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INTRODUCTION

Metabolism is defi ned as the sum of all the biochemi-
cal reactions carried out by an organism. Primary metabolic 
pathways converge into few end products, while secondary 
metabolic pathways diverge into many products. Primary 
metabolism requires the cell to use nutrients in its surround-
ings, such as low-molecular weight compounds, for cellular 
activity. There are three potential pathways for primary me-
tabolism: the Embden Meyerhof-Parnas pathway (EMP), 
the Entner-Dourdorof pathway, and the hexose monophos-
phate (HMP) pathway [Canter et al., 2005]. The EMP oc-
curs most widely in animal, plant, fungal, yeast, and bacterial 
cells. During primary metabolism, hexoses such as glucose 
are converted to single cell proteins by yeasts and fungi. This 
is generally done by using a combination of EMP and HMP 
pathways, followed by tricarboxylic acid cycle (TCA) and 
respiration [Shilpa et al., 2010]. Plants produce a vast and 
diverse assortment of organic compounds, the great major-
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ity of which do not appear to participate directly in growth 
and development. These substances traditionally referred to 
as secondary metabolites, are often differentially distributed 
among limited taxonomic groups within the plant kingdom. 
The primary metabolites, in contrast, such as phytosterols, 
acyl lipids, nucleotides, aminoacids, and organic acids, are 
found in all plants and perform metabolic roles that are es-
sential and usually evident [Hussain et al., 2012]. Although 
noted for the complexity of their chemical structures and 
biosynthetic pathways, secondary metabolites based natural 
products have been widely perceived as biologically insignifi -
cant and have historically received little attention from most 
plant biochemists [Hussain et al., 2012; Parsaeimehr et al., 
2011]. Pharmaceutical organic chemists, however, have long 
been interested in these novel phytochemicals (bioactive 
compounds) and have investigated their chemical properties 
extensively since the 1850s. Interest in bioactive compounds 
was not purely academic but was rather prompted by their 
great utility as dyes, polymers, fi bers, glues, oils, waxes, fl a-
voring agents, perfumes, and drugs. Recognition of the bio-
logical properties of myriad natural products has supported 
the current focus of this fi eld, the search for new drugs, anti-
biotics, insecticides, and herbicides [Grindberg et al., 2011]. 
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Terpenes, phenols, fl avanoids, alkaloids, sterols, waxes, fats, 
tannins, sugars, gums, suberins, resin acids and carotenoids 
are among the many classes of compounds known as second-
ary [Gottlieb, 1990; Grindberg et al., 2007; Nunnery et al., 
2010]. All terpenoids, including both primary metabolites and 
more than 25,000 secondary compounds, are derived from 
the fi ve-carbon precursor isopentenyl diphosphate (IPP). 
The  12,000 known alkaloids, which contain one or more 
nitrogen atoms, are biosynthesized principally from amino-
acids. The 8,000 phenolic compounds are formed by either 
the shikimic acid pathway or the malonate/acetate pathway 
[Genovese et al., 2009]. In this review, we provide an overview 
of recent trends on enhanced production of secondary me-
tabolites under different stress condition such as biotic and 
abiotic stresses and their application for agroindustry and 
pharmaceutical purposes. 

OCCURRENCE OF SECONDARY METABOLITES

Natural products have provided key guidelines for new 
drug discovery [Newman & Cragg, 2007]. The search for nov-
el natural products with interesting bioactive properties is an 
ongoing discipline. Thousands of bioactive compounds have 
the potential or have already been established as pharmaceu-
ticals, or nutraceuticals [Rea et al., 2010]. The development 
of crops for bioactive compounds production presents both 
research and agronomic management challenges and market-
-related considerations. The population susceptible to devel-
op chronic degenerative diseases represents more than 30% of 
the worldwide population, so the demand for new alternatives 
for control of these diseases has increased considerably in 
recent decades. Increasing consumption of functional foods 
with a high content of phytochemicals (bioactive compounds) 
is an option to prevent or correct chronic degenerative dis-
eases [Cameron et al., 2005].

Conventional medicine included phytochemicals in some 
medications, such as actually pharmaceuticals contain 50–
–60% of phytochemicals or are synthesized from them. Be-
tween 10% and 25% of prescribed drugs contain one or more 
natural bioactive compounds. The estimated use of medicinal 
plants suggests that more than 35,000 species of chemical 
compounds are used worldwide [Canter et al., 2005]. A large 
number of compounds from various natural sources such as 
crop, roots, leaves and some other plants have been reported. 
These metabolites include different types of economically 
important compounds, among which are the antibiotics, pig-
ments, toxins, pheromones, enzyme inhibitors, immunomod-
ulatory agents, receptor antagonists and agonists, pesticides, 
antitumor agents and elicitors in animals and plants [Evange-
lista & Moreno, 2007]. 

CLASSIFICATION OF SECONDARY METABOLITES

Plant secondary metabolites are categorized in three main 
groups based on their biosynthetic pathways: phenolic com-
pounds, terpenes and nitrogen-containing compounds [Rea 
et al., 2010; Krzyzanowska et al., 2010]. Studies have demon-
strated that terpenes are synthesized via the mevalonic path-
way from precursor acetyl-CoA, while phenolic compounds 

are aromatic substances formed via the shikimic acid pathway 
or the mevalonic pathway. Nitrogen-containing secondary 
metabolites such as alkaloids are synthesized primarily from 
aliphatic amino acids derived from the tricarboxilic acid path-
way or aromatic acids derived from the shikimic acid path-
way, via acetyl-CoA, mevalonic acid. These three classes of 
metabolites have been widely used in pharmaceuticals [Par-
saeimehr et al., 2011]. 

Phenolic compounds
Phenolic compounds are secondary metabolites that 

encompass several classes of structurally diverse products 
biogenetically arising from the shikimate-phenylpropanoids-
-fl avonoids pathways [Krzyzanowska et al., 2010]. Plants 
need phenolic compounds for growth, reproduction, pigmen-
tation, resistance to pathogens, resistance to infl uences of 
heavy metal-salts or in a general form to biotic and abiotic 
stresses [Ferrari, 2010]. The term “phenolic” or “polypheno-
lic” can be precisely defi ned chemically as a substance which 
possesses an aromatic ring bearing one (phenol) or more 
(polyphenol) hydroxyl substituents, including functional de-
rivatives (esters, methyl ethers, glycosides, etc.) and most of 
them show estrogenic activities [Lattanzio et al., 2006; Par-
saeimehr et al., 2011]. Phenolics can be broadly divided into 
non-soluble compounds such as condensed tannins, lignins, 
and cell-wall bound hydroxycinammic acids, and soluble phe-
nolics such as phenolic acids, fl avonoids and quinones [Krzy-
zanowska et al., 2010]. 

On the other hand, the compounds such as furano-cou-
marins, lignin, fl avonoids, isofl avonoids, and tannins are in-
cluded in phenols. Some authors report that biotic and abiotic 
stresses can induce the biosynthesis of phenolic compounds. 
For example, the concentration of phenolic compounds can 
be increased signifi cantly in blueberries (Vaccinium corym-
bosum) under UV treatments, also it has been reported that 
UV radiation induced the fl avonoids biosynthesis that conse-
quently leads to an accumulation of phenolics in the leaves 
of silver birch (Betula pendula). The elevated ozone environ-
ment increased the concentrations of phenolics and antioxi-
dant in red clover (Trifolium pratense) leaves [Morales et al., 
2010; Saviranta et al., 2010]. The activity of some pathogens 
has been limited when phenolic compounds are expressed in 
some coffee genotypes, showing higher resistance to the leaf 
miner Leucoptera coffeella, a serious coffee pest [Magalhães 
et al., 2008].

The presence of fungi leads to accumulation of lignin, a 
type of phenolic glycoside present in the plants, in the phloem 
of Austrian pine tree. There is suffi cient evidence about dif-
ferent phenolic compounds such as: benzaldehyde, catechol, 
protocatechuic acid, salicylic acid, and other compounds are 
over synthesized and expressed by plants under fungal attacks 
[Lattanzio et al., 2006; Rea et al., 2010]. Adequate levels of 
chlorogenic acid account for the resistance of potato tubers 
against Streptomyces scabies, Verticillium alboatrum and Phy-
tophthora infestans, while at low concentrations it stimulates 
the growth of P. infestans and Fusarium solani var. coeruleum 
[Krzyzanowska et al., 2010]. Small concentrations of benz-
aldehyde totally inhibited spore germination of Botrytis cine-
rea and germination of Monilia fructicola. Naringenin (fl ava-
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none), dihydroquercetin (dihydrofl avonol), kaempferol, and 
quercetin (fl avonols) have been studied for their biological 
activity against two fungal rice pathogens, Pyricularia oryzae 
and Rhizoctonia solani [Bassoli et al., 2008]. 

Other important phenolic compounds are fl avonoids 
which comprise a large and diverse group of polyphenolic 
plant secondary metabolites. The most important fl avonoids 
include fl avonols (quercetin, kaempferol, and isorhamnetin) 
present in onions, leeks, endives, and broccoli; and fl avones 
(apigenin, luteolin, and chrysoeriol) present in parsley, thyme, 
and celery [Yao et al., 2004; Hounsome et al., 2008]. 

Phenolic acids, such as gallic and caffeic acids, are found 
in lettuce and pac choi (Brassica rapa var. rosularis); vanil-
lic and cinnamic acids in onions, parsley, and spinach; whilst 
coumaric acid in tomatoes, carrots, and garlic [Hounsome et 
al., 2008; Krzyzanowska et al., 2010]. 

Nitrogen-containing compounds 
Alkaloids are a large group of bioactive compounds con-

taining usually basic (in some cases neutral or quaternary) 
nitrogen derived from an amino acid (or a purine, pyrimidine 
or other source such as transamination in the case of pseudo-
alkaloids), in a heterocycle (or aliphatic in the case of protoal-
kaloids). Most alkaloids are classifi ed chemically according to 
the nitrogen-containing ring system (pyrrolidine, piperidine 
etc.) and their biosynthetic origin, amino acids, amines, al-
camides, cyanogenic glycosides, and glucosinolates [Winks & 
Schimmer, 1999; Paiva et al., 2010; Khadem & Marles, 2012]. 
Alkaloids have traditionally been of great interest because 
of their pronounced physiological and medicinal properties 
(for example, caffeine, nicotine, morphine, atropine, quinine). 
Alkaloids are usually classifi ed by their common molecular 
precursors, such as pyridine (coniine derived from Conium 
maculatum which is extremely toxic and nicotine, an essential 
alkaloid from Nicotiana tabacum which is present in a num-
ber of other plants belonging to the families Lycopodiaceae, 
Crassulaceae, Leguminosae, Chepopodiaceae and Compos-
iteae), tropane group (atropine, cocaine), isoquinoline (mor-
phine, codeine), purine (caffeine), and steroids (solanine) 
[Angelova et al., 2010; Khadem & Marles, 2012]. Most alka-
loids are very toxic and, therefore, have the potential function 
in the chemical defense against herbivores and microorgan-
isms. It has also been suggested that these compounds serve 
as protectants against damage by UV radiation [Parsaeimehr 
et al., 2011].

Among alkaloids, coniine derived from Conium macula-
tum is extremely toxic and affects the nerve system or san-
guinarine, an alkaloid derived from Sanguinaria canadensis 
has a toxic action on the Na+-K+-ATPase trans-membrane 
protein [Lee et al., 1993; Khadem & Marles, 2012]. Nicotine 
had inhibitions on the tobacco hornworm, Manduca sexta and 
cigarette beetle, Lassioderma serricorne. It seems that the wide 
usage of nicotine as one of the fi rst insecticides used to con-
trol pests in agriculture lays behind Schmeltz [1971] expla-
nation about this fabulous alkaloid that the pyridine alkaloid 
nicotine has one of the best-studied putative plant resistance 
traits because it can interact with the acetylcholine receptors 
in the nervous systems of animals and therefore nicotine is 
extremely toxic to most herbivores [Parsaeimehr et al., 2011].

Among the alkaloids caffeine, a purine alkaloid, plays the 
role of a chemical defense compound against pathogens and 
also herbivores and is even recognized as an allelopathic com-
pound among plants [Baumann & Gabriel, 1984; Ashihara et 
al., 2008]. There are also fabulous reports about the usage 
of alkaloids in pharmaceuticals, for instance: rauwolscine – 
an alkaloid derived from Rauwolfi a canescens is reported as a 
central nervous stimulator or coralyne as DNA-binding agent 
and anti-cancer, antioxidant, anti-infl ammatory agent [Paiva 
et al., 2010; Parsaeimehr et al., 2011].

Tropane alkaloids include cocaine and atropine, then 
nicotine is a pyridine alkaloid, whilst noradrenaline (or nor-
epinephrine), and adrenaline (epinephrine), papaverine, cura-
rines and morphine arise from tyrosine [Iriti & Faoro, 2009]. 
Melatonin and serotonin are indolamines, vindoline and 
catharantine are indole alkaloids, quinine and capthotecin are 
quinoline alkaloids and lysergic acid diethylamide (LSD) is 
an ergot alkaloid, all these arising from tryptophan [Paiva et 
al., 2010]. Purine alkaloids include theophylline, theobromine 
and caffeine, and they can be found in tea, cacao, and cof-
fee, and some important alkaloids and their mechanism of 
action, as such as, caffeine is originally Caffea arabica, Camel-
lia sinensis, Theobroma cacao, causing mechanism of action 
in mammals, for example, increased arousal and decreased 
sleep, increased cautiousness by infl uence on central nervous 
system (CNS), and inhibitory actions in synthesis of adenos-
ine A1 and A2 receptors. Physostigmine (eserine) is originally 
Physostigma venenosum and its effect in mammals includes 
inhibition of neurotransmitter-degrading enzymes, acetylcho-
linesterase inhibitors, and actions on the neuromuscular junc-
tion [Aires et al., 2009].

Among the alkaloids there are glucosinolates, a function-
al group of sulfur, containing a group derived from glucose 
[Angelova et al., 2010]. The glucosinolates: progoitrin and 
sinigrin are found in white and red cabbage, Brussels sprouts, 
and caulifl ower; glucoiberin and glucoraphenin in broccoli, 
red radish, and daikon (Raphanus sativus); and sinigrin and 
gluconasturtiin in mustard and horseradish. Substances 
formed from glucosinolates act as natural pesticides and as 
a defense against herbivores [Hounsome et al., 2008; Aires 
et al., 2009]. Upon tissue disruption, glucosinolates are rap-
idly hydrolysed by the enzyme myrosinase, which cleaves off 
the glucose unit. The remaining molecule quickly converts to 
thiocyanate, isothiocyanate, or nitrile, which acts as an al-
lelochemical, protecting plants against herbivores, pests, and 
pathogens [Paiva et al., 2010]. 

Terpenes
Terpenes are lipid-soluble compounds and their structure 

includes 1 or more 5-carbon isoprene units, which are ubiq-
uitously synthesized by all organisms through 2 potential 
pathways, the mevalonate and, more recently identifi ed, deoxy-
D-xylulose pathways [Rohmer, 1999]. Terpenoids are classi-
fi ed according to the number of isoprene units they contain; 
isoprene, which itself is synthesized and released by plants, 
comprises 1 unit and is classifi ed as a hemiterpene; monoter-
penes, sesquiterpenes, diterpenes, sesterpenes, triterpenes, and 
tetraterpenes [Paiva et al., 2010]. Terpenes and terpenoids are 
the base constituents of many types of plant essential oils. It is 
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proven that the terpenes have great biological activities such as: 
anti-cancers, anti-microorganisms and anti-infl ammatory [Liu 
et al., 2000]. Terpenes in plants are synthesised by mevalonic 
acid pathway and they play some functional roles in primary 
metabolism and considerably, the hormones such as gibberel-
lins and abscisic acid and pigments such as phytol and carot-
enoids are a part of triterpenoids. Meanwhile, resins in plants 
are monoterpenes or pyrethum and azadirachtin from Chry-
santhemum spp. and meliaceae family as natural insecticides 
are terpenes. Considerably, menthol as a terpene is reported 
to have anti-herbivores infl uences and its smell warns that the 
plant contains toxic compounds [Parsaeimehr et al., 2011].

EFFECT OF DIFFERENT FACTORS ON BIOSYN-
THESIS OF SECONDARY METABOLITES

Several environmental factors such as nutrient supply, 
temperature, light conditions and atmospheric CO2 concen-
trations can infl uence the levels of secondary metabolites in 
plants [Fine et al., 2006]. As it is commonly known that sec-
ondary metabolites are associated with primary metabolism 
by the rates at which substrates are redirected from primary 
pathways to the secondary biosynthetic routes. Several envi-
ronmental factors affecting growth, photosynthesis and other 
parts of the primary metabolism will also infl uence secondary 
metabolism [Ibrahim et al., 2011]. 

Light intensity, photoperiod and temperature have been 
reported to infl uence the biosynthesis of many secondary me-
tabolites in a number of plant species [Vogt, 2010]. The long 
days and cool night temperature in the northern latitudes ap-
pear, for example, to increase production of aromatic com-
pounds compared with the same plant species in the south 
[Fucile et al., 2008].

The shikimate pathway acts at a critical point between 
primary and secondary metabolism by transporting carbon 
from glycolysis and the pentose phosphate pathway towards 
the synthesis of a broad range of physiologically important 
aromatic compounds [Fucile et al., 2008; Chen et al., 2009]. 
The shikimate pathway is defi ned by seven metabolic steps 
beginning with the condensation of phosphoenolpyruvate 
(PEP) and erythrose 4-phosphate (E4P) and ending with the 
synthesis of chorismate [Vogt, 2010]. The shikimate pathway, 
the common route leading to production of the aromatic ami-
no acids phenylalanine, tyrosine, and tryptophan, constitutes 
a part of metabolism that is found only in microorganisms 
and plants, never in animals. This pathway is therefore an 
important target for herbicides, antibiotics, and live vaccines 
production [Gientka & Duszkiewicz-Reinhard, 2009]. Plants 
have several metabolic pathways leading to secondary prod-
ucts capable of effectively responding to stress situations im-
posed by biotic and abiotic factors [Chen et al., 2009]. These 
pathways, often recruited from essential primary metabolism 
pathways upon initial gene duplication, are frequently re-
stricted to specifi c taxonomic groups and play a major role 
in the plant and environment interaction, and the plants are 
using biotic and abiotic stresses to activate the metabolic 
pathways in important points and these effects are used as a 
defense against pathogens with a high production of bioactive 
compounds [Vogt, 2010; Mazid et al., 2011]. 

The shikimate pathway is also the entry to the biosynthe-
sis of phenylpropanoids. Transcriptional control was shown 
for 3-deoxy-D-arabinose-heptulosonate (DHAP) synthase 
[Gientka & Duszkiewicz-Reinhard, 2009], whereas aroge-
nate and prephenate dehydratase are inhibited by phenylala-
nine, one end-product of the pathway [Yamada et al., 2008]. 
The plastidal location of two elusive steps of the shikimate 
pathway, arogenate dehydratase and dehydrogenase, leading 
to phenylalanine and tyrosine biosynthesis has recently been 
proven [Rippert et al., 2009]. With respect to its important 
contribution to the carbon fl ow within the plant, the response 
of individual genes of the shikimate pathway to variations in 
light or nutrient content appears tightly regulated and more 
complex than the transcriptional responses of the entry genes 
of phenylpropanoid and fl avonoid biosynthesis, encoding phe-
nylalanine ammonia lyase (PAL) or chalcone synthase (CHS) 
[Vogt, 2010]. Usually in plants, the defense system is acti-
vated through signaling pathways mediated by endogenous 
signaling molecules such as salicylic acid (SA), ethylene, and 
jasmonic acid (JA). These elicitors target secondary signals 
in the cell nucleus where they initiate the signal transduction 
pathways that lead to transcriptional activation of numerous 
genes and, consequently, induce the synthesis of a variety of 
defense proteins and secondary metabolites [Siddiqui et al., 
2012]. For example, rice is devoid of β-carotene. Therefore, 
genetic engineering was used to produce β-carotene in rice 
endosperm. Daffodil (Narcissus pseudonarcissus) Psy gene, 
which encodes phytoene synthase and produces the fi rst 
carotenoid phytoene, a key precursor of β-carotene, was ex-
pressed in rice under a CaMV 35S (constitutive) or Gt1 (en-
dosperm-specifi c) promoter [Yu et al., 2008]. Transformation 
of canola seed with bacterial phytoene synthase (crtB) gene 
using seed-specifi c napin promoter resulted in orange co-
loured seed with a 50-fold higher (1000-1500 µg/gFW) total 
carotenoid level than the wild type (33 µg/gFW) [Fujisawa et 
al., 2008]. Dehydroascorbate reductase (DHAR) regenerates 
ascorbic acid (AsA) from its oxidized form and has been used 
to increase the level of AsA. Upon 100-fold increase in the 
expression of wheat dhar cDNA under the control of ubiquitin 
(ub) or shrunken (Sh2) promoter in corn, 2 to 4-fold increase 
in ascorbic acid (AsA) was quantifi ed in kernels [Mattoo et 
al., 2010]. Expression of rice dhar (under the control of bar-
ley D-hordein promoter) in corn resulted in 6-fold increase in 
AsA (ascorbate) [Mattoo et al., 2010; Siddiqui et al., 2012].

Accordingly, plants have several metabolic pathways lead-
ing to tens of thousands of secondary products capable of 
effectively responding to stress situations imposed by biotic 
and abiotic factors [Krzyzanowska et al., 2010]. These path-
ways, often recruited from essential primary metabolic path-
ways upon initial gene duplication, are frequently restricted to 
specifi c taxonomic groups and play a major role in the plant 
and environment interaction [Mazid et al., 2011].

Biotic and abiotic stresses 
Biotic and abiotic stresses are well known as inductors of 

different responses in plants. Biotic stress is defi ned as any 
condition that occurs as a result of damage done to plants 
by other living organisms, such as bacteria, viruses, fungi, 
parasites, harmful insects and weeds. Abiotic stress is defi ned 
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as any condition generated by environmental factors such as 
drought, salinity, temperature and others [Fujita et al., 2006]. 
Stress response is initiated when plants recognize a disorder 
at a cellular level, activating signal transduction pathways 
that transmit information within individual cell and through-
out plant, leading to changes in expressing many gene net-
works [Gorovits & Czosnek, 2007]. 

One way to generate resistance in plants to stress condi-
tions is the use of elicitors, because their application on plant 
surface activates multiple signaling pathways of intracellu-
lar defense [Bent & Mackey, 2007]. Elicitors are very stable 
molecules that induce an immune defense response in plants. 
Elicitor needs to be recognized on plant by a receptor (usually 
a protein), which activates the expression of defense genes. 
There are two groups of elicitors, the biogenic and abiogenic 
[Holopainen et al., 2009; Ferrari, 2010; Spoel & Dong, 2012]. 
Biogenic elicitors are divided into two groups, exogenous 
and endogenous. The exogenous elicitors are isolated from 
pathogens or culture medium, while endogenous elicitors are 
isolated from some plants [Mejía-Teniente et al., 2010]. On 
the other hand, the abiogenic elicitors are heavy metal ions, 
inhibitors of certain metabolic stages, UV radiation, some 
kinds of antibiotics and fungicides. Compared with biogenic, 
the abiogenic elicitors induce defense reactions of plant when 
given in relatively high doses. In turn, the biogenic elicitors are 
active at very low doses. When applied, they cause no symp-
toms of demand and stress accumulation of toxic compounds 
that sensitize the plant tissue and improve their resistance to 
subsequent infections [Boller & Felix, 2009; Mejía-Teniente et 
al., 2010; Spoel & Dong, 2012]. 

UV radiation is a natural elicitor of secondary metabo-
lites production in higher plants. There are three types of UV 
light which are separated according to wave-length, UV-A has 
the longest wave-lengths ranging from 400 to 315 nm and the 
least amount of energy at 3.10-3.93 e.V. per photon. UV-B 
ranges from 315 to 380 nm (4.43-12.40 e.V. per photon) while 
UV-C is the shortest at 280-100 nm and has between 8.28–
–124 e.V. per photon [Li & Kubota, 2009; Brechner, 2008; Gu 
et al., 2010]. UV-C is generally fi ltered out by the ozone layer 
and is not a factor in plant development. UV-A is less harm-
ful to plants due to the lower energy level per photon and is 
transmitted through glass, meaning that all plants grown in 
glass greenhouse are exposed to UV-A radiation [Kotilainen 
et al., 2008; Victório et al., 2011]. UV-C radiation which can 
be obtained through germicidal lamps will kill plants. Supple-
mental exposure to UV-B light has been shown to increase 
the concentration of secondary metabolites in maize, basil, 
peanut, and lettuce [Li & Kubota, 2009]. UV-B has also been 
associated with antifeedant properties in many higher plants, 
leading to enhanced secondary metabolites production in 
some plants [Brechner et al., 2011]. 

Another important elicitor is salicylic acid (SA), a phe-
nolic endogenous growth regulator which participates in the 
regulation of physiological processes in plants, and it is also 
important in immunity to diseases [Ferrari, 2010]. It is in-
volved in endogenous signaling and in the plant defense re-
sponse against pathogens. It is involved in plant resistance to 
pathogens by inducing the synthesis of pathogenesis-related 
(PR) proteins [Spoel & Dong, 2012]. It also plays a role in 

systemic acquired resistance (SAR) [Mejía-Teniente et al., 
2010]. For example, SA has been found to induce heat toler-
ance in mustard, chilling tolerance in maize and wheat, salin-
ity tolerance in wheat, heavy metal stress tolerance in barley, 
and drought tolerance in wheat. SA has been shown to act as 
a signaling molecule, modulating plant responses to various 
external biotic and abiotic stimuli [Ashraf et al., 2010].

In addition to jasmonic acid (JA), salicylic acid (SA) is an-
other important signaling molecule in plants. It has been well 
documented that SA is involved in plant defense responses 
such as the activation of distinct sets of defense-related genes 
and development of systemic acquired resistance (SAR) [Xu 
et al., 2009]. Jasmonic acid (JA) is an important signaling 
molecule in plant defense responses [Dombrecht et al., 2007].

Although numerous reports show that SA and JA may 
act through distinct signalling pathways in plants, there is a 
growing body of literature showing that these pathways do 
not function entirely independently. Rather, they are involved 
in a complex signalling network that infl uences the magnitude 
or amplitude of various signals derived from these pathways 
[Kazan & Manners, 2008]. One of the major roles postulated 
for JA is its antagonistic action on SA-dependent signalling 
pathway and the expression of SA-responsive genes [Xu et al., 
2009]. Similarly, various pharmacological and genetic experi-
ments have shown that SA is a potent suppressor of the JA 
signalling pathways and JA-dependent defense gene expres-
sion [Spoel & Dong, 2012].

ALLELOPATHIC EFFECTS OF SECONDARY 
METABOLITES

The term “allelopathic”, from the Greek word “allelon” 
meaning mutual and “pathos” meaning harm affection, by 
which one plant infl uences another by chemical means. 
Those compounds that affect in a positive or negative way 
other organisms and hence affect the structure of ecosystems 
are termed as allelochemicals. Among allelochemicals some 
compounds that have been shown to have bioactivity as anti-
biotic, antifungal and anti-predator activities are allelopathic 
compounds [Lefl aive & Ten-Hage, 2007]. 

Allelopathy may be either the result of a direct selection 
of secondary metabolism, or a secondary process where the 
biosynthesis of molecules was originally selected for other 
purposes [Chen et al., 2009]. It may have developed when 
the emitter organism fi rst released some compounds in or-
der to avoid their autotoxicity or when mechanisms of self-
resistance evolved, which could then have led to a secondary 
advantage. In the case of terrestrial plants, allelopathy may 
have served primarily to protect the plant against attack by 
fungi or microorganisms [John & Sarada, 2012]. Allelopathy 
is manifested in cases of abiotic stress, invasion by organisms, 
and synthesis of a new molecule by the emitter organism, de-
lay in the target adaptation, or accumulation of allelopathic 
compounds in the environment. Stress can enhance both the 
production of allelopathic compounds and the susceptibility 
of the target [Li et al., 2010; Bialczyk et al., 2011]. 

Various secondary metabolites produced by plants and 
microorganisms have been considered as potential allelo-
chemicals and to play an important role in shaping interac-
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tions and communities due to their bioactivity [Latkowska 
et al., 2008]. For example, the phenolic compounds are dis-
tributed in plants and very common in vegetative decomposi-
tion products, and they are important precursors of humic 
substances in soils [John & Sarada, 2012]. In soil, ortho-
-substituted phenolics, such as salicylic and o-coumaric ac-
ids, and dihydro-substituted phenolics, such as protocatechu-
ic and caffeic acids, are adsorbed by clay minerals by forming 
chelate complexes with metals [Li et al., 2010]. Phenolic al-
lelochemicals can also inhibit plants from absorbing nutrients 
from surroundings and affect the normal growth of plants. 
Spraying cucumber (Cucumis sativus) with benzoic acid and 
cinnamic acid derivatives, resulted in a decline in phenols gly-
cosylation and phenyl-β-glucosyltransferase (PGT) activity 
decrease which are linked with increases in membrane perme-
ability [Bialczyk et al., 2011]. 

In a study of allelopathic effects of phenolic acids such 
as benzoic, hydrobenzoic, vanillic, and caffeic were reported 
to have antimicrobial and antifungal activity, probably due 
to enzyme inhibition. Hydroxycinnamic acid derivatives such 
as caffeic, chlorogenic, sinapic, ferulic, and p-coumaric acids 
possess strong antioxidant activity due to inhibition of lipid 
oxidation and scavenging reactive oxygen species [Hounsome 
et al., 2008]. Plants use a variety of mechanisms to release 
secondary compounds into their surrounding environment. 
Each of these processes may release chemicals that medi-
ate allelopathic interactions between plants. Therefore these 
compounds are being important for the pharmaceutical in-
dustry [Chen et al., 2009]. 

BIOTECHNOLOGICAL APPROACHES FOR BIOA-
CTIVE COMPOUNDS PRODUCTION

Many biotechnological strategies have been hypothesized 
and used to enhance the production of secondary metabolites 
in plants such as: high yielding cell line screening, optimiza-
tion of cultivation media, biosynthesis pathways engineering, 
usage of elicitors, large scale cultivation in bioreactor system, 
root culture, plant cell immobilization, and biotransformation 
[Peterhansel et al., 2008]. Several strategies have been fol-
lowed to improve yields of secondary metabolites in plant cell 
cultures. In the past years new approaches have been devel-
oped such as: the culturing of differentiated cells i.e., shoots, 
roots and hairy roots, and induction by elicitors and metabolic 
engineering [Parsaeimhr et al., 2011]. In most cases the cul-
tures of differentiated cells have been able to get productions 
of the desired compounds in levels comparable to the mother 
plant. However the culture of such differentiated tissues on a 
large-scale in bioreactors is a major constraint, but for stud-
ies of the secondary metabolites biosynthesis such systems 
are very useful [Niraula et al., 2010]. The second approach is 
mentioned as the use of elicitors, this technique has been suc-
cessfully reported in several cases. Plant cell cultures provide 
an excellent system to study biosynthesis of secondary metab-
olites for the large scale production of these compounds, but 
unfortunately in most cases production is too low for commer-
cialization, therefore advances in biotechnology particularly in 
plant cell cultures methods, should provide new means for the 
commercial processing of even rare plants and the chemicals 

they provide [Du et al., 2010]. Plant cell culture technologies 
were introduced at the end of 1960s as a possible tool for both 
studying and producing plant secondary metabolites. Differ-
ent strategies using cell cultures systems have been extensively 
studied with the objective of improving the production of bio-
active secondary metabolites and cell culture systems could 
be used for the large scale culturing of plant cells from which 
secondary metabolites can be extracted. The advantage of this 
method is that it can provide a continuous, reliable source of 
natural products [Niraula et al., 2010].

Production of secondary metabolites with biological 
activity in other organisms

Cyanobacteria are an ancient group of photosynthetic 
prokaryotic organisms. The secondary metabolites produced 
in cyanobacteria play an important role in toxicity as iron 
chelators, protease inhibitors, growth inhibitors as well as 
growth promoting properties and have been well documented 
[Prasanna et al., 2010; Yadav et al., 2011]. Some metabolites 
such as microcystins, saxitoxins or anatoxins, are of global 
signifi cance because of their toxicity while other display sig-
nifi cant pharmaceutical potential [Sainis et al., 2010]. It has 
been found that the cyanotoxins, anatoxin-a, microcystins 
and cylindrospermopsin obtained from Anabaena, Microcystis 
and Cylindrospermopsis (respectively), show larvicidal activ-
ity with >50% mortality. The aeruginosins particularly inhibit 
serine proteases (trypsin, chymotrypsin, thrombin or elas-
tase) and have been regarded as a promising drug candidate 
[Yadav et al., 2011].

Alternatively, fl avonoids are produced in yeast by express-
ing phenylpropanoid pathway. Flavanone has been success-
fully produced in yeast by expressing phenyl ammonia lyase 
(PAL), cinnamate-4-hydroxylase (C4H), 4-coumarate-CoA 
(4CL), and chalcone synthase (CHS) genes. Flavones have 
also been produced in fl avanone-producing recombinant 
yeast by expressing fl avone synthase I (FSI) and fl avone 
synthase II (FSII) genes [Yan et al., 2005]. The biosynthesis 
of terpenes in higher plant cells shows two entirely separate 
enzymatic pathways: mevalonic acid pathway (MVA) and 
methylerythritol 4-phosphate pathway. In yeast, only MVA 
pathway is involved in the biosynthesis of ergosterol as the 
major end product [Hussain et al., 2012]. Oswald et al. [2007] 
engineered yeasts to produce monoterpenoids by express-
ing linalool synthase and geraniol synthase genes, and yeast 
strains successfully produced those monoterpenoid alcohols 
by using internal geranyl pyrophosphate. Schizosaccharomy-
ces pombe yeast is not able to produce any carotenoids but 
it synthesizes ergosterol from farnesyl pyrophosphate (FPP) 
through the sterol biosynthetic pathway. Gunel et al. [2006] 
cloned a gene encoding geranyl pyrophosphate synthase from 
bell pepper (C. annum) in S. pombe and successfully redirect-
ed carbon fl ow from the terpenoid pathway leading to ergos-
terol formation toward the production of carotenoid through 
the heterologous expression of carotenoid biosynthetic gene 
in a noncarotenogenic yeast, S. pombe.

Metabolomics engineering of bioactive compounds
The principal advantage of recent technologies with ge-

nomics and proteomics is that it may provide continuous, reli-
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able source of plant pharmaceuticals and could be used for the 
large-scale culture of plant cells from which these metabolites 
can be extracted. Metabolic engineering involves the targeted 
and purposeful alteration of metabolic pathways found in an 
organism to achieve better understanding and use of cellular 
pathways for chemical transformation, energy transduction, 
and supramolecular assembly [Lessard, 1996]. This technique 
applied to plants will permit endogenous biochemical pathways 
to be manipulated and results in the generation of transgenic 
crops in which the range, scope, or nature of a plant’s existing 
natural products are modifi ed to provide benefi cial commercial, 
agronomic, and/or postharvest processing characteristics [Du 
et al., 2010]. Metabolomics, or metabolite (metabolic) profi l-
ing, offers tremendous potential to discover novel genes and 
assign function to those genes. Metabolic profi ling determines 
the consequences of a targeted change in gene activity and 
has the potential to provide information on gene function and 
its effects on the complex biochemical network [Vogt, 2010]. 
Changes in gross phenotypes (e.g., branching, fl owering time, 
growth rate) are the integrated result of changes in the pattern 
of many interacting genes. Stated explicitly, metabolomics is 
the unbiased, relative quantifi cation of the broad array of cel-
lular metabolites, and their fl uxes [Tyagi et al., 2010]. Genetical 
metabolomics aims at identifying genomic loci that regulate 
the level of secondary metabolites of interest using comprehen-
sive metabolomics approaches coupled to large-scale genetic 
marker analyses. Genetical metabolomics metabolite profi ling 
combined with quantitative trait locus (QTL) analysis has been 
proposed as a new tool to identify loci that control metabolite 
abundance [Oldiges et al., 2007].

Specifi cally, metabolomics involves the rapid, high 
throughput characterization of the small molecule metabo-
lites found in an organism. Since the metabolome is closely 
tied to the genotype of an organism, its physiology and its 
environment, metabolomics offers a unique opportunity to 
look at genotype-phenotype as well as genotype-envirotype 
relationships [Oldiges et al., 2007; Vogt, 2010]. Metabolomics 
is increasingly being used in a variety of health applications 
including pharmacology, pre-clinical drug trials, toxicol-
ogy, transplant monitoring, newborn screening and clinical 
chemistry [Du et al., 2010]. One of the challenges of systems 
biology and functional genomics is to integrate proteomic, 
transcriptomic, and metabolomic information to give a more 
complete picture of living organisms. Metabolomics is the 
scientifi c study of chemical processes involving metabolites 
[Tyagi et al., 2010].

On the other hand, several transgenic approaches have 
been used to increase the levels of the endogenous fl avonols, 
quercetin and kaempferol in the peel and fl esh of tomato 
fruits. Ectopic expression of a single CHI gene from Petunia 
(Petunia sp.) resulted in a tissue-specifi c increase of total fl a-
vonols in the fruit peel. This was mainly due to an accumula-
tion of the fl avonols rutin (quercetin-3-rutinoside), quercitrin 
(quercetin-3-glucoside), and to smaller but still substantial 
increases in kaempferol glycosides. In these high fl avonol 
transformants, naringenin chalcone levels were strongly re-
duced, suggesting that the natural naringenin chalcone pool 
was utilized by CHI to stimulate the fl ux through the endog-
enous fl avonoid pathway [Verhoeyen et al., 2002].

Up-regulation of the fl avonoid pathway in tomato fruit 
fl esh, a tissue that normally does not produce fl avonoids, was 
achieved by the introduction and coordinate expression of the 
maize regulatory genes Lc and C1 [Le Gall et al., 2003]. Al-
ternatively, RNAi-mediated suppression of the tomato regula-
tory gene DET1 resulted in a ‘high pigment’ fruit phenotype, 
consisting of an up to 3.5-fold increase in fl avonoid content 
in addition to enhanced carotenoid levels [Schijlen et al., 
2006]. Using structural genes from several plant sources and 
combinations, we were able to produce transgenic tomatoes 
accumulating high levels of stilbenes, deoxychalcones or fl a-
vones. These fruits displayed altered antioxidant profi les and 
a three-fold increase in total antioxidant activity of the fruit 
peel [Schijlen et al., 2006].

SECONDARY METABOLITES IN ECONOMICALLY 
IMPORTANT CROPS 

The plants are sources of a great number of metabolic 
products of commercial importance and are used in the phar-
maceutical industry [Krzyzanowska et al., 2010]. The demand 
for natural products has increased in recent years because of 
limitations in the process of obtaining drugs based on chemi-
cal synthesis [Fucile et al., 2008; Vogt, 2010]. To this is added 
the chemical diversity of these compounds on synthetic and 
intense biological activity. For example, studies have been per-
formed on the composition of common pepper (C. annuum), 
C. frutescens and C. chinense [Helmja et al., 2007; Rodriguez-
-Burruezo et al., 2009]. These studies have shown that peppers 
rank among the vegetables with the highest contents of sev-
eral relevant health-promoting compounds. Many carotenoids 
present in chili peppers, particularly capsanthin and β-carotene, 
have shown a strong antioxidant activity, and some others, like 
the yellow/orange β-cryptoxanthin, and β-carotene, are vita-
min A precursors, the latter having the highest activity. Fur-
thermore, the antioxidant properties of carotenoids appear to 
provide protection against several heart diseases and different 
types of cancer [Rodriguez-Burruezo et al., 2009].

On the other hand, bioactive compounds not only in-
creased interest in soybean products but also led to the in-
corporation of soybean isofl avone extracts into a range of 
commercial functional foods and to the development of nu-
merous non-prescription food supplements, both also known 
as nutraceuticals. Isofl avones have been demonstrated to 
have antiatherosclerotic, antioxidative, antitumorial, and an-
tiestrogenic properties that can be used in the treatment of 
important diseases such as cancer, heart and kidney diseases 
[Cheng et al., 2010].

Red kidney beans (Phaseolus vulgaris) contain signifi cant 
amounts of lectins which have both benefi cial and detrimental 
biological properties. Lectins are carbohydrate-binding gly-
coproteins that can react specifi cally with human blood cells, 
preferentially agglutinate malignant cells, and undergo mito-
genic stimulation of lymphocytes. Some lectins are resistant 
to heat and proteolytic enzymes and can enter the circulatory 
system intact [Zhang et al., 2009].

Grapefruits are a rich source of bioactive compounds, 
which may serve as cancer chemopreventive agents. The red-
-fl eshed varieties (Rio Red) contain fl avonoids, limonoids 
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and their glucosides, vitamin C, folic acid, carotenoids (e.g. 
lycopene and β-carotene), coumarin-related compounds 
(e.g. auraptene), soluble fi ber and potassium. Many of these 
compounds as quercetin, α-tocopherol and β-carotene, 
among others, are natural antioxidants. Antioxidants are 
secondary metabolites present in plants, particularly fruits. 
The consumption of antioxidants in foods is key to main-
tenance of human health because the body lacks adequate 
levels of biochemical compounds to provide suffi cient pro-
tection against the constant and inevitable formation of re-
active oxygen species, which are powerful oxidants [Vana-
mala et al., 2006]. 

Antioxidants are associated with a reduced rate of heart 
disease mortality and incidents of mouth, pharynx, esopha-
gus, lung, stomach and colon cancers, and other degenerative 
diseases and aging [Bhattacharya et al., 2010]. The most im-
portant natural antioxidants present in green chilli are vitamin 
C, carotenoids, and phenols. Moreover, the metalloenzyme, 
superoxide dismutase, which is universally present in all 
plants and imparts defense against oxidative stress, converts 
superoxide radical anion into hydrogen peroxide [Matsufuji 
et al., 2007]. Chilli pepper (Capsicum annuum) is reported to 
contain moderate to high levels of neutral phenolics or fl avo-
noids, phytochemicals that are important antioxidant compo-
nents of a plant-based diet. Capsaicin, the phenolic pungent 
principle of chilli (Capsicum annuum), can directly scavenge 
various free radicals [Bhattacharya et al., 2010]. 

Isolation and extraction techniques of bioactive 
compounds

Domestication and cultivation of plant species disclose 
the opportunity to solve problems by using biotechnologies 
to produce bioactive compounds. The general interest for the 
traditional plant cultivation comes from the necessity to guar-
antee a constant supply of natural chemical compounds to 
be also employed as a precursor of organic synthesis; in fact, 
neither the collection of wild plants can satisfy the continuous 
demands from the industry, nor the spontaneous plants [Luc-
chesini & Mensuali-Sodi, 2010]. In vitro culture techniques 
are a useful tool to improve production and marketing of 
plant species which allows making a rapid clonal propagation 
of plants selected for their active principles. The synthesis of 
target compounds such as bioactive compounds depends on 
adaptations to fl uctuating temperatures and light conditions, 
stress pathogen infections or herbivore attacks [Lucchesini et 
al., 2009]. Different methodologies of in vitro culture can be 
employed, other than cell cultures, to produce biomass of me-
dicinal plant regardless the conservation of both phenotype 
and genotype of initial parent plants (adventitious regenera-
tion of organs, organogenesis from callus, somatic embryo-
genesis, cultivation of genetic transformed plant material) 
whereas, to produce true-type plants, the micropropagation 
techniques are necessary to clone selected plants and are 
helpful to start fi eld cultivation for a mass herbal production 
[George et al., 2007]. 

The somatic embryogenesis is a process through which 
groups of somatic plant cells or tissues leading to the forma-
tion of somatic embryos, which resemble the zygotic embryos 
of intact seeds, retaining the ability to develop into seedlings 

if placed in an appropriate culture environment [Mattoo et 
al., 2010]. So, the regeneration of whole plants through so-
matic embryogenesis can offer, in comparison with the classic 
micropropagation through organogenesis, remarkable advan-
tages thanks to the greater multiplication rate and the smaller 
costs supported to produce one plant [Jeong et al., 2006]. So-
matic embryos can be induced to proliferate directly on plant 
tissues cultured in vitro or in liquid cell suspension culture. 
The initiation of embryogenic calli needs the employment of 
a narrow range of plant growth regulators for the production 
of bioactive compounds. The somatic embryos mature in few 
weeks if transferred into suitable maturation media, obtain-
ing, usually in few months, plants ready to the transfer in a 
greenhouse [Matoo et al., 2010].

The direct manipulation of DNA sequences to alter gene 
expression in nutraceutical plant research is a booming busi-
ness for the production of bioactive compounds. For example 
some terpenes biosynthetic pathway of Mentha spp. were en-
gineered to alter the essential oils in thricomes (cell organs 
specialized in producing and accumulating secondary metab-
olites) and increase resistance to fungal infections and abiotic 
stress [Lucchesini et al., 2006; Wan et al., 2011]. Rather than 
insist on the creation of GM plants with productive and quali-
tative improvement, the role of genetic transformation seems 
to go towards the genetic improvement of cell culture and the 
establishment of hairy roots culture [Lucchesini et al., 2010]. 
The processing methods can be the direct transfer of DNA 
or indirect taking advantage of the use of vectors (bacteria, 
viruses). The use of Agrobacterium tumefaciens Ti plasmid 
DNA or Agrobacterium rhizogenes RI plasmid for induction 
of hairy roots is among the indirect methods [Jeong et al., 
2006]. These bacteria have the ability to induce adventitious 
roots (literally “hairy roots”) to a large number of host plants, 
once integrated the T-DNA from Ri plasmid of Agrobacterium 
rhizogenes; Rol genes (or locus root) inserted in the plant 
DNA increase the sensitivity to auxin rather than codify for 
its biosynthesis. It allows transformed cells to develop hairy 
roots which can be cultured in a bioreactor, in the absence 
of growth regulators and can release secondary metabolites 
into medium or can be used to regenerate entire transformed 
plants [Lucchesini et al., 2006].

Perspectives in human health applications
The use of natural compounds as inhibitory agents for 

virulence factor production is a new approach to overcome 
increased antimicrobial resistance in pathogenic bacteria [Ni-
raula et al., 2010]. Medicinal plants are the most exclusive 
source of lifesaving drugs for majority of the world’s popula-
tion. The utilization of plant cells for the production of natu-
ral or recombinant compounds of commercial interest has 
gained increasing attention over past decades. The secondary 
metabolites are known to play a major role in the adaptation 
of plants to their environment and also represent an impor-
tant source of pharmaceuticals [Sun et al., 2007]. Increasing 
epidemiological evidence associates diets rich in fruits and 
vegetables with reduced risk of heart disease, cancer, and 
other chronic diseases. A major benefi t from such a diet may 
be increased consumption of antioxidants, including carot-
enoids, ascorbate, tocopherols, and phenolics. One phenolic 
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fraction, fl avonoids, are potent antioxidants and include com-
pounds such as fl avones, isofl avones, fl avonones, catechins, 
and the red, blue and purple pigments known as anthocyanins 
[Cote et al., 2010]. 

Dietary fl avonoids (quercetin, kaempferol, and isorham-
netin) possess antiviral, anti-infl ammatory, antihistamine, 
and antioxidant properties. They have been reported to in-
hibit lipid peroxidation, to scavenge free radicals, to chelate 
iron and copper ions (which can catalyze production of free 
radicals), and to modulate cell signaling pathways [Cote 
et al., 2010]. Production of peroxides and free radicals, which 
damage lipids, proteins, and DNA, has been linked to can-
cer, aging, atherosclerosis, ischemic injury, infl ammation, 
and neurodegenerative diseases (Parkinson and Alzheimer). 
Flavonoids protect low-density lipoprotein cholesterol from 
being oxidized, preventing the formation of atherosclerotic 
plaques in the arterial wall. They stimulate enzymes involved 
in detoxifi cation of cancerogenic substances and inhibit in-
fl ammation associated with local production of free radicals 
[Hounsome et al., 2008; Aires et al., 2009].

There are also reports about the usage of alkaloids in 
pharmaceuticals and about Rauwolfi a canescens being a cen-
tral nervous stimulator [Parsaeimehr et al., 2011]. Dietary sa-
ponins cause a reduction of blood cholesterol, inhibit growth 
of cancer cells, and stimulate the immune system. Some sa-
ponins, such as sapotoxin, can be toxic for humans, causing 
irritation of membranes of the respiratory and digestive tract, 
and increase the membrane permeability of red blood cells 
and urticaria (skin rash) [Satwadhar et al., 2011].

Plant glucoalkaloids solanine, tomatine, and chaconine are 
called saponins, these are found in peas, beans, tomatoes, spin-
ach, asparagus, onions, garlic, and potatoes. However, certain 
glucosinolates (glucoraphanin, glucobrassin, glucotropaeolin) 
and their breakdown products have been linked to a reduction 
in the prevalence of certain types of cancer [Hounsome et al., 
2008; Aires et al., 2009]. A considerable pool of data shows a re-
lationship between the risk of cancer and dietary carotenoid in-
take. A case-control study (2.706 cases of cancer of the oral cav-
ity, pharynx, esophagus, stomach, colon and rectum vs. 2.879 
controls) indicated that a high intake of tomatoes and tomato-
-based food, both of which are rich sources of lycopene, was 
strongly associated with a reduced risk of digestive tract cancers, 
especially stomach, colon and rectum [Rea et al., 2010]. Also 
resveratrol protects the cardiovascular system by mechanisms 
that include defense against ischemic-reperfusion injury, pro-
motion of vasorelaxation, protection and maintenance of intact 
endothelium, anti-atherosclerotic properties, inhibition of low-
-density lipoprotein oxidation, suppression of platelet aggrega-
tion, and estrogen-like actions [Krzyzanowska et al., 2010].

CONCLUSIONS 

Despite the success of certain naturally-occurring sub-
stances as drugs, their limited accessibility and sometimes 
challenging synthesis often make them only leads and not 
candidate drugs for scientists and pharmaceutical companies 
in the quest for new therapeutic hits. The introduction of new 
techniques of molecular biology, such as to produce trans-
genic cultures and to effect the expression and regulation of 

biosynthetic pathways, is also a signifi cant step toward mak-
ing cell cultures more generally applicable to the commercial 
production of secondary metabolites. The commercial values 
of plant secondary metabolites have been the main impetus 
for the enormous research effort put into understanding and 
manipulating their biosynthesis using various chemical, phys-
iological, and biotechnological pathways.

A key to the evaluation of strategies to improve produc-
tivity is to carry out that all the problems must be seen in a 
holistic context. At any rate, substantial progress in improv-
ing secondary metabolite production from plant cell cultures 
has been made within last few years. These new technologies 
will serve to extend and enhance the continued usefulness of 
higher plants as renewable sources of chemicals, especially 
medicinal compounds. We hope that a continuation and in-
tensifi cation efforts in this fi eld will lead to controllable and 
successful biotechnological production of specifi c, valuable, 
and as yet unknown plant chemicals.

ACKNOWLEDGEMENTS

M.I.A. Jimenez-Garcia Sandra Neli wants to thank to 
Consejo Nacional de Ciencia y Tecnologia (CONACyT) for 
Ph.D. scholarship support contract number 424202. 

REFERENCES

1. Aires A., Mota V.R., Saavedra M.J., Rosa E., Bennett R., The 
antimicrobial effects of glucosinolates and their respective enzy-
matic hydrolysis products on bacteria isolated from the human 
intestinal tract. J. Appl. Microb., 2009, 106, 2086-2095. 

2. Angelova S., Buchheim M., Frowitter D., Schierhorn A., Roos 
W., Overproduction of alkaloid phytoalexins in California poppy 
cells is associated with the co-expression of biosynthetic and 
stress-protective enzymes. Mol. Plant, 2010, 3, 927-939. 

3. Ashihara H., Sano H., Crozier A., Caffeine and related purine 
alkaloids: biosynthesis, catabolism, function and genetic engi-
neering. Phytochemistry, 2008, 69, 841–856.

4. Ashraf M.M., Akram N.A., Arteca R.N., Foolad M.R., The physi-
ological, biochemical and molecular roles of brassinosteroids 
and salicylic acid in plant processes and salt tolerance. Crit. Rev. 
Plant Sci., 2010, 29, 162-190. 

5. Bassoli B.K., Cassolla P., Borba-Murad G.R., Constantin J., Sal-
gueiro-Pagadigorria C.L., Bazotte R.B., Da Silva R.S., De Souza 
H.M., Chlorogenic acid reduces the plasma glucose peak in the 
oral glucose tolerance test: effects on hepatic glucose release and 
glycemia. Cell Biochem. Funct., 2008, 26, 320-328. 

6. Baumann T.W., Gabriel H., Metabolism and excretion of caf-
feine during germination of Coffea arabica L. Plant Cell Physiol., 
1984, 25, 1431-1436.

7. Bent A.F., Mackey D., Elicitors, effectors, and R genes: the new 
paradigm and a lifetime supply of questions. Annu. Rev. Phyto-
pathol., 2007, 45, 399-436. 

8. Bhattacharya A., Chattopadhyay A., Mazumdar D., Chakravarty 
A., Pal S., Antioxidant constituents and enzyme activities in chilli 
peppers. Int. J. Veg. Sci., 2010, 16, 201-211.

9. Bialczyk J., Latkowska E., Lechowski Z., Allelopathic effects of 
(+)-usnic acid on some phytohormone concentrations in tomato 
plants. Allelopathy J., 2011, 28, 115-122. 



76 Enhanced Experession of Secondary Metabolites in Plants

10. Boller T., Felix G., A renaissance of elicitors: Perception of microbe-
associated molecular patterns and danger signals by pattern-rec-
ognition receptors. Annu. Rev. Plant. Biol., 2009, 60, 379-406.

11. Brechner M.L., Albright L.D., Weston L.A., Effects of UV-B on 
secondary metabolites of St. John’s wort (Hypericum perfora-
tum L.) grown in controlled environments. Photochem. Photo-
biol., 2011, 87, 680-684. 

12. Brechner M.L., Some effects of light quantity and quality on sec-
ondary metabolites hyperforin, pseudohypericin and hypericin in 
Hypericum perforatum. 2008, Ph.D. Dissertation, Cornell Uni-
versity NY, pp. 141–142.

13. Cameron S.I., Smith R.F., Kierstead K.E., Linking medicinal/nu-
traceutical products research with commercialization. Pharmac. 
Biol., 2005, 43, 425-433.

14. Canter P.H., Thomas H., Ernst E., Bringing medicinal plants 
into cultivation: opportunities and challenges for biotechnology. 
Trends Biotechnol., 2005, 23, 180-185. 

15. Chen F., Liu C., Tschaplinski T.J., Zhao N., Genomics of second-
ary metabolism in Populus: Interactions with biotic and abiotic 
environments. Crit. Rev. Plant Sci., 2009, 28, 375-392.

16. Cheng K., Lin J., Wu J., Liu W., Isofl avone conversion of black 
soybean by immobilized Rhizopus spp. Food Biotechnol., 2010, 
24, 312-331. 

17. Cote J.J., Caillet S.S., Doyon G.G., Sylvain J.F., Lacroix M.M. 
Analyzing cranberry bioactive compounds. Crit. Rev. Food Sci. 
Nutr., 2010, 50, 872-888. 

18. Dombrecht B., Xue G.P., Sprague S.J., MYC2 differentially 
modulates diverse jasmonate-dependent functions in Arabidop-
sis. Plant Cell, 2007, 19, 2225-2245.

19. Du H., Huang Y., Tang Y., Genetic and metabolic engineering 
of isofl avonoids biosynthesis. Appl. Microb. Biotechnol., 2010, 
86, 1293-1312.

20. Evangelista Z.M., Moreno A.E., Metabolitos secundarios de im-
portancia farmacéutica producidos por actinomicetos. Biotecno-
logia, 2007, 11, 37-50.

21. Ferrari S., Biological elicitors of plant secondary metabolites: 
Mode of action and use in the production of nutraceutic. 2010, 
in: Bio-Farms for Nutraceuticals: Functional Food and Safety 
Control by Biosensors (eds. M.T. Giardi, G. Rea, B. Berra). 
Springer US, Vol. 698, Chapter 12, pp. 152-166.

22. Fine P.V.A., Miller Z.J., Mesones I., Irazuzta S., Appel H.M., 
Stevens M.H.H., The growth defense trade-off and habitat spe-
cialization by plants in Amazonian forest. Ecology, 2006, 87, 
S150-S162. 

23. Fucile G., Falconer S., Christendat D., Evolutionary diversifi ca-
tion of plant shikimate kinase gene duplicates. PLoS genetics, 
2008, 4, e1000292, 1-6.

24. Fujisawa M., Watanabe M., Choi S.K., et al., Enrichment of ca-
rotenoids in fl axseeds (Linum usitatissimum) by metabolic en-
gineering with introduction of bacterial phytoene synthase gene 
crtB. J. Biosci. Bioeng, 2008, 105, 636-641.

25. Fujita M., Fujita Y., Noutoshi Y., Takahashi F., Narusaka Y., 
Yamaguchi-Shinozaki K., Shinozaki K., Crosstalk between abi-
otic and biotic stress responses: a current view from the points of 
convergence in the stress signaling networks. Curr. Opin. Plant. 
Biol., 2006, 9, 436-442.

26. Genovese S., Curini M., Epifano F., Chemistry and biological 
activity of azoprenylated secondary metabolites. Phytochemistry, 
2009, 70, 1082-1091.

27. George E.F., Hall M.A., De Klerk G.J., Plant Propagation by Tis-
sue Culture: The Background. 2007, 3th Edition, Vol. 1, Springer, 
Berlin (Germany).

28. Gientka I., Duszkiewicz-Reinhard W., Shikimate pathway in 
yeast cells: enzymes, functioning, regulation – review. Pol. J. 
Food Nutr. Sci, 2009, 59, 113-118. 

29. Gorovits R., Czoznek H., Biotic and abiotic stress responses in 
tomato breeding lines resistant and susceptible to tomato yellow 
leaf curl virus. 2007, in: Tomato Yellow Leaf Curl Virus Disease 
(ed. H. Czosnek). Springer, Chapter 6, pp. 223-237.

30. Gottlieb O.R., Phytochemicals: differentiation and function. 
Phytochemistry, 1990, 29, 1715-1724.

31. Grindberg R.V., Ishoey T., Brinza D., Esquenazi E., Coates R., 
Wei-Ting L., Gerwick W.H., Single cell genome amplifi cation 
accelerates identifi cation of the apratoxin biosynthetic path-
way from a complex microbial assemblage. Plos ONE, 2011, 6, 
e18565, 1-12. 

32. Grindberg R.V., Shuman C.F., Sorrels C.M., Wingerd J., Gerwick 
W.H., Neurotoxic alkaloids from cyanobacteria. 2007, in: Mod-
ern Alkaloids (ed. E. Fattorusso). POT-S, pp. 139–170.

33. Gu X.-D., Sun M.Y., Zhang L., Fu H.W., Cui L., Chen R.Z., 
Zhang D.W., Tian J.K., UV-B induced changes in the secondary 
metabolites of Morus alba L. leaves. Molecules, 2010, 15, 2980-
-2993. 

34. Gunel T., Kuntz M., Arda N., Erturk S., Temizkan G., Metabolic 
engineering for production of geranylgeranyl pyrophosphate 
synthase in noncarotenogenic yeast Schizosaccharomyces pombe. 
Biotechnol. Biotechnol. Eq., 2006, 20, 76-82.

35. Helmja K., Vaher M., Gorbatsova J., Kaljurand M., Character-
ization of bioactive compounds contained in vegetables of the 
Solanaceae family by capillary electrophoresis. Proc. Estonian 
Acad. Sci. Chem., 2007, 56, 172-186.

36. Holopainen J.K., Heijari J., Nerg A.M., Vuorinen M., Kainulai-
nen P., Potential for the use of exogenous chemical elicitors in 
disease and insect pest management of conifer seedling produc-
tion. Open. For. Sci. J., 2009, 2, 17-24.

37. Hounsome N., Hounsome B., Tomos D., Edwards-Jones G., 
Plant metabolites and nutritional quality of vegetables. J. Food 
Sci., 2008, 73, P48-P65.

38. Hussain S., Fareed S., Ansari S., Rahman A., Iffat-Zareen A., 
Saeed M., Current approaches toward production of secondary 
plant metabolites. J. Pharm. Bioall. Sci., 2012, 4, 10-20. 

39. Ibrahim M.H., Jaafar H.Z.E, Rahmat A., Abdul R.Z., Effects 
of nitrogen fertilization on synthesis of primary and secondary 
metabolites in three varieties of kacip Fatimah (Labisia pumila 
Blume). Int. J. Mol. Sci., 2011, 12, 5238-5254.

40. Iriti M., Faoro F. Chemical diversity and defense metabolism: 
how plants cope with pathogens and ozone pollution. Int. J. Mol. 
Sci., 2009, 10, 3371-3399.

41. Jeong C.S., Chakrabarty D., Hahn E.J., Lee H.L., Paek K.Y., 
Effects of oxygen, carbon dioxide and ethylene on growth and 
bioactive compound production in bioreactor culture of ginseng 
adventitious roots. Biochem. Eng. J., 2006, 27, 252-263.

42. John J., Sarada S.S., Role of phenolics in allelopathic interac-
tions. Allelopathy J., 2012, 29, 215-229.

43. Kazan K., Manners J.M., Jasmonate signaling: toward an inte-
grated view. Plant Physiol., 2008, 146, 1459–1468.

44. Khadem S., Marles R.J., Chromone and fl avonoid alkaloids: Oc-
currence and bioactivity. Molecules, 2012, 17, 191-206.



S.N. Jimenez-Garcia et al. 77

45. Kotilainen T., Tegelberg R., Julkunen-Tiitto R., Lindfors A., Aph-
alo P.J., Metabolite specifi c effects of solar UV-A and UV-B on 
alder and birch leaf phenolics. Global Change Biology, 2008, 14, 
1294-1304. 

46. Krzyzanowska J., Czubacka A., Oleszek W., Dietary phytochemi-
cals and human health. 2010, in: Bio-Farms for Nutraceuticals: 
Functional Food and Safety Control by Biosensors (eds. M.T. 
Giardi, G. Rea, B. Berra). Springer US, Vol. 698, Chapter 7, pp. 
74-99.

47. Latkowska E., Lechowski Z., Białczyk J., Responses in tomato 
roots to stress caused by exposure to (+)-usnic acid. Allelopathy 
J., 2008, 21, 239-252.

48. Lattanzio V., Lattanzio V.M.T., Cardinali A., Role of phenolic in 
the resistance mechanisms of plants against fungal pathogens 
and insects. 2006, in: Phytochemistry: Advances in Research (ed. 
F. Imperato). Research Signpost, Kerala, India, pp. 23-67. 

49. Le Gall G., DuPont M.S., Mellon F.A., Davis A.L., Collins G.J., 
Verhoeyen M.E., Colquhoun I.J., Characterization and content 
of fl avonoid glycosides in genetically modifi ed tomato (Lycoper-
sicon esculentum) fruits. J. Agric. Food. Chem., 2003, 51, 2438–
–2446.

50. Lee J.S., Latimer L.J., Hampel K.J. Coralyne binds tightly to 
both T.A.T. – and C. G. C. (+)-containing DNA triplexes. Bio-
chemistry, 1993, 32, 5591-5597.

51. Lefl aive J., Ten-Hage L., Algal and cyanobacterial secondary 
metabolites in freshwaters: a comparison of allelopathic com-
pounds and toxins. Freshwater Biol., 2007, 52, 199-214.

52. Lessard P., Metabolic engineering: the concept coalesces. Nat. 
Biotechnol., 1996, 14, 1654-1655. 

53. Li Q., Kubota Ch., Effects of supplemental light quality on 
growth and phytochemicals of baby leaf lettuce. Env. Exp. Bota-
ny, 2009, 67, 59-64. 

54. Liu W.K., Xu S.X., Che C.T., Anti-proliferative effect of ginseng 
saponins on human prostate cancer cell line. Life Sci., 2000, 67, 
1297-1306.

55. Lucchesini M., Bertoli A., Mensuali-Sodi A., Pistelli L., Estab-
lishment of in vitro tissue cultures from Echinacea angustifolia 
D.C. adult plants for the production of phytochemical com-
pounds. Sci. Hortic., 2009, 122, 484–490.

56. Lucchesini M., Mensuali-Sodi A., Plant tissue culture – an op-
portunity for the production of nutraceuticals. 2010, in: Bio-
Farms for Nutraceuticals: Functional Food and Safety Control 
by Biosensors (eds. M.T. Giardi, G. Rea, B. Berra). Springer US, 
Vol. 698, Chapter 14, pp. 186-202.

57. Lucchesini M., Monteforti G., Mensuali S.A., Leaf ultrastruc-
ture, photosynthetic rate and growth of myrtle plantlets under 
different in vitro culture conditions. Biologia Plantarum, 2006, 
50, 161-168.

58. Magalhães S.T.V., Guedes R.N.C., Demuner A.J., Lima E.R., Ef-
fect of coffee alkaloids and phenolics on egg-laying by the coffee 
leaf miner Leucoptera coffeella. B. Entom. Res., 2008, 98, 483-489.

59. Matsufuji H., Ishikawa K., Nunomura O., Chino M., Takeda M., 
Anti-oxidant content of different colored sweet peppers, white, 
green, yellow, orange and red (Capsucum annuum L.). Int. J. 
Food Sci. Tech., 2007, 42, 1482-1488.

60. Mattoo A.K., Shukla V., Fatima T., Handa A.K., Yachha S.K., 
Genetic engineering to enhance crop-based phytonutrients (Nu-
traceiticals) to alleviate diet-related diseases. 2010, in: Bio-Farms 
for Nutraceuticals: Functional Food and Safety Control by Bio-

sensors (eds. M.T. Giardi, G. Rea, B. Berra). Springer US, Vol. 
698, Chapter 10, pp. 123-143.

61. Mazid M., Khan T., Mohammad F., Effect of abiotic stress on 
synthesis of secondary plant products: A Critical Review. Agric. 
Rev., 2011, 32, 172-182.

62. Mejia-Teniente, L., Torres-Pacheco I., Gonzalez-Chavira 
M.M., Ocampo-Velazquez R.V., Herrera-Ruiz G., Chapa-
Oliver A.M., Guevara-Gonzalez R.G., Use of elicitors as an 
approach for sustainable agriculture. Afr. J. Biotech., 2010, 9, 
9155-9162.

63. Morales L.O., Tegelberg R., Brosché M., Keinänen M., Lindfors 
A., Aphalo P.J., Effects of solar UV-A and UV-B radiation on 
gene expression and phenolic accumulation in Betula pendula 
leaves. Tree Physiol., 2010, 30, 923-934.

64. Newman D.J., Cragg G.M., Natural products as sources of new 
drugs over the last 25 years. J. Nat. Prod., 2007, 70, 461-477. 

65. Niraula N.P., Kim S.H., Sohng J.K., Kim E.S., Biotechnological 
doxorubicin production: pathway and regulation engineering of 
strains for enhanced production. Appl. Microbiol. Biotechnol., 
2010, 87, 1187-1197.

66. Nunnery J.K., Mevers E., Gerwick W.H., Biologically active sec-
ondary metabolites from marine cyanobacteria. Curr. Opin. Bio-
technol., 2010, 21, 787-793.

67. Oldiges M., Lütz S., Pfl ug S., Schroer K., Stein N., Wiendahl 
C., Metabolomics: current state and evolving methodologies and 
tools. Appl. Microbiol. Biotechnol., 2007, 76, 495-511. 

68. Oswald M., Fischer M., Dirninger N., Karst F., Monoterpenoid 
biosynthesis in Saccharomyces cerevisiae. FEMS Yeast Res., 2007, 
7, 413-421.

69. Paiva P.M.G., Gomes F.S., Napoleão T.H., Sá R.A., Correia 
M.T.S., Coelho C.B.B., Antimicrobial activity of secondary me-
tabolites and lictins from plants. Res. Technol. Edu. Top. Appl. 
Microb. Biotechnol., 2010, 396-406 [http://www.formatex.info/
microbiology2/396-406.pdf].

70. Parsaeimehr A., Sargsyan E., Vardanyan A., Expression of sec-
ondary metabolites in plants and their useful perspective in ani-
mal health. ABAH Biofl ux, 2011, 3, 115-124. 

71. Peterhansel C., Niessen M., Kebeish R.M., Metabolic Engineer-
ing towards the enhancement of photosynthesis. Photochem. 
Photobiol., 2008, 84, 1317-1323. 

72. Prasanna R., Sood A., Jaiswal P., Nayak S., Gupta V., Chaudhary 
V., Joshi M., Natarajan C., Rediscovering cyanobacteria as valu-
able sources of bioactive compounds (Review). Appl. Biochem. 
Microbiol., 2010, 46, 119-134.

73. Rea G., Antonacci A., Lambreva M., Margonelli A., Ambrosi C., 
Giardi M.T., The NUTRASNACKS Project: Basic research and 
biotechnological programs on nutraceutical. 2010, in: Bio-Farms 
for Nutraceuticals: Functional Food and Safety Control by Bio-
sensors (eds. M.T. Giardi, G. Rea, B. Berra). Springer US, Vol. 
698, Chapter 1, pp. 1-16.

74. Rippert P., Puyaubert J., Grisollet D., Derrier L., Matringe M., 
Tyrosine and phenylalanine are synthesized within the plastids in 
Arabidopsis. Plant Physiol., 2009, 149, 1251–1260.

75. Rodríguez-Burruezo A., Prohens J., Raigón M. D., Nuez F., Vari-
ation for bioactive compounds in aji (C. pubencens R. & P.) and 
implications for breeding. Euphytica, 2009, 170, 169-181. 

76. Rohmer M., The discovery of a mevalonate-independent path-
way for isoprenoid biosynthesis in bacteria, algae and higher 
plants. Nat. Prod. Rep., 1999, 16, 565–574.



78 Enhanced Experession of Secondary Metabolites in Plants

77. Sainis I., Fokas D., Vareli K., Tzakos A. G., Kounnis V., Briasou-
lis E., Cyanobacterial cyclopeptides as lead compounds to novel 
targeted cancer drugs. Mar. Drugs, 2010, 8, 629-657.

78. Satwadhar P.N., Deshpande H.W., Syed I.H., Syed K.A., Nutri-
tional compounds and identifi cation of some of the bioactive 
compounds in Morinda citrifolia juice. Int. J. Pharm. Pharm. Sci., 
2011, 3, 58-59.

79. Saviranta H.K., Julkunen-Tiitto R., Oksanen E., Karjalainen 
R.O., Leaf phenolic compounds in red clover (Trifolium pratense 
L.) induced by exposure to moderately elevated ozone. Env. Poll., 
2010, 158, 440-446.

80. Schijlen E., Ric deVos C.H., Jonker H., Broeck H.V.D., Molthoff 
J., vanTunen A.V, Martens S., Bovy A., Pathway engineering for 
healthy phytochemicals leading to the production of novel fl a-
vonoids in tomato fruit. Plant Biotechnol. J., 2006; 4, 433-444.

81. Schmeltz I., Nicotine and other tobacco alkaloids. 1971, in: Nat-
urally Occurring Insecticides (eds. M. Jacobson, D.G. Crosby). 
Marcel Dekker, New York, pp. 99-136.

82. Shilpa K.K., Varun K.K., Lakshmi B.S., An alternate method of 
natural drug production: eliciting secondary metabolite produc-
tion using plant cell culture. J. Plant Sci., 2010, 5, 222-247.

83. Siddiqui M.S., Thodey K., Trenchard I., Smolke C.D., Advanc-
ing secondary metabolites I yeast with synthetic biology tools. 
FEMS Yeast Res., 2012, 12, 144-170.

84. Spoel H.S., Dong X., How do plants achieve immunity? Defense 
without specialized immune cells. Nature Rev. Immunol., 2012, 
12, 89-100. 

85. Sun T., Xu Z., Wu C.T., Janes W., Prinyawiwatkul W., No H.K., 
Antioxidant activities of different colored sweet bell pepper (Cap-
sicum annuum L.). J. Food Sci., 2007, 72, S98-S102.

86. Tyagi S., Singh U., Kalra T., Munjal K., Applications of metabo-
lomics – a systematic study of the unique chemical fi ngerprints: 
an overview. Int. J. Pharm. Sci. Rev. Res., 2010, 3, 83-86.

87. Vanamala J., Leonardi T., Patil B.S., Taddeo S.S., Murphy M.E., 
Pike L.M., Chapkin R.S., Lupton J.R., Turner N.D., Suppression 
of colon carcinogenesis by bioactive compounds in grapefruit. 
Carcinogenesis, 2006, 27, 1257-1265.

88. Verhoeyen M.E., Bovy A., Collins G., Muir S., Robinson S., de 
Vos C.H.R., Colliver S., Increasing antioxidant levels in toma-
toes through modifi cation of the fl avonoid biosynthetic pathway. 
J. Exp. Bot., 2002, 53, 2099–2106.

89. Victório C., Leal-Costa M., Schwartz Tavares E., Machado 
Kuster R., Salgueiro Lage C., Effects of supplemental UV-A on 
the development, anatomy and metabolite production of Phyl-
lanthus tenellus cultured in vitro. Photochem. Photobiol., 2011 
87, 685-689. 

90. Vogt T., Phenylpropanoid biosynthesis. Mol. Plant, 2010, 3, 2-20. 
91. Wan Ch., Yu Y., Zhou S., Tian S., Cao S., Isolation and identi-

fi cation of phenolic compounds from Gynura divaricata leaves. 
Pharmacognosy Magazine, 2011, 7 (26), 101-108. 

92. Winks M., Schimmer O., Modes of action of defensive second-
ary metabolites. Function of Plant SMs and their exploitation in 
biotechnology. Annu. Plant Rev., 1999, 17-133. 

93. Xu M., Dong J., Wang H., Huang L., Complementary action 
of jasmonic acid on salicylic acid in mediating fungal elicitor-
induced fl avonol glycoside accumulation of Ginkgo biloba cells. 
Plant Cell Env., 2009, 32, 960-967.

94. Yadav S., Sinha R.P., Tyagi M.B., Kumar A., Cyanobacterial 
secondary metabolites. Int. J. Pharm. Bio. Sci., 2011, 2, B144-
-B167.

95. Yamada T., Matsuda F., Kasai K., Fukuoka S., Kitamura K., 
Tozawa Y., Miyagawa H., Wakasa K., Mutation of a rice gene 
encoding a phenylalanine biosynthetic enzyme results in accu-
mulation of phenylalanine and tryptophan. Plant Cell, 2008, 20, 
1316–1329. 

96. Yan Y.J.., Kohli A., Koffas M.A.G., Biosynthesis of natural fl a-
vanones in Saccharomyces cerevisiae. Appl. Environ. Microbiol., 
2005, 71, 5610-5613.

97. Yao L.H., Jiang Y.M., Shi J., Tomas-Barberan F.A., Datta N., 
Singanusong R., Chen S.S., Flavonoids in food and their health 
benefi ts. Plant Foods Human Nutr., 2004, 59, 113–122.

98. Yu B., Lydiate D.J., Young L.W., Enhancing the carotenoid con-
tent of Brassica napus seeds by down regulating lycopene epsilon 
cyclase. Transg. Res., 2008, 17, 573-585.

99. Zhang J., Shi J., Ilic S., Jun X.S., Kakuda Y., Biological proper-
ties and characterization of lectin from red kidney bean (Phase-
olus vulgaris). Food Rev. Int., 2009, 25, 12-27. 

100. Li Z.H., Wang Q., Ruan X., Pan C.D., Jiang D.A., Phenolics 
and plant allelopathy. Molecules, 2010, 15, 8933-8952.

Submitted: 30 July 2012. Revised 2 December 12. Accepted 
18 December 2012. Published on-line: 1 May 2013.


