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Abstract Awide range of external stress stimuli triggers a plant cell to undergo a complex
network of reactions that ultimately lead to the synthesis and accumulation of secondary
metabolites. These secondary metabolites help the plant to survive under stress challenge.
The potential of biotic and abiotic elicitors for the induction and enhancement of secondary
metabolite production in various culture systems including hairy root (HR) cultures is well-
known. The elicitor-induced defense responses involves signal perception of elicitor by a
cell surface receptor followed by its transduction involving some major cellular and
molecular events including activation of major secondary message signaling pathways. This
result in induction of gene expressions escorting to the synthesis of various proteins mainly
associated with plant defense responses and secondary metabolite synthesis and
accumulation. The review discusses the elicitor-induced various cellular and molecular
events and correlates them with enhanced secondary metabolite synthesis in HR systems.
Further, this review also concludes that combining elicitation with in-silico approaches
enhances the usefulness of this practice in better understanding and identifying the rate-
limiting steps of biosynthetic pathways existing in HRs which in turn can contribute
towards better productivity by utilizing metabolic engineering aspects.
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Abbreviations
HRs Hairy roots
SM Secondary metabolite

Introduction

Elicitor: Inducer of Array of Protection Mechanisms

“Elicitor” is a scientifically described term for stress factors that directly or indirectly
triggers the inducible defense changes in a plant system that results in an activation of array
of protection mechanisms including induction or expansion of biosynthesis of fine
chemicals which do have a major role in the adaptation of plants to the stressful
environment. Succinctly, elicitors are the chemical compounds from biotic, abiotic, and
physical sources that can stimulate a response in plants leading to the synthesis and
accumulation of the same or novel secondary metabolites (SMs) and elicitation is the
induced/enhanced biosynthesis of metabolites due to the introduction of elicitors in the
system [1]. In this context, where several biotechnological strategies have been
hypothesized and applied for the productivity enhancement, elicitation is recognized as
the most practically feasible strategy for increasing the production of desirable secondary
compounds from cell, organ, and plant systems [2–4]. In general, elicitors can be
categorized on the basis of their nature (biotic or abiotic) and origin (endogenous or
exogenous). Biotic elicitors are the substances of biological origin that include
polysaccharides originated from plant cell walls (pectin, cellulose, etc.), micro-organisms
(chitin, glucans, etc.), and G proteins which are bound to the receptors and act by activating
or inactivating ion channels or enzymes. Abiotic elicitors comprise of substances that are of
nonbiological origin. These include inorganic salts, metal ions, and physical factors such as
pH, temperature, etc.

The active responses of plants require detection of signals provided by elicitors. Several
classes of molecules derived from pathogens have been shown to be effectual as signals.
Some of these act directly, whereas others act indirectly by stimulating any other substance
of cell itself. Substances that originate at outer surface of cell comes under the category of
exogenous elicitors (polyamines, polysaccharides) whereas those substances which
originate at intracellular level like hepta-β-glucosides are known as endogenous elicitors.

Elicitors are also known to be race specific or nonrace specific depending on their
interaction with the host plant. General or nonrace-specific elicitors produce resistance
response to all cultivars of host and even in nonhost plant species whereas race-specific
elicitors induce defense responses according to their specificity to host/cultivars. For
example, the viral coat proteins from tobacco mosaic virus formed as structural components
but involved in producing hypersensitive response in tomato and tobacco plants
specifically. Specific elicitors are encoded by avirulence (avr) genes and these peptides
are believed to bind with receptor peptide encoded by host resistance genes.

Hairy Roots: A Potential System for SM Production

Hairy root (HR) cultures offer a feasible system for the production of biologically active
compounds. The HR cultures are generated by exploiting the unique natural ability of a
soil-dwelling bacterium Agrobacterium rhizogenes. Upon infection, the bacterium transfers
its T-DNA which lies between TR and TL regions of the Ri plasmid to the infected cell
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where it integrates into the nuclear genome of host cell. The genes encoded (rol and aux
genes responsible for HR phenotype and auxin synthesis, respectively) in T-DNA are of
bacterial origin but have eukaryotic regulatory sequences enabling their expression in
infected host plant cells. This results in the formation of HRs at the sites of infection
(Fig. 1). HRs is able to grow without any exogenous hormonal supplementation and show
fast growth rate with low doubling time. Besides, they closely mirror their ability with
normal and intact root systems by producing a range of SMs at the same time
concomitantly with growth. Such uniqueness contributes towards their exploitation for
commercial metabolite production utilizing specific bioreactors [5]. Sometimes, HRs
produces compounds that are normally not found in nontransformed roots. For example, in
Scutellaria baicalensis Georgi, the roots obtained after Ri T-DNA-mediated transformation
accumulated glucoside conjugates of flavonoids rather than that of glucose conjugates
accumulated in nontransformed roots [6]. Owing to the site uncertainty of T-DNA
integration into host cell genome and also off-time physiological state of the host cell, the
transformed roots generally show different growth and SM accumulation pattern. HRs
possesses an exclusive property of genetic and biosynthetic stability and without losing this
property these culture systems produce desired SMs over consecutive generations.

A primary cause of the lack of success in commercial production of secondary
compounds using HR culture systems is their low yield. The metabolite biosynthesis from
HRs under in vitro conditions is highly influenced by its environmental and nutritional
ambience. Further, any kind of exogenous supply into the culture medium in the form of
growth hormones, precursor supplementation, and elicitation also affect their growth and
productivity. In previous researches, enhanced production of important SMs and related
precursors from HR systems were achieved by utilizing different strategies such as
modification in culture conditions, clone screening, bacterial strain selection, etc. However,
during past decade, elicitation is often applied to enhance the productivity of HR culture
systems (Table 1). Various physical, chemical, and biological factors elicit the quantitative
and qualitative alteration in bioactive SM contents due to the induced enzymatic pathways
[2, 3, 7, 8]. Since plant SMs can be defined as compounds that have no recognized role to
play in the maintenance of fundamental life processes in the plant that synthesize them,
rather they do have a significant role in interaction of plant with its environment, this kind
of study also proved to be useful in better understanding of SM production by plants during
defense responses against stress challenges.

Co-cultivation of 
bacteria and leaf 
explants

Induction of hairy 
roots at infection sites 
of leaf explants

Hairy root cultures in solid and 
liquid growth medium

Molecular screening of hairy roots 
clones against normal roots

Regeneration of 
transgenic plants

Scale up in bioreactors 
for commercial 
production of secondary 
metabolitesPreparation   

of bacterial 
suspension 

Fig. 1 Hairy root cultures from leaf explants of medicinal plants
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The upcoming text discuss various events occur during elicitation at cell and molecular
level that leads to the enhancement in metabolite production through HR cultures. It also
elucidates the efficacy of elicitation in better understanding and identification of gene
expression patterns through transcriptome analysis during stress.

How Elicitors act? Signal Transduction

Signaling System on Cell Surface: Signal Perception

Having an analogy to electronic transducers, the signal perception and its further processing
involves a complex interplay of a number of components that transmit information from
one source to other leading to different immune responses (Fig. 2). At first instance, these
responses begins with the recognition of pathogen-associated or microbe-associated
molecular patterns (PAMPs or MAMPs). The PAMPs and MAMPs include cell wall
components of pathogens, flagella, membrane lipids, polysaccharides, etc. Theses PAMPs
and MAMPs are recognized by the plant through pattern recognition receptors present on
its cell surface. Thus, the perception of a stimulus by the cell depends on various receptors
with specific properties present on cell surface [9, 10].

Among the different classes of elicitor receptors known, the major groups comprises of
plant R-proteins and transmembrane receptor like protein kinases (RLKs). The plant R-
proteins are generally responsible for the identification of race-specific elicitors encoded by
avr genes expression of which produces hypersensitive response in plants against
pathogenic stress [11].

Following the “gene-for-gene interaction” concept, this kind of response is a result of
expression of disease resistance genes which allows the plant to detect and resist pathogenic
strains that express genetically complementary genes called avr genes. An avr gene
promotes the production of a unique signal molecule by the pathogen which functions as a
specific elicitor. Only those plants which carry the complementary resistance gene respond
to this elicitor and show hypersensitive response. That is why all plants do not respond to
all types of elicitors (elicitor specificity). This specificity of elicitors suggests that plants
have the ability to sense a number of structurally different molecules as signals as apparent
by the existence of specific receptor for each type of elicitor and accordingly respond to
them through their altered physiological and biochemical changes [12]. Also, the elicitor
specificity in conjunction with the type of host tissue challenged influence the production of

R 

S 

L 

Transducer 
molecules Activation of 

cellular responses

Environmental stimulus 

Biochemical
changes

TransductionReception 

CytosolPlasma Membrane 

Cell wall 

Elicitor molecule 

Receptor proteins 

Fig. 2 Elicitor-induced cellular
events in a cell
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different stress-related compounds. This was evident from the case of Oxalis tuberosa hairy
root exudates in response to cell wall extracts of two fungal species that differentially
altered the quantitative production of compounds in the challenged root tissue [13] and this
in vitro root exudation was very much comparable to the exudation in rhizosphere from
Oxalis and other plant systems in response to various stresses including microbial infection
and mechanical injury [14].

Occurrence of variable length leucine-rich repeat domains and thus enabled for frequent
protein–protein interactions, the RLKs class of elicitor receptors perceive a wide array of
stimuli and is likely to be present in various plant species ([9] and references there in). The
identification of a LysM type receptor kinase gene in Lotus japonicas roots is a well-known
example of RLKs class of receptors on the root cell surface. It is supposed to be involved in
legume perception of rhizobial signals. In the presence of this Nod factor receptor kinase
(nfr gene product), the molecular communication initiates the interaction and signals the
secretion of legume flavones that stimulate the bacteria to produce a lipochitin-
oligosaccharide signal molecule (Nod-factor), which in turn triggers the plant response
towards the microbe [15, 16]. In a recent study, L. japonicas HR cultures were used for the
in-planta functional analysis of nod factor receptor 1 and 5 (nfr) and also for receptor-
mediated signaling. These two receptors are the major candidates for bacterial nod factors
and required by the plant at initial phase of response to bacteria. The work concluded that
nfr mutated root lines upon infection with Mesorhizobium loti could not be able to produce
bacteria-filled nodules as compared to nonmutant root lines. This was very much similar to
nfr mutant L. japonicus plants where nodules are not formed due to nonfunctioning of
receptors at early stages of signaling [17].

These kinds of evidences suggest that HR in vitro systems closely mimic the
biochemical and physiological responses occur in intact plant during stress conditions.
Further, the L. japonicas HR cultures were also utilized Weerasinghe et al. [16] as a model
system to visualize the changes in cytoskeletal dynamics and the morphology of
microtubule and actin filaments in root hair cells for signaling during host–pathogen
interaction. For this purpose, the HR cultures were generated having green fluorescent
protein coding sequence fused with microtubule-associated protein, MAP4, and the actin-
binding protein, talin.

Elicitor Signaling System Inside the Cell

Elicitor signal transduction is a multiple component/transducer network comprises of
various chronological reactions to establish a competent defense. These diverse components
cover some parallel or cross-linked signaling pathways leading to different target responses.
An elicitor signaling pathway may vary with perception of different elicitor signals or with
target defense responses. Subsequent to signal perception, the sequentially occurring
cellular changes can be organized as follows: receiving of elicitor by a receptor, reversible
phosphorylation, and dephosphorylation of plasma membrane and cytosolic proteins, fluxes
in Ca2+ and other ions, extracellular alkalization and cytoplasmic acidification, activation of
major secondary messaging pathways of phospholipases (PLC)/1,4,5-triphosphate (IP3)-
diacylglycerol (DAG)/PKC, cAMP and mitogen-activated protein kinases (MAPK) and
reactive oxygen species production ([18] and reference within). Some signaling pathways
related to jasmonate, salicylic acid and ethylene metabolism are also known to be involved
in this phenomenon.

The association of highly conserved heterotrimeric guanine nucleotide binding proteins
(G proteins) to cell signaling is an important aspect to cover. The existence of plant G
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protein coupled signaling in Arabidopsis and tobacco is well documented where the GTP
binding proteins comprises one α, one β subunit, and two γ subunits [19, 20]. The rice
dwarf variety mutated at α G protein subunit gene level show concealed H2O2 production
and pathogenic-related gene expression induced by elicitors [21]. Biochemical and genetic
evidences obtained from studies on G protein activators or inhibitors shows that
heteromeric and monomeric subunits of G proteins have undisputable contribution in
transmitting signals to molecules, including GTPase, ion channels, phospholipases and
several signaling pathways that are effectors in the responses to various biotic and abiotic
stress conditions including pathogen elicitation, O3 treatment, and drought etc. [22–24].
Supplementation of G protein inhibitors such as suramin in the ambience of cell inhibits the
activity of receptor-coupled G proteins and consequently the phytoalexin production
suggesting the possible involvement of G protein is signal communication within the cell
[25].

Elicitor-induced Ca2+ fluctuation is thought to be one of the early events that occur as a
key herald for almost all downstream reactions (Fig. 3). However, K+/H+ exchange, Cl−

effluxes are also known to be the early responses of plant cell induced by avirulent
pathogen or elicitors. Several techniques that are used to detect intracellular Ca2+ showed
that elicitor-induced calcium influx within the cell generally results in changes of calcium
level ranging between 50–100 nM and 1–5 μM within few minutes of elicitor treatment
[26]. Elicitor-induced Ca2+ is imperative for elicitor-induced accumulation of plant SMs.
This essential event triggers many intracellular processes through Ca2+ sensors such as
calmodulin which after binding with Ca2+ get activated and further stimulate calmodulin-
dependent protein kinases, membrane-bound enzymes, and protein phosphatase. For
example, NAD(P)H oxidase, a major cause of generation of reactive oxygen species
(H2O2 and O2

−) and Ca2+-dependent kinases are regulated by Ca2+ binding induced by
elicitors and acquire key roles in plant defense responses ([26] and references within). Ca2+

is also found to be responsible for administering the role of extracellular ATP. In Salvia
miltiorrhiza hairy roots, yeast elicitor induced as well as exogenously supplied ATP
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accumulation resulted in induction of H2O2 and nitric oxide [27, 28]. Both the events
require the membrane Ca2+ influx. Both H2O2 and nitric oxide are well-known signal
transducers and these studies showed that in elicitor-challenged hairy root system ATP
dependant on Ca2+ plays an important role in cell signaling. Ca2+ binding may sometimes
results in activation of PLC that ultimately leads to the activation of some other secondary
messengers such as IP3 and DAG [29] (Fig. 3). Elicitor-induced breakdown of
phosphoinositide by specific PLC which is activated by Ca2+ fluctuations, produces IP3
and DAG [30]. An increased PLC activity or IP3 level in cytosol of plant cells in response
to elicitor treatment is required for SM accumulation [30]. As far as involvement of
phospholipases, IP3, and DAG during defense is concerned, there are reports that suggest
that this cascade plays a crucial role in response of plants to a number of elicitors. In
Arabidopsis, gene coding for PLC was cloned that showed stumpy expression at normal
conditions whereas under abiotic stress, it showed noteworthy expression level [31].
Similar studies have been done in Vigna radiata and Solanum tuberosum where isoforms of
PLC have been identified which are greatly affected under stress conditions [32, 33].
Likewise, the involvement of IP3 signaling in biotic elicitor-induced accumulation of
anthraquinones in Rubia tinctorum, furanocoumarines in parsley, and pisatin in pea at
cellular level was observed in cell cultures of these plants [34, 35]. In pea, elicitor-induced
Ca2+ fluctuations cause increment in DAG level in host cell cytosol which is found to be
mandatory for phytoalexin accumulation since inhibition of DAG production by limiting
PLC activity can limit the pisatin production.

Among other important components that are involved in elicitor-induced signaling inside
cell is MAPKs. These MAPK cascades are involved in downstream of receptors of cell
surface that transduce external signal into intracellular responses. This cascade can turn on
by a variety of biotic and abiotic elicitors which ultimately leads to proceeding pathways
and specific genes. Several signals triggered by different elicitors can be transmitted by
MAPK pathways. Further, a single elicitor not only activates one but several MAPKs and
different stimuli can activate the same pathway [36]. In Catharanthus roseus hairy roots,
the mitogen-activated protein (MAP) kinase-like activity was determined in protein isolated
from the extracts obtained from transformed roots. The study evidenced that this 56 kDa
polypeptide with MBP kinase activity may be involved in signaling the response to cold
and osmotic stress to the hairy roots [37]. Further, the isolation of another 51 kDa protein of
MAP kinase family from beet roots grown in hyperosmotic ambience is reported that
supposedly participate during osmotic stress tolerance [38]. Though, the exact phenomenon
of MAP activation and results is still holds some unresolved aspects, it is widely accepted
that their activation leads specific gene expression encoding for those enzymes, which play
an important role in biosynthetic pathway of SMs. Sometimes this activation involves
induction at transcriptional, translational, or post-translational levels. In R. tinctorum cell
cultures, chitosan provided by fungal wall elicitor signals stimulated MAPKs that results in
the activation of transcription factors, which leads to the overexpression of isochorismate
synthase enzyme encoding gene that gives an overall outcome of increased anthraquinone
level [10, 39].

Transcription Factors Involved in Elicitation and Activation of Biosynthetic Pathway
Genes: Role of Jasmonic Acid and Allied Compounds

The transcription factors (TF) are sequence-specific DNA binding proteins that interact with
target gene at its promoter region and regulate the rate of initiation of mRNA synthesis
mediated by RNA polymerase II. These TF proteins regulate transcription depending upon
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tissue type as well as in response to the internal signals produced by physical and chemical
challenging factors. It is supposed that all signal transduction pathways finally congregate
on TFs and almost all genes for SM biosynthesis are regulated by specific TFs. These TFs
can be activated either directly by elicitor molecule or by end results of activation of any of
the existing signaling pathways. TFs may be constitutively synthesized or activated by
some other transcription factors through protein–protein interaction, phosphorylation/
dephosphorylation, etc. Sensing of external and/or internal signals followed by their
transduction supposedly modulate the levels and activities of these regulators (TF), leading
to appropriate response to any kind of stress or elicitor. One of the best-studied examples of
elicitor-induced SM accumulation in hairy root cultures is that of stress hormone jasmonic
acid (JA)-mediated biosynthesis of terpenoid indole alkaloids (TIA) [40]. In C. roseus,
addition of methyl jasmonate (MeJA) to culture medium induces TIA production through
cells. The regulation of JA responsive activation of several TIA biosynthetic genes is
carried out by octadecanoid-responsive Catharanthus AP2/ethylene-responsive factors
(ERF) domain (ORCA) class of transcriptional factors. The possible role of octadecanoid
pathway in TIA production was assessed and reported by Peebles et al. [41]. The study
included a comparison of increased TIA accumulation due to exogenous addition of JA to
C. roseus HR cultures with that of endogenous production of JA through analyzing
octadecanoid pathway genes. The promoter element having the affiliation with ORCA class
of transcription factors and their involvement in jasmonate and elicitor-responsive gene
expression has been identified in strictosidine synthase gene responsible for the conversion
of secologanin into strictosidine during TIA biosynthesis [42]. Other transcriptional factors
ORCA2 and ORCA3 of AP2/ERF domain class (APETALA2/ethylene responsive factor)
have also been identified to be involved in elicitor especially MeJA responsive gene
expression [42]. The effect of overexpression of octadecanoid-responsive Catharanthus
AP2/ERF domain and MeJA on transcriptional activation of catharanthin biosynthetic
pathway in C. roseus HR cultures was explored by Zhou et al. [43]. However, the study
revealed that ORCA3 overexpression causes slight decrease in catharanthine accumulation
while MeJA treatment caused an increment in transcript levels of pathway genes as well as
catharanthin concentration. Thus, this transcriptional repressor response may explain the
antagonistic effects of MeJA on alkaloid biosynthesis.

Apart from their involvement in transcriptional gene regulation, the JA and allied
compounds also act as transducers of elicitor signals for the production and/or promotion
and accumulation of various groups of SMs including alkaloids [44, 45], Coumarines and
furocoumarines [46], antraquinones and saponins [47], etc. in HRs and cell suspension
systems. The exposure of Brugmansia candida and Ambrosia maritima HR cultures to
jasmonic acid promoted hyoscyamine and polyacetylenes production respectively [44, 48].
The exogenous supply of JA and its volatile methyl ester MeJA sets off various
morphological and physiological changes by inducing gene expression escorting to the
synthesis of different proteins mainly associated with plant defense responses as well as
elevated SM accumulation in R. tinctorum HR cultures [47, 49]. Many elicitors stimulate
endogenous JA biosynthesis mediated through octadecanoid pathway in plants which
provide the evidence that JA signaling pathway can be regarded as a transducer or mediator
for elicitor signaling ([50, 51] and references within). This endogenous biosynthesis of JA
in turn activates defensive genes eventually yielding a variety of JA-induced proteins.
Therefore, a transcriptome analysis of a JA or MeJA-challenged tissue can be helpful in
discovering and exploring those genes which actively take part in biosynthetic pathways.
However, in some cases as in Hyoscyamus muticus HR cultures, these molecules alone
cannot produce the desired sesquiterpenes in the culture system suggesting the need of
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some advance knowledge with reference to their mode of action [50, 52, 53]. Though SA is
also a well-known elicitor signal transducer but it is not the universal one. The exogenous
supplementation or fluctuation in endogenous level of SA by any means induces gene
expression related to biosynthesis and production of some classes of SMs [54]. In HR cultures
of B. candida instability in endogenous SA level significantly stimulates the release of
tropane alkaloids. Further, flux in SA level is also found to be accountable for the stimulation
of related biosynthetic gene expression in Scopolia parviflora HR cultures [55–57].

The studies related to the role of jasmonates in inducing biosynthesis of many SMs
clearly indicate the involvement of sequence-specific DNA binding proteins as a regulator
of several genes. Such information repositories may shed some light on similar mechanism
that is occurring in HR cells at present, when HR cultures of several TIA-producing plants
are being employed for active alkaloid production and several methodologies are being
exploited for their productivity enhancement. In further extension, if assistance could be
taken from the information gained by transcriptome, proteome, and metabolome analysis,
collected in global “omic” banks will certainly resolve related molecular mysteries.

Among other members of AP2/ERF domain class of transcription factors, are ethylene-
responsive element-binding proteins (EREBPs) and ERFs. These have been isolated from
tobacco and Arabidopsis [58]. These proteins specifically bind with ethylene-sensitive
guanine cytosine-rich cis element (GCC box) found commonly in several genes responsive
for resistance mechanism under stress conditions. Such genes have structural and functional
analogy with pathogen-responsive (PR) genes. Some times in the presence of ethylene these
EREBPs and ERFs are regulated by ethylene insensitive3 proteins which are crucial for
their activation. This kind of ethylene-sensitive transcriptional regulation is present in
phenyl propanoid pathway that leads to the biosynthesis of flavonoids, lignin, and phenolic
compounds upon elicitor challenge. Here, the rate-limiting enzyme chalcone synthase
(CHS), phenylalanine ammonium lyase (PAL), and 4-coumariate Co A ligase (4CL)
comprises of highly conserved@ cis elements in their promoter region of their
corresponding gene CHS, PAL, and 4CL. These cis element can bind by TFS such as
Myb and bHLH (basic helix loop helix) in response to wounding, light fluctuation, UV
irradiation, and microbial challenge etc. Successful genetic manipulation of Myb and bHLH
genes leads to the increased pigmentation and accumulation of flavonoids and anthocyanins
[59, 60].

Sometimes, the TF gene expression can be autoregulated [61]. Their structure and
arrangement of components of functional sequence becomes necessary and sufficient for
quick elicitor-responsive activation. For example, in case of parsley WRKY1 protein which
is associated with expression of parsley PR1 genes (specific pathogen-responsive gene) has
its unique functionally defined TGAC-containing promoter sequence responsible for its
own functions in response to elicitation [62].

Conclusion

In the present scenario, hairy root-type plant in vitro systems are being used worldwide not
only to explore plant-based secondary metabolite production but also to evaluate related
metabolic processes both on biochemical and molecular level. Besides, HR cultures are also
utilized to explore the root-specific responses during root pathogen interactions [14, 63].
This kind of analysis can help to understand early molecular responses in terms of
recognition, reception, and further processing of signals within the tissue. Hairy root
cultures are preferred for such kind of studies as they are easy to handle and closely mimic
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the natural activities in controlled physical and nutritional environment irrespective of any
limitation. Elucidation of the signaling network during elicitor challenge will help to
discover the interaction between signal transducers and activation of SM biosynthetic genes
and regulatory factors. A combination of this information with transcriptomic and
metabolomic approach may open new and exciting perspectives in the area of developing
links between identification of rate limiting steps, transcriptional, and post-transcriptional
regulation of metabolite synthesis and product level. Transcriptome analysis of HR culture
under different elicitor treatments could display differential expression patterns and
regulation of plant SM-related genes and stress-resistant genes in an individual system
and can also facilitate their isolation and further exploitation through engineering
approaches. Microarrays are providing a powerful approach for this purpose. For example,
micro array-based screening of differentially expressed genes of fungus-infected and
drought-stressed peanut (legume) [64] provides an information bank that can be utilized in
exploiting fungus-challenged or dehydrated HR cultures of related legume species to study
the expression of common genes that positively influences the synthesis and/or
accumulation of commercially important metabolites. Besides, expressed sequence tags
are also contributing in the same way to explore the genes involved in various types of
stress tolerance. Such resources of information can facilitate in utilizing the specific and
efficient metabolic engineering approaches and in developing new pathways for enhanced
production of the target molecule in a homologous or heterologous system. As the
regulation is mainly controlled at enzyme and gene expression levels, a quantitative and
real-time metabolome scrutiny of metabolic intermediates will provide useful information
about exact flux shifts due to stresses. In fact, a systemic biology approach, whereas many
parameters as possible are considered, quantified, and combined with various computa-
tional tools for identifying correlations, similarities, and differences, should be the next
evolving insight in the complex and dynamic processes of the elicitation and secondary
metabolism of hairy root cultures.

Acknowledgments Post-Doctoral Fellowship by Department of Science & Technology, India to SM is
gratefully acknowledged.

References

1. Radman, R., Teresa, S., Christopher, B., & Tajalli, K. (2003). Biotechnology and Applied Biochemistry,
37, 91–102.

2. Alexander, P., O’Neal, J., Logendra, S., Pouleva, R. B., Timeva, V., Garvey, A. S., et al. (2003). Journal
of Medicinal Chemistry, 46, 2542–2547.

3. Angelova, Z., Georgiev, S., & Ross, W. (2006). Biotechnology and Biotechnological Equipment, 20, 72–83.
4. Namdeo, A. G. (2007). Pharmacognosy Reviews, 1, 69–79.
5. Giri, A., & Narasu, M. L. (2000). Biotechnology Advances, 18, 1–22.
6. Nishikawa, K., Furukawa, Furukawa, H., Toshihiro, H., Kunihide, M. F., Shimomura, K., et al. (1999).

Phytochemistry, 52, 885–890.
7. Boitel-Conti, M., Laberche, J. C., Lanoue, A., Ducrocq, C., & Sangwan-Norreel, B. S. (2000). Plant Cell

Tissue Organ Culture, 60, 131–137.
8. Eliel, R.-M., Rosa, G.-Á., & Víctor, L.-V. (2009). Molecular Biotechnology, 41, 278–285.
9. Monteesano, M., Brader, G., & Palva, E. T. (2003). Molecular Plant Pathology, 4, 73–79.
10. Vasconsuelo, A., & Boland, R. (2007). Plant Science, 172, 861–875.
11. Dangl, J. L., & Jones, J. D. (2001). Nature, 411, 826–833.
12. Okada, M., Matsumura, M., Ito, Y., & Shibuya, N. (2002). Plant & Cell Physiology, 43, 505–512.
13. Bais, H. P., Ramarao, V., & Vivanco, J. M. (2003). Plant Physiology and Biochemistry, 41, 345–353.

Appl Biochem Biotechnol (2011) 165:1342–1355 1353



14. Bias, H. P., Park, S. W., Stermitz, F. R., Halligan, J. M., & Vivanco, J. M. (2002). Phytochemistry, 61,
539–543.

15. Madsen, E. B., Madsen, L. H., Radutoiu, S., Olbryt, M., Rakwalska, M., Szczyglowski, K., et al. (2003).
Nature, 425, 637–640.

16. Weerasinghe, R. R., David, B., Mc, K., & Allen, N. S. (2005). Proceedings of the National Academy of
Sciences, 102, 3147–3152.

17. Madsen, E. B., Antolin-Llovera, M., Grossmann, C., Ye, J., Vieweg, S., Broghammer, A., et al. (2011).
The Plant Journal, 65, 404–417.

18. Zhao, J., Lawrence, C., Davis, T., & Verpoorte, R. (2005). Biotechnology Advances, 23, 283–333.
19. Lein, W., & Saalbach, G. (2001). Biochimica et Biophysica Acta, 1530, 172–183.
20. Yang, T., & Poovaiah, B. W. (2002). Journal of Biological Chemistry, 277, 45049–45058.
21. Suharsono, U., Fujisawa, Y., Kawasaki, T., Iwasaki, Y., Satoh, H., & Shimamoto, K. (2002). Proc. Natl.

Acad. Sci., 99, 13307–13312.
22. Kurosaki, F., Yamashita, A., & Arisawa, M. (2001). Plant Science, 161, 273–278.
23. Apone, F., Alyeshmerni, N., Wiens, K., Chalmers, D., Chrispeels, M. J., & Colucci, G. (2003). Plant

Physiology, 133, 571–579.
24. Meijer, H. J. G., & Munnik, T. (2003). Annual Review of Plant Biology, 54, 265–306.
25. Zhao, J., & Sakai, K. (2003). Journal of Experimental Botany, 54, 647–656.
26. Sudha, G., & Ravishanker, G. A. (2002). Plant cell Tiss. Org. Cult., 71, 181–212.
27. Wu, S. J., & Wu, J. Y. (2008). Journal of Experimental Botany, 59, 4007–4016.
28. Wu, S. J., Liu, Y. S., & Wu, J. Y. (2008). Plant & Cell Physiology, 49, 617–624.
29. Lecourieux, D., Mazars, C., Pauly, N., Ranjeva, R., & Pugin, A. (2002). The Plant Cell, 14, 2627–2641.
30. Ortega, X., & Perez, L. M. (2001). Biological Research, 34, 43–50.
31. Hirayama, T., Ohto, C., Mizoguchi, T., & Shinozaki, K. (1995). Proc. Natl. Acad. Sci., 92, 3903–3907.
32. Kopka, J., Pical, C., Gray, J., & Muller-Rober, B. (1998). Plant Physiology, 116, 239–250.
33. Kim, Y. J., Kim, J. E., & Lee, J. H. (2004). FEBS Letters, 556, 127–136.
34. Toyoda, K., Kawahara, T., Ichinose, Y., Yamada, T., & Shiraishi, T. (2000). Journal of Phytopathology,

148, 633–636.
35. Vasconsuelo, A., Morelli, S., Picotto, G., Giuletti, A. M., & Boland, R. (2005). Plant Science, 169, 712–

720.
36. Cardinale, F., Jonak, C., Ligterink, W., Niehaus, K., Boller, T., & Hirt, H. (2000). Journal of Biological

Chemistry, 275, 36734–36740.
37. Flores, I. I., Zúñiga-Aguilar, J. J., Rodríguez-Zapata, L. C., Carrillo-Pech, M., Baízabal-Aguirre, V. M.,

Minero-García, Y., et al. (2004). Plant Physiology and Biochemistry, 42, 65–72.
38. Mora-Alvarez, Y. G., Nova-Vergas, J. M., Valle-Villanueva, López-Gómez, R., López-Meza, J. E., Valdez-

Alarcón, J. J., et al. (2004). Plant Science, 167, 561–567.
39. Yang, K., Liu, Y., & Zhang, S. (2001). Proc. Natl. Acad. Sci., 16, 741–746.
40. Peebles, C. A., Shanks, J. V., & San, K. Y. (2009). Biotechnology and Bioengineering, 15, 1248–1254.
41. Peebles, C. A., Huges, E. H., Shanks, J. V., & San, K. Y. (2009). Metabolic Engineering, 11, 76–86.
42. Menke, F. L. H., Parchmann, S., Mueller, M. J., Kijne, J. W., & Memelink, J. (1999). Plant Physiology,

119, 1289–1296.
43. Zhou, M. L., Zhu, X. M., Shao, J. R., Wu, Y. M., & Tang, Y. X. (2010). Applied Microbiology and

Biotechnology, 88, 737–750.
44. Spollansky, T. C., Pitta-Alvarez, S. I., & Giulietti, A. M. (2000). Electronic Journal of Biotechnology, 3,

72–75.
45. Gaviraj, E. N., & Veeresham, C. (2006). Pharmaceutical Biology, 44, 371–377.
46. Staniszewska, I., Krolicka, A., Malinski, E., Lojkowska, E., & Szafranek, J. (2003). Enzyme and

Microbial Technology, 33, 565–568.
47. Nakanishi, F., Yuki, N., Yumi, K., Hiroyuki, S., & Shimimura, K. (2005). Plant Physiology and

Biochemistry, 43, 921–928.
48. Zid, S. A., & Orihara, Y. (2005). Plant Cell Tiss. Org. Cult., 81, 65–75.
49. Howe, G. A. (2004). Journal of Plant Growth Regulation, 23, 223–237.
50. Pozo, M. J., Loon, L. C. V., & Corne, M. J. P. (2005). J. Plant Growth Regul., 23, 211–222.
51. Schaller, F. (2001). Journal of Experimental Botany, 354, 11–23.
52. Singh, G., Gavrieli, J., Oakey, J. S., & Curtis, W. R. (1998). Plant Cell Reports, 17, 391–395.
53. Biondi, S., Fornale, S., Oksman-caldentey, K. M., Eeva, M., Agostani, S., & Bagni, N. (2000). Plant Cell

Reports, 19, 691–697.
54. Taguchi, G., Yazawa, T., Hayashida, N., & Okazaki, M. (2001). European Journal of Biochemistry, 268,

4086–4094.
55. Pitta-Alvarez, S. I., Spollansky, T. C., & Giulietti, A. M. (2000). Biotechnology Letters, 22, 1653–1656.

1354 Appl Biochem Biotechnol (2011) 165:1342–1355



56. Pitta-Alvarez, S. I., Spollansky, T. C., & Giulietti, A. M. (2000). Enzyme and Microbial Technology, 26,
252–258.

57. Kang, S. M., Jung, H. Y., Kang, Y. M., yun, D. J., Bahk, J. D., & Yang, J. (2004). Plant Sci., 166, 745–
751.

58. Stepanova, A. N., & Ecker, J. R. (2000). Current Opinion in Plant Biology, 3, 353–360.
59. Bruce, W., Folkerts, O., Garnaat, C., Crasta, O., Roth, B., & Bowen, B. (2000). The Plant Cell, 12, 65–

79.
60. Davies, K. M., & Schwinn, K. E. (2003). Functional Plant Biology, 30, 913–925.
61. De’bora, V. E., Kijne, J. W., & Memelink, J. (2002). Phytochemistry, 61, 107–114.
62. Eulgem, T., Rushton, P. J., Schmelzer, E., Hahlbrock, K., & Somissich, I. E. (1999). EMBO Journal, 18,

4689–4699.
63. Lozovaya, V. V., Lygin, A. V., Zernova, O. V., Li, S., Hartman, G. L., & Widholm, J. M. (2004). Plant

Physiology and Biochemistry, 42, 671–679.
64. Oktem, H. A., Eyidogan, F., Selcuk, F., Oz, M. T., Teixeira, J. A., & Yucel, M. (2008). Genes, Genomes

and Genomics, 2, 14–48.
65. Bhagwath, S. G., & Hjortso, M. A. (2000). Journal of Biotechnology, 80, 159–167.
66. Wang, J. W., Kong, F. X., & Tan, R. X. (2002). Biotechnology Letters, 24, 1573–1577.
67. Lee, K.T., Yamakawa, T., Kodama, T., Shimomura, K. (1998) 49, 2343–2347.
68. Satdive, R. K., Fulzele, D. P., & Eapen, S. (2007). Journal of Biotechnology, 128, 281–289.
69. Thimmaraju, R. N., Bhagyalakshmi, N., Narayan, S., & Ravishankar, G. A. (2003). Process

Biochemistry, 38, 1069–1076.
70. Suresh, B., Thimmaraju, R., Bhagyalakshmi, N., & Ravishanker, G. A. (2004). Process Biochemistry, 39,

2091–2096.
71. Patricia, M., Moctezuma, L., & Gloria, L. E. (1996). Plant Cell Reports, 15, 360–366.
72. Rijhwani, S., & Shanks, J. V. (1998). Biotechnology Progress, 14, 442–445.
73. Zabetakis, I., Edwards, R., & O’Hagan, D. (1999). Phytochemistry, 50, 53–56.
74. Ghosh, B., Mukherjee, S., Jha, T. B., & Jha, S. (2002). Biotechnology Letters, 24, 231–234.
75. Kuroyanagi, M., Takeshi, A., Yoji, M., Kenichi, Y., Nobou, K., & Tatsuo, H. (1998). Journal of Natural

Products, 61, 1516–1519.
76. Bais, H. P., Walker, T. S., Herbert, P. S., & Vivanco, J. M. (2002). Plant Physiology and Biochemistry, 40,

983–995.
77. Yu, K. W., Gao, W. Y., Son, S. H., & Paek, K. Y. (2000). In Vitro Cellular and Developmental Biology-

Plant, 36, 424–428.
78. Zhou, L., Xiaodong, C., Zhang, R., Peng, Y., Zhou, S., & Wu, J. (2007). Biotechnology Letters, 29, 631–

634.
79. Palazón, J., Cusidó, R. M., Bonfill, M., Mallol, A., Moyano, E., Morales, C., et al. (2003). Plant

Physiology and Biochemistry, 41, 1019–1025.
80. Yaoya, S., Kanho, H., Mikami, Y., Itani, T., Umehara, K., & Kuroyanagi, M. (2004). Bioscience,

Biotechnology, and Biochemistry, 68, 1837–1841.
81. Yan, Q., Hu, Z., Ren, X. T., & Wu, J. (2005). Journal of Biotechnology, 119, 416–424.
82. Chen, H., Chen, F., Chiu, F. C., & Lo, C. M. (2001). Enzyme and Microbial Technology, 28, 100–105.
83. Ge, X., & Wu, J. (2005). Applied Microbiology and Biotechnology, 68, 183–188.
84. Ge, X., & Wu, J. (2005). Plant Science, 168, 487–491.
85. Jung, H. Y., Seung-Mi, K., Young-Min, K., Min-Jung, K., Dea-Jin, Y., Jung-Dong, B., et al. (2003).

Enzyme and Microbial Technology, 33, 987–990.
86. Komariah, P., Reddy, G. V., Reddy, P. S., Raghavendra, A. S., Ramakrishna, S. V., & Reddanna, P. (2003).

Biotechnology Letters, 25, 593–597.
87. Ermayanti, T. M., McComb, J. A., & O’Brien, P. A. (1994). Phytochemistry, 36, 313–317.
88. Mukundan, U., & Hjortso, M. (1990). Biotechnology Letters, 12, 609–614.
89. Merkli, A., Christen, P., & Kapetanidis, I. (1997). Plant Cell Reports, 16, 632–636.
90. Wielanek, M., & Urbanek, H. (2006). Plant Cell, Tissue Organ Culture, 86, 177–186.

Appl Biochem Biotechnol (2011) 165:1342–1355 1355


	Elicitor-Induced...
	Abstract
	Introduction
	Elicitor: Inducer of Array of Protection Mechanisms
	Hairy Roots: A Potential System for SM Production

	How Elicitors act? Signal Transduction
	Signaling System on Cell Surface: Signal Perception
	Elicitor Signaling System Inside the Cell
	Transcription Factors Involved in Elicitation and Activation of Biosynthetic Pathway Genes: Role of Jasmonic Acid and Allied Compounds

	Conclusion
	References


