showed that there is incomplete structural data
for TPS especially in the subfamily B, D, E/F,
and H. Hence, these Ote entries can be used to
set potential target for crystallographic experi-
ments, which will be helpful to identify more
sequences of this type of subfamily. Among the

* Daigiman |

(as shown in dark blue filled triangle and green filled
diamond symbols). Class II members cluster together
(marked in orange ellipse symbol), while Class III
members are indicated in inverted-brown-triangle symbol.
Clusters belonging to class IV members are shown in
open-green-ellipse symbol

interesting enzymes belonging to TPS, squalene
synthase has shown lots of distinctive features. It
shows the signature folding pattern, and it is
known to follow the typical TPS reaction
mechanism. However, it does not show charac-
teristic motif DDXXD or DXDD, which is seen
conserved throughout the entire superfamily.
This was further confirmed in phylogenetic
analysis that squalene synthase sequences cluster
separately, and it will be interesting to study their
evolutionary links.

In superfamily-based alignment, apart from
residue conservation at superfamily level,
family-specific conserved residues were also
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observed. Apart from the strong motifs (discussed
in the literature), additional class-specific ones
have been noticed in the alignment. All these data
can pave for further work in finding the role of
individual residue at the catalytic sites.

Among the patterns, an evolutionary flow can
be seen in catalytic important residues and grad-
ual change of amino acids from NSE motif to
DTE motif from bacterial, fungal to plant-based
TPS. This flow is observed in superfamily ter-
penoid synthase (SCOP ID: 48576).

Both TPS and CYP450 enzyme combination
produce a few hundred chemically diverse
metabolites that form terpenes. Some of the ter-
pene molecules and the basic scaffold of the
chemical structure are biotechnologically
important in the form of novel drug molecules,
potential nutraceutical products. Studying the
sequence variations not only helps in under-
standing the mechanism of how these enzymes
functions, but also provide a tool for further
engineering these enzymes to obtain products of
commercial importance. The prescribed approach
for identifying and classifying the CYP450
families in Ote would help to discover all P450 s
in other sequenced plant genomes.

In this study, four distinct classes of rhom-
boids were identified. The classification corre-
lated with the cellular localization and had
unique motifs for the functionally important
regions. The first class had all the functionally
important motifs conserved—WR in the loop 1,
GXSX in the fourth TM-helix and H in the sixth
TM-helix. The second class has the motif WX,
GXSX and variable residues in the place of H.
Few plant rhomboids have the characteristic
motif GPYX motif which resembles the i-Rhom
motif of GPXX. However, the loop regions
characteristic of the i-Rhoms are not present in
the plant sequences. The plant sequences also
have a WK motif instead of WR and I in place of
the catalytic H in i-Rhoms-like proteins. The
sequences with i-Rhom-like motifs have not been
described in plants earlier. Another class of
rhomboids was also found with the motifs WN,
GFXX, and I in place of the functionally
important residues WR, GXSX, and H. Based on
conservation of functionally important residues,
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it was predicted that the first class will be func-
tionally active serine proteases indicating that
only mixed other secretase type rhomboids may
be catalytically active in plants. Enzymatically,
inactive rhomboids have shown to be involved in
processes like transport of the proteins across
membranes. While the rhomboids have a low
sequence identity, the fact that there is an
expansion of these proteins in plants and some
rhomboids are expressed in a tissue-specific way
indicates that these proteins have important
functions in plants.

Overall, the sequence and structure details of
plant enzyme superfamilies in Tulsi genome,
along with the suggested methodology, would
help to perform genome-wide search in more
plant genomes in future.

References

Abdallah I, Quax WIJ (2017) A glimpse into the
biosynthesis of terpenoids. KnE Life Sci 3(5):81-98

Afendi FM, Okada T, Yamazaki M, Hirai-Morita A,
Nakamura Y, Nakamura K, Ikeda S, Takahashi H,
Altaf-Ul-Amin M, Darusman LK, Saito K, Kanaya S
(2012) KNApSAcK family databases: Integrated
metabolite-plant species databases for multifaceted
plant research. Plant Cell Physiol 53(2):1-12

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ
(1990) Basic local alignment search tool. J Mol Biol
215:403-410

Baerenfaller K, Hirsch-Hoffmann M, Svozil J, Hull R,
Russenberger D, Bischof S, Baginsky S (2011)
pep2pro: a new tool for comprehensive proteome data
analysis to reveal information about organ-specific
proteomes in Arabidopsis thaliana. Integrative Biol-
ogy: Quantitative Biosciences from Nano to Macro 3
(3), 225-237 https://doi.org/10.1039/c0ib00078g

Baldi P, Chauvint Y, Hunkapiller T, Mcclureii M (1994)
Hidden Markov models of biological primary sequence
information (multiple sequence alignments/protein
modeling/adaptive algorithms/sequence Classifica-
tion). Biochemistry 91:1059-1063

Biegert A, Soding J (2009) Sequence context-specific
profiles for homology searching. Proc Natl Acad
Sci USA 106(10):3770-3775

Bohlmann J, Meyer-Gauen G, Croteau R (1998) Plant
terpenoid synthases: molecular biology and phylogenetic
analysis. Proc Natl Acad Sci USA 95(8):4126-4133

Boutanaev AM, Moses T, Zi J, Nelson DR, Mugford ST,
Peters RJ, Osbourn A (2015) Investigation of terpene
diversification across multiple sequenced plant gen-
omes. Proc Natl Acad Sci USA 112(1):E81-E88


https://doi.org/10.1039/c0ib00078g

4 Evolutionary Analysis of a Few Protein Superfamilies ... 59

Camacho C, Coulouris G, Avagyan V, Ma N,
Papadopoulos J, Bealer K, Madden TL (2009) BLAST
+: architecture and applications. BMC Bioinform 9:1-9

Caspi R, Altman T, Dreher K, Fulcher CA, Subhraveti P
(2016) The MetaCyc database of metabolic pathways
and enzymes and the BioCyc collection of
pathway/genome databases. Nucl Acids Res 44(D1):
D471-D480

Chapple C (1998) Molecular-genetic analysis of plant
cytochrome P450-dependent monooxygenases. Annu
Rev Plant Physiol Plant Mol Biol 49:311-343

Chen F, Tholl D, Bohlmann J, Pichersky E (2011) The
family of terpene synthases in plants: a mid-size
family of genes for specialized metabolism that is
highly diversified throughout the kingdom. Plant J 66
(1):212-229

Degenhardt J, Kollner TG, Gershenzon J (2009) Monoter-
pene and sesquiterpene synthases and the origin of
terpene skeletal diversity in plants. Phytochemistry 70
(15-16):1621-1637

Eddy SR (1998) Profile hidden Markov models. Bioin-
formatics 14(9):755-763

Farnsworth NR (1988) Screening plants for new medi-
cines. In: Wilson EO, Peter FM (eds) Biodiversity.
National Academies Press, Washington, D.C.

Felsenstein J (1981) Evolutionary trees from DNA
sequences: a maximum likelihood approach. J Mol
Evol 17(6):368-376

Fox NK, Brenner SE, Chandonia JM (2014) SCOPe:
Structural Classification of Proteins—extended, inte-
grating SCOP and ASTRAL data and classification of
new structures. Nucleic Acids Res 42(D1):D304—
D309. https://doi.org/10.1093/nar/gkt1240

Garcia-Lorenzo M, Sjodin A, Jansson S, Funk C (2006)
Protease gene families in Populus and Arabidopsis.
BMC Plant Biol 6:1-24

Gertz EM, Yu Y-K, Agarwala R, Schiffer AA,
Altschul SF (2006) Composition-based statistics and
translated nucleotide searches: improving the
TBLASTN module of BLAST. BMC Biol 4:41

Gotoh O (1992) Substrate recognition sites in cytochrome
P450 family 2 (CYP2) proteins inferred from com-
parative analyses of amino acid and coding nucleotide
sequences. J Biol Chem 267(1):83-90

Gotoh O (2012) Evolution of cytochrome P450 genes
from the viewpoint of genome informatics. Biol
Pharm Bull 812(356):812-817

Hofmann K (1993) TMBASE-A database of membrane
spanning protein segments. Biol Chem Hoppe-Seyler
374, 166. Retrieved from https://ci.nii.ac.jp/naid/
10007774832/en/

Hruz T, Laule O, Szabo G, Wessendorp F, Bleuler S,
Oertle L, Zimmermann P (2008) Genevestigator V3:
A Reference Expression Database for the Meta-
Analysis of Transcriptomes. Adv Bioinform. https://
doi.org/10.1155/2008/420747

Jones DT (1999) Protein secondary structure prediction
based on position-specific scoring matrices. J Mol Biol
292:195-202

Kall L, Krogh A, Sonnhammer EL (2004) A combined
transmembrane topology and signal peptide prediction
method. J Mol Biol 338(5):1027-1036

Kampranis SC, loannidis D, Purvis A, Mahrez W,
Ninga E, Katerelos NA, Anssour S, Dunwell JM,
Degenhardt J, Makris AM, Goodenough PW, John-
son CB (2007) Rational conversion of substrate and
product specificity in a Salvia monoterpene synthase:
Structural insights into the evolution of terpene
synthase function. Plant Cell 19(6):1994-2005

Kanaoka MM, Urban S, Freeman M, Okada K (2005) An
Arabidopsis Rhomboid homolog is an intramembrane
protease in plants. FEBS Letters. https://doi.org/10.
1016/j.febslet.2005.09.049

Kmiec-Wisniewska B, Krumpe K, Urantowka A,
Sakamoto W, Pratje E, Janska H (2008) Plant
mitochondrial rhomboid, AtRBLI12, has different
substrate specificity from its yeast counterpart. Plant
Mol Biol 68(1-2):159-171

Knopf RR, Adam Z (2012) Rhomboid proteases in plants
- still in square one? Physiol Plant 145(1):41-51

Kong DX, Guo MY, Xiao ZH, Chen LL, Zhang HY (2011)
Historical variation of structural novelty in a natural
product library. Chem Biodivers 8(11):1968-1977

Koonin EV, Makarova KS, Rogozin IB, Davidovic L,
Letellier MC, Pellegrini L (2003) The rhomboids: a
nearly ubiquitous family of intramembrane serine
proteases that probably evolved by multiple ancient
horizontal gene transfers. Genome Biol 4(3):R19

Lemberg MK, Freeman M (2007) Functional and evolu-
tionary implications of enhanced genomic analysis of
rhomboid intramembrane proteases. Genome Res 17
(11):1634-1646

Lemberg MK, Menendez J, Misik A, Garcia M,
Koth CM, Freeman M (2005) Mechanism of
intramembrane proteolysis investigated with purified
rhomboid proteases. EMBO J 24(3):464—472

Li Q, Zhang N, Zhang L, Ma H (2015) Differential
evolution of members of the rhomboid gene family
with conservative and divergent patterns. New Phytol
206(1):368-380

Marchler-Bauer A, Panchenko AR, Shoemaker BA,
Thiessen PA, Geer LY, Bryant SH (2002) CDD: a
database of conserved domain alignments with links to
domain three-dimensional structure. Nucl Acids Res
30(1):281-283

Martin VJ, Pitera DJ, Withers ST, Newman JD,
Keasling JD (2003) Engineering a mevalonate path-
way in Escherichia coli for production of terpenoids.
Nat Biotechnol 21:796-802

Mayer U, Nisslein-Volhard C (1988) A group of genes
required for pattern formation in the ventral ectoderm of
the Drosophila embryo. Genes Dev 2(11):1496-1511

Nebert DW, Nelson DR, Coon MIJ, Estabrook RW,
Feyereisen R, Fujii-Kuriyama Y, Gonzalez FJ, Guen-
gerich FP, Gunsalus IC, Johnson EF et al (1991) The
P450 superfamily: update on new sequences, gene
mapping, and recommended nomenclature. DNA Cell
Biol 10(1):1-14


https://doi.org/10.1093/nar/gkt1240
https://ci.nii.ac.jp/naid/10007774832/en/
https://ci.nii.ac.jp/naid/10007774832/en/
https://doi.org/10.1155/2008/420747
https://doi.org/10.1155/2008/420747
https://doi.org/10.1016/j.febslet.2005.09.049
https://doi.org/10.1016/j.febslet.2005.09.049

60

Nelson DR (2009) The cytochrome p450 homepage. Hum
Genom 4(1):59-65

Pazouki L, Niinemets U (2016) Multi-substrate terpene
synthases: their occurrence and physiological signif-
icance. Front Plant Sci 7:1019

Radivojac P, Clark WT, Oron TR, Schnoes AM, Wit-
tkop T et al (2013) A large-scale evaluation of
computational protein function prediction. Nat Meth
10(3):221-227

Rambaut A (2009). FigTree. Tree Figure Drawing Tool.
http://Tree.Bio.Ed.Ac.Uk/Software/Figtree/

Schuler MA (1996) The role of cytochrome P450
monooxygenases in plant-insect interactions. Plant
Physiol 112(4):1411-1419

Sonnhammer EL, Eddy SR, Birney E, Bateman A,
Durbin R (1998) Pfam: multiple sequence alignments
and HMM-profiles of protein domains. Nucl Acids
Res 26(1):320-322

Stevenson LG, Strisovsky K, Clemmer KM, Bhatt S,
Freeman M, Rather PN (2007) Rhomboid protease
AarA mediates quorum-sensing in Providencia stuar-
tii by activating TatA of the twin-arginine translocase.
Proc Natl Acad Sci 104(3):1003-1008

Tholl D (2006) Terpene synthases and the regulation,
diversity and biological roles of terpene metabolism.
Curr Opin Plant Biol 9(3):297-304

Thompson EP, Llewellyn Smith SG, Glover BJ (2012)
An arabidopsis rhomboid protease has roles in the

A. Gandhimathi et al.

chloroplast and in flower development. J Exp Bot 63
(10):3559-3570

Tripathi LP, Sowdhamini R (2006) Cross genome com-
parisons of serine proteases in arabidopsis and rice.
BMC Genom 7:1-31

Upadhyay AK, Chacko AR, Gandhimathi A, Ghosh P,
Harini K, Joseph AP, Joshi AG (2015) Genome
sequencing of herb Tulsi (Ocimum tenuiflorum)
unravels key genes behind its strong medicinal
properties. BMC Plant Biol 15(1):1-20

Urban S, Freeman M (2003) Substrate specificity of
rhomboid intramembrane proteases is governed by
helix-breaking residues in the substrate transmem-
brane domain. Mol Cell 11(6):1425-1434

Urban S, Lee JR, Freeman M (2001) Drosophila
rhomboid-1 defines a family of putative intramem-
brane serine oroteases. Cell 107(2):173-182

Wasserman JD, Urban S, Freeman M (2000) A family of
rhomboid-like genes : Drosophila Rhomboid-1 and
Roughoid/ Rhomboid-3 cooperate to activate EGF
receptor signaling. Genes Dev 14(13):1651-1663

Zhang Z, Schiffer AA, Miller W, Madden TL, Lipman DJ,
Koonin EV, Altschul SF (1998) Protein sequence
similarity searches using patterns as seeds. Nucl Acids
Res 26(17):3986-3990


http://Tree.Bio.Ed.Ac.Uk/Software/Figtree/

Amit Kumar, Ashutosh K. Shukla, Ajit Kumar Shasany
and Velusamy Sundaresan

Abstract

The genus Ocimum belongs to the family
Lamiaceae, and most popular herb/shrub
known for its immense value belongs to their
medicinal properties and aroma profile. The
presence of vast morphological as well as
chemical variability within the genus, its
taxonomy, and phylogenetic relationships is
still debatable. Adding to this, chemotypes
within the species, which are more or less
similar in morphology, increases the com-
plexity to higher level. Nowadays, the use of
molecular markers, viz. PCR and sequence-
based markers, became an essential tool to
assess interspecific relationships as they are
highly efficient and provide more variable and
informative insight into evolutionary rates.
The present article presents the detailed tax-
onomic description as well as phylogenetic
relationships among the Indian Ocimum
species.
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5.1 Introduction

Ocimum L. (1753: 597, 1754: 259), Loureiro
(1790: 369), as “Ocymum”, Bentham (1830: 13,
as “Ocymum”, 1832: 1, as “Ocymum”, 1848: 31,
1876: 1171), Hooker f. (1885: 607), Briquet
(1897: 369), Ridley (1923: 643), Kudo (1929:
112), Doan (1936: 918), Mukerjee (1940: 17),
Bakhuizen van den Brink f. (1965: 638), Keng
(1969: 125, 1978: 376), Cramer (1981: 111),
Paton (1992: 409), Paton et al. (1999: 26), Sud-
dee et al. (2005:24).

The genus Ocimum L., collectively called as
“Basil” considered as one of the largest genera of
the family Lamiaceae (sixth largest family),
includes an important economic and medicinal
group of herbs or undershrubs, widely distributed
in the tropical, subtropical, and warm temperate
regions of the world (Paton et al. 1999). The
genus Ocimum has long been acclaimed for its
diversity as a source of essential oils, its flavor
and delicacy as a spice, and its beauty and fra-
grance as an ornamental (Simon et al. 1990). The
species of Ocimum is characterized by a great
chemical variability consisting of monoterpenes,
sesquiterpenes, and phenylpropanoids affecting
the commercial value of this genus. The oil
components of Ocimum have been found to be
produced by two different biochemical pathways,
viz. shikimic acid pathway (phenylpropanoids)
and mevalonic acid pathway (terpenes).
Monoterpenoids (linalool, 1, 8-cineole, camphor,
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limonene, citral, geranial, neral) and phenyl-
propanoids (eugenol, methyl eugenol, methyl
chavicol, methyl cinnamate) with noticeable
amounts of sesquiterpenoids (mainly f-car-
yophyllene, fS-elemene, f-selinene, o-selinene, f3-
bisabolene, germacrene D) are reported as
prevalent components distributed in different
Ocimum spp. and their chemotypes (Balyan and
Pushpangadan 1988; Vina and Murillo 2003;
Verma et al. 2016).

The genus Ocimum L. is characterized as usu-
ally woody and aromatic, an erect, annual, or
perennial herbs or undershrubs. Stems—quadran-
gular. Leaves—petiolate, opposite, margin entire
or serrate. Inflorescence—terminal, simple, bran-
ched at base, clearly interrupted verticils, cymes
sessile, and unbranched. Flowers—small (whorls
of 6-10 on racemes), bracteolate, bracts small,
caducous, clawed, or subsessile. Calyx—bilabiate,
ovoid or campanulate, posterior lip broad, anterior
lip four-lobed (equal or longer than posterior).
Corolla—bilabiate, tube short, declinate, entire;
posterior lip erect, subequally four-lobed; anterior
lip longer. Stamens—four didynamous, declinate,
exserted, subequal or with the anterior ones
slightly longer, posterior attached near the base of
corolla tube, filaments free, anthers synthecous.
Disk—entire or three—four-lobed. Ovary—glab-
rous, style declinate, bifid with branches usually
subequal, subulate and flattened. Nutlets—obo-
void, oblong, ellipsoid or subglobose, often
mucilaginous when wet (Suddee et al. 2005).

Occurrence of polyploidy and possibility of
inter- and intraspecific hybridization within the
genus Ocimum lead to a large number of sub-
species, varieties, and forms, which differ in
essential o0il composition and morphological
characters. Estimates of number of species within
the genus Ocimum vary from 30 (Paton 1992) to
160 (Pushpangadan and Bradu 1995). Balyan
and Pushpangadan (1988) reported nine species
of Ocimum from India, of which three species
were described as exotic. However, further
revision of the genus Ocimum carried out by
Suddee et al. (2005) merged O. canum with
O. americanum. Moreover, study carried out by
Carovic-Stanko et al. (2010) reported that the
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separate species rank of O. minimum was not
justified and suggested a subspecies or even a
variety of O. basilicum. Hence, seven species of
Ocimum are currently recognized from India
which include O. tenuiflorum L., O. basilicum L.,
0. gratissimum L., O. kilimandscharicum
Gurke, O. americanum L., O. filamentosum
Forssk., and O. africanum Lour.

5.2 Key to Ocimum Species (Source:
Suddee et al. 2005)

1. Teeth of lateral fruiting calyx lobes distinct,
deltoid, or lanceolate; bract without bowl-like
gland developing.

2. Throat of fruiting calyx closed by the
upcurved two median teeth of anterior lip,
anterior much shorter than posterior;
mostly shrubs or undershrubs; nutlets
large, not mucilaginous when wetted.

0. gratissimum

2. Throat of fruiting calyx open, the two
median teeth of anterior lip as long as or
longer than posterior; mostly herbs with
stems woody at base.

3. Calyx tube glabrous or thinly covered
with minute glandular hairs inside;
nutlets small, nearly smooth, not
mucilaginous when wetted.

O. tenuiflorum

3. Calyx tube with a ring of hairs at throat
inside; nutlets producing mucilage
when wetted.

4. Flower with pedicel nearly as long
as calyx; appendage of posterior
stamens hairy; nutlets large.

O. kilimandscharicum

4. Flower with pedicel much shorter
than calyx; appendage of posterior
stamens glabrous.

5. Fruiting calyx up to 5 mm long;
corolla 4-5.5 mm long.

6. Fruiting calyx 2-3 mm long;

stem internodes with short
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adpressed or retrorse hairs;
nutlets small.
0. americanum

6. Fruiting calyx 4-5.5 mm
long; stem internodes with
long, spreading and some-
times retrorse hairs; nutlets
small, tuberculate.
0. africanum

5. Fruiting calyx 6-8 mm long;

corolla 7-8 mm long; nutlets

large.

0. basilicum

1. Teeth of lateral fruiting calyx lobes obscure,
fringed with a row of many minute teeth; bract
caducous, with bowl-like gland developing in
the scar; nutlets orbicular, mucilaginous when
wetted.

0. filamentosum

5.2.1 Ocimum tenuiflorum

L. (1753: 597); Bentham (1832: 12; 1848: 39),
Keng (1978: 378), Press (1982: 160), Keng
(1990: 197), Paton (1992: 432), Ho (1993:
1067), Phuong (1995: 41), Budantsev (1999: 29),
Clement (1999: 1002), Phuong (2000: 78),
Suddee et al. (2005:26).

Ocimum tenuiflorum L. (syn. Ocimum sanc-
tum L.) is an important sacred medicinal plant that
grows wild and native to India, commonly known
as “holy basil” and “Tulsi”, worshiped for over
more than 3000 years (Fig. 5.1a). This species is
considered as “The Queen of Herbs,” “The
Incomparable One,” and “The Mother Medicine
of Nature” in traditional herbal medicine as well
as mentioned in Ayurvedic text of Charaka
Samhita (Rastogi et al. 2015). Two types of
O. tenuiflorum are commonly found in nature:
(1) Tulsi plants with green leaves known as Ram
Tulsi and (ii) Tulsi plants with purple leaves
known as Krishna Tulsi and is used as medicinal
plants in day-to-day practice in Indian homes for
various ailments. O. tenuiflorum with a basic
chromosome number of x = 9 has been reported
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to possess antifertility, anticancer, antidiabetic,
antifungal, antimicrobial, cardioprotective, anal-
gesic, antispasmodic, and adaptogenic activity.
The essential oil of leaf contains terpenes and
phenylpropenes (eugenol, euginal, urosolic acid,
carvacrol, limatrol, caryophyllene, methyl
carvicol), ~ which are  synthesized and
deposited in glandular peltate trichomes (Rastogi
et al. 2015).

The characteristic features of O. tenuiflorum
are described as short-lived perennial herbs up to
1 m tall. Stems—round—quadrangular and hir-
sute. Leaves—elliptic, oblong, or ovate—oblong,
5-45 x 5-20 mm, apex obtuse or acute, base
obtuse, margin coarsely serrate, glandular-
punctate, dorsally glabrous. Petiole—4—-15 mm
long, hirsute. Inflorescence—Ilax or dense, verti-
cils 5-10 mm apart, axis hirsute, bracts ovate 2—
3 x 2-4 mm, pedicels 2.5-4 mm long in fruit.
Calyx—1-1.5 mm long at anthesis, 3-4 mm long
in fruit, posterior lip rounded, anterior lip with
two median lanceolate teeth curved upwards,
throat open, tube with patent hairs. Corolla—2—
3 mm long purplish red, lobes pubescent on back,
posterior lip with the two oblong lateral lobes,
anterior lip obovate—oblong, tube glabrous
on both sides. Stamens—with posterior pair
hirsute at base. Nutlets—brown, ovoid—
oblong, smooth, non-mucilaginous (Suddee et al.
2005).

5.2.2 Ocimum basilicum

L. (1753: 597); Lour. (1790: 370), as “Ocymum”;
sensu auctt. Benth. (1830: 13), excl. var. pilosum;
Benth. (1832: 4), excl. var. pilosum and var.
anisatum; Benth. (1848: 32), excl. var. pilosum
and var. anisatum; Hook. f. (1885: 608), excl.
syn. O. pilosum and O. menthaefolium (the Indian
plant); Muschler and Hosseus (1910: 501), Ridley
(1923: 643), Kudo (1929: 113), Merr. (1935:
343), Doan (1936: 919, f 96, 1-3) pro parte,
quoad Evrard 2442, Poilane 9773 and 40624,
Mukerjee (1940: 18), excl. syn. O. hispidum and
O. pilosum, Keng (1969: 127) pro parte, Murata
(1971: 509), Li (1977: 561), excl. var pilosum;
Keng (1978: 377), pro parte, Cramer (1981: 115),
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a: Ocimum tenuiflorum

b: Ocimum basilicum

¢: Ocimum kilimandscharicum
d: Ocimum americanum

e: Ocimum africanum

f: Ocimum gratissimum

g: Ocimum filamentosum

Fig. 5.1 Genus Ocimum and its species
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excl. syn. O. americanum L., Phuong (1982: 146),
excl. var pilosum; Press (1982: 160), Keng (1990:
197), Paton (1992: 423), excl. syn. O. citriodo-
rum; Li and Hedge (1994: 296), excl. var pilo-
sum, Phuong (1995: 40), Clement (1999: 1001),
Paton et at. (1999: 25), Phuong (2000: 88), excl.
var. pilosum; Suddee et al. (2005:30).

Ocimum basilicum L. popularly known as
“Sweet basil” (Fig. 5.1b) with basic chromosome
number x = 12 has been used as a popular culi-
nary herb and a rich source of essential oils pri-
marily consisting of monoterpenes and
phenylpropanoids, which are used to flavor
foods, in oral products, and in perfumeries. The
major constituents were found to be linalool,
methyl chavicol, citral, 1, 8-cineole, camphor,
thymol, methyl cinnamate, eugenol, methyl
eugenol, methyl isoeugenol, and elemicine. The
essential oil has antimicrobial, antifungal, and
insect-repelling, anticonvulsant, hypnotic, and
antioxidant activities. Medicinally, the plant is
used in the treatment of headaches, coughs,
diarrhea, constipation, warts, worms, and kidney
malfunctions.

Annual or short-lived perennial herbs up to
1 m height. Stems—quadrangular, rounded or
round—quadrangular, glabrous or sparsely pub-
escent. Leaves—dark green, ovate or elliptic
ovate, 15-50 x 5-25 mm, apex acute, base
cuneate, margin entire or sparsely serrate,
glandular-punctate, glabrous. Petiole—20 mm
long, pubescent. Inflorescence—lax or dense,
verticils up to 12 mm apart, axis pubescent.
Bracts—ovate, elliptic, elliptic ovate/lanceolate,
6-10 x 2-5 mm, apex acuminate, base cuneate
or attenuate, glandular-punctate, pubescent.
Pedicels—1-2 mm long, pubescent. Calyx—
campanulate, 4-5 mm long at anthesis, 6—-8 mm
long in fruit, posterior lip rounded, margin
curved, apiculate at apex, anterior lip with two
median lanceolate, acuminate teeth, slightly
longer than posterior, throat open, tube with
sessile glands. Corolla—white, purple or white
with purple margin, 7-8 mm long, lobes
obscurely crenate, pubescent, posterior lip with
two median oblong lobes and two lateral broadly
oblong lobes, anterior lip boat-shaped, tube
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straight, glabrous. Stamens—with posterior hav-
ing a transverse process of tufted hairs near base.
Nutlets—dark brown, oblong or ovoid—ellipsoid,
2-2.5 x 1-1.5 mm, highly mucilaginous (Sud-
dee et al. 2005).

5.2.3 Ocimum kilimandscharicum

Baker ex Gurke (1895: 349), Paton (1992: 422),
Paton et al. (1999: 24), Suddee et al. (2005:27).
Ocimum kilimandscharicum (Fig. 5.1c) is an
economically important medicinal perennial herb
and is widely used for the treatment of various
ailments including colds, coughs, abdominal
pains, measles, and diarrhea (Obeng-Ofori et al.
1998). It is also considered as a source of
essential oils containing biologically active con-
stituents that act as insect repellents, particularly
against mosquitoes and storage pests (Kokwaro
1976) or show antibacterial (Prasad et al. 1986)
and antioxidant activity (Hakkim et al. 2008).
Perennial aromatic undershrub up to 1 m tall.
Stems—four-angled, woody at base, pubescent.
Leaves—simple, opposite-decussate, elliptic
ovate to oblong, 35-60 x 15-30 mm; petiole
hirsute, 10-28 mm; leaf base cuneate, unequal;
margin serrate, apex acute, pubescent. Flowers—
small, dense, verticillate, in terminal hairy
racemes; verticils 3—15 mm apart; bracts sessile,
ovate to lanceolate, hirsute, 2-3 mm; spike 14—
30 cm, pedicel 2-3 mm. Calyx—bilipped, cam-
panulate, hirsute, posterior lip large, broad,
rounded, decurrent on tube, apex mucronate;
anterior lip four-toothed, with two median
lanceolate teeth slightly move upwards, slightly
longer than two lateral teeth, more or less equal
to posterior lip; throat open, tube pubescent with
ring of hair at throat base. Corolla—campanu-
late, purplish white, two-lipped, 7-9.5 mm long
including corolla tube, lobes pubescent dorsally;
upper lip truncate, four fid, with two ovate—ob-
long smaller median lobes apparently joined
together and slightly longer than two lateral
broader lobes; lower lip elliptic-oblong, com-
paratively white. Stamens—four, declinate, in
two pairs, exserted, posterior pair with a fascicle
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of hair near the base, anther cells confluent, fil-
aments free. Style—thinly bifid. Nutlets—ovoid—
oblong, black; mucilaginous (Suddee et al.
2005).

5.2.4 Ocimum americanum

L. (1755: 15), as “Ocymum”; Backer and
Bakhuizen van den Brink f. (1965: 640), Keng
(1969: 126), Li (1977: 560), Keng (1978: 376),
Press (1982: 160), Keng (1990: 197), Li and
Hedge (1994: 296), Phuong (1995: 40), Paton
and Putievsky (1996: 513) pro parte; Clement
(1999: 1001), Phuong (2000: 87), Suddee et al.
(2005:28).

Ocimum americanum L. (syn. O. canum
Sims), commonly known as “Hoary basil,” occurs
as weed throughout tropical and subtropical parts
of India (Fig. 5.1d). It is not often used as a
culinary herb, but more often as a medicinal plant.
The essential oils found in this species have
strong fungicidal (Singh and Dwivedi 1987) and
insecticidal (Weaver et al. 1991) activity. Six
chemotypes of O. americanum containing methyl
cinnamate, camphor, methyl chavicol, linalool,
eugenol, farnesol, and citral have been reported
from different parts of the world.

Annual or short-lived perennial herbs up to
1040 cm tall. Stems—round—quadrangular with
retrorse hairs. Leaves—lanceolate or ovate—
lanceolate, 5-25 x 5-15 mm, apex acute, base
cuneate, margin entire or sparsely serrate,
glandular-punctate, glabrous. Petiole—2-15 mm
long, pubescent. Inflorescence—lax, verticils up
to 10 mm apart, axis densely pubescent, bracts
ovate, 3—4 mm long, apex acute or acuminate,
base attenuate, glandular-punctate, pedicels 1-
2 mm long, recurved, pubescent. Calyx—cam-
panulate, 1.5-2 mm long, posterior lip rounded,
anterior lip with two median lanceolate, acumi-
nate teeth, slightly longer than posterior, lateral
teeth broad deltoid, acute, almost equal to pos-
terior, throat open, tube with or without sessile
glands. Corolla—white or light purple, 4-5 mm
long, lobes entire, pubescent, posterior lip with
two median oblong lobes and two lateral
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obovate—oblong lobes, anterior lip boat-shaped,
tube straight, glabrous. Stamens—with posterior
having a glabrous transverse process near base.
Nutlets—black, oblong, 0.8—-1 mm long, min-
utely tuberculate, mucilaginous (Suddee et al.
2005).

5.2.5 Ocimum africanum

Lour. (1790: 370), as “Ocymum”, Merrill (1935:
343), Suddee et al. (2005:28).

Ocimum africanum Lour. (syn. O. X citri-
odorum) the Lemon basil (Fig. 5.1e) is known to
be a hybrid of O. basilicum L. and O. ameri-
canum L. (Paton and Putievsky 1996). The herb is
known for its strong fragrant lemon scent, making
it a useful cooking ingredient in Arabic, Indone-
sian, Lao, Persian, and Thai cuisine. Grayer et al.
(1996) found citral (= geranial + neral) to be a
major constituent in O. africanum. Essential oil of
O. africanum was reported to be highest
antibacterial activity among the other species of
Ocimum (Carovic-Stanko et al. 2010). Essential
oil of O. africanum was also reported to possess
anticholinesterase Activity (Tadros et al. 2014).

Annual or short-lived perennial herbs up to
10-50 cm tall. Stems—round—quadrangular,
densely pubescent. Leaves—elliptic, lanceolate,
ovate—lanceolate or ovate—oblong, 5-35 x 5-
20 mm, apex acute, base cuneate or obtuse,
margin entire or sparsely serrate, glandular-
punctate, glabrous. Petiole—2-20 mm long,
pubescent. Inflorescence—Ilax, verticils up to
10 mm apart. Bracts—ovate, 5 mm long, apex
acute or acuminate, base attenuate, margin pilose,
glandular-punctate. Pedicels—1-2.5 mm long,
recurved, pubescent. Calyx—campanulate, 1.5—
2.5 mm long, posterior lip rounded, anterior lip
with two median lanceolate, acuminate teeth,
longer than posterior, lateral teeth broad deltoid,
acute, almost equal to posterior, throat open, tube
with or without sessile glands. Corolla—white or
light purple, 4-5.5 mm long, lobes entire, pub-
escent, posterior lip with two median oblong
lobes and two lateral obovate—oblong lobes,
anterior lip boat-shaped, tube straight, glabrous.
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Stamens—with posterior having a glabrous
transverse process near base. Nutlets—black,
narrowly oblong, 1-1.5 mm long, minutely
tuberculate, mucilaginous (Suddee et al. 2005).

5.2.6 Ocimum gratissimum

L. (1753: 1197), as “Ocymum’; Jacquin (1792: 7,
t. 495.), as “Ocymum”, Bentham (1830: 14, as
“Ocymum”, 1832: 7, as “Ocymum”, 1848: 34);
Hooker f. (1885: 608), Ridley (1923: 644), Doan
(1936: 919, f. 96, 4-5), Mukerjee (1940: 20),
Keng (1969: 128), Li (1977: 564), Keng (1978:
377), Cramer (1981: 112), Phuong (1982: 146),
Press (1982: 160), Paton (1992: 411), Ho (1993:
1067), Phuong (1995: 41), Paton et al. (1999:
26), Phuong (2000: 91), Suddee et al. (2005: 25).

Ocimum gratissimum L. commonly known as
“tree basil” (Fig. 5.1f), native to West Africa
(Pino et al. 1996) has been used extensively in
the traditional system of medicine in many
countries. Decoction of the leaves or the whole
herb is used in the treatment of fever, as a dia-
phoretic, as a laxative, and as an anthelmintic
medicine (Charles and Simon 1992). O. gratis-
simum has basic chromosome number x = 10
and is subdivided into two varieties: O. gratis-
simum var. gratissimum L., which has a hairy
stem, pubescent leaves, inflorescence lax or
dense; and O. gratissimum var. macrophyllum
Briq., with glabrous stem and leaves, inflores-
cence lax (Paton 1992). O. viridie (2n = 40) and
O. suave (2n = 48) were considered as synonyms
of O. gratissimum var. gratissimum (Paton
1992). Based on the essential oil composition, six
chemotypes of O. gratissimum have been repor-
ted: thymol type, eugenol type, citral type, ethyl
cinnamate type, linalool type (Pino et al. 1996),
and geraniol type (Charles and Simon 1992).
Essential oil of O. gratissimum showed antago-
nist activity against a number of Gram-positive,
Gram-negative bacteria as well as against pro-
tozoan (Tokin 1944).

Perennial undershrubs or shrubs up to 2 m
tall. Stems—round—quadrangular, woody at base,
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glabrous. Leaves—ovate or elliptic ovate,
25-100 x 12-60 mm, apex acute, base cuneate
or attenuate, margin sparsely serrate, glandular-
punctate, glabrous. Petiole—10-50 mm long,
glabrous or pubescent. Inflorescence—Ilax or
dense, verticils up to 10 mm apart, axis glabrous,
bracts caducous, ovate with very broad base, 2—
5 mm long, apex acuminate, base cuneate, mar-
gin ciliate, pubescent, three nerves at base.
Pedicels—2-3 mm long, recurved, pubescent.
Calyx—2-3 mm long at anthesis, 3—4 mm long
in fruit, posterior lip rounded, apex pointed,
anterior lip shorter than posterior, two lateral
teeth level with or below two median teeth, throat
closed, tube with or without sessile glands.
Corolla—greenish white, 3-4 mm long, lobes
equal, obsecurely crenate, posterior lip oblong,
anterior lip boat-shaped, tube straight, pubescent
outside, glabrous inside. Stamens—with poste-
rior having a transverse process near base. Nut-
lets—brown, subglobose, minutely tuberculate,
mucilaginous (Suddee et al. 2005).

5.2.7 Ocimum filamentosum

Forsskal (1775: 108), as “Ocymum”, sensu auctt.
Bentham (1832: 9, 1848: 36), excl. syn.; Paton
et al. (1999: 30), Suddee et al. (2005:31).

Ocimum  filamentosum Forssk. (syn. O.
adscendens Willd.) is a lesser known species of
genus Ocimum (Fig. 5.1g). Major constituents of
the O. filamentosum essential oil were reported to
be eugenol (47.6%), (E)-caryophyllene (15.7%),
B-elemene (11.3%), caryophyllene oxide (2.8%),
germacrene D (1.7%), PB-copaene (1.6%), o-
humulene (1.2%), borneol (1.0%), and a-selinene
(1.0%) (Verma et al. 2016).

Perennial herbs more than 30 cm tall. Stems—
simple, round—quadrangular. Leaves—elliptic
ovate, or obovate—lanceolate, 2045 x 7—
15 mm, apex obtuse or acute, base cuneate or
attenuate, margin entire or obscurely serrate, ses-
sile glands, dorsally glabrous. Petiole—5 mm
long, pubescent. Inflorescence—lax, verticils up
to 16 mm apart, axis hirsute, bracts sessile,
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lanceolate, 5-6 x 1.5-2.5 mm, apex acute, mar-
gin entire, pubescent, pedicels 1 mm long during
anthesis, 2-2.5 mm in fruit, pubescent. Calyx—
campanulate, 4.5 mm long, posterior lip rounded,
anterior lip with two median bristle like teeth,
lateral teeth absent, throat open, tube with patent
hairs outside, glabrous inside. Corolla—10-
12 mm long pinkish white, lobes obtuse, pub-
escent on back, posterior lip four-lobed, anterior
lip entire, slightly concave, tube pubescent. Sta-
mens—twice as long as corolla. Nutlets—light
brown or yellow, 1.2—-1.5 mm diameter, ovoid—
orbicular, smooth, mucilaginous when wet.

5.3 Phylogenetic Relationships

In context to the phylogenetic relationship, the
genus Ocimum is very complicated due to the
presence of huge morphological variability, intra-
and interspecific genetic diversity along with vast
chemical variations. According to previous
reports on classification of Ocimum, the genus is
placed in Tribe Ocimeae Benth. subtribe Ocimi-
nae which is characterized by a small flat lower
corolla lip with the stamens and style spanning
over it and up toward the upper corolla lip. Ben-
tham (1832) grouped the genus into three sec-
tions: Ocimum (Ocymodon Benth.), Hierocymum
Benth., and Gymnocymum Benth. Further, on
account of calyx morphology, section Ocimum
was divided into subsections: Ocimum, Gratis-
sima, and Hiantia Benth (Paton et al. 1999).
Later, a different infrageneric classification was
designed by Pushpangadan based on the mor-
phological characteristics and divided the whole
taxa into two groups: the Basilicum group and
the Sanctum group. The species belonging to the
Basilicum group were herbaceous annuals/
perennials in nature having black, ellipsoid,
strongly mucilaginous seeds, while the species
belonging to the Sanctum group possessed of
perennial shrubs with brown, globose, non-
mucilaginous, or weakly mucilaginous seeds.
According to Pushpangadan’s system of classi-
fication, the Basilicum group contains only sec-
tion Ocimum subsection Ocimum (Carvoic-
Stanko et al. 2010). However, infrageneric
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classification designed by Pushpangadan does
not act in congruence with the International Code
of Botanical Nomenclature. Several cytotaxo-
nomical, geographic distribution, classification
and relationships, genetic diversity and phylo-
genetic, chemotaxonomical-based study have
been carried out, but still often debated upon
with regard to their nomenclature and taxonom-
ical positioning. Keeping this in mind, our group
had taken the challenge and reported compara-
tive phylogenetic study of Ocimum species
through inter-simple sequence repeat (ISSR)
markers and non-coding plastid DNA region
(Kumar et al. 2016).

Up till now, various molecular marker tech-
niques, viz. random amplification of polymor-
phic DNA (RAPD), amplified fragment length
polymorphism (AFLP), sequence-related ampli-
fied polymorphism (SRAP), ISSR, have been
used for genetic analysis and characterization of
the genus Ocimum. Singh et al. (2004) used
RAPD for deducing phylogenetic relationship in
five Ocimum species. According to study,
O. tenuiflorum and O. gratissimum placed in one
group and O. basilicum, O. americanum, and
O. kilimand scharicum in another group, based
on their genetic similarity. Similar type of results
was also obtained by Carovic et al. (2006) and
Patel et al. (2015) with RAPD. The position of
O. gratissimum and O. tenuiflorum together in
cluster could be explained by their belonging to
the Sanctum group, while O. basilicum,
0. americanum, O. africanum, and O. kili-
mandscharicum belong to the Basilicum group
(Khosla 1995). PCR-based ISSR technique
dominated over other marker techniques by vir-
tue of its low cost, high sensitivity to low levels
of genetic variation, and higher efficiency.
Nowadays, ISSR-PCR is a very useful molecular
tool for studying population genetics on a wide
range of plant species, as well as for identifying
species or cultivars. Some authors also worked
on the characterization of the genus Ocimum
with ISSR (Patel et al. 2015), AFLP (Carovic
et al. 2006; Carovic-Stanko et al. 2011) and
found same type of grouping as found with
RAPD. High level of polymorphism and poly-
morphic information content depicted in the
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study reported by our group (Kumar et al. 2016)
proved ISSR markers are appropriate for differ-
entiating the genus Ocimum. However, Chen
et al. (2013) while deducing genetic relationship
in genus Ocimum from China using RAPD and
ISSR found O. gratissimum clustered together
with O. americanum and O. basilicum.

With the reference to the study done by our
group, Neighbor joining tree depicted through
ISSR-based analyses grouped the Ocimum spp. in
three groups: “Basilicum”, “Sanctum”, and
“Gratissimum” groups (Fig. 5.2a), which were in
accordance with the earlier studies carried out by
Paton et al. (1999). The grouping described was
based on the morphological characters, which
grouped the genus Ocimum into sections and
subsections.  Section “Ocimum”  subsection
“Ocimum” comprised of “Basilicum” group, and
section “Ocimum” subsection “Gratissima”
comprised of “Gratissimum” group, while O.
tenuiflorum is placed in section “Hierocymum”
subsection “Foliosa”. Similar type of grouping
was also reported by Carvoic-Stanko et al. (2010)
based on molecular markers, nuclear DNA con-
tent, and chromosome number.

Studies based on the analysis of nucleotide
sequences using standardized and universal DNA
region/s have been also reported for phylogenetic
analysis in Ocimum. Mattia et al. (2011) studied
using matK, rbcL, and trnH-psbA and reported O.
tenuiflorum and O. gratissimum grouped together
in one cluster as Sanctum group. Similar type of
result was also reported by Christina and Anna-
malai (2014) using matK and rbcL. However,
Neighbor joining tree depicted through plastid
psbA-trnH sequence dataset categorized the genus
in two groups. Group I shows that the “Gratissi-
mum” group was sister to “Basilicum” group,
while, group II was comprised of O. tenuiflorum
with its cultivars and O. filamentosum (Fig. 5.2b).
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Various studies has been reported, which
grouped “Gratissimum” group with “Sanctum”
group on the basis of morphological, cytological,
oil characters (Sobti and Pushpangadan 1979;
Khosla 1995), genetic similarity defined through
RAPD (Singh et al. 2004), and pollen morphology
(Harley et al. 1992). This grouping can be
explained on the fact that the ISSRs are distributed
throughout the genome resulting in the amplifi-
cation from both nuclear and organellar regions,
while psbA-trnH region amplified only from
cpDNA region. Chloroplast DNA (uniparental
inheritance) possesses only half of the parentage of
plants with hybridization/introgression or poly-
ploidy and may insufficiently categorize plants
into a group. Moreover, the size of nucleome is
large when compared to the plastome and the
chondriome. Hence, the origin of the ISSR bands
is likely to be nuclear, and thus, we can conclude
that the grouping with ISSR can be served as
control.

5.4 Concluding Remark

During 2013-2017, in the Council of Scientific
and Industrial Research (CSIR) supra network
project ChemBio (BSC-0203), we came across
several chemotypes and morphotypes as well as
interspecific hybrid in genus Ocimum. Because of
the high outcrossing pollination nature of species
within the Basilicum group, they outcross with
themselves leading to different chemotypes as well
as morphotypes. Interestingly, self-pollinated
species of Ocimum, viz. O. gratissimum and O.
tenuiflorum, was also observed as different mor-
photypes in nature. The present article demon-
strates brief reference to the researchers while
working with the genus Ocimum. Moreover, in the
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future, development of next-generation marker
(DNA barcodes) for fast and accurate identifica-
tion of the species is also prerequisite.
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Abstract

The genus Ocimum of the family Lamiaceae
has been known since centuries primarily for
its essential oil, which is used extensively in
pharmaceutical, culinary, and perfumery
industries. In addition to the wild Ocimum
spp., commercially cultivated varieties, popu-
larly known as basils, are found in different
geographical regions of the world. The genus
is well known for its morphological and
chemical diversity. This widespread variabil-
ity is attributed to inter- and intraspecific
hybridization, polyploidy, aneuploidy, syn-
onymous names, various varieties and culti-
vars, and huge plethora of chemotypes. These
have resulted in ambiguities in classification
of the genus and consequently a complex
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taxonomic scenario. Initially, basils were
identified according to their geographic origin
that had distinct chemotypes in the world
market. Over the years, morphological, chem-
ical, karyological, and molecular means are
being applied to get a better understanding of
the genetic relationship among basils. The
base chromosome numbers suggested are
x =12 (0. basilicum clade as tetraploid;
O. americanum clade as hexaploids), x = 10
(0. gratissimum), and x = 9 (O. tenuiflorum).
Variations in genome size and chromosome
number among Ocimum spp. imply that
sequence deletion/amplification, chromosome
rearrangements, and polyploidization have
played a role in the course of evolution.
Recent revision by nuclear DNA content has
divided the section Ocimum into two clades—
the first comprising O. basilicum and
O. minimum, whereas the second comprising
0. americanum, O. africanum, and two
O. basilicum var. purpurascens accessions.
O. tenuiflorum was found to be the most
divergent species. It was also seen that
O. basilicum clade species are tetraploids,
while species belonging to O. americanum
clade are hexaploids. For the first time, DNA
linkage map for sweet basil has been con-
structed, which is anchored by SSRs (42
EST-SSR) and saturated by SNPs (1847)
spanning 3030.9 cM and QTLs identified for
basil downy mildew response. The plant
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genetic resources existing in Ocimum have
been taken up for diversity studies and
constitute the much required raw materials
for future breeding programs for desired
chemotypes, disease resistance, and better
agronomic traits.

6.1 Introduction

Ocimum, the largest genus of the family Lami-
aceae, is native to tropical and warm temperate
areas and is represented by aromatic annual and
perennial shrubs with the greatest number of
species in the African continent (Mukherjee and
Dutta 2007, Chowdhury et al. 2017). The genus
Ocimum comprises more than 150 species; how-
ever, the most popular species are Ocimum basi-
licum, O. americanum (syn. O. canum), O.
gratissimum, O. kilimandscharicum, O. tenui-
florum (syn. O. sanctum), and O. X citriodorum
(syn. O. x africanum), which is a hybrid between
O. basilicum and O. americanum (Paton et al.
1999; Carovi¢-Stanko et al. 2010; Moghaddam
et al. 2011; Rewers and Jedrzejczyk 2016).

The highly aromatic plants of the genus,
popularly known as basil, have long been
established as an economically important herb
due to their essential oils (monoterpenes,
sesquiterpenes, and phenylpropanoids as con-
stituents) that have medicinal, culinary, and
perfumery applications. The leaves and flowering
tops of the plant bear specialized structures called
peltate trichomes that are the site for essential oil
biosynthesis and accumulation. The oil is
extracted after steam distillation of the aerial
parts (Werker 1993). Biologically active con-
stituents in the essential oil are found to possess
antioxidant, insecticidal, nematicidal, antimicro-
bial, and anticancerous properties (Datta et al.
2010; Patel et al. 2015). Important essential oil
metabolites reported from Ocimum species
include linalool, linalyl, geraniol, citral, camphor,
eugenol, methyl eugenol, methyl chavicol,
methyl cinnamate, thymol, safrol, taxol, ursolic
acid (Upadhyay et al. 2015).

The oil composition is seen to vary according
to geographical locations, and four different
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types are recognized and reported on the basis of
oil profile—(i) European type (sweet basil) hav-
ing superior aroma quality contains linalool and
methyl chavicol as major components and no
camphor; it is similar to Egyptian basil; (ii) re-
union type (reported originally from Comoro
Islands and also from Madagascar, Thailand, and
Vietnam) is characterized by high concentrations
of methyl chavicol; (iii) methyl cinnamate type
(reported from Bulgaria, India, Guatemala, and
Pakistan) contains methyl chavicol, linalool, and
methyl cinnamate; and (iv) eugenol type (re-
ported from Java, Russia, and North Africa)
contains eugenol as major component (Wealth of
India 1976; Heath 1981; Sobti et al. 1982; Simon
et al. 1990; Marotti et al. 1996; Datta et al. 2010).

In India, the genus is represented by only nine
species including O. adscendens, O. basilicum,
O. canum, O. gratissimum, O. kilimandschar-
icum, and O. tenuiflorum and three exotic spe-
cies, namely O. americanum L., O. minimum L.,
and O. africanum Lour (Balyan and Pushpan-
gadan 1988). O. tenuiflorum (earlier known as O.
sanctum) is commonly known as ‘Tulsi’ meaning
‘matchless one’ in Sanskrit and has been
described as holy and medicinally important
plant in ancient scriptures. In Ayurveda, it is
documented as ‘elixir of life’ and is claimed for
longevity (Puri 2002).

6.2 Taxonomic Position

A vague understanding of genetic relationship
among basils has resulted in a situation of taxo-
nomic confusion hitherto unsolved (Harley et al.
1977; Grayer et al. 1996). This is due to prevalent
interspecific hybridization, polyploidy, and aneu-
ploidy, numerous botanical varieties, cultivar
names, and a number of morphological similar but
distinct chemotypes present in this genus (Simon
et al. 1990). Further, human interference in terms
of selection and hybridization along with syn-
onymous names adds to this confusion (Putievsky
et al. 1999; Labra et al. 2004; Mukherjee et al.
2005; Moghaddam et al. 2011).

Linnaeus (1753) listed five species in Ocimum
that was further expanded by Bentham in 1832
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up to 40 species which were grouped into three
sections: Ocimum (Ocymodon Benth.), Hiero-
cymum Benth., and Gymnocymum Benth. (Paton
et al. 1999; Carovi¢-Stanko et al. 2010). The
section Ocimum was further divided into three
subsections: Ocimum, Gratissima, and Hiantia
Benth. A new section, Hemizygia Benth., was
added by Bentham which was recognized by
Briquet (1897) as a separate genus due to fused
anterior stamens. Paton (1992) used infrageneric
classification of Ocimum proposed by Bentham
(1948) and removed Hemizygia and subsect.
Hiantia, giving the latter as a separate status of
genus Becium (Paton et al. 1999). Pushpangadan
(1974) proposed a different infrageneric
classification.

On the basis of morphological and cytological
characters, Sobti and Pushpangadan (1977)
classified Indian species of Ocimum into two
broad categories—Basilicum (O. basilicum, O.
canum, O. kilimandscharicum) and Sanctum (O.
tenuiflorum and O. gratissimum). The Basilicum
group includes mostly annual herbs with stalked
bracts, conspicuous flowers, black mucilaginous
seeds, and with chromosome number varying
from 2n = 24 to 76 with basic number as x = 12.
On the other hand, the Sanctum group is repre-
sented by perennial or under-shrubs having
sessile bracts, inconspicuous flowers, and
brownish shiny globose or subglobose with
non-mucilaginous seeds and with chromosome
numbers varying from 2n = 32 to 40 with basic
chromosome number x = 8 (Datta et al. 2010).

According to Pushpangadan’s classification
(1974), the Basilicum group consists of the only
section Ocimum subsection Ocimum. Six impor-
tant botanical varieties and cultivars dominating
the world market (var. basilicum cv. Genovese,
var. basilicum cv. sweet basil, var. difforme Benth.,
var. purpurascens Benth., v. Dark Opal, and var.
thyrsiflorum/L./ Benth.) were placed in the Basi-
licum group, section Ocimum (=O. basilicum
group) by Pushpangadan. However, it was seen
that the infrageneric classification was not in
accordance with the International Code of Botan-
ical Nomenclature (Carovi¢-Stanko et al. 2010).

Efforts to revise the genus have been attempted
at the Royal Botanical Garden, Kew, London,

(Paton 1992) and also by several taxonomists
around the world on the basis of geographical
origin, morphological, karyological, essential oil
composition, crossability, and molecular means
(Khosla 1995; Grayer et al. 1996; Marotti et al.
1996; Paton and Putievsky 1996; Ravid et al.
1997; Martins et al. 1999; Putievsky et al. 1999;
Erum et al. 2011; Malav et al. 2015). Paton and
Putievsky (1996) proposed a system of stan-
dardized descriptors including the volatile oil for
efficient communication and identification in
Ocimum. Ocimum is extensively cultivated, and
natural and/or induced cross-hybridizations lead
to varying ploidy levels, newer species, sub-
species, and varieties that may or may not be
morphologically distinct (Chowdhury et al
2017). On the other hand, Ocimum species show
huge morphological and chemical variations
along with growth- and reproductive-related traits
among themselves, which are additionally affec-
ted by environmental factors (Carovi¢-Stanko
et al. 2010). Also, genetic variability at inter- and
intraspecies level is also seen. Thus, taxonomi-
cally morphological descriptors create a lot of
confusion (Chowdhury et al. 2017).

Lawrence (1992) and Grayer et al. (1996)
exploited chemotaxonomy in classifying Oci-
mum on the basis of chemotypes which basically
uses the most abundant volatile component of the
essential oil. The chemical composition varies
not only among species but also cultivars, which
can be further affected by cross-hybridization,
morphogenesis, polyploidization, process of oil
extraction, drying and storage, stages of har-
vesting, etc. (Chowdhury et al. 2017). Thus,
chemotaxonomy further aggravates the taxo-
nomic confusion. So, it has been suggested that
conventional taxonomic evaluation and chemo-
taxonomy have to be taken together with other
molecular tools for classification (Labra et al.
2004; Carovi¢-Stanko et al. 2011).

6.3 Cytogenetics of Ocimum
The base chromosome number for the genus

Ocimum is x =8 according to Darlington
and Wylie (1955) and Mehra and Gill (1972).
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Two base numbers x = 8, 12 were suggested by
Morton (1962) in Ocimum. Sobti and Pushpan-
gadan (1977) regarded x = 12 as the predominant
base number for ‘Basilicum group’ including the
species O. canum (2n = 24, 26), O. basilicum
(2n = 48), O. americanum (2n = 72), and O.
kilimandscharicum (2n = 72) and x = 8 as the
most common base number for ‘Sanctum group’
in genus Ocimum. Evolution of new basic chro-
mosome numbers accompanied by aneuploidy
and polyploidy has played a major role in the
diversification of the species in Ocimum (Caro-
vi¢-Stanko et al. 2010). A wide range of chro-
mosome numbers was reported in Sanctum group
(n =16, 19, 20, 24, and 34) (Vij and Kashyap
1976; de-Wet 1958; Morton 1962; Mitra and
Datta 1967; Mehra and Gill 1972; Getsadze
1975; Singh 1978). Khosla (1989) proposed that
the haploid chromosome number x =8 of
‘Sanctum group’ and other higher numbers in
different members probably have evolved from a
primitive base number x = 6 through dysploidy
and polyploidy at different levels.

Similarly, reports of different chromosome
numbers in the same species have been docu-
mented such as in O. tenuiflorum (2n = 32, 36,
and 76) and O. minimum (2n =48 and 56)
(Khosla 1995; Paton and Putievsky 1996;
Mukherjee and Datta 2006). Mukherjee et al.
(2005) suggested, based on secondary chromo-
some association in meiosis, that cytological
diploidization of some Ocimum species (O.
basilicum, O. canum, O. kilimandscharicum, O.
gratissimum, O. tenuiflorum) during evolution
resulted in functional diploids with x = 12,
which probably evolved from x = 6.

Carovi¢-Stanko et al. (2010) suggested x = 12
(O. basilicum clade as tetraploid; O. americanum
clade as hexaploids), x = 10 (O. gratissimum),
and x = 9 (O. tenuiflorum) as base chromosome
numbers. Variations in genome size and chro-
mosome number among Ocimum spp. imply the
role of chromosomal rearrangements, sequence
deletion/amplification, and polyploidization in
the course of evolution.

Omidbaigi et al. (2010) induced autote-
traploids by colchicine treatment in O. basilicum
and found larger stomata, pollen grains, more
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chloroplasts in guard cells, and less stomatal
density as compared to diploid control plants.

6.4 Genetic Diversity

Ocimum grows in all the six inhabited continents
and is extensively cultivated in India, Iran, Japan,
China, and Turkey (Sadeghi et al. 2009). As
mentioned earlier, abundant variability in mor-
phological and chemical traits exists in nature
due to polyploidy, aneuploidy, and inter- and
intraspecific hybridizations in addition to tar-
geted cultivation and breeding practices for
desired morpho-chemotypes. Additionally, sev-
eral biotic and abiotic factors affect the level of
essential oil accumulation and its components
(Bernhardt et al. 2015). The phenotypic and
chemotypic variations manifested in several
Ocimum species across various geographical
regions have been extensively studied and doc-
umented by researchers by several means, viz.
morphological, chemical, karyological, and
molecular. Some are elaborated below.

6.4.1 Morpho-Chemotypes

Commercially important basil cultivars mostly
belong to the species O. basilicum. Darrah
(1980) classified the O. basilicum cultivars into
seven categories: (1) tall slender types, (the sweet
basil group); (2) large-leafed robust types (‘let-
tuce leaf” also called ‘Italian’ basil); (3) dwarf
types, which are short and small leafed (‘bush’
basil); (4) compact types, also described O.
basilicum var. thyrsiflora (‘Thai’ basil); (5) pur-
purascens, the purple-colored basil types with
traditional sweet basil flavor; (6) purple types
(‘Dark Opal’: hybrid between O. basilicum and
O. forskolei with a sweet basil plus clove-like
aroma); and 7) citriodorum types
(lemon-flavored basils). Bernhardt et al. (2015)
discussed several factors such as genetic back-
ground, ontogenesis, morphogenesis, essential
oil extraction method, drying, and storage that
affect the level of essential oil accumulation and
its components in Ocimum species. Egata et al.



6 Genetics, Cytogenetics, and Genetic Diversity in the Genus Ocimum 77

(2017) recorded the morpho-agronomic vari-
ability to further select promising sweet basil
accessions in Ethiopia. Singh et al. (2018)
examined the genetic diversity and clustering
pattern among 20 five basil accessions and found
oil content was the highest contributing character
toward the genetic diversity (56.09%). Srivastava
et al. (2018) studied 60 O. basilicum accessions
and found some unique chemotypes which could
be further exploited in future breeding programs.
Carovic-Stanko et al. (2011) studied the resolv-
ing power of morphological traits for reliable
identification of O. basilicum accessions and
categorized six clusters of basil morphotypes.
Standardized descriptor list enlisting morpho-
logical traits developed by the International
Union for the Protection of New Varieties of
Plants (UPOV) (2003) was used, and it was
concluded that stringent selection of morpho-
logical traits and cautious analysis can help in
routinely screening and managing germplasm
accessions inexpensively and reliably. For mor-
phological characterization, the descriptor list
containing several plant traits related to habit,
leaf, inflorescence, flower, seed, oil, etc., has
been developed by National Bureau of Plant
Genetic Resources (NBPGR), India (NBPGR
2002).

6.4.2 Nuclear DNA Content

Carovic¢-Stanko et al. (2010) for the first time
reported nuclear DNA content on Ocimum spe-
cies, and their results supported the existence of
more infrageneric groups within the genus. They
divided the section Ocimum into two clades—the
first included O. basilicum and O. minimum,
whereas the second comprised O. americanum,
O. africanum, and two O. basilicum var. pur-
purascens accessions. O. tenuiflorum was found
to be the most divergent species with the smallest
genome size, organized in small chromosomes,
and the least chromosome number. The
study implied that the species belonging to
O. basilicum clade are tetraploids, while species

belonging to O. americanum clade are hex-
aploids. Rewers and Jedrzejczyk (2016) found
that Ocimum species possessed very small, small,
and intermediate genomes. Additionally, differ-
ent values of genome size occurred within one
species implying the presence of polyploids and
aneuploids. Three different values of genome
size were detected in O. americanum accessions
(2.3, 4.4, and 7.4 pg/2C), whereas O. basilicum
possessed genome size with 4.4—4.9 pg/2C DNA
content. One Indian accession and another Ira-
nian accession possessed a genome size of 7.3
and 7.4 pg/2C. Very small genomes were
detected in O. campechianum (12 pg/2C) and in
O. gratissimum (1.8-2.3 pg/2C), while small
genome in O. selloi (3.1 pg/2C). O. tenuiflorum
accessions had 0.9, 1.9, and 4.5 pg/2C DNA
content. They also did characterization using
inter-simple sequence repeats (ISSRs) markers in
addition to flow cytometry.

6.4.3 Molecular Markers

Due to complex relationships between Ocimum
species and huge intraspecific variability in
morphological and biochemical traits, the mor-
phological differentiation of these species is very
difficult. So, a combination of morphological,
karyotypic, chemical, and molecular markers for
an unambiguous conclusion about cultivated
basils is required (Wetzel et al. 2008).

Molecular diversity in Ocimum has been stud-
ied by several workers employing random ampli-
fied polymorphic DNA (RAPD), inter-simple
sequence repeat (ISSR), amplified fragment length
polymorphism (AFLP), sequence-related ampli-
fied polymorphism (SRAP), simple sequence
repeat (SSR), internal transcribed spacer
(ITS) (Labra et al. 2004; De Masi et al. 2006;
Carovic-Stanko et al. 2010, 2011; Shinde et al.
2010; Moghaddam et al. 2011; Aghaei et al. 2012;
Chen et al. 2013; Mahajan et al. 2015; Malav et al.
2015; Chowdhury et al. 2017). These have been
studied along with the morpho-chemical traits of
the Ocimum accessions.
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6.4.4 Isoenzymes

Amaral et al. (2000) identified and characterized
the isoenzymatic variability in two populations:
(a) the Nova Friburgo-RJ] and (b) the
Tiradentes-MG of Ocimum selloi Benth. by using
several enzymatic systems (esterase, acid phos-
phatase, glutamate dehydrogenase, glutamate
oxaloacetate, transaminase, leucine aminopepti-
dase, peroxidase, and shikimate dehydrogenase).
Extraction and characterization of peroxidase
from Ocimum tenuiflorum and Ocimum gratissi-
mum have also been attempted by Anbuselvi et al.
(2013). Activity of an isozyme alpha esterase in
different tissues of Ocimum sanctum was also
reported by Padmanaban et al. (2013).

6.4.5 DNA Barcodes

Recently, DNA barcodes also have been used to
identify particular species in the genus (De
Mattia et al. 2011; Bast et al. 2014; Christina and
Annamalai 2014; Bhamra et al. 2014; Elansary
et al. 2015). Kumar et al. (2016) reported on the
comparative phylogenetic study of Ocimum
species through ISSR markers and plastid DNA
region.

6.5 Inheritance of Traits

An insight into the study of heritability and
genetic advance helps in estimating the nature of
inheritance of a trait. Heritability reflects the
proportion of genotypic variability which is
transmitted from parents to progeny. It helps in
the selection of elite genotypes from a variable
population. However, high heritability coupled
with genetic advance serves better in the ultimate
selection process.

Khan et al. (2012) reported high estimates of
heritability in Ocimum spp. for plant height
(99.70%), inflorescence/plant (98.80%), fresh
herb yield per plant (98.60%), number of
inflorescence/plant (98.40%), days to maturity
(92.60%), and leaf width (91.50%). Moderate
heritability was recorded for number of primary
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branches/plant (73.20%), number of secondary
branches/plant (68.00%), leaf length (59.50%),
and leaf width (76.70%). In a study on Ocimum
gratissimum, Edet (2018) reported high values of
heritability and genetic advance for characters
like plant height, leaf length, leaf width, leaf area,
and fresh weight. A moderate value was recorded
for raceme length and dry weight. Ibrahim et al.
(2013) carried out a study consecutively for two
growing seasons on three varieties, i.e., French,
Purple, and Lemon basils, and concluded that
heritability and expected genetic advance had the
highest values in case of herb dry weight, stem
dry weight, leaf dry weight, and linear growth,
respectively. The lowest values were recorded
for essential oil content and number of primary
branches. Ahmad and Khaliq (2002), in a study
on Ocimum sanctum, also reported a high level
of heritability for plant height, leaf area,
1000-seed weight, number of racemes/plot, and
number of flowers per raceme. In a study on
segregating generations of basil by Singh et al.
(2013), the estimates of heritability for the
majority of traits in all F,, BC{, BC, were ade-
quately higher for a number of primary branches
and oil content. The values of genetic advance in
F, population were higher than that in other
population for fresh herb yield, dry herb yield,
and oil content.

This variation in the highest and lowest values
of heritability is a result of the environmental
effect. The traits with high heritability are less
influenced by the environment. It shows that the
influence of genetic effect was more than the
environmental effect. Also, such high levels of
heritability and genetic advance are the result of
the additive gene action involved in the inheri-
tance of these traits. Thus, the selection for
improvement of such traits in further generations
would be rewarding.

6.6 Linkage Map

Molecular genetic linkage mapping and DNA
markers linked to important traits controlled by
quantitative trait loci (QTLs) are gaining impor-
tance in modern plant breeding programs.
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Pyne et al. (2017) developed expressed sequence
tag SSR (EST-SSR) and single-nucleotide poly-
morphism (SNP) markers from double digestion
restriction  site-associated DNA sequencing
(ddRADseq) and used to genotype the MRI x
SB22 F, mapping population, which segregated
for response to downy mildew (Peronospora
belbahrii) in sweet basil. They constructed the
first linkage map for sweet basil, which was
anchored by SSRs (42 EST-SSR) and saturated
by SNPs (1847) spanning 3030.9 cM (Fig. 6.1).
They identified three QTLs model that explained
37-55% of phenotypic variance associated with
downy mildew response (Table 6.1). A single
major QTL, dmlil.1, explained 21-28% of phe-
notypic variance and demonstrated dominant
gene action. Two minor QTLs, dm9.1 and
dmli4.1, explained 5-16% and 4-18% of phe-
notypic variance, respectively.

6.7 Plant Genetic Resources

Agro-biodiversity essentially comprises plant
genetic resources (PGRs) as its main component
(Upadhyaya et al. 2008). Traditionally utilized
plant species, landraces, modern and obsolete
cultivars, breeding lines, weedy types, and wild
species comprise the PGR (IPGRI 1993). They
serve as the genetic material for the crop
improvement programs. It is a well-known fact
that these PGRs are finite and prone to losses due
to several factors such as cultivation practices,
urbanization and environmental catastrophes.
Over the years, several countries have contributed
toward the conservation of these PGRs in world
over 1750 gene banks housing more than 7.5
million gene bank accessions (FAO 2013) with
the goal of achieving food security and reducing
poverty in developing countries by R&D efforts
in the fields of agriculture, forestry, fisheries,
policy, and environment (Upadhyaya et al. 2008).

Aligning to the global effort to conserve the
biodiversity, the National Gene Bank at Council
of Scientific and Industrial Research—Central
Institute of Medicinal and Aromatic Plants
(CSIR-CIMAP), Lucknow, houses several exotic
and Indian Ocimum germplasm accessions.

These comprise a total of five species of Ocimum
(0. sanctum, O. basilicum, O. africanum,
O. gratissimum, and O. kilimandscharicum). Out
of these five species, O. kilimandscharicum and
O. gratissimum are perennial species while the
other three are annual.

Qualitative and quantitative morphological
and chemical traits as described in the list of
descriptors were used to catalogue and charac-
terize 80 accessions of O. basilicum from dif-
ferent geographical regions (India, Singapore,
Tanzania, Thailand, and Slovak Republic). The
morphological characters revealed a wide range
of variation among themselves, viz. plant height
(56-126 cm), average number of primary bran-
ches (4-8), internode length (2.5-7.9 cm),
inflorescence length (1625 cm), leaf area (1.81—
8.11 cm), herb yield per plant (<500-3125 gm),
oil content (0.2-0.98%), oil yield per plant
(0.5-12.21 ml per plant). Figure 6.2 depicts the
percent accessions in the germplasm which show
variation from the normal range for each of the
trait under study.

Further, Srivastava et al. (2018) estimated the
genetic and chemotypic variability among the
subset of the above accessions (Table 6.2) and
statistically grouped into seven diverse clusters
by Mahalanobis D? analysis. One of the acces-
sions, OB 50, was found to be most divergent
from rest of the accessions. The main character
responsible for its uniqueness was found to be
herb yield per plant.

There was no relation between the genetic
diversity and geographical place of origin as the
accessions of different origins including the exo-
tic accessions were grouped into the same cluster.

The contribution of characters toward the total
divergence helps in the selection and choice of
parents. Among the nine characters studied, leaf
area (16.01%) contributed the maximum toward
the genetic diversity followed by oil yield/plant
(15.12%) and internodal distance (14.58%).
Therefore, while doing selections for further
improvement, these characters can be given due
importance.

The chemical diversity of the essential oil of
the above accessions grouped them into two
broad clusters (A and B) on the basis of the
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Fig. 6.1 Sweet basil linkage map constructed for MRI x
SB22 F2 intercross family. Pyne et al. (2017) A first
linkage map and downy mildew resistance QTL discovery
for sweet basil (Ocimum basilicum) facilitated by double

dominance of either methyl chavicol or linalool
in its oil. Cluster A had seven accessions highly
rich in methyl chavicol (>90%), ten accessions
rich in methyl chavicol along with methyl
eugenol, and twenty-five accessions rich in

digestion restriction site-associated DNA sequencing
(ddRADseq). PLOS ONE 12(9): e0184319. https://doi.
org/10.1371/journal.pone.0184319

methyl chavicol along with linalool (Fig. 6.3). In
Cluster B, five lines were found to be highly rich
in linalool while some accessions had linalool
along with methyl cinnamate. One of the acces-
sions, OB 28, was rich in both methyl cinnamate


http://dx.doi.org/10.1371/journal.pone.0184319
http://dx.doi.org/10.1371/journal.pone.0184319
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Table 6.1 Summary of three downy mildew resistance QTL detected using a multiple QTL model (MQM) across
three environments

QTL LG  Position SNP* Confidence Interval Environment |LOD | P° PVE
(€M) ™)’ (%)
dm 9 749 95799 51.9-95.6 NJSN14 <0.001 161
9.1 - - - NJRA14 2.1 0012 65
- - - NJRAIS 15 0047 55
dm 11 1600 11636 115.3-160.0 NJSN14 72 <0001 206
111 160.0 11636 115.3-160 0 NJRA14 67 <0001 233
160.0 11636 114.0-160.0 NJRAIS 65 <0001 282
dm 14 737 120555 65.3-92.1 NJSN14 66 <0001 184
14.1 737 120555 65.3-131.0 NJRA14 33 <0001 105
- - - NJRAIS 11 0109 | 3.9

Pyne et al. (2017) A first linkage map and downy mildew resistance QTL discovery for sweet basil (Ocimum basilicum)
facilitated by double digestion restriction site-associated DNA sequencing (ddRADseq). PLOS ONE 12(9): e0184319.
https://doi.org/10.1371/journal.pone.0184319

Single-nucleotide polymorphism (SNP) marker located in closest proximity to the QTL location

1.5 LOD score intervals shown or significant (P < 0.01) QTL only

°P values represent the significance of LOD scores determined by permutation tests with 1000 iterations at o = 0.05
9Percent phenotypic variance explained

https://doi.org/10.1371/journal.pone.0184319.t003

Fig. 6.2 Morphological No. of primary
variability in Ocimum branches

sl 4 CSR.CouA oveg/pne
brackets show the percentage (10%)
of accessions showing

deviation from the normal Oil content
range for the given trait (11%)

Days to 50 %
flowering
(13%)

Internode
Distance
Herb yield (11%)
(9%)
Leaf Area
12%
(12%) Plant Height
(17%)
Infloresence
length

(12%)
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Table 6.2 O. basilicum germplasm accessions for genetic diversity study

N O e W

(o]

10

11
12

13

14
15

16
17

18
19

20
21
22

23
24
25

26

27
28
29
30
31

Accession

No.
OB-1
OB-2

OB-3
OB-4
OB-5
OB-6
OB-7

OB-8
OB-9
OB-10

OB-11
OB-12

OB-13

OB-14
OB-15

OB-16
OB-17

OB-18
OB-19

OB-20
OB-21
OB-22

OB-23
OB-24
OB-25

OB-26

OB-27
OB-28
OB-29
OB-30
OB-31

Accessions/cultivar

French basil
Vikarsudha

Sweet basil
French basil
French basil
French basil

Sweet basil

Sweet basil
Sweet basil

Sweet basil

Sweet basil

Sweet basil

French basil

Indian basil

Indian basil
(CIM-Saumya)

Sweet basil

Zanzibar basil

Indian basil

Sweet basil

Indian basil
Indian basil

Sweet basil

Sweet basil
Sweet basil

Indian basil

Sweet basil

Sweet basil
Sweet basil
Sweet basil
French basil

Sweet basil

Place of collection/origin Distinct features

Chennai, AP (India)

CSIR-CIMAP, Lucknow UP
(India)

Gandhi Nagar, Gujarat (India)
Bangalore, Karnataka (India)

Mangalore, Karnataka (India)
Chandigarh

CSIR-CIMAP, Lucknow UP
(India)

Singapore
Singapore

CSIR-CIMAP, Lucknow UP
(India)

Kosice, Slovak Republic
CSIR-CIMAP, Lucknow UP

(India)

Mangalore, Karnataka (India) Highly rich in methyl
chavicol

Muzaffarpur, Bihar (India)

CSIR-CIMAP, Lucknow UP

(India)

Udaipur, Rajasthan (India) Rich in methyl eugenol

Tanzania Highly rich in methyl
chavicol

Bareilly, UP (India)

CSIR-CIMAP, Lucknow UP
(India)

Lucknow, UP (India)
Lakhimpur (Kheri), UP (India)

CSIR-CIMAP, Lucknow UP
(India)

Nasik, Maharashtra (India)
Lucknow, UP (India)

CSIR-CIMAP, Lucknow UP
(India)

CSIR-CIMAP, Lucknow UP
(India)

Trivandrum, Kerala (India)
Lucknow, UP (India)
Allahabad, UP (India)
Haridwar, Uttaranchal (India)

CSIR-CIMAP, Lucknow UP
(India)

(continued)
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Table 6.2 (continued)

S.

No.

32
33
34

35
36
37
38
39
40
41
42
43
44

45
46
47
48

49
50
51
52
53
54
55
56
57

58
59
60

Accession
No.

OB-32
OB-33
OB-34

OB-35
OB-36
OB-37
OB-38
OB-39
OB-40
OB-41
OB-42
OB-43
OB-44

OB-45
OB-46
OB-47
OB-48

OB-49
OB-50
OB-51
OB-52
OB-53
OB-54
OB-55
OB-56
OB-57

OB-58
OB-59
OB-60

Accessions/cultivar

Thai basil
Sweet basil

Sweet basil

Sweet basil
Indian basil
Sweet basil
Sweet basil
Indian basil
Indian basil
French basil
French basil
French basil

Sweet basil

Sweet basil
Sweet basil
Sweet basil

Sweet basil

Sweet basil
Sweet basil
French basil
French basil
Sweet basil
Sweet basil
Sweet basil
French basil

Sweet basil

Sweet basil
Sweet basil

Sweet basil

Place of collection/origin Distinct features

Thailand
Purulia, WB (India)

CSIR-CIMAP, Lucknow UP
(India)

Jammu (J and K) (India)

Phagwara, Punjab (India)

Barabanki, UP (India)

Shillong, Meghalaya (India)

Razaganj, UP (India)

Rishikesh, Uttaranchal (India) Rich in linalool
Bangalore, Karnataka (India)

Mangalore, Karnataka (India)

Chandigarh

CSIR-CIMAP, Lucknow UP
(India)

Singapore
Singapore
Singapore

CSIR-CIMAP, Lucknow UP
(India)

Kosice, Slovak Republic

Gandhi Nagar, Gujarat (India) High herb yield per plant
Bangalore, Karnataka (India)

Mangalore, Karnataka (India)

Kosice, Slovak Republic

Gandhi Nagar, Gujarat (India) High oil content
Singapore

Chennai, AP (India)

CSIR-CIMAP, Lucknow UP
(India)

Gandhi Nagar, Gujarat (India)
Gandhi Nagar, Gujarat (India)

Singapore

and methyl eugenol. Thus, these lines can be CSIR-CIMAP has also released several
used when selection is to be made for a line rich  varieties of Ocimum with unique morpho-
in a particular oil component.

chemotypic traits.
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Fig. 6.3 Chemical diversity in O. basilicum germplasm accessions at CSIR-CIMAP, Lucknow. Numbers at the top of
each bar represent the total number of accessions belonging to that chemotype

Some of the O. basilicum varieties released
are

e Vikarsudha (developed through intraspecific
hybridization between exotic basil from
Australia (EC-331886-CSIRO No. L6323)
and local adaptive landrace, Badaun local;
having 78% methyl chavicol and 0.16%
linalool in its oil)

e Kusumohak (developed through selection in
seed-raised progeny of the introduced strain
from Argentina; having 37% methyl chavicol,
45% linalool in its oil)

¢ CIMAP-Saumya (developed through half-sib
selection, short duration, dwarf, early flow-
ering; having 62.54% methyl chavicol and
24.61 linalool)

e CIMAP-Sharda (developed through intensive
breeding, early maturing, high oil yielding,
85-89% methyl chavicol)

e CIMAP-Surabhi (cold tolerant; linalool rich).

Some of the O. sanctum varieties released are
e CIM-Kanchan (developed through selection;

having 70% methyl eugenol, 7.6% B-ele-
mene, 15.7% B-caryophyllene

e CIM-Ayu (developed through mass selection;
having 83% eugenol, 7.47% B-elemene)

e CIM-Angna (developed through half-sib
selection; having 40.42% eugenol, 14.11% B
-elemene, 9.07% B-caryophyllene, 16.65%
germacrene-D

Released O. africanum variety:

e CIMAP-Jyoti (developed through selection,
dwarf; having 68-75% citral).

6.8 Conclusions

The species of the genus Ocimum have estab-
lished its importance both as aromatic and
medicinal plant. This genus offers a lot of
opportunities on solving the ambiguity regarding
the existence of different species and their ploidy
level. The molecular markers certainly have
played very important role in solving this ambi-
guity but not beyond doubt. It appears that the
species of this genus are still in evolving stage
and genome churning is going on giving rise to
new chemotypes and probably new natural
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hybrids/species as well. Considerable genetic vari-
ability of this genus has been collected, character-
ized, and maintained by different Ocimum
researchers, which might be only a part of the total
variability which is still expanding. Several
varieties/cultivars belonging to different species of
this genus have been developed with specific uses
by various researchers exploiting the natural vari-
ability. This genus provides an open platform to the
plant breeders to exercise their breeder/s skill in
developing the genetically improved newer
chemotypes of different species for oil quality, oil
content, and herb/biomass yield.

References

Aghaei M, Darvishzadeh R, Hassani A (2012) Molecular
characterization and similarity relationships among
Iranian basil (O. basilicum) accessions using inter
simple sequence repeat markers. Rev Ciénc Agron
43:312-320

Ahmad SD, Khaliq I (2002) Morpho-molecular variability
and heritability in Ocimum sanctum genotypes from
Northern Himalayan region of Pakistan. Pak J Biol Sci
5(10):1084-1087

Amaral CLF, Casali VWD (2000) Identification and
characterization of two populations of ‘Alfavaca’
(Ocimum selloi Benth.) by isozyme markers, Identi-
fication and characterization of two populations of
‘Alfavaca’ (Ocimum selloi Benth.) by isozyme mark-
ers. Rev Brasil Plantas Med 2(2):9-15

Anbuselvi S, Balamurugan, Kumar S (2013) Purification
and characteristics of peroxidase from two varieties of
tulsi and neem. Res J Pharma Biol Chem Sci 4
(1):648-654

Balyan SS, Pushpangadan P (1988) A study on the
taxonomic status and geographic distribution of the
genus, Ocimum. Perf Flav Assoc India 10(2):13-19

Bast F, Rani P, Meena D (2014) Chloroplast DNA
phylogeography of holy basil (Ocimum tenuiflorum)
in Indian subcontinent. The Sci World J 2014. http://
dx.doi.org/10.1155/2014/847482

Bernhardt B, Szabo K, Bernath J (2015) Sources of
variability in essential oil composition of Ocimum
americanum and Ocimum tenuiflorum. Acta Alimenta
44(1):111-118

Bhamra S, Heinrich M, Howard C, Johnson MRD,
Slater A (2014) DNA authentication of Tulsi; the
cultural and medicinal value of Ocimum species
among diasporic South Asian communities in the
UK. Planta Med 80(16)

Briquet J (1897) Ocimum. In: Engler A, Prantle KAE
(eds) Dienatiirlichen Pflanzenfamilien, vol 4(3a).
Engelmann W, Leipzig, pp 369-372

Carovi¢-Stanko K, Orlic” S, Politeo O, Strikic” F, Kolak I,
Milos M, Satovic Z (2010) Composition and antibac-
terial activities of essential oils of seven Ocimum taxa.
Food Chem 19(1):196-201

Carovi¢-Stanko K, Liber Z, Politeo O, Striki'c F, Kolak I,
Milos M, Satovic Z (2011) Molecular and chemical
characterization of the most widespread Ocimum
species. Plant Syst Evol 294:253-262

Chen SY, Dai TX, Chang YT, Wang SS, Ou SL,
Chuang WL, Cheng CY, Lin YH, Lin LY, Ku H
(2013) Genetic diversity among Ocimum species
based on ISSR, RAPD and SRAP markers. Aust J
Crop Sci 7:1463-1471

Chowdhury T, Mandal A, Roy SC, Sarker DD (2017)
Diversity of the genus Ocimum (Lamiaceae) through
morpho-molecular (RAPD) and chemical (GC-MS)
analysis. J Genet Eng Biotechnol 15(1):275-286

Christina VLP, Annamalai A (2014) Nucleotide based
validation of Ocimum species by evaluating three
candidate barcodes of the chloroplast region. Mol Ecol
Resour 14:60-68

Darlington CD, Wylie AP (1955) Chromosome atlas of
flowering plants. George Allen and Unwin, London

Darrah H (1980) The cultivated basils. Thomas Buckeye,
Independence, MO

Datta AK, Mukherjee M, Bhattacharya A, Saha A,
Mandal A, Das A (2010) The basils—an overview.
J Trop Med Plants 11(2):231-241

De Masi L, Siviero P, Esposito C, Castaldo D, Siano F,
Laratta B (2006) Assessment of agronomic chemical
and genetic variability in common basil (Ocimum
basilicum L.). Eur Food Res Technol 223:273-281

De Mattia F, Bruni I, Galimberti A, Cattaneo F, Cassir-
aghi M, Labra M (2011) A comparative study of
different DNA barcoding markers for identification of
some members of Lamiaceae. Food Res Intl 44:693-702

de-Wet JMJ (1958) Chromosome number in Plectranthus
and related genera. S Afr J Sci 54(6):153-156

Edet OU (2018) Agro-morphological evaluation and
analysis of genetic parameters in African basil (Oci-
mum gratissimum L.) in Southeastern Nigeria.In: Crop
science society of Nigeria: second national annual
conference proceedings, University of Nigeria,
Nsukka, Enugu State, Nigeria

Egata DF, Geja W, Mengesha B (2017) Agronomic and
bio-chemical variability of Ethiopian Sweet basil
(Ocimum basilicum L.) accessions. Acad Res J Agri
Sci Res 5(7):489-508

Elansary HO, Mahmoud EA (2015) Basil cultivar iden-
tification using chemotyping still favored over geno-
typing using core barcodes and possible resources of
antioxidants. J Essen Oil Res 27(1):82-87

Erum S, Naeemullah M, Masood S, Khan MI (2011)
Genetic variation in the living repository of Ocimum
germplasm. Pak J Agric Res 24:42-50

FAO (2013) Genebank Standards for Plant Genetic
Resources for Food and Agriculture. Rome

Getsadze GN (1975) A cytological study of the chromo-
some complex in some species of the genus Ocimum
L. as initial breeding material. Referativ-nyi Z 3:55-64


http://dx.doi.org/10.1155/2014/847482
http://dx.doi.org/10.1155/2014/847482

86

Grayer RJ, Kite GC, Goldstone FJ, Bryan SE, Paton A,
Putievsky E (1996) Intraspecific taxonomy and essen-
tial oil chemotypes in sweet basil, Ocimum basilicum.
Phytochemistry 43:1033-1039

Harley RM, Brighton CA (1977) Chromosome numbers
in the genus Mentha L. Bot J Linn Soc 74:71-96

Heath HB (1981) Source book of flavors. AVI, Westport,
CT

Ibrahim MM, Aboud KA, Al-Ansary AMF (2013)
Genetic Variability among three Sweet Basil (Ocimum
basilicum L.) varieties as revealed by morphological
traits and RAPD markers. World Appl Sci ] 24
(11):1411-1419

IPGRI (1993) Diversity for development. International
Plant Genetic Resources Institute, Rome, Italy

Khan MS, Bahuguna DK, Kumar R, Kumar N, Ahmad I
(2012) Study on genetic variability and heritability in
Ocimum spp. Hort Flora Res Spect 1(2):168-171

Khosla MK (1989) Chromosomal meiotic behaviour and
ploidy nature in genus Ocimum (Lamiaceae), “‘Sanc-
tum group”. Cytologia 54:223-229

Khosla MK (1995) Study on inter-relationship, phylogeny
and evolutionary tendencies in genus Ocimum.
Indian J Genet 55(1):71-83

Kumar A, Mishra P, Baskaran K, Shukla AK,
Shasany AK, Sundaresan V (2016) Higher efficiency
of ISSR markers over plastid psbA-trnH region in
resolving taxonomical status of genus Ocimum L. Ecol
Evol 6(21):7671-7682

Labra M, Miele M, Ledda B, Grassi F, Mazzei M, Sala F
(2004) Morphological characterization, essential oil
composition and DNA genotyping of Ocimum basi-
licum L. cultivars. Plant Sci 167:725-731

Lawrence BM (1992) Chemical components of Labiatae
oils and their exploitation. In: Harley RM, Reynolds T
(eds) Advances in labiate sciences. Royal Botanic
Gardens, Kew, pp 399436

Linnaeus C (1753) Species Plantarum Exhibitentes Plan-
tas Rite Cognitas ad Genera Relatas, cum Differentiis
Specificis, Nominibus Trivialibus, Synonymis Selec-
tis, et Locis Natalibus, Secundum Systema Sexuale
Digestas, edn 1. Laurentius Salvius, Stockholm,
Sweden. Facsimile published 1957-1959 as Ray
Soc. Publ. 140 and 142. The Ray Society, London,
UK

Mabhajan V, Rahther IA, Awasthi P, Anand R, Gairola S,
Meena SR, Bedi YS, Gandhi SG (2015) Development
of chemical and EST-SSR markers for Ocimum genus.
Indust Crops Prod 63:65-70

Malav P, Pandey A, Bhatt KC, Krishnan SG, Bisht IS
(2015) Morphological variability in holy basil (Oci-
mum tenuiflorum L.) from India. Genet Resour Crop
Evol 62:1245-1256

Marotti M, Piccaglia R, Giovanelli E (1996) Differences
in essential oil composition of basil (Ocimum
basilicum L.) Italian cultivars related to morphological
characteristics. J Agric Food Chem 44:3926-3929

Martins AP, Salgueiro LR, Vila R, Tomi F, Canigueral S,
Casanova J, da Cunha A Proenca, Adzet T (1999)
Composition of the essential oils of Ocimum canum,

S. Gupta et al.

O. gratissimum and O. minimum. Planta Med 65:187—
189

Mehra PN, Gill LS (1972) Cytology of west Himalayan
Labiatae, tribe Ocimoideae. Cytologia 37:53-57

Mitra K, Datta N (1967) In: IOPB chromosome number
reports XIII. Taxon 16, 163—-169

Moghaddam M, Omidbiagi R, Naghavi MR (2011)
Evaluation of genetic diversity among Iranian acces-
sions of Ocimum spp. using AFLP markers. Biochem
Syst Ecol 39:619-626

Morton JK (1962) Cytotaxonomic studies on the West
African Labiatae. J Linn Soc Bot 58:231-283

Mukherjee M, Datta AK, Maiti GG (2005) Chromosome
number variation in Ocimum basilicum L. Cytologia
70(4):455-458

Mukherjee M, Datta AK (2006) Secondary associations in
Ocimum spp. Cytologia 71(2):149-152

Mukherjee M, Dutta AK (2007) Basils—a review. Plant
Arch 7(2):473-483

NBPGR (2002) Minimal descriptors for agri-horticultural
crops. Part IV: medicinal and aromatic Plants.
NBPGR, New Delhi

Omidbaigi R, Mirzaee M, Hassani ME, Sedghi M (2010)
Induction and identification of polyploidy in basil
(Ocimum basilicum L) medicinal plant by colchicine
treatment. Int J Plant Prod 4:87-98

Padmanaban V, Karthikeyan R, Karthikeyan T (2013)
Differential expression and genetic diversity analysis
using alpha esterase isozyme marker in Ocimum
sanctum L., Acad. J Plant Sci 6(1):01-12

Patel RP, Kumar RR, Singh R, Singh RR, Rao BRR,
Singh VR, Gupta P, Lahri R, Lal RK (2015) Study of
genetic variability pattern and their possibility of
exploitation in Ocimum germplasm. Indust Crops Prod
66:119-122

Paton A (1992) A synopsis of Ocimum L (Labiatae) in
Africa. Kew Bull 47:405-437

Paton A, Putievsky E (1996) Taxonomic problems and
cytotaxonomic relationships between and within vari-
eties of Ocimum basilicum and related species (Labi-
atae). Kew Bull 51:509-524

Paton A, Harley MR, Harley MM (1999) Ocimum: an
overview of classification and relationships. In: Hil-
tunen R, Holm Y (eds) Basil: the genus Ocimum.
Harwood, Amsterdam, pp 1-38

Puri HS (2002) Rasayana: Ayurvedic herbs for longevity
and rejuvenation. CRC Press, Boca Raton, pp 272-
280

Pushpangadan P (1974) Studies on reproduction and
hybridisation of Ocimum species with view to
improving their quality. Ph.D. thesis, Aligarh Muslim
University, Aligarh, India

Putievsky E, Paton A, Lewinsohn E, Ravid U,
Haimovich D, Katzir I, Saadi D, Dudai N (1999)
Crossability and relationship between morphological
and chemical varieties of Ocimum basilicum L.
J Herbs Species Med Plants 6:11-24

Pyne R, Honig J, Vaiciunas J, Koroch A, Wyenandt C,
Bonos S et al (2017) A first linkage map and downy
mildew resistance QTL discovery for sweet basil



6 Genetics, Cytogenetics, and Genetic Diversity in the Genus Ocimum 87

(Ocimum basilicum) facilitated by double digestion
restriction site associated DNA sequencing (ddRAD-
seq). PLoS ONE 12(9):e0184319. https://doi.org/10.
1371/journal.pone.0184319

Ravid U, Putievsky E, Katzir I, Lewinsohn E (1997)
Enantiomeric composition of linalol in the essential
oils of Ocimum species and in commercial basil oils.
Flav Fragr J 12:293-296

Rewers M, Jedrzejczyk I (2016) Genetic characterization
of Ocimum genus using flow cytometry and
inter-simple sequence repeat markers. Indust Crops
Prod 91:142-151

Sadeghi S, Rahnavard A, Ashrafi ZY (2009) The effect of
plant density and sowing date on yield of basil (Ocimum
basilicum L.) in Iran. J Agric Technol 5(2):413-422

Shinde K, Shinde V, Mahadik K, Gibbons S (2010)
Phytochemical and antibacterial studies on Ocimum
kilimandscharicum. Planta Med 76(Suppl 1):1295

Simon JE, Quinn J, Murray RG (1990) Basil: a source of
essential oils. In: Janick J, Simon JE (eds) Advances in
new crops. Timber, Portland, pp 484-989

Singh S, Lal R K, Maurya R, Chanotiya CC (2018)
Genetic diversity and chemotype selection in genus
Ocimum. J Appl Res Med Arom Plants. https://doi.
org/10.1016/j.jarmap.2017.11.004

Singh TP (1978) Chromosome studies in Ocimum. CurR
Sci 47(23):915-916

Singh YP, Gaurav SS, Kumar P, Ojha A (2013) Genetic
variability, heritability and genetic advance in segre-
gating generations of Basil (Ocimum basilicum L.).
Progr Res 8(2):164-168

Sobti S, Pushpangadan P (1977) Cytotaxonomical studies
in the genus I. In: Bir SS (ed) Taxonomy, cytogenet-
ics, cytotaxonomy of plants. Kalyani Publisher, New
Delhi, India, pp 373-377

Sobti SN, Pushpangadan P, Atal CK (1982) Clocimum: A
new hybrid strain of Ocimum gratissimum as a
potential source of clove type oil, rich in eugenol.

In: Atal CK, Kapur BM (eds) Cultivation and
utilization of aromatic plants. Regional Research
Laboratory, Jammu-Tawi, India, pp 473480

Srivastava A, Gupta AK, Sarkar S, Lal RK, Yadav A,
Gupta P, Chanotiya CS (2018) Genetic and chemo-
typic variability in basil (Ocimum basilicum L.)
germplasm towards future exploitation. Indust Crops
Prod 112:815-820

Upadhyay AK, Chacko AR, Gandhimathi A, Ghosh P,
Harini K et al (2015) Genome sequencing of herb
Tulsi (Ocimum tenuiflorum) unravels key genes
behind its strong medicinal properties. BMC Plant
Biol 15:212

Upadhyaya HD, Gowda CLL, Sastry DVSSR (2008)
Plant genetic resources management: collection, char-
acterization, conservation and utilization. J SAT Agric
Res 6

UPOV (2003) Basil (Ocimum basilicum L.): Guidelines
for the conduct of tests for distinctness, uniformity and
stability. Geneva

Vij SP, Kashyap SK (1976) Cytological studies in some
North Indian Labiatae. Cytologia 41(3-4):713-719

Wealth of India (1976) A dictionary of Indian raw
materials and industrial products, vol III. Publications
and Informations Directorate, CSIR, New Delhi,
pp 77-89

Werker E, Putievsky E, Ravid U, Dudai N, Katzir I (1993)
Glandular hairs and essential oil in developing leaves
of Ocimum basilicum L. (Lamiaceae). Ann Bot 71
(1):43-50

Wetzel SB, Kriiger H, Hammer K, Bachmann K (2008)
Investigations on morphological, biochemical and
molecular variability of Ocimum L. Species. J Herbs
Spices Med Plants 9(2-3):183-187


http://dx.doi.org/10.1371/journal.pone.0184319
http://dx.doi.org/10.1371/journal.pone.0184319
http://dx.doi.org/10.1016/j.jarmap.2017.11.004
http://dx.doi.org/10.1016/j.jarmap.2017.11.004

R. K. Lal, Pankhuri Gupta, C. S. Chanotiya

and Sougata Sarkar

Abstract

Ocimum spp. is an important medicinal and
aromatic plant. It has many medicinal proper-
ties. It is a rich source of carbohydrates, fibers,
iron, B-carotene, vitamins, phosphorous, cal-
cium, protein, and in aromatic oils. It is also
used for the treatment in stomach pain, cough
and cold, diarrhea and indigestion. Asthma,
ulcers, nausea, and ringworm can also be
cured with Ocimum. It lowers the blood sugar
level and increases lactation. CSIR-CIMAP is
actively involved in genetic enhancement of
the Ocimum species following with different
breeding approach in view of traditional
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importance. At CSIR-CIMAP, available
genetic stocks are seven Ocimum species—
Ocimum sanctum—XKrishna and Shyam tulsi,
O. basilicum, O. kilimandscharicum, O. amer-
icanum, O. africanum, O. gratissimum, O.
tenuiflorum, and 100 genetic stocks of O.
basilicum and nine varieties, namely CIM
Ayu, CIM Angana, CIM Saumya, CIM Kan-
chan, Vikarsudha, CIM Jyoti, CIM Sharada,
CIM Surabhi, and CIM Snigdha. In future,
there will be possibility to develop varieties
for high oil and herb yield with high specific
needs chemical like high eugenol, methyl
eugenol, methyl cinnamate, geraniol, germa-
crene A and D, linalool, elemicin, B-elmene,
(Z)-ocimine content with some other herbal
products.

7.1 Introduction

Ocimum belongs to Lamiaceae family, and it is a
genus of about 180-250 species of annual and
perennial aromatic herbs and shrubs. Several
species are native to the tropical and warm tem-
perate regions of the old world, including India.
The dry herb (leaves), Ocimum leaf tea, essential
oil and its chemical derivatives (eugenol, methyl—
eugenol, linalool, methyl chavicol, germacrene A
and D, elemicin, B-elmene, (Z)-ocimine) are
exported to European countries in extensive
quantity every year (Simon et al. 1990). The
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Fig. 7.1 Released varieties/cultivars from CSIR-CIMAP of Ocimum

annual export of dry leaves herb, its products,
essential oil, and its derivatives/chemical con-
stituents of Ocimum are worth 5000 tons. People
know the plant as Tulsi as Surasah in Sanskrit
and Tulsi in Hindi. Due to antioxidant and
anti-aging properties of Tulsi, Hindus use fresh
leaves in the Panchamrut/Charanamrut drink
after puja. Tulsi is religion. It is regarded not
merely as a utilitarian Godsend, as most holy
plants are viewed to be, but as an incarnation of
the Goddess Herself. The classic Hindu myth,
Samudramathana, the ‘Churning of the Cosmic
Ocean,’ explains that Vishnu spawned Tulsi from
the turbulent seas as a vital aid for all mankind.
The Tulsi leaves, when eaten, can control thirst,
and so was invaluable to tired travelers. The oil is
used as antiperspirant and as fly and mosquito
repellent. CSIR-CIMAP is actively involved in
genetic enhancement of the Ocimum species by
using different breeding approaches in view of
traditional significance, together with the need for
developing a better plant type having high herb,
essential yield characters combined with a con-
sistent high yield of phenylpropanoid eugenol
and other economically important chemical con-
stituents to formulate value-added products. By
the application of very intensive plant breeding
techniques, a number of varieties have been
developed at the CSIR-Central Institute of
Medicinal and Aromatic Plants, India, including:
Khushmohak, CIM Saumya (Lal et al. 2003),

CIM Sharda of Ocimum basilicum, CIM Jyoti of
O. africanum, CIM Ayu (Lal et al. 2004),
CIMAngana of Ocimum sanctum (Lal et al.
2008), CIM Kanchan from O. tenuiflorum, CIM
Surabhi, and CIM Snigdha (Fig. 7.1). These
varieties/ cultivars are also useful for intercrop-
ping with aromatic grasses and other cereal crops.
Some of the international popular varieties/
cultivars and released varieties/cultivars from
CSIR-CIMAP of Ocimum are summarized in
Tables 7.1 and 7.2.

By conventional breeding method, Lal et al.
(2003) developed a high-yielding eugenol-rich
oil producing variety of O. sanctum, CIM Ayu;
Lal et al. in 2004 developed an early, short
duration, high essential oil, methyl chavicol and
linalool yielding variety of Indian basil
(O. basilicum), CIM Saumya; Lal et al. (2008)
also developed a high-yielding dark purple pig-
mented variety CIM Angana of Shyam tulsi
(Ocimum sanctum L.); Singh and Sehgal (1999)
chemically characterized and made selection of
Ocimum genotypes and described their uses in
traditional medicine. They studied the genetic
variability, medicinal, and economic value of
Ocimum germplasm. Lal (2014) developed new
and stable chemotypes in Ocimum. Patel et al.
(2015a, b) studied genetic variability pattern and
possibility of its exploitation of Ocimum germ-
plasm in Fig. 7.2. Patel et al. (2015a, b) also
studied the phenotypic characterization and
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Table 7.1 International popular varieties/cultivars of Ocimum species
S. Varieties/cultivars Botanical Origin of the plant Chemotypes Breeding
no. identification material strategies
1. Blue Spice Ocimum Czech Republic Bisabolene Asexual
basilicum reproduction
2. Fino Verde Ocimum Maine, USA Linalool Asexual
basilicum reproduction
3. Holandjanin Ocimum Istria Linalool Asexual
basilicum reproduction
4. Compact Ocimum Maine, USA Linalool Asexual
basilicum reproduction
5. Genovese Ocimum Slovenia Linalool Selection
basilicum
6. Purple Opal Ocimum Czech Republic Linalool Selection
basilicum
7. Lattuga Ocimum USA Linalool Selection
basilicum
8. Osmin Ocimum California Linalool Selection
basilicum
9. Cinnamon Ocimum ‘Wroclaw, Poland Linalool and methyl Selection
basilicum cinnamate
10. Purple Ruffles Ocimum Germany Linalool Cross
basilicum selection
11. Lime Ocimum Czech Republic Geranial and neral Selection
americanum
12, Siam queen Ocimum USA Methyl chavicol Cross
basilicum selection
13. Dark Lady Ocimum Wolsier, Germany Linalool Asexual
basilicum reproduction
14. Dbasbloom Ocimum Israel Linalool Asexual
basilicum reproduction
15. Green Bell Ocimum Wolsier, Germany Linalool Asexual
basilicum reproduction

stability analysis for biomass and essential oil
yields of 15 genotypes of five Ocimum species.
Patel et al. (2016) studied the differential
response of genotype X environment on phe-
nology, essential oil yield, and quality of natural
aroma chemicals of five Ocimum species. Sri-
vastava et al. (2018) conducted germplasm
characterization and correlation studies in O.
basilicum for yield and related traits. Singh et al.
(2004, 2014) chemically characterized and made
selection in Ocimum genotypes.

7.2 Breeding for Disease Resistance

Breeding work for disease resistance in Ocimum
is very meager as described below.

Mishra et al. (2016) reported the identification
and functional characterization of an O. basili-
cum PRS family member that is responsive to
multiple stresses and hormonal elicitations. The
results highlighted the role of a thaumatin-like
protein, ObTLP1, in mediating tolerance to the
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Fig. 7.2 Variability among
leaves of the genetic stocks of
Ocimum

fungal pathogens and to the abiotic stresses by
hindering fungal colonization in host and by
maintaining osmotic adjustment in cells, respec-
tively, and ObTLP1 might be a useful candidate
for providing tolerance in crops toward multiple
stresses.

Zaim et al. (2016) studied the occurrence of
yellow mosaic and leaf curl disease in Ocimum
spp. and conducted screening for disease manage-
ment. They investigated that yellow mosaic and
leaf curl diseases affected O. killimandscharium,

O. gratissimum and very severely to O. basilicum
var. CIM Saumya in non-homozygous population.
Investigation has also been carried out to evaluate
the available germplasm of Ocimum spp. for iden-
tifying resistance source. Since O. basilicum was
found to be highly susceptible to these viral dis-
eases, a few lines have been selected, which were
found to be tolerant against the leaf curl disease.
These studies will help in strategizing the effective
management practices and developing resistant
cultivars in Ocimum.
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7.3 Polyploidy in Basil

Sobti and Pushpangadan (1982) presented in
detail the cytogenetical and evolutionary rela-
tionship in Ocimum americanum, O. canum, and
O. basilicum. O. americanum was found to be
morphologically intermediate between the other
two species in most characters like height, length
of spike, calyx, corolla, stamen, style fruiting
calyx. Crossability studies and induction of
alloploidy were also attempted by above work-
ers. Karyomorphological investigations were
done by Sobti and Pushpangadan (1982), in five
Ocimum species with their different races. Closer
examination of the karyotypes revealed variation
in the type and number of chromosomes and
considered the presumption as mentioned in
Chap. 6. Meiotic studies in five species of Oci-
mum from pollen mother cells by Khosla (1989)
suggested that the base number x = 8 represented
Sanctum group while base number x = 12 rep-
resented Basilicum group. Omidbaigi et al.
(2010) studied the induction and identification of
polyploidy in O. basilicum using colchicines in
different concentrations (0.00, 0.05, 0.10, 0.20,
0.50, and 0.75%) and four treatments (seed, the
growing point of seedlings at the emergence of
cotyledon leaves stage and emergence of true
two type leaves stage, and root treatment). The
0.5% dosage proved to be the most effective in
producing autotetraploids having larger stomata
and pollen grains, increased chloroplast number
in guard cells, and decreased stomata density,
compared to diploid control plants.

7.4 Linalool Rich, Evergreen,
and Cold-Tolerant Interspecific
Cross Hybrid

A cold-tolerant evergreen triploid and its
amphidiploid also developed using interspecific
cross between O. basilicum and O. kilimand-
scharicum are under field evaluation trial for
their essential oil yield with good quality
(Fig. 7.3). It is an evergreen aromatic perennial
undershrub. Improving the cold tolerance and
developing resistant varieties of Ocimum are very

R. K. Lal et al.

important for the growing areas of the species
(Dhawan et al. 2015). In relation to adaptive
behavior, O. basilicum and other species are
sensitive to cold stress except O. kilimand-
scharicum; therefore, an evergreen interspecific
hybrid was developed by hybridization through
breeding efforts from O. basilicum (CIM Sur-
abhi) with O. kilimandscharicum for stress tol-
erance (Fig. 7.4). The developed evergreen
interspecific hybrid may thus provide a base to
various industries which are dependent upon the
bioactive constituents of Ocimum species, and
one another cold-tolerant evergreen interspecific
cross between O. basilicum cultivar CIM Surabhi
and O. kilimandscharicum (—) linalool 75-80%
is also under pipeline and under field evaluation
trial for their essential oil yield with good quality
(—) linalool.

7.5 A Novel Source of Chavibetol
Constituent in Ocimum
basilicum

CSIR-CIMAP, Lucknow, has also developed a
new line with chavibetol (8—10%) proportions
and flavor of Ocimum leaves as paan/betel (Piper
betle) (Fig. 7.6). Eugenol was recorded in this
accession in trace amount. Structure of chavi-
betol was confirmed using NMR experiments
(Fig. 7.5).

7.6 Basil as an Edible Ornamental
Herb

7.6.1 Commercial Cultivars

Several basil varieties, differing in the size, shape,
aroma, and color of the leaves, exist. Commercial
basil cultivars also display a wide diversity in
growth habit, flower, leaf, and stem colors, and
aroma. Many of the cultivars evaluated belong to
the ‘sweet’ basil group with ‘Genovese,” ‘Italian
large leaf,” ‘Mammoth,” ‘Napoletano,” and
‘Sweet’ dominating the American fresh and dry
culinary herb markets. Several other basils like
‘Sweet Fine’ appear similar to ‘sweet’ basil


http://dx.doi.org/10.1007/978-3-319-97430-9_6
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Amphidiploids

Fig. 7.3 A cold-tolerant evergreen triploid and its amphidiploid also developed using interspecific cross between
O. basilicum and O. kilimandscharicum are under field evaluation trial for their essential oil yield with good quality

Fig. 7.4 A (-) linalool-rich
cold-tolerant evergreen
interspecific cross between
O. basilicum cultivar CIM
Surabhi and

O. kilimandscharicum (—)
linalool 75-80%
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Fig. 7.5 Structure of chavibetol

Fig. 7.6 OCL-32 chavibetol in Ocimum

though the leaves tend to be smaller (Simon et al.
1999). The lemon-scented cultivars (‘Lemon’ and
‘Lemon Mrs. Burns’) differ from each other in
days to flower, and total oil content, but not in
citral content. The ‘Maenglak Thai Lemon’ basil,
which varies in appearance from the other lemon
basils, is an attractive ornament. Among the
purple basils, ‘Osmin Purple’ and ‘Red Rubin
Purple Leaf’ are the most attractive and best
retain their purple leaf color (Simon et al. 1999).
Anthocyanins in purple basils are genetically
unstable, leading to an undesirable random green
sectoring and reversion over the growing season
(Phippen and Simon 1998). Several basils with
dwarf growth habit were developed as ornamental
border plants including ‘Bush,” ‘Green Globe,’

‘Dwarf Bush,” ‘Spicy Globe,” and ‘Purple Bush.’
A group of ornamental basils was selected and
named for their characteristic aroma including
‘Anise’ (methyl chavical), ‘Cinnamon’ (methyl
cinnamate), ‘Licorice’ (methyl chavicol), and
‘Spice’ (bisabolene) (Darrah 1972; Albuguerque
1996; Simon et al. 1999).

7.6.2 Sensoric Quality

Fresh basil leaves have a strong and character-
istic aroma, not comparable to any other spice,
although a traceable hint of cloves exists. In
addition to the ‘Mediterranean type’ most com-
mon in the West, a plethora of other varieties or
cultivars with different flavors, many of which
are hybrids, is available. India has ‘sacred basil’
(0. sanctum = O. tenuifolium) with an intensive,
somewhat pungent smell, and Thailand has a
sweet basil with a licorice aroma (Singh and
Sehgal 1999). Varieties sold to gardeners in the
West include cinnamon basil, camphor basil,
anise basil, and spice basil; the latter has a very
pleasant, complex, and warm flavor (Darrah
1974; Albuguerque 1996; Morales and Simon
1996; Phippen and Simon 1998; Martins et al.
1999; Simon et al. 1999). A last group of culti-
vars, characterized by citrus aroma, are ‘Thai
Lemon basil’ (O. citriodorum) which has a dis-
tinct balm-like flavor and lime basil and another
lemon basil (O. americanum) which has an
extraordinarily pure and fresh lemon aroma
(Morales and Simon 1996). Perennial basil spe-
cies from Africa (O. kilimandscharicum) and
Asia (O. canum) have recently been introduced
to the European herb and gardening market.
These species have a strong, but less pleasant
flavor, and hybrids between them and Mediter-
ranean basil are a recent innovation with a novel
appearance and flavor that are enjoying a grow-
ing popularity (Darrah 1972; Kanebo 1992;
Grieve 1999). All basil varieties have in common
that dried leaves are much less aromatic than
fresh ones; deep freezing the herb is the best
method of preservation.
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7.6.3 Ecology

Sweet basil is cultivated in agro climes between
7 and 27 °C, with 0.6-4.2 m annual precipitation
and soil pH 4.3-8.2. While susceptible to frost
and cold temperature injury, the species develop
best under long days, in full sun and on
well-drained soils.

7.7 Future Prospects

The conventional function of plant breeding in
the area of feed, food, fiber, and ornate will persist
to be significant. In spite of this, new functions
are progressively budding for plants. The skill of
using plants as bioreactors for generating phar-
maceuticals will expand; this knowledge is
therefore over a decade. Approaches for using
plants for generating medicinal antibodies, engi-
neering antibody-mediated pathogen resistance,
and altering plant phenotypes by immunomodu-
lation are being refined. New skills are being
expounded for plant breeders, particularly, in the
areas of the biotechnological applications to plant
breeding. New marker knowledge is going on to
be refined, and older ones are progressive. Tools
assisting the plant breeders to be more efficiently

controlling the quantitative traits will be
improved.
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Abstract

The genus Ocimum belonging to the family
Lamiaceae, collectively known as basil, has
long been acclaimed for the genetic diversity
of the species within the genus. Ocimum
comprises at least 65 species but more than
150 species, according to some sources, of
herbs and shrubs from the tropical and
subtropical regions of Asia, Africa, and Cen-
tral and South America. The main center of
diversity appears to be Africa. Basil, one of
the most popular herbs grown in the world, is
native to Asia and can be observed growing
wild in tropical and subtropical regions. In the
present chapter, an effort has been made to list
all the available genomic resources of the
Ocimum species worldwide and to describe
the medicinal potentialities, uses, and essential
oil components of some important ones.

8.1 Introduction

Basil is the common name which represents the
whole Ocimum genus belonging to the mint
family, Lamiaceae (formerly known as Labiatae).
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The basil leaf is a part of sacred traditions
worldwide, starting from Hinduism to Chris-
tianity. Even though there is no discussion of
basil in the holy Bible (Darrah 1980), the basil
plant is found to be grown at the location of the
crucifixion of Jesus Christ (Meyers 2003).
Ocimum tenuiflorum (Holy basil) is predomi-
nantly revered in Indian Hindu custom. It sym-
bolizes the Goddess, Tulasi, and is thought to be
originated from her embers. There are several
stories regarding the origin of tulsi in the
mythology, but as per a common one, Tulasi was
mislead to betray her husband when the lord
Vishnu in disguise of her husband seduced her.
In immense pain, she committed suicide, and in
the response lord Vishnu affirmed that ‘all
women would worship her for her faithfulness’
and her blessings would prevent women from
becoming widows (Gupta 1971). Therefore, holy
basil, popular as tulsi and actually referred to as a
goddess, has gradually turned out to be an
emblem of eternity, love, purity, and protection
among Hindus (Gupta 1971; Thiselton-Dyer
1889). Besides other basil roles, it also has
importance in burial rituals; thus, holy basil is
found to be grown on or near the graves in
different countries (Darrah 1980).

Ocimum is the member of the subfamily
Nepetoideae that accommodates plants which are
fervently aromatic due to the presence of essen-
tial oils containing monoterpenes, sesquiterpe-
nes, and phenylpropenes. The majority of the
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basils are rich in phenylpropanoids and the main
constituents being eugenol, methyl eugenol,
chavicol, methyl chavicol, and linalool. The
quantity of each of the constituents differs with
different species or varieties. Methyl chavicol
imparts a sweet flavor comparable to anise and
also French tarragon; linalool gives off a floral
aroma; and eugenol is redolent of cloves. Plants
of the genus have quadrangular stems, odorous
opposite leaves, and flower whorls arranged on
the spike of its verticillaster inflorescence (Dar-
rah 1980). The presence of specialized glands
known as glandular trichomes on the leaf surface
is one of the marked traits of family Lamiaceae,
of which the basil is also a member. Two classes
of glandular trichomes can be found in these
plants (Gang et al. 2002). These are the globular
peltate and thread-like capitate glandular tri-
chomes which could be differentiated by their
size and number of head cells present. Phenyl-
propenes in the essential oil are exclusively
produced in the peltate glands (Deschamps and
Simon 2010).

Even though basil is grown in different agro-
climatic conditions, the warm climate is the most
suitable for it. Appropriate light, moisture, and
warmth are the minimal requirements for culti-
vating basil. Formerly grown in the Middle East
and Asia, basil has passed all around the world
along the spices trail. Basil has been grown and
used nearly past 5000 years. Having numerous
varieties, it is presently being grown in different
countries. All the basil varieties have exclusive
and unique chemical composition; yet the pri-
mary healing properties remain constant. Basil is
documented for its endurance against inconsis-
tent ecological conditions and thus is naturalized
almost all over the world.

8.2 Status of Ocimum Species
Worldwide

The status of Ocimum species worldwide was
examined using ‘The Plant List,” as it provides a
working list of every identified plant species and
intends to be widespread for vascular plant spe-
cies (flowering plants, ferns, conifers, and allied
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ones) as well as of the bryophytes (liverworts and
mosses). The Plant List makes available the Latin
names for most of the species which are accep-
ted; additionally, it provides links to all possible
synonyms by which that particular species has
been identified (Fig. 8.1). It also maintains
account of uncertain names for which the con-
cerning data source did not hold satisfactory
evidence to determine whether they were
synonyms or accepted.

The Plant List comprises 333 species rank
scientific plant names for the genus Ocimum.
Among these species names that tend to be
accepted are only 68. Moreover, 44 infraspecific
rank plant scientific names for the genus Ocimum
are mainly included as the species rank names
were synonymous to accepted infraspecific
names (Table 1).

The Ocimum species accepted worldwide with

their  geographical distribution  (http://en.
wikipedia.org/wiki/Ocimum) are listed as
follows:

1. O. waterbergense—South African Northern
Province
2. 0. viphyense—Zambia, Malawi

OAccepted OSynonym mUnassessed

Fig. 8.1 Status of the genus Ocimum in The Plant List
database (http://www.theplantlist.org/1.1/browse/A/
Lamiaceae/Ocimum/). Out of these names, 12 are stated
as invalid and 16 as illegitimate
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Table 8.1 Level of

Level of confidence

confidence showing the

status of names of Ocimum  High 68
species in The Plant List Medium 0
Low 0

10.

11.
12.
13.

14.
15.
16.

17.

18.

19.
20.

21.
22.
23.
24.
25.

26
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Accepted | Synonym  Unplaced  Unassessed @ Total
235 0 0 303 (91.0%)
4 0 0 4 (1.2%)
2 18 6 26 (7.8%)

http://www.theplantlist.org/1.1/browse/A/Lamiaceae/Ocimum/

. O. vanderysti—Angola, Zaire, Zambia,
Congo-Brazzaville

0. vandenbrandei—Zaire
Province)

O. urundense—Tanzania, Burundi
O. tubiforme—South African
Province

0. transamazonicum—Brazil

O. tenuiflorum—Holy Basil (Tulsi)—Indian
subcontinent, China, Southeast Asia,
Queensland, New Guinea; grow naturally in
Fiji, Kenya, French Polynesia, Venezuela,
West Indies

(Marungu

Northern

O. spicatum—Yemen, Ethiopia, Somalia,
Kenya

O. spectabile—Ethiopia, Tanzania, Soma-
lia, Kenya

O. somaliense—Ethiopia

O. serratum—South Africa, Switzerland
0. serpyllifolium—Somalia, Yemen, Saudi
Arabia

O. reclinatum—KwaZulu-Natal, Mozambique
O. pyramidatum—Tanzania

O. pseudoserratum—South African North-
ern Province

O. ovatum—Paraguay, Brazil, Argentina,
Uruguay

O. obovatum—Madagascar and tropical
Africa

O. nummularia—Somalia

O. nudicaule—Paraguay, Brazil, Argentina
(Misiones Province)

O. natalense—KwaZulu-Natal, Mozambique
0. motjaneanum—Switzerland

O. monocotyloides—Zaire
O. mitwabense—Zaire

O. minutiflorum—Central
Africa

. O. minimum—Sri Lanka, India

and Eastern

27.
28.
29.
30.
31.

32.

33.
34.
35.
36.
37.

38.

39.
40.

41.
42.
43.
44.

45.
46.
47.
48.

49.
50.

51
52

0. metallorum—7Zaire

O. mearnsii—Tanzania, Kenya, Uganda

O. masaiense—Kenya (Ngong Hills)

O. lamiifolium—Central and Eastern Africa
O. labiatum—South Africa, Mozambique,
Swaziland

0. kilimandscharicum—Camphor basil—
Tanzania, Kenya, Uganda, Ethiopia, Sudan;
grow wild in India, Angola, Thailand,
Myanmar

O. kenyense—Tanzania, Kenya

O. jamesii—Somalia, Ethiopia

O. irvinei—Western Africa

O. hirsutissimum—Zaire

0. gratissimum—African basil—Madagas-
car, Africa, Bismarck Archipelago, South
Asia; naturally occurring in Mexico, Poly-
nesia, Panama, Brazil, West Indies, Bolivia
0. grandiflorum—Kenya, Ethiopia,
Tanzania

O. fruticosum—Somalia

O. forskoelei—East Africa from Egypt to
Angola, Kenya, Arabian Peninsula

O. formosum—Ethiopian Bale Province

O. fischeri—Tanzania, Kenya

O. fimbriatum—Central Africa

O. filamentosum—Southern and Eastern
Africa, Arabian Peninsula, Sri Lanka, India,
Myanmar

0. ericoides—Zaire

O. empetroides—Zaire

O. ellenbeckii—Zaire, Ethiopia

O. dolomiticola—South African Northern
Province

0. dhofarense—Oman

0. decumbens—commencing from Zaire to
South Africa

. O. dambicola—Zambia, Tanzania

. O. cufodontii—Somalia, Ethiopia, Kenya
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53. 0. coddii—South
Province

54. O. circinatum—Somalia, Ethiopia

55. O. centraliafricanum—Zambia,
Zimbabwe, and Tanzania

56. O. carnosum—South America and Mexico

57. O. canescens—Tanzania

58. O. campechianum—Amazonian basil—
prevalent across Mexico, Florida, West
Indies, South and Central America

59. O. burchellianum—Cape Province in South
Africa

60. O. basilicum—Sweet basil, basil—Indian
subcontinent, China, Southeast Asia; found
growing naturally in Africa, Russia, Mex-
ico, Ukraine, South America, Central
America, and different marine islands

61. O. angustifolium—Southeastern  Africa
from Kenya to Transvaal

62. O. amicorum—Tanzania

63. O. americanum—African tropics), South-
east Asia, China; grows naturally in
Christmas Island, Queensland, and tropical
parts of America

64. O. africanum—Indian subcontinent, China,
Indochina, Madagascar, Africa; grown wild
in Chiapas, Netherlands Antilles, Guate-
mala, Eastern Brazil

African  Northern

Zaire,

8.3 Some of the Important Ocimum
Species and Their Medicinal
Uses

8.3.1 O. sanctum L.

O. sanctum or O. tenuiflorum is a great revered
curative plant in India and thus popular as ‘holy
basil.” It is identified as Vishnupriya (or Thulasi)
in Sanskrit, Kala-Thulasi in Hindi, and Thulasi in
Tamil. Holy basil is indigenous to India and
regions of Eastern and Northern Africa, Taiwan,
and Hainan Island and wildly grows all through
India, up to Himalayas at an altitude of 1800 m
(5900 feet) (Anonymous 1991; WHO 2002;
Gupta et al. 2008). In China, it occurs in dry,
sandy areas of Hainan and Sichuan, as well as in
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Indonesia, Cambodia, Laos, Myanmar, Malaysia,
the Philippines, Vietnam, and Thailand (Li and
Hedge 1994). Holy basil is cultivated in South-
east Asia and also grows abundantly in Australia,
West Africa, and some Arab countries (Parotta
2001; Mondal et al. 2009). In India, the dried
seed, dried leaf, and dried whole plant are sepa-
rately used in the traditional medicine systems of
Unani, Siddha, and Ayurveda as well as in Indian
folk medicine (Ved and Goraya 2008). Mainly
two types of O. sanctum L. are cultivated:
(i) Green-leaved tulsi plants called Sri Rama
Tulsi and (ii) Purple-leaved tulsi plants referred
to as Krishna/Shyama Tulsi (Anonymous 1991).
8.3.1.1 Medicinal Potentialities

and Other Uses

O. sanctum is extensively used by the conven-
tional health practitioners to cure a variety of
diseases such as bronchial asthma, bronchitis,
malaria, dysentery, diarrhea, arthritis, skin dis-
eases, painful eye diseases, insect bite, chronic
fever. It is attributed to have anticancer, antifer-
tility, antidiabetic, antimicrobial, antifungal,
antiemetic, cardioprotective,  antispasmodic,
hepatoprotective, analgesic, adaptogenic, and
diaphoretic actions (Prakash and Gupta 2005). It
has also been reported that upon consuming the
fresh leaves of holy basil with milk or tea helps
in curb acidity, heart burn, and vomiting. The
paste of powder of the dried leaves and mustard
oil helps to cure tooth troubles like pyorrhea and
foul smell. The seeds of the plant are used in the
treatment of genitourinary system disorders
(Bhasin 2012).

8.3.1.2 Essential Oil

Holy basil possesses a strong taste, somewhat
pungent as compared to other basils due to the
presence of ff-caryophyllene (a sesquiterpenoid),
and eugenol (a phenylpropanoid) in the leaf. The
leaf essential oil is used to relieve the joint pains,
body rashes, and inflammation (Bhasin 2012).
Research studies on the essential oils of different
O. species have revealed that its oil owes
biological activities. Of these, antibacterial,
antifungal, and antimicrobial properties are cru-
cial (Kalita and Khan 2013).
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High-quality essential oil isolate, eugenol, is
the main component of the oil, which is of
immense importance in food and flavoring
industry. Eugenol serves as a source of vanillin
synthesis, which is the world’s most popular
flavor in all sorts of food products. Eugenol is of
great value in pharmaceutical trade and is by and
large obtained from bud of cloves (70-85%) and
from Cinnamomum leaves/barks (20-50%)
(Mukherji 1987). Though these plant sources are
eugenol-rich, but industrial extraction of eugenol
from them is a costly affair. On the contrary,
O. sanctum L. (Tulsi) is an economical source to
extract eugenol commercially (Mukherji 1987).
The volatile oil from leaf also contains pienene
(o- and ), linalool, carvacrol, camphene,
limonene, sabinene, B-elemene, B-caryophyllene,
cineole, methyl chavicol, germacrene D, and
ursolic acid. (Lal et al. 2003; Pattanayak et al.
2010). Variations in the quantities of eugenol
were observed in the essential oil profile of
O. sanctum L. growing in diverse parts of India
(Mukherji  1987; Rajeshwari 1992). Eugenol
percent in the essential oil composition of
O. sanctum L. ranges between 40 and 70%.
During the monsoon season in India, usually a
significant decrease of eugenol content in the leaf
of many O. sanctum genotypes was observed,
and at times, the decrease is up to 0% from 80%.

8.3.2 0. gratissimum L.

O. gratissimum is an aromatic, perennial herb
that naturally originated in tropical areas of India,
but is also reported from West Africa. It occurs in
Savannah and coastal areas of Nigeria. Along
with Ceylon, the South Sea Islands, it is also
cultivated in Nepal, Deccan, Bengal, and Chit-
tagong (Nadkarni 1999). In its native area,
O. gratissimum emerge up to 150 m altitude
from sea level in the coastal areas, along the
shore of lakes, in the submontane forest, savanna
vegetation and deranged land. It is cultivated as
the hedge plant in Southeast Asia, up to an alti-
tude of about 30 m. It is known by different
names like wild basil, tree basil or clove basil in
various parts of the world, but in India, ithas
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many vernacular names, the most frequently used
names are Ram tulsi (Hindi), Vriddhutulsi (San-
skrit), andNimma tulasi (Kannada).

8.3.2.1 Medicinal Potentialities

and Other Uses

O. gratissimum has considerably been used in the
conventional medical systems all around the
globe. The plant possesses a sharp and pungent
taste, but is effective in curing diseases related to
brain, liver, heart, and spleen; in addition, it also
strengthens the gums and makes a person get rid
of foul breath. It is stomachic, diaphoretic, laxa-
tive and is one of the good treatments of fever
(Bhasin 2012). The whole plant preparations are
used to treat stomach and headaches, sunstroke,
and influenza (Orwa et al. 2009). It is exploited
for medicinal, condiment, and culinary purposes
in Northeastern Brazil. Plentiful with essential
oils, the flowers and the leaves are also used to
prepare teas and infusion (Rabelo et al. 2003). In
the areas of Savannah, leaf decoctions are used
against mental sickness (Akinmoladun et al.
2007). Ibos people in the southeastern Nigeria
use O. gratissimum in managing the baby’s cord,
as well as for keeping the sterility of the wound
surfaces. Inhabitants of Brazilian tropical forest
prepare a decoction of O. gratissimum roots as a
tranquilizer to calm down children (Cristiana
et al. 2006). In addition, it is also helpful in
curing fungal infections, cold, fever, and catarrh
(Ijeh et al. 2005). Apart from antimicrobial and
antifungal antioxidant activities, O. gratissimum
also has pharmacological properties like
antidiarrhoeal, anti-inflammatory, cardiovascular,
immunostimulatory, antidiabetic, hepatoprotec-
tive, wound healing, antihypertensive effects as
well as analgesic and anticonvulsant activities
(Prabhu et al. 2009).

8.3.2.2 Essential Oil

About 0.8-1.2% essential oil is present in the
fresh aerial parts of O. gratissimum, which is
pale yellow in color and accommodates high
eugenol percentage. Orwa et al. (2009) have
reported the variable chemical composition of the
oils from six chemotypes which were character-
ized by some of the major components like
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eugenol, citral, thymol, linalool, geraniol, and
ethyl cinnamate in the essential oil. But there
lacks a general idea related to the occurrence of
its diverse types and possible repercussion for
taxonomy. Jirovetz et al. (2003) while perform-
ing the chemotaxonomic analysis of the aroma
compounds present in the essential oil of
Ocimum species occurring in southern India
found that the leaf essential oil of O. gratissimum
includes eugenol (63.36%) in the highest amount
followed by (Z)-B-ocimene (9.11%), germacrene
D (8.84%), and B-caryophyllene (3.89%). The
essential oil is used in food product flavoring,
preparation of beverages and detergents, dental
health care as well as mosquito repellant more-
over to its antibacterial and antifungal properties
(Bhasin 2012). The essential oil can also be put
on to combat fever, throat, ear or eye inflam-
mations, diarrhea, stomach pain, and skin disease
(Orwa et al. 2009).

8.3.3 O. viride

O. viride, popularly known to be ‘Van Tulsi,” is
an aromatic soft-growing herb which grows
annually. It is the native of West Africa, also
introduced into India. It is used throughout
Africa for fevers including malaria (http://www.
richters.com/Web_store/web_store.cgi?product=
X1292&show=&prodclass=Herb_and_Vegetable
_Plants&source=799158.29456). It is called as
‘Fever-plant’ at Sierra Leone, and its decoction is
drunk as tea. Due to the febrifugal property of the
leaves, it is famous as Taap-maari Tulasi in
Indian folks of Maharashtra (http://www.
springerreference.com/docs/html/chapterdbid/690
23.html). Being perennial in nature, the stem of
the plant is more or less erect, profusely bran-
ched, with brownish green elliptic lanceolate
leaves. Flowers are light yellow. Seeds are
brownish, globose, and non-mucilaginous
(Bhasin 2012).

8.3.3.1 Medicinal Potentialities

and Other Uses

The plant is considerably used as a fomentation
for lumbago and rheumatism. Leaf decoction is
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used against fever and cough. Fresh leaf juice of
the plant is used in catarrh and as eye drops for
conjunctivitis (Anonymous 1966). The use of
spicy herbs like basil in food not for the only
purpose of flavoring, rather they serve some
medicinal purposes also, such as anti-
inflammatory, antioxidant, antimicrobial, or
antiviral. In the countries like Ghana, fresh basil
is used in food preparations (such as chicken
sauces, soups) as well as some local purposes.
Since the plant is scant during the off-seasons, it
requires skilled preservation. Moreover, the plant
is highly delicate and has to be protected and
conserved against decaying and spoilage
(Danso-Boateng 2013).

8.3.3.2 Essential Oil

Essential oil is viscous, yellowish in color,
having a distinctive smell of thymol with a spicy
and pungent flavor. It is widely used in fragrance,
flavor, and medicated products and as a potent
antioxidant, antiseptic, disinfectant, and preser-
vative. It is also utilized in synthetic essential oil
compounding, in addition as a preparatory
material for manufacturing menthol synthetically
(Bhasin 2012). Being an antiseptic, high thymol
content in leaf oil describes its use in mouthwash,
wound dressing, and treatment for conjunctivitis
(http://www.richters.com/Web_store/web_store.
cgi?product=X1292&show=&prodclass=Herb_
and_Vegetable_Plants&source=799158.29456).
The other components of essential oil were
d-Limonene, terpineol, o- and Y-terpinene

8.3.4 O. basilicum L.

The sweet basil (O. basilicum), with its great
flavor and aroma, stands to be an extremely
popular and extensively cultivated herbs all
around the world. Several name origins and
viewpoints are connected with basil, but the
widespread name of basil is most likely known to
be derived from the Greek words, basileus which
means ‘king’ or basilikon signifying ‘royal.’ It is
a low and soft-growing herb, initially native to
India, China, Southeast Asia, and New Guinea
(http://en.wikipedia.org/wiki/Basil). It  was
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originally cultivated in India for over 5000 years.
In India, it is vernacularly popular as Indian
basil, Ram Tulsi (Hindi), Sabje (Gujarati), Sabza
(Marathi), Tirunittru (Tamil), Khubkalam (Ben-
gali), and Kattu tulasi (Malayalam) (http://www.
flowersofindia.net/catalog/slides/Basil.html). It is
20-60 cm in height, with light green, opposite,
silky leaves, 1.5-5.0 cm in length, and 1-3 cm in
breadth. More or less it feels like anise, with a
sharp, spicy, and sweet aroma. Sweet basil is
very much cold susceptible, with the finest
growth in the dry and hot environment (http://en.
wikibooks.org/wiki/Horticulture/O._basilicum).
Basil is a crop of great economic significance
which is capable of producing 100 tonnes of
essential oil annually throughout the world and
with a commerce value of around US$15 million
as a potherb per year. It is also extensively used
in traditional medicinal systems (http://www.
kew.org/science-conservation/plants-fungi/O.-ba
silicum-basil).

8.3.4.1 Medicinal Potentialities

and Other Uses

Sweet basil is acommonly cultivated fragrant crop
which is grown either for essential oil production,
dry leaves in the fresh market, or for ornate pur-
poses. Conventionally, sweet basil has also been
used as a curative plant for treating coughs,
headaches, constipation, diarrhea, warts, wormes,
and kidney malfunctions. It is also considered to
be an antispasmodic, stimulant, stomachic,
carminative, and insect repellent (Simon et al.
1990). In general, the plant also treats problems
related to nervous system and digestion. Tea
which is made from the fresh leaves is believed to
prevent headache, nausea, and mild nervous ten-
sions. Basil leaves boiled in water help in curing
sore throat. Leaf decoction stands as a good
medication for treating respiratory ailments. Basil
leaf juice promotes kidney stones ejection. Stress,
mouth infections, and ulcer could be prevented if
basil leaves are chewed daily. The plant is also
helpful in reducing the blood cholesterol (http://
health-from-nature.net/Basil.html).
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8.3.4.2 Essential Oil

Oil is light yellow in color, slightly thick in
texture having a sweet herbal spicy aroma, with
methyl chavicol as a key ingredient. The oil is
used in aroma and flavor industry (Bhasin 2012).
It is widely used in the food, cosmetic, aro-
matherapy, and medicinal industries because of
its pleasant fragrance, in addition to the antimi-
crobial and insecticidal activities (Zheljazkov
et al. 2008). Typically, the basil essential oil
contains high amounts of estragole (methyl
chavicol) and linalool. Other components of the
essential oil that are present in low concentra-
tions are: eugenol, 1,8-cineole,  beta-
caryophyllene, alpha-terpineol, sabinene, geran-
iol, gamma-terpinene, alpha-phellandrene, thu-
jone, limonene, ocimene, myrcene, and
para-cymene. Volatile ingredients in sweet basil
are reported to affect the distribution, composi-
tion, and spore germination of a few fungal
populations (Simon et al. 1990).

8.3.5 0. americanum L.

Limehairy or ‘hoary basil’ (O. americanum) is an
annual herb which possesses lavender- or
white-colored flowers. It is employed for thera-
peutic purposes and is commonly known as Kali
Tulsi in India. Regardless of the ambiguous name,
it is indigenous to Africa, China, the Indian sub-
continent, and Southeast Asia. The species grows
wild in Christmas Island, Queensland, and parts
of American tropics (http://en.wikipedia.org/
wiki/O._americanum). Lime basil possesses
ovoid leaves having the tender scalloping margins
with deep veins which are bright and light green
in color. They are arranged opposite on square
stems. The flowers bloom from July onwards at
the branch tops in the large spikes with small
white flowers. Plants usually reach the height of
up to three feet and the width is about 18". Under
optimum conditions, the flower spikes attain good
height (http://www.floralencounters.com/Seeds/
seed_detail.jsp?productid=92647).
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8.3.5.1 Medicinal Potentialities

and Other Uses

The plant is carminative, stimulant, and dia-
phoretic and used against cold, cough, catarrh, and
bronchitis. Fresh leaf juice is beneficial against
toothache when used as mouthwash and also fet-
ches relief in dysentery; putting the leaf juice drops
into nostrils helps curing migraine. Parasitical skin
diseases can also be cured using the basil leaf paste.
Tea prepared from the leaves is used as a remedy
for fever, indigestion, and diarrhea. Fumes of the
dried plant when burnt serve as a good mosquito
repellent. The essential oil from the leaves and
inflorescences is attributed to antimicrobial prop-
erties (http://www.mpbd.info/plants/ocimum-am
ericanum.php). Sunitha and Begum (2013)
recently reported that the methanolic extract of
O. americanum L. seeds possesses promising
immunomodulatory activity (Bhasin 2012).

8.3.5.2 Essential Oil

Aerial parts yield the pale yellow-colored
essential oil, marked by a distinct citrus smell
due to the presence of citral being its main con-
stituent accompanied by other components like
citronellal, methyl cinnamate, citronellic acid,
eugenol, methyl heptenone, and geraniol in
addition to terpinolene, dipentene, crithmene,
pinene, caryophyllene, limonene, camphene,
sabinene as well as phenol and acetic acid in
traces (http://www.mpbd.info/plants/ocimum-am
ericanum.php). The oil expansively finds a huge
application in aroma, flavor, and therapeutic
trade. In addition to producing vital fragrance
grade B-ionone isolates, it is also used in the
vitamin A synthesis (Bhasin 2012).

8.3.6 O. canum Sims.

Native of the African continent, Basilic camphor
(O. canum Sims) is a local south Indian species.
The plant being an annual herb attains a height of
2 feet with ovate leaves and light pinkish flowers.
Mucilaginous and dark brown in color, the seeds
are narrowly ellipsoid. Also recognized as the
African basil, it possesses a distinctive flavor of
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mint and acquires scented flowers including
hairy leaves. In particular, O. canum is used as a
remedy against diabetes. Introduced lately in the
Americas, it was common in areas of the tropics
as well as tropical Africa. Chemotypic varieties,
containing linalool, eugenol, estragole, camphor,
methyl chavicol, methyl cinnamate, [-car-
yophyllene, trans-cz-bergamotene, o-terpineol,
germacrene D, thymol, fenchone, p-cymene, and
1,8-cineol as major components, have been
reported in India, East Asia, Europe, North,
Central and West Africa, and America
(Chagonda et al. 2000).

8.3.6.1 Medicinal Potentialities

and Other Uses

Besides the culinary value, O. canum is highly
beneficial in curing various types of ailments,
especially lowering blood glucose levels in type
2 diabetes. In addition, the herb is used to cure
fevers, colds, dysentery, tooth problems, head-
aches, parasitic infestations on the body, and
joint inflammation. The traditional medicine
recognized its value in the treatment of fevers,
dysentery, and tooth problems. Being an insect
repellent, it is also used to combat the
post-harvest insect damages. Linalool is the main
essential oil constituent of O. canum. The seeds
are a source of dietary fiber which helps in
reducing constipation (http://www.agricultural
productsindia.com/aromatic-plants/aromatic-
plants-ocimum-canum.html).

8.3.6.2 Essential Oil

Pale yellow in color, the essential oil is a rich
source of linalool and has been reported to have
strong antibacterial and antifungal activities
(Bhasin 2012). Therefore, it is of more com-
mercial use for fragrance, flavor, and cosmetic
industries like in chewing gums, teas, sweets,
milk products, soft drinks, energy drinks, soaps,
shampoos, body lotions, shower gels, and
toothpastes. It works as a remarkable mosquito
repellent and thereby contributes in preventing
chronic fevers like malaria and dengue (http:/
www.agriculturalproductsindia.com/aromatic-pl
ants/aromatic-plants-ocimum-canum.html).
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8.3.7 O. carnosum LK. et. Otto.

The perennial O. carnosum or O. selloi (‘basil
pepper’) is indigenous to South America, and
there it is popular as ‘elixir paregorigo,” ‘anis,’
‘alfavacadeanis,’ and ‘alfavaquinha.’ The plant is
an under the shrub which is much branched
having dark green-colored and simple ovate-
oblanceolate leaves. Flowers are purplish in color
but are small. Seeds are slightly mucilaginous,
ellipsoid in shape, and purplish to dark brown in
color.
8.3.7.1 Medicinal Potentialities

and Other Uses

The plant has antipyretic, carminative, antidiar-
rheal, antispasmodic, analgesic, anti-inflammatory,
and antibacterial properties.

8.3.7.2 Essential Oil

Pale yellow in color, the essential oil is viscid
accompanied by an aroma of earthy zest due to
the presence of one of the oil components, ele-
micin. Expensive by cost, elemicin possesses
immense medicinal and flavoring characteristics.
The manufacture of 3.,4,5-trimethoxy-
benzaldehyde which is the substrate for the syn-
thesizing trimethoprim (a constituent employed to
produce the antibacterial drug, Septran) requires
elemicin for its production (Bhasin 2012). Con-
ventionally, the essential oil has been used as
insect repellant, in perfumery, food flavoring, in
traditional medicine and as spice. O. selloi in
Brazil is used to soothe inflammations and
stomachaches. In 2003, an investigation carried
out at the State University of Ponta Grossa, Bra-
zil, revealed that oil of green pepper basil is an
efficient mosquito repellent and also does not
leave any irritation to the skin of humans (http://
www.motherearthliving.com/plant-profile/green-
pepper-basil.aspx#axzz3CWsYnJot).  Anethole
and methyl chavicol serve as the key constituents
of the essential oil obtained from flowers, leaves,
and stem. O. selloi essential oil has unpretentious
antimicrobial activity against bacterial strains of
Staphylococcus aureus and Escherichia coli,
and it has an efficient repellent activity for
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the Anopheles braziliensis mosquito (Gongalves
et al. 2010).

8.3.8 O. kilimandscharicum Guerk.

O. kilimandscharicum Guerke (‘Camphor Basil’),
called as ‘Kapoori Tulsi’ in Hindi, is the plant of
foreign origin (Africa), but is also grown in hilly
as well as plain areas of south India and some
parts of Turkey. Being a source of camphor, this
plant became a center of attraction (Gill et al.
2012). This species of basil acquires a sharp yet
less pleasing flavor. The plant is described to be
perennial, possessing leaves that are simple,
ovate, and oblong. Seeds are mucilaginous,
ovoid to oblong, and black to brown in color.
8.3.8.1 Medicinal Potentialities

and Other Uses

The plant has many therapeutic properties like
carminative, antipyretic, stimulant, antibacterial,
and antifungal. In East African tradition, the
extracts of O. kilimandscharicum were used for
bringing ease to many health disorders such as—
treatment of diarrhea, coughs, colds, measles,
and abdominal pains. It is also reported to be a
good insect repellent, specifically hostile to
mosquitoes and as a storage pest control (Kok-
waro 1976). Camphor has a good toxicity and
protectant potential and is the major constituent
of the plant; hence, it is reported to be critical of
product beetles (Ofori et al. 1998). Scientific
evaluations carried out on this plant’s curative
and insecticidal efficiency categorize it as an
aromatic plant which finds good applications in
medical, aroma therapy, and pesticide commerce.
The plant leaves are aromatic and documented to
have insecticidal, antibacterial, antiviral, ther-
mogenic, acrid, ophthalmic, appetizing, and
deodorant properties (Gill et al. 2012).

8.3.8.2 Essential Oil

Essential oil is marked with the strong smell of
camphor and is pale yellow in color. The oil is
applicable against diarrthea, sprains, and
dental/oral preparations. Also, it is enormously
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used in pharmaceutical, aroma, and flavor
industries (Anonymous 1966; Bhasin 2012). The
essential oil profile also reveals camphor (60—
80%) to be its chief constituent, while other
components are camphene, 4-terpineol, limo-
nene, 1,8-Cineole, o-terpineol, linalool, trans-
caryophyllene, myrtenol, endo-borneol, etc.
(http://www .infonet-biovision.org/default/ct/193/
medicinalPlants).

8.3.9 O. suave Willd.

O. suave is a tropical shrub, the native of Africa
and India. Its habitat is from Guinea to West
Cameroons and generally across Africa to East
Africa into tropical Asia and is common in the
upland forest areas of East Africa (http://www.
fao.org/docrep/x2230e/x2230e09.htm). It is an
annual plant which needs protection from frost.
Straight and upright, this African bush basil gets
woody with time. The seed heads of O. suave are
reddish in color and seem to be arching
throughout the wild lands within the local areas
of its cultivation (https://www.horizonherbs.com/
product.asp?specific=2280).

8.3.9.1 Medicinal Potentialities

and Other Uses

The plant is used as a traditional medicine for
treating stomachache, nasal congestion, cough,
influenza, and eye/ear inflammation. It is also used
as a perfume, an insect repellent (particularly
against mosquitoes), and a grain protectant (http://
www.fao.org/docrep/x2230e/x2230e09.htm).

8.3.9.2 Essential Oil

Pale yellow-colored essential oil is greatly viscid,
having dusty wood balsamic odor. Since the oil
has abundant sesquiterpene alcohols, it serves to
be a good source of tobacco and slay flavoring,
as well as an ingredient in mosquito repellent and
body perfumes (Bhasin 2012). The oil
showed repellent properties against S. zeamais
when assessed 1 h after application in an
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olfactometer (http://www.fao.org/docrep/x2230e/
x2230e09.htm). Other constituents of oil include
eugenol and mono- and sesquiterpenoids.

8.4 Advantages of Ocimum
Cultivation

e Employment generation due to developing
subsidiary trade.

e Limits the rural populace relocation to
metropolitan areas through creation of rustic
employment.

e Great gross profits in comparison with con-
ventional horticultural and agricultural crops.

e Could easily be incorporated in the existing
system of farming/cropping.

Tulsi cultivation finds both religious and
functional importance connecting the cultivator
with inventive vigor of environment, in addition,
offering way-out against hunger, food insecurity,
rural poverty, climate change, and environmental
depletion. Allopathic drug market worldwide has
accomplished the mark of US$500 billion,
though the international trade involving the
plant-based medicines was anticipated to be US
$100 billion which is likely to rise up to US$5
trillion by 2050; hence, tulsi (basil) plants are
progressively being admired as a significant
source of livelihood opportunities for rustic poor
as well as a revenue source for the government
also. Growing the collection of Tulsi (basil) thus
presents to be an eminent source of financial
earning to the rural population, particularly
women, forest-reliant primeval tribes, deprived
and marginalized farmers. As per Indian gov-
ernment statistics, the processing and collection
of Medicinal and Aromatic Plants (MAPs) put in
a minimum of 35 million working days of
employment annually (Planning Commission
2000). The predicted global demand of MAPs is
60-62 billion US $ which is escalating per year
at a rate of 7-10%. Due to poor irrigation, strewn
farms, animal attack, financial difficulties, and
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high input cost, the producers are hesitant to
bring their produce by themselves in the market.
Even though the companies work at the village
level, the government must contribute for basil
cultivation and reinforcing its marketing. Provi-
sions should be made by the government regu-
latory authorities related to market for making
available the loan to farmers at a low rate of
interest. This would certainly prove appealing to
poor farmers and would also raise confidence and
support cultivation of the basil crops. In an effort
to provide focus for raising the livelihood for
thousands of farmers, the farming of tulsi goes
ahead of providing profit to folks and family and
has commenced to attend to wider economic,
social, and environmental issues.
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Abstract

Triterpenes, isoprene-derived 30-carbon com-
pounds, constitute a large class of natural
products with enormous structural and func-
tional diversity. Bioactive triterpenes are used
as ingredients in pharmaceuticals, foods, and
cosmetics. Ocimum species are known to
produce bioactive triterpenes such as ursolic
acid, oleanolic acid, betulinic acid, alphitolic
acid, euscaphic acid, and epi-maslinic acid.
Functional genomics studies conducted in
O. basilicum led to identification and charac-
terization of oxidosqualene cyclases (OSCs)
and cytochrome P450s (P450s) for the biosyn-
thesis of ursolic acid and oleanolic acid, and
opened up the prospects for producing bioac-
tive triterpenes in alternate microbial hosts
such as yeast. Moreover, a recent advance-
ment in the area of high-throughput sequenc-
ing of genomes and transcriptomes provided
an opportunity to understand the molecular
and biochemical basis for the biosynthesis of
diverse triterpenes and other phytochemicals
in Ocimum species.
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9.1 Introduction

Triterpenes are the isoprene-derived 30-carbon
compounds. Triterpenes isolated from the natural
sources displayed enormous structural and func-
tional diversity (Hill and Connolly 2017). The
commercial applications of triterpenes in the
pharmaceutical, food, and cosmetic sectors were
attributed to their potent bioactivities such as
anticarcinogenic, hepatoprotective, anti-
inflammatory, antioxidant, and antimicrobial
(Sawai and Saito 2011; Sheng and Sun 2011;
Moses et al. 2013). Understanding triterpene
biosynthesis is of particular interest for improv-
ing the yield of rare triterpenes in their natural
hosts and for developing alternate sources for the
sustainable production of triterpenes (Arendt
et al. 2017; Reed et al. 2017).

Ocimum species such as O. basilicum, O.
tenuiflorum, O. gratissimum, O. americanum, O.
micranthum, O. kilimandscharicum, and O. selloi
were found to produce bioactive triterpenes. In
O. basilicum, in-depth studies were conducted to
understand the biosynthesis and spatiotemporal
accumulation of bioactive triterpenes such as
ursolic acid and oleanolic acid (Misra et al. 2014,
2017). O. basilicum genes/enzymes for the
biosynthesis of ursolic acid and oleanolic acid
were identified and functionally characterized.
A set of oxidosqualene cyclases (OSCs) and
cytochrome P450s (P450s) of O. basilicum was
found to be involved in the formation of ursolic
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acid and oleanolic acid from 2,3-oxidosqualene,
the general triterpene precursor. This chapter
started with an overview of triterpene structural
diversity and classification and further discussed
functional genomics studies directed toward
understanding the biosynthesis of bioactive
triterpenes in Ocimum. This chapter also high-
lighted recent advances in the area of
high-throughput sequencing of genomes and
transcriptomes, and establishment of the func-
tional genomics tools such as transgenics, RNA
interference (RNAi), virus-induced gene silenc-
ing (VIGS), hairy root culture in Ocimum species
that will be useful in understanding the biosyn-
thesis of diverse triterpenes and other phyto-
chemicals in Ocimum species.

9.2 Triterpene Structural Diversity
and Classification

Triterpenes are extremely diverse structurally,
ranging from acyclic to hexacyclic, although
tetracyclic and pentacyclic scaffolds are more
abundant in nature (Fig. 9.1). More than 20,000
triterpene structures originating from over 100
scaffold types are known from the natural
sources. Triterpene scaffolds are modified with
various functional groups such as hydroxyl,
carboxyl, carbonyl, alkyl, malonyl, and glycosyl,
leading to a wide spectrum of biological activi-
ties. On the basis of the structural backbones,
triterpenes are classified as squalene derivative,
cucurbitane, cycloartane, dammarane, euphane,
friedelane, gammacerane, holostane, hopane,
isomalabaricane, lanostane, lupane, oleanane,
protostane, quassinoid, saponin, serratane, tetra-
nortriterpene, tirucallane, ursane (Hill and Con-
nolly 2017). The diverse types of triterpenes are
usually originated from two acyclic triterpenes,
squalene, and 2,3-oxidosqualene (squalene
epoxide), in prokaryotes and eukaryotes,
respectively. Moreover, 2,3-oxidosqualene is
also utilized for the biosynthesis of steroidal
scaffolds in plants, animals, insects, and in a few
microbes (Thimmappa et al. 2014; Ghosh 2016).

Sapelenins, callicarpol, squalene-1,10,24,
25,30-pentol, cupaniol, and lobophytene isolated
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from Entandrophragma cylindricum, Callicarpa
macrophylla, Rhus taitensis, Cupania latifolia,
and Lobophytum sp., respectively, represent the
acyclic squalene derivative class (Hill and Con-
nolly 2013). However, cyclic triterpenes with
one to six ring structures are more commonly
known in plants. For example, achilleol A and
camelliol C are the monocyclic triterpenes of
Achillea odorata and Camellia sasanqua,
respectively (Xu et al. 2004). Bicyclic triterpenes
include myrrhanones, (+)-myrrhanol C, lames-
ticumins, and lansic acid which were isolated
from Commiphora mukul, Pistacia lentiscus, and
Lansium domesticum. Tricyclic triterpenes kad-
cotriones, achilleol B and schiglautone A, were
found in a few plants such as Kadsura coccinea,
A. odorata, and Schisandra glaucescens (Meng
et al. 2011; Liang et al. 2013). Lanostane,
cucurbitane, holostane, protostane, dammarane,
euphane, and tirucallane are different classes of
tetracyclic triterpenes (Fig. 9.1). Tetracyclic
triterpenes are widespread in plant species and
constitute major bioactive components in cucur-
bit and panax species (Hill and Connolly 2013;
Shang et al. 2014). Triterpenes of the friedelane,
gammacerane, hopane, lupane, oleanane, ser-
ratane, taraxastane, and ursane classes have
pentacyclic scaffolds. Among these pentacyclic
classes, lupane, oleanane, and ursane are widely
distributed in the plant kingdom and represent
major pentacyclic triterpene classes. Bioactive
pentacyclic triterpenes are found in Ocimum sp.,
Glycyrrhiza sp., Bacopa monnieri, Olea euro-
paea, Terminalia sp., Taraxacum officinale,
Rosmarinus officinalis (Ghosh 2016). Hexacyclic
triterpenes, although rare in nature, were also
isolated from plants such as Euscaphis japonica,
Paeonia suffruticosa, and Kadsura longipedun-
culata (Pu et al. 2005; Li et al. 2016). Quassi-
noids having C187 Clg, Czo, C22? and C25
skeletons are degraded triterpenes. Quassinoids
are common in plants of the Simaroubaceae
family. However, tetranortriterpenes are highly
oxygenated triterpenes, commonly known in
citrus and neem (Roy and Saraf 2006). Tetra-
nortriterpenes have a prototypical structure,
either containing or derived from a precursor
with a 4,4,8-trimethyl-17-furanylsteroid skeleton.
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Fig. 9.1 Different triterpene classes. Representatives of
the acyclic (squalene), monocyclic (camelliol C), bicyclic
(lansic acid), tricyclic (thalinol), tetracyclic (protopanax-
atriol), pentacyclic (corosolic acid), hexacyclic (euscaphic

Saponins contain one or more hydrophilic
glycoside moieties covalently linked with a
lipophilic aglycone (i.e., sapogenin) that may
bear triterpene or steroidal scaffold (Sawai and
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acid D), and saponin (ginsenoside Rbl) are shown.
Structures were obtained from the Chemical Entities of
Biological Interest (ChEBI, http://www.ebi.ac.uk/chebi)

Saito 2011). Avenacin A-1, asiaticosides, gyp-
sosaponins, ginsenosides, and soyasaponins
found in Avena sativa, Centella asiatica,
Gypsophila oldhamiana, Panax sp., and legume
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species, respectively, represent triterpene saponin
class. However, asparasaponins, avenacosides,
and digoxin biosynthesized in Asparagus sp,
Avena sativa, and Digitalis lanata, respectively,
are the steroidal saponins. Moreover, on the basis
of hemolysis activity, saponins were also classi-
fied as hemolytic or nonhemolytic saponins
(Biazzi et al. 2015). Hemolytic activity is
dependent on the regio-specific oxidation of the
sapogenin scaffolds. Oxidations at the C-23 and
C-28 positions of sapogenin correlated with the
hemolytic activity of saponins bearing hedera-
genin, zanhic acid, and medicagenic acid scaf-
folds. However, C-21, C-22, and C-24 oxidations
of sapogenin were found in nonhemolytic sapo-
nins derived from soyasapogenols (Carelli et al.
2011; Tava et al. 2011).

9.3 Bioactive Triterpenes
of Ocimum

Several triterpenes, mostly of the pentacyclic
class, were isolated from Ocimum sp. and studied
for their potential pharmacological activities
(Fig. 9.2). The ursane and oleanane triterpenes
ursolic acid and oleanolic acid, respectively, are
the most abundant triterpenes of Ocimum
sp. Ursolic acid and oleanolic acid were also
considered as marker compounds for the devel-
opment of many Ocimum-based standardized
herbal medicines. Ursolic acid was detected in
O. basilicum, O. tenuiflorum, O. gratissimum,
O. americanum, O. micranthum, and O. selloi
(Silva et al. 2008; Jager et al. 2009; Misra et al.
2014, 2017). The amount of ursolic acid in
different Ocimum species varied considerably.
Among Ocimum species, O. tenuiflorum accu-
mulated higher level of ursolic acid in leaf (Silva
et al. 2008). Oleanolic acid was isolated from O.
basilicum and O. tenuiflorum (Misra et al. 2017).
However, the presence of oleanolic acid in other
Ocimum sp. cannot be excluded, considering the
analytical constraints for the isomeric triterpenes
in a complex plant extract. Ursolic acid and
oleanolic acid possess diverse pharmacological
activities such as hepatoprotective, anticarcino-
genic, anti-inflammatory, antioxidant, and
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antimicrobial. Dietary supplements, over-the-
counter drugs, and cosmetics containing ursolic
acid and oleanolic acid as major ingredients are
available in global markets. Besides, semisyn-
thetic derivatives of oleanolic acid (bardoxolone
methyl and omaveloxolone) are being tested in
Phase 1 to 3 clinical studies for the remedial of
medical complications such as chronic kidney
diseases, pulmonary hypertension, mitochondrial
myopathies, Friedreich’s ataxia, melanoma
(http://reatapharma.com/).

In addition to ursolic acid and oleanolic acid,
several other bioactive triterpenes were also
reported from hairy root cultures of O. basilicum
developed by genetic transformation using
Agrobacterium rhizogenes (Marzouk 2009). The
triterpenes of the hairy root cultures were lupanes
(betulinic and alphitolic acid), ursane (euscaphic
acid) and oleanane (3-epi-maslinic). The pro-
duction of betulinic acid in callus cultures of
three Ocimum species (i.e., O. basilicum,
O. kilimandscharicum, and O. sanctum) was also
reported (Pandey et al. 2015). Considering the
negligible amount of betulinic acid in Ocimum
leaves, this work revealed the untapped poten-
tials of Ocimum calli. Betulinic acid is well
known for anticarcinogenic, anti-inflammatory,
anti-HIV, and hepatoprotective activities (Lee
et al. 2015; Zhang et al. 2015). Alphitolic acid,
euscaphic acid, and 3-epi-maslinic also showed
hepatoprotective activity (Marzouk 2009). In
addition, alphitolic acid possesses anti-
inflammatory and anticarcinogenic activities
(Bai et al. 2015). Triterpene derivatives basilol,
ocimol, and steroidal glycoside were also iso-
lated from aerial parts of O. basilicum, although
the bioactivities of these compounds remained to
be tested (Siddiqui et al. 2007).

9.4 Spatiotemporal Accumulation
of Triterpenes: Implication
to the Biological Function

In contrast to the primary roles of sterols and
steroid hormones, triterpenes are generally con-
sidered to have specialized functions in plants.
For instance, avenacins (antimicrobial triterpene
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Fig. 9.2 Bioactive triterpenes of Ocimum. Structures were obtained from the Chemical Entities of Biological Interest
(ChEBI, http://www.ebi.ac.uk/chebi) and Pub Chem (https://www.ncbi.nlm.nih.gov/pccompound)

saponins) are produced in roots of the oat plants
to confer defense toward root-infecting fungal
pathogens. Oat plants that could not produce
avenacins in roots were susceptible to the
root-infecting fungal pathogens such as Gaeu-
mannomyces graminis, Fusarium culmorum, and
F. avenaceum (Papadopoulou et al. 1999).
Likewise, the catabolism of arabidiol (a tricyclic
triterpene) was essential for the production of
(E)-4,8-dimethyl-1,3,7-nonatriene, a volatile
compound in Arabidopsis roots for defense
towards the root rot pathogen Pythium irregular
(Sohrabi et al. 2015). Tissue- and organ-
preferential accumulation of several other triter-
penes such as glycyrrhizin, ginsenosides, baco-
side, ursolic acid, oleanolic acid, arjunetin was
known in plants, including Glycyrrhiza, Panax,
Bacopa, Ocimum, and Arjuna. However, the
biological functions of most of the triterpenes
were not elucidated (Ghosh 2016). Similarly, the
genes of the triterpene biosynthetic pathway
spatiotemporally express in plants. Besides, a
few triterpenes such as B-amyrin, lupeol, thalia-
nol, marneral-derived triterpenes, and poaceat-
apetol were suggested to perform/interfere with

essential functions in plants during growth and
developmental stages including nodulation, root
development, flowering, embryogenesis, and
reproduction (Delis et al. 2011; Go et al. 2012;
Kemen et al. 2014; Xue et al. 2018).

In O. basilicum, spatiotemporal accumulation
of ursolic acid and oleanolic acid, two major
pentacyclic triterpenes of O. basilicum, was
studied (Misra et al. 2014, 2017). Selective
metabolite analysis of cuticular wax component
of O. basilicum leaf and stem revealed a specific
localization of ursolic acid and oleanolic acid in
cuticle of the plant surface. The cuticle-specific
accumulation of ursolic acid and oleanolic acid
was correlated with the epidermal cell special-
ization of the biosynthetic pathway (Misra et al.
2014). In view of the protective roles of plant
cuticle against pathogens and water loss, the
localization of ursolic acid and oleanolic acid in
cuticle might be linked with their potential
function in plant defense toward biotic and abi-
otic stresses. Besides, the involvement of ursolic
acid and oleanolic acid as nanofillers in provid-
ing the mechanical strength to the cuticular
matrix was also suggested (Tsubaki et al. 2013).
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In O. basilicum, the amount of ursolic acid
and oleanolic acid in different organs varied
considerably (Misra et al. 2014). The highest
levels of ursolic acid and oleanolic acid were
detected in inflorescences followed by leaves,
stems, and roots. Interestingly, among the
differently-aged leaves, increased amount of
ursolic acid and oleanolic acid was noticed in the
youngest and older leaves, respectively. Ursolic
acid and oleanolic acid biosynthetic pathway
genes also exhibited organ-preferential expres-
sion in O. basilicum (Misra et al. 2017).
Organ-preferential accumulation of ursolic acid
and oleanolic acid indicated their physiological
function in O. basilicum in an organ-specific
manner. Preferential accumulation in reproduc-
tive organ and antimicrobial activity of ursolic
acid and oleanolic acid suggested a role in pro-
viding protection against microbial attacks.
Similar to the role of poaceatapetol in rice,
ursolic acid and oleanolic acid might also prevent
desiccation of pollens during reproduction in
O. basilicum (Xue et al. 2018). The treatment of
O. basilicum with methyl jasmonate (MeJA), a
phytohormone of the plant defense pathway,
resulted in increased production of ursolic acid
and oleanolic acid in leaf. Moreover, ursolic acid
and oleanolic acid biosynthetic pathway genes
were also overexpressed in response to infection
with phytopathogen Sclerotinia sclerotiorum and
treatments with MeJA and ethylene (a phyto-
hormone functioning in plant defense), suggest-
ing the role of ursolic acid and oleanolic acid in
plant defense (Misra et al. 2014, 2017). To deter-
mine the actual biological function to ursolic acid
and oleanolic acid, gene overexpression or silenc-
ing studies in O. basilicum appear to be crucial.

9.5 An Overview of Triterpene
Pathway

All the structurally diverse classes of terpenes are
biosynthesized from two 5-carbon isoprene units,
isopentenyl diphosphate (IPP), and dimethylallyl
diphosphate (DMAPP) that can be generated
from either of two cellular pathways, the
mevalonic acid (MVA) pathway and

S. Ghosh

methylerythritol phosphate (MEP) pathway,
involving seven and eight enzymatic reactions,
respectively. In fungi and animals, MVA path-
way operates for IPP and DMAPP generation
from acetyl-CoA. In prokaryotes, MEP pathway
generates IPP and DMAPP using pyruvic acid
and glyceraldehyde-3-phosphate. In higher
plants, both MEV and MEP pathways are active
in different subcellular compartments to produce
IPP and DMAPP pool in cells. In plants, IPP and
DMAPP derived from the cytoplasmic MVA
pathway are channelized for the formation of
sesquiterpenes (C15), triterpenes (C30), and
polyprenols (>45). However, plastidial MEP
pathway supplies IPP and DMAPP for the pro-
duction of monoterpenes (C10), diterpenes
(C20), sesterterpenes (C25), carotenoids (C40),
and long-chain phytol.

In cytoplasm, C15 farnesyl pyrophosphate
(FPP), the precursor for sesquiterpenes, is pro-
duced by the enzyme FPP synthase following
coupling of two units of IPP and one unit of
DMAPP. In the triterpene pathway, squalene
synthase catalyzes the formation of C30 squalene
using two units of FPP. Further, squalene epox-
idation by squalene epoxidase leads to
2,3-oxidosqualene which is subsequently con-
verted to diverse steroidal and triterpene scaf-
folds in plants (Fig. 9.3). 2,3-Oxidosqualene
cyclization by oxidosqualene cyclase
(OSC) marks the initial diversifying step in the
biosynthesis of diverse triterpene and sterol
scaffolds in plants. Cycloartenol synthase
(CAS) cyclizes 2,3-oxidosqualene to cycloarte-
nol from which membrane sterols and steroid
hormones are produced in plants (Thimmappa
et al. 2014; Ghosh 2016). Besides CAS for the
generation of sterol scaffold, a number of OSCs
operate in plants for the formation of diverse
triterpene scaffolds, ranging from one to five
rings structures. For example, a total of thirteen
and nine OSCs are known in Arabidopsis thali-
ana and Oryza sativa, respectively, including one
CAS in each species. On the contrary, in animals
and fungi, a single OSC (lanosterol synthase) is
active for the formation of membrane sterols and
steroid hormones. Subsequent to OSC-mediated
cyclization, triterpene scaffolds undergo diverse
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Fig. 9.3 The origin of diverse cyclic triterpene scaffolds from 2,3-oxidosqualene, the general triterpene precursor.
Oxidosqualene cyclases (OSC) catalyze the conversion of 2,3-oxidosqualene into cyclic triterpene scaffolds

type of regio- and sterio-specific modifications
including oxidation and glycosylation catalyzed
by P450s and UGTSs (Osbourn et al. 2011; Ghosh
2017).

9.6 Transcriptomic and Genomic
Studies in Ocimum

The biosynthesis of triterpenes in Ocimum
sp. had been known for a long time (Nicholas
1961). However, understanding the triterpene
biosynthetic pathway and identification and
characterization of the pathway enzymes/genes
are relatively recent events, owing to the recent
advancement in the high-throughput transcrip-
tomic and genomic tools (Misra et al. 2014,
2017). Following sections discuss transcriptomic
and genomic studies that were useful for the
identification of genes/enzymes of the triterpene
biosynthetic pathway in Ocimum species.

9.6.1 MelJA-Responsive Transcripts

The amount of triterpenes (ursolic acid and
oleanolic acid) in the leaves of O. basilicum was
increased following MeJA treatment (Misra et al.
2014). This enhancement in triterpene biosyn-
thesis was hypothesized to be due to the
increased rate of transcription of the biosynthetic

pathway genes in response to MeJA elicitation.
To selectively identify mRNAs that are expres-
sed in O. basilicum in response to MeJA elici-
tation, suppression subtractive hybridization
(SSH) was carried out (Misra et al. 2014).
In SSH approach, two populations of mRNAs
(MeJA-treated sample vs. untreated control
sample) were compared to obtain the cDNA
clones of the genes that were expressed in high
level following MeJA elicitation in O. basilicum.
This approach identified a total of 388
MeJA-responsive unique transcripts of O. basi-
licum. MeJA-responsive transcripts represented
genes of the MeJA biosynthetic pathway, plant
defense pathways, several transcriptional regu-
lators, and diverse secondary metabolic pathways
such as terpenes and phenylpropanes. Thus,
MelJA controlled its own biosynthesis as well as
several defense and secondary metabolic path-
ways of O. basilicum. A number of transcripts
were originated from the triterpene pathway
genes, including mevalonate kinase, farnesyl
diphosphate synthase, oxidosqualene cyclase,
and P450. Mevalonate kinase is an enzyme of the
MEYV pathway that supplies 5C IPP and DMAPP
for the triterpene biosynthesis. Farnesyl diphos-
phate synthase produces 15C FPP, the precursor
for 30C triterpenes. Oxidosqualene cyclase and
P450 catalyze triterpene cyclization and oxida-
tive reactions, respectively. Moreover, efforts
have also been made to identify transcripts for
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the O. basilicum genes that are expressed in
glandular trichomes, i.e., specialized glands on
the plant surface (Gang et al. 2001; Kapteyn et al.
2007). In Ocimum sp., secretory glandular tri-
chomes are the site for the biosynthesis and
storage of essential oil components including
phenylpropanes, eugenol, and methyl chavicol
that are biosynthesized from the amino acid
phenylalanine. About 30,000 expressed sequence
tags (ESTs) were identified that represented
glandular trichome-expressed genes of the vola-
tile phenylpropane biosynthetic pathway. Glan-
dular trichome-expressed ESTs were assembled
into a total of about 6000 unique transcripts,
lacking any transcripts of the triterpene biosyn-
thesis pathway genes such as oxidosqualene
cyclases and P450s. The epidermal cell special-
ization of the triterpene biosynthesis pathway
might have caused negligible expression of the
triterpene  biosynthesis pathway genes in
O. basilicum glandular trichomes (Misra et al.
2014).

9.6.2 High-Throughput
Transcriptome
and Genome Sequencing

In recent times, the availability of low-cost and
high-throughput sequencing technologies revo-
lutionized genome-wide analysis of the gene
expression and identification of the novel genes
(Loman et al. 2012). Using Illumina high-
throughput sequencing platform, the nuclear
and chloroplast genomes of O. tenuiflorum
(0. sanctum) were studied (Rastogi et al. 2015;
Upadhyay et al. 2015). The nuclear genome of
O. tenuiflorum revealed candidate genes of the
specialized metabolite pathways including
phenylpropane and terpene biosynthetic path-
ways. Among the triterpene biosynthetic path-
way genes, potential oxidosqualene cyclases and
P450s were identified in the O. fenuiflorum
genome. A comparative analysis of the tran-
scriptomes of O. basilicum and O. sanctum was
also carried out (Rastogi et al. 2014). These two
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Ocimum species displayed contrasting essential
oil composition and differed in the expression
profiles of the genes of the phenylpropane and
terpene biosynthetic pathways. Moreover, tran-
scriptomic studies were also conducted in
O. americanum and O. basilicum to understand
cold stress response and the role of anthocyanins
in photoprotection, respectively (Zhan et al.
2016; Torre et al. 2016). Collectively, high-
throughput genome and transcriptome sequenc-
ing in Ocimum species resulted in a huge amount
of data related to the gene sequences and
expression profiles of the genes. However,
functional genomics studies on the selected bio-
chemical pathways and genes need to be con-
ducted to understand the genetic basis for distinct
metabolite profiles in diverse Ocimum species.

9.7 Available Tools for Gene
Function Analysis in Ocimum

The sequencing of Ocimum genome led to the
identification of thousands of novel genes whose
functions are yet to be assigned. Nevertheless,
high-throughput  transcriptome  sequencing
revealed putative function of the genes based on
differential transcript expression patterns in
Ocimum species. However, a detailed functional
analysis of the individual genes is indispensable
to establish the actual biological function of the
Ocimum genes. The functional role of the genes
can be determined by conducting gene overex-
pression or silencing studies. Following sections
discuss the currently available tools for con-
ducting gene overexpression and silencing stud-
ies in Ocimum.

9.7.1 Virus-Induced Gene Silencing

In response to attack by viruses, plants activate
an efficient RNA-mediated antiviral defense
pathway that targets the viral genome for the
sequence homology-dependent silencing (Ruiz
et al. 1998). In this process, double-stranded viral
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RNAs produced by the viral genome-encoded
RNA-dependent RNA polymerase (RARP) is
recognized by the plants as aberrant RNAs and is
processed by DICER, an endonuclease, into
small interfering RNAs (siRNAs). siRNAs guide
an RNA-induced silencing complex (RISC),
including an endonuclease argonaute, for the
homology-dependent cleavage of the target
RNAs. This antiviral defense mechanism was
exploited to develop virus-induced gene silenc-
ing (VIGS) tool for gene function analysis in
plants (Liu et al. 2002; Lu et al. 2003).
Several VIGS vectors were developed based on
either RNA or DNA viruses such as tobacco
rattle virus, potato virus X, tobacco mosaic virus,
barley stripe mosaic virus, tomato golden mosaic
virus (Robertson 2004). In order to silence a host
gene, the sequence of the target gene is inserted
into the VIGS vector, and the vector is delivered
into the host cells to trigger siRNA-mediated
gene silencing pathway. Among the different
VIGS vectors, tobacco rattle virus (TRV)-based
vectors are quite popular for wide host range and
were useful for conducting VIGS in several plant
species, including tobacco, tomato, arabidopsis,
Ocimum, Madagascar periwinkle, ashwagandha,
cotton.

The application of VIGS technology in
Ocimum is a recent development (Misra et al.
2017). TRV-based VIGS has been demonstrated
in O. basilicum by tracking the silencing of the
VIGS marker gene, protoporphyrin IX magne-
sium chelatase subunit H (ChlH). The silencing
of ChlH resulted in a readily visible leaf-
yellowing phenotype due to the loss in chloro-
phyll  biosynthesis (Fig. 9.4a). The leaf-
yellowing phenotype, indication of the ChlIH
silencing, was regularly noticed with 73% fre-
quency in the first leaf pair to emerge after
inoculation with the VIGS vectors. VIGS resul-
ted in c. 63% suppression of the transcript level
of ChlH and c. 50% loss in chlorophyll content
in O. basilicum leaves (Fig. 9.4b). By employing
TRV-based VIGS tool, the involvement of P450s
in in planta biosynthesis of bioactive triterpenes
ursolic acid and oleanolic acid in O. basilicum
was determined (Misra et al. 2017).
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9.7.2 Transient RNA Interference
and Gene Overexpression

Similar to VIGS, gene silencing through RNA
interference (RNAi) is dependent on the accu-
mulation of double-stranded RNAs in cells that
lead to the generation of siRNAs by DICER
which triggers sequence-based RISC-mediated
degradation of the target mRNAs (Fellmann and
Lowe 2014). Unlike the involvement of RdRP
for double-stranded RNA formation in VIGS,
RNA expressed from the RNAi vectors is folded
into hairpin structure which is processed into
siRNAs. In recent times, transient RNAi and
gene overexpression studies have been con-
ducted in Ocimum to understand gene function.
Transient RNAi was demonstrated in O. sanctum
using pHANNIBAL/pART27 and pRI101-AN
vectors (Rastogi et al. 2013; Jayaramaiah et al.
2016). The expression of hairpin RNAs specific
to 4-coumarate: CoA ligase (4CL) resulted in c.
40% reduction in gene transcript level in
O. sanctum. Based on the transient RNAi
approach, the involvement of a 4CL in in planta
biosynthesis of eugenol was determined (Rastogi
et al. 2013). By employing transient RNAi and
gene overexpression, Jayaramaiah et al. 2016,
elucidated the role of a sesquiterpene synthase
(OkBCS) in the accumulation of B-caryophyllene
in O. kilimandscharicum. Up to 95% reduction in
OkBCS transcripts was achieved in RNAi
experiment. However, gene overexpression
experiment led to 400% higher expression of
OkBCS transcripts.

9.7.3 Hairy Root Culture

Hairy roots are produced in plants in response to
infection by the gram-negative soil bacterium A.
rhizogenes. The bacterium carries a transfer
DNA (T-DNA) in the root-inducing (Ri) plasmid
that encodes root locus (rol) genes rolA, rolB,
and rolC. During plant infection, A. rhizogenes
transforms its T-DNA into plant genome and
thus, triggers the formation of hairy roots by
changing the levels of phytohormones (auxin and
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Fig. 9.4 Virus-induced gene silencing in O. basilicum.
a Virus-induced gene silencing (VIGS) of ObchlH led to
leaf-yellowing phenotype (marked by arrows). b Relative
transcript level of ObchlH in vector control and VIGS-
ObChlH seedling was determined by quantitative reverse
transcription—polymerase chain reaction (qRT-PCR).
¢ Total chlorophyll amount (Chla+b) in vector control
and VIGS-ObChlIH seedlings. FW denotes fresh weight.
d Relative transcript level of CYP716A252 in vector

control and VIGS-CYP716A253 seedlings. e Relative
transcript level of CYP716A253 in vector control and
VIGS-CYP716A253 seedlings. f, g Oleanolic acid
(OA) and ursolic acid (UA) content in vector control
and f VIGS-CYP716A252 or g VIGS-CYP716A253
seedlings. h OA and UA content in vector control,
VIGS-CYP716A252, and VIGS-CYP716A253 seedlings
after methyl jasmonate (MeJA) treatment. Figures are
reproduced, with permission, from Misra et al. (2017)
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cytokinin) in the cells. Hairy root lines are
genetically stable and display hormone-
independent fast growth in culture. Hairy root
cultures obtained from diverse plant species
showed the ability to carry out biotransformation
of pharmaceutically relevant compounds (Ban-
erjee et al. 2012). Hairy root technology was
applied to study the function of gene promoters
in tomato (Solanum lycopersicum), S. pennellii,
and Lepidium hyssopifolium (Ron et al. 2014).
Ron et al. demonstrated that targeted gene
mutation can be introduced into the plant genome
by employing CRISPR/Cas9 system in tomato
through hairy root transformation. Several
research groups reported the development of hairy
root lines in O. basilicum for the production of
valuable secondary metabolites including triter-
penes, rosmarinic acid, and antioxidants (Tada
etal. 1996; Marzouk 2009; Srivastava et al. 2016).
Thus, hairy root technology can be employed in
Ocimum species for studying gene function.

9.7.4 Stable Transgenics

Agrobacterium  tumefaciens-mediated ~ gene
transfer technology has revolutionized the
research on gene function and also led to the
generation of stable transgenic plants with
improved agronomic and quality traits (Gelvin
2003; Datta and Ghosh 2015). A. tumefaciens, a
crown gall disease-causing gram-negative soil
bacterium, carries a T-DNA in the tumor-
inducing (Ti) plasmid that is integrated into the
plant genome during the infection process.
A number of disarmed binary vectors are devel-
oped by engineering of Ti plasmid (Lee and
Gelvin 2008). These binary vectors are suitable
to introduce desire DNA sequence into the plant
genome. The generation of stable transgenic lines
following A. tumefaciens-mediated transforma-
tion has been demonstrated in Ocimum species
such as O. basilicum (Deschamps and Simon
2002; Wang et al. 2016), O. gratissimum (Khan
et al. 2015), and O. citriodorum (Deschamps and
Simon 2002). The regulatory roles of spearmint
(Mentha spicata) MYB and YABBYS tran-
scription factors in the terpene biosynthesis have
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been determined by conducting gene overex-
pression studies in transgenic O. basilicum
(Wang et al. 2016; Reddy et al. 2017). Thus,
transgenic technology can be applied to Ocimum
species for the gene function analysis.

9.8 Functional Studies on the Key
Enzymes of the Ocimum
Triterpene Pathway

The enzymes and the corresponding genes of
O. basilicum for the biosynthesis of bioactive
pentacyclic triterpenes (ursolic acid and oleanolic
acid) were recently identified and functionally
characterized (Misra et al. 2014, 2017). These
key enzymes included oxidosqualene cyclases
(OSCs) and P450s of the triterpene biosynthetic
pathway. However, the complete sets of triter-
pene biosynthetic pathway enzymes of the
diverse Ocimum species are yet to be identified
and functionally characterized. In the following
section, the functional roles of OSCs and P450s
in the biosynthesis of ursolic acid and oleanolic
acid in O. basilicum are discussed.

9.8.1 Oxidosqualene Cyclases

OSCs catalyze the first diversifying step in
triterpene  pathway by  converting  2,3-
oxidosqualene into a variety cyclic triterpene
scaffolds (Fig. 9.3; Abe 2014; Ghosh 2016).
O. basilicum accumulated higher amounts of
ursolic acid and oleanolic acid in response to
treatment with MeJA (Misra et al. 2014). Two
OSCs (ObAS1 and ObAS?2) of O. basilicum were
identified by screening a collection of ESTs,
representing genes expressed in response to
MeJA treatment and by performing polymerase
chain reaction (PCR) using degenerate oligonu-
cleotides (Misra et al. 2014). ObAS1 and ObAS2
encode for 761- and 765-amino acid proteins,
respectively, that contain amino acid motifs
characteristic of the OSC family members. These
amino acid motifs are a DCTAE motif located in
the enzyme active site for 2,3-oxidosqualene
binding and protonation, a MWCYCR motif and
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a few QW motifs. MWCYCR motif might
function in determining product profiles of OSCs
(Kushiro et al. 2000). Whereas, QW motifs
located at the surface of the enzyme might take
part in stabilizing the enzyme during highly
exothermic triterpene  cyclization reaction
(Wendt et al. 1997).

ObAS1 was functionally characterized as a
B-amyrin  synthase that cyclized 2,3-
oxidosqualene to B-amyrin. In contrast, ObAS2
was found to be an unusual mixed amyrin synthase
that catalyzed the formation of both a-amyrin and

Fig. 9.5 Ursolic acid and
oleanolic acid biosynthetic
pathway in O. basilicum.
ObAS1, B-amyrin synthase,
ObAS2, mixed amyrin
synthase having product
preference to o-amyrin,
CYP716A252 and
CYP716A253, o-/B-amyrin
C-28 oxidases. Multiple
arrows denote three-step
oxidation of o-/B-amyrin to
ursolic acid/oleanolic acid

o -amyrin

CYP716A252

CYP716A253 1 1

ursolic acid

ObAS2

S. Ghosh

B-amyrin using 2,3-oxidosqualene substrate.
Nevertheless, ObAS2 showed a preference for
o-amyrin product as compared to B-amyrin.
o-Amyrin and B-amyrin are the direct precursors
for the biosynthesis of oleanolic acid and ursolic
acid, respectively. Thus, ObAS1 and ObAS2 cat-
alyzed the penultimate reactions in the ursolic acid
and oleanolic acid biosynthetic pathway
(Fig. 9.5). ObAS1 and ObAS2 showed 60%
identity at the amino acid sequence level and
contained all the conserved amino acid motifs
(DCTAE, MWCYCR and QW). Therefore,

2,3-oxidosqualene

CYP716A252
CYP716A253

2,
2
“,

lll

oleanolic acid
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Misra et al. (2014) suggested that the variation in
product profiles of ObAS1 and ObAS2 could be
because of the difference in amino acid residues
that are located outside the conserved motifs for
the OSC family members. Although, acomparison
of ObAS1 and ObAS?2 revealed amino acid resi-
dues potentially being involved in differential
product profiles, further analysis following
swapping/site-directed mutagenesis approaches
are required to confirm their role.

The preferential expression of ObAS1 and
ObAS2 in the epidermal tissues indicated the
epidermal cell specialization for the ursolic acid
and oleanolic acid biosynthetic pathway. How-
ever, ursolic acid and oleanolic acid accumulate
in the cuticle of the O. basilicum. These obser-
vations indicated the difference in the sites for
biosynthesis and storage of ursolic acid and
oleanolic acid, and the role of the transporter for
their secretion into the cuticle.

9.8.2 P450s of the CYP716A
Subfamily

The oxidation of a-amyrin and B-amyrin at the
C28 position is the final reaction in the ursolic
acid and oleanolic acid biosynthetic pathway
(Fig. 9.5). P450s potentially involved in the C28
oxidation of o-/B-amyrin scaffolds were identi-
fied from the O. basilicum EST collections
developed using MeJA-treated plant samples
(Misra et al. 2014). Two P450s of the CYP716A
subfamily (CYP716A252 and CYP716A253)
were found to catalyze C28 oxidation of
a-amyrin and B-amyrin leading to ursolic acid
and oleanolic acid, respectively (Fig. 9.5; Misra
et al. 2017). CYP716A252 and CYP716A253
encode for polypeptides of 478 and 477 amino
acids, respectively. CYP716A252 and
CYP716A253 contain amino acid motifs
(FxxGxRxCxG, ERR triad, A/GGXD/ET) char-
acteristics of bona fide P450s. Combinatorial
expression of O. basilicum amyrin synthase
(ObAS1/ObAS2) and amyrin C28 oxidase
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(CYP716A252/CYP716A253) along with a
cytochrome P450 reductase (AtCPR1) resulted in
the formation of ursolic acid and oleanolic acid
in yeast (Saccharomyces cerevisiae). The titer of
ursolic acid and oleanolic acid in the yeast shake
flask culture was c. 0.5 and 3 mg/l, respectively.
Interestingly, CYP716A253 was more efficient
than CYP716A252 for the o-/B-amyrin C28
oxidation in yeast (Misra et al. 2017). Two
cytochrome P450 reductases (ObCPR1 and
ObCPR2) that can function as redox partners of
the CYP716A252 and CYP716A253 were also
identified in O. basilicum (Misra et al. 2017).
Altogether these studies revealed the utility of O.
basilicum amyrin synthases, amyrin C28 oxi-
dases, and cytochrome P450 reductases for the
production of bioactive triterpenes in heterolo-
gous host yeast.

To clarify the roles of CYP716A252 and
CYP716A253 in the in planta biosynthesis of the
ursolic acid and oleanolic acid, VIGS was
employed in O. basilicum (Misra et al. 2017).
Transcript expression of CYP716A252 and
CYP716A253 was reduced up to c. 50 and 80%,
respectively, in VIGS seedlings (Fig. 9.4d, e).
CYP716A252 and CYP716A253 suppressions
also resulted in reduction in the amount of ursolic
acid and oleanolic acid in the leaves (Fig. 9.4f,
g). These results suggested that CYP716A252
and CYP716A253 are involved in the biosyn-
thesis of ursolic acid and oleanolic acid in the
leaves of O. basilicum. However, CYP716A253
played a major role in MeJA-induced accumu-
lation of ursolic acid and oleanolic acid in O.
basilicum (Fig. 9.4h). The nucleotide and amino
acid sequences of CYP716A252 and
CYP716A253 were 78 and 85% identical,
respectively. Misra et al. 2017 proposed that two
amyrin C28 oxidases in O. basilicum is the result
of a gene duplication event. After gene duplica-
tion event, amyrin C28 oxidases retained same
biochemical function, however, evolved at the
transcriptional control to participate in the con-
stitutive and elicitor-mediated biosynthesis of
ursolic acid and oleanolic acid in O. basilicum.
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9.9 Concluding Remarks

Bioactive triterpenes are known to produce in a
number of Ocimum species including O. basili-
cum, O. tenuiflorum, O. gratissimum, O. ameri-
canum, O. micranthum, O. kilimandscharicum,
and O. selloi. However, the genes/enzymes for
the biosynthesis of bioactive triterpenes were
only studied in O. basilicum. Functional geno-
mics studies conducted in O. basilicum led to the
identification and functional characterization of
OSCs and P450s that converted 2,3-
oxidosqualene, the general triterpene precursors,
to bioactive pentacyclic triterpenes ursolic acid
and oleanolic acid. Recent advances in high-
throughput sequencing of genomes and tran-
scriptomes, and establishment of the functional
genomics tools such as transgenics, RNA inter-
ference (RNAi), virus-induced gene silencing
(VIGS), and hairy root culture will be instru-
mental in understanding triterpene biosynthesis
in diverse Ocimum species.
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Abstract

Next-generation sequencing (NGS) platforms
from the past decade are in the continuous
efforts of changing the impact of sequencing
on our current knowledge about plant genes,
genomes, and their regulation. Holy basil
(Ocimum  tenuiflorum L. or sanctum L.)
genome sequencing has also paved the path
for deeper exploration of the medicinal prop-
erties of this beneficial herb making it a true
‘elixir of life.” The draft genome sequence of
the holy basil has not only opened the avenues
for the drug discovery but has also widened
the prospects of the molecular breeding for
development of new improved plant varieties.

10.1 Introduction

Herbs with medicinal and aromatic properties are
becoming very popular worldwide. India
including many Asian countries stands to be a
gallery of many medicinal plant variety resources
(Dhawale and Ghyare 2016) because of their
ancient, prosperous, and the most distinct cul-
tural backgrounds related to the use of such
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plants. Among such highly important herbs,
Ocimum ranks first because of its wide range of
health-promoting benefits and sanative properties
in traditional as well as in the modern pharma-
cological system (Bhasin 2012) and hence is
regarded as royal herb (Sharma 2010) or a queen
of herbs (Kayastha et al. 2014). Ocimum is an
omnipresent herb which belongs to the family
lamiaceae, and this whole genus corresponds to
the common name, ‘basil.” The genus Ocimum is
highly variable and possesses wide genetic
diversity at intra- and inter-species levels
(Upadhyay et al. 2015). It includes many aro-
matic herbs and shrubs having diverse essential
oils of tremendous palliative importance which
finds its applications in pharmaceutical, modern
perfumery, and food processing industry.
Basically, nine species of Ocimum are grown
worldwide, viz. O. tenuiflorum L., O. gratissi-
mum L., O. basilicum L., O. micranthum L., O.
kilimandscharicum, O. americanum L., O. cam-
pechianum L., O. citriodorum L., and O. mini-
mum L., three of which O. americanum L., O.
citriodorum L., and O. minimum L. All the spe-
cies of Ocimum are economically and medici-
nally important. These plants have been
extensively used in systems of traditional medi-
cine across the world, primarily in Ayurveda and
traditional Chinese medicine. Various parts of
the plant have been consumed as a home remedy
to cure many diseases since ages. According to
Ayurveda, basil leaves are very good expectorant
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to relief cough and cold as well as are also used
to treat digestive disorder. It is also beneficial in
soothing itchy and irritated eyes (Brien 2009). In
Chinese traditional medicine, basil leaves are
resorted to relief the irritation caused due to
insect bites (Brien 2009). These 5000-year-old
methods of treatment are not just hearsay but are
being supported by modern research. It has been
demonstrated by the recent scientific research
that constituents of basil essential oil acquire
strong anticancer, antioxidant, antimicrobial and
antiviral, properties (Bhattacharyya 2013).
Hence, basil can be venerated as God’s recipe for
the elixir of life.

According to recent findings, it is suggested
that some very high-value secondary metabolites
such as geraniol, linalool, linalyl, camphor, citral,
methyl eugenol, eugenol, methyl cinnamate,
methyl chavicol, urosolic acid, safrol, thymol,
taxol can be obtained from different plant parts
which may prove to be a basis for generation of
new drugs (Khare 2007). The mentioned
metabolites are of great importance in medicine,
aroma, and cosmetic trade. Despite its incompa-
rable importance in the traditional system of
medicine and huge repository of phytochemicals,
our understanding behind the molecular aspect of
this medicinal plant is still limiting. Recently, a
comparative  transcriptome study between

O. basilicum and O. sanctum was published
(Rastogi et al. 2014) wherein many transcripts of
phenylpropanoids in O. basilicum and of ter-
penoid biosynthesis in O. sanctum were recor-
ded. Again to decipher the complete metabolic
routes and the aspects affecting the regulation
and the channeling of these pathways, complete
chloroplastic and nuclear genomes were
sequenced for the first, after obtaining the
sequencing data from three NGS platforms using
four libraries (Rastogi et al. 2015). This report
was the first step to unveil the secrets of its
therapeutic potential with the scientific validation
to the traditional claims of its utility in diverse
medicinal usage and hence can be served as a
milestone work for the identification of uniden-
tified genes involving in the downstream bio-
chemical pathway of medically significant
metabolite. Figure 10.1 shows the pathways
attributed to the proteins predicted from scaffolds
of O. tenuiflorum genome as predicted by KAAS
server in the study by Rastogi et al. (2015)
considering Oryza sativa and Arabidopsis thali-
ana as reference organisms. Of the total
annotated proteins, only 2.53% belonged to the
category ‘Biosynthesis of secondary metabolites’
while 2.83% to the ‘Metabolism of Terpenoids
and polyketides.” In order to identify the key
genes behind the strong medicinal properties of
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this herb, another group (Upadhyay et al. 2015)
also reported the draft genome of tulsi using
Ilumina HiSeq 1000 platform.

Figure 10.2 shows the top ten species that
from which the predicted genes were annotated
against all Viridiplantae clade genes in the Uni-
Prot database. Most annotations were made from
the Genlisea aurea (order-Lamiales and
family-Lentibulariaceae), i.e., 30,983 hits out of
the total 53,480 annotated genes in UniProt.
G. aurea is a carnivorous plant which is reported
to be the plant with smallest known genome of
size 63.6 Mb among the higher plants (Leushkin
et al. 2013).

10.2 Ocimum sanctum (Syn.
tenuiflorum): Whole Genome
Sequencing

Modern sequencing techniques and bioinfor-
matics approaches have presented better oppor-
tunities for rapid and efficient development of
genomic resources for non-model plants such as
O. sanctum. However, in contrast to the model
plants and important crop plants, the projects on
medicinal plant genomes are yet lagging behind.
A speedy research is needed for the further
development of natural medicines and high-
yielding medicinal cultivars. In this context,
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recently CSIR-CIMAP, Lucknow, has succeeded
in sequencing complete whole genome sequence
of O. sanctum. Genome sequence of about
386 Mb from O. sanctum was assembled using
whole-genome shortgun sequencing approach by
generating short and long paired-end reads. Two
libraries of long and short reads were of Illumina
HiSeq 2000, one of SOLiD 550 XL and one of
454 GS FLX was combined to generate the draft
genome assembly. Complete workflow of the
sequencing process is provided in Fig. 10.3.

10.2.1 O. sanctum Whole Genome
Sequencing: The
Chloroplast and

Mitochondrial Genome

This report by CSIR-CIMAP also revealed that
chloroplastic genome of the O. sanctum is the
smallest among lamiales with 142,524 bp in
length challenging the investigation of Qian et al.
(2013) who described the Salvia miltiorrhiza
chloroplast genome to be the smallest (member
of the Ocimum family Lamiaceae) with cp gen-
ome of length 151,328 bp (Table 10.1). In this
analysis, S. miltiorrhiza was noticed to be phy-
logenetically nearest to O. sanctum with diploid
chromosome no. 2n = 16 (Rastogi et al. 2014).
Both the plants predominantly produce

Prunus persica (Peach) (Amygdalus persica)
Solanum lycopersicum (Tomato) (Lycopersicon esculentum)
Phelipanche tunetana (Broomrape) (Orobanche tunetana)
Medicago truncatula (Barrel medic) (Medicago tribuloides)
Orobanche ramosa (Hemp broomrape) (Phelipanche ramosa)
Solanum tuberosum (Potato)
Oryza sativa subsp. japonica (Rice)
Fraxinus excelsior (Ash)

Vitis vinifera (Grape)

Genlisea aurea
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Fig. 10.2 Top 10 species of the predicted proteins from the viridiplantae clade in UniProt annotation table
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Fig. 10.3 Process workflow of O. sanctum whole genome sequencing and assembly

Table 10.1 QC statistics of chloroplast genome de novo assembly at each step

Particulars Contigs Scaffolds  Gap-closed | Gap-closed Draft
filtered genome
Contigs generated 140 48 48 2 1
Maximum contig length 25,631 78,214 78,166 78,166 1,42,524
Minimum contig length 61 61 61 64,356 1,42,524
Median contig length 296.5 133.5 70 71,261 1,42,524
Total contigs length 109,671 156,442 156,070 142,522 1,42,524
Total number of non-ATGC 55 1373 24 23 25
characters
Percentage of non-ATGC characters  0.05 0.88 0.02 0.02 0.018
Contigs > 100 bp 108 32 32 2 1
Contigs > 200 bp 98 15 15 2 1
Contigs > 500 bp 50 9 9 2 1
Contigs > 1 Kbp 29 5 5 2 1
Contigs > 10 Kbp 1 2 2 2 1
Contigs > 1 Mbp 0 0 0 0 0
N50 value 1846 64,681 78,166 78,166 1,42,524
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phenylpropanoids and their derivatives which are
used in different traditional as well as in modern
medicinal system. Like other asterid cp genomes,
the overall GC content of O. sanctum was also
found to be 36.2%. A total 158 genes from the cp
genome of O. sanctum were reported that inclu-
ded 43 tRNA (transfer RNA) genes and 4 rRNA
(ribosomal RNA) genes. Later in the same year,
Upadhyay et al. (2015) published a reported
discussing the draft genome of O. tenuiflorum L.
(subtype Krishna Tulsi) using mate-pair and
paired-end sequence library resulting 374 Mb
draft genome. This report was published along
with the comparative study of transcriptome of
O. tenuiflorum subtype Rama and Krishna to find
out the important differentially regulated gene
and their role in the medicinally useful metabo-
lite(s) synthesis. Both the reports published by
Rastogi et al. (2015) and Upadhyay et al. (2015)
are an important achievement in discovering the
specialized plant metabolites of immense
medicinal interest, glorifying the sacredness of
the ‘holy tulsi.” Chloroplasts have a vital function
in supporting life on this planet. At present, there
is an access to more than 800 chloroplast gen-
omes which are sequenced from a range of land
plants leading to expansion of our knowledge in
chloroplast biology, gene transfer within the
cells, preservation, diversity, and the basis of
inheritance as a result of which chloroplast
recombinant genes can be engineered for
enhancement of agronomical plant traits or pro-
duction of high-value farming or bio-scientific
products. Since the chloroplast genome or the
plastome exhibits a uniparental inheritance which
is primarily maternal in angiosperms while
paternal in gymnosperms, hence the sequence
information coded in the chloroplast DNA loci is
used in plant systematic for elucidating
intraspecific relatedness via deep divergence
(Martin et al. 2002; Kugita et al. 2003; Yamane
et al. 2003; Ahmed et al. 2012, 2013). In some
plant species, exogenous genes which encode
important metabolites have also been trans-
formed into the chloroplast genomes, like the
genes for vaccines production effective against
human diseases (LoOssl and Waheed 2011;
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Waheed et al. 2011a, b). Particular loci in
chloroplast DNA have also been used as barcodes
which are helpful in the identification of plant
species (Fazekas et al. 2008; Peter et al. 2009);
however, the hypothesis of a universal barcode
has natural precincts (Ahmed et al. 2013). Whole
chloroplast genome sequence is considered to be
a super-barcode (Li et al. 2015), but this notion
requires reconsideration for outcrossing plant
species that are, or have been occupying the same
geographical range without loss of identity from
interbreeding (sympatric species).

10.2.1.1 Some of the Biotechnological
Applications

of Chloroplast Genome
Engineering

Production of Biomaterials and Enzymes

There are reports of the chloroplast genome
engineering for the synthesis of important bio-
materials, enzymes, and biofuels as well as bio-
mass enhancement. Viitanen et al. (2004) for the
first time reported the production of poly (p-
hydroxybenzoic acid (pHBA) polymer at the
highest level (25% dry weight) in normal healthy
plants regardless of the alteration in the key
metabolic intermediate via chloroplast genome
engineering. Use of plant-derived enzyme cock-
tails from lignocellulosic biomass for the pro-
ducing fermentable sugars was achieved for the
first time by Verma et al. (2010). In contrast to
the single biofuel enzymes which were formerly
expressed in chloroplasts, nine discrete genes
from heterologous systems (bacteria or fungi)
were expressed in tobacco chloroplasts or E. coli
by means of a novel method facilitating the
introduction of fungal genes with several introns,
eradicating the requirement of cDNA library
preparation. Enzyme cocktails derived from the
chloroplast propose several remarkable benefits
like cost effectiveness, enhanced permanence of
chloroplast-derived enzymes with no require-
ment of enzyme purification while the
industry-based fermentation systems incorporate
high expenditure and low manufacturing capa-
bility. Interestingly, B-glucosidase expression
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was able to release the hormones from conju-
gates, ensuing improved phytohormone levels
and enhanced biomass (Jin et al. 2012),
which was an unpredicted result of enzyme
expression.

Improving Nutrition

Maize, soybean, and rapeseed (Brassica napus)
seed oils are the main nutritional source of vita-
min E. They acquire minimal o-tocopherol con-
tent but possess y-tocopherol at fairly high levels.
Only some oils from seed like sunflower seed oil
(Helianthus annuus) are found to have high
a-tocopherol content which is a key precursor
leading to vitamin E biosynthesis (Schneider
2005). y-Tocopherol leads to the synthesis of
a-tocopherol catalyzed by vy-tocopherol methyl
transferase (y-TMT) and is thus the rate-limiting
step (Shintani and DellaPenna 1998). When
v-tmt gene was overexpressed by engineering it
into the chloroplast genome, it was observed that
manifold layers were formed in the inner
chloroplast envelope. In addition, approximately
tenfold high production of a-tocopherol in the
seed from vy-tocopherol was evident (Jin and
Daniell 2014). Similarly, introduction of lyco-
pene B-cyclase genes into the plastid genome of
tomato improved the production of provitamin A
(B-carotene) from lycopene, with apparent phe-
notypic modifications (Apel and Bock 2009).

Acquiring Stress Tolerance

For more than a decade, genetic engineering of
chloroplast mainly focused on the over-
expressing potential genes for increasing toler-
ance against biotic stress, which is imperative to
plant defense and improving the yield. Insect
pests are a real threat to the yield loss in many
countries. Besides cotton bollworm resistance
acquired by over-expressing Bt protein in
chloroplasts (De Cosa et al. 2001), there are
various other latest and prominent examples of
enhanced biotic stress tolerance. Retrocyclin-101
and Protegrin-1 proteins were responsible for
defending against tobacco mosaic virus
(TMV) and Erwinia soft rot accountable to the
yield deficit in a number of cultivated plants (Lee
et al. 2011). B-glucosidase gene expression leads
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to the resistance against whitefly and aphid (Jin
et al. 2011), which induces the liberation of
insecticidal sugar esters by conjugating with
hormones. Multiple defiances hostile to aphids,
lepidopteran insects, whiteflies, and viral and
bacterial pathogens were accomplished by
expression of the Pinellia ternata agglutinin
(PTA) gene in the genome of chloroplast (Jin
et al. 2012). Edible crops like cabbage (Brassica
oleracea) (Liu et al. 2007), soybean (Dufour-
mantel et al. 2004, 2005), and eggplant (Solanum
melongena) (Singh et al. 2010) have been engi-
neered and expressed stably by integrating over
40 transgenes in their chloroplast genomes
leading to the improvement in the agronomic
traits as well as the acquiring resistance against
insects. As per the new strategy, scientists have
now started exploring possibilities of downreg-
ulating the specific gene(s) of interest. Express-
ing dsRNAs (double-stranded RNAs) inside the
genome of chloroplast to employ RNAi (RNA
interference) for acquiring preferred agronomic
traits, principally insect resistance in order to
check yield loss is one such approach. This is
achieved by expression of long or short dsSRNAs
activating the RNAI leading to the disruption of
the target gene(s) in insects, thereby conferring
effective protection from insects avoiding the use
of harmful pesticide chemicals. This strategy was
used by Jin et al. (2015) where they suppressed
three vital proteins, namely Chi (lepidopteran
chitin synthase), P450 (cytochrome P450
monooxygenase), and V-ATPase required for the
survival of the insects by means of introducing
dsRNAs in the chloroplast system of tobacco.
Each of the double-stranded RNA was discretely
expressed in chloroplasts, and leaves were then
fed to the insects. The level of transcription in the
target genes of Helicoverpa insects was found to
be tremendously decreased to almost negligible
in the midgut, ensuing considerable drop in the
net larval weight as well as in the pupation rate
(Jin et al. 2015). Transplastomic potato plants
which produced -actin and targeted long
dsRNA were proved to be lethal to the larvae of
Colorado potato beetle (Leptinotarsa decemlin-
eata), demonstrating an additional crop protec-
tion method (Zhang et al. 2015).
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Phyto-Pharmaceuticals

At this point in time, protein-based drugs are
tremendously costly; for instance, insulin
(a well-known drug for treating prevalent dia-
betes disease worldwide) is unaffordable to more
than 90 percent of the world population. The
excessive price of protein-based drugs is because
of their expensive fermentation systems’ setup
(approximately $450—700 million based on their
capacity) (Grabowski et al. 2006; Spok et al.
2008), exorbitant protein purification cost from
the host, the requirement for low temperature
storage and transfer, and the brief shelf-life of the
ultimate product. Protein-based drugs prepared
by plant chloroplasts defeat most of these chal-
lenges because there is no requirement of the
costly fermentation systems and can easily be
synthesized in hydroponic greenhouses approved
by FDA (federal drug administration) (Holtz
et al. 2015). Lettuce leaves which express protein
drugs can be lyophilized and could be put in
storage for an indefinite period at surrounding
temperature without the loss in its efficacy (Su
et al. 2015). Protein drugs encapsulated in the
plant cell wall remain protected from the
enzymes, and acids secreted by the human
stomach as the plant cell wall glycans do not get
digested by the human secreted enzymes. On the
other hand, the microbes in the human gut have
progressed in the breaking down each of the
glycosidic bond present in the plant cell wall,
consequently liberating the protein drug in the
lumen of gut, guiding its transport to the immune
system or blood (El Kaoutari et al. 2013; Kwon
and Daniell 2015). Mode of oral release of var-
ious human curative proteins expressed in
chloroplasts is has proven to be an effective
medication for treating numerous human ail-
ments, like diabetes, pulmonary hypertension,
cardiovascular disease, and Alzheimer’s disease.
Majority of the proteins for the preliminary
testing were expressed in chloroplasts of tobacco
followed by their expression in chloroplasts of
lettuce for subsequent expansion toward the
clinic. Exendin-4 protein regulated the insulin
secretion in a glucose-dependent way when
delivered orally. Also the drop in glucose levels
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due to stimulation of insulin production in dia-
betic animals was observed, and this response
was parallel to that generated by an injectable
drug (Kwon et al. 2013). Oral intake of the
bioencapsulated angiotensin-converting enzyme
2 (ACE2) and angiotensin (Ang) (1-7) enzymes
leads to the better cardiopulmonary functioning,
reduction in the high ventricular systolic blood
pressure and recovered the blood flow in the
animals with artificially generated pulmonary
hypertension (Shenoy et al. 2014). Plant
cell-encapsulated proteins, ACE2 and Ang (1-7),
when delivered orally were also found to be
reducing endotoxin induced uveitis (EIU) and
significantly reduced retinal vasculitis and cel-
lular infiltration, and additionally prevented
folding and damage in induced autoimmune
uveoretinitis animals (Kwon and Daniell 2015).
Nonetheless, when the protein drugs were orally
released to the Alzheimer’s brain across the
blood-brain barrier, it leads to the removal of
plaques (Kohli et al. 2014). Su et al. (2015) for
the first time reported the commercial-scale
manufacturing of human blood-clotting factor
(up to 30,000 doses for a 20-kg pediatric patient)
in a 1000 ft 2 hydroponic cGMP facility. Lyo-
philized cells of clotting factor made in lettuce
were found to last for the span of up to 2 years
when stored at normal surrounding temperature,
entirely removing the requirement of refrigerated
storage. This leads to the advent of industrial
level expansion of oral medicine addressing the
challenges of high-priced purification, refriger-
ated storage and shipping, as well as the small
shelf-life of the conventional protein drugs. Oral
release of wider dose range proved to be efficient
in the deterrence of antibody formation in
response to clotting factor IX (FIX) injection,
therefore making smooth the progress of human
clinical studies.

Vaccines to Combat Infectious Diseases

The present iterated use of vaccines via attenu-
ated strains of viruses and bacteria put forth
safety against crucial transmittable diseases;
however, they also offer major challenges. For
instance, the oral polio vaccine which is used
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worldwide resulted in acute polio in consequence
to the recombination and mutation other viruses
(Chan and Daniell 2015). Besides, all existing
vaccines demand refrigerated storage and ship-
ping, making supply the major challenge in
developing countries. Chloroplasts are the
answer to such challenges. One vaccine derived
from the chloroplast has been proved to be suc-
cess granting double immunity against malaria
and cholera in animal research (Davoodi-
Semiromi et al. 2010). Cholera causes a high
mortality rate, though there is only one approved
vaccine which is not only high-priced but also
has very small shelf-life. As far as malaria is
concerned, there is no vaccine till date. In order
to address this problem, cholera toxin-B subunit
(CTB) of Vibrio cholerae was combined with the
malarial vaccine antigen apical membrane
antigen-1 (AMAI1) and merozoite surface
protein-1 (MSP1) for expression in lettuce or
tobacco chloroplasts. Due to the unavailability of
the human malarial model, the developed
chloroplast-expressed CTB was tested by
immunizing the mice and was found to be highly
efficient. In addition, it also provided the highest
duration of defense as per the literature
(Davoodi-Semiromi et al. 2010). These initial
results exhibit that chloroplasts are perfect model
for production of inexpensive booster vaccines in
counter to numerous contagious diseases (Lak-
shmi et al. 2013) for which the world is prepared;
however, the deficient oral priming strategies yet
are the major restraint in this area.

An attempt was also made to get the complete
mitochondrial genome map of O. sanctum from
the sequence assembly by considering S. milti-
orrhiza as the reference mitochondrial genome
instead of Origanum vulgare which was the
reference chloroplast genome (Fig. 10.4). A total
of 48 scaffolds from 140 contigs from cp gen-
ome, and 41 scaffolds from 124 contigs from the
mitochondrial genome got generated
(Table 10.2). Mitochondria play a significant role
in the development of plant, maintaining its
health as well as in plant reproduction. They are
said to be semi-autonomous due to their own
genetic system that makes it function for energy
production, maintaining cell homeostasis and
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metabolism. Similar to other organisms, the plant
mitochondrial genome determines a sequence of
crucial polypeptides that put together the oxida-
tive phosphorylation chain complexes with
nuclear-encoded subunits. However, plant mito-
chondrial DNAs (mtDNAs) have distinguished
characteristics that differentiate them from their
fungal and animal counterparts. Particularly,
higher plants contain large mtDNAs which
greatly vary in sizes and structural make
up. Furthermore, mitochondria in many plant
species comprise a range of plasmids which are
capable of independent replication. In compar-
ison to animal mtDNA sequences, the majority of
plant species harbor slow-evolving mtDNA gene
sequences with an extremely low rate of point
mutations. It is so due to the fact that mito-
chondrial DNA recombination system is very
active and hence permits the mutations copy
correction. Certainly, several investigations have
demonstrated that mitochondrial genome of
plants endures massive and highly frequent
homologous recombination (HR). These events
increase the rate of recurrence of rearrangements
in plant mtDNA. Many characteristics of plant
mtDNA genetics make it much complicated than
most the other organisms. The ability of inte-
gration and/or expansion of intervening
non-coding genetic sequences in the genomes of
organelles is notable, particularly in comparison
to the severely condensed mtDNA of mammals.
It may therefore be hypothesized that advantage
of sequences is associated to the competency of
plant mitochondria for bringing in the DNA
(Koulintchenko et al. 2003). Particularly, both
the plasmid acquisition and the competency to
import are common to mitochondria of fungus
(Weber-Lot fi et al. 2009). On the other hand,
mammalian organelles too are proficient (Kou-
lintchenko et al. 2006) with stable genome size.
Besides, many years later to the breakthrough,
the importance of mitochondrial plasmids and
their interaction with the core genome of mito-
chondria are yet obscure. It is not sequence
content only, but the physical structure of the
plant mitochondrial DNA is an intricate blend
that results either from or by holds up an array of
maintenance and replication method. Though
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Fig. 10.4 Alignment of O. sanctum scaffolds with the chloroplast genome of Origanum vulgare using Nucmer

Table 10.2 QC statistics of mitochondrial genome de novo assembly at each step

Particulars Contigs Scaffolds  Gap-closed | Gap-closed Draft
filtered genome
Contigs generated 124 41 41 37 37
Maximum contig length 16,768 43,386 43,392 43,392 43,398
Minimum contig length 103 145 145 145 145
Median contig length 600 6261 505 524 20029
Total contigs length 174,923 442,572 442,370 446,661 4,45,881
Total number of non-ATGC 0 1616 51 4342 54
characters
Percentage of non-ATGC characters 0 0.37 0.01 0.97 0.012
Contigs > 100 bp 124 41 41 37 37
Contigs > 200 bp 122 40 40 36 36
Contigs > 500 bp 68 38 38 34 34
Contigs > 1 Kbp 45 32 32 29 29
Contigs > 10 Kbp 1 16 16 16 16
Contigs > 1 Mbp 0 0 0 0 0
N50 value 3472 24,958 24,833 25,250 25,315

unusual in organelles of mammals, recombination
plays a key role in determining plant mitochon-
drial genomes, reorganizing sequences, creating
polymorphism, compelling evolution, and
simultaneously conserving the genetic informa-
tion. Eventually, challenge that stays behind is to
know, that how could the high agility of the plant
mitochondrial DNA be amalgamated with gene
preservation, coordinating inter-compartment

genome and apposite functional competence of
the organelles. In this regard, it could be noticed
that, despite reported mutants, mitochondrial
DNA maps and restriction profiles have also been
replicated persistently for a lot of species and
generations, which is indicative of the fact that,
even though vibrant and energetic, the genome of
plant mitochondria remains constant or stable on
an apparent timescale.
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10.2.2 O. sanctum Whole Genome
Sequencing: Re-routing
the Traditional Health
Practices to Scientific
Drug Discovery

Traditional herbs have been used as medicines
from the times immemorial, and O. sanctum
(Tulsi) is one of the most indispensable ingredi-
ents of the traditional medicinal systems all
round the globe. Despite this, the genetic
makeup, the agricultural characteristics, as well
as the curative properties of majority of con-
ventional herbs are not properly understood.
With speedy developments in the high-
throughput sequencing methods and highly
cut-down costs, a recent era of ‘herbal genomics’
has turned up. Research is now methodically
classifying medicinal plants utilizing the
next-generation sequencing approaches for
annotation of their genomes for identifying and
exploring the functions of their genes. The gen-
omes of a few normally used medicinal herbs by
now have been sequenced, like salvia (Salvia
miltiorrhiza), tulsi (O. sanctum), lotus (Lotus
Japonicus), lingzhi (Ganoderma lucidum) (Sato
et al. 2008; Chen et al. 2012; Rastogi et al. 2015;
Xu et al. 2016). These medicinal plants could be
presented as efficient model systems expanding
the horizons for investigating secondary
metabolites biosynthetic pathways in other
medicinal plants. Genome data, in addition to the
metabolomics, proteomic and transcriptomic
information, could thus be helpful in predicting
the biosynthetic pathways of secondary metabo-
lites as well as their regulation. This would prove
to be a reform in research leading to discovery
fulfilling the goal to identify with the metabolic
activities and genetics of medicinal plants.
Although, the modern healthcare system is
developing day by day, but the emergence of
many new diseases and the side effects of mod-
ern medicine, it is the call of an hour to integrate
the traditional medical system for the ailment of
lifestyle related health issues (Shakya 2016). O.
sanctum is a model herbal plant used in the tra-
ditional Ayurvedic and Unani system of herbal
medicine since ages (Pattanayak et al. 2010). It
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has incomparable health healing properties, and
therefore is regarded as a ‘boon’ which provides
health and longevity. Within few decades,
bioactive compounds isolated from this plant
may become the foundation for new pharma-
ceutical drugs. However, vague and scattered
information of the ethnomedicines and unlinked
databases to the other biomedical databases are
the major obstacles for the development of phy-
tomolecules isolated from O. sanctum into
pharmaceutical drug with therapeutic efficacies.
Therefore, the availability whole genome
sequence of O. sanctum may help in developing
few databases for sorting information concerned
with single or multiple aspects of medicinal
plants, like biologically active metabolites, eth-
nobotany, medicinal uses, information based on
genome and or transcriptome, and molecular
targeting active ingredients. Figure 10.5 shows
the applications of O. sanctum genome sequence
in pharmaceutical research based on traditional
system.

10.2.3 O. sanctum Whole Genome
Sequencing: A Tool
for Molecular
Identification
and Elucidation of Novel
Phytomolecules

0. sanctum produces a wide array of specialized
metabolites of tremendous therapeutic potentials.
Different plant part (leaf, stem, and root) contains
a varying amount of many bioactive compounds
which can be classified into several important
classes on the basis of their synthesis in plants:
terpenes (isoprenoids), polyketides, alkaloids,
flavonoids, and phenylpropanoids. All of these
classes contain many high-value chemicals
whose genome sequence information is still
unavailable. Identification of the biosynthetic
gene involved in the production of such com-
mercially important phytochemicals is often
challenging. Prediction of the specific function to
individual genes is a long and complex process
because of limited genomic resources. For
example, Orientin and Vicenin-2 are plant
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Fig. 10.5 Schematic diagram showing modern pharmaceutical research inspired by traditional medicine and the
application of O. sanctum genome sequence in pharmaceutical research based on traditional system

flavonoid specifically isolated from the leaf
extract of O. sanctum extensively studied for its
antioxidant, anti-aging, antiviral, anti-
inflammation, vasodilation, cardioprotective,
radioprotective properties (Lam et al. 2016). Yet
the underlying pathways and the mechanism of
action of these flavonoid c-glycosides have
remained indecisive. Similarly, putative genes
and the network involved in the production of
many other phytomolecules isolated from
Ocimum such as ocimumosides, ocimarins, cir-
simaritin, circineol are still unknown. Therefore,
the availability of massive data in terms of the
whole genome sequence of O. sanctum can be an
efficient method for the investigation of the gene
and gene families involved in the production
these phytomolecules. Few examples of such
compounds are illustrated in Table 10.3.

Also, data mining and the analysis of whole
genome sequencing can be helpful in the iden-
tification of transcription factors and the response
elements involved in their metabolite synthesis.

10.2.4 Functional Genomics Research
in Ocimum Species

Though Ocimum species have a wide horizon in
the food, flavor, and pharmaceutical industries,
not much research has been carried out at the
molecular genomic level. Table 10.4 reports the
significant contribution of Ocimum genomics
taking account of studies carried out at tran-
scriptome, metabolome, and bioinformatics level
leading to an assimilated knowledge of its natural
products biosynthesis. But with the advent of
draft genome of Ocimum, the sequences analysis
may help in the identification of the small
changes in amino acid at the substrate binding
sites of metabolite biosynthesis pathway genes
conferring unique therapeutic properties to this
medicinal herb.

Beside the genomics, in the recent years, the
research on in vitro methods of growing the
Ocimum by the micropropagation and regenera-
tion via Agrobacterium-mediated transformation
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Table 10.3 List of some important plant molecules isolated from O. sanctum

Phytomolecule

Ocimumoside A
and
Ocimumoside B

Ocimarin

Cirsimaritin

Cirsimarin

Orientin

Vicenin-2

Gardenin B

Category
Glycoglycerolipids

Coumarin

Flavonoid

Flavonoid

Flavone-C-glycoside

Flavone-C-glycoside

Flavone

Structure

N

Y

L

h

LM,L\:F,.V
s ﬁ“"%"

CHy

Ho” o

Therapeutic value References
Used as an antistress agent Ahmad
et al.
(2012)
Used as an antistress agent Gupta
et al.
(2007)
Possesses anti-inflammatory Shin et al.
activity (2017)
Used as a potent antilipogenic Zarrouki
flavonoid to treat obesity et al.
(2010)
Used as an antioxidant, anti-aging, = Lam et al.
antiviral, antibacterial, (2016)
anti-inflammation, vasodilatation
and cardioprotective, radiation
protective, neuroprotective,
antidepressant-like,
antiadipogenesis, and
antinociceptive agent
Used as a potential Marrassini
anti-inflammatory constituent et al.
(2011)
Possesses antiproliferative activity = Cabrera
against the human leukemia cell et al.
(2016)
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Table 10.4 Functional genomics studies in Ocimum species

S.N.
1.

Species

0. basilicum

O. kilimandscharicum

0. americanum

0. basilicum

0. basilicum

0. basilicum

0. basilicum

0. basilicum

0. americanum

Gene(s)/biosynthetic pathway

Flavonoid
O-methyltransferases
(flavonoid biosynthetic
pathway)

HMG-CoA reductase (MVA
pathway)

Pb1 (downy mildew resistance
gene)

CYP716A (triterpenoid)
(terpene biosynthesis pathway)

4-coumarate: CoA (4Cl),
p-coumarate 3-hydroxylase
(C3HO, caffeic acid
O-methyltransferases
(COMT), chavicol
O-methyltransferase
(CVOMT) (phenylpropanoid
biosynthesis pathway)

MelJA responsive
oxidosqualene cyclases
(ObAS1 and ObAS2)
(pentacyclic triterpene
biosynthesis)

Biosynthesis of flavonols and
carotenoids

Thaumatin-like proteins
(TLPs) related to secondary
metabolism

Targeted mainly on cold
responsive genes

Research

Production of methoxylated
flavonoids in yeast using ring A
hydroxylases and flavonoid
O-methyltransferases from sweet
basil

HMG-CoA reductase from
camphor tulsi (Ocimum
kilimandscharicum) regulated
MV A-dependent biosynthesis of
diverse terpenoids in homologous
and heterologous plant systems

Transfer of downy mildew
resistance from wild basil
(Ocimum americanum) to sweet
basil (O. basilicum)

Two CYP716A subfamily
cytochrome P450
monooxygenases of sweet basil
play similar but nonredundant
roles in ursane- and oleanane-type
pentacyclic triterpene biosynthesis

Water-deficit stress fluctuates
expression profiles of 4Cl, C3H,
COMT, CVOMT, and EOMT
genes involved in the biosynthetic
pathway of volatile
phenylpropanoids alongside
accumulation of methyl chavicol
and methyl eugenol in different
Iranian cultivars of basil

Methyl jasmonate-elicited
transcriptional responses and
pentacyclic triterpene biosynthesis
in sweet basil

De novo assembly and
comparative transcriptome
analyses of red and green morphs
of sweet basil grown in full
sunlight

A thaumatin-like protein of
Ocimum basilicum confers
tolerance to fungal pathogen and
abiotic stress in transgenic
Arabidopsis

De novo assembly and analysis of
the transcriptome of Ocimum
americanum var. pilosum under
cold stress
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References

Berim and
Gang (2018)

Bansal et al.
(2018)

Ben-naim
et al. (2017)

Misra et al.
(2017)

Khakdan
et al. (2017)

Misra et al.
(2014)

Torre et al.
(2016)

Misra et al.
(2016)

Zhan et al.
(2016)

(continued)



140

Table 10.4 (continued)

S.N. | Species
10. | O. gratissimum
O. tenuiflorum
O. kilimandscharicum
Giirke
0. americanum
O. basilicum
11. O. kilimandscharicum
12. 0. sanctum
13. | Ocimum tenuiflorum
14. O. basilicum
0. sanctum
15.  O. tenuiflorum
16. | O. basilicum
17. O. basilicum
18. 0. sanctum
19. | O. basilicum
20. 0. basilicum

Gene(s)/biosynthetic pathway

Eugenol synthase
(phenylpropanoid biosynthetic
pathway)

Sesquiterpene synthase
(terpenoid biosynthesis
pathway)

MEP/MVA pathway;
phenylpropanoid biosynthesis
pathway

Phenylpropanoid biosynthesis
pathway/flavonoid biosynthesis
pathway; terpenoid
biosynthesis pathway

MEP/MVA pathway;
phenylpropanoid biosynthesis
pathway

Eugenol O-methyltransferase
(EOMT) (phenylpropenoid
biosynthesis pathway)

Flavone 7-O-demethylase
(flavonoid biosynthesis
pathway)

Flavones 8-hydroxylase
(F8H)

CYP82D33 (flavonoid
biosynthesis pathway)

4-coumarate: CoA ligase
(4Cl) (phenylpropenoid
biosynthesis pathway)
Flavone-6-hydroxylase (F6H)
CYP82D monooxygenases
(flavonoid biosynthesis
pathway)

MEP/terpenoid and
shikimate/phenylpropanoid
pathways
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Research

Comparative functional
characterization of eugenol
synthase from four different
Ocimum species: implications on
eugenol accumulation

Functional characterization and
transient expression manipulation
of a new sesquiterpene synthase
involved in B-caryophyllene
accumulation in Ocimum

Unraveling the genome of holy
basil: an ‘incomparable’ ‘elixir of
life’ of traditional Indian medicine

Genome sequencing of herb tulsi
(Ocimum tenuiflorum) unravels
key genes behind its strong
medicinal properties

De novo sequencing and
comparative analysis of holy and
sweet basil transcriptomes

Characterization and functional
analysis of eugenol
O-methyltransferase gene reveal
metabolite shifts, chemotype
specific differential expression and
developmental regulation in
Ocimum tenuiflorum L.

Identification of a unique
2-oxoglutarate-dependent flavone
7-O-demethylase completes the
elucidation of the lipophilic
flavone network in basil

Unexpected roles for ancient
proteins: flavone 8-hydroxylase in
sweet basil trichomes is a Rieske-
type, PAO-family oxygenase

4-coumarate: CoA ligase
partitions metabolites for eugenol
biosynthesis

The roles of a
flavone-6-hydroxylase and
7-O-demethylation in the flavone
biosynthetic network of sweet
basil

A systems biology investigation
of the MEP/terpenoid and
shikimate/phenylpropanoid
pathways points to multiple levels
of metabolic control in sweet basil
glandular trichomes

References

Anand et al.
(2016)

Jayaramaiah
et al. (2016)

Rastogi et al.
(2015)

Upadhyay
et al. (2015)

Rastogi et al.
(2014)

Renu et al.
(2014)

Berim et al.
(2014a, b)

Berim et al.
(2014a, b)

Rastogi et al.
(2013)

Berim and
Gang (2013)

Xie et al.
(2008)

(continued)
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Table 10.4 (continued)
S.N. | Species
21. 0. basilicum

Gene(s)/biosynthetic pathway

Cinnamate/p-coumarate
carboxyl methyltransferases
CCMT (phenylpropenoid

Research

Evolution of cinnamate/
p-coumarate carboxyl
methyltransferases and their role
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References

Kapteyn
et al. (2007)

Biosynthesis pathway)

22. | O. basilicum Methyl jasmonate

23. | O. basilicum Chavicol
O-methyltransferase
(CVOMT)

Eugenol

O-methyltransferases

(EOMT) (phenylpropenoid

biosynthesis pathway)

24. | O. basilicum meta hydroxylated
phenylpropanoids
(phenylpropenoid

biosynthesis pathway)

25. 0. basilicum Caffeic acid

O-methyltransferases

(COMT) (phenylpropenoid

biosynthesis pathway)

26. | O. basilicum Biosynthesis of

phenylpropenes

has also taken pace. Table 10.5 shows the record
of in vitro studies in Ocimum species.

10.2.5 O. sanctum Whole Genome
Sequencing:
An Opportunity
of Bringing Medicinal
Plant into Cultivation

Today, about 80% of the world’s population is
dependent upon herbal medicine for their daily
health care needs (Vines 2004). Hence, there is a
threatening concern for a diminishing population
of medicinal plants like O. sanctum. O. sanctum
is one of the major medicinal plants used
worldwide for its valuable herbal medicine.
Infinite numbers of new complex, rare and
bioactive compound are adding day by day to the

in the biosynthesis of methyl

cinnamate

Effect of methyl jasmonate on Kim et al.
secondary metabolites of sweet (2006)
basil

Characterization of phenylpropene = Gang et al.
O-methyltransferases from sweet | (2002a, b)
basil

Differential production of meta Gang et al.
hydroxylated phenylpropanoids in = (2002a, b)
sweet basil peltate glandular

trichomes and leaves is controlled

by the activities of specific

acyltransferases and hydroxylases

Nucleotide sequences of two Wang et al.
cDNAs encoding caffeic acid (1999)
O-methyltransferases from sweet

basil (Ocimum basilicum)

An investigation of the storage Gang et al.
and biosynthesis of (2001)

phenylpropenes in sweet basil

list of important plant-based chemicals obtained
from O. sanctum. There are still many such
compounds needed to be explored which could
be the foundation of many new pharmaceutical
drugs synthesized artificially. There is an
increasing demand of O. sanctum in pharma-
ceutical industry and is exploited regularly for its
valuable compounds. This imposes a constant
repression on the genetic diversity and its
germplasm (Bhau 2012). With the advancement
of DNA-based different molecular markers,
conservation of biodiversity of medicinal plant
could be supported. Molecular marker-based
approaches can also be used for the medicinal
crop improvement and molecular breeding
strategies. Molecular markers are the unique
DNA sequences used for determining genetic
diversity among the individual or a population.
These DNA sequences may be helpful in the
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Table 10.5 In vitro studies in Ocimum species

S.N.
1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Species
Ocimum
tenuiflorum
Ocimum
basilicum

Ocimum
gratissimum
0. gratissimum

Ocimum sanctum

O. basilicum

0. basilicum

O. sanctum

O. tenuiflorum

0. basilicum

O. basilicum

O. sanctum

O. basilicum

O. gratissimum
O. basilicum

O. basilicum and
0. citriodorum
O. basilicum

O. basilicum

O. sanctum

O. sanctum

Research

Elicitation of phenylpropanoids and expression analysis of PAL
gene in suspension cell culture of Ocimum tenuiflorum L.

Efficient adventitious shoot organogenesis on root explants of
Ocimum basilicum L.

Plant tissue culture: an alternative for production of useful
secondary metabolites

Agrobacterium tumefaciens-mediated genetic transformation of
Ocimum gratissimum: a medicinally important crop

Protocol establishment for multiplication and regeneration of
‘holy basil’ (Ocimum sanctum Linn). An important medicinal
plant with high religious value in India

In vitro plant regeneration of Turkish sweet basil (Ocimum
basilicum L.)

A calibrated protocol for direct regeneration of multiple shoots
from in vitro apical bud of Ocimum basilicum—an important
aromatic medicinal plant

An improved plant regeneration system of Ocimum sanctum L.
—an important Indian holy basil plant

Development of a rapid and high-frequency Agrobacterium
rhizogenes-mediated transformation protocol for Ocimum
tenuiflorum

An efficient system for in vitro multiplication of Ocimum
basilicum through node culture

An efficient method for micropropagation of Ocimum basilicum
L.

Protocol establishment for multiplication and regeneration of
Ocimum sanctum Linn. An important medicinal plant with high
religious value in Bangladesh

Rapid micropropagation of Ocimum basilicum using shoot tip
explants pre-cultured in thidiazuron supplemented liquid
medium

In vitro multiplication of Ocimum gratissimum L. through direct
regeneration

In vitro propagation of Ocimum basilicum L. (Lamiaceae)

Agrobacterium tumefaciens-mediated transformation of
Ocimum basilicum and O. citriodorum

Shoot regeneration of young leaf explants from basil (Ocimum
basilicum L.)

In vitro rapid clonal propagation of Ocimum basilicum

In vitro propagation of Ocimum sanctum L. through nodal
explants. Bangladesh

Micropropagation of ‘holy basil’ (Ocimum sanctum Linn.) from
young inflorescences of mature plants

References

Vyas and
Mukhopadhyay
(2017)

Fraj et al. (2017)

Sravanthi et al.
(2016)

Khan et al.
(2015)

Mishra (2015)

Ekmekci and
Aasim (2014)

Leelavathi et al.
(2014)

Sharma et al.
(2014)

Vyas and
Mukhopadhyay
(2014)

Shahzad et al.
(2012)

Saha et al. (2010)

Banu and Bari
(2007)

Siddique and
Anis (2007)

Gopi et al. (2006)

Dode et al.
(2003)

Deschamps and
Simon (2002)

Phippen et al.
(2002)

Begum et al.
(2002)

Banu et al.
(2001)

Singh and Sehgal
(1999)

(continued)
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Table 10.5 (continued)
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S.N. Species Research References
21. 0. sanctum Callus induction and plant regeneration of Ocimum sanctum Banu et al.
(1999)
22. O. basilicum In vitro clonal propagation of an aromatic medicinal herb Sahoo et al.
Ocimum basilicum L. (sweet basil) by axillary shoots (1997)

proliferation

23. O. americanum
0. sanctum
sanctum L. (holy basil)

identification of homologous sequences in
another related species (Canter et al. 2005).
Whole genome sequencing of O. sanctum opens
up an opportunity in the designing of new DNA
markers from DNA sequences. Development of
new DNA markers can be effectively utilized in
integrating marker-based technology in conven-
tional breeding.

According to Rastogi et al. (2015), simple
sequence repeat (SSR) in the O. sanctum whole
genome was predicted. A total of 4827 sequences
which were greater than 500 bp length were
studied for SSR and of total obtained sequences,
2612 possessed SSR repeats while the remaining
(2364) sequences had more than one SSR
(Fig. 10.6). The SSR markers obtained from O.
sanctum can be utilized for the quantification of
genetic diversity among different Ocimum
genotype (Zietkiewicz et al. 1994; Dhawan et al.
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Fig. 10.6 SSRs predicted from the O. sanctum whole
genome. Scaffold sequences of length >500 bp as well as
<500 bp were individually examined for simple sequence

In vitro propagation of the medicinal herbs Ocimum
americanum L. syn. O. canum Sims. (hoary basil) and Ocimum

Pattnaik and
Chand (1996)

2016). Prediction of other DNA-based markers
from O. sanctum whole genome sequencing may
bring advancement in breeding strategies as well
as in resolving the problems faced during con-
vectional breeding of Ocimum species. It could
also be used for alteration of various traits among
Ocimum species, for example; a cold tolerant
gene from O. kilimandscharicum could be
manipulated for the development of a cold tol-
erant O. sanctum. Similarly, many other genes
from different biosynthetic pathways could be
manipulated for the development of superior
traits.

Further, gene editing tools such as
CRISPR/Cas9 can also be utilized for simple
manipulations and for the selection of an excel-
lent trait of O. sanctum. It could find tremendous
application in the identification of novel gene
function and in pathway engineering of
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O. sanctum (Liu et al. 2017). However, it has to
be done in a controlled manner and on a large
scale. And it is only possible by bringing O.
sanctum into cultivation.

10.3 Conclusion and Future
Prospects

As compared to the animals, the genomes of
plants are larger and intricate which code for the
complex molecular systems those controlling the
smooth functioning of the physiology. Due to the
sessile nature of plants, their genomes had
undergone evolution for generating an organism
which adapts to the constant environmental
changes. Additionally, in response to the theory
of natural selection, the local wild-type crops
have been sorted for preferred traits via plant
breeding. Up to now, the selection breeding and
the plant adaptability have produced plants that
constitute several secondary metabolites. Never-
theless, global warming and the simultaneous
diminution in the arable land, existing breeding
approaches only would be unable in maintaining
the endurance capacity or the exquisite metabolic
composition of the plants. Hence, getting a
comprehensive overview of the molecular net-
works operational in plants which regulate plant
secondary metabolism is becoming essential in
order to engineer those, as well as the detection
of the novel genome-based markers for selecting
such phenotypes would be critical to obtain the
plants with specialized metabolic composition.
Availability of the whole genome sequence of
0. sanctum will definitely accelerate the research
of functional genes related to secondary meta-
bolism. Such research can greatly contribute in
the development of drug discovery based on
natural product and acceptable exploitation of
plant pharmaceutics The genome
sequence along with transcriptome sequence of
O. sanctum can be greatly utilized for the gen-
ome re-sequencing which will be helpful in the
detection of genetic molecular markers (GMMS),
such as InDel, SSR, and SNP. Through the recent
advances in NGS technologies, the genome
sequencing of many targeted medicinal plant has

sources.
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now became possible because of reduced cost
and lesser time utilized in the sequencing pro-
cess. Sequencing and assembly of more and
more medicinal plant will lead to the develop-
ment of comparative genomics which would
prove a widespread means to study the secondary
metabolism of such therapeutic plants. Further-
more, studies on GMMS genetic linkage and the
improved character, genotype, and phenotype of
curative plant might play a major role in the
molecular breeding of medicinal plants as well as
in the development of the transgenics of such
medicinal plants.
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