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Preface

Hairy roots were studied in the 1930s–1960s as an indicator of pathogen attack in
horticultural plants such as apple trees and roses. The responsible bacterial agent,
Agrobacterium rhizogenes, was identified and the role of gene transfer from the
bacterial Ri (root-inducing) plasmid was revealed in the 1970s and 1980s. Starting
in the mid-1980s, it was recognised that hairy roots cultured in vitro could be used
as a tool in studies of secondary metabolism and, ultimately, as production systems
for natural products. This led to a burst of research activity in these areas, focusing
on the intrinsic benefits of root organ differentiation for secondary pathway
activity. This research is ongoing today. In the meantime, a greater and more
detailed understanding of the molecular biology of bacteria–plant infection
emerged, supporting an expansion in the range of applications of hairy roots in
biology, biotechnology and engineering. Hairy roots became a convenient and
reliable tool for many laboratory-based studies.

In 1997, a research monograph, Hairy Roots: Culture and Applications
(P. M. Doran, Harwood Academic) provided a snapshot of the state of research
activity in hairy root biotechnology at that time. In 21 chapters, the laboratory
protocols for initiation, culture and genetic transformation of hairy roots were set
out, applications in alkaloid synthesis and plant propagation were described,
and bioprocessing considerations for large-scale hairy root culture were outlined.
Early work on the expression of foreign proteins and metal uptake using hairy
roots was also represented. This volume reflected a broad cross-disciplinary
interest in hairy roots, involving scientists in many areas ranging from genetics and
molecular biology to horticulture, medicine, environmental studies and bioprocess
engineering.

Today, the exploitation of hairy roots in biotechnology and bioprocessing
research continues, with over 100 papers published each year on the topic. This
special issue provides an update in those areas where our knowledge on hairy roots
and the development of their applications have advanced significantly in recent
times. The complex effects that agrobacterial genes have on plant cells, such as
perturbation of stress responses and defence strategies, are now recognised as
important mechanisms of pathogenicity in infected plants. Increasing interest in
secondary pathway elucidation and the use of metabolic engineering principles to
improve pathway function has led to an expanded role for hairy roots in this
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context. Further progress to elicit and enhance secondary metabolite production in
bioprocessing systems has been made. New products synthesised using hairy roots,
such as metallo-organic nanocrystals and foreign proteins for vaccine synthesis,
are also highlighted in this volume as an encouragement for further work in these
areas.

I would like to thank all the authors who have contributed chapters to this
special issue for their readiness to be involved, their expertise, and their efforts in
creating comprehensive review papers. I am also grateful to Thomas Scheper and
Springer for their friendly collegiality and support of this project.

Pauline M. Doran
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Recent Advances in the Understanding
of Agrobacterium rhizogenes-Derived
Genes and Their Effects on Stress
Resistance and Plant Metabolism

Victor P. Bulgakov, Yuri N. Shkryl, Galina N. Veremeichik,
Tatiana Y. Gorpenchenko and Yuliya V. Vereshchagina

Abstract It is commonly accepted that the plant pathogens Agrobacterium rhiz-
ogenes and Agrobacterium tumefaciens, acting via their T-DNA oncogenes, dis-
turb hormone metabolism or hormone perception pathways in plants, thereby
attaining their aim of successful pathogenesis. In this work, we summarize recent
data on the A. rhizogenes rolC and rolB oncogenes in comparison to the A. tum-
efaciens 6b oncogene with respect to their effects on the physiology of transformed
cells. The newly discovered functions of the rol genes include the modulation of
secondary metabolism, the modulation of levels of intracellular ROS and stress
resistance of transformed cells, changed sucrose metabolism, and the inhibition of
programmed cell death. We show that the rol genes do not have suppressive effects
on plant innate immunity; rather, these genes activate plant defense reactions. The
existence of not only the hormone-related mechanism of pathogenicity but also the
defense-related mechanism of pathogenicity during plant-Agrobacterium interac-
tions is suggested.
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1 Introduction

Agrobacterium tumefaciens and Agrobacterium rhizogenes plant pathogens con-
tain Ti and Ri plasmids, which induce crown galls and hairy roots, respectively,
during plant-Agrobacterium interactions. T-DNA genes of these plasmids have
been found to influence tumor or hairy root development. Many T-DNA genes
belong to a highly diverged family defined on the basis of weak and partial protein
homologies. This so-called plast [40] or rolB [48] family includes 17 subfamilies.
Although A. tumefaciens and A. rhizogenes are related micro-organisms, the
structural and functional divergence of their T-DNA oncogenes is obvious. The
uniqueness of these plant pathogens is that they use plast genes to adapt the
environment for their benefit.

T-DNA of Ri plasmids includes the genes encoding oncoproteins RolA, RolB,
RolC, RolD, open reading frame (Orf) 8, Orf13, and Orf14. T-DNA of Ti plasmids
contains genes encoding oncoproteins Lso, 30, 5, 6a, 6b, 7, B, C0, and others. The
most-studied proteins of the RolB family are RolB, RolC, and 6b. According to the
phylogenetic tree of 50 RolB-like proteins [34], RolC is more closely related to
Orf14 and Orf13 than to RolB. RolC is more closely related to 6b than to RolB.

2 V. P. Bulgakov et al.



Because the rol genes from Ri plasmids play a key role in the formation of hairy
roots (genetically transformed roots), they have been extensively studied during
the past 30 years. Presently, hairy roots are considered to be important producers
of bioactive molecules, such as secondary metabolites and recombinant proteins
[28, 32, 63]. Genetically transformed roots represent a valuable model for phy-
toremediation and virus propagation studies [20, 47, 53]. The rol genes are used
for engineering high yields of secondary metabolites [10, 12] and for the gener-
ation of compact growth in ornamental plants [16, 17, 41]. In this work, we discuss
recent findings regarding RolB, RolC, and 6b proteins, which possess very com-
plex biological activity and have great potential in plant metabolic engineering and
biotechnology.

2 New Functions of the rolB and rolC Genes in Plant Cells

2.1 ROS Homeostasis and Expression of Antioxidant Genes

The first indication that the expression of individual rol genes in plant cells has an
effect on the metabolism of reactive oxygen species (ROS) was published in 2008
[11]. This investigation was performed to determine whether the increased pro-
duction of secondary metabolites in Rubia cordifolia cultured cells is associated
with the oxidative burst. It was known that fungal elicitors and other microbe-
associated molecular patterns trigger a rapid ROS accumulation (oxidative burst),
with subsequent activation of various defense systems [59]. As rolC expression led
to activation of secondary metabolites [4, 5, 6, 49, 54] and pathogenesis-related
proteins [37], the activation of ROS production by the oncogene could be
expected. In contrast, earlier pharmacological studies suggested that ROS are not
involved in the activator function of rolC [7].

ROS measurements in rolC-expressing R. cordifolia callus cells were per-
formed by laser confocal microscopy at a single-cell level (calli were cultivated in
a liquid medium to obtain single cells and small cell aggregates). The results
indicated decreased intracellular ROS levels in rolC-expressing cells compared
with control cells [11]. Moreover, the gene attenuated ROS accumulation after
ROS-inducing treatments. A similar behavior has been demonstrated for the rolB
gene [14]. The effects of single rol genes and their combinations on ROS levels are
presented in Table 1. In this table, we have included both published results [11, 14,
55] and unpublished results to provide a complete picture of effects.

ROS inhibition was most strongly induced by rolC, followed by rolB and rolA.
The combined action of all three genes (rolABC construct) caused a moderate
decrease in ROS. Obviously, the rol genes do not act synergistically on the
decrease in ROS. The behavior of calli transformed with the wildtype A4 plasmid
was similar to that of calli transformed with the rolABC construct (Table 1). The
rolABC calli and pRiA4 calli effectively sustained acute elevations of ROS [55].

Recent Advances in the Understanding of Agrobacterium rhizogenes-Derived Genes 3



For example, upon treatment with the ROS-inducing herbicide paraquat (in the
presence of light, paraquat reduces oxygen to a superoxide radical, which subse-
quently dismutates to H2O2), these calli maintain normal ROS levels, whereas the
control calli increase intracellular ROS levels up to 170 % (Table 1). In agreement
with our data, decreased ROS levels were recently found in hairy roots of Nico-
tiana tabacum [45]. In this work, the authors detected a 50 % decrease in ROS in
several tobacco hairy root cultures compared with nontransformed roots. Both
strains of A. rhizogenes studied, 15834 and A4, induced the effect.

Notably, rolB has a definitive differential effect on ROS metabolism compared
with rolC. In long-term experiments, rolC did not prevent the toxic effect of
paraquat on cells, whereas rolB prevented cell death [14]. Our data indicate that
some components of the cellular ROS-detoxifying system tend to be suppressed by
rolC. Expression of genes encoding ascorbate peroxidases, catalases, and super-
oxide dismutases was either not changed or decreased in rolC cells compared to
normal cells (Fig. 1b–d). In contrast, rolB activates all these defensive systems.
The protective effect of rolB on excessive ROS accumulation was so powerful that
rolB-transformed cells of R. cordifolia could tolerate superlethal doses of the
ROS-inducing inhibitor menadione [14]. This protective effect is a long-lasting
one. From the physiological point of view, the effect of rolB is similar to the
phenomenon known as stress acclimation or, more specifically, systemic acquired
acclimation [27, 44]. During ROS-induced stress acclimation, plants produce
catalases, ascorbate peroxidases, and other ROS-detoxifying enzymes to protect
their cells against new stresses [27]. This leads to sustained antioxidant defenses
and the protection of the plants from subsequent stresses.

The rolC gene works better during short-term stress treatments and does not
protect cells against permanent stress. The combined action of the rol genes with
other T-DNA oncogenes resulted in a moderate activation of the ROS-detoxifying
genes in pRiA4-transformed calli [55] and of ROS-detoxifying enzymes in hairy
roots [45].

Table 1 Individual and combined expression of the rol genes in suspension-cultivated R.
cordifolia cells decreases ROS levels

Intracellular
ROS level

Nontransformed
control

rolA rolB rolC rolABC pRiA4

Steady-state
conditions

100 ± 3 93 ± 3a 78 ± 4
[14]

56 ± 6
[11]

90 ± 3
[55]

80 ± 4
[55]

ROS-inducing
treatment

160 ± 4 [11, 14] 109 ± 5a 96 ± 5
[14]

74 ± 5
[11]

101 ± 4a 113 ± 4a

The data are presented as percentage concentrations of intracellular ROS. The basic level of ROS
in control nonstressed cells has been accepted for 100 %. The 5-day-old cell suspension cultures
were loaded with H2DCF-DA and analyzed by confocal microscopy as described previously [11].
In the ROS-inducing treatment, R. cordifolia cells were grown for 4 days in the dark and treated
with paraquat (Aldrich, 10 lM, final conc.) for 1 h under continuous light exposure
(200 lmol m-2 s-1 radiation). The data were obtained in three independent experiments and
presented as mean ± SE
a Our unpublished results

4 V. P. Bulgakov et al.



The current hypothesis is that rolC suppresses ROS production and rolB acti-
vates ROS degradation [13]. Consistent with this hypothesis, expression of the
NADPH oxidase gene, RcRBOH3, is inhibited in rolC-transformed R. cordifolia
cells. RcRBOH3 is a constitutively active oxidase that supports ROS homeostasis
under normal conditions. In contrast to rolC, the rolB gene caused activation of
both the inducible and constitutive forms of R. cordifolia NADPH oxidase genes,
RcRBOH1 and RcRBOH3 (Fig. 1a).

Fig. 1 Expression of genes participating in ROS generation (a) and ROS detoxification (b–d) in
R. cordifolia callus cells. R nontransformed control, RBH high-rolB-expressing cells, RCH high-
rolC-expressing cells, RA4 A. rhizogenes A4 transformed cells. RcRBOH1 and RcRBOH1 are the
NADPH oxidase genes (respiratory burst oxidase homologues), RcCat1 is a catalase gene;
RcCSD1, RcCSD2, and RcCSD3 are the Cu/Zn superoxide dismutase genes; RcApx1, RcApx2,
and RcApx3 are the ascorbate peroxidase genes. RNA samples were isolated from callus cultures
during the linear phase of growth (20–22 days). Quantitative real-time RT-PCR (qRT-PCR) was
performed as described previously [55]. The qRT-PCR analysis was performed using the Bio-Rad
CFX96 Real-Time System (Bio-Rad Laboratories, Inc., USA) with a 2.5 9 SYBR green PCR
master mix. The RcActin gene (GenBank accession no. DQ531565) was used as a reference gene.
RNA concentration and 28S/18S ratios were determined using an RNA StdSens LabChip� kit
and ExperionTM Automated Electrophoresis Station (Bio-Rad Laboratories). No-template
controls and RNA-RT controls were included in the analysis to verify the absence of
contamination. The absence of nonspecific products or primer–dimer artifacts in the samples was
confirmed by melting curve analysis and by product visualization using electrophoresis. Primer
efficiency of [95 % was confirmed with a standard curve spanning seven orders of magnitude.
Data were analyzed using CFX Manager Software (Version 1.5; Bio-Rad Laboratories). Two
biological replicates, resulting from two different RNA extractions, were used for analysis, and
three technical replicates were analyzed for each biological replicate. The data are presented as
mean ± SE

Recent Advances in the Understanding of Agrobacterium rhizogenes-Derived Genes 5



Under steady-state conditions, rolB-transformed cells of R. cordifolia and
Arabidopsis thaliana maintain a normal redox balance [14]. It is likely that the
activation of antioxidant genes is not a consequence of a direct action of rolB. We
propose that the rolB-transformed cells receive an unknown ROS-inducing signal
from the RolB protein. The cells attempt to compensate for this effect by cellular
compensatory mechanisms, adjusting available antioxidant systems at the opti-
mum time and location [14]. In cases where it is not possible because of excessive
rolB expression, the cells die by necrosis. RolB possesses a dual function in
necrotic processes in plant cells. High doses of RolB cause necrotic cell death, and
low doses prevent necrosis. This effect is dependent on the environment: if the
RolC protein is expressed in cells along with RolB, the necrotic process is
suppressed.

Another feature of rolB is that the gene strongly activates expression of the
extracellular class III peroxidase genes and enhances total peroxidase activity in
transformed cells [61]. This effect is dose-dependent and is observed in all rolB-
expressing plant species studied. The rolC gene does not influence peroxidase
expression and activity. Similarly, the peroxidase expression and activity were not
changed in pRiA4-transformed calli, suggesting the counterbalancing effect of
other T-DNA genes [61]. The biological significance of the observed rolB-stim-
ulating effect is not presently clear. Extracellular class III peroxidases, repre-
senting an important group of pathogenesis-related proteins of the PR-9 family, are
regulators of extracellular H2O2 levels and catalysts of the biosynthesis of poly-
phenolic phytoalexins [1]. RolB may participate in both of these processes through
the activation of peroxidases.

2.2 Apoptosis

It has been established that rolB not only prevents necrotic cell death but also
reduces apoptotic symptoms (symptoms of programmed cell death) in transformed
plant cells [30]. Typical views of the control (R) and the rolB-expressing cells
stained with fluorescent dyes to distinguish apoptotic and necrotic cells are pre-
sented in Fig. 2.

The antiapoptotic effect was particularly evident in the cells with induced
apoptosis [30]. This is a new finding for plant T-DNA oncogenes. Testing all of the
apoptotic features of transformed cells, including the investigation of several
model species and the dynamics of the apoptotic process, as well as the evaluation
of the specificity of action of other rol genes, are future subjects of investigation.

The mechanism by which rolB inhibits apoptosis in transformed cell cultures
likely includes the up-regulation of antioxidant genes. RolB permanently supports
an active antioxidative status of transformed cells and simultaneously maintains
their normal redox balance, providing physiological conditions for adaptation to
external deleterious stimuli. This peculiarity of RolB may be important for
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apoptosis prevention, inasmuch as the cellular conditions leading to apoptosis
induction are known to be linked with the imbalance of the redox status [51].

2.3 Stress Responses of Transformed Cells

Transformation of plant cells with wildtype A. rhizogenes A4 resulted in estab-
lishing transformed calli, which tolerate temperature and salt stress [55]. The rolC
and rolB genes expressed alone also induce resistance to salt, low and high tem-
peratures, and excessive light [11, 14]. An example of cell growth measurements
under different stress conditions is presented in Fig. 3.

The acquired tolerance of transformed cells to cold treatment is moderate,
whereas the tolerance to elevated temperature or salt is higher. The expression of
rolC completely prevented growth depression caused by high temperatures. A.
rhizogenes A4-transformed cells showed increased tolerance to elevated temper-
atures and salt stress. A direct comparison of action of the rol genes and pRiA4 is
not possible, because cells transformed with pRiA4 or single rol genes have dif-
ferent hormonal requirements. Phytohormones are necessary to support the growth
of rolB- and rolC-transformed cells, whereas pRiA4-transformed cells are hor-
mone-autotrophic. In the presence of plant hormones, their growth is substantially
inhibited. The interplay between hormones and stress responses of transformed
cells is a subject of our current investigation.

A promising example of antistress activity was demonstrated during experi-
ments with acute light stress [11]. The stress was induced in R. cordifolia cells by
an argon laser, and video files of stressed cells were recorded by confocal
microscopy for 16 min ([11]; Fig. 4).

Fig. 2 Expression of rolB in R. cordifolia cells diminishes apoptosislike symptoms [30]. Cells of
the control (R) and rolB-transformed (RB) cultures were analyzed by laser confocal microscopy.
Propidium iodide and Hoechst 33342 were used to detect collapsed nuclei of necrotic cells and
nuclei of apoptotic cells, respectively. a A view of nuclei of R. cordifolia cells dyed by necrosis
(red) and apoptosis (blue ? red). In control nontransformed cells (b), blue staining of the nuclei
(cyan arrows) indicates an early phase of apoptosis and violet staining of the nucleus reflects a
later phase of apoptosis. Necrotic cells with red-stained nuclei are indicated by red arrows (c).
Scale bars, 2 lm (a) and 50 lm (b, c)

Recent Advances in the Understanding of Agrobacterium rhizogenes-Derived Genes 7



During this time, the control cells increased the intracellular ROS level up to
fourfold, demonstrating a massive oxidative burst. In contrast, ROS levels in rolC-
expressing cells were not increased. In these cells, ROS elevations were induced
only after a threefold increase in laser intensity (Fig. 4).

Thus, acting as ROS suppressors in transformed cells, the rolC and rolB genes
were able to prevent oxidative damage, which is the main destructive factor of
abiotic stresses [65]. This observed phenomenon is somewhat surprising. Many
plant pathogens have developed strategies aimed at suppressing plant defense
reactions. A well-studied example is Pseudomonas syringae, which uses a protein
tyrosine phosphatase to combat plant defenses (Sect. 3). A. rhizogenes, acting via
the rol genes, renders cells more tolerant to abiotic stresses. This observation,
along with the activation of secondary metabolism and activation of PR-proteins,
leads us to suggest that the rolB and rolC genes activate plant defense reactions.

2.4 T-DNA Oncogenes and Secondary Metabolism

Stimulation of secondary metabolism by the rolC and rolB genes is a well-known
phenomenon [10]. These genes are potential activators of secondary metabolism in
transformed cells of the Solanaceae, Araliaceae, Rubiaceae, Vitaceae, and Rosa-
ceae families. Among the activated metabolites were anthraquinones (AQs),
alkaloids (tropane, pyridine, and indole groups), stilbenes (resveratrol), isoflavo-
noids (isoflavones and pterocarpans), and dammarane-type glycosides (ginseno-
sides). The extent of secondary metabolism activation varies among plant species
from 2- to 300-fold depending on the group of secondary metabolites and the plant

Fig. 3 Resistance of R. cordifolia cells to low and high temperatures and salt stress. The data are
summarized from earlier publications [11, 14, 55]. Control: normal conditions of cultivation
(24 �C). R nontransformed control, RBH high-rolB-expressing cells, RCH high-rolC-expressing
cells, RA4 A. rhizogenes A4 transformed cells. The inoculum biomass was 0.2 g fresh weight.
The R, RBH, and RCH cultures were grown in the presence of 6-benzylaminopurine (0.5 mg l-1)
and a-naphthaleneacetic acid (2.0 mg l-1). The A4 cells were grown in hormone-free medium
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species [10, 12]. The activation in some cases is remarkably stable over time. In R.
cordifolia transformed cells, the stimulator effect remains stable over a 12-year
period of cultivation.

However, in other plant species, these genes result in more complex outcomes
on secondary metabolism. In Eritrichium sericeum and Panax ginseng trans-
formed cells, the rolC gene caused initial inhibition and subsequent stimulation of
particular groups of secondary metabolites [9, 15, 35]. It was reported previously
that in Lithospermum erythrorhizon cells, rolC prevented the accumulation of
naphthoquinone pigments [9]. Similar to the stimulator effect, the inhibitor effect
is also long-lasting, as to date rolC-transformed cells of L. erythrorhizon cannot
produce naphthoquinones after an almost 10-year period of cultivation. The
assessment of the signal transduction pathways affected by the gene showed that
the rolC-gene-mediated signal did not interfere with general plant defense path-
ways leading to synthesis of phytoalexin-type secondary metabolites. In particular,
the Ca2+-dependent NADPH oxidase pathway and the jasmonic acid-mediated
pathway were not affected in rolC-transformed cells of R. cordifolia [7, 8]. ROS
production and phytoalexin production are most likely dissociated in rolC-trans-
formed cells [11].

Fig. 4 Expression of rolC diminishes light-induced ROS elevation. The figure represents time
series of ROS production in control (R) and low-rolC-expressing (RCL) cells of R. cordifolia.
The cells were subjected to illumination from argon laser for 16 min. ROS were visualized using
fluorogenic dye H2DCF-DA (green fluorescence). (a) Time series of ROS production in R cells.
The intensity of the laser was 5.9 % of maximal. (b) ROS in the RCL cells at laser intensity 5.9
%. (c) ROS in the RCL cells at laser intensity 17.7 %. Images of single cells were captured and
video files of the images were analyzed using LSM 510 Release 3.5 software. Right panel
represents dynamics of ROS production in individual cells
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In contrast to hairy roots, crown gall tissues have been less studied with respect
to the biosynthesis of secondary metabolites. Analysis of polyphenols in C58-6b,
35S-AK-6b, and dex-AK-6b transformed tobacco plants revealed increased levels
of chlorogenic acid, caffeoyl putrescine, rutin, and kaempferol-3-rutinoside in
transformed plants compared with control plants, an effect that was dependent on
the hormonal context in tobacco plants [25, 26, 36]. These authors theorized that
6b acts as a regulator of the metabolite flux between branches of the biosynthetic
pathways rather than as a biosynthetic activator and have put forward an inter-
esting hypothesis that 6b suppresses polar auxin transport via the increased
accumulation of polyphenols. The phenylpropanoid-auxin model [36] suggests
that upon infection with A. tumefaciens, the expression of auxin and cytokinin
biosynthesis genes from T-DNA leads to elevated amounts of phytohormones at
the site of infection. The hormones trigger the 6b gene expression, and the 6b
protein activates the biosynthesis of phenylpropanoids, which limits the flow of
auxin, creating a high auxin concentration within the infection site. The elevated
auxin amounts induce extensive cell proliferation to support the progression of
crown galls. Clément and colleagues [19] also found an overaccumulation of
chlorogenic acid in 6b-expressing tissues in tobacco, but they proposed that the
effect could be attributed to the defense function of polyphenols against concurrent
micro-organisms (this was the first proposition of such a function for Ti onco-
genes). According to a provisional sugar accumulation model, sugar accumulation
at the site of infection is a leading factor in crown galls progression [18, 19].

Both models are not mutually exclusive, due to the complex action of 6b. The
6b protein seems to possess a dual activity and acts as a transcriptional activator/
modulator and mediator of the RNA-silencing machinery (see Sect. 4.1). Redi-
rection of the metabolite flux among the branches of biosynthetic pathways via
RNA silencing was recently established [31]. In that study, mir156 targeted an
SPL transcription factor to change the MYB-bHLH-WD40 complex formation,
thereby redirecting metabolite flux between anthocyanins and flavanols. Because
6b interferes with miRNA (microRNA) pathways and modulates accumulation of
diverse miRNAs [64], a regulatory effect on numerous proteins, including those
participating in secondary metabolism and sucrose transport, could be expected.
The precise mechanism of 6b action on secondary metabolism and sucrose
transport remains to be investigated.

The same situation is observed with the RolC and RolB proteins. There is
information that these proteins activate secondary metabolism through the up-
regulation of key genes of secondary metabolism [35, 37, 54], but the mechanism
of activation is unknown. According to the emerging role of plant oncoproteins as
modulators of RNA silencing, a mechanism could be proposed by which T-DNA
oncoproteins (such as RolB, RolC, or 6b) interfere with RNA silencing to de-
repress genes of secondary metabolism normally repressed through miRNA. The
activation/de-repression may involve the interaction of the Rol or 6b proteins with
transcription factors, which regulate the biosynthesis of secondary metabolites
such as MYBs. This is an intriguing new topic in the biology of individual rol
genes and hairy root cultures. Furthermore, we can now expect the opening of a
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new horizon in the biotechnology of secondary metabolites. Understanding these
mechanisms may contribute to establishing a new generation of plant cell cultures
for industrial applications, for which there is an insistent need [15].

3 Tyr Phosphorylation and Microbial Pathogenesis

An interesting analogy emerges between the effects mediated by RolB of A.
rhizogenes and some type III proteins of Pseudomonas syringae. The effector
HopAO1 (HopPtoD2) protein of P. syringae is injected from bacterial cells into
plant cells to promote bacterial growth by the suppression of the innate immunity
of host cells. It was shown that HopAO1 possesses protein tyrosine phosphatase
activity [3, 22], suppresses induced ROS in plants [3], and suppresses induced
programmed cell death [22]. Because RolB possesses a tyrosine phosphatase
activity [24], suppresses induced ROS (Sect. 2.1), and suppresses induced pro-
grammed cell death (Sect. 2.2), a functional analogy between RolB and HopAO1
is evident.

In Arabidopsis, HopAO1 suppresses several defense responses associated with
pathogen-associated molecular pattern (PAMP)-triggered innate immunity [60].
Among the genes down-regulated by HopAO1, genes encoding pathogenesis-
related proteins PR-1, PR-2, and PR-5, MYB122, a transcription factor involved in
regulation of secondary metabolites, and XET proteins participating in strength-
ening of the cell wall, were found.

Whereas ROS inhibition by rol genes is in line with similar effects of other
pathogens, the functionality of stimulation of defense reactions is less clear. It can
be hypothesized that activation of defense reactions in transformed plants could
provide advantages for A. rhizogenes by inhibiting concurrent pathogenic micro-
organisms. A recent investigation demonstrated that rolC-transformed strawberry
plants possessed increased tolerance to infection by Phytophthora cactorum [39].
An interesting observation was reported about the interaction of Panax ginseng
calli with the human pathogen Yersinia pseudotuberculosis [50], in which the co-
cultivation of Y. pseudotuberculosis and control (vector-transformed) ginseng calli
resulted in the rapid death of both bacterial and plant cells, resembling the HR-
syndrome known from plant–microbe interactions. Y. pseudotuberculosis caused
the death of control ginseng cells but not rolC-transformed cells. In this case, rolC
expression was sufficient to defend plant cells during the fatal interaction. This is
also a new area in investigations of T-DNA oncogenes and the question of whether
T-DNA oncogenes participate in plant defense reactions against other pathogens
requires further examination.

Likewise, the mechanism by which RolB enhances antioxidant defense remains
to be determined. Nuclear localization of RolB mediated by 14-3-3 proteins [43]
favors the hypothesis that the primary targets of RolB are nuclear proteins. For the
HopAO1 tyrosine phosphatase, MAP kinases have been proposed as the targets [3,
22], although this opinion was not supported by other authors [33, 60]. There is a

Recent Advances in the Understanding of Agrobacterium rhizogenes-Derived Genes 11



theory that RolB may be involved in the de-phosphorylation of tyrosine residues of
multiple nuclear proteins, thereby ensuring pleiotropic effects on plant cells.
However, recent data on the 6b protein show that the situation may be more
complex.

4 Complicated Functions of Plant Oncogenes: Suppressors
of Innate Immunity or Regulators of Cell Adaptability?

4.1 Important New Insights into the Mechanism of 6b Action

Whereas molecular mechanisms determining tumor formation caused by rol genes
remain unclear, significant progress has been achieved with the plant 6b oncogene
from A. tumefaciens. An important observation was made by Leon Otten’s group
(Strasbourg, France), which revealed significant similarity of the morphological
responses caused by rolC and another member of the plast gene family, the 6b
oncogene [42]. Indeed, both 6b and rolC induced enations with similar mor-
phologies. These enations represent very unusual growth modifications, such as
secondary leaf blades arising in a mirrorwise fashion along the veins of the abaxial
leaf side [42].

Yasunori Machida’s group (Nagoya University, Japan) found that the 6b protein
is localized in the nucleus and interacts with nuclear factors Nt SIP1 (Nicotiana
tabacum 6b-interacting protein 1) and Nt SIP2 [38]. Therefore, the 6b protein is
likely a transcriptional co-activator/mediator. The 6b protein could interact not
only with Nt SIP1 but also with other nuclear factors in tobacco and Arabidopsis
[38]. The level of 6b-interacting proteins in various cell types is different; there-
fore, the strength of 6b-mediated effects is also different in particular cells and
plants. This situation is complicated by the fact that 6b could act as a transcrip-
tional repressor. For example, 6b activated expression of class I KNOX, CUC, and
cell-cycle-related genes [57], and it repressed expression of the IAA3/SHY2 and
IAA6 genes [58].

Furthermore, this same group established the histone chaperonelike function of
6b [58]. This function implies the disassembly of nucleosomes and the assembly of
core histones, thereby initiating transcription by RNA polymerase II and main-
taining elongation of RNA. The Nt SIPI protein likely recruits 6b to specific
regions of chromatin.

A further important finding was published by Wang and colleagues [64], who
showed that 6b is involved in ADP ribosylation by targeting key components in the
microRNA processing machinery. The authors studied the crystal structures of the
6b protein and discovered the ADP-ribosylating toxin fold in 6b, which was
closely related to that of cholera toxin. Therefore, 6b is presently considered to be
an ADP-ribosylating toxin. There are two groups of proteins interacting with 6b:
one group targets the repeating acidic Glu residue loop (residues 164–184), and the
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other group targets other structural elements, such as a well-ordered loop (residues
40–55) [64]. The acidic loop (164–184) serves as a scaffold for protein–protein or
protein–nucleic acid interactions, ensuring transcriptional effects of 6b (activation
or repression of target genes). The second loop (residues 40–55) serves as an
interacting platform for the ADP-ribosylating activity of 6b by binding histone H3,
AGO1, and SE. The ectopic expression of a number of genes, such as class I
KNOX, CUC, and cell-cycle-related genes, initiated by 6b expression likely
depends on the general ADP-ribosylating activity of 6b [64]. Interestingly, the A.
rhizogenes T-DNA gene orf13 also induced ectopic expression of KNOX class
transcription factors and several genes involved in cell cycle control [56]. Notably
Orf13, 6b, and RolC form a separate cluster in the phylogenetic tree of the RolB
family proteins [34].

Thus, 6b targets a wide range of different host plant proteins in different ways,
demonstrating a complex mechanism of action. The combination of transcriptional
activator/modulator activity and RNA-silencing activity in a single regulator
protein is unique.

4.2 T-DNA Versus Viruses: View on Suppression of Host Defense

Wang and colleagues [64] suggested that T-DNAs can be considered to be func-
tionally related to DNA viruses. They demonstrated a morphological similarity
between plants expressing the 6b oncogene and plants expressing the viral 2b gene
(a known viral gene that suppresses plant immunity). This proposition is inter-
esting. A similar assumption regarding the function of the RolB protein was also
reported [43]. These authors hypothesized that in spite of different target proteins,
most of the oncoproteins belonging to the RolB family might associate with plant
proteins to alter developmental plasticity, as in the case of viral oncoproteins in
animal cells [43]. Furthermore, another member of the Plast/RolB proteins, RolA,
shares structural similarity with the papilloma virus E2 DNA-binding domain [52].
To shed light on this idea, plant viruses must be introduced into our discussion.

RNA silencing in plants prevents virus accumulation; accordingly, viruses have
evolved various strategies to counteract this defense mechanism [2]. As viruses are
inducers, suppressors, and targets of the RNA silencing mechanism, there are
many ways in which the symptoms in infected plants can be influenced by viral
intervention in the microRNA (miRNA) and small interfering RNA (siRNA)
pathways. The counterdefense mechanism involves suppressor proteins of
silencing that are encoded in the genomes of both RNA and DNA viruses. These
proteins most likely evolved independently in different virus groups because they
are structurally diverse and there are no common sequence motifs. RNA silencing
can be seen as a form of the immune system that operates at the nucleic acid level.
However, unlike immune systems mediated by proteins, the specificity of the
RNA-silencing component of the immune system is not programmed by the host.
Instead, it is determined by the features of the pathogen genome [62]. In RNA
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interference, a long and perfectly complementary dsRNA is cleaved by Dicer into
siRNAs. One siRNA strand is incorporated into the multisubunit RNA-induced
silencing complex (RISC) and guides the complex to degrade cellular RNA
molecules that are identical in sequence to the siRNA [62]. The argonaute (AGO)
proteins are components of the silencing effector complexes that bind to siRNAs.
AGO proteins are the ‘‘slicer’’ ribonucleases in RISC. AGO1 is likely a RISC
component in A. thaliana [2].

In 35S-6b-transformed plants, Wang et al. [64] found decreased amounts of
miR162, miR164, and miR319 transcripts. The partially overlapping miRNA
deficiency phenotypes among the 35S-6b plants, se-1 mutant, and ago1-27 mutant
prompted the authors to test the possible direct interactions among AK6b, SE, and
AGO1. Indeed, the results show that 6b executes its suppressor function by
directly targeting SE and AGO1, two key components of the miRNA machinery in
Arabidopsis. Therefore, they suggested that both RISC/AGO1 and DCL1-SE-
HYL1 are essential protein complexes that participate in virus-induced gene
silencing [64]. A functional analogy between 6b and virus suppressor genes (such
as 2b, P0, HcPro, and P19 of positive-strand RNA viruses and AC2 of DNA
viruses) means that plant oncogenes, such as 6b, should suppress the innate
immunity of transformed cells. Is this true for the RolB and RolC oncoproteins? In
the following section, we discuss this question.

4.3 Do Plant Oncogenes Cause Adverse Effects on Plant Cells?

This question is not an easy one to answer. Of course, all plant oncogenes disturb
normal physiological processes in plants, provoke numerous developmental
defects, and cause agricultural losses. The effect of oncogenes, at least rolC and
rolB, on a single transformed cell is less obvious.

Our observations show that the transformation of plant cells by rolC caused
positive rather than negative effects on the growth of transformed cells and tissues.
The main effect is that rolC-transformed cells demonstrate a high viability during
long-term cultivation [9, 11, 29, 54]. For example, rolC-transformed roots of
Panax ginseng, established almost 20 years ago, continue to grow well up to the
present day. In contrast, normal in vitro cultivated roots of this plant demonstrate
less viability during a long-term cultivation. RolC-low expressing P. ginseng calli
(2c2 line) is characterized by a remarkably stable and vigorous pattern of growth
over a long period (over 12 years) without any selection [29]. Callus cultures of
rolC-transformed cells of R. cordifolia possess a remarkably stable and vigorous
growth during a 12-year period of cultivation [54]. High growth and viability have
been shown for other rolC-transformed cell cultures, such as Eritrichium sericeum,
Lithospermum erythrorhizon, Maackia amurensis, and others established more
recently in our laboratory. It should be noted that only low and moderate
expression of rolC induces vigorous cell growth exceeding that of control cells. As
mentioned above, this trait of high growth and viability is often accompanied by a
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high production of secondary metabolites and a resistance to salt and unfavorable
temperatures (Sects. 2.3, 2.4). The rolB gene acts in a similar fashion, although
rolB cannot stimulate growth in any doses.

The current hypothesis of the Otten group is that the rolC gene plays a role in
sucrose transport and metabolism, providing conditions for growth stimulation of
transformed organs (hairy roots). The ancient agrobacterial rolC gene in tobacco
(trolC) is functionally active and can play a favorable role in tobacco growth and
physiology [42]. This role of rolC was also suggested by Nilsson and Olsson [46].
The stimulation of sucrose transport and metabolism may be a part of numerous
effects of this oncogene on plant physiology, and this effect cannot be attributed to
toxic effects. The Otten group also showed that in crown gall formation, the 6b
gene stimulates a local wound-induced increase in glucose and fructose. The
resulting osmolarity change would help to prevent desiccation in wound areas and
thereby favor cell division. At the same time, high glucose and fructose levels
might contribute to agrobacterial growth, either directly or after incorporation into
opines [18].

The similarities and differences in gene silencing by virus- and T-DNA-med-
iated processes were studied by Dunoyer and colleagues [21]. By investigating the
A. tumefaciens strain A281 carrying pTiBo542 plasmid and the A208 strain car-
rying pTiT37 plasmid, with disarmed strain GV3101 as a control, these authors
showed that successful infection of plants by A. tumefaciens relies on the sup-
pression of the plant immune response mediated by RNA interference. However,
the main conclusion was that, in this infection model, T-DNA oncogenes, unlike
virus suppressor genes, have only a modest role in tumor progression. RNA
silencing against T-DNA genes occurred at early stages of infection but became
inhibited upon successful disease development.

Despite that the above-mentioned observations contrast with the hypothesis that
T-DNAs are functionally related to DNA viruses [64], we believe that the
hypothesis is an interesting one. Where could one find functional similarity
between the T-DNA oncogenes and the world of viral genes? We should examine
those plant–virus interactions where viruses are not obligate suppressors of plant
immunity. It is known that viruses may exploit the host silencing response (see the
section, ‘‘RNA Silencing to the Benefit of Viruses’’ [62]). In this case, viruses
tolerate rather than suppress RNA silencing, thereby securing a host plant for virus
propagation. In this way, viruses reprogram the expression of specific host proteins
to establish optimal infection conditions. These conditions include the preservation
of the integrity of the plant, restriction of virus overaccumulation, and restriction
of the growth of concurrent micro-organisms.

Regarding the physiological role of the rol genes, we suggest a similar scenario
for the plant–Agrobacterium interaction. The idea emerging is that the rol genes
(and perhaps the 6b gene) are not suppressors of innate immunity but rather are
regulators that provide some functions to plants that can help them to increase
adaptability. The boundaries between mutualism and pathogenesis are fluid and
mutualistic and pathogenic interactions involve strikingly similar principles [66].
Further investigation of the rol genes may help us to understand why closely
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related micro-organisms such as A. rhizogenes, A. tumefaciens, and Rhizobium
species have evolved to develop such different interactions with plants as patho-
genic or symbiotic.

In summary, the recently discovered functions of the rolB and rolC genes
include (a) modulation of secondary metabolism, (b) modulation of intracellular
ROS levels, (c) increased stress resistance of transformed cells, (d) modulation of
sucrose transport and metabolism, and (e) inhibition of programmed cell death (at
least for rolB).

Fig. 5 Nuclear localization of the RolC protein in transformed Nicotiana tabacum cells.
Tobacco Nt cells were stable and transformed with A. tumefaciens GV3101/35S-rolC-sGFP as
described previously [12] to generate the Nt-CG cell line. Fluorescence of the green fluorescent
protein sGFP was excited by an argon laser and monitored by confocal microscopy. Localization
of RolC in cells is indicated by green color. DAPI (40,6-diamidino-2-phenylindole, molecular
probes) staining was used to detect nuclei (blue color). a Light microscopy of a tobacco control
cell. b The same cell stained with DAPI to detect the nucleus. c The same cell under GFP-
detecting conditions (excitation: 488 nm; emission filter: 508–525 nm). Note the absence of any
fluorescence in this cell. d Nt-CG cell, light microscopy. e The same cell stained with DAPI.
f The same cell under GFP-detecting conditions. The GFP signal is localized in the nucleus, but
not in the nucleolus. g–i Partitioning of the RolC-GFP signal in Nt-CG cells. g GFP localization:
a general view. Cells under light (h) and fluorescent (i) microscopy. Note that the RolC-GFP
signal is localized in nuclei and cell wall cytoplasm. Scale bars, 50 lm (g), 10 lm (a–f, h, i)
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As a consequence of these effects, A. rhizogenes seems to be able to establish
optimal infection conditions by reorganizing the functioning of host proteins. In
many cases, rolC and rolB demonstrate opposite activity, but their combined
action somehow balances unfavorable effects of the individual genes. Related
genes rolA, rolD, and orf13 may also contribute to this process. We have suggested
that the actions of each of the rol genes seems to be in tune with the actions of the
others, providing physiological conditions for better cell fitness in the face of
changing environmental conditions [14]. We believe this is the main effect of the
rol genes as members of the RolB (plast) gene family.

It will be interesting to investigate whether rol genes have a function analogous
to 6b. According to the phylogenetic analysis [34], rolC is more related to 6b than
rolC is related to rolB. The main drawback is that RolC has been reported to be a
cytosolic protein [23]. However, our experiments revealed a nuclear localization of
RolC (along with its cytosolic localization) by expression of the 35S-rolC-sGFP
construct in plant cells (Fig. 5). Nuclear localization of RolC was shown both for
tobacco and R. cordifolia transformed cells. Detailed results on RolC localization
will be published elsewhere. The presently known similarities and dissimilarities
between the Rol and 6b proteins are presented in Table 2.

5 Conclusions

For some time, studies of the biochemical functions of A. tumefaciens and A.
rhizogenes T-DNA oncogenes expanded in nearly independent ways. This diver-
gence was due to the concept that the pathogens use conceptually different ways to

Table 2 A comparison of recently discovered activities of the rolB, rolC, and 6b genes

Effects rolB rolC 6b References

ROS suppression + + ? Bulgakov et al. [11, 14]
Veremeichik et al. [61]Increased expression of antioxidant genes + - ?

Stress resistance + + ?
Modulation of secondary metabolism + + + Gális et al. [25]

Kakiuchi et al. [36]
Bulgakov [10]
Shkryl et al. [54]

Sucrose transport/metabolism ? + + Clément et al. [18, 19]
Mohajjel-Shoja et al. [42]

Similar morphology of enations
(secondary leaf blades)

- + + Mohajjel-Shoja et al. [42]

Transcriptional activation/modulation +a +a + Terakura et al. [57, 58]
Shkryl et al. [54]
Kiselev et al. [37]
Inyushkina et al. [35]

ADP-ribosylating activity ? ? + Wang et al. [64]
a Measured as the activation of expression of key genes of secondary metabolism
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affect plant growth. It was generally accepted that A. tumefaciens uses the widely
known hormone biosynthesizing genes as the main pathogenic determinants (with
some participation of other T-DNA oncogenes) and that A. rhizogenes uses the rol
oncogenes (with some participation of other T-DNA oncogenes). In this way, both
pathogens disturb hormone metabolism or hormone perception pathways and
attain their aim of successful pathogenesis.

Recent studies described in this work indicate a more complex role for T-DNA
oncogenes. The emerging role of the 6b gene in A. tumefaciens pathogenicity is
that the gene ensures the transcriptional activator/modulator activity and RNA-
silencing activity. The RNA-silencing activity is commonly associated with the
virus-induced perturbations of plant defense. Thus, A. tumefaciens contains a
pathogenic determinant that is potentially connected with plant defense. These
studies have revolutionized the investigation of this pathogen, suggesting the
existence of not only the hormone-related mechanism of pathogenicity but also the
defense-related mechanism of pathogenicity.

At the same time, research on A. rhizogenes T-DNA oncogenes shows their role
in secondary metabolism, ROS metabolism, and PR-protein expression, thereby
indicating the presence of the defense-related mechanism of pathogenicity. On this
basis, studies of both pathogens acquire a common direction, which is strength-
ened by discovery of the common traits of the rolC- and 6b-transformed plants
such as altered sugar metabolism and a similarity of morphological defects. Are A.
rhizogenes oncogenes involved in RNA-silencing and are A. tumefaciens onco-
genes involved in ROS metabolism and defense reactions? Addressing these
questions may be critical for the further investigation of plant–Agrobacterium
interactions.

Another aspect of these basic findings is that they may contribute to biotech-
nology and the metabolic engineering of secondary metabolites. There may be two
functions of the T-DNA oncogenes. The first is the direct transcriptional activation
of key genes of secondary metabolism; the second function is the de-repression of
silencing genes. Removal of the persistent negative regulatory controls in cultured
plant cells by RNA silencing is a prospective biomimetic approach that can be
taken from these studies.
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Perspectives of the Metabolic Engineering
of Terpenoid Indole Alkaloids
in Catharanthus roseus Hairy Roots

Le Zhao, Guy W. Sander and Jacqueline V. Shanks

Abstract This review looks back on how the terpenoid indole alkaloid pathway
and the regulatory factors in Catharanthus roseus were identified and character-
ized, and how metabolic engineering, including genetic engineering and metabolic
profiling, was conducted based on the gained knowledge. In addition, further
examination of the terpenoid indole alkaloid pathway is proposed.

Keywords Catharanthus roseus � Genetic engineering � Metabolic engineering �
Metabolic profiling � Terpenoid indole alkaloids

Abbreviation

16OMT 16-Hydroxytabersonine-O-methyltransferase
AACT Acetyl-CoA C-acetyltransferase
ADH Acyclic monoterpene primary alcohol dehydrogenase
AS Anthranilate synthase
CaMV Cauliflower mosaic virus
C. roseus Catharanthus roseus
CMK 4-Diphosphocytidyl-2-C-methyl-D-erythritol kinase
CMS 4-Diphosphocytidyl-2-C-methyl-D-erythritol synthase
CPR Cytochrome P450 reductase
CrBPF C. roseus box P-binding factor
D4H Desacetoxyvindoline 4-hydroxylase
DAT Deacetylvindoline 4-O-acetyltransferase
DL7H 7-Deoxyloganin 7-hydroxylase
DXR 1-Deoxy-D-xylulose 5-phosphate reductoisomerase
DXS 1-Deoxy-D-xylulose 5-phosphate synthase
E4P Erythrose 4-phosphate
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E. coli Escherichia coli
ESI–MS-MS Electrospray ionization tandem mass spectrometer
ET Ethylene
G10H Geraniol 10-hydroxylase
GA Gibberellic acid
GBF G-box binding factors
GES Geraniol synthase
GPPS Geranyl diphosphate synthase
HDR 1-Hydroxy-2-methyl-2-butenyl 4-diphosphate reductase
HDS 1-Hydroxy-2-methyl-2-butenyl 4-diphosphate synthase
HMGR 3-Hydroxy-3-methylglutaryl CoA reductase
HMGS 3-Hydroxy-3-methylglutaryl CoA synthase
HPLC High-performance liquid chromatography
IDI Isopentenyl diphosphate isomerase
IPP Isopentenyl diphosphate
JA Jasmonic acid
LAMT Loganic acid methyl transferase
MALDI-TOF Matrix assisted laser desorption with time-of-flight detector
MAT Minovincinine 19-hydroxy-O-acetyltransferase
MC Monoterpene cyclase
MECS 2-C-Methyl-D-erythritol 2,4-cyclodiphosphate synthase
MeJA Methyl jasmonic acid
MEP 2-C-Methyl-D-erythritol 4-phosphate
MFA Metabolic flux analysis
MIAs Monoterpenoid indole alkaloids
MVA Mevalonic acid
MVD Mevalonate 5-diphosphate decarboxylase
MVK Mevalonate kinase
NMR Nuclear magnetic resonance
NMT N-methyltransferase
ORCAs Octadecanoid-responsive Catharanthus AP2/ERF domain
PDA Photo diode array
PEP Phosphoenolpyruvate
PMK 5-Phosphomevalonate kinase
PRX1 Peroxidase 1
SA Salicylic acid
SGD Strictosidine b-D-glucosidase
SLS Secologanin synthase
STR Strictosidine synthase
T16H Tabersonine 16-hydroxylase
T6,7E Tabersonine 6,7-epoxidase
TDC Tryptophan decarboxylase
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TIAs Terpenoid indole alkaloids
TSP-MS Thermospray mass spectrometry
ZCT Zinc finger Catharanthus transcription factor
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1 Introduction

The terpenoid indole alkaloids (TIAs) are a class of over 3,000 natural products
containing residues of trytophan or tryptamine (indole part) and terpenoid building
blocks derived from secologanin. Some TIAs are proposed to protect plants from
pests and pathogens [1]. In addition to the original benefit brought to the plants,
these complex natural products and their derivatives are also used as anticancer,
antimalarial, and antiarrhythmic agents. The better known and studied plants
producing TIAs are Catharanthus roseus, Tabernaemontana divaricata, and
Rauvolfia serpentina [2, 3].

The Catharanthus alkaloids comprise a large group of about 130 TIAs. Some
major products found in C. roseus are anhydrovinblastine, vindoline, catharan-
thine, ajmalicine, and serpentine [4]. Some bisindole alkaloids can disrupt
microtubule formation, causing dissolution of mitotic spindles and metaphase
arrest in dividing cells, which make them ideal antineoplastic agents. The phar-
maceutical C. roseus alkaloids are listed in Table 1.

Vinblastine, vincristine, and the many derivatives of vinblastine have been
developed as leading pharmaceuticals [6]. The isolation of vinblastine and vin-
cristine from C. roseus is costly because of the low levels in planta and the diverse
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alkaloids present. Approximately 500 kg of dried C. roseus leaves are required to
isolate only 1 g of vinblastine [7]. This motivated a search for alternate approa-
ches, such as chemical synthesis or production in micro-organisms. However,
because of the complex compound structures and complicated biosynthesis path-
way, these alternatives were not successful. Currently vinblastine, vincristine, and
other valuable alkaloids are produced commercially by extraction of the whole
plant. To produce these useful anticancer drugs more efficiently, scientists applied
plant tissue culture technology [8]. However, the low yield of vinblastine and
vincristine by de novo synthesis using callus or suspension cultured cells of C.
roseus is not promising. A novel process to produce vinblastine developed by
Allelix Inc. in Canada is the production of catharanthine by plant cell fermentation
and a simple chemical or an enzymatic coupling with commercially available
vindoline [9, 10]. This technology was transferred from the Canadian company to
Mitsui Petrochemical Industries, Ltd. in Japan for further development, but has not
been commercialized to date. In 1990, the yield of catharanthine through fer-
mentation had increased to 230 mg/L per week with high-cell density [11]. Using
the partially purified enzymes from the cultured cell of C. roseus, anhydrovin-
blastine was formed with a conversion yield of about 50 % [9]. In the absence of
enzymes, the product of the chemical coupling catalyzed by ferric ions was not
only anhydrovinblastine, but also vinblastine. The yields of both alkaloids were
52.8 and 12.3 %, respectively. Further development of the chemical catalysis
increased the yield of vinblastine from anhydrovinblastine up to 50 % [12].

Several tissue culture strategies, such as cell suspension, embryo, immobilized
cell, callus, and shoot cultures are available. One of the most promising tissue
culture types is the hairy root culture, resulting from the transfer of T-DNA from
the pathogenic soil bacterium, Agrobacterium rhizogenes, into the plant genome
[13, 14]. The advantages of hairy root compared with whole plant cultures are
rapid growth, ease of precursor feeding, inherent genetic stability, and amenability
to genetic transformation. Hairy roots grow rapidly in hormone-free liquid media,
with doubling times comparable with suspension cells and greater than other tissue
cultures [13, 14]. In addition, hairy roots have been cultivated in large-scale

Table 1 Pharmaceutical C. roseus alkaloids

Name Trade name Treatment

Ajmalicine Hydroserpan�,
Lamuran�

Hypertension, circulatory disorders

Vinblastine Vincaleukoblastine,
Velbe�

Hodgkin’s disease, non-Hodgkin lymphomas,
testiscarcinomas, breast cancer, and chorio-
carcinomas

Vincristine Leurocristine,
Oncovin�

Acute leukemia, Hodgkin’s disease, non-Hodgkin
lymphomas, rhabdomyosarcomas, Wilm’s tumors
in children, and breast cancer

Anhydrovinblastine Antineoplastic agent for cervical and lung cancer [5]
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bioreactors [15] and compared with suspension cells, hairy roots have inherent
genetic stability [14]. However, the major drawbacks of the C. roseus hairy root
system are the low yields of valuable compounds and the absence of vindoline, a
precursor of vinblastine and vincristine.

2 Terpenoid Indole Alkaloid Metabolism

2.1 Overview of TIAs Biosynthesis Pathway

Terpenoid indole alkaloid biosynthesis in C. roseus is a complex process with
more than 50 biosynthetic events comprising the involved genes, enzymes, reg-
ulators, and intra-/intercellular transporters. The broad class of TIAs in C. roseus is
derived from strictosidine, produced by the coupling of an indole, tryptamine, and
a monoterpenoid, secologanin. The tryptamine derives from the shikimate path-
way, whereas secologanin is formed from isopentenyl diphosphate (IPP) through
the iridoid pathway with a number of steps, some of which are still unknown. IPP
itself derives from either the cytosolic mevalonic acid (MVA) pathway or the
plastidial 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. Figure 1 shows an
overview of the metabolic pathways of the precursors for TIA biosynthesis.

Fig. 1 An overview of the pathways leading to TIA biosynthesis
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2.2 Two Metabolic Pathways for IPP Biosynthesis

The MVA pathway was originally considered the sole route leading to IPP;
however, the discovery and study of the MEP pathway showed not only its
involvement but greater contribution to IPP biosynthesis [16]. The MVA pathway
only serves as a minor source of precursors for iridoid biosynthesis, but it con-
tributes through protein prenylation to the regulation of MEP pathway gene
expression [17].

The MEP pathway comprises seven steps, of which six have been characterized
in C. roseus. Despite the impressive progress in the elucidation of the MEP
pathway in bacteria and plants (Fig. 2), it is also important to analyze the con-
tribution of the seven enzymes to controlling the flux of intermediates through the
pathway. To date, 1-deoxy-D-xylulose 5-phosphate synthase (DXS) is the only
enzyme of the MEP pathway shown to have a regulatory role for IPP biosynthesis
in all the systems analyzed, including Arabidopsis, tomato, and E. coli [18]. The
role of 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) cannot be gen-
eralized for all the systems studied. In C. roseus cell cultures, DXS, DXR, and 2-C-
methyl-D-erythritol 2,4-cyclodiphosphate synthase (MECS) transcript levels had a
strong positive correlation with TIA biosynthesis [19, 20]. Other enzymes of the
MEP pathway likely also contribute to the regulation of the supply of interme-
diates for IPP biosynthesis, but this remains to be established.

All the corresponding cDNA expressing enzymes in the MVA pathway in C.
roseus have been isolated and characterized (Fig. 3), except for 3-hydroxy-3-
methylglutaryl CoA synthase (HMGS), which was partially purified in 2004 [4]. 3-
hydroxy-3-methylglutaryl CoA reductase (HMGR) is one of the most highly
regulated enzymes in animals and plants [21]. The activity of HMGR may be
influenced, for example, by post-translational regulation by a protein kinase cas-
cade that phosphorylates and thereby inactivates the enzyme. Allosteric modula-
tion, proteolytic degradation, and the rate of turnover of the corresponding mRNA
transcripts may all influence HMGR activity [22].

2.3 Iridoid Pathway

Secologanin is formed from IPP through a number of steps (Fig. 4), some of which
remain unknown in C. roseus. The enzyme of interest in this pathway is Geraniol
10-hydroxylase (G10H). G10H is a cytochrome P450 monooxygenase thought to
play a key regulatory role in TIA biosynthesis [23]. Cytochrome P450 reductase
(CPR) transfers electrons from NADPH to G10H. CPR requires the co-factors
FMN, FAD, and NADPH. G10H, together with CPR and crude C. roseus lipids,
can hydroxylate geraniol at its C-10 position [24]. The first evidence that G10H
could be a limiting step in the iridoid pathway was the reversible inhibition of
G10H activity by catharanthine [25]. Later, G10H activity was found to be
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Fig. 2 The 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway. DXS: 1-deoxyD-xylulose 5-
phosphate synthase; DXR: 1-deoxyD-xylulose 5-phosphate reductoisomerase; CMS: 4-diphosph-
ocytidyl-2-C-methyl-D-erythritol synthase; CMK: 4-diphosphocytidyl-2-C-methyl-D-erythritol
kinase; MECS: 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; HDS: 1-hydroxy-2-
methyl-2-butenyl 4-diphosphate synthase; HDR: 1-hydroxy-2-methyl-2-butenyl 4-diphosphate
reductase; IDI: isopentenyl diphosphate isomerase
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positively correlated to TIA accumulation [23]. Loganic acid methyl transferase
(LAMT) and secologanin synthase (SLS), which are downstream of G10H, are
also proposed as limiting for the synthesis of secologanin [26, 27].

2.4 Indole Pathway

Tryptophan in the indole pathway (Fig. 1) is derived from the shikimate pathway.
The shikimate pathway begins with two intermediates of carbohydrate metabo-
lism, phosphoenolpyruvate (PEP) from glycolysis and erythrose 4-phosphate

Fig. 3 The mevalonic acid (MVA) pathway. AACT: acetyl-CoA C-acetyltransferase; HMGS: 3-
hydroxy-3-methylglutaryl CoA synthase; HMGR: 3-hydroxy-3-methylglutaryl CoA reductase;
MVK: mevalonate kinase; PMK: 5-phosphomevalonate kinase; MVD: mevalonate 5-diphosphate
decarboxylase
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Fig. 4 The iridoid pathway. IDI: isopentenyl diphosphate isomerase; GPPS: geranyl diphos-
phate synthase; GES: geraniol synthase; G10H: geraniol 10-hydroxylase (Cytochrome P450-
dependent monooxygenase); CPR: Cytochrome P450 reduactase; ADH: acyclic monoterpene
primary alcohol dehydrogenase (10-hydroxygeraniol oxidoreductase); MC: monoterpene cyclase;
DL7H: 7-deoxyloganin 7-hydroxylase; LAMT: loganic acid methyl transferase; SLS: secologanin
synthase. Dashed arrows indicate uncharacterized steps
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(E4P) from the pentose phosphate pathway. Tryptophan is converted into trypt-
amine by tryptophan decarboxylase (TDC). Two highly regulated enzymes in the
production of tryptamine are anthranilate synthase (AS), which converts choris-
mate to anthranilate, and TDC, the last enzyme in this pathway. The AS enzyme is
a tetramer composed of two a subunits (ASa) and two b subunits (ASb), and is
feedback-inhibited by tryptophan and tryptamine [28]. The a subunit catalyzes the
aromatization of chorismate and binds tryptophan as a feedback inhibitor, and the
b subunit donates an amino group from glutamine. TDC is located on the interface
between primary and secondary metabolism, and is also feedback inhibited by
tryptamine [29].

2.5 Terpenoid Indole Alkaloid Biosynthesis

An overview of the downstream TIA pathway is shown in Fig. 5. Strictosidine is
the central intermediate in TIA biosynthesis and is formed by the condensation of
secologanin and tryptamine by strictosidine synthase (STR). It is the first com-
mitted step in the biosynthesis of TIAs. The expression of the STR gene is down-
regulated by auxin [30] and up-regulated by fungal elicitation and methyl jasmonic
acid (MeJA) [31]. Further studies revealed that hormones and elicitors regulate
several transcription factors, which repress or activate the STR gene and other
genes in the TIA pathway. The transcriptional regulation of the TIA pathway is
described in the next section.

Strictosidine b-D-glucosidase (SGD) catalyzes strictosidine and after several
spontaneous steps forms 4,21-dehydrogeissoschizine, the precursor for all mono-
terpenoid indole alkaloids (MIAs; Fig. 6). In one branch, 4,21-dehydrogeisso-
schizine is converted to form the terminal metabolites serpentine and
tetrahydroalstonine. Other branches lead to the important metabolites catharan-
thine and tabersonine. Eight tabersonine-like MIAs, including lochnericine, all
derive from tabersonine and compose a complex pathway where the terminal
metabolites are 19-acetylhörhammericine and echitovenine (Fig. 7). The most
important pathway starting from tabersonine ends at vindoline after six successive
reactions. The MIAs vindoline and catharanthine are condensed to produce the
bisindole alkaloids, including vincristine and vinblastine (Fig. 8).

2.6 Regulation of the TIA Pathway

The TIA pathways involve at least 35 intermediates, 30 biosynthetic enzymes,
eight regulatory genes, and several cellular compartments [4, 32, 33]. Perhaps not
surprisingly, the genetic manipulation of the TIA pathway in C. roseus is rarely
successful in increasing the final levels of TIA metabolites. Because the TIA
pathway is highly regulated, a complete understanding of the regulatory
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mechanisms of the TIA pathway may be a requirement for successful metabolic
engineering. Despite the complicated regulation, recent research has shed light on
this area.

Extensive research has studied the influence of signaling molecules on TIA
biosynthesis. Although the elucidation of the entire regulatory mechanism is not
complete, those signaling molecules, such as jasmonate (JA), ethylene, nitrous
oxide (NO), and salicylic acid, not only demonstrate involvement in TIA bio-
synthesis, but also mediate TIA production by either synergistic or antagonistic
effects [34].

The most direct regulation of the TIA pathway happens at the transcriptional
level. Transcription factors, binding to a specific element and regulating the
expression of genes, are a major mechanism controlling the biosynthetic genes of
the TIA pathway. Transcription factors are usually regulated by signaling mole-
cules or other elements. During the past few years, much effort was made to
identify the transcription factors regulating the TIA pathway and to elucidate
which genes are regulated by specific transcription factors.

Fig. 5 An overview of the TIA biosynthesis pathway. PEP: phosphoenolpyruvate; E4P:
erythrose 4-phosphate; IPP: isopentenyl diphosphate. Solid arrows indicate single reactions;
hollow arrows indicate multiple steps

Perspectives of the Metabolic Engineering of Terpenoid Indole Alkaloids 33



The most well-known transcription factors are the octadecanoid-responsive
Catharanthus AP2/ERF domain (ORCAs), including ORCA1, ORCA2, and
ORCA3, which are members of the AP2/ERF transcription factor family. ORCA3,

Fig. 6 The main branches of the downstream TIA biosynthesis pathway. STR: strictosidine
synthase; SGD: strictosidine b-D-glucosidase. Dashed arrows indicate uncharacterized steps
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for which expression is inducible with JA and fungal elicitation, is the most widely
studied. The overexpression of ORCA3 in C. roseus hairy roots enhanced the
transcript levels of several biosynthetic genes (AS, TDC, DXS, CPR, G10H, SLS,
STR, SGD, and D4H) involved in the TIA pathway and consequently increased the
accumulation of some TIAs [35]. Previously, overexpression of ORCA3 in C.
roseus suspension cells also enhanced the expression of AS, TDC, DXS, CPR, STR,
and D4H genes[36].

Yeast one-hybrid screening with a Str promoter indicated that ORCA2 activates
the Str promoter and its expression is rapidly inducible with JA and fungal elic-
itation; in contrast, ORCA1 is expressed constitutively and is not involved in JA-
and fungal elicitor-induced Str gene expression [31]. Recently, the overexpression
of ORCA2 in C. roseus hairy roots enhanced the transcript levels of AS, TDC,
G10H, STR, D4H, T16H, and PRX1 genes [37]. In addition to the three ORCAs,
another transcription factor, the C. roseus box P-binding factor (CrBPF-1) can also
bind the Str promoter but at a different position. Research suggests that CrBPF-1
may enhance the expression of the Str gene when the ORCAs are already bound to
the promoter [38]. CrMYC1 [39] and CrMYC2 [40] are basic helix–loop–helix
transcription factors. Both of these two transcription factors are induced by JA and

Fig. 7 The biosynthesis of tabersonine-like compounds. 6,7E: 6,7-epoxidase; 19H: 19-hydrox-
ylase; MAT: minovincinine 19-hydroxy-O-acetyltransferase. Dashed arrows indicate uncharac-
terized steps
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Fig. 8 The biosynthesis of vinblastine and vincristine. T16H: tabersonine 16-hydroxylase;
16OMT: 16-hydroxytabersonine-O-methyltransferase; NMT: N-methyltransferase; D4H: desacet-
oxyvindoline 4-hydroxylase; DAT: deacetylvindoline 4-O-acetyltransferase; PRX1: peroxidase 1.
Dashed arrows indicate uncharacterized steps
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fungal elicitation. The mRNA levels of CrMYC1 and Str genes were enhanced
after induction by JA and fungal elicitation, which suggests that CrMYC1 acti-
vates the expression of the Str gene [39]. CrMYC2 is postulated to act upstream of
ORCA2 and ORCA3, activating their transcription [40].

ORCA2, ORCA3, CrBPF-1, CrMYC1, and CrMYC2 act as transcriptional
activators for some TIA biosynthetic genes as well as for several transcription
repressors for TIA biosynthesis. Three members of the Cys2/His2-type (tran-
scription factor IIIA-type) zinc finger protein family from C. roseus, ZCT1, ZCT2,
and ZCT3, are activated by ORCA2 and ORCA3, and repress the activity of the
promoters of TDC and STR. In addition, the ZCT proteins can repress the acti-
vating activity of the AP2/ERF domain of the ORCAs [41]. In addition to the ZCT
proteins, G-box binding factors 1 and 2 (GBF-1 and GBF-2) also act as repressors
of STR gene expression [42].

CrWRKY1 and CrWRKY2 are jasmonate responsive WRKY transcription
factors that activate several genes involved in TIA biosynthesis [43, 44]. Over-
expression of CrWRKY1 in C. roseus hairy roots up-regulated TDC, as well as the
transcriptional repressors ZCT1, ZCT2, and ZCT3, and down-regulated the tran-
scriptional activators ORCA2, ORCA3, and CrMYC2 [43]. In contrast, overex-
pression of CrWRKY2 in C. roseus hairy roots led to an increase in mRNA
transcripts of TDC, NMT, DAT, MAT, as well as both specific TIA transcriptional
activators (ORCA2, ORCA3, and CrWRKY1) and repressors (ZCT1 and ZCT3) .

The complex interactions of the regulation of TIA biosynthesis is summarized
as Fig. 9. Although the isolation of transcription factors regulating the TIA bio-
synthesis pathway is progressing, further characterization of the regulatory path-
ways is needed.

3 Metabolic Engineering of TIA Biosynthesis in C. roseus Hairy
Roots

The metabolic engineering of medicinal plants focuses primarily on increasing the
biosynthesis of pharmaceutical metabolites. As more enzymes in the TIA pathway
and their corresponding genes have been identified and characterized, as well as
the deepening understanding of the whole pathway, it becomes feasible for the
metabolic engineering of the TIA pathway to increase the production of valuable
pharmaceutical metabolites [45]. Inasmuch as creating transgenic plants of
Catharanthus is currently not feasible, tissue and cell culture is the only viable
option for an engineered system. The previous metabolic engineering studies of
the TIA pathway in C. roseus hairy roots are listed in Table 2.
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3.1 Metabolic Engineering

AS, the regulatory step of the tryptophan biosynthesis pathway, is under the
feedback control of both tryptophan and tryptamine [28]. To test how enhanced
tryptophan availability affects the accumulation of indole alkaloids, an Arabid-
opsis feedback-resistant AS a subunit with a glucocorticoid-inducible promoter
was overexpressed in C. roseus hairy roots. Enzyme assays demonstrated that the
heterogeneous a subunit is compatible with the native b subunit and that AS
activity is more resistant to tryptophan inhibition in induced than in uninduced
cultures. After a 6-day induction, tryptophan and tryptamine yields increased from
undetectable levels to 2,500 lg/g dry weight and from 25 to 267 lg/g dry weight,
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Fig. 9 Regulation map of the TIA biosynthesis pathway. MeJA: methyl jasmonic acid; SA:
salicylic acid; JA: jasmonic acid; ET: ethylene; GA: gibberellic acid. The nodes with empty
background are signaling molecules; the nodes with red background are transcriptional factors;
the nodes with grey background are genes in the TIA biosynthesis pathway; dashed lines
represent interactions that may be direct or indirect; solid lines indicate potentially direct
interactions. Green lines with arrows represent transactivation and red lines with bars represent
transrepression. Note CrWRKY2 overexpressed line has great positive effect on ZCT1, ZCT3 but
only slight positive effect on ZCT2; however, in order to make this figure clear, ZCT1, ZCT2, and
ZCT3 are lumped
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respectively. Although the yield levels of tryptophan and tryptamine increased
dramatically, the accumulation levels of most TIAs were not changed, except for
lochnericine, which increased 81 % after a 3-day induction [46]. The results
indicated that TIA levels are tightly controlled and there are other possible rate-
limiting steps in the TIA biosynthesis pathway. Overexpression of TDC with a
glucocorticoid-inducible promoter in C. roseus hairy roots showed a 48 % increase
of TDC activity, a 129 % increase of serpentine yield, and no significant increase
in tryptamine levels [48]. In the same study, co-expression of TDC and Arabid-
opsis feedback-resistant ASa resulted in an 87 % increase of TDC activity, sixfold
increase of tryptamine for a 3-day late exponential induction, and no effects on
TIAs measured. The results suggested that the flux to tryptamine in C. roseus hairy
roots can be increased, but further manipulation of other biosynthetic steps will be
needed to increase the yield of TIAs. To further engineer the indole pathway, an
Arabidopsis ASb subunit (ASB1) cDNA was constitutively overexpressed together
with the glucocorticoid-inducible overexpression of feedback-resistant ASa and
TDC in C. roseus hairy roots. Transgenic hairy roots overexpressing the Arabid-
opsis feedback-resistant AS holoenzyme showed significantly greater resistance to

Table 2 Summary of the generation and metabolic characterization of transgenic C. roseus hairy
roots lines

Description of Transgenes Major Observations

Feedback-insensitive Arabidopsis ASa [46] Tryptophan :::::, tryptamine::,
lochnericine:

Feedback-insensitive Arabidopsis ASa ? C.
roseus Asb [47]

Tryptophan :::::, tryptamine:::

C. roseus TDC [48] Serpentine:
Feedback-insensitive Arabidopsis ASa ? C.

roseus TDC [48]
Tryptamine::

Feedback-insensitive Arabidopsis ASa ? C.
roseus TDC, C. roseus ASb [47]

Tryptophan :::::, tryptamine:::

Arabidopsis DXS [49] Serpentine:, ajmalicine:, lochnericine;,
hörhammericine;, tabersonine;

Arabidopsis DXS ? C. roseus G10H [50] Ajmalicine:, lochnericine:, tabersonine:
Arabidopsis DXS ? feedback-insensitive

Arabidopsis ASa [50]
Lochnericine:, hörhammericine:,

tabersonine:
C. roseus T16H [49] Strictosidine;, catharanthine;,

lochnericine:, hörhammericine;,
tabersonine;

C. roseus DAT [51] Hörhammericine:
C. roseus ORCA3 [35] Lochnericine;, hörhammericine;,

tabersonine;
C. roseus ORCA2 [37] Strictosidine;, secologanin;,

serpentine:, tabersonine;;
C. roseus WRKY1 [43] Serpentine::, catharanthine;,

tabersonine;
C. roseus WRKY2 [44] Serpentine:, tabersonine::,

vindoline:::
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feedback inhibition of AS activity than expressing ASa alone, and the AS holo-
enzyme transgenetic line produced 1.8 times more tryptophan after a 3-day
induction. In addition, compared to a fourfold increase of tryptamine levels in the
induced ASa line, tryptamine levels in the induced ASa:ASb line increased up to
ninefold. When TDC was expressed together with ASa and ASb, the induced
ASa:ASb:TDC line produced up to 14-fold higher tryptamine levels than the
uninduced lines. Compared with the dramatic increase of tryptophan and trypt-
amine, the change in alkaloid levels in the induced lines depended on the duration
and dosage of induction [47].

Engineering increased flux towards the iridoid pathway, the overexpression of
Arabidopsis DXS under the control of a glucocorticoid-inducible promoter in hairy
root cultures of C. roseus led to an increase of loganin, serpentine, and ajmalicine
levels and a decrease in tabersonine, lochnericine, and hörhammericine levels [52].
To increase the flux towards downstream metabolites of the TIA pathway, DXS,
G10H, and ASa were overexpressed in C. roseus hairy roots alone or in combi-
nation. The study showed that overexpression of DXS led to an increase in aj-
malicine by 67 %, serpentine by 26 %, and lochnericine by 49 % and a decrease in
tabersonine by 66 % and hörhammericine by 54 %. Co-overexpression of DXS
and G10H resulted in an increase of ajmalicine, lochnericine, and tabersonine by
16, 31, and 13 %, respectively. Similarly, co-overexpression of DXS and ASa
showed a significant increase in hörhammericine, lochnericine, and tabersonine by
30, 27, and 34 %, respectively. These results suggested that multiple enzymes may
need to be co-overexpressed to increase the accumulation of the downstream
metabolites of the TIA pathway [50].

In the C. roseus hairy roots system, the pathway from tabersonine to vindoline
is blocked. Overexpression of enzymes in the vindoline biosynthesis pathway
could be a method to increase the accumulation of valuable metabolites, such as
vindoline or even vincristine and vinblastine. Overexpression of tabersonine 16-
hydroxylase (T16H), the first enzyme in the vindoline biosynthesis pathway
starting from tabersonine, in C. roseus hairy roots under the control of a gluco-
corticoid-inducible promoter was studied. After induction, the level of lochneri-
cine increased, and the levels of strictosidine, catharanthine, hörhammericine, and
tabersonine decreased [52]. The last enzyme involved in the vindoline biosynthesis
pathway is deacetylvindoline-4-O-acetyltransferase (DAT), which converts de-
acetylvindoline into vindoline. Overexpression of DAT alone with the strong
cauliflower mosaic virus (CaMV) 35S promoter in C. roseus hairy roots did not
lead to the accumulation of vindoline. Interestingly, around fourfold higher levels
of hörhammericine were observed in the DAT overexpressing line compared with
the control line. Enzyme assays showed that the DAT protein could inhibit the
enzyme activity of minovincinine-19-O-acetyltransferase (MAT), which caused
the accumulation of hörhammericine [51].

Transcriptional regulators usually control the expression of multiple genes in a
metabolic pathway. It is a reasonable idea metabolically to engineer these tran-
scriptional regulators to enhance the yield of targeted metabolites. In the TIA
pathway, several transcriptional regulators have been identified. Among these
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transcription factors are some that are activators of several TIA biosynthetic genes,
such as ORCA2 [53], ORCA3 [36], CrBPF1 [38], CrMYC1 [39], CrMYC2 [40],
CrWRKY1 [43], and CrWRKY2 [44], and some that act as repressors, such as the
three zinc finger proteins [41], GBF-1, and GBF-2 [42]. The interaction among all
the transcription factors is complex, and all of them can be induced by either JA or
fungal elicitation. Although many transcriptional regulators have been identified,
metabolic engineering with these regulators is still limited. So far, only ORCA2,
ORCA3, CrWRKY1, and CrWRKY2 have been overexpressed separately in C.
roseus hairy roots to study their effect on the regulators, genes, and metabolites in
the TIA metabolic pathway [35, 37, 43, 44].

JA treatment and the overexpression of ORCA3 in C. roseus hairy roots under a
glucocorticoid-inducible promoter were investigated for their effect on TIA
metabolite levels and gene expression [35]. The ORCA3 transcripts increased 170-
fold after glucocorticoid-induced overexpression and JA elicitation, whereas
ORCA3 overexpression without JA elicitation increased ORCA3 transcripts 89-
fold, and JA elicitation alone caused a 5-fold increase. Elicitation with JA caused
the greatest increase of TIA pathway gene transcripts, including ASa, TDC, DXS,
G10H, SLS, STR, and SGD, and also caused the greatest increase in tabersonine,
lochnericine, hörhammericine, catharanthine, and serpentine concentration. In
contrast, induction of ORCA3 overexpression or overexpression plus JA elicitation
caused a decrease in tabersonine, lochnericine, and hörhammericine, and did not
show a significant effect on transcript levels of TIA pathway genes. The large
increase of ORCA3 transcripts did not lead to a significant increase of TIA
pathway gene transcripts or TIA metabolites. The observation that the expression
of transcriptional repressors ZCT1 and ZCT2 increased along with the increase of
the ORCA3 transcripts could possibly explain this.

In addition to ORCA3, the effect of another transcriptional activator, ORCA2,
on the TIA pathway has also been studied. ORCA2 was overexpressed under an
ethanol-inducible promoter in C. roseus hairy roots, and the expression levels of
key genes involved in the TIA pathway, as well as the important metabolites, were
examined [37]. Compared with the uninduced ORCA2 line, the induced ORCA2
line produced more serpentine, 16-hydroxytabersonine, and 19-hydroxytaberso-
nine and less secologanin, strictosidine, tabersonine, and hörhammericine. Based
on the time course analysis of TIA regulatory gene expression, the expression
levels of the activator ORCA3 and the repressors ZCT1, ZCT2, and ZCT3 all
increased. Although overexpression of the ORCA2 gene could increase the
expression of key TIA biosynthetic genes (the side-effect of increasing expression
levels of transcriptional repressors produced TIA metabolites), level changes there
were transient and limited in magnitude.

A number of independent hairy root lines expressing CrWRKY1 under the
control of the constitutive CaMV 35S promoter were generated by Suttipanta et al.
[43]. The expression levels of the CrWRKY1 and the TDC genes increased dra-
matically, 22-fold higher and 7- to 9-fold, respectively, in the CrWRKY1-over-
expressing lines compared with the empty vector control lines. Although to a
lesser extent than TDC, the expression of AS, DXS, SLS, and SGD also increased
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by an average of 1.2-, 0.7-, 2.3-, and 2.4-fold, respectively, compared with the
control. For the transcription factors, the expression of ORCA2, ORCA3, and
CrMYC2 were suppressed by an average of 90, 80, and 60 %, respectively, and the
expression of ZCT1, ZCT2, and ZCT3 increased by an average of 1.4-, 0.3-, and
3.2-fold. To further clarify the role of CrWRKY1 in the regulation of TDC, gene-
silencing technology was applied and opposite expression patterns were observed
for each gene compared with the CrMRKY1 overexpression lines. In the metabolic
profiling experiments, the significant increase of serpentine and the reduced pro-
duction of catharanthine and tabersonine in CrWRKY1 hairy roots indicated that
overexpression of CrWRKY1 appears preferentially to activate the serpentine
pathway at the expense of the catharanthine and tabersonine pathways.

Suttipanta also did a similar analysis for CrWRKY2-overexpressed hairy root
lines as the CrWRKY1 lines [44]. A comparision of the qRT-PCR results of the
CrWRKY2 lines under the control of the constitutive CaMV 35S promoter with the
empty vector control lines revealed that the mRNA transcripts of TDC, STR, SGD,
D4H, T16H, NMT, DAT, and MAT increased. For the transcription factors, ORCA2
expression and ORCA3 expression were significantly enhanced by 4.6- to 16.2-
fold and 14.0- to 17.30-fold, respectively. CrWRKY1 (2.5- to 7.4-fold) was
moderately up-regulated, and the transcriptional repressors, ZCT1 (4.75- to 7.92-
fold), ZCT2 (0.87- to 0.92-fold), ZCT3 (2.47- to 5.15-fold), GBF1 (0.67- to 0.96-
fold), and GBF2 (0.74- to 0.82-fold), were also increased to different extents. In
the metabolic profiling analysis, the increased accumulation of serpentine (1.6-
fold) and tabersonine (5.1- to 6.0-fold) was observed in the transgenic hairy root
lines compared with the empty vector control hairy root lines.

All previous research showed that overexpressing the transcriptional activators
increased the accumulation of some TIA metabolite levels, while also increasing
the transcriptional activators and repressors in the TIA biosynthesis pathway. This
indicates that the interaction network of transcription factors is complex. In order
to further increase TIA accumulation, the down-regulation of one or more tran-
scriptional repressors in combination with the up-regulation of transcriptional
activators may be a promising direction for achieving a sustained increase of TIA
gene expression and metabolite levels.

3.2 Metabolic Profiling

Metabolic profiling, the quantification of small biomolecules or metabolic fluxes,
provides a direct view of the physiological status of the cell at a certain time point
and under specific circumstances [54]. Metabolic profiling is important for
understanding cellular regulation, identification of bottlenecks in biosynthetic
pathways, and even gaining more knowledge of biological processes.

C. roseus is a well-studied medicinal plant and the two well-known anticancer
pharmaceuticals, vincristine and vinblastine, are just 2 of 130 alkaloids produced.
However, only a small number (*11) of the alkaloids are frequently analyzed and
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even fewer (*8) are available commercially. In the last decade, the improvement
in analytical equipment and protocols provides the ability to detect, separate,
identify, and quantify intermediates and end metabolites. The development of
large spectral analytical techniques allows the identification of more C. roseus
secondary metabolites. On the other hand, with the recent perspectives of meta-
bolic engineering to enhance the yield of secondary metabolites [48, 55, 56], it is
crucial to be able to identify and quantify the fluxes controlling the secondary
metabolic pathways. Therefore, the quantification of the TIAs and of the indole
and iridoid precursors enables the process of TIA metabolic engineering.

High-performance liquid chromatography (HPLC) coupled with different
detectors, such as the photo diode array (PDA), fluorescence detector, electrospray
ionization tandem mass spectrometer (ESI–MS-MS), nuclear magnetic resonance
(NMR), and circular dichroism (CD) [57], is efficient for precise identification and/
or quantification of alkaloids. Because of the aromatic rings in TIA structures, UV
absorbance is effective in TIA detection. The presence of conjugated p-electrons,
especially in the aromatic rings, provides intense fluorescent activity, allowing for
the possibility of fluorescence detection. Alkaloids are also easily ionized by
electrospray in positive mode, therefore ESI (+) MS or MS/MS detection is rec-
ommended. Among all the detectors, UV and fluorescence are efficient and
common for the quantification of TIAs, whereas the other detectors, such as MS or
NMR, are usually used for identifying or more precisely quantifying TIA
metabolites.

For UV absorbance detection, 218 nm is the optimal wavelength for maxi-
mizing the absorbance level for most of the alkaloids if only a single wavelength is
available. However, a higher precision of detection is possible by using 254 nm to
quantify strictosidine, ajmalicine, serpentine, catharanthine, and vindoline and
329 nm to quantify tabersonine-like compounds, with signal-to-noise ratios of 4
and 60 times higher than at 218 nm, respectively. In addition to UV detection,
fluorescence detection is applied because it is more sensitive, having a lower limit
of detection at the micromolar level. The optimal excitation and emission wave-
lengths in fluorescence detection [58] and the absorption UV wavelengths in UV
detection [52] for several C. roseus TIAs and precursors are listed in Table 3.
Recent developments in the separation column, PDA detectors, as well as fluo-
rescence detectors have contributed to decreasing the limits of detection signifi-
cantly. However, the common bottleneck of these two detectors for metabolite
quantification is the presence of other compounds at the peaks of interest (co-
elution) [59].

The major limitation in developing effective separation and identification
methods relies on the lack of standards for most of the C. roseus secondary
metabolites. In order to solve this problem, a semi-preparative (semi-prep) scale
HPLC method was developed to purify standards of interest. An example of an
analytical method scaled up to obtain tabersonine, lochnericine, and hörhammer-
icine standards from C. roseus hairy root tissue is given by Sander [52]. To collect
the fractions, the same HPLC system as the analytical method was used with the
addition of a fraction collector. Data extracted at 329 nm were used to identify
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tabersonine, hörhammericine, and lochnericine using retention time standards [60,
61]. The UV chromatograms of the analytical and semi-preparative scale HPLC
methods at 329 nm are shown in Fig. 10. The time scales of the analytical chro-
matogram and the semi-prep chromatogram are different due to the difference in
column diameter and flow rate.

Another similar semi-prep method, developed from the Tikhomiroff and Jo-
licoeur [62] analytical method, separated serpentine, catharanthine, lochnericine,
tabersonine, and several unknown compounds. The fractions achieved from a
semi-prep method may not be pure because it is possible that several compounds
co-elute [63]. The fractions can be separated again under further modified HPLC
conditions. The collected fractions could then be further analyzed through MS–MS
or 1H-NMR detection.

Widely utilized UV and fluorescence detection applications focus on identi-
fying and quantifying compounds with standards. MS and NMR techniques
identify uncharacterized compounds and quantify more precisely. Utilization of
MS detection is well established for the C. roseus hairy root extracts where all
kinds of MS instruments, such as TSP-MS (Thermospray Mass Spectrometry),
ESI–MS (Electrospray Ionization Mass Spectrometry), or MALDI-TOF (Matrix-
assisted Laser Desorption with Time-of-Flight detector), enhance the identification
and quantification of low concentration compounds and of nonpure peaks with a
higher precision than UV and fluorescence spectra. In addition, tandem mass or
1H-NMR spectrometry identifies fragment patterns for metabolites at the same
molecular weight. For instance, 13 alkaloids from C. roseus have the same
molecular weight of 352.432 g/mol. The MS/MS fragmentation patterns of some
TIAs are listed in Table 4 [64]. HPLC-NMR has been used for the screening of

Table 3 Fluorescence and UV properties of C. roseus TIAs and precursors

Alkaloid Fluorescence [58]
(Max Ex/Em in nm)

Absorption UV [52] (nm)

Tryptophan 270/370 218, 278
Tryptamine 270/370 218, 278
Geraniol 199
10-Hydroxygeraniol 199
Loganin 223, 241
Secologanin 222, 240
Strictosidine 280/354 222
Ajmalicine 270/370 225, 279
Serpentine 350/450 248, 305, 363
Catharanthine 290/363 225, 281
Tabersonine 224, 298, 323
Lochnericine 225, 298, 327
Hörhammericine 225, 298, 325
Vindoline 307/357 216, 251, 304
Vinblastine 297/364 216, 266
Vincristine 220, 254, 295
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plant extracts [57, 65]. However, this technique has never been used for C. roseus
hairy root extracts.

Metabolic flux analysis (MFA), the quantification of the intracellular fluxes in a
metabolic network, is an important cornerstone for metabolic engineering and
systems biology. MFA in one organism determines the phenotype [66] or cell
physiology [67]. Comparison of fluxes between phenotypes is of the utmost

Table 4 MS/MS fragmentation patterns of C. roseus TIAs

Alkaloid MS/MS fragmentation pattern [64]

Precursor ion [M ? H]+ (m/z) Main fragment ion (m/z)

Ajmalicine 353 222; 210; 178; 144; 117
Serpentine 349 317; 289; 263
Catharanthine 337 174; 144
19S-Vindolinine 337 320; 308
Vindolinine 337 320; 308
Vindolidine 427 409; 367; 158; 143
Tabersonine 337 323; 305; 274
Vindoline 457 439; 397; 188
Vinblastine 811 793; 751; 733; 680; 649; 542; 522; 355; 337
Vincristine 825 807; 765; 747; 723; 705; 687

Fig. 10 Chromatograms of analytical and semi-preparative scale HPLC methods at 329 nm
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importance to elucidate metabolic regulation [68] and the impact of genetic
manipulation to the phenotypes [69], as well as the identification of bottlenecks in
product formation, which provides the basis for further metabolic engineering [70].

In MFA of central carbon metabolism, the intracellular fluxes are calculated by
using a stoichiometric model for the major intracellular reactions and applying
mole balances around intracellular metabolites. A set of measured extracellular
fluxes and the growth of the organism are used as inputs to the calculations. In
addition, this method requires the assumption of biological steady-state, or
homeostasis. One of the advantages of this method is that it does not require the
intracellular metabolite concentrations and the enzyme kinetics of the system.
However, as the metabolic pathways in plant cell and tissue cultures are far less
characterized than microbial or mammalian cultures, this method is currently not
feasible for many plant systems. Extension of these MFA models to include
secondary metabolism is problematic, inasmuch as the flux to secondary metab-
olites is frequently less than a few percent of the total carbon flux. Thereby, error
in measurement of secondary metabolites would increase dramatically compared
to the primary metabolites. Consequently, flux is difficult to calculate using the
traditional stoichiometric model. Therefore, the basis of the flux estimations is
made directly from intracellular alkaloid or intermediate concentration measure-
ments and focuses specifically on a single class of secondary metabolites and
pathways.

Morgan et al. [71] and Sander [49] performed this type of MFA on the TIA
pathway in the C. roseus hairy roots. The MFA model was based on the following
equation,

ri ¼
d CiXð Þ

dt

where ri is the flux of a specific alkaloid (mmol alkaloid/h), Ci is the alkaloid
specific yield (mmol/g DW), X is the biomass (g DW), and t is the time (h). The
values for the variables Ci and X are taken directly from alkaloid and biomass
measurements. Metabolic flux maps were derived through a software platform
after the input of the model and experimental parameters [49, 71].

4 Conclusion and Outlook

In this review, we have summarized the TIA pathway, transcriptional regulatory
networks, and the metabolic engineering of the TIA pathway based on the current
progress made in C. roseus. Although extensive efforts have been conducted in the
last few years, more needs to be done in order to further increase TIA production
to a commercialized application.
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4.1 Further Elucidation of the TIA Biosynthesis Pathway

Complete elucidation of the TIA biosynthesis pathway is of significant importance
for the metabolic engineering of this pathway in C. roseus plants or hairy roots.
Alternatively, in the future it may be possible to construct large portions of the TIA
pathway in microbes for the production of valuable TIAs. Although more and
more enzymes and their encoding genes involved in the TIA pathway have been
characterized, many steps are still obscure. The vindoline biosynthesis pathway
starting from tabersonine involves six enzymatic steps, among which five steps
have been characterized; another step converting 16-methoxytabersonine to 16-
methoxyl-2,3-dihydro-3-hydroxyltabersonine remains to be elucidated. If the
missing genes involved in this pathway can be identified, it would be possible to
produce vindoline or even vincristine and vinblastine in C. roseus hairy roots.
Besides the vindoline biosynthesis pathway, the enzymes involved in many other
TIA pathways have not been identified. With the elucidation of these TIA path-
ways, overexpressing the pathway genes and blocking the competitive pathway by
RNAi can be combined to increase the yields of many valuable TIAs.

Identification of the unknown genes involved in the TIA pathway in C. roseus is
not easy compared to other model plants such as Arabidopsis, because the genome
sequence is not available yet and there is no mutant library of C. roseus. However,
recent efforts have been exerted to discover new genes involved in this pathway.
By sequencing the cDNA library generated from the RNA of C. roseus leaf
epidermis cells, the LAMT gene was identified and characterized [72]. Indeed, the
identification of an unknown gene requires the integration of several types of
information, such as the metabolite profiles of C. roseus plants under different
growth conditions or different elicitor treatment, the tissue-specific accumulation
of certain metabolites, and the related gene expression and regulation patterns. The
basic assumption is that the differential accumulation of the TIA metabolites is
caused by the differential expression of pathway genes. So, identifying the dif-
ferentially expressed genes provides a candidate list for the target unknown
pathway genes. Many approaches can be used to identify differentially expressed
genes, such as cDNA microarray and the newest RNA sequencing technology. The
candidate list can be narrowed down by comparing the gene expression in many
different samples (RNA extracted from different tissues, plants under different
treatment). When a handful of candidate genes are identified, their accurate
expression patterns can be analyzed and more detailed bioinformatic analysis can
be performed to choose the most promising candidate for further biochemical
characterization. By combining all these techniques, the unknown step may
eventually be elucidated.

As the cost of genome sequencing decreases, the genome sequence of C. roseus
may be reported in the near future. Then, the identification of unknown genes may
become easier. Eventually, all steps of the TIA pathway may be elucidated.
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4.2 Further Elucidation of Regulatory Mechanisms

Limiting improvements to the TIA pathway in C. roseus is the unclear correspon-
dence of the DNA, RNA, protein, and metabolite levels to the regulatory mecha-
nisms. Phytohormones are involved in many aspects of plant growth and
development, including TIA’s biosynthesis pathway, however, how to regulate the
molecular mechanism of phytohormones in the TIA pathway is unclear. Forward
and reverse genetic strategies should be used to identify important related molecular
components in plant hormone perception, signaling, and transport involved in the
TIA pathway. For example, it was demonstrated that auxin down-regulated the
transcription level of the STR gene in C. roseus cell culture [73]. Research on the
auxin signaling pathway [74, 75] would help to explore the relationship between
plant hormones and TIAs. Calcium signaling is also involved in the regulation of
TIA accumulation [76]. The identification of the calcium signaling components
involved in the TIA pathway would also be important in the regulation. The use of
some new related techniques, such as reverse-genetics approaches, gene-to-
metabolite networks, metabolomics analysis, expressed sequence tags, and tran-
scriptome, proteome, and metabolomic analysis, would deepen our understanding of
the interrelationships between the TIA pathway and regulatory factors [77].

4.3 Further Development of Metabolic Engineering

In this review, the metabolic engineering of the overexpression some of the key
enzymes in the TIA pathway and the two transcriptional activators, ORCA2 and
ORCA3, did not increase the accumulation of TIA metabolites significantly. The
transcript and metabolic profiling experiments drew a conclusion that down-reg-
ulation of transcriptional repressors in combination with up-regulation of tran-
scriptional activators may be a promising direction for achieving higher and more
sustained increases in TIA gene expression and metabolite levels.

In the previous metabolic engineering attempts of the TIA pathway in C. roseus
hairy roots, the maximal number of manipulated genes is three [47]. Multigene
transformation in plants is very difficult due to the technical limitations of existing
methods. In the past several decades, various plasmids suitable for the cloning,
transfer, and expression of foreign genes in plant cells have been developed [78].
The multigene overexpression could be achieved either by constructing a vector
containing multiple genes or transferring multiple single-gene vectors in one host
cell. For example, a constructed vector with 10 foreign DNA fragments was
transferred into the rice genome in 2002 [79], and a mixture of 12 different single-
gene plasmids was transformed into soybean embryogenic suspension cultures
[80]. If we could manipulate multiple important genes in the TIA pathway as well
as the regulatory factors using those techniques in the C. roseus hairy root system,
it is possible to compel the hairy roots to produce vinblastine and vincristine.
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4.4 Further Development of Metabolic Profiling Technology

The full potential of metabolic profiling in plant sciences has not been achieved
yet. Several methodological limitations hamper the development of metabolic
profiling and need to be addressed in the near future. The major obstacle of MS-
based metabolic profiling is that the rate of the analyte identification is currently
low because of the lack of structural information obtainable by any kind of mass
spectrometer. Although NMR is commonly used to identify small organic mole-
cules, due to the low sensitivity the technique requires time and expense to enrich
the natural products for NMR structure analysis. Recently, a new technology, high-
performance liquid chromatography combined with solid-phase extraction and
NMR spectroscopy (HPLC-SPE-NMR), has been applied to rapidly identify sec-
ondary metabolites in some plants. For example, the structures of a total of 15
compounds, some major as well as some minor constituents, of Harpagophytum
procumbens (Devil’s claw) extracts, have been determined by using this technique
[81]. Although there are limits to the sensitivity of the HPLC-SPE-NMR tech-
nique, it still provides a rapid strategy to identify the metabolites in a complex
plant extract. In conclusion, NMR, MS-based technologies coupled with chro-
matographic separation assays present a chance to develop metabolic profiling to
the comprehensive analysis of complex biological systems, such as the TIA
metabolites in C. roseus hairy roots.
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Effective Elicitors and Process Strategies
for Enhancement of Secondary Metabolite
Production in Hairy Root Cultures

Jian Wen Wang and Jian Yong Wu

Abstract This chapter reviews the various biotic and abiotic elicitors applied to
hairy root cultures and their stimulating effects on the accumulation of secondary
metabolites. Elicitors generally refer to the agents that stimulate the defense
responses of plants. As a major response of plants to biotic and abiotic stress, the
accumulation of secondary metabolites in plant tissue cultures can be stimulated
by the elicitors. Among the many elicitors applied to hairy root cultures as well as
plant cell suspension cultures, the most common and effective elicitors are fungal
cell extracts, polysaccharides from fungal and plant cells, and heavy metal salts.
With the crude fungal cell extracts, it is essential to observe the preparation
conditions carefully for achieving reproducible effects. In addition to the chemical
agents, UV-radiation, hyperosmotic stress and temperature shift have been shown
effective for some plant species/metabolites. Elicitor type, dose, and treatment
schedule are major factors determining the effects on the secondary metabolite
production. In addition to the accumulation of products in roots, elicitor treatments
often stimulate the release of intracellular products. Although elicitation is mainly
effective to increase specific product yield on per unit mass of roots, the incor-
poration of nutrient feeding strategies can be applied to enhance the volumetric
product yield. The integration of in situ product recovery from the roots/liquid
medium is another synergistic strategy with the elicitor treatment to improve the
process.
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1 Introduction

The development of plant tissue (including organ and cell) cultures for the
production of secondary metabolites has been underway for more than three
decades. Although the basic techniques for plant tissue cultures have become well
established, their application to large-scale production is still limited to a few
processes [77, 91, 120]. Various stimulation and process strategies have been
exercised to improve secondary metabolite production in plant tissue cultures.
Elicitation, the treatment of plant cells with biotic and abiotic elicitors, has been
one of the most effective means for the enhancement of secondary metabolite
production in hairy root cultures as well as cell suspension cultures [10, 33]. This
strategy works on the basis that the accumulation of most secondary metabolites in
plants is part of the defense responses of plants to pathogen infection and envi-
ronmental stresses. The agents that induce plant defense responses are generally
referred to as elicitors. This chapter provides an overview of various elicitors and
the common methods of elicitor treatment for enhancement of secondary metab-
olite production in hairy root cultures, and the integration of elicitation with other
process strategies such as nutrient feeding and in situ product recovery to enhance
hairy root production.

2 Elicitors and Their Effects on Hairy Root Cultures

In plant science, elicitors usually refer to the extracellular signal compounds of
plant cells that trigger or initiate plant defense responses and phytoalexin synthesis
[21]. This definition signifies that the elicitor is a signal rather than a physiological
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effector. It excludes the abiotic factors that have also been used to enhance
secondary metabolite production in plant cell cultures. The elicitors by this
definition can be classified as endogenous and exogenous. Endogenous elicitors
are originated from the plant host as a result of its interaction with the aggressor,
which play important roles in the intracellular signal transduction system. Among
the best characterized are the pectic oligosaccharides released from plant cell walls
[oligogalacturonides (OGAs) from citrus pectin] and the intracellular signal
compounds (or second messengers), such as systemin, salicylic acid (SA), and
jasmonic acid (JA), and relatives such as methyl jasmonate (MeJA). Endogenous
elicitors may also be involved in mediating plant responses to abiotic stresses.
Exogenous elicitors originate from the microbial pathogen or the aggressor, mostly
fungal and bacteria, and a few from viruses and insects. The best-known elicitor
compounds include peptides, polysaccharides, and glycoproteins derived from
microbial and plant cells. The elicitors for stimulating secondary metabolite
production in plant tissue cultures are generally classified as biotic and abiotic
based on their origin [110]. Biotic elicitors originate from microbial and plant
sources; abiotic elicitors include various chemical and physical stressors such as
UV-radiation, heavy metals, and osmotic shock. Table 1 provides a comprehen-
sive list of various biotic and abiotic elicitors applied to hairy root cultures.

2.1 Biotic Elicitors

2.1.1 Live Bacterial Cells

Hairy root culture provides a convenient experimental system for studying plant–
microbe interactions. The hairy root–rhizobia co-culture between a climbing
legume Pachyrhizus erosus and Rhizobium spp. was established for the study of
hairy root nodulation [8]. Plant–bacteria interaction can also be utilized to improve
the production of secondary metabolites in hairy root cultures. A plant-growth–
promoting rhizobacterium Bacillus cereus has been applied to stimulate the
secondary metabolite accumulation of Salvia miltiorrhiza hairy roots [94].
S. miltiorrhiza is an important medicinal plant in Chinese medicine and (its root
part) is an effective herbal drug for cardiovascular diseases and inflammation, of
which diterpenoid tanshinones are major bioactive constituents. With 0.2 % (v/v)
bacterial inoculum applied to the hairy root culture on day 0 and co-cultured for
28 days, the total tanshinone content of roots was increased by more than 12-fold
(from 0.20 to 2.67 mg/g DW), and the volumetric tanshinone yield increased by
more than sixfold (from 1.40 to 10.4 mg/L; Table 2). The biomass growth of the
root was suppressed by early inoculation of the bacterial cells (day 0) but was
enhanced slightly by late inoculation (day 21). The study demonstrated an effective
hairy root–bacterium co-culture for improving the production of secondary
metabolites in hairy root cultures. The enhanced tanshinone production in the hairy
root–bacteria co-culture system was most likely attributed to the elicitor action of
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some compounds released by the bacteria. Our later study showed that a
polysaccharide–protein complex secreted by the bacteria to the culture medium
stimulated the tanshinone accumulation significantly and also promoted hairy root
growth [113].

2.1.2 Fungal (and Yeast) Elicitors

Various types of fungi have been used as the sources of fungal elicitors including
pathogenic and endophytic fungi as well as fungi unrelated to plants. The fungal
elicitors applied to hairy root cultures were mostly crude extracts of mycelial
biomass or culture filtrates. The fungal elicitor for enhancing thiophene production
of Tayetes patula hairy roots was prepared from Fusarium conglutinans cultured
in potato-dextrose medium for 15 days. The fungal mycelium filtered from the
culture broth was homogenized, and autoclaved at 121 �C for 30 min. The
homogenate was filtered and the filtrate was concentrated by evaporation at
70–80 �C to the final elicitor preparation, which was quantified by the total car-
bohydrate content [58]. The content of 5-(4-acetoxy-l-butenyl)-2,20-bithiophene
and 5-(buten-l-enyl)-2,20-bithiophene was increased in the hairy roots elicited by
the elicitor at 0.124-mg carbohydrate/ml medium after an incubation period of 30
and 48 h. An elicitor preparation extracted from Phytophthora cinnamon increased
the production of rosmarinic acid from Ocimum basilicum hairy roots by 2.67-fold
[2]. In Artemisia annua hairy root cultures, the autoclaved mycelial homogenate of
Penicillium chysogenum increased the artemisinin production in hairy root cultures
by 1.2-fold over that of the control [52].

A yeast elicitor (YE) was isolated from yeast extract by ethanol precipitation
[12]. Briefly, 50 g of the yeast extract was dissolved in 250 ml of distilled water.
Ethanol was added to the solution at 80 % (v/v) for precipitation for 4 days at
4 �C. The gummy precipitate attained was re-dissolved in 250-mL distilled water
and subjected to another round of ethanol precipitation. The second precipitate was
collected and re-dissolved in 200-mL distilled water as the final YE preparation to

Table 2 Root growth and tanshinone production of S. miltiorrhiza hairy root cultures with
various bacteria treatments

Treatment Root dry weight
(g/L)

Tanshinone content
(mg/g DW)

Tanshinone yield
(mg/L)

Live bacteria (bacteria inoculation vol. % and time)
Control (no bacteria) 7.07 ± 0.72 0.20 ± 0.02 1.40
0.02 %, day 0 4.25 ± 0.13 1.98 ± 0.12 8.41
0.2 %, day 0 3.90 ± 0.27 2.67 ± 0.16 10.4
0.2 %, day 14 6.82 ± 0.45 1.25 ± 0.05 8.54
0.2 %, day 21 7.10 ± 0.21 0.79 ± 0.07 5.59

28-day overall culture period
Note The tanshinone content is the total content of three tanshinone species, cryptotanshinone
(CT), tanshinone-I (T-I), and tanshinone-IIA (T-IIA)
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be applied to the S. miltiorrhiza hairy root cultures. In that study, YE stimulated
the production of both phenolic acids and tanshinones, and also improved the
growth of hairy roots. A similar YE preparation was also applied to Panax ginseng
hairy root cultures, increasing the total ginseng saponin content of hairy roots
approximately 1.17 times, but inhibited hairy root growth by 20 % on a dry weight
basis [41].

The generally effective elicitation and relatively simple preparation of the crude
fungal elicitors are favorable factors for their wide applications. However, their
undefined and complex chemical composition can cause difficulties in under-
standing which constituents are responsible for the elicitor activity, and in
achieving reproducible effects from batch to batch or comparable effects reported
by different research groups. These problems may be overcome by careful and
strict control of the preparation procedures and conditions.

2.1.3 Polysaccharides from Microbial and Plant Cells

Polysaccharides and oligosaccharides isolated from plant and fungal cell walls
have been widely used as elicitors in hairy root cultures. An endophytic fungus
Colletotrichum gloeosporioides of A. annua has been used as a source of poly-
saccharide elicitors [87]. The polysaccharide isolated from the mycelium extract
was acid-hydrolyzed to lower molecular fraction and oligosaccharide monomers
were separated from the hydrolysate by gel filtration chromatography on a
Sephadex G25 column. An oligosaccharide (MW \ 2500) was isolated and
applied as an elicitor to the A. annua hairy root culture. When the hairy root
culture was treated with the elicitor at 0.4 mg/mL on day 23 (in the later growth
phase) and further cultured for 4 days, the artemisinin yield was enhanced to a
maximum of 13.5 mg/L, a 51.6 % increase over the control. OGAs, the pectic
fragments of plant cell walls, also induced the artemisinin biosynthesis in A. annua
hairy root cultures [104]. An OGA fraction was isolated from pectinase-hydro-
lyzed polygalacturonic acid using Sephadex G-10 column chromatography and
was applied to stimulate the artemisinin accumulation. When 16-day-old hairy root
cultures were exposed to the OGA elicitor (60 lg/mL) for 4 days, the artemisinin
production reached a maximum of 11.3 mg/L, 55.2 % over the control. In
P. ginseng hairy root culture, two plant-derived oligosaccharides (heptasaccharide
and octasaccharide) from Paris polyphylla var. yunnanensis increased the saponin
content of roots more than threefold [119]. To obtain the oligosaccharides, the dry
rhizome powder was extracted with hot water and subjected to ethanol precipi-
tation (to remove large polysaccharides). The remaining extract was purified by a
Bio-Gel P-2 chromatographic column, giving two elicitors, heptasaccharide and
octasaccharide (Fig. 1) [118].

The tanshinone accumulation of S. miltiorrhiza hairy roots was enhanced about
sevenfold (1.59 mg/g vs. 0.19 mg/g) by a crude polysaccharide (designated as
BPS) isolated from the hot water extract of B. cereus cells by ethanol precipitation
[113]. BPS was a polysaccharide–protein complex containing about 27 % protein,
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which was beneficial for root growth. Chitosan, an acetylated b-1,4-linked
D-glucosamine polymer from fungal and plant cell walls, was also used as an
elicitor in many previous studies. Chitosan (2 mg/L) was found to induce daidzein
(2.78 % DW) and genistein (0.279 % DW) levels in hairy roots [74]. Putalun et al.
[65] found that artemisinin production by A. annua hairy roots was increased
sixfold to 1.8 lg/mg by adding 150 mg/L chitosan and with MeJA or YE
increased by 1.5-fold to 0.9 lg/mg. The production of indigo in hairy root cultures
of Polygonum tinctorium increased slightly with the addition of chitosan at
200 mg/L and pectinase at 20 U/L [9].

2.1.4 Lipid and Protein Elicitors

Some lipophilic compounds derived from bacteria, fungal pathogens, or endo-
phytes also act as elicitors of plant defense response. Pathogen-derived glyco-
sphingolipid cerebrosides have been reported as novel elicitors not only to induce
rice phytoalexins and pathogenesis-related protein syntheses in rice suspension
cultures but also as conferring disease resistance on rice blast fungus in paddy
fields [45]. We have studied the enhanced accumulation of artemisinin in A. annua
hairy roots induced by cerebroside C (Fig. 1) from endophytic Fusarim sp. [88].
The dry fungal mycelium was extracted successively with four volumes of 1:1
CHCl3/MeOH by standing overnight at room temperature. The concentrated

O
HO

HO
HO

OH

O
O

HO
HO

HO

O
O

HO
HO

HO O

O

HO

OH
OH

OCH3

n

n=4: heptasaccharide
n=5: octasaccharide

O
HO

HO

OH

HO

O

OH CH3

NHO

HO

cerebroside C

Fig. 1 Chemical structures of some oligosaccharide and cerebroside elicitors
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extract was soaked in 1.5 volumes of MeOH with reflux for 1 h and was then
gradually cooled to -20 �C and allowed to stand for another 24 h to precipitate
the lipids. The crude lipids were first separated by chromatography on a silica gel
column, which was eluted sequentially with CHCl3/MeOH mixtures of increasing
polarity. Based on activity-guided fractionation by gel filtration on a Sephadex
LH-20 column, a cerebroside elicitor was obtained, which stimulated artemisinin
production by 70 %.

Glycoproteins have also been applied as elicitors to hairy root cultures. The
microalgal glycoproteins (MGPS) extracted from Scenedesmus obliquus stimu-
lated the accumulation (240 % of control) of cis-C13-spiroketal enol ether epoxide
concentration in hairy roots of Tanacetum parthenium and also enhanced the
release of this metabolite to the culture medium [78]. After 30-day culture, alga
cells and maternal cell walls were sedimented by centrifugation at 800 g for
10 min at 4 �C. Glycoproteins were precipitated from the supernatant with tannin
solution and were recovered by freezing the precipitate with caffeine at -20 �C.
MGPS were precipitated with acetone and the remaining solvent was removed
under reduced pressure. MGPS stimulated the secondary metabolism of T. par-
thenium hairy roots as other common elicitors such as YE and AgNO3, but had no
inhibitory effect on root growth.

2.2 Abiotic Elicitors

2.2.1 Heavy Metal Ions

Many metals, especially the heavy metals, can stimulate the biosynthesis of
secondary metabolites in plant tissue cultures. Silver ion Ag+ in a concentrated silver
thiosulfate (Ag2S2O3) solution was prepared by mixing AgNO3 and Na2S2O3 at a 1:4
molar ratio. When Ag+ (15, 30 lM) was supplied to S. miltiorrhiza hairy root
cultures 2–3 days before the stationary growth phase (e.g., day 18) and followed by
further incubation for 2 weeks, the total tanshinone (cryptotanshinone, tanshinone,
and tanshinone IIA) content was increased twofold over the control but the root
growth was suppressed to nearly 30 % lower dry weight [105]. When the
S. marianum hairy root culture was fed with Ag+ at 0.2–2 mM and harvested 72 h
thereafter, the highest content of silymarin (0.56 mg/g DW) was obtained with
2 mM Ag+ [42]. Ag+ elicitation also induced the release of useful products into the
culture medium. After 24 h, 1.0 mM AgNO3 decreased the accumulation of
scopolamine and hyoscyamine in hairy root cultures of Brugmansia candida, but
significantly increased the release of scopolamine into the medium. After 48 h,
AgNO3 elicited overproduction of two tropane alkaloids in hairy roots [64]. In our
previous study [30], Ag+ was found to stimulate the activity of both the key enzyme
3-hydroxy-3-methylglutaryl CoA reductase (HMGR) in the mevalonate (MVA)
pathway and 1-deoxy-D-xylulose 5-phosphate synthase (DXS) in the non-MVA,
1-deoxy-D-xylulose 5-phosphate (DXP) pathway, leading to tanshinone production.
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This suggests that Ag+ can trigger the defense responses and regulation on the
cross-talk between the MVA and non-MVA isoprenoid pathways in the
S. miltiorrhiza roots. The osmotic stress and the toxicity produced by the Ag+ salt
could probably explain the release of metabolites as a result of cell lysis. Moreover,
the role of Ag+ as an ethylene-blocking agent may also be counted [106], and
ethylene could be involved in the negative effects on regulation of the pathway for
some secondary metabolites.

Although cadmium (Cd) is a heavy metal that is toxic and detrimental to plant
growth and development, Cd2+ has been used as a potent elicitor to stimulate the
production of secondary metabolites in hairy root as well as plant cell cultures
such as ajmalicine [116], podophyllotoxin [71], and tanshinones [112]. In hairy
root culture of Datura stramonium, Cd2+ at 1 mM elicited the production of
sesquiterpenoid lubimin and 3-hydroxylubimin, which were undetectable in
unelicited cultures. The treatment with Cd2+ resulted in no detectable increase in
the alkaloid content of the roots but in a notable increase in the release of alkaloids
from roots to the medium after 40–60 h (up to 50–75 % of the total alkaloid) [27].
In B. candida hairy root cultures [64], CdCl2 at 1.0–2.0 mM severely inhibited the
growth of hairy roots but significantly stimulated the accumulation of two tropane
alkaloids, hyoscyamine and scopolamine, and their release to the liquid medium
(up to 24-fold). Although Cd is not a redox active metal to generate ROS directly,
it often causes the plants to accumulate ROS and undergo oxidative stress [68].
The Cd-induced oxidative burst was shown to facilitate the release of secondary
compounds into the culture medium [59, 121].

CuCl2 elicitation caused a significant increase in intracellular plumbagin con-
tent (6.99 ± 0.33 mg g/L DW, 1.3-fold higher than control) at the dose of
300 mg/L on day 1 without significant alteration of biomass of Plumbago indica
hairy roots [28]. The addition of CuSO4 (64 lg/mL) to 21-day-old cultures of
Pharbitis nil hairy roots resulted in the increased release of coumarin derivatives
umbelliferone and scopoletin into medium. After the addition of CuSO4, the
umbelliferone content in the medium increased with time, reaching a peak in 16 h,
but the content of skimmin, a b-D-glucopyranoside of umbelliferone in the hairy
roots decreased to a minimal level after 8 h, and then increased to a level higher
than the basal level after 24 h, suggesting that CuSO4 triggered the endogenous
biosynthetic pathway to supply skimming continuously [101].

Vanadyl sulphate (VOSO4) has been found very effective for enhancement of
paclitaxel, 10-deacetylbaccatin, and rosmarinic acid accumulation in different
plant cell cultures [25, 31]. In hairy root cultures of Ambrosia artemisiifolia, an
eightfold increase of thiarubrine A production (569 lg/g DW) was obtained when
the 16-day-old culture was challenged with 50 mg/L VOSO4 for 72 h [3]. When
16.3 mg/L VOSO4 was added at the beginning (day 1) or on day 15 of P. ginseng
hairy root culture, a significant reduction of the root growth was observed.
However, when added on day 25, VOSO4 only reduced the growth slightly and
increased the total ginsenoside content by more than 1.6-fold [60].

Unlike the above-mentioned metal ions, selenium (Se) and nickel (Ni) are
essential trace elements for plant growth, and have also been shown to enhance

66 J. W. Wang and J. Y. Wu



growth and saponin biosynthesis in P. ginseng hairy roots [40]. The addition of
selenite (0.5–5 mM) at the time of inoculation caused strong growth inhibition on
roots but no significant effect on the saponin biosynthesis. However, when 0.5 mM
selenite was added after 21 days of culture, the root biomass was slightly higher than
that observed in the control, and the saponin content and productivity were increased
to about 1.31 and 1.33 times the control levels, respectively. The addition of 20 lM
NiSO4 resulted in a ginseng saponin content of 91.6 ± 9.8 mg/g (1.20 times the
control value) and a productivity of 597 mg/L (1.23 times the control value), with no
inhibitory effects on hairy root growth. Compared with other biotic elicitors and
heavy metal salts, treatment with selenium and NiSO4 as elicitors has the advantages
of lower preparation cost, easier preparation, and no growth inhibition.

2.2.2 Light and Ultraviolet Radiation

Light has been shown to affect the formation of secondary metabolites including
flavonoids, anthocyanins, gingerol, and zingiberene in callus and cell cultures [1, 47,
117]. The study of Yu et al. (2005) in P. ginseng hairy roots also showed that the
exposure of hairy roots to different light spectral ranges affected growth and
metabolite biosynthesis [102]. Although the root biomass was lower in the cultures
grown under fluorescent irradiation (50 lmol m-2 s-1 per day) than dark incuba-
tion, the fluorescent irradiation enhanced the accumulation of ginsenosides Rg and
Rb. Based on these results, a two-stage culture process, a dark stage for root growth
followed by a fluorescent stage, is favorable for ginsenoside production. Another
group reported the effects of light ranging from 385 to 790 nm on the growth and
artemisinin biosynthesis of A. annua hairy roots [89]. The roots were incubated on a
rotary shaker (120 rpm) at 25 ± 1 �C under 16 h light (cool-white, red, blue,
yellow, and green fluorescence lamps) with the intensity of 25 lmol m-2 s-1 per
day. After 30 days, red light at 660 nm was among the most favorable light source
for promoting root biomass growth (5.73 g/L) and the artemisinin accumulation
(31 mg/g DW), which were 17 and 67 %, respectively, higher than those obtained
under white light. Light may be acting as a signal to activate the major enzymes in
the biosynthetic steps for the secondary metabolites.

The quantitative and qualitative differences in diterpenoid and triterpenoid pro-
duction in hairy roots of S. sclarea grown under continuous light (with cool-white
fluorescent lamps at 40 lM m-2 s-1) and in the dark were described by Kuźma et al.
[48]. Light significantly increased diterpenoid concentration and slightly affected
the triterpenoid profile in the hairy roots. The difference between triterpenoid
compounds isolated from dark-grown and light-grown roots was attributed to the
number of hydroxy groups in an ursine skeleton. In hairy root cultures of A. annua,
growth rate of hairy roots increased significantly with the light intensity increased
from 0 to 3,000 Lux. The biomass accumulation under continuous light (24 h) was
higher than those under continuous darkness and other various periods (8, 12, 16 h)
of light irradiation after 30 days. However, artemisinin content under continuous
light was lower than that under the 16-h light followed by 8-h darkness [51], possibly
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due to the diversion of carbon flux from the secondary metabolic pathways under the
continuous light.

UV light has been widely applied as an abiotic elicitor to stimulate the pro-
duction of metabolites such as catharanthine vindoline and anthocyanin in plant
cell cultures [32, 66]. UV-radiation not only stimulates but also induces the de
novo synthesis of many secondary compounds in plants. In C. roseus hairy root
cultures, roots were exposed to varying periods (5, 10, and 20 min) of UV-B light
by placing the flasks on a UV illuminator with a wavelength range of 280–315 nm
and a high-intensity setting of 9,000 lW/cm2 at the surface. After exposure to the
UV-B light, cultures were grown at 26 �C and 100 rpm in the dark for various
periods from 0 to 168 h [4]. UV-B elicited an increase in the total terpenoid indole
alkaloids (TIAs) concentrations in C. roseus hairy roots. A continuous increase in
lochnericine levels for 48 h and a decrease in hörhammericine levels were
observed simultaneously in response to 20 min of UV-B stress. Moreover, UV-B
light exposure caused a large increase in transcripts of strictosidine synthase (STR)
and tryptophan decarboxylase (TDC) in the hairy roots by 38 h. It has been
reported that the UV stress response is related to the activation of the octadecanoid
pathway in tomato leaves [14]. The inhibitors of the octadecanoid pathway
including ibuprofen (IB), salicylhydroxamic acid (SHA), n-propyl gallate (PG),
diethyldithiocarbamic acid (DIECA), SA were fed to C. roseus hairy roots 1 h
before being exposed to UV-B stress. Only the higher concentration (1 mM) of
DIECA and PG partially blocked the UV-induced TIA accumulation, indicating
that UV-B could not activate the octadecanoid pathway in controlling TIA pro-
duction in the roots [62].

2.2.3 Temperature Shift

Although temperature around 25 �C is normally used for hairy root cultures,
lowering the cultivation temperature (19.5 �C) increased the proportion of linolenic
acid and the total content of indole alkaloids in C. roseus hairy roots [83]. Despite the
modifications in membrane lipid composition, temperature had no significant effect
on alkaloid release to the medium. Moreover, as the root growth was much lower at
the lower temperatures, the volumetric yield of indole alkaloids was lower than at
normal culture temperature at 24 �C. The exposure to higher temperatures has been
shown to affect the efflux of pigment from Beta vulgaris hairy roots [82]. Exposure
of 20-day-old hairy root culture to 40, 45, and 50 �C resulted in the release of about
5.4, 31, and 47 % in 30 min and about 13.4, 40.2, and 47.5 % in 60 min,
respectively, but the root viability was significantly lower at 50 �C. When P. ginseng
hairy root cultures were maintained in 5-L flask bubble bioreactors at differential
temperatures (e.g. 13 �C/20 �C, 20 �C/13 �C, and 25 �C/25 �C for 16/8 h day and
night cycles), the biomass and ginsenoside production were optimal under
20 �C/13 �C day (12 h)/night (8 h) cycle [93]. The study suggests that temperature
shift between day and night cycles is important for root growth and accumulation of
secondary metabolite in the hairy roots.
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2.2.4 Osmotic Stress

Hyperosmotic stress is another effective abiotic elicitor for stimulating production
of secondary metabolites in hairy root cultures. NaCl and sorbitol are two common
agents used to create the hyperosmotic stress in plant tissue cultures. In P. ginseng
hairy root cultures, NaCl added to the culture medium increased the ginseng
saponin content at all treated concentrations (0.01–0.3 %, w/v) and inhibited the
growth only at 0.3 % (w/v). NaCl at a suitable concentration led to a 1.15-fold
increase in the ginseng saponin content without inhibitory effect on the hairy root
growth [40]. In another report, several osmotic salts including mannitol, sodium
chloride, potassium chloride, cadmium chloride, and polyvinyl pyrrolidone (PVP)
K-30 were tested on the growth and ajmalicine accumulation of C. roseus hairy
root cultures in Gamborg’s B5/2 medium [81]. The ajmalicine accumulation was
increased to 2.53 mg/g DW (182 % vs. the control) with 0.2 % (w/v) PVP and to
4.09 mg/g DW (227 % increase) with 4 g/L KCl. The maximum concentrations of
ajmalicine released to the medium were 5.4, 1.74, 2.192, and 2.02 mg/L,
respectively, with mannitol (200 mM), cadmium chloride (10 lM), PVP (0.4 %,
w/v), and NaCl (6 g/L) as compared to 1.32 mg/L in the control. However, the
root viability and biomass concentration were decreased with the increase in the
concentration of mannitol and salts. NaCl at 1–5 g/L did not show a significant
effect on the biomass of D. stramonium hairy roots, but with NaCl treatment of
1, 2 g/L, hyoscyamine content in roots was three times higher than the control
(3.54 and 4.53 mg/g DW, respectively) [43]. Peroxidase (POD) activity is
frequently used as a biochemical marker of responses to salt stress. With NaCl
treatment at 100 mM, the total activity of POD in tomato hairy roots did not
change significantly but the POD activity in the medium decreased. NaCl induced
secretion of a highly basic POD and inhibition of the secretion of some acidic
isoenzymes [80]. In horseradish hairy roots, the addition of NaCl was a useful
measure to increase production of POD in the industry [84]. In hairy root cultures
of red beet (B. vulgaris), the cultures were exposed to different salt stresses such as
NaCl, KCl, MgCl2, CaCl2, and EDTA at 5, 10, or 15 mM [69]. KCl and CaCl2 at
5 mM increased POD activity slightly but promoted the secretion of POD
significantly (nearly 43 and 50 %, respectively) and, at higher concentrations,
suppressed enzyme productivity. Other salts tested did not cause any effect on
POD production and secretion.

In S. miltiorrhiza hairy root cultures, sorbitol at 30–100 g/L was applied on day
21, 2–3 days before the stationary phase, increasing both the root mass and the
total tanshinone content of roots (Table 3). Sorbitol at 70 g/L led to the highest
tanshinone content of 723.6 lg/g DW, about 4.5-fold of the control (162.0 lg/g
DW), but the highest volumetric yield of total tanshinone was attained at 50 g/L
sorbitol, 8.18 mg/L [4.8-fold of the control (1.69 mg/L)] [72].
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2.3 Signal Molecules of Plant Defense Responses

The elicitation of plant defense responses involves a cascade of events between the
elicitor signal perception by a receptor at the plant cell surface and the activation
of defense-related genes in the nucleus. Several early events occurring after
elicitor perception are important for the elicitor signal transduction, such as the
induction of membrane Ca2+ influx, and transient production of ROS and nitric
oxide (NO) and biosynthesis of JA and SA. These molecules play signaling roles
for activating the downstream defense responses such as lipid peroxidation, acti-
vation of defense-related genes, and synthesis of secondary metabolites [110].

2.3.1 ROS and NO

Transient production of ROS such as hydrogen peroxide (H2O2) and superoxide
anion (O2

-), known as the oxidative burst, is an early event of plant response to
pathogen (fungal, bacterial, and viral) and elicitors [53, 55]. The event has also
occurred in hairy root cultures in response to various biotic and abiotic elicitors
[33]. Although the inoculation of 0.2 % (v/v) live B. cereus bacteria into
S. miltiorrhiza hairy root cultures stimulated tanshinone production, it also induced
a sharp and rapid increase in the H2O2 level, reaching a peak of about 6.8–100
times over the initial and control level within 1–1.5 h [94]. An oligosaccharide
elicitor from F. oxysporum mycelium induced rapid production of H2O2 in A.
annua hairy root cultures, reaching a sharp peak of 7.3 lM around 1 h, and
another lower and broad peak (3.1 lM) around 6 h (Fig. 2) [115].

Exogenously supplied H2O2 and methyl viologen (MV, paraquat), a generator
of O2

-, were used to induce phytoalexin synthesis in plant cells [5, 38]. In
S. miltiorrhiza hairy root cultures, MV at 20–150 lM stimulated the production of
cryptotanshinone in a dose-dependent manner, whereas H2O2 (10 lM–2 mM)
alone cannot trigger the biosynthesis of tanshinones [11]. The effects of H2O2 on
sesquiterpene solavetivone and lubimin production were tested in Hyoscyamus

Table 3 Effect of osmotic stress (sorbitol) and YE on tanshinone production

Treatment Root weight
(g dw/L)

Tanshinone content
(lg/g DW)

TT Yield
(mg/L)

CT T-I T-IIA TT

Control 12.1 ± 0.41 17.4 45.2 83.9 146.4 ± 17.6 1.77
Sorbitol 13.7 ± 0.32 313.1 96.1 262.1 671.3 ± 24.1 9.20
YE 10.4 ± 0.50 620.7 69.7 42.0 732.4 ± 90.3 7.62
Sorbitol ? YE 11.0 ± 0.27 1344.6 50.0 87.0 1481.6 ± 36.5 16.3

Sorbitol at 50 g/L and YE at 100 mg/L; 9-day overall culture period
YE yeast elicitor (crude polysaccharide fraction of yeast extract); the total tanshinone (TT)
production is the total production of three tanshinone species, cryptotanshinone (CT), tanshinone-I
(T-I), and tanshinone-IIA (T-IIA)
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muticus hairy root cultures [56]. H2O2 at 0.194–1.94 mM did not show any
positive effect on sesquiterpene synthesis. Similar effects were observed in tobacco
leaf panels in response to a challenge by incompatible bacteria Pseudomonas
corrugata by Devlin and Gustine [20] that H2O2 was produced but was not nec-
essary for activation of phytoalexin production. Moreover, H2O2 treatment alone
could mimic the oxidative burst occurring in fungal elicitor-treated C. roseus cell
cultures to stimulate alkaloid production [111]. In contrast, H2O2 (10 mM) could
induce the accumulation of saponin in cultured ginseng cells [98]. Probably ROS
play different roles in mediating the elicitation of defense responses and accu-
mulation of secondary metabolites between cells and differentiated tissues.

NO as a signaling molecule in plant stress responses is involved in elicitor-
induced production of secondary metabolites in plant cell and hairy root cultures
[103]. The artificial NO donor sodium nitroprusside (SNP) was usually used as the
exogenous source of NO, which promoted production of secondary metabolites
such as catharanthine, baicalin, and hypericin production in plant cell cultures [96,
97, 108]. In A. annua hairy root cultures, SNP (10–100 lM) had promoting effects
on root growth but no effect on artemisinin contents of the hairy roots, whereas the
combination of SNP (10 lM) and an oligosaccharide elicitor stimulated higher
artemisinin content in the hairy roots [114]. The stimulation of artemisinin accu-
mulation was also observed when cerebroside C at 30 lg/mL was applied with the
SNP treatment (10 lM) to A. annua hairy root cultures, suggesting that SNP could
prime the hairy roots to be more sensitive and responsive to elicitation [88].

2.3.2 JA and SA

JA and its methylated derivative MeJA have been recognized as another class of
signal transducer in elicitation of plant defense responses [18]. JA is derived from
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the octadecanoid pathway, which involves the peroxidation of linolenic acid by
lipoxygenase (LOX) and the conversion of the lipid peroxide by allene oxide
synthase (AOS). The accumulation of JA relatives occurs rapidly and transiently in
plant tissues and cells after wounding [19] and exposure to fungal elicitors [35].
The relationship between elicitors and JA signaling pathways has been explored in
hairy root cultures. Ag+ at 2 mM stimulated the production of silymarin and
related flavonolignan compounds in Silybum marianum hairy roots [42]. The LOX
activity in JA signaling pathways was stimulated 433 % higher than the untreated
hairy roots after 72-h elicitation and linoleic acid content was also enhanced. Both
LOX activity and linoleic acid content in S. marianum hairy root cultures were
stimulated after 72 h of YE (50 mg/L) treatment [36]. The fungal elicitor
(1–10 mL/L) from Rhizoctonia bataticola, MeJA (10–200 lM) and b-cyclodextrin
(10–200 mg/L) promoted the induction of LOX activity in Solanum tuberosum
hairy root cultures [46]. The content of JA precursors 9-hydroxyoctadecadienoic
acid and 9-hydroxyoctadecatrienoic acid was enhanced about 27-fold with the
synergistic effect of the fungal elicitor and b-cyclodextrin.

Treatment of Azadirachta indica hairy root cultures with JA at 100 mM resulted
in a six to ninefold increase in the production of azadirachtin, a limonoid antifee-
dant against a wide spectrum of insects [70]. A high content of asiaticoside
(7.12 mg/g DW) was attained in Centella asiatica hairy roots in 3 weeks after
application of 0.1 mM MeJA [44]. In putrescine N-methyltransferase over-
expressing hairy root cultures of H. niger, MeJA treatment enhanced both poly-
amine and TIA biosynthesis [109]. Addition of JA also increased the specific yields
of ajmalicine (80 %), serpentine (60 %), lochnericine (150 %), and hörhammeri-
cine (500 %) in C. roseus hairy roots [67]. The elicitation with JA (50 mg/L) on
20-day-old hairy root culture resulted in a 2.5-fold increase in the specific yield of
the five alkaloids [57]. It has been reported that JA feeding to C. roseus hairy root
cultures increased mRNA transcripts to activate several indole alkaloid biosyn-
thesis genes for pathway induction [61]. Moreover, MeJA at 0.1 lM could trigger
de novo accumulation of asiaticoside in C. asiatica hairy root cultures, an anti-
inflammatory triterpene saponin that was not accumulated in the native hairy roots
without the elicitation [44].

SA, an important signal molecule in systemic acquired resistance, has been
used to enhance the production of secondary metabolites in hairy root cultures. SA
caused a transient increase in the accumulation of a sesquiterpene lactone son-
chuside A in Cichorium intybus hairy roots [54]. SA at 1 mM stimulated the
accumulation of daidzein (2.2 % DW) and genistein (0.228 % DW) in Psoralea
corylifolia hairy root cultures after 2-day elicitation, but higher concentrations of
SA significantly reduced levels of daidzein and genistein in the roots [74]. The
scopolamine content of B. candida hairy roots was enhanced with 1.0 mM SA, and
hyoscyamine content increased with 0.01 and 1.0 mM SA. SA significantly
increased the release of both alkaloids (2- to 12-fold) from roots to medium, but
was detrimental to root growth, particularly after 72 h of treatment [64]. In hairy
root cultures of C. intybus, SA at 100 lM did not influence biomass accumulation
but caused a transient increase in accumulation of sonchuside A up to twofold
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compared with the control roots [54]. In H. muticus suspension cultures with
40 lM SA, lubimin production was increased by 50 %, and in hairy root cultures
of the same species, lubimin and solavetivone production were increased by 5 and
48 %, respectively, with the addition of 4 lM SA [56]. The biomass growth of
P. ginseng hairy roots was inhibited by SA at 0.1–1.0 mM, but the total ginseng
saponin content was increased slightly at lower doses of 0.1–0.5 mM. Acetylsal-
icylic acid (ASA), a functional analogue of SA, appeared to be a potent elicitor for
enhancing total ginseng saponin content in the roots [41].

SA and MeJA were tested on the production of noradrenalin in Portulaca
oleracea hairy roots [63]. After 48-h treatment, the noradrenalin production was
increased about eightfold with MeJA (200 lM) but not with SA (125–500 lM).
In cotton hairy root cultures, SA did not increase the production of gossypol or its
two methylated forms [22]. Although SA is not a universal inducer of metabolite
production in hairy roots, it induced gene expression related to SA bioconversion
and the biosynthesis of some classes of secondary metabolites. When 0.2 mM SA
was added to Atropa belladonna hairy root culture, the tropane alkaloid production
was not increased, but endogenous SA concentration decreased and was converted
to methyl salicylate (MSA) through the reaction catalyzed by S-adenosyl-L-
methionine: salicylic acid carboxyl methyltransferase (SAMT) [23]. During the
elicitation, the expression of A. belladonna SAMT mRNA was induced by SA. In
contrast, when hairy roots were treated with 2 mM SA, SA derivatives were not
observed in the medium, and the tropane alkaloid release from the roots into the
medium was increased up to 35 % of the total alkaloids after 24 h [49]. These
results revealed that hairy root of A. belladonna exhibited distinct responses to SA
depending on its concentration. The cDNA encoding UDP-glucose: baicalein
7-O-glucosyltransferase (UBGT), a key enzyme for transferring glucosyl moiety
from UDP-glucose to the 7-hydroxy group of a flavone in hairy roots of Scutellaria
baicalensis was cloned [37]. There was a rapid increase in the steady-state
accumulation of UBGT mRNA after the wounding or treatment with SA,
suggesting the involvement of glycosylation in regulation of the flavonoid
synthesis in the hairy roots.

3 Elicitor Effects on Profile of Secondary Metabolites
in Hairy Roots

In many cases, elicitors had differential effects on different secondary metabolites.
For instance, YE as well as YE combined with sorbitol (osmotic stress) induced
more significant increase in cryptotanshinone (CT) than the other two tanshinones
(tanshinone I and IIA) in the S. miltiorrhiza hairy roots (Table 3) [72]. Similarly
Ag+ at 45 lM enhanced CT and tanshinone IIA yields but depressed tanshinone I
yields in S. miltiorrhiza hairy root cultures [105]. Pectinase added to the late
exponential phase of C. roseus hairy root cultures resulted in 150 % increase in
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tabersonine content but no significant changes in ajmalicine and serpentine content
after 48 h [67]. The relative distribution of individual ginsenosides (four in the Rb
group: Rb1, Rb2, Rc, and Rd, and three in the Rg group: Re, Rf, and Rg1) in
P. ginseng hairy roots was also greatly influenced by the elicitation conditions [60].
In the presence of vanadyl sulphate (16.3 mg/L) at all treatment times (days 1, 15,
and 25), the Rc levels increased and the total Rg percentage decreased, leading to a
higher Rb/Rg ratio than in the control. The changes in the profile of active ingre-
dients of the hairy roots may have an impact on the medicinal property of the roots.

Differential stimulation of secondary metabolite relatives in the same pathway
by biotic and abiotic elicitors has also been observed in numerous other plant hairy
root cultures, such as sesquiterpenes in H. muticus by MeJA and a fungal elicitor
[75], indole alkaloids in C. roseus by pectinase and JA [67], and tropane alkaloids
in B. candida by heavy metal ions and YE [64]. The effect of elicitors including
MeJA, SA, YE, sodium chloride, and sucrose plus sorbitol on biosynthesis of TIA
in hairy roots of Ophiorrhiza pumila was examined for the expression of strict-
osidine synthase (OpSTR), tryptophan decarboxylase (OpTDC), and NADPH:
cytochrome P450 reductase (OpCPR) [99]. SA and YE treatments resulted in a
repressive effect on the expression of both OpSTR and OpTDC, but MeJA
exhibited no effect on their expression. In S. miltiorrhiza hairy root cultures,
expression of two key genes for tanshinone production HMGR and DXR was
up-regulated by MeJA and SNP [50]. In the tanshinone profile, the CT accumu-
lation was most affected by MeJA elicitation at 100 lM, whereas CT and
tanshinone IIA accumulation were more affected by SNP elicitation at lM than
that of the other two componds. MeJA triggered the ROS burst and mediated to the
increase of tanshinone production and up-regulation of related gene expression.
However, SNP-induced increase of tanshinone production and expression of
HMGR and DXR gene was probably not mediated by ROS. The stimulation effects
on different secondary metabolite relatives by elicitors may be explained by the
different physiological responses and different gene expression in the same path-
way. However, a plausible explanation for this phenomenon is still not available
owing to the complexity of the secondary metabolite biosynthetic pathways.

4 Effective Elicitation Methods

4.1 Optimal Dosage and Culture Age for Elicitation

The effect of an elicitor on secondary metabolite yield usually depends on the
dosage and timing (or the age of culture) of treatment. For biotic elicitors, the
effective and optimal doses are mostly in the range 50–300 lg/mL crude extracts,
which are usually quantified by the total carbohydrate content. For purified
compounds, signal compounds such as MeJA or SA, and abiotic elicitors of known
compounds, the suitable doses are usually expressed in molar units, varying in a
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wide range from lM to mM levels (Table 4). In most published studies, the dose
required for a culture system is determined and optimized based on dose–effect
experiments. As most elicitor preparations are undefined crude extracts of biomass
and the preparation protocols are not universal, the optimal dose derived by one
group may be quite different from that by another, even when both use the same
elicitor source for the same culture. Singh et al. [76] proposed the use of binding
measurement to predict the elicitor dosage requirements for plant tissue cultures.
The rationale is based on the assumption that elicitors bind to specific receptors on
plant cells according to a saturation kinetics and an equilibrium between bound
and free elicitors. According to this model, the amount or dose of elicitor required
depends on the biomass concentration in the culture bioreactor. In addition, the
elicitor dose should be more appropriately measured based on the amount of
biomass (e.g., expressed by g elicitor/g biomass) but not on the culture volume.
Such a dose unit has been used in a few previous studies in plant cell cultures, such
as Funk et al. [24] for a YE and Bonfill et al. [6] for arachidonic acid, vanadyl
sulfate, and MeJA. However, the elicitor doses applied in most previous studies
have been chosen on an empirical basis or by trial and error, due partially to the
crude and chemically undefined nature of most elicitor preparations.

The timing or culture age for elicitor treatment/feeding is another important
factor of hairy root growth and metabolite production. Table 4 shows the elicitor
doses and treatment time in numerous previous studies. Feeding in the middle or
late growth phase is generally more favorable, whereas too early feeding may
arrest the biomass growth and too late (during stationary phase) would not allow
for sufficient contact time. For instance, Condori et al. [15] showed that production
of resveratrol and the prenylated resveratrol analogues arachidin-1 and arachidin-3
in a medium of peanut hairy root cultures upon sodium acetate-mediated elicita-
tion was highly dependent on the developmental stage. The highest yields were
found during exponential growth. Similarly, the artemisinin production in
A. annua hairy root cultures stimulated by a fungal elicitor was more significant in
the exponential phase (on day 17) than in the stationary phase [86]. In contrast, the
highest ginsenoside production in P. ginseng hairy root cultures was obtained
when MeJA was applied in the stationary phase (day 28) [60]. It is possible that the
plant cells are more prone to activate metabolic pathways associated with the
production and secretion of these metabolites at certain developmental stages [73].

4.2 Multiple Elicitor Doses or Repeated Elicitor Treatment

A few studies have shown that multiple or repeated elicitor treatment over the
culture period can enhance the secondary metabolite production more than a single
treatment. In S. miltiorrhiza hairy root cultures, treatment with a YE twice, each at
100 mg/mL during the culture on days 18 and 20 enhanced the total diterpenoid
tanshinone production (3.3 times volumetric yield) more significantly than treat-
ment once on day 18 at 100 or 200 mM (2.3 times) [100]. The repeated treatment
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of the S. miltiorrhiza hairy root cultures with YE and sorbitol (hyperosmotic stress)
in combination has also been shown more effective than a single treatment to
stimulate the tanshinone production [95]. The larger increase in the volumetric
product yield with multiple doses was partially attributed to less growth depression
than with a single larger dose as well as a higher secondary metabolite accumu-
lation in the roots. Similarly, repeated feeding of MeJA (100 lM) to Taxus
chinensis cell cultures was more effective than a single dose (300 lM) to enhance
the taxane production [90].

4.3 Synergism Between Two Elicitors: Potentiation
of Elicitation

In S. miltiorrhiza hairy root cultures, the pre-treatment of hairy root cultures with
Ag+ (30 mM) for 0.5–2 days prior to the addition of a YE (100 lg/mL) signifi-
cantly enhanced YE-induced tanshinone accumulation after 2 days of YE addition
[29]. Ag+ pre-treatment did not have any significant effect on HMGR activity but
promoted the activity of DXS which is a key enzyme for the non-MVA pathway in
tanshinone biosynthesis. Another study from our group has shown that the tan-
shinone yield was increased by simultaneous application of YE and herperosmotic
stress (created with 50 g/L sorbitol) much more than each applied separately
(Table 3) [72]. In addition to sorbitol, polyethylene glycol (PEG, molecular weight
8,000) has also been used to raise the medium osmolality. A study has shown that
combination PEG ? YE was more effective than the use of PEG (2 %, w/v) and
YE (0.1 %, w/v) separately to stimulate the production of flavonoids in Glycyr-
rhiza uralensis hairy root cultures [107].

The secondary metabolite production in plants can be enhanced or potentiated
by incorporation of the signal molecules in the elicitation of defense responses
such as SA and JA relatives with the elicitor treatment. In P. indica hairy root
cultures, 80 lM MeJA enhanced chitosan-induced total plumbagin content,
reaching the highest level (11.96 ± 0.76 mg/g DW, *2.3-fold higher than con-
trol) [28]. Treatment of Tropaeolum majus hairy roots with the combinations of
0.2 mM acetylsalicylic acid (ASA) and 50 lM MeJA or 0.05 % YE was more
effective in increasing glucotropaeolin content than treatment with these elicitors
alone [92]. This additive or synergistic effect suggested that induction of the
biosynthesis of some metabolites by various stresses involves the interaction of the
SA- or MeJA-mediated pathway with other elicitor signaling components.

In S. miltiorrhiza hairy root cultures, b-aminobutyric acid (BABA), a nonpro-
tein amino acid, has been shown especially effective, more than MeJA, to
potentiate the induced tanshinone production by YE. Pre-incubation of the cultures
with BABA or MeJA for 24 h or longer before the elicitor treatment was essential
for the potentiation to come into play whereas the addition of BABA or MeJA
simultaneously with the elicitor had no effect [30]. The protective effect of BABA
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on plants against microbial pathogens has been recognized more recently, and the
role of BABA and mode of action are less well understood [39]. BABA itself has
no antimicrobial activity in general but can potentiate specific plant defense
mechanisms in response to pathogen invasion. The studies on the defense resis-
tance of Arabidopsis plants against virulent pathogens suggested that BABA
mainly potentiated the defense mechanisms associated with the SAR signal
pathway but not with the JA pathway [122]. It has been suggested that BABA can
prime the plant cells to be more sensitive and responsive to elicitation, although
the mechanism of priming is still not fully understood [16].

In hairy root cultures of A. annua, the combination application of NO donor
SNP (at 50 lM) and an oligosaccharide elicitor (at 0.3 mg total sugar/mL)
increased the artemisinin content from 1.2 to 2.2 mg/g DW, to a maximum arte-
misinin yield of 28.5 mg/L, about twofold over that attained with the oligosac-
charide treatment alone. In the absence of oligosaccharide elicitor, SNP at 10, 50,
and 100 lM enhanced the growth of hairy roots but had no effect on artemisinin
synthesis [114]. In our recent work, we found that the combination of SNP
(10 lM) and a fungus-derived cerebroside C (30 lg/mL) stimulated a higher
artemisinin content in A. annua hairy root cultures [88].

4.4 Integration of Elicitation with Other Strategies

4.4.1 Elicitation and Precursor Feeding

Addition of metabolite precursors or their relatives is a useful strategy for
increasing secondary metabolite production in plant cell and hairy root cultures.
The combination of precursor feeding with elicitation may be a synergistic
approach to increasing the yield of the target metabolite product, on the hypothesis
that elicitation stimulates the biosynthetic activity of cells to metabolize the
exogenously supplied precursors. In T. majus hairy root cultures, when two amino
acid precursors for glucotropaeolin, phenylalanine, and cystein were added at
0.6 mM to 9-day old cultures, the glucotropaeolin content was increased twofold
after 24-h treatment compared to the control [92]. Application of an SA analogue
ASA for 24 h at 0.2 mM in combination with the precursors was even more
effective to increase the glucotropaeolin content, leading to about a 4.8-fold
increase in the glucotropaeolin yield, which was also higher than in the cultures
treated with ASA alone. In hairy root cultures of Taxus 9 media var. Hicksii, the
greatest paclitaxel yield (420 lg/g DW) was achieved after 3-week elicitation with
100 lM MeJA, and the 10-deacetybaccatin III content was not affected by the
elicitor [26]. Supplementation with 100 lM of the precursor L-phenylalanine
together with 100 lM of MeJA resulted in not only the enhancement of paclitaxel
production from 40.3 (control) to 568.2 lg/L, but also induced the accumulation of
10-deacetybaccatin III (22.3 lg/L) after 2-week treatment. The combination of
another precursor 100 lM p-amino benzoic acid with MeJA had a less pronounced
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effect on taxane production, leading to a paclitaxel yield of 221.8 lg/L [79].
Conversely, combined elicitation with 50 mg/L JA and precursor feeding with
loganin at 40 mg/L or tryptamine at 20 mg/L did not further enhance the accu-
mulation of indole alkaloids in C. roseus hairy root cultures, and conversely,
addition of the precursors a day after elicitation significantly decreased the specific
yields of tabersonine, ajmalicine, and serpentine [57]. More in-depth studies are
needed to understand the biosynthetic pathway and to develop effective combined
feeding schemes of precursors and elicitors for enhanced production of the target
metabolites in hairy root cultures.

4.4.2 Elicitation and Nutrient Feeding

In principle, elicitation is to induce or stimulate the secondary metabolism of plant
cells but is not favorable for cell growth (primary metabolism). Suppressed bio-
mass growth has been observed in hairy root cultures treated by abiotic elicitors
and biotic elicitors, especially at relatively larger doses [27, 64]. The adverse effect
of elicitor treatment on the biomass growth can be alleviated by the feeding of
growth nutrients including sucrose and other medium components. Hence, much
higher productivity may be achieved by the integration of elicitation with a
nutrient feeding scheme that can sustain biomass growth. Moreover, nutrient
feeding allows for the application of multiple elicitor doses or repeated elicitor
treatments over a longer culture period so as to enhance production even more
dramatically. Our previous study has shown that the integration of Ag+ elicitation
and nutrient feeding (or medium renewal) is an effective strategy for improving
tanshinone production in S. miltiorrhiza hairy root cultures [105]. Although
addition of Ag2S2O3 at 15–40 lM to the culture between 12 and 22 days post
inoculation caused a dose-dependent inhibition of hairy root growth, sucrose
feeding, or medium renewal before Ag+ addition effectively prevented the growth
inhibition and significantly enhanced the root biomass and volumetric tanshinone
yields in culture. For sucrose feeding, a concentrated sucrose stock solution was
added to the culture at a final concentration of 60 g/L (30 g/L for routine growth
medium). For medium renewal, the spent medium in the culture flasks was
replaced with fresh medium containing 60 g/L sucrose. The biomass yield was
increased 76 % by sucrose feeding and more than 100 % by medium renewal.
Although the nutrient feeding or medium renewal operation had a slight effect on
the specific tanshinone content in roots, it increased the volumetric yield of total
tanshinone significantly. Our results suggest the enhancement of tanshinone
production by nutrient feeding was mainly due to the promotion of biomass
growth.

More recently, an ultrahigh tanshinone yield (18.1 mg/g DW content in root
and 145 mg/L volumetric yield) was achieved in S. miltiorrhiza hairy root cultures
through repeated osmotic stress (OS) ? YE stimulation and nutrient medium in an
extended fed-batch culture process (i.e., 10 mL fresh medium with 50 g/L sorbitol
and 25 mg/L YE, every 5 days from day 21 to day 60) [95]. Such a high
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tanshinone content of the hairy roots has never been reported before with
S. miltiorrhiza roots from plant tissue culture or with field-grown plant roots
(mostly B 1.0 %) [85]. Elicitation (OS ? YE treatment) for stimulating the bio-
synthesis to higher levels and nutrient feeding for sustaining the biomass growth
are two complementary strategies for substantial enhancement of the secondary
metabolite production.

4.4.3 Elicitation and in Situ Product Removal

The production of target metabolites can be limited by both feedback inhibition of
accumulated synthesized metabolites and their degraded compounds. The intro-
duction of an in situ product removal mechanism, such as a solid adsorbent or an
extraction solvent, to the culture medium can often effectively induce product
release from plant cells and increase productivity [13]. For in situ adsorption, the
nonionic polymeric ion-exchange resins of Amberlite� XAD series (Rohm and
Haas, Philadelphia, PA) have been used in previous studies in hairy root cultures,
such as XAD-2 and XAD-4 for recovery of alkaloids in Nacotiana glauca hairy
root cultures [34], XAD-7 for thiophene excretion in Tagetes patula hairy root
cultures [7], and XAD-7, XAD-16 for integrated recovery of solavetivone in
H. muticus hairy root cultures [17]. In S. miltiorrhiza hairy root cultures [100], the
addition of X-5 macroporous polystyrene resin (2 g of X-5 resin in a nylon bag in
each 200-mL flask) recovered a major portion of tanshinones from the roots,
70–94 %. Moreover, the combination of the X-5 adsorption with double YE
elicitation (added to the culture on days 30 and 40 at 100 mg/L) led to a significant
increase in the tanshinone yield. To prolong biomass growth and secondary
metabolite production, we performed medium renewal every 10 days for three
times (days 30, 40, and 50). With the combination of repeated medium renewal,
YE elicitation, and resin replacement, the root biomass was increased to 30 g/L
DW (vs. 8–10 g/L DW in batch mode) and the volumetric tanshinone yield to
87 mg/L (about a 15-fold increase), with 76 % adsorbed to the resin. The volu-
metric productivity of total tanshinone reached 1.46 mg/L day, more than 7 times
that of the batch culture.

5 Concluding Remarks

Elicitation has been widely applied for enhancement of secondary metabolite
production in hairy root cultures as well as in plant cell cultures. Among the many
biotic and abiotic elicitors used in previous studies, the most common and effective
elicitors for stimulating secondary metabolite production in hairy root cultures are
crude extracts or partially purified polysaccharide fractions of fungal cells, JA (or
MeJA), and heavy metal ions. The incorporation of nutrient feeding strategies with
elicitation is often essential for achieving a high volumetric yield of the secondary
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metabolites in culture. Simultaneous or in situ product removal from the roots
and/or liquid medium is another useful measure for improving production. These
process strategies are more easily applied in hairy root cultures than cell
suspension cultures because the roots are self-immobilized and retained within the
culture vessel, allowing for liquid medium renewal (withdrawal and addition).
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Hairy Root Culture: Bioreactor Design
and Process Intensification

Amanda R. Stiles and Chun-Zhao Liu

Abstract The cultivation of hairy roots for the production of secondary
metabolites offers numerous advantages; hairy roots have a fast growth rate, are
genetically stable, and are relatively simple to maintain in phytohormone free
media. Hairy roots provide a continuous source of secondary metabolites, and are
useful for the production of chemicals for pharmaceuticals, cosmetics, and food
additives. In order for hairy roots to be utilized on a commercial scale, it is
necessary to scale-up their production. Over the last several decades, significant
research has been conducted on the cultivation of hairy roots in various types of
bioreactor systems. In this review, we discuss the advantages and disadvantages of
various bioreactor systems, the major factors related to large-scale bioreactor
cultures, process intensification technologies and overview the mathematical
models and computer-aided methods that have been utilized for bioreactor design
and development.
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1 Introduction

Medicinal plants have been used worldwide for thousands of years. Even today, 80
percent of the world’s population depends on plant derived medicines for their
daily health [1]. Thousands of plant species are used for treatments and therapies.
Plant secondary metabolites, which include phenolic compounds, alkaloids,
flavonoids, and polysaccharides among others, are the main components for dis-
ease treatment. In recent years, increasing numbers of medicinal plants have been
discovered for treating infections [2, 3], cardiovascular ailments [4, 5], cancers [6,
7], and even AIDS [8]. In addition, transgenic plants have the potential to produce
pharmaceutical proteins, which would have a significant impact on the pharma-
ceutical industry [9, 10].

However, many medicinal plants are difficult to cultivate and must be collected
from the wild, which puts them at risk of becoming threatened or endangered [11].
In vitro cultivation offers an efficient method for the large-scale production of
plants for medicinal purposes, thereby helping to safeguard critically endangered
species. Various in vitro methods are utilized for controllable plant sources for the
commercial production of secondary metabolites, including cell culture, callus
cultures, organogenesis, embryogenesis and root cultures. The large-scale pro-
duction of cell, tissue, and organ culture using bioreactors has been accomplished
in many species and shows potential for industrial production of naturally
occurring as well as novel metabolites.

The cultivation of hairy roots is an in vitro method that has many advantages for
commercial production. Hairy roots are developed by infecting explants with
Agrobacterium rhizogenes, a soil bacterium that integrates a DNA segment into
the host plant genome which results in the active proliferation of the roots [12].
Compared to normal root cultures, hairy roots are fast-growing, genetically and
biochemically stable, easy to maintain, and are able to grow in phytohormone free
media. They offer a continuous source of secondary metabolites, and they are
garnering increasing interest for the production of chemicals for pharmaceuticals,
cosmetics, and food additives. They are especially useful for the production of
secondary metabolites as many products are synthesized in roots but not formed in
suspension or callus culture [13]. In addition, due to their stable nature, hairy roots
serve as an excellent model system to study plant metabolism and physiology [14].
In addition, they also serve as a promising transgenic system; transformed roots of
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many plant species have been widely studied for the in vitro production of
secondary metabolites [15–18]. Genetic manipulation can increase the biosyn-
thetic capacity [19, 20], produce multiple secondary compounds, and serve as a
heterologous system for compound production, including foreign proteins [21].
Once a transgenic line is produced, a single hair root from the explant tissue serves
as a clone [22], and once generated, they are capable of unlimited propagation
[23]. Although the majority of research on hairy roots has been conducted in shake
flasks [24], production in bioreactors allows for controlled conditions that mini-
mize variations in the yield and quality of the product, and bioreactors allow for
the optimization of conditions for increased cell growth and secondary metabolite
production [25]. Optimization of bioreactor systems for the cultivation of hairy
roots is necessary for their scale-up production for industrial applications.

The cultivation of hairy roots in a bioreactor system creates unique issues, hairy
roots are morphologically different among plant species; characteristics such as the
thickness, length, hairiness and branching of the roots are affected by both the plant
species and the Agrobacterium strain used for the induction of hairy roots [25]. In
addition, both cell growth and metabolite production are non-homogeneous in hairy
roots, further complicating bioreactor optimization [21]. In this review, we discuss
the advantages and disadvantages of various bioreactor systems, discuss the major
factors related to large-scale bioreactor cultures, discuss process intensification
technologies that have been applied in hairy root bioreactors for industrial pro-
duction, and overview the mathematical models and computer-aided methods that
have been utilized for bioreactor design and development.

2 Bioreactor Types

Bioreactors are generally self-contained, sterile environments that include liquid
nutrients, inflow and outflow systems for liquid and air, and are designed to
optimize and monitor culture conditions. In general, they provide the ability to
control micro-environmental conditions, such as pH, dissolved gases, aeration, and
temperature [26]. Bioreactors used to culture hairy roots can be broadly divided
into either liquid-phase or gas-phase reactors. Briefly, in liquid-phase reactors,
roots are submerged in the medium; therefore, they are also sometimes termed
‘submerged reactors’ while in gas-phase reactors, the roots are exposed to air or
other gas mixtures, and nutrients are generally delivered to the roots as droplets of
various sizes [24]. Additional types include hybrid reactors, which are a combi-
nation of liquid and gas-phase reactors, and disposable reactors. Schematic dia-
grams of several of the different types of hairy root bioreactors are included in a
review by Mishra and Ranjan [13]. There are advantages and disadvantages to the
many types of bioreactors that have been successfully developed for cultivating
hairy roots; therefore, there are many factors involved in selecting the best bio-
reactor design.An overview of the different bioreactor types is included in Table 1.
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2.1 Liquid-Phase Reactors

In liquid-phase reactors, the culture space is filled with liquid medium and various
methods are employed to provide aeration. Because the roots are submerged in
liquid medium, mixing and mass transfer become the main bottlenecks in the
design and scale-up. Due to the low solubility of gases in the liquid phase, gas
exchange limitations and insufficient nutrient transport have been reported [25].
A study by Curtis [27] suggested that at lower tissue concentrations (\10 g/L DW),
hairy roots can be grown in virtually any type of liquid-phase reactor, but at higher
concentrations ([10 g/L DW), they are likely to encounter scale-up limitations
[27]. Design considerations include mechanisms to provide sufficient aeration,
nutrient mixing, and immobilization of the roots. The differences in mixing and
aeration represent the main design differences among the various types of liquid-
phase reactors and several of the most common designs are described below,
including stirred tank and pneumatic reactors. Methods for immobilizing hairy
roots include meshes (horizontal or vertical), cages, and polyurethane foam [25].

Early studies examined the use of stirred tank reactors, a design commonly used
with cell suspension cultures, for the cultivation of hairy roots, including Caly-
stegia sepium and Atropa belladonna hairy roots for the production of tropane
alkaloids [28]. However, the use of the impeller in the traditional stirred tank
reactors damaged the sensitive plant tissues, resulting in callus formation and poor
biomass production [29]. Therefore, alternate methods to improve the supply of
oxygen were tested, and several studies focused on determining ways to improve
impeller performance by modifying the internal reactor [30–32]. Stirred tank
reactors demonstrated varied success, Catharanthus trichophyllus cultivated in
both shake flasks and a stirred tank reactor showed a similar alkaloid composition
[33], while Panax ginseng hairy roots cultivated in a stirred bioreactor, achieved

Table 1 Advantages and disadvantages of major types of bioreactors

Bioreactor types Advantages Disadvantages

Liquid-
phase
reactors

Stirred
tank

Mixing and breaking up air
bubbles prevent cell
aggregation and enhance
oxygenation

High shear force, complicated
configuration, increased
exposure to contaminants, high
energy consumption, difficult to
optimize multiple variables

Airlift and
Bubble
column

Low shear stress, simple design
and construction, low
contamination, low
maintenance

Foaming induced by large air
volumes, non-uniform growth of
roots within the reactor (roots
can ‘float’ to the top)

Gas-phase
reactors

Nutrient
mist

Abundant oxygen supply, low
sugar concentration and high
space utilization

Complex construction, high energy
consumption, labor intensive
set-up

Trickle-
bed

Abundant oxygen supply and
low energy consumption

May produce a viscous liquid film
on the roots creating a high mass
transfer barrier, labor intensive
set-up
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growth approximately threefold higher than in shake flasks [34]. More recent
studies have examined the use of modified stirred tank reactors. Srivastava and
Srivastava et al. [35], developed a stirred tank reactor in which the roots were
anchored onto a polyurethane foam disk with a low shear impeller for mixing and
nutrient transfer placed below the disk. This method allowed for sufficient mixing
while protecting the roots from shear stress, although Azadirachta indica hairy
roots were still unable to produce the same levels of biomass or azadirachtin
concentrations obtained via shake flask cultivation [36].

Pneumatic bioreactors, which include both bubble column and airlift reactors,
consist of a cylinder with a sparger at the bottom that releases an air or a gas
mixture through the solution for both aeration and mixing. Bubble column bio-
reactors are one of the simplest and easiest types to scale-up. The use of bubbles
minimizes shear stress on the cultures, however, the bubbling must be increased as
the hairy root biomass increases [37]. Bubble column reactors require low capital,
have low operational costs, and contain no moving mechanical parts [21]. How-
ever, due to the undefined flow pattern, the liquid is not uniformly mixed [37], and
in high density cultures, bubble column reactors often result in reduced growth
performance [38]. In high biomass cultures, the bubbles may coalesce, reducing
the gas–liquid interface area [21]. The introduction of multiple spargers to deliver
oxygen into areas with a high cell density may improve biomass; gas introduced at
multiple sections in a multi-compartment bubble column reactor resulted in a high
biomass density (in some sections up to 17 g/L), but still provided poor bulk
mixing [38]. The use of a microporous polypropylene membrane tubing, in
addition to the sparger (required for bulk mixing),to provide supplementary oxy-
gen directly to the root bed, resulted in a biomass increase of 32 % compared to
the use of the sparger alone [39]. Various operating parameters may be optimized
to improve the biomass and secondary metabolite production in bubble column
reactors; for example, the production of alkaloids by S. parviflora hairy roots in a
bubble column reactor was increased by optimizing the culture period, initial
inoculum density, and aeration rate [40].

In contrast to bubble column reactors, airlift bioreactors contain a draft tube
(either internal or external) to prevent bubbles from coalescing, and to enhance
oxygen mass transfer by increasing the number of bubbles. Airlift reactors reduce
shear stress, distribute shear stress more evenly, consume little energy, and pro-
mote a cylindrical mixing of the medium. Airlift bioreactors have been used
extensively used for hairy roots since the initiation of hairy root bioreactor studies,
for species including Panax ginseng [41], Armoracia rusticana [42], Trigonella
foenumgraceum [43], Lippia dulcis [44], Lithospermum erythrorhizon [45], Oph-
iorrhiza pumila [46], and Echinacea purpurea [47]. In some cases, airlift biore-
actors have been highly effective compared to shake flask cultures; Pueraria
phaseoloides hairy roots cultivated in a 2.5 L airlift bioreactor produced 200 times
as much puerarin as in a 250 ml flask culture [48]. The growth of Panex ginseng
hairy roots inoculated into a 5 L airlift bioreactor increased by approximately
55-fold after 39 days in a 5 L airlift bioreactor, and 38-fold after 40 days in a 19 L
airlift bioreactor [34]. In airlift reactors, both the liquid and the aeration are driven
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by externally supplied air; however, similar to bubble column reactors, they are
generally not suitable for high-density cultures because they result in insufficient
mixing and oxygen mass transfer [37].

2.2 Gas-Phase Reactors

In gas-phase reactors, the roots are exposed to either an air or a gas mixture and the
nutrients are delivered as droplets of different sizes. They have been widely uti-
lized in plant tissue culture, and are useful for hairy root cultures because they
provide an abundant oxygen supply. In gas-phase reactors, the deposition of
nutrients is the key step in nutrient mass transfer; however while some deposition
is required, excessive deposition will result in a thick liquid layer on the root
surface that inhibits gas transfer [49]. In addition, if drainage is insufficient in gas-
phase reactors, the root bed may retain liquid and further inhibit gas transfer [50].
In contrast to liquid-phase reactors, in which the root hairs increase the flow
resistance of the media, in gas-phase reactors, the root hairs are believed to be
beneficial for growth because they enhance mist capture and may improve reactor
performance [51]. Although gas-phase reactors result in improved oxygen transfer,
they still require a matrix for anchoring the hairy roots (such as mesh trays,
stainless steel mesh cylinders), and the requirement for uniform loading may be
labor intensive [25]. Examples of gas-phase reactors include: nutrient mist,
nutrient sprinkle, and trickle bed reactors.

In mist bioreactors, the nutrient mist may be produced by ultrasonic methods,
nozzles, or compressed air. The mist dispersed in the bioreactor has a large specific
surface area that leads to a high oxygen transfer rate from gas into medium, and
may account for the higher biomass production in mist bioreactors compared with
other types. Compared with both shake flasks and bubble column reactors, mist
reactors are less oxygen-limited; this was demonstrated by an analysis of the
expression of alcohol dehydrogenase, an indicator of oxygen stress, in hairy root
cultures. In a mist bioreactor there was no detectable expression up to a packing
density of approximately 37 % (v/v) while in contrast, there was a significant
expression of alcohol dehydrogenase in roots grown in bubble column bioreactors
at densities of only 6 % [52]. Parameters that may be adjusted in a mist reactor to
optimize nutrient delivery include the misting cycle time and the medium flow
rate. A mist bioreactor scaled up from 1–20 L for A. hypogaea hairy root cultures
demonstrated that increasing the misting cycles longer that 2–3 min was detri-
mental, but increasing the medium flow rate during the exponential growth phase
increased the growth rates and biomass yields [53].

Nutrient sprinkle reactors produce larger droplets than mist reactors. Kochen
et al. [54] developed and tested a nutrient sprinkle reactor for the production of
ginsenosodies from Panax quinquifolium; although the biomass increase in the
nutrient sprinkle reactor was slightly lower than shake flask cultures, the ginse-
noside content was doubled when the cultivation of both Salvia officinalis hairy
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roots and shoot cultures was examined in a nutrient sprinkle bioreactor; the hairy
roots achieved an 18-fold increase in biomass after 40 days of culture and the
production of rosmarinic acid was approximately 1.3-fold higher in the hairy roots
compared to shoot cultures. Overall, the reactor was considered unsuitable for the
cultivation of shoots due to hyperhydricity issues [55]. Salvia sclarea hairy root
cultures cultured in a nutrient sprinkle reactor produced 9 and 3.8 times as much
aethiopinone and salvipisone, respectively, as roots cultured in shake flasks [56].

Trickle-bed bioreactors produce the largest sized droplets compared with mist
and nutrient sprinkle bioreactors; this results in the formation of a thicker liquid
film on the plant tissue surface and creates a disadvantage for gas transfer [24]. In
addition, the tendency for the root bed to accumulate liquid and the absence of
agitation are major limitations in the large-scale design of trickle-bed bioreactors
[57]. However, they supply a larger volume of liquid nutrients to the cultures and
use less energy compared with mist bioreactors. Ramakrishnan et al. [58] scaled-
up a 14 L trickle-bed bioreactor for Hyoscyamus muticus hairy root culture, and
their analysis of the mass transfer and fluid dynamic characteristics provided a
method for the design in the scale-up of trickle-bed bioreactors [58].

Several comparison studies have been conducted to determine the optimal
bioreactor type for a particular species of hairy roots. The production of Artemisia
annua hairy roots was compared in mist and bubble bioreactors, and while the
artemisinin content of Artemisia annua hairy roots was higher in the mist reactor
[59], the overall biomass was higher in the bubble column reactor [60]. A com-
parison of the growth and productivity of transgenic tobacco hairy roots in a mist
bioreactor and an airlift bioreactor showed that the synthesis of murine interleukin
12 was increased by approximately 50 % in the mist bioreactor [9]. Tagetes patula
hairy root cultures cultivated in a bubble bioreactor, a sprinkle bioreactor, and a
mist bioreactor achieved the highest growth rate, biomass production, and metab-
olite production in the mist bioreactor [61]. Srivastava and Srivastava [36] exam-
ined azadirachtin production by Azadirachta indica hairy roots in a stirred tank
reactor, bubble column reactor, nutrient spray reactor, and nutrient mist reactor and
found that the nutrient mist reactor was able to produce biomass and azadirachtin
levels most similar to those achieved in optimized shake flask cultures [35].

2.3 Novel Bioreactors

Although overall, gas-phase reactors have the advantage of improved oxygen
transfer efficiency, a disadvantage of gas-phase reactors is the necessity for the
manual distribution of the roots in the growth chamber, a labor intensive process.
One method to address this issue was the development of a hybrid reactor, a
reactor in which the initial phase of the reactor was liquid-phase to allow the roots
to attach uniformly to the anchoring system, and once attached, the reactor was
switched to a gas-phase reactor. A large-scale (400L) reactor was developed in the
late 90’s using this method (a combination of a bubble column and spray reactor)
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for Datura stramonium hairy roots [62], and Ramakrishnan et al. [50] also
developed a hybrid reactor in which the reactor was initially run as a bubble
column, and then switched to a gas-phase reactor for the improved efficiency.

Disposable bioreactors are another alternative to the traditional culture systems.
Disposable reactors utilize sterile plastic chambers that may be inoculated and then
discarded once the roots are harvested, thus lowering operation costs by elimi-
nating the need for cleaning or sterilization [63]. Hyoscyamus muticus and Panax
ginseng hairy roots were cultivated in wave bioreactors, disposable bioreactors
consisting of screw-cap sealed plastic bags under laminar fluid flow conditions.
Under optimal culture conditions, the Hyoscyamus muticus root biomass increased
by approximately 120-fold after 28 days, and the Panax ginseng biomass
increased by 28-fold (compared to only 12.1-fold in a spray reactor) [63].

3 Bioreactor Parameters

Secondary metabolite biosynthesis in hairy roots is genetically controlled, but is
influenced by nutritional and environmental factors. In addition, the rheological
properties of hairy root cultures vary from one species to another and sometimes
even within clones of the same species [13]. Multiple factors must be considered
for the successful scale-up of bioreactor systems, including the physiology, mor-
phology, and stress sensitivity of hairy roots. Submerged hairy roots tend to form
dense clumps due to their tendency to form lateral branches and the hairiness of
the roots [64, 65]. In liquid-phase reactors, these dense clumps resist fluid flow and
therefore the delivery of nutrients to the tissues, creating one of the major chal-
lenges in reactor scale-up.The main bottleneck in scale-up, is the delivery of
sufficient oxygen, but other factors, such as light, other gases, temperature,
nutrients, and inoculum conditions also affect the growth and productivity of hairy
root cultures [37].

3.1 Oxygen and Other Gases

Dissolved oxygen plays an important role in the bioreactor microenvironment,
though oxygen requirements may vary from species to species. Hairy roots cul-
tured in bioreactors have a tendency to form dense root clumps that limit oxygen
transfer; therefore, understanding oxygen transfer and supply has been one of the
most highly studied research topics in hairy root bioreactor design. In general, it is
essential that the dissolved oxygen concentration remains above a critical level at
all the times for optimal cell growth [66]. Shiao and Doran found that as root
hairiness increased, the oxygen mass transfer boundary layer increased, limiting
oxygen consumption in hairy root cultures [67]. A mathematical model developed
to estimate the oxygen mass transfer coefficient in bubble column reactors
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demonstrated that due to the low solubility of oxygen and the high oxygen con-
sumption of hairy roots, the oxygen concentration near hairy roots was signifi-
cantly different from the bulk fluid [68]. When dissolved oxygen drops below a
certain point, respiration is impaired, fermentation begins, and toxic byproducts
are produced.

In liquid-phase reactors, the oxygen concentration is generally measured using
a sterile electrode, and can be regulated by agitation, aeration, gas flow, and bubble
size. Analyzing the transport of oxygen requires both characterizing the oxygen
gradients and the thermodynamic equilibria that determine the solubility of oxygen
in the media and plant tissue [69]. The oxygen concentrations in liquid cultures
depend on the presence of oxygen in the gas phase above the medium, in the air
bubbles inside the medium, and on the dissolved oxygen in the medium itself.
Oxygen transport in hairy root cultures in a liquid-phase reactor is mainly influ-
enced by the mass transfer resistance at the liquid–solid phase, rather than gas–
liquid transfer [23]. Early studies using high liquid velocities to remove the
hydrodynamic boundary layers, demonstrated that culture growth did not continue
exponentially and indicated that the mucilage and root hairs are a barrier to oxygen
transfer [57]. Other studies corroborated that the root hairs contributed to a
pressure drop in convective flow reactors [70, 71]. Overall, due to the morphology
of hairy roots, it is unlikely that it will be possible to completely eradicate oxygen
limitations in liquid-phase reactors. It is possible to optimize and improve growth,
using methods such as increasing the aeration rate; increasing the aeration rate
from 0.002 m3/h to 0.012 m3/h improved cichoric acid production of Echinacea
purpurea cultures cultivated in a modified air lift reactor [47].

Gas-phase reactors have the advantage on greater oxygen transfer and reduce
the accumulation of mucilage; however, the thick roots can trap liquid, thereby
reducing the contact of the roots with the gas phase. Williams and Doran [57] have
suggested this could be overcome with the use of mechanical or pneumatic agi-
tation [57], and methods to reduce cycle on time and study drainage characteristics
have been tested to reduce this issue. For example, Ramakrishnan et al. found that
respiration in hairy roots increased sharply with increased liquid spraying rate at
relatively high tissue concentration in trickle-bed reactor [50].

Many methods have been tested to improve oxygen availability for hairy roots
in bioreactors. In liquid-phase reactors, additional tubing has been added to
improve oxygen availability, such as Kanokwaree et al. added microporous
polypropylene tubing to bubble bioreactors containing Atropa belladonna hairy
root cultures, thereby diminishing the oxygen limitation and improving both
biomass and the accumulation of metabolites [39]. Kino-Oka et al. [72] found that
increasing the medium flow rate in a bubble column reactor enhanced the dis-
solved oxygen concentration but simultaneously increased shear stress. To over-
come this, a radial flow reactor was constructed that successfully released the
oxygen transfer barrier in high-density red beet hairy root cultures [72]. A trans-
genic method was also tested to enhance growth under low oxygen conditions;
transgenic Arabidopsis thaliana L hairy root lines that contained alcohol dehy-
drogenase and pyruvate decarboxylase were generated. The transformed root lines
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showed a similar growth rate under low oxygen conditions as those under full
aeration [73].

The biomass and secondary metabolite production is affected by the gas
composition in the media. The gas composition within a bioreactor is impacted by
its volume, the volume of the media, and the bioreactor design. In addition to the
oxygen concentrations within a bioreactor, carbon dioxide and ethylene also play a
role. Carbon dioxide has the potential, in some species, to improve root growth.
For example, beet hairy roots cultured in a nutrient mist reactor enriched with 1 %
carbon dioxide showed a 15 % increase in biomass compared with tissue cultured
in ambient air [74]. This response was due to the fact that it reduced the lag phase
of the culture, allowing the culture to accumulate biomass faster, not because it
increased the actual growth rate. However, the effect of carbon dioxide may vary
dependent on the species; A. annua hairy roots grown in enriched carbon dioxide
appeared healthier, but did not grow faster [75]. Sung and Huang [76] examined
the effect of ethylene on the growth and secondary metabolite production of Sti-
zolobium hassjoo hairy roots. The accumulation of ethylene in the headspace
resulted in a reduction in both biomass and secondary metabolite production
(L-DOPA), and when an ethylene inhibitor was added, both biomass and L-DOPA
increased [76].

3.2 Light and Temperature

Light plays a role in both growth and secondary metabolite production, and due to
the morphology of the hairy root cultures, it is difficult to achieve uniform illu-
mination. The stimulatory effect of light on the formation of secondary compounds
has been demonstrated in plant species including Perilla fruitescnens and Arte-
misia annua [77–79], and Ipomea aquatica hairy roots grown in the light produced
twice the biomass and four times the peroxidase as roots grown in the dark [80].
Many hairy root lines have been documented to change colors, to colors such as
green or purple when exposed to light [78, 82]. In general, the green color is due to
the development of chloroplasts that are fully capable of photosynthesis and the
metabolic capabilities of the green roots are distinct from their non-green coun-
terparts [83]. Echinacea purpurea hairy root cultures exposed to light develope a
dark purple color which is related to anthocyanin production [77]. Abbasi et al.
[77] studied the effect of light on the accumulation of caffeic acid derivatives
(CADs) in Echinacea purpurea hairy root cultures and found that all of the CADs
were significantly different between light-and dark-grown roots. Bhadra et al. [81]
studied the effect of light on indole alkaloid accumulation by Catharanthus roseus
hairy root cultures, and found the alkaloid total yield was also significantly dif-
ferent between light- and dark-grown hairy roots, and that the production of certain
alkaloids during specific growth phases shifted when light conditions were altered
[81]. Hairy roots that do not change colors in response to light may also show
profound alterations in secondary metabolism in response to light [24].
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The photoperiod and light intensity are interrelated, and both are important to
hairy root cultivation. For example, Liu et al. [84] found that 16/8 h light/dark was
optimum for artemisinin production by Artemisia annua hairy root cultures, and
Wang et al. [78] found that red light had the greatest impact compared to all other
light regimes. A comparison of Panax ginseng hairy root cultures under several
different light regimes (dark, fluorescent, metal halide, monochromatic red,
monochromatic blue, and red plus blue) showed that the ginsenoside production
was highest in cultures grown under fluorescent light, while the biomass was
higher in cultures grown under either red light or in the dark [85]. Temperature
also plays an important role and may vary from species to species. A study on the
effects of temperature on Solanum aviculare hairy roots identified 25 �C as the
optimal temperature [86], while Hilton and Rhodes [87] found that Datura stra-
monium hairy roots cultivated at 30 �C had a biomass approximately 4-fold
greater, and the production of hyoscyamine was up to 7-fold higher. In Panax
ginseng hairy root cultures, a comparison of different temperatures demonstrated
that the biomass of the hairy roots was highest in cultures incubated at 20 �C/
13 �C for 16/8 h day cycles, while the production of total ginsenosides was
optimum at cultures incubated at 25 �C/25 �C [85].

3.3 Nutrient Medium Composition

In experiments with Panax ginseng hairy roots, Sivakumar et al. [88] found that
the commonly utilized MS medium resulted in low hairy root growth, biomass,
and ginsenoside content, indicating that the nutrient composition could be opti-
mized. They identified nutrient availability as the major chemical factor for scale-
up and suggested that mineral elements are an important regulatory factor in hairy
root growth and biomass production [88]. In addition, periodic estimations of
specific nutrients at different periods in bioreactors can provide information
regarding nutrient uptake, biomass, and metabolic production. Generally, the
medium composition is modified with respect to its concentration of carbon,
nitrogen, phosphorus [38, 89], and macronutrients [88]. A factorial experiment
using Artemisia annua hairy roots was employed to determine the relationship
between four factors (phosphate, nitrate, sucrose, and culture inoculum age) at
three levels; results indicated there was a significant interaction between sucrose
and nitrate although the other factors were less interactive [90]. Depending on the
relationship between the biosynthesis of the secondary metabolites and biomass
production, the media can either optimized for both growth and secondary
metabolite production simultaneously or a two-stage strategy may be developed. A
study evaluating the production of tropane alkaloids by Datura stramonium L.
hairy roots used a factorial design and mathematical modeling approach to eval-
uate the relationship between nutritional status and elicitation [91]. They con-
cluded that simulation with their developed model allowed them to predict the
response to elicitation in response to nitrate and calcium levels, and that if hairy
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roots were nitrate limited; they showed a lowered response to jasmonic acid
elicitation. A study on the effect of MS medium dilution on the biomass and
accumulation of phenols and flavonoids in Hypericum perforatum adventitious
roots found that the peak root growth was at four weeks using half-strength MS,
and the content of total phenols and flavonoids were also highest using the quarter
or half-strength MS [92].

4 Process Intensification

Process intensification approaches are utilized in plant cell and tissue cultures to
enhance biomass production and metabolite yield. Elicitation, the introduction of
compounds that trigger an increase in metabolite production, and ultrasound, a
method utilized to enhance mass transfer in plant cell cultures, have both been
applied to hairy root bioreactor cultures.

4.1 Elicitation

Elicitors are compounds that trigger the increased production of compounds in
plant cells such as pigments, flavones, phytoalexins, and other chemicals related to
defense [93]. In general, elicitors are classified as either biotic or abiotic. Biotic
elicitors are derived from a pathogen or from the plant itself [94], while abiotic
elicitors are either physical or chemical compounds. The effectiveness of elicita-
tion depends on multiple variables, such as the specificity of the elicitor, the
concentration, treatment interval, culture growth stage, medium composition, and
light.

Abiotic elicitors are generally less expensive than biotic, and biotic elicitors
also have the disadvantage that they may require additional facilities for the
cultivation of the source microorganism [95]. In many studies, both abiotic and
biotic elicitors are tested. For example, Pitta-Alvarez et al. [96] tested the effects of
different biotic (salicylic acid, yeast extract) and abiotic (CaCl2, AgNO3, CdCl2)
elicitors on the accumulation and release of scopolamine and hyoscyamine in
Brigmansia candida hairy root cultures [96]. Salicylic acid significantly increased
the release of both alkaloids, AgNO3 and yeast extract preferentially increased the
release of scopolamine, and CdCl2 increased the release of both alkaloids but also
inhibited growth. Azadirachta indica A. Juss hairy roots exposed to a biotic elicitor
(the fungus Claviceps purpurea), 100 mM jasmonic acid, or 200 mM salicylic
acid achieved an approximate 5, 6, and 9-fold increase in azadirachtin yield,
respectively [97]. A review by Georgiev [95] includes additional examples of
secondary metabolite yield increases in response to elicitation of hairy roots [95].
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Methyl jasmonate is a potent elicitor due to its ability to induce plant signal
transduction pathways; Salvia sclarea hairy roots grown in a sprinkle bioreactor
showed a 9-fold increase in aethiopione and a 3.8-fold increase in salvipisone
when they were exposed to 125 lM methyl jasmonate for 7 days [56]. The
application of 100 lM methyl jasmonate applied to Silybum marianum hairy roots
cultured in a 2 L airlift bioreactor, resulted in a 1.6-fold increase in silymarin
accumulation after only 72 h [98], and Artemisia annua L. hairy roots treated with
150 mg chitosan/L, 200 lM methyl jasmonate, or 2 mg/mL yeast extract resulted
in a 6-fold, 3-fold, and 5-fold increase in artemisinin production, respectively [99].

Although elicitors may increase metabolite production, they may also simul-
taneously reduce biomass. Beta vulgaris hairy roots exposed to biotic elicitors
including purified microbial glycans (200-500 mg/L), whole microbial culture
extract (0.25–1.25 %), and culture filtrates (5–25 %, v/v) achieved significantly
increased betalain production in the Penicilium notatum DCP-treated cultures, but
all elicitors resulted in a reduction of biomass, reducing overall yields [100].
However, this is not always the case; vanadyl sulfate (VOSO4), an abiotic elicitor,
resulted in an 8-fold increase in biomass compared to the control in Ambrosia
artemisiifolia hairy root cultures when 50 mg/L was applied for 72 h to 16-day-old
cultures [101]. Due to the fact that in some cases elicitation inhibits root growth, a
two-stage culture strategy, in which elicitation is conducted once growth is
complete, may be used in scaled-up processes. For example, in elicitation studies
with Beta vulgaris hairy roots cultured in a bubble-column reactor, the elicitor was
added at late exponential phase, resulting in approximately a 47 % increase in
betalain production compared to controls [100].

Elicitors may also increase oxidative stress; Silybum marianum hairy roots
exposed to 100 uM methyl jasmonate for 72 h showed the increased expression of
antioxidant enzymes such as ascorbate peroxidase and guanicol peroxidase by 1.3
and 3.2-fold, respectively [98]. Although our current understanding of the mode of
action of elicitors is related almost exclusively to secondary metabolism, primary
metabolism may also be affected. Vasconsuelo and Boland [94] suggest that
elicitation may also affect processes that regulate levels of secondary metabolites,
such as vacuolar transport and compound storage, and that increasing our overall
understanding these processes will be helpful to improve secondary metabolite
production [94].

4.2 Ultrasound

Ultrasound has been widely applied in chemistry, chemical engineering, medicine,
and biology for its chemical, physical and biological effects. In plant cell cultures,
ultrasonic treatments have been employed to enhance metabolism and mass
transfer, examples include, Lithospermum erythrorhizon,Panax ginseng, and Taxus
chinensis [102–104]. The effective distance of the ultrasound wave is short due to
the attenuation of ultrasound wave [105, 106]; however, ultrasound has been
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successfully employed in hairy root cultures to intensify mass transfer in order to
stimulate both root growth and secondary metabolite production. Cichoric acid
production was increased in Echinaciea purpurea hairy root cultures by the use of
six minute ultrasound treatments in a 2 L bioreactor [47]. The acoustic model has
been utilized to understand the effects of ultrasound treatments on fluid flow [107,
108]; however, an optimal design for the scale-up of a sonobioreactor that would
provide uniform ultrasound has not yet been developed.

5 Bioreactor Design and Scale-Up

5.1 Mathematical Models

Root tissues are very different from the common microbial or cell cultures, and
bioreactors for hairy root culture are more difficult to operate, control, and scale-
up. The high number of variables results in complicated methods of operation.
Developing growth models for bioreactor cultures is part of the necessary research
for the design, operation, and scale-up for the industrial production of hairy roots.
The use of mathematical models aids in the design of reactors to improve biomass,
secondary metabolite production, and secondary metabolite recovery.

Several methods have been established to monitor the process of plant cell
growth, Kim et al. [109] developed a growth model using Tagetes erecta T3 hairy
roots as a model system [109]. In this study, a mathematical model of branching
dynamics was constructed to simulate the branching rules for hairy roots, and the
growth rate and biomass were monitored using the population balance equation
and the Monod equation. This model functioned to illustrate the root growing
process and aid in bioreactor scale-up. More recently, a medium-throughput
automatic image recognition system was developed to provide quantitative data
regarding the growth patterns and secondary metabolite production (the red
betacyanin pigment) of B. vulgaris hairy roots. In this system, they quantified three
main growth processes; tip elongation, branching and secondary thickening, to
evaluate growth, and quantified the red color produced by betacyanin to evaluate
secondary metabolite production. This type of approach helps to provide quanti-
tative data that may be used for the creation of a structured growth model for hairy
roots via mathematical modeling [110].

In both shake flasks and bioreactors, hairy roots tend to form a dense network of
tissue with younger, more lightly packed roots surrounding the older core. Bastian
et al. [111] developed a general growth model that included hairy root elongation,
branching, secondary growth, and nutrient transport functions in dense root net-
works. After certain simplifications, the model was simulated with the experiment
data using Ophiorrhiza mungos hairy root culture. This model could be used to
describe the uptake kinetics and biomass increase of O. mungos hairy roots grown
in shake flasks, and helped with the optimization of process parameters in hairy
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root culture. Oxygen transfer is a critical factor in bioreactor cultures because in
high density cultures; the oxygen uptake rate is generally faster than the oxygen
mass transfer rate. Early experiments determined that oxygen consumption within
the hairy root mass was restricted by the rate of convective mass transfer within
the mass, and increasing the flow rate around the mass would induce higher rates
of oxygen consumption [112].

The growth and metabolism of plant cells are distinct when they are cultivated
in different environments; therefore, in order to achieve maximum production, it is
necessary to monitor the cell and tissue growth, nutrient consumption, mass
transfer, and rheology. Ramakrishnan and Curtis [58] detailed the oxygen transfer
process in a plant tissue culture system using the uptake equilibrium and diffusion
equilibrium. The mass transport process was divided into several steps including
transport in the gas phase, transfer from gas into liquid phase, and transport from
liquid to tissue. They constructed models of oxygen transport and oxygen con-
sumption to estimate the solid–liquid mass transfer coefficient in hairy root
cultures in a trickle bed bioreactor, which could then be used for the design of
scaled-up reactors [58]. The mathematical analysis of oxygen transport into the
plant tissue culture provided a quantitative understanding of the culture conditions;
this is helpful for understanding oxygen transport limitations, which could then
guide bioreactor design. Recently, a mathematical model was developed to eval-
uate and optimize operating parameters such as the mist flow rate, the nutrient
concentration, the timing for the mist on/off cycle, and drainage characteristics
within a nutrient mist reactor [49]. In a similar study, they developed a mathe-
matical model for a nutrient mist reactor to cultivate A. annua hairy roots. Inter-
mittent misting helps to ensure that the root surfaces are sufficiently wetted, while
short cycles allow for the liquid to drain. The results of this study indicated that
intermittent on/off cycles were effective for sustained operation, and to prevent
water-logging of the bed, it was necessary that the mist has a short ‘on’ cycle.
They determined that the mist could be switched off for 90 % of the run time in an
optimized system [113].

5.2 Computation Fluid Dynamics (CFD)

Models of growth and mass transfer of plant tissue are necessary for bioreactor
design and scale-up. However, these models ignore the hydrodynamic environ-
ment which also influences the growth and metabolism of hairy roots cultured in
bioreactors. Monitoring the hydrodynamics helps to evaluate the fluid character-
istics (such as fluid flow, shear stress, and turbulent intensity) that are key
parameters in bioreactor design and scale-up. Computational fluid dynamics
(CFD) offers a novel approach for investigating hydrodynamic behavior and
designing reactor structures. CFD has been used in the simulation of hydrody-
namic turbulent shear stress in a plant cell culture bioreactor [114], analysis of
hydrodynamics for the design of trickle-bed reactors [115], the optimization of the
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inner structure in a flat algal photobioreactor [116, 117], design of the sparger in a
bubble column bioreactor [118, 119], design of the impeller in a stirred tank
reactor [120], and for the optimization of the height to diameter ratio in bubble
column reactors [118]. The fluidization behaviors induced by ultrasound were also
simulated with the help of CFD [107, 108].

5.3 CFD for Hairy Roots

Recently, Liu et al. [121] used CFD to investigate the hydrodynamics and mass
transfer in an internal-loop airlift bioreactor containing Echiniacea purpurea hairy
root cultures [122]. In this study, the CFD model was based on a porous media
model (representing the hairy roots) and a discrete population balance model
(representing bubble number and diameter). A two-dimensional axisymmetric
model was used to describe the bioreactor due to its axial symmetric structure. The
porosity of the hairy root clump was measured and calculated as follows:

c ¼ V � m=qroot

V
ð1Þ

where V was the volume of the hairy root clump, m was the mass of the hairy root
clump and qroot was density of the hairy roots of 1 g/ml.

The resistance coefficients were extrapolated after determining the pressure
drop through the hairy root clumps by packing the hairy roots into a
2.54 cm 9 40 cm glass tube and measuring the water flow rate under defined
pressure drops. These values were used to determine the resistance coefficients
D and C2 in Eq. 2.

Dp ¼ C2
1
2
q~uj j2Dnþ Dl~uj jDn ð2Þ

where Dn was the porous media thickness (the glass tube height, m), q was the
density of the fluid, and l was the water flow rate under the pressure drop change
Dp. In a test using Echiniacea purpurea hairy roots, parameters including liquid
and gas velocity, gas holdup, mass transfer rate, and distribution of oxygen con-
centration in the airlift bioreactor were simulated using the CFD model. A Euler–
Euler multiphase model was used to simulate the hairy root culture process. There
are two types of mass transfer in the bioreactor; interphase mass transfer, in which
oxygen is transferred from gas phase into liquid phase, and intraphase diffusion,
the diffusion of the dissolved oxygen within the liquid phase.

Testing the parameters demonstrated that the porosity of the hairy roots
changed during the culture period, from 1 to 0.7, which thereby changed the water
flow resistance coefficients. As the fluid flow resistance increased, this influenced
the nutrient supply for the roots. As the dissolved oxygen concentration increased,
the oxygen consumption rate increased. The modeling results indicated that the
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dominant factors in the oxygen mass transfer in the hairy root culture were the
liquid flow and turbulence. It also predicted that the concentration of dissolved
oxygen would increase from the bottom to the top of the hairy root clump, and this
was verified experimentally. The use of CFD provides an elegant method to guide
future bioreactor design and scale-up as well as process intensification for large-
scale bioreactor culture of hairy roots.

Overall, the experimental data validated the model, and provided a system that
could be used to model the dissolved oxygen concentration distribution, which is
difficult to determine during the process of cultivating hairy roots in a bioreactor.
This model provided a simple and efficient method to predict the dissolved oxygen
concentration and consumption rate distribution, and allows researchers to predict
and optimize the bioreactor design and scale-up, as well as develop process
intensification strategies, without having to perform numerous time-consuming
bioreactor experiments.

This same model was subsequently used to simulate hydrodynamics and oxy-
gen mass transfer in an ultrasound-intensified Echinacea purpurea hairy root
culture [121]. The results of the simulated model, and the experimental data,
demonstrated that the ultrasound intensified oxygen mass transfer in the hairy root
clump, thereby stimulating growth and cichoric acid biosynthesis.

6 Conclusions

Hairy roots are an efficient system for the production of secondary metabolites,
and as the global demand for these economically important compounds rises, there
will a heightened interest in their production at commercial-scale. In addition to
secondary metabolites, hairy roots are likely to be increasingly utilized for the
production of recombinant proteins, especially for medicinal purposes. A method
recently developed utilizing the combination of a chimeric super promoter, a
translation enhancer sequence, and signal peptide for secretion of the recombinant
protein into the media, resulted in transgenic tobacco hairy roots producing
reporter protein at levels that were ten-fold higher than produced in tobacco leaves
[123]. Hairy roots are also being used in phytoremediation, such as the use of
Tagetes patula hairy roots for the decolorization of dyes [124], transgenic tobacco
hairy roots for the overexpression of peroxidases for phenol removal [125], and
Brassica napus hairy roots for the removal of 2,4-dichlorophenol from aqueous
solutions [126]. Continued research in the scaled-up production of hairy roots in
bioreactors will be necessary. Although methods have improved, the scale-up from
shake flasks to bioreactor systems still faces many challenges; providing hairy
roots with optimal levels of nutrients, oxygen, adjusting operating parameters as
the culture matures, and optimizing elicitor type and timing are still being
researched. In addition, in contrast to other types of culture systems, hairy roots are
often morphologically varied from species to species, or even within a species,
therefore optimization may be a very individual process for a specific commercial
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product. The continued development and improvement of low-cost and low-
maintenance systems will enhance commercialization, as well as develop methods
that streamline the harvesting of hairy roots from the bioreactor system. The
development over the last decade, and especially in the last few years, of com-
putational methods for the improvement of bioreactor design, such as mathe-
matical modelling and computational fluid dynamics will be invaluable in this
endeavour.
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Hairy Roots as a Vaccine Production
and Delivery System

Marina Skarjinskaia, Karen Ruby, Adriana Araujo, Karina Taylor,
Vengadesan Gopalasamy-Raju, Konstantin Musiychuk, Jessica A. Chichester,
Gene A. Palmer, Patricia de la Rosa, Vadim Mett, Natalia Ugulava,
Stephen J. Streatfield and Vidadi Yusibov

Abstract Prevention of infectious diseases by vaccination is often limited
because of the lack of safe, effective, and accessible vaccines. Traditional vaccines
are expensive and require special conditions for storage, distribution, and
administration. Plants have potential for large-scale production of a variety of
inexpensive and highly effective recombinant proteins for biomedical and phar-
maceutical applications, including subunit vaccines. There are several approaches
for the production of vaccine antigens in plants, including transient expression
systems based on Agrobacterium delivery of binary vectors or plant viral vectors,
stable transgenic plants, and plant cell or tissue cultures. Axenic plant cultures
maintained under defined physical and chemical conditions appear to be an
attractive production platform when target proteins need to be synthesized in a
fully controlled environment. Hairy root cultures meet the criteria for such a
system. Hairy root cultures, generated from edible plants and producing target
antigens, provide a potential approach for the development of vaccines for oral
delivery. With this approach, there are no protein extraction and purification costs
and the active biomolecule is protected by the plant cell wall during passage
through the upper gastrointestinal tract. This allows for gradual release of antigen
at mucosal surfaces in the gut. Lyophilized hairy root cultures expressing vaccine
antigens can be stored at ambient temperature for extended periods of time, which
should facilitate storage and distribution, ultimately allowing for large populations
to be vaccinated.
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1 Introduction

In the last two decades, a number of groups from both academia and industry have
demonstrated the potential of plants as a promising platform for producing
recombinant proteins, including those for human health applications. Bacterial,
yeast, insect, and/or mammalian expression systems are effective for certain tar-
gets, but each has particular limitations associated with the costs of manufacturing,
the system’s ability to produce soluble and complex targets and perform post-
translational modifications (PTMs), and product safety [1, 2]. In contrast, plant-
based expression systems are highly scalable, and the target product is safe due to
the host being free of animal pathogens or microbial toxins [3]. Moreover, PTMs
in plants are broadly similar to those of mammalian systems, with minor differ-
ences in glycan residue decoration not appearing to affect specific immunogenicity
of the target [2, 4, 5].

With the success in the development of plant-based expression systems, vacci-
nation with plant tissue-based mucosal vaccines has been considered an attractive
alternative to parenteral administration of purified recombinant antigens. Moreover,
although parenterally administered vaccines generally elicit strong serum IgG
antibodies, they do not typically induce robust mucosal secretory immunoglobulin
type A (sIgA) production [6, 7] and therefore may be unable to protect against many
pathogens that colonize mucosal surfaces of the gastrointestinal (GI), respiratory, or
genital tracts. By contrast, oral administration represents an effective route for
stimulating local mucosal immune responses in the oral cavity and the GI tract,
potentially leading to robust generalized mucosal immune responses [8]. For oral
administration of a plant-based edible vaccine, minimal processing of plant material
is required to ensure uniform dosing and stable product, and the antigen is afforded
natural bioencapsulation and consequent stability in the GI tract, a typically hostile
environment for delivered antigen [9]. Although there are examples of edible vac-
cines inducing immune responses without adjuvant, mucosal immunity can be
enhanced by using appropriate adjuvants [10–13], including noncatalytic subunits of
Escherichia coli heat-labile toxin [14] or Vibrio cholera [15], as well as adjuvants of
plant origin, such as lectins [16, 17].
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On the other hand, edible plant-based vaccines have some disadvantages,
including low levels of target antigen expression, necessitating consumption of large
quantities of product to stimulate immune responses [18], and limited regulatory and
human experience. Therefore, to successfully launch an orally administered plant
tissue-based vaccine, issues related to economics, safety, and potency should be
addressed. An expression system must be able to produce sufficient quantities of
target antigen with the desired consistency, stability, safety, and potency, including
storage stability at elevated temperatures as well as stability against enzymatic
digestion in the GI tract following vaccine administration [9]. Transgenic edible
plants have been the focus of most reported studies [6, 19–21].

As demonstrated in a number of studies, antigens from various pathogens,
including enterotoxigenic E. coli (ETEC; [22]), measles virus [23], Plasmodium
falciparum [24], Vibrio cholera [25], foot-and-mouth disease virus [26], hepatitis
B virus [27, 28], and rabies virus [29], have been expressed in plants, tested in
animal models, and shown to be immunogenic when administered orally. Fur-
thermore, plant-derived edible vaccines against ETEC [30], hepatitis B virus [29,
31], and rabies virus [32] have been evaluated in clinical trials with demonstrated
safety and immunogenicity in humans. Despite the successful production of
recombinant proteins in transgenic plants, biosafety and regulatory issues are
major concerns [33, 34]. Therefore, contained expression systems such as plant
cell cultures or cultures of differentiated organs, such as hairy roots, are being
considered as alternatives to transgenic whole plant-based systems.

2 Generation of Hairy Root Cultures for Producing
Heterologous Proteins

Hairy roots are neoplastic tissues that develop as a result of expression of rol and
aux genes of Agrobacterium rhizogenes transformed into the host cell genome
following infection with this Gram-negative soil bacterium [35]. Hairy root
development is associated with the formation of extensive secondary roots that can
be excised and cultivated indefinitely under sterile conditions. Hairy root cultures
(HRCs) are maintained in media containing a mixture of salts and sucrose and
lacking products of animal origin. In addition, HRC media are hormone-free,
which eliminates the possibility of hormone-induced genotype instability through
chromosome aberrations [36, 37]. HRCs have been established from numerous
species of dicotyledonous plants including those with attractive phytochemical
[38] or metabolic properties [39–43].

HRC-based production systems, under contained conditions, offer substantial
benefits, including fast economic biomass accumulation, genetic stability, differ-
entiated organ-specific cultures of clonal origin [44], and time efficiency. It
requires 50–60 days to obtain a master culture followed by biomass increase
correlating with doubling time of the HRC. For example, mean doubling time of
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the HRC depends on plant species and ranges from 1.2 (Atropa belladonna) to
7.7 days (Solanum aviculare; [45]).

HRCs show consistency in target gene expression over an extended period of
time. The examples include full-length murine IgG1 monoclonal antibody pro-
duced in tobacco HRCs with stable expression for about 19 months [46] and b-
glucuronidase (GUS) produced in Lotus corniculatus hairy roots with stable
expression over 5 years [47]. In addition, consistent production level of green
fluorescent protein cycle 3 (GFPC3) or human growth factor (hGH) was recorded
for a 3-year period in Nicotiana benthamiana HRCs where expression of the target
proteins was driven by an episomal expression vector [48]. Similar genotypic
stability was observed for secondary metabolite production in HRCs. For example,
Marconi et al. [49] reported on stable production of tropane alkaloids by Brug-
mansia candida HRCs for 5 years. Baiza et al. [50] observed stable production of
tropane alkaloids in HRCs of Datura stramonium over a 6-year period.

HRCs have been demonstrated to express recombinant proteins at up to three- to
fivefold higher levels compared to their ‘‘parental’’ transgenic plant lines, as shown
for acetylcholinesterase-expressing HRCs generated from transgenic N. benthami-
ana plants [51] and hepatitis B surface antigen (HBsAg)-expressing HRCs derived
from transgenic potato [52]. Secondary metabolites are also produced by HRCs at an
up to twofold higher level than their ‘‘parental’’ plant lines [53–56].

Hairy roots are able to secrete properly folded functionally active recombinant
proteins and natural products into the culture medium [46, 57]. Secretory signal
sequences directing a protein of interest to the hairy root secretory pathway can be
exploited in secretion-based aseptic in vitro systems where isolation of recombi-
nant proteins from hydroponic media can be relatively cost effective [58].

The bottleneck for the application of HRCs for the production of recombinant
proteins or natural products is the establishment of effective and economic pro-
cesses for scale-up, despite several bioreactor designs having been developed [59].

HRCs, genetically modified, have the potential to be used as a platform for the
production of target proteins [42, 60–62], including monoclonal antibodies [46,
63] and vaccine antigens [52, 64–68]. Below we review different vector systems
used for the expression of recombinant pharmaceutical proteins in HRCs.

3 Approaches for Expressing Foreign Proteins
in Hairy Root Cultures

3.1 Transgenic

As previously described in Sect. 2, wild-type HRCs are commonly generated from
transgenic plants by infecting them with A. rhizogenes or by transforming plants
with A. rhizogenes genetically modified by introducing disarmed T-DNA of a binary
plasmid ([69]; Fig. 1), which is a standard tool for integration of the transgene into
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the plant nuclear genome [70]. One of the key limitations of transgenic hairy roots is
a weak target expression. Efforts are being made to increase target accumulation in
HRCs by including strong regulatory elements in expression cassettes for binary
vectors [71], for example, the constitutive 35S Cauliflower mosaic virus (CaMV)
promoter [72], the ocs-mas20 super-promoter with the highest activity in roots of
transgenic tobacco plants [73], or strong root-specific promoters such as the pro-
moter from the tomato SIREO gene [74]. Constitutive promoters are often preferred;
however, due to the toxic nature of some recombinant proteins, constitutive
expression can be detrimental or lethal to hairy roots [68]. By contrast, inducible
promoters allow for expressing only after specific treatment with physical stimuli
such as altered temperature [75], change in light spectrum or regimen [76], or
wounding [77], or chemical stimuli such as metal ions [78], alcohols [79, 80, 85],
steroids [81], herbicides [82], or insecticides [83, 84]. Thus, application of an
inducible system allows for separating the ‘‘growth’’ and ‘‘production’’ phases for
recombinant protein manufacturing in plants [85].

Inclusion of viral translational enhancers such as the omega 5’ leader sequence of
tobacco mosaic virus (TMV; [86]), optimization of codon usage to that preferred by
the plant host ([71, 87]), and the use of subcellular targeting sequences such as the
endoplasmic reticulum (ER) targeting sequence, KDEL, can boost target expression
[88, 89]. Additionally, to enhance target solubility and stability, fusion with carrier
molecules such as b-1,3-1,4-glucanase from a thermophilic bacterium Clostridium
thermocellum (lichenase; [90]) has been applied.

3.2 Transient

In addition to the stable incorporation into the plant cell genome, target genes can
be expressed in hairy roots using recombinant plant viral vectors. Due to the ability
of plant viral RNA to self-replicate in the cytoplasm of infected plant cells and
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Fig. 1 Schematic diagram of hairy root culture systems for heterologous antigen expression
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move into neighboring cells [91, 92], plant viruses can infect and continually
replicate in HRCs. For example, Shadwick and Doran [93] established viral
infection of hairy roots by co-incubation with a TMV-based vector, TMV-30B,
carrying a fluorescent tag, GFPC3 [94]. After the recombinant virus was added to
the culture medium containing hairy roots, virus accumulation was observed in
growing root biomass, implying cell-to-cell movement of the virus within the root
tissue [93]. However, the virus titer in the hairy root biomass declined during
cultivation, most likely because of the genetic instability of the TMV-30B viral
vector [94]. Furthermore, no GFP expression was detected in virus-infected root
cultures, likely because of the loss of GFP-encoding sequences during passaging of
the viral vector from leaves.

The feasibility of target protein production in HRCs mediated by replication of
recombinant virus without nuclear integration of target sequences has also been
demonstrated by Skarjinskaia et al. [48]. In this study, the TMV-30B vector
encoding either hGH or GFPC3 was introduced into cells of greenhouse-grown N.
benthamiana by mechanical inoculation. Hairy roots were then induced from
leaves that were systemically infected by the virus by applying wild-type A.
rhizogenes (Fig. 1). Among emerged roots, 70 % were found to express target
protein. Accumulation of both hGH and GFP in selected clonal root lines was
sustained over a 3-year period in the absence of selection and at levels comparable
with those determined at the time of establishing the hairy root lines. Reports have
demonstrated that virus infection did not affect the hairy root proliferation and
biomass gain [48, 93].

To demonstrate the stability of the recombinant virus in HRCs, N. benthamiana
plants were inoculated with extract from a 3-year old hairy root line expressing
GFP (Skarjinskaia et al. unpublished observation). Following inoculation, viral
replication and GFP expression were observed throughout the plant in locally
inoculated and systemically infected leaves. Conversely, when the 30B-GFP
vector was passaged in plants, GFP expression was lost after two to three serial
passages (4–6 weeks), probably due to virus recombination [95].

Recombinant proteins can also be produced in HRCs using hybrid (‘‘launch’’)
vectors containing elements of both agrobacterial binary plasmids and plant
viruses, as described by Musiychuk et al. [96]. For example, a hybrid vector pBI-
D4 consists of sequences from an Agrobacterium binary plasmid, pBI121, and
RNA of recombinant TMV [96]. These vector systems are widely used for tran-
sient expression of recombinant proteins, including vaccine antigens [97]. Hybrid
vectors can also be stably integrated into the host plant’s genome using an A.
rhizogenes-mediated transformation, resulting in hairy root formation (Fig. 1).
Target gene expression is derived from the continually replicating viral vector
which, in turn, is constitutively transcribed from the nuclear genome. Moreover,
because hairy roots are transgenic and each cell carries the vector, the need for
virus cell-to-cell movement function is eliminated.

It is well documented that target expression depends on the ability of the host
plant to sustain replication of the viral vector [98, 99]. Thus, in addition to
engineering of an optimal expression construct, the choice of host plant species is
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important. The feasibility of long-term episomal protein production in stably
transformed HRCs using the hybrid expression vector pBI-D4 has been demon-
strated for several targets, including GFPC3 (Skarjinskaia et al. unpublished
observation), lichenase (LicKM), a fusion product of LicKM to domain 4 of
Bacillus anthracis protective antigen (PA) (current review), LicKMPA-D4 (cur-
rent review) and a fusion product of LicKM to the E7 oncogene from human
papillomavirus type 16 (HPV-16), LicKME7 [66].

Although hybrid vectors are designed to increase recombinant target expres-
sion, they are prone to vector instability. Therefore, inducible viral vectors com-
bining the features of inducible promoters and plant viral sequences have been
developed. Inducible plant viral vector systems include: an estradiol-inducible
tomato mosaic virus (ToMV) amplicon expressing GFP in tobacco BY2 cells
[100], an ethanol-inducible bean yellow dwarf virus (BeYDV) amplicon system
expressing Norwalk virus capsid protein in tobacco NT-1 cells [101], an estradiol-
inducible cucumber mosaic virus (CMV) viral amplicon, CMViva, for the pro-
duction of functional recombinant proteins in nontransgenic leaf tissue using
transient agroinfiltration [102, 103], the same system in transgenic tobacco sus-
pension cultures [104], and an ethanol-inducible TMV viral replicon expressing
GFP in stably transformed tobacco plants [85].

Collens et al. [105, 106] reported on a hybrid pGPTVK-GI vector consisting of
an Agrobacterium binary vector, pBY031, and recombinant beet yellow dwarf
virus (BYDV) containing the GUS reporter gene. HRCs of Nicotiana glutinosa
were inoculated with A. tumefaciens bearing a hybrid vector [105]. Expression of
GUS was recorded after 3 days post inoculation. Microscopic examination of
histochemically stained root tissue revealed that GUS expression was mainly
localized in actively dividing cells of root tips and the root zone of elongation.
Such restricted localization of target leads to low overall expression levels of the
reporter gene transiently delivered to hairy roots by a hybrid expression vector.

4 Disease Targets for Vaccine Candidates Produced
in Hairy Root Cultures

Hepatitis B is an alarming viral disease, infecting about 2 billion people worldwide
[107]. Currently produced hepatitis B vaccines comprise surface protein of the viral
envelope, which also plays an important role in viral infection [107]. Proof of
concept for a plant-produced hepatitis B vaccine was first established by generating
transgenic tobacco plants expressing recombinant hepatitis B surface antigen
(rHBsAg) in the form of virus-like particles (VLPs) analogous to those produced in
yeast [108]. In a later study, potato HRCs expressing rHBsAg were generated [52].
Six hairy root lines were analyzed for growth and target antigen production in
different culture media, demonstrating fivefold higher levels of HBsAg expression
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compared with the original transgenic plant (97.1 ng/g vs. 19.11 ng/g FW). No
immunological study of hairy root-derived HBsAg has yet been reported.

Swine erysipelas is a disease caused by the bacterium Erysipelothrix rhusi-
opathiae, is associated with considerable economic loss, and continues to be a
major problem in swine-producing areas worldwide [109]. The bacterium also
causes a skin disease, erysipeloid, in humans. The repeat region at the C-terminus
of immunogenic surface-protective antigen A of E. rhusiopathiae, SpaA, has been
proposed as a candidate for a subunit vaccine against erysipelas [110]. SpaA
expressed in E. coli completely protects mice against the E. rhusiopathiae chal-
lenge [110]. In an attempt to produce SpaA in plants, hairy roots were generated
from transgenic tobacco plants designed to express SpaA fused to cholera toxin B
subunit (CTB; [64]). However, when assessed by RT-PCR and Northern blot
analysis, the emerged HRCs were found to express only low levels of SpaA.

ETEC is the leading cause of acute bacterial diarrhea in the developing world
and the most common cause of travelers’ diarrhea. Infection and colonization of
the small intestine with ETEC can be fatal in the absence of treatment [111]. The
heat-labile enterotoxin (LT) produced by ETEC consists of six subunits: a cata-
lytically active A subunit (LTA) and a GM1 ganglioside binding B subunit pen-
tamer (LTB; [112]). LTB was proposed as a mucosal immunogen [113]. In
addition, it has been shown to be a potent mucosal adjuvant, stimulating antibody
responses when co-expressed with vaccine antigens [114]. The development of the
transgenic potato plants expressing LTB at up to 17 lg/g tuber has been reported
by Mason et al. [22]. Recently, LTB has also been expressed in HRCs generated
from Solanaceae plants including Nicotiana tabacum, Lysopersicon esculentum,
and Petunia parodii [68]. Hairy roots were generated by stable leaf disk trans-
formation with recombinant A. rhizogenes harboring a pBI121-based vector
encoding LTB. The LTB expression level in a tobacco and petunia hairy roots
comprised about 65–70 lg/g, whereas tomato hairy roots expressed only about
10 lg/g of LTB. Higher levels of LTB expression in HRCs caused lower levels of
biomass accumulation, regardless of the plant species. The greatest growth
retardation (80 %) relative to the control (hairy root lines transformed with a GUS-
expressing construct) occurred in tobacco hairy roots and the lowest retardation
(35 %) was observed in petunia hairy roots. LTB-expressing tomato HRCs did not
reveal significant differences in the growth rate compared to the GUS control;
however, LTB was produced in tomato hairy roots at an approximately six-times
lower level than in petunia or tobacco hairy roots. Immunogenicity of LTB pro-
duced in HRCs was not assessed in this study.

Yersinia pestis, the causative agent of plague, is an extremely virulent bacte-
rium, causing rapidly progressing disease and a high mortality rate. Fraction-1
capsular antigen (F1) and low calcium response virulent antigen (V) are immu-
nogenic antigens of Y. pestis [115]. F1 protein has been suggested to inhibit
phagocytosis of the pathogen by host macrophages [116]. V protein is secreted and
inhibits an early host inflammatory response to infection [117]. Furthermore, in
female BALB/c mice, an F1-V fusion protein produced in E. coli is protective
when administered intramuscularly [118, 119]. In order to develop a mucosal

122 M. Skarjinskaia et al.



vaccine against plague, an F1-V fusion protein was expressed in transgenic tomato
plants [120]. It was shown that the percent of F1-V in total soluble protein in fully
developed but still green tomato fruits was significantly higher (P \ 0.001) than in
ripe fruits and leaves. To increase shelf-life and standardize dose, transgenic green
tomato fruits were freeze-dried, pooled, and powdered. BALB/c mice were first
primed subcutaneously with the bacteria-produced F1-V fusion protein and then
fed with lyophilized transgenic tomato powder. The F1- and V-specific serum
IgG1 antibodies were detected in 100 % of immunized animals. In addition, F1-
and V-specific mucosal IgA antibodies were detected in fecal pellets of the
immunized mice [120]. The F1-V fusion protein of Y. pestis was also produced in
transgenic tobacco plants and hairy roots [65]. Expression was driven by the
constitutive ocs-mas superpromoter [73] fused to tobacco etch virus translational
enhancer [121]. For subcellular targeting of the fusion protein, a signal peptide
from the potato patatin gene (Pat) was included at the N-terminus of the target. A
hexa-histidine tag (6xHis) was also included to facilitate detection and purification
of the target. Additionally, the expression construct contained the lectin subunit of
ricin, ricin B (RTB), which is a potent mucosal adjuvant and an antigen carrier for
oral immunization [17]. Expression analysis of the RTB:F1:V antigen fusion
revealed the lowest expression in leaves and the highest in transgenic plant roots
and hairy roots derived from transgenic plants, suggesting that HRCs may be
suitable for recovering large quantities of the target protein for use as a plague
vaccine candidate. The 6xHis tag-labeled RTB:F1:V fusion protein was purified
from HRCs for evaluation of its ability to elicit systemic and mucosal antibody
responses following nasal immunization of mice. However, there are no reports on
immunogenicity of RTB:F1:V produced in HRCs.

HPV causes the second highest incidence of death through cancer worldwide in
women [122]. The HPV-16 type of the virus is recognized as a causative agent of
cervical cancer [123]. The genome of HPV consists of six nonstructural viral
regulatory E-proteins and two structural viral capsid L-proteins [124]. The E6 and
E7 oncoproteins are responsible for malignant transformation of host cells by
down-regulation of tumor-suppressing genes, which has been suggested as a
mechanism of tumor induction by HPV [125]. As a candidate vaccine against
cervical cancer, E7 oncoprotein from the high-risk HPV-16 strain has been pro-
duced in plants. Agrobacterium infiltration of N. benthamiana with the pBI-D4
launch vector encoding HPV-16 E7 fused to the LicKM carrier resulted in tran-
sient expression of the LicKM-HPV-16 E7 fusion that was purified and evaluated
in a mouse model for its potential as a prophylactic and therapeutic vaccine [126].
The vaccine was shown to be immunogenic, inducing E7-specific IgG antibody
and cytotoxic T cell responses, and protected mice against lethal challenge with an
E7-expressing tumor cell line. Massa et al. [66] also generated HRCs from N.
benthamiana and Petunia hybrida by stable transformation with recombinant A.
rhizogenes harboring a hybrid pBI-D4-based vector including sequence encoding
the LicKM-HPV-16 E7 antigen fusion. The authors indicated an intention to
produce hairy root extracts and lyophilized material for pre-clinical evaluation, but
results have not been reported.
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Crimean–Congo hemorrhagic fever (CCHF) is a human tick-borne viral
disease. CCHF is frequently fatal, and the current approach to the disease man-
agement comprises general supportive measures and administering an antiviral
drug, ribavirin [127]. There is no safe and effective vaccine against CCHF,
although an inactivated, mouse-brain–derived vaccine has been developed and
used for prophylaxis of defined human risk groups [128]. An attempt to produce a
plant-made vaccine against CCHF based on the immunogenic properties of CCHF
virus (CCHFV) glycoproteins was reported by Ghiasi et al. [129]. Viruses of this
family, Bunyaviridae, contain three structural proteins: two envelope glycopro-
teins (Gc and Gn), a nucleocapsid protein, and a RNA-dependent RNA polymerase
[130]. The viral glycoproteins are recognized by the receptor sites on susceptible
host cells. Viruses are internalized by endocytosis and replicate in the cytoplasm of
infected cells [130]. The immunogenicity of Gc and Gn glycoproteins was dem-
onstrated in mice immunized with an experimental DNA vaccine for CCHFV
[131]. A recombinant G1/G2 (Gc/Gn) glycoprotein of CCHFV has been produced
in leaves and hairy roots of transgenic tobacco and tested for immunogenicity in an
animal model [129]. The G1/G2 glycoprotein was expressed at 1.2 lg/g FW of
transgenic leaves and 1.8 lg/g FW of hairy roots. BALB/c mice were fed with
either pelleted transgenic hairy roots or leaves, and a subset of these mice was then
also injected with a single low dose of purified G1/G2 as a booster. Positive
control mice were immunized with the current CCHF vaccine. Both transgenic leaf
and hairy root material containing recombinant G1/G2 were shown to be similarly
immunogenic when delivered orally to mice, eliciting anti-G1/G2 serum IgG and
fecal IgA antibodies in 100 % of immunized animals. The boosted groups showed
a large increase in anti-G1/G2 IgG antibodies. Although the G1/G2 glycoprotein
from transgenic leaves and hairy roots had similar immunogenicity, the authors
suggested that the hairy root system is more promising compared with the trans-
genic tobacco leaf system, due to potential for large-scale cultivation in culture
medium and faster growth.

Bacillus anthracis is one of the potential agents of most concern for biological
warfare. The main virulence factor of B. anthracis is a lethal toxin consisting of
PA and either lethal factor (LF) or edema factor (EF). PA is recognized as the most
effective immunogen for vaccination against anthrax [132]. Aziz et al. [133] first
employed the full-length PA protein (83 kDa) to generate an oral vaccine against
anthrax by expressing the antigen in transgenic tobacco. The functionality of plant-
produced PA was assessed in a cytolytic assay, demonstrating that in combination
with LF it was able to lyse macrophages and had a biological activity comparable
to that of native PA. In a subsequent study, immunization of mice with either
recombinant PA or domain 4 of PA (PAD4), or domain 1 of LF (LFD1) conferred
protection against anthrax infection [134]. The importance of PAD4 was illustrated
by the fact that deletion of the sequence encoding this domain from the B. an-
thracis genome leads to a [ 5,000-fold decrease in virulence [135].

We have transiently expressed PAD4 and LFD1, both as stand-alone proteins
and as fusions with the LicKM carrier molecule, in N. benthamiana (Fig. 2).
LicKM and LicKM–PAD4 expression cassettes were cloned into the pBI-D4
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vector [96], and the resulting constructs were introduced into A. rhizogenes strain
A4RSII, followed by infiltration into N. benthamiana. Transient expression of
LicKM–LFD1 was achieved by inoculating N. benthamiana leaves with an in vitro
transcript of the viral vector, 30B-LicKM–LFD1 [136].

The LicKM–PAD4 gene fusion was also stably integrated into the genome of
Petunia hybrida, a low alkaloid variant (kindly provided by Dr. John Hammond of
the US Department of Agriculture) using the pBI-D4 hybrid vector. P. hybrida
sustains TMV replication and movement within plant tissue. Furthermore, the
plant does not produce toxic alkaloids which might be harmful to experimental
animals consuming petunia hairy roots. Petunia hairy roots were generated by A.
rhizogenes-mediated transformation, selected and further propagated on K3 cul-
ture medium [48]. The best expressing hairy root clones were identified at early
stages of growth using a lichenase-specific colorimetric enzymatic assay [90]
using 2–3 mg of root tissue. Hairy root clones that demonstrated the highest
lichenase activity were propagated further. SDS-PAGE followed by immunoblot
analysis using a human anti-PA monoclonal antibody (IQ Corporation, The
Netherlands) or a rabbit polyclonal anti-LicKM antibody (Washington Biotech-
nology Inc., USA) were performed using 20–50 mg of root tissue [48]. LicKM–
PAD4 and LicKM–LFD1 were purified from N. benthamiana plants [96, 136] and
quantified against a bovine serum albumin (BSA) standard. Plant-produced puri-
fied LicKM–PAD4 of a defined concentration was used as a protein standard in
Western blot analysis.

A total of 204 clonal hairy root lines were screened to determine the expression
level of LicKM–PAD4 and root biomass accumulation during the standard sub-
culture period (4 weeks). Clonal line #26, with an expression level of about 8 mg/
kg of blotted fresh weight (FW; Fig. 3), was propagated in 2-L glass medicinal jars
by subculturing a portion of the biomass in fresh medium for over 2 years. At 6-
week intervals, root biomass was harvested and the FW was determined. The
increase in root biomass during subculturing was more than 30-fold. Blotted roots
from each of five culture jars were combined and freeze-dried in a lyophilizer

Fig. 2 a Western blot analysis of purified plant-produced LicKM (1), LicKM–PAD4 (2), and
LicKM–LFD1 (3) probed with an anti-LicKM polyclonal antibody; LicKM–PAD4 probed with
an anti-PA monoclonal antibody (4), and LicKM–LFD1 probed with an anti-LF antibody (5).
b Coomassie-stained gel with purified plant-produced LicKM (1), LicKM–PAD4 (2), and
LicKM–LFD1 (3)
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(FreeZone 4.5, Labconco). Lyophilized tissue was stored at –80 �C. To prepare
lyophilized material for oral immunization, the powdered content of multiple bags
was combined and thoroughly mixed to achieve homogeneity of the expressed
antigen confirmed by Western blot analysis using an anti-PA antibody (Fig. 4).
During lyophilization, the tissue weight loss was 13-fold (FW to dry weight). To
reconstitute FW, 10 mg of lyophilized root powder were re-suspended in 130 lL
of extraction buffer. Expression of the antigen in nine random samples of lyoph-
ilized tissue comprised 4.10, 5.32, 5.34, 7.24, 5.82, 6.2, 6.28, 5.89, and 5.80 ng
(lanes 5–13, respectively), with the mean value of 5.78 ± 0.85 ng of LicKM–
PAD4 (Fig. 4). Based on these results, the concentration of LicKM–PAD4 in the
lyophilized root tissue prepared for oral immunization was uniform and comprised
*38 mg of active LicKM–PAD4 per kg of dried petunia hairy root biomass.

To assess the biological activity of LicKM–PAD4 produced in petunia hairy
roots, the lyophilized hairy root material containing LicKM–PAD4 was used to
mucosally boost LicKM–PAD4-primed mice. Mice were initially immunized
intraperitoneally at 2-week intervals with three doses of 100 lg of plant-produced
LicKM–PAD4 with or without 100 lg of LicKM–LFD1. Ten weeks after the last
injection, each animal received 30 mg of dried root material reconstituted in water
by oral gavage, comprising a dose of *1 lg of LicKM–PAD4 per administration.
The mucosal boost was repeated after 1 week. Post second boost, LicKM–PAD4-
immunized mice had 0.34 mg/mL of an anti-PA IgG serum antibody, and mice
immunized with LicKM–PAD4/LFD1 had 2.3 mg/mL of an anti-PA IgG serum
antibody (Fig. 5). Mice in the LicKM negative control group had negligible anti-PA
antibody titers. As expected, mice immunized with full-length PA generated the
highest antibody titers, with a serum concentration of anti-PA IgG of 1 mg/mL even
following the priming dose, which increased to 80 mg/mL after the second boost.
These results indicate that LicKM–PAD4 and LicKM–LFD1 fusion proteins pro-
duced in plants can elicit strong humoral immune responses in mice. Furthermore,
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Fig. 3 Western blot analysis of LicKM–PAD4 expression in clonal hairy root lines. LicKM–
PAD4 expression was quantified against a plant-produced standard protein, LicKM–PAD4. Root
extracts were probed with an anti-PA monoclonal antibody. Lanes 1 and 2: 5 and 10 ng of the
standard protein, respectively. Lane 3: molecular weight marker. Lanes 4–11: total protein from
hairy root extracts. Each lane represents a different clonal hairy root line. Lane 10 represents line
#26 which was chosen as a production hairy root line with the expression level of 8 mg/kg of
blotted FW. Lane 12: negative control, an extract from hairy roots expressing LicKM. Protein
extract loaded in each well corresponds to 2 mg of root tissue
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the addition of LicKM–LFD1 to LicKM–PAD4 significantly increased the amount
of the anti-PA IgG antibody in the serum. An increase in the serum anti-PA antibody
concentrations in test groups after the second mucosal boost supports the feasibility
of using the transgenic hairy root material to mucosally boost prior humoral
response.

The stability of the LicKM–PAD4 antigen in petunia HRCs was also assessed.
Samples of lyophilized powdered root tissue were prepared and stored at ambient
temperature or at –80 �C. Western blot analysis of LicKM–PAD4 was performed
following storage of these samples for 14 months after the sample preparation. The
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Fig. 4 Concentration of the LicKM–PAD4 antigen in lyophilized bulked root tissue prepared for
oral immunization. Expression was quantified against a plant-produced standard protein, LicKM–
PAD4. Root extracts were probed with an anti-PA monoclonal antibody. Lanes 1–3: 2.5, 5, and
10 ng of protein standard, respectively. Lane 4: molecular weight marker. Lanes 5–13: expression
of the antigen in nine random samples of lyophilized tissue. Ten lL of protein extract were
loaded in each well, corresponding to 2 mg of reconstituted FW of root tissue
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Fig. 5 Mucosal administration of root material expressing LicKM–PAD4 boosts IgG antibody
responses in PA-primed mice. Groups of six female A/J mice were injected intraperitoneally at 2-
week intervals with three doses of 100 lg of purified plant-produced LicKM–PAD4 with or
without 100 lg of LicKM–LFD1, emulsified in Freund’s adjuvant (Sigma-Aldrich, St. Louis,
MO). Control animals received 50 lg of LicKM or recombinant full-length B. anthracis PA (List
Biological Laboratories Inc.). Ten weeks after the last injection, mice were mucosally boosted
two times at a 1-week interval with the lyophilized petunia hairy root material containing
*38 mg/kg of LicKM–PAD4 by oral gavage for a dose of *1 lg of LicKM–PAD4 per boost.
Serum samples were collected prior to each immunization and 1 week after the last mucosal
boost and analyzed using an anti-PA IgG enzyme-linked immunosorbent assay [136]. The
amount of PA-specific IgG was calculated based on standard curves prepared using a mouse anti-
PA IgG serum standard (kindly provided by Susan Wimer-Mackin of Ligocyte Pharmaceuticals,
Inc., Bozeman, MT). The results are expressed as lg of anti-PA IgG per mL of serum
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results demonstrated similar antigen concentrations following storage of the
lyophilized root tissue at ambient temperature [3.43, 3.46, and 2.40 ng (lanes
11–13, respectively), with the mean value of 3.09 ± 0.60 ng] or at –80 �C [5.42,
5.27, and 4.89 ng (lanes 8–10, respectively), with the mean value of
5.19 ± 0.27 ng; Fig. 6]. In contrast, extracts prepared from the lyophilized tissue
and stored at –80 �C showed a dramatic decline in PAD4 [0.30, 0.21, and 0.26 ng
(lanes 5–7, respectively), with the mean value of 0.26 ± 0.04 ng; Fig. 6]. The
slight decrease in the concentration of PAD4 in lyophilized samples stored at
ambient temperature may be due to the storage conditions. Although sampled
tissue was stored in tightly closed tubes, some humidification of lyophilized tissue
may have occurred, leading to a decline in the antigen concentration. Thus, for
long-term storage, additional precautions, such as storage of samples with silica
gel or in vacuum-sealed containers, should be considered.

5 Conclusions

Plants offer significant opportunities for making safe and effective subunit vac-
cines. The first plant-produced vaccine candidate was against hepatitis B and was
reported in the 1980s. Since then, many transgenic plant lines expressing antigen
targets of viral, bacterial, or parasitic origin have been generated, tested in animals,
and demonstrated to be immunogenic, and in some cases efficacious. In recent
years, the HRC-based production of target proteins has been reported, and the
hairy root-produced proteins had the desired biological activity. Hairy roots can be
used for producing proteins in a fully contained environment, eliminating the

1 2 3 4 5 6 7 8 9 10 11 12 13

Fig. 6 Stability of LicKM–PAD4 in lyophilized root tissue stored at –80 �C for 14 months.
LicKM–PAD4 levels were quantified against a plant-produced standard, LicKM–PAD4. Root
extracts were probed with an anti-PA monoclonal antibody. Lanes 1–3: 1, 2.5, and 5 ng of the
standard, respectively. Lane 4: molecular weight marker. Lanes 5–7: expression of the antigen in
protein extracts prepared from lyophilized tissue and stored at –80 �C. Lanes 8–10: expression of
the antigen in protein extracts prepared from the lyophilized tissue stored at –80 �C. Lanes
11–13: expression of antigen in protein extracts prepared from the lyophilized tissue stored at
ambient temperature. Ten lL of protein extract were loaded in each well, corresponding to 2 mg
of reconstituted FW of root tissue
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majority of concerns associated with the use of transgenic plants. Despite these
advantages, the hairy root platform still requires significant improvements to
become commercially feasible. In particular, it is essential to enhance productivity
by careful genotype selection and molecular engineering of expression constructs,
as well as to design bioreactors suited for optimal hairy root cell proliferation and
target protein production.
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Metal Uptake and Nanoparticle Synthesis
in Hairy Root Cultures

Zahwa Al-Shalabi and Pauline M. Doran

Abstract Hairy roots are a convenient experimental tool for investigating the
interactions between plant cells and metal ions. Hairy roots of species capable of
hyperaccumulating Cd and Ni have been applied to investigate heavy metal tol-
erance in plants; hairy roots of nonhyperaccumulator species have also been
employed in metal uptake studies. Furnace treatment of hairy root biomass con-
taining high concentrations of Ni has been used to generate Ni-rich bio-ore suitable
for metal recovery in phytomining applications. Hairy roots also have potential for
biological synthesis of quantum dot nanocrystals. As plant cells intrinsically
provide the confined spaces needed to limit the size of nanocrystals, hairy roots
cultured in bioreactors under controlled conditions are a promising vehicle for the
manufacture of peptide-capped semiconductor quantum dots.

Keywords Hairy roots � Heavy metal � Hyperaccumulator � Nanoparticle �
Phytomining � Phytoremediation � Quantum dot
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1 Introduction

Plants have been studied extensively for their ability to absorb and accumulate
metals from the environment. Minerals are an essential component of plant
nutrition; several heavy metals such as Cu, Fe, Mn, Ni, and Zn play important
roles in enzyme reactions, membrane function, and gene expression [59].
Accordingly, mechanisms of metal homeostasis and regulation of metal uptake
and accumulation are of key importance in our understanding of plant biology,
physiology, and metabolism. Heavy metals at high concentrations can have severe
detrimental effects on cellular function and often pose an environmental and
ecological threat. Depending on the species and culture conditions, plants exhibit a
broad range of responses to elevated metal concentrations, from toxic reaction to
varying levels of tolerance.

Several applications of commercial interest focus on the interaction of plants
with metal ions and processes of biological mineralization. Opportunities exist for
the development of new technologies in areas such as

• Phytoremediation
• Phytomining
• Biofortification
• Nanoparticle synthesis.

Metals such as Cd, Co, Cu, Mn, Ni, Pb, and Zn are released into the envi-
ronment from a range of sources including fertilizers, sewage sludge, industrial
effluent, mining, military operations, and fossil fuel combustion. Metal contami-
nation of soils and waterways represents a health risk to humans, animals, and
ecosystems and can reduce agricultural production by affecting soil fertility and
crop yield. Effective, low-cost strategies are required for removing or reducing the
bioavailability of metals in the environment and to remediate polluted land,
groundwater, sediments, rivers, and lakes.

Of the various approaches that have been proposed for phytoremediation [14,
46], phytoextraction has received the most attention and has the greatest potential
for effective pollutant removal. The general principle of phytoextraction is that
plants use their roots to take up metals from the soil and then accumulate the
metals in their leaves. Bioconcentration of the contaminant is thus achieved;
harvesting of the aerial parts of the plants allows effective removal of the metals
from the environment. An extension of phytoremediation is phytomining, which
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involves the economic recovery of accumulated metals from plant biomass using
processes such as ashing, smelting, or liquid extraction.

Biofortification of food crops with mineral trace elements addresses a different
problem: the need to overcome nutritional deficiencies in humans and animals
caused by inadequate intake of micronutrients [63]. Many factors that affect the
feasibility of phytoremediation and phytomining, such as the bioavailability of
metals in the rhizosphere and translocation of metal ions from the roots to the
shoots, are also important in biofortification schemes. Additional issues such as the
effective distribution of minerals to the edible tissues of crops such as seeds are
also relevant.

The ability of plants to take up and detoxify metals can be further exploited for
the synthesis of nanocrystals in living plant tissues [25]. Au and Ag nanoparticles
of dimensions 1–200 nm have been produced using a wide range of plant species
[33]; these particles have applications in medicine, catalysis, chemical analyses,
DNA detection, biosensors, electrodes, and electrical coatings. Quantum dot
nanocrystals with semiconductor properties are also potential candidates for
phytosynthesis after uptake of metal ions by plant cells and intracellular linkage
and stabilization with phytochelatin peptides. The production of valuable metal-
based nanocrystals in plants is a relatively new area of investigation involving
input from a diverse range of scientific disciplines including chemistry, biology,
medicine, engineering, and materials science.

The aim of this work is to examine the role of hairy root cultures in studies of
plant cell responses to heavy metals. Hairy roots have been employed to investi-
gate Cd, Cu, Ni, Pb, and U uptake and accumulation, and to demonstrate Ni
recovery from metal-laden plant biomass. Synthesis of nanocrystals with quantum
dot properties is a relatively new application for hairy root cultures; here we
present initial results for CdS nanoparticle production using tomato hairy roots.

2 Benefits of Plant Tissue and Hairy Root Cultures
in Metal Uptake Studies

Experimental investigation of metal uptake and tolerance in plants requires a
convenient and reliable study system. Although most work in this area has been
carried out using whole plants grown either in soil or hydroponically, there are
advantages associated with alternative plant-based cultivation systems. This is
especially true when the aim of the study is to examine the mechanisms and
metabolic responses of plants rather than their agronomic characteristics.
Accordingly, there is a role for plant cell and tissue culture in the development of
phytotechnologies and related research [18].

The time required to carry out experimental investigations is often substantially
reduced using tissue cultures rather than whole plants, which have a limited
lifespan and must be replaced and re-established after each experiment. In vitro
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culture allows indefinite propagation of cells and tissues, thereby avoiding the
effects of variability between individual plants. Experimental conditions in tissue
culture are more easily controlled than for soil-growing plants, particularly with
regard to nutritional parameters, phytohormone levels, and other aspects of the
biochemical environment, as extracellular complexation of nutrients and other
substrates is minimized. This, together with the relative homogeneity of cultured
cells and organs compared with whole plants, facilitates the standardization of
experimental procedures and improves the reproducibility of results. Axenic
conditions in tissue culture also allow metal uptake to be studied without inter-
ference from microbial activity in the soil; the responses and metabolic capabilities
of plant cells can thus be distinguished from those of microorganisms normally
present in the rhizosphere or plant tissues [34, 60].

As an experimental tool, hairy roots offer additional features and benefits
compared with de-differentiated plant tissues such as callus and suspended cells.
Greater genotypic and phenotypic stability [1, 22] is a significant advantage: over
time, hairy roots often prove to be a more reliable and reproducible system than de-
differentiated plant cells. Hairy roots also have simpler culture requirements than
plant callus or suspension cultures as exogenous growth regulators are not required.
Experiments with hairy roots allow the metal accumulation capacity and tolerance
properties of roots to be characterized without translocation effects; this can help
determine, for example, whether translocation is necessary for metal detoxification,
and the location of essential enzymes. Because hairy roots are themselves the
products of genetic transformation of plant cells with bacterial DNA, further
genetic modification via the Ri (root-inducing) plasmid of Agrobacterium rhizog-
enes is relatively straightforward for the introduction of improved metal accumu-
lation traits. Hairy root cultures are also a useful tool for screening genetic
transformants prior to regeneration of whole plants with enhanced properties.

Although hairy root cultures offer many advantages for investigation of metal
uptake and tolerance in plants, it is important to recognize the limitations asso-
ciated with the use of in vitro study systems. The conditions applied for in vitro
culture of plant tissues are very different from those experienced by field-grown
plants; this can introduce into experimental investigations additional variables
such as medium composition, oxygen supply, and tissue morphology that affect the
response of the cells. Accordingly, extrapolation of results for metal uptake and
tolerance obtained using tissue cultures to mature plants in the field requires
careful consideration. For environmental applications, hairy roots can be used to
obtain useful information to guide and inform subsequent whole-plant trials.

Because hairy root cultures are maintained under sterile conditions and are
easily destroyed by microbial contamination, they cannot be used directly in large-
scale phytoremediation or phytomining operations to treat soil or liquid waste. They
may, however, be applied as in vitro production systems for synthesis of valuable
metal-based nanoparticles. Because the application of toxic heavy metals such as
Cd to field-grown plants would be prohibited due to the serious environmental
consequences of Cd release, in vitro cultures carried out under controlled conditions
are an attractive alternative for biological production of nanocrystals.

138 Z. Al-Shalabi and P. M. Doran



3 Phytoremediation Studies with Hairy Roots

Over the last decade, there has been considerable interest in the exploitation of
plants as agents for phytoremediation of metal-contaminated land and waterways.
Theoretically, phytoremediation represents a low-cost, low-impact approach to
environmental clean-up, as the use of plants growing in situ does not require the
removal of contaminated soil and the consequent destruction of its physical and
biological properties. In practice, however, several factors have restricted the
application of phytoremediation methods [14, 57]; these include the limited soil
depth that can be penetrated by plant roots and the long periods of time required to
achieve adequate reductions in metal concentration. Some of these barriers can be
alleviated by increasing the efficiency of metal uptake and accumulation in plant
biomass; the commercial feasibility of phytoremediation may also be improved if
it can be linked to other phytotechnologies such as biofortification, bioenergy and
biochar production, and phytomining [14]. Of key importance is the availability of
plant species with the ability to accumulate and tolerate high concentrations of
metal ions.

3.1 Metal Hyperaccumulation

Across the plant kingdom, different species exhibit a wide range of metal storage
and tolerance capabilities. Of particular interest for phytoremediation are
approximately 450 plant species that have been identified as metal ‘‘hyperaccu-
mulators’’ [58]. These rare plants are capable of taking up and storing elevated
concentrations of Cd, Cu, Mn, Ni, Zn, and other metal elements at levels 100- to
1,000-fold higher than those found in nonhyperaccumulators [49], without suf-
fering toxicity symptoms or cell damage.

Whether or not a particular plant species is classified as a hyperaccumulator
depends on the concentration of metal stored in its aerial parts. When grown in
native soil without symptoms of metal poisoning, accumulation in the dry leaves of
[10 mg g-1 (1 %) Mn or Zn,[1 mg g-1 (0.1 %) As, Co, Cr, Cu, Ni, Pb, Sb, Se,
or Tl, or [0.1 mg g-1 (0.01 %) Cd qualifies a species as a hyperaccumulator of
that metal [49, 58]. Most plants classified in this way are capable of hyperaccu-
mulating only one metal. This implies that hyperaccumulation mechanisms are
largely metal-specific; however, four plant species are recognized as hyperaccu-
mulators of both Cd and Zn [58]. More than 75 % of hyperaccumulator species
hyperaccumulate Ni. No hyperaccumulators of radionuclides have been identified
so far. About 25 % of known hyperaccumulators belong to the Brassicaceae
family; the genera Alyssum and Thlaspi are particularly rich in hyperaccumulating
species [49, 58].

The mechanisms of hyperaccumulation for different metal elements are not
completely understood. A range of processes involving enhanced metal uptake,
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root–shoot translocation, vacuolar storage, detoxification, and tolerance is
involved [58, 63]. In some plants hyperaccumulation is a constitutive trait,
whereas in others it occurs only in populations adapted for growth in the presence
of high metal concentrations. Microarray and transcriptomic analysis has been
used to identify genes that are expressed at significantly greater levels in hyper-
accumulators than in nonhyperaccumulators (reviewed in [58]); however, the
function of many genes found to be upregulated in hyperaccumulator species
remains unknown. Further work to combine the enhanced metal uptake and tol-
erance properties of hyperaccumulator plants with high biomass production is
needed to improve the technical and commercial feasibility of phytoremediation.

3.2 Hairy Root Studies of Nonhyperaccumulator Species

The first studies of metal uptake in plants using hairy roots as a model system were
conducted with the nonhyperaccumulator species, Nicotiana tabacum, Beta vul-
garis, and Calystegia sepium [39]. The aim of the investigation was to assess the
bioavailability of Cd in sewage sludge. Levels of Cd accumulation in the roots
varied with plant species and sludge source; growth of B. vulgaris hairy roots was
found to be highly sensitive to Cd. The lower concentrations of Cd accumulated by
tobacco hairy roots compared with whole tobacco plantlets were attributed to the
absence of transpiration in the hairy root cultures. Further investigation of Cd
accumulation was carried out using Solanum nigrum hairy roots [36, 37]. From
medium solutions containing 2–50 mg L-1 Cd provided as Cd(NO3)2, Cd was
taken up rapidly during the first 0.25 h of exposure and then more slowly over a
further 20–50 h [37]. Growth of the roots was almost completely inhibited at
50 mg L-1 Cd; at this concentration, the roots became dark in color and began to
callus.

Cd uptake and tolerance were studied using hairy roots of Rubia tinctorum [38].
Roots exposed to 100 lM Cd in the form of CdCl2 were saturated with Cd after
1 day of exposure; however, further Cd accumulation occurred as the roots grew.
When roots harvested during the 14-day culture period were homogenized, the
proportion of accumulated Cd recovered from the supernatant fraction increased
from 33 to 77 % with increasing culture time, indicating a change in subcellular
Cd distribution.

The response to Cd of the endangered plant species, Adenophora lobophylla,
was investigated using hairy root cultures [62]. The properties of A. lobophylla
were compared with those of the nonendangered but related plant, A. potaninii, to
determine if the two species exhibited different levels of Cd tolerance. Hairy root
growth for both species was inhibited by 50–400 lM Cd added to the liquid
medium. However, A. lobophylla roots were found to accumulate higher levels of
Cd per mg of protein than A. potaninii; endogenous levels of reduced glutathione
(GSH) and cysteine were also higher in A. lobophylla than in A. potaninii. Overall,
the results suggested that hairy roots of the two species employed different met-
abolic strategies for Cd detoxification.
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The effect of Cd on root growth in the presence and absence of arbuscular
mycorrhizal fungi was investigated using Daucus carota hairy roots [27]. Cd
added to the medium in the form of Cd(NO3)2 was found to inhibit root growth at
concentrations of 2 and 4 mg Cd L-1. However, inoculation of the roots with
Glomus intraradices fungi reduced the inhibitory effect of Cd relative to nonin-
oculated controls, demonstrating that mycorrhizae are effective as protective
agents against Cd-induced toxicity.

Hairy roots have been used to investigate the effects of Cd, Ni, and Pb on
glutathione S-transferase and peroxidase activities in Armoracia rusticana [44].
After treatment with 0.1 or 0.5 mM Cd, Ni, or Pb for 6 h, peroxidase activity in the
roots was reduced significantly compared with untreated controls. Constitutive
expression of glutathione S-transferases may also have been affected by the metal
treatment and the resulting cellular stress response.

Hairy roots of Hyptis capitata, Polycarpaea longiflora, and Euphorbia hirta
were studied for their accumulation and tolerance of Cu [41]. Whereas Cu uptake
levels in short-term (9-h) experiments were similar in H. capitata and P. longiflora
hairy roots, the Cu content of E. hirta roots was lower than for the other species.
When H. capitata hairy roots were cultured in longer-term (28-day) experiments
with 20 ppm Cu and an equimolar concentration of disodium ethylene diam-
inetetraacetate dihydrate (EDTA), growth of the roots was not significantly
affected relative to untreated controls. Cu uptake by H. capitata roots was biphasic
with initial rapid accumulation followed by a slower increase in Cu content.

Rhizofiltration of U has been studied using hairy roots of Brassica juncea and
Chenopodium amaranticolor [20]. Root growth was reduced when U in the form
of UO2(NO3)2 was added to the culture medium at concentrations of
1,000–5,000 lM. Growth of B. juncea was affected to a much greater extent than
C. amaranticolor; U uptake was two- to four-fold higher using B. juncea hairy
roots compared with C. amaranticolor.

3.3 Hairy Root Studies of Hyperaccumulator Species

Thlaspi caerulescens is a small, low-growing plant native to Europe and the
United States. It is a hyperaccumulator of Cd and Zn. Alyssum bertolonii is native
to the Mediterranean region and hyperaccumulates Ni. Both species are members
of the Brassicaceae family and have been studied extensively in phytoremediation
research. Hairy root cultures have been used to investigate Cd tolerance in T.
caerulescens and Ni tolerance in A. bertolonii compared with the nonhyperaccu-
mulator, N. tabacum [6–8, 42, 43].

The growth and tolerance responses of T. caerulescens, A. bertolonii, and N.
tabacum hairy roots to Cd and Ni are shown in Fig. 1. After addition of 20 ppm
(178 lM) Cd in the form of Cd(NO3)2 at the time of culture inoculation, T.
caerulescens hairy roots exhibited superior tolerance to Cd than hairy roots of N.
tabacum (Fig. 1a). The N. tabacum roots turned dark brown during Cd treatment
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and growth was severely retarded. In contrast, after a lag phase of around 7 days,
growth of the T. caerulescens roots was essentially unaffected by Cd; for T.
caerulescens, the final biomass levels reached in the presence of Cd were similar
to those in the untreated cultures. A similar overall response was found with A.
bertolonii and N. tabacum hairy roots treated with Ni (Fig. 1b). When 25 ppm
(426 lM) Ni in the form of NiCl2 was added to the medium at culture inoculation,
N. tabacum roots became dark brown within 7–10 days with severe inhibition of
growth; in contrast, Ni treatment had a negligible effect on A. bertolonii. These
results demonstrate that hairy roots of T. caerulescens and A. bertolonii possess
superior metal tolerance properties relative to N. tabacum, and that the mecha-
nisms of enhanced tolerance are functional in the absence of aerial parts of the
plant such as leaves, shoots, and stems.

Active oxygen species such as superoxide anions, hydroxyl radicals, and per-
oxide are produced by plant cells during normal chloroplast and mitochondrial
functioning and in enzyme reactions. Unless they are efficiently scavenged, these
species can cause lipid peroxidation, protein degradation, enzyme inactivation, and
DNA damage. Although redox-inactive metals such as Cd and Ni do not directly
generate active oxygen species, exposure to metals often results in increased
production of these reactive molecules, resulting in oxidative stress and damage.

Fig. 1 Growth of hairy roots
in liquid medium with and
without added metal.
a Responses to Cd: T.
caerulescens hairy roots
without Cd (empty circle); T.
caerulescens hairy roots with
20 ppm Cd (shaded circle);
N. tabacum hairy roots
without Cd (empty square);
and N. tabacum hairy roots
with 20 ppm Cd (shaded
square). b Responses to Ni:
A. bertolonii hairy roots
without Ni (empty circle); A.
bertolonii hairy roots with
25 ppm Ni (shaded circle); N.
tabacum hairy roots without
Ni (empty square); and N.
tabacum hairy roots with
25 ppm Ni (shaded square).
The error bars represent
standard errors from triplicate
cultures (Data from [6, 7])
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For example, sustained build-up of hydrogen peroxide H2O2 is a typical plant cell
response to toxic heavy metals, particularly Cd [54, 56]. The oxidative burst that
occurs after Cd exposure has been linked to indirect inactivation by Cd of NADPH
oxidases in plant cell membranes, which leads to enhanced formation of super-
oxide anions and H2O2 [23]. Excess Ni has also been found to reduce the activity
of antioxidative enzymes in plant cells, thus limiting the plant’s ability to scavenge
active oxygen species [11]. To investigate the possibility that superior antioxi-
dative defenses play a role in Cd and Ni tolerance in hyperaccumulator plants, the
activities of antioxidative enzymes were measured in T. caerulescens, A. bertol-
onii, and N. tabacum hairy roots treated with Cd or Ni [6, 7]. The ability of these
plant species to control the oxidative burst induced by metal treatment was also
assessed using H2O2 accumulation as a marker of oxidative stress [6, 7].

Substantial differences between T. caerulescens and N. tabacum were evident in
the results for catalase activity. As shown in Fig. 2a, b, maximum endogenous
catalase activities without Cd were more than 270 times higher in T. caerulescens
hairy roots than in N. tabacum. Although catalase activity in N. tabacum increased

Fig. 2 Catalase activity and H2O2 concentration in hairy roots of the hyperaccumulator T.
caerulescens (left panel) and the nonhyperaccumulator N. tabacum (right panel) grown without
Cd (empty circle) and with 20 ppm Cd (shaded circle). a, b Catalase activity; and c, d H2O2

concentration. The error bars represent standard errors from triplicate cultures. T. caerulescens
hairy roots contained substantially higher endogenous catalase activity than N. tabacum; catalase
activity in T. caerulescens increased further with Cd treatment. H2O2 concentrations in T.
caerulescens were tightly controlled and remained essentially unaffected by Cd treatment. In
contrast, H2O2 concentrations in the N. tabacum hairy roots increased substantially after exposure
to Cd and were significantly higher than in T. caerulescens (Data from [7])
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when Cd was added to the cultures, the induced levels remained substantially
lower than in T. caerulescens. As shown in Fig. 2c, d, maximum H2O2 concen-
trations in the T. caerulescens roots were not significantly different with and
without Cd, indicating that T. caerulescens exerted tight control over H2O2

accumulation. In contrast, Cd elicited a substantial increase in H2O2 levels in N.
tabacum roots: N. tabacum was not as capable as T. caerulescens of preventing the
build-up of this active oxygen species. These results suggest that T. caerulescens is
equipped with superior antioxidative defenses compared with the nonhyperaccu-
mulator, N. tabacum. The ability of T. caerulescens to keep H2O2 concentrations
in check may be an important survival mechanism for this species in the presence
of Cd.

As shown in Fig. 3a, b, without Ni, maximum endogenous catalase activities in
A. bertolonii hairy roots were about 280 times greater than in N. tabacum. Catalase
activity was not induced by Ni in either species. Endogenous H2O2 concentrations
were similar in A. bertolonii and N. tabacum (Fig. 3c, d). After Ni treatment, even
though H2O2 levels rose in both cultures, A. bertolonii hairy roots demonstrated a
superior ability to control H2O2 accumulation compared with N. tabacum. These

Fig. 3 Catalase activity and H2O2 concentration in hairy roots of the hyperaccumulator A.
bertolonii (left panel) and the nonhyperaccumulator N. tabacum (right panel) grown without Ni
(empty circle) and with 25 ppm Ni (shaded circle). a, b Catalase activity, and c, d H2O2

concentration. The error bars represent standard errors from triplicate cultures. Endogenous
catalase activities were much higher in A. bertolonii hairy roots than in N. tabacum. H2O2

concentrations increased with Ni treatment in both species but were significantly greater in Ni-
treated N. tabacum roots (Data from [6])
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results suggest that much higher catalase activities in the hyperaccumulator roots
are likely to give A. bertolonii an advantage over N. tabacum for combating Ni-
induced oxidative stress.

4 Phytomining Studies with Hairy Roots

In phytomining applications, plants capable of growing in high-mineral environ-
ments are used to extract metal from the soil and concentrate it within their tissues.
After the crop is harvested and dried, the biomass is treated for metal enrichment
and recovery. Phytomining allows economic exploitation of low-grade surface
ores or mineralized soils that are too metal-poor for conventional mining. The
overall outcome is a saleable metal product and land that is more suitable for
agriculture than before phytomining operations were undertaken.

Candidate sites for Ni phytomining include the large areas of ultramafic and
serpentine soils at several locations around the world, including in Australia,
Brazil, Canada, Italy, Russia, and Turkey. The concentration of Ni in these soils is
usually within the range 0.1–0.7 % [55], which is considerably lower than the
1–2 % levels typically found in mined Ni ores [5]. When Ni-tolerant plants are
used to take up Ni from the soil, leaf concentrations of around 0.2–2 % of dry
biomass may be achieved [52]. These levels are enhanced further by burning or
ashing the biomass to remove as much organic matter as possible and deliver a
low-sulphur ‘‘bio-ore’’ suitable for further processing and metal recovery.

An important step distinguishing phytomining from phytoremediation is the
conversion of metal-laden plant biomass into bio-ore. Relatively little work has
been carried out to investigate methods for generating bio-ores or to examine
whether plant-derived feedstocks are suitable for conventional mineral processing
operations such as smelting, flotation, or acid leaching. However, proof-of-prin-
ciple for Ni recovery and bio-ore production was demonstrated in initial studies
using hairy root cultures [9]. Hairy roots of the Ni hyperaccumulator, A. bertolonii,
were exposed to NiCl2 in medium solutions to generate Ni-rich biomass. The roots
were then dried, ground to a powder, and placed in a laboratory-scale horizontal-
tube furnace operated at 1,200 �C under air. The resulting furnace residue con-
tained about 80 % Ni by weight; as shown in Fig. 4, crystalline structures with a
dark gray, metallic appearance were formed. Surface energy-dispersive spectros-
copy (EDS) indicated that the major inorganic elements in the residue were Ni, P,
Mg, and Ca (Table 1). A. bertolonii hairy roots thus provided a convenient model
system for investigating the production of plant-derived Ni-rich bio-ore.

5 Metal Nanoparticle Synthesis Using Hairy Roots

In phytoremediation and phytomining, plants are exploited for their ability to
sequester metals from the environment. Another phytotechnology that relies on the
response of plant cells to metal ions is the biosynthesis of nanoparticles such as
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quantum dots. This application takes advantage of metal detoxification mecha-
nisms in plants that result in the assembly of useful metallo-organic crystal
structures.

5.1 Quantum Dot Properties and Applications

Quantum dots have roughly spherical morphology and are generally only a few
nanometers in size. They are composed of materials from the periodic group II–VI
(e.g., CdS and CdSe), or III–V (e.g., InP). Quantum dots possess useful optical and
semiconductor properties with applications in physics, biology, and medicine.

Manipulating the size and shape of quantum dots allows modification and
enhancement of their optical characteristics. The size effect is related to the band-
edge energy required to promote electrons from the valence to the conduction band
of the nanocrystal; electron transition induces the onset of energy absorption that
may be detected by UV–visible spectrophotometry. When the size of nanocrystals

Fig. 4 Surface morphology
of Ni-rich furnace residue
produced from A. bertolonii
hairy roots treated with Ni
(From [9])

Table 1 Elemental
composition of furnace
residue produced from
Ni-treated A. bertolonii
hairy roots

Element %

Ni 78
P 3.2
Mg 1.1
Ca 1.0
S 0.71
Zn 0.38
K 0.31
Others 15

The elements listed are those measured at levels [0.2 % of the
sample mass. ‘‘Others’’ refers to elements not measured,
including C, H, N, and O (Data from [9])
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is reduced, the presence of fewer composing atoms results in a larger band-gap
and, consequently, increased transition energy. This is manifested in blue-shifted
UV absorbance peaks compared with larger nanocrystals [29]. If electrons fall
from the highest to the lowest energy level within the conduction band, energy is
emitted as heat in a nonradiative decay process; however, when electrons return to
the valence band, energy is emitted as radiation in the form of visible lumines-
cence or fluorescence. The energy of the luminescence peak, similar to the
absorption peak, is determined by the band-edge energy and is blue-shifted as the
crystal size is reduced. The ideal emission spectrum of a single quantum dot shows
a narrow spectral line width where the full width at half maximum is only a few
nanometers. In reality, however, because the crystal size varies within nanocrystal
ensembles, the emission spectrum is broader as slightly different spectra are
generated from crystals of different size [29].

The size-tuneable physical and optical properties of quantum dots are attractive
characteristics for applications in light-emitting devices, computing, and photo-
voltaics [32]. In the biological sciences, quantum dots are used as fluorescent
labels with greater brightness and higher stability compared with organic dyes.
Such advantages are vital when biological reporters and probes are used in
experiments conducted over extended periods of time [12, 40]. Quantum dots are
also used in cell marker, cell lineage, and hybridization applications [19, 21, 26,
31]. Potential applications in the medical sciences include in tumor biology,
molecular genetics, and therapeutic and diagnostic medicine [4, 28]. As the size
range of quantum dots is close to that of biological macromolecules such as
proteins and DNA, it is possible using these nanoparticles to penetrate biological
barriers, such as the blood–brain barrier and dermal tight junctions, that other
molecules of larger size cannot overcome [30].

5.2 Advantages of Biological Synthesis of Quantum Dots

During chemical synthesis of quantum dots, a high level of control must be
exercised over the material components and production environment to obtain the
required yield of high quality, monodisperse nanoparticles within the desired size
range. An alternative to chemical manufacture is biosynthesis of quantum dots
[48]. Bacteria, yeast, and plants have been found to accumulate semiconductor
nanoparticles as part of their detoxification response to heavy metals. Fluorescent
quantum dots can be produced using these biological agents; strategies for con-
trolling the characteristics of biologically produced nanoparticles have also been
developed [16, 17, 51, 61].

A characteristic of some biologically produced quantum dots is that they are
capped during the synthesis process with phytochelatins. Phytochelatins are pep-
tides comprising three amino acids, Glu, Cys, and Gly, arranged as c-(Glu–Cys)n-
Gly, with n ranging between 2 and 11 [24]. Phytochelatins are widespread in the
plant kingdom and their synthesis in plants is strongly upregulated in the presence
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of metal ions such as Cd [13, 24]. Because phytochelatins are rich in Cys, they can
function as metal detoxification agents by binding to metal ions within cells via
thiolate coordination, thus preventing the metal from causing damage to cellular
components. Incorporation of acid-labile sulphur into the metal–phytochelatin
complex further increases its metal binding affinity [50]. The metal binding
capacity and stabilizing features of phytochelatins and related peptides have been
exploited to enhance the synthesis and properties of chemically produced quantum
dots [3, 47]. Although the phytochelatin-mediated pathways adopted by plants to
detoxify heavy metals have been shown previously to produce nanoparticles with
quantum dot properties [51], development of the technology required to utilize
plant tissues as production systems for quantum dots has barely been considered.

5.3 Synthesis of Quantum Dots Using Hairy Roots

Hairy roots of Solanum lycopersicum (tomato) have been investigated for bio-
logical synthesis of CdS quantum dots [2]. Cd concentrations are often greater in
roots than in other parts of whole plants [15, 35]; this suggests that roots may be an
effective form of plant culture for nanoparticle synthesis. The choice of tomato
follows reports by Reese et al. [51] of the accumulation of Cd in tomato plants in
the form of phytochelatin-capped CdS crystallites.

Hairy roots were induced from tomato cv. Grosse Lisse and exposed to 100 lM
Cd. To maximize the production of CdS quantum dots, different Cd dosing and
culture harvesting times were examined; the optimum combination of these was
defined with regard to root growth, levels of Cd accumulated in the biomass, and
the ratio of inorganic sulphide to Cd in crude root extracts. UV absorbance by root
extracts and their luminescence properties within the spectral ranges associated
with CdS quantum dots were also examined.

Different approaches were tested for extracting CdS nanoparticles from the
hairy roots, including chopping the roots in buffer and applying freeze–thaw cycles
to fresh whole or chopped roots. However, Cd release using these methods was
relatively low. Freeze-drying the roots and then grinding the biomass before
applying freeze–thaw cycles resulted in a 10–25 % improvement in Cd recovery
compared with the other extraction methods tested, as well as consistent sulphide-
to-Cd ratios. Anion-exchange chromatography was applied to crude root extracts
to isolate phytochelatin complexes based on the negative charge of their amino
acid side chains. The recovered samples were then size-fractionated using gel
chromatography.

The absorbance properties and Cd contents of 1-ml fractions collected from gel
chromatography are shown in Fig. 5. The optical properties of quantum crystals
depend on the particle size; however, absorption peaks at wavelengths of
280–370 nm can be expected for 2–3 nm CdS nanocrystals [10, 45, 53]. As
indicated in Fig. 5, substantial absorbance peaks or shoulders were observed for
hairy root gel chromatography fractions 85–115 after excitation at 280 and
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320 nm; these spectral features corresponded roughly to a peak in Cd content in
fractions 100–120. The average ratio of inorganic sulphide to Cd in fractions
85–115 was 2.0. This is higher than the maximum values of 0.4 and 0.8 reported
previously for Cd-treated tomato plants [51] and Schizosaccharomyces pombe
yeast cells [50], respectively.

The luminescence emission spectra for gel chromatography fractions 86–120
are shown in Fig. 6. These spectra were obtained using an excitation wavelength
of 300 nm. In gel chromatography, because larger particles are eluted before
smaller particles, an increase in fraction number corresponds to a reduction in
particle size. The spectra show that, as the particle size decreases, the fluorescence
peaks are blue-shifted to lower wavelengths or higher-energy emissions. This
property is a characteristic of CdS crystallites with quantum or semiconductor
properties. The size of the particles was estimated based on their emission peak
wavelength using quantum confinement theory; the results were consistent with
the presence in chromatography fractions 97–116 of particles with crystal sizes of
2–20 nm.

This work demonstrates that tomato hairy roots are a promising biological
means for producing CdS quantum dots. However, improvements are needed to
enhance the recovery and purification of CdS nanoparticles from the biomass.
Overall, the tomato hairy roots accumulated around 17 % of the Cd added to the
culture medium. However, only approximately 19 % of the accumulated Cd was
recovered by extraction of the root biomass and about 1.4 % of the accumulated
Cd was recovered in the form of strongly fluorescing nanocrystals.

Fig. 5 Gel filtration chromatogram of tomato hairy root extract after anion-exchange chroma-
tography for recovery of phytochelatins. The hairy roots were cultured with 100 lM Cd.
Absorbance was measured at 280 and 320 nm. The Cd contents of 1-ml fractions collected from
gel chromatography are also shown (shaded circle)
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6 Conclusions and Outlook

For the development of environmental technologies such as phytoremediation and
phytomining, hairy root cultures are a convenient and reliable experimental system
for obtaining valuable information about metal accumulation, detoxification, and
tolerance mechanisms in plants. However, because the conditions experienced by
whole plants in the field are very different from those applied in vitro, hairy roots
represent only an initial research resource with substantial further work being
required in the form of whole-plant and soil trials. Living hairy root cultures are
also not a practical option for direct application in phytoremediation and phyto-
mining operations because of their reliance on aseptic culture conditions and the
absence of microbial contamination.

In contrast, hairy roots are a feasible biological system that could be applied
directly for production of metal-based nanoparticles. A significant advantage of
using plant cells for quantum dot synthesis is their ability to surface passivate
nanocrystals with natural plant-derived organic capping layers in the form of
phytochelatin peptides. Substantial further work is required to investigate the

Fig. 6 Luminescence
emission spectra of individual
1-ml fractions eluted during
gel chromatography of
tomato hairy root extract after
anion-exchange
chromatography for recovery
of phytochelatins: a fractions
113–120; b fractions 86–105.
The excitation wavelength
was 300 nm. The emissions
are corrected for control
emissions from hairy roots
not treated with Cd. The
spectra were blue-shifted to
higher energies as the fraction
number increased,
corresponding to a decrease
in nanoparticle size. This
relationship between particle
size and emission energy is
characteristic of
semiconductor CdS quantum
dots
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functional properties of nanoparticles formed in hairy root cultures, and to improve
the efficiency of crystallite production and recovery.
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