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Chapter

Biosynthesis of Natural Products
Stella O. Bruce and Felix A. Onyegbule

Abstract

Natural products are in the form of primary and secondary metabolites and
are isolated chemical compounds or substances from living organisms. Terpenes,
Phenolic compounds, and Nitrogen-containing compounds are secondary metabo-
lites. The biosyntheses of secondary metabolites are derived from primary metabo-
lism pathways, which consist of a tricarboxylic acid cycle (TCA), methylerythritol
phosphate pathway (MEP), mevalonic and shikimic acid pathway. This chapter
provides an overview of the diversity of secondary metabolites in plants, their
multiple biological functions, and multi-faceted cultural history.

Keywords: natural products, biosynthesis, metabolites, phytochemicals, terpenes,
phenolic compounds, nitrogen-containing compounds

1. Introduction

Natural products are lead compounds, which are frequently produced by plants
and microbes as their secondary metabolites, and securing large quantities of such
compounds for industrial and clinical applications has been a persisting problem
[1]. Natural products (chemical compounds or substances) are isolated from living
organisms [2]. Biogenesis belief that complex living things come only from other
living things and also the production of new living organisms or organelles using
reproduction. Chemistry of natural product is produced by the pathway of primary
or secondary metabolism [3]. Metabolism is used to describe all chemical reactions
which include maintaining the living state of cells of an organism [4]. Metabolism
can be in form of catabolism or anabolism. Metabolites are a product of metabolism
and restricted to small molecules [5].

Plants produce natural products with highly diverse structures; these products
are called “secondary metabolites” in contrast to the “primary metabolites”, which
are essential for plant reproduction, and growth. The leaf, stem, root, or bark of
the plant has plant secondary metabolites that have been produced, for example
Alkaloids, Tannins, Flavonoids, and Phenolic compounds [6]. Most food, spices
and herbs are indigenous plants has these secondary metabolites [7]. Plant second-
ary metabolites are exclusively produced by more than 30,000 different plants.
They serve as defense compounds against pathogens and herbivores, as flower
pigments that attract pollinators. Natural products have a strong impact on human
culture and are used throughout human history as pigments, condiments, and
pharmaceuticals [8].

This chapter therefore provides an overview of the biosynthesis of natural
products, their multiple biological functions and multi-faceted cultural history.
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2. Classification of plants secondary metabolite
Plants secondary metabolites can be classfied into three groups namely
* Terpenes
* Phenolic compounds
* Nitrogen-containing compounds [8]
2.1 Terpenes

Terpenoids constitutes the largest class of secondary products; they comprise of
more than 40,000 different structures and are the largest natural products in plants
[9, 10]. Terpenes consists of five-carbon isoprene units, and classified into hemiter-
penes (Cs), monoterpenes (Cyg), sesquiterpenes (Css), diterpenes (Cy), triterpenes
(C30), tetraterpenes (Cyp), and polyterpenes [11, 12]. Terpenoids originate from
two different biosynthetic routes: plastid-located deoxyxylulose phosphate (DXP)
pathway (also called methylerythritol phosphate or MEP pathway) and the cyto-
solic mevalonic acid (MVA) pathway (Figure 1) [13-15].

2.1.1 Hemiterpenes

This is a volatile compound synthesized from DMAPP, isoprene is the most
abundant true hemiterpene from plants (Figure 2). The species that synthesize
isoprene are found among ferns, mosses, angiosperms, and gymnosperms. The
emission and production of isoprene are distributed very widely in the plant king-
dom. Isoprene is emitted into the atmosphere and protects leaves to survive short
periods of high temperature. Moreover, it increases the plant’s tolerance towards
ozone and reactive oxygen species [16]. Hemiterpenes may also act as signaling
molecules. The highly volatile hemiterpene methacrolein are emitted in the leaves of
sagebrush (Artemisia tridentata) (Figure 2) in addition to other volatile compounds
like hexenal, monoterpenes, and methyl jasmonate when the plant is damaged, this
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Figure 1.
Schematic overview of terpene biosynthesis in plants.
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Figure 2.
Hemiterpenes.

is perceived by plants and enables them to react faster to a possible attack. A plant
that is prepared in this manner is less likely to be damaged by herbivores [17]. The
C-5 units derived from DMAPP are found in natural products of mixed biosynthetic
origin, e.g., hop bitter acids, prenylated flavonoids, and hyperforin.

2.1.2 Monoterpenes

Monoterpenes originate from one molecule DMAPP and one molecule IPP
that are joined in most cases head-to-tail, yielding all- trans geranyl diphosphate
(GPP) (Figure 3). Several plant families, e.g., the Lamiaceae and Asteraceae, have
glandular trichomes with secretory cells that produce terpenes and secrete them
into a shared subcuticular storage cavity [18]. Conifers accumulate a complex
mixture of mono-, sesqui-, and diterpenes, oleoresin, in resin blisters or ducts,
which are covered by a layer of epithelial cells that secrete and synthesize the
terpenes into the lumen [19]. As in the case of the conifers, many other plants
accumulate monoterpenes in mixtures containing the larger sesqui- and diterpenes,
rather than monoterpenes alone. The physiological function of monoterpenes is
defense, the attraction of pollinators, and plant—plant communication [20]. The
plant-insect interactions role of terpenes has been well-studied in conifers and the
bark beetle. The oleoresin is secreted from the ducts or produced newly upon tissue
damage by the beetle [21]. Ingested monoterpenes are converted by the beetles to
pheromones that either attract more beetles or serve as anti-aggregation signals.
Besides, conifer monoterpenes take part in tritrophic interactions and attract insect
predators that feed on bark beetles [19]. Most aromatherapy, insecticides, perfumes
and pharmaceutical products are made from monoterpenes [18]. The essential oil
of corn mint (Mentha arvensis var. piperascens) produce more than 7000 tons of
menthol every year either by total synthesis or from the steam-distilled. The cooling
sensation stimulated by menthol is caused by the excitation of cation channels that
serve as thermal receptors [22]. Two monoterpenes with promising anticancer
effects are perrillyl alcohol and (+)-(R)- limonene [23], these two compounds
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Figure 3.

Mono- and bicyclic monoterpenes derived from geranyl diphosphate (GPP).
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suppress translation of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase,
an enzyme of the MVA pathway and induce apoptosis [24]. The 3-hydroxy-
3-methylglutaryl-CoA (HMG-CoA) reductase enzyme is a promising target for
anti-tumor compounds because tumor cells have elevated HMG-CoA reductase
levels and many proteins involved in cell growth are phenylated. The decreased
terpene biosynthesis in humans leads to suppression of HMG-CoA reductase [25].
The secoiridoids yields from the cleavage of the cyclopentane ring of the iridoid
skeleton, which are monoterpene indole alkaloids and the biosynthetic building
units of the Ipecac alkaloids [25]. Many iridoids have an intense bitter-taste and
therefore act as feeding deterrents (Figure 4) [26].

2.1.3 Sesquiterpenes

In general, sesquiterpenes are less volatile than monoterpenes; they contain
three isoprene units and are formed by condensation of DMAPP with two molecules
IPP, the central C;s intermediate farnesyl diphosphate (FPP) can be folded into
mono-, bi- or tricyclic systems [9]. Initially, it was assumed that all sesquiterpenes
are produced via the cytosolic MVA pathway. Recent studies, however, revealed
that certain sesquiterpenes originate from isoprene units provided by the DXP
pathway [12, 13] or by both biosynthetic routes [27]. This can be explained by the
transport of isoprenoid precursors from the plastids to the cytosol [28]. Abscisic
acid is a sesquiterpene phytohormone that is induced by drought and promotes
stomatal closure and seed dormancy. Other sesquiterpenes take part in tritrophic
plant-herbivore-parasite interactions [13]. The sesquiterpenes (E)-b-farnesene and
the (E)-a-bergamotene attract the parasitic wasp Cotesia marginiventris, in maize
infested with lepidopteran larvae [29]. Maize roots release (E)-b-caryophyllene
(Figure 5) upon an attack of larvae of the beetle Diabrotica virgifera to attract the
parasitic nematode Heterorhabditis megidis [30]. Many sesquiterpenes (sesquiterpene
lactones) contain a pentacyclic lactone group, these compounds occur abundantly in
the family Asteraceae, because of their bitter taste sesquiterpene lactones presumably
serve as feeding deterrents of herbivores [31]. Pharmacologically active sesquiterpene
lactones often show anti-inflammatory effects due to inhibition of the transcription
factor NF- kB that mediates immunological responses and inflammation [32]. One
of the most popular medicinal plants, chamomile (Matricaria recutita) is a sesqui-
terpenes with such activities. Antimigraine action of some sesquiterpene lactones,
e.g., parthenolide from feverfew (Tanacetum parthenium), is mediated by inhibition
of platelet aggregation and serotonin secretion [9]. The reason for the cytotoxicity
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Figure 4.
Iridoids.



Biosynthesis of Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.97660

A\/\/k/\/l\ﬂ OPP /\\/\/l%/\J\;?

(E}pp-Famesane

(E)-«-Bergamotene o o
(E)-{-Caryophyliene Parthenolide Artemisinin

Figures.
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and allergenicity of sesquiterpene lactones with a, b-unsaturated lactone is the
alkylation of proteins. Artemisinin is a novel promising agent against malaria.
Structurally, it is a tetracyclic sesquiterpene with a six-membered lactone ring and
an unusual 1, 2, 4-trioxane ring (Figure 5). The president of North Vietnam, to

the Chinese government (Ho Chi Minh) discovered artemisinin for a cure against
malaria to support his troops in the malaria-infested jungles during the American/
Vietnamese war [33]. The ether extract from A. annua, and artemisinin (qing-
haosu) revealed the antimalarial activity and the mode of action of artemisinin are
still being investigated. Most likely, it interferes with sarco-endoplasmic reticulum
calcium ATPase (SERCA) of Plasmodium falciparum, but other mechanisms, for
example, alkylation of biological macromolecules or the production of reactive
oxygen species [34]. The structural feature required for antimalarial activity is
the peroxide bridge. Artemether and artesunate (two semisynthetic analogs), in
efficiency comparison to artemisinin were developed and are now used as first-
line therapy in the treatment of malaria, in combination with other antimalarial
drugs like the lumefantrine and quinine analogs mefloquine. This combination
tends to prevent resistance to Plasmodium. The artemisinin and its analogs success
has triggered by extraction of the sesquiterpene from the plant because A. annua
contains only 0.01-1.5% of artemisinin [35]. Therefore, an powerful and afford-
able drug for the people in malaria-endemic areas are necessary, either by breeding
of A. annua plants with elevated artemisinin levels or biotechnological production
of the artemisinin precursor artemisinic acid by cloning the biosynthetic genes
from A. annua [35] and engineering the pathway into the bacterium Escherichia
coli or yeast [36, 37].

2.1.4 Diterpenes

Diterpenes originate from the Plasmid DXP pathway and are synthesized from
DMAPP and three molecules IPP yielding the C,, metabolite geranyl geranyl
diphosphate (GGPP). GGPP is a smaller terpene; it can undergo rearrangements
and cyclization to many different structures and also a precursor of the lipophilic
phytyl side chain of chlorophyll and plastoquinone. Gibberellins are tetracyclic
diterpenes that act as phytohormones and promote shoot elongation, flowering and
seed germination [38]. Diterpenes like abietic- and levopimaric acid (Figure 6) are
constituents of conifer oleoresin and function as a defense against herbivores and
pathogens. After mono- and sesquiterpenes (turpentine) are removed from oleo-
resin by distillation, the solid diterpene fraction (rosin) is called colophonium. The
mono and sesquiterpene containing distillate are used as oil of turpentine for the
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Diterpenes.

thinning of paints and varnishes [39]. Paclitaxel binds to microtubules, stabilizes
them against depolymerisation and thus blocks cell proliferation [40]. Paclitaxel is
used in the therapy of cancers (breast, ovarian, lung, head and neck and Kaposi’s
sarcoma). In the bark of T. brevifolia (0.01-0.02%), paclitaxel occurs only in
relatively low amounts and the trees grow slowly, other sources had to be found to
supply enough of the diterpene for industrial production. Paclitaxel is obtained
either by semisynthesis from baccatin III and 10-deacetylbaccatin III or from tissue
cultures of various Taxus species, which can be extracted from the leaves and twigs

of the common yew (T baccata), a tree that grows much faster than T. brevifolia
(Figure 6).

2.1.5 Triterpenes and steroids
Triterpenes are synthesized from two molecules of FPP that are joined by tail-

to-tail condensation to squalene via the MVA pathway. Various structures, mostly
tetra- or pentacyclic yields from cyclization of its metabolite 2, 3-oxidosqualene
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followed by rearrangements and methyl shifts. The precursor of plant steroids is

2, 3-Oxidosqualene (Figure 7). In this case, it is cyclized to the triterpene cyclo-
artenol, which is then converted to the C-27 compound cholesterol with the loss of
three methyl groups. In both triterpenes and steroids the oxygen of 2, 3-oxidosqua-
lene is usually retained as hydroxy group at C-3. Phytosterols are lipophilic and are
readily incorporated into the micelles involved in fat digestion. Esters of phytoster-
ols are therefore used as cholesterol-lowering food additives [9]. A group of plant
hormones (Brassinosteroids) is derived from campesterol. They regulate various
biological processes, e.g., stem elongation, leaf expansion, seed germination, and
xylem differentiation [38, 41].

2.1.6 Saponins

Monocots preferably accumulate steroidal saponins, which are abundant in
the Agavaceae, Dioscoraeceae, and Yuccaceae. Triterpenoid saponins contain the
lupane skeleton, tetracyclic dammarane backbone as aglycone and the pentacyclic
a-amyrin (ursane), b-amyrin (oleanane). This aglycone is linked with one to three
carbohydrate chains containing up to six sugar molecules or uronic acids [9, 42]. In
the triterpene backbone, the first sugar chain is attached to the hydroxy group at
C-3. When two or more carbohydrate chains are present, they are connected with
carboxy or hydroxy groups at C-30 or C-28. Spirostanols and furostanols are two
groups of steroid saponins. A tetrahydrofuran ring in furostanols is formed from
the side chain of cholesterol, and the hydroxy group at C-26 is glycosylated. Upon
cleavage of this sugar moiety, a second oxygen-containing heterocycle is formed,
thus yielding a spirostanol (Figure 8). As in the case of the triterpene saponins,
steroidal saponins carry a sugar chain at the C-3 hydroxy group [41, 43-47].

2.1.7 Tetraterpenes

Tetraterpenes are synthesized from two molecules GGPP by tail-to-tail addition
and comprise only one group of compounds, the carotenoids. The tetraterpene
chain is cyclized to a six-membered ring at either one or both ends. Carotenoids
with hydroxy or epoxy functions are classified as xanthophylls [9]. The important
physiological functions of carotenoids in plants, is that it act as accessory pigments
of chlorophyll, since they are part of the light-harvesting complex. Besides, they
quench triplet oxygen and singlet oxygen in case of excess light energy and thus
protect the plant from photo-oxidative damage. As pigments of flowers and fruits,

2,3-Oxidosqualene Cholesterol (R = H)
Campesterol (R = CHj)
Sitosterol (R = CaHs)

Figure 7.
Stevols derived from 2, 3-oxidosqualene.
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Triterpene and stevoid saponins.

carotenoids attract pollinators and seed dispersers [48]. Carotenoids (a-carotene,
b-carotene) are essential for human health (Figure 9), b-cryptoxanthine is precur-
sors of vitamin A. They serve as the pigment of the light receptors of the human
eyes, and converted in the liver to vitamin A. To overcome vitamin A deficiency in
areas with malnutrition, transgenic rice termed, golden rice “was developed that
expresses high levels of carotenoid biosynthetic enzymes in the endosperm and
accumulates elevated levels of carotenoids [49-51].

2.2 Phenolic compounds

Phenolic compounds (phenolic acids and polyphenols) are derivatives of
the shikimic, pentose phosphate, and phenylpropanoid pathways in plants [52].
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Polyphenols are aromatic ring which contains a phenyl group and a hydroxyl
functional group [53]. Plant phenolic compounds are lignin, flavonoids, carot-
enoids, tannins, and phytoalexins; they are responsible for antioxidant, antiaging,
antiproliferation and anti-inflammatory activities. Vegetables, fruits and beverages
are major sources of phenolics [54, 55]. Tannins significantly reduce the growth of
many herbivores when added to their diets because they are generally toxic. Tannins
can be seen in fruits like apples, blackberries, tea and red wine [56]. Tannins are
mainly constituent of woody plants especially heartwood. Some derivatives of tan-
nin include Gallic acid [56].

2.2.1 Phenol derivatives, especially flavonoids

The biosynthetic pathways are derived from the shikimate pathway (Figure 10),
which is shared by indoles, and by several alkaloids and betalains. The phenylalanine

shikinmic acid
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Figure 10.
Schematic overview for the biosynthetic pathways of selected phenols from phenylalanine as a precursor (bold).
A key enzyme, phenylalanine ammonia-lyase (PAL), is shown (red). Some example structures are depicted

(blue) [57].
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is the precursor for the cinnamic acid derivatives and flavonoids, and it is converted by
an enzyme, phenylalanine ammonia-lyase (PAL) to cinnamic acid. Rosmarinic acid has
high antioxidative potential and also good aromatic qualities. The cinnamic acid deriv-
atives serve as precursors for polymers (lignin), which is synthesized via cinnamalde-
hydes and monolignols. Much information is also available from maize and a legume,
the latter also contains isoflavonoids (Figure 11). Other mutants in the pathway of, for
example, the next enzyme encoding chalcone isomerase (which is responsible for the
synthesis of naringenin), also show this phenotype, and consequently, the mutations
were numbered consecutively, starting with “1” Mutations in the transcription factors
that control the synthesis of flavonoids have similar phenotypes [57].

2.3 Nitrogen-containing compounds

Alkaloids are heterocyclic nitrogen compounds biosynthesized from amino
acids. Alkaloids represent one of the biggest groups of natural products, with cur-
rently more than 12,000 known structures. In addition to alkaloids, benzoxazinoids,
glucosinolates, and cyanogenic glucosides will be represented. Like alkaloids, these
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The main pathways for flavonoid synthesis derived from diffevent plant species. CHS: chalcone synthase; CHI:
chalcone isomerase; IFS: isoflavonoid synthase; FNS: flavone synthase; F3H: flavanone-3- hydroxylase; FLS:
flavonol synthase; DFR: dihdroflavonol veductase; ANS: anthocyanidin synthase; UGT: glycosyltransferase;
ANR: anthocyanidin reductase [57].
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metabolites contain nitrogen and are derived from amino acids. Morphine is an
alkaloid isolated in 1805 from opium poppy Papaver somniferum [58, 59]. The role of
alkaloids in the plant has been a subject of speculation for at least 100 years. Most
alkaloids are now believed to function as a defense against especially mammals,
because of the general toxicity and deterrence capacity [60]. One group of alkaloids,
the pyrolizidine alkaloid illustrates how herbivores can become adapted to tolerate
plant defensive substances and even use them in their defense [60].

2.3.1 Alkaloids

Alkaloid was introduced by a German Chemist, Carl FW Meissnerin in 1815.
Alkaloids are Alkali-like and derived from the word Alkali. They are a group of
naturally occurring organic compounds which are basic, contain one or more nitrogen
atoms normally of Heterocyclic nature. They also possess specific physiological actions
on the human and animal bodies and are abundant in higher plants (Angiosperm).
Major types of alkaloids and their examples are represented in Table 1. Families rich in
alkaloids are- Apocynaceae, Rubiaceae, Solanaceae, Papaveraceae, Berberidaceae, etc.
Alkaloids are present in many parts of the plant- Aerial part (Ephedra — Ephedrine),
Entire plant (Vinca- Vincristine, Vinblastine), Leaves (Tea- Caffeine), Root
(Rauwolfia- Reserpine), Bark (Cinchona- Quinine), Seed (Nuxvomica), Fruit (Black
pepper- Piperine), Latex (Opium- Morphine, Codeine). Pharmacological uses include;
Anagelsic, Antimalarial, Antispasmodic, Hypertension, Mental disorder, Anticancer
etc. Alkaloids occur mainly in plants as Salts of organic acid (oxalic acid, citric acid,
acetic acid, maleic acid, tartaric acid, fumaric, benzoic, etc). Functions in plants
include; protective against insects and herbivores (bitterness and toxicity), a product
of detoxification (a waste product) in a certain case, a reservoir for protein synthesis,
and a source of nitrogen in case of deficiency. Many precursors are involved in various
pathways, such as aromatic amino acids (tryptophan, tyrosine and phenylalanine),
and also aspartate, glutamine, lysine, glycine and valine (Figure 12). Besides, the
nonproteinogenic amino acid ornithine is an important precursor for various alkaloids.

Type Plant source Example Uses
Pyrrolidine Leaves of Peruvian coca Hygrine Stimulants, Depressant
shrub
Tropine Atropa belladonna Atropine, Antidote of poison
Cocaine
Piperidine Bark of bomegranate, Coniine Poison (paralyzes of motor
Oil of hemlock. Conium neuron)
maculatum
Pyramidine- Tobacco leaf Nicotina Nicotine Respiratory stimulation
pyridine tabacum
Quinoline Cinchona tree Quinine Treatment of malaria
Isoquinoline Papaver somniferum Seed Codeine, Treatment of cough and
of nuxvomica Strychnos morphine Analgesic
Indole Claviceps purpurea Strychnine, Treatment of hypertension,
Reserpine, uterine atonia, postpartum
Psilocybin bleeding, hallucination
Pyridine- Anabasis aphylla Anabasine Antimicrobial, antioxidant
piperidine
Table 1.

Major types of alkaloids [53].
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Figure 12.

Overview of the biosynthesis of selected alkaloids. Phenylalanine together with ornithine is needed for the
synthesis of the second group of tropane alkaloids (violet). Caffeine and velated substances ave devived from
purine (brown,). The class of compounds is given in brackets [57].

For several alkaloids, two different precursors are needed for the biosynthetic path-
ways. In the case of terpene indole alkaloids (Figure 12), it is not only tryptophan

that is involved as a precursor for the indole moiety, but also monoterpenes for the
synthesis of side chains. Another example is the biosynthesis of the tropane alkaloids
hyoscyamine and scopolamine, where ornithine and phenylalanine are required for the
different parts of the molecule (Figure 12) [57].

2.3.2 Benzoxazinones
Benzoxazinones is a class of natural products known as cyclic hydroxamic

acid, found in wheat, rye and maize in the family of Gramineae [61]. They act as
plant resistance to insects and microbes. At present, it is still being investigated
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whether the pathway developed only once or several times independently after
the divergence of monocots and dicots [62, 63]. Besides, they serve as feeding
deterrents and reduce the vitality of pests. In particular, these metabolites confer
resistance to one of the major corn pests, the European corn borer (Ostrinia
nubialis) [64]. The mode of action of benzoxazinones can be explained by the
modification of amino and thiol groups of biomolecules. The aldehyde function
of the tautomeric open-ring form can react as an electrophile with NH, groups
and form Schiff bases [65]. The structural prerequisite for this oxidation is an
electron-donating substitution at C-7 of the benzoxazinone skeleton (Figure 13)
[66]. Benzoxazinoids that have been bio-activated by N -acetylation may act as
alkylating agents towards nucleic acids and proteins. Due to their toxicity, ben-
zoxazinones can also function as allelochemicals and are therefore discussed as
natural herbicides [67].

2.3.3 Glucosinolates

Glucosinolates are b -thioglucosides of (Z) - N - hydroximinosulfate esters
(Figure 14). They share the first steps of cyanogenic glucoside biosynthesis. About
120 different structures of glucosinolates are known [68]. The glucosinolates are
hydrolyzed by myrosinase (if the plant tissue is damaged), a thioglucosidase is
spatially separated in the undamaged tissue [69] (Figure 14). The main product
of the “mustard bomb” consisting of glucosinolates and myrosinase is isothiocya-
nates. These compounds are also responsible for many of the biological effects of
glucosinolates, e.g., antibacterial, antifungal, nematicidal, and feeding deterrent
activities [68]. The formation of hydrolysis products distinct from thiocyanates
depends on the structure of the glucosinolates, pH, and the presence or absence of
Fe”" ions or specifier proteins [70]. Hydrolysis of b -hydroxyalknyl glucosinolates
yields oxazolidine-2-thiones that can cause goiter by inhibiting the incorporation of
iodine into thyroid hormones. To make the protein-rich seed cake that remains after
the extraction of the oil suitable as animal foodstuff, Grape plants with low levels of
glucosinolates have been developed by breeding efforts [68]. Sulforaphane enhances
the excretion of cancerogenic compounds by inducing glutathione-S-transferase,
UDP-glucuronosyl transferase, and NADPH quinone oxidoreductase (phase II
detoxification enzymes) [70, 71]. The glucosinolates act as feeding deterrents,
and many insect herbivores feed on plants containing these natural products. The
detoxification of glucosinolates is known from two insect species which has two
very different mechanisms [72]. The cabbage white butterfly (Pieris rapae) contains
a specified protein that transforms glucosinolates in the presence of myrosinase to
nontoxic nitriles that are excreted with the feces [73]. This requires either an endog-
enous myrosinase that is spatially separated from the glucosinolates in the insects or
myrosinases from the gut microflora of their enemies [69].

Cﬁ I o U I — T e O

OH
Benzoxazinone Benzoxazinone tautomeric Benzoxazolinone
glucoside DIMBOA (R = OCH3) opan-ring form

DIBOA (R = H)

Figure 13.
Enzymatic and chemical degradation of benzoxazines with hydroxamic acid function [61].
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Figure 14.
Exemplary structures of glucosinolates (a) and hydrolysis of glucosinolates by myrosinase and rearrangement to
various products (b) Isothiocyanates arve the predominant degradation products.

2.3.4 Cyanogenic glycosides

Cyanogenic glucosides are b-glucosides of a~hydroxy nitriles (syn. cyanohy-
drins), which are derived from the five proteinogenic amino acids phenylalanine,
tyrosine, valine, isoleucine, leucine, and the non-proteinogenic amino acid
cyclopentenyl-glycine. About 2500 different plant species including ferns, gym-
nosperms, and angiosperms produce cyanogenic glycosides [74, 75]. Despite their
widespread occurrence, these natural products are found predominantly in the fam-
ilies Araceae, Asteraceae, Euphorbiaceae, Fabaceae, Passifloraceae, Poaceae, and
Rosaceae [9, 76]. Some of the most abundant molecules are amygdalin (Rosaceae),
linamarin and lotaustralin (Fabaceae), and the epimers dhurrin and taxiphyllin in
the genus Sorghum [75]. The b-glucosidic bond can also be hydrolyzed by intestinal
bacteria in the gut of herbivores. The hydrogen cyanide toxicity can be explained
by its affinity to metal ions. Cyanide ions complex iron (III) in the active site of
cytochrome oxidase thus inhibits the respiratory chain [77, 78]. Cyanogenic gluco-
sides act as feeding deterrents, by transferring all genes required for the formation
of the cyanogenic glucoside dhurrin from Sorghum bicolor into Arabidopsis, proved
that cyanogenic glucosides play a role in plant defense [79, 80]. Several herbivores,
especially insects, can feed on plants containing these natural products, despite
the toxicity of the cyanogenic glucosides, and the toxic compounds may act as
phagostimulants. Cyanogenic glucosides act as defense compounds for some species
of beetles, centipedes, and millipedes, but particularly many moths and butterflies
(Figure 15). The compounds are either taken up by feeding on cyanogenic plants or
synthesized by endogenous enzymes [77, 78]. It has been postulated that cyanogenic
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Representative structures of cyanogenic glucosides (a) and degradation of cyanogenic glucosides with
concomitant release of toxic hydrogen cyanide (b).

glucosides also serve as storage compounds for reduced nitrogen and sugar [81, 82].
These treatments often results in loss of protein, minerals, and vitamins. Various
approaches to produce transgenic cassava with reduced content of cyanogenic
glucosides in roots are currently underway [76, 80, 83, 84].

Author details
Stella O. Bruce' and Felix A. Onyegbule’

1 Pharmacognosy and Traditional Medicine, Pharmaceutical Sciences, Nnamdi
Azikiwe University, Awka, Anambra State, Nigeria

2 Department of Pharmaceutical & Medicinal Chemistry, Faculty of
Pharmaceutical Sciences, Nnamdi Azikiwe University, Awka, Anambra State,
Nigeria

*Address all correspondence to: stellaobruce@yahoo.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

15



Bioactive Compounds - Biosynthesis, Characterization and Applications

References

[1] Smanski M.], Zhou H, Claesen J,
Shen B, Fischbach M. A, Voigt C.A
(2016). Microbiol. Nat. Rev. 14, 135-149.

[2] Bhat SV., Nagasampagi B. A. and
Sivakumar M (2005). Chemistry of
natural product. Berlin, New York.
Springer, 6(6) 840.

[3] Finar I.L (2006). Stereochemistry
and the chemistry of natural Product
(5thedn.), Pearson Education Ltd,
Patparganj Delhi, India Vol.2. 942p.

[4] Wink M (1998). Plant Breeding:
Importance of plant secondary
metabolite for protection against

pathogen and herbivores Theoretical
and Applied Genetics 75: pp225-233.

[5] Taiz L. and Zeiger E (2005). Plant
physiology. Third Edition. Sinauer
Association Inc., California, U.S.

A. 690p.

[6] Hill A.F (1952). Economic Botany. A
textbook of useful plant and plant
Products (2nd edn.). MC-Graw-Hill
Book Company Inc., New York, U.S.

A. 743p.

[71 Okwu D.E (1999). Flavorings
properties of species on cassava African
Journal of Root Tuber Crops 3(2):
pp19-21.

[8] Nwokeji P.A, Enodiana O.1I,
Ezenweani S.R, Osaro-Itota O,

Akatah H.A (2016). The Chemistry of
natural product: plant secondary
metabolites. International Journal Of
Technology Enhancements And
Emerging Engineering Research,4(8):
pp2347-4289.

[9] Dewick P.M (2002) Medicinal
natural products: a biosynthetic
approach, 2nd edn. Wiley, Chichester

[10] Laule O, Fiirholz A, Chang H.S,
Zhu'T, Wang X, Heifetz P.B,
Gruissem W, Lange M (2003). Crosstalk

16

between cytosolic and plastidial
pathways of isoprenoid biosynthesis in
Arabidopsis thaliana. Proc Natl Acad
Sci USA. 100: 6866-6871

[11] Schuhr C.A, Radykewicz T,

Sagner S, Latzel C, Zenk M.H,

Arigoni D, Bacher A, Rohdich F,
Eisenreich W (2003). Quantitative
assessment of crosstalk between the two
isoprenoid biosynthesis pathways in
plants by NMR spectroscopy.
Phytochemistry Rev. 2, 3-16

[12] Dudareva N, Andersson S,

Orlova I, Gatto N, Reichelt M,

Rhodes D, Boland W, Gershenzon ]
(2005). The nonmevalonate pathway
supports both monoterpene and
sesquiterpene formation in snapdragon
flowers. Proc Natl Acad Sci USA.

102, 933-938

[13] Piel J, Donath J, Bandemer K,
Boland W (1998). Mevalonate-
independent biosynthesis of terpenoid
volatiles in plants: induced and
constitutive emission of volatiles.
Angew Chem Int Ed. 37,

2478-2481

[14] Gershenzon ] and Croteau R (2012).
Terpenoid in Herbivores: Their
interaction with Secondary Plant
Metabolite: the Chemical participant.
Academic Press San Diego, California,
USA. Vol.1 (2nd edn.), 409p

[15] Kessler A and Baldwin I.T (2001).
Defensive function of herbivore Induced
plant volatile emission in nature.
Science. 29, pp2141-2144

[16] Sharkey T.D, Wiberley A.E,
Donohue A.R (2008). Isoprene emission
from plants: why and how. Ann Bot
(Lond). 101, 5-18

[17] Baldwin I.T, Halitschke R,
Paschold A, von Dahl C.C, Preston C.A
(2006). Volatile signaling in plant-plant



Biosynthesis of Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.97660

interactions: “talking trees” in the
genomics era. Science. 311, 812-815

[18] Croteau R.B, Davis E.M, Ringer K.L,
Wildung M.R (2005). (—)-Menthol
biosynthesis and molecular genetics.
Naturwissenschaften. 92, 562-577

[19] Trapp S, Croteau R (2001).
Defensive resin biosynthesis in conifers.
Annu Rev Plant Physiol Plant Mol Biol
52, 689-724

[20] Mahmoud S.S, Croteau R.B (2002).
Strategies fro transgenic manipulation
of monoterpene biosynthesis in plants.
Trends Plant Sci. 7, 366-373

[21] Phillips M. A and Croteau R.B
(1999). Resin-based defenses in
conifers. Trends Plant Sci 4, 184-190

[22] Jordt S.E, McKemy D.D, Julius D
(2003). Lessons from peppers and
peppermint: the molecular logic of

thermosensation. Curr Opin Neurobiol.
13, 487-492

[23] Mo H and Elson C.E (2004). Studies
of the isoprenoidmediated inhibition of
mevalonate synthesis applied to cancer

chemotherapy and chemoprevention.
Exp Biol Med. 229, 567-585

[24] Dinda B, Debnath S, Harigaya Y
(2007a). Naturally occurring iridoids. A
review, Part 1. Chem Pharm Bull.

55, 159-222

[25] Dinda B, Debnath S, Harigaya Y
(2007b). Naturally occurring iridoids. A
review, Part 2. Chem Pharm Bull.

55, 689-728

[26] Seigler D.S (1998). Iridoid
monoterpenes. In: Plant secondary
metabolism. Kluwer, Dordrecht.
7,61-71

[27] Adam K.P and Zapp ] (1998).
Biosynthesis of the isoprene units of
chamomile sesquiterpenes.
Phytochemistry. 48, 953-959

17

[28] Bick J.A and Lange B.M (2003).
Metabolic cross talk between cytosolic
and plastidial pathways of isoprenoid
biosynthesis: Unidirectional transport
of intermediates across the chloroplast

envelope membrane. Arch Biochem
Biophys. 415, 146-154

[29] Schnee C, Kollner T.G, Held M,
Turlings T.C.J, Gershenzon J,
Degenhardt] (2006). The products of a
single maize sesquiterpene synthase
form a volatile defense signal that
attracts natural enemies of maize
herbivores. Proc Natl Acad Sci USA. 103,
1129-1134

[30] Rasmann S, Kollner T.G,
Degenhardt ], Hiltpold I, Toepfer S,
Kuhlmann U, Gershenzon J,

Turlings T.C.J (2005). Recruitment of
entomopathogenic nematodes by
insect-damaged maize. Nature.

434,732-737

[31] Heinrich M, Robles M, West J.E,
Ortiz de Montellano B.R, Rodriguez E
(1998). Ethnopharmacology of Mexican
Asteraceae (Compositae). Annu Rev
Pharmacol Toxicol. 38, 539-565

[32] Ly G, Knorr A, Schmidt T,

Pahl H.L, MerfortI (1998). The anti-
inflammatory sesquiterpene lactone
helenalin inhibits the transcription
factor NF- k B by directly targeting p65.
J Biol Chem. 273, 33508-33516

[33] Hsu E (2006). Reflections on the
‘discovery’ of the antimalarial qinghao.
Br J Clin Pharmacol. 61, 666-670

[34] White N.J (2008). Qinghaosu
(Artemisinin): the price of success.
Science. 320, 330-334

[35] Covello P.S, Teoh K.H, Polichuk D.R,
Reed D.W, Nowak G (2007). Functional
genomics and the biosynthesis of

artemisinin. Phytochemistry. 68,
1864-1871

[36] Chang M.CY, Eachus R.A, Trieu W,
Ro D.K, Keasling J.D (2007).



Bioactive Compounds - Biosynthesis, Characterization and Applications

Engineering Escherichia coli for
production of functionalized terpenoids
using plant P450s. Nat Chem Biol.

3, 274-277

[37] Ro D.K, Paradise E.M, Quellet M,
Fisher K.J, Newman K.L, Ndungu J.M,
Ho K.A, Eachus R.A, Ham T.S, Kirby J,
Chang M.C, Withers ST, Shiba,
Sarpong R, Keasling ].D (2006).
Production of the antimalarial drug

precursor artemisinic acid in engineered
yeast. Nature. 440, 940-943

[38] Bishopp A, Mdhonen A.P, Helariutta
Y (2006). Signs of change: hormone
receptors that regulate plant

development. Development. 133,
1857-1869

[39] Wani M.C, Taylor H.L, Wall M.E,
Coggin P, McPhail AT (1971). Plant
antitumor agents. VI. Isolation and
structure of taxol, a novel antileukemic
and antitumor agent from Taxus
brevifolia. ] Am Chem Soc. 93,
2325-2327

[40] Schiff P.B, Horwitz S.B (1980).
Taxol stabilizes microtubules in mouse
fibroblast cells. Proc Natl Acad Sci USA.
77, 1561-1565

[41] Bruce S.O., Onyegbule F.A.,
IThekwereme C.P (2016). Evaluation of
hepato-protective and anti-microbial
activities of ethanol extracts and
fractions of Picralima nitida seed and
pod. Journal of Phytomedicine and
Therapeutic, 1(2): 1-21.

[42] Hostettmann K. A, Marston A
(1995). Saponins. Cambridge University
Press, Cambridge. Pp548

[43] Gﬁglﬁ-Ustiindag O, Mazza G
(2007). Saponins: properties,
applications and processing. Crit Rev
Food Sci Nutr. 47, 231-258

[44] Osbourn A (1996). Saponins and

plant defence - a soap story. Trends
Plant Sci. 1, 4-9

18

[45] Radad K, Gille G, Liu L,

Rausch W.D (2006). Use of ginseng in
medicine with emphasis on neuro
degenerative disorders. ] Pharmacol Sci.

100, 175-186

[46] Liby KT, Yore M.M, Sporn M.B
(2007). Triterpenoids and rexinoids as
multifunctional agents for the
prevention and treatment of cancer. Nat

Rev Cancer. 7, 357-5369

[47] Li F, Goila-Gaur R, Salzwedel K,
Kilgore N.R, Reddick M, Matallana C,
Castillo A, Zoumplis D, Martin D.E,
Orenstein .M, Allaway G.P, Freed E.O,
Wild C.T (2003). PA-457: a potent HIV
inhibitor that disrupts core
condensation by targeting a late step in
Gag processing. Proc Natl Acad Sci USA.
100, 13555-13560

[48] Howitt C.A, Pogson B.J (2006).
Carotenoid accumulation and function
in seeds and non-green tissues. Plant
Cell Environ. 29, 435-445

[49] Ye X, Al-Babili S, Kléti A, Zhang ],
Lucca P, Beyer P, Potrykus I (2000).
Engineering the provitamin A (beta-
carotene) biosynthetic pathway into
(carotenoid-free) rice endosperm.

Science. 287, 303-305

[50] Riccioni G, Bucciarelli T,

Mancini B, Corradi F, Di Ilio C,

Mettei P.A, D’Orazio N (2007).
Antioxidant vitamin supplementation
in cardiovascular diseases. Ann Clin Lab
Sci. 37, 89-95

[51] U.S. Preventive Services Task Force
(2003). Routine vitamin
supplementation to prevent cancer and
cardiovascular disease:
recommendations and rationale. Ann
Intern Med. 139:51-55

[52] Randhir R., Lin Y.T., Shetty K
(2004). Stimulation of phenolics,
antioxidant and antimicrobial activities
in dark germinated mung bean sprouts
in response to peptide and



Biosynthesis of Natural Products
DOI: http://dx.doi.org/10.5772/intechopen.97660

phytochemical elicitors. Process
Biochem. 39:637-646.

[53] Taiz L and Zeiger E (2005). Plant
physiology. Third Edition. Sinauer
Association Inc., California, U

.S. A.690p

[54] Kondo T, Yoshida K, Kawai T,
Tamura H and Goto T (2012). Structural
basis of blue colour development in

tflower petal from Commelina communis.
Nature. 358, pp515-518

[55] LiJ. Lee O, Raba R and Last R.L
(2003). Arabidopsis flavonoid mutant
are hypersensitive to UV-B radiation.
Plant Cell. 85, pp171-179

[56] Onyegbule F.A, Okoli O.G,

Bruce S.O (2019). "In vivo Evaluation of
the Antimalarial Activity of the
Aqueous Ethanol Extract of Monodora
myristica Seed in Albino Mice',
International Journal of Science and
Research (IJSR), Volume 8 Issue 6,
1530-1538

[57] Gutzeit H.O and Ludwig-Muller ]
(2014). Plant Natural Products:
Synthesis, Biological Functions and
Practical Applications, First Edition.
Wiley-VCH Verlag GmbH & Co.
KGaA. Pp1-80.

[58] Edeoga H.O, Okwu D.E and
Mbaebie B.O (2009). Phytochemical
constituent of some Nigeria medicinal

plants. African Journal of
Biotechnology. 4 (7): pp685-688

[59] Fessenden R.] and Fessenden J.S
(1997). Organic Chemistry (2nd edn.).
Willard Grant Press, Massachusetts, U.
S.A.57p

[60] Hartmann T (2013). Chemical
ecology of pyrrolizidine alkaloids.
Planta. 207, pp483-495

[61] Sicker D, Frey M, Gierl A (2000).
Role of natural benzoxazinones in the

survival strategy of plants. Int Rev
Cytol. 198, 319-346

19

[62] Bravo H.R, Lazo W (1993).
Antimicrobial activity of cereal
hydroxamic acids and related
compounds. Phytochemistry.

33, 569-591

[63] Bravo H.R, Lazo W (1996).
Antialgal and antifungal activity of
natural hydroxamic acids and related
compounds. ] Agric Food Chem. 44,
1569-1571

[64] Grombacher AW, Russell W.A,
Guthrie W.D (1989). Resistance to
first-generation European corn borer
(Lepidoptera: Pyralidae) and DIMBOA
concentration in midwhorl leaves of the
BS9 maize synthetic. ] Kans Entomol
Soc. 62, 103-107

[65] Pérez F.J, Niemeyer H.M (1989).
Reaction of DIMBOA with amines.
Phytochemistry. 28, 1831-1834

[66] Atkinson J, Morand P, Arnason J.T,
Niemeyer H.M, Bravo H.R (1991).
Analogs of the cyclic hydroxamic acid
2,4-dihydroxy-7-methoxy-2H-1,4-
benzoxazin-3-one (DIMBOA):
decomposition to benzoxazolinones and
reaction with beta-mercaptoethanol. ]
Org Chem. 56, 1788-1800

[67] Hashimoto Y, Shudo K (1996).
Chemistry of biologically active
benzoxazinoids. Phytochemistry.
43, 551-559

[68] Fahey JW, Zalcmann AT, Talalay P
(2001). The chemical diversity and
distribution of glucosinolates and
isothiocyanates among plants.
Phytochemistry. 56:5-51

[69] Halkier B.A, Gershenzon J (2006).
Biology and biochemistry of
glucosinolates. Ann Rev Plant Biol.
57,303-333

[70] Wittstock U, Burow M (2007).
Tipping the scales - specifier proteins in
glucosinolate hydrolysis. IUBMB Life.
59, 744-751



Bioactive Compounds - Biosynthesis, Characterization and Applications

[71] Higdon JV, Delage B, Williams D.E,
Dashwood R.H (2007). Cruciferous
vegetables and human cancer risk:

epidemiologic evidence and mechanistic
basis. Pharmacol Res. 55, 224-236

[72] Ratzka A, Vogel H, Kliebenstein D ],
MitchellOlds T, Kroymann J (2002).

Disarming the mustard oil bomb. Proc
Natl Acad Sci USA. 99, 11223-11228

[73] Wittstock U, Agerbirk N,

Stauber E..J, Olsen C.E, Hippler M,
Mitchell-Olds T, Gershenzon J, Vogel H
(2004). Successful herbivore attack due
to metabolic diversion of a plant
chemical defense. Proc Natl Acad

Sci USA. 101, 4859-48564

[74] Hegnauer R (1986).
Chemotaxonomie der Pflanzen. Vol 7.
Birkhduser Verlag, Basel Volume 27,
Issue 8, Pages 2423-2427

[75] Seigler D.S (1991). Cyanide and
cyanogenic glucosides. In:

Rosenthal GA, Berenbaum MR (eds)
Herbivores: their interactions with
secondary plant metabolites. Academic,

San Diego, CA. 1, 35-77

[76] Bruce S.O, Onyegbule F.A,
Ezugwu C.O (2019). Pharmacognostic,
physicochemical and phytochemical
evaluation of the leaves of Fadogia
cienkowskii Schweinf (Rubiaceae).
Journal of Pharmacognosy and
Phytotherapy. Vol. 11(3),

pp- 52-60

[77] Zagrobelny M, Bak S, Mgller B.L
(2008). Cyanogenesis in plants and
arthropods. Phytochemistry. 69,
1457-1468

[78] Selmar D, Lieberei R, Biehl B
(1988). Mobilization and utilization of
cyanogenic glycosides: the linustatin
pathway. Plant Physiol. 86, 711-716

[79] Jones D.A (1998). Why are so many

food plants cyanogenic?
Phytochemistry. 47, 155-162

20

[80] Okoye V.O, Bruce S.O and
Onyegbule F.A (2020). Phytochemical
screening and pharmacognostic
properties of Peuraria phaseoloides leaves
(roxb) benth. (fabaceae). International
Journal of Public Health, Pharmacy and
Pharmacology, 2020; 5(2)11-24.

[81] Sanchez-Pérez R, Jorgensen K,
Olsen C.E, Dicenta F, Mgller B.L (2008).
Bitterness in almonds. Plant Physiol.
146, 1040-1052

[82] O’Brien GM, Taylor A J, Poulter N.H
(1991). Improved enzymatic assay for
cyanogens in fresh and processed
cassava. ] Sci Food Agric. 56, 277-289

[83] Jergensen K, Bak S, Busk PK,
Serensen C, Olsen C.E, Puonti-Kaerlas ],
Mpgller B.L (2005). Cassava plants with a
depleted cyanogenic glucoside content
in leaves and tubers. Distribution of
cyanogenic glucosides, their site of
synthesis and transport, and blockage
of the biosynthesis by RNA interference
technology. Plant Phys. 139, 363-374

[84] Siritunga D, Sayre R (2007).
Transgenic approaches for cyanogen
reduction in cassava. AOAC Int. 90,
1450-1455



