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Induced responses, signal diversity and plant
defense: Implications in insect phytophagy

T. N. Ananthakrishnan

Damage to plant tissues due to insect feeding induces diverse biochemical and physiological
processes generating at the feeding site, signals which move through the plant, eliciting induced
responses. Both primary and secondary metabolites change following damage, resulting in
changing profiles of allelochemicals. The damaged plant tissues respond in diverse ways, plant
signal transduction involving communication within the plant of the concerned responses. Of
particular relevance are the proteinase inhibitors which have the potential to contribute towards
plant defense against insects, as also of a host of secondary chemicals which differ with different
plants. Manipulation of induced plant defense in the regulation and stimulation of natural
enemies involving characteristic volatiles emitted by infested plants is also discussed, besides
the possible role of induced defenses in pest management.

Cnances in plant function induced by insect feeding
involve consideration of changes in resistance in terms
of biochemical, physiological and morphological aspects

T. N. Ananthakrishnan jives at ‘Ranapnya’, 18, Pushpa Nagar,
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which tend to alter plant growth, reproduction and
storace, restricting, retarding or overcoming further
damage essentially through eliciting diverse behavioural
chemical stimuli resulting from induction. While con-
stitutive defenses are always expressed in the plant,
induced responses following insect damage enable a
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better assessment of the defense systems of the plants
which tend to restrict the host plant preferences, insect
survival and reproductive efficiency. Damage to the
plant tissuc due to insect feeding leads to the translocation
of a signal from the damaged site to other parts of a
plant resulting in induced resistance, the expression of
which tends to vary with the age, season and growth
habits. Since the damaged plant tissues respond 1n diverse
ways with many of the responses occurring away from
the site of damage, the terms talking or listening plants
were often used. The responses may be either short
term and rapid or long term and delayed, the former
tending to be more effective against generalist insects
and the latter against both generalist and specialist
insects’. While qualitative or mobile defenses are easily
translocated among plant tissues, the same is not true
of quantitative or immobile defenses®. Induced defenses
tend to be more effective against unpredictable herbivores
than constitutive defenses’.

The pioneering contributions of the biochemist
Clarence Ryan and the Finnish Ecologist Haukioja laid
the foundation for some intensive studies in induced
resistance against herbivores. Rapid accumulation of
proteinase inhibitors as a result of feeding by Leptinotarsa
decimlineata® and the response of birches to defoliation
by the larch bud moth producing heavily-defended foliage
causing crash of caterpillars®”’ are notable examples. A
correlation of population dynamics of the concerned
insects with the defense chemicals released by the plant
after damage, is an essential aspect, the response generally
depending on the concentration of chemicals®. Some of
the best examples of rapidly inducible phytochemical
responses are the increase of cucurbitacins in the attacked
leaves of cucurbits and nicotine production 1n tobacco,
and the protection of diverse furano-coumarins as a
result of feeding by danaiid caterpillars on umbellifers’.
Of equal interest is the emission by disturbed foliage
of eucalyptus species, of isoprene, «-pinene, cineole,
limonene and B-terpene, while undisturbed leaves released
only isoprene, adequately demonstrating thereby that
induced chemical responses tend to reduce plant attrac-
tiveness to herbivores'”. Plant structures as such are
arenas for the competitive interactions of the insect
species exploiting them, phytophagous insects always
exerting a selective pressure that promotes diversification
of defense mechanisms in plants'',

Signal diversity and nature of responses

The nature of the signals involved in the recognition
of damaged plant tissues and conveyance of the infor-
mation to other parts of the plant, form basic tenets of
the induced responses. Different plants which use
different signals and diverse biochemical and phystologi-
cal processes which result in induced resistance are
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chains of multiple reactions which involve many different
compounds'?. Such signals, which are generated rapidly
in the plants at the site of insect damage, travel through
the plants eliciting the induced response which follows
a time course. While diverse signals are used by different
plants and different kinds of damage may result in the
eliciting of different signals in the same plant, the
possibility of a single plant using more than one mode
of signaling also exists. Not only have the plant signals
generated increased interest 1n relation to induced plant
responses, knowledge of the cues and signals is useful
in experimental induction of resistance in crop plants.
It has also been reported that the speed of induction
also plays a role in the effectiveness of the induced
responses'”. Further changes in the secondary chemicals
are in many cases induced 1n all the leaves above a
certain threshold of damage, so that the plant sub-
sequently becomes more resistant to insects. Where no
such threshold exists, even a minor damage may result
in changes in the leaf chemistry which subsequently
results in the insect moving away from the site of
damage'®. Coleman and Jones' have produced a ‘phvto-
centric model’” for interpreting insect-induced changes
in resource quality and the suitability of plant tissues
in the light of other factors influencing plant functions.
The model highlights the biochemical or physiological
characters which determine the quality of plant resources
resulting from resource acquisition, allocation and
partitioning.

Plants respond to physical and chemical changes
associated with insect feeding, through the accumulation
of phenolic compounds and in accordance with the kind
and degree of damage, diverse phenols are induced
which involve enzymes such as phenylalanine ammonia
lyase (PAL), tyrosine ammonia lyase (TAL), polyphenol
oxidases (PPO) and peroxidases (PO). While PAL activity
is stimulated differentially in accordance with the insect
damage, the enzyme is also known to exist in multiple
forms which are induced differently by difterent cues.
Most of the higher plant polyphenols are produced
through the intermediation of phenylalanine which
involves multienzyme complexes including PAL. The
number of genes coding for PAL also varies ditterentially
and each of these tends to produce varying amounts of
the enzyme. A signal passes from the site of damage
to undamaged leaves inducing PAL activation'?'®. Other
enzymes have also been observed to be produced ditfe-
rentially by different elicitors. It is well known today
that a local stimulus triggers signaling effects that atfects
the whole plant.

Defense responses induced by elicitors relate to bio-
chemical and molecular mechanisms, of which proteinase
inhibitors are well known. Serine proteinase inhibitors
have been well investigated as markers for systemic
wound responses in tomato and potato plants and are

CURRENT SCIENCE, VOL. 76, NO. 3, 10 FEBRUARY 1999



— y—

expressed in the aerial regions of the plants. Increased
exposure to proteinase inhibitors have a detrimental
effect on the digestive phystology of several larval
Lepidoptera'”'®, The polypeptide systemin produced close
to the damage sites of plants acts as a plant hormone
inducing proteinase inhibitors'”. Systemin released by
wounding, translocates throughout the plant and interacts
with the distal tissues of plants where it stimulates
synthesis of jasmonic acid which activates proteinase
inhibitor genes. Responses to proteinase inhibitors by
insects involve production of proteases which result in
degradation of essential amino acids. Synthesis of diverse
plant proteins believed to be of importance in defense
Is also known™. Treatment with methyl jasmonate induces
accumulation of other chemicals involved in plant defense
such as ethylene, PAL, systemin and several alkaloids.
Both short-distance and long-distance signal pathways
are thought to activate proteinase inhibitor genes Dby
means of a secondary signal pathway, the octodecenoid
pathway®' which results in the synthesis of jasmonic
acid and methyl jasmonate, which are known to elicit
different chemical and physiological responses and pro-
vide a potential mechanism for communication in or
between plants®.

Feeding damage by thrips enhances production of
ethylene which in turn is known to enhance production
of defense chemicals. Plant phenolic levels increase in
response to ethylene and initiates PAL activity. While
olicosaccharide fragments of cells are known to act as
systemic signals producing rapid induction of proteinase
inhibitors, ethylene results in the production of enzymes
that release these oligosaccharide fragments. Similarly
abscissic acid acts as a signal for induced accumulation
of proteinase inhibitors., Methy! salicylate found in the
wounded plant tissues induces production of a variety
of chemicals involved in plant defense. Thus an intensive
network of signals is mobilized through the activation
of local systemic events. The diversity of such local
signals arising from tissue damage which lead to systemic
changes in gene expression are areas of future research.

Allelochemical diversity in induced defense

Involvement of changes in age-correlated chemistry of
plant growth and development as well as the impact of
physicochemical induction results in changing profiles
of allelochemics which modify the behaviour of natural
enemies. Increasing number of cultivars of crop plants
naturally call for more intensive studies on their chemo-
dynamics in order to establish the pature of their resis-
tance to pests. While plant resource acquisition, allocation
and partitioning are basic processes which determine the
suitability of plants to insects, the more recent view
that the increasing chemical diversity in plants is due
to the additive effects of synergistic interactions as a
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form of multichannel defenses, has further emphasized
the need for a proper appreciation of induced defenses.
Although host suitability can be a function of structural,
physiological or habitat characters associated with the
plant, allelochemicals, whether constitutive or induced,
are the major determinants of host suitability. While
induced responses may be selected secondarily as pro-
tection against herbivores, there is growing evidence
that their induction may be in response to resource
allocation or carbon/nutrient balance®*’.

As fitness of plants is also associated with primary
as well as secondary metabolites, an assessment of plant
chemical defense also depends on the interaction between,
say dietary protein of insects as well as chemical defenses
of plants in cases where detoxification enzymes are
substrate-based?®.

Induced resistance against many insects and mites
resulting from plant growth regulators and hormones
lead to increased accumulation of secondary chemicals.
Chloremequat chloride, a plant growth regulator, has
been known to induce resistance against many Insects
such as aphids with the production of increased levels
of plant pectins and methoxypectin which interfere with
insect feeding??*. Of equal interest is the sunflower
damage by Zygogramma and the flower thrips which
induce production of hydroxycoumarin and methylene
dioxycoumarin which deter further feeding and the pro-
files of coumarins tend to vary.

Increasing instances are evident in several msect—plant
systems wherein induced defenses play a useful role.
Damage caused by insects can induce production of
tissue-based phenols, and additional compounds tend to
be produced over a longer period. Continued attack by
flea beetles on crucifers can change the total concentration
of glucosinolates in different plant tissues leading to a
2- to 4-fold increased production of glucosinolate such
as glucobrassicin and neoglucobrassicin®. When the plant
tissues are disrupted, the enzyme myrosinase hydrolyses
the glucosinolate to produce a variety of products col-
lectively called mustard oils’®. Similarly allyldisulphide
and propyldrsulphlde of onion are released from the
bound form in the plants especially after its damage™
The speed and intensity of biosynthesis of these chom:cals
may depend on the distance from the site of injury,
amount of damage done and the kind of elicitors involved.
Feeding by insects also induces phytoalexins which are
antimicrobials, while in cases like feeding by gall m':tea
accumulation of chitinases and gluconases results™. It
is now firmly believed that most herbivores carry
microbes to the damaged site, and phytoalexin production
is a component of the plants response to herbivory.
Different classes of phytoalexins are produced by
different familics such as isoftavanoids in the Legu-
minoseae. These phytoalexins have been ascribed a role
in plant disease resistance.
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Resistant cultivars of cotton evincing increased PAL,
TAL enzymes when attacked by Helicoverpa armigera
result in increased production of gallic, salicylic acids,
besides resorcinol and phloroglucinol™. A significant
shift in the oxidative status of the host plants is typical
of induced resistance, and several oxidative enzymes
are induced in Heliothis zea. Increased levels of syringic
acid, chlorogenic acid, ferrulic acid, and rutin resulted
in foliage fed by H. zea. A significant decline was also
seen in the host nutritional quality with decrease of
most amino acids in the damaged tissue. Induced resis-
tance also involves lignification and cell wall strength-
ening, increased lignification resulting from changes in
ferrulic and p-coumaric acid levels in damaged squares.

Inhibition of damage-induced ethylene synthesis 1is

associated with increased ferrulic acid in foliage™.
Multiple stem galling of several cotton cultivars by
the cotton stem weevil Pempherulus affinis revealed
increased inputs of some of the above allelochemicals,
as against ungalled stems which showed pyrogallol and
to a little extent hydrobenzoic acid. Increasing trend in
gossypol and tannin content was also evident with the

increased onset of galling™.

Impact of induction on tritrophic interactions

Plants have evolved to use parasites and predators as
a defense against phytophagous insects, phytochemicals
of the host plants acting as long range cues for attracting
natural enemies. Variation in plant traits whether physical,
morphological or chemical can affect the fitness of
natural enemies. Effects of induced responses on natural
enemies may also act additively or synergistically as is
evident from the prolonged development of insect
larvae-induced allelochemicals arresting or reducing
growth, thereby attracting natural enemies which have
evolved the capability to learn to use induced responses
for host location. Thus plants use the third trophic levels
as another line of defense against herbivores. To be
more effective there should be stronger selection pressure
on plants to release chemical signals that attract natural
enemies. Besides the release of volatile chemicals, herbi-
vory may change non-volatile allelochemicals which may
further increase natural enemy activity. The emission of
volatiles can be adaptive to plants when they attract
natural enemies that reduce herbivore damage, the
volatiles enhancing the foraging efficiency of natural
enemies*®.

It is well known that B-glucosidase is an effective
elicitor'® of herbivore-induced plant odour which attracts
parasitic wasps. 3-glucosidase is found in the regurgitated
saliva of caterpillars. Being an elicitor of detense
responses to herbivore injury it induces the emission of
volatiles used by natural enemies to locate their victims.
Herbivore-induced plant volatiles may provide natural
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enemies with the information about plant species and
they are more reliable than general damage related plant
volatiles. Release of green leaf volatiles in damaged
plants includes a mixture of C6 alcohols, aldehydes and
esters and these volatiles by diffusing through the air
produce behavioural responses.

One of the best examples of tritrophic systems relates
to the lima bean plant and the two spotted mite Tetra-
nychus urticae and the predatory mite, Phytoseiulus
persimilis®’. Similarly herbivore-induced plant synomones
are beneficial to the signaler (plant) and the receiver
(natural enemy) as in the case of some anthocorids
which were attracted to pear trees infested by the pear
psyllid®.

The conducive niche offered by squares and flowers
of cotton provides pollen and other nutritional sources
to natural enemies, not to mention the kairomonal com-
pounds such as eicosane, pentacosane and dodecenoic
acid in plant sources tending to adequately increase the
activity of natural enemies in a variety of crops”.
Release of plant volatiles after feeding by phytophagous
insects increases the fitness of the entomophagous insects
especially through such volatile fractions as caryo-
phyllene, hexanoic, tetradecenoic, hexadecenoic and
pentadecenoic acids, which also emanate from larval
frass and larval cuticle resulting from feeding on different
plant sources, appreciably attracting natural enemies®.
Turlings et al.*' have shown that partly damaged leaves
by Spodoptera exigua release terpenoids such as a-
transbergamotene, (E)-B-farnesene and (E)-nerolidol.
Similarly cotton seedlings produce volatiles cues when
infested with herbivorous mites and elicit attraction of
predatory mites®’, Volatile chemicals from host plants,
host insects or frass are informational cues which augment
the activity of larval parasites such as Microplitis

croceipes.

Induced resistance in pest management

Breeding programmes for crops could select plants with
high levels of induced resistance against insects (as also
against bacterial, fungal and viral infection)®. Insufficient
cognizance of the chemodynamics of insects has often
been a major cause for not achieving anticipated levels
of pest management. Prospects for genetically engineered
crops are exciting because resistance traits can be fused
to promoters so that they can be made to express
following attack.

Application of bioregulators tends to induce chemical
changes in plants, resulting in higher concentration of
allelochemics and reduced nutritional inputs. Crop plants
could be bred for more induced resistance and genes
could be added by genetic engineering providing induced
resistance in crop genomes®!, Since genes can be trans-
ferred among plants of different species, there are
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increased possibilities of crop improvement through
cgenetic engineering. With the proper knowledge of the
mechanisms of induced resistance the possibility of
adding such resistant genes to plants which do not have
them are great, particularly in view of the availability
of vectors to incorporate foreign genes into the genomes
of plants. To date plants have only been transformed
with a few gene products for potential defense against
herbivory, as for instance systemin, proteinase inhibitors
and Bt endotoxins. One of the best examples relate to
fusing the gene that produces Bt endotoxins to a promoter
that activates it only after the plant has been damaged®.
Similarly proteinase inhibitor genes are also wound-
inducible, enabling expression of the inhibitor only after
the plants are damaged. Initial encouragement received
from systemin, proteinase and a-amylase inhibitors and
Bt endotoxin-induced resistance in genetically engineered
crops have sufficiently added to their potential in pest
management, besides the prolongation of the usefulness
of the transgenics.

Conclusion

Much of the chemical profile of a plant is altered
following phytophagy including plant secondary meta-
bolites which tend to have deterrent or antibiotic effects
on insects. Phytophagy and induced-resistance to insects
are prone to be important aspects promoting plant fitness
which depends on the effectiveness of the induced
responses and the degree of resistance of plant to insect
damage. The responses to wounding activated by the
plants signal transduction pathway considerably influence
feeding by the concerned insects. Oligosaccharide frag-
ments from plant cell walls, systemin, salicylic acid,
ethylene, abscissic acid, jasmonic acids are implicated
as signals in systemic induction and being of the nature
of signals a chemical must be necessary to induce the
observed responses. Gallic and salicylic acids are known
to play an important role in insect—plant and plant-
pathogen interactions. Salicylic acid besides activating
as a defensive chemical also acts as a signal which
moves through the plant, having the attributes of a plant
hormone*®. Plants are therefore to be considered as a
dynamic component of insect—plant interactions. Secon-
dary metabolites cannot be manipulated using transgene-
sis in view of the complicated biosynthetic reactions
which require several enzyme-mediated steps. While
plant—insect interactions result in marked changes in
plant secondary chemicals, nutrient status and physiology,
which might affect subsequent resistance to herbivores,
there is also a need to examine the possible impact of
pathogens in this process to be able to confidently
conclude regarding the specificity of induced defenses.
An equally important aspect relates to the need for more
intensive studies on the diversity of induced responses
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on insects to appreciate the useful application of such
responses in plants.
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Evolution of saline lakes in Rajasthan

A. B. Roy

Saline lakes are widely distributed in the Thar desert of western Rajasthan. The cardinal factors
in the evolution of saline lakes are aridity and the formation of playa depressions, characterized
by ephemeral drainage of centripetal type. Most of the large saline lakes are found to have
riverine ancestry. Common models suggested for the evolution of saline lakes involve segmentation
of stream channels with the onset of aridity. Stream trapping phenomenon is associated with
a few saline lakes. The most effective process of stream segmentation was through the formation
of linear horsts across the NE-SW trending river channels. Integrated studies based on
geophysical, tectonic and remote sensing data indicated control of NE-SW and NW-SE intersecting
sets of lineament, particularly the nature of movement along them, in the development of playa
depressions. The process of formation of saline lakes can be tied up with the blotting out of
the Saraswati and Drishadvati river systems due to drainage disorganization during the Late

Quaternary.

occupy the most depressed part of the isolated basins.
Another characteristic feature of the saline lakes is the

The saline lakes are as much a part of the desert
landscape as the sand dunes are. Both the features

develop under the conditions of aridity. While the sand
dunes form through aeolian process, involving wind
action, the major constraint for the evolution of saline
lakes is the low to very low precipitation with corres-
pondingly very high rate of evaporation. The saline
lakes are widely distributed in the arid western Rajasthan.
A few saline lakes, including the Sambhar, the largest
one, occur right on the Aravalli mountains. Besides the
Sambhar, other important saline lakes are at Didwana,
Lunkaransar, Kuchaman, Pachpadra (Panchbhadra),
Pokaran, Chhapar, Thob and other places in the plains
of the Thar Desert (Figure 1). In addition to these large
lakes, there are many smaller saline depressions which
occur between the sand dunes. A characteristic feature
of most saline lakes in Rajasthan 1s the NE-SW trend
of their longer axis. Topographically, the saline lakes
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centripetal drainage system of ephemeral type (Figure 2).

Aridity being the prime factor in the development of
saline lakes, it may be pertinent to inquire when actuatly
such a condition had set in. Some crucial information
is now available on the time of setting of aridity In
western Rajasthan. Thermoluminescence dating of ancient
sands in the region suggests that the anid condition
prevailed here at least since 1,50,000 years before the
present’. Detailed sedimentological studies of the
Sambhar, Didwana and Lunkaransar lake deposits, how-
ever, furnished evidence of transition from extremely
arid to sub-humid and wet regimes during the period
mentioned above®”’,

Origin of saline lakes

Several theories have been proposed in the past 1o
explain the salinity as well as the origin of saline lakes

CURRENT SCIENCE, VOL. 76, NO. 3, 10 FEBRUARY 1999



