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against insect herbivores 
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Abstract 

In all natural habitats, plants are surrounded by an enormous number of potential enemies (biotic) and 

various kinds of abiotic environmental stress, greatly responsible for heavy reduction in crop 

productivity. To counter the herbivore attack, plants produce defensive compounds that appear to have no 

direct function in growth and development. These substances are known as secondary metabolites. 

Secondary metabolites, including terpenes, phenolics and nitrogen (N) containing compounds, defend 

plants against a variety of insect herbivores. These compounds are either produced constitutively or in 

response to plant damage, and affect feeding, growth, and survival of herbivores. Many compounds act 

directly on the herbivore, whereas others act indirectly via the attraction of organisms from other trophic 

levels that, in turn, protect the plant. The role of secondary metabolites in defense may involve deterrent 

and anti-feedant activity, toxicity or acting as precursors to physical defense systems. By virtue of their 

biological activities against insect herbivores, many of these substances are employed commercially as 

insecticides, while others find uses as fragrances, flavorings, medicinal drugs, and industrial materials. 

 

Keywords: Secondary metabolites, terpenes, phenolics and nitrogen containing compounds, deterrent, 

anti-feedant 

 

Introduction 

In natural systems, plants face a plethora of antagonists and thus posses a myriad of defense 

and have evolved multiple defense mechanisms by which they are able to cope with various 

kinds of biotic and abiotic stress [1]. There are various other modes of defense include the 

construction of polymeric barriers to pathogen penetration and the synthesis of enzymes that 

degrade pathogen cell wall [2]. In addition, plants employ specific recognition and signaling 

systems enabling the rapid detection of pathogen invasion and initiation of vigorous defensive 

responses [3]. Once infected, some plants also develop immunity to subsequent microbial 

attacks [4]. Plants produce a high diversity of natural products or secondary metabolites with a 

prominent function in the protection against predators and microbial pathogens on the basis of 

their toxic nature and repellence to herbivores and microbes and some of which also involved 

in defense against abiotic stress (e.g. UV-B exposure) and also important for the 

communication of the plants with other organisms [5], and are insignificant for growth and 

developmental processes [6]. There are three major groups of secondary metabolites viz 

terpenes, phenolics and N and S containing compounds. Terpenes composed of 5-C 

isopentanoid units, are toxins and feeding deterrents to many herbivores. Phenolics 

synthesized primarily from products of the shikimic acid pathway, have several important 

defensive role in the plants. Members of the third major group i.e. N and S containing 

compounds are synthesized principally from common amino acids [7]. It is believed that most 

of the 100,000 known secondary metabolites are to be involved in plant chemical defense 

systems, which are formed throughout the millions of years during which plants have co-

existed with their attackers. Although higher concentrations of secondary metabolites might 

result in a more resistant plant, the production of secondary metabolites is thought to be costly 

and reduces plant growth and reproduction [8].  

 

Secondary metabolites 

Plants produce a large and diverse array of organic compounds that appear to have no direct 

functions in growth and development i.e. they have no generally recognized roles in the 

process of photosynthesis, respiration, solute transport, translocation, nutrient assimilation and 

differentiation [9]. They have a very restricted distribution than primary metabolites in the  
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whole plant kingdom i.e. they are often found only in one 

plant species or a taxonomically related group of species. 

Their production is thought to be costly and reduces plant 

growth and reproduction [8]. Therefore, defense metabolites 

can be divided in to constitutive substances, also called 

prohibitins or phytoanticipins and induced metabolites formed 

in response to an infection involving de novo enzyme 

synthesis, known as phytoalexins [10]. Phytoanticipins are high 

energy and carbon consuming and exhibit fitness cost under 

natural conditions [11], but recognized as the first line of 

chemical defense that potential pathogens have to overcome. 

In contrast, phytoalexin production may take two or three 

days, as by definition first the enzyme system needs to be 

synthesized. 

 

Principal groups  
Plant secondary metabolites can be divided into three 

chemically distinct groups viz: Terpenes, Phenolics, N 

containing compounds. 

 

(i) Terpenes  

Terpenes constitute the largest class of secondary metabolites 

and are united by their common biosynthetic origin from 

acetyl-coA or glycolytic intermediates. A vast majority of the 

different terpenes structures produced by plants as secondary 

metabolites that are presumed to be involved in defense as 

toxins and feeding deterrents to a large number of plant 

feeding insects and mammals [12]. 

 

(a) Monoterpenes (C10): Many derivatives are important 

agents of insect toxicity. For example, the pyrethroids 

(monoterpenes esters) occur in the leaves and flowers of 

Chrysanthemum species show strong insecticidal responses 

(neurotoxin) to insects like beetles, wasps, moths, bees, etc. 

and a popular ingredient in commercial insecticides because 

of low persistence in the environment and low mammalian 

toxicity [13].  

In Gymnosperms (conifers) like Pine and Fir, monoterpenes 

accumulate in resin ducts found in the needles, twings and 

trunks mainly as α-pinene, β-pinene, limonene and myrecene, 

all are toxic to numerous insects including bark beetles, 

serious pest of conifer species throughout the world [13]. 

 

(b) Sesquiterpenes (C15): A number of sesquiterpenes have 

been till now reported for their role in plant defense such as 

costunolides are antiherbivore agents of family composite 

characterized by a five membered lactone ring (a cyclic ester) 

and have strong feeding repellence to many herbivorous 

insects and mammals [14].  

ABA is also a sesquiterpene plays primarily regulatory roles 

in the initiation and maintenance of seed and bud dormancy 

and plants response to water stress by modifying the 

membrane properties and act as a transcriptional activator [15]. 

In addition, it increases the cytosolic calcium concentration 

and causes alkalinisation of the cytosol [16].  

 

(c) Diterpenes (C20): Abietic acid is a diterpene found in 

pines and leguminous trees. It is present in or along with 

resins in resin canals of the tree trunk. When these canals are 

pierced by feeding insects, the outflow of resin may 

physically block feeding and serve as a chemical deterrent to 

continued predation. Another compound phorbol (diterpene 

ester), found in plants of Euphorbiaceae and work as skin 

irritants and internal toxins to mammals. Moreover, phytol a 

highly hydrophobic 20-C alcohol found in chlorophyll as a 

side chain help to anchor certain molecules in membranes and 

therefore increase the efficiency of chlorophyll during the 

photosynthesis [17], a strategy for maximum CO2 fixation and 

biomass production [18]. 

 

(d) Triterpenes (C30): Several steroid alcohols (sterols) are 

important component of plant cell membranes, especially in 

the plasma membrane as regulatory channels and maintain 

permeability to small molecules by decreasing the motion of 

the fatty acid chains. The milkweeds produce several better 

tasting glucosides (sterols) that protect them against herbivory 

by most insects and even cattle [19]. Phytoecdysones have 

some defensive role against insects by disrupting moulting 

and other developmental and physiological processes with 

lethal consequences. Another triterpene, limnoid, a group of 

bitter substances in citrus fruits and act as antiherbivore 

compounds in members of family Rutaceae and some other 

families also. For example, Azadirechtin, a complex limnoid 

from Azadirachta indica, acts as a feeding deterrent to some 

insects and exerts various toxic effects [20]. 

 

(e) Polyterpenes (C5)n: Several high molecular weight 

polyterpenes occur in plants. Larger terpenes include the 

tetraterpenes and the polyterpenes. The principal tetraterpenes 

are carotenoids family of pigments. Other one is rubber, a 

polymer containing 1500-15000 isopentenyl units, in which 

nearly all the C-C double bonds have a cis (Z) configuration 

while in gutta rubber has its double bond in trans (E) 

configuration. Rubber found in long vessels called laticifers, 

provide protection as a mechanism for wound healing and as a 

defense against herbivores [21]. 

 

(ii) Phenolic compounds  

Plants produce a large variety of secondary products that 

contain a phenol group, a hydroxyl functional group on an 

aromatic ring called Phenol, a chemically heterogeneous 

group also. They could be an important part of the plants 

defense system against pests and diseases including root 

parasitic nematodes [22].  

 

(a) Coumarin: They are simple phenolic compounds, 

widespread in vascular plants and appear to function in 

different capacities in various plant defense mechanisms 

against insect herbivores and fungi. They derived from the 

shikimic acid pathway [23], common in bacteria, fungi and 

plants but absent in animals. Also, they are a highly active 

group of molecules with a wide range of anti-microbial 

activity against both fungi and bacteria. It is believed that 

these cyclic compounds behave as natural pesticidal defense 

compounds for plants and they represent a starting point for 

the exploration of new derivatives possessing a range of 

improved antifungal activity. 

Halogenated coumarin derivatives work very effectively in 

vitro to inhibit fungal growth. For example, 7-hydroxylated 

simple coumarins may play a defensive role against 

parasitism of Orobanche cernua, by preventing successful 

germination, penetration and connection to the host vascular 

system [24].  

 

(b) Furano-coumarins: Also a type of coumarin with special 

interest of phyto-toxicity, abundant in members of the family 

Umbelliferae including celery parsnip and parsley. Normally, 

these compounds are not toxic, until they are activated by 

light (UV-A), causes some furano-coumarins to become 

activated to a high energy electronic state, which can insert 
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themselves into the double helix of DNA and bind to the 

pyramidine bases and thus blocking transcription and repair 

and eventually leading to cell death [25]. Psoralin, a basic 

linear furacoumarin, known for its use in the treatment of 

fungal defense and found very rarely in SO2 treated plants. 

 

(c) Ligin: It is a highly branched polymer of phenyl-

propanoid groups, formed from three different alcohols viz., 

coniferyl, coumaryl and sinapyl which oxidized to free 

radicals (ROS) by a ubiquitous plant enzyme-peroxidase, 

reacts simultaneously and randomly to form lignin. Its 

physical toughness deters feeding by herbivorous animals and 

its chemical durability makes it relatively indigestible to 

herbivores and insects pathogens. Lignifications block the 

growth of pathogens and are a frequent response to infection 

or wounding [26]. 

 

(d) Flavonoids: One of the largest classes of plant phenolic, 

perform very different functions in plant system including 

pigmentation and defense Two other major groups of 

flavonoids found in flowers are flavones and flavonols 

function to protect cells from UV-B radiation because they 

accumulate in epidermal layers of leaves and stems and 

absorb light strongly in the UV-B region while letting visible 

(PAR) wavelengths throughout uninterrupted. In addition, 

exposure of plants to increased UV-B light has been 

demonstrated to increase the synthesis of flavones and 

flavonols suggesting that flavonoids may offer a measure of 

protection by screening out harmful UV-B radiation [27].  

 

(e) Tanins: It included under the second category of plant 

phenolic polymers with defensive properties. Tannins are 

general toxins that significantly reduce the growth and 

survivorship of many herbivores and also act as feeding 

repellents to a great diversity of animals. In mammalian 

herbivores, they cause a sharp, astringent sensation in the 

mouth as a result of their binding of salivary proteins. 

Mammals such as cattle, deer and apes, characteristically 

avoid plant with high tannin contents [28]. The defensive 

properties of tannins are generally attributed to their ability to 

bind proteins. Protocatechllic and chlorogenic acids probably 

have a special function in disease resistance of certain plants. 

They prevent smudge in onions, a disease caused by the 

fungus Colletotrichum circinans and prevent spore 

germination and growth of other fungi as well [29]. It is 

thought by some that chlorogenic acid and certain other 

related compounds can be readily formed and oxidised into 

potent fungistatic quinones by certain disease resistant 

cultivars but less readily so by susceptible ones.  

 

(iii) Nitrogen containing secondary metabolites  
They include alkaloids, cyanogenic glucosides, and non-

protein amino acids. Most of them are biosynthesized from 

common amino acids. All are of considerable interest because 

of their role in the anti herbivore defense and toxicity to 

humans.  

 

(a) Alkaloids: A large family of N containing secondary 

metabolites found in approximately 20% of the species of 

vascular plants, most frequently in the herbaceous dicot and 

relatively a few in monocots and gymnosperms. Generally, 

most of them, including the pyrrolizidine alkaloids (PAs) are 

toxic to some degree and appear to serve primarily in defense 

against microbial infection and herbivoral attack. They are 

usually synthesized from one of the few common amino 

acids, in particular, aspartic acid, lysine, tyrosine and 

tryptophan [30]. 

 

(b) Cyanogenic glucosides: They constitute a group of N-

containing protective compounds other than alkaloids, release 

the poison HCN and usually occur in members of families 

viz., Graminae, Rosaceae and Leguminosae [31]. They are not 

in themselves toxic but are readily broken down to give off 

volatile poisonous substances like HCN and H2S when the 

plant is crushed; their presence deters feeding by insects and 

other herbivores such as snails and slugs. 

Amygdalin, the common cyanogenic glucoside found in the 

seeds of almonds, apricot, cherries and peaches while 

Dhurrin, found in Sorghum bicolar. Normally, both are not 

broken down in the intact plant because the glucosides and 

degradative enzymes are separated in different compartments 
[32]. Under ordinary conditions, this compartmentalization 

prevents decomposition, however, on damaging as during 

herbivore feeding, the cell contents of different tissues mix 

and form HCN, a toxin of cellular respiration by binding to 

the Fe-containing heme group of cytochrome oxidase and 

other respiratory enzymes. Similarly, the presence of 

cyanogenic glucosides in cassava, make it suitable for long 

time storage without being attacked by pests ([30]. Lima bean 

(Phaseolus lunatus L.) is a model plant for studies of 

inducible indirect anti herbivore defences including the 

production of volatile organic compounds (VOCs) [1].  

 

(c) Non-protein amino acids: Many plants also contain 

unusual amino acids called non- protein amino acids that 

incorporated into proteins but are present as free forms and 

act as protective defensive substances [33]. For examples, 

canavanine and azetidine-2-carboxylic acid are close analogs 

of arginine and proline respectively. They exert their toxicity 

in various ways. Some block the synthesis of or uptake of 

protein amino acid while others can be mistakenly 

incorporated in to proteins. After ingestion, canavanine is 

recognized by herbivore enzyme that normally binds arginine 

to the arginine transfer RNA molecule and so become 

incorporated in to proteins in place of arginine. The usual 

result is a non-functional proteins because either its tertiary 

structure or it catalytic site is disrupted [6]. Plants that 

synthesize non-protein amino acids are not susceptible to the 

toxicity of these compounds but gain defense to herbivorous 

animals, insects and pathogenic microbes. Also, a number of 

plants including Arabidopsis uses Arginine as a storage and 

transport form of N and proline as a compatible solute in the 

defense against abiotic stresses causing water deprivation [34]. 

 

Conclusion and future prospects  

Plants have evolved multiple defense mechanisms against 

microbial pathogens and various types of environmental 

stress. Besides anti-microbial secondary metabolite, some of 

which are performed and some of which are induced by 

infection. Today, advanced tools are demanded to investigate 

the correct correlation between N and S fertilization and crop 

resistance management. In a number of previous research 

articles and review papers, it have shown that the N and S 

containing secondary metabolites are influenced by optimum 

supply of N and S and their good nutrition can enhance the 

capability of a plant to cope with biotic and abiotic stress. The 

identification of the mechanisms causing SIR will be an 

important milestone for sustainable agricultural production, as 

the use of fungicides could then be minimized or eliminated. 

Thus, SIR may become an important strategy for efficiently 
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combating with pathogens in organic forming system. 

Therefore, additional research in area of natural pesticides 

development is needed in current scenario. In the long term, it 

will probably be possible to generate gene cassettes for 

complete pathways, which could then be used for production 

of valuable defensive secondary metabolites in bioreactors or 

for metabolic engineering of crop plants. This will improve 

their resistance against herbivores and microbial pathogens as 

well as various environmental stresses. 
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