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Preface

Bioactive molecules available in plants are largely inaccessible to modern synthesis
methods. Most of the commercially valuable substances are still extracted directly
from plants, which are under pressure from human harvesting. The ultimate goal of
this book is to provide an insight into the various biotechnological approaches
currently undertaken globally to find alternative methods for production of natural
secondary metabolites to ensure that global biodiversity is preserved so that the
resources that could considerably benefit mankind are not lost. Plant genetic mani-
pulations in relation to synthesis, accumulation, and production of secondary meta-
bolites have been well investigated in large number of species around the world. The
chapters thus focus on case studies as well as original research reviews in genetic and
biotechnological approaches to enhance the production of given metabolite or a
group of related compounds. The book also includes chapters on indirect genetic
approaches to improve metabolite production including Agrobacterium mediated
transformations as well as metabolic engineering of the relevant biosynthetic path-
ways, overexpression of genes encoding key enzymes, metabolic phytochemistry,
and molecular pharming. We hope that the book will be useful for researchers in
academia and industry.

The book is intended to serve the needs of graduate students, scholars, and
researchers in the field of botany, agriculture, pharmacy, biotechnology, and phyto-
chemistry; industrial scientists; and those involved in marketing phytochemicals and
their extracts.

Finally, I would like to acknowledge all our contributors who have made
immense efforts to ensure the scientific quality of this book. I am grateful to
Dr. David Alan Tepfer for agreeing to write a chapter based on his lifetime experi-
ences and sharing them with us. I thank Dr. K.G. Ramawat for constant encourage-
ment. We thank all our colleagues at Springer for excellent support.

Sumita Jha
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Part I

General Aspects of Transgenesis and
Secondary Metabolism



DNA Transfer to Plants by Agrobacterium
rhizogenes: A Model for Genetic
Communication Between Species
and Biospheres

1

David Tepfer

So what molecular biology has done you see, is to prove
beyond any doubt but in a totally new way the complete
independence of the genetic information from events
occurring outside or even inside the cell, to prove by the very
structure of the genetic code and the way it is transcribed that
no information from outside of any kind can ever penetrate
the inheritable genetic message.
Jacques Monod one of the founders of molecular biology,
quoted in the Eighth day of Creation, by Horace Freeland
Judson, Simon and Schuster 1979.

Abstract
Agrobacterium rhizogenes genetically transforms dicotyledonous plants, produc-
ing a transformed phenotype caused by the Ri TL-DNA (root-inducing, left hand,
transferred DNA). Phenotypic changes include wrinkled leaves, reduced apical
dominance, shortened internodes, changes in flowering, including a switch from
biennialism to annualism, and altered secondary metabolite production, including
increases in alkaloids. The transformed phenotype is correlated with a reduction
in the accumulation of polyamines; it is mimicked using an inhibitor of poly-
amine synthesis. Roots transformed by A. rhizogenes grow in axenic culture,
permitting the production of secondary metabolites in bioreactors, the modeling
of the rhizosphere, and the propagation of arbuscular micorrhizal fungi for
biofertilization.

A general view of parasexual DNA transfer postulates the exchange of genetic
information among genetically distant plant genomes, with A. rhizogenes acting
as an intermediary, thanks to its wide host spectrum for DNA transfer to plant,

D. Tepfer (*)
Institut National de la Recherche Agronomique, PESSAC, Versailles, France
e-mail: david.tepfer@gmail.com

# Springer International Publishing Switzerland 2017
S. Jha (ed.), Transgenesis and Secondary Metabolism, Reference Series in
Phytochemistry, DOI 10.1007/978-3-319-28669-3_19
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fungal, and animal cells and to exchange with other bacteria, including
Acinetobacter baylyi, which uses homologous recombination to incorporate
plant DNA into its genome. Marker exchange served to document DNA transfer
from leaves and roots to A. baylyi. Transferred functions in this hypothetical
system connecting phylogenetically distant genomes included genes encoding
antibiotic resistance, nutritional mediators of plant/microorganism interactions
(calystegins and betaines), and an elicitor of plant host defense responses
(β-cryptogein), whose expression in tobacco resulted in increased resistance to
Phytophthora. Thus, DNA encoding a trait of adaptive significance in a plant
could be acquired by soil bacteria and eventually transferred into multiple plant
species, thanks to the presence on the Ri TL-DNA of genes that increase
developmental plasticity (organ formation) in the host plant, ensuring the sexual
transmission of the foreign DNA. The image of genetic football is invoked to
convey the multiple facets of this largely theoretical system of this parasexual
DNA transfer.

The plausibility of a role for DNA transfer in the origin and future of our
biosphere was tested by attaching unprotected DNA and seeds of Arabidopsis
thaliana and tobacco to the outside of the International Space Station to simulate
an interplanetary transfer of life. Seeds and fragments of DNA survived 18 months
of exposure, indicating that DNA transfer could play a role in biosphere forma-
tion and evolution, particularly when protected from short wavelength UV by
flavonoids in the seed coat.

Keywords
Agrobacterium rhizogenes • Rhizobium • Phytophthora • Arbuscular mycorrhizal
fungi • Ri TL-DNA • Horizontal gene transfer • Rhizosphere • Polyamines •
Panspermia • Evolution

Abbreviations
crypt Gene encoding β-cryptogein
DFMO DL-Difluoromethylornithine
DNA Deoxyribonucleic acid
HGT Horizontal gene transfer
nptII Gene encoding kanamycin resistance
PCR Polymerase chain reaction
Ri TL-DNA Root-inducing left hand, transferred DNA
RNA Ribonucleic acid
rolA,B. . . Root locus A B. . . from the Ri TL-DNA
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1 Introduction

The soil bacterium, Agrobacterium rhizogenes, naturally transfers DNA to dicoty-
ledonous plant cells [1]. It uses the same DNA transfer mechanism as
Agrobacterium tumefaciens [2], but in A. rhizogenes the transferred DNA
(Ri T-DNA) is root inducing, while in A. tumefaciens the transferred DNA
(Ti T-DNA) is tumor inducing (Fig. 1). (A right-hand, TR, DNA may also be
transferred.) Tumor formation by A. tumefaciens results from the expression of
genes carried by Ti T-DNA that encode the production of the plant hormones, auxin
and cytokinin, in the transformed cells [3]. In contrast, the roots induced by
A. rhizogenes regenerate shoots that carry Ri T-DNA into whole plants and their
progeny [4]. These genetically transformed roots and shoots express the Ri T-DNA,
and they are phenotypically altered in a similar fashion in different species
[4]. Because the physiological basis for the transformed phenotype is still only
partially understood, Ri T-DNA remains a source of information about how geno-
type leads to phenotype through conserved biochemical mechanisms. Some of the
characteristics of the transformed phenotype have led to practical applications. See
Sect. 9. This chapter describes the effects of Ri T-DNA on plant morphology,
development, secondary metabolism, and plant/microorganism interactions. It
will also consider A. rhizogenes in an ecological and evolutionary context, includ-
ing in the coevolution of biospheres.

A comprehensive review would be too vast for this chapter, so in the name of
brevity and simplicity no attempt is made to be exhaustive, and the reader is asked to
search the literature for omissions of similar results that were published in parallel by
other authors. Instead of writing a traditional review, I have taken the unusual step of
recounting a personal history from an end-of-career vantage point, illustrating with
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examples the ramifications that grew out of a simple initial observation and
explaining how the human context molded the research.

1.1 Early Encounters

Seen in retrospect, lives and work are structured by early encounters. My father,
Sanford (Sandy) Tepfer, was an evolutionary and developmental plant biologist at
the University of Oregon (USA). My formative years were peopled by his col-
leagues, including Jacob (Jake) Strauss, who introduced me to plant molecular
biology, and Howard (Howie) Bonnet, who taught me in vitro root culture, photo-
biology, and the scientific method. Family friends and neighbors included chemists,
e.g., Virgil Boekelheide and Richard (Dick) Noyes; molecular biologists, e.g., Aron
Novick, George Streisinger, and Sydney Bernhard; and microbial and plant ecolo-
gists, Richard (Dick) Castenholtz and Stanley (Stan) Cook; and botanists J. Strauss,
H. Bonnet, and S. Tepfer. I remember Barbara McClintock and on another occasion
the evolutionary biologist, E.B. Ford at our dining table – and meeting James Watson
in a dark alley in Eugene, Oregon (coming out of a bar, arm in arm with Sydney
Bernhard) when I was a teenager. There were frequent seminars in our living room
and tea and cookies for students almost every evening. These encounters primed
later interactions (see below) with botanists, chemists, microbiologists, molecular
biologists, ecologists, and evolutionary biologists.

The idea of applying the just-emerging molecular techniques to plant biology
came from my father’s colleague, J. Strauss, who died young, shortly after I watched

Fig. 1 Morphological responses at the site of inoculation. (a) root induction by A. rhizogenes on a
morning glory (Calystegia sepium) stem segment; (b) tumor induction by A. tumefaciens on a
decapitated kalanchoë plant (Photos D. Tepfer)
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him unpack a Sorvall centrifuge, a Cary spectrophotometer, and a fraction collector.
These exotic treasures were attainable because the Russians orbited Sputnick around
the Earth in 1957 (when I was 11 years old), causing an injection of Federal grant
money into American science. My father’s lab was quickly filled with graduate
students and stacks of plastic Petri dishes. My presence there was tolerated, on the
condition that I kept my hands in my pockets. The desire to get my hands on things
in labs was thus born, and it has not waned nearly 60 years later.

In 1964, my family went to France for my father’s first sabbatical leave, and I met
Georges Morel and his graduate student, Arlette Ménagé (later Goldman), at the
Institut National de la Recherche Agronomique (INRA) in Versailles. A. Goldman
was working on the opines, which are exotic amino acid derivatives in axenic plant
tissue cultures derived from tumors induced by Agrobacterium tumefaciens [5]. She
was to become my principal collaborator in Versailles 15 years later.

Well before this first visit to INRA, Armin Braun had proposed that crown gall
tumors could be caused, among other things, by genetic transformation [6], which
induced the production of auxins and cytokinins in the transformed tissue [7] (Braun
was influenced by his Rockefeller Institute colleagues, Oswald Avery et al., who first
demonstrated genetic transformation in Streptococcus pneumoniae [8]). Specificity
between opine synthesis in the transformed plant and opine catabolism in the
bacteria was determined by the bacterial strain, and it was later put forward as
evidence supporting DNA transfer in crown gall [9–11]. J. Tempé and Annik Petit
later showed that opines induced the conjugation of the plasmid that encoded their
catabolism [12], and opine synthesis genes were found in Agrobacterium T-DNAs.
See reference [13]. Opine-like substances were also involved in the nitrogen-fixing
relationship between Rhizobium and legumes [14].

My undergraduate research and Master’s degree under H. Bonnet at the Univer-
sity of Oregon concerned the control by light of geotropism in morning glory roots
grown in vitro [15]. The root culture and photobiology were to prove useful for
producing axenic cultures of the roots induced by A. rhizogenes and in exposing
plant seeds to space travel. Starting in the early 1970s, I was a graduate student at the
University of California at Irvine (UCI), working under Donald (Don) Fosket, who
encouraged me to follow-up on J. Strauss’s ambition to do molecular biology in
plants. Don had recently purchased a Sorvall and a spectrophotometer, and ultra-
centrifuges were available. My project stalled on the lack of methods for isolating
RNA from plants but was saved by a timely publication [16]. I thus managed to do
some pre-cloning molecular biology, concerning the control of protein synthesis by
cytokinins [17, 18].

Howard Schneiderman was an important mentor at UCI. He had a Master’s
degree in botany but had devoted his Ph.D. and career to Drosophila developmental
biology. He and Peter Bryant put Susan Germeraad, a fellow graduate student, on a
project to genetically transform fruit flies by injecting DNA into their eggs. I was
introduced through them to DNA transfer in its pre-embryonic stages, and it was
several times the subject of departmental seminars, including one by Clarence Kado
on A. tumefaciens, cytokinins, and crown gall. A few years later, H. Schneiderman
launched genetic engineering in plants by convincing Monsanto Company that
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agrochemicals should be replaced by transferred genes. I attended the first plant
molecular biology conference in 1976 in Strasbourg, France, and after hearing Jozef
(Jeff) Schell’s seminar, I was convinced that crop plants would soon be fixing
nitrogen. After UCI, I was a postdoc at the Molecular Biology Institute at UCLA,
where I learned to manipulate DNA and to use in vitro translation systems. DNA
cloning was new, and Gilbert and Maxim sequencing was being done with
photocopied protocols, prior to publication. Biologists made their own electropho-
resis equipment and enzymes. It was an exciting time to be a biologist.

A decisive move was precipitated by my father’s proposal that we return to Paris
for his third sabbatical. He suggested that I contact Jacques Tempé, who was
working on crown gall, a field that was coming alive with the first Southern
hybridization data showing bacterial DNA in axenic plant cell cultures induced by
A. tumefaciens [19]. I had recently skied in Park City, Utah, with Ed Southern,
inventor of the famous hybridization method, so everything seemed to point toward
Agrobacterium research in France. I concocted a molecular biology project to work
with J. Tempé in Versailles on the expression in plant cells of Ti T-DNA, and it was
funded by NATO. I showed up, dripping with sweat, at INRA (Institut National de la
Recherche Agronomique) in Versailles on a hot day in the fall of 1978, having roller-
skated through the park behind the Louis XIV’s palatial abode.

I was already a confirmed francophile and francophone (from my father’s first
sabbatical in 1964), but nothing preparedme for the shock of trying to do what I thought
of as science at INRA. A French agricultural research station was very different from an
American university. On the bright side, there were natural product chemists, including
J. Tempé and A. Goldmann, excellent bacterial geneticists, including Jean Dénarié,
Pierre Boistard, and Charles Rosenberg, working on Rhizobium, and a fine protein
chemist, Jean-Claude Pernollet, working on a fungal elicitor. On the dark sidewas a vast
array of often dysfunctional infrastructure and staff. (Even the electrical supply was
unreliable.) Worse was the constant interpersonal conflict, often degenerating into
sabotage. Aside from defective infrastructure and difficult human relations, there was
nomolecular biology (nor funding for it) andmost of the necessary biochemical supplies
had to be ordered from Sigma in the USA. I slowly became aware that in spite of the
dysfunction and continuous infighting, novel collaborations with competent scientists
could be forged in the unfamiliar subjects of plant breeding, pathology, soil science,
nitrogen fixation, and natural product chemistry. I also slowly realized that themolecular
project I had picked was not right for the environment at INRA.

A year of effort was wasted before arriving at the end of my fellowship and
admitting defeat, but I was miraculously saved by a deus ex machina in the form of
an unsolicited letter automatically extending my fellowship for another year. I was
relieved to have a job but anxious to find a new project that was more in tune with
local conditions, and I had only a year to obtain results. J. Tempé was on sabbatical
leave in Australia. I needed to find a project that could be done quickly and that did
not involve sophisticated molecular biology. For once, I felt free to explore, unen-
cumbered by commitments to a pre-established research program.
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2 A. rhizogenes, Root Cultures, the Transformed Phenotype

I saw Pierre Guyon washing fresh carrots in the lab sink. Later I saw him walk by
with a tray of Petri dishes containing carrot disks on solid medium. A couple of
weeks later I saw him carrying a tray of Petri dishes containing carrot disks covered
with roots. That was my introduction to A. rhizogenes. He explained that he and
J. Tempé were trying to find opines in the roots induced by A. rhizogenes. A paper
had just appeared indicating that there were large plasmids in A. rhizogenes [20], and
Tempé was hoping to use opines in the roots as evidence for DNA transfer.

I had used cultured morning glory roots to study the effects of light on geotropism
under H. Bonnett [15], and I knew that excised carrot roots could be grown but with
difficulty. I set up a series of carrot disks on agar + water medium, and I inoculated
stem segments from morning glory plants growing behind the lab. Ten days later I
had roots, which I excised, passed through multiple rinses in sterile water, and plated
on White’s root growth medium [21]. I directed the roots into the agar to keep their
tips from sliding over the surface and carrying along contaminating A. rhizogenes,
and I marked the apex of each root on the underside of the Petri dish. A career-
changing surprise was waiting for me the next day. Many of the roots had elongated
as much as a centimeter, which was completely unexpected based on my experience
with morning glory. That evening I told my wife that I could not be leaving on the
vacation in Corsica that we had planned with her parents.

The roots elongated as fast as a millimeter per hour and produced profuse laterals.
Controls taken from germinated seeds grew slowly. I was quickly filling Petri dishes
with roots, which I maintained as clones of each original root excised from the point
of inoculation (Fig. 2). I was in root heaven. No bacteria grew when subcultured
roots were crushed and plated on bacterial media. While passing through the
medium, the roots had quickly outgrown the bacteria that had induced them. To
my amusement, when the Petri dishes were full, the roots forced up the lids and grew
across the shelf. The wild type transformed morning glory roots I had worked with in
Oregon [22] had been slow growing in comparison, and they had rarely produced
lateral branches. The only disappointment was that the morning glory roots did not
regenerate shoots, while those in Oregon had produced shoots in response to light. I
queried H. Bonnet, who surmised that I was working with Calystegia sepium, which
does not regenerate. I inoculated C. arvensis stem segments, and a month later the
resulting roots had produced formed shoots. I transferred the regenerants to soil in
the green house, and to my surprise they had wrinkled leaves, and they were highly
branched, like the roots they had come from. I used somatic embryogenesis to
regenerate the carrot roots produced using A. rhizogenes A4, but the carrot roots
induced by strain 8196 produced embryos directly from roots without hormonal
treatment. Transformed tobacco roots regenerated without intervention, and inocu-
lation of leaves sometimes produced plantlets directly [4]. All of the regenerants had
wrinkled leaves and reduced stature and apical dominance (Fig. 3). The carrot plants
had converted from biennial to annual flowering (see also Fig. 14). There was clearly
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Fig. 2 Carrot root clone,
genetically transformed by
A. rhizogenes (Photo
D. Tepfer)

Fig. 3 Changes in stature in
tobacco, variety Mammoth,
(regenerants from roots
induced by A. rhizogenes
strain A4), showing reduced
apical dominance and
wrinkled leaves. Left to right,
wild type control, transformed
plant of T phenotype,
transformed plant of T’
phenotype, transformed plant
of an extreme T’ phenotype.
Ly-Yan Sun, the graduate
student who made the plants,
is on the far left (See also
Fig. 5) (Photo D. Tepfer)

10 D. Tepfer



a phenotype in both roots and regenerated plants that was similar in different plant
species and similarly induced by the two bacterial strains I had used (A4 and 8196).
This transformed phenotype included a variety of morphological changes and a
surprising increase in regeneration capacity. It remained to show that roots and
whole plants were genetically transformed.

J. Tempé returned from sabbatical leave in Australia to find his lab filled with
roots. He had learned how to use high voltage paper electrophoresis to assay for two
new opines, agropine and mannopine, whose synthesis is encoded by T-DNA and
whose catabolism is encoded by the bacterial plasmid that carries the T-DNA. My
A. rhizogenes A4 roots contained agropine in surprisingly high amounts and those
induced by A. rhizogenes 8196 contained mannopine [23], providing evidence for
genetic transformation. I went to Mary Dell Chilton’s lab in Saint Louis (USA) to do
Southern hybridizations with root and plant DNA that I had extracted in Versailles. I
had to return to Versailles before the films were developed, and when they finally
were, the results were positive but grossly over exposed.

Just as I had finished setting up to repeat the Southern blots in Versailles, J. Tempé
expelled me from his lab to make way for a visit from M.D. Chilton to repeat the
Southern blots with DNA from roots produced under my tutelage by a student in a
neighboring lab. I set up my Southern hybridization experiments in another lab in
Versailles, using DNA from roots and regenerated plants. All of the results came in
within a few days of each other. There was T-DNA from A. rhizogenes in the roots
that M.D. Chilton analyzed [24] and in all of the roots and plants that I had produced,
including their progeny [4, 25–27]. The transformed genotype was inherited as a
Mendelian dominant in tobacco (Fig. 4) [4, 25–28], and it co-segregated with the
transformed phenotype in morning glory, carrot, and tobacco. In tobacco, it came in
two general intensities, T and T’, with the more intense, T’ phenotype reverting to
the T phenotype in lateral shoots (Fig. 5). The plants of T phenotype were homozy-
gous for the T-DNA insertion and the T’ plants were heterozygous [29]. See
references [30–35]. In tobacco, the ability to grow under reduced gas exchange,

Fig. 4 Progeny of a
transformed tobacco plant,
variety Xanthi, resulting from
crossing a wild type (female)
with a primary transformant
(male). Seeds were sewn in
Petri dishes, which were
sorted by root number per
plant, starting with one root
per plant on the left. The root
number phenotype segregated
as a 1:1 Mendelian dominant,
with an outlier phenotype on
the far right (Photo D. Tepfer)
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attributed to wild type Ri T-DNA [4], was later explained by a reduction in ethylene
production [36].

In the meantime, a colleague in Versailles, Jean-Pierre Bourgin, had alerted me to
a paper in German, describing earlier experiments in which tobacco roots induced by
A. rhizogenes had been converted to callus, which had regenerated into plants,
showing the altered morphology I had described [37]. Thus, transgenic plants had
been produced using A. rhizogenes before mine. The authors’ conclusion that they
were genetically transformed was substantiated by sexual transmission of the phe-
notype. I cited their work in papers and seminars, and I invited the first author,
Claudius Ackerman, to do Southerns and Northerns in Versailles, which proved that
the descendants of the plants he had produced in 1973 [37] were genetically
transformed. He had produced transgenic plants well before mine, but it turned out
that nature had done it before all of us.

Clearly, no human intervention should be necessary for gene transfer from
A. rhizogenes to morning glory, since root production at a wound site in the soil
would produce a secondary root system, which would regenerate transformed plants
that would pass the foreign genes on to their progeny. In keeping with this thought
experiment, positive hybridization signals were reported with Ri plasmid probes in
wild type Nicotiana [38] and C. arvensis plants [25]. Ancient Ri TL and TR-DNAs
were recently described in domesticated sweet potato (Ipomoea) [39], a member of
the Convolvulaceae and a relative of C. arvensis, and we would later see hybridiza-
tion signals in apple [40]. See [39] for recent literature. Later, on a visit to Madison,
Jerry Slightom and I made a phage Lambda library from C. arvensis DNA that I took

Fig. 5 Reversion of the T’
phenotype to T phenotype in
tobacco, variety Xanthi
(Reprinted from Ref. [28])
(Photo D. Tepfer)
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to Versailles with the intention of purifying and mapping positive clones for
sequencing.

This never happened. I became overwhelmed by the complexities of doing
research in Versailles. I had been obliged to obtain and maintain my own infrastruc-
ture, including a prefab building to use as a lab. The director of INRA, Jacques Poly,
had been encouraging, but INRA had not accepted a grant from Agrigenetics to pay
the costs of the research. In spite of promises to the contrary, INRA did not provide
adequate funding. The grant game in France was fraught with cronyism, entrenched
territoriality, and corrupt administrators. I was the American bull in the china shop of
French science. Things got even worse with the transfer of French national science
funding resources to Europe, increasing paper work and politics. When J. Poly
retired, I lost the only moral and financial support that I had at INRA. I was
exhausting myself with trivia and attacked on all fronts. I realized that if I wanted
to do science, France was not the place for me. The local powers clearly wanted me
to leave, and they certainly did not want me working on A. rhizogenes and Ri
T-DNA. It seemed unlikely that my ambition to work out how the genes carried by
the Ri TL-DNA altered development could be fulfilled in Versailles.

Nevertheless, I decided to ignore the realities and to stay. The reasons were in part
personal (an attachment to living in France), but more importantly, at INRA I was
free to self-direct my scientific activities. Elsewhere, I would not be able to so hands-
on science myself, which I craved. I would have to teach undergraduates and build
up a grant-dependent factory of graduate students, postdocs, and technicians. In
Versailles, I could have a minimum of internal support in the form of some operating
expenses and personnel, allowing me to pursue, albeit on a small scale, subjects of
my choosing. I had to lower my ambitions and depend more on collaborations,
which turned out to be a source of diversity and inspiration, I tried to keep this
collaborative approach organized under the general subject of rhizosphere biology. I
decided to leave the Lambda clones in the refrigerator and to let E. Nester’s very
competent lab in Seattle pursue the hybridization signals in wild type plants. They
described the remnants of an ancient Ri T-DNA, which they named the cellular
T-DNA (cT-DNA) in Nicotiana glauca [35, 38]. I was free to diversify into rhizo-
sphere subjects that were related to the evolution and developmental biology of the
Ri T-DNA and parasexual DNA transfer in general, but this required knowing more
about the Ri TL-DNA.

3 Ri TL-DNA Structure and Function

A decisive encounter was meeting J. Slightom in Madison, Wisconsin. He proposed
to sequence the Ri TL-DNA that was causing the transformed phenotype, using our
clones (produced by Lise Jouanin and Françesca Leach) from the Ri plasmid (which
contained a second T-DNA, the TR-DNA, which was not causing the transformed
phenotype). In the mid-1980s, sequencing on this scale was heroic. In all,
J. Slightom sequenced approximately 100,000 base pairs, using the Gilbert and
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Maxim technique. To my knowledge, nobody has detected an error in the final
21,126 bp sequence.

My objective was to correlate the DNA sequence with insertional mutagenesis,
transcriptional, biochemical, and developmental studies. I obtained everything nec-
essary to do insertional mutagenesis on the Ri TL-DNA from the Fredrick (Fred)
Asubel lab in Boston, and I recruited a bacteriologist in Versailles to do the job. The
Northern analysis of transcription [28] was done thanks to a collaboration with
Mylène Durand-Tardif and Richard Broglie in Nam Chua’s lab in New York. See
also reference [41]. The missing link was the mutagenesis, which for trivial reasons
did not happen in Versailles. Fortunately, it was done in Eugene Nester’s lab in
Seattle [42]. The key for me was J. Slightom’s sequence, which revealed the
locations of potential genes (open reading frames or ORFs) and identified protein
sequences and transcriptional signals.

An observation made by a visiting student, Hervé Levesque, suggested that there
was interesting evolutionary biology hidden in the Ri TL-DNA. He spotted struc-
tural similarities among some of the putative proteins encoded by these putative
genes (ORFs), allowing their alignment into a gene family. I named them plast genes
for their effects on developmental plasticity (the propensity to form organs) in the
roots and regenerated plants carrying Ri T-DNA. The plast genes came in acidic and
basic forms, with the acidic on the right and the basic on the left [43]. Interspersed
with the plast genes were other functions that had seemingly fallen among them. For
example, ORF 10 (called rolA) encoded a short, basic protein, suggesting a nucleic
acid binding protein. ORF 8 was a homologue of the Ti T-DNA gene, IAAM, the
first of two genes necessary for auxin synthesis in soil bacteria; intriguingly, it was
fused to a plast gene. With J. Slightom’s further collaboration, the border sequences
defining the ends of the Ri TL-DNA were found to be the same as those in the Ti
T-DNAs, indicating the same transfer mechanism for the Ti and Ri plasmids [2]. A
comparison between the Ri and Ti T-DNAs allowed us to make a case for a common
ancestor [43]. These structural studies provided a framework for the ideas I had
nurtured since the original observation of the growth of transformed roots.

4 Ecological and Evolutionary Hypotheses

The ecological and evolutionary implications of natural gene transfer by
A. rhizogenes were difficult to ignore. During the 1980s, I published symposium
volume papers and a review outlining some of these hypotheses [1, 25–27], which I
attempted to test over the following years in both laboratory and thought experi-
ments. The subject also found its way into the discussion sections of peer-reviewed
papers. See for example [4, 43, 44]. The concept of species and their genomes as
impervious to outside genetic influence was ingrained in biological thinking (see
quote from J. Monod at the beginning of this chapter). DNA transfer from
A. rhizogenes to a plant and its progeny went against the dictum that acquired
characters are not inherited and that the genome is an impenetrable fortress. In
contrast, I saw the transformed phenotype as a source of heritable variability that
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functioned in diverse species. Under stress, a community could share genetic
information of adaptive significance. The T-DNA transfer mechanism and the
plast genes insured the passage of bacterial T-DNA into fertile plants and their
progeny. The structure of the Ri TL-DNA suggested that other unrelated functions
were carried along with the diverged plast genes, insuring that they would penetrate
the genomes and the species of diverse plants. If the direction of transfer were
reversed, and plant DNA found its way into the Ri T-DNA, A. rhizogenes would
provide a genetic bridge between plant species, thanks to the broad spectrum of its
interactions. Many seminars to this effect produced positive reactions but a few
(particularly in France) elicited anger. Parasexual genetic exchange was taken to be
Lamarckian, as opposed to Darwinian. Acquired characteristics, encoded in a
T-DNA, were inherited, raising the specter of Lysenko and the dark years of eugenics
in the Soviet Union. My seminar attendees were right to feel threatened. The
textbook dogma about acquired characters not being heritable was out of date, as
was the concept of species. Nature was the original genetic engineer [27].

4.1 DNA Transfer from Plants to Soil Bacteria, Genetic Football

The origin of the genes that A. rhizogenes was sending into plants is a fundamental
question. I had long thought that they could come from diverse sources, including
plants themselves. For instance, the genes in the Ri TL-DNA found in wild type
plants could be the original source of the bacterial versions. Necrotic plant biomass
enters the soil environment, where it is digested by bacteria. As roots grow, cap cells
slough off, liberating their contents into the rhizosphere. DNA persists in the
environment [45–47], and bacteria import it; thus, some of this liberated plant
DNA could be taken up by bacteria, become incorporated into a T-DNA, and
transferred back into plants. Since T-DNA transfer to plants has a wide host range,
soil bacteria could provide a genetic link between plants of different species (Fig. 6).
I thought of plant and microbial communities as engaged in genetic football
[1]. Attempts to demonstrate DNA transfer from plants to bacteria proved to be
technically complex, in part due to the presence of DNA encoding marker genes as
contaminants in laboratories and as natural constituent of the soil metagenome.

Ultimately, Johann de Vries and Wilfried Wackernagel used a simple and sensi-
tive method for detecting the uptake and incorporation of a DNA from an antibiotic
resistance gene in the soil bacterium, Acinetobacter baylyi strain BD413 (Fig. 6).
The method was marker exchange, in which an intact nptII (kanamycin resistance
gene) from the source DNA replaces a defective nptII in the target DNA through
homologous recombination [48]. We used this system (kindly provided by J. de
Vries and W. Wackernagel) to documented DNA transfer from six species of plants
into A. baylyi. (Results were first presented at the European Society for Evolutionary
Biology, Barcelona, Spain, 1999.) Sources included crushed leaves, intact leaves,
and intact plants in vitro. Transfer was dose dependent and DNase sensitive; the
problem of contaminating DNAwas resolved by introducing silent mutations in the
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source plant nptII, which were detected in the bacterial target [49]. See references
[45, 51, 52].

Once in A. baylyi, it was easy to imagine how conjugation could move a DNA
sequence into other bacteria, e.g., Agrobaterium having a DNA transfer system for
plants. However, DNA incorporation in A. baylyi depended on homology between
the incoming foreign DNA and sequences carried by A. baylyi. Homology could be
provided by the Ri T-DNA already in the plant host. (The Ri plasmid is maintained in
A. baylyi, Message and Tepfer, unpublished results.) Thus, DNA transfer in either
direction would provide the homology for shuttling other sequences between plant
species via A. rhizogenes, e.g., those interspersed among the plast genes. The
direction of the initial transfer could not be known, and it was not important, once
the homologous sequences were in place. But what sorts of genes would make this
journey back and forth? The opine synthesis genes were transferred to plants from
bacteria, but suppose they had come from plants via a pre-established homology?
These questions inspired a fresh look at nutritional relationships between plants and
bacteria in the rhizosphere.

5 DNA Transfer, Plant-Microorganism Interactions, Opines,
Calystegins, and Betaines

The microorganisms that live around roots are nourished by root exudates, root
necrosis, and the contents of the cap cells that are sloughed off during root growth
[53]. Bacterial catabolism of plant secondary metabolites is adaptive and specific to

Fig. 6 Parasexual DNA transfer between plants and soil bacteria. (a) DNA, released from roots by
cap cells, necrotic wounds, and root hairs, is assimilated by A. baylyi, where it recombines with
homologous sequences through marker exchange [48]. In this laboratory example, fragments of an
nptII antibiotic resistance gene from the root rescue a deletion in the nptII gene carried by plasmid
MR7, rendering A. baylyi resistant to kanamycin [49]. (b) DNA from plant species 1 is transferred
(via A. baylyi and A. rhizogenes) into species 2 and 3 [25, 26, 50]
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plant species, whether the metabolites are encoded in a T-DNA or not. I thought of
these generalized opines or nutritional mediators as the currency in the economic
system of the rhizosphere. A. rhizogenes was closely related to Rhizobium, capable
of nodulating legume roots and fixing nitrogen in the nodules. J. Tempé identified
opine-like substances in the relationship between Rhizobia and their legume hosts
[14, 54]. Most conveniently, there was a first rate Rhizobium lab on the INRA
campus in Versailles.

While using high voltage paper electrophoresis and silver nitrate staining to assay
for agropine in C. sepium transformed by A. rhizogenes, I was intrigued by a pair of
substances in the roots of both transformed and control plants. They reacted with
silver nitrate, like agropine and manopine, and they accumulated preferentially in the
underground organs of both control and transformed plants in quantities similar to
agropine, so I thought they could be exclusive sources of nutrition for plant-
associated soil bacteria. I screened for metabolism of these calystegins, as I named
them, in 42 laboratory strains of soil bacteria, and discovered that they were only
metabolized by Rhizobium meliloti strain 41, but not by the other soil bacteria
[55]. This strain was serendipitously in my collection thanks to interactions with
the Versailles Rhizobium group (J. Denarié, P. Boistard et al.). They had been
looking for the genes for nodulation and nitrogen fixation on a large plasmid,
pRme41a, so they had marked it with a transposon insertion, and they had cured
the host Rhizobium of the plasmid, showing that the symbiotic genes were not on
pRme41a. I tested these derivatives for calystegin catabolism: the host Rhizobium
lacking the plasmid did not catabolize calystegins – nor did the transposon insertion
[55], which turned out to be in the calystegin catabolism region. The odds of this
happening were like hitting a jackpot in the slot machine of laboratory research.

These simple experiments led to the characterization of the calystegin catabolic
region on pRme41 [56]. Screening in the subterranean organs of 105 species of
plants revealed calystegins in only three species: C. sepium, C. arvensis, and Atropa
belladonna [57]. A. Goldman (who had discovered nopaline and octopine) purified
the calystegins, and their structures [57] showed that they were novel tropane
derivatives that resembled glycosidase inhibitors. Glycosidases are important in
cell to cell recognition, among other functions, and they are thus poisons. Thanks
to a collaboration with Russell Molyneux and Alan Elbein, the glycosidase predic-
tion proved to be true, and they inhibited seed germination and root elongation.
Furthermore, the roots of plants producing calystegins carried bacteria that catabo-
lized them and nonproducing plant roots did not [58]. See [59] for different result.

An ecological interpretation seemed obvious. Plants liberate carbon and nitrogen
into the soil in the form of exotic molecules that are catabolized only by soil bacteria
that carry special catabolic genes. But calystegins are not just exclusive carbon and
nitrogen sources; they are also allelopathic glycosidases that kill animals and plants
in the rhizosphere. Thus, the bacterial catabolic genes would not only provide
exclusive nutrition to soil bacteria but they would protect the host plant by detox-
ifying the soil, and (conveniently for spreading them among bacteria) they are
carried on a self-transmissible plasmid. The opines and T-DNA transfer were just
one facet of a general network of nutritional relationships. Similarities with the
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digestive tube in animals were easy to imagine – so were the possibilities for genetic
football. But how did nitrogen fixation fit into this picture? Calystegin catabolism
was not necessary for nodulation and nitrogen fixation. R. meliloti (pRme41) was
probably isolated from soil where morning glory had grown recently. (Rhizobia have
a saprophytic existence, aside from their nodulation and nitrogen-fixing activities.)

We set out to find another nutritional mediators that might be more directly related
to nodulation and nitrogen fixation. We focused on the betaines present in alfalfa
seeds in large quantities, thinking that the germinating seeds would liberate betaines
and initiate interactions with Rhizobium through nutritional selection. We localized
betaine catabolism to the Rhizobium symbiotic plasmid (pSym), surrounded by
genes involved in nitrogen fixation [60]. Mutagenesis showed that in keeping with
the functions of neighboring genes, catabolism of the betaine, stachydrine, was
required for efficient nodulation [61]. Thanks to the collaboration of Michael Burnet
and J. Slightom, the catabolic region was dissected and sequenced, revealing
similarities to bacterial genes involved in the detoxification of xenobiotics [62].

We concluded that nutritional relationships are important in nodulation, just as
they are in DNA transfer, but that allelopathy can also be involved. Layers of
complexity had been added during the coevolution of plants and bacteria. Genes
encoding anabolism and catabolism of nutritional mediators were potential hitch-
hikers on the basic plast gene T-DNA vehicle. There was no evidence for DNA
transfer in Rhizobium symbiosis, but there was no need for it, since that was amply
carried out by a sister bacterium, A. rhizogenes. The origin of the catabolic and
anabolic gene pairs was thus not important, since they could be kicked back and
forth in genetic football. More importantly, the work on nutritional mediators
provided evidence for the principle [53, 63] that plant/microorganism relations are
modulated by nutritional relationships. The anabolic genes (carried by Ri and Ti
T-DNAs) are clearly the objects of genetic football in the case of the opines, and
other nutritional mediators (e.g., calystegins and betaines) were candidates as well.
What other functions could serve as genetic footballs?

6 DNA Transfer, Phytophthora Resistance

A colleague in Versailles, J.C. Pernollet, was working on a family of defense-
inducing, small proteins, called cryptogeins, in Phytophthora, the fungus responsi-
ble for the late blight that caused the Irish potato famine in the mid-nineteenth
century. They are secreted in large amounts to scavenge sterols. It was thought that
plants use these elicitins as indicators of the presence of Phytophthora cryptogea and
as a signal to turn on their defenses, including the production of antimicrobial
metabolites. J.C. Pernollet et al. had determined the amino acid sequence of
β-cryptogein from the purified protein [64]. A genetic football experiment was
obvious: if the gene for β-cryptogein was expressed in a host plant, it could set off
a defense response and protect the host. A postdoctoral fellow, Helène Gousseau,
synthesized a DNA sequence that encoded the β-cryptogein protein described by
J.C. Pernollet et al. The resulting gene was also mutated to replace a key amino acid,
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Lysine-13 by a Valine, and it was expressed in yeast by another postdoctoral fellow,
Michael O’Donohue [65]. When injected into tobacco leaves, the wild type
β-cryptogein from the synthetic gene produced the same necrotic lesions as the
purified natural protein, while (as predicted from earlier work) the mutant induced
relatively little necrosis [66]. Expression of the synthetic cryptogein gene and the
mutant under a constitutive promoter in tobacco by a visiting student, Catherine
Boutteaux, was correlated with varying degrees of Phytophthora resistance
[44]. The necrosis induced by inoculation of decapitated plants with mycelium or
by infection of root systems with zoospores was reduced in the transformants,
including the K13V mutant (Fig. 7) [44]. See also [67]. The degree of resistance
increased when the foreign gene was in the hemizygous state, which was reminiscent
of the increased penetration of the T’ phenotype that was associated with
hemizygosity in tobacco transformed by native Ri T-DNA (see above).

The mechanism of increased resistance was not constitutive systematic acquired
resistance (SAR), because levels of salicyclic acid and PR proteins stayed at basal
levels in control and transgenic plants until they were challenged by Phytophthora
[44]. A working hypothesis was that increased antifungal secondary metabolites
were interfering with Phytophthora infection. In collaboration with Sumita Ja, we
tested this indirectly using other metabolites by expressing the β-cryptogein gene in
other plants (See Sect. 9, below.)

We had made a genetic football out of β-crytogein, but could nature have done
likewise? Could Agrobacterium, coupled with A. baylyi, mediate gene transfer
between a fungal pathogen and the plant host? Necrosis of Phytopthora would
liberate fungal genes for elicitins like β-cryptogein into the soil, but they would

Fig. 7 Tobacco plants decapitated and inoculated with Phythophtora at points shown by arrows.
Left, plant carrying the crypt gene encoding β-cryptogein, a fungal elicitor of plant defense
responses. Necrosis was stopped, and the plant made lateral branches. Right, a wild type control.
(Reprinted from Ref. [45]) (Photo D. Tepfer)
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have to somehow be incorporated into a T-DNA to be transferred to plants, which
would require DNA homology between a soil bacterium, such as A. baylyi, and
Phytophthora. Some bacteria, including Agrobacterium, can genetically transform
fungi [68, 69], so T-DNAs could be present in the bacterial and fungal genomes that
would provide the homologies required for the transfer of genes like β-cryptogein)
into A. baylyi, where Ri plasmids are be maintained (Message and Tepfer,
unpublished results). Conceptually at least, these experiments brought fungi into
the genetic football game, leaving moot the question of the origin of the transferred
DNAs. Such transfers would take place on an evolutionary time scale, so human
intervention was necessary to demonstrate their feasibility in nature, but the elements
necessary for the existence of a multidirectional network of genetic links between
plants, fungi and bacteria were in identified, and the transfer from a fungus to a plant
(with a little help from soil bacteria and laboratory scientists) resulted in increased
resistance to the fungal pathogen, showing it could have adaptive significance in
nature.

7 DNA Transfer, Plant Development, Polyamines

In the meantime, I had not lost interest in untangling the biochemistry connecting the
Ri TL-DNA to the transformed phenotype. One approach was electronic: as data
banks filled with DNA sequences and, by extension, amino acid sequences and
functions for enzymes and structural proteins, I periodically searched for protein
sequence homologues for Ri T-DNA genes, but with no obvious success. A classical
chemical approach proved more fruitful. A quick look at the Merck index suggested
that more information had accumulated about the biochemicals than about the
enzymes that produced them, and chemical structural similarities had led us to the
identification of the calystegins as glycosidase inhibitors. Biochemicals are con-
served among species, and diverse but related structures and functions have evolved
from simple precursors. The transformed phenotype was conserved in numerous
dicot species. Logically, the Ri T-DNA genes would function through conserved
biochemistry.

I met a polyamine biochemist, Josette Martin-Tanguy (INRA, Dijon, France) at a
NATO conference in Copenhagen. Since polyamines are implicated in plant devel-
opment (e.g., in flowering), and they are ubiquitous in living organisms, we decided
to look for possible correlations between changes in polyamine accumulation and
the transformed phenotype. A series of papers was the result [29, 36, 70–74], and
some of these are discussed below.

In Versailles, we produced T and T’ tobacco plants expressing wild type Ri
T-DNA or just rolA or rolC from the Ri TL-DNA. We also provided tobacco plants
singly expressing these genes under the constitutive control of the 35S-CAMV
(Caluliflower Mosaic Virus) promoter. In Dijon, J. Martin-Tanguy and her student,
Daniel Burtin, showed that tobacco plants displaying the transformed phenotype had
reduced free polyamines and polyamine hydroxycinnamic acid conjugates, and that
this reduction occurred in direct proportion to the severity of the phenotype:
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e.g., there was greater reduction of polyamine and polyamine conjugate titers in the
T’ phenotype than in the T phenotype [74]. Feeding polyamines to plants of intense
T’ phenotype caused attenuation to the T phenotype [29]. An early step in polyamine
synthesis is inhibited by α-DL-Difluoromethylornithine (DFMO), which produced a
phenotype in tobacco that resembled the transformed phenotype caused by the Ri
TL-DNA, confirming that the inhibition of polyamine accumulation via the ornithine
pathway is an essential step in the chain of biochemical events that lead to the
transformed phenotype [73].

Another series of experiments concerned plants expressing rolA, driven by the
wild type promoter. In accord with references [75, 76], we concluded that rolAwas
the major determinant in the T’ phenotype. Furthermore, inhibition of the poly-
amine conjugates, rather than the polyamines themselves, was the biochemical
correlate. 35S CAMV rolA plants had an extreme T’ phenotype, and they were
unable to flower [29]. This extreme phenotype could not be attenuated by watering
35S CAMV rolA plants with polyamines, because they were deficient in the
polyamine conjugates whose accumulation in the top of the shoot occurs prior to
flowering in wild type plants. Conjugated polyamines were not available for
watering experiments, so P35S-rolA shoots were grafted by J. Martin-Tanguy
et al. onto wild type plants that had been induced to flower and had accumulated
conjugated polyamines in their shoots. The P35S-rolA scion flowered, but the
flowers aborted, falling off the plant [29] (Fig. 8). This last defect was corrected
by watering with putrescine alone. A control wild type rootstock that had not been
induced to flower did not restore flowering. A final series of attenuation experiments
performed by a graduate student, Li-Yan Sun, using plants expressing rolA

Fig. 8 Attenuation of extreme phenotypes in Xanthi tobacco due to Ri TL-DNA and its rolA (ORF
10) gene driven by the 35S CAMV promoter. Left, extreme T’ phenotype in a plant transformed by
wild type Ri T-DNA, with reversion to the attenuated T phenotype in a lateral shoot (see also Fig. 5).
Center, phenotype due to 35S rolA in a shoot grafted onto wild type tobacco that was not induced to
flower and had not accumulated polyamine conjugates. Right, same genotype as middle plant but
grafted onto a wild type plant that had been induced to flower and had accumulated the polyamine
conjugates (Reprinted from Refs. [29, 73])
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from wild type regulatory sequences, showed a correlation between phenotypic
attenuation, reduction in rolA transcripts and methylation of sites in the 3’ regula-
tory region [72]. The phenotypic changes associated with transformation by the
Ri TL-DNA and rolA alone were attenuated by polyamines and polyamine
conjugates.

To be transmitted through meiosis, the Ri T-DNA encodes increased plasticity,
i.e., root and shoot formation, but increased plasticity is not adaptive if it interferes
with fertility. Attenuation is accomplished through homozygosity [29] through
segregation of truncated T-DNAs [77], through physiological compensation
(by making more polyamines and their conjugates) [29] and by decreasing tran-
scription, e.g., through methylation of the 3’ regulatory region [29]. The foreign
DNA is thus regulated to insure sexual transmission. Attenuation through homozy-
gosity would select for progeny from self-fertilization and counter select those from
out crossing. It should thus drive speciation.

8 DNA Transfer, Biospheres, Flavonoids

Sydney Leach, a physicist friend, suggested that we work together on the origin of
life, which seemed like a complex and distant subject until I realized that for the sake
of simplicity, life could be defined as DNA and that the origin of life was a problem
in DNA transfer. Life was present early in the history of the Earth and all life on
Earth that has been examined uses essentially the same genetic code, strongly
pointing to a common origin for the life forms we know. These two facts are
compatible with, but do not prove panspermia, the ancient hypothesis that life is
everywhere. The European Space Agency (ESA) called for proposals to test the
plausibility of the dispersal of life through space by attaching life forms known to
survive in extreme environments (extremophiles) to the outside of the International
Space Station (ISS). While orbiting the Earth, extremophiles would be exposed to
conditions encountered in space, the equivalent of an interplanetary voyage in our
solar system (albeit with reduced cosmic radiation, due to partial protection from
Earth’s magnetic field in low orbit). This was the chance to do the ultimate genetic
football experiment (Fig. 9), kicking the genetic foot ball into orbit, thanks to ESA
and NASA.

I proposed exposing plant seeds in space, because they resist desiccation, radia-
tion, and they have protective seed coats containing flavonoids that stop destructive
UV light. We (including Andreja Zalar and S. Leach) prepared for two exposures in
space to determine the survival of both unprotected DNA and seeds and to thus test
the plausibility of panspermia. Using the UV beam from the synchrotron at the
University of Aarhaus, Denmark, we measured short wavelength UV absorption in
known and potential UV shields, finding that flavonoids had UVabsorption charac-
teristics similar to those of DNA [79, 80]. Preparatory experiments at the DLR
(German Aerospace Center) in Cologne, Germany with Arabidopsis (A. thaliana)
mutants lacking sunscreens showed that flavonoids (and sinapate esters to a lesser
extent) were important in protecting seeds from part of the UV spectrum that is
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deleterious to unprotected organisms in space travel [81]. Exposures to simulated
space conditions also showed that Arabidopsis and tobacco seeds were many orders
of magnitude more resistant than other potential space travelers, including
UV-resistant bacterial spores [81].

The first exposure on the outside of the ISS lasted 18 months; 23% of the exposed
Arabidopsis and tobacco seeds germinated and produced fertile plants after return to
Earth [78]. We concluded that an unprotected Arabidopsis seed could theoretically
survive a direct transfer from Mars to Earth, and that resistance was largely due to
flavonoids. Furthermore, the survival of a 110 bp fragment of unprotected DNAwas
detected by PCR. A second experiment on the ISS established an end point for
resistance of Arabidopsis seeds to space travel and localized the part of the UV
spectrum that was most deleterious (Tepfer and Leach, submitted). Further labora-
tory experiments on Earth showed that morning glory seeds, which have thick seed
coats and are long-lived in nature, were much more resistant to UV245 nm than
Arabidopsis and tobacco seeds, suggesting that larger seeds with more protective
coats should survive much longer exposures (Tepfer and Leach, submitted). The lack
of morphological mutants in the plants that grew from exposed seeds led us to
measure the structure and function of a nptII marker gene carried by the plastids in

Fig. 9 EXPOSE and SEEDS on the Columbus module of the ISS (Photo courtesy NASA).
EXPOSE (small red box) is on the EuTEF platform. SEEDS is covered by a protective shutter
(closed in this photo, taken prior to the start of exposure). Columbus, the European module, is to the
left of EXPOSE. Proximal sources of UV and solar wind shadows include Columbus, the other
experiments surrounding EXPOSE on the EuTEF platform and the protective shutter, which was
perpendicular to the surface of SEEDS during exposure but closed during transport. Insert, (large
red box), position of SEEDS on EXPOSE, with the shutters (Sh) open with seeds on the lower right.
White arrow, direction of flight, except during shuttle docking, when it was inverted 180�. The
external dimensions of Expose were 440 mm � 380 mm � 250 mm (Reprinted from Ref. [78])
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exposed tobacco seeds. We used both quantitative PCR and marker exchange in
A. baylyi to show that DNA damage was being circumvented and repaired, and that
other targets were more limiting to seed survival, e.g., ribosomes, membranes, and
proteins (Tepfer and Leach, submitted).

These experiments were a thinly disguised excuse for doing another genetic
football experiment. The use of marker exchange to measure DNA integrity in
exposed seeds was a proxy for DNA coming to Earth and entering the biosphere
through homologous recombination in a naturally transformable bacterium, such as
A. baylyi. Marker exchange showed how extraterrestrial DNA sequences (exoDNA)
would influence Darwinian evolution on Earth. Fragments of the nptII gene survived
unprotected exposure to full space conditions; thus, naked or protected DNA from
Earth’s biosphere could be carried by updrafts into the stratosphere, returning to
Earth at a later time and reentering our biosphere through homologous recombina-
tion in bacteria such as A. baylyi. Mutations acquired in space would thus provide
variability for Darwinian evolution. The forces needed to eject seeds from Earth via
meteorite impact were too great for seeds to survive, but fragments of seeds did
survive in simulations of those ejections [82].

To be efficient, natural transformation of A. baylyi requires at least a few hundred
base pairs of one sided homology between the incoming and recipient DNA [83],
limiting the inward transfer of extraterrestrial DNA to sequences originating on
Earth and suggesting that life on Earth is insulated from exoDNA. On the other
hand, if DNA transfer into the biosphere were not homology independent, partially
degraded DNA and bacteria carried by micrometeorites or defunct extraterrestrial
organisms, resembling seeds, could enter Earth’s biosphere. Among the mostly
unknown microbes, there could be species capable (e.g., when under stress) of
incorporating heterologous DNA into their genomes. Alternatively, DNA sequence
evolution could be open to exoDNAvia universal, homologous sequences like the Ri
TL-DNA that would genetically connect distant biospheres. This discussion is
relevant to proposals to send humans to Mars (see below).

Nucleic acid transfer through space is a plausible way to explain the past origin of
the life we know on Earth. However, the future of our life will be limited by
increased heating from the Sun. For life is to survive, it will have to be exported,
e.g., in a vector like a plant seed, to exohabitats. Ironically, dispersal away from
Earth has already occurred through the contamination of unmanned space probes
with UV-resistant bacterial spores [84, 85]. Exospermia (as opposed to endospermia)
is thus happening through our space explorations, in a reversal of the directed
panspermia hypothesis evoked to explain the origin of life on Earth [86].

If we are directing panspermia, why not do it as best as we can? What are the most
resistant life forms that can be sent to exohabitats, and how can their resistance be
improved? In the case of seeds, they could be chosen for inherent resistance (e.g.,
morning glory) and also genetically modified, e.g., to accumulate more of the
flavonoid sunscreens [87, 88]. They could also be coated with UV screens and
loaded with free-living, beneficial bacteria (e.g., nitrogen-fixing Rhizobium). Genetic
redundancy in nuclear DNA can be increased in plants by increasing ploidy levels
[89]. The redundancy of vulnerable components, necessary for recovery, such as
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ribosomes, chloroplasts and mitochondria, might also be improved. The latter two
might be genetically modified with high performance bacterial DNA repair systems,
like those in from Deinococcus radiodurans [90].

Humans are poorly suited for space travel, but they would be excellent vectors for
microbial life. A human death on Mars could liberate roughly 1014 microbial cells
[91]. Seeds and selected microorganisms could be sent to specific exohabitats [78,
85, 92] in a vanguard for human colonization. While seeds might survive space
travel and germinate, what would happen to the plants they produce? The deleterious
effects of UV on mature plants have been described only on Earth, where atmo-
spheric ozone filters out UV<300 nm. DNA absorbs strongly at wavelengths below
300 nm. Thus, sunlight for photosynthesis must be filtered via external shading,
increased inherent filtering, e.g., through increased flavonoids, and through an
atmospheric filter, like oxygen and derived ozone. An ideal exohabitat would include
enough atmospheric oxygen to protect against UV and to supply mitochondrial
respiration.

Voyager I is over 20 billion km away from the sun. Humans are currently engaged
in genetic football on a cosmic scale, but time is running out for life on Earth. In
roughly one billion years the Earth will be too hot for even microbial life to survive;
thus, only 20% of life’s tenure on Earth remains for finding another habitat, and at
our present pace of self-destruction, humans will be extant and healthy enough to
accomplish exospermia for a much shorter period. In the meantime, better UV and
radiation resistance in plants could be useful in the event of damage to the ozone
layer, increased radiation from nuclear wars or during magnetic pole reversal.

9 Biotechnological Applications

Soon after the initial culture of transformed roots in vitro, numerous biotechnical
applications became obvious or were proposed by collaborators. It seemed impor-
tant, while doing the basic research outlined above, to stay connected to the real
world, so applications were pursued both in-house and through collaborations. The
most obvious of these, the use of the Ri plasmid as a genetic transformation vector
for crop plants, was aggressively developed by several competent labs, so my
participation was not needed, and my proposal that the transformed phenotype was
a better marker than antibiotic resistance was not accepted (Vectors were soon made
with Ti T-DNA in which the plant hormone genes were removed.). Applications
using the transformed phenotype (e.g., transformed roots and altered root and shoot
architectures) were more interesting than genetic engineering, because they led me
into unfamiliar subjects. Thus, on a much smaller scale, through seminars and the
dissemination of A. rhizogenes bacterial strains, we encouraged the use of wild type
A. rhizogenes and the transformed phenotype as a means of genetically improving
plants without resorting to DNA manipulation [27].

Since transformation by A. rhizogenes occurs in nature, it is often considered to
be natural and not to involve genetic manipulation. Thus, a cottage industry has
developed that uses wild type A. rhizogenes in clever and inexpensive
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biotechnological applications. I find that low budget research is often more inventive
and adventurous than the well financed version, because it requires more imagina-
tion. Also, it can be done in developing countries, where innovation has a bright
future [93]. I also believe that inventions generated in the public sector should
belong to the public domain, and INRA is a governmental research institute.
Nevertheless, five patents were awarded to us, but not pursued by INRA. All
intellectual property described here is now in the public domain. To my knowledge,
the only research currently in commercial application is the production of an AM
fungal inoculum on transformed roots. See Sect. 9.3.

9.1 Chimeric Plants Through Genetic Grafting

In nature, A. rhizogenes presumably produces a transformed, secondary root system.
Claudi Lambert, a graduate student, showed that A. rhizogenes could root recalci-
trant apple root stocks and that the opines were translocated into the wild type plant
parts of chimeric apple trees from a genetically transformed root system [94, 95]. See
also references [96–98]. We envisioned using genetic grafting to improve edible
plant parts, e.g., apples, using genes transferred to the root system, but not to the
aerial parts. A transgenic apple tree showed increased root and shoot production, as
expected with augmented plasticity.

9.2 Use of Transformed Roots to Determine Cadmium
Availability in Contaminated Soils

AVersailles colleague, René Prost, suggested that we use transformed root cultures
to measure the availability of cadmium and other toxic heavy metals in soils. Heavy
metals are released by mining and manufacturing, from sewage sludges and batteries
(to name just a few sources). They are spread through water, wind, human activity
and by animals and plants that absorb and concentrate them. Once released, they stay
in the environment, from which they are readily taken up by both animals and plants.
However, heavy metals can become complexed with soil constituents and thus taken
out of biological circulation.

While it is relatively simple to measure heavy metals in the soil, there was no
inexpensive and reliable way measure their availability to living organisms (bio-
availability), which is a crucial parameter in predicting toxicity. We thus set out with
a postdoctoral fellow, Lionel Metzger, to use transformed roots as a living assay for
bioavailability. The result was a feasibility study that showed that transformed
tobacco and morning glory roots could be used to bioassay Cd availability in
contaminated sewage sludges [99]. We also noted that transformed roots in culture
take up little space, that they are inexpensive to produce and that they avoid the
variable and complex influences of the aerial plant parts, providing simplicity and
reproducibility.
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The next project was to use what we had learned about Cd uptake and toxicity to
stabilize and detoxify extremely polluted waste dumps, where no plants could grow.
I coordinated a proposal to the European Union to attempt this reclamation using
morning glory, genetically modified to specifically nourish a heavy metal sequester-
ing soil bacterium. The objective was to first stabilize the site against erosion, then to
harvest the morning glory as it removed Cd from the soil. (This was before the
concept of phytoremediation was invented.) The proposal was not accepted.

9.3 Use of Transformed Roots to Propagate Arbuscular
Mycorrhizal Fungi In Vitro

Jacques Mugnier, a colleague at a nearby Rhône-Poulenc lab, used my transformed
morning glory roots to grow an obligate, rhizosphere symbiont, an arbuscular
mycorrhizal (AM) fungus [100] (Fig. 10). See also [101]. AM fungi are essential
for the growth of about 80% of the vascular plants. Hyphae invade root cortical cells,
where they exchange minerals (e.g., phosphorus) for energy-rich nutrients from the
plant. Hyphae form extensive networks in the soil, complement the host’s root
system and physiologically connect plants of different species. Attempts had been
made to produce their spores in pot-grown plants, but they were stopped for fear of
propagating pathogens. Axenic root cultures solved this problem. An inoculum
consisting of spores and transformed roots is currently used to produce biological
fertilizer for soil remediation in India, thanks to research by Alok Adholeya and his
coworkers at TERI University in New Delhi, India [102]. We have used transformed
roots to explore similarities between AM fungal and Rhizobial mutualisms [102] in a
collaboration with Boovaraghan Balaji and Yves Piché (Université Laval, Québec).

I was intrigued by the possibility that plants of different species could be
connected through a common network of AM fungi. I concocted a two compartment
model that relied on staining and autoradiography for following 23P transport and
uptake into the roots by the fungus. The basal parts of the roots were nourished by a
rich, solid medium (simulating the plant) in a small Petri dish inserted in a large Petri

Fig. 10 Root segment,
oriented vertically, from a
culture transformed by
A. rhizogenes and propagating
hyphae of an arbuscular
mycorrhizal fungus, Glomus
mosseae, running horizontally
(Co-cultivation J. Mugnier;
Photo D. Tepfer)
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dish, where the fungal/root interaction took place in a basic agar + water medium.
We could monitor the movement of 32P from a point source in the large compartment
(simulating the soil) into hyphae and the roots by removing the outer compartment
and drying the medium onto filter paper like an electrophoresis gel. Staining of the
hyphae and autoradiography revealed the spatial and functional relationships
between the roots, the hyphae and 32P (Fig. 11). Transformed roots in vitro could
be used to model other rhizosphere relationships, free from the complexity of the soil
[16]. The experiment I never did was to connect the roots of two species using two
small Petri dishes by AM fungi in a single large Petri dish and to look for chemical
connections between them, including DNA transfer (genetic football), perhaps
mediated by bacteria harbored by the fungus.

9.4 Use of Genetic Transformation to Alter Secondary Metabolite
Production

Early in the adventure of growing transformed roots, I was confronted with a
problem of over-supply, which was solved by eating the rapidly accumulating carrot
roots (Fig. 2). Compared to normal roots in culture, they had an intense, spicy, carrot
flavor with an unexpected hint of pepper. This taste test was the first indication that
secondary metabolite production was altered and enhanced in plant tissues
transformed by A. rhizogenes.

Fig. 11 Autoradiograph of transformed C. sepium roots and AM fungal hyphae (Gigaspora
margarita), labeled with 32P, taken up from the medium in a large Petri dish filled with agar +
water. The roots were nourished through their proximal parts by a rich medium in a small Petri dish
set inside the large Petri dish. The small dish (formerly on the right) was removed to allow for
autoradiography, after cutting the roots at its edge. The thick lines are roots, Photo and the thin lines
are hyphae (Co-culture, J. Mugnier. Autoradiography and experimental design, Photo D. Tepfer.)
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Plant cells grown in bioreactors have been used in attempts to produce high value
pharmaceuticals. Transformed roots are better candidates for such endeavors
because they grow fast, and (unlike cell cultures) they are genetically stable. These
advantages became evident when a colleague, Gerard Jung at a nearby Rhône-
Poulenc lab grew my C. sepium roots in a 30 l yeast fermenter. He produced two
kilos (fresh weight) in two weeks, and he showed that they accumulated increased
amounts (10x the titers in wild type leaves) of the tropane alkaloid, cuscohigrine
[103]. See a simple bioreactor, Fig.12) In general, transformed roots accumulate the
metabolites found in normal roots; e.g., red beet roots are a bright red (Fig. 12), but
quantitative and qualitative changes take place in transformed roots and plants. An
example is given below.

Scented lemon geraniums (Pelargonium) are the source of most of the natural
rose fragrance in expensive cosmetics. They are also popular houseplants, but
they suffer from having few branches and long internodes, a defect corrected by
transformation with wild type Ri T-DNA (Fig. 13) They were attractive subjects
for exploring the world of fragrance secondary metabolites and shoot system
architecture, and when transformed by wild type Ri T-DNA, they produced
quantitatively more and qualitatively different monoterpenes, i.e., fragrances
[104]. Geraniol increased 2.0–4.4 fold; cineole increased 3.3–13 fold. Other
oxygenated monoterpenes decreased. Overall essential oil production increased.
The differences were obvious to human volunteers in blind tests (unpublished
results). Leaf production increased by a factor of 3–4 times, compared to wild
type controls, giving an overall increased production of geraniol of about tenfold
[104]. Furthermore, the transformed plants had improved architecture and

Fig. 12 Red beet roots transformed by wild type A. rhizogenes in an early stage of culture with
aeration by sterile air pumped through an aquarium stone. Bioreactors are not needed to grow
transformed roots. Cultures can be aerated with simple aquarium equipment plus a filter to sterilize
incoming air, and the pressure produced is sufficient to remove medium for extraction and renewal.
In one such culture, morning glory root density was so high that they had to be sawed to remove
them from the culture vessel and the aquarium stone was never found, apparently digested by the
roots (Photo D. Tepfer)
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drought resistance (Figs. 13 and 16). I imagined a houseplant perfume mini-
factory, tailored by genetic transformation to the user’s fragrance preferences. A
collaboration with John Sanford extended our results to other scented geraniums,
having very different fragrances, but to my knowledge there is no current
commercial application.

Secondary metabolites took center stage thanks to visit from S. Ja (University
of Calcutta, India). After showing that transformation by A. rhizogenes could
increase secondary metabolites Tylophora indica [105, 106] and Withania
somnifera [107], we received a grant from CEFIPRA to attempt to go beyond
the improvements associated with transformation by Ri T-DNA. Our approach
was to use genetic elicitation with the β-cryptogen gene to trick the host plant into
perceiving a fungal attack coming from within its cells (see above, Sect. 6) and
thus increase secondary metabolite production. We transformed C. sepium, C.
arvensis, T. indica, W. somnifera and Arabidopsis with Ri T-DNA plus β-cryptogein
and obtained secondary metabolite increases beyond those due to the Ri T-DNA
(Fig. 14). In Arabidopsis, transformation with the crypt gene produced increases in
the titers of certain flavonoids [87] (This research is described in more detail elsewhere
in this volume.).

Transgenic mimicry of pathogen attack was thus correlated with increased growth
and secondary metabolite accumulation in five species for four classes of medicinal
substances. These results again suggested that the resistance to Phytophthora asso-
ciated with the β-cryptogein gene in tobacco [44, 67] was due at least in part to
increased antifungal metabolites, and they provided a further example of the possible
adaptive significance of genetic football. But how does it work? One simple hypoth-
esis is suggested by the role of polyamines in producing the transformed phenotype.
Polyamine accumulation is reduced by Ri TL-DNA, which could shift carbon alloca-
tion into other anabolic pathways, e.g., for antifungal and medicinal substances.

Fig. 13 Transgenic scented
geranium plants. Left,
transformed by wild type
A. rhizogenes. Right, wild
type control. Internode
distance and apical dominance
were decreased, improving
stature for use as a house
plant. Fragrance production
was increased (Reprinted
from Ref. [104]). See Fig. 16
for the drought stress
phenotypes in the same plants
(Photo D. Tepfer)
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9.5 Changing Root and Shoot Architecture

The effects of Ri TL-DNA genes on growth and development have been the
subject of numerous studies. A comprehensive review is outside the scope of this
chapter, but to give a few examples: in our hands the promotion of annualism
and reduced apical dominance was due to rolC in carrot (Fig. 15) and Belgian
endive (Cichorium intybus) [77]; extreme dwarfing was associated with rolD in
carrot [77]; extreme wrinkling and dwarfing were attributed to rolA in tobacco

Fig. 14 Effects of genetic transformation with the crypt gene on growth and secondary metabolite
production. The crypt gene was introduced into C. sepium (a, c) and W. somnifera (b, d) using
A. rhizogenes LBA9402. Growth (a, b) and secondary metabolite accumulation (c, d) were
recorded over time. Bars represent individual root clones from independent transformation events:
dark hatching, roots containing crypt and Ri T-DNA; bold hatching, roots containing just Ri T-DNA
produced by wild type A rhizogenes, carrying the crypt gene construct, but which did not receive the
crypt gene from the pBin19 binary vector; light hatching, roots produced with wild type
A. rhizogenes (Reprinted from Ref. [87])
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Fig. 15 Changing phenotype in carrot with wild type Ri T-DNA and its rolC gene. (a) Left, plants
transformed by wild type Ri T-DNA, showing reduced apical dominance, flowered as annuals and
produced diffuse root systems, instead of carrots; right, wild type controls, regenerated from wild
type root cultures were biennials, and they produced normal carrots. The plants are of approxi-
mately the same age. The difference in size is probably because the products of photosynthesis were
stored in carrots in the controls, but reinvested in making leaves in the transformed plants. (b) Root
system of a plant transformed by rolC (ORF 12) from the Ri TL-DNA, showing reduced apical
dominance. (c) Shoot system of the same plant, showing reduced apical dominance and annual
flowering (Photos D. Tepfer)
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(Fig. 8) [72], and wild type Ri T-DNA caused reduced apical dominance and
internode shortening in numerous species (Figs. 3, 5, 8, 13, and 14).

A grant from the Rockefeller Foundation revived a long-standing, personal
concern about climate change and drought resistance. Global warming was upon
us, and improving root system architecture was one approach to adapting crop
plants to changed access to water. Nonirrigated, upland, rice was the chosen target
because of the vulnerability of subsistence farmers in developing countries to even
small climate changes. Experiments using scented geraniums grown in the green-
house in columns of sand, with water and nutrients injected either from the top or
from part way down the side, showed that plants transformed by wild type
Ri T-DNA responded better to water limitations than the wild type by
making use of the expected increased plasticity of their root development when
the source of moisture was lowed in the column of sand (Fig. 16). The experiments
were done in a large, asymmetrical greenhouse that had evenly distributed

Fig. 16 Resistance to simulated drought in scented geranium transformed by wild type Ri T-DNA.
(a) System for simulating drought in a column of sand in PVC drainage pipe (unpublished results).
Left, prior to drought, water plus mineral nutrients were periodically provided through a capillary at
the base of the plant. (Aerial parts are not shown.) To simulate drought, the capillary was inserted
lower down in the column. Root growth and architecture were revealed by lifting the PVC pipe,
which liberated the root system intact. Plants responded to drought by sending down deep roots that
developed profuse branches at the lowered source of moisture. This adaptation was faster and more
efficient in the transformed plants. (b) Experiment in the greenhouse part way through drought
simulation, with the transformed plants on the left and the wild type on the right. The transformed
plants adapted their root systems to the drought conditions and stayed green. The wild type plants
did not adapt and had turned brown by the end of the experiment (Photo D. Tepfer)
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light exposure. Unfortunately, a windstorm damaged the greenhouse, which was
not repaired because INRA had other plans for it. We were given a much smaller
space with uneven lighting, and the experiment could thus not be repeated and
published.

However, the real goal was to produce phenotypic changes in rice root systems,
and for this we were fortunate to collaborate with Michael Davey et al., who showed
that our 35S CAMV rolA construct was capable of changing phenotype in rice. The
phenotype was similar to that described in tobacco transformed with the same gene
[29], with extreme leaf wrinkling and severe alterations of growth and architecture in
both shoots and roots. Unfortunately, the grant was not renewed, but we showed that
at least one of the Ri TL-DNA genes produced a phenotype in rice that recalled to the
one we had described for dicot species.

As I write this, 15 years later, I am discouraged by the lack of progress in
reducing the human activities that contribute to climate change, and I continue to
lament the potentially beneficial scientific and biotechnological opportunities that
were missed due to petty, self-interested political controversies over genetically
modified plants. It was thus pertinent to evaluate the importance of genetic football
in biosafety.

9.6 Biosafety

The genetic football model predicts the transfer of plant DNA to bacteria. We
observed this in the laboratory, but unpublished attempts to evaluate its occurrence
in hydroponics and in the soil were thwarted by the presence of antibiotic resistance
markers, e.g., nptII, in wild bacteria. We therefore made three silent mutations
(creating a new restriction site) in the part of the incoming nptII that replaces the
deletion in the resident nptII in A. baylyi, restoring nptII activity. It was thus possible
to unequivocally demonstrate DNA transfer from plants to bacteria by cutting and
sequencing a PCR product from the rescued nptII, thus proving that bacterial
sequences had come from the plant and not from a bacterial or DNA contaminant.
We used this system when we showed DNA transfer from the roots and leaves of
transgenic plants in the laboratory [49]. See Sect. 4.1.

We choose a novel environment for doing the experiment under more natural
conditions: the gut of the tobacco hornworm, Manduca sexta, a very large and
beautiful insect larva that consumes tobacco plants with gusto and produces copious
feces. The marker exchange assay seemed suited for detecting DNA transfer, since it
does not rely on intact DNA sequences, and we used (among others) the multi-copy
DNA source employed in the seed experiments in space: a tobacco chloroplast
insertion of nptII, present at about 5,000 copies per leaf cell, allowing flooding the
horn worm gut with nptII. The hornworms consumed transgenic tobacco plants that
had been sprayed with A. baylyi containing the deleted nptII. We were unable to
detect DNA transfer, probably due to high DNAse activity in the hornworm intestine
[108]. The follow-up experiments were to take place in the soil and hydroponic
microcosms, but personnel and funding difficulties prevented further research.
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We nevertheless showed that tobacco hornworms are not obvious intermediates in
the game of genetic football.

9.7 HIV Vaccine

The most ambitious biotechnical application of DNA transfer was an attempt to
express a viral antigen in plants in the hope of eventually producing an oral AIDS
vaccine in collaboration with Anna Kostrazk (a shared graduate student), Simon
Wain-Hobson and Monica Sala (Pasteur Institute), and with Tomasz Pniewski
(Polish Academy of Sciences). Development of an AIDS vaccine and vaccines
based on the expression of antigens in plants are both distant goals. We reasoned
that while immediate success was unlikely, in the name of future advances it was
important to make a preliminary attempt. Oral tolerance is an inherent problem in
vaccines produced in plants, largely because plant secondary metabolites can both
elicit oral tolerance and serve as adjuvants. We used the Hepatitis B virus as a model
and expressed HBsAg in tobacco. Dried leaves were fed to mice to assay for immune
responses and oral tolerance. We concluded that secondary metabolites in plants can
act as adjuvants, boosting the immune response, but that their levels needed to be
kept low to avoid oral tolerance [109].

The significance of these experiments for genetic football recalled our experi-
ments with the β-cryptogein gene: elicitation of a host defense response was
obtained by expressing a gene, encoded in the pathogen, that serves as a signal to
turn on the host’s defenses. In this case the pathogen was a virus, rather than a
fungus, and the genetic host was a plant, which was eaten by a mammalian viral host.
These experiments illustrate another level of possible complexity in the genetic
football game, and they make me wonder if genes encoding antigens might be
subjects for genetic football.

10 Conclusions

It seems like a long way from natural genetic transformation by A. rhizogenes to
sending seeds into space to find a new home for life, but looking back, the long and
circuitous path can be explained by the cast of chemists, physicists, and biologists
who visited my parents’ house when I was growing up. Starting with a list of
interesting characters, the scenario wrote itself, aided by serendipity, setbacks, and
desperate attempts to find funding that forced me to take new directions and
collaborations. The admonition that I keep my hands in my pockets when visiting
my father’s lab set off a desire to do hands-on research, which is still unquenched.
The frustrations of managing a lab in a hostile environment and the distractions of
writing grant proposals, reports, reviewing papers, etc. only contributed to the
frustration. Fortunately, the last two years of the space project were spent working
blissfully alone, using my accumulated equipment and supplies. I happily did all of
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the experimental work after the seeds came back from space [78] (Tepfer and Leach,
submitted), confirming my belief that the hands nourish the mind.

My great luck was having eclectic collaborations and a small, faithful core of
collaborators in Versailles. The result is a view of genetics, ecology, and evolution
that pokes holes in the concept of species, and fits into the general discussion of
horizontal gene transfer (HGT), which is coming into general acceptance with
discoveries of its occurrence in the animal kingdom [110]. Genetic football is
based on a few facts gleaned from experiments constrained by lack of tools and
knowledge. Some experiments were done in thought only, and the DNA transfers
described here were facilitated by human intervention, but they show that genetic
footballs can be passed across species and kingdom boundaries and even kicked long
distances through space. Parasexual DNA transfer does occur in nature, and the basic
protagonists might not be genes but rather protein functional domains, encoded in
nucleic acids, which is why the term horizontal gene transfer should be changed to
horizontal DNA transfer. It is still too soon to use amino acid sequences and protein
domain functions to reliably reconstruct past parasexual DNA transfers, but as
computer modeling and protein biochemistry improve, such an approach could
become viable. In the meantime, there are many laboratory experiments to do in
real time, e.g., using transformed roots and bacteria growing in bioreactors and in
multi-compartmental rhizosphere models to follow markers encoded in DNA and
exchanged on a human time scale.

10.1 A General Model for the Role of DNA Transfer in Ecology
and Evolution

Bacteria send DNA into plants, but they also receive DNA, e.g., from plants, from
their environment. Plant to plant DNA transfer is accomplished through bacterial
intermediates, but for the transferred DNA to have evolutionary significance, it must
enter a germ line, which in plants means forming a fertile shoot from the cell that
received the foreign DNA. This developmental regeneration is accomplished
through plast genes, carried by the Ri TL-DNA, and these genes have diverged to
be functional in many different species. Part of their action is through changes in
polyamine accumulation. Plant DNA enters the microbial metagenome through soil
bacteria, e.g., A. baylyi, which are adept at incorporating foreign DNA, and then it
spreads through the bacterial community, e.g., via conjugation, eventually finding its
way into a T-DNA, at which point it can be transferred back into the plant commu-
nity by A. rhizogenes. Fungi [111, 112] and even animals [110] participate in this
horizontal DNA transfer. There are interesting rules and constraints in this genetic
football game [1, 26], and nutrition is an important driving force. Plants are the
primary producers of biological energy. They synthesize complex secondary metab-
olites that can specifically nourish rhizosphere bacteria carrying genes to catabolize
them. These nutritional mediators are the currency in the economics of parasexual
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DNA transfer, and it takes a catabolic key to unlock their energy. The production of
some of them is encoded by genes for opine synthesis, found in soil bacteria and
transferred to plants via Agrobacterium; others are currently encoded in the plant
genome (e.g., calystegins and betaines), but who knows – maybe they were or will
become the objects of DNA transfer?

Besides nutritional mediators, other candidates for transfer include DNA
sequences that alter development (branching, flowering, root geotropism, etc.) and
genes that confer resistance to pathogens. The gene is not necessarily the fundamen-
tal functional unit, since through recombination (e.g., in A. baylyi) functional
domains in homologous protein-encoding DNA sequences can be switched. In a
multidirectional genetic exchange system, there is no way to know the origin of a
DNA segment, since the genetic code is essentially the same in all of our life forms
and DNA spreads horizontally, perhaps explaining the use of a similar genetic code
in all organisms tested so far. The biosphere thus resembles a mosaic, with species
lines blurred through the sharing of genetic information from all life forms.

And beyond our biosphere? Of the extremophiles tested so far, seeds are impres-
sively adapted to conserving DNA integrity. Something like a seed might have
brought life to Earth – perhaps including multiple life forms, explaining the appear-
ance of the Archea, Bacteria, and Eukaryota at the root of the tree of life
[92]. Looking into the future, seeds could serve as vectors for disseminating multiple
life forms away from Earth. Only about 20% of life’s tenure on Earth remains, and
humans will be present and capable of dispersing life through space for only a small
part of that. In the meantime, biological communities will adapt to environmental
stresses by sharing DNA across species and kingdom boundaries.
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Abstract
Plant-derived secondary metabolites provide mankind with a number of eco-
nomic products that range from pharmaceutical drugs, fragrances, insecticides
to flavours and dyes. The incomprehensible amount of chemically and function-
ally diverse products of secondary metabolism are synthesized through a complex
network of enzymatically catalyzed metabolic pathways. The pool of enzymes
employed in this biocatalytic landscape includes an assortment of substrate-,
stereo-, and regio-specific types. The enzyme-driven reactivity and regio- and
stereo-chemistry during the multistep conversion of substrates into diverse prod-
ucts offers lucrative manipulative points of exploitation in metabolic engineering.
Parallel to the rich pool and flexibility of enzymes are the numerous genes and
other regulatory mechanisms of metabolism that equally offer limitless opportu-
nities for further manipulation to produce novel compounds. These characteristic
features of secondary metabolism forms the rationale for its exploitation in
producing fine products for human benefit. However, for effective strategies in
metabolic engineering, the basic understanding of pathways, gene regulations,
and enzymes involved as well as factors affecting the metabolism is required.
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1 Introduction

With a plethora of biotic and abiotic stress factors that constantly confront plants
in their natural habitat, their adaptation demands a great degree of phenotypic
plasticity. Apart from the preformed physical barriers, plants have evolved an
innate immune system to cope with a diverse range of stressful factors. Being
organisms devoid of mobility, sensing of stress signals and their subsequent
transduction into appropriate responses are crucial components for plant adapta-
tion and survival in ecosystems. However, under natural conditions, plants are
potentially exposed to multitudes of concurrent stresses, which can have complex
effects on the immune system response. The efficiency and effectiveness of plant
defence responses would thus depend on the ability to trigger a rapid defence
reaction following the recognition of the stress stimuli. Because plants, unlike
animals, lack circulating defender cells and a somatic adaptive immune system,
every plant cell must, in principle, recognize external stimuli and be able to effect
systemic signals [1–3]. At the cellular level, the perception of external threats and
the efficient integration of such information for an appropriate response often
require robust and adaptable molecular systems [1, 4].

At the helm of plant survival within ecosystems, is their interaction with patho-
genic microbes. The signaling events that lead to cellular and physiological
responses within the plant in the plant-microbe interaction have been studied exten-
sively. Studies have identified a two-tier perception system employed by plant innate
immunity, distinct in their cellular localization. At the first line of innate immune
response, plant pattern-triggered immunity (PTI) is initiated upon perception of
evolutionarily conserved microbial signatures, called pathogen- or microbe-
associated molecular patterns (PAMPs/MAMPs) [1, 4–7]. Perception of these molec-
ular patterns is mediated through cell surface-resident pattern recognition receptors
(PRRs), which are often encoded by receptor-like kinases (RLKs) or receptor-like
proteins (RLPs) in plants [4, 6, 7]. Upon specific recognition of PAMP by the
cognate PRR, the host plant elicits a series of complex cellular responses and
physiological changes, among which include the activation of an evolutionarily
conserved mitogen-activated protein (MAP) kinase cascade and profound gene
transcriptional reprogramming, all of which collectively lead to a resistance response
[8–10]. The second layer involves intracellular immune receptors, most often of the
NOD-like receptor (NLR) type, which directly or indirectly recognize virulence
effectors secreted within host cells by pathogens, thereby inducing effector-triggered
immunity (ETI) [4]. In both PTI and ETI, a variety of host proteins ranging from
immune receptors and signaling components to regulatory and antimicrobial proteins
are engaged to orchestrate stimulus perception, defence signal activation and trans-
duction, and execution of defence responses [1, 8].
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The activation of a range of overlapping and/or specific intracellular immune
responses is achieved by modulation of the activity of multiple transcriptional
regulators, both DNA-binding TFs and their regulatory proteins which are able to
reprogram transcription towards the activation of defence signaling [11]. Further
downstream, in metabolic perspective, among the diverse, although interconnected
network of defence metabolic responses, plant secondary metabolism holds key to
the plant’s adaptive mechanism [12]. Secondary metabolism generates a rich reper-
toire of structural and functionally diverse metabolites through a coordinated system
of inherent metabolic network of biosynthetic pathways. For this reason, plants have
become the most prolific factories for low molecular weight molecules that benefit
mankind. To the producing plants, the phytochemical derivatives of secondary
metabolism confer a multitude of adaptive, growth, and evolutionary advantages.
The diverse molecular changes that are associated with the metabolism are under-
stood to be preserved genetically, functionally, and structurally to confer selective
and adaptive advantage for the host [13]. Combination of factors such as gene
duplication, neofunctionalization, and positive selection are some of the suggested
mechanisms behind the evolution of this diversity [13, 14]. The biosynthesis of
secondary metabolites is controlled at the level of expression of the biosynthetic
genes by developmental and tissue-specific factors as well as by external signals [15,
16]. Furthermore, synthesis of some metabolites is induced by some phytohormones
produced in response to stress, such as (methyl)jasmonate [(Me)JA].

Owing to a host of economic, therapeutic, and various other uses of the products
and intermediary metabolites of secondary metabolism that benefit humankind,
secondary metabolism is thus an interesting target for molecular plant breeding.
Genetic engineering is, in this respect, one of the promising approaches. Other
approaches include systems manipulation through diversion of the flux into a
competitive pathway or an increase in the catabolism of the target metabolite.
Despite the detailed mechanisms that remain to be elucidated in some metabolic
pathways, the framework underlying perception, signaling, and responses are being
uncovered. One major constraint has been the poor characterization of plant second-
ary metabolic pathways at the level of biosynthetic intermediates and enzymes. This
consequently has led to very few genes known from plant secondary metabolism.
The understanding of the complex network of metabolic pathways holds significant
promise to providing genetic resources and tools for systems manipulation and thus
provides a broad-spectrum of economically important compounds.

2 Plant Secondary Metabolism in Perspective

Secondary metabolism comprises a coordinate series of coupled enzymatic conver-
sions that utilizes limited products of primary/central metabolism as substrates. The
link between metabolic fluxes of central metabolism and secondary metabolism
implies a demand for resources and the existence of coordinated gene expression
networks at the interface of the two metabolisms [17]. The metabolic architecture of
secondary metabolism is highly organized into systematic mechanisms that integrate
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into developmental, morphological, and biochemical regulatory patterns of the entire
plant metabolic network. For example, regulation of glucosinolate biosynthesis in
Arabidopsis thaliana is not restricted to the metabolic space surrounding its biosyn-
thesis but is tightly linked to more distal metabolic networks of primary metabolism
[18]. Transgenic A. thaliana overexpress two clades of genes, ATR1-like and
MYB28-like genes, that regulate the aliphatic and indole glucosinolate biosynthetic
pathways. Transgenic A. thaliana concomitantly induced genes that are involved in
the sulfur assimilation pathways as well as in the formation of precursor molecules
for the biosynthesis of both glucosinolates. In the same system, all genes responsible
for the enzymatic reaction steps of the TCA cycle from oxaloacetate to methionine
were induced concurrently with genes encoding enzymes that regulate the commit-
ted steps in aliphatic glucosinolate biosynthesis in plants overexpressing the TFs.
These changes were accompanied with changes in the levels of the affected central
metabolites. The relatively broad view of transcripts and metabolites altered in
transgenic plants overexpressing the different factors (ATR1 and MYB28) [18, 19]
underlined novel links of glucosinolate metabolism to additional metabolic path-
ways, including those of jasmonic acid, folate, benzoic acid, and various
phenylpropanoids. While there is no evidence that these sets of TFs bind directly
to the upstream regions of genes belonging to the central metabolic pathways, the
findings pointed to a shared and coordinated transcriptional regulation of primary
and secondary pathways [18–20].

The two most characteristic inherent lineaments of secondary metabolism are the
structural diversity and high intraspecific and interspecific variability of its products.
The high degree of plasticity of secondary metabolism which, in contrast to primary
metabolism, allows for structural and chemical modifications of its products is
identified as the basis for the generation of chemical diversity. Cumulative evidence
suggests that many transcriptional factors (TFs) coordinate the activation of second-
ary metabolism genes concurrently with the expression of genes in upstream path-
ways of central metabolism [17, 19, 21]. The basic biochemistry and molecular
biology of the biosynthetic pathways of secondary metabolism elucidated to date
suggests the diversification of secondary metabolites to be originating from the
elaboration of a few central intermediates [12, 13, 22]. Furthermore, the vestigial
structural and mechanistic traits that characterize the biosynthetic enzymatic path-
ways during the diversification of substrate to product specificities is conserved via a
few but complex biogenetic routes. The catalytic landscape adapts all possible
lineages as the enzyme family use simple transformations in order to utilize new
substrates and ensure product selectivity.

Based on their biosynthetic origins, secondary metabolites can be broadly cate-
gorized into three main groups: nitrogen or sulfur containing compounds such as
alkaloids and glucosinolates, phenolic compounds, and terpenoid/isoprenoids,
respectively. In plants, the three main biosynthetic sources of secondary metabolites
are: the shikimate pathway, the isoprenoid pathway, and the polyketide pathway. The
basic skeletons resulting from these general secondary metabolite pathways are
further modified in various specific ways in each plant species. The modifications
encompasses, among others the introduction of further substituents, new functional
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groups, isomerisation, ring opening followed by new ring closures, and coupling of
different secondary metabolites. Introduction of functional groups is usually due to
oxidative reactions which may include the introduction of hydroxy, methoxy, epoxy,
aldehyde, and carboxyl groups. The enzymes involved are often cytochrome P450
enzymes, dioxygenases, and peroxidases. Peroxidases and dioxygenases occur
widely in plants and are encoded by multigene families and generally possess
broad substrate specificity. Generally, the P450 enzymes are bound to the endoplas-
mic reticulum membranes. They are among others involved in the oxidative phenol
coupling, which plays an important role in the isoquinoline alkaloid biosynthesis of
aromatic hydroxylations in various phenylpropanoid pathways [23].

2.1 Shikimate Pathway

The shikimate pathway plays a pivotal role in the biosynthesis of precursors for
aromatic compounds in plants and microorganisms [24–27]. The pathway links
metabolism of carbohydrates to biosynthesis of aromatic compounds. The metabolic
sequence converts the primary metabolites phosphoenolpyruvate (PEP) and
erythrose-4-phosphate to chorismate, the last common precursor for the three aro-
matic amino acids: phenylalanine, tyrosine, and tryptophan. The main trunk of the
shikimate pathway consists of seven enzyme-catalyzed reactions with all pathway
intermediates considered to be branch point compounds that may serve as substrates
for other metabolic pathways.

The pathway is initiated with the condensation of erythrose-4-phosphate and PEP.
A cyclic compound, 3-dehydroquinate is obtained in a series of downstream reac-
tions. The remaining five steps serve to introduce a side chain and two of the three
double bonds that convert this cyclohexane into the benzene ring, the hallmark of
aromatic compounds. In two further downstream steps, 3-dehydroquinate yields
shikimate, which after phosphorylation is coupled by the enzyme EPSP synthase
with phosphoenolpyruvate to give 5-enolpyruvylshikimate-3-phosphate (EPSP).
The last step of the shikimate pathway is the concerted 1,4-trans elimination of
phosphate from EPSP to yield chorismate [24, 28]. Although conversion of substrate
into product does not involve any overall oxidation or reduction, the enzyme that
catalyzes this reaction, chorismate synthase, surprisingly requires a reduced flavin
cofactor for this activity [28, 29]. According to Garnem [30], the reaction mecha-
nism of this enzyme is stereochemically ambiguous. It is from chorismate that the
pathway diverges into two major branches, leading to the synthesis of phenylalanine/
tyrosine and tryptophan, respectively.

In plants, the aromatic amino acids are the precursors for a large variety of
secondary metabolites with aromatic ring structures that often make up a substantial
amount of the total dry weight of a plant [30]. In terms of carbon flux, the
phenylpropanoid pathway is one of the most important metabolic pathways [26,
30, 31], with the enzyme chorismate mutase being the major regulatory point.
Among the many aromatic secondary metabolites produced through this pathway
are flavonoids, anthocyanins, phenolic compounds, many phytoalexins, indole
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acetate, alkaloids such as morphine, UV light protectants, lignin, and lignans
[26]. Fundamental to the biosynthesis of these metabolites is the enzyme phenylal-
anine ammonia lyase (PAL), which catalyses the conversion of phenylalanine into
trans-cinnamic acid, the first committed step of the pathway. Some plants have
several iso-enzymes of this enzyme and may be under different regulation, such as
inducible after wounding or by UV-light. Apart from the phenylpropanoid pathway,
carbon fluxes also emanates from some minor branches from the shikimate pathway
leading to isochorismate, 4-aminobenzoic acid, and 4-hydroxybenzoic acid, from
which series of different secondary metabolites are derived [23].

All enzymes of the shikimate pathway have been isolated and elucidated and
their respective DNAs characterized from numerous organisms, including plants.
The cDNAs of plants encode proteins with amino terminal signal sequences for
plastid import, suggesting that plastids are the exclusive locale for chorismate
biosynthesis. The lack of physiological feedback inhibition mechanisms for this
pathway in plants further suggest that pathway regulation may occur exclusively at
the genetic level [24]. Several of the pathway enzymes occur in isoenzymic forms
whose expression varies with changing environmental conditions, between and
within species, and from organ to organ in specific subcellular compartments and
at specific times [30]. The regulation of the differential biosynthesis of diverse and
sometimes complex molecular structures may involve regulation of the supply of
the precursors influencing the rate-limiting step for carbon flow through the
shikimate pathway [32, 33].

2.2 Isoprenoid/Terpenoid Pathway

Isoprenoids constitute one of the most structurally and functionally diverse families
of natural compounds that can be divided into classes of both primary and secondary
metabolites. As primary metabolites, they have functions in photosynthesis, respi-
ration, membrane fluidity, and regulation of growth and development [34]. The
diverse chemical properties of isoprenoids serve important biological functions
such as electron transport, photoprotection, hormone-based signaling, regulation of
transcription and post-translational processes, meiosis, apoptosis, glycoprotein bio-
synthesis, and protein degradation. They are also structural components of cell and
organelle membranes [34–36]. The isoprenoids classified as secondary metabolites
include monoterpenes, sesquiterpenes, and diterpenes, terpenoid indole alkaloids,
flavonoids, and isoflavonoids [35, 37]. Compartmentation is an important aspect of
terpenoid biosynthesis.

Biosynthetically, all isoprenoids are assembled from two universal 5-C precur-
sors, isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl pyrophosphate
(DMAPP) which, in plants, is synthesized via two different pathways. The isomer-
ization of IPP into DMAPP is catalyzed by the enzyme IPP isomerase. The highly
reactive DMAPP forms the starter molecule of terpenoid biosynthesis. Two biosyn-
thetic routes to IPP and DMAPP exist for plants and other organisms. The cytosolic
mevalonate (MVA) pathway, the first to be identified, utilizes seven enzymes to
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supply the precursors in most eukaryotes (all mammals), archaea, a few eubacteria,
the cytosol and mitochondria of plants and fungi [35, 38]. The pathway is initiated
with the synthesis of acetoacetyl-CoA from the condensation of two acetyl-CoA
molecules in a reaction catalyzed by acetoacetyl-CoA thiolase. A third acetyl-CoA is
then condensed with acetoacetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA
(HMG-CoA) by HMG-CoA synthase. The NADPH-dependent HMG-CoA reduc-
tase then converts the CoA derivative to MVA. Through ATP-dependent steps, two
consecutive phosphorylation reactions catalyzed by mevalonate kinase and
phosphomevalonate kinase then convert (MVA to mevalonate 5-diphosphate
(MVAPP). The diphosphate is subsequently decarboxylated by mevalonate diphos-
phate decarboxylase to yield a pool of IPP. An IPP isomerase then converts some of
the IPP to DMAPP [35, 39].

The plastidial non-mevalonate route, alternatively known as the 1-deoxy-D-
xylulose-5-phosphate (DOXP) or 2C-methyl-D-erythritol-4-phosphate (MEP) has
only been fully elucidated very recently [40, 41]. The pathway consists of eight
reactions catalyzed by nine enzymes and proceeds in the stroma of plastids. In the
first reaction of the pathway, glyceraldehyde 3-phosphate (GAP) is condensed with
pyruvate by the enzyme DOXP synthase to yield DOXP. The pathway’s character-
istic intermediate, MEP, is generated through the rearrangement of DOXP and side
chain synthesis by the enzyme 1-deoxy-D-xylulose 5-phosphate reducto-isomerase.
Several steps downstream of these reactions yield D-l-deoxyxylulose-5-phosphate,
which upon rearrangement, results in the branched skeleton of IPP. The IPP isom-
erase maintains the supply of DMAPP [35].

In energy terms, when comparing the two pathways for DMAPP/IPP synthesis
from glucose, the MVA pathway is more energy efficient, with a net gain in NAD(P)
H reducing equivalents. The MEP pathway on the other hand is more carbon
efficient, with only two GAP molecules required towards DMAPP/IPP synthesis
as opposed to three in the MVA pathway [42].

From the elaboration of these precursors to further synthesize the myriad of
different isoprenoid molecules, several of reactions are involved. Detailed descrip-
tion of these reactions has already been described in numerous reviews
[43–45]. From the C5 isoprene building block, a family of specific skeletons is
assembled from basically three chemical reactions. Firstly, elongation reactions
based on “head-to-tail” condensation of an allylic substrate with IPP lead to iso-
prenes of increasing size, which represent the scaffold of isoprenoid biosynthesis
[45]. Through either condensation by a so-called “head-to-head” condensation of
isoprene units, or cyclization of linear precursors, the different terpenes are assem-
bled (mono to polyisoprenoids) [39]. In this way, C10 monoterpenes are synthesized
starting from geranyl diphosphate (GPP), C15 sesquiterpenes from farnesyl diphos-
phate (FPP), C20 diterpenes from geranylgeranyl diphosphate (GGPP), C30

triperpenes from the condensation of two FPP, and finally C40 tetraterpenes from
the condensation of two GGPP units. The elongation of linear hydrocarbon phos-
phates (C10 up to C40 or more exceptionally up to a thousand units) is catalyzed by
prenyltransferases while terpene cyclases converts these simple molecules into a
diverse array of chiral, carbocyclic skeletons. A number of compounds, referred to as
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meroterpenes, are of mixed biosynthetic origin. Further oxidation reactions and
rearrangements result in an almost limitless number of conceivable structures [39,
44]. The enormous diversity in mono-, sesqui-, and diterpene skeletons is largely due
to selective terpenoid synthases and cyclases, a large family of enzymes which
catalyze the cyclization of differently folded GPP-, FPP-, or GGPP-molecules.
From the various basic skeletons, further skeletal diversity can be introduced in
subsequent biosynthetic steps in which among others various cytochrome P-450
enzymes play a key role [44, 46, 47].

A multitude of diverse secondary metabolites are derived from all the mentioned
groups of terpenoids. All MEP-derived isoprenoids are considered as typical and
exclusive plastidial isoprenoids. In general, besides gibberellic acids, strigolactones,
abscisic acid, and some major cytokinins representing vital phytohormones, as well
as molecules which function in photosynthesis like carotenoids, α-tocopherol, and
plastoquinone, respectively, other MEP-derived compounds play mainly a role in
secondary metabolism [43]. Despite a strict organellar compartmentalization and
fundamentally distinct metabolic chemistry, the MVA and MEP pathways does not
appear to function independently from the MEP pathway but rather interacts through
metabolic cross-talk [39, 48]. The co-operation of both pathways entails that various
carbon sources can be utilized to satisfy a special and rapid need for specific
end-products. From a metabolic engineering perspective, the ability to control
such variabilities as carbon flux could help facilitate increased production of specific
products of commercial value.

2.3 Polyketide Pathway

The fatty acids are the basis for various secondary metabolites synthesized through
the polyketide pathway, but the pathway also leads directly to secondary metabo-
lites. In plants, polyketides are synthesized by type III polyketide synthases (PKSs)
through condensation of acetyl (ketide) units with a CoA- linked starter molecule
[49]. The structural diversity of the plant polyketides results from a range of starter
substrates that can be used by the PKSs and from subsequent modifications via
regiospecific condensation, cyclization, aromatization, hydroxylation, glycosyla-
tion, acylation, prenylation, sulfation, and methylation reactions [6]. The PKS
enzyme reactions involve the loading of a starter molecule, the extension of the
polyketide chain, and cyclization of the linear intermediate [50]. The enzymes can
utilize a variety of CoA-linked starter substrates, a few of which include: acetyl-
CoA, malonyl-CoA, methylmalonyl-CoA, p-coumaroyl-CoA, cinnamoyl-CoA,
N-methylanthraniloyl-CoA, n-hexanoyl-CoA, isobutyryl-CoA, isovaleryl-CoA,
and 3-hydroxybenzoyl-CoA [49, 50]. Chalcone synthase (CHS) is the archetypal
plant-specific type III PKSs that catalyzes sequential condensation of p-coumaroyl-
CoAwith three molecules of malonyl-CoA to yield naringenin chalcone [27]. The
enzyme stilbene synthase utilizes the same substrates to produce stilbenes such as
resveratrol. From naringenin chalcone, a diverse range of flavonoids are created by
the combined actions of functionalizing enzymes that include, isomerases,
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reductases, hydroxylases, glycosyltransferases, acyltransferases, methyltransferases,
and prenyltransferases [51–54]. Naringenin chalcone and resveratrol are not the only
plant polyketides that can result from the condensation of p-coumaroyl-CoA and
malonyl-CoA. The condensation of coumaryl-CoA with one malonyl-CoA leads to
benzalacetones, for example [51]. Different polyketides can be synthesized by
varying the number of malonyl-CoA and p-coumaroyl-CoA molecules used in the
elongation step. The type of cyclization or its absence also influences the resulting
product [50]. Other plant PKSs catalyze the condensation of three malonyl-CoA
units while employing varying starter substrates. The range of compound backbones
generated by these PKSs includes chalcones, stilbenes, phloroglucinols, resorcinols,
benzophenones, biphenyls, bibenzyls, chromones, acridones, pyrones, and
curcuminoids [50, 54]. Other examples of plant secondary metabolites derived
from the polyketide pathway are coniine, plumbagin, and anthraquinones.

2.4 Secondary Metabolites and Their Benefits

The plant-environment interaction is inevitable and unavoidable interaction
occurring in plant ecosystems. To the producing plant, most secondary metabo-
lites are understood to play important ecologically adaptive roles that enable the
host to interact defensively with its environment. Apart from serving defensive
and adaptive roles, some secondary metabolites serve as attractants for pollinators
or seed dispersers, as signal compounds and as allelochemicals against compet-
itors. Alkaloids, for example, are thought to confer a survival benefit through their
ability to bind to cellular targets in antagonistic organisms [12, 55]. The toxic
nature of most alkaloids gives them a general defensive mechanism for the
producing organism. Caffeine is one such example of alkaloids which has been
demonstrated to act as a natural insecticide in plants. When genes involved in
caffeine synthesis were overexpressed in Nicotiana tabacum, the resulting
increase in caffeine production improved the tolerance of the plants to certain
insect pests [56].

The successful evolutionary adaptation of plants to land can largely be attributed
to the massive ubiquitous synthesis of phenolic compounds. Polyphenols form an
integral part of the cell wall structure in plants, mainly in the form of polymeric
materials such as lignins, which serve as mechanical support and barriers against
microbial invasion. Apart from cell wall structural roles, a number of adaptive,
defensive, and certain species-specific distinguishing roles exists in some plants.
Flavonoids are constituents of a variety of plant parts, including, leaves, fruits, seeds,
flowers, and roots, with over 4000 different variants identified [57]. Flavonoids are
water-soluble pigments which often account for pink, red, orange, scarlet, purple,
blue, blue-black, and some yellow colors. Structural and chemical diversity of
flavonoids is related to their diverse properties and roles in plants. In the producing
plants, flavonoids provide protection against ultraviolet radiation, invading patho-
gens, and herbivores [58]. Tannins, another group of polyphenols, are characteristic
of the chemical defence of plants and act as quantitative-dosage dependent-barriers
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to predators that may feed on them [59]. Condensed tannins may act as feeding
deterrents in reproductive tissues and developing fruit and also impart astringency to
fresh fruit, fruit juices, and wine [59]. The relevant physiological effects of tannins
upon predation are assumed to be derived from their ability to complex with
proteinaceous materials. Isoprenoids on the other hand serve numerous biochemical
functions that include: electron transport chains, as components of membranes
(sterols), in subcellular targeting and regulation (prenylation of proteins), as photo-
synthetic pigments (carotenoids, side chain of chlorophyll), as hormones (gibberel-
lins, brassinosteroids, abscisic acid, cytokinins), and as plant defence compounds as
well as attractants for pollinators [12, 59].

2.4.1 Economic Importance
A reservoir of more than 200,000 known secondary metabolites, with many more
that continue to be discovered, provides mankind with a biogenic resource to exploit
for economically important products such as pharmaceuticals, dyes, flavors, and
fragrances. Of the various economic products derived from plant secondary metab-
olites, pharmaceutical drugs and/or medicinal uses are among the most prominent.
Literature is replete with excellent reviews that discuss the various applications of
these phytoproducts [12, 60–66].

In the alkaloid family of secondary metabolites, the tropane class of alkaloids
serve an important class of plant-derived anticholinergic compounds, such as hyo-
scyamine and scopolamine and the narcotic tropical anesthetic cocaine, that occur
mainly in Solanaceae. The central nervous system stimulant, cocaine, is a tropane
which is found outside Solanaceae (in Erythmxylon coca). Scopolamine is com-
monly used in modern medicine in the form of a transdermal patch to combat motion
sickness. Cocaine, which served as a “lead,” and a starting structure that medicinal
chemists modified for the development of an optimized drug, synthetic topical
anesthetics, is also one of the tropane alkaloid examples. Datura leaves are usually
smoked for the hallucinogenic effects of scopolamine [62, 66]. Cocaine is illicitly
applied to mucus membranes for its addictive stimulatory effects. The pharmaceu-
tical potential of the Amaryllidaceae alkaloids began after the commercialization of
galanthamine as an Alzheimer’s drug due to its potent and selective inhibitory
activity against the enzyme acetylcholinesterase [65]. The lycorane derivatives
pancratistatin and narciclasine hold promising chemotherapeutic potential due to
their potent selective anticancer properties, although the specificity of the com-
pounds to cancer cells and their mechanism of action remain unknown [67,
68]. Narciclasine has been shown to disrupt organization of the actin skeleton in
cancer cells at very minute concentrations as well as increasing survival in preclin-
ical models of human glioblastoma multiforme by markedly decreasing mitotic rates
without inducing apoptosis [65]. Many of the terpenoid indole alkaloids are phys-
iologically active in mammals. Camptothecin possesses antitumor activity which is
due to its ability to inhibit DNA topoisomerase. Through inhibition of Tat-mediated
transcription [69], the compound also inhibits anti-retroviruses such as HIV and the
equine infectious anemia virus [69, 70]. The three antitumor and chemotherapeutic
agents, vincristine, vinblastine, and ajmalicine, isolated from Catharanthus roseus
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are some examples of the terpenoid indole alkaloids with therapeutic benefits.
Quinine from Cinchona officinalis is an antimalarial drug while strychnine is a rat
poison and homeopathic drug from Strychnos nuxvomica. Topotecan and irinotecan
are to date some of the US Food and Drug Administration (FDA) approved agents
for the treatment of ovarian and colon cancer [71]. Caffeine is known to have sensory
and stimulatory effects when consumed as a psychostimulant drug in coffee (Coffea
arabica and Coffea canephora) and tea (Camellia sinensis) [72]. Xanthines produce
numerous physiological effects that include positive inotropic and chronotropic effects
on the heart, decreased airway resistance in the lungs, and respiratory stimulation [73].

Polyphenols exhibit a considerable free radical scavenging activity, determined
largely by their reactivity as hydrogen- or electron- donating agents and the stability
of the resulting antioxidant-derived radical that prevents the oxidation of various
food ingredients, particularly fatty acids and oils [74]. The compounds of this group
represent some of the most potent ingredients of nutraceuticals and functional foods
currently available in the market and among these components are the anthocyanins,
proanthocyanidins, flavanones, resveratrol, isoflavones, lignans coumarins, ellagic
acid, and ellagitannins [75]. The ability of flavonoids to inhibit spore germination of
pathogens has been exploited in the treatment of human pathogenic diseases.
Numerous flavonoids have been characterized as antifungal, antibacterial, antiviral,
anti-inflammatory, antioxidant, antitumor, antihepatotoxic, antilipolytic, vasodilator,
immunostimulant, and antiallergic agents [63, 76, 77]. Consistent with most poly-
phenolic antioxidants, both the configuration and total number of hydroxyl groups,
in addition to the flavan backbone, substantially influence several mechanisms of
antioxidant activity in flavonoids. Tannins (hydrolyzable and condensed) are rich in
highly reactive hydroxyl groups which emanate from each of the benzene ring constit-
uents. These functional groups form complexes with proteins, including enzymes and
polymers such as cellulose and hemicellulose [63, 78, 79]. Most of the medicinal
beneficial effects exerted by tannins as constituents of drugs, food, and herbal remedies
are largely due to their interaction with enzymes (proteins) within cell systems.

Artemisinin, an antimalarial sesquiterpenoid isolated from Artemisia annua, and
taxol, a high-value diterpenoid-derived anticancer drug from the bark of Taxus
brevifolia, are some of the examples of pharmaceuticals from a family of terpenes.
Artemisinin, in the form of combination therapies, is to date the only effective
treatment for multidrug-resistant strains of the malarial parasite Plasmodium
falciparum. Digitoxin, the glycone digitoxigenin extracted from foxglove (Digi-
talis), is used widely in carefully prescribed doses for treatment of congestive
heart disease. Azadirachtin A is a powerful insect antifeedant terpenoid compound
isolated from Azadirachta indica [47, 80, 81].

The other major group of economically important natural products is that of
flavors and fragrances. This group comprises both pure chemical entities and
mixtures of compounds (e.g., various essential oils). Anthocyanins, flavonoids,
and carotenoids are some of the well-known examples. Apart from the actual
economical value derived from secondary metabolites to date, an enormous potential
value exists for new drugs and other product development.
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3 Genetic and Enzymatic Regulation Secondary Metabolic
Systems

Diversity in chemical structures is paralleled by the presence of large gene families
whose products carry out enzymatic reactions in plant secondary metabolism.
Linking the overwhelming amount of both structural and quantitative variation in
plant secondary metabolism to the underlying genes has been fundamental to
technological breakthroughs in natural product production. The fact that secondary
metabolites are derived from several different precursors and that the intersection of
their metabolism with other metabolic pathways produces key metabolic intermedi-
ate compounds suggests complex regulation of their synthesis. Either coordinately or
separately, such regulatory networks are expected to modulate levels of each metab-
olite to optimise fitness, as signalled by developmental and/or environmental cues
[81]. Each plant produces a broad spectrum of secondary metabolites, all with
different functions. On the basis that a diverse range of secondary metabolites
serve different functions in the producing plant, the expression of the pathways
involved would thus be different. Some pathways are expressed constitutively in
specific tissues while others are induced at gene level after perception of external
signals such as wounding or pathogenic infection, elicitors, or endogenous signal
molecules such as salicylic acid. The regulation of certain biosynthetic pathways at
the gene level also forms part of the developmental differentiation process of plant
cells [82]. Ectopic expression of specific transcription factors can redirect the
metabolic differentiation of plant cells by acting simultaneously and coordinately
on different events, including the regulation of the expression of genes that encode
biosynthetic enzymes and proteins necessary for metabolite storage and differenti-
ation of appropriate subcellular compartments.

Transcription factors, a diverse group of proteins that recognize specific DNA
sequences in the promoters of the genes, negotiate the regulation of gene expression
at the level of transcription. TFs mediate the assembly of the basal transcription
machinery resulting in the activation of RNA polymerase II and mRNA synthesis.
The control of specific sets of genes within the metabolic network is accomplished
by the combinatorial interaction among TFs, between TFs and non-DNA-binding
proteins, and between TFs and cis-regulatory elements in an organized hierarchical
gene regulatory networks TF [83, 84]. The organ-specific and tissue-specific regu-
lation of anthocyanin biosynthesis, for example, is controlled by specific transcrip-
tion factors, which are structurally and functionally well conserved between species
[85]. In maize, anthocyanin biosynthesis is regulated by a combination of two
transcription factor species that are encoded by two families of regulatory genes,
R/B and C1/Pl. The R/B family encodes transcription factors that share homology
with the basic helix–loop–helix (bHLH) protein encoded by the proto-oncogene
c-MYC, whereas the C1/Pl genes encode proteins that have homology to the proto-
oncogene c-MYB product. R and C1 interact to regulate anthocyanin biosynthesis in
the maize kernel [86]. Homologous regulatory genes regulate anthocyanin synthesis
in other parts of maize and other plant species [86].
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Studies on the transcriptional regulation that alters accumulation of defensive
glucosinolate metabolites in A. thaliana across environmental stresses have iden-
tified hundreds of unique potential regulatory interactions with a nearly complete
complement of 21 promoters for the aliphatic glucosinolate pathway [19]. Pheno-
typic validation demonstrated that more than 75% of the tested TF mutants
significantly altered the accumulations of glucosinolates and that these were
conditional upon the environment and tissue type. The conclusion derived is that
defence chemistry within the plant has a highly intricate transcriptional regulatory
system that may allow for the optimization of defence metabolite accumulation
corresponding to specific environmental cues. Similarly, the phenylpropanoid
metabolism, in which phenolic compounds are derived, is regulated by coordinate
changes of gene expression accompanied by changes in the expression of genes
that encode enzymes in primary metabolism [87, 88]. Most of the genes encoding
the enzymes of phenylpropanoid metabolism contain, within their promoters,
well-conserved motifs that conform to the motifs recognized by plant MYB TFs
and some of which are able to transactivate genes encoding phenylalanine
ammonia-lyase (PAL) in primary metabolism [89, 90]. Transketolase activity
was identified as an important determinant of photosynthetic and phenylpropanoid
metabolism and that the provision of precursors from central metabolism co-limits
flux into the shikimate pathway and phenylpropanoid metabolism [87]. In terpe-
noid indole alkaloid biosynthesis in Catharanthus roseus, overexpression of
ORCA3, a jasmonate-responsive AP2/ERF-domain family TF, led to an induction
of genes encoding two enzymes (anthranilate synthase and D-1-deoxyxylulose
5-phosphate synthase) involved in central metabolism [15, 16]. ORCA3
overexpression resulted in enhanced expression of several metabolite biosynthetic
genes and consequently in increased accumulation of terpenoid indole alkaloids
[16]. Studies indicate that ORCA3 is a central regulator of terpenoid indole
alkaloid biosynthesis that acts pleiotropically on several steps of the terpenoid
indole alkaloid pathway and activates the biosynthesis of terpenoid indole alkaloid
precursors [91].

Regulation of secondary metabolic pathways also occurs at the level of bio-
synthetic enzymes. Posttranslational modifications, enzyme turnover, feedback
inhibition or activation, allosteric interactions, co-factor availability, and
phosporylation are some of the few examples of possible regulatory mechanisms
at this level. Anthranilate synthase, the first enzyme in the tryptophan branch of
the aromatic amino acid biosynthesis is strongly inhibited by its end product,
tryptophan. This serves as a typical example of feedback inhibition regulation
mechanism. Further downstream, in the same metabolic pathway, in the branch
leading to phenylalanine, the first enzyme chorismate mutase is induced by trypto-
phan while inhibited by phenylalanine and tyrosine [92, 93]. Similar genes encoding
enzymes of certain secondary metabolite pathways are differently regulated by having
different promoters.
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3.1 Compartmentation as a Regulation Mechanism

Compartmentation forms another important aspect of metabolic regulation, both at
cellular and subcellular levels. Alkaloid biosynthesis and accumulation, for example,
are associated with a variety of cell types in different plants, including epidermis,
endodermis, pericycle, phloem parenchyma, phloem sieve elements and companion
cells, specialized mesophyll, and laticifers. A common paradigm is the involvement
of multiple cell types and the implied transport of pathway intermediates and/or
products [94]. The complex intracellular compartmentation of alkaloid biosynthesis
is thought to have occurred as a consequence of adapting compartmented reactions of
primary metabolism to participate in alkaloid biosynthesis [95]. The subcellular
trafficking of pathway intermediates also creates an important level of metabolic
regulation that could not occur if enzymes and substrates diffused freely in the cytosol.

4 Metabolic Systems Manipulation: the Rationale

The heritable and adaptable nature of secondary metabolism and subsequent chem-
ical diversity presents a unique biogenic resource that can be rationally engineered
using the unique perspectives of evolution, genomics, and structural biology to
create novel economic products. Metabolic engineering exploits an integrated,
systems-level approach for optimizing a desired cellular phenotype. A multitude of
factors, the complex integrated regulatory mechanisms and coordinated networks of
metabolic routes leading to the synthesis of specific metabolites, shape the profiles
and fluxes of plant secondary metabolites. For this reason, exploiting the plant
biosynthetic capacity presents limitless exciting opportunities although with equally
complex challenges. Understanding the basic network of metabolic intermediates
and enzymes forms the fundamental basis for manipulating the secondary metabo-
lism. Beyond this level, knowledge of the spatial and temporal regulatory architec-
tures of secondary metabolic pathways and the ways in which they are integrated
into broader metabolic networks is essential. It forms the focal point in the exploi-
tation of TFs for predictive plant metabolic engineering.

Much of this rich chemical diversity arises from a limited pool of chemical
scaffolds which are subsequently modified though specific chemical substitutions
as necessitated by substrate and/or regio-specific enzymes. The enzyme-driven
reactivity during the multistep conversion of substrates into precise products in the
biocatalytic landscape of secondary metabolism is one of the lucrative key points of
exploitation. The exploitation of enzymes, particularly those that exhibit strict
stereospecificity, is an interesting aspect in the production of novel compounds.
Protein engineering which alters the substrate specificity of biosynthetic enzymes
also offers an opportunity for the biosynthesis of novel metabolites. Recruitment of
heterologous proteins enables extension of existing pathways to obtain new chemical
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products, alter posttranslational protein processing, and degrade recalcitrant wastes
[96, 97]. Transgenic plants with altered enzyme activities are also some of the
powerful tools to study the metabolic control architecture of secondary metabolites.

The enormous number of enzyme-catalyzed reactions in secondary metabolism
provides unprecedented opportunities for the selection of suitable enzymes for use in
metabolic engineering. Metabolic perturbation of the known biochemical network,
based on the knowledge of the metabolic system of interest, forms the basis for
metabolic engineering. The unique architectural network and regulatory systems that
characterize secondary metabolism in terms of enzymes, genes, substrates, and
intermediates form the rationale for systems manipulation. Against this background,
Sauer [98] suggest that the functional behavior of a network emerges through the
nonlinear gene, protein, and metabolite interactions across multiple metabolic and
regulatory layers. Intracellular reaction rates are thus the functional end points of
these interactions in metabolic networks, hence are highly relevant for systems
biology. The fact that secondary metabolites production are influenced by environ-
mental factors further adds to the multiple dimensions of the metabolic manipulation
level points. Following this logic, varied manipulation of varied environmental
factors can thus trigger positive abrupt activation of qualitative and quantitative
changes in plant secondary metabolite accumulation [12, 99, 100]. Other approaches
entail diverting the carbon flux into a competitive pathway or an increase in the
catabolism of the target compound. The biosynthesis of certain metabolites are under
strict developmental regulation in plants, a characteristic attribute due to which
exploitation of cultured cells for the production of certain valuable metabolites has
been severely restricted [12].

Due to their regulatory role in secondary metabolism, TFs add to the range of
techniques for plant metabolic engineering to increase the production of valuable
compounds. Parallel to this, artificial TFs can also be used as valuable tools for plant
metabolic engineering. The use of specific transcription factors would avoid the
time-consuming step of acquiring knowledge about all enzymatic steps of the often
poorly characterized biosynthetic pathways. Transcriptional factors can also be used
to drive flux through a pathway and the expression of an enzyme used to divert
pathway intermediates to the desired final product. Because isopentenyl and
dimethylallyl pyrophosphates are the universal precursors to all isoprenoids includ-
ing microorganisms, methods can be developed for expressing complex multigene
pathways for the biosynthesis of plant secondary metabolites in microorganisms.
Strains developed in this study can serve as platform hosts for the production of any
terpenoid compound for which a terpene synthase gene is available. Gain-of-func-
tion mutagenesis with a strong constitutive promoter that is carried on an insertion
element such as Agrobacterium tumefaciens T-DNA is one of the tools that can
be exploited to engineer secondary metabolism. Another interesting approach to
exploit secondary metabolism for the production of new compounds is through
combinatorial biochemistry by introducing enzymes with a different substrate
specificity [101].

The general plasticity, chemodiversity of the products, and the limitless regula-
tory mechanisms and enzymes involved in secondary metabolism offer enormous
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options for metabolic alteration approaches. In addition to the genetic, enzymatic,
and transcriptome metabolic alteration techniques, numerous other approaches can
be exploited that range from the use of elicitors (abiotic and biotic) in cell cultures to
the manipulation of environmental factors including plant growth regulators at
cellular, organ, and whole plant level.

5 Conclusions

The chemodiversity of secondary metabolites produced by plants is a result of the
complex metabolic pathways involved in their biosynthesis as mediated by specific
enzymes, which add new structural elements to the basic skeletons. However, one
compound may derive from completely different pathways in different plants.
Elicitation of the biosynthesis of secondary metabolites can be effected by factors
such as cellular development as well as induced by other exogenous or external
signals. The pathways are regulated at numerous levels within the biocatalytic
landscape, and these include at the level of genes, enzymes, compartmentation,
and thus transport. This, therefore, positions plants as natural chemical factories
able to carry out combinatorial chemistry that mankind exploits to their benefit. The
pleiotropic action of central transcription factors on a wide array of genes involved in
metabolic differentiation of plant cells enable the development of strategies to
engineer complex metabolic pathways to yield useful products. The rationale for
metabolic engineering is rooted on the general plasticity of this metabolism. How-
ever, at the helm of metabolic engineering is the consideration of the entire metabolic
network to redirect central metabolites into secondary metabolites without
compromising plant fitness. Understanding the entire network of pathways involved,
including their regulation, genes, and enzymes, is key to successful metabolic
engineering.
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Plant Cell Cultures as Producers
of Secondary Metabolites: Podophyllum
Lignans as a Model

3
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Valadares Campana, and Marina Pereira Rocha

Abstract
Podophyllums have been used extensively as medicinal plants and are part of the
folklore in Asian and American cultures. Their use dates back to the Chinese
culture of 2,000 years ago where they were used as an antitumor drug. The resin
podophyllin was first recommended as an antiviral agent and provided clues for
new applications. The most important secondary metabolite isolated from the
rhizomes and roots of the Podophyllum species is podophyllotoxin and its related
lignans. This lignan is the precursor of the semisynthetic drugs etoposide,
teniposide, and etopophos, which are clinically used in the therapeutic treatment
of cancer. Moreover, other derivatives have shown different types of biological
activity. With an increasing worldwide market for anticancer drugs, supplies of
podophyllotoxin for the pharmaceutical industry are under great pressure. As the
chemical synthesis of podophyllotoxin is not economic on a commercial scale,
supplies are still obtained from wild populations of Podophyllum. Concern has
been expressed about the shortage of Podophyllum which is now an endangered
species due to overexploitation and a lack of cultivation. Attempts to increase
plant yields have improved through in vitro technology while the production of
podophyllotoxin will require further studies. This chapter provides an overview
of the Podophyllum species and its lignans. Podophyllum biotechnology still
presents challenges to be overcome and some of these are, in part, discussed in
this chapter.
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Abbreviations
2,4-D 2,4-Dichlorophenoxyacetic acid
AChE Acetylcholinesterase enzyme
B5 Gamborg medium (1968)
BAP 6-Benzylaminopurine
CAD Cinnamyl alcohol-dehydrogenase
CCC Countercurrent chromatography
cv Cultivar
CYP Cytochrome P450 enzymes
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1 Introduction

The term Podophyllum is derived from the Greek words podos (foot) and phyllon
(leaf) and refers to the leaf’s shape which looks like a duck’s foot [1]. Some of the
species are known as mayapple because they bloom inMay. The use of Podophyllum
dates back to the Chinese culture where it was used over 2,000 years ago as an
antitumor drug [2]. Podophyllums have been claimed as medicinal plants with an
extensive folklore use in Asian and American cultures for the treatment of skin
cancers and warts [3]. Likewise, its extracts were indicated as antidotes against
poisonous and suicide agents. The species Podophyllum hexandrum and Podophyl-
lum peltatum were included in the Pharmacopoeia of India [4], while the former is
also in the Ayurvedic Pharmacopoeia [5]. Its rhizomes and roots yield a resinous
mixture known as podophyllin that contains lignans.

In 1820, the resin was listed in the US Pharmacopeia as a purgative and cholagogue
[6], but its use declined due to its toxicity [7]. The situation changed when Kaplan in
1942 recommended a preparation containing an alcoholic extract of podophyllin in
mineral oil for the treatment of venereal warts [8]. From this event, there emerged a
renewed interest in the resin and a search for new applications. The therapeutic proper-
ties exhibited by the resin are attributed to podophyllotoxin and its related compounds.

The Podophyllum species have been extensively investigated for its remarkable
anticancer lignans related to podophyllotoxin. Because the total synthesis of
podophyllotoxin is uneconomic, the supply is still obtained from wild Podophyllum
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populations. The latter are considered to be “endangered” or “vulnerable” because
they grow in only a few areas and their yield is small, this, together with a high
demand and unskilled overexploitation [9–11]. There is a need for careful conser-
vation of these genetic resources, otherwise many plants may be lost forever and
become extinct.

With an increasing worldwide market for anticancer drugs, such as etoposide
phosphate, teniposide, and other derivatives used for the treatment of several cancers
[10], supplies of podophyllotoxin for the pharmaceutical industry are under great
pressure. Commercially there are few plant sources for this lignan, a relatively rare
natural product, and thus the availability is limited. It is still obtained by extraction of
the rhizomes and roots of P. hexandrum and P. peltatum [12]. In India, plant material
comes from wild populations of P. hexandrum growing in the Himalayan region;
these have become an endangered species due to overexploitation and a lack of
organized cultivation [13]. Concern has been expressed about the shortage of raw
material even though the supply of wild-collected rhizomes from China has been
already reported [14]. To overcome this situation, bioprospecting studies for
podophyllotoxin in other genera have been reported [12, 15]. On the other hand,
alternative sources for its production could be solved by using a biotechnological
approach.

Considerable interest has been centered on the Podophyllum species. Therefore,
in this chapter we describe briefly some of the botanical aspects, the biosynthesis
pathway, and medicinal uses as well as the methods for the extraction and analysis of
lignans. In addition, a few derivatives of podophyllotoxin and its biological proper-
ties will be presented. We have attempted to describe a few biotechnological
approaches applied to the Podophyllum species in order to obtain organ and cell
cultures as well as some strategies including precursor feeding, elicitation, immobi-
lization, and transgenic and endophytic cultures for the production of
podophyllotoxin.

2 Botanical Features of Podophyllum

The genus Podophyllum consists of hardy, herbaceous perennials, rhizomatous herbs
with annual aerial stems. Early shoots show an umbrella shape giving rise to large
leaves. There is a considerable variation in the leaf shape in most Asian species.
Podophyllums spread by using a root system originating from underground short and
thick rhizomes including P. hexandrum and P. pleianthum. In other species such as
P. peltatum, it occurs as a long and thin creeping rhizome [1]. The flowers bloom as
solitary or in clusters and are white, pink, or red-purple with some producing an
unpleasant odor. The large fruit is a berry of yellow, red, or purple color, spherical or
elliptical, and with many seeds embedded in the pulp. The fleshy fruit has been
reported to be edible when ripe while the other parts are toxic [1]. The morphology
of many species has been described in detail by Shaw [16].

Podophyllums are not popular garden plants although the ornamental foliage of
Asian species can be an attractive to growers. There some accounts referring to
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cultivation of clones and inbreeding lines of P. hexandrum as ornamental
perennials [17].

The placement of this small genus within the family Berberidaceae was the
subject of investigations by a few authors, and different classifications have been
proposed [18–20]. Despite of these studies, the phylogenetic relationship between
the genera within the Berberidaceae needs to be further investigated [21, 22]. Mean-
while, some issues regarding the botanical classification of Podophyllum remain to
be resolved. Besides that, a few taxonomic revisions of the genus have been reported
by Shaw [16, 17, 23, 24]. Therefore, in the present chapter, the authors decided to
follow the classification of Podophyllum species according to Shaw [16].

3 Ethnobotanical Uses

There are many ethnobotanical records based on the healing properties of Podo-
phyllum species; however, this section focuses on the uses of P. hexandrum,
P. peltatum, P. pleianthum, and P. sikkimensis.

P. hexandrum is included in the Hartwell’s survey which is a compilation of over
3,000 species and their ethnomedical uses against cancer [25]. The Indian Podo-
phyllum has been used in traditional medicine due to its purgative, emetic, cytotox-
icity, and antitumor activity [26]. To date, it has been described as an antileukemic
crude plant drug by the “vaidyas” who are the medical practitioners of Ayurveda in
India [27].

The podophyllin resin has a number of applications in the treatment of several
disorders by traditional systems of medicine including Ayurveda, Unani, Siddha, and
the Tibetan medicines [7]. According to an early account, it was administered in
small doses for chronic constipation while in an overdose acted as a poison [28]. The
powdered of roots were indicated as a purgative while the decoction was employed
in the treatment of diarrhea and liver problems [29] The rhizomes, roots, and fruits
are the main parts of the plant used for medicinal purposes such as the treatment of
ulcers, hepatic disorders, wounds, tuberculosis, and constipation [27]. In addition,
the ripe fruit is eaten in some parts of the Indian Himalayas, where it has been used to
promote conception [29]. It was also used in the treatment of fever in Indian
traditional medicine. Furthermore, the rhizomes were prescribed for the treatment
of gynecological disorders by the Tibetan traditional medicine [7].

The use of P. peltatum goes back to the folklore medicine of the Maine Penobscot
Indians, who applied the resin to treat poisonous snake bites, and its roots were used
as a suicide agent and poison [30]. The resin was also employed to treat cancer [31]
and as a vermifuge [32]. Among the Cherokee Indians, the rhizome and whole plant
were used as a slow-acting purgative and an anti-helminthic, while the juice was
indicated for ear ailments and for dermatological dressing for ulcers and sores as well
as an antirheumatic [33]. The Native Americans used to treat some skin disorders
and tumors with an extract obtained from the roots [34].

P. pleianthum is one of the oldest traditional Chinese herbs. Preparations using its
rhizomes either in water or alcohol have long been used in Taiwan and China [35]. In
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the traditional Chinese medicine, some of the main uses include the treatment of
snake bite, lymphadenopathy, tumors, weakness, and other disorders [16, 35]. Due to
its toxic side effects, its clinical use as an anticancer drug has been limited. However,
it is still used in Taiwan by health-care professionals for the recovery from a
postpartum condition, chronic headache, hepatoma, lumbago, and others. On the
other hand, cases of intoxication have already been reported, and some have led to
the death of humans and animals [35].

Regarding the species P. sikkimensis, only a limited amount of data relating to
their use are available in the literature. The latex obtained from its unripe fruits is
applied to treat tumors, while the roots are used as a blood purifier, vermifuge,
purgative, and cardiac tonic in small doses. It is also used to treat peristalsis, allergy,
and skin inflammations as well as a hepatic stimulant [36].

4 The Biosynthetic Pathway of Lignans

Lignans are a group of phenolic secondary metabolites found in plants and, to a
lesser extent, in other organisms [37–39]. They are classified in eight groups based
on the oxygenation and cyclization patterns: furofuran, furan, dibenzylbutane,
dibenzylbutyrolactone, aryltetralin, arylnaphthalene, dibenzocyclooctadiene, and
dibenzylbutyrolactol [39].

The biosynthesis of lignans occurs from the shikimate pathway via the amino acid
L-phenylalanine or L-tyrosine, the major phenylpropane (C6–C3) building blocks
(Scheme 1). Elimination of ammonia from the C3 side chain of these amino acids
generates the E-cinnamic acid (1) by phenylalanine ammonium lyase (PAL) [37].

From E-cinnamic acid (2), C6–C3 alcohols, called monolignols, are synthesized,
e.g., E-p-coumaryl alcohol (3), E-coniferyl alcohol (4), and E-sinapyl alcohol (5)
(Scheme 2). Phenolic oxidative coupling of two of these C6–C3 monomers gener-
ates the lignans. There are some variations as to how the monomeric units can be
coupled. The term lignan is often restricted to molecules in which the two mono-
meric units are coupled at the beta-carbon of the side chain, e.g., (+)-pinoresinol
(6). Compounds containing other types of coupling are referred to as neolignans
[37, 39, 40]. Lignan and neolignan are normally synthesized enantiomerically pure
since the coupling reaction is stereochemically controlled. Cyclization and other
modifications generate significant structural diversity among this class of second-
ary metabolites.

There has been a widespread interest in lignan research since the discovery that
these metabolites possess important medicinal applications. In this scenario, Podo-
phyllum-derived lignans, especially (�)-podophyllotoxin (1), are of particular inter-
est mostly because of their antitumor activity. Podophyllotoxin (1), an aryltetralin
lactone lignan, is the precursor of the semisynthetic antitumor drugs etoposide,
etopophos®, and teniposide. The biological activities of Podophyllum-derived
lignans are detailed in Sect. 6 of this chapter.

A significant amount of resources have been dedicated to the elucidation of the
biosynthesis pathway of these medicinally important lignans, including the
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molecular characterization of the enzymes involved [40, 41]. This knowledge is
essential to the development of technology that allows these compounds to be
obtained in vitro. This technology will be further discussed in Sects. 8 and 9 of
this chapter.

The biosynthetic pathway of podophyllotoxin and its related lignans (Scheme 3)
has yet to be fully elucidated. After monolignol formation, the first step is the
synthesis of (+)-pinoresinol (6) via stereoselective oxidative coupling of two
E-coniferyl alcohol-derived radicals [37, 40]. The enzyme involved in this step has
yet to be identified. However, Davin et al. [42] demonstrated that a dirigent protein
(DIR) was required for the stereospecific dimerization of E-coniferyl alcohol.

Scheme 1 Biosynthesis pathway of cinnamic acid: intermediates and enzymes involved

Scheme 2 Biosynthesis pathway of monolignols: intermediates and enzymes involved
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Following this step, (+)-pinoresinol (6) is enantiospecifically reduced to
(�)-lariciresinol (7) and then to (�)-secoisolariciresinol (8) by pinoresinol–lariciresinol
reductase (PLR) [43]. Pinoresinol can also undergo a glycosylation by a UDP-glucose-
dependent glucosyltransferase UGT71A18. In fact, PLR-catalyzed metabolism
and UGT71A18-directed glucosylation are competitive pathways that participate in
the regulation of lignan biosynthesis via pinoresinol metabolism [40].

Scheme 3 Partial biosynthesis pathway of (�)podophyllotoxin (6) and related lignans. Broken
lines represent unidentified steps. DIR dirigent protein, PLR pinoresinol–lariciresinol reductase,
SIRD secoisolariciresinol dehydrogenase

74 C.G. Silva et al.



Next, a stereospecific dehydrogenation occurs, converting (�)-secoisolari-
ciresinol (8) into (�)-matairesinol (9) by a NAD-dependent secoisolariciresinol
dehydrogenase (SIRD) identified in Forsythia intermedia and P. hexandrum [44].

The use of next-generation sequencing of P. hexandrum and P. peltatum
transcriptomes followed by bioinformatic analysis allowed the identification of bio-
synthetic genes for the homologous enzymes, CYP719A23 (from P. hexandrum) and
CYP719A24 (from P. peltatum), responsible for the conversion of (�)-matairesinol
(9) into (�)-pluviatolide (10) [41]. Until now, the podophyllotoxin biosynthesis
pathway is elucidated up to this intermediate compound.

Possible intermediates of (�)-podophyllotoxin (1) biosynthesis from
(�)-pluviatolide (10) have been proposed recently based on studies using crude
enzymatic assays. However, the steps leading to these intermediates have not been
validated, since neither their chemical structures have been confirmed nor the
enzymes/genes involved have been identified [40, 41, 45, 46].

It is expected that in the near future, the molecular characterization of the
remaining key enzymes involved in lignan biosynthesis will be revealed by the
use of advanced biotechnological tools, such as next-generation sequencing, which
will allow the biosynthesis pathway of 1 to be fully elucidated.

5 Podophyllum Species and Its Lignans

Lignans are widespread in the plant kingdom; however, the aryltetralin group has
been found in only a few botanical families. The genus Podophyllum is a rich source
of 1-aryltetralin-type lignans (Fig. 1) with antitumor activity [47]. Within the genus
Podophyllum, the species P. peltatum is the most intensively studied followed by
P. hexandrum, although others such as P. pleianthum, P. versipelle, P. delavayi, and
P. sikkimensis were also subjected to investigation in the search for lignans related to
podophyllotoxin.

Podophyllum hexandrum Royle, syn. P. emodi Wall, Sinopodophyllum
hexandrum (Royle) Ying, is quite often named as the Himalayan mayapple or
Indian mayapple, and it is distributed along the Indian Himalayas to Bhutan, Nepal,
Tibet and Northern Yunnan (China), Afghanistan, Pakistan, and India [7]. Before over-
collection for commercial supply, it was common in the Alpine Himalayas, growing at
an altitude of 3,000–4,000 m [48]. This species has long been a rich source of many
lignans such as podophyllotoxin (1), 40-demethylpodophyllotoxin (11),
podophyllotoxin glucoside (12), deoxypodophyllotoxin (13), 40-demethylpodo-
phyllotoxin glucoside (14), 40-demethylisopicropodophyllone (15), podophyllotoxone
(16), 40-demethylpodophyllotoxone (17), picropodophyllotoxin (18), isopicropodo-
phyllone (19), 40-demethyldeoxypodophyllotoxin (20), α-peltatin (21), and β-peltatin
(22) [26, 49].

Podophyllum peltatum L., syn. Anapodophyllum peltatum Moench, is com-
monly known as the American Podophyllum, wild mandrake, mayapple root,
mayweed, wild lemon, or devil’s apple and is widespread and common in Eastern
North America [6]. The lignans isolated from its underground parts are
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podophyllotoxin (1), 40-demethylpodophyllotoxin (11), deoxypodophyllotoxin (13),
40-demethyldeoxypodophyllotoxin (20), β-peltatin (22), α-peltatin (21), podophyl-
lotoxone (16), 40-demethylpodophyllotoxone (17), isopicropodophyllone (19),
40-demethylisopicropodophyllone (15), and dehydropodophyllotoxin (23) [49–51].

Podophyllum pleianthum Hance, syn. Dysosma pleiantha (Hance) Woodson,
named as Bajiaolian in Chinese is widely used in Taiwan. It is the only species of the
genus found growing at an altitude of 1,000–2,500 m in the central and northern
highlands in Taiwan [35]. This species has been become threatened in China and
Taiwan due to overharvesting for local herbal medicine [1, 52]. Podophyllotoxin (1)
is the main lignan found in its rhizomes and roots although others were reported as,
for example, 40-demethylpodophyllotoxin glucoside (14), podophyllotoxin gluco-
side (12), 40-demethylpodophyllotoxin (11), 40-demethyldeoxypodophyllotoxin
(20), dehydropodophyllotoxin (23), diphyllin (24), and podophyllotoxone (16) [35].

Podophyllum versipelle Hance, syn. Dysosma versipellis (Hance) M. Cheng ex
Ying, is a species that grows in restricted areas in the southeastern China and Taiwan
[52]. According to the IUCN database (2013), it has been considered as one of the
four endangered or vulnerable Dysosma species [9]. Its roots yielded
podophyllotoxin (1), α-peltatin (21), β-peltatin (22), podophyllotoxin (1),
podophyllotoxin glucoside (2), 40-demethylpodophyllotoxin (11), deoxypodo-
phyllotoxin (13), 40-demethyldeoxypodophyllotoxin (20), diphyllin (24), and
podophyllotoxone (9) [53–55].

Podophyllum sikkimensis Chatt & Mukh. This species has the vernacular name
Homochari in the Sikkin Himalaya (India) where it is used for medicinal purposes by
local ethnic groups. An analysis of the resin from the rhizomes of P. sikkimensis led
to the isolation of different components from those of P. peltatum and P. hexandrum
[56]. The resin contains some flavonoids and a lactone known as sikkimotoxin (25).
The latter has properties analogous to the podophyllotoxin [56, 57].

Podophyllum delavayi Franch, syn. Dysosma delavayi, is another Chinese may-
apple native to Western China and distributed in the provinces of Sichuan and
Yunnan [13] (Fig. 1).

6 Biological Activity of Podophyllotoxin and Related
Lignans

The most significant therapeutic applications of podophyllotoxin (1) and its deriv-
atives are as antineoplastic and antiviral agents. A widespread variety of other
biological activities, such as insecticidal, antimalarial, and fungicidal, have been
ascribed to Podophyllum spp. and its 1-aryltetralin-type lignans [58, 59].

According to Li et al. [60], Podophyllum spp. are considered to be pharmaceutical
crops which are cultivated species used for the extraction or preparation of thera-
peutic substances by the pharmaceutical industry.

Regarding the pharmacological importance of Podophyllum lignans, a wide range
of podophyllotoxin derivatives have been synthesized (Fig. 2) aiming to obtain
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compounds with fewer side effects, high potency, and improved pharmacokinetics
characteristics [59, 61, 62].

Excellent reviews of podophyllotoxin derivatives from an historical point of
view, biological activity, synthesis, and structure–activity relationship (SAR) studies
are available in the literature [62–65]. In this chapter, we will highlight some of the
biological activities reported for these compounds.
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6.1 Antitumor Activity

Kaplan used podophyllin to treat condylomata acuminata with good results [8], and
the studies on its mechanism of action realized by King and Sullivan [66] and
Sullivan and Wechester [67] stimulated the interest in podophyllin and its compo-
nents. However, the idea to use it clinically as an antitumor agent was abandoned
because of its side effects. In the literature, there are many reports about the
discovery and development of drugs from podophyllotoxin derivatives [59, 61, 68].

The investigation of semisynthetic glycoconjugates led to the discovery of the
antitumor compounds 40-demethylepipodophyllotoxin-D-benzylidene glucoside
(DEPBG, 26), etoposide (VP16, 27), and teniposide (VM26, 28), as well as
etopophos® (29). The clinical success of VP16, VM26, and etopophos® stimulated
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the interest in developing derivatives with better antitumor activity. Examples of some
important analogs are NK-611 (30), Top 53 (31), GL-11 (32), and tafluposide (33) [61].

The proposed mechanism of antitumor activity of podophyllotoxin derivatives
includes the inhibition of tubulin polymerization for podophyllotoxin-like com-
pounds or inhibiting DNA topoisomerase II for etoposide-like compounds [68].

Podophyllotoxin reversibly bind to tubulin, leading to inhibition of microtubules
formation in the metaphase of mitosis, at the same binding site of colchicine
[58]. The acetal products of podophyllotoxin glucosides and peltatins have the
same mechanism of action [69].

Etoposide (21) and teniposide (22) stabilize the covalent DNA–enzyme ternary
complex inhibiting the catalytic activity of topoisomerase II irreversibly. These
compounds act in late S or G2 phases of the cell cycle, preventing the DNA repair
by topoisomerase II [61, 62, 69, 70]. In addition to these two mechanisms of action, a
third mechanism has also been proposed. The metabolic activation of the
dimethoxyphenol ring (E ring) of podophyllotoxin analogs may produce metabolites
that can deactivate the DNA by forming chemical adducts. It has been shown that the
30,40-catechol derivatives of etoposide can be formed and oxidized to 30,40-ortho-
quinone in the presence of cytochrome P-450 and oxygen, horseradish peroxidase,
or prostaglandin E synthase. The compounds formed bind at DNA and this may
contribute to the activity of these compounds [62]. Reviews of podophyllotoxin
derivatives and the proposed mechanism of action are available in the literature [59,
62, 64, 69, 71].

The development of synthetic and semisynthetic derivatives of podophyllotoxin,
the structure–activity relationship studies, and understanding the mechanism of
podophyllotoxin antitumor activity have aided to propose analogs with improved
properties. The structural features important to the antitumor activity of
podophyllotoxin can be summarized in some aspects (Fig. 3): (a) Z configuration
of the A/B ring, (b) E-lactone with 2α and 3β in ring C is essential to the activity,
(c) 4-β configuration is essential with various substitutions, (d) the free 40-hydroxy is
crucial, (e) the dioxolane A ring is optimal, and (f) the free rotation of ring E is
required [62, 71].

6.2 Antiviral Activity

The investigation of antiviral activity of lignans began with the use of an alcoholic
extract against condyloma acuminate, a disease caused by the papillomavirus [69].

Several mechanisms of the antiviral action of lignans have been proposed
[64, 65]. Bedows and Hatfield [72] showed that podophyllotoxin (1), deoxypo-
dophyllotoxin (13), and β-peltatin (22) were active against the measles virus (RNA
virus) and herpes simplex virus type I (HSV-I, DNA virus). They proposed that this
activity is likely due to the disruption of cellular microtubules interfering with viral
replication.
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In addition, some podophyllotoxin derivatives (34–38, Fig. 2) showed an inhibi-
tion of HIV replication by the inhibition of the reverse transcriptase viral [63, 69,
73]. Macrae et al. [74] evaluated the antiviral activity podophyllotoxin (1), α-peltatin
(21), and diphyllin (25) against murine cytomegalovirus (MCMV, DNA virus) and
the Sindbis virus (RNA virus). Podophyllotoxin (241 nM) and α-peltatin (250 nM)
showed good inhibition against the MCMV virus (74 and 85%, respectively) and
low inhibition against the Sindbis virus (3 and 5%, respectively).

Castro et al. [59] synthesized some podophyllotoxin derivatives modified in the E
ring and evaluated against herpes simplex virus type II (HSV-II). The compounds
(39) and (40) were active at 23 and 25 μg/mL, respectively.

6.3 Other Activities

Due to a significant immunosuppressive activity shown by etoposide and other
podophyllotoxin analogs [75], researches led to the development of CPH
82 (Reumacon®) which is a mixture of two similar benzylidenated podophyllotoxin
glucosides, AS 3739 (41) and AS 3738 (42) (Fig. 2). CPH 82 is a nonsteroid
antirheumatic drug used in the therapy of rheumatoid arthritis.

The insecticidal activity of podophyllotoxin and its derivatives, as well as others
lignans, have been reported [76, 77]. Miyazawa et al. [78], in the search for
new insecticidal compounds from plants, described the insecticidal activity of
podophyllotoxin (1) and acetylpodophyllotoxin (43, Fig. 1.), isolated by
bioassay-guided fractionation from dichloromethane extract of P. hexandrum
roots active against larvae of Drosophila melanogaster. Podophyllotoxin (1)

Fig. 3 Structure–activity relationship of podophyllotoxin analogs for the Topo II inhibition
(Source: Adapted from [62])
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showed LC50 0.24 μmol/L diet against larvae and LD50 22 μmol/adults against
adults. Deoxypodophyllotoxin (2) showed LC50 0.64 μmol/L diet against larvae
and LD50 80 μmol/adults against adults. In studies with podophyllotoxin (1) and
deoxypodophyllotoxin (2), Inamori et al. [79] showed insecticidal activity of (1)
and (2) against larvae of Epilachna sparsa orientalis (95% of mortality at 20 ppm
and 85% mortality at 500 ppm, respectively) and insecticidal activity of (2) against
Culex pipiens molestus (90% of mortality at 20 ppm). In the work by Russell
et al. [80], the assay with β-peltatin-A-methyl ether (44, Fig. 1) resulted in a 98%
mortality of housefly (Musca domestica) larvae at 100 ppm in a chemically
defined diet.

Ethanolic extract of rhizomes and roots of P. hexandrum (4 mg/mL) showed
AChE inhibition in vitro and antioxidant activity (IC50 21.56 μg/mL) in β-carotene/
linoleic acid system [81]. These activities combined indicate a potential application
of this species for the treatment of neurodegenerative diseases.

7 Analytical Methods of Analysis

Many methods have been used in the extraction of lignans from plant material, such
as Soxhlet extractor, accelerated solvent extraction, and percolation and digestion
with hot solvents [82]. The aryltetralin lignans can be obtained from the rhizomes,
roots, and leaves of the Podophyllum species. The common methods to obtain
lignans from Podophyllum involve extraction of the dried plant material with alcohol
using warm methods such as heat reflux and Soxhlet extraction [83, 84]. Other
methods described consist of an initial extraction with other less polar organic
solvents, such as petroleum ether, n-hexane, and halogenated hydrocarbon, aiming
to remove the lipids [85, 86].

Purification of crude methanol extracts is quite time-consuming and laborious, so
usually to obtain enriched fraction, the crude extracts are partitioned with ethyl
acetate or other halogenated hydrocarbon solvent [84, 86]. Another classical method
described by Chatterjee and Chakravarti [56] is the precipitation of lignans from
ethanolic extracts using hydrochloric acid solution followed by cooling.

Even though the techniques of analysis and isolation of natural products have
developed greatly in recent years, the classical thin-layer chromatography (TLC) still
remains a useful analytical method due to its easy performance, low cost, celerity,
and efficiency [87]. Furthermore, this method allows the simultaneous analysis of
multiple samples [88]. TLC techniques have been used in the analysis of plant cell
and tissue cultures for a prompt characterization of lignans [51, 82, 86,
89]. Aryltetralin lignans structurally related to podophyllotoxin can be detected on
TLC at 254 nm using plates with a fluorescent indicator. The characterization of the
main lignans can be achieved by spraying coloring reagents such as sulfuric acid in
ethanol followed by heating and using fast blue salt B [86, 90]. Jackson and Dewick
[49] described the detection of Podophyllum lignans with nitric acid-acetic acid
reagent (10:3) and heating. The lignan bands show red or brown coloration due to the

3 Plant Cell Cultures as Producers of Secondary Metabolites: Podophyllum. . . 83



formation of quinone derivatives via oxidation or demethylation reactions [12, 49]
(Fig. 4).

Isolation of podophyllotoxin has been carried out using a preparative TLC
(PTLC) [12, 51] and other chromatographic methods, e.g., normal-phase column
chromatography (NP-CC) [54], reversed-phase high-performance liquid chromatog-
raphy (RP-HPLC) [91, 92], and countercurrent chromatography (CCC) [55, 93].

Precipitation using an aqueous solution of Na2CO3 has been reported [26]. How-
ever, lactones and ketolactones of podophyllotoxin group can undergo epimerization
in C2 with basic solutions (Fig. 5). In the presence of mild base, podophyllotoxin (1)
can epimerizes slowly to picropodophyllotoxin (18) [94], leading to artifact
formation [51].

The quantitative analysis of lignans has been reported using several analytical
methods, for instance, capillary zone electrophoresis [95], UV–vis spectrophotom-
etry [12], HPLC [54, 96, 97], and UPLC [98]. Mishra et al. [99] used HPLC-PDA
and HPTLC densitometry to quantify podophyllotoxin (1) in dry cell mass obtained
from tissue cultures of P. hexandrum.

Fig. 4 TLC profile of Podophyllum-based lignans: 1. podophyllotoxin, 2. deoxypodophyllotoxin,
3. 40-demethyllpodophyllotoxin, 4. podophyllotoxone, 5. picropodophyllotoxin, 6. EtOH extract of
Podophyllum hexandrum. Eluent: Chloroform to MeOH (9:1). Detection (A). UV365 nm, untreated
(B). Fast blue salt B and NaOH 10% in EtOH (C). H2SO4 50% in EtOH, heated (D). Nitric acid:
acetic acid (30:9)
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The quantities and relative proportions of lignans may vary according to the
Podophyllum species (Table 1), agronomic aspects [100], and genetic variants in the
population [11, 101].

Jackson and Dewick [49] reported the lignan content in different species of
Podophyllum. The quantification of lignans was performed using UV–vis spectro-
photometry. According to the results reported (Table 1), podophyllotoxin represents
the main lignan of P. hexandrum and P pleianthum. Although P. peltatum is one of
the species used to commercially obtain podophyllotoxin [102], β-peltatin is the
major constituent of this species.

8 Background on Cultivation and Propagation
of Podophyllum spp.

Regarding the history of cultivation of Podophyllums, in this chapter only data on
P. hexandrum and P. peltatum will be reported since both species can supply
podophyllotoxin to the pharmaceutical industry.

P. hexandrum has been found in the wild since 1820. It has been found growing
naturally in some Asian countries, but there was no cultivation on a commercial
scale [103, 104]. In the early 1900s, the exportation of wild-collected rhizomes from
India as a source of income resulted in overexploitation [57]. In addition, plant
populations in accessible areas were reduced due to the unregulated collection of
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rhizomes and roots by untrained people. Earlier work reported that P. hexandrum can
be propagated easily either from rhizomes or seeds [105]. However, plants raised
from rhizome cuttings needed at least 12 years to produce a marketable rhizome
[106]. Efforts were made to preserve and cultivate the species on a commercial scale
in India as a means to reduce the pressure of harvesting. There are a number of
reports referring to vegetative propagation through rhizome cuttings and seeds with
limited results [106–108]. The most economical time period for the harvesting of
roots and rhizomes was 5 years for plants raised by vegetative propagation and
6 years when they were raised from seeds [14]. Moreover, it was reported that
rhizomes of cultivated plants in a subalpine garden exhibited a lignan content lower
than that of the wild plants [109].

P. peltatum was one of the species collected by the locals in the Appalachian
mountains as a source of income rather than being cultivated for medicinal use
[110]. The interest in cultivation was stimulated by the demand for the podophyllin
resin in the drug trade from dried rhizomes [6]. It has been found growing in large
colonies in moist woodland areas in eastern North America [6] although it is absent
from Florida [16].

Like other species within the Berberidaceae, it is also noteworthy that some Podo-
phyllums have been cultivated as ornamental plants [20] and on some occasions for
inducing mutations in other plants. In the UK and France, P. peltatumwas introduced in
1664 for cultivation in woodland gardens [16, 32] whereas P. hexandrum was recorded
as an alien garden species [111]. Moreover, P. hexandrum is easy to grow in the garden,
and it has been cultivated in North America and Europe as an ornamental plant
[16]. Other Asian counterparts can be found in cultivation as foliage plants but require
some protection against the frost. In general, Podophyllums are resistant to low
temperatures, but young leaves can be damaged by late frosts.

Podophyllum species are perennial herbaceous plants with a short annual growth
period [112]. As has been previously described, conventional propagation can be
achieved by seeds and cuttings of rhizomes and roots. Rhizomes cuttings were
considered useful for propagating elite clones of high-yielding plants [113]. More-
over, dormancy of seeds has been considered to be a major constraint in some
species of Podophyllum [10]. Propagation and conservation of P. hexandrum have
been reviewed by Nadeem et al. [114].

Experiments on cultivation of Podophyllums were carried out in the Pharmacy
garden at the University of Nottingham (UK). Fieldwork with P. hexandrum lines
has shown that plants cultivated at Nottingham are long-lived and produced large
clonal colonies [111]. The rhizomes were kept growing for about 6 years after which
the growth rate declined. Vegetative propagation through rhizome cuttings has been
found to be inefficient and a slow method compared with seedlings.

P. hexandrum cv. Majus plants were originally obtained from the Bressingham
Gardens (Bressingham, Norfolk, UK) and cultivated individually in pots containing
a mixture of Levington M3 soilless and John Innes No. 2 compost and maintained in
a cold frame and then planted out (Fig. 6a). Seeds of self-pollinations were used to
increase stocks. In a population of approximately 20 self-pollinated individuals, seeds
were obtained from the ripe fruits (Fig. 6b) and used for tissue culture studies [51].
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Fig. 6 Plants, ripe fruits, and germination in vitro of seeds of Podophyllum hexandrum
(a). P. hexandrum cv. Majus plants (8 years old) cultivated at the University of Nottingham showing
ripe fruits. (�0.10) (b). Ripe fruits, each containing approximately 50 seeds, harvested from a
population of self-pollinated seed-derived plants. (�0.75) (c). Seeds germinating on moist filter
paper after 35 days in the dark. (�0.93) (d). An axenic seedling cultured on full-strength MS semi-
solidified agar medium lacking growth regulators after 35 days in the light. (�1.25) (e). Dormant
buds, rhizomes, and roots of P. hexandrum cv. Majus used in the vernalization experiments. (�1.0)
(f). Plant (approx. 5–6 years old) maintained in the glasshouse at 20 � 2 �C (night) and 22 � 2 �C
(day) with natural daylight supplemented by a 16 h photoperiod (151 μmol m�2s�1) provided by
“daylight” fluorescent tubes. (�0.40)
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Overall, propagation of Podophyllums easily achieved from seeds although this
method is prone to some constraints. It was reported that seed desiccation is a
problem particularly to P. peltatum because its seeds cannot survive for long if
stored in paper packets [1]. Research at Nottingham has shown that with P. peltatum
and P. hexandrum, if clean seeds were stored in moist conditions at 4 �C, their full
viability is retained for at least 2 years [16]. Several workers have reported that the
presence of inhibitors in the fruit pulp, a post-harvesting ripening period, hard seed
coat, low seed viability, and poor seed germination can be a problem in propagation
from seeds [106, 108, 114, 115]. Other factors such as seed and hypocotyl dormancy
also affect the establishment of seedlings [113]. In order to break seed dormancy and
improve germination, some treatments were applied using gibberellic acid, KNO3,
chilling, acid scarification, storage in the dark, and others [113, 116, 117]. In a study,
the radicle emerged after approximately 35 d on a moisture filter paper (Fig. 6c) for
both stored and fresh seeds, indicating that a post-harvesting ripening period was
required for in vitro seed germination [51]. On the other hand, high germination was
achieved (60–90%) when freshly collected seeds from different locations of
P. hexandrum were transferred to sterile sand without any treatment [113].

The species P. hexandrum, P. peltatum, and P. pleianthum showed a seasonal
availability which can be responsible for the limited supply of plant material. For
example, to overcome the limited supply of P. hexandrum for the tissue culture
studies, axenic cultures were successfully established on full-strength MS semi-
solidified agar medium lacking growth regulators (Fig. 6d). In a study, plants were
exposed to a cold chilling (vernalization) to see if they could break a predetermined
period of dormancy. Dormant plants of P. hexandrum with buds, rhizomes, and roots
(Fig. 6e) maintained in the glasshouse were transferred to an illuminated vernaliza-
tion chamber. After 8 weeks, plants were returned to glasshouse conditions, but their
underground parts remained dormant, suggesting that this species may require a
longer period of vernalization [51]. In addition, the maintenance of plants (Fig. 6f)
during the winter in the glasshouse at 20 � 2 �C (night) and 22 � 2 �C (day) with
natural daylight supplemented by a 16 h photoperiod (151 μmol m�2s�1) provided
by “daylight” fluorescent tubes did not break dormancy [51].

Alternatively, Podophyllum species can be propagated by tissue culture. This
approach is being used for commercial-scale plant multiplication in several species,
including medicinal, that are the reservoir of useful secondary metabolites. In
additional, endangered, threatened, and rare species have successfully been grown
and conserved by micropropagation.

Podophyllum species have been investigated by researchers either working in
governmental institutions or private companies which explored different strategies
on micropropagation for over two decades. Micropropagation is more efficient than
propagation via rhizome cuttings because it can supply uniform and consistent plant
material for extraction of lignans. A number of studies have been undertaken to
preserve and multiply germplasm as well as to establish cell and organ cultures from
lignan-accumulating Podophyllum plants. As a result the species P. hexandrum [89,
114, 118, 119] and P. peltatum [47, 120, 121] had received much attention probably
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due to its content of lignans. The others, P. pleianthum and P. versipellis, have also
being studied [53, 122]; however, these species contain low yields of
podophyllotoxin.

In P. hexandrum, the growing awareness of decreasing plant resource has helped
to focus attention on alternative sources for mass propagation. In this context, plant
regeneration has been achieved through root-derived callus [123] via somatic
embryogenesis in callus and cells cultures [89, 114] and organogenesis based on
root cultures in liquid MS medium [124] as well as by multiple shoot formation
cultured on solidified MS medium [119]. Additionally, somatic embryos were
obtained from embryogenic cell cultures from a root-derived callus under dark
conditions [51], and further details of this are described in the next section.

The need for a reliable supply of podophyllotoxin has also stimulated other
research strategies which will be discussed in Sect. 9 of this chapter.

9 In Vitro Studies for the Production of Podophyllotoxin

9.1 Organ and Cell Cultures as an Alternative Source

Organ and cell suspension cultures have been used as an alternative source for the
production of podophyllotoxin and were summarized by some workers [125, 126].

It has been reported that undifferentiated callus tissues from different explants of
P. peltatum were able to produce podophyllotoxin. The content of lignan in callus
from rhizomes was higher than that found in leaves, roots, and stem cultures [127,
128]. The production of podophyllotoxin was affected by light quality and intensity
as well as by the composition of the culture medium used for callus initiation. In this
regard, kinetin played an important role besides NAA (1-naphthaleneacetic acid) for
callus induction and with 2,4-D for maximum podophyllotoxin production. This
study has been reported as the first successful production of podophyllotoxin by
in vitro culture.

Uden and collaborators [129] have shown that cultures of dark-grown callus of
P. hexandrum had a higher content of podophyllotoxin (ca. 0.3% d. wt.) compared
with light-grown cultures. In another study, root-derived callus from in vitro cultured
seedlings showed positive results in terms of lignan production [130]. This study has
also shown that for some cell lines, high levels of podophyllotoxin are related to the
tissue differentiation status elicited by BAP. Moreover, the presence of auxins, in
particular 2,4-D, was necessary for callus induction.

It has been suggested that the initiation and establishment of callus cultures of
P. hexandrum represent a difficult task [131]. For example, an initial callus response
from root explants has been shown to be very slow. Cell suspensions were
established in the dark from root-derived callus cultured in a liquid MS medium
containing 2,4-D and kinetin, respectively. It was interesting to note that such
cultures became embryogenic, producing somatic embryos at different stages of
development as well as small cell aggregates in the culture medium [51]. It will be,
therefore, worthwhile to investigate whether the embryogenic cell culture system
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offers possibilities for the in vitro propagation and/or genetic manipulation of
P. hexandrum. Both systems, callus and cell cultures, are quite often time-consuming
and require more expertise into tissue culture techniques. In another study, callus
cultures were obtained for roots and rhizomes from in vitro plants, and 1 year later all
the surviving callus lines accumulated podophyllotoxin [132].

In a study with P. peltatum, different types of buds were induced from a terminal
bud originated by rhizome tip cultures from wild plants [120]. The lignan content
from in vitro rooted buds and plantlets was found to be at comparable concentrations
to those of plants collected from wild populations [83]. Moreover, the accumulation
of podophyllotoxin was higher in adventitious root cultures than those in embryo-
genic cells clumps [133].

The production of podophyllotoxin has been reported in callus and cultured
rhizomes of P. versipellis [53]. The lignan content was higher in the cultured
rhizomes (3.20 mg g�1) than in the calli (1.17 mg g�1). This study has also shown
that rhizomes from wild plants exhibited a slightly higher content of
podophyllotoxin (6.01 mg g�1) than those from plants grown in the garden
(5.89 mg g�1). These results agree with those of Liu et al. [134] showing that plants
from tissue culture accumulated less of this lignan compared with their wild
counterparts.

10 Biotechnological Approaches to Improve Podophyllotoxin
Production

10.1 Optimizing Culture Conditions and Manipulation of Nutrient
Levels

In general, the composition of the medium and nutritional elements significantly
affects cultural growth and the synthesis of secondary metabolites. In cell cultures of
P. hexandrum, the pH of the medium and the concentration of IAA were related to
the accumulation of podophyllotoxin [135]. Moreover, both B5 and MS media were
reported to be useful for cell growth and the synthesis of this lignan, respectively. In
addition, the amount of nitrogen (60 mM) and phosphate (1.25 mM) with a combi-
nation of ammonium salts and nitrate at the ratio of 1:2 showed optimum results for
the lignan production, and glucose was indicated as a source of carbon [132, 136].

In a recent study, the effects of the micronutrients Na+, K+, Fe+2, and Mn+2 were
correlated in the production of podophyllotoxin in vitro seedlings of P. hexandrum
[100]. The increase in the levels of Fe+2 and Mn+2 in the culture medium enhanced
the yield of lignan by 60% and 34%, respectively. Another interesting finding was
the enhancement of the activity of the enzymes phenylalanine ammonia lyase (PAL)
and cinnamyl alcohol-dehydrogenase (CAD) by Fe+2 and Mn+2. The highest activity
levels of both enzymes were more correlated with Fe+2 leading to an increase of
2.66-fold for PAL and 1.76-fold for CAD. Based on these results, the authors suggest
that Fe+2 has a role in the formation of coniferyl alcohol, a key precursor in the
biosynthetic pathway of podophyllotoxin, as discussed in Sect. 4 [137].
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10.2 Precursor Feeding

An exogenous supply of a biosynthetic precursor or intermediate compounds to the
culture medium may increase the yield of the desired product. Phenylpropanoid
precursors, such as phenylalanine, tyrosine, cinnamic acid, caffeic acid, coumaric
acid, ferulic acid, and coniferin, as well as the compound 3,4-methylenedioxycin-
namic acid were used for the improvement of podophyllotoxin in root-derived-cells
from P. hexandrum [138]. Among them, only coniferin induced an increase by 12.8-
fold in the content of this lignan. In another study, the content of podophyllotoxin
also increased after feeding the cell cultures with coniferyl alcohol complexed with
β-cyclodextrin [139].

Coniferin is not commercially available but it has been found in the roots of
Linum flavum. The hairy roots of L. flavum were cocultured with P. hexandrum cell
cultures in order to offer an alternative source of coniferin [140]. The latter was
produced by the hairy roots and used by the cell cultures of Podophyllum for the
production of podophyllotoxin.

Feeding experiments showed that the addition of tryptophan (250 mg L�1), an
indirect precursor in the biosynthesis of podophyllotoxin, resulted in the accumula-
tion of 2.7 times more podophyllotoxin than that control from of untreated cells
[141]; however, cell growth decreased, though biomass yield did not improve with
other concentrations of tryptophan.

10.3 Elicitation

Elicitors are signals triggering the formation of secondary metabolites. The treatment
with elicitors can stimulate the production of these metabolites in plant cell cultures
as well as activate the genes involved in their biosynthesis. In the cell suspension
cultures of P. hexandrum, the reduction in cell viability and biomass as well as in
podophyllotoxin content was associated with the browning of the medium and
clumping of the cells [142]. Such browning may be attributed to the presence of
quinones derived from the oxidation of phenolic compounds, which are produced or
result from existing biosynthetic pathways, wounding of the tissues, and medium
composition deficiencies [143]. These problems could be avoided by the addition of
polyvinylpyrrolidone (PVP) and pectinase to the MS culture medium, supplemented
with IAA, which inhibited the staining of the medium and allowed the cells to grow
into the suspensions as smaller cell aggregates and single cells. Although pectinase
has been reported to act as an elicitor to the production of ursene derivatives, in the
cell suspensions of P. hexandrum, it was used only to initiate the cultures and then
removed without affecting the production of podophyllotoxin.

The production of podophyllotoxin was reported using embryogenic cells and
adventitious root cultures of P. peltatum [133]. Both systems were subjected to a
treatment with methyl jasmonate (20 μM) which resulted in the enhancement of the
lignan content. In another study, salicylic acid and methyl jasmonate were found to
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increase the production of podophyllotoxin in the cell cultures of P. hexandrum,
whereas the former resulted in a significant increase [132].

In addition, elicitation with methyl jasmonate (100 μM) was used to investigate
whether P. hexandrum cell cultures showed changes in the proteome profile
[144]. The treatment led to an increase in podophyllotoxin accumulation as well as
offered a model system to profile modulations on proteins. This model could be
used, in the future, to study the proteins closely related to phenylpropanoid/
monolignol biosynthesis and other defense responses.

10.4 Immobilized Cells

Immobilization of cells by polymers is another approach used to improve the
production of secondary metabolites [145]. It was attempted with P. hexandrum
cell cultures using calcium alginate combined with L-phenylalanine and L-tyrosine
[138]. However, there was no increase on the podophyllotoxin in the cultures.

10.5 Transgenic Cultures

Agrobacterium-mediated transformation has been used to improve methods of
inserting foreign and novel genes into the plants. In addition, it offers an alternative
system for the production of secondary metabolites. Assessment of the genetic
transformation of Podophyllum has already been reported. According to an early
record [146], some members of Berberidaceae including Podophyllum were not
susceptible to infection with A. tumefaciens strain ChrIIb. The inoculated explants
failed to produce crown galls. There has been limited research on genetic engineer-
ing of Podophyllum with only a few reports of transgenic hairy roots and plants.

Different strains of Agrobacterium rhizogenes (LBA 9402, R 1601, and 8196)
and A. tumefaciens (C 58, T 37, and 1065) were used to infect organs and tissues of
P. hexandrum in order to evaluate whether Agrobacterium per se could be used for
gene transfer in this species [51, 147]. The explants were harvested from cultivated
seed-derived P. hexandrum cv. Majus plants maintained at the University of Not-
tingham (UK). The enhancement of virulence of A. rhizogenes strain R 1601 was
attempted by the addition of acetosyringone (100 μM) to the bacterial cell culture.
Acetosyringone (4-acetyl-2,6-dimethoxyphenol) increased Agrobacterium-mediated
transformation in many plants including some recalcitrant species. The production of
hairy roots was not observed on the explants inoculated with A. rhizogenes strain
R 1601 alone or in combination with acetosyringone. Moreover, the expression
of the gus reporter gene was not detected on the explants from in vitro seedlings
and inoculated with any of the evaluated strains of A. tumefaciens. The
non-responsiveness of P. hexandrum to Agrobacteria inoculation may be caused,
in part, by the presence of lignans in this species, leading to an inactivation of the
Agrobacteria. It was speculated that the cytotoxicity of the aryltetralin lignans
present in Podophyllum species may have blocked bacterial infection
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[51]. Furthermore, failure to transform roots from axenic cultures of P. hexandrum
with A. rhizogenes strain LBA 9402 had previously been reported [148]. Interest-
ingly, Giri et al. [149] reported that different strains of A. rhizogenes (A4, 15834, and
K 599) were not only effective in transforming P. hexandrum, but the transgenic
callus synthesis podophyllotoxin showed a threefold increase compared to the
controls.

It has been also reported that A. tumefaciens-mediated transformation of P. peltatum
[150]. In this study, embryogenic callus was co-cultivated with A. tumefaciens harbor-
ing a binary vector pBI 121 carrying the genes gus and npt II. It was reported that
transformation efficiency was enhanced by the addition of acetosyringone (50 μM)
during the infection by the Agrobacterium used. Molecular work confirmed that both
genes, gus and npt II, were integrated into transgenic P. peltatum plants.

Recently, Rajesh and collaborators [151] reported the successful regeneration of
transgenic P. hexandrum plants using an efficient Agrobacterium-mediated transfor-
mation method. In this study, embryogenic cells were infected with A. tumefaciens
strain EHA 105 with binary vector pCAMBIA 2301 (CAMBIA, Canberra,
Australia) containing the genes npt II and gusA. According to the authors, this
method could be used in the future to genetically engineer P. hexandrum to enhance
the podophyllotoxin content via the transfer and expression of the genes pinoresinol
synthase and secoisolariciresinol dehydrogenase which are involved in the biosyn-
thesis of podophyllotoxin.

Some parameters such as the type of plant and the state of tissue that will be
infected, genotype, the Agrobacterium strain, the conditions of co-cultivation, and
selection and regeneration of transformed tissues are reported to affect the transfor-
mation of many plants including Podophyllum species [51, 151]. Moreover, the
concentration of acetosyringone and type of antibiotic are other parameters that can
contribute to the efficiency on transformation of P. hexandrum [151].

10.6 Endophytic Fungi as Producers of Podophyllotoxin

The production of podophyllotoxin by endophytes is a strategy that could be
considered for commercial application, aiming to meet the ever-increasing demand
for this natural product, and, in turn, it would help to preserve wild populations of
Podophyllum. Further studies will be needed in this area in order to evaluate if the
endophytes from Podophyllum spp. would be able to produce high yields of
podophyllotoxin. Additionally, one might expect that investigation into other species
would perhaps allow the isolation and identification of new endophytes.

As far as we know, there are only two reports regarding to the production of
podophyllotoxin by fungal endophytes from Podophyllum species. These findings
are interesting, and it suggested a possible gene transfer between the plant and the
endophytic fungus [37]. It has been reported that two strains of Phialocephala
fortinii were isolated from the rhizomes of wild P. peltatum plants [152]. Their
cultures produced podophyllotoxin at low yields in the broth culture and the process
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was reported in a US patent [153]. Furthermore, this lignan was found to be
produced by an endophyte of P. hexandrum identified as Trametes hirsuta [154].

11 Conclusions

Podophyllum species and its lignans, especially podophyllotoxin, are important
natural products with a diverse spectrum of biological activities. Podophyllotoxin
was the precursor for the development of semisynthetic drugs that are successfully
used clinically use for cancer therapy. To date, this lignan remains as a starting
material for the production of these anticancer drugs as well as a lead compound for
the development of new drugs. The ever-increasing demand for this lignan by the
pharmaceutical industry has endangered the Asian Podophyllum spp.
Podophyllotoxin has already been produced by plant cell cultures of
P. hexandrum, P. peltatum, and P. versipellis although their use as a commercial
source for the supply of this lignan requires much more effort. For this reason, these
species are worth exploring further using different strategies in plant biotechnology
in order to improve their lignan content. To improve yields metabolic engineering
offers promising perspectives but requires the understanding of the regulation of the
secondary metabolite pathways on the levels of product, enzymes, and genes,
including aspects of transport and compartmentation. Moreover, a better understand-
ing of the regulatory process would help to influence the in vitro production of the
lignans by this approach. Furthermore, conservation strategies should be improved
considering the commercial value of the Podophyllum species as well as their
ethnobotanical uses.
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Secondary Metabolite Production
in Transformed Cultures 4
Stevioside Glycosides Production from Stevia rebaudiana
Hairy Root Cultures

Madhumita Kumari and Sheela Chandra

Abstract
The study elucidates the production of hairy roots through Agrobacterium
rhizogenes mediated transformation of leaf and stem explants of S. rebaudiana
for secondary metabolite production. Hairy root culture was established success-
fully using leaf and stem explants of S. rebaudiana. Hairy roots grown in
Murashige and Skoog (MS) media at temperature 25 �C kept in 16 h photoperiod
proved best for stevioside glycosides production. Among different strength of MS
and B5 media, full strength MS media produced stevioside
0.412 � 0.008 mg mL�1 and Reb A 0.100 � 0.008 mg mL�1, whereas hairy
roots on B5 media produced stevioside 0.383 � 0.002 mg mL�1 and Reb A
0.098 � 0.005 mg mL�1. Growth of hairy root was found to be maximal at
25 � 2 �C and with the increase of temperature, growth of hairy roots decreases.
Secondary metabolite production was not much affected by increase in temper-
ature up to 31 �C with approximately similar stevioside content detectable at
25 �C (0.425 � 0.08 mg mL�1), 28 �C (0.415 � 0.08 mg mL�1), and at 31 �C
(0.386 � 0.02 mg mL�1). At 35 �C, stevioside content decreases rapidly
(0.090 � 0.02 mg mL�1) and Reb Awas completely not detected. Results were
validated through ultra high performance liquid chromatography-electrospray
ionization mass spectrometry (LC-ESI/MS) studies.
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Abbreviations
�C Degree Celsius
% Percent
2,4-D 2,4-Dichlorophenoxy acetic acid
Ads Adenine sulphate
B5 Gamborg B5 medium
BAP 6-Benzyladenine
HPLC High performance liquid chromatography
h Hour
IAA Indole-3-acetic acid
IBA Indole-3-butyric acid
Kn Kinetin
min Minutes
MS Murashige and Skoog’s medium
PGRs Plant growth regulators
rpm Rotation per minute
SD Standard deviation
μL Microlitre
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1 Introduction

Stevia rebaudiana (Bertoni) is a small perennial herb, belonging to the asteraceae
family. It is native to certain regions of Paraguay and Brazil in South America. The
plant is also known as a honey leaf and candy leaf [1]. S.rebaudiana contains
diterpene glycosides viz. stevioside and rebaudioside A, which are responsible for
its sweet taste with zero calories [2] and are estimated to be 250–300 times sweeter
than sucrose. These glycosides possess a number of therapeutics properties in
addition to their sweetness value. They regulate the blood glucose level by stimu-
lating insulin secretion so that they can be used as an alternative sweetener by
hyperglycemic patients [3, 4]. Steviol glycosides can also be used as an antihyper-
tensive [5], antitumor [6], vasodilator [7], antimicrobial, [8] and neuroprotective drugs
[9]. They are heat- and pH-stable with a good shelf life and can be added in cooking,
baking, or in beverages. In a number of countries, Stevia was approved as dietary
supplements. It might be a source of a number of pharmaceutical drugs. Since Stevia is
highly versatile as an additive, it has gained a great boostin popularity in the past few
years and is progressively becoming the focal point of attention amongst food and
beverage producers. Thus, various therapeutics and sweetening properties are the most
important attributes of Stevia, which makes it a commercially important plant.

For commercial cultivation, homogenous range of improved plants is required and
plants germinated from seeds show a degree of variability. Also in field conditions, a
wide range of variation occurs due to external environmental conditions such as plant
pathogen, temperature, drought, and water logging, which leads to variation in com-
position and sweetening levels [10]. Seeds of Stevia have very poor germination
potential [11–13]. In today’s world, production of stress tolerant varieties, enhanced
plant biomass, and production of medicinally important secondary metabolites are
considerable issues. Earlier, vegetative propagation was generally used for cultivation
of Stevia. Although this technique is limited, numbers of explants were obtained from
a single plant and that may raise possibilities of pathogen accumulation in tissues.
These in vitro tissue culture techniques might prove an alternative tool to conventional
methods for comparatively rapid multiplication of elite medicinal plantlets, which
gives disease-free, resistant plant with high biomass and secondary metabolites.

In plant cell cultures, secondary metabolite augmentation has limiting culture
parameters and therefore requirement of knowledge and introduction of new tech-
niques are necessary. Many plant secondary metabolites get accumulated in hairy
roots. Therefore, in the recent past hairy root culture has received a lot of attention in
research field. The need of taking the research form laboratory to industry has led to
the development of this new technology. Genetic engineering of hairy roots has
played a key role and has provided new direction to hairy root research. Hairy root
cultures are preferred over other methods of transformation as they have fast,
hormone-independent growth, are highly branched, lack geotropism, shows lateral
branching, are genetic stability and due to the ease of elicitor treatment [14].
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In vitro culture of plant cells is now a mature technology with successful
applications in crop improvement. The major limitation to wide industrial applica-
tion of plant cell culture is the maintenance of stable cell lines [15]. Hairy roots can
synthesize more than a single metabolite and so prove economical for commercial
production. A number of secondary metabolites have been reported to be produced
from hairy root cultures (Table 1).

Over the last decade, transformed hairy roots have been developed in number of
important medicinal plants [41]. Different types of explants like hypocotyls, cotyle-
dons, petioles, and young leaves are most frequently used for Agrobacterium-
mediated transformation [42, 43]. The extent of secondary metabolite release in
hairy root cultures varies between different plant species. As a consequence, much
effort has been put into the use of in vitro cultures as one attractive biotechnological
strategy for producing this natural compound of commercial interest.

Table 1 Secondary metabolites production in hairy root cultures of different plants

Plant species Secondary metabolite References

Atropa belladonna Scopolamine [16]

Artemisia annua Artemisinin [17]

Camptothecaacuminata Camptothecin [18]

Datura innoxia Hysocyamine and scopolamine [19]

D. quercifolia Scopolamine and hysocyamine [20]

D. candida Scopolamine and hysocyamine [21]

Duboisialeichhardtii Scopolamine [22]

Droseraburmanii Plumbagin [23]

Echinacea purpurea Cichoric acid [24]

Ginkgo biloba Ginkgolides [25]

Glycyrrhizaglabra Glycyrhizin [26]

Hyoscyamusniger Hysocyamine and scopolamine [19]

Hyoscyamusniger Scopolamine [27]

Papaver somniferum Morphine, codeine [28]

Panax ginseng Ginsenosides [29]

Psoraleacorylifolia Isoflavones [30]

Przewalskiatangutica Tropane alkaloids [31]

PodophyllumhexandrumRoyle Podophyllotoxin [32]

Plumbagorosea Plumbagin [33]

Rauvolfiamicrantha Ajmalicine, Ajmaline [34]

Rubiatinctoria Anthraquinone [35]

Rubiacordifolia Anthraquinones [36]

Solanum khasianum Solasodine [37]

Stevia rebaudiana Chlorogenic acid [38]

Tylophoraindica Tylophorine [39]

Withaniasomnifera Withanolide A [40]
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2 Distribution and Localization of Diterpene Glycosides
in S. rebaudiana

The sweet diterpene glycosides of Stevia have been the subject of a number of
reviews. The leaves of S. rebaudiana contain at least eight diterpene glycosides, viz.,
stevioside and rebaudiosides. In 1931, isolation of stevioside was done by Bridel and
Lavieille [2]. In 1952, the chemical structure of stevioside (Fig. 1) was established
and described as an aglycon, steviol with glycoside of three glucose molecules.
During the 1970s, other compounds were isolated, including rebaudioside A (Fig. 2),
with sweetness potency even higher than stevioside.
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3 Biosynthetic Pathway of Steviol Glycosides

Steviol glycosides biosynthesis pathway shares some common steps with GA
(Gibberellic acid) biosynthesis. Steviol glycoside biosynthesis occurs in leaves and
transported to different parts. In vivo labeling with [1-13C] glucose and NMR
spectroscopy showed that main precursor steviol is synthesized via the plastid
localized methylerythritol 4-phosphate (MEP) pathway (Fig. 3) [44].

Aglyconesteviol is glycosylated by various glucosyltransferases present in the
cytoplasm. Steviol has two hydroxyl groups, one present at C-19 of C-4 carboxyl

OPP

CPS

OPP

Geranylgeranyl diphosphate (-)-copalyl diphosphate

KS

Kaurene

COOH

KO
OH

COOH

COOH COOH

(-)-Kaurnoicacid
SteviolSteviolmonoside

Steviolbioside

Stevioside

O-glc-glcO-glc-glc

O-glc-glc

O-glc

glc

KAHUGT85C2

UGT

UGT76G1

UGT74G1

COOH
COOH

GA12

Gibberllins

Kaurenoic acid
7-oxidase

Rebaudioside A
COO-glc COO-glc

Fig. 3 Biosynthetic Pathway of Steviol Glycosides (Redrawn from Brandle and Telmer [44]).
(Abbreviations: copalyl diphosphate synthase (CPS), kaurene synthase (KS), kaurene oxidase (KO),
kaurenoic acid 13-hydroxylase (KAH))
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and other at C-13. Glycosylation starts at C-13 by UGT85C2 which produces
steviolmonoside. Shibata et al. [45] used 13-O- and 19-O-methylsteviol as substrates
for crude Stevia leaf enzyme extracts to determine which active group is
glucosylated first. They found that only 19-O-steviol could serve as a substrate
and concluded that synthesis of SGs starts with the glucosylation of the
13-hydroxyl of steviol. Steviolmonoside is then glycosylated to produce
steviolbioside. UGT (uridine diphosphate-dependent glycosyltransferase) of this
step is not yet identified. Finally, stevioside is produced by UGT74G1 by
glucosylation at C-19 position (Fig. 3). Rebaudioside A is synthesized by
glucosylation of steviosideat C-13 by UGT76G1 [45].

3.1 Cellular Components Involved in Biosynthesis

The precursor of diterpenoids, kaurene is synthesized in the chloroplast by terpene
cyclases (Fig. 4). Like all diterpenes, steviol is synthesized from GGDP (geranyl

Fig. 4 Cellular components involved in biosynthesis of steviol glycosides
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geranyl diphosphate), first by protonation-initiated cyclization to copalyl diphos-
phate (CDP) by CDP synthase (CPS). Next, kaurene is produced from CDP by an
ionization-dependant cyclization catalysed by KS (kaurene synthase).

Kaurene is then converted to steviol by the activity of enzymes present at the
membrane of endoplasmic reticulum. It is oxidized in a three-step reaction to kaurenoic
acid, by kaurene oxidase (KO), a P450 mono-oxygenase that also functions in GA
biosynthesis. Steviol biosynthesis diverges from GA biosynthesis with the hydroxyl-
ation of kaurenoic acid by KAH (ent-kaurenoic acid 13-hydroxylase). This is the first
committed step and the enzyme is of significant interest for use in biotechnology. Steviol
synthesizes various steviol glycosides in the cytosol that ultimately accumulate in the
vacuole. The aglyconesteviol has two hydroxyl groups, one attached to the C-19 of the
C-4 carboxyl and the other attached to the C-13, both of which can be glycosylated.

3.2 Transport of Steviol Glycosides to Vacuole

The final phase of glycoside accumulation is the translocation of glycosylated steviol
out of the cytosol and accumulation in the vacuole. In Stevia, steviol glycosides are
known to occur in the vacuole, but the mechanism by which they are trafficked into the
vacuole is not yet understood [46]. Vesicle-mediated trafficking of metabolites seems
like a possible scenario for biosynthetic pathways which are physically associated with
the ER (endoplasmic reticulum) or organized in ER-associated metabolons [47].

Recent work has revealed an equally important role for the ATP Binding Cassette
(ABC) superfamily of transporters. ABC transporters are directly energized by the
hydrolysis of ATP [48] and have been shown to transport a diverse array of
compounds across the vacuolar membrane in plants including glutathione-
conjugated agrichemicals anthocyanins [49] and flavone glucuronides. The energet-
ics of accumulation of steviosides in Stevia need to be investigated to confirm a
direct carrier-mediated mechanism and to identify the class of transporter involved in
the uptake of steviol glycosides.

4 Biotechnological Approaches to Improve Steviosides
Glycosides Production Using In Vitro Cultures

Several efforts have been dedicated to the use of plant in vitro cultures as a
biotechnological strategy to produce secondary metabolites of commercial interest.
The advantages for industrial production of these compounds include uniform
product quality, independence from climate and seasonal changes, supply stability,
and a closer relationship between supply and demand. Several studies have been
done in Stevia in vitro cultures for glycosides production.

Recent studies of Kumari and Chandra [50] revealed micropropagation in
S. rebaudiana from leaf and nodal explants and production of high-value secondary
metabolites. A combination of PGRs (plant growth regulators) proved better than
single for both callusing and direct-shoot multiplication from leaf explants.
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Treatment of Kn and IAA (1.5 mg L�1) each showed best callusing response
(85.5 � 0.33%). For shoot proliferation from callus, Kn (2.5 mg L�1) with IAA
(1.5 mg L�1) showed maximum number of shoots (5.3 � 0.3) proliferating from
callus with longest set of 9.03 � 0.14 cm. Direct organogenesis from leaf explant
and Kn (1.5 mg L�1) with BAP (2.5 mg L�1) gave maximum number (8.6 � 0.33)
of shoots from leaf explant with longest shoot length (5 � 0.11) cm. HPLC studies
showed that both the secondary metabolites (stevioside, 0.451 � 0.001 mg g�1, and
Reb A, 0.131 � 0.005 mg g�1) are higher in in vitro shoots developed through
organogenesis from callus cultures [50].

5 Biotechnological Approaches Involving Genetic
Transformation Studies in S. rebaudiana

5.1 Establishment of Hairy Root Cultures Through Infection
with Agrobacterium rhizogenes on Aseptic Explants
of S. rebaudiana

S. rebaudiana is an important medicinal plant and only few reports are available on
hairy root culture of this plant. No study has been done on improvement of steviol
glycoside production through hairy root culture. The following experiments were
performed to establish a transformation system so that in future transgenic
S. rebaudiana could be developed for various economic and medicinal purposes.

Agrobacterium rhizogenes strain ATCC 15834 was used for the study. The
bacterial cultures were grown in 50 ml of yeast extract broth (YEB) supplemented
with 50 mg L�1 rifampicin. Plant material of S. rebaudiana was collected from
Indigenous Medicinal Plant Garden of Birla Institute of Technology, Mesra campus,
and then stem and shoot tips were selected for surface sterilization in laminar airflow.
A culture of bacteria was inoculated in 50 mLYEB media and incubated in a rotary
shaker for 24 h at 28 �C at 100 rpm in the dark. After attaining optimum growth (O.D
0.9), bacterial suspension was then centrifuged at 4000 rpm for 10 min and pellet
was collected. The resulting pellet from 50 ml suspension was suspended in 250 ml
MS liquid media and was acclimatized for 4 h at 28 �C in dark. This was further used
for co-culture. Surface sterilized explants were wounded and co-cultured in MS
liquid media containing bacterial culture for 30 min. Infected explants were washed
with autoclaved distilled water for 1–2 times and excess water was removed by
blotting paper. All the explants were then inoculated on hormone-free MS agar
medium and cultured in the dark at 25 � 2 �C. After 2 days of co-cultivation of plant
tissues and bacterial cells, the explants were transferred onto hormone-free MS agar
medium with 500 mg L�1 cefotaxime, a bacteriostatic agent, and cultured for 7 days.
One week later, the explants were retransferred onto hormone-free MS agar medium
with 250 mg L�1 cefotaxime. This procedure was repeated for 2 or 3 times with an
interval of 1 week, and gradually the concentration of cefotaxime was reduced. The
number of responsive explants and number of hairy roots per explants were recorded
after 15, 30, and 45 days.
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The hairy roots so obtained from the above transformation procedure were
subjected to molecular biology studies to confirm integration of Ri plasmid into
the host genome. DNA isolation from hairy roots was done using DNA isolation kit
(QIAGEN DNeasy plant mini-kit) following the manufacturer instructions.

Polymerase chain reaction (PCR) identification of the rooting locus gene rol C
was performed using DNA from the hairy roots as template and the non-transformed
roots as control, respectively. Primers (rol C F and rol C R, details shown in Table 2)
and 100 ng of genomic DNA isolated from hairy roots were used for amplification.

Amplifications were performed using a GeneAmp PCR System 9700 Thermo-
cycler (Applied Biosystems, Foster City, CA, USA) that was programmed for an
initial denaturation step of 3 min at 94 �C and 35 cycles (each consisting of 1 min at
94 �C, 1 min at 53.5 �C, and 1 min at 72 �C), followed by a final extension at 72 �C
for 6 min. Amplified products were resolved on 1.4% agarose gel by electrophoresis.

5.2 Steviol Glycosides Production in Hairy Root Cultures
of S. rebaudiana

Purified hairy roots were cut by sterilized scalpel under laminar airflow and inocu-
lated on hormone-free liquid MS medium. After 3 weeks, regenerated hairy roots
were transferred to different media according to test conditions. Some physical
parameters like effect of culture media, temperature, and light on steviol glycoside
production was also observed.

5.3 Extraction and Analysis of Stevioside Glycosides
Through HPLC

Hairy roots from different sets of flasks were collected and dried to a constant weight
at 40 �C and grounded to make fine powder. For extraction of stevioside glycosides,
dried powder was dipped in methanol/water in the 4:1. The mixture was left at room
temperature for overnight. Extract was then filtered next day using Whatmann
number 1 filter paper and dried. These sample extract were redissolved in distilled
water and filtered through a 0.2 μmMillipore filter for analysis by HPLC. Stevioside
glycosides were separated using a Waters HPLC system (WatersCorporation, Mil-
ford, MA) in dC18 column (Waters Atlantis, 4.6 mm � 150 mm; 4 μm particle size).
20 μL of extracts were injected in a HPLC system. The solvents optimized for
isocratic elution consisted of acetonitrile and MilliQ water with 0.1% ortho-
phosphoric acid in the ratio of 20:30 with flow rate of 0.5 mL min�1. The detector
was set at 210 nm. The compounds from samples were identified by comparing the
retention time with the corresponding retention time of standards. Quantification of

Table 2 Primers designed for amplification of rol C gene

S. No. Primer name Primer sequence

1 Rol F 5’-TGTGACAAGCAGCGATGAGC-3’

2 Rol R 5’-GATTGCAAACTTGCACTCGC-3’
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compounds was done using standard curves. All experiments were repeated at least
three times. The results were presented as mg mL�1 of extracts.

5.4 Statistical Analysis

Each treatment consisted of five Erlenmeyer flasks, each containing five explants
(n = 25). All experiments were repeated three times. Data obtained from all exper-
iments were presented as the mean � standard error of three replications.

6 Hairy Root Induction and Stevioside Glycoside Production

Hairy root research for the production of valuable secondary metabolites has
received a lot of attention to overcome the limiting parameters to improve the
technique for enhanced production of metabolites [14]. Many plant secondary
metabolites of interest are accumulated in roots. Harvesting roots is destructive for
the plants and hence there has been increasing interest in developing hairy root
cultures from several medicinal plant species.

The agropine type of A. Rhizogenes ATCC 15834 strain was used in the present
study, successfully provided consistent hairy roots from leaves and stems of
S. rebaudiana. Root initials were observed at the infection sites, within 15–20
days of infection (Fig. 5). Whereas, it took 2 weeks in Arachis hypogea [51],
3 weeks inOcimum basilicum [52] and Azadirachta indica [53], 4 weeks in Ipomoea
batatas [54] and 2–5 weeks in Saussurea involucrata [55]. As different strains of
A. rhizogenes have differential susceptibility to infect different plants it might be the
key factor for such variations [51].

Leaves of S. Rebaudiana were more susceptible to infection than stem explants.
Initially, hairy roots were mostly unbranched and densely covered with root hairs
giving a furry appearance. The hairy roots had an average root thickness of 2 mm.
After 10–15 days of growth, it starts branching and becomes highly branched with
number of lateral branches (Fig. 5).

During initial experiments, leaf explants were infected with A. rhizogenes ATCC
15834. However, no hairy roots were obtained after 1 month of inoculation. Conse-
quently, further experiments were performed with stem and leaf explants with or
without petioles. When leaf explants with petioles were inoculated with freshly
grown A. rhizogenes suspensions in MS medium, hairy roots were induced from
micro-calli of leaf petioles or directly from the cut edges of leaf petiole, but the
amount of root induction was higher from microcalli than directly from the cut edges
of leaf petioles. Independent hairy root lines were developed for S. rebaudianaon
MS media containing cefotaxime to eliminate excess Agrobacterium. To assess the
genetic status of the hairy roots, PCR-based analysis targeted towards A. rhizogenes
rol C gene was performed. As this gene is located on independent TLDNAs of the Ri
plasmid pRi15834, its presence confirms the integration of T-DNA to the host
genome. The rol C gene was amplified (Fig. 6) from all the hairy root lines selected
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on the basis of vigorous growth in hormone-free MS media indicates successful
integration of TL-DNA in the S. Rebaudiana genomes.

7 Effect of Different Conditions on Hairy Rootsgrowth
and Secondary Metabolites Production

7.1 Effect of Murashige and Skoog (MS) and Gamborg’s B5 Media
on Biomass and Secondary Metabolite Content
of S. rebaudiana Hairy Roots

Three different strengths (Full, ½, and ¼) of MS and Gamborg’s B5 media were
used. 100–200 mg of hairy roots was inoculated on each 50 mL of media containing
in 250 mL Erlenmeyer flasks. Cultures were kept on shaker with 120 rpm, temper-
ature 25 � 2 �C, and 16 h photoperiod. After 21 days, not much difference was
found on secondary metabolite content of hairy roots grown on different strengths of
MS and B5 media. Hairy roots on full strength MS media possess stevioside
0.412 � 0.008 mg mL�1 and Reb A 0.100 � 0.008 mg mL�1whereas hairy roots

Fig. 5 Hairy root initiation in S. rebaudiana leaf explants after co-cultivation with A. Rhizogenes
ATCC 15834 (a) co-cultivated explants after 7 days (b) initiation of hairy roots from leaf explants
after 15 days inoculated on MS basal media. (c) subcultured hairy roots after 20 days (d) highly
branched hairy roots after 45 days inoculated on MS basal media [bar = 10 mm]
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on B5 media possess stevioside 0.383 � 0.002 mg mL�1 and Reb A
0.098 � 0.005 mg mL�1 (Fig. 7).

Biomass of hairy roots decreases with the decreasing strength of both MS and B5
media. On MS media, it decreased from 520 � 1.33 mg (full MS) to 419 � 0.52 mg
(1/4MS), and on B5 media, from full strength to 1/4th strength it decreased from
464.6 � 0.6 mg to 398.6 � 0.8 mg. Full strength for both the media proved better
for biomass and secondary metabolite content; however, on MS media, biomass and
secondary metabolite content of hairy roots was better, so for further study full
strength MS media was used. In Valeriana officinalis hairy roots B5 and ½ B5 basal

Fig. 7 Effect of MS and B5 media on secondary metabolite content and biomass of S. rebaudiana
hairy roots after 21 days

Fig. 6 PCR Image of
amplified rol C gene where
T indicates for test sample and
C indicates control which was
not amplified
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media were the best for growth of hairy roots. MS medium showed highest growth
rates when supplemented with a 20:20 ratio (mM) of NH4+ to NO3� [56]. In similar
study, manipulation of MS and B5 medium salts was done for growth and solasodine
production in hairy root cultures of Solanum khasianum Clarke [57]. The study
showed that growth phase of roots was dependent on composition of different salts
of B5 and MS and solasodine production increased with a decrease in total nitrogen.
Hence, it was possible to enhance the secondary metabolite production and growth
of hairy root cultures by formulating the medium. Different concentration of MS and
B5 media affects the induction of hairy roots after co-cultivation period [58]. Max-
imum numbers of hairy roots were obtained by 72 h co-cultivation, and proliferation
of hairy roots increased in 1/2MS and B5 media during co-cultivation period
compared to the MS full strength and 1/4MS medium.

The diversity of plant materials adaptable to culture in hairy root as well as callus
cultures has recently been reviewed [59]. Agrobacterium can be used to introduce
new gene into the cells. This approach was applied in Atropa belladonna hairy roots
in which the enzyme that converts hyoscyamine into scopolamine was over-
expressed [60] and in improving productivity in Cinchona hairy roots [61]. Some
of the biosynthetic pathways are not expressed in roots but in leaves and shoots.
However, hairy root cultures have been shown to accumulate those metabolites also.
For example, artemisinin was thought to accumulate only in the aerial part of the
Artemisia annua but several reports have shown that hairy roots can produce
artemisinin [62]. Normal root cultures can also produce secondary metabolites but
reports suggest that the transformed root cultures exhibit far better growth kinetics in
terms of biomass production, fast growth, more lateral branching, and higher yield of
secondary metabolites [63].

7.2 Effect of Light and Dark Conditions

Hairy root cultures after 15 days turn green when exposed to 16 h photoperiod and
showed the production of high amount of stevioside. Stevioside production in
green hairy roots (0.49 � 0.43 mg mL�1) was found comparable to in vivo leaves
(0.52 � 0.14 mg mL�1). Further optimization of different parameters may
enhance the production. Recent studies on hairy root cultures of S. rebaudiana
showed production of chlorogenic acid and its derivatives (CADs) by Fu et al.
[38]. They are present in low amounts in S. rebaudiana in comparison to
stevioside glycosides. Three major CADs (3-caffeoylquinic acid, 3-CQA),
3, 5-dicaffeoylquinic acid (3, 5-CQA), and 4, 5-dicaffeoylquinic acid
(4, 5-CQA) were detected through HPLC-MS studies. Optimum production of
these secondary metabolites reached 105.58 mg g�1 and total yield of these three
compounds was 234.40 mg/100 mL.
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7.3 Effect of Temperature on Biomass and Secondary Metabolite
Content of Hairy Root

Current study showed that optimum temperature for growth of hairy root was
25 � 2 �C (Fig. 8), and with the increase of temperature, growth of hairy roots
decreases. Highest increase in biomass (527.33 � 0.35 mg) was observed at 25 �C.
Secondary metabolite production was not much affected by increase in temperature
up to 31 �C with approximately similar stevioside content at 25 �C
(0.425 � 0.08 mg mL�1), 28 �C (0.415 � 0.08 mg mL�1), and at 31 �C
(0.386 � 0.02 mg mL�1). At 35 �C, stevioside content decreases rapidly
(0.090 � 0.02 mg mL�1) and Reb Awas completely not detected.

The extent of secondary product release in hairy root cultures varies among different
plant species. In hairy root cultures of Nicotiana rustica, 10–50% of the nicotine was
excreted [64], and in hairy root cultures of L.erythro rhizon, 25% of shikonin was
excreted [19], whereas, in hairy root cultures of Catharanthus roseus, for example,
only 3–5% of total indole alkaloids were found in the media [65]. Rhodes et al. [66]
found differences in product release between different root clones of the same species
of Datura stramonium. However, the excretion of the product was related to the onset
of senescence in roots maintained for long period in the stationary phase, with most of
the alkaloids remaining intracellular during active growth phase [66].

First report on examination of stevioside production through hairy root culture
came earlier in 1991 by Yamazaki et al. [67]. Steviol glycosides were not produced
by the hairy root cultures in the dark conditions. Addition of cytokinins (Kn and
BAP) to solid medium in the light resulted in morphological changes of hairy root
cultures and turned them into callus. Stevioside was not detected in the hairy root
cultures. However, stevioside was detected in the primary shoot tip cultures from the

Fig. 8 Effect of temperature on growth of hairy roots and secondary metabolite content
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in vitro cultured plantlets produced in liquid medium in presence of light. As per
their studies, results suggested that the organ for the synthesis site of steviol
glycosides was leaves, not roots in the whole plants. In contradiction to this, the
present study reveals the production of stevioside glycosides in hairy roots of
S. rebaudiana. Further, Reis et al. [68] established adventitious root culture of
S. rebaudiana Bertoni in a roller bottle system and screened the root extract for
the presence of steviol glycosides through HPLC [68]. They showed similar results
with Yamazaki et al. [67]. In the present study, light conditions favored the produc-
tion of steviosides glycosides in hairy root cultures of S. rebaudiana.

8 Conclusions

Hairy root culture flourished well in liquid MS media compared to B5 and high
branching was observed. Secondary metabolite assessment revealed that it produced
both stevioside and Reb A. Colour of hairy roots changed to green when kept in 16 h
photoperiod and produced higher amount of stevioside than that of hairy roots kept
in dark conditions. The present study gives an insight for an alternate method for
stevioside glycosides production and opens a path for scale up studies in bioreactor.
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Abstract
Malaria is a devastating disease that affects the enormous health and economic
costs throughout the world. About 214 million people in Africa, India, Southeast
Asia, and South America are infected with the endemic malaria, and about four
and a half lakh deaths, including children below the age of five, have been
registered in the year 2015. In order to reduce the global burden of malaria,
effective antimalarial drugs are continually being investigated, especially against
extremely mutable parasite Plasmodium falciparum that has the ability to develop
multidrug resistance characteristics. Artemisinin, a sesquiterpene endoperoxide
lactone, isolated from the aerial parts of Artemisia annua L. plant is highly
effective, harmless, and the best therapeutic agent against drug-resistant strains
of Plasmodium sp. The World Health Organization (WHO) has implemented the
use of artemisinin-based combination therapies (ACTs) with preparations
containing an artemisinin derivative for the first-line treatment of malaria. In
spite of its immense potential, the low concentration will be (0.1–1.2%) of
artemisinin in plant is a serious limitation for its commercial and pharmaceutical
production. Nevertheless, de novo synthesis of artemisinin is not economically
feasible. Therefore a plethora of approach has been developed to optimize and
scale up the cost-effective production of artemisinin to make an important
contribution in global malaria eradication programs. In this chapter, we have
discussed different features of transgenic approaches, including genetic manipu-
lation of plants as well as microbes to increase antimalarial compound production.
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1 Introduction

Malaria is a mosquito-borne disease and is the deadliest infectious disease that is
responsible for the ravaging effect throughout the world especially in the tropical
zones. The severity of this ailment was accentuated in theWorld Health Organization
report (2015), representing that 214 million people were infected with malaria and
about Four and a half lakh patients died of the disease, most of which are in the
African Region followed by Southeast Asian Region [1]. Regardless of the marvel-
ous efforts for the control of malaria, the global mortality rate has not decreased
significantly over the decade. Moreover malaria-infected people are highly vulner-
able to other infectious diseases, including AIDS, measles, anemia, respiratory tract
infections, and diarrhea [2–4]. During pregnancy, it increases the chances of mis-
carriages and delivery of infants with low birth weight and mortality [5]. The major
control of this devastating parasitic disease is to restrict the multiplication of the
mosquito vector as well as the effective treatment with antimalarial drugs. Since the
discovery of the disease, unprecedented efforts have been made toward the discov-
ery of novel antimalarial drugs to control the spread of this ailment, and a series of
natural and synthetic drugs, including quinine, chloroquine, primaquine, meflo-
quine, and sulfadoxine–pyrimethamine, have been applied [6, 7]. The great signif-
icance of plant-derived drugs for the treatment of the disease is highlighted by
quinine (derived from Cinchona tree). Unfortunately, due to the high mutable nature
of the malaria parasite, the spread of drug resistance has played an important role in
the occurrence and severity of this epidemic disease in the world. Resistance to the
major and effective drugs like quinine, chloroquine, primaquine, and mefloquine has
been reported in many prevalent regions of the world [8]. The highly adaptive nature
of the malaria parasite also accentuates the obstacles in obtaining an antimalarial
vaccine. Under such circumstances WHO has recommended artemisinin-based
combination therapies (ACTs) as a first-line treatment for malaria [9–11]. ACTs
comprise semisynthetic artemisinin derivatives paired with distinct chemical classes
of longer-acting drugs. It is the most favored treatment process for cerebral as well as
for chloroquine-resistant malaria due to its high effectiveness, quick action, and
nonexistence of severe side effects [10].

It has been reported that the plants of the genus Artemisia are the only natural
source of artemisinin and Artemisia annua is the major source [12, 13]. Unfortu-
nately, the supply of artemisinin is limited because of the low content of artemisinin
(0.1–1.2% dry weight), ultimately resulting in the hike of the cost of ACTs – too high
for the population of malarial victims below poverty lines [14–16]. Therefore, there
is an earnest need of improving the artemisinin yield in planta either by developing
high-yielding varieties of A. annua or finding alternative sources. Efforts are being
adopted worldwide to improve its production by employing various approaches such
as conventional breeding and biochemical as well as physiological methods [2,
17–23]. Although these approaches exhibited possibilities but so far, they are unable
to meet the global requirements. The chemical synthesis of artemisinin is compli-
cated with low yields and high cost. Therefore the enhanced production of
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artemisinin in cell/tissue culture or whole plants is the major way to explore it at
industrial level. There is a plethora of boundaries to obtain plant-derived compounds
because they might be formed only during a particular developmental stage or under
precise seasonal or nutrient availability situations. In such circumstances metabolic
engineering offers prospects to procure such compounds through the modern molec-
ular biological techniques including cloning, recombinant DNA technology, and
modulation of biosynthetic pathways.

Genetic modification of the artemisinin biosynthetic pathway is a promising
approach to increase artemisinin production in transgenic A. annua. Several efforts
have been exploited in the last decade to accomplish higher synthesis of artemisinin
through bioengineering of A. annua L. plants and other heterologous organisms. In
this chapter, we summarize the progress made in the overproduction of artemisinin
and other antimalarial compound by biotechnological approaches. We have
highlighted the efforts made by several groups of researchers in the production of
artemisinin by biotechnological approaches, including in vitro transformed culture,
metabolic regulation of biosynthesis, genetic engineering, and bioreactor technology.

2 Malaria: World’s Most Devastating Parasitic Ailment

Malaria has caused greater suffering and death over the course of human history
compared to any other single disease. Malaria-like febrile illnesses (with names like
“the ague” or “paludism”) have been described since the time of Hippocrates as fevers
that were periodic and associated with marshes and swamps. The word “malaria”
signified “bad air” (mal’aria) according to Italian. It was not until the 1880s and 1890s
that Alphonse Laveran, Ronald Ross, Battista Grassi, and others were able to identify
the malaria parasite and link the transmission of malaria to mosquitoes. Malaria is a
life-threatening disease caused by parasites that are transmitted to people through the
bites of infected female mosquitoes. About 3.2 billion people – almost half of the
world’s population – are at risk of malaria. There are currently over 100 countries and
territories mainly in many tropical and subtropical areas.

2.1 Causative Agent and Mode of Transmission

Five species of the parasite belonging to the genus Plasmodium are the causative
agents of malaria. Plasmodium belongs to the phylum Apicomplexa, a large group of
eukaryotic microorganisms possessing unique organelle termed as apicoplast as well
as apical complex that is responsible for causing malaria in human. Among them
four species (P. falciparum, P. vivax, P. malariae, and P. ovale) are primarily
responsible for malaria in human [24]. It has been reported that the fifth species
P. knowlesi also causes malaria in certain forested areas of Southeast Asia
[25]. Malaria triggered by P. falciparum and P. vivax poses many devastating health
problems. P. falciparum is confined on the African continent and is responsible for
maximum deaths, whereas P. vivax has broad geographic distribution compared to
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P. falciparum as it can develop in the vector at lower temperatures and can survive at
higher altitudes. Female mosquitoes of the genus Anopheles spread malaria from
person to person. Among the 400 different species of Anopheles mosquitoes, only
30 are major vectors for malarial transmission [2]. The intensity of disease trans-
mission primarily depends on factors including the type of vector, the host, as well as
the environment. Disease spread is more penetrating in places where the lifespan of
mosquito is relatively longer. Nearly about 90% of the world’s malaria cases are
found in Africa due to the long lifespan and robust human-biting habit of the African
vector species [1]. The transmission of disease is also found to be seasonal with
ultimate during the rainy season. The disease becomes epidemic when climate and
other conditions become favorable for transmission in areas where people have little
or no immunity against malaria [2].

2.2 Disease Etiology and Severity

It has been reported that the number of malaria cases globally has been declined to
18% from an estimated 262 million in 2000 to 214 million in 2015. Most of the
infections have occurred in the African Region (88%), followed by the Southeast
Asian Region (10%), and the Eastern Mediterranean Region (2%). The number of
malaria deaths globally fell from an estimated 839 000 in 2000 to 438 000 in 2015
with the decline of 48%. Malaria infection in humans is started when sporozoites are
injected with the saliva of a female Anopheles spp. feeding mosquito. Then the
sporozoites migrate to the liver through the bloodstream of the infected person and
invade hepatocytes and then asymptomatically divide into merozoites. The asexual
blood-stage life cycle of the parasite begins when the liver-released merozoites invade
the erythrocytes. Then the merozoites develop through ring, trophozoite, and schizont
stages to produce about 16–32 daughter merozoites. The new merozoites invade other
erythrocytes to continue the intraerythrocytic cycle. This asexual blood-stage cycle of
infection is primarily responsible for the clinical pathologies of malaria. Some
intraerythrocytic stages develop into gametocytes that can be ingested by a mosquito
during feeding. The mosquito sexual reproduction and further development of the
parasites lead to the generation of new sporozoites that are ready to infect a new host.

3 Prevention of the Disease

The control of the vector is the main way to prevent and reduce malaria transmission.
The insecticide-treated mosquito nets (ITNs) and indoor residual spraying (IRS)
with insecticides are the major guidelines by WHO for reducing the control of the
vector. IRS is the application of stable formulations of insecticides to the inside of
houses to kill resting adult female mosquitoes. The primary contributions of IRS in
reducing malaria transmission are reducing the life span of female mosquitoes, so
that they can no longer transmit malaria parasites; thus the density of the vector
mosquitoes decreases.
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3.1 Role of Plant Natural Products as Antimalarial Agent

The evolution of human civilization and modernization and the importance of
natural products for medicine and health have been enormous. We have long used
naturally occurring substances for medical purposes. Especially, plants have played a
leading medical role in most cultures. The study of the use of plants by indigenous
people (ethnobotany), followed by phytochemical, preclinical, and clinical studies,
is an important approach to the discovery and development of traditional medicines
[26]. After plant species are identified as potentially useful for the pharmaceutical
industry, their active principles and properties are thoroughly studied. In some cases
the crude plant extract or the pure active principle is directly employed as a
medicine. In the last centuries, the pharmaceutical industry has profited from the
huge varieties of plant bioactive molecules to produce medicines and has synthe-
sized molecules of similar biological activities. In Western countries, about 25% of
the molecules used are of natural plant origin.

Since the recognition of malaria, a huge number of plant species with antimalarial
properties have been identified by various research groups. It has been reported that
more than 1,277 plants belonging to 160 families were used traditionally for the
treatment of malaria [27–40]. The crude extracts of these medicinal plants either
have in vitro or in vivo anti-plasmodial activity directed to the erythrocytic stage of
malaria parasites. Traditional medicines have been used to treat malaria for thou-
sands of years and are the source of the two main groups (artemisinin and quinine
derivatives) of modern antimalarial drugs.

The discovery of quinine from Cinchona sp. (family Rubiaceae comprise 23 spe-
cies of plants) and its subsequent development as a dependable antimalarial drug
represented a milestone in the history of modern medicine for malaria. The most
popular species are C. officinalis, C. succirubra, and C. ledgeriana, with a good
yield of quinine. The quinine content are varies from species to species in Cinchona
species, e.g., C. calisaya (0–4%), C. pubescens (1–3%), C. officinalis (2–7.5%),
C. ledgeriana (3–13%), C. succirubra (4–14%), etc. Quinine, as a component of the
bark of the Cinchona (quina-quina) tree, was used to treat malaria from as early as
the 1600s, when it was referred to as the “Jesuits’ bark,” “cardinal’s bark,” or “sacred
bark.” In 1820 two scientists, Pelletier and Caventou, isolated an alkaloid chemical
in the bark which provided the highest antimalarial effect and named it quinine.
Before 1820, the bark of the Cinchona tree was first dried, ground to a fine powder,
and then mixed into a liquid (commonly wine) before being drunk. Cinchona bark,
in the form of a decoction, infusion, or maceration, is still used for the treatment of
malaria today in several countries. The final end products of alkaloid biosynthesis in
Cinchona can be divided into three groups: the quinoline alkaloids (quinine, cin-
chonine, etc.), the indole alkaloids quinamine and cinchonamine, and the quasi-
dimeric cinchophyllines, which are principally found in the leaves of Cinchona
plants. Quinine is a Cinchona alkaloid that belongs to the aryl amino alcohol
group of drugs. Quinine continues to play a significant role in the management of
malaria, but in the 1960s, drug-resistant malaria parasites developed and spread
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rapidly in Southeast Asia and Africa; therefore, existing antimalarial drugs, such as
quinine, chloroquine, and sulfadoxine–pyrimethamine, became less efficient.

The species Artemisia annua L. (Asteraceae) is native to China. Its ancient
Chinese name, qinghao, literally means “green herb.” Artemisia annua – sweet
wormwood or qinghao – was used by Chinese herbal medicine practitioners for at
least 2000 years. In 1596, Li Shizhen, a famous herbalist, recommended this herb for
fever and specified that the extract be prepared in cold water. In 1967, the govern-
ment of the People’s Republic of China established a program to screen traditional
plants for drug activities in an effort to professionalize traditional medicine. Qinghao
was tested in this program and found to have potent antimalarial activity. In the
1970s, Chinese scientists first isolated colorless needle-like crystals with antimalarial
activity from A. annua and named artemisinin. The chemical structure of artemisinin
was confirmed as a sesquiterpene lactone with an endoperoxide bridge of melting
point 156–157 �C and molecular formula C15H22O5. Later research showed that
artemisinin and its derivatives had good effects on cerebral malaria, chloroquine-
resistant falciparum malaria, and chloroquine-sensitive malaria. Artemisinin-based
combination therapies (ACTs) were recommended by the World Health Organiza-
tion to control the spread of malaria. Youyou Tu, a Chinese scientist, discovered
low-temperature extraction of sweet wormwood (A. annua) that provides the most
effective preparation against malaria parasites. It is noteworthy that Youyou Tu is the
first Chinese scientist awarded with Nobel Prize in Physiology or Medicine in 2015.
However, the low content of artemisinin in A. annua (0.1–1.2%) makes artemisinin-
based antimalarial drug expensive, while malaria endemic areas are mainly concen-
trated in some economically poor areas in Africa, Asia, and Latin America.
Artemisinin is commercially produced by extraction from sweet wormwood (Arte-
misia annua) at a cost of $400–1100/kg. So the price of the drug has become the key
obstacle to popularizing ACTs.

3.2 Antimalarial Drugs

The principal and effective antimalarial drugs against human malaria appeared
approximately in 1770 and contained infusions of bark from the Cinchona spp.
Quinine, an aminoquinoline alkaloid isolated from the bark of Cinchona species
(Rubiaceae), is one of the primitive and important antimalarial drugs. This alkaloid
was found to be the sole active compound effective against P. falciparum for almost
three centuries. But after World War II, it was replaced by a series of synthetic drugs
including 8-aminoquinolines (e.g., primaquine), 4-aminoquinolines (e.g., chloro-
quine, amodiaquine), and folic acid synthesis inhibitors (e.g., proguanil, pyrimeth-
amine). These synthetic drugs were expected to eradicate malaria worldwide, but the
unfortunate appearance of drug-resistant P. falciparum strains in the 1960s had
complicated the treatment of malaria worldwide [31, 32]. By the early 1980s, several
strains of P. falciparum had become multidrug resistant, and today chloroquine
resistance is widespread all over world [33, 34].
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The resistance of the highly mutable parasites toward antimalarial drugs is a
major threat in achieving efficient malaria control and ultimate eradication. The
resistance to chloroquine and sulfadoxine–pyrimethamine has led to the implemen-
tation of artemisinin-based combination therapies (ACTs) as the first line of treat-
ment against malaria [9, 11]. ACTs comprise semisynthetic artemisinin derivatives
paired with distinct chemical classes of longer-acting drugs (Table 1). These
derivatized artemisinins are remarkably effective against the pathogenic asexual
blood stages of Plasmodium parasites and also act on the transmissible sexual stages.
These combinations therapy increased clinical and parasitological curing rate and
decreased the selection pressure for the occurrence of resistance. The list of antima-
larial drugs and their chemical structures along with their mode of action is shown in
Fig. 1 and Table 2.

Artemisinin (qinghaosu) is a highly oxygenated sesquiterpene lactone containing
unique 1-, 2-, and 4-trioxane ring structure that is responsible for the antimalarial
activity. It was first isolated from the aerial parts of traditional Chinese medicinal
herb A. annua L. plants by the Chinese scientists (Klayman 1985). A. annua L, an
aromatic annual herbaceous medical plant belonging to the Asteraceae (Compositae)
family (Fig. 2). Although it has been reported that artemisinin biosynthesis was
exclusive to A. annua plant, recent studies have shown that artemisinin is also
produced in some other species of the genus Artemisia including, A. absinthium,
A. bushriences, A. cina, A. dracunculus, A. dubia, A. indica, A. japonica,
A. moorcroftiana, A. parviflora, A. roxburghiana, A. sieberi, and A. vulgaris
[35–38]. But unfortunately the artemisinin content of these species is significantly
low compared to A. annua (0.5–1.2% dry weight). Artemisinin has been detected in
leaves, buds, flowers, and seeds of different Artemisia species [39–43]. It has been
reported that artemisinin is not found in roots of field-grown plants or in pollen [12,
44]. The highest concentration of artemisinin is found in the glandular trichomes that
are present in leaves, stems, and flowers of the plant [45, 46].

4 Strategies for Enhanced Production of Antimalarial
Compound

The synthesis of plant-derived secondary compounds is very complicated due to
several reasons including the species- or genus-specific expression as well as
developmental stage-related restriction of synthesis. Nevertheless the synthesis of

Table 1 The combination
of artemisinin derivative
with the copartner drug
used in ACTs

Artemisinin derivatives Copartner drug

Artesunate Mefloquine

Artesunate Sulfadoxine–pyrimethamine

Artemether Lumefantrine

Artesunate Amodiaquine

Artesunate Pyronaridine

Dihydro artesunate Piperaquine
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several important metabolites also depends on season, biotic or abiotic stress, or
accessibility of nutrients [47, 48]. The chemical syntheses of these compounds are
also hampered due to chemical complexity, stereospecificity, and economic feasibil-
ity. In such circumstances metabolic engineering through modern molecular biology
techniques including recombinant DNA technology and strategies for manipulation
of information of the biosynthetic pathways offers prospects to overcome the
deficiency of availability of such compounds at industrial levels.

The cultivated A. annua L. plants are the major natural source of the antimalarial
drug worldwide [12, 13]. Nevertheless low yield of artemisinin in A. annua L. is a
major drawback for the commercialization of this important medicinal plant. The

Fig. 1 The chemical structure of different types of major antimalarial drugs
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cost of chemical synthesis of artemisinin is not affordable to most of the devel-
oping countries for the treatment of this devastating ailment [49, 50]. Several
efforts have been made by the researchers throughout the world to enhance
artemisinin content in planta. A significant progress has been achieved in the
elucidation of detailed artemisinin biosynthetic pathway and characterization of
the rate-limiting genes in order to modulate artemisinin contents. As a result the
biosynthetic pathway of artemisinin is almost completely elucidated. Briefly, the
first committed step of this pathway is the conversion of farnesyl diphosphate
(FPP) to amorpha-4,11-diene that is catalyzed by amorpha-4,11-diene synthase
(ADS) enzyme. Consequently, amorpha-4,11-diene is hydroxylated to artemisinic
alcohol and ultimately oxidized to artemisinic aldehyde and artemisinic acid by a
multifunctional enzyme cytochrome P450 monooxygenase (CYP71AV1). It has
been reported that dihydroartemisinic acid is the precursor molecule of
artemisinin in A. annua. The artemisinic aldehyde Δ11 (13) reductase (DBR2)
enzyme catalyzes the conversion of artemisinic aldehyde to dihydroartemisinic
aldehyde that oxidized to dihydroartemisinic acid by aldehyde dehydrogenase
1 (ALDH1). Consequently, the yield of artemisinin is positively correlated with
the level of FPP and on the activity of other enzymes utilizing this substrate. These
information aided the precise genetic manipulation of A. annua L. to increase the

Table 2 Classification of antimalarial drugs with their mode of action

Antimalarial
derivatives Chemical family Drug name Mode of action

Quinoline
derivatives

4-Aminoquinolines Chloroquine Inhibition of heme detoxification

Amodiaquine Inhibition of heme detoxification

Amino alcohols Quinine Inhibition of heme detoxification

Mefloquine Inhibition of heme detoxification

Halofantrine Not precisely known

Lumefantrine Not precisely known

8-Aminoquinolines Primaquine Not precisely known

Naphthoquine Atovaquone Inhibits the respiratory reaction of
parasite

Antifolate
derivatives

Sulfa drugs Sulfadoxine,
sulfene

Inhibition of folate biosynthesis

Pyrimethamine,
proguanil

Pyrimethamine,
proguanil

Inhibits the dihydrofolate reductase
activity

Artemisinin
derivatives

Endoperoxidases Artesunate Induces DNA double-strand breaks
in P. falciparum with simultaneous
increase in intercellular ROS level

Artemisinin Free radical mediated oxidative
stress, alkylation of heme, and other
protein, inhibition of PfATP6,
interfere with plasmodial
mitochondrial function

Artemether Not precisely known
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artemisinin content by overexpression of endogenous and heterologous genes as
well as suppression of genes that encode the rate-limiting enzymes of the com-
peting branched pathways. The transgenic approaches for the synthesis of
artemisinin as well as its precursor molecules in planta and heterologous system
including engineered microbes and yeasts are summarized in Table 3. The
approaches and major and salient findings of the studies of different investigators
are summarized in Fig. 3 and discussed below.

Fig. 2 A. annua plant (a) at vegetative stage (b) at flowering stage (c). Hairy roots cultured on solid
basal media and (d) hairy roots cultured in liquid basal media
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Table 3 Transgenic approaches for enhancement of artemisinin and its precursor molecule
production in A. annua as well as in heterologous hosts

Genes Mode
Production
system Products References

ipt Overexpressed A. annua L. Artemisinin [50]

fps Overexpressed A. annua L. Artemisinin [51–54]

hmgr Overexpressed A. annua L. Artemisinin [55, 56]

ads Overexpressed A. annua L. Artemisinin [57]

hmgr and fps Co-
overexpressed

A. annua L. Artemisinin [58]

Cyp71av1 and cpr Co-
overexpressed

A. annua L. Artemisinin [59]

Cyp71av1, cpr, and dxr Co-
overexpressed

A. annua L. Artemisinin [61]

ads, cyp71av1, and cpr Co-
overexpressed

A. annua L. Artemisinin [63]

AaWRKY1 Overexpressed A. annua L. Artemisinin [62]

ads and hmgr Co-
overexpressed

A. annua L. Artemisinin [64, 65]

rol B and rol C Co-
overexpressed

A. annua L. Artemisinin [16]

β-Glucosidase Overexpressed A. annua L. Artemisinin [67]

AabZIP1 Overexpressed A. annua L. Artemisinin [68]

thmgr, cpr, ads,
cyp71av1, and dbr2

Co-
overexpressed

N. tabaccum Artemisinin [71]

CRY-1 Overexpressed A. annua L. Artemisinin [72]

AaERF1 and AaERF2 Co-
overexpressed

A. annua L. Artemisinin [73]

AaPYL9 Overexpressed A. annua L. Artemisinin [74]

fps, cyp71av1, and cpr Co-
overexpressed

A. annua L. Artemisinin [66]

sqs Suppressed A. annua L. Artemisinin [82, 83,
85, 86]

cps Suppressed A. annua L. Artemisinin [84]

ads Overexpressed Escherichia coli Amorphadiene [87]

hmgr and cyp71av1 Overexpressed Saccharomyces
cerevisiae

Artemisinic
acid

[88]

hmgs and hmgr Overexpressed Escherichia coli Amorpha-
4,11-diene

[89]

Genes from MVA
pathway and ERG-20

Overexpressed Yeast CEN.PK2 Amorpha-
4,11-diene

[90]

Plant dehydrogenase and
second cytochrome

Overexpressed Yeast S228C Artemisinic
acid

[91]

AaAOS Overexpressed A. annua L. Artemisinin [70]
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4.1 Upregulation of Exogenous and Artemisinin Biosynthetic
Pathway Genes

In 1996 first transgenic A. annua plant was developed in order to commercialize the
production of artemisinin [51]. Since then, plenty of transgenic plants, with
overexpression of enzymes in the early steps of terpene biosynthesis pathway,
have been established for higher production of artemisinin. The impact of
overexpression of isopentenyl transferase (ipt) gene on physiological and biochem-
ical parameters of transgenic A. annua L. plants was assessed [52]. The transgenic
plants were found to accumulate higher amount of cytokinins, chlorophylls, as well
as artemisinin (30–70%) compared to those of non-transgenic plants. The fps gene of
cotton tagged under CaMV 35S promoter was transferred and overexpressed into

Fig. 3 Schematic representation of different types of biotechnological approaches for enhanced
synthesis of artemisinin
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A. annua L. plants L. via A. tumefaciens strain LBA 4404 or A. rhizogenes strain
ATCC 15834 [53, 54]. The overexpression of fps gene resulted in two- to threefold
increment of artemisinin in transgenic plants. On the other hand, overexpression of
endogenous fps gene resulted in 34.4% increase in artemisinin content [55]. The
endogenous fps gene in A. annua L. was overexpressed, and the biosynthesis of
artemisinin was found to be 2.5–3.6-fold higher compared to wild-type plants
[56]. This discrepancy in expression level of artemisinin is due to the differential
expression of exogenous and endogenous fps genes in A. annua L. plants. The
artemisinin content was found to be significantly higher in transgenic A. annua
L. lines overexpressing 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR)
enzyme that catalyzes the conversion of HMG–CoA to mevalonate, the first com-
mitted step in isoprenoid biosynthesis pathway [57, 58]. Overexpression of
amorpha-4,11-diene synthase (ads) gene in transgenic A. annua L. plants resulted
in about 100% increase in artemisinin content [59]. It has been reported that
co-overexpression of two key regulatory genes (hmgr and fps) resulted in about
1.8-fold enhancement of artemisinin content [60]. Overexpression of cytochrome
P450 monooxygenase (cyp71av1) and cytochrome P450 reductase (cpr) in
artemisinin biosynthetic pathway had induced 2.4-fold higher artemisinin content
[61]. The cyp71av1 and cpr were co-expressed by other group of investigator, and
38% increment of artemisinin content was recorded in transgenic A. annua L. plants
[62]. In another study three artemisinin-related genes, namely, 1-deoxy-D-xylulose
5-phosphate reductase (dxr), cyp71av1, and cpr, were used to genetically modify the
artemisinin biosynthesis pathway [63]. They have reported that artemisinin content
in the transgenic line with overexpression of dxr was over twofold compared to that
of wild type. On the other hand, the transgenic line co-overexpressing cyp71av1 and
cpr gene resulted in over 3 times increment of artemisinin production. In the
subsequent study, 22.3 mg g�1 dw artemisinin was found in transgenic plants
overexpressing artemisinic aldehyde Δ11 (13) reductase (dbr2) gene
[64]. A. tumefaciens-mediated transformation of A. annua plants with ads,
cyp71av1, and cpr genes resulted in stable transgenic lines in which the content of
artemisinin was found to be 2.4-fold higher than that of control plants [65]. In
another study, hmgr gene from Catharanthus roseus and ads gene from A. annua
L. were co-overexpressed in transgenic plants [66]. They have reported 7.65-fold
enhancement of artemisinin content in transgenic plant compared to that of
non-transgenic plant. This group of researchers have also established transgenic
A. annua L. plants overexpressing both hmgr and ads genes of A. annua to observe
modulation of artemisinin content. Significant enhancement of artemisinin content
(over 1.5-fold) was recorded in transgenic lines as compared to that of
non-transgenic plants [16]. Co-overexpression of three key genes of artemisinin
biosynthetic pathway, namely, fps, cyp71av1, and cpr genes in A. annua through
Agrobacterium-mediated transformation, resulted in the successful establishment of
transgenic line with about 3.6-fold higher (2.9 mg g�1 FW) artemisinin than that of
the control [67]. Transformation of A. annua with rol B and rol C genes results in the
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enhancement of its secondary metabolites including artemisinin and its derivatives
over fourfold [68]. The expression of β-glucosidase gene in A. annua through
Agrobacterium-mediated transformation resulted in 66% increase in trichome den-
sity of flower. The 2.56% increase in artemisinin content was found in transgenic line
[69]. Overexpression of basic leucine zipper family transcription factor (AabZIP1) in
A. annua resulted in significantly increased accumulation of artemisinin
[70]. Recently, dbr2 gene was introduced to engineer the biosynthetic pathway of
artemisinin in transgenic A. annua plants, and it was recorded that artemisinin and its
direct precursor, dihydroartemisinic acid, were remarkably increased in the trans-
genic plants [71]. The overexpression of allene oxide synthase (AaAOS) gene
involved in jasmonate biosynthesis pathway was found to be strongly correlated
with the artemisinin content upon treatment with MeJ, ABA, and ethylene [72]. Sev-
eral efforts have also been implemented in numerous studies to synthesize
artemisinin in other plants. The N. tabacum plant was transformed with MEGA
vector carrying thmgr of yeast and cpr, ads, cyp71av1, and dbr2 from A. annua
L. [73]. These transgenic tobacco lines overexpressing ads gene in mitochondria had
been shown to produce higher levels of artemisinin (5.0–6.8 μg g�1 dw).

4.2 Overexpression of Abiotic Factors Responsive Genes

The level of terpenoids can also be enhanced by modulation of carbon flux through
the regulation of hmgr genes upon numerous abiotic factors including light, phyto-
hormones, as well as nutrient stress. It has been reported that overexpression of blue
light receptor, CRY1 of Arabidopsis thaliana in A. annua L. plants, resulted in the
enhancement of 30–40% artemisinin content in transgenic plant compared to the
non-transgenic plants [74]. Overexpression of jasmonic acid-responsive transcrip-
tion factors AaERF1 and AaERF2 strongly induces the expression levels of ADS
and CYP71AV1 level in transgenic plant [75]. In this transgenic plant, the
artemisinin and artemisinic acids were also elevated drastically ranging from 19 to
67 and 11 to 76%, respectively, in AaERF1 while 24–51 and 17–121%, respectively,
in AaERF2-transgenic lines. In another study, overexpression of an ABA-responsive
gene, AaPYL9, has directed to the increment of artemisinin content (74–95%) upon
ABA treatment [76].

4.3 Downregulation of Endogenous Genes Involved
in Artemisinin-Competing Pathways

The artemisinin biosynthetic pathway and its regulation have been unrevealed by
several reports [77–81]. It has been well established that FPP plays a central role as
an intermediate precursor for the synthesis of various isoprenoid products such as
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essential oils, carotenoids, artemisinin, and sterols. Therefore diversion of FPP
toward other metabolic pathways ultimately reduces artemisinin biosynthesis in
A. annua L. plants. It was reported that inhibition of sterol biosynthesis resulted in
higher accumulation of artemisinin in A. annua L. plants [82, 83]. The study was
further supported by enhanced artemisinin biosynthesis in transgenic A. annua
L. plants by suppressing sterol biosynthesis through hairpin–RNA-mediated RNAi
(RNA interference) technology [84]. They have reported that suppressing the
expression of sqs (squalene synthase) gene, a key enzyme of sterol pathway, resulted
in about 3.14-fold increase in artemisinin content compared to that of untransformed
control plants. In another study antisense SS cDNA (asSS) was introduced into the
genome of A. annua with elevated expression of ads gene. A 3.7-fold increase in
artemisinin content was recorded in transgenic plant [85]. The suppression of
β-caryophyllene synthase (cps) gene, a sesquiterpene synthase, competing as a
precursor of artemisinin by antisense technology, resulted in significant reduction
of endogenous CPS expression, whereas artemisinin content was found to be up to
54.9% higher compared to that of wild-type control [86]. The level of ads, cyp71av1,
and cpr gene as well as artemisinin content was significantly induced in transgenic
A. annua plants expressing the genomic integrated antisense squalene synthase gene
(asSS) [87]. Recently the expression levels of four branch-pathway genes, cps, bfs,
germacrene A synthase, and sqs, were inhibited by antisense in A. annua. Interest-
ingly significant increase in artemisinin content was reported in all the transgenic
plants [88].

4.4 Metabolic Engineering to Produce Antimalarial Precursor
Molecules in Microbial System

Metabolic engineering of the biosynthetic pathways of terpenoids in microbial hosts
including Escherichia coli and Saccharomyces cerevisiae is an alternative source for
their large-scale production. Modulation in the MVA and MEP pathways along with
the incorporation of enzymes including ADS and CYP71AV1 in the host is essential
for the synthesis of artemisinin or its precursor molecules in microbial system.
Heterologous production of amorphadiene (0.5 g L�1), an artemisinin precursor,
was successfully achieved using two partitioning bioreactors using the E. coli system
engineered with the mevalonate pathway (using truncated thmgr) from S. cerevisiae
and ads gene from A. annua plants [89]. It has been reported that genetic engineering
of S. cerevisiae with amorphadiene synthase and CYP71AV1 genes from A. annua
resulted in the production of artemisinic acid to a high titer (up to 100 mg L�1)
[90]. Nevertheless synthesized artemisinic acid is secreted out and retained on the
outside of the engineered yeast that resulted in a cheap purification process to obtain
the desired product. The substitution of yeast genes for HMG–CoA synthase and
HMG–CoA reductase with equivalent genes from Staphylococcus aureus in the
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recombinant E. coli and optimization of fed-batch fermentation process resulted in a
consistent increase in amorphadiene content [91]. The modified strain of
S. cerevisiae, overexpressing all the genes from MVA pathway including ERG20
( fps) gene, leads to over 250-fold increment of dihydroartemisinic acid content
[92]. Synthetic biological approach was employed to develop strains of
S. cerevisiae with high-yielding capacity of artemisinic acid [93]. They have dem-
onstrated complete biosynthetic pathway in Baker’s yeast containing the plant
dehydrogenase and a second cytochrome that provided an efficient biosynthetic
production of artemisinic acid to 25 g L�1. The engineered yeast is capable of
producing artemisinic acid at significantly higher amount compared to that of
A. annua plant. This artemisinic acid can also be reduced to dihydroartemisinic
acid that ultimately auto-oxidized to artemisinin. Transgenic microbes enable the
consecutive partial synthesis of artemisinin that ultimately provides smart alternative
source for the commercial production of artemisinin. But yield optimization and
industrial scale-up is very much mandatory to raise the production to such a level
that ultimately resulted in the reduction of cost of ACTs, significantly below their
present cost.

4.5 In Vitro Transformed Culture for Synthesis of Antimalarial
Compound

Normally, medicinal plants are harvested from the wild, which causes habitat
destruction leading to depletion of the irreplaceable valuable medicinal plant genetic
diversity. Most often systematic cultivation of medicinal plants has been proposed
and adopted as a substitute to collection from the wild condition. However, some-
times the spectra of compounds produced by medicinal plants under cultivation are
quite different from those of wild populations. The fluctuations in quantities of
phytochemicals are due to unfavorable environmental conditions, infestation, and
diseases. In vitro plant tissue culture methodology, an attractive alternative system
for the uniform production of phytochemicals, can continually provide high-value
medical natural products. Some of the exclusive advantages that in vitro culture-
based production technology provides include the following:

(a) Steady production supply independent of the geographical position, constraint of
seasonal fluctuations of plant and environmental variations.

(b) Uniform growth under defined environment.
(c) Ease with which cultivation conditions can be altered and optimized to

upregulate or downregulate the pathway expression.
(d) Biosynthetic steps expressed at low level or for very limited time in intact plants

can be prolonged.
(e) No use of harmful pesticides and herbicides that are generally used during field.
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Agrobacterium tumefaciens and A. rhizogenes plant pathogens contain Ti and Ri
plasmids, which induce crown galls and hairy roots, respectively, during plant–Agro-
bacterium interactions. T-DNA genes of these plasmids have been found to influence
tumor or hairy root development.

Over the past few years, hairy root cultures, produced via A. rhizogene-mediated
transformation, have emerged as ideal biotechnological sources of valuable natural
products because of their genetic stability and sizable biomass production without
the external application of phytohormones. A major characteristic of hairy root is
their general ability to produce the desired phytochemicals concomitantly with
growth. This is relevant because, unlike the production being repressed during the
growth phase of dedifferentiated cell culture, it is possible to get constant and
standardized production of the desired phytochemicals from growing hairy roots.

Transformed root cultures of Cinchona ledgeriana have been generated by
infecting shoots cultured in vitro with Agrobacterium rhizogenes LBA 9402
[94]. A wide range of alkaloids including quinine, cinchonidine and quinidine was
synthesized by transformed culture. The maximum production of alkaloids was
found to be about 50 μg g–1 fresh weight after 45 days of culture.

Presently, Artemisia annua field growing plant resources cannot meet the increas-
ing worldwide demands, while chemical synthesis is difficult and expensive because
of its endoperoxide bridge. Therefore, biotechnology approach for increasing the
accumulation of artemisinin level via metabolic engineering in transgenic A. annua
plants and in genetically modified microbes is sought as a novel means for large-
scale production and cost-effective commercialization of artemisinin.

Agrobacterium tumefaciens-mediated transformation in A. annua reported differ-
ent strains and vectors. Most of the reports are restricted on the efficiency of
transformation, but very few were concerned with artemisinin synthesis [95–97].

Hairy root cultures have been reported to accumulate those metabolites that
normally synthesize in the aerial parts of the plant. Although it has been assumed
that artemisinin accumulates only in the aerial part of the plants [98], numerous
reports have established that hairy roots can also produce artemisinin [99–106]. Sev-
eral efforts were implemented in the enhancement of artemisinin content through the
establishment of hairy roots of transgenic strains of A. annua L. plants by
Agrobacterium rhizogene-mediated genetic transformation [107–109]. The rate-
limiting genes, including fps [110], ads [98, 111–113], and hmgr [57, 58, 60, 66,
97], involved in artemisinin biosynthetic pathway have been transformed and
overexpressed. Hairy root cultures of A. annua L. have also been established with
transformed fps gene from G. arboreum, and artemisinin content of the regenerated
transgenic plants was significantly higher compared to that of non-transgenic plant
[114]. The improvement of artemisinin production in hairy root culture by optimiz-
ing chemical and physical environmental factors has been extensively analyzed and
implemented successfully. It has been reported that artemisinin accumulation
increased significantly by improving the conditions of light irradiation in hairy
root cultures of A. annua L. [115]. It was also reported that red light at 660 nm
induces artemisinin content (31 mg g�1 dry cells) that was 67% higher than those
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obtained under white light [116]. Several elicitors including chitosan, methyl
jasmonate (MeJ), salicylic acid (SA), and yeast extract (YE) can act as stimulants
in artemisinin production in hairy root culture. It has been reported that artemisinin
production by hairy roots of A. annua L. was increased up to sixfold with the
supplementation of 150 mg L�1 chitosan alone with MeJ and 1.5-fold with the
addition of chitosan and YE [117]. The synergistic effect of cerebrosides and nitric
oxide on stimulation of artemisinin synthesis was studied. It has been reported that
2.3-fold increase of artemisinin was achieved on A. annua L. hairy root culture by
application of cerebrosides and nitric oxide [118]. The ratio of NO3/NH4 and total
initial nitrogen concentration also modulate the yield of artemisinin in hairy roots. It
has been reported that in the ratio of NO3/NH4 at 5:1 (w/w) with the optimum
concentration of total nitrogen increase, artemisinin production was 57% compared
to that in standard MS medium [119]. The effect of gibberellic acid (GA3) on the
growth and secondary metabolite production of hairy roots of A. annua was inves-
tigated, and it was noticed that 28.9 μM GA3 produces maximum amount of
artemisinin in culture medium [120]. In another study, tetraploid clones of
A. annua L. were generated from the YUT16 hairy root clone using colchicine. It
has been reported that tetraploid clones produced up to six times more artemisinin
compared to that of the parent [121]. The treatment of mycelial extracts from the
endophytic fungus Colletotrichum sp. increased artemisinin content up to 44% over
the control [116]. 549.1 mg l�1 artemisinin production was achieved by application
of 0.3 mg total sugar mL�1 medium, elicitor derived from mycelial extracts of
Penicillium chrysogenum 3446 for 3 days [122]. The effects of media sterilization
methods and effect of type of sugar on growth and artemisinin accumulation of
A. annua hairy roots were also extensively analyzed. It was reported that artemisinin
accumulation from filter-sterilized medium was less than that from autoclaved
medium [109]. The addition of (22S, 23S) homobrassinolide at 1 μg L�1 to hairy
root cultures resulted in an increment of 57% over the control [119]. The effect of
temperature on growth and artemisinin biosynthesis in hairy roots was investigated
at a range of 15 �C–35 �C, and it was observed that the highest artemisinin content
was achieved at 30 �C [123]. The stimulation of artemisinin biosynthesis in A. annua
hairy root culture upon elicitation with oligogalacturonides was also reported
[124]. The hairy roots of another species of Artemisia (A. dubia and A. indica),
infected with Agrobacterium rhizogenes strains LBA 9402, produced maximum
artemisinin [125]. Hairy root culture of A. dubia was established by another group
of researchers, and 79 � 3 μg g�1 of dry weight artemisinin was recorded upon
exposure of 13.8 mg L�1 of SA [126]. The enhancement of artemisinin content up to
threefold in hairy root culture of A. annua was reported by application of synthetic
cytokinin (2-chloro-4-pyridyl)-N-phenylurea to the culture media [127]. The
elicitor-induced modulation of artemisin biosynthesis was analyzed in hairy root
of A. annua. The combination of NO donor sodium nitroprusside and oligosaccha-
ride elicitor from Fusarium oxysporum mycelium induces artemisinin synthesis up
to twofold compared to that of the control [128]. The hairy root system was
developed using the A. rhizogene LBA 9402 strain to enhance artemisinin content
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in A. annua [129]. In a separate study, Baldi and Dixit have reported enhanced
artemisinin production by the cell suspension culture of A. annua upon elicitation of
MeJ in the culture medium [130].

4.6 Scale-Up of Hairy Root Cultures Through Bioreactor

The implementation of bioreactor is very much required for the production of
hairy root-based secondary metabolite at an industrial level [131–133]. Usually
gas- and liquid-phase bioreactors are used for hairy root culture in order to
produce secondary metabolites. The liquid-phase reactor is user-friendly, and
the growth and production kinetics can be easily monitored compared to gas-
phase bioreactors [134]. To scale up the production of artemisinin, using hairy
root culture in bioreactor, optimization of its growth and production ability in
bioreactors with different bioreactor configuration is also necessary [131, 132,
135]. The cultivation of hairy roots was done in a modified 3-L stirred tank
bioreactor, and 18 g biomass L�1 (on dry weight basis) and 4.63 mg L�1 of
artemisinin were produced after 28 days [136]. They have reported that the
artemisinin content enhanced up to 2.2-fold upon elicitation with methyl
jasmonate. They have also established fed-batch cultivation that resulted in
0.32 mg g�1 accumulation of artemisinin after 16 days of cultivation [137]. A
few reports are available in the literature, which focus on in vitro production of
artemisinin in liquid-phase bioreactors using hairy root culture [79,
137–139]. Hairy roots in nutrient mist bioreactor (NMB) combined with novel
cultivation strategies have been successfully established for scale-up of
artemisinin production [140]. They have reported highest artemisinin content of
25.78 mg L�1 in the gas-phase NMB cultivation. Table 4 summarized the
amount of artemisinin accumulation using different types of bioreactors.

Table 4 The different types of bioreactors used for artemisinin production using hairy root culture
with artemisinin content

Sl
no. Type Artemisinin content References

1 Nutrient mist bioreactor 0.07–0.29 μg g�1DW [129]

2 Modified bubble column reactor 0.025 mg L-1 [136]

3 Modified nutrient mist bioreactor 0.031 mg L-1 [136]

4 Modified stirred tank bioreactor (STR) 4.63 mg L-1 [134]

5 Modified STR with elicitor 10.33 mg L-1 [134]

6 Model based fed-batch cultivation in modified
STR

13.68 mg L-1 [135]

7 Modified bubble column reactor 1.50 mg L-1 [139]

8 Nutrient mist reactor 1.87 mg L-1 [139]

9 Combination bioreactor (modified NMB) 25.78 mg L-1 [139]
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Fig. 4 Transgenic approaches for enhanced artemisinin biosynthesis in A. annua by upregulation
artemisinin biosynthetic pathway genes and downregulation of competing pathway genes. [HMGS
3-hydroxy-3-methyl-CoA synthase, HMGR 3-hydroxy-3-methyl glutaryl coA reductase, MK
mevalonate kinase, MPK mevalonate-5-phosphate kinase, MDD mevalonate diphosphate
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5 Conclusions

Malaria is a global health problem that severely affects more than four lakh people
annually, including children. Although artemisinin resistance has been reported in
few countries, still the ACTs are the first line of defense against this devastating
ailment. Unfortunately, relatively low productivity of artemisinin from A. annua
L. plants and nonavailability of alternative economically feasible synthetic or semi-
synthetic process of its commercial production have been the major blockage for the
industrial production. A long number of transgenic strategies have been
implemented for in vivo enhancement of artemisinin content. Metabolic engineering
exploits the favorable perceptions to increase artemisinin biosynthesis by either
overexpressing genes encoding rate-limiting enzymes in artemisinin biosynthetic
pathways or suppressing the expression of genes of competing pathways (Fig. 4).
This approach revealed an innovative system to genetically engineer the complete or
partial secondary metabolic pathways in heterologous organism for the production of
economically important secondary metabolites particularly artemisinin. The intro-
duction of genetically modified microbes for production of precursor of artemisinin
also added an advantage in this enhancement program. Nevertheless the optimiza-
tion and scaling-up to produce artemisinin at commercial scale using hairy root
culture-based bioreactors were also successfully established. The yield enhancement
approach will be more fruitful if these transgenic strategies are implemented on high-
yielding chemotypes or ecotypes. Therefore the combination of conventional with
advanced molecular techniques will be helpful. The state-of-the-art techniques
including genomics, transcriptomics, proteomics, and metabolomics with system
biology will also expand our knowledge of detailed interacting pathways that would
help us to construct model to experiment with the effects of altered modifications
more precisely. These cumulative analysis will ultimately help in the enhancement of
the yield of artemisinin and will ultimately reduce the cost of ACTs.
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Fig. 4 (continued) decarboxylase, GPPS geranyl diphosphate synthase, FPPS farnesyl pyrophos-
phate synthase, ADS amorpha-4,11-diene synthase, SQS squalene synthase, CPS β caryophyllene
synthase, DXS 1-deoxy-D-xylulose-5-phosphate synthase, DXR 1-deoxy-D-xylulose-5-phosphate
reductoisomerase, CMS 4-diphosphocytidyl-2C-methyl-D-erythritol 4-phosphate synthase, CMK
4-diphosphocytidyl-2C-methyl-D-erythritol kinase, MCS 2C-methyl-D-erythritol
2,4-cyclodiphosphate synthase, HDDS 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase,
IDS isopentyl diphosphate synthase, CYP71AV1 cytochrome p450 monooxygenase, CPR cyto-
chrome p450 reductase, DBR2 artemisinic aldehyde Δ11(13) reductase, ALDH1 aldehyde dehy-
drogenase 1, ACTs artemisinin-based combination therapy]
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Evaluation of Agrobacterium tumefaciens
Usefulness for the Transformation of Sage
(Salvia officinalis L.)

6
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Abstract
Herbal plants have aroused people’s interest for centuries as possible remedies for
a number of conditions, in particular chronic and incurable diseases. Today, by
combining genetic engineering methods with in vitro culture techniques, these
plants can be modified for biomedical purposes as alternative systems for the
production of biopharmaceuticals. The present research has examined possibili-
ties of obtaining transgenic sage and aimed to establish a basis for preparing an
oral, plant-produced recombinant vaccine against dental decay. Sage was chosen
based on the fact that it is being used for treating oral cavity inflammations and in
prophylaxis. The strain LBA4404 of Agrobacterium tumefaciens, most frequently
used in the transformation of dicotyledons, was chosen for the transgenesis. The
authors assessed the usefulness of this bacteria strain for sage transformation.

High antibacterial activity of sage against a wide range of microorganisms,
including A. tumefaciens, may prevent or limit genetic modification in plants
obtained by vector-based methods for transgenesis. Therefore, nonvector
methods should be recommended to obtain the successful transformation of
sage due to its strong antibacterial effectiveness.
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1 Introduction

1.1 Botanical Description of Sage

Salvia genus belongs to the Nepetoideae subfamily in the Lamiaceae family. About
900 species of the plant have been recognized [1]. Sage (Salvia officinalis L.), a
small evergreen plant, originating from the Mediterranean and Asia Minor, has been
used for ages as a medicinal plant [2]. Sage is a perennial dwarf shrub. It grows up to
40–80 cm in height and has silvery-green lance-shaped leaves covered with tomen-
tose. The plant blooms in the second year of cultivation, and its violet flowers are
attractive to insects. The fruit is a schizocarp which splits into four black smooth-
surfaced spherical mericarps [3]. The weight of 1000 seeds is approximately 8 g.
Seeds are used to establish sage plantations. Sage needs rich, permeable, moist soil.
The plants are resistant to drought. In Poland, however, they can be sensitive to frost,
particularly during snowless winters. A perfect site for growing sage should be
warm, isolated, and protected against winds. In crop rotation, sage can be cultivated
after rape, root crops, or legumes. Sage is not a good forecrop as it leaves the field
dried and weedy. Sage is cultivated in Europe, Russia, North America, and Africa. In
Poland it is cultivated on an area of 600 ha. The Polish sage cultivar “Bona”
produces the yield of 3 t � ha-1 of dry herb, containing 1.4% of essential oils. As
95% of flowers are male fertile, the seed yield is approximately 0.5 t � ha�1.

1.2 Sage Secondary Metabolites and Their Activity

Sage leaves (Salviae folium) and herb (Salviae herba) are raw materials harvested
before flowering. Sage raw material contains essential oil, tannins, flavonoids,
saponins, resins, and vitamins. The major components of sage oil are monoterpenes:
α- and β-thujone, camphor, borneol, and 1,8-cineole [4–7]. The precursors of all sage
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monoterpenes are geranyl diphosphate (GGPP) and neryl diphosphate formed in the
plastids via the 1-deoxy-D-xylulose-5-phosphate pathway [7]. Three distinct mono-
terpene synthases are responsible for the first steps in the formation of the major
monoterpenes (Fig. 1). The (+)-sabinene synthase (SS) catalyzes the production
of sabinene, which undergoes further rearrangements leading to the two major
monoterpenes α- and β-thujone. The 1,8-cineole synthase (CS) produces in one
step 1,8-cineole. Finally, (+)-bornyl diphosphate synthase (BS) produces bornyl
diphosphate, which is subsequently hydrolyzed to borneol and then oxidized to
camphor.

Monoterpenes are produced and accumulated mainly in epidermal glands. After
their formation in the metabolically highly active secretory cells, they are transported
through the cytoplasm and the cell wall and stored in subcuticular oil storage
cavities. Grausgruber-Gröger et al. [7] investigated the seasonal influence on the
formation of the main monoterpenes in young leaves of the field-grown sage plants
in two cultivars at the level of mRNA expression, analyzed by qRT-PCR, and at the
level of end products, analyzed by gas chromatography. All monoterpene synthases
and monoterpenes were significantly influenced by cultivar and season. 1,8-Cineole
synthase and its end product 1,8-cineole remained constant until August and then
slightly decreased. The thujones increased steadily during the vegetative period. The
transcript level of their corresponding terpene synthase, however, showed its max-
imum in the middle of the vegetative period and declined afterwards. Camphor
remained constant until August and then declined, exactly correlated with the
mRNA level of the corresponding terpene synthase.

Fig. 1 Three terpene synthases and their products: 1,8-cineole synthase (CS) for the one-step
formation of 1,8-cineole, (+)-sabinene synthase (SS) as a first step to α- and β-thujone, and (+)-
bornyl diphosphate synthase (BS) en route to borneol and camphor (based on the data of
Grausgruber-Gröger et al. [7])
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Sage raw material also contains catechin; tannins; triterpenes; flavonoids; bitters
(carnosol); organic acids; vitamins B1, C, and PP; and carotenes [8–11]. In many
studies, sage is mentioned as a source of polyphenol compounds. Rosmarinic acid,
an ester of caffeic acid and 3,4-dihydroxyphenyl lactic acid, was identified as one of
the active components with high biological activity. The phenylpropanoid and
tyrosine-derived pathways are both involved in the biosynthesis of rosmarinic acid
in plants (Fig. 2). L-phenylalanine (L-Phe) is transformed to 4-coumaroyl-CoA by the
enzymes of the phenylpropanoid pathway (phenylalanine ammonia lyase, cinnamic
acid 4-hydroxylase, and hydroxycinnamic acid: coenzyme A ligase). On the other
side, tyrosine can be transaminated to 4-hydroxyphenyllactate (pHPL) by two
enzymes: tyrosine aminotransferase and hydroxyphenylpyruvate reductase. The
hydroxycinnamoyl moiety of hydroxycinnamoyl-CoA is then transferred to the
aliphatic hydroxyl group of a hydroxyphenyllactate by hydroxycinnamoyl-CoA:
hydroxyphenyllactate hydroxycinnamoyltransferase (“rosmarinic acid synthase,”
RAS) which was shown to prefer the monohydroxylated substrates, 4-coumaroyl-
CoA and pHPL. The hydroxyl groups in positions 3 and 30 of the aromatic rings are
finally introduced by cytochrome P450 monooxygenases [11].

Sage is known for its multiple pharmacological effects including antibacterial,
antiviral, antioxidant, anti-inflammatory, antidiabetic, and antitumor properties,
which are related to its active compounds [7, 11–18]. Sage essential oil has a strong
inhibiting effect against the multiplication of numerous species of gram-positive and
gram-negative bacteria, including those resistant to antibiotics. The oil also neutral-
izes bacterial toxins and has an antioxidant effect [19, 20]. The antiseptic effect of
the oil is used as an alternative method for controlling microorganism multiplication
and for food preservation [21, 22].

Sage extracts are used in treating gastrointestinal inflammations, bleeding, and
ulcers [23]. Sage is also recommended for rinsing inflamed mucous membranes in
the oral cavity and throat [24]. It is also used in excessive intestinal fermentation,
flatulence, gastritis, and diarrhea as it regulates the functioning of the digestive
system.

Sage raw material is an ingredient of numerous medications and medicinal
preparations. What is more, in vitro research has demonstrated that sage is highly
active against the Herpes simplex viruses HSV1 and HSV2 [24]. The chemical
compounds in the raw materials carnosol, epirosemanol, and methyl carnosol play
an important role in the prophylaxis of numerous diseases of affluence, such as
atherosclerosis, diabetes, cataract, liver diseases, Parkinson disease, and Alzheimer
disease [25–27]. Sage extracts protect cells from DNA damage, stimulate its repair
[28], and inhibit the development of cancer cells [29]. In recent years it has been
discovered that diterpenes isolated from sage activate PPARs, which influences their
antidiabetic effect [30]. Sage preparations are also used in treating menopause
symptoms [31]. Sage is also used as herbal tea and spice and in cosmetics and
perfumery [32].

High thujone content in the essential oil can produce negative effect of the raw
material. The EU Scientific Committee on Food [33] indicates that α-thujone acts as
a GABA blocker and is three times more potent than β-thujone and that thujone
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causes convulsions and epileptiform seizures. The maximum sufficiently protective
daily dose of thujone for humans is 7 mg [33]. What is more, there have been reports
on toxic effects of sage on newborns and infants [34].

1.3 In Vitro Production of Sage Secondary Metabolites

Herbal raw material derived from in vitro cultures is gaining popularity as an
alternative method of obtaining secondary metabolites for multipurpose use. The
fact that in vitro cultures allow for free control of the process may have a significant
effect on the increase in secondary metabolite synthesis [35]. The development of
biotechnological methods for producing standardized valuable phytochemicals (e.g.,
food additives, pharmaceuticals, and pesticides) based on plant in vitro cultures
offers the advantages of continuous production under controlled conditions, inde-
pendently of environmental factors (geographical latitude, climatic change, and
seasonal variation) [36]. The potential of in vitro Salvia systems as tools for
controlled production of valuable secondary metabolites has been investigated
[18]. In particular, considerable attention has been paid to S. miltiorrhiza, although
the content of S. officinalis active substances from in vitro system was also reported
(Table 1). The more recent findings confirmed usefulness of cell suspensions and
hair root cultures as the potential of terpenoids and polyphenols accumulation.

Only a few reports have described cell suspensions and hairy roots system from
sage as a source of secondary metabolites. In a comparative study of various sage
in vitro systems with different levels of differentiation, it was found that hairy roots
and cell suspensions were the best systems for rosmarinic acid production, whereas
the shoot cultures were the only system that produced carnosic acid and carnosol
[19]. Bolta et al. [39] observed that the biosynthesis of ursolic acid by sage cell
culture was adversely affected by cell differentiation: the single-cell fraction of sage
cell suspension accumulated almost 50-fold higher amount of ursolic acid than
highly aggregated suspension culture. However, the tested sage cell suspensions
exhibited negligible biomass accumulation when forced to grow as single cells
[39]. Hairy root cultures are the most effective in vitro systems for the production
of valuable secondary metabolites whose biosynthesis occurs primarily in the roots
of mature plants [60]. The modified metabolism of sage hairy roots may also result in
production of novel biologically active compounds that are not typically found in the
field-growing plants [18]. Genetic engineering, elicitation, [51, 54, 59] and even
bioreactor designs may improve the yields of produced secondary metabolites of
sage hairy roots. Grzegorczyk and Wysokińska [70] reported that sage hairy roots
accumulated up to 1.6-fold more biomass when cultivated in nutrient sprinkle
bioreactor in comparison with shake-flasks cultivation. They also found that the
amount of accumulated rosmarinic acid from this bioreactor system was up to
fivefold higher than that detected in mature sage plants. Also Grzegorczyk
et al. [19] found that hairy roots of sage accumulated higher amount of rosmarinic
acid (31 mg rosmarinic acid/g DW) than mature plant roots, in vitro shoots, or cell
suspension cultures, and therefore their extracts exhibited higher antioxidant activity.
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Sage cell suspension cultures currently seem to be more useful as model systems
for biochemical, biosynthetic, and genetic studies. However, it should be considered
as a potential method for the commercial production of sage secondary metabolites.
Sage is also an attractive subject for hairy roots induction, mainly because of its
potential to produce a wide range of biologically active compounds that accumulate
in the roots [18].

2 Estimation of Sage Secondary Metabolites in In Vitro
Cultures

In vitro culture conditions (the type and concentration of plant growth regulators) are
different for every species. Micropropagation conditions for species of the Salvia
genus, such as Salvia sclarea [61], Salvia fruticosa [62], and Salvia guaranitica [63],

Table 1 Recently reported bioactive terpenoids and polyphenols from Salvia in vitro systems
(based on the data of Marchev et al. [18])

Secondary
metabolite

Species/in vitro
system References

Triterpenes S. tomentosa/
callus;
S. scabiosifolia/
callus;
S. officinalis/cell
suspension;
S. officinalis/
shoot culture;
S. sclarea/hairy
roots;
S. austriaca/
hairy roots

Georgiev et al. [37]; Marchev et al. [38]; Bolta
et al. [39]; Grzegorczyk et al. [19]; Kuźma et al. [40];
Kuźma et al. [41]; Kuźma et al. [42]

Tanshinones S. miltiorrhiza/
cell suspension;
S. miltiorrhiza/
hairy roots

Wu and Shi [43]; Yuan et al. [44]; Zhao et al. [45],
(2011) [46]; Gupta et al. [47]; Yan et al. [48]; Yang
et al. [49], [50], [51]; Kai et al. [52], [53]; Gu
et al. [54]; Liang et al. [55]

Hydrophilic
phenolic
compounds

S. miltiorrhiza/
hairy roots;
S. miltiorrhiza/
cell suspension

Yuan et al. [44]; Xiao et al. [56]; Dong et al. [57]; Gu
et al. [54]; Hao et al. [58]

Phenolic acids S. officinalis/
hairy roots;
S. officinalis/cell
suspension;
S. miltiorrhiza/
hairy roots
S. miltiorrhiza/
cell suspension
S. tomentosa/
hairy roots

Grzegorczyk et al. [19]; Xiao et al. [56]; Dong
et al. [57]; Zhao et al. [46]; Xiao et al. [59]; Gu
et al. [54]
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have been established. In the Institute of Natural Fibres and Medicinal Plants
(INF&MP), an effective protocol for the micropropagation of sage cultivar
“Bona,” which ensures a rapid growth of the plants, has been developed [64]. Effec-
tive micropropagation and successful regeneration of the plants were achieved by
using cytokinins: 6-benzylaminopurine (BA) or meta-topolin (mT) in the concen-
tration of 0.3 mg/L in apical and axillary bud cultures.

In the 2-week cyclic culture period, the multiplication rate (MR) was similar in all
combinations, except for the MS BA + NAA combination, where it was significantly
lower (Table 2). Cultures grown on media containing BA or mT were characterized
by a good condition of explants (creating buds and growing) during cyclic micropro-
pagation, as well as high multiplication rate. Other combinations of growth regula-
tors decreased the multiplication rate, and the explants were characterized by a worse
physiological condition (vitrificated and necrosed). In her research, Gostin used BA
during a 6-week sage culture, obtaining an effective regeneration of plants with good
morphological parameters [65]. The author also obtained regenerated morphologi-
cally normal sage plants by using kinetin (KIN) together with 1-naphthaleneacetic
acid (NAA). The usefulness of BA was documented together with other growth
regulators: 2,4-dichlorophenoxyacetic acid (2,4-D) [20] or indole-3-acetic acid
(IAA) [66]. The innovative use of mT, which had not been used in sage micropro-
pagation before, had a positive effect on the proliferation of buds and may become an
alternative for the widely used BA cytokinin.

As far as biosynthetic properties are concerned, callus and suspension cultures are
particularly useful as a possible valuable source of secondary metabolites for
industrial use. However, in the case of unorganized cultures, there may be differ-
ences in the composition of secondary metabolites as opposed to organized cultures.
Analysis of sage chemical composition showed that the production of diterpenoid
compounds (carnosic acid and carnosol) is closely linked to the differentiation of
organs. As regards the production of rosmarinic acid, it was similar in callus and
suspension cultures and in in vitro and in vivo grown plants [67]. Callus cultures and

Table 2 Selected plant growth regulators used in micropropagation of apical and axillary buds

Combination
Multiplication
rate (MR)

Explants [%]

Creating
buds Growing Vitrificated Necrosed

Medium MS 0.3
BA

2.952a 91.1a 77.5a 5.5c 3.19bc

MS 0.3
mT

2.732a 98.6a 93.9a 4.8c 1.14c

MS BA +
IAA

2.550a 96.3a 86.8a 12.4bc 1.69c

MS BA +
NAA

1.847b 59.8c 36.7b 24.8b 38.48a

MS 0.3
BA

3.095a 83.2b 33.7b 54.8a 11.58b

L.S.D0,05 0.6843 15.28 22.14 14.83 8.564
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suspension cultures [68, 69] as well as liquid bud cultures of sage may be a valuable
source of phenolic acids used for controlled production of antioxidant substances in
bioreactors [70].

The composition of certain active ingredients of the raw material obtained from
apical and axillary bud cultures may vary due to somaclonal variation in plants
multiplied in in vitro cultures [71–73].

In the present study, phytochemical analysis was conducted to compare sage raw
material derived from field cultivation (in vivo) with in vitro cultures (Table 3).

The HPLC analysis and spectrophotometrical measurement showed an increase
in polyphenolic compounds and polyphenol acids in plant material derived from
in vitro culture and a decrease in flavonoids compared to the raw material derived
from field cultivation. The increase in polyphenolic compounds and the decrease in
flavonoids may be related to the physiological reaction of the plants grown in in vitro
cultures caused by infection- and damage-related stress.

Correlation analysis of features showed an inversely proportional relation
between the flavonoid content per quercetin and the content of polyphenolic com-
pounds. Negative effect of drying on the flavonoid content per hyperoside was also
noted in in vitro and in vivo cultures (Table 4).

Negative correlation between the content of flavonoids and polyphenolic com-
pounds in the raw material derived from in vitro cultures may result from metabolic
changes caused by increased stress. Lower intensity of light used in in vitro cultures
as compared to in vivo cultures was an important stress factor for the plants. It might
have limited the biosynthesis of flavonoids, increasing the activity of other phenol
compounds with antioxidant properties [74].

The antioxidant properties of sage are determined by the synergistic effect of
various phenolic compounds [75] or the presence of rosmarinic and carnosic acids
[76]. The observed decrease in the amount of flavonoids and increased biosynthesis
of other polyphenolic compounds (rosmarinic acid, other polyphenol acids) may
have stemmed from triggering certain metabolic pathways at the cost of others under
stress conditions in in vitro cultures. As regards polyphenol acids, which participate
in the synthesis of lignins responsible for the stiffening of cell walls [77], their
increased content limited plant growth in in vitro cultures as compared to field-
cultivated plants. The amounts of tannins, which inactivate enzyme proteins in
necrotic tissues, remained unchanged regardless of growing conditions.

3 Sage Genetic Transformation

The wide range of possibilities offered by secondary metabolites obtained from sage
in vitro cultures triggered the search for new methods of improving Salvia officinalis
through genetic transformation. The micropropagation protocol for sage cultivar
“Bona” enabled for obtaining and storing massive amounts of selected plants with
the best medicinal parameters for genetic modification. Few publications are to be
found in literature regarding the transformation of sage. Researchers have investi-
gated the use of Agrobacterium rhizogenes for obtaining transformed sage roots for
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the production of rosmarinic acid [78] and other species of sage: S. sclarea,
S. miltiorrhiza, and S. przewalskii [79]. There is no data, however, on developing
sage transformation procedures using A. tumefaciens or nonvector-based methods.

The aim of presented research was to investigate the possibilities for obtaining a
transgenic variety of the sage and creating a basis for an oral, plant-produced
recombinant vaccine against dental decay. The main research goal was to obtain
transgenic sage containing a gene coding for the surface protein antigen I/II in
Streptococcus mutans, the main factor responsible for the development of dental
decay in humans. The antigen could be a valuable component of a vaccine against
dental decay as it causes a relevant immunological response. Dental decay is
considered a socially determined disease, with Streptococcus mutans as the primary
pathogen in the etiology of the disease. Obtaining a transgenic sage mutation would
be a good basis for developing a preparation based on the medicinal properties of the
active ingredients found in the plant and the immunogenic properties of certain
S. mutans proteins, without the need for their costly extraction and purification.

Prior to commencing the process of transformation, the concentration of the
selection agent (kanamycin antibiotic), lethal to non-transgenic plants, was
established. The transformed cells containing genes coding for the enzyme which
decomposed the antibiotic survived the selection. Performing the selection was the
easiest way to control the transformation process. However, antibiotic selection is
currently avoided with plants grown for consumption [73]. Selectable markers
determining the identification of transformants remain in the plant genome even
after they have fulfilled their function and may affect microorganisms living in a
given environment. Moreover, the presence of selectable markers may be an obstacle
for subsequent transformations. The idea of the research excluded the danger of
horizontal gene transfer in the cultivation, allowing for this kind of selection. Recent
developments open new directions in research, aiming at eliminating or silencing
selectable markers in genetically modified plants [80].

Table 4 Correlation coefficient of sage secondary metabolites obtained in in vitro and in vivo
conditions

Feature
Flavonoids
per quercetin

Flavonoids
per
hyperoside Tannins

Polyphenolic
compounds

Loss of
weight after
drying

Flavonoids
per quercetin

–

Flavonoids
per
hyperoside

0.5992 –

Tannins �0.3301 0.2925 –

Polyphenolic
compounds

�0.9815*** �0.5274 0.3474 –

Loss of
weight after
drying

�0.4806 �0.9139* �0.2883 0.3782 –

Correlation significance * p < 0.05; *** p < 0.001
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3.1 Methods of Transformant Selection

In order to establish the appropriate concentration of kanamycin, experiments on
apical and axillary buds obtained both from seedlings and multiplants were
conducted. The MS medium with 0.3 mg/L BAwas used. Selectable concentrations
for seedlings and multiplants were established by using six variants of kanamycin
concentrations (0, 25, 50, 100, 150, 200 mg/L), with 100 explants in each combina-
tion in two replicates. The analyzed kanamycin concentrations affected the longevity
of explants in a variety of ways (Fig. 3). Lethal kanamycin concentration for sage
explants both from seedlings and multiplants was established at 200 mg/L (Fig.3f).

3.2 Methods of Plant Transformation

Prior to begin the process of sage transformation, A. tumefaciens LBA4404 strain
was prepared according to the transformation protocol in the following stages:

(a) Frozen bacterial cells containing CRSA gene construct suspended in glycerol
were cultured in Petri dishes with YEBKAN50 medium [81] and grown for 2 days
at a temperature of 28 �C.

(b) The bacteria were cultured on minimal medium ABKAN50 [82] and grown for
1–2 days at 28 �C.

(c) A single colony was inoculated into 10 ml of liquid YEBKAN50 medium in
100 ml Erlenmeyer flasks and grown on vortex mixer at 250 rpm at 28 �C for
16–20 h.

(d) Fresh mg/L KAN50 [83] medium was inoculated with A. tumefaciens suspension
at a ratio of 1:400, and culture was continued at 28 �C to obtain late log phase of
bacterial growth with an OD550 of 1.

(e) The culture was vortexed for 10 min at 10,000 rpm at 4 �C. Supernatant was
discarded, and the bacteria in the deposit were resuspended in a fresh
MSGAKAN50 medium (based on Murashige and Skoog medium [84] with
1 μM of acetosyringone and 1 M of glucose). The ready suspension was poured
onto Petri dishes which were used for inoculation.

A range of different standard media was used for culture of A. tumefaciens
containing pBI-CRSA gene construct. The prepared media were sterilized in an
autoclave for 20 min at 121 �C. The filtered selective antibiotic kanamycin was
added to the sterile media in a concentration of 50 mg/L.

3.3 The Transgenesis of Sage Apical and Axillary Buds Was
Conducted in Two Stages

Firstly, the initial transformation was carried out on 120 apical and axillary bud
explants derived from 3-week- and 2-week-old multiplants and seedlings. Explants
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were described in detail in order to establish the influence of the explants’ shape and
size on its susceptibility to transformation. Secondly, on the basis of the results
obtained in the first stage, 400 explants from apical and axillary buds derived from
3-week-old multiplants were selected for transformation.

At each stage a negative control (non-transformed explants on a selection
medium) and a positive control (non-transformed explants on a medium without a
selecting agent) were prepared for each kind of explants.

Fig. 3 Establishing lethal kanamycin concentration for sage multiplant explants. (a) Positive
control without kanamycin, (b) 25 mg/L, (c) 50 mg/L, (d) 100 mg/L, (e) 150 mg/L, (f) 200 mg/L
lethal concentration
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The explants that underwent transformation were placed in A. tumefaciens cell
suspension for 10–15 min. Following the inoculation period, the buds were blotted
dry on sterile tissue paper and placed on MS medium with 0.3 mg/L BA. A coculture
was then grown for 2–3 days at 28 �C in semi-shade. In the next stage, excessive
bacteria were removed by rinsing the explants in sterile water. The explants were
then blotted dry on tissue paper and placed on MSKAN200:T250 selection medium
with BA phytohormone and kanamycin and Timentin®. In both stages of the
experiment, the selective culture was monitored in 2-week intervals before subse-
quent passaging. The observations involved assessing the state of the explants
(growing, vitrificated, necrosed). With longer culture time, multiplication rate of
the plants and the presence of A. tumefaciens were determined. A. tumefaciens did
not cause infection in the subsequent subcultures, which enabled for using a medium
without Timentin®. Moreover, in the second stage of the experiment, after the eighth
passage, it was decided to grow the culture without a selecting agent. In both stages
of the experiment, the rooting of explants growing on the selection medium was
tested. In the first stage, rooting was conducted on one-half MS medium containing
0.3 mg/L IAAwith a selecting agent, while in the second stage, the rooting medium
did not contain any selecting agent.

3.4 The Transgenesis of Sage Meristems of Apical
and Axillary Buds

In the next stage of the research, isolated apical and axillary sage meristems were
also subjected to transformation. Explants of less than 1 mm in size consisted almost
exclusively of meristematic tissue so that bacteria would reach meristematic cells
more easily, thus increasing the probability of their transformation. Transformation
of isolated meristems was performed by directly injecting a needle inserted in A.
tumefaciens suspension into the meristems under a binocular microscope. Thus
prepared explants were placed on MS medium with 0.3 mg/L BA. A coculture
was then grown for 2–3 days at 28 �C in semi-shade. In the next stage, excessive
bacteria were removed by rinsing the explants in sterile water. The explants were
then blotted dry on tissue paper and placed on two kinds of mediums: MSKAN200:
T250 regeneration selection medium (0.3 mg/L BA) containing Timentin® and
kanamycin (200 mg/L) and regeneration medium MST250 (0.3 mg/L BA)
containing only Timentin® in the concentration of 250 mg/L. Due to the small size
of the isolated meristems, regeneration medium without a selecting agent was used.
Selecting agent was introduced when explants began to expand into shoots. Meri-
stems were derived both from seedlings and 3-week-old multiplants. Meristems
obtained from seedlings (40 explants each) were inoculated with A. tumefaciens in
the concentration of 108 and <108, additionally in an injected/non-injected combi-
nation (160 explants). There were three controls performed: two positive
(MS 0.3 mg/L BA and MST250 0.3 mg/L BA) and one negative (MSK200:T250

0.3 mg/L BA). Each control consisted of 20 explants, non-injected and injected with
the preparation needle (120 explants). The first examination of the explants was
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performed 2 weeks after rinsing the coculture explants and then after another
4 weeks since the first observation. After 5 rounds of selection explants subcultures,
antibiotics were no longer administered.

Three explants growing on a selection medium were selected after the transfor-
mation. DNAwas isolated from these samples following modified Gawal and Jarret
(1991) method [85], and then transgene integration analysis was conducted using
PCR. However, despite the fact that the plants grew on selection media, our research
did not confirm the presence of transgene in the plant cells. It was suspected that
temporary transfection took place, and the introduced DNA did not integrate with the
sage genome, producing only temporary resistance to the selective antibiotic. Thus,
the introduced gene might have been lost during cell division in plant multiplication.
This may explain the gradual decrease in the vitality of the explants in selection
cultures until their complete decay. Explants were selected during the 3rd–5th
subculturing following the transformation. Further passages, due to the small size
of the plants, provided material both for DNA isolation (6th–11th subcultures) and
assessment of the rhizogenesis process, which indicates normal development of a
plant.

The lack of implemented fragments of the S. mutans gene in the genome of the
explants analyzed might have been caused by the instability of transformant strains
or loss of the transgene during passages. A stable transgenic line is produced only
when the transgene integrates with the genome in the right location. Loss of the
transgene in subsequent passages may be also caused by the activation of processes
leading to the identification and repair of DNA changes in meristematic cells.
Explant rhizogenesis after transformation was not consistent with the described
sage regeneration methodology, proving that genetic homeostasis was disturbed
and explants did not develop normally.

The type of explant selected determined the process of transformation; apical
and axillary buds ensured quick and effective regeneration. However, as the
explants contained both meristems and leaf primordia, it was difficult for A.
tumefaciens to reach the meristematic tissue. After a detailed analysis of all
explants, transformation of isolated meristems was performed by directly
injecting a needle inserted in A. tumefaciens suspension into the meristems.
The aim was to ensure that the bacteria could reach the meristematic cells more
easily and increase the probability of their transformation. Although several
variants of the experiment were conducted, the stable transgene integration in
producing plants was not obtained. However, valuable observations were made in
control explant cultures regarding high development potential of isolated meri-
stems. This type of culture may be used in the future to produce transgenic plants
using nonvector methods.

Secondary metabolite content was measured in the raw material obtained in
subsequent transformations of sage (Agro 1, Agro 2, Agro 3) and compared with
the material grown in in vitro cultures (Table 5).

Biochemical analysis showed no differences in the content of flavonoids, poly-
phenolic compounds, polyphenol acids, and tannins in the material obtained after the
transformation and that from in vitro cultures.
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Yet it is worth noting that the material obtained after the first transformation
(Agro 1) contained the highest amount of quercetin, hyperoside, and chlorogenic
acid compared to the raw material after the second and third transformations and a
similar amount compared to the material from in vitro cultures. As regards the raw
material after the second (Agro 2) and third (Agro 3) transformations, it contained
the highest amount of rosmarinic acid and tannins, respectively.

Transformation of explants without producing transformed plants did not affect
the content of the sage active compounds analyzed as compared to the material
derived from in vitro cultures.

The main goal of research studies whose aim is to improve medicinal plants by
the use of biotechnological methods is to increase the synthesis of secondary
metabolites [86]. However, in the presented research with the use of A. tumefaciens,
the stable integration of the Streptococcus mutans gene fragments in sage genome
was not achieved. Paradoxically, in the case of sage, the biosynthesis of active
ingredients may inhibit A. tumefaciens growth and thus become an obstacle for
producing genetically modified plants by the use of vector-based transgenesis
systems. For that reason the influence of sage on the growth and development of
A. tumefaciens colonies was examined.

4 The Influence of Sage on Agrobacterium tumefaciens

Sage displays high antibacterial activity against numerous microorganisms. It has
been demonstrated that the compounds found in sage essential oil inhibit the
multiplication of pathogenic bacteria, both gram-positive, i.e., Staphylococcus
aureus and Bacillus subtilis, and gram-negative, i.e., Escherichia coli and Pseudo-
monas aeruginosa [9]. Moreover, they have a virucidal effect. Stanojevic
et al. described the synergistic activity of antibacterial sage aqueous extracts and
preservatives against selected bacteria, including A. tumefaciens [22]. Their research
showed that the minimum inhibitory concentration (MIC) for the growth of
A. tumefaciens was 20 mg/mL, which resulted in medium antibacterial activity
compared with B. subtilis (MIC 10 mg/mL) and E. coli (MIC 40 mg/mL), but did
not guarantee bacterial resistance. The research showed synergistic action of sage
extracts with preservatives; sage extract in a concentration of 1 mg/mL with sodium
nitrite effectively inhibited the growth of A. tumefaciens. For this reason, in the
presented experiment, the influence of sage explants placed in synthetic media on
bacterial growth during inoculation and coculture was determined. The experiment
was performed on MS medium with 0.3 mg/L BA (6-benzylaminopurine) in three
variants (Fig. 4):

1. Experimental coculture of A. tumefaciens with sage explants, which involved
culturing the bacteria in a straight line and placing sage explants next to it on one
side. Apical buds from 3-week-old multiplants were used as sage explants, as was
done during the transformation. Seedlings and leaves with petioles were used as
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Fig. 4 The effect of sage explants on A. tumefaciens growth on the third day of coculture. (a) The
inhibition of bacterial growth around sage leaves (second variant); (b) the inhibition of bacterial
growth around apical buds (second variant); (c) the inhibition of bacterial growth on apical sage
buds previously placed in Agrobacterium suspension (third variant) visible lack of bacterial growth
on sage explants; (d) bacterial growth on tobacco explants previously placed in Agrobacterium
suspension; (e) growth inhibition of bacteria inoculated linearly beside explants from sage seedlings
as compared to the control (first variant); (f) bacterial growth inhibition in the presence of sage
leaves as compared to the control (first variant)
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well. The experiment was conducted in three replicates with 8 explants of each
type per replicate.

2. Bacterial coculture cultured on the entire surface of the dish, with apical buds or
leaves placed on it. The experiment was conducted in two replicates with
8 explants of each type per replicate.

3. Coculture in which apical buds were soaked in bacterial suspension for 15 min in
order to establish the scale of A. tumefaciens growth on explants. In addition, a
coculture of tobacco leaf fragments soaked in bacterial suspension was
established in order to compare the influence of the two plant species on the
growth and development of A. tumefaciens.

LBA4404 A. tumefaciens strain inoculated into the medium was in the same log
growth phase (OD� 1) as the bacteria used in the transformation. The same strain of
bacteria inoculated without sage explants was used as a control. Cultures were grown
in semi-shade at 26 �C. The growth and development of the bacteria and explants
were examined four times in the coculture of sage explant with A. tumefaciens: after
the first, third, seventh, and fourteenth days of the experiment. Observations follow-
ing the first and third days after the inoculation were particularly important because
that was the time of inoculation in the previously conducted transformation. In the
first variant, following the first day of the coculture, both the bacteria cultured in a
straight line and the sage explants placed next to them developed normally. In the
second variant, inhibition in the growth and development of bacteria placed beside
the leaves and a 75% growth inhibition of sage apical buds was observed. In the
variant with sage apical buds, which had been placed in A. tumefaciens suspension, a
limited bacterial growth was observed.

The second coculture examination conducted on the third day of the culture
followed the protocol of sage transformation, which had been carried out using
A. tumefaciens in the transgenesis process (Fig. 4). Both in the first and second
variants, bacterial growth inhibition was observed with various intensity compared
to the control. In the first variant, apical buds, seedlings, and leaves limited the
growth of the linearly inoculated bacteria (Fig. 4e–f). Bacterial growth inhibition
around the leaves and complete lack of bacteria under explants were observed for the
bacteria inoculated in the entire medium (Fig. 4a). Apical buds inhibited bacterial
growth mainly in those places where the explant was in contact with the medium
(Fig. 4b). In the third variant, there was a slight growth of bacteria, with no growth
on explants (Fig. 4c). All the sage explants grew normally with no stress symptoms.
The state of the coculture did not change on the seventh day of the culture (third
examination). After 14 days, the sage explants gradually turned brown and decayed
due to the shortage of nutrients in the medium. At the same time, an increased
growth of A. tumefaciens was observed.

The conducted analysis leads to the conclusion that sage explants had an
inhibiting effect on bacterial growth and development. This might have decreased
the probability of a successful introduction of a fragment of bacterial plasmid
(T-DNA) into the plant genome. The similar observation was given by Marchev
et al. [87], who noticed difficulties during A. tumefaciens transformation of
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S. tomentosa plants due to the extensive release of phenolic compounds that had
strong antimicrobial and allelopathic activities [87]. This negative effect was post-
poned by using a temporary immersion system in combination with a two-phase
cultivation protocol that incorporates Amberlite XAD-4 resin. This procedure
enabled to obtain 100% transformation efficiency using S. tomentosa mature leaves.

5 Conclusions

Progress in plant biotechnology can also be observed in the context of medicinal
plant species. Development of effective regeneration methods for plants which are
crucial in phytotherapy, such as sage, creates a multitude of possibilities for their
better use: exploring metabolic pathways and increasing production of secondary
metabolites, micropropagation of uniform genotypes and their long-term storage,
genetic transformation, and the production of biopharmaceuticals. The present
research points to considerable difficulties in sage transgenesis using vector-based
methods with A. tumefaciens. The problem of achieving stable transgene integration
in sage is related to its high antibacterial activity against a wide range of microor-
ganisms. The observed negative effect of active ingredients contained in sage
explants on bacterial growth and development is a major obstacle for conducting
an effective sage transformation using A. tumefaciens. Nonvector methods should be
recommended to obtain the successful transformation of sage due to its strong
antibacterial effectiveness.
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Abstract
Ruta graveolens L., popularly known as rue, is a multipurpose herb belonging to
family Rutaceae. It is a rich source of secondary metabolites mainly: coumarins,
alkaloids, volatile oils, flavonoids, and phenolic acids. It has been used abun-
dantly worldwide due to its diverse medicinal properties. Extract and essential oil
obtained from this plant species have been shown to possess various pharmaco-
logical activities including contraceptive, anti-inflammatory, antimicrobial, anti-
pyretic, antioxidant, analgesic, antihyperglycemic, free radical scavenging,
hypotensive, antiviral, and antiplasmodial effects. In vitro assays performed
with human cell lines have indicated the anticancer potential of furanoacridones
and acridone alkaloids isolated from R. graveolens. In vitro approaches have been
carried out for rapid clonal multiplication of R. graveolens. Application of hairy
root culture has effectively observed to be beneficial for enhanced production of
bioactive compounds from this plant species. A review of literature suggests that
it is an interesting plant species to pharmaceutical industry due to its potential to
produce several pharmacological effects.
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1 Introduction

Plants produce several variety and number of secondary metabolites that play a
major role in adaptation with the environment. These compounds also represent
important sources of pharmaceutical drugs due to their pharmacological activities.
The metabolism from plants is quite diverse with long and complicated chemical
reactions which, in many cases, is impossible to be carried out in laboratories. Thus
many active raw materials used in pharmaceutical industries are not synthesized by
the human and are being obtained just from plant source.

Biotechnology is being used as a tool to obtain bioactive compounds from plants
which are unlikely to be synthesized in laboratories. It is also possible to improve the
production of secondary metabolites from plants by using various biotechnological
means [1–3]. Several strategies have been used to obtain the enhanced and improved
production of compounds of interest, which include plant cell culture as well as
modification in the gene expression to improve the enzymatic reactions of the
metabolism [4, 5].

Among the interesting species to the pharmaceutical area, Ruta graveolens has
gained considerable importance because of its medicinal purpose, and it is also a
source of several secondary metabolites that have demonstrated different biological
activities.

2 Botanical Characteristics

R. graveolens L. (Fig. 1) belongs to family Rutaceae, which comprises approxi-
mately 160 genera and 2070 species, distributed in tropical and temperate regions of
the world, mainly America, Africa, and Australia [6, 7]. According to Engler [8, 9],
the Rutaceae Jussieu family belongs to Rutales order. Takhtajan [10, 11] and Thorne
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[12] also placed this family into Rutales although Cronquist [13] and APG III [6]
classified it as Sapindales.

Engler [8, 9] divided Rutaceae family into seven subfamilies: Rhabdoden-
droideae, Aurantioideae, Flindersioideae, Spathelioideae, Dictyolomatoideae,
Rutoideae, and Toddalioideae. Thorne [12] has combined Toddalioideae to
Rutoideae and suppressed Rhabdodendroideae, thus making five in total. Takhtajan
[10, 11] classified it into six subfamilies, excluding also Rhabdodendroideae and the
APG III recognized four subfamilies (Cneoroideae, Amyridoideae, Rutoideae,
Aurantioideae) [6]. Cronquist [13] did not mention subfamilies. In all these classi-
fications, Ruta genus is placed into Rutoideae subfamily.

Some of the species from Rutaceae family, which are having economic impor-
tance, include Ruta, Citrus, and Pilocarpus. This family includes species with edible
fruit such as Citrus aurantium L. (sour orange), C. sinensis (L.) Osbeck (sweet
orange), Citrus limon (L.) Osbeck (lemon), and Citrus reticulate Blanco (tangerine)
[14]. Some plant species have been used as ornamental plants due to their attractive
flowers such as Hortia, Correa, Boronia, Choisya, and Clausena [15, 16]. Species
from Ruta, Zanthoxylum, and Casimiroa are known for their medicinal purposes.
Genus Pilocarpus has species native from Brazil and Paraguay that produce pilo-
carpine, an alkaloid used to manufacture medicine to treat glaucoma [17].

Ruta graveolens L. is popularly known as rue, herb of grace (English), ruda
(Spanish), raute (German), and arruda (Portuguese), and it has Ruta hortensis Mill.
as scientific synonym [18]. It is a herb or sub-shrub with branches grown in clumps
up to 60 m high. The plant is covered by trichomes, and flowers are small and yellow
in color. Plant has scent, alternate, petiolated, and compound leaves that can reach up
to 15 cm length. Each leaf has 2–5 leaflets that are fleshy, sessile, and with color
varying from light green to bluish-green [19–21].

There are reports concerning difficulty in identifying R. graveolens, mainly to
differentiate it from R. chalepensis. In this regards, Kanan and Babu [22] performed

Fig. 1 Photograph of Ruta
graveolens L.
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pharmacognostic studies in stem and leaves of R. graveolens and recognized micro-
scopic characteristics that can be used to identify this plant species. The stem of
R. graveolens has single layer epidermis followed by hypodermis. The cortex is
divided into two layers: one of chlorenchyma and the other parenchyma. The
chlorenchyma layer has a lot of air spaces between the cells, characterized by an
aerenchyma and the parenchyma has normal intercellular spaces. The pericycle is
made of fibers with wide and clearly visible lumen. The xylem and phloem vessels
have usual elements. In the center of the stem, there is large pith formed by
undifferentiated parenchyma. Starch grains and calcium oxalates are found in the
stem. The lamina of the leaves has a single layer epidermis and dorsiventral
mesophyll. Druses of calcium oxalate are abundant in leaves.

In our study about microscopic features of leaves in R. graveolens, we observed a
single layer of epidermis in both sides (in cross section), mesophyll dorsiventral,
numerous crystals of calcium oxalate as described by Kanan and Babu [22], and also
frequent secretory cavities that store essential oil (Fig. 2). These characteristics can
be used to identify R. graveolens, avoiding misidentification when it is used to
produce interesting materials for human being.

3 Distribution and Medicinal Importance

R. graveolens is known for its medicinal properties since a quite long time ago. This
plant species is native from Mediterranean region. Nowadays, it can be found in
many different countries, including Brazil, Peru, Italy, India, South Africa, and
others. There are many reports about the medicinal usage of this species by the
ancient Greeks and Romans [23]. In several traditional medicine systems,
R. graveolens is used as tonic, anthelmintic, emmenagogue, sudorific, antifertility,
and also for respiratory disease, headache, heart problem, gastrointestinal disorders,
neck pains, rheumatism, gout, intestinal cramps, convulsions, diabetes, fever,
worms, kidney problem, earache, bladder and sinus [23–29]. Rue is also a plant
used in magic rituals to treat supernatural folk illness as well as against evil eye or
bad spirits influence [30, 31].

In Amazonic region, R. graveolens leaves have been used against headache,
dizziness, brain weakness, flu with cough, fever, hoarse voice, stroke, toothache,
numbness after bug sting, and intestinal pain. It is also used for personal protection
as a magic herb against evil energies [32, 33]. Thring and Weitz [34] performed an
ethnobotanical study in South Africa and described R. graveolens as the second most
medicinal plant as reported by the questionnaire. Above description shows how
important is R. graveolens as a medicinal plant worldwide.

Besides the medicinal purpose of this species, there are some reports on its toxic
effects in liver and kidney and as abortive. According to Prabhu et al. [24],
R. graveolensmay damage important organs of the body, when taken in high dosage.
The leaves of this species can cause chemical irritation in the skin. Some dermatitis
has been reported mainly in children [30, 35].
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4 Phytochemistry

4.1 Secondary Metabolites in R. graveolens

R. graveolens is a rich source of secondary metabolites mainly: coumarins, alka-
loids, volatile oils, flavonoids, and phenolic acids [36–38]. The bioactive com-
pounds of this species have been widely studied not only because of their interest
in the chemistry of natural products but also because of the several biologically
active compounds which provide a base for the use of R. graveolens in folk medicine
and in the search of more biologically active compounds. Figure 3 depicts the

Fig. 2 Ruta graveolens L. (a). Leaves, bar 2 cm; (b). Cross section of leaves, bar 150 μm; (c).
Detail of druse, bar 20 μm; (d). Detail of secretory cavity, scale 50 μm
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common secondary compounds present in R. graveolens; the details of these com-
pounds are presented in the following sections.

4.1.1 Coumarins
The main types of coumarins identified in R. graveolens are: simple coumarin,
furanocoumarins, dihydrofuranocoumarins, and isocoumarins among others [36,
39, 40].

The coumarins isolated from the roots of the R. graveolens for the first time
were gravelliferone methyl ether (1) chalepensin (2), daphnoretin (3) [41], 3-
(10,10-dimethylallyl)-herniarin (4), and gravelliferon (5) [42, 43]. The furanocoumarins
(FCs) with linear structure are produced in different parts of the species; studies of field-
grown plants showed that FCs’ concentration was proportionally related to both the
plant’s phenological stages and the organs in which the substance is stored [44]. Fruits
accumulate higher concentrations of FCs, followed by leaves, roots, and stems. On the
leaf surface, concentrations and proportions of FCs as psoralens (psoralen (6),
xanthotoxin (7), and bergapten (8) vary during aging [45, 46]. Xanthotoxin prevails in
absolute amounts regardless of the species’ age [47].

Other furanocoumarins as rutamarin (9), rutarentin (10) [48], chalepin (11) [49],
isopimpinellin (12), and a biscoumarin, O-methyl-daphnoetin (13) [50] has been
found in many parts of the plant species in different amounts. Abyshev et al. [51]
isolated from the epigeal part of R. graveolens, the furonocoumarins, bergapten (8),
chalepin, and chalepensin (2). The novel and, besides, recently a new coumarin
derivative, 8-methoxy chromen-2-one (14) was isolated by Debasis et al. [52].

4.1.2 Alkaloids
Rue is a valuable natural source of alkaloids. The alkaloids found in this species can
be classified as furoquinolines, acridones, quinolines, and alkylquinolinones [37, 53,
54].

The furoquinoline alkaloids such as dictamine (15), kokusagenin (16), peleteine
(17), skimmianine (18), and fagarine (19) occur, in different amounts, on the leaves,
shoots, roots, and flowers [37, 55]. In the roots and leaves, one of the main alkaloids
present was skimmianine (18) [56]. According to Mancuso et al. [50] kokusagenin
(16) and skimmianine (18) are almost equally distributed in the plant’s aerial parts.

Furacridone (20) and rutacridone (21) were the first representatives from acridone
alkaloids, to be extracted from the roots of R. graveolens [57], from that a series of
rutacridone derivatives have been obtained such as rutacridone epoxide (22),
gravacridonol (23) [58–61], gravacridondiol (24), gravacridondiol acetate (25)
[62], gravacridontriol (26), glycosides gravacridondiol-O-18-β-D-glucoside (27),
and gravacridontriol-O-18- β-D-glucoside (28), which accumulate in different parts
of the roots [53, 63].

Distribution and compartmentalization studies revealed the accumulation of
acridone alkaloids in intact roots of R. graveolens [60]. Rutacridone (21) was
found in the differentiation zone where the root hairs are located, suggesting its
accumulation in the roots trichomes. More hydrophilic acridones such as
gravacridondiol (24) and 1-hydroxy-3-methoxy-N-methylacridone (29) [53] and
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other metabolites, in turn, experience a decrease in concentration in this specific root
segment. Gravacridondiol glucoside (27) was shown to be the major compound in
the root tips [53]. Arborinine (30) [55, 64] is another acridone alkaloid identified in
R. graveolens.

Graveolinine (31) and (4S) 1,4-dihydro-4-methoxy-1,4-dimethyl-3-
(3-methylbut-2-enyl) quinoline 2,7-diol (32) [65] are quinoline alkaloids isolated
from the leaves of the species.

R. graveolens is also an important source of alkylquinolone alkaloids (AQs) of the
series 4-quinolones. Graveoline (33), an alkaloid of the 2-aryl-4-(1H)-quinolone
series, has been identified by Grundon and Okeley [56], Oliva et al. [66], and Ghosh
[67]. At a subsequent time, analogues of 2-n-alkyl 34–42 [37], such as 2-
[40-(30,40-methylenedioxyphenyl) butyl]-4-quinolone (43), [68] and 1-methyl-2-
[60-(300,400-methylenedioxyphenyl] hexyl]-4-quinolone (44) [69] were also identified.

According to Eun-Tae et al. [54], the AQs without methyl groups (HAQs) and
1-methyl-AQSs (MeAQs) with 2-nonyl substituents were the most abundant in
leaves while in root, the one with 2-undecyl group were the dominant metabolites.

4.1.3 Volatile Oils
The volatile oils obtained from R. graveolens fruits, leaves, roots, flowers, or stems
have a yellowish color, as well as an intense and penetrating odor. They are
composed mainly of oxygenated compounds (ketones, alcohols, acetates), sesqui-
terpenes and monoterpenes hydrocarbons, aromatics hydrocarbons, and coumarins.

Within the series of methyl nonyl ketones, 2-undecanone and 2-nonanone are the
predominant constituents in essential oils extracted from the aerial parts of
R. graveolens, even if it is grown in different parts of the world such as Malaysia
[70], Italy [71], Venezuela [72, 73], Egypt [74], Iran [75], Algeria [76], Ukraine [77],
and Brazil [78].

Monoterpenes and sesquiterpenes have been identified in this plant species
include, α-pinene, limonene, 1,8-cineol, α-thujene, camphene, terpinolene, camphor,
trans-p-menth-2-en-1-ol, β-phellandrene, germacrene-B, 3-carene, D-cadinene,
β-caryophyllen, β-humulene, elemol, geijerene, and geyrene [71, 76]. Pregeijerene
and geijerene, sesquiterpenes compounds, are the major constituents of the essential
oil from R. graveolens roots [79, 80]. Xanthotoxin was also found in the oil extracted
from aerial parts and roots of the plant [71]. Aromatic hydrocarbons such as trans-
anethole are also found in essential oil [75].

The composition of the essential oil is affected by climatic, seasonal, and geo-
graphic conditions; harvest period; chemotypes; and/or extraction procedure [81].

4.1.4 Flavonoid Glycosides and Flavonoids
R. graveolens is a rich source of flavonoid glycosides, for example, rutin (45) [82,
83].

A yellow pigment containing gossypetin 7-methyl ether 3-rutinoside (46) and
gossypetin 7-methyl ether (47) has been isolated from the flowers of
R. graveolens [84].
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The leaves and flowers of this plant species have been reported to possess
flavonoid, quercetin (48), kaempferol (49), and isorhamnetin (50) [83, 84].

4.1.5 Miscellaneous Compounds
Besides the constituents listed above, other metabolites have also been reported in
R. graveolens, such as glycosides and phenolic compounds. Chien-Chih et al. [85]
have reported six glycosides, 30-sinapoyl-6-feruloylsucrose (51), methylcnidioside
A (52), methylpicraquassioside A (53), 30,6-disinapoylsucrose (54), cnidioside A
(55), picraquassioside A (56), isolated from aerial parts of R. graveolens plants.
Phenolic acids gentisic acid, caffeic acid, ferulic acid, and p-coumaric acid were
isolated from the leaves of this plant species [86].

5 Pharmacological Studies

R. graveolens is found abundantly around the different parts of the world with wide
and diversified use for medicinal purposes, which have stimulated the development
of several studies evaluating the biological activity to support its therapeutic use in
both allopathic and homeopathic approaches.

In proof of view of therapeutic efficacy of homeopathic preparations, Rosi
Cruvinel et al. [87] found that administration of R. graveolens 6 CH interferes
favorably in the feeding, water intake, and weight gain in experiments carried out
with chickens.

In vivo test with patients (18–60 years old, candidates for surgery of anterior
cruciate ligament) has shown that homeopathic complex containing Arnica montana
5 CH, Bryonia alba 5 CH, Hypericum perforatum 5 CH, and R. graveolens 3 DH
showed similar results to placebo group in reducing the morphine consumption 24 h
after the surgery to fix the knee ligament [88].

Study by Khan [89] indicated the potential for topical homeopathic preparations
with Symphytum officinale, Thuya occidentalis, R. graveolens, Rosemary officinalis,
Bellis perennis, Hypericum perforatum, Calendula officinalis, and Tagetes sp. to
treat lesions of foot.

Arora et al. [90] evaluated the in vitro action of the mother tincture (MT),
R. graveolens 30C, 200C, 1 M, and 10 M against cell lines deriving from tumors
of human colorectal carcinoma (COLO-205), showing that homeopathic prepara-
tions had highly significant effects in the respective cancer cell lines, cytotoxicity
and decrease in cell proliferation, thus indicating potential of these preparations as
anticarcinogenic.

In search of anticancer effect of homeopathic preparations based on R. graveolens
on COLO-205 cell line, another study showed that the mother tincture (MT) and
R. graveolens 30C were able to cause a decrease in cell viability with reduced
clonogenecity and migration capabilities, causing also with morphological and
biochemical changes indicative of cell death by apoptosis, demonstrating the poten-
tial of these preparations in the treatment of colon carcinoma [91].
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Patients with locally advanced solid tumors or metastases and previously treated
with conventional anticancer drugs showed a transitory improvement in quality of
life when given homeopathic preparation of R. graveolens 9C by oral administration;
however, there was no influence on the tumor progression [92].

The ultradiluted potencies and mother tincture (MT) of R. graveolens showed
anticancer activity when avoided the proliferation and cytotoxic effects on normal
kidney epithelial cell model [93].

To study the antineoplastic properties of homeopathic medicines, homeopathic
preparations of R. graveolens were administered orally in mice and evaluated its
effect on immune system. It was found that higher potencies caused significant
enhancement of hematological parameters including the total white blood cell
count, bone marrow cellularity, and the number of α-esterase positive cells. Other
parameters of immune response such as antibody titer circulating and the number of
plaque forming cells, enhanced proliferation of B and T lymphoid cells were also
observed, which suggest the immune modulatory activity of homeopathic prepara-
tions in high dilutions [94].

Besides the homeopathic preparations of R. graveolens to check out pharmaco-
logical properties, this plant species has been also analyzed to find out the new
alternatives or therapeutic supplements for employment in allopathy using isolated
compounds as well as using the whole components (phytocomplex) to produce
herbal medicines. A number of studies have been carried out to show the activities
such as contraceptive, anti-inflammatory, antimicrobial, and analgesic, and these will
be discussed in the following sections.

In view of development of new contraceptive drugs, Guerra and Andrade [95]
developed an in vivo study using pregnant albino primiparous female rats subjected
to intramuscular or oral administration of R. graveolens extract and noted marked
contraceptive effect with loss of implantation of eggs. Similarly, Gandhi et al. [96]
demonstrated the efficacy of oral administration of powder of aerial parts from
R. graveolens and its extracts (petroleum ether and methanolic) in the model
female rats.

Evaluation study on the pregnancy of the ethanol extract of aerial parts of
R. graveolens developed in model in vivo (CF1 mice) showed that the extract did
not cause preimplantation embryonic loss or reabsorptions, but it led to fetal
death [97].

Sailani and Moeini [98] evaluated the effect of ethanol extracts of R. graveolens
and Cannabis sativa on spermatogenesis in the adult male Wistar rats and found that
the extracts cause decrease in spermatogenesis. In the search for male contraceptive
drugs, Harat et al. [99] developed an in vitro study with human sperm using aqueous
extract of R. graveolens and proved the potential effect of extract. Oral administra-
tion (5 g/kg) of an aqueous extract of R. graveolens in male rats resulted in reduced
sperm motility only after one hour of administration without any change in other
sperm characteristics, indicating the potential of this plant extract in male contra-
ception [100]. Intraperitoneal administration of aqueous extract of R. graveolens in
rat resulted in reduced number of spermatogonia, thus suggesting that this species
can be used in birth control [101].
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Nasirinezhad et al. [102] investigated the effect of aqueous extract of
R. graveolens on the reproductive system of immature female mice, BALB/C line.
They reported that the extract of R. graveolens can interfere with reproductive
system function in immature female mice by alterations in sex hormonal level and
ovarian morphology and thus it might be useful as a source of antifertility substance.

In research of the anti-inflammatory effect of R. graveolens extract and rutin
(flavonoid present in the species), Raghav et al. [103] showed that the extract has
better anti-inflammatory activity than the rutin using different models such as murine
macrophage cells (J-774) challenged with lipopolysaccharide (LPS), induction of
inflammatory response by nitric oxide, and other mediators.

Li et al. [104] performed a study with extracts of this plant species to analyze their
NGF-potentiating activities on the NGF-mediated neurite outgrowth from PC12D
and proved that the methanol extract of the leaves of R. graveolens markedly
increased the proportion of neurite-bearing cells.

The isolated compound from methanolic extract of R. graveolens, identified as 3-
(10-allyl-10-dimethyl)-6-hydroxy-7-methoxy-coumarin has been measured in iNOS,
COX-2 genes, and some cytokines pro-inflammatory. This compound revealed
ability to inhibit protein and mRNA expression of iNOS and IL-1β in LPS chal-
lenged macrophages, showing also anti-oxidant activity [105].

The ability of methanol extract of R. graveolens has been demonstrated to inhibit
inflammation and oxidative stress in adjuvant induced arthritis in rats [106]. Poly-
phenols and alkaloid fractions obtained from R. graveolens extract showed anti-
inflammatory activity in a model of acute and chronic inflammation in rats [107].

The in vivo studies of methanol extract of R. graveolens in hypercholesteremic
rats showed reducing oxidative damage, inflammation, and aortic pathology and
indicated that the species has potential for therapeutic use in clinical conditions
associated with atherosclerosis [108].

The evaluation of anti-inflammatory effect of skimmianine quinoline alkaloid
isolated from R. graveolens extract proved decrease in mRNA levels of TNF- α and
IL-6 as well as the levels of NO and PGE.sub 2, COX-2 and 5-LOXm activities, thus
proving anti-inflammatory action of the substance by several mechanisms involved
in the response cascade of events [109]. Methanol extract of leaves of R. graveolens
showed antinociceptive, anti-inflammatory, and antipyretic activities in mice
[110]. Kataki et al. [111] have reported the antioxidant and anti-inflammatory
activities of methanol extract of leaves of R. graveolens in vitro and in vivo models
and showed potent inhibitory effects on the arachidonic acid pathways. The antiox-
idant effect of R. graveolens extract has also been also evaluated in two models
including free radical scavenging using DPPH and inhibition of lipid peroxidation
by the ferric thiocyanate method [112].

Aqueous extract of R. graveolens leaves has been reported to possess antimicro-
bial effect against Fusarium solani, Pyrenochaeta lycopersici, Trichoderma viride,
Penicillium sp., Thielaviopsis basicola, and Verticillium dahliae, Bacillus cereus,
Staphylococcus aureus, and Listeria monocytogenes [66, 113]. In another report by
Ivanova et al. [114], the methanol, petroleum ether, ethyl acetate, and
water–methanol extracts of aerial parts of R. graveolens were found to possess
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cytotoxic as well as antimicrobial activity against Streptococcus pyogenes, Listeria
monocytogenes, and Bacillus subtilis.

Extract and essential oils obtained from R. graveolens were evaluated against
Pseudomonas aeruginosa strains, Staphylococcus aureus, Candida albicans, and
Candida krusei isolated from patients suffering with acute external otitis. All the
tested strains were found to be resistant to the extract, while essential oil (4%) of
R. graveolens inhibited four Staphylococcus and all Candida strains (inhibition
halos between 10 and 13 mm diameter) [115].

Oils obtained from R. graveolens inhibited the growth of Gram positive (Staphy-
lococcus aureus and Enterococcus faecalis) and Gram negative (Escherichia coli and
Klebsiella pneumoniae) bacteria [116]. However, the aqueous leaf extract and essential
oils isolated from this plant species was found to be ineffective against Trichophyton
mentagrophytes and Pseudomonas aeruginosa [117, 118]. Hydro-alcoholic and aque-
ous extracts of R. graveolens have shown to be ineffective against Enterococcus
faecalis [119, 120].

In search of new therapies to fight against Helicobacter pylori, R. graveolens
extract was found to exhibit strong inhibitory activity against IL-8 secretion
[121]. Its essential oils possess antifungal activity, more significantly against Asper-
gillus fumigatus and Cladosporium herbarum [122]. Essential oil obtained from
fresh leaves by hydrodistillation in a Clevenger-type apparatus and characterized by
GC-FID and GC-MS showed antibacterial activity against Gram-positive and Gram-
negative bacteria, especially Bacillus cereus and Staphylococcus aureus [78]. Aerial
parts essential oil showed activity against different strains of Legionella
pneumophila [123].

Figueroa-Valverde et al. [124] reported that methanol extract of the leaves (0.5 g/
kg) is able to induce hypoglycemic effect, which is attributed to the presence of
flavonoids in this species. In vivo experiments in hyperglycemic rats demonstrated
that oral administration of the methanol extract resulted in decreased concentration
of blood glucose [125].

Van Huyssteen et al. [126] conducted a study on popular practice in Africa for the
treatment ofDiabetes mellitus and reported that hydroalcoholic extract of aerial parts
of R. graveolens produced the highest increase in glucose utilization in C2C12
muscle cells.

Effect on lipid and glucose levels as well as hematological parameters were
studied upon administration of R. graveolens extract in rats with diabetes induced
by injecting streptozotocin. This study showed that R. graveolens extract caused a
significant decrease in cholesterol and LDL-C but no alterations were in the levels of
glucose, triglycerides, VLDL-C, and HDL [127].

In vivo assay using acetic-acid-induced writhing and hot-plate-induced thermal
stimulation in mice has demonstrated the antinociceptive activity of R. graveolens
extract [128].

Park et al. [129] performed in vivo studies using various experimental models
of pain and found that antinociceptive effect of R. graveolens extract was
mediated by opioidergic and α 2-adrenergic receptors but not by serotonergic
receptors.

7 Ruta graveolens: Phytochemistry, Pharmacology, and Biotechnology 189



Comparative studies between R. graveolens and Matricaria chamomilla (70%
ethanol as solvent and fractions of petroleum ether, ethyl acetate, and n-butanol)
showed that both of these plant species can be effectively used as analgesics, which
is attributed to the presence of flavonoids and alkaloids [130].

Gilbert et al. [131] carried out in vitro assays to find out the antiparasitic activity
of R. graveolens and proved that ether extract of leaves was active against
Strongyloides stercoralis, a nematode that causes strongyloidiasis.

Mendes et al. [132] studied the molluscicidal activity of hexane and ethanol
extracts from leaves and stem of R. graveolens and found to be effective against
the intermediate host of Schistosoma mansoni.

In vitro study performed with hydroalcoholic extract of aerial parts of
R. graveolens showed the reductions in viability, potential for invasion, and multi-
plication rate of the parasites Leishmania amazonensis and Trypanosoma cruzi and
indicated that these herbal extracts may be potential candidates for developing drugs
to treat leishmaniasis and Chagas disease [133]. Queiroz et al. [134] reported that
aqueous extract of aerial parts of R. graveolens possessed leishmanicide activity
against promastigotes and amastigotes of Leishmania amazonensis.

In view of new drugs for the treatment of neurodegenerative diseases such as
Parkinson’s and Alzheimer’s, in vivo model for assessing the inhibition of the
oxidative deamination of tyramine by monoamine oxidase (MAO) isolated from
rat liver have been studied and they found that ethyl acetate extracts and oil extracted
from leaves of R. graveolens have a significant ability to inhibit this enzyme
[135]. In another study [136], hexane extract of this plant species caused potent
inhibition of acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) dem-
onstrating potential to be used to treat Alzheimer’s disease. Russo et al. [137] also
indicate that R. graveolens has potential for therapeutic use in this disease, which is
attributed to the presence of coumarin in the hexane extract with anti-AChE activity.

In order to find new anticonvulsant drugs, Keihanian et al. [138] investigated the
effect of R. graveolens extract in vivo model of seizures induced by pentilen-
tetrazole (PTZ) in mice and demonstrated that its ability to reduce seizures. In
vivo study developed by Amabeoku and Ahmad [139] showed anticonvulsant
activity of the methanol extract of the leaves of R. graveolens probably involving
potentiation of gamma aminobutyric acid (GABA). Study by Bohuslavizki [140]
indicated the action of infused R. graveolens in blocking potassium channels, thus
signaling the potential of this plant species in the treatment of Encephalomyelitis
disseminata.

Aqueous and ethanol extract of R. graveolens leaves have been shown to exhibit
binding affinity to GABA-benzodiazepine receptor in the flumazenil-binding assay,
which was attributed to the presence of furanocoumarines [141]. Adsersen
et al. [142] reported that the extract of R. graveolens exhibited moderate inhibition
of the acetylcholinesterase.

In vitro assays performed with human cell lines HeLa, MCF7, and A43 have
shown the anticancer potential of furanoacridones and acridone alkaloids (arborinine
and evoxanthine) isolated from R. graveolens [64]. Fadlalla et al. [143] investigated
the effect of the methanol extract of R. graveolens on colon, breast, and prostate
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cancer cells and found that it inhibited the proliferation and survival of cancer cells
via multiple targets. In vitro studies by Ghosh et al. [144] have demonstrated that
graveoline, a compound isolated from R. graveolens, showed cytotoxicity against
A375 skin melanoma cells, causing cell death by apoptosis and autophage. In vitro
(skin melanoma cells) and in vivo (7,12-dimethylbenze (a) anthracene induced skin
cancer in Swiss albino mice) assessment of ethanol extract of R. graveolens dem-
onstrated the potential of this plant species to treat skin cancer without causing any
acute or chronic toxicity [145]. The anticancer potential of aqueous extract of this
species has been also evaluated in model of different glioblastoma cell lines
(U87MG, C6, and U138 [146].

Al-Nimer and Ali [147] studied the effect of aqueous leaves extract of
R. graveolens on nitric oxide (NO)–peroxynitrite (ONOO-) cycle biochemistry and
found that the improved bioavailability of nitric oxide (NO), indicating that its use in
coronary artery disease with nitrate tolerance.

Essential oils obtained by hydrodistillation of aerial parts of R. graveolens and
isolated constituents showed repellent and larvicidal activity against Aedes L. and
could be useful in mosquito control [148].

Methanolic extracts from aerial parts of R. graveolens have demonstrated signif-
icant ability to inhibit aldehyde oxidase, partially purified from liver homogenates of
mature male guinea pigs by heat treatment and ammonium sulfate
precipitation [149].

Extract from the aerial parts of R. graveolens obtained by different extractive
procedures (extraction in Soxhlet percolation and ultrasound) were investigated for
cytotoxicity (G-929 cells) and tyrosine inhibition capacity (spectrometry at 481 nm).
It has been observed that extraction procedure interferes with the activity of the
compounds. Extraction obtained by percolation method showed less cytotoxicity
and higher percentage of inhibition of tyrosine [150]. Hypotensive effect of aqueous
extract of R. graveolens under in vivo system in normotensive rats has been shown
by Chiu et al. [151]. Studies by Khori et al. [152] indicated that the methanol extract
of R. graveolens and its alkaloidal fraction has potential to treat supraventricular
tachyarrhythmia.

Ueng et al. [153] evaluated the effect of aqueous extract of aerial parts of
R. graveolens and isolated substances (rutin and furanocoumarins) on activities of
enzymes; cytochrome P450 (P450/ CYP), uridine diphosphate (UDP)-
glucuronosyltransferase, and reduced nicotinamide adenine dinucleotide (phos-
phate) (NAD (P) H): quinone oxidoreductase. They observed that oral administra-
tion of the extract in mice/rats caused an increase in the levels of CYP1A and
CYP2B in a dose dependent manner and by inducing increased hepatic
UDP-glucuronosyltransferase activity.

In vivo studies have indicated that hydroalcoholic extract of R. graveolens caused
relaxation in the rings of the trachea of rat and the effect is mediated by
noncompetitive antagonistic mechanism [154].

A recent review on genus Ruta by Hammiche and Azzouz [155] reported the
diversity of biological activities of R. graveolens, especially the anticancer activity,
action on pigmentation of the skin to stimulate melanin synthesis signaling for use in
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vitiligo or psoriasis, effect on the central nervous system by inhibiting the activity of
MAO-B, anti-inflammatory, antimicrobial, cytotoxic, hypotensive, antiviral, and
antiplasmodial affects.

6 Toxicological Studies

To study the safety assessment parameters in the use of R. graveolens, some studies
have been carried out to assess the toxicity. There are a few clinical case reports of
poisoning in humans.

Simon et al. [156] present a patient developed severe dermatitis as a result of
contact with R. graveolens, which is attributed to the toxic bioactive compounds
furanocoumarin constituents: 5-methoxypsoralen (bergapten), 8-methoxypsoralen
(xanthotoxine), and furanoquinoline dictamnine. Sharma et al. [157] reported the
case of 26-year-old pregnant woman led to abortion after consuming R. graveolens
tea in combination with chocolate and cinnamon. In another case report, use of
decoction of R. graveolens by 78-year-old woman led to poisoning by bradycardia,
renal failure with acute hyperkalemia, and coagulopathy [158]. Adams et al. [159]
reported the case of acute phytophotodermatitis in 2-year-old child after contact with
this plant species. A 12-year-old patient who developed lesion with linear distribu-
tion in the lower limbs has been diagnosed with phototoxic reaction, attributed to the
use of alcoholic extract of R. graveolens [160].

Experimental study in goats has indicated that oral administration of
R. graveolens leaves (1 and 5 g/kg) led to toxicity in animals with pathological
changes in various organs. The changes included alterations in serum aspartate and
copper, iron, zinc, manganese, calcium, and phosphorus with animal death record
[161]. Lyophilized hydroalcoholic extract of aerial parts of R. graveolens resulted in
fetal death when administered orally (1000 mg/kg/day) during the pregnancy [97].

In the research of potential antiparasitic property against Vampirolepis nana
(gastrointestinal parasite), hydroalcoholic extract of the leaves and seeds of
R. graveolens was administered by gavage to Swiss albino mice and it was proven
mild to moderate hepatotoxic with weak antiparasitic effect [162].

Intraperitoneal administration of R. graveolens extract (30 and 100 mg) in Wistar
rats for 3 days resulted in morphological changes in the liver and led to
hepatotoxicity [163].

Aqueous extract (20%) of R. graveolens leaves when administered orally in rats
caused a significant decrease in the number of normal embryos and increase in cases
of persistent late embryonic development thus demonstrating toxic effect of the
extract [164]. Shama et al. [165] reported that ethanolic and aqueous extracts of
R. graveolens seeds resulted in change in body weight, biochemical, and hematology
parameters and thus caused toxicity when administered orally to male Wistar rats at
200 mg/kg/day (for 4 weeks). The ethnobotanical study carried out in health care
service of Provincia del Chaco at Argentina has reported the potential dangers and
poisoning effects (which may lead to death) associated with the use of medicinal
plants (highlighted R. graveolens) [166].
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7 Biotechnological Studies in R. graveolens

7.1 In Vitro Regeneration and Mass Propagation

From the above literature, it has been evidenced that R. graveolens is a multipurpose
herb. Biotechnology using in vitro technique provides a viable tool for mass
multiplication and germplasm conservation of aromatic and medicinal plants of
interest [167, 168]. Faisal et al. [169] developed a protocol for rapid clonal multi-
plication of R. graveolens through high frequency shoot induction from nodal
explants and reported the successful outdoor establishment of regenerated plants.
Various concentrations and combinations of plant growth regulators, (PGRs) viz.,
BA, Kn, IAA, and NAA have been tried. The highest shoot regeneration frequency
(98.5%) was reported on MS medium containing BA (10 μM) and NAA (2.5 μM).
The regenerated shoots were found to be rooted best on MS medium with 0.5 μM
IBA [169]. There are other reports on tissue culture studies of R. graveolens to
monitor alkaloids and coumarins content in callus, shoots, and regenerated plants
[170–172].

7.2 Use of Elicitors

Commercial production of secondary compounds is generally hampered by their low
yield. Elicitation is a strategy to enhance the secondary metabolite production and is
considered an integral part of any large-scale process for secondary metabolite
production. Elicitor can be biotic and abiotic depending on its origin. The mecha-
nism of both the elicitors is different and quite complex. Chitin and chitosan are the
elicitors inducing phytoalexin accumulation in plant tissue. Orlita et al. [173] studied
the effect of chitin and chitosan on alkaloids and coumarins in in vitro shoot cultures
of R. graveolens and found that elicitation induced a significant increase in quantity
of all the metabolites. The application of abiotic elicitors saccharin and
benzothiadiazole has been reported to increase the production of simple coumarins,
linear furanocoumarins, dihydrofuranocoumarins, and furoquinolone alkaloids by
several times in in vitro shoots of R. graveolens. [174]

Effect of polyamines, spermine and putrescine, have been studied on growth and
furanocoumarins in R. graveolens cultures. Spermine was found to increase the
multiple shoots formation and furanocoumarins production by 2.5 and 1.47-fold,
respectively [175].

7.3 Scale Up Studies

Bioreactors of different types are generally used for the large scale production of
shoots and bioactive compounds for commercialization. In R. graveolens, biore-
actor system has been reported to be an effective technique for large scale produc-
tion of shoots [176]. A one-step protocol with improved regeneration efficiency for
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multiple shoots induction employing liquid culture system has been reported by
Diwan and Malpathak [175]. They scaled up selected shoot line, RS2 from 250 mL
to 5 L culture vessels, with 1.53-fold increase in biomass without affecting the
productivity of cultures. Gontier et al. [177] developed bioreactor for economic
and efficient production of furocoumarins from R. graveolens shoots. The tradi-
tional systems of in vitro propagation have been compared with simple aerated
bioreactor for large scale shoot biomass in same species [176]. Shoots cultured in
the simple aerated bioreactor systems showed 4.1-fold increase in 2 l bioreactor
vessel and 5.2-fold increase in 5 l bioreactor as compared to 500 mL conical flask
culture.

7.4 Genetic Transformation and Plant Hairy Root Culture

Transgenic or hairy roots obtained after transformation with Agrobacterium
rhizogenes present the fast growing system as compared to nondifferentiated plant
cells and therefore have become a promising source of bioactive compounds of
interest in several plant species. Chemical synthesis of furocoumarins in
R. graveolens is very expensive and does not always lead to biologically active
compounds [178]. To study the distribution and compartmentalization of alkaloids in
intact roots, Kuzovkina [179] established hairy root cultures. There are several
factors determining the efficient transformation starting from explant selection to
Agrobacterium rhizogenes strain and media used. Certain tissue or plant organs are
more appropriate for transformation in its particular developmental stage. Usually
young tissues are more responsive/ susceptible to transformation as compared to
mature ones. The commonly used explants for transformation with A. rhizogenes are
young seedlings or their parts, roots, and shoots [180]. Hypocotyls, callus, and
shoots were inoculated with A. rhizogenes strains (LBA 9402 and A4) in
R. graveolens [181]. Hypocotyls were found to be more responsive with
A. rhizogenes strain LBA 9402 due to low level of coumarins and furanocoumarins
as compared to other explants. Hairy roots obtained as a result of transformation
indicated high level of coumarins, furanocoumarins, and alkaloids. The content of
pinnarin, rutacultin, bergapten, isopimpinelin, and xanthotoxin in hairy cultures has
been reported to be twofold higher than in shoot cultures. The two novel coumarins,
osthole and osthenol have been also found, which are known to possess many
biological activities including anti-inflammatory, anti-oxidative, and anti-
tumorigenic [181]. Genetic transformation system has been developed for
R. graveolens by co-cultivation of hypocotyls with A. tumefaciens strain
C58C1RifR containing a plasmid harboring neomycin phosphotransferase and
β-glucuronidase encoding genes [182]. The stable transgene integration was con-
firmed by growth on selection medium for nptII, by PCR and southern blot
analysis [182].

194 S. Malik et al.



8 Conclusions

R. graveolens is considered as an important plant species with various pharmaco-
logical activities. Although it is a plant used with medicinal purpose in many parts of
the world, safety assessment parameters indicate that there are a few clinical case
reports of poisoning in humans with the use of R. graveolens. It may damage the
important organs of the body, when taken in high dosage. Therefore, it is important
to consume the correct concentration and dose of this plant species within safer
limits. The pharmacological and toxicological studies indicate the correct way to use
this plant (or compounds derived from it) to produce safe medicines that can be used
around the world. Regarding the improvement in production of secondary com-
pounds from Ruta graveolens, there is still gap in the knowledge about the biosyn-
thetic pathway of various bioactive compounds, and future studies could be focused
to solve this problem in order to rise the production of bioactive compounds from
R. graveolens by using strategies like immobilization, two phase culture system, as
well as metabolic engineering approach to improve the production.
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Secondary Metabolite Profile of Transgenic
Centaury (Centaurium erythraea Rafn.)
Plants, Potential Producers of Anticancer
Compounds
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Abstract
The genus Centaurium includes about 50 plant species found throughout the
northern hemisphere. Plant species Centaurium erythraea Rafn., commonly
known as common centaury, has been used for centuries for medical purposes.
Centaury is used to treat anemia, jaundice, and gout and to cure febrile conditions
and regulate blood sugar. So far, centaury species were genetically transformed
mostly using Agrobacterium rhizogenes. Only one report has described
A. tumefaciens-mediated gene delivery for the production of transgenic centaury
plants. Genetic transformation of centaury using AtCKX genes did not influence
the quality but influenced the quantity of xanthones in shoots and roots. The
majority of AtCKX transformed centaury lines grown in vitro produced increased
eustomin and/or demethyleustomin content than untransformed control plants.
This work clearly demonstrates, for the first time, the effect of centaury
secoiridoids and xanthones on colorectal cancer cell line (DLD1) and its resistant
counterpart (DLD1-TxR). The xanthone eustomin showed the most significant
cell growth inhibition effects. Since xanthones are increasingly being used for
their pharmacological properties, AtCKX transgenic centaury plants could be used
as a useful source of plant material for the production of novel drugs.
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1 Introduction

Plants are very important source of many chemical compounds for medicinal use
and pharmaceutical industry. It is estimated that a quarter of drugs prescribed
nowadays as a therapy in modern medicine are produced by numerous plant
species. Due to over-exploitation of plants in nature and the destruction of their
natural habitats, many medicinal plant species are endangered and disappeared.
Very important biotechnological tools such as in vitro techniques represent one of
the alternative ways for commercial production of numerous plants especially
medicinal plant species [1]. The use of tissue culture enables regeneration and
multiplication of plants on various types of explants in short period of time. Three
basic methods, micropropagation, organogenesis, and somatic embryogenesis, are
commonly used for plant regeneration in vitro [2]. Plant tissue culture also enabled
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the increased production of secondary metabolites, very important natural com-
pounds. It was also noticed that the accumulation of secondary metabolites
depends on nutrition medium composition and in vitro culture conditions
[3]. Another biotechnological tool such as genetic engineering also enables pro-
duction of plants with the improved attributes such as increased level of secondary
metabolites [4–8]. Thus, plant tissue culture is able to provide the production of
secondary metabolites and sustainable development of natural product drugs. The
application and development of these techniques enable the preservation and
improvement of some properties of many plant species endangered in natural
habitat, including Centaurium erythraea.

1.1 General Characteristics of Centaury

Centaurium is the largest genus in the Gentianaceae family, which comprises about
50 species divided into several sections according to morphological, ecological, and
taxonomic characteristics. All plant species of the genus Centaurium belong to the
Gentianaceae family, order Gentianales, and class Magnoliopsida [9]. The genus
name comes from the Greek word kentayrion, because the discovery of medicinal
properties was attributed to the centaur Chiron from Greek mythology. Another
explanation of the origin of the genus name comes from the literal translation of its
name (centum = hundred and aureum = gold), which means a plant worth hun-
dreds of gold coins. Centaurium species are growing in the northern hemisphere
including Great Britain, Scandinavia, the Mediterranean, Southwest Asia, and North
Africa [10]. It is considered that genus Centaurium originates from the Mediterra-
nean region and Central America. Many species can also be found in North America,
California, and Mexico [11]. Plant species of genus Centaurium usually inhabit
different types of habitats and soil (limestone, alumina, sand, and marshland).

Centaurium erythraea Rafn. (syn. C. umbellatum Gillib and C. minus Moench),
known as a common centaury, is an annual or biennial medicinal plant with
10–50 cm in height with a quadrangular tree branched in the upper part (Fig. 1a).
The leaves on the shoot are opposite, oblong-oval to lanceolate-elliptical, and mainly
arranged in rosette. The pink–red-colored flowers formed compacted inflorescence
(Fig. 1b). In natural habitat, centaury blooms from July to September. C. erythraea is
cosmopolitan plant species that inhabits dry grasslands and scrubs, saline soils, and
mountain slopes [12].

Plant species of the genus Centaurium are widely used in the traditional medicine
since ancient times. Centaury is used to cure febrile conditions and to regulate blood
sugar. It is also used to treat anemia, jaundice, and gout [13]. Methanol extract of
centaury has been used in the treatment of gastrointestinal tract diseases, increases
appetite, and stimulates digestion [14]. In medicinal purposes, the entire herb
(Centaurii herba) is used. Centaury plants are usually harvested in the flowering
time from natural habitat. Due to uncontrolled collection from natural habitats,
C. erythraea is nowadays rapidly disappearing and is listed as an endangered species.
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Generally, the common centaury is the most investigated species from
Centaurium genus. This plant species can be relatively easily propagated in vitro
and pass the whole natural life cycle including vegetative growth, flowering,
fruiting, and production of viable seeds in the culture. The previous investigation
showed that centaury revealed vigorous regenerative potential in vitro [15–19]. Cen-
taury also served as a model system for studies in developmental biology
[20–23]. Thus, all of these reasons make C. erythraea a very suitable model system
for investigation of numerous physiological processes in vitro.

1.2 Genetic Transformation of Plant Species in the Gentianaceae
Family

Genetic manipulation of plant genomes introducing desired transgenes has become
a very suitable tool in plant biology. To date, numerous widely used medicinal and
aromatic plant species were genetically modified. Plant transformation using
Agrobacterium represents the most extensively used method. The most of
Gentianaceae species, including C. erythraea, were genetically transformed
using A. rhizogenes [15, 24]. Although genetic transformation using
A. tumefaciens enables a precise and stable incorporation of transgenes, this
technique of transformation is not applied to many types of Gentianaceae family.
An unsuccessful genetic transformation of Gentiana triflora x G. scabra using

Fig. 1 Centaurium erythraea Rafn. (a) Plant in natural habitat and (b) detail of pink–red-colored
flowers
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Table 1 Previous investigations considering genetic transformation of plant species in
Gentianaceae family

Plant species Genetic transformation technique References

Gentiana scabra Bunge var. buergeri
Maxim

A. rhizogenes
(strain MAFF03-01724)

[30]

Gentiana acaulis A. rhizogenes
(strain A4M70GUS)

[31]

Gentiana cruciata A. rhizogenes
(strain A4M70GUS)

[31]

A. rhizogenes
(strains A4, 15834, 8196, R1000)

[32]

Gentiana lutea A. rhizogenes
(strain ATCC15834)

[31]

Gentiana purpurea

Gentiana triflora x G. scabra A. rhizogenes
(strain ATCC43057)

[25]

A. tumefaciens – unsuccessful
(strains LBA4404, EHA101)

Gentiana punctata A. rhizogenes
(strain A4M70GUS)

[33]

A. tumefaciens
(strain C58C1)

[27]

Gentiana triflora x G. scabra Biolistics [34]

A. rhizogenes
(strain ATCC43057)

[35]

Gentiana macrophylla A. rhizogenes
(strains A4GUS, R1000, LBA9402,
ATCC11325)

[36]

A. rhizogenes
(strain R1000)

[37]

Gentiana dahurica Fish. A. tumefaciens
(strain GV3130)

[28]

Gentiana dinarica Beck. A. rhizogenes (strains A4M70GUS,
15834/PI)

[38]

Eustoma grandiflorum Grise. A. rhizogenes
(strain MAFF02-10266)

[39]

A. tumefaciens
(strain A722)

[26]

A. rhizogenes
(strain MAFF0301724)

[40]

Biolistics [41]

A. rhizogenes
(strain NCPPB1855)

[42]

A. tumefaciens
(strain A281, EHA105)

[43]

A. tumefaciens
(soj A722)

[44]

A. tumefaciens
(strain A722)

[45]

(continued)
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A. tumefaciens (LBA4404 and EHA101 strains) was described about 20 years ago
[25]. Genetic transformation with A. tumefaciens has been successfully confirmed
in only three plant species belonging to the Gentianaceae, Eustoma grandiflorum
Grise. [26], Gentiana punctata [27], and G. dahurica Fish [28]. Considering genus
Centaurium, only one report has described A. tumefaciens-mediated gene delivery
for the production of centaury transgenic plants [29]. All previously mentioned
investigations have mostly described the efficiency of plant regeneration and
selection of transformed plant tissues. A detailed review of the literature consid-
ering genetic transformation of plant species belonging to the Gentianaceae family
is presented in Table 1.

1.3 Secondary Metabolite Characteristic for the Centaurium
Species

Primary metabolites represent the compounds (carbohydrates, fats, proteins, vitamins,
and mineral nutrients) resulted in various biochemical reactions in the cell. These
compounds serve as the basic compounds for further biosynthesis. Primary metabo-
lism is universal, conservative, and essential for a normal functioning of plant
organism. In contrast, secondary metabolism is unique, flexible, and also unnecessary
for the usual growth and development but very important for the survival of the whole
organism. Plant secondary metabolites include various chemical compounds, such as
antibiotics, steroids, and alkaloids, and a number of other compounds involved in the
interaction with plants, animals, and microorganisms. Most of these natural products
are produced in later stages of plant development. It is known that plant secondary
metabolites serve as excellent protectants against various bacteria, fungi, and insects
and also serve as attractants for pollinators and seed-dispersing animals [48]. Plants
produce a huge number of secondary metabolites. Up to now, more than 100,000
secondary metabolites have been detected, but the discovery of new metabolites is
rapidly growing [49]. Products of secondary metabolism, exclusively produced by
plants, are widely used in medical, pharmaceutical, and cosmetic industry, agriculture,
food industry, etc. Although most of the secondary metabolites have been synthesized
during the last 60 years, the plants are still the most important source of biologically

Table 1 (continued)

Plant species Genetic transformation technique References

Biolistics [46]

Swertia japonica A. rhizogenes
(strain ATCC15834)

[47]

Centaurium erythraea Rafn. A. rhizogenes
(strain A4M70GUS)

[15]

A. rhizogenes
(strain LBA9402)

[24]

A. tumefaciens
(strain GV3101)

[29]
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active compounds. Plant species belonging to the Gentianaceae family are character-
ized by the presence of secondary metabolites with medicinal properties. Centaurium
species produced two types of bioactive compounds, iridoids and xanthones.

1.3.1 Iridoids
Iridoids are natural compounds that belong to the class of monoterpenes. Iridoids are
widespread in the plant world and can be found in about 60 plant families, including
the Gentianaceae family. To date, more than 1200 different iridoids and secoiridoids
are identified [50]. The basic structure of iridoids makes cyclopentane-(c)-pyran ring
(Fig. 2). Based on the chemical structure, iridoids belong to the monocyclic mono-
terpenes. Iridoids are derived from geranial and can be further metabolized to
loganin [51]. The most important biosynthetic pathway, especially for plant species
in the Gentianaceae, goes in the direction of the transformation of loganin to
secologanin which can be further transformed to sweroside (Fig. 3a), swertiamarin
(Fig. 3b), and gentiopicrin (Fig. 3c), secoiridoids commonly found among
Centaurium species [52, 53].

Iridoid compounds belong to bitter-tasting secoiridoid glucosides [54, 55]. These
bioactive compounds have been reported to possess hepatoprotective, choleretic,
pancreatic, antimicrobial, antimutagenic, and antioxidative activities [56–62]. They
are often used as stimulators of the secretion of gastric and intestinal juices and
therefore increase appetite and improve digestion [63]. It was also shown that
numerous iridoid glycosides can serve as diuretics [64].

1.3.2 Xanthones
Xanthones represent the natural compounds belonging to the class of plant poly-
phenols [65]. According to the chemical structure, xanthones and flavonoids are very
similar. Both groups of these natural compounds share benzo-γ-pyrone structure
(Fig. 4). In contrast to the widely distributed flavonoids, xanthones determined only
in few families. The highest number of xanthones are identified in Gentianaceae
(more than 110 xanthones) and Clusiaceae (syn. Guttiferae) families

5

6

4a

7a7 1

4
3

O2

Fig. 2 The basic structure of
iridoids (cyclopentane-(c)-
pyran ring)

OO

O

H
OGlc

OO

O

OGlc

OH

OO

O

OGlc

a b cFig. 3 Secoiridoid
characteristic for Centaurium
species. (a) Sweroside, (b)
swertiamarin, and (c)
gentiopicrin
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[54]. Centaurium species include tetra-, penta-, and hexaoxygenated xanthones
present in free form (aglycones) or in the form of O-glucosides [54]. All substituted
xanthones originated from 1,3,5 or 1,3,7-trihydroxyxanthones.

The biosynthesis of xanthones originates mainly from shikimate-acetate path-
way. The main steps in the xanthone biosynthesis involve benzophenone interme-
diate followed by intramolecular coupling to form the xanthone ring. The initial
molecules in the biosynthesis of xanthones are benzoic acid and 3-hydroxybenzoic
acid, originated directly from the shikimate pathway [66]. In centaury plants
3-hydroxybenzoic acid is used as the initial compound for tetrahydroxyxanthone
biosynthesis [67]. The xanthone biosynthesis is obtained via conversion of
3-hydroxybenzoic acid to 3-hydroxybenzoyl-CoA and tetrahydroxyben-
zophenone, further converted to trihydroxyxanthone. Two methoxylated xan-
thones, 1-hydroxy-3,5,6,7,8-pentamethoxyxanthone known as eustomin (Fig. 5a)
and 1,8-dihydroxy-3,5,6,7-tetramethoxyxanthone known as demethyleustomin
(Fig. 5b), are the characteristic xanthone compounds for C. erythraea and
C. pulchellum species [68–72].

To date, more than 100 different xanthone compounds were isolated from
110 plant species [54]. In recent years xanthones have become more interesting
since they exhibit different pharmacological effects such as cardioprotective [73],
antimalarial [74], antimicrobial [75], antioxidant, antimutagenic, and anticancer
[76]. It is known that xanthones act as antidepressants [77, 78]. Earlier investigations
also showed HIV-inhibitory potential of xanthones [79, 80]. Nowadays, the effects
of natural and synthetic xanthones on the central nervous system and the growth of
tumor cells are investigated. In addition to their pharmacological values, xanthones
are very useful systematic markers in hemotaxonomy [54, 81].

Literature data about biological effects of xanthones isolated from centaury is
very poor. Conclusions about numerous biological activities of centaury have mainly
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been derived from studies that considered the effects of the whole plant extracts.
Only available data are related to antimutagenic activity of eustomin and
demethyleustomin in Salmonella typhimurium [82]. Due to these biological charac-
teristics, xanthones today represent a significant source of plant material used in the
production of new drugs. It is very important to notice that xanthones have a wide
range of biological effect and almost nontoxic and no side effects. Therefore,
numerous researches in recent years are directed in determining the mechanisms of
xanthone’s pharmacological effects on a biochemical level.

1.4 Secondary Metabolites of Centaury In Vitro

Secondary metabolites can be isolated from plants grown in the natural habitat or
from cultivated plant species. Breeding of plants in order to increase the production
of active substances is often not successful and economically profitable. For this
reason it has been necessary to find alternative methods for the production of useful
compounds produced by plants. One of these alternative methods certainly repre-
sents plant tissue culture. This method provides a homogeneous and continuous
source of plant material, independent from climatic conditions and many patho-
gens. In the middle of the twentieth century, it was shown, for the first time, that
plants grown in vitro produced small amount of secondary metabolites. Thereafter,
the composition of the culture media was intensively investigated as well as the
selection of highly productive lines, and a very high level of secondary metabolite
production was achieved. Twenty years later increased content of at least 30 com-
ponents was discovered in plants grown in vitro compared to plants grown in
natural habitat [83].

Centaury represents the plant species that produce secondary metabolites
in vitro. The main secondary metabolite products of centaury are bitter glycosides
(sweroside, swertiamarin, and gentiopicrin) and xanthones (eustomin and
demethyleustomin). These secondary metabolites were detected and identified in
centaury shoots and roots grown in vitro as well as from natural habitat. In
centaury shoots and roots collected from natural habitat, swertiamarin was the
dominant component, whereas gentiopicrin represents the dominant secoiridoid in
both plant organs grown in vitro. On the other hand, secoiridoid swertiamarin was
detected only in traces [68, 69, 84, 85]. Both plants grown in vitro and plants from
natural habitat produced an increased amount of xanthones in centaury roots
compared to the shoots. However, a significantly increased amount of xanthones
was detected in centaury plants grown in vitro compared to the plants from natural
habitat [70].

It is already known that the accumulation of secondary metabolites in plants
cultured in vitro depends on the composition of culture media, type, and quantity of
exogenously applied plant growth regulators, mineral elements, as well as carbohy-
drates [86]. The influence of plant growth regulators on the production of secondary
metabolites in centaury plants grown in vitro was previously investigated [70]. It was
shown that the amount of the xanthone eustomin was concentration dependent of the
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cytokinin benzylaminopurine (N6-benzyladenine (BAP)) in the nutrient medium.
The shoots grown on nutrient medium supplemented even with the lowest concen-
tration of BA (3 μmol/l) produced an increased amount of xanthones compared to
shoots from natural habitat. It was shown that sucrose concentration in nutrition
media also significantly affected the production of centaury secondary metabolites.
An increased amount of secoiridoids and xanthones was detected in centaury plants
grown in nutrient media supplemented with different concentrations of sucrose [70].

Literature data considering secondary metabolites isolated from genetically
transformed centaury plants almost do not exist. It was noted that centaury roots
transformed using A. rhizogenes (strain A4M70GUS) produced only xanthones
[87]. Hairy roots of centaury plants retained the capacity for the production of
xanthone compounds while did not produce secoiridoids. Also hairy roots produced
greater amounts of xanthones than control roots grown in nature. Hairy roots
regenerated transgenic centaury plants contained both secoiridoids and xanthones.
In transgenic plants xanthone compounds detected a few times greater than in wild-
growing plants. On the other hand, genetic transformation of centaury using
A. rhizogenes (strain LBA9402) showed that hairy roots were also able to regenerate
adventitious shoots, further developed into plants [24]. It was determined that transgenic
centaury shoots produced a double amount of total secoiridoids compared to control
untransformed shoots. The highest accumulation of secoiridoids was detected in shoots
at the vegetative stage of 10-week-old transformed regenerants. It was also indicated
that transformed centaury plants could serve as valuable source of secoiridoids.

1.5 Methods of Transformation

Until today there are two reports considering genetic transformation of centaury
using A. rhizogenes and only one report of transformation using A. tumefaciens.

In vitro-grown centaury seedlings were inoculated with A. rhizogenes strain
A4M70GUS, harboring with GUS construct integrated into the TL region of
pRiA4 plasmid [15]. Hairy roots appeared 14 days after inoculation. Root tips
from hairy root culture were transferred to MS medium [89] and subcultured every
month. Adventitious shoots were initiated under these conditions. When regenerated
shoots were 2–3 mm long, they were excited and transferred to hormone-free MS
medium for the shoot elongation and root initiation.

An agropine-type strain of A. rhizogenes LBA 9402 with pRi 1855 plasmid was
used for the generation of centaury hairy roots [24]. Centaury explants were
wounded with sterile needle dipped into a bacterial culture. The infected explants
were incubated on hormone-free agar-solidified MS medium. Eight weeks after
transformation, root tips were transferred on a liquid medium. Adventitious centaury
buds, emerging from the hairy roots, were excised and further cultured on liquid or
solid MS medium supplemented with 0.1 mg l�1 IAA and 1.0 mg l�1 BAP.

Genes coding for two Arabidopsis CKX isoforms, AtCKX1 and AtCKX2, were
introduced separately into a binary cloning vector, immobilized into A. tumefaciens
strain GV3101 [88], and introduced into root explants of C. erythraea Rafn. as

214 M. Trifunović-Momčilov et al.



previously described [29]. Four AtCKX1 and AtCKX2 transgenic lines were selected
for further analyses. All selected AtCKX transgenic lines satisfied the two criteria.
The first one was unquestionable expression of AtCKX1 or AtCKX2 transgenes, in
shoots as well as in centaury roots, previously confirmed by qRT-PCR reactions. The
second criterion was significantly increased or at the control level CKX activity at
least, in both investigated plant organs [29]. All transgenic lines including control
plants grown in vitro were cultured for 4 weeks on a half-strength MS medium
(½MS, [90]) solidified with 0.7% agar and supplemented with 3% sucrose and
100 mg l�1 myo-inositol, without plant growth regulators. The shoots spontaneously
rooted after additional 3–4 weeks on the same medium. All in vitro-cultured plants
were grown at 25 � 2�C and at 16 h/8 h photoperiod (“Tesla” white fluorescent
lamps, 65 W, 4500 K; light flux of 47 μmols�1m�2).

1.6 Methods for Extraction and Quantification of Secondary
Metabolites

The air-dried and powered AtCKX transgenic and control C. erythraea 4-week-old
shoots and roots were extracted with methanol for 48 h at room temperature in the
dark. The ratio between the plant material and solvent was 1:20, w/v. Analyses were
carried out on an Agilent series 1100 HPLC instrument with a DAD detector and a
reverse phase Zorbax SB-C18 analytical column (150 � 4.6 mm, 5 μm). Mobile
phase consisted of 1% v/v solution of orthophosphoric acid in water (solvent A) and
acetonitrile (solvent B). The flow rate was 1 ml/min�1. Injection volume of sample
was 5 μl, and the gradient elution was as follows: 98–90% A, 0–5 min; 90–85% A,
5–10 min; 85% A, 10–13 min; 85–70% A, 13–15 min; 70–10% A, 15–20 min;
10% A, 20–22 min; and 10–0% A, 22–25 min. Detection wavelengths were set at
260 and 320 nm.

For quantification of swertiamarin and gentiopicrin, commercial standard manu-
facturers Cfm Oscar Tropitzsch (Germany) were used. The amounts of the
secoiridoids were calculated using external standard and calibration curves. All
analyses of secoiridoids in shoots as well as in centaury roots were repeated at
least two times. The results are presented as mg/g of dry sample weight.

The xanthones, eustomin and demethyleustomin, were isolated from aerial parts of
C. erythraea plants grown in nature. Their structures were confirmed by spectroscopic
techniques: UV, 1D and 2D NMR spectroscopy, and MS spectrometry. Quantification
was performed using HPLC, and the amounts of these compounds were calculated
using calibration curves. The results are presented as mg/g of dry weight (DW).

1.7 Methods for Culturing Colorectal Cancer Cell Lines

DLD1 cell line was purchased from the American Type Culture Collection (Rock-
ville, MD, USA). DLD1-TxR cells are multidrug resistant variant selected from
DLD1 cells after continuous exposure to stepwise increasing concentrations of PTX
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(60–600 nM) for a period of 10 months [90]. DLD1 and DLD1-TxR cells were
maintained in RPMI 1640 containing 10% FBS, 2 mm L-glutamine, 10,000 U/ml
penicillin, 10 mg/ml streptomycin, and 25 μg/ml amphotericin B solution. The cells
were maintained at 37 C in a humidified 5% CO2 atmosphere and subcultured at
72-h intervals using 0.25% trypsin/EDTA.

1.8 Methods for Detection of Chemosensitivity by SRB Assay

The effects of methanol extracts of control and transgenic AtCKX1-29 centaury line
grown in vitro as well as pure secoiridoids and xanthones were assessed by
sulforhodamine B test.

Cells grown in 25-cm2 tissue flasks were trypsinized, seeded into flat-bottomed
96-well tissue culture plates (1000 cell/well), and incubated overnight. Then,
the cells were treated 72 h with various concentrations of methanol extracts and
pure compounds. Sulforhodamine B (SRB) binds to the cell proteins enabling
detection of differences in cell viability between untreated and treated cells.
Briefly, the cells in 96-well plates were fixed in 50% trichloroacetic acid (50 μl/
well) for 1 h at 4 C, rinsed in tap water, and stained with 0.4% (w/v) SRB in 1%
acetic acid (50 μl/well) for 30 min at room temperature. The cells were then rinsed
three times in 1% acetic acid to remove the unbound stain. The protein-bound stain
was extracted with 200 μl 10 mm trisbase (pH 10.5) per well. The optical density
was read at 540 nm with correction at 670 nm in an LKB 5060-006 μ plate reader
(Vienna, Austria). IC50 values were defined as the concentration of the drug that
inhibited cell growth by 50% and calculated by linear regression analysis using
Excel software.

1.9 Statistical Analysis

All analyses of centaury secondary metabolites were repeated at least two times.
Statistical analyses were performed using StatGraphics software version 4.2 (STSC
Inc. and Statistical Graphics Corporation, 1985–1989, USA). The data were
subjected to analysis of variance (ANOVA), and comparisons between the mean
values were made using the least significant difference (LSD) test calculated at a
confidence level of p � 0.05. GraphPad Prism 6 software was employed for statis-
tical analysis of results obtained by SRB assay. Three independent experiments were
carried out. Kruskal–Wallis test for multiple comparisons was applied in order to
assess significant differences between untreated control and different concentrations
of extracts and compounds.
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2 Secondary Metabolites of AtCKX Transgenic Centaury
Plants and Anticancer Activity

2.1 Identification and Quantification of Secondary Metabolite
Using HPLC Method

The chromatograms of methanol extracts of control and AtCKX transgenic centaury
plants showed a similar peak profile (Fig. 6). The HPLC analyses confirmed the
presence of bitter secoiridoids (swertiamarin and gentiopicrin) and xanthones
(eustomin and demethyleustomin) as characteristic compounds for C. erythraea
species.

No qualitative differences were observed in secondary metabolites between
analyzed AtCKX transgenic centaury plants and control plants. It means that
AtCKX transgenic centaury plants grown in vitro produce secondary metabolite
characteristic for corresponding plant species grown in nature.

However, quantitative differences in secoiridoid content in centaury shoots and
roots were obvious. Secoiridoid swertiamarin was the dominant component in
centaury shoots from natural habitat, in shoots grown in vitro, and in all AtCKX
transgenic centaury shoots (Figs. 7a and 8a). Control centaury shoots collected from
nature and cultured in vitro showed no statistically significant differences in
swertiamarin content. It was observed that a lower content of swertiamarin was
detected in all analyzed AtCKX transgenic centaury lines, except line AtCKX1-5,
compared to the control shoots in vitro and shoots from nature. Transgenic line
AtCKX1-5 showed the highest production of swertiamarin (91.51 mg/g DW), com-
pared to the control shoots in vitro (64.77 mg/g DW) and control shoots from nature
(68.41 mg/g DW). In shoots of transgenic line AtCKX1-29, the production of
swertiamarin significantly decreased, and the content of this bitter glycoside reduced
to 1.34 mg/g DW. The content of secoiridoid gentiopicrin was twofold higher in
control shoots collected from the natural habitat compared to the control shoots
grown in vitro. It was also noticed that in shoots of two AtCKX1 lines, 31 and 39, and
two AtCKX2 lines, 17 and 31, the production of gentiopicrin was significantly higher
compared to the control shoots from nature. However, in the shoots of some
transgenic lines, such as AtCKX1-5 and AtCKX1-29, very low gentiopicrin content
was determined, while in the shoots of transgenic line AtCKX2-29, gentiopicrin was
detected only in traces.

It was interesting to note that in roots of control and all AtCKX transgenic
centaury lines, swertiamarin was not the dominant secoiridoid (Figs. 7b and 8b).
There was no significant difference in the amount of accumulated swertiamarin and
gentiopicrin in the control roots from the natural habitat, while control roots grown
in vitro produced two times more gentiopicrin compared to swertiamarin. Centaury
roots collected from nature accumulated more swertiamarin (9.47 mg/g DW) than
roots cultured in vitro (6.36 mg/g DW). On the other hand, all analyzed AtCKX
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transgenic centaury lines produced a decreased content of swertiamarin compared to
control roots grown in vitro. In the roots of only two transgenic centaury lines,
AtCKX1-5 and AtCKX2-31, swertiamarin was detected in traces. Gentiopicrin rep-
resent the dominant secoiridoid in the control roots grown in vitro (12.75 mg/g DW)
compared to the roots collected from the natural habitat (6.36 mg/g DW). However,
the roots of all AtCKX transgenic centaury lines produced a decreased content of
gentiopicrin compared to the roots from nature. In several centaury lines AtCKX1-5,
AtCKX2-17, and AtCKX2-31, gentiopicrin was detected only in traces.

It can be summarized that the highest amount of swertiamarin (higher than in both
control samples) was determined in shoots of only one transgenic centaury line
AtCKX1-5. An increased production of gentiopicrin was also detected in shoots. The
shoots of four transgenic centaury lines AtCKX1-31, AtCKX1-39, AtCKX2-17, and
AtCKX2-31 produced more gentiopicrin than both control samples. On the other
hand, it was noted that the amount of swertiamarin and gentiopicrin decreased in
roots of all analyzed AtCKX transgenic centaury lines compared to the roots col-
lected from the nature as well as the roots grown in vitro.

Quantitative differences in xanthone content in both shoots and roots were also
determined. The most significant difference was detected between xanthones from
control shoots and those grown in vitro (Figs. 9a and 10a). Eustomin content was two
times higher in control shoots grown in vitro compared to plants collected from natural

Fig. 7 Content of secoiridoids (swertiamarin and gentiopicrin) in shoots (a) and roots (b) of
4-week-old AtCKX1 transgenic Centaurium erythraea lines. Data represent the mean � standard
error. Means marked with the same letter are not significantly different from the control according to
LSD test ( p � 0.05)
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habitat. Importantly, the majority of shoots of the analyzed AtCKX transgenic lines
produced more eustomin than shoots from nature (0.6 mg/g DW) but less than the
control shoots in vitro (1.18 mg/g DW). Only one centaury transgenic line AtCKX1-29
contained more eustomin than control shoots grown in vitro (1.48 mg/g DW).
Considering demethyleustomin, the content of this xanthone in transgenic centaury
lines was higher compared to the control shoots from nature (0.24 mg/g DW). On the
other hand, shoots of AtCKX transgenic lines produced less demethyleustomin in
comparison with control shoots in vitro (1.3 mg/g DW). The shoots of only one
transgenic AtCKX1-29 centaury line produced significantly an increased amount of
demethyleustomin (1.47 mg/g DW) compared to both controls (Fig. 9a).

The production of xanthones was stimulated in control roots in vitro since the
eustomin content was about ten times higher (3.31 mg/g DW), and
demethyleustomin content was about three times higher (0.9 mg/g DW) (Figs. 9b
and 10b). The roots of most of the analyzed AtCKX transgenic centaury lines
produced an increased amount of both xanthones compared to control roots from
nature but a decreased amount to control roots in vitro. Significantly, increased
content of both xanthones compared to controls was determined only in roots of

Fig. 8 Content of secoiridoids (swertiamarin and gentiopicrin) in shoots (a) and roots (b) of
4-week-old AtCKX2 transgenic Centaurium erythraea lines. Data represent the mean � standard
error. Means marked with the same letter are not significantly different from the control according to
LSD test ( p � 0.05)
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AtCKX1-29 transgenic centaury line (eustomin content was 4.71 mg/g DW and
demethyleustomin content was 1.7 mg/g DW).

AtCKX transgenic centaury lines in both plant organs showed different xanthone
contents compared to non-transformed plants from natural habitat and in vitro
conditions. The eustomin and demethyleustomin content of certain lines varied
compared to the xanthone content obtained in most other transgenic lines. The
most increased xanthone content compared to both controls was detected only in
shoots and roots of AtCKX1-29 transgenic line.

2.2 Anticancer Activity

The shoot and root methanol extracts of control and selected transgenic centaury line
AtCKX1-29 were further tested for their capacity to inhibit the in vitro growth of two
human colorectal carcinoma cell lines (DLD1 and DLD1-TxR) by SRB assay
(Table 2). The results are expressed as concentrations of compounds that inhibited
cell growth by 50% (IC50). The greatest efficacy was obtained by shoot and root
methanol extracts of transgenic centaury line AtCKX1-29 in DLD1 cells.

Fig. 9 Content of xanthones (eustomin and demethyleustomin) in shoots (a) and roots (b) of
4-week-old AtCKX1 transgenic Centaurium erythraea lines. Data represent the mean � standard
error. Means marked with the same letter are not significantly different from the control according to
LSD test ( p � 0.05)
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Importantly, the shoot and root methanol extracts of in vitro transgenic line AtCKX1-
29 were significantly more potent than methanol extracts of in vitro control centaury
shoots and roots. Nevertheless, the inhibitory potential of applied centaury methanol
extracts was decreased in multidrug-resistant DLD1-TxR cell line in comparison
with its sensitive counterpart DLD1.

Next, the effect of pure secoiridoids (gentiopicrin and swertiamarin) and pure
xanthones (eustomin and demethyleustomin) in sensitive DLD1 and multidrug-
resistant DLD1-TxR cancer cell lines has been examined (Fig. 11). The growth of
DLD1 was inhibited in the presence of gentiopicrin, swertiamarin, and
demethyleustomin. Demethyleustomin significantly inhibited the growth of DLD1
cells with 50 μM. However, 50 μM either of secoiridoids or demethyleustomin was
not enough to inhibit the cell growth by 50%. Furthermore, the growth of multidrug-
resistant cancer cells DLD1-TxR was not suppressed by these compounds. Eustomin
showed the best inhibitory potential in both cell lines with concentration-dependent
effect. IC50 values for eustomin were 8 μM and 23 μM in DLD1 and DLD1-TxR
cells, respectively. Eustomin exerted significant efficacy on cell growth inhibition
with 25 μM and 50 μM.

Fig. 10 Content of xanthones (eustomin and demethyleustomin) in shoots (a) and roots (b) of
4-week-old AtCKX2 transgenic Centaurium erythraea lines. Data represent the mean � standard
error. Means marked with the same letter are not significantly different from the control according to
LSD test ( p � 0.05)
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Table 2 Anticancer effects of methanol extracts isolated from control and transgenic centaury line
AtCKX1-29 expressed by IC50 value (mg/ml)

Centaury methanol extracts

Control
centaury
shoots

Shoots of
transgenic
centaury line
AtCKX1-29

Control
centaury
roots

Roots of
transgenic
centaury line
AtCKX1-29

Sensitive DLD1
cancer cell lines

97.7 � 4.7 43.0 � 2.1a 90.3 � 7.3 41.7 � 5.9a

Multidrug resistant
DLD1-TxR cancer
cell lines

192.0 � 0.6b 175.3 � 1.4a, b 162.3 � 3.4b 104.3 � 11.3a, b

aStatistically significant difference in efficacy between control and transgenic centaury line
AtCKX1–29 ( p � 0.01)
bStatistically significant difference in sensitivity between DLD1 and DLD1-TxR ( p � 0.01)

Fig. 11 Cell growth inhibition effects of two centaury secoiridoids (gentiopicrin and swertiamarin)
and two xanthones (eustomin and demethyleustomin) in sensitive DLD1 (a) and multidrug-resistant
DLD1-TxR cancer cell lines (b). Data represent the mean � standard deviation. Means marked
with an asterisk differ significantly from untreated cells (0 μM) ( p � 0.05)
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3 Secondary Metabolite Production in Genetically
Transformed Centaury Plants

So far, there are no literature data considering genetic transformation of C. erythraea
using A. tumefaciens and consequently no data of transgenic centaury secondary
metabolites. Overexpression of AtCKX1 and AtCKX2 transgenes was successfully
confirmed in C. erythraea plants grown in vitro [29]. In addition, changes in
cytokinin content and altered cytokinin homeostasis in AtCKX1- and AtCKX2-
overexpressing centaury plants grown in vitro were investigated [91]. These results
provided very important and novel information about the influence of altered
endogenous cytokinin levels on the secondary metabolite production of AtCKX
transgenic centaury plants.

According to the presented results, genetic transformation of centaury using
AtCKX genes may influence secondary plant metabolism. Based on the HPLC
analyses of the centaury methanol extracts, the presence of bitter secoiridoids
(gentiopicrin and sweroside) and xanthones (eustomin and demethyleustomin) was
confirmed. Unlike roots, in all analyzed centaury shoots, both control and transgenic
AtCKX shoots, swertiamarin was the dominant secoiridoid. These results correspond
with previous reports only partially. Previous researches showed that in centaury
shoots and roots collected from nature secoiridoid swertiamarin dominated, but in
control centaury shoots and roots grown in vitro, gentiopicrin dominated, while
swertiamarin was detected only in traces [68, 69, 84, 85].

It is already known that genetic transformation could affect the production of
centaury secondary metabolites. Regarding secondary metabolites of genetically
transformed centaury plants, it has been shown that centaury roots transformed
with A. rhizogenes (strain A4M70GUS) produced only xanthones [87]. Other
authors showed that inoculation of centaury shoots with A. rhizogenes (strain
LBA9402) induced two times higher total secoiridoids production compared to
control untransformed shoots [24].

Since this work represents the first report about secondary metabolite production
of centaury transgenic AtCKX plants, these results are very valuable. Although
centaury shoots and roots produced the same secoiridoids, changes in their content
were noted. Centaury shoots from the natural habitat and shoots grown in vitro
showed no significant difference in the swertiamarin content. Almost in all AtCKX
transgenic centaury shoots, the reduced production of swertiamarin was detected
compared to the control shoots in vitro and shoots collected from nature. The content
of swertiamarin and gentiopicrin in control roots from nature was approximately
equal, while in control in vitro roots, the content of gentiopicrin was two times
higher than the content of swertiamarin. Also it was noticed that all analyzed AtCKX
transgenic roots produced a decreased swertiamarin content compared to control
roots from nature and roots grown in vitro. In certain transgenic lines, swertiamarin
was detected only in traces. The same ratio was obtained in the gentiopicrin content.
All AtCKX transgenic centaury roots produced less gentiopicrin compared to the
roots grown in vitro and roots originated from nature. In some transgenic lines,
gentiopicrin was also detected only in traces. Based on the content of centaury
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swertiamarin and gentiopicrin, it was concluded that in vitro culture conditions
influenced and reduced the production of gentiopicrin [85]. However, the results
presented here indicated that in vitro culture conditions stimulated the production of
gentiopicrin but only in centaury roots. Contrarily, increased gentiopicrin content
was detected only in centaury shoots grown in vitro compared to the shoots from the
natural habitat [84].

It was also observed that most of transgenic AtCKX shoots and roots contained
higher amounts of xanthones than control shoots from the natural habitat. However,
transgenic AtCKX shoots and roots produced less amount of xanthones compared to
controls grown in vitro. Only AtCKX1-29 transgenic line produced an increased
content of eustomin and demethyleustomin compared to both controls. It is interest-
ing to note that roots of this transgenic line showed an increased activity of cytokinin
oxidase/dehydrogenase, the only known catabolic enzyme that specifically catalyzes
cytokinin degradation in plant tissues. Also the shoots and roots of transgenic line
AtCKX1-29 showed the reduced levels of bioactive forms of cytokinins [91].

Centaury control shoots grown in vitro produced twofold higher eustomin and
fivefold higher demethyleustomin amount in comparison with the control shoots
originated from the natural habitat. The content of both eustomin and
demethyleustomin in control roots grown in vitro was increased threefold when
compared to control roots from nature. The obtained increase corresponds with a
previously reported enhancement of xanthone production in centaury in vitro com-
pared to the plants from natural habitat [70].

4 Conclusions

Based on the presented results, it can be said that the genetic transformation of
centaury with AtCKX genes influenced the secondary metabolism of this valuable
medicinal plant species. Considering secoiridoid content in transgenic AtCKX cen-
taury plants in vitro, it is very difficult to make a comprehensive conclusion. It was
shown that swertiamarin content in shoots of all centaury transgenic lines was
decreased compared to the shoots grown in vitro, which produced approximately
the equal swertiamarin content with centaury shoots from the natural habitat. On the
other hand, it is interesting to note that only in shoots of the majority of transgenic
centaury lines gentiopicrin production was stimulated. Obtained results also indi-
cated that in vitro culture conditions stimulated the production of both xanthones in
centaury shoots and roots. It is important to note that all centaury transgenic and
control plants in vitro were grown under the same temperature and light intensity
conditions. It is known that in vitro cultivation, although under controlled temper-
ature and light conditions, stimulates increased secondary metabolite accumulation
in response to abiotic stress. It can be also assumed that stress caused by genetic
transformation itself additionally affected metabolic changes, resulting in an
increased content of gentiopicrin and xanthones in AtCKX transgenic centaury
plants. In the metabolic pathway of iridoids, gentiopicrin originated from
swertiamarin, so an increased accumulation of gentiopicrin in AtCKX transgenic
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centaury shoots corresponds with the reduced swertiamarin content. Most likely, it
can be assumed that the possible increased activity of the enzyme converts
swertiamarin into gentiopicrin and affected on elevated gentiopicrin content. Impor-
tantly, some of AtCKX centaury transgenic lines produced increased levels of
eustomin and/or demethyleustomin content. The anticancer activity of transgenic
centaury line AtCKX1-29 methanol extracts was more potent than that observed with
methanol extracts of control plants. The increased inhibitory effect corresponded to
the higher content of eustomin (xanthone with considerable anticancer activity) in
transgenic centaury line AtCKX1-29 methanol extracts.

So far there are no literature data considering cytotoxicity of centaury methanol
extract and/or single secoiridoids or xanthones isolated from centaury. Notwithstand-
ing numerous pharmaceutical properties of centaury extract, the effect of centaury
xanthones on sensitive and resistant cancer cell lines has never been examined. The
results presented here are very valuable and certainly open new possibilities for further
investigations considering the secondary metabolite production in centaury. Thus, the
present investigation showed that some AtCKX transgenic centaury lines can be used
as an alternative source for isolation of valuable pharmacologically active compounds
without exploitation of the plants from their natural habitat.
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Abstract
Syzygium cumini (L.) Skeels (family Myrtaceae), commonly known as jambolão,
jambolan, or jamun, has been suggested as a potential source of bioactive
molecules against diabetes and associated cardiometabolic diseases. A wide
variety of secondary compounds, mainly, terpenes, and phenolic compounds,
such as phenolic acids, flavonoids, and tannins, are present in different parts of
this plant species. This chapter describes about the various pharmacological
properties of S. cumini, including antihyperglycemic, antihyperlipidemic, anti-
inflammatory, and antioxidant activities, which make it a very interesting species
for multitarget therapeutic purposes. Geographical distribution, botanical descrip-
tion, as well as potential of this plant species for in vitro culture have been
discussed. Review of literature shows that despite the recalcitrant nature of this
plant species, attempts have been made to standardize the protocol for its
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micropropagation. Although cells and tissues of S. cumini have capacity for
in vitro production of bioactive compounds, but basic studies for their mecha-
nisms of production as well as full understanding of biosynthesis pathways are
required to be known to exploit the potential of this plant species. Further research
towards employing novel elicitors, two-phase culture system, and metabolic
engineering may also help in improving the performance of S. cumini under
in vitro culture system.

Keywords
Antihyperglycemic • Anti-inflammatory • Antioxidant • Bioactive compounds •
Jamun • In vitro culture • Medicinal plant • Metabolic syndrome • Micropro-
pagation • Myrtaceae • Pharmacology
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1 Introduction

Myrtaceae is a monophyletic family from Myrtales order which comprises about
132 genera and over 5,600 species mainly composed of trees and shrubs [1]. In
Brazil, it comprises of about 24 genera and 927 identified species [2]. Syzygium
cumini (L.) Skeels, formerly classified as Eugenia jambolana Lam., is one of the
important plant species possessing highest pharmacological and economic potential.
This plant species has been proposed as a potential source of bioactive molecules
against diabetes and its associated cardiometabolic diseases [3–6]. S. cumini is native
from Indian subcontinent but widely distributed in tropical and subtropical areas
(Fig. 1), where it may be either categorized as an exotic [7] or naturalized [2] species.
It is popularly known as jamun or jambul in India, Indian black berry in England,
faux pistachier in France, black plum in the United States, jambolan in Spanish-
spoken countries, and jambolão in Brazil [8].

Seeds of S. cumini have been used for centuries by Indian Ayurvedic medicine
practitioners for diverse therapeutic purposes [9]. However, it was only during the
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nineteenth century that British traders imported it to Europe because of its unique
property to decrease urine sugar content in diabetic patients. The first morphological,
phytochemical, pharmacological, and clinical reports on the species and its
antidiabetic effect were published in the 1880s and readily attracted the attention
of scientific community. As a result the use of jambolan seeds had already been
included in the therapeutic and phytotherapeutic standard literature by the year 1990
[6]. Ever since, S. cumini became a worldwide cultivated medicinal plant. Currently,
most of the knowledge on the pharmacological properties of S. cumini has come
from experimental studies, with very limited data coming from clinical trials. On the
other hand, clinical trials demand large amounts of extracts or its isolated and
identified secondary metabolites, whose obtention would be considered extremely
laborious or ecologically unsustainable.

Biotechnological methods by employing plant cell, tissue, and organ culture tech-
niques offer an important alternative for micropropagation as well as in vitro production
of bioactive molecules of interest without harvesting the plants from nature [10–14]. In
S. cumini, micropropagation technique has been employed for mass multiplication. The
other advantage of using in vitro method is to obtain plants throughout the year without
any risk of disease. However, there are several problems associated with standardiza-
tion of protocol for in vitro establishment and culture of tree species like S. cumini. This
chapter will address the difficulties in raising in vitro cultures in S. cumini as well as
future challenges. The chapter commences with the short description of plant species,
followed by pharmacological properties and tissue culture potential.

2 Botany

S. cumini presents as trees ranging from 10 to 15 m high; evergreen, often twisted
trunk, branches (Fig. 2a). Leaves simple, opposite, shortly petiolate, as petiole
16–23 mm length; leaf blade from 5.5 to 13 cm length � 3.5–5.5 cm width, elliptic
or elliptic-lanceolate, apex acuminate, base attenuate, margin entire, prominent
midrib on the abaxial and furrowed face on the adaxial face, secondary veins
35–45, texture cartácea type, discolor (each side of the leaf exhibits a different
shade), venation pattern brochidodromous, numerous oleíferos channels present in
the form of translucent glands (Fig. 2c). Inflorescence in panicles or panicles of
cyme, 31–59 mm length, terminal, and extra-axillary lateral; bracteoles 0.5–0.6 mm
length � 0.3–0.4 mm width, elliptic, caducous before or after anthesis. Sessile
flowers; bisexual, actinomorphic, dichlamydeous, sepals with indistinct lobes, per-
sistent calyx tube; petals 4–5, measuring 2.5–3.5 mm length; stamens numerous, free
each other, whitish; ovary inferior, two-locular, plain, stiletto 5–5.5 mm length
(Fig. 2b). Drupaceous fruit, ellipsoid, 13–17 mm length � 7–8 mm width, plain,
varying between red and black (Fig. 2d). Seed ovoid, about 1.5 cm length (Fig. 2e).
Description is based on the following examined material: São Luís, Maranhão,
Brazil, Campus da UFMA, fl., E.B. Almeida Jr. & I.F. Amorim 1094, 11/IV/2014
(MAR 4574); Campus da UFMA, fl. fr., A. Kely & E.B. Almeida Jr. 01, 10/III/2014
(MAR 4694); Campus da UFMA, próximo ao prédio de anatomia, fl., E.B. Almeida
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Fig. 2 Botanical aspects of Syzygium cumini (L.) Skeels: (a) tree picture, (b) detail of flower and
stamens, (c) leaves, (d) fruit (color varying between red and black), (e) open fruit with detail for
seed (Figures adapted: a, b, Mercadante, 2016; c, Upcavage, 2016; d, e, Santos 2015)
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Jr. & A.N. Silva 1093, 11/IV/2014 (MAR 4573); and Campus Bacanga-CCBS, fl.,
D.N de. Melo 01, 09/V/2014 (MAR 7556) (Fig. 3).

3 Phytochemistry

S. cumini presents a wide variety of secondary metabolites thoroughly distributed on
its different parts, from roots to fruits, mainly consisting of terpenes and phenolic
compounds, such as phenolic acids, flavonoids, and tannins. Early assessment of its
phytochemical profile, performed in late nineteenth century, led authors to propose
jambulin, a yellow and unstable glucoside extracted from its seed, as responsible for
the already well-known glucose-lowering effects of jambolan. Half a century later,
Wastl and coworkers stated that no substance of glycosidic nature could be found in
the plant even though jambolan’s fame remained [6]. Table 1 summarizes the main
compounds already identified in different parts of S. cumini. The leaf contains high
levels of flavonoids, especially quercetin and myricetin derivatives, besides simple
phenols like ellagic acid, ferulic acid, and gallic acid. The leaf presents a terpene-rich
essential oil, which contains α-cadinol, pinocarvone, and pinocarveol. A number of

Fig. 3 Specimen of Syzygium
cumini (L.) Skeels: Specimen
recorded in Herbarium of
Maranhão (MAR)
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hydrolyzable tannins have also been identified in leaves, mainly consisting of galloyl
monosaccharides, which resulted from esterification of glucose by three to five gallic
acid units. Interestingly, it has been shown that the number of galloyl units determine
antioxidant capacity of galloylglucose isomers [15]. The flower and seed show
similar phytochemical profile, whereas there is some scarcity of flowers’ studies.
The seed particularly contains hydrolyzable tannins, terpenes, and phenolic acids.

Table 1 Phytochemical compounds identified in different parts of Syzygium cumini tree

Part Class Compounds References

Leaf Flavonoids Catechin, (epi)gallocatechin-(epi)gallocatechin-O-
gallate, kaempferol, myricetin, myricetin
deoxyhexoside, acetylated myricetin deoxyhexoside,
acetylated methylmyricetin deoxyhexoside,
myricetin 3-O-β-D-glucuronopyranoside, myricetin-
40-methyl ether 3-O-α-rhamnopyranoside, myricetrin
400-O-acetate, myricetrin 400-O-acetyl-2-O-gallate,
myricitrin, quercetin-3-O-α-rhamno_ pyranoside

[17, 18]

Phenolic
acids

Caffeic acid, chlorogenic acid, ellagic acid, ferulic
acid, gallic acid

[17, 19,
20]

Tannins Nilocitin, HHDP-glucose, pedunculagin I, casuarinin,
trigalloylglucose, tetragalloylglucose,
pentagalloylglucose

[17, 18]

Terpenes α-Pinene, α-cadinol, pinocarvone, pinocarveol,
α-terpineol, myrtenol, eucarvone, muurolol, myrtenal,
cineole, geranylacetone

[21, 22]

Seed Flavonoids Quercetin, rutin, 3,5,7,40-tetrahydroxy flavanone [23, 24]

Phenolic
acids

Caffeic acid, ellagic acid, ferulic acid, gallic acid [23]

Tannins Corilagin, 3,6-HHDP-glucose, 4,6-HHDP-glucose,
1-galloylglucose, 3-galloyl glucose

[23]

Terpenes α-Terpineol, β-pinene, β-terpinene, betulinic acid,
eugenol

[24, 25]

Fruit Flavonoids Myricetin, myricetin deoxyhexoside [26]

Phenolic
acids

Ellagic acid, gallic acid [26, 27]

Tannins HHDP-galloylglucose, trigalloylglucose [26]

Terpenes Citronellol, geraniol, hotrienol, nerol,
β-phenylethanol, phenylpropanal

[28]

Anthocyanins Cyanidin, delphinidin, petunidin [29]

Flower Flavonoids Kaempferol, myricetin, dihydromyricetin, myricetin-
3-L-arabinoside, isoquercetin, quercetin, quercetin-3-
D-galactoside

[30]

Phenolic
acids

Ellagic acid [31]

Terpenes Eugenol, oleanolic acid [16]

Bark Flavonoids Myricetin, quercetin, kaempferol [31]

Phenolic
acids

3,30-di-O-methyl ellagic acid, 3,30, 4-tri-O-methyl
ellagic acid, gallic acid

[16, 23]

Terpenes β-Sitosterol, friedelin, betulinic acid [16]
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The fruit is rich in anthocyanins such as cyanidin, delphinidin, and petunidin, which
give it a typical bright purple color. The stem and barks essentially contain the same
phenolic profile found in the leaves [3, 9, 16]. From all phytochemical classes
mentioned above, (poly)phenolic compounds are considered as the most prominent
compounds responsible for the pharmacological properties described in the next
sections.

4 Pharmacological Properties

Traditional practitioners of Indian Ayurveda medicine have applied S. cumini-based
remedies for countless illnesses over the centuries [9]. Its particular capacity to
decrease urine sugar content in diabetic patients has consistently impelled scientific
researchers to investigate its antidiabetic and metabolism-related properties since the
late nineteenth century, even before the discovery of insulin [6]. Ever since, a
number of in vitro, in vivo, and even clinical studies have validated multiple
pharmacological properties for jambolan, as described in the following sections.

4.1 Antihyperglycemic Activity

Blood glucose-lowering activity of S. cumini has been assessed with extracts
prepared from its different parts, although the spotlight has been mainly put on the
seed. Administration of ethanolic extract of seed kernel (100 mg/kg/day) for 30 days
to streptozotocin-induced diabetic rats decreased both glycemia and glycosuria
[32]. Similarly, flavonoid-rich extract of seed further restored peripheral glucose
tolerance in the same animal model, an effect ascribed to adipocytic activation of
peroxisome proliferator-activated receptors (PPAR) alpha and gamma [33, 34],
whose downstream pathways control fatty acid oxidation, adipocyte differentiation,
and insulin sensitivity (Fig. 4). Quercetin, a flavonoid importantly found in jambolan
seeds, has also been shown to improve adipocyte glucose uptake via PPAR gamma
upregulation [35]. On the other hand, glucose-lowering effect of seed and bark
extracts has also been attributed to direct stimulus of insulin release from pancreatic
beta cells of rats, a property further extended to leaf extracts [3, 36] (Fig. 4). Among
flavonoids found in S. cumini, quercetin and quercetin-3-rutinoside are able to
improve insulin release through stimulation of calcium influx [37, 38]. More
recently, Sanches and coworkers [18] demonstrated that a polyphenol-rich extract
from jambolan leaves improved metabolic status of monosodium L-glutamate-
induced obese rats by dual effect on peripheral insulin sensitivity and insulin release
modulation (Fig. 4). These effects were mainly ascribed to myricetin and its deriv-
atives, which have been shown to improve insulin signaling pathways in skeletal
muscles [39] and adipocytes [40], as well as to protect pancreatic beta cells from
cytokine-induced cell death [41].

Besides the aforementioned mechanisms, other insulin-dependent effects have
been shown for jambolan extracts. Methanol extract of leaf was seen to elevate
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mRNA expression of glucose transporter 4 and phosphatidylinositol-3 kinase,
important mediators of insulin actions on adipocytes and skeletal muscle [42]. More-
over, there are studies demonstrating that S. cumini increases hepatic and muscular
glycogen stores, as well as inhibits pancreatic alpha-amylase activity. As shown in
Table 1, S. cumini leaf contains (epi)gallocatechins, important proanthocyanidins
with inhibitory activity against alpha-amylase, a particularly interesting property for
diabetes treatment [43]. Both properties directly impact carbohydrate metabolism
and further support the use of this plant species for diabetes control.

4.2 Antihyperlipidemic Activity

Although less extensive than antidiabetic, studies on antilipidemic properties of
S. cumini have demonstrated that flavonoid-rich extract of its seeds reduces blood
levels of total cholesterol, LDL cholesterol, and triglycerides while increasing HDL

Fig. 4 Main pharmacological activities of Syzygium cumini. Extracts prepared from different parts
of S. cumini have been shown to contain compounds with antihyperglycemic, antihyperlipidemic,
anti-inflammatory, and antioxidant activities. Abbreviations: SOD superoxide dismutase, CAT
catalase, ox LDL oxidized LDL,HMG-CoA reductase 3-hydroxy-3-methyl-glutaryl-CoA reductase,
MTP microsomal triglyceride transfer protein, GLUT4 glucose transporter 4, IL-5 interleukin-5,
TNF-α tumor necrosis factor-alpha, PGE2 prostaglandin E2, PPAR peroxisome proliferator-
activated receptors
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cholesterol levels [33]. Flavonoids have acknowledged hypolipemiant activity
mainly achieved by inhibition of 3-hydroxy-3-methyl-glutaryl-CoA (HMG-CoA)
reductase, a key enzyme on cholesterol biosynthesis [44] (Fig. 4). Such ability to
decrease serum lipoprotein levels also gives jambolan a cardioprotective-associated
activity. In fact, α-hydroxy succinamic acid, a compound isolated from S. cumini
fruit pulp aqueous extract, was able to improve endothelial dysfunction markers, like
oxidized LDL, as a consequence of lowering serum lipoproteins and triglyceride
levels associated to anti-inflammatory effects [45]. Moreover, pancreatic lipase
inhibition has been considered the mechanism by which S. cumini extracts decrease
gut absorption of triglycerides [46]. Our research group has been interested on the
effects of polyphenol-rich extract of jambolan’s leaves on triglyceride metabolism.
Unpublished data shows that this extract restores normal blood triglyceride levels by
inhibiting both expression and activity of the hepatic isoform of microsomal triglyc-
eride transfer protein (MTP), which is responsible for very low density lipoprotein
(VLDL) particle assembly and exportation into the bloodstream (Fig. 4).

4.3 Anti-inflammatory Activity

Assessment of anti-inflammatory properties of S. cumini has demonstrated
antiedematogenic effects promoted by its different parts. Methanol and ethyl acetate
extracts of leaf, as well as ethanolic extract of bark, reduced edema volume in both
acute [47, 48] and chronic [49] inflammatory animal models. These effects have
been attributed to inhibition of leukocyte migration consequent to lower production
of secondary mediators like prostaglandin E2, serotonin, and histamine. Further-
more, S. cumini has also proven to be effective against allergies [50] and lethal sepsis
[51] through modulation of inflammatory versus anti-inflammatory cytokine pro-
duction, such as interleukin-5 and tumor necrosis factor-alpha (Fig. 4).

4.4 Antimicrobial Activity

Hydroethanolic extract of S. cumini leaf has been shown to be active against
Candida krusei and multiresistant bacteria like Pseudomonas aeruginosa, Klebsiella
pneumoniae, and Staphylococcus aureus. Besides leaves, aqueous and methanolic
extracts of seed have also been shown to be effective against Gram-positive (Bacillus
subtilis and Staphylococcus aureus) and Gram-negative (Salmonella typhimurium,
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Escherichia coli) bacteria, as
well as fungi, which include Candida albicans, Aspergillus flavus, Aspergillus
fumigatus, and Aspergillus niger [52]. Such antimicrobial activity has been ascribed
to tannins and other phenolic compounds present in the extracts [53].
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4.5 Antioxidant and Antigenotoxic Activities

Antioxidant capacity of S. cumini has been vastly assessed in both in vitro and
in vivo studies, which have given it a role of prominent source of cardiometabolic
bioactive compounds [3]. Considering in vitro studies, methanol extract of S. cumini
leaf and branch has been shown to scavenge OH• and DPPH•�radicals and decrease
Fe3+ reduction in the FRAP assay in straight correlation with the high content of
polyphenols and flavonoids present in the extract [54]. Similarly, antioxidant activity
of ethyl acetate fraction prepared from methanolic extract of S. cumini leaf was also
correlated with its polyphenolic composition, especially to ferulic acid and catechins
present in the extract [19]. Finally, ethanolic extracts of fruit and seed, at different
concentrations, showed strong antioxidant activity assessed by mean of distinct
assays, such as ABTS•+, DPPH•, FRAP, and ORAC [55]. Noteworthy, ABTS•+

method has been shown to correlate with other antioxidant assays that simulate
physiological radical reactions, reinforcing the potential activity of polyphenols and
flavonoids contained in S. cumini [56].

In vivo studies have further reinforced the abovementioned findings. Pretreatment
of jambolan extracts was found to increase the activity of antioxidant enzymes such
as superoxide dismutase and catalase in animals challenged with oxidative stressors
like urethane, 7,12-dimethylbenzanthracene [57], or cyclophosphamide [58]
(Fig. 4). Additionally, these treatments also reduced oxidative chromosomal dam-
age, which enable S. cumini extract for antigenotoxic purposes, an activity further
supported by findings that seed extract was showed to be effective against implan-
tation and proliferation of benzopyrene-induced gastric carcinomas [59]. Notewor-
thy, the plethoric polyphenolic composition of S. cumini is thought to underlie not
only its antioxidant capacity but virtually all the pharmacological properties herein
discussed, which makes it a very interesting species for multitarget therapeutic
purposes.

5 Tissue Culture

The importance of tissue culture approach for the propagation and tree improvement
in woody plant species has already been known and described well in literature [60,
61]. It is generally not easy to culture the explants derived from mature trees due to
number of factors including recalcitrant nature, microbial contamination, phenolic
exudation, limitation of episodic growth patterns, vitrification, and difficulty in root
induction [62, 63]. There are not many reports of in vitro studies in S. cumini
probably because of abovementioned problems in this woody plant species. How-
ever, attempts have been made by several researchers to propagate S. cumini under
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in vitro conditions for mass multiplication and to obtain plants at any time of the year
without the risk of disease. In 1990, Yadav and his coworkers described the
procedure for in vitro propagation from seedling-derived explants in S. cumini
[64]. Due to difficulty in surface sterilization of explants from field-grown trees,
in vitro raised seedlings were used for the micropropagation and regeneration studies
[64–66]. Different explants, viz., epicotyl, nodal segments, shoot tips, zygotic
embryos, leaves, and roots, have been reported to be used for in vitro studies of
this plant species (Table 2) [65, 67]. In vitro propagation depends on the physiolog-
ical state of explants as nodal explants were found to be more responsive than shoot
tips [64]. Jain and Babber [65] reported the recurrent production (an average of 8.6
shoots/explant) of S. cumini from epicotyl segments bearing scaly leaves (nodes)
cultured on Murashige and Skoog (MS) [68] medium supplemented with
6-benzylaminopurine (BAP; 4.4 μM). To see the development of strong root system,
three different auxins, viz., α-naphthaleneacetic acid (NAA), indole-3-acetic acid
(IAA), and indole-3-butyric acid (IBA), at 0.2–1 mg/l concentration were added to
Knop’s medium with 2% sucrose. The best rhizogenic response was seen on medium
fortified with 1 mg/l IAA [67]. The rooted plantlets have been reported to transfer to
soil and then to fields after an acclimatization of 7–8 months. The plants were found
to thrive well for more than 3 years without any apparent phenotypic aberrations.
The authors reported the development of an efficient protocol to raise plants of
S. cumini at any time of the year.

Later in 2003, Jain and Babbar [67] tried to develop a protocol for in vitro
regeneration of plants from explants derived from mature trees of S. cumini with
the aim that for micropropagation, it is preferable to use explants from mature plants
where superior characteristics are evident. Nodal explants from mature trees of
S. cumini cultured on BAP (1 mg/l)-supplemented medium induced only the green-
ing and opening of incipient shoot buds, but for further elongation and normal
development of these buds, an additional supply of reduced nitrogen was required
which was not required in case of explants taken from in vitro grown seedlings
[67]. Therefore, MS medium supplemented with BAP (1 mg/l), casein hydrolysate
(1.5 g/l), or glutamine (200 mg/l) was devised for shoot initiation and multiplication
from ex vitro plants of S. cumini. For rooting, these in vitro shoots were transferred
to Knop’s medium containing NAA (2 mg/l).

Different cytokines, viz., 6-benzylaminopurine, kinetin, thidiazuron (TDZ), and
2-iP, have been tried either alone or in combination with an auxin NAA for optimum
shoot multiplication of this plant species. BAP (7.5 shoots per node after 6 weeks of
culture) was reported to be the most suitable cytokine followed by Kn and 2-iP for
the shoot multiplication from axillary buds in this plant species [69]. The best
rooting was reported on half-strength MS medium with NAA (0.5 μM) [69].

There are reports on indirect shoot regeneration and somatic embryos from callus in
S. cumini [70, 71] (Iyer and Gopinath 2000; Yadav et al. 2014). Callus obtained from
seedling explants produced shoot buds onMSmediumwith BAP (0.5–2.0 mg/l) singly
or in combination with NAA (0.05–0.2 mg/l). About 85% of shoot buds were reported
to form shoots and subsequently roots on medium containing BAP (1 mg/l) + NAA
(0.05 mg/l) and IBA (1 mg/l) or NAA (1 mg/l) [70].
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In another report by Iyer and Gopinath [71], immature zygotic embryos were
cultured on MS medium containing 3% sucrose and activated charcoal (0.25%) to
obtain plantlets. Activated charcoal has been reported to use in in vitro studies of many
plant species due to absorption of phenolic exudation and soil-like properties, which
help in growth enhancement. Shoots when placed vertically on medium with enhanced
concentration of sucrose (7%) and IBA (4 mg/l) were reported to form roots. On the
other hand, callus was formed from shoots when placed horizontally on medium with
3% sucrose, 2,4-D (5 mgl), NAA (1 mg/l), and coconut milk (15%). Indirect somatic
embryogenesis was obtained upon transfer of callus to mediumwith high concentration
of sucrose (10%) and replacing the auxins 2,4-D and NAAwith IBA (4 mg/l) [71].

The agar is the most frequently used gelling agent in tissue culture media due to
its inertness, stability, and nontoxicity. However, the use of isabgol (the husk derived
from the seeds of Plantago ovata) as a gelling agent has also been described for seed
germination as well as shoot and root formation [72]. The efficiency and response of
S. cumini cultures were compared with media gelled with agar or isabgol. The seeds
cultured on agar or isabgol media showed the initiation of germination after 3 weeks
of inoculation and growth, morphology, and the percentage of shoot as well as root
formation were found to be almost similar without any significant difference in both
the media [72].

6 Genetic Transformation Studies in S. cumini and Related
Species of the Family Myrtaceae

Genetic transformation is an important advancement in biotechnology for intro-
ducing a gene of interest especially to tree and woody plant species without
disturbing its genetic global organization. In family Myrtaceae, there are examples
of genetic transformation studies in economically important plant species includ-
ing Eucalyptus tereticornis Sm., Eucalyptus camaldulensis Dehnh, Psidium
guajava L., and Verticordia grandis J.L. Drumm [74–77]. Eucalyptus tereticornis
Sm. is one among the economically important plant species, mainly used for
raising plantations due to its use as fuel wood and raw material for paper pulp.
Precultured cotyledons and hypocotyls of this plant species were co-cultured with
A. tumefaciens strain LBA 4404 harboring the binary vector pBI121 (containing
uid A and npt II genes) to obtain transformed plants upon direct regeneration.
Transgenic nature of plants was confirmed by polymerase chain reaction and
southern hybridization [74]. In another report by Aggarwal et al. [75], a procedure
for A. tumefaciens mediated T-DNA delivery into the tissues taken from selected
E. tereticornis elite clones, and subsequent regeneration of transformed shoots has
been developed, with the aim to introduce the useful properties in this commer-
cially important tree species. Similarly agrobalistic method has been used for
genetic transformation in E. camaldulensis Dehnh [78]. Stummer et al. [77]
described a system for transformation and regeneration of transgenic V. grandis
J.L. Drumm by using A. rhizogenes. In S. cumini, however, there are no reports on
genetic transformation studies.
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7 Conclusions

Literature studies show that S. cumini is an important multipurpose medicinal plant
species possessing various pharmacological properties. These properties are attrib-
uted to the presence of various bioactive molecules. Despite therapeutic potential for
a number of diseases, there is lack of research in understanding the mechanisms
involved, clinical trials. There are scanty reports on establishment of micropro-
pagation protocols due to recalcitrant nature of this tree species. However, in vitro
studies depict that this plant species has potential for in vitro production of bioactive
compounds of interest, but lack of fundamental research and poor understanding of
biosynthesis pathways involved impede the genetic manipulation strategies. Further
studies are required to be focused on proper understanding of pathways involved in
bioactive compounds of interest. An increase in production of compounds of interest
using cell culture technique would be helpful in obtaining compounds of interest in
an eco-friendly way. The strategies like elicitation, two-phase culture system, immo-
bilization, and metabolic engineering may help in bringing this medicinal plant
species as one of the promising sources of herbal product to prevent several diseases.
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Part II

Hairy Roots and Secondary Metabolism



Secondary Products from Plant Cell
Cultures: Early Experiences with
Agrobacterium rhizogenes-Transformed
Hairy Roots
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Abstract
The enormous range of secondary metabolites produced within the plant kingdom
includes many of scientific and commercial interest. There are frequently prob-
lems associated both with the study of secondary product biosynthesis in planta,
and the reliability of agricultural systems for the production of commercially
valuable products. In recent decades there has thus been an interest in developing
in vitro cell culture systems that produce high levels of selected secondary
metabolites. While callus and cell suspension cultures have been widely devel-
oped, their secondary metabolite productive capacities can be rather low and
unpredictable. A major step forward came with the development of organ cul-
tures, particularly the so-called hairy roots produced by transformation of plants
with the bacterium Agrobacterium rhizogenes. The group at the Institute of Food
Research, Norwich, was one of the first to exploit the technology, and this article
describes their experiences with hairy roots and illustrates the range of
approaches that can be taken to maximize their potential. In particular, because
hairy root formation already involves a genetic transfer, they are especially good
systems in which to study the effects of transgenesis. While some of the tech-
niques described have now been extensively exploited, others have still not
reached their full potential, and hopefully this article might serve to throw some
light on possible future developments.
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1 Introduction

The production of large numbers of bioactive secondary metabolites by plants has
long been of interest to man. Commercially, trade in herbs, spices, pigments, and
fragrances which owe their utility to their secondary metabolite content has
existed for millennia. More recently, there has also been growing interest in the
science of secondary metabolite production. Understanding secondary product
formation at both the biochemical and genetic levels thus gives insights into not
only the metabolic pathways involved but also their control [1–3] and evolution
[2, 4, 5].

Given the interest in secondary metabolites, there has been a growing movement
over recent decades to develop in vitro production systems. Such systems mean that,
from a scientific perspective, secondary metabolism can be more easily studied and
manipulated, and from a commercial perspective, production can be freed from some
of the geographical and political constrains that operate “in the field.”

One of the first developments in the in vitro study of secondary metabolism was
the establishment of cell culture systems, either callus material growing on a solid
substrate in the presence of added phytohormones [6] or small cell aggregates (and
more rarely free cells) growing in liquid suspension [7]. Such systems do, however,
have a number of fundamental problems. Expression of the relevant biosynthetic
pathway, if it occurs at all, is thus frequently rather variable and unpredictable [8, 9],
and cell cultures are often phenotypically and genetically unstable [9–11]. Much
work has gone on to exert some sort of empirical control over these problems – e.g.
manipulation of nutrient and hormonal conditions to stimulate metabolite biosyn-
thesis [12] and the application of elicitors to induce the production of metabolites
that serve as phytoalexins [9, 12, 13]. Cell culture systems have thus now found a
wide range of applications in modern-day science and biotechnology, but underlying
problems are potentially never far away.
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2 Hairy Root Systems

A significant development in the study and exploitation of secondary metabolism
in vitro came with the development of organ cultures, most notably “hairy” root
cultures produced by infection of plant tissues with the bacterium Agrobacterium
rhizogenes [14–16]. In this process the bacterium, which carries a large root-
inducing Ri-plasmid, interacts with host cells, and sections of plasmid DNA, the
T-DNA, are then transferred to the host and integrated into its genome. By a complex
process that is still incompletely understood, but which likely involves altered
phytohormone production and changes in hormone perception [17], infected cells
subsequently develop into roots (often with prominent root hairs, hence the term
“hairy roots”). These can then be excised and grown indefinitely in vitro using a
culture medium based simply on sucrose and mineral salts. Such hairy roots fre-
quently possess many lateral branches and can thus grow and produce biomass at
high rates. More importantly, they have been shown to stably express the general
biosynthetic capacities characteristic of roots from the parent plants [15, 18]. This is
seemingly true across a wide range of plant families and potentially in general,
though in recent years some subtle differences have been reported [e.g., 19, 20],
perhaps as a result of developmental effects or as biochemical consequences of the
introduced T-DNA [20]. Hairy root systems thus offer a number of very considerable
advantages for the study and exploitation of plant secondary metabolism. From a
practical point of view, it should however be noted that the induction of hairy roots in
certain genera is not always facile and indeed doesn’t readily occur with monocots,
though there are reports of success with Zea mays [21] and a few other species.
Clearly hairy root systems are also only useful tools for the study of secondary
products that are made in roots, but the number of such metabolites has been found
to be rather greater than originally anticipated from early phytochemical work.
Within intact plants, certain products may thus actually be synthesized in roots but
be transported and stored elsewhere.

Many examples of detailed fundamental biochemical work on secondary metab-
olite biosynthesis in hairy roots now exist. Robins et al. [22], for instance, studied
(i) the levels of enzyme activities present, (ii) the pool sizes of metabolic interme-
diates and end products, and (iii) the effects of feeding metabolic intermediates, in
order to understand what limits flux into tropane alkaloids in root cultures of a
Datura candida x D. aurea hybrid. They identified levels of ODC activity and the
supply of activated acids for condensation with tropine as potentially rate-limiting
steps [22]. A few years later, Robins et al. [23] fed 13C-labeled tropane alkaloid
precursors to transformed roots of Datura stramonium and looked at incorporation
of label into alkaloids using NMR. In this way they were able to deduce the likely
mechanism by which littorine, a putative intermediate in the pathway, rearranges to
hyoscyamine, one of the major end products in tropane alkaloid biosynthesis. In
recent years, the use of hairy root systems for fundamental biochemical work has
become even more widespread [e.g., 24], as has their use in genetic approaches to
understand biosynthetic pathways.
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From a more biotechnological point of view (Table 1), the biosynthetic capacity
of hairy roots has now also been exploited by a large number of workers for the bulk
production of secondary products. This can be achieved by growing roots in
appropriate culture vessels and either harvesting the roots after maximal biomass/
metabolite content has been reached, or else continuously extracting products from
the growth medium, should they be found to be excreted [25]. Because in planta the
root plays a major role in conditioning the rhizosphere and controlling allelopathic or
symbiotic interactions with other organisms, a considerable range of metabolites are
indeed excreted by roots. Although on a laboratory scale, culture vessels are
typically no more than Erlenmeyer flasks, scale up can be achieved and quasi-
industrial scale vessels are possible. Quite early in the development of hairy root
technology, the group in Norwich thus described the operation of a 500 l fermenter
for trial studies with hairy roots of Datura stramonium [26], allowing the production
of 40 kg (fresh weight) of tropane alkaloid-containing roots per run. More recent
developments with fermenters, though rarely on such a large scale, are described by
Ruffoni et al. [27].

In many ways the stability of hairy root cultures offers considerable practical
advantages, but there is a potential downside in that levels of metabolite produc-
tion are, to a large extent, predetermined. A low-producing plant will thus give
low-producing hairy roots after transformation. Should levels of secondary
metabolite production be insufficient for one’s needs, some strategies do however

Table 1 Examples of species used for the production of hairy roots during early work at IFR,
Norwich, with typical secondary metabolites investigated either then or later

Species Metabolite Reference

Nicotiana rustica Pyridine alkaloids, e.g., nicotine [14]

N. umbratica [11]

N. africana [11]

N. hesperis [28]

Datura stramonium Tropane alkaloids, e.g., hyoscyamine [29–31]

D. ferox Tropane alkaloids, e.g., hyoscyamine [29]

D. inoxia Tropane alkaloids, e.g., hyoscyamine [29]

D. wrightii Tropane alkaloids, e.g., hyoscyamine [29]

D. fastuosa Tropane alkaloids, e.g., hyoscyamine [29]

D. quercifolia Tropane alkaloids, e.g., hyoscyamine [29]

D. sanguinea Tropane alkaloids, e.g., hyoscyamine [29]

Hyoscyamus albus Tropane alkaloids, e.g., hyoscyamine [29]

H. desertorum Tropane alkaloids, e.g., hyoscyamine [29]

H. muticus Tropane alkaloids, e.g., hyoscyamine [29]

Scopolia stramonifolia Tropane alkaloids, e.g., hyoscyamine [29]

Nicandra physaloides Hygrine [32]

Beta vulgaris Betacyanins, phenylpropanoids [14, 33]

Catharanthus roseus Indole alkaloids, e.g., ajmalicine [34]

Cinchona ledgeriana [11]

Phaseolus vulgaris [11]
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exist for improving productivity. At their simplest, these involve searching for
higher-producing parent plants. One example from early work at the Institute of
Food Research involved the screening of 1000+ individual plants within the
genera Datura, Scopolia, and Hyoscyamus, which allowed parent material
possessing a range of potentially interesting traits in tropane alkaloid biosynthesis
to be identified [29]. Many of the techniques of media manipulation that have
been applied to cell cultures can, in addition, also be applied to hairy roots. The
production of sesquiterpenoid phytoalexins could thus be induced in roots of
Datura stramonium by the application of abiotic elicitors [30]. Another potential
approach to improving the productivity of hairy roots is to combine the techniques
of cell and organ culture more directly. Furze et al. [35] were able to produce
suspension cultures from hairy roots of Nicotiana rustica by treatment with
exogenous phytohormones. Protoplasts were then isolated and used as a source
of single-cell-derived callus lines where a degree of genetic and epigenetic
variability had ensued. At this point, hormones were removed and fully organized
hairy roots allowed to reform as the calli grew on. Although individual
regenerated roots appeared to have regained their stability, clear differences in
the behavior of lines produced from different roots were now apparent [35], in
contrast to the predictability of the parent root material. Some lines indeed showed
improved alkaloid production characteristics (e.g., total levels of nicotine, and/or
the proportion released into the culture medium) compared to the parent
material [35].

3 Hairy Roots and Biotransformation

Early work on hairy roots concentrated initially on simply generating cultures
producing useful levels of secondary metabolites, be they model compounds of
scientific importance or specific metabolites of direct commercial relevance. Another
approach to exploiting the roots’ biosynthetic capacities is however possible –
namely, their use in biotransformation. Selected metabolites are thus added to the
culture medium, and the roots are used essentially as a biocatalyst to convert these
compounds into others. The nature of the reactions that occur need to be determined
analytically, which is in itself frequently of considerable scientific interest. Many
biotransformations carried out by roots are typical xenobiotic detoxification pro-
cesses (though of course they are frequently easier to carry out and to study than the
equivalent reactions occurring in planta). Reactions such as hydroxylation and
glycosylation are thus frequent [36, 37]. If the fed metabolites are, however, close
in structure to metabolic intermediates found within the roots, then provided there is
a degree of plasticity in the substrate specificity of the enzymes involved, they can be
more extensively metabolized by the endogenous secondary metabolite biosynthetic
pathways. At the Institute of Food Research, Boswell et al. thus fed N-ethyl
putrescine to transformed root cultures of Nicotiana rustica and showed the exten-
sive formation of N-ethyl nornicotine – the higher homologue of nicotine
[38]. N-modified versions of hygrine and tropane alkaloids could similarly be
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produced by feeding appropriate substrate analogues to Brugmansia (=Datura)
hairy roots [39]. The differing levels of incorporation of various analogues into the
different alkaloids present also gave considerable insight into the substrate specific-
ities of many of the enzymes involved in the biosynthetic pathways [39].

4 Hairy Roots and Transgenesis

Since the formation of hairy roots by necessity involves a genetic transfer, such
cultures are also excellent systems for targeted genetic modification of secondary
metabolite biosynthesis. This can be achieved either by inserting genes of interest
into the T-DNA of the Ri-plasmid of the A. rhizogenes strain used for inducing hairy
roots or, more conveniently, by introducing a second plasmid carrying the desired
genes in mobilizable form into A. rhizogenes alongside the Ri-plasmid itself, using a
binary strategy [40].

One approach to the use of genetic modification for manipulating secondary
metabolite production is to modify the overall flux through preexisting pathways.
This may involve either targeted upregulation or downregulation of specific
routes. Fundamentally, the upregulation route is perhaps the easiest and can
most simply be achieved by insertion and expression of genes related to rate-
limiting steps within the relevant biosynthetic pathway. Prior biochemical work to
identify such flux-controlling enzymatic steps is thus useful, though to some
extent a trial-and-error approach is not without merit, as it may potentially
generate information on flux control within the relevant biosynthetic pathways
even if end-product overaccumulation is not achieved. The introduced genes can
be either additional copies of host genes, orthologs from other species, or func-
tionally equivalent genes from other pathways. “Foreign” genes need not neces-
sarily come from a closely related species. Indeed the overexpression of genes of
yeast or bacterial origin may sometimes offer technical advantages as well as
potentially allowing the expression of enzymes with different control mechanisms
(e.g., feedback control) to those normally operating in planta and thus perhaps
producing stronger effects.

One of the first demonstrations of the potential for upregulation of pathways in
hairy roots came from Hamill et al. [41]. Here, hairy roots of Nicotiana rustica were
produced that also expressed a yeast (Saccharomyces cerevisiae) gene for ornithine
decarboxylase (ODC), the key enzyme in the production of putrescine. Putrescine is
the precursor of the characteristic tobacco pyridine alkaloids such as nicotine and
nornicotine, and by potentially increasing substrate supply, Hamill et al. [41] hoped
to increase alkaloid levels within the hairy roots. This they achieved quite readily,
though concentrations of nicotine were generally only twice that of control roots
produced by infection of the same parent plants with A. rhizogenes carrying a
biosynthetically neutral gene. This was so despite a very strong promoter (the
Cauliflower Mosaic Virus CaMV 35S promoter with an upstream duplicated
enhancer sequence [42]) being used to drive expression of the introduced ODC
gene. Analysis of enzyme activities in root lines showed only a relatively modest
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increase in peak ODC activity following introduction of the yeast gene, though
activity was maintained at proportionally higher levels later in the growth cycle,
when activity from the endogenous Nicotiana ornithine decarboxylase decreased
sharply. Levels of OCD enzyme activity also did not always correlate closely with
the increased nicotine levels produced. These facts illustrate two of the potential
problems with genetic manipulation of biosynthetic pathways. Firstly, it is possible
that either, or both, the expression of the introduced gene or its enzymatic activity
may be subject to strong control within the plant, so that additional copies of a gene
do not necessarily feed through into an equivalent increased enzyme activity. This
issue is perhaps less important in the final stages of biosynthesis of secondary
metabolites, which have little physiological impact on the plant. In the case
discussed above, putrescine, in addition to being the precursor for nicotine, is
however also the precursor for spermidine and spermine. These polyamines, along
with putrescine itself, have important functions in plants [43], so it is perhaps
unsurprising that the formation of putrescine seems to be strongly controlled in
hairy roots. Secondly, as mentioned above, the rate-limiting steps in secondary
metabolic pathways need to be taken into account. Primary substrate supply is
often likely to have at least some input into product generation, but there may
come a stage when increasing the activity of one key step simply shifts flux
limitation elsewhere. Moreover the physical or enzymatic compartmentation of
biosynthesis also needs to be born in mind. It is unlikely that the overexpression
of a gene leading to, for instance, increased enzyme activity within the cytoplasm
will have an effective action on biosynthesis that takes place within organelles. In the
case of the biosynthesis of nicotine, it is also theoretically possible that the putrescine
that acts as a precursor is derived from arginine, via arginine decarboxylase (ADC),
and not from ornithine via ODC. Effects of overexpressing ODC might thus be due
to a “bleed-through” into an ADC-dependent pathway perhaps involving multien-
zyme complexes, which could quite easily limit the effectiveness of any manipula-
tion. Recent research by DeBoer et al. [44] in transformed roots of N. tabacum has
provided evidence that this ADC route is, in fact, not very likely, but the concept still
remains as a salutary warning.

Given that initial efforts to genetically manipulate biosynthetic pathways may be
only partially successful, even if very strong promoters are used and lines derived
from the most favorable transformation events are selected, various techniques can
be used to increase the observed effects. On an empirical level, because hairy roots
share several features with in vitro cell cultures, one way to try and maximize the
effects of transgenesis would be simply to manipulate culture conditions, as, for
example, has been done by Singh et al. [45] who looked at phenylpropanoid
production in lines of Beta vulgaris carrying a gene which affected p-
hydroxycinnamoyl-CoA metabolism. More fundamentally, it may also be worth
investigating the manipulation of other steps in the biosynthetic pathway, which
may show greater flux control. It may also be far more effective to try and influence
the expression not so much of a single biosynthetic gene but rather of a regulatory
gene such as one of the MYB family [46] which may then go on to influence the
expression of the desired biosynthetic pathway as a whole. Much work has been
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done, in particular, on the genetic regulation of flavonoid biosynthesis, and this is
just starting to be applied to hairy roots [47].

Another approach to genetic modification of secondary product production in
hairy root cultures involves downregulation of biosynthetic routes. Even this “neg-
ative” regulation could be useful in increasing the production of certain compounds,
by acting to reduce the flow of carbon away from products of interest. A number of
genetic techniques for producing downregulation have been described over recent
decades, with RNA-mediated interference, or RNAi, now typically being the most
convenient option [48]. Over recent years there have been many examples of the use
of downregulation in hairy roots to identify potential physiological functions of
secondary metabolites [e.g., 49], and to examine flux control in pathways [e.g., 50],
but as yet rather few more practical applications toward controlling the production of
specific desired products have been reported.

Finally, it should be noted that hairy root cultures are, in practice, not totally
divorced from the intact plant, and it is possible to regenerate plants from
transformed roots of many species [28, 51] should the need arise to express the
introduced genetic manipulation in soil-grown plants. Such regeneration is, how-
ever, not always facile [51]. Interestingly, in the genus Nicotiana, where regeneration
can sometimes be so efficient as to even be spontaneous [28], there are signs that an
ancient exposure to Agrobacterium may have occurred in the genus’s evolutionary
past [52]. Preexisting partial morphogenic compensation mechanisms may thus
already exist in this and other(?) genera.

5 Hairy Roots and the Production of Unusual Metabolite
Patterns or Novel Metabolites

Introduction of genes to modify the spectrum of products produced, or to create
entirely novel products, is also a potential target for genetic manipulation in
hairy roots. At its simplest, this may involve the introduction of, e.g., hydrox-
ylases or methylases to “fine tune” the broad array of related secondary products
that are typically produced by any one species. More fundamental changes in
metabolism can however also be brought about, and one of the first demonstra-
tions of the potential for such an approach came from Mitra et al. [31], who
expressed a pseudomonad gene for p-Hydroxycinnamoyl-CoA hydratase/lyase
(HCHL) in hairy root cultures of Datura stramonium. This enzyme catalyzes the
side chain cleavage of a range of substituted 4-hydroxycinnamoyl-CoAs to
produce the equivalent 4-hydroxybenzaldehyde derivatives, of which vanillin
(3-methoxy, 4-hydroxybenzaldehyde) is a notable example of commercial
importance.

4-Hydroxycinnamoyl-CoA derivatives are major metabolic intermediates in
essentially all plant species, being involved in the biosynthesis of both simple
phenylpropanoids and of lignin [53–55]; they also act as activated substrates for
the conjugation of phenylpropanoids with other secondary metabolites or with cell
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wall carbohydrates [53, 56]. The substrates for p-hydroxycinnamoyl-CoA hydratase/
lyase are thus likely to be readily available following introduction of the HCHL
gene, which would then act to divert carbon flow into formation of chain-shortened
products. Although a limited amount of phenylpropanoid chain-shortening occurs
naturally in many plants, it is normally a very minor reaction in most species (except
of course in the vanilla orchid Vanilla planifolia and related species). The introduc-
tion of HCHL activity thus has the potential to produce major shifts in metabolism.
Although D. stramonium normally accumulates very little chain-shortened
phenylpropanoids, hairy roots co-transformed with, and actively expressing, the
HCHL gene were however found to contain up to 0.5% of the dry weight of
4-hydroxybenzoic acid and 4-hydroxybenzyl alcohol glucosides [31]. A major
shift in secondary metabolite partitioning had thus been introduced. The accumula-
tion not of free hydroxybenzaldehydes but rather of glucosides of the related acids
and alcohols is an interesting if not entirely unexpected result. Oxidation/reduction
and conjugate formation are very typical ways in which plants deal with exposure to
unexpected chemicals [36, 37]. Given that vanillin is more commercially interesting
than the 4-hydroxyacids/alcohols, the initial results were in some respects disap-
pointing from a practical, if not from a scientific, perspective. In recent years further
research has gone on to try and develop improved systems. Hairy roots of Beta
vulgaris, a species that incorporates a lot of ferulic acid into cell walls [57] and thus
is likely to have a ready supply of feruloyl-CoA (from which vanillin can be
produced by HCHL action), were found to accumulate high levels of chain shortened
products [33]. Levels reached an impressive 14% of the dry weight in one line [33],
rather implying that continuous removal of phenylpropanoids had increased total
flux through the pathway, possibly by affecting feedback inhibition systems. Even in
this species, products were however still predominantly 4-hydroxy derivatives
produced from coumaroyl-CoA rather than 3-methoxy, 4-hydroxy derivatives from
feruloyl-CoA, perhaps as a consequence of selective substrate availability to the
introduced HCHL enzyme. Accumulation of aldehydes, while detectable, was also
still low [33].

In a slightly more speculative context, one of the potentially most exciting uses of
GM technology and hairy roots would be to introduce several genes for sequentially
related enzymes into an easily cultivated host species to try and create entire new
biosynthetic routes for that species. This type of approach currently remains very
much in its infancy. There are examples of where genes for “foreign” biosynthesis
have been inserted into hairy roots, and in the absence of any metabolic connection,
suitable precursors have then been fed exogenously [58]. Conceptually, this is
however rather different to the creation of entire new biosynthetic pathways. Since
the metabolic outcome of inserting foreign pathways into plants is to some extent
unpredictable, not only do the gene isolation issues have to be resolved but it is
perhaps not until the recent advances in the powerful unfocused analytical tech-
niques of metabolomics [59] that such an approach has even become fully feasible
from the analytical side. The application of metabolomics to understand the broader
implications of the simple gene modifications that have so far been carried out with
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hairy roots indeed also has much to recommend it, and research in this area is now
starting to appear [50].

6 Conclusions

The use of hairy roots for the study of secondary metabolite biosynthesis, and for the
(attempted) production of commercially important target compounds, has now been
in existence for nearly thirty years. The development of genetically engineered roots,
containing not just the T-DNA involved in root formation but also specifically
chosen metabolic or regulatory genes, has led to a great number of advances in
recent years. At the same time, some of the concepts developed in the early years still
remain very relevant, and a number of issues (e.g., optimal large-scale cultivation)
remain only partially solved. It is hoped that the present article, focusing both on
where the field started and where progress has taken it, might throw some light on
potential future developments. In particular, continued research using transgenic root
material, most notably systems with either suppressed or overexpressed regulatory
gene function, would seem to offer many advantages.
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Secondary Metabolite Production
in Transgenic Hairy Root Cultures
of Cucurbits

11
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Abstract
Cucurbits are important group of vegetables due to their nutritional significance
and are also used for valuable traditional medicine. The infection of plants by
Agrobacterium rhizogenes results in a hairy root (HR) phenotype characterized
by rapid growth in hormone-free medium, an unusual ageotropism and exten-
sive lateral branching. These genetically transformed root cultures (hairy roots)
can produce levels of secondary metabolites comparable to that of intact plants.
Hairy root cultures offer promise for high production and productivity of
valuable secondary metabolites in many plants. High stability and productivity
features allow the exploitation of HRs as valuable biotechnological tool for the
production of plant secondary metabolites. While these chemical compounds
are employed by plants for interactions with their environment, humans have
long since explored and exploited plant secondary metabolites for medicinal
and practical uses. The main constraint for commercial exploitation of hairy
root cultivations is the development and scaling up of appropriate reactor
vessels (bioreactors) that permit the growth of interconnected tissues normally
unevenly distributed throughout the vessel. Emphasis has focused on designing
appropriate bioreactors suitable to culture the delicate and sensitive plant hairy
roots. To this end, hairy root culture presents an excellent platform for pro-
ducing valuable secondary metabolites. For these reasons, this chapter
describes the establishment of hairy roots and production of secondary meta-
bolites from hairy roots of cucurbits and also phytochemicals uses for biolog-
ical activity.
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1 Introduction

Cucurbits are the popular name to the plants of family Cucurbitaceae, which include
over 130 genera and 800 species [1], among the economically most important plant
families [2, 3]. It is a large group of plants which are medicinally valuable.
Cucurbitaceae members are primarily established in the tropical regions of the
world. Global production of cucumbers, including gherkins, was among the top
ten vegetables produced globally (http://faostat.fao.org). Cucurbits are a prominent
source of secondary metabolites, and many genera of this family received a great
level of scientific interest because of the extensive range of pharmacological and
nutraceutical properties [4]. It is reported that the bitter flavor of cucurbits is due to
tetracyclic triterpenoids [5]. Various phytochemicals such as alkaloids and saponins
are extracted from Momordica, Citrullus, Cucurbita, and Lagenaria [6]. The family
proved itself as a strong source of food and medicine. Major species of importance
include: Citrullus lanatus (watermelon), Cucumis sativus (cucumber), Cucumis
melo (musk melon), Cucumis anguria (bur gherkin), Cucurbita pepo (pumpkin),
Momordica charantia (bitter gourd), Momordica dioica (spine gourd), Coccinia
grandis (ivy gourd), and Praecitrullus fistulosus (tinda). In recent years, consump-
tion of cucurbits in the average diet has been highlighted for its contribution towards
lowering the risks of several life-threatening diseases such as coronary heart disease,
stroke, pulmonary disease, and different types of cancer.

Plant species are capable of producing different types of secondary products
which can be harnessed by humans for their beneficial properties in a large domain
of industrial or medicinal applications [7]. World Health Organization (WHO)
estimates that up to 80% of people rely mainly on traditional herbs as remedies for
their medicines [8]. Extracted from entire plants, secondary products are used by
food and pharmaceutical industries, although most often numerous natural plant-
derived molecules remain undiscovered or unexplored for their pharmacological
properties [9]. Roots play most important roles in plants and they anchor plants to the
ground, take up minerals and water from the soil, store nutrients for perennial plants,
and produce a diverse array of chemicals for symbiotic interactions or defensive with
other plants or microbes in the rhizosphere. These plant-produced chemicals have
traditionally been referred to as secondary metabolites and more recently tagged as
specialized metabolites. Bioactive compounds are extra nutritional constituents that
naturally occur in small quantities in plant and food products [10]. Most common
bioactive compounds include secondary metabolites such as antibiotics, mycotoxins,
alkaloids, food grade pigments, plant growth factors, and phenolic compounds [10,
11]. Many secondary metabolites not only protect plants from pathogens, insects,
and environmental stresses but also are valuable for human health. Many plant
species, including crop plants, are capable of producing and releasing biologically
active compounds (allelochemicals). Allelochemicals (e.g., phenolics, terpenoids,
alkaloids, coumarins, tannins, steroids, and quinines) are released by the plant into
the environment by root exudation, volatile emissions, leaching from the leaves and
other aerial parts, and the decomposition of plant material [12, 13]. Plant roots
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release a range of compounds that are not directly involved in the growth and
development of the plant but are very much important for plants during stress
conditions (biotic/abiotic). These compounds include aliphatic acids, aromatic
acids, fatty acids, sterols, phenolics, enzymes, and other secondary metabolites,
including flavonoids [14, 15]. Many plant secondary metabolites of interest are
accumulated in roots. However, plant cultivation is often time consuming and
metabolite extraction from plant roots is destructive to plant growth.

Agrobacterium rhizogenes is a Gram negative soil-borne bacterium of the family
Rhizobiaceae, which causes the hairy roots disease by infecting wounded higher
plants. The transformed roots can be excised to establish axenic root cultures and
indefinitely propagated in growth regulator free medium. The root exhibit fast,
plagiotropic growth characterized by profuse lateral branching and rapid root tip
elongation [16, 17]. Root loci (rol) genes harbored by the root-inducing (Ri) plasmid
of this bacterium are incorporated into the host plant genome, causing hairy root. Rol
genes are thought to affect growth and development of transformed roots and induce
secondary metabolite synthesis by turning on the transcription defense genes [18,
19]. The rolB and rolC genes are absolutely essential for induction of hairy roots
[20]. Fast growing and genetically stable hairy roots can be efficiently cultured in
large scale bioreactors [21]. Besides, hairy root cultures are usually capable of
producing the same compound(s) of identical chemistry found in wild-type roots
of the naturally occurring parent plant without loss of structural integrity and/or
quantity or concentration of the product, which is frequently observed in callus or
cell suspension cultures [22]. A. rhizogenes to regulate the genes that were involved
in the plant secondary metabolite production [23]. Hairy roots induced from different
plant tissues generally grow fast, are genetically stable, and often, but not always,
simulate the biochemical profiles of plant roots, which makes hairy roots an attrac-
tive system for producing valuable secondary metabolites. Plant roots can synthe-
size, store, and secrete a vast array of compounds, and transformed root cultures have
a wide range of biosynthetic capacities [24]. Various advantages of hairy root culture
over cell suspension culture include genotypic and biochemical stability, cytodiffer-
entiation, and growth in hormone free medium. These factors play a vital role during
secondary metabolite production. Fast growth, low doubling time, ease of mainte-
nance of hairy roots, and their ability to synthesize a large range of chemical
compounds offer an additional advantage as a continuous source for the production
of valuable secondary metabolites [25]. A number of secondary metabolites have
been reported to be produced from hairy root cultures [26]. Progress has been made
on commercialization of hairy root products. ROOTec Bioactives Ltd., founded in
2005 in Switzerland, currently produces phytochemicals from hairy roots induced
from 17 plant species in their proprietary mist bioreactors. In the future, more
investigations could be directed toward determining the efficacy of crude hairy
root extracts or hairy root-produced chemicals. There have been few reviews in the
literature on a wide variety of hairy root applications in secondary metabolites of
medicinal plants. Previously, very few studies of secondary metabolite production in
hairy root cultures of cucurbits have been reported. First time, we focus this chapter
on establishment of hairy roots and production of secondary metabolites in cucurbits.
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2 Establishment of Hairy Root Cultures in Cucurbits

2.1 Hairy Root Induction of Cucurbits

Hairy roots were induced from various explants (leaf, cotyledon, hypocotyl, node,
and root) after 3–4 weeks of culture. Control explants failed to induce hairy root
formation. High induction of hairy roots was observed in leaves compared to other
explants in Gynostemma pentaphyllum, Cucumis anguria, Momordica charantia,
and M. dioica [27–30]. Cotyledon explants produced higher frequency of hairy root
induction in Cucumis melo [31–33] and C. sativus [34, 35]. Transgenic frequency
(80%) of the infected stems of Luffa cylindrica formed vigorous hairy roots within
4 weeks from the inoculation of the bacteria [36]. Table 1 shows the different strains
of Agrobacterium rhizogenes (MAFF 03–01724, K599, R1000, C58C1, A4, 1855,
MTCC 532, ATCC15834, R1601, KCTC 2703, and KCTC 2704) that were exam-
ined for their ability to induce hairy roots of various cucurbits such as melon,
pumpkin, cucumber, sponge gourd, Chinese cucumber, southern ginseng, bitter
melon, spine gourd, and bur gherkin [28–45]. Two strains of A. rhizogenes differed
in their ability to induce hairy roots, with strain KCTC 2703 being more effective
than KCTC 2704 [28–30]. Monocyclic phenolic compound, acetosyringone incor-
porated into the nutrient medium showed enhanced transformation frequency than
the medium without it. Acetosyringone was used for co-cultivation in C. sativus [34]
andM. charantia [41]. Acetosyringone is an amino acid derivative which served as a
nutrient source for the invading Agrobacterium and enhanced the transformation
rate. It was reported that acetosyringone would induce the vir gene of Agrobacterium
cultures. The established hairy roots show typical morphological characteristics with
rapid growth on phytohormone-free medium, lack of geotropism, and extensive
lateral branching [27–30].

2.2 Molecular Confirmation of Hairy Roots in Cucurbits

The transformed root was confirmed by PCR to determine the presence of a T-DNA
sequence in their genomes in Gynostemma pentaphyllum [27]. The PCR products
from the hairy roots for rolB regions but not from untransformed roots of
G. pentaphyllum. This finding indicated that the rolB genes from the Ri plasmid of
A. rhizogenes were integrated into the genome of G. pentaphyllum hairy roots. The
negative results of PCR amplification for the virC gene demonstrated that no
bacterial DNA was involved in rolB amplification leading to false positives
[27]. The transgenic nature of hairy roots was confirmed by PCR using rolC and
aux1 gene specific primers, and transgenicity was also confirmed by polymerase
chain reaction (PCR), reverse-transcriptase PCR (RT-PCR), and sequencing in
C. anguria, M. charantia, and M. dioica [28–30]. The integration of Ri T-DNA
into the genome of plant cells caused the formation of hairy roots, in which rol and
aux genes were harbored in M. dioica [30]. PCR analysis targeted the A. rhizogenes
rolC, aux1, and virD2 genes in M. dioica. The rolC and aux1 genes, located on
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independent T-DNAs (TL-DNA and TR-DNA, respectively) of the Ri plasmid of
A. rhizogenes strain, are diagnostic for T-DNA integration into the host genome. The
virD2 gene, located outside the T-DNA, is diagnostic for the presence of any
remaining Agrobacteria in the root tissue [30]. The rol and aux genes are essential
for the induction of hairy roots, and they act as a potential activator of secondary
metabolites in cucurbits [28–30]. The virD2 gene was used to verify the complete
absence of A. rhizogenes in the hairy roots lines of C. anguria and M. dioica. This
result indicates that pRi T-DNA fragments of A. rhizogenes were successfully
integrated into the genome of C. anguria and M. dioica without bacterial residues
[28, 30]. The obtained full length coding sequence of rolC gene ofM. charantia and
M. dioica [29, 30]. The use of PCR combined with DNA sequencing instead of
Southern blotting for the characterization of transgenic plants has the advantage that
the newly inserted genes can be detected at an earlier stage with less DNA and less
plant material [29, 30]. The presence of pRi T-DNA in pumpkin long-term hairy root
cultures was determined by Southern hybridization [31]. Integration of the T-DNA
region of Ri-plasmids into the plant genome was confirmed by both opine assay on
paper electrophoresis and PCR-based detection of rol genes in Trichosanthes
kirilowii var. japonica [39].

Successful integration of the T-DNA into chromosomal DNA of the KMH-009
was first examined by PCR amplifying the rolC gene located on the integrated
T-DNA in Cucumis melo [32]. An immunoblot analysis of the Oriental melon
transgenic hairy root extract revealed 97 kDa single bands coincident with the
molecular weight of the GFP GUS fusion proteins. ELISA demonstrated that the
highest level of GFP-GUS fusion protein expression was 0.47% of the total soluble
protein in a transgenic hairy root of Oriental melon [37]. The integration of T-DNA
containing a gus reporter gene in hairy root lines was confirmed at low copy numbers
ranging from 1 to 4 copies using quantitative real-time PCR, and histochemical
staining of cucumber hairy roots showed overexpression of the gus gene when
driven with the CaMV 35S promoter in C. sativus [34]. The presence of GUS
activity and its localization were observed in all of the tissues of the root, especially
in transgenic cucumber hairy root lines with the CaMV 35S and CaMV 35ST/AMV
promoters. The transgenic cucumber hairy roots lines with the CaMV 35S promoter
or the CaMV 35ST promoter showed localized GUS activity only in the vascular
bundles in C. sativus [34]. Quantification of the copy number of the gus gene using
absolute quantification in real-time PCR revealed a low copy number of the GUS
gene per genome [34]. The transgenic plants looked normal and were positive for the
neomycin phosphotransferase II. Southern blot analysis of the transgenic plants
revealed that all plants contained vector DNA, but only some of them contained
DNA from the Ri plasmid [42]. Enzyme-linked immunosorbent assay (ELISA)
revealed the highest levels of the recombinant t-PA accumulation in transgenic
hairy roots carrying the t-PA transgene under the control of single and dual rolD
promoters as compared to triple and quadruple rolD promoters [33].

Previously, it was reported that changes in secondary metabolite production in
hairy roots and Ri plants correlate with changes in the phenotype induced by the
insertion of rol genes and with the quantity of the polypeptide encoded by the rolC
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gene [29, 30]. Interestingly, both the capacity to grow and produce nicotine in hairy
roots and Ri plants of Nicotiana tabacum cv. Xanthi were higher after integration of
the three rol genes (A, B, C) together than with rolC alone. In addition, the level of
nicotine accumulation was positively correlated with the levels of the polypeptide
encoded by the rolC gene, as detected by immunoassays [28–30]. The rolA gene
appears to be an activator of growth and secondary metabolism. Although the rolB
gene has emerged as the most powerful stimulator, its use is presently disputed
owing to its growth-suppressing effect. More positively, the self-activation of rolC
gene seems to be promising [28–30].

2.3 Growth Kinetics of Hairy Root Culture in Cucurbits

The time profile of the growth of hairy roots in liquid culture was reported in
C. anguria, M. charantia, and M. dioica [28–30]. The sixth day was the lag period
of hairy root growth; then it began to increase gradually during the eleventh day. The
exponential growth stage during the 21 days was followed by the stationary phase
during the 15–25 days. The higher fresh mass (FM) and dry mass (DM) was
observed at 20, 21, and 22 days of culture of C. anguria, M. charantia, and
M. dioica [28–30]. The culture duration of 49 days of hairy roots increased about
120-fold compared to inoculum and the gypenoside content in G. pentaphyllum
[27]. Hairy root cultures showed a sigmoidal growth curve, and crude extracts
showed a progressively increasing translational inhibitory activity that reached the
maximum value during the early stationary phase of L. cylindrica [36].

2.4 Effects of Sucrose Concentration and Different Media
on Biomass Accumulation of Hairy Root Cultures of Cucurbits

Sucrose is the most significant carbon source for plant tissue cultures and helps as the
chief energy source and an important constituent in secondary metabolite biosyn-
thesis in cucurbits [29]. The amount of sucrose usually affects the accumulation of
secondary metabolites in cultures. About 3% of sucrose produced the higher amount
of biomass accumulation and metabolite production in C. anguria, M. charantia,
and M. dioica [28–30, 41]. About 2% of sucrose induced hairy root induction in
Trichosanthes kirilowii var. japonica [39]. Many previous reports focus on the
composition of medium nutrients to achieve maximum accumulation of metabolites
in cultured cells [46]. The different media, full and half strength MS, B5, NN, and LS
were employed in hairy root culture and the results shown that MS medium was
superior for biomass accumulation in G. pentaphyllum, C. anguria, M. charantia,
M. dioica, Cucumis melo, C. sativus, and T. kirilowii [27–34, 38, 41, 42]. However,
other media like B5 was also used to induce hairy roots in L. cylindrica [36]. Hairy
root induction of cucurbits using carbohydrate source is by sucrose and nutrients
media is by MS or B5.
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3 Production of Valuable Secondary Metabolites from Hairy
Root Cultures of Cucurbits

Increased secondary metabolite production in hairy roots cultured in vitro, over their
wild-type counterparts, may be seen as one of the most exciting spin-offs of
biotechnology. Due to their great richness in secondary products, such as
triterpenoids and phenolic compounds, plants represent an immense source of
therapeutic and/or industrial compounds. For example, plant-derived biomolecules,
such as saponins (G. pentaphyllum), triterpenoids of bryonolic acid, and chondril-
lasterol (Trichosanthes kirilowii var. japonica), ribosome-inactivating protein (Luffa
cylindrica), charantin (Momordica charantia), hydroxybenzoic acids,
hydroxycinnamic acids, and flavonols (C. anguria, M. charantia and M. dioica),
are efficient in the treatment of different pathology types relating to cancer, cardio-
vascular and metabolic disorders, and/or other infectious diseases (Table 1 and
Fig. 1). Many plant metabolites are commercially available as drugs, flavors, food
additives, cosmetics, fragrances, and insecticides. Here, several important phyto-
chemicals from hairy roots of cucurbits are discussed (Fig. 1).

3.1 Phenolic Compounds of Hairy Root Cultures in Cucurbits

Phenolic compounds are secondary metabolites, ubiquitous in plants and plant
derived foods. They show a large diversity of structures, including rather simple
molecules (e.g., vanillin, gallic acid, caffeic acid) and polyphenols such as stilbenes,
flavonoids, and polymers derived from these various groups [47]. Phenolic com-
pounds are classified into three major groups based on the number and binding
position of exchangeable hydroxyl groups on aromatic compounds: simple phenol
and phenolic acid group, hydroxycinnamic acid derivative group, and flavonoid
group. A majority of the plant phenolic metabolites are derived from the aromatic
amino acids that are synthesized from the shikimate pathway. Phenolics are collec-
tively valued for their wide variety of health-promoting activities. Flavonoids are
phenylpropanoid metabolites, most of which are synthesized from p-coumaroyl-
CoA and malonyl-CoA, and share their precursors with the biosynthetic pathway for
lignin biosynthesis [48]. Flavonoids are low-molecular-weight compounds having
approximately 15 atoms of carbon, which are organized in a C6�C3�C6 configu-
ration [49]. More than 9000 flavonoids have thus far been identified in plants
[50]. Phenolic acids are considered as simple phenolics, and they are categorized
into two groups, i.e., the hydroxybenzoic and hydroxycinnamic acids.
Hydroxybenzoic acids have C6�C1 arrangement, such as protocatechuic, vanillic,
gallic, syringic, and p-hydroxybenzoic acids, while hydroxycinnamic acids have
C6�C3 arrangement, such as p-coumaric, sinapic, caffeic, and ferulic acids. Flavo-
noids and phenolic acids are considered as potentially health-promoting substances
and have a number of physiological properties, such as antithrombotic,
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antiallergenic, antimicrobial, cardioprotective, anti-inflammatory, antioxidant,
artherogenic, and vasodilatory effects [51–53]. Phenolic compounds are synthesized
via the phenylpropanoid pathway that begins with conversion of phenylalanine to
cinnamic acid by phenylalanine ammonia lyase (PAL). In the last few years, great
attention has been paid to the bioactive compounds due to their ability to promote
benefits for human health, such as the reduction in the incidence of some degener-
ative diseases like cancer and diabetes [54, 55], reduction in risk factors of cardio-
vascular diseases [10, 56], antioxidant, antimutagenic, antiallergenic, anti-
inflammatory, and antimicrobial effects [49, 57], among others. Due to these count-
less beneficial characteristics for human health, researches have been intensified
aiming to find fruits, vegetables, plants, agricultural, and agro-industrial residues as
sources of bioactive phenolic compounds.
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Fig. 1 Chemical structures of selected plant secondary metabolites produced in hairy root cultures
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3.1.1 Individual Phenolic Compounds of Hairy Root Cultures
in Cucurbits

The qualitative and quantitative analysis of phenolic compounds from hairy roots
and untransformed (roots from in vitro seedling) root extracts of C. anguria,
M. charantia, and M. dioica [28–30] were studied using ultra-HPLC. The phenolic
compounds in the C. anguria, M. charantia, and M. dioica extracts were identified
by comparisons of the retention time and UV spectra of authentic standards and the
quantitative data were calculated from calibration curves [28–30]. Both transgenic
and nontransgenic roots contained flavonols, hydroxycinnamic, and hydroxybenzoic
acids. Hairy roots contained higher amounts of flavonols compared to nontransgenic
roots of C. anguria, M. charantia, and M. dioica [28–30]. Myricetin, quercetin,
catechin, kaempferol, and rutin levels were higher in hairy roots compared to
nontransgenic roots of C. anguria [28]. The contents of naringenin and biochanin
Awere lower in concentrations in hairy roots than nontransgenic roots of C. anguria
[28]. Myricetin, quercetin, catechin, kaempferol, rutin, biochanin A, and naringenin
levels were higher in hairy roots compared to nontransgenic roots of M. charantia
[29]. Naringin was presented in nontransgenic roots, but it was absent in hairy roots
of M. charantia [29]. Quercetin, kaempferol, catechin, and rutin levels were higher
in hairy roots compared to nontransgenic roots of M. dioica [30]. Myricetin,
naringenin, and biochanin A contents were lower in concentrations in hairy roots
than nontransgenic roots of M. dioica [30]. Kaempferol, myricetin, naringin, quer-
cetin, and rutin have antimicrobial activity against human pathogenic microorgan-
isms with some mechanisms of action such as inhibition of nucleic acid synthesis,
cytoplasmic membrane function, and energy metabolisms [58].

Caffeic acid and chlorogenic acid were major hydroxycinnamic acid derivatives
in hairy roots and nontransformed roots compared to p-coumaric acid, ferulic acid, o-
coumaric acid, and t-cinnamic acid in C. anguria [30]. Caffeic acid, ferulic acid, o-
coumaric acid, and t-cinnamic acid levels decreased in hairy roots compared to
nontransformed roots of C. anguria [30]. Chlorogenic acid and p-coumaric acid
contents were higher in hairy roots than nontransformed roots of C. anguria
[30]. Chlorogenic acid containing plant materials have been shown to have antiviral,
antifungal, and strong antibacterial activities [59]. Chlorogenic acid, p-coumaric
acid, and ferulic acid levels were higher in hairy roots compared to nontransformed
roots of M. dioica [30]. Caffeic acid, o-coumaric acid, and t-cinnamic acid contents
were lower in hairy roots than nontransformed roots of M. dioica [30]. Caffeic acid,
p-coumaric acid, o-coumaric acid, chlorogenic acid, and m-coumaric acid levels
were higher and ferulic acid content was lower in hairy roots than nontransgenic
roots of M. charantia [29]. Protocatechuic acid, β-resorcylic acid, syringic acid,
gentisic acid, and salicylic acid levels were higher and gallic acid, p-hydroxybenzoic
acid, and vanillic acid were lower in hairy roots than nontransgenic roots of
C. anguria [28]. Gallic acid, p-hydroxybenzoic acid, gentisic acid, and salicylic
acid levels were higher and protocatechuic acid, β -resorcylic acid, and vanillic acid
were lower in hairy roots compared to nontransformed roots of M. dioica
[30]. Gentisic acid has an effective role in the anticarcinogenetic activity [60]. Gallic
acid, protocatechuic acid, β-resorcylic acid, vanillic acid, syringic acid, gentisic acid,
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and salicylic acid levels were higher and p-hydroxybenzoic acid was lower in hairy
roots compared to nontransformed roots of M. charantia [29]. Veratric acid was
higher and vanillin, hesperidin, and homogentisic acid were lower in hairy roots
compared to nontransformed roots of C. anguria [28]. Vanillin was higher and
veratric acid, hesperidin, and homogentisic acid levels were lower in M. charantia
and M. dioica [29, 30].

3.1.2 Total Phenolic Compounds of Hairy Root Cultures in Cucurbits
Previous studies have revealed that polyphenolic compounds are commonly found
in both edible and nonedible plants and that they have multiple biological effects,
including antioxidant activity [61]. Flavonoids and other phenolic substances may
play a preventive role in the development of cancer and heart disease [62]. Biological
activities related to antibacterial and antioxidant activities may be correlated with
total polyphenol and flavonoid contents [63]. The total phenolic and flavonoid
contents were higher in hairy roots compared to untransformed roots of
C. anguria, M. charantia, and M. dioica [28–30].

3.2 Triterpenoids of Hairy Root Cultures in Cucurbits

Gypenosides (Gyp) are the major components of Gynostemma pentaphyllum
Makino, a Chinese medicinal plant. Phytochemical studies of G. pentaphyllum
have identified approximately 90 dammarane-type saponin glycosides, known as
gypenosides, which are responsible for its pharmacological activities [64]. Saponins
are a class of chemical compounds found in particular abundance in various plant
species. More specifically, they are amphipathic glycosides grouped phenomeno-
logically by the soap-like foaming they produce when shaken in aqueous solutions
and structurally by having one or more hydrophilic glycoside moieties combined
with a lipophilic triterpene derivative. Triterpenoid saponins are triterpenes which
belong to the group of saponin compounds. Triterpenes are a type of terpene
containing 30 carbon atoms. Triterpenes are assembled from a five-carbon isoprene
unit through the cytosolic mevalonate pathway to make a thirty-carbon compound.
Cucurbitacins are triterpenoids that confer a bitter taste in cucurbits such as cucum-
ber, melon, watermelon, squash, and pumpkin. These compounds discourage most
pests on the plant and have also been shown to have antitumor properties
[65]. Gypenoside content was higher compared to roots of control parent plant of
Gynostemma pentaphyllum hairy root cultures [27] which was significantly higher
than that previously reported for hairy root cultures [66]. Transformed roots can
synthesize and store significant quantities of secondary metabolites. Although the
hairy roots under these conditions produced approximately 30% to 40% less
gypenosides than commercial sources of G. pentaphyllum, the growing time was
much shorter when compared to field-grown plants. With hairy root cultures, product
quality and quantity are easy to control because natural variances in seasonal
climates and geographical environments are excluded and culture conditions and
process variables are easily optimized [67]. The hairy root cultures have been
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considered as a potential alternative for production of gypenosides. Several strate-
gies for the enhancement of biomass and gypenosides have been adopted like the
effects of medium compositions, culture conditions, and elicitations [27].

3.3 Ribosome-Inactivating Protein of Hairy Root Cultures
in Cucurbits

Ribosome-inactivating proteins (RIPs) are widely distributed plant enzymes that
inhibit protein synthesis by virtue of their N-glycosidic activity, selectively cleaving
an adenine residue from a highly conserved and surface-exposed stem loop structure
in the 28S rRNA [68]. This cleavage prevents the binding of the EF-2/GTP complex,
with the subsequent arrest of protein synthesis leading to autonomous cell death
[69]. RIPs are either enzymatically active single polypeptides (type I) or
heterodimers (type II). A type II RIP consists of an A chain, functionally equivalent
to a type I RIP, which is attached to a sugar-binding B chain [70]. Besides RNA
N-glycosidase activity, some RIPs have ribonuclease, DNase, DNA glycosylase, and
apurinic/apyrimidic lyase activities [71, 72]. In addition, RIPs from Trichosanthes
kirilowii cell cultures have been demonstrated to possess chitinase activity [73]. Cer-
tain type I RIPs display a variety of antimicrobial activities, including antifungal,
antibacterial [74], and broad-spectrum antiviral effects against different plant and
animal viruses [75], including human immunodeficiency virus [76]. RIPs have been
studied as potential tumor cytotoxic agents, both in their native form and after
conjugation with monoclonal antibodies. RIP activity of L. cylindrica plantlets,
grown in vitro on MS medium, was evaluated in crude extracts from different
parts and organs and compared to the inhibitory activity shown by extracts from
seeds and from transformed roots [36]. The inhibitory activity, as far as normal,
nontransformed tissues are concerned, is in agreement with what was already known
from previous reports of L. cylindrica [77, 78]. RIP-producing hairy roots promise to
be much more stable than conventional in vitro grown calluses and cell suspensions
[36]. This study tested the sc-RIP extracts from the seeds and hairy root tissue
cultures of Luffa cylindrica (established by transformation with Agrobacterium
rhizogenes strain 1855) for inhibitory effects on the growth of in vitro melanotic
and amelanotic human melanoma cell lines [79]. The results reported that RIPs can
be produced and purified from hairy root cultures, in good agreement with what has
been recently reported [38] for hairy root lines of Trichosanthes kirilowii. Ribosome-
inactivating proteins (RIPs) from plants catalytically damage eukaryotic ribosomes,
making them unable to perform the elongation step of protein synthesis. Type 1 RIPs
are single-chain proteins, whereas type 2 RIPs consist of two polypeptide chains and
possess a galactose-specific binding domain to cell surfaces. Type 1 RIPs are more
common and have been identified and purified from more than 30 plants. Interest in
type 1 RIPs has been growing due to their widespread physiological activities as
abortifacient agents and immunotoxins [39]. The antiviral activity of RIPs has also
focused attention on their potential use as anti-HIVagents [39]. There have been few
reports on the production of RIPs by plant tissue or cell cultures. A low level of
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trichosanthin was reported to accumulate in transformed hairy root cultures of
Trichosanthes kirilowii var. japonica [38]. Trichosanthin was also identified in cell
extracts of the transformed callus tissues resulting from infection by Agrobacterium
rhizogenes but not in the untransformed callus of T. kirilowii [39]. The major protein
in the basic protein fraction was tentatively identified as a class III chitinase based on
the N-terminal amino acid sequence. This is consistent with the report [38], who
identified two major extracellular basic proteins and one intracellular basic protein
produced by T. kirilowii var. japonica hairy roots as class III chitinases. However,
the N-terminal sequence of HR-PB 1 was very similar to but not identical with the
sequence of any of these proteins.

3.4 Charantin of Hairy Root Cultures in Cucurbits

A molecule of charantin consists of aglycone or a steroidal portion, which is highly
soluble in relatively nonpolar solvent such as chloroform and dichloromethane.
However, the glucosides attached to its molecules make it slightly soluble in polar
organic solvents such as ethanol or methanol. Conventionally, isolation of this
compound involves extraction with mixtures of these solvents using Soxhlet appa-
ratus. Chloroform is highly toxic and carcinogenic, and its use has now been
replaced with its much less toxic relative, dichloromethane, which still carry some
health risks. Chronic exposure to dichloromethane has been linked to cancer of
lungs, liver, and pancreas in laboratory animals. It is a mutagen and may cause birth
defect if women were exposed to it during pregnancy [80]. This compound could be
used to treat diabetes and can potentially replace treatment by injection of insulin
which has not been successful in stimulating the pancreas of the diabetic patients to
lower blood sugar to the desired level [81]. In some cases, the injected patient shows
signs of side effects. Plant derived compounds that show antidiabetic property such
as charantin and others are now being widely accepted as an alternative medicine for
diabetes mellitus, and they are free from side effects [82]. Charantin, a naturally
occurring steroidal glycoside, is widely distributed throughout the plant of
Momordica charantia. The presence of charantin was confirmed by performing
thin layer chromatography (TLC) in hairy roots as well as in fruit and leaf
[41]. The charantin content was lower in hairy roots compared to leaf and fruit of
M. charantia [41].

3.5 Aroma Essential Oils of Hairy Root Cultures in Cucurbits

The typical cucumber flavor results from the enzymatic action of LOX on linolenic
and linoleic acids, which introduces molecular oxygen at C13 or C9, forming
13-hydroperoxylinolenic acid (13-HPOT) or 9-hydroperoxylinolenic acid
(9-HPOT). HPL cleaves 13-hydroperoxide (13-HPO) and 9-HPO to produce the
C6 and C9 aldehydes that are responsible for the cucumber flavor [83]. These
aldehydes can then be reduced to the corresponding C6 alcohols by alcohol
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dehydrogenase (ADH). Studies have reported that only the oxylipin metabolic
pathway contributes to aldehyde and alcohol content and hence flavor [84]. To
date, 78 volatile compounds have been identified in cucumber fruits, including
aldehydes, alcohols, esters, alkanes, furfurans, and others [85], and (E,Z)-2,6-
nonadienal and (E)-2-nonenal are the main aroma compounds [86]. The hairy
roots could newly synthesize some essential oils such as (Z)-3-hexenol, (E)-2-
hexenal, 1-nonanol, and (Z)-6- nonenol, which were reported to be important
aroma volatiles in melon [87]. The stable production of the fruity aroma volatiles
by the KMH-009 was assessed by comparing the yields of the compounds from the
hairy roots repeatedly subcultured for more than 3 years. The data revealed that the
essential oils for aroma scent were constantly synthesized with no relation to the
increased number of times for subculture, and the constant production by this clone
was successfully maintained in the hairy roots repeatedly subcultured of Cucumis
melo [32]. The volatile compounds were extracted and identified by GLC-mass
spectrometry. Some essential oils such as (Z)-3-hexenol, (E)-2-hexenal, 1-nonanol,
and (Z)-6-nonenol were stably synthesized by these hairy roots despite the increased
number of subcultures. The productivity of these compounds by the best hairy root
line was shown to be considerably higher than naturally ripened melon fruits [32].

4 Cucurbit Hairy Root Cultures of Secondary Metabolites
Using for Biological Activities

Phenolic compounds have multiple additional roles in plants, including attracting
insects for seed dispersion and pollination. They are also part of the natural defense
system against insects, fungi, viruses, and bacteria, and they can act as plant
hormone controllers. Moreover, in recent years, phenolic compounds have been
intensively investigated because of their potential health-promoting effects [88,
89]. They have been reported to possess many useful properties for human health,
including anti-inflammatory, enzyme inhibition, antimicrobial, antiallergic, vascular,
and cytotoxic antitumor activity, but the most important action of phenolics is their
antioxidant activity [58, 89, 90]. It has been demonstrated recently that quercetin and
kaempferol synergistically suppress cell proliferation in human gut cancer lines
[91]. The translational inhibitory activity found in extracts from our hairy root
cultures is the highest that has been found in various tissues of L. cylindrica,
including seeds [36].

4.1 Antioxidant Activity

The antioxidant potential of hairy roots and nontransformed roots were determined
using free radicals scavenging, reducing potential, phosphomolybdenum assays, and
chelating effects on ferrous ions. The highest antioxidant activity was exhibited in
hairy roots compared to nontransformed roots in C. anguria, M. charantia, and
M. dioica [28–30]. Reducing capacity of extracts suggests that hairy roots were more
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potential when compared to untransformed roots in C. anguria, M. charantia, and
M. dioica [28–30]. The antioxidant capacity shown by phosphomolybdenum
method was higher in the hairy root extract than nontransformed root extract of
C. anguria,M. charantia, and M. dioica [28–30]. The percentage of metal scaveng-
ing capacity of transgenic hairy roots was higher than nontransgenic roots of
M. charantia, C. anguria, and M. dioica [28–30]. Hairy roots exhibited higher
antioxidant activity in M. charantia [29].

4.2 Antimicrobial Activity

The hairy roots and nontransformed roots of C. anguria,M. charantia, andM. dioica
revealed varying antibacterial activity, as exposed by the growth inhibition zones
[28–30]. The results from the disc diffusion method indicated that both hairy roots
and nontransformed root extracts had comparable antibacterial effects against Gram
positive and Gram-negative bacteria. Hairy roots exhibited highest activity with both
Gram-positive and Gram-negative bacteria compared to nontransformed roots of
C. anguria,M. charantia, andM. dioica [28–30]. Gram-positive (S. aureus) bacteria
exhibited greater inhibition compared to Gram-negative (P. aeruginosa and E. coli)
bacteria in M. charantia, C. anguria, and M. dioica [28–30]. By using the disc
diffusion method against the fungal strains, it can be seen that extracts of
M. charantia, C. anguria, and M. dioica hairy roots and nontransformed roots
exhibited good antifungal activity [28–30]. Hairy roots exhibited greater inhibition
of fungus (F. oxysporum and A. niger) in hairy roots than nontransgenic roots of C.
anguria, M. charantia, and M. dioica [28–30]. Hairy roots exhibited higher
antibacterial and antifungal activity compared to nontransformed roots [92, 93]. Fla-
vonoid derivatives have also been reported to possess antiviral activity against a
wide range of viruses such as HSV, HIV, Coxsackie B virus, corona virus, cytomeg-
alovirus, poliomyelitis virus, rhinovirus, rotavirus, poliovirus, sindbis virus, and
rabies virus [94]. Cytotoxicity activity and quantitative assay of virus yields using
plaque assay were carried out for hairy roots and nontransgenic roots of M. dioica
[30]. Hairy roots exhibited higher antiviral activity compared to nontransgenic root
extracts of M. dioica [30]. M. charantia was reported to possess several antiviral
activities including hepatitis B virus, dengue virus, human immunodeficiency virus
(HIV), and influenza A subtypes including H1N1, H3N2, and H5N1 [95]. Hairy
roots have potential antiviral activity compared with nontransgenic roots of various
plants like Phylanthus amarus [96] and Daucus carota [97].

4.3 Anticancer Activity

Gypenosides (Gyp) are compounds found in the crude extracts from
G. pentaphyllum and they have been shown to exert various biological effects
such as anti-inflammatory and antioxidative [98], antihyperlipidemic, anticardio-
vascular [99], and anticancer [100–102]. Our previous studies have shown that
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gypenosides induced apoptosis in human colon cancer colo 205 cells [103] and
human tongue cancer SCC-4 cells through endoplasmic reticulum stress and
mitochondria-dependent pathways [104]. Although gypenosides have been shown
to induce cell cycle arrest and apoptosis in several human cancer cell lines, there is
no available information to address whether gypenosides induce DNA damage or
affects DNA repair genes in SAS human oral cancer cells.

4.4 Antidiabetic Activity

Diabetes mellitus is an endocrine metabolic disorder in which the body does not
produce sufficient insulin or lack of responsiveness to insulin, resulting in hyper-
glycemia (high blood glucose level). The classical symptoms include polyuria,
polydipsia, weight loss, lethargy, polyphagia, visual blurring, frequent or recurring
infections, cuts and bruises that are slow to heal, tingling and/or numbness in hands
and/or feet, drowsiness, nausea, and decreased endurance during exercise [105]. A
number of potential medicinal components from bitter gourd, such as α and β
momorcharin, momordin, and cucurbitacin B, have been isolated. A number of
reported clinical studies have shown that bitter gourd extract from fruits, seeds,
and leaves contain several bioactive compounds that have hypoglycemic activity in
both diabetic animals and humans [106]. Fruits, seeds, and leaves extract of
Momordica charantia possess hypoglycemic activity in antihyperglycemic activity
in alloxan [107] or streptozotocin [108]. The major compounds that have been
isolated and identified as hypoglycemic agents include charantin, polypeptide-p,
and vicine. Charantin is a steroidal glycoside shown to possess powerful hypogly-
cemic properties when administered orally and intravenously in diabetic rabbits
[109]. Hairy roots produced higher amount of charantin which used for
antidiabetics [41].

5 Large Scale Productions of Secondary Metabolites
in Bioreactors Using Hairy Root Cultures

The vast potential of hairy root cultures as a stable source of biologically active
chemicals has focused the attention of the scientific community for its exploitation.
Scaling up of hairy roots in novel bioreactors can provide the best conditions for
optimum growth and secondary metabolite production, comparable to or higher than
that in native roots. Though the need for developing bioreactors suitable for the hairy
root cultivation has long been recognized, root cultures present unique challenges
[110]. The complex fibrous structure of the roots makes the growth analysis and
development of a large-scale culture system difficult. Hairy root growth is not
homogeneous, which affects the reactor performance. Furthermore, the hairy root
morphology is quite plastic as the roots respond to the changes in the local environ-
ment. Changes in morphology, including changes in the density and length of the
root hairs, directly affect the secondary metabolite production from hairy roots
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[111]. Thus, bioreactor design for root cultures is a balancing act between the
biological needs of the tissues, without inducing an additional, undesirable biolog-
ical response [112]. Reviews on hairy roots briefly discuss the importance of the use
of bioreactors for hairy root cultures [26]. Mechanical agitation causes wounding of
hairy roots and leads to callus formation. Due to branching, the roots form an
interlocked matrix that exhibits resistance to nutrient flow. Hairy roots are
hetrotrophic, respiratory organisms that rely on oxygen for energy generation and
other metabolic functions. Substantial progress has been made in understanding the
mechanisms of oxygen limitation, one of the principle challenges for large-scale
growth of hairy root cultures [113]. Because of the solid phase nature of the roots and
the development of oxygen gradients within root tissues, relatively small reductions
in the dissolved oxygen concentration in the medium can lead to a significant
decrease in growth rate and may also affect the synthesis of certain secondary
metabolites. In fact, hairy roots can be oxygen limited even in shake flask cultures
[114]. Restriction of nutrient oxygen delivery to the central mass of tissue gives rise
to a pocket of senescent tissues. Mass transfer resistances near the liquid and solid
boundary affect the oxygen delivery to the growing hairy roots. Thus, exploitation of
hairy root culture as a source of bioactive chemicals depends on the development of
suitable bioreactor system where several physical and chemical parameters (nutrient
availability, nutrient uptake, oxygen, and hydrogen depletion in the medium, mixing,
and shear sensitivity) must be taken into account. The design of bioreactors for hairy
root cultures should also take into consideration factors such as the requirement for a
support matrix and the possibility of flow restriction by the root mass in certain parts
of the bioreactor. Several bioreactor designs have been reported for hairy root culture
taking into consideration the above factors that permit the growth of interconnected
tissue unevenly distributed throughout the culture vessel. Reactors used to culture
hairy roots can roughly be divided into three types: liquid-phase, gas-phase, or
hybrid reactors that are a combination of both [22]. Previously, there are no reports
on the large scale production of hairy roots using bioreactor system in cucurbits and
the production of phenolic compounds.

6 Elicitors Increase the Secondary Metabolites Production
in Hairy Root Cultures

Various biotic and abiotic elicitors applied to hairy root cultures and their stimulating
effects on the accumulation of secondary metabolites. According to their origin,
elicitors can be divided into different types: (a) biotic and (b) abiotic. Abiotic
elicitors can be considered as substances of nonbiological origin, being predomi-
nantly inorganic compounds such as salts or physical factors [115, 116]. Inorganic
chemicals like salts or metal ions have been used to increase the production of
bioactive compounds by their modification of plant secondary metabolism. Among
the many elicitors applied to hairy root 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
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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 treat-
ment 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 incorpora-
tion 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. So far,
there are no reports on the elicitation of hairy roots and production of phenolic
compounds from hairy root cultures of cucurbits. Further, researchers can use the
elicitation to improve the contents of secondary metabolites in cucurbits.

7 Conclusions

Hairy root technology has been significantly improved in various fields for past few
years. Overall, the major groups of secondary metabolites have already been pro-
duced from hairy roots of cucurbits. Compared to plant cell suspension cultures,
hairy root cultures appear to be potential systems for continuous production of
valuable secondary metabolites because of their fast growth rates, ease of mainte-
nance, genetic and biosynthetic stability, and ability to synthesize a vast array of
compounds. Environmental factors, such as light, oxygen, and temperature, as well
as abiotic and biotic stress factors, such as phytohormones, heavy metals, and fungal
elicitors, have all been applied to hairy roots for increased yield of phytochemicals.
In addition to these external stimuli, secondary metabolic pathways have also been
modified for enhanced metabolite production, such as overexpression of biosyn-
thetic genes and transcription factors, and suppression of catabolic or competing
pathway genes. A better understanding of the biosynthetic pathway and regulation
architecture of valuable secondary metabolites is crucial for genetic engineering and
fully realizing the biosynthetic potential of hairy roots. The discovery of new genes
that participate in the metabolic pathways from hairy root studies increases the
tremendous potential of such cultures. It is also predicted that this model of phar-
maceutical production is relatively safe. Driven by the demand for productive,
robust, and stable hairy root cultures for the production of active agents for the
food, cosmetics, and pharmaceutical industry, the development of a direct available
measuring method for the biomass concentration of hairy root cultures in liquid
medium still does not exist. Transgenic hairy roots grew rapidly than nontransgenic
roots in standardized liquid culture conditions and produced greater amount of
biomass and phenolic compounds. The higher amount of secondary metabolites
possibly contributes to greater biological activity of hairy roots in cucurbits. The
genetic and biochemical stability of the hairy roots as well as its high productivity
offers an effective platform for further studies on the biosynthetic pathways of
phytochemicals. This prediction is strengthened by the observation that emerging

11 Secondary Metabolite Production in Transgenic Hairy Root Cultures of. . . 287



private companies have converted this technology to allow production at a commer-
cial scale. Plant biologists can work closely with engineers to tackle the challenges
with scaling up hairy root cultures, such as optimal biomass growth and adaptation
of the extraction methods to industrial-scale metabolite production. Looking for-
ward, establishment of hairy roots guided by bioassays, augmented by elicitations
and genetic manipulations, and coupled with efficient metabolite extractions will
streamline the process and allow full exploitation of hairy roots as a production
platform of valuable secondary metabolites.
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“Hairy Root” Technology: An Emerging
Arena for Heterologous Expression of
Biosynthetic Pathway Genes in Medicinal
Plants

12

Suchitra Banerjee, Sailendra Singh, and Pallavi Pandey

Abstract
Plant-based secondary metabolites play an important role towards the drug
development process, but their lower yield in the source plant and uncertainty
in supply owing to miscellaneous intervening factors have necessitated biotech-
nological intervention for devising suitable and economical alternative produc-
tion systems. The progression of innovative biotechnological tools in tandem
with the understanding of the plant metabolic pathways at both biochemical and
cellular levels through combining the accumulating knowledge of next-
generation sequencing has opened up new avenues for metabolic engineering
of biosynthetic pathways. In this context, hairy root (HR) cultures have emerged
as a promising platform for tailoring the metabolic flux of a given plant system
towards the overproduction of desired metabolites by heterologously or
homologously expressing the rate-limiting genes. A rational utilization of such
cultures of diverse medicinal plants for heterologous expression of targeted
pathway genes has started gaining attention over the years in order to overcome
the co-suppression related to normally encountered disadvantages of homologous
overexpression. The potential and appropriateness of this approach have gathered
the maximum momentum during recent years even though such studies have
come into existence for more than two decades ago. The present review summa-
rizes the overall reported advances made in the area of hairy root-mediated
heterologous expression of rate-limiting key genes of diverse biosynthetic path-
ways which remained mainly concentrated on tropane alkaloid, terpene indole
alkaloid, and mevalonate and phenylpropanoid pathways. Successful implemen-
tation of the entire procedure is also found to be reigned by several other
underlying factors, amongst which characteristic/exclusivity of plant families,

S. Banerjee (*) • S. Singh • P. Pandey
Department of Plant Biotechnology, Central Institute of Medicinal and Aromatic Plants
(CSIR-CIMAP), Lucknow, Uttar Pradesh, India
e-mail: suchitrabanerjee07@yahoo.com; sk_rmsu@yahoo.com; pallavicimap@gmail.com

# Springer International Publishing Switzerland 2017
S. Jha (ed.), Transgenesis and Secondary Metabolism, Reference Series in
Phytochemistry, DOI 10.1007/978-3-319-28669-3_7

295

mailto:suchitrabanerjee07@yahoo.com
mailto:sk_rmsu@yahoo.com
mailto:pallavicimap@gmail.com


A. rhizogenes strains’ specificities, explant types, promoters’ specifications and
media constituents which are some of the prominent deciding factors that differed
amongst the reported observations and have been outlined in this review.

Keywords
Agrobacterium rhizogenes • Biosynthetic pathway • Heterologous plant gene
expression • Hairy root culture • Medicinal plants
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1 Introduction

Agrobacterium rhizogenes-mediated “hairy root” (HR) technology has traversed a
long way since its judicious utilization as an efficient maneuvering technique for
plant transformation by Ackermann in 1970 to reach the central stage of plant-based
bioactive molecule production process, meant for sustenance of the whole underly-
ing legacy. Going back to the history of plant-derived drug discovery trend, one can
undeniably recount the strength of its progression through a rational drug discovery
process since the beginning of the nineteenth century, which gradually thrived by the
use of pure compounds instead of primarily used extracts and partly purified natural
products [1]. The domineering impact of plant-derived natural compounds in mod-
ern drug development succession can very well be gauged by the statistical facts
illustrating their indispensability in more than half of the 1073 new chemical entities
getting approval between 1981 and 2010 [2]. At the same time, it also cannot
be ignored that diverse prevailing complexities have emerged lately which recur-
rently hindered the access to authentic raw plant materials (with unvarying yield/
quality parameters) and consequently discouraged pharmaceutical companies
from phytomolecule-based drug development process [1]. In that context, it has
recently been eloquently illustrated by Atanasov et al. [3] that most of the existing
encumbrances have arose owing to many unavoidable circumstances (such as
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demographical, anthropological, environmental, and ecological impediments,
coupled with other yield and quality-linked fluctuation hassles), which unquestion-
ably calls for intense attention towards replenishing renewed interest in
phytomolecule-based drug development process by overcoming the aforesaid
challenges.

Devising an undeviating process of generating alternative production source with
tailor-made production profile of plant-based metabolites has progressively turned
into a reality all over the world in this decade through the rational advent of the
“hairy root” technology [4]. The multifarious beneficial traits of such cultures not
only bestow genetic and biochemical stability with rapid growth potential and
hormone autotrophy but also offer equivalent or higher biosynthetic potential mim-
icking that of the parent plant [5]. Hairy root cultures have therefore undeniably
fulfilled the prerequisite qualification of cellular differentiation related to sanguinity
in terms of higher amount of product accumulation [6] and accordingly have
immeasurably intervened in the frontline ventures of medicinal plant research to
meet the growing demand of pharmaceutical industries. In this context, the advance-
ments in the modern post-genomic technological insights in elucidating the meta-
bolic pathways and associated regulatory/rate-limiting genes have progressively
opened up new avenues for tailoring the metabolic flux of a given plant system
towards the production of high-demand, low-yield molecules in greater quantities by
pathway engineering in hairy root cultures [4]. In any given scenario,
overproduction of a desired metabolite through such organ culture can be achieved
by following either of the two realistic ventures, i.e., overexpression of rate-limiting
gene for maximizing the metabolic flux towards the desired end product or by
diverting the metabolic channel through the incorporation of appropriate participat-
ing genes from heterologous system [4, 7]. Although heterologous expression of
plant genes in microbes has gathered some attention over the years, several practical
impediments in terms of unavailability of the plant-based precursor substrate,
complexity in posttranslational modifications, toxicity resulting from the accumula-
tion of plant products, etc. appeared as stumbling block to be solved in the future
[8]. On the contrary, the existence of the entire metabolic pathway with physiolog-
ically active genetic/enzymatic makeup in hairy root clones makes it extremely
lucrative alternative to achieve the maximum reward through heterologous expres-
sion of pathway genes towards improved metabolite accumulation [9]. Indisputably,
the incorporation of pathway genes from different source plant with the same
function has significantly facilitated in rectifying the co-suppression-mediated dis-
advantage of overexpressing the pathway genes of the same plant system [4]. For the
last three decades, the HR cultures of several medicinal and aromatic plants have
been widely explored in the arena of heterologous gene expression based on
medicinal plant research as depicted in Fig. 1. Literature survey revealed that the
maximum number of published reports could be documented in the year 2011–2015
(ten) followed by 2006–2010 (nine), 2001–2005 (eight), 1996–2000 (three), and
1990–1995 (two). More than 85% of the published reports came into existence in the
last 15 years showing the significance and potential of such HR-based technology
towards the manipulation of any biosynthetic pathway genes for the production of
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therapeutically active metabolites through heterologous expression of pathway
genes from a separate plant system (Fig. 1).

Accumulating knowledge in this direction needs a comprehensive evaluation for
generating future directions in medicinal plant research for tailoring the yield poten-
tials towards a desired biomolecule production in hairy root cultures, to which the
present review is committed. The types of metabolites, contributions of the underlying
pathways, influence of the rate-liming genes, gross role of plant families and even the
hairy root inducing A. rhizogenes strains, and culture media’s attributes will be figured
out in this review as each of these attributes imparts a decisive role towards the final
outcome of such endeavor. This review is an attempt to scrutinize each and every
aspect in great detail to delineate and mend any misapprehension under the present
topic by offering a comprehensive view of global collaborative wisdom.

2 Biosynthetic Pathways and Genes Involved

The impact of post-genomic technologies on gene discovery and metabolic pathway
elucidation can very well be perceived in recent years on the basis of accumulating
knowledge in this arena. The crucial steps involved in a successful modulation of
biosynthetic pathways through heterologous expression of pathway genes have been
impressively elucidated under five headings in a recent review [4]. This information
has clearly indicated that a detailed knowledge of the biosynthetic pathways and the
role of decisive genes have undoubtedly facilitated the advancement of metabolic
engineering as a potential approach to increase the yield of specific metabolites by
heterologously or homologously expressing the rate-limiting genes [10]. In this
context, the heterologous expression of targeted genes has started gaining attention
over the years in order to overcome the disadvantage of overexpression of specific

Fig. 1 Representative rate of publications relating to hairy root-mediated heterologous gene
expression carried out for tailoring biosynthetic pathways
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genes from the same plant source owing to the phenomenon of co-suppression of
genes [11]. Although the prospect of utilizing hairy roots as expression system for
modulating the biosynthetic pathways through heterologous gene incorporation was
investigated as early as 1993, the expediency of this approach has gathered the
maximum momentum during recent years.

It is evident from literature that plant alkaloids (terpene and tropane) constitute
the largest group of natural products, offering many pharmacologically active
secondary metabolites [10]. Correspondingly the major bulk of information related
to successful pathway modulation through heterologous gene expression through
hairy roots remained concentrated on these two groups of metabolites (Fig. 2). Out of
32 reported results in this area involving hairy root as expression system, 15 belong
to the tropane alkaloids (47%), 11 to the terpene indole alkaloids (34%), and 4 to the
mevalonate pathway (13%), while only two were related to other pathways (6%) in
which one had covered the phenylpropanoid pathway (Fig. 2).

2.1 Tropane Alkaloid (TA) Pathway (Putrescine
N-methyltransferase (PMT) and Hyoscyamine- 6b-hydroxylase
(H6H) Genes)

The tropane alkaloids (TAs), found mostly in the members of the Solanaceae family,
constitute a major group of pharmaceutically significant metabolites, amongst which
hyoscyamine or atropine and scopolamine are widely reputed for their various
pharmacological functions [12]. The supply of these molecules to the

Fig. 2 Prevailing biosynthetic pathways engineered through HR-based heterologous gene expres-
sions – tropane alkaloid (TA) pathway, terpene indole alkaloid (TIA) pathway, mevalonate (MVA)
pathway, phenylpropanoid pathway, and other pathways (galacturonate pathway)
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pharmaceutical industries is mainly dependent on the plant resources as their chem-
ical synthesis is tedious and not economically feasible [13]. Therefore, to develop an
alternative approach for their production, TA biosynthetic pathway has been manip-
ulated through HR-mediated expression of exogenous genes from different medic-
inal plants. Throughout the TA pathway, there are a number of key enzymes that
regulate the flux through the pathway, but the major contributing enzymes were
noted to be hyoscyamine-6β-hydroxylase (H6H) and putrescine N-methyltransferase
(PMT) genes (Fig. 3). To the best of our knowledge, till date the reported studies
relating to these aforementioned genes (PMT andH6H) contributed about 47% of the
total published papers (15 papers). These genes were heterologously expressed
(either individually or collectively) in different medicinal plant systems via HR
culture for the enhancement in the production of the targeted tropane alkaloids –
hyoscyamine and scopolamine (Fig. 3).

The PMT gene regulates the N-methylation of putrescine with its further rerouting
towards the biosynthesis of alkaloids, while the bifunctional enzyme H6H hydrox-
ylates hyoscyamine to 6β-hydroxy hyoscyamine, which subsequently undergoes
epoxidation to form scopolamine [12]. Interestingly, the PMT and H6H genes of
the tropane pathway have been the most explored biosynthetic enzymes of the
Solanaceae family for the enhancement in the alkaloid productivities through heter-
ologous expression (Table 1). To the best of our knowledge, about 49% of the total
published papers reporting heterologous expression of pathway genes are covered by

Fig. 3 An assortment of the major biosynthetic pathway genes utilized for the hairy root-mediated
heterologous gene expression. [Other pathway genes include deoxy xylulose synthase (DXS),
deoxy xylulose reductase (DXR), 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGR),
farnesyl diphosphate synthase (FPS), squalene synthase (SS), transcription factor (AtPAP1), cyto-
chrome P450, and D-galacturonic acid reductase (GalUR)]
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individual or collective expression of the aforementioned genes (PMT and H6H) in
different medicinal plant via HR cultures contributing a major share in the produc-
tion of the targeted tropane alkaloids – hyoscyamine and scopolamine (Fig. 3).

The exclusive role of PMT gene has been studied earlier by different research
groups, one of which is through its isolation from N. tabacum and successful
expression in H. niger HR cultures, leading to the fivefold higher PMT activity in
the transgenic HR than that in the control, while no increase could be noted in the
overall content of the alkaloids [14; Table 1]. Similarly, the same gene (PMT) from
N. tabacum has also been expressed earlier in Duboisia hybrid (D. myoporoides x
D. leichhardtii) HR cultures enhancing the N-methylputrescine level up to twofold to
fourfold, but no enhancement could be observed in the content of other metabolites
[15]. In contrast, the production of both hyoscyamine and scopolamine was found to
be increased by expressing the PMT gene from N. tabacum in Datura metel HR
cultures [16], while the Hyoscyamus muticus HR clone with PMT gene of the same
origin failed to produce the latter, and only the content of the former was augmented
[16; Table 1]. Ahead of these results, Sato et al. [17] have fruitfully expressed the
PMT gene from N. tabacum in Atropa belladonna HR culture which resulted in a
fivefold increase of PMT level in transgenic HR as compared to wild-type HR clone
but the total alkaloid content remained unchanged (Table 1).

Likewise, the effect of introducing putrescine N-methyltransferase (PMT1 and
PMT2) under the control of a CaMV 35S promoter from N. sylvestris into Scopolia
parviflora HR cultures has also been investigated by Lee et al. [18]. The transgenic
HR line produced over 3.5 and 5 times more hyoscyamine and scopolamine,
respectively, than the wild-type HR cultures, substantiating the fact that improve-
ment in the production of such metabolites as the end products could assuredly be
achieved through such heterologous expression of the upstream genes of tropane
alkaloid pathway [18].

So far as the H6H gene is concerned, it was observed that out of the 32 published
information under the present topic, ten reports have predominantly demonstrated
the efficacy of this specific gene in enhancing the production of scopolamine in
different members of Solanaceae family (Fig. 3). The H6H gene from Hyoscyamus
niger has been cloned and introduced into A. belladonnaHR culture where a fivefold
higher scopolamine yield could be documented as compared to the wild-type HR
culture, and the content of 6β-hydroxyhyoscyamine was also increased in the
transformed roots [19; Table 1]. The H6H gene of the same source has also been
cloned and introduced intoH. muticus, where the best transgenic HR clone produced
100 times higher content of scopolamine than that of the control clone. This
observation convincingly illustrated the prospect of utilizing hairy root as a prom-
ising and reliable tool for the heterologous gene expression system for enhancing the
scopolamine productivity [13; Table 1].

In another study, the H6H gene from H. niger was introduced into the genome of
a scopolamine-rich Duboisia hybrid (D. myoporoides x D. leichhardtii) under the
regulation of the CaMV35S promoter [20]. The scopolamine levels (74.50 mg/l) in
the engineered HR lines improved up to three times as compared to wild-type hairy
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roots, but no significant changes could be documented in the HR-regenerated plants
[20; Table 1). Another report by Rahman et al. [21] has demonstrated that the
incorporation of the H6H gene from H. muticus under the control of “ParAt”
promoter in Duboisia leichhardtii HR culture has enhanced the content of scopol-
amine in the H6H-positive HR clones [21; Table 1].

Hakkinen and co-workers [22] have reengineered the N. tabacum and H. muticus
HR cultures by the incorporation of the H6H gene from H. niger for the enhanced
secretion of tropane alkaloids. Both the transgenic hairy roots were examined for
their potentials towards the production of scopolamine and other tropane alkaloids
after the exogenous supply of the precursor (hyoscyamine) in the culture medium.
Amongst them, N. tabacum HR clone showed more proficiency towards the uptake
of hyoscyamine from the culture medium and a higher bioconversion rate towards
the scopolamine production compared to that of the H. muticus HR clone (Table 1).
Apart from the secretion of maximum scopolamine (85%) into the culture medium,
the addition of hyoscyamine also influenced the accumulation of nicotine in the
resultant transgenic N. tabacum HR line [22].

In another study, the competence of dedifferentiated cell cultures derived from the
N. tabacum hairy roots carrying the H. muticus H6H gene has also been investigated
for the bioconversion of hyoscyamine to scopolamine [23]. They have shown that
N. tabacum cell suspensions, which normally do not produce scopolamine, are able
to produce this alkaloid after overexpressing the gene H6H in tandem with the
precursor feeding of hyoscyamine (Table 1). The transgenic cell suspension cultures
showed a higher potential for the conversion of exogenously added hyoscyamine at
two different concentrations (100 mg/l and 200 mg/l) to the culture medium
[23]. The total scopolamine production (21.6 � 1.1 mg/l) in the shake flask could
be obtained at the higher concentration. The overall scopolamine accumulation
could further be enhanced significantly by upscaling the transgenic cell culture
from the shake flask (21.6 � 1.1 mg/l) to 5 l turbine-stirred tank bioreactor
(35.5 � 0.8 mg/l), indicating the commercial prospect of the entire effort [23].

The effect of the H6H gene of H. niger on the production potentials of Atropa
baetica HR clone for scopolamine, hyoscyamine, and 6β-hydroxyhyoscyamine has
also been investigated by Zarate et al. [24]. The transgenic roots overexpressing
H6H revealed higher content of scopolamine (5.63 mg/g DW), hyoscyamine
(0.2 mg/g DW), and 6β-hydroxyhyoscyamine (1.01 mg/g DW). The scopolamine
level increased up to ninefold as compared to the plants [24; Table 1]. The heterol-
ogous co-expression of PMT and H6H genes from N. tabacum and H. niger,
respectively, in H. niger HR culture revealed nine times higher content of scopol-
amine in the transgenic HR clone than that of the wild type (Table 1) and only two
times higher than that in the HR lines expressing H6H gene exclusively [10]. Sub-
sequently, the cloning and co-expression of the same PMT and H6H genes from the
abovementioned sources in Atropa belladonna HR culture showed a distinct effect
by producing five and four times higher scopolamine content and 11 and 24 times
higher hyoscyamine content than that in the non-transgenic HR and normal (intact)
root culture, respectively [25; Table 1].
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In another contemporary investigation, the genes for the two key enzymes of
tropane alkaloid pathway (i.e., PMT1 and PMT2) from Nicotiana sylvestris andH6H
from Hyoscyamus niger were expressed in the metabolically engineered hairy root
cultures of Scopolia parviflora [12]. The morphology of the S. parviflora
transformed roots with PMT1, PMT2, and H6H genes was noted to be distinct,
and the overall effects of these genes led to the enhancement in the content of
scopolamine and hyoscyamine in the transformed roots [12; Table 1]. Supplementa-
tion with different phytohormones further enhanced the accumulation of scopol-
amine and hyoscyamine in these transgenic HR lines [12].

2.2 Terpenoid Indole Alkaloid (TIA) Pathway

TIAs are one of the major classes of phytomolecules renowned for their various
applications in the pharmaceutical, fragrance, and cosmetic industries [26]. There are
several TIAs found in nature governed by numerous pathway genes, but very few
have been explored in terms of HR-mediated heterologous gene expression for
improving the productivity of targeted metabolites involving distinct medicinal
plants (Fig. 2). The success stories are discussed below.

2.2.1 Geraniol Synthase (GES) Gene
Geraniol is synthesized from the monoterpenoid precursor geranyl diphosphate by the
geraniol synthase (GES) gene, which is an intermediate metabolite in the
monoterpenoid pathway, interconnecting with the indole pathway to form pharma-
ceutical products of TIAs [27]. Geraniol possesses several pharmacological impor-
tances by suppressing different types of cancer such as colon, pancreatic, hepatic, and
prostate tumors and also reduces serum cholesterol levels [27]. The low yield from the
natural plant sources and intricate chemical structure of geraniol has attracted
considerable recent interest towards developing biotechnology-based production
alternatives to meet the escalating demand of this valuable phytomolecule. Literature
survey revealed that out of the total 32 reported observations on hairy root-mediated
heterologous expression of different pathway genes, three reports are available
concerning the expression of geraniol synthase (GES) gene till date (Fig. 3).

The heterologous expression ofGES gene under the control of cauliflower mosaic
virus (CaMV 35S) promoter from Valeriana officinalis has been achieved in Nico-
tiana tabacum and N. benthamiana HR cultures which resulted in the production of
geraniol in different in vitro cultures [27; Table 1]. The maximum geraniol content
could be noted in the stable transgenic plants grown in vitro (48 μg/g FW), and the
least could be noted in the hairy root culture (9 μg/g FW), while the other expression
systems showed intermediary results in reducing the order as follows: transient
expression system (27 μg/g FW), transgenic plants under hydroponic conditions in
the greenhouse, and cell suspension cultures (16 μg/g FW) [27].

Similarly, Ritala et al. [26] have successfully expressed the GES gene from
V. officinalis in the HR clone of another species of Nicotiana, i.e., N. tabacum
which resulted in the production of twenty transgenic HR clones having a maximum
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free geraniol content of 31.3 μg/g DW [26; Table 1]. In another study byMasakapalli
et al., [28], enhancement in the biosynthesis of geraniol in the HR cultures of
N. tabacum through metabolic engineering has also been accomplished by
expressing (i) either GES alone from V. officinalis or (ii) by combining GES with
geranyl pyrophosphate synthase (GPPS) gene from Arabidopsis thaliana
(GES + GPPS). The transgenic HR line expressing GES accumulated significant
amounts of geraniol and geraniol glycosides (151 � 24 ng/mg DW), while HR
clones with GES + GPPS accumulated lower levels of geraniol/geraniol glycosides
compared to that in the former [28; Table 1). With regard to the growth and biomass
accumulation potentials of both the transgenic HR lines, no significant differences
were observed corroborating the possibility of increasing the accumulation of a
useful secondary metabolite through such heterologous gene expression approach.
The main conclusion of this study was that the simultaneous manipulation of the
precursors of the TIA pathway through metabolic engineering can lead to a superior
result in terms of enhancement in the production of the geraniol and geraniol
glycosides [28].

2.2.2 Tryptophan Decarboxylase (TDC) and Other Related Genes
The terpene indole alkaloids (TIAs) are formed by the condensation of the indole
moiety – tryptamine and the monoterpenoid – secologanin by strictosidine synthase
(STR) to form strictosidine, the precursor to a wide variety of TIAs. Tryptamine is
synthesized by tryptophan through tryptophan decarboxylase (TDC) activity, and
anthranilate synthase (AS) catalyzes the first committed step in the synthesis of
tryptophan [29]. Literature survey revealed that out of the total 32 reported obser-
vations on hairy root-mediated heterologous expression of different pathway genes,
so far six reports are available concerning the expression of TDC gene (Fig. 3).

In order to manipulate the reserpine and ajmalicine flux, an attempt has been
carried out to heterologously express the single TDC gene from Catharanthus roseus
in Rauvolfia serpentina HR cultures for enhancing the production of such important
alkaloids [30]. The best transgenic HR clone (RT4) bearing the exogenous TDC
gene, cultivated in Gamborg’s B5 medium, accumulated higher reserpine
(0.1202 � 0.002% DW) and ajmalicine (0.0064 � 0.003% DW) content as com-
pared to the control non-transgenic HR clone after 10 weeks of cultivation [30;
Table 1].

The same TDC gene from C. roseus has also been expressed in the hairy root
culture of Peganum harmala by Berlin and co-workers [31]. The tryptamine and
β-carboline alkaloid levels (other tryptamine-derived alkaloids) in the transgenic
lines did not change, while the content of indole alkaloid serotonin was enhanced up
to tenfolds as compared to that in the non-transgenic root. Supplementation of
tryptophan to the cultures further enhanced the serotonin content in the transgenic
HR clones [31].

In another study, the TDC from C. roseus and AS from A. thaliana were
concurrently co-expressed in C. roseus HR cultures, resulting in the enhancement
in the content of tryptophan and serpentine [32]. Similarly, Hong et al. [33] also
successfully expressed both these genes of the same abovementioned sources in
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C. roseus HR culture for the production of tryptamine and tryptophan. Geerlings and
co-workers [34] isolated the two key enzymes TDC and strictosidine synthase (STR)
from C. roseus, cloned under the control of constitutive CaMV35S promoter and
successfully co-expressed both genes in the HR cultures of a woody plant –
Cinchona officinalis “Ladgeriana” (Table 1). This resulted in improving the yields
of tryptamine and strictosidine in the transgenic HR lines (1200 and 1950 μg/g DW,
respectively). Concurrently, the levels of quinine and quinidine were also enhanced
(500 and 1000 μg/g DW, respectively) in the same transgenic HR clone [34]. It is
however disappointing to note that after one year of culture establishment, the
transgenic C. officinalis HR clones completely lost their capacities of accumulating
these alkaloids even though the presence of the TDC and STR genes was observed
with the total loss of activity of the TDC gene [34]. On the contrary, another study
has demonstrated the long-term stability of a transgenic C. roseus HR clone
containing the inducible expression of a feedback-insensitive Arabidopsis anthrani-
late synthase (AS) gene after several years of culture establishment [35]. Stabilized
production of an array of metabolites in these transgenic hairy root cultures was
obtained after 5 years, which indicated that an initial transient stage might be
mandatory to reap the maximum benefit out of such cultures before the metabolite
profile reaches a stabilized state [35].

The regulatory mechanism behind the overexpression of several key genes in the
upstream of the TIA pathway has also been investigated through heterologous
approach in order to increase the flux towards the secondary metabolite production
within hairy root cultures of C. roseus [29]. The inducible overexpression of DXS
alone or together with “Anthranilate-synthase A” (ASA) subunit or DXS with
geraniol-10-hydroxylase (G10H) under the control of GAL4-UAS promoter in the
C. roseus HR cultures demonstrated variable outcomes. The transgenic HR clone
with DXS gene alone revealed increment in the content of ajmalicine (67%),
serpentine (26%), and lochnericine (49%), while the tabersonine and
horhammericine contents were decreased by 66% and 54%, respectively [29]. On
the other hand, co-expression of DXS with G10H resulted in the enhancement of the
overall productivity of ajmalicine (16%), lochnericine (31%), and tabersonine (13%)
[29; Table 1], while co-expression of DXS and AS demonstrated improved contents
of horhammericine (30%), lochnericine (27%), and tabersonine (34%) (Table 1).
These results clearly exemplified that the modulation of the complete range of
metabolites could be achieved through the functional expression of single gene or
through multiple genes within the pathway depending upon the targeted flux towards
the final products [29].

Kim et al. [36] have demonstrated that the cloning and expression of farnesyl
diphosphate synthase (FPS) from P. ginseng in Centella asiatica have played a
significant role towards enhancing the production of total sterols in its HR cultures
(Table 1). The content of squalene and total sterol in the best transgenic HR lines of
C. asiatica was increased to 1.1–1.5-fold and three times, respectively, as compared
to that in the control HR line [36].
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Indole glucosinolates (IGs) are found widely in the Brassicales, which play an
important role as a defense compounds in plants. Zang and co-workers [37]
attempted to produce IG by heterologously expressing three cytochrome P450
(CYP79B2, CYP79B3, and CYP83B1) genes from A. thaliana under the control
of CaMV35S promoter in the hairy root clone of Brassica rapa. The incorporation of
CYP83B1 along with CYP79B2 or CYP79B3 enhanced the accumulation of
glucobrassicin or 4-methoxy glucobrassicin than the control HR line with rol
ABC. However, overexpression of either of these genes alone did not influence the
accumulation level [37; Table 1].

2.3 Mevalonate (MVA) Pathway

The biosynthesis of isoprenoid in the plant systems initiates from the common
precursor prenyl diphosphate (prenyl-PP) and is synthesized through two differ-
ent pathways, i.e., 2-C-methyl-D-erythritol 4-phosphate (MEP) pathway and the
mevalonate (MVA) pathway, occurring in plastids and cytoplasm, respectively
[38]. Diterpenoids are the important phytomolecules which not only are required
for the survival of the plant but also bear desirable pharmacological significance.
In Salvia sclarea, the abietanic diterpenes are normally synthesized in the roots,
but at a very lower level [39]. Recently, the two upstream genes of the MVA
pathway – deoxy xylulose synthase (DXS) and deoxy xylulose reductase (DXR) –
have been isolated from a Brassicaceae family member (A. thaliana) and have
been successfully co-expressed in the HR culture of a Lamiaceae plant – Salvia
sclarea [39; Table 1]. This has led to the increment in the content of all the
targeted bioactive abietanic diterpenes (i.e., aethiopinone, 1-oxoaethiopinone,
savipisone, ferruginol, carnosic acid, and 1-oxo-ferruginol), which has clearly
exhibited that the heterologous expression of MVA pathway genes can play a
decisive role towards enhancing the production of pharmaceutically important
diterpenes [39].

The squalene synthase (SS) from A. thaliana has been cloned and successfully
expressed in the HR of Withania coagulans resulted in the enhancement of the total
withanolides (ranged from 0.68 to 4.63 μg/g DW) as compared to the control HR
(0.11 μg/g DW) after 4 weeks [40].

In another study, the gene for the 3-hydroxy-3-methylglutaryl-coenzyme A
reductase (HMGR), which catalyzes the rate-limiting step in the MVA pathway,
has been isolated from Artemisia annua and cloned under the control of CaMV 35S
promoter in Solanum aviculare HR lines [41]. The expression of this construct in the
resultant S. aviculare HR lines resulted in the increment of the solasodine content by
4.2 times higher as compared to the control HR line [41]. On the other hand,
heterologous expression of the sameHMGR gene from Panax ginseng in Platycodon
grandiflorum HR clones has demonstrated only 1.1–1.6-fold higher phytosterol
levels in transgenic HR lines [42].
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2.4 Phenylpropanoid Pathway

The phenylpropanoid pathway serves as a starting point for the production of many
important compounds, such as the flavonoids, coumarins, and lignans, and is
required for the biosynthesis of lignin. However, only a single published report is
available till date under the current topic (Fig. 2). Tuan and co-workers (2014) have
made a sole attempt for the production of chlorogenic acid (CGA) in the Platycodon
grandiflorum HR culture by expressing A. thaliana transcription factor (AtPAP1)
cloned under the control of CaMV 35S promoter (Table 1). The best HR line
produced ten times higher CGA (421.31 μg/100 mg DW) as compared to that of
the control HR line, which emphasized that HR culture of P. grandiflorum can be a
promising alternative route for the production of CGA through heterologous expres-
sion of the AtPAP1 gene [43].

2.5 Other Pathways

A sole report was documented with regard to the galacturonate pathway, where D-
galacturonic acid reductase (GalUR) gene from Fragaria ananassa under the control
of CaMV 35S has been heterologously expressed in the HR culture of Solanum
lycopersicum cv. Money Maker [44; Table 1). As compared to the wild-type HR
clones, the content of the total L-ascorbic acid (AsA) improved up to 2.5-fold in the
transgenic HR clone upon treatment with D-galacturonic acid (D-GalUA) [44].

3 Other Contributing Factors

The successful implementation of the entire procedure is reigned by several under-
lying factors, which play a crucial role in implementing the positive gene transfer
events and also substantially influence the overall expression mechanism of heter-
ologously transferred plant genes. The characteristic and exclusivity of plants
families (depending upon their degrees of susceptibilities), the types of
A. rhizogenes strains, explant types, promoters’ specifications, and media constitu-
ents are some of the prominent deciding factors that differed amongst the reported
observations and have been outlined below.

4 Involvement of Plant Families

It is evident from literature survey that certain plant families played crucial role as
the front-runner with respect to improving the production of targeted metabolites
through hairy root (HR)-based heterologous gene expression of pathway genes. In
this context, the major contribution could be noted on account of the Solanaceae
family (60%) followed by Apocynaceae and Brassicaceae (Fig. 4).
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Different species of Nicotiana (i.e., N. tabacum, N. benthamiana, N. sylvestris),
Atropa (i.e., A. belladonna, A. baetica), Duboisia (i.e., D. leichhardtii, D. hybrid,
D. myoporoides x D. leichhardtii, Hyoscyamus (i.e., H. niger, H. muticus), and
Solanum (i.e., S. aviculare, S. lycopersicum) along with Scopolia parviflora,
Withania coagulans, and Datura metel constituted the major plant species of
Solanaceae family which dominated the entire HR-based heterologous gene expres-
sion progression (60%) relating to tropane alkaloid biosynthesis (Fig. 4). The second
most explored family is Brassicaceae, in which the major attention remained mostly
focused on Arabidopsis thaliana and Brassica rapa HR cultures, which contributed
about 12% of the total reported literatures for heterologous expression (Fig. 4).

On the other hand, Apocynaceae family occupied the third position in this list
(11%) in which Rauvolfia serpentina and Catharanthus roseus HR cultures have
been explored as the expression system for the pathway modulation (Fig. 4). The HR
cultures of several other plant families too contributed towards the HR-mediated
heterologous gene expression (17%) in which Caprifoliaceae, Valeriana officinalis
(4%); Araliaceae, Panax ginseng (3%); Campanulaceae, Platycodon grandiflorum
(3%); Lamiaceae, Salvia sclarea (2%); Rubiaceae, Cinchona officinalis (2%);
Apiaceae, Centella asiatica (1%); Asteraceae, Artemisia annua (1%); and Rosaceae,
Fragaria ananassa (1%) were investigated towards improving the yield potentials
relating to targeted metabolites (Fig. 4).

Fig. 4 Preferential involvement of plant families in HR-mediated heterologous gene expression
studies
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5 Preference of A. rhizogenes Strain

An in-depth analysis concerning the use of different strains of A. rhizogenes has
clearly indicated the preferential utilization of six different strains with varying
degrees of success through their gainful exploitation in heterologous expression of
pathway genes in HR cultures (Fig. 5). In this context, the LBA 9402 strain attained
maximum deliberations (32%) followed by the ATCC 15834 (23%), A4 (21%),
R1000 (9%), KCTC 2703 (6%), and LBA 1334 (3%) strains (Fig. 5). Exclusive
susceptibilities of the targeted medicinal plant systems towards the specific bacterial
strain might be the underlying reason for such diversity.

6 Popularity of Explant Types

A review of the published literature has clearly indicated that preference of explant
types has played an implicit role in all the successful reports of the HR-mediated
heterologous pathway gene expression studies. Noticeably, leaf has most prevalently
been used as the universally preferred explants with 71% reported frequency of uses
(Fig. 6). The use of seedlings attained the second preference with 11% reported
cases, while the utilization of either stem or both stem and leaf attained equal
preference (total 7% reported usages). It is however worth mentioning that Rahman
and co-workers have observed better performance of leaf explants over that of stem
explants in their heterologous gene expression study where both have been tested.
The use of cotyledon has gained minimum application in similar studies with 4% of
use amongst the reported cases (Fig. 6).

Fig. 5 Influence of Agrobacterium rhizogenes strains on the frequency of affirmative results
relating to heterologous gene expression
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7 Choices of Promoters’ Specifications

Literature survey indicates that although promoters play a crucial role in such
heterologous gene expression studies, a single constitutive promoter (i.e., cauli-
flower mosaic virus 35S promoter – CaMV 35S) has fulfilled the underlying
requirement of most the presently reviewed studies and showed 94% of prevalence
amongst the reported HR-mediated heterologous plant gene expression studies
(Fig. 7). Two individual reports are available that deviate from such usually
accepted practice and have used ParAt and GAL4-UAS as the preferred promoters
[21, 29].

8 Media Choices

Careful analysis of the available published data relating to the preferential
selection of media composition for successful execution of the entire heterolo-
gous gene expression procedure evidently revolved around the two most reputed
media formulations with distinct divergence in their utilization (Fig. 8). The
Gamborg’s B5 medium has been used in majority (69%) of the studies, while
the Murashige and Skoog’s medium has been utilized in 31% of the reported
investigations which indicates that the vitamin and other additives of the former
medium might be having some influence on the overall success of the entire
procedure.

Fig. 6 Preferential utilization of different explants for HR-mediated heterologous gene expression
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9 Conclusions

The advancement of next-generation sequencing and innovative biotechnological
tools along with the understanding of the plant metabolic pathways at both the
biochemical and cellular levels has opened up a new avenue for metabolic engineer-
ing of any biosynthetic pathways, which is quite evident through the increasing
number of reported observations in the most recent years. The higher commercial
demand with lower supply of plant-based secondary metabolites has necessitated the

Fig. 7 Options of different promoters for HR-mediated heterologous gene expression

Fig. 8 Documented media
preferences for HR-mediated
heterologous gene expression
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search for appropriate and inexpensive expression systems other than the host plant,
where hairy root cultures have emerged as a promising alternate approach for the
production of metabolites. This review summarizes the HR-mediated heterologous
expression of several rate-limiting key genes of TIA, TA, and MVA biosynthetic
pathway. The maximum utilization of HR cultures of Solanaceae family has been
explored for enhancing the productivity of tropane alkaloids by expressing H6H and
PMT genes. The detailed literature survey indicated that several factors including the
targeted genes and their sources as well as recipient plant systems, promoter types,
explant types, bacterial strain specificity, and media choices may ultimately decide
the fate of such efforts which undoubtedly can bridge the gap between the demand
and supply of several plant-based vital bioactive molecules. Further refinement of
this HR technology for heterologous expression of biosynthetic pathway genes in
medicinal plants can become a powerful approach in the coming years through
focused efforts towards translating this technology into industrial applications for
the large-scale production of therapeutically important phytomolecules, which lacks
any other alternative production source other than the resource mother plant.
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Agrobacterium rhizogenes-Mediated
Transformation in Medicinal Plants: Genetic
Stability in Long-Term Culture

13

Dipasree Roychowdhury, Mihir Halder, and Sumita Jha

Abstract
Variations at morphological, cytogenetical, cytochemical, biochemical, and
molecular levels have been reported in cell, callus cultures, clonally propagated
plants, and in regenerated plants in some plant species. Metabolic instability in
the genetically manipulated transgenic cell lines with respect to secondary metab-
olite production has been reported by different authors in long-term in vitro
culture, although in a few cases the transgenic nature of the cell lines was
retained. Transgenic hairy root cultures are another promising way of production
of commercially valuable secondary metabolites in vitro, which open up a new
dimension of the role of plant tissue culture in secondary metabolite production.
Hairy root cultures and the plants regenerated from transformed roots are well
known for their cytogenetical, morphological, and biochemical stability when
compared to cell suspension cultures and callus cultures. But there are very few
studies on the stability of hairy roots under long-term cultural condition. Vari-
ability in Ri-transformed root cultures and regenerated Ri-transformed plants has
also been reported in a few species. In the present review, the stability/instability
of hairy root cultures and Ri-plants maintained in vitro for long term is discussed
in detail.
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1 Introduction

Genetic instability is common in the cell cultures of many species [1–5]. Variations
at the morphological level, cytological level (chromosome number and structure),
cytochemical level (genome size), biochemical level (secondary metabolites and
isozymes), and molecular levels in cells, callus cultures, and in regenerated plants
have been reported [6–12]. Variation in clonally propagated plants as well as in
plants regenerated directly from explants is also demonstrating such variation [8, 13,
14]. In few species, stability of callus cultures and plants regenerated from callus has
been reported in long-term cultures [15–18]. Cytological abnormalities include
changes in chromosome number, chromosome rearrangements, deletions, duplica-
tions, sequence change play major roles in the development of such variations [4, 6,
7, 19]. The role of gene activation and silencing, epigenetic changes in the devel-
opment of variants in long-term tissue culture has been reported [13, 20].

Plant cell and tissue cultures are promising renewable alternative source of
commercially valuable secondary metabolites, generally for those complex mole-
cules for which chemical synthesis is not viable economically. Interest regarding
these biotechnological techniques increased when it was found that undifferentiated
cell suspension cultures or differentiated organ cultures synthesize and accumulate
specific secondary metabolites at a similar or higher amount as compared to parent
plants [21, 22]. However, for production of secondary metabolites in commercially
useful amounts, optimization of culture conditions, selection of fast growing high-
yielding cell lines, precursor feeding, elicitation, immobilization, and genetic trans-
formation techniques have been utilized in different species [23, 24].

Plant cell suspension cultures of medicinally important species have been used
as a promising alternative “chemical factory” for the production of industrially
important pharmaceuticals. The major drawback of cell suspension culture is the
spontaneous changes in the physiological, morphological, biochemical, and the
cytological behavior of cells that leads to instability in secondary metabolite
production during long-term culture [25, 26]. Cytological heterogeneity may be
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represented by mixture of euploid and aneuploid cells with normal cells in cell
suspension culture and callus cultures [5, 27–29]. Variations may arise at the
structural level of chromosomes without affecting chromosome number. Detection
of such kind of cytological instability is comparatively difficult as the culture cells
show normal chromosome number. The high degree of such change has been
documented in long-term tissue culture. Karyotypic changes due to chromosomal
translocations have been observed [4, 30]. Culture induced phenotypic, biochem-
ical, and genetic variations were observed in regenerated plants and progenies of
the regenerated plants. Various analyses have revealed that these variants show
genetic behavior similar to the naturally occurring mutant [4, 31]. Regeneration of
plants may involve de-differentiation and redifferentiated during which different
variables can develop.

Transgenic cell cultures of Vitis amurensis and Catharanthus have been devel-
oped by genetic manipulation for production of target secondary metabolites [32,
33]. Instability in transgenic cell cultures with respect to secondary metabolite
production is reported by different authors [32, 33]. Metabolic instability of such
several transgenic cell lines of Catharanthus overexpressing key enzymes of TIA
pathway was observed in the long-term in vitro culture when studied for 30 months,
although the transgenic nature of the cell lines was retained [32]. Drastic decrease in
metabolite content in the transformed cell lines is also reported in grapes by
Dubrovina and Kiselev [33]. rolB transformed cell lines were established in
V. amurensis accumulating high levels of resveratrol showed a decline in the
resveratrol content in long-term culture with regular subculturing. Stable expression
of rolB gene in the transgenic cell cultures has been reported after 5 years of
transformation by the same group [34]. In in vitro micropropagated clones of
transgenic birch, decrease in expression of foreign genes with increase in number
of subcultures has been reported [35]. Instability of the foreign gene is not restricted
to transgenic cell cultures but also reported in some hairy root cultures and trans-
genic plants [36]. Integration of foreign gene/genes into the host plant genome might
cause alteration in its structure and thus affecting the host plant and/or expression of
the transgene by gene silencing or negative influence of the flanking plant DNA and
location in the chromosome [37, 38].

Transgenic hairy root cultures have opened up a new dimension to application of
organ cultures for synthesis, accumulation, and regulation of secondary metabolites
production in vitro due to their rapid growth in simple media without phytohormone
and easier maintenance in long-term culture. Agrobacterium rhizogenes, a Gram
negative soil bacterium is responsible for causing hairy root disease in higher plants
by transfer of T-DNA present in Ri-plasmid of the bacteria to the plant host genome.
Root loci A-D (rol A-D) of the T-DNA are responsible for the development of hairy
root phenotype [22, 39]. Such hairy roots are also capable of spontaneously
regenerating plants (Ri-transformed plants) in a number of species [22, 40]. The
hairy roots and Ri-transformed plants derived from them are known to synthesize
important plant secondary metabolites in enhanced or similar levels to the
nontransformed plants [22]. Bulgakov et al. [41] suggested that rol genes (rolB
and rolC) of Ri plasmid are potential activators of secondary metabolism, activate
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phytoalexin production and suppress intracellular ROS level, the combination of
defense responses and effect of ROS suppression affects sensitivity towards auxin,
growth and metabolism of the transformed tissue [41].

Hairy root cultures are well known for their cytogenetical, morphological, and
biochemical stability compared to cell suspension cultures and callus cultures. But
there are very few studies on the stability of hairy roots under long-term cultural
condition. In this chapter, we have discussed regarding the stability and variability of
hairy root cultures and regenerated plants of different species on the basis of
morphological, biochemical, and cytological analysis reported as far as possible.
Genetic stability on the basis of integration and expression of T-DNA genes in
transgenic cultures and clonal fidelity of hairy root cultures and Ri-transformed
plants are also discussed in this review.

2 Characterization of Ri-transformed Roots

Hairy root cultures are characterized by profuse lateral branching and rapid root tip
elongation with plagiotropic growth in hormone free medium [42]. Apart from the
wild type transformed hairy roots, foreign genes can be also inserted into the hairy
roots in many plants [43]. The altered morphological characteristics of the hairy root
cultures enable marker free selection of the transformed root lines which are
advantageous over use of A. tumefaciens-mediated transformation [40, 42].

A. rhizogenes-mediated transformation and transformed root cultures have been
established in numerous plant species, including many medicinally important plants
[22, 44] as an alternative source for the production of important plant secondary
metabolites [22]. Transformed root lines are reported to vary in morphology, bio-
mass accumulation, integration of T-DNA genes, and biosynthetic ability in a
species [45–52]. Such variations in between the hairy root lines of the same plant
species are suggested to be due to variation in the integration of T-DNA genes of
Ri-plasmid into the plant genome [50, 53, 54].

Several reports are available on the effects of the TR and TL T-DNAs on the
growth, morphology, and secondary metabolite production in transformed roots
[46–50, 55, 56]. For example, in Catharanthus roseus, rolAB+/ags+ and rolAB+/
ags� root clones belonged to four different morphological types, whereas rolAB�/
ags+ root clones were of slow growing and callusing morphology [46]. In coffee
hairy roots, rolB and rolC genes were reported to be systematically integrated;
however, the presence of rolA and rolD genes could not be related to the morpho-
logical variability. The correlation could not be found between the presence of
T-DNA genes and hairy root lines showing altered morphology in Coffea arabica
[49]. Similarly, in Tylophora indica no direct correlation was found between the
presence of T-DNA genes and transformed root morphology [52]. Differential loss
of T-DNA genes in hairy root lines of C. roseus and the effect of such loss on the
morphology and the biosynthetic ability of the root lines are reported by Taneja
et al. [50]. Ten Ri-transformed root lines studied for the presence of 23 ORFs of the

326 D. Roychowdhury et al.



T-DNA showed loss of few ORFs that drastically affected the growth, morphology,
and alkaloid biosynthesis in transformed root lines [50]. The induction and devel-
opment of the hairy root phenotypes are affected by synergistic activity of the rol
genes expressed simultaneously [57–59].

The study of stability of such variant Ri-transformed root lines in the long-term
in vitro culture is reported only in a few plant species. The details of such reports on
morphological, biosynthetic, cytological, and molecular stability of A. rhizogenes-
transformed root cultures in various species are discussed in detail in the following
section of this review.

2.1 Morphological Stability of Ri-transformed Roots

There are contradictory reports regarding the extent of stability in transformed roots
maintained in vitro during prolonged culture. Stability in growth and morphological
characters over prolonged culture is reported in different species like – Lycopersicon
esculentum [60], Cinchona officinalis “Ledgeriana” [61], Aesculus hippocastanum
L. [62], Pimpinella anisum [63], Coffee [49], T. indica [52], Arachis hypogaea [51],
Plumbago zeylanica L. [64], Rauvolfia serpentina [65, 66], etc. Morphology of
different Ri-transformed root lines of different plant species is known to vary to a
large extent (Fig. 1).

Long-term stability of Ri-transformed root cultures in L. esculentum is reported
by Lipp Jao and Brown [60]. Transformed root clones established with A. rhizogenes
strain R1601 were maintained in solid and liquid media. The hairy roots were found
to retain their growth and characteristic phenotype for 50 passages over 25 months in
liquid culture and for 12 passages over 12 months in solid culture. The growth rate of
these root clones was not affected by the presence or absence of selective agent in the
solid media, thus not necessary for maintaining the transformed state in long-term
culture as suggested by the authors [60].

Stability in growth and morphology of hairy root cultures of C. officinalis
“Ledgeriana” after 1 year of in vitro culture is reported [61]. Similar unchanged
growth rate of hairy root cultures of A. hippocastanum L. after 4 years of in vitro
culture is reported by Zdravković-Korać et al. [62].

Santos et al. [63] studied the morphological stability of hairy root lines of
P. anisum in four different media. Root lines growing on SH medium showed stable
morphological characters over the period of study compared to the other three media
where marked changes were observed [63].

Alpizar et al. [49] reported that exogenous auxin supplementation was essential
for proliferation of hairy root lines of coffee. Sixty two root clones varied signifi-
cantly in two growth parameters (total root length and frequency of fine roots), and
the characteristic phenotypes were stable over the subcultures for over 3 years [49].

In T. indica, four morphologically distinct phenotypes observed in A. rhizogenes
strain A4 transformed root lines were stable when maintained for more than 4 years
on hormone free MS basal medium [52].
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In peanut (A. hypogaea) cv. JL-24, Halder and Jha [51] reported strain indepen-
dent variability among 30 Ri-transformed root lines on the basis of morphology,
biomass accumulation, and trans-resveratrol content. Root lines and clones
maintained in vitro for over 3 years showed stable morphological characters as
well as growth index value [51].

Fig. 1 Ri-transformed root lines of different plant species transformed with wild type Agrobacterium
rhizogenes strains, maintained for long term in vitro culture for more than 5–8 years (Bar = 1 cm) – (a,
c–g) LBA 9402 transformed root cultures ofArabidopsis thaliana (Photo P. Paul), Convolvulus arvensis
(Photo A. Majumder), Digitalis purpurea (Photo A. Basu), Nicotiana tabacum (Photo M. Halder),
Plumbago zyelanica (Photo A. Basu), and Rauvolfia serpentina (Photo Smita Ray), respectively. (b, h,
i) A4 transformed root culture of Arachis hypogaea var. JL-24 (Photo M. Halder), Tylophora indica
(Photo D. Roychowdhury), and Withania somnifera (Photo Swagata Ray), respectively

328 D. Roychowdhury et al.



Growth and morphology of LBA9402 transformed root lines of P. zeylanica
cultured on solid modified MS medium were observed to be stable for 2 years in
in vitro culture [64].

Ray et al. [66] reported retention of stable phenotype of Ri-transformed root lines
of R. serpentina over 3 years of in vitro culture. The phenotype of transformed root
lines included creamish roots with a high degree of branching, plagiotropic growth,
and devoid of extensive root hairs [66]. Long-term stability of hairy root cultures of
R. serpentina is also reported by Pandey et al. [65] for more than 6 years of in vitro
culture. The growth kinetic analysis of R. serpentina hairy roots exhibited higher
growth potential following long-term cultivation with either of the two carbohy-
drates, viz., sucrose and table sugar [65].

However, instability in morphological phenotype and growth kinetics of hairy
roots in prolonged in vitro culture is reported in certain species like carrot [36],
Brugmansia candida [67], Duboisia myoporoides [68], Hyoscyamus muticus
[69], etc.

Instability in phenotype and expression of transgenes were observed in hairy root
lines of Daucus carota in long-term culture [36]. Different phenotypes and growth
patterns were observed between hairy root clones of carrot and between the sub-
cultures of single root clones [36]. Significant decrease in growth of hairy root
cultures is reported in B. candida on prolonged subculture for 5 years [67]. Yukimune
et al. [68] performed repeated selection in hairy root cultures of D. myoporoides and
observed that the morphology of the transformed roots with improved scopolamine
content differed after the repeated selection, viz., fine root lines with extensive lateral
branching. In H. muticus, variation was observed between the different hairy root
lines and hairy root clones derived from protoplast culture [69].

Thus, it is evident from the above reports that the majority of the plant species
studied to observe the long-term morphological characters and growth of hairy roots
in culture conditions showed stability. And only certain species are found to behave
differently in the long-term in vitro cultures with a decrease in growth kinetics and
change in morphology. Type of growth media can be a deciding factor for the
phenotypic stability of A. rhizogenes-transformed root cultures as observed in
P. anisum [63].

2.2 Biochemical Stability of Ri-transformed Roots

The utility of hairy root culture for synthesizing important secondary metabolites
greatly depends on the biochemical stability of the high yielding roots in the long-
term in vitro culture. The stable production of important plant metabolites by the
Ri-transformed hairy roots after prolonged culture period is reported in different
plants like Beta vulgaris, Nicotiana rustica [70], Datura stramonium [71, 72],
D. innoxia [73], H. muticus [69, 74], P. anisum [63], T. indica [52], R. serpentina
[65], etc.

Biosynthetic stability of hairy roots of B. vulgaris and N. rustica after long-term
cryopreservation is reported by Benson and Hamill [70]. The total betalain (total
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betaxanthin and betacyanin pigments) in B. vulgaris and total alkaloid production in
N. rustica was found to be stable after the recovery of the cryopreserved hairy roots
suggesting biosynthetic stability of these Ri-transformed root lines [70].

Biosynthetic stability of hairy root lines in the long-term in vitro culture is also
reported in D. stramonium [71]. Very high stability in total alkaloid production for
over 5 years, i.e., over 75 subcultures, was observed in the high alkaloid producing
root lines [71]. This finding was advantageous over the high level of instability
observed in normal root cultures of D. stramonium upon subculturing [75]. Baíza
et al. [72] also reported biochemical stability of the hairy root lines ofD. stramonium
over a period of 6 years. On contrary, only one root line of D. stramonium showed
great instability in alkaloid production through time, with regard to the production of
both hyoscyamine and scopolamine [72, 75]. Dechaux and Boitel-Conti [73]
reported a decrease in scopolamine levels similar to control levels after 1 year of
subculture in hairy roots of D. innoxia overexpressing H6H gene from H. niger.

Stable secondary metabolite production after 5 years of in vitro culture is reported
in hairy roots of H. muticus. All the studied Ri-transformed root lines of H. muticus
showed stable alkaloid production during the long-term culture [69]. Stability of
secondary metabolite production in hairy roots of H. muticus during two and a half
years of culture is also reported by Jouhikainen et al. [74].

Hairy root cultures of P. anisum, maintained in the SH medium, both under
darkness and photoperiod conditions showed stable essential oil production [63].

Hairy root cultures of T. indica established by using A. rhizogenes strain A4
showed biochemical stability over a period of 4 years. The transformed root lines of
different phenotypes accumulated tylophorine at higher levels as compared to the to
nontransformed roots, and the potential of enhanced growth and tylophorine content
was stably maintained in long-term in vitro culture [52].

R. serpentina hairy roots (Ri-A4 transformed roots) produce considerably higher
reserpine content than the normal roots after 10 weeks of growth [76]. Ray et al. [66]
reported higher reserpine (approx 3 mg g�1DW) content in the LBA 9402 root lines.
Pandey et al.[65] reported the production of all three major terpene alkaloid in
R. serpentina, viz., reserpine, ajmaline, yohimbine since the establishment of cul-
tures with yohimbine concentration being highest followed by ajmaline and reser-
pine. After 6 years of maintenance on both sucrose and table sugar containing media,
the selected root culture of R. serpentina maintained similar trend of production,
yohimbine appeared to be the major alkaloid. Root cultures showed differential
yields of the alkaloids in the two carbon sources used. The hairy roots of
R. serpentina showed 193.8% more reserpine production in the table sugar
supplemented media compared to media supplemented with sucrose. However, the
yield of yohimbine and ajmaline was 38.32% and 61.98% higher in the sucrose
supplemented media than the table sugar supplemented one. These hairy root
cultures of R. serpentina showed escalation of secondary metabolite production in
long-term culture over the 6 years of study [65].
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Increase in secondary metabolite production over a long period of subculture of
Ri-transformed roots is reported in plant species like B. candida [67] and
D. myoporoides [68]. Marconi et al. [67] reported increasing secondary metabolite
production after 5 years of in vitro culture of B. candida hairy roots, possibly due to
the prolonged in vitro culture mediated stress. In the long-term in vitro culture, a
pronounced increase in the production of scopolamine was observed in such root
lines [67]. In D. myoporoides, repeated selection in transformed root cultures was
done and it was observed that scopolamine content of the hairy root lines obtained at
each selection increased with the number of selections [68].

On the contrary, complete loss of capacity to accumulate alkaloids after 1 year of
in vitro culture of hairy roots is reported in C. officinalis “Ledgeriana” [61]. These
transgenic hairy roots containing tryptophan decarboxylase (Tdc) and strictosidine
synthase (Str) from C. roseus, two key enzymes in terpenoid indole and quinoline
alkaloid biosynthesis, showed increased levels of quinine and quinidine initially
after transformation [61].

2.3 Cytological Stability of Ri-transformed Roots

Several reports suggested that long-term in vitro tissue culture causes somaclonal
variations and chromosomal abnormality, including both numerical and structural
alterations [1]. Unorganized cultures are more prone to chromosomal instability –
aneuploidy and polyploidy [4, 10, 25] – than organized cultures. There are very few
reports regarding the chromosomal status (genetic stability) of long-termed hairy
root culture.

Ambros et al. [77] reported chromosomal localization by in situ hybridization of
Ri-T-DNA in five different Crepis capillaries (2n = 6) transformed root lines, and
all the root lines showed normal diploid chromosome number. The first report of
chromosomal stability in A. rhizogenes-transformed root cultures was by Aird
et al. [78]. The hairy root lines were studied after 6–18 months of in vitro culture
and were found to show stable, normal chromosome number in all the seven plant
species, viz., C. roseus (2n = 16), D. stramonium (2n = 24), N. rustica (2n = 48),
N. umbratica (2n = 46), N. africana (2n = 46), Phaseolus vulgaris (2n = 22), and
B. vulgaris (2n = 18) [78]. Transformed root cultures of D. stramonium showed
typical karyotype and chromosome number same as in the control plants [72]. Baíza
et al. [72] studied the karyotypic stability of three lines of hairy roots with stable
secondary metabolite production of D. stramonium compared to instability of
nontransformed root cultures. The transformed root cultures growing in the absence
of any phytohormones exclusively contained diploid cells with 2n = 24, whereas
the nontransformed root cultures whose growth needs exogenous hormone supple-
mentation showed presence of mixoploidy and aneusomaty. This cytological stabil-
ity of the hairy root lines of D. stramonium was maintained irrespective of the age of
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the transformed cultures [72]. In Swainsona galegifolia, untransformed root cultures
were found to contain 90% diploid (2n = 32) cells, while A. rhizogenes transformed
roots showed stability of diploid chromosome number [79].

Chromosomal stability in transformed hairy root cultures of Artemisia annua
L. with normal diploid chromosome number 2n = 18 in all the LBA9402
transformed clones studied was reported by Mukherjee et al. [80]. Addition of
growth regulators induced disorganization and dedifferentiation accompanied by
loss of chromosomal stability in such cultures. Redifferentiation and rhizogenesis
could be induced in such cultures in phytohormone free media and 90% of the
regenerated roots showed diploid chromosome number (2n = 18) [80]. In
R. serpentina, chromosome and karyotype analysis in transformed root lines
maintained over 3 years in vitro was reported by Ray et al. [66] concluding that
the karyotype of transformed root lines was similar to the roots of parent
R. serpentina plants [66].

Cytological instability in hairy root cultures has been observed in some plant
species such as Trifolium pretense, T. repens, Lotus corniculatus [81], Artemisia cina
[82], Vicia faba [83], Lycopersicon peruvianum [84], potato [85], and Onobrychis
viciaefolia [86].

Webb et al. [81] reported instability in anatomy, morphology, and cytology of
Ri-transformed root lines of three legume species, namely T. pretense, T. repens, and
L. corniculatus established using wild type strain C58C1 with pRi15834 of
A. rhizogenes.

In A. cina, hairy root cultures established with three different A. rhizogenes strains
showed instability in chromosome numbers along with the nontransformed ones
after 6–12 months in culture. Nontransformed roots had a diploid chromosome
number 2n = 32 in 53.7% of the cells, while the rest 46.3% cells showed chromosome
number ranging from 2n = 22 to 64. The chromosome numbers of transformed roots
were affected by different strains of A. rhizogenes used. Hairy roots established with
strain 07–20001 showed the highest normal chromosome number (62.4%) followed
by strain ATCC15834 (61.9%) and strain A4 (43%). The chromosome number range
in transformed root lines was 2n = 11 to 2n = 66 [82].

In V. faba, 65 transformed root clones were studied, out of which 50% were
polyploids and 6% were aneuploids or showed structural rearrangements. Polyploid
root clones included octaploids, i.e., 2n = 8� = 48 [83]. Detailed karyotypic
analysis of L. peruvianum hairy roots showed a diploid chromosome number with
structural rearrangements [84]. Vries-Uijtewaal et al. [85] showed that hairy root
clones developed from mono-haploid or di-haploid genotype were either diploid or
tetraploid in potato. Ri-transformed roots of O. viciaefolia showed normal chromo-
some number 2n = 4� = 28 and spontaneously formed shoot buds developing into
plants. However, the percentage of hairy root cells with a normal chromosome
number reduced drastically with time, i.e., from 85% to 23% after 4 months and
only 4% after 8 months. After 12 months of maintenance, roots with a normal
chromosome number 2n = 28 was scarcely found with an increase in cells with
14 chromosomes [86]. The elimination of the normal chromosome number in hairy
roots of O. viciaefolia was accompanied with loss of regeneration potential.
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2.4 Integration and Expression of T-DNA Genes in Ri-transformed
Roots

The T-DNA genes that are integrated and expressed during prolonged culture is a
measure for assessment of transgenic nature of the hairy roots of different plants after
repeated subcultures. Ri-transformed roots of different plant species have been
reported to show the genetic stability of the Ri-T-DNA genes in long-term in vitro
culture like in B. vulgaris, N. rustica [70], L. esculentum [60], C. officinalis
“Ledgeriana”[61], A. hippocastanum L. [62], D. innoxia [73], coffee [49],
T. indica [52], A. hypogaea [51], P. zeylanica L. [64], R. serpentina [65], etc.

Post-freeze molecular stability of T-DNA genes has been reported in
Ri-transformed roots of B. vulgaris and N. rustica after short term and long-term
recovery from cryopreservation [70]. The TL-DNA fragment was stably retained in
hairy roots of both the species recovered from cryopreservation [70].

Molecular stability of hairy root lines of tomato is reported by Lipp Jao and
Brown [60]. Transformed root lines of L. esculentum maintained for 50 passages in
liquid culture and 12 passages in solid culture were reported to show the presence of
the nptII gene by PCR and dot blot hybridization analyses. These root lines were also
found to show NPTII enzyme activity in the long-term cultures [60].

The hairy root lines of C. officinalis “Ledgeriana” showing stable growth and
morphology were found to completely lose the capacity of alkaloid production after
1 year. These root lines, however, showed the transgenic nature on PCR analysis, gus
assay, and southern hybridization of the transgenes (Tdc and Str probes from
C. roseus) after 1 year of maintenance. In Northern blot analysis, it was found that
Tdc gene was not being expressed; only signal was detected for the GUS probe
[61]. Therefore, hairy roots of C. officinalis showed stable integration of transgenes
after 1 year, but the expression of one transgene was lost in long-term culture [61].

Transformed root lines of A. hippocastanum showed stable integration of rolA,
rolB, rolC, and rolD genes by PCR analysis after 4 years of in vitro culture [62]. In
D. innoxia, stable transgene expression is reported after 1 year of the subculture of
the hairy roots by Dechaux and Boite-Conti [73].

Stable integration of rol genes has been reported in Ri-transformed root lines of
coffee [49]. Fifty five Ri-transformed root lines maintained for over 3 years in vitro
and characterized at the molecular level to study intra- and inter-clonal variability of
the root lines showed to be TL+/TR� [49].

In T. indica transformed root lines were of two types; majority (87%) were TL+/
TR�, while rest were TL+/TR+. Stable integration and expression of T-DNA genes of
each clone were maintained in long-term in vitro culture [52].

Stable integration and expression of different rol genes were observed in
30 Ri-transformed root lines of A. hypogaea induced following infection with
different strains of A. rhizogenes, after 2 years of maintenance in basal medium
establishing genetic stability root lines and clones [51].

In Ri-transformed root lines of P. zeylanica, the rolA, rolB, rolC, and rolD genes
were stably integrated, retained, and expressed at the transcription level as revealed
by PCR and RT‐PCR analysis of 12–18-month-old cultures [64].
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In R. serpentina, stable integration and expression of Ri-T-DNA genes have been
reported in long-term in vitro culture by Pandey et al. [65]. The hairy root lines
showed positive results for rolB and rolC after 6 years of maintenance on either of
the carbon source used in media, viz., sucrose or table sugar [65].

Contradictorily, in hairy roots of certain plant species, instability of integrated
transgene is reported. For example, instability in expression of transgene in in vitro
culture of carrot hairy roots was reported by Guivarc’h et al. [36]. Reversible inac-
tivation of the transgene expression was noted in one of the hairy root clones studied
with a high copy number of the transgene [36]. In potato, frequent spontaneous
deletion of Ri-T-DNA in hairy roots and regenerated plants was observed [87].

The study on the clonal fidelity of hairy root cultures in long-term in vitro culture
can be an important criterion to assess the genetic stability of the transformed
cultures. DNA fingerprinting profiles of 15 hairy root lines of T. indica along with
nontransformed roots generated with 11 OPA primers after every 1 year for 4 years
showed genetic stability and clonal fidelity of the clones of root lines in the long-
term in vitro culture [52]. The study showed similarity in between the transformed
roots and nontransformed ones at the genetic level in terms of the primers used, and
the fingerprinting profiles for each primer did not vary with age [52].

3 Characterization of Ri-transformed Plants

Regeneration of Ri-transformed plants from transformed roots has been reported in
many plant species, including medicinally important plants as reviewed earlier [22,
40]. These Ri-transformed plants exhibit unique characteristic features distinctly
different from the nontransformed plants known as the “hairy root syndrome”
[88]. Ri-transformed plants are morphologically characterized by stunted growth
with reduced shoot and internodes length, accompanied with the increase in the
number of nodes, internodes and leaves (Fig. 2). However, the morphology of leaves
is different from the nontransformed plants, i.e., the leaves are smaller in size and
wrinkled in appearance. The decrease in shoot length is compensated by an increase
in number of axillary branches. The root system is pronounced with decrease in the
length of main root and an increase in the number of lateral branches giving rise to
highly branched and extensive root system in the Ri-transformed plants. The roots
are plageotropic and often seem to grow above the surface of the media. Presence of
adventitious roots in the Ri-transformed plants is another feature noted. Apart from
these characters, in some species, altered floral morphology, early flowering, and
reduced pollen and seed production have also been reported in the transgenic plants
regenerated from hairy roots. Additionally, conversion of biennial species to annuals
was observed in Ri-transformed plants [42, 89, 90]. Hairy root syndromes of
Ri-transformed plants are due to the insertion and expression of rol genes of the
TL-DNA of Ri-plasmid. The alterations in morphological characters are caused by
rolA, rolB, and rolC genes [42, 88].

Biochemically, the Ri-transformed plants are capable of synthesizing all the
important secondary metabolites at a level comparable to or higher than the parent
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plants. Enhanced biomass of the transformed plants itself makes the use of
Ri-transformed plants advantageous over nontransformed plants for the production
of biologically active plant secondary metabolites. Many species are reported to
produce medicinally important metabolites at higher concentration compared to their
nontransformed counterparts, in addition to higher production of target metabolite
due to increased biomass. Such plants are often reported retaining these desired
characters, even after transfer to the field. However, the genetic stability of
transformed plants has been reported in a very few species as discussed in the
following segments of this review.

Fig. 2 Spontaneous regeneration of plants from root cultures of Nicotiana tabacum on
phytohormone-free MS medium (Photos M. Halder) (a) nontransformed root culture showing
spontaneous regeneration of shoot (Bar = 1 cm; arrow indicating regenerating shoot), (b)
regenerated nontransformed plant growing on MS basal medium maintained for more than
3 years by regular subculture (Bar = 1 cm), (c) Ri-transformed root culture showing spontaneous
regeneration of shoot (Bar = 1 cm, arrow indicating regenerating shoot), (d) regenerated
Ri-transformed plant growing on MS basal medium maintained for more than 3 years by regular
subculture (Bar = 1 cm)
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3.1 Morphological Stability of Ri-transformed Plants

Studies on stability of phenotype of transformed plants regenerated from
transformed roots are very few in number, although, we have seen quite a number
of reports are available for the hairy root cultures as discussed above. The altered
morphology of the Ri-transformed plants are reported to be stable under long-term
in vitro culture in very few species like Kiwi [91], T. indica [92, 93], Bacopa
monnieri [94], and C. roseus [95].

Morphological stability of rolABC transformed plants and rolB transformed
plants of Kiwi for more than 6 years has been reported by Rugini et al. [91]. The
rolB transformed plants of Kiwi were morphologically similar to the control plants,
whereas the rolABC plants showed a typical hairy root phenotype. These agronomic
traits were maintained for over 6 years and in 50% of the plants of T1
generation [91].

Ri-transformed plants of T. indica, established by spontaneous regeneration from
A4-transformed roots, have been reported to show typical Ri-transformed phenotype
[96]. The plants showed a stable transformed phenotype in long-term culture
(6 years) [92]. However, a detailed study on the fate of integrated T-DNA rol
genes during regeneration via somatic embryogenesis in T. indica showed 19 out
of 23 Ri-transformed plants with typical Ri-transformed phenotype and rest four
plants with morphology similar to the nontransformed plants. These 23 plants with
typical or variant morphology retained their characteristic phenotype for more than
3 years of in vitro maintenance [93].

In B. monnieri (Linn.), most of the clones of Ri-transformed plants were mor-
phologically stable and did not show any alteration in the morphological characters
including flowering [94].

Transgenic C. roseus plants are characterized with broad dark green leaves,
shorter internodal length, rooting from its lower nodes, and flower with filamentous
corolla compared to nontransformed plants [95, 97]. During 5 years of maintenance
of these transgenic plants, drastic changes were observed: like reduction in plant
height up to 1/4th of the initial height, highly proliferating root system, and absence
of flowering and narrower yellowish leaves [95].

In several other plant species, the alteration in phenotype in transformed plants
have been retained after transfer to the greenhouse, such as in Datura arborea [98],
Limonium hybrid [99], and Kalanchoe blossfeldiana [100]. After 6 months of
growing in the greenhouse, height of some clones of D. arborea was similar to
untransformed plants [98]. In Ri-transformed plants of T. indica [92], Pelargonium
graveolens [101], and Plumbago rosea [102], leaf wrinkling was not observed after
transfer to the field.

In field evaluation of transgenic plants in Brassica, 40% plants showed severe
Ri-phenotype, 40% showed moderate phenotype, however 20% of the transgenics
showed normal phenotype [103]. Similarly, Ri-transformed plants regenerated spon-
taneously from the hairy roots of R. serpentina showed varied morphological
characters. Out of 30 successfully acclimatized transgenic plants, 90% plants
showed phenotypic similarity with nontransformed controls, and only 10% plants
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showed stunted growth [76]. The phenotypic variation may be due to the presence of
multiple copies of the transgenes as revealed by Southern hybridization in
R. serpentina [76]. Transformed plants exhibiting normal phenotypes regenerated
from hairy roots are reported in many other species like tomato [104], Stylosanthes
humilis [105], tobacco [106], Brassica napus [107], L. corniculatus [81], Cauli-
flower [108, 109], and Broccoli [109]. The absence of the transformed phenotype
may not be correlated with the absence of specific rol gene(s), but it can also occur
due to independent segregation or co-segregation of T-DNAs. In addition, the
expression of transgene can be influenced synergistically by the number of integra-
tion, site of integration (repetitive DNA or transcriptionally active region of the host
genome), and orientation of multiple copy insertion of foreign gene [76, 110–112].

Segregation of phenotypic characteristics has been reported in S. tuberosum
among Ri-transformed plants regenerated through callus formation, producing phe-
notypes similar to the controls [87, 113]. Deletion of a single copy of TL-DNA in
two shoot lines showed disappearance of Ri-characters [87]. Similar phenotypes
were observed in the transformed sister shoot lines of potato [113].

In H. muticus L., somaclonal variation among plants regenerated from a single
hairy root clone via protoplast culture has been reported [114, 115]. Half of
regenerated plants showed typical Ri-transformed phenotype, while the rest of the
plant lines were morphologically similar to nontransformed controls [114, 115].

3.2 Biochemical Stability of Ri-transformed Plants

Reports on analysis of secondary metabolites in plants are comparatively very few
compared to the extensive reports available for hairy roots [22, 94]. Stable secondary
metabolite production in Ri-transformed plants maintained in vitro have been
reported in some plant species like B. monnieri [94],C. roseus [95], P. graveolens
[101], R. serpentina [76], and T. indica [92, 93].

In P. graveolens, the Ri-transformed plants are reported to synthesize essential
oils after 5 months of transferring to the soil [101].

In T. indica, Ri-transformed plants showed augmented production of the major
alkaloid tylophorine compared to nontransformed plants [96], retaining their ability
to synthesize improved level of tylophorine after 6 years of maintenance in vitro and
there after 1 year of field transfer [92, 93].

Hairy root lines of R. serpentina and plants regenerated from such roots contain
high reserpine [76]. Reserpine content of Ri-transformed plant was considerably
higher compared to the control nontransformed plants grown in fields and was stably
maintained over more than 2 years of cultivation [76].

In C. roseus transgenic plants, the tryptophan and alkaloid profile are reported to
be almost constant during the 5 years of maintenance [95]. These transgenic plants
were found to show better tryptophan content (357.5 � 25.6 μg g�1DW in
Ri-transformed plants compared to 114.5 � 7.5 μg g�1DW in control) and alkaloid
profile compared to nontransformed plants [95].
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Biochemical stability of Ri-transformed plants of B. monnieri long-term in vitro
culture is reported by Paul et al. [94] in Ri-crypt co-transformed plants. The plants
showed stable, high content of bacosides compared to nontransformed plants for
4 years of in vitro culture [94].

3.3 Cytological Stability of Ri-transformed Plants

There is a lacuna in information on chromosomal analysis of plants regenerated from
transformed roots as compared to hairy roots in long-term culture. Among the few
reports available, T. indica transformed plants showed chromosomal stability after
6 years of maintenance in vitro with a normal chromosome number 2n = 22 as
parent plant [92, 116]. On the other hand, Webb et al. [81] reported changes in
cytology along with morphology and physiology in plants regenerated from hairy
roots of L. corniculatus.

3.4 Integration and Expression of T-DNA Genes in Ri-transformed
Plants

Among the handful of reports available on long-term genetic stability of
Ri-transformed plants, genetic stability have been reported in kiwi [91], T. indica
[92, 93], B. monnieri [94], and C. roseus [95]. Genetic stability in transgenic kiwi
plants transformed with rolABC and rolB has been reported by Rugini et al. [91]. In
T. indica, most of the plant lines are reported to show genetic stability over 3–6 years
of in vitro culture and after 1 year of field transfer, however, some variants are also
reported [92, 93, 96]. Transgenic plants of B. monnieri showed stable integration as
well as stable expression of rolA, rolB, rolC, and rolD genes after 4 years of
maintenance in vitro [94].

Stable retention of three important rol genes – rolA, rolB, and rolC genes – have
been reported in Ri-transformed plants of C. roseus even in the fifth year, indicating
the stable nature of the Ri-transgenes [95].

Instability in the integration or expression of transgene in transformed plant lines
regenerated from hairy roots is reported in S. tuberosum L. cv. Bintje [87],
H. muticus [114, 115], and T. indica [93].

In S. tuberosum L. cv. Bintje, it was suggested that spontaneous deletions of
TL-DNA and TR-DNA can occur during long-term root culture and regeneration of
Ri-transformed plants [87].

InH. muticus, 50% of the Ri-transformed plants regenerated from the root line via
protoplast culture showed the presence of rolA, rolB, and rolC similar to the root line
from which they regenerated. Whereas, the latter 50% plants regenerated from the
same root line were found rolA�/rolB�/rolC�. The transgenic morphology of the
regenerated plants of H. muticus could be directly correlated with the presence of rol
genes [114, 115].
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Four variant plant lines of T. indica showing morphology similar to
nontransformed plants were observed to show the presence and expression of only
rolA gene. Such plant lines were regenerated through somatic embryogenesis from
callus lines spontaneously developed from root lines with stable integration and
expression of all the four rol genes. The variant plant lines showed the integration
and expression of only the rolA gene throughout the period of study [93]. Loss of the
rol genes in H. muticus and T. indica could be due to the deletion of the rol genes
during regeneration [87, 117, 118].

Studies on the clonal fidelity of Ri-transformed plants are very few. Marker
studies performed with 15 ISSR primers and cluster analysis in transgenic
C. roseus plants revealed the relationship between the Ri-plants, Ti-plants, and
their respective controls. The Dhawal Ti-plants were more close to Nirmal control
plants followed by Nirmal Ri-plants [95].

4 Conclusions

Stability of Ri-transformed roots and regenerated plants is an important requirement
if such cultures are to be used commercially. From the different reports it is evident
that a detailed study on the extent of stability of transformed phenotype and
genotype is far from adequate. The majority of the Ri-transformed cultures reported
so far in different species show morphological, biosynthetic and genetic stability
(in terms of T-DNA integration, expression, and cytological studies) when
maintained in vitro by regular subculture. In some species, this stability is not
obtained in Ri-transformed root and Ri-transformed plants. Apart from the variation
between different clones of hairy roots and Ri-plants of a single species, instability in
morphology, growth kinetics, biosynthetic potential, and loss of integrated T-DNA
gene or its expression are reported to take place during long-term in vitro culture.
Thus, transgenic root lines and regenerated plants should be analyzed for stability of
the desired characters in long-term in vitro culture before being considered for scale
up studies.
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Biotransformation Through Hairy Roots:
Perspectives, Outcomes, and Major
Challenges

14

Vikas Srivastava, Shakti Mehrotra, and Sonal Mishra

Abstract
The Agrobacterium rhizogenes mediated hairy root cultures have shown great
potential in bringing out structural and/or conformational alteration of a chemical
moiety through its enzymatic paraphernalia. The inherent enzymes involved in
bioconversions perform various kinds of reactions such as hydroxylation, glyco-
sylation, oxidoreduction, and hydrolysis. Hairy root cultures of variety of plant
systems have been explored for the bioconversion of a wide range of substrates
into the molecules of improved pharmaceutical properties. Some specific inherent
properties of hairy roots like genetic/biochemical stability, hormonal indepen-
dence, efficient enzyme paraphernalia, and low-cost cultural requirements con-
tribute to the superiority of HRCs over other in vitro production systems. Rational
use of hairy root cultures as proficient biotransformation system may result in the
synthesis of molecules that have desired physico-chemical properties, adequate
solubility, and reduced toxicity, thus more desired in pharmaceutical industries.
The present chapter elaborates a comprehensive discussion on hairy root medi-
ated biotransformation, types of reactions, and products formed concomitantly
with their commercial importance.
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1 Introduction

Biotransformation is defined as structural and/or conformational alteration of a chem-
ical moiety by enzymatic militia of biological system. When referred to the molecules
of pharmaceutical and other commercial importance, biotransformation is considered
as a flawless methodology aimed to create specific structural changes in rather
complex structured bioactive molecules. The transformed products show properties
like reduced toxicity, adequate solubility, and improved pharmacokinetics which is
more desired in pharmaceutical industries. Thus, this class of molecules with more
desired physiochemical and therapeutic properties gain increased commercial demand
[1]. During biotransformation of chemical compounds, the biological system functions
as suitable biological matrices by offering their inherent enzymatic paraphernalia to
catalyze various types of chemical reactions. Majority of these reactions include
hydroxylation, glycosylation, oxidoreduction, hydrolysis, etc. Nowadays, biotransfor-
mation is increasingly utilized to develop repositories of analogs of variety of naturally
occurring phytomolecules with the help of enzymes derived from microbes, plant/
animal cells, tissues, and their cultured counterparts [1, 2]. Thus, distinguished from
therapeutic protein production, biotransformation not only enables to develop advance
version of existing molecules but also to enhance their desired inherent potential.
Another phenomenon that sometime comes parallel to this process is fermentation.
However, distinguished from fermentation where usually several catalytic steps
involve between substrate and product, biotransformation is restricted to one or two.
Additionally, the basic backbone structures of the substrate and the product resemble
one another in biotransformation but not necessarily in fermentation [3].

The applicability of biotransformation has been envisaged through different
biological systems and enzymes thereof, and many studies irrespective of rank and
cellular organization have been extensively explored ranging from bacteria
(microbe) to higher plants and animals [1]. In animals, this approach is generally
confined to adjudge only toxicity or metabolic fate of administered drug (pharma-
cokinetic studies). On the other hand, the microbial and plant based biotransforma-
tion systems are useful for the production of significant molecules which can be of
high therapeutic, flavor, or nutritional values. Nevertheless, these two potent candi-
date systems have their own limitations and advantages. The microbes, though
superior in production and processing, have inherent drawback of easy cross-
contamination, genetic instability, and comparatively low biotransformation pros-
pects. Plants, on other side, due to complex biological behavior offer broader
enzymatic potential for biotransformation and also possess genetic firmness. A
comparison of different biotransformation systems has been summarized in Table 1.

The biotransformation procedures carried out by cultured plant cells and organs
are independent of seasonal and pathological constraints and offer sustainable use of
resources under controlled and defined culture conditions. Plant in vitro systems like
plant cell suspensions (PCSs) and hairy root cultures (HRCs) are being utilized for
biotransformation of variety of compounds because of their quick response to any
variability in culture environment and simple to follow extraction procedures. The
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upcoming text elaborates a comprehensive discussion on hairy root mediated bio-
transformation, types of reactions, and products formed concomitantly with their
commercial importance. Additionally, a pictorial presentation of biotransformation
procedure is also being given in Fig. 1.

2 Hairy Root Cultures (HRCs): Suitable Matrix
for Biotransformation

Plant in vitro systems in which plant cells, tissues, and organs are cultured under
defined sterile conditions offer attractive alternatives for the production of desired
metabolites of commercial importance [4–7]. Hairy root cultures (HRCs) have been
extensively exploited not only for secondary metabolite production but also to
understand the physiology and molecular biology existing behind [8–11]. Under
natural conditions, hairy roots are disease manifestations developed by plants that
are wounded and subsequently infected by Agrobacterium rhizogenes [12]. During

Table 1 Comparative account on plant cell suspension, hairy root, and microbial biotransforma-
tion culture

Plant-based biotransformation systems Microbial biotransformation
systemHRCs Cell suspension

High growth rate High growth rate Very high growth rate

Easy maintenance and
relatively low cost

Comparatively high cost Low cost

Genetically stable Prone to instability High mutability (short life-
span)

Broader enzyme
biosynthetic potential

Broader enzyme biosynthetic
potential

Narrow enzyme potential
(low organizational status)

Less responsive to the
variations in culture
conditions

Highly responsive to variation in
condition (callus)

Sensitive to culture
condition

Capable of virtually infinite
growth under defined
conditions

Capable of virtually infinite
growth under defined conditions

Capable of virtually infinite
growth under defined
conditions

Not easy downstream
processing

Easy downstream processing Easy downstream
processing

Comparatively difficult to
upscale

Easy to follow established
upscaling methods

Easy to upscale

Susceptible to microbial
contamination

Highly susceptible to microbial
contamination

High risk of contamination

Free of hazardous chemicals Free of hazardous chemicals Free of hazardous chemicals

High prospects of genetic
manipulations and its
maintenance

High prospects of genetic
manipulations but maintenance
is not easy

Easy to genetically
manipulate

Low yields Low yields High yielding
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the infection process, root loci (rol) genes present in the root inducing (Ri) plasmid
of A. rhizogenes are incorporated into the nuclear genome of the host plant, even-
tually causing neoplastic roots and root hair proliferation [12, 13]. The laboratory
exploitation of this natural genetic transformation phenomenon and development of
HRCs of diverse plant systems offer relatively easy “establish and explore” approach
for various purposes including secondary metabolite production [11]. Owing to the
characteristic property of fast growth and ability to produce existing and/or novel
secondary metabolites in detectable range, the hairy roots have gained attention of
global scientific fraternity as a cost effective in vitro production system for desired
bioactive compounds [14]. Incessant research on HRCs of various plant species from
past three decades have proved their worth as an excellent system as a whole to
investigate various aspects of plant secondary metabolism (SM) [8, 11, 14]. Addi-
tionally, with time, this system has also emerged as a suitable matrix to explore a
broad range of biotechnological applications [11, 14–16].

Hairy root based biotransformation is one such application where structural
and/or conformational modification of chemical compounds is achieved by utilizing
the enzymatic machinery of root tissue [2, 13]. Because of the defined in vitro
conditions, such structural diversifications in parent compounds and subsequent

Fig. 1 Process and prospects of hairy roots mediated biotransformation of exogenous molecules
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development of their analogs are independent of seasonal and pathological con-
straints. In addition to fast growth and secondary metabolite production potential,
some specific inherent properties of hairy roots contribute to the superiority of HRCs
over other in vitro production systems [11]. These properties include genetic/bio-
chemical stability, hormonal independence, efficient enzyme paraphernalia, and
low-cost culture necessities. Additionally, by avoiding hazardous chemicals and
reagents, hairy root mediated biotransformation ensures the sustainable utilization
of resources under definite culture conditions [2, 11, 17].

3 Properties of Hairy Root Mediated Biotransformation

HRCs mediated biotransformation procedures are recognized with many features,
because of which these procedures supersedes over classical method of synthetic
chemistry. Moreover, its suitability for context specific metabolite production also
occurs due to some novel attributes well exemplified in literature.

3.1 Regio-Selectivity

Regio-selectivity is the specificity of enzymes that refers to the preference of one
location of catalyzing a reaction out of over all other possible locations. Regio-
specific glycosylation of different position isomers of hydroxyl benzoic acid by
Panax ginseng HRCs is one of the relevant examples of this category [18]. This
study showed glycosyl esterification of para- andmeta-hydroxy benzoic acid but not
of ortho-hydroxy benzoic acid. Likewise, HRCs of Polygonum multiflorum depicted
efficient regio-selective glucosylation of phenolic hydroxyl groups of compounds
into its derivatives [19]. In the same way, Atropa belladonna hairy roots also show
regio-specific glucosylation during biotransformation of betuligenol (BG) into 4-( p-
hydroxyphenyl) but-2-yl-β-D-glucopyranoside or betuloside [20] (Scheme 1).

Further, in a recent study, HRCs of P. ginseng exhibited high degree of regio-
selective glycosylation for tetrahydroprotoberberine (THPBs) substrates [21]. These
HRCs showed greater catalytic efficiency on THPBs with phenolic hydroxyl at C-9
as compared to the positions other than C-9. In this way, HRCs provide an easy way
by avoiding the tedious methods of chemistry involving protection of functional
equivalent/groups to attain desired derivatization to get specific products with
desired properties.

3.2 Reaction Flexibility

Biotransformation reactions are flexible in nature in which one group is prone to be
transformed into any of its possible derivatives. With this feature, exogenous

352 V. Srivastava et al.



molecule can undergo any of the possible transformation events. In an example of
reaction flexibility, both oxidation and reduction of formyl group of 3, 4,
5-trimethoxy benzaldehyde (TBA) was observed by A. belladonna hairy roots
[22]. Same hairy roots also performed oxidation and glucosylation at secondary
alcohol during biotransformation [20]. Besides, this kind of reaction flexibility have
also been well presented in studies with Pharbitis nil and P. multiflorum HRCs
mediated biotransformation reactions [19, 23, 24].

O

HO

4-(p-hydroxyphenyl)-2-butanone

OH

HO

4-(p-hydroxyphenyl)-butan-2-ol

O

HO

4-hydroxybenzalacetone

A. belladonna

A. belladonna,
C. roseus, 
N. tabacum

H. muticus,
C. roseus,
N. tabacum

4-(p-hydroxyphenyl)-but-2-yl-D-glucopyranoside

O

OH

OH

HO

O

HO

OH

Scheme 1 Biotransformation of 4-( p-hydroxyphenyl)-butan-2-ol (BG) and 4-hydroxy
benzalacetone(4-OHBA) utilizing HRCs (Biotransformation of 4-OHBA has not been investigated
in A. belladonna HRCs) [20, 50]
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3.3 Stereoselectivity

The stereoselectivity in a reaction refers to the preferential stereoisomer formation
over another, as a result of inherent reaction specificity, substrate, enzymes, etc.
More specifically, according to the type of reactions and products the terms enantios-
electivity and diastereoselectivity are referred. In context of HRCs mediated bio-
transformation, steric nature of substrate and products remains tightly maintained
and only one of the isomer in racemic mixtures of substrate is attacked by respective
enzymes. Moreover, in enantioselective reactions, where numbers of enantiomers
are possible, production of only one enantiomer prevails. Daucas carota HRCs
based stereoselective reduction of aromatic ketones, keto esters, and a simple
aliphatic ketone is one such example where all these substrate reduced to
corresponding derivatives with excellent stereoselectivity [25]. In another example,
HRCs of P. multiflorum depicted efficient regio and stereoselective glucosylation of
phenolic hydroxyl groups of compounds into corresponding compounds [26]. Sim-
ilarly, enantioselective biotransformation of prochiral heteroaryl and prochiral
alkylaryl ketones was achieved through HRCs of Brassica napus and Raphanus
sativus, respectively, to their corresponding chiral alcohols [27, 28]. This advocates
the property of stereoselectivity in HRCs based bioconversion of different substrates.
However, on contrary, in some examples such as bioconversion of tetrahydroproto-
berberins (THPBs) through P. ginseng HRCs, the conversion reactions exhibit
nonstereoselectivity towards their substrates [21].

3.4 Activation of Molecules

There are molecules which are chemically inactive because of lack of functional
groups in its backbone. The biotransformation processes have the ability to decorate
the back bone of any molecule through the addition of chemically reactive groups
(like hydroxylation etc.). This kind of property can be observed in cell suspension
cultures of Catharanthus roseus, where Shimoda et al. [29] had demonstrated
hydroxylation of 2-hydroxybenzoic acid into 2, 5-dihydroxybenzoic acid and sub-
sequent glucosylation of this newly formed phenolic hydroxyl group into 5-O-(β-D-
glucopyranosyl)-2,5-dihydroxybenzoic acid. Though also possible in HRCs based
biotransformation of compounds yet, such modifications are not much explored in
hairy root systems. However, the example of glycosylation of primary alcohol
derived after aldehyde reduction in Pharbitis nil HRCs based biotransformation of
benzaldehyde- and acetophenone-type derivatives would be relevant to state [30].

3.5 Nonextreme Conditions and No Hazardous Chemicals
Required

The in vitro culture procedures, including HRCs, necessitate the maintenance of
controlled, aseptic, and defined conditions. All kinds of HRCs based bioconversion
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reactions takes place under very nominal in vitro conditions including optimum pH,
temperature, etc. Thus, a thermolabile compound can be converted into product of
interest using low energy / effort consumption, without undesired decomposition or
isomerisation of substrate. Additionally, the biotransformation procedures do not
require any hazardous solvents/reagents except the organic solvent(s), which are
generally used to solubilize the substrate or making fraction/extract, which are
volatile in nature and can easily separate out from reaction products. Therefore,
with reduced usage of toxic chemicals the molecules thus produced are safer to use
and does not require much toxicity analysis [1, 2]. In this way, biotransformation
procedures carried out utilizing inherent enzymatic potential of plant cell and/or
organ cultures are gaining recognition as environment friendly, sustainable, and safe
methods to produce valuable compounds.

4 HRCs Mediated Various Biotransformation Strategies

4.1 Biotransformation Through Pathway Precursor Feeding

Hairy roots, due to their easy maintenance, offer a suitable tissue system for the
elucidation of various metabolic pathways and investigation of various intermediates
and precursor compounds in a pathway [11, 15]. Till date various SM biosynthetic
pathways in different related or unrelated plant species have been partially or
completely explicated. Tropane alkaloid (TA), terpenoid indole alkaloid (TIA), and
benzyl isoquinoline alkaloid (BIA) pathways are such examples which are well
understood not only in terms of their reaction steps but also for precursor, interme-
diates, and enzyme/genes required for various steps [8, 15]. Further, this has also
paved the way for enhancement in product flux via precursor feeding (PF) [31,
32]. Sometimes, in spite of presence of adequate enzymatic activity and chemical
ambience, the production of metabolite of interest is not satisfactory due to scarcity
of its near or distant precursors. To address the problem, advantage of feeding
precursor to the immediate environment of the system has been explored in many
plants to get the metabolite of interest through biotransformation. The earlier studies,
where addition of hyoscyamine to the growth medium containing HRCs of TA
bearing plants individually, resulted improved production of scopolamine are the
classical examples of precursor feeding (Scheme 2) [33]. In these studies, hyoscy-
amine was biotransformed into scopolamine utilizing enzymatic epoxidation
(through H6H of TA pathway) reaction.

In a relatively recent study, silymarin accumulation was enhanced due to feeding
of precursor compound in Silybum marianum HRCs. After feeding of L-phenylal-
anine as precursor in these HRCs, the accumulation of silymarin and naringenin
was found to be significantly affected [34]. At present, PF is also being utilized
as an integrative approach along with other enhancement methods like
elicitation, metabolic engineering, and upscaling for desired metabolite production
[35–37].
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4.2 Biotransformation Using Co-culture Approach

Fundamentally, a co-culture system is a defined cultivation setup where two or more
different populations of cells/tissues are grown together with distinct degree of
contact. In recent years, in plant tissue culture with particular reference to secondary
metabolite production through in vitro systems, the concept of co-culture systems
have gained noteworthy interest [38]. Utilizing in vitro systems, the production of
desired bioactive molecule is accomplished by acquiring the simplest form of any
co-culture scheme by growing two complementary systems in one matrix (culture
medium). The two systems complement each other in a way that one produces the
substrate for the other to metabolize [39]. Here, the medium in which two systems
grow behaves as a “mean of translocation.” Apart from being beneficial for studying
natural interaction between two or more related on unrelated cells/tissues/
populations, this co-culture system has shown its suitability in secondary metabolite
production through hairy roots co-cultured with in vitro growing shoots and/or cell
suspensions of intra and/or inter species [39, 40]. For example, in vitro shoot and
hairy root cultures of Genista tinctoria were co-cultured to produce detectable
amounts of two pharmaceutically important secondary metabolites, viz. daidzin
and daidzein. In this co-culture system, hairy roots produced isoliquiritigenin, a
daidzein precursor absent in intact plant. The external supplementation of ABA in
the medium resulted in release of isoliquiritigenin from G.tinctoria HRCs in the
medium from which it was used by the shoots to convert it into significant amounts
of daidzin and daidzein [40]. Further, successful production of podophyllotoxin
from co-culture of Linum flavum hairy roots and Podophyllum hexandrum cell
suspensions is also a relevant example [41]. In an earlier study P. hexandrum cell
suspension cultures were found able to convert only coniferin out of seven pre-
cursors from the phenylpropanoid routing into podophyllotoxin, an important ther-
apeutic compound widely used in drugs meant for the treatment of cancers
[42]. Keeping this in mind, the co-culture system of L. flavum hairy roots and
P. hexandrum cell suspension was developed [41]. Hairy roots of L. flavum naturally
produce coniferin which is released in growth medium and utilized by the cells of
P. hexandrum to produce podophyllotoxin. Similarly, the co-culture of Ammi majus
hairy roots along with Ruta graveolens shoots for the synthesis of furanno coumarin

N

OHO

O

Hyoscyamine

N

OHO

O
O

Scopolamine

HRCs with TA
biosynthesis

Scheme 2 Biotransformation of hyoscyamine to scopolamine in hairy root cultures of TA
pathway bearing plants [33]
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has been reported [43]. Sometimes hairy roots are also co-cultured in association
with microbes and plant nematodes. For example, enhanced tanshinone production
from Salvia militiorrhiza hairy roots was observed in a root-bacteria (Bacillus
cereus) co-culture [44]. The results suggested the stimulation of tanshinone produc-
tion by elicitors of bacterial origin in the root cultures. In a co-culture of Solanum
tuberosum and root knot nematode Meloidogyne chitwoodi enhanced production of
volatiles is reported [45]. Nevertheless, the latter two examples show perspectives of
co-culture system involving HRCs in association with other organisms. These
systems need thoughtful attention for their utilization in HRCs based biotransfor-
mation. Further, though such examples present a coordinated way of production
and/or transformation of substrate molecule through two partners, yet, there are
certain points that are needed to be scientifically attended. For example co-culturing
requires extensive optimization and stabilization of growth of culture partners for
incessant production. Additionally, deep insight of physiological behavior of part-
ners and degree of their contact/separation also require attention for culture stability.
Further, extending towards upscaling, the optimization of culture densities, volume
of medium, the interaction of partners at different time scale, etc. are the points of
consideration.

4.3 Biotransformation Using Nonspecific/Exogenous Molecules

It has been seen that many compounds are present in immensity in source plant
system, but those are not biologically very active and valuable from commerce point
of view. On the other hand, small structural diversification in these molecules can
add or enhance their commercial significance [2]. Hairy roots have the ability to
biochemically transform exogenously added foreign substrates into their
corresponding derivatives (Table 2) [1, 2].

This system has been widely reported to utilize the desired regio-, stereo-, and
enantioselectivity of the reaction and also substrate specificity. The kind of reaction
explored depends upon the functional groups in the substrate and the type of enzyme
present in host system. HRCs of various plant species have been utilized for the
bioconversion of a variety of exogenous compounds supplemented in their growth
medium through distinguished reaction types [2, 17]. A comprehensive account on
HRCs of different plant species, transformed products, and reaction types has been
earlier reviewed by Banerjee et al. [2]. Bioconversion of exogenous molecules is
most widely applied in HRCs based biotransformation processes and subject of
choice for generation/derivatization of potential molecules. The substrate for this
purpose ranges from synthetic to natural origin. In a recent example of HRCs based
biotransformation of nonspecific exogenous molecule, bioconversion of artemisinin
into its derivative compounds is reported [46]. These derivative compounds reveal
significant antimalarial activity and tumor necrosis factor (TNF) lowering potential.

The HRCs of representative genera and species from various plant families like
Asteraceae, Solanaceae, Campanulaceae, Brassicaceae, Apiaceae, Lamiaceae, etc.
have been exploited for biotransformation of exogenous molecules with almost no
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dependency on additional biosynthetic pathway (secondary metabolic pathway)
[2]. Among the plant systems explored, the maximum utilization of HRCs of
P. multiflorum [24, 26], P. ginseng [18, 21, 47], P. nil [23, 30], and A. belladonna
[17, 20, 22, 46] for the bioconversion of variety of substrate has been reported. These
reports advocate the wide potential of hairy roots to perform variety of reactions on
structurally unrelated exogenous molecules to produce corresponding compounds
with more desired chemical properties (Table 2).

5 Reactions Carried Out by Hairy Roots

5.1 Reduction

A variety of carbonyl substrates undergo hairy root based enzymatic reduction and
produce primary or secondary alcohols. The HRCs of A. belladonna [22],
P. multiflorum [26], and P. nil [30] clearly exhibit aldehyde reduction. Besides,
HRCs of A. belladonna [17, 21] also shares the property of acetophenone/ketone
reduction with HRCs of Daucas carota [25], Brassica napus [27], and Raphanus
sativa [27, 28]. Additionally, HRCs of few plant species have demonstrated bio-
transformation of artemisinin to its reduced derivative, i.e., deoxy artemisinin (e.g.,
Cyanotis arachnoidea and Rheum palmatum) [48, 49]. Recently, the biotransforma-
tion of 4-OHBA (p-hydroxybenzalacetone) into RK (raspberry ketone) utilizing cell
cultures of plants of different families have also demonstrated reduction
reactions [50].

5.2 Oxidation

The oxidation reactions in biotransformation procedures are confined mainly to
aldehyde and alcohol substrate. The oxidation of aldehyde, a reaction mostly favored
by microbes, is normally less observed in hairy roots based conversions. Despite,
A. belladonna HRCs are known to perform this reaction against 3,4,5-trimethoxy
benzaldehyde (TBA) leading to production of 3,4,5-trimethoxy benzoic acid
[22]. Additionally, the same HRCs have also exhibited oxidation of betuligenol
(BG; secondary alcohol) to raspberry ketone (RK) [20]. Furthermore, HRCs of
C. roseus and N. tabacum also demonstrated oxidation of BG into RK (Scheme 1)
[50]. The other significant example of oxidation of substrate was depicted by HRCs
of Levisticum officinale [51]. This report describes that exogenous supplementation
of geraniol in growth medium as a substrate induced production of six new volatiles
out of which some were oxidized products. Likewise, hairy roots of Anisodus
tanguiticus exhibited conversion of dehydroepiandrosterone (DHEA), as a substrate
for oxidation into its corresponding compounds [52].
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5.3 Esterification

The esterification reactions involve formation of ester bond in substrate. HRCs of
P. ginseng have demonstrated esterification of digitoxigenin into different esters such
as digitoxigenin stearate, digitoxigenin palmitate, digitoxigenin laurate, and digi-
toxigenin myristate [53].

5.4 Acetylation

Acetylation of exogenously supplemented monoterpenes (menthol and geraniol)
was observed in HRCs of Anethum graveolens [54]. In this case, menthyl acetate
was formed as biotransformation product of menthol, whereas geraniol was
transformed into ten new products which were alcohols (linalool, alpha-terpineol,
and citronellol), aldehydes (neral and geranial), esters (citronellyl, neryl) and geranyl
acetates etc. Substrate specificity in biotransformation was also observed with
L. officinale HRCs [51]. In comparison to hairy roots of A. graveolens [54] which
acetylate both monoterpenes (menthol and geraniol) in L. officinale acetylation was
restricted to geraniol only [51].

5.5 Hydroxylation

The bioconversions utilizing hydroxylation reactions are well explored in plant cell
suspension cultures [1, 55]. However, HRCs has also been documented to acquire
biotransformation utilizing hydroxylation reactions. Derivatization of trans-
cinnamic acid into p-coumaric acid has been achieved by hydroxylation utilizing
HRCs of Lobelia sessilifolia, L. cardinalis, Campanula medium, and Fragaria
xananassa [56].

5.6 Glycosyl Conjugation

The biochemical reactions in which a carbohydrate moiety (saccharide unit) conju-
gates with any acceptor molecule thereby making it hydrophilic (water soluble)
comes under glycosyl conjugation. The acceptor molecule can be protein, lipid, or
any other organic molecule. It is later most category of acceptor which is normally
targeted in biotransformation. Two kinds of glycosyl conjugation have been
observed in plant hairy root systems. First is glycosyl esterification, which occurs
as a consequence of esterification of carboxylic acids and sugar moieties, and second
is glycosylation, which occurs due to ether formation of alcohols and sugar moieties.
The glycosylation and glycosyl esterification of p-hydroxy benzoic acid has been
noticed in P. ginseng HRCs (Scheme 3) [18].

Besides, glycosylation has also been observed in HRCs of various plants utilizing
diverse substrate backbone [2]. It is the most explored biochemical reaction through
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HRCs mediated biotransformation [2, 17]. The production of gastrodin as a conse-
quence of glycosylation of 4-hydroxybenzyl alcohol was obtained by HRCs of
Datura tatula [57]. Glucosylation of thymol into glucoside-5-methyl-2-
(1-methylethyl) phenyl-β-D-glucopyranoside has been observed in HRCs of
P. multiflorum [58].

6 Transgenic Hairy Roots and Biotransformation

Approaches like clonal selection, physical elicitation, permeabilization, alteration of
chemical conditions, etc. are normally used to optimize the production potential of
an in vitro system. Transfer and overexpression of candidate genes of required
reactions in a pathway is one such approach that has gained much interest in hairy
root mediated research. Being unique in their genetic and long lasting biosynthetic
stability, HRCs have been sought as a competent means of biomass production
concomitant with their use for transforming various substrates into their analogs.
Besides, its recognition as a proficient system to study transfer and expression of
gene segment relevant to metabolic pathways has also paved the way for transgene
functional characterization. Additionally, in the context of biotransformation, use of
well established HRCs appears more expedient as most of the studies do not require
transgenic plant development. To be precise, with reference to the biotransformation

O

OH

HO
p-hydroxy benzoic acid

O

OH

OH

HO

O
HO

O

OH

p-carboxyphenyl-d-glucopyranoside

O

O

HO

HO

OH

OH

O
OH

p-hydroxybenzoic
acid-d-glucopyranosyl ester

Glycosylation

Glycosyl-esterification

Scheme 3 Biotransformation of p-hydroxy benzoic acid utilizing Panax ginseng HRCs showing
glycosylation and glycosyl esterification [18]
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of exogenous/inherent compound utilizing enzymatic machinery of HRCs, identifi-
cation and characterization of enzymes and related genes involved in biotransfor-
mation will lead to their isolation and further utilization through engineering
approaches. Enhancement of biotransformation potential of selected HRCs can be
done either by modulating expression of gene already existing in the system or
through heterologous overexpression. Vanillin production in transgenic HRCs of
Beta vulagaris through heterologous expression of Pseudomonas fluorescens HCHL
gene is a relevant example to discuss [59]. The study demonstrated bioconversion of
inherently available ferulic acid into vanillin through bacterial HCHL
overexpression. Besides, this study also showed enhancement of vanillin production
after ferulic acid PF. Similarly, in a recent study, raspberry ketone, a natural flavor
compound of high commercial value, was produced through transgenic HRCs of
Nicotiana tabacum [50]. The study revealed that overexpression of Rubus idaeus
ketone/zingerone synthase1 (RiZS1), a NADPH-dependent reductase, which is
found to be responsible for the production of raspberry ketone from p-hydroxyben-
zalacetone (4-OHBA), resulted in accumulation of ketone. On the whole, these
results persuade the use of infinite opportunities to develop and explore transgenic
HRCs for biotransformation of a wide range of chemical compounds through
activation or suppression of functional genes [11, 14].

7 Recent Reports on HRCs Based Biotransformation
and Production of High Value Compounds

The research area of HRCs mediated biotransformation is still in its infancy as hairy
roots of only few plant systems have been explored for this purpose [2]. The progress
in this field can be measured in terms of establishment of new candidate HRCs
systems solely for bioconversions as well as through the widening of substrate range.
Out of many successful biotransformation reports, the significance of some of the
biotransformed products has also been observed as listed in Table 3.

A detailed account on different hairy root systems, biotransformation reactions
carried out there with, and transformed products has been reviewed by Banerjee
et al. 2012 [2]. The upcoming text, therefore, discusses recent reports illustrating
different hairy root systems used for biotransformation of various substrates and
thereby production of commercially more valuable corresponding compounds
(Tables 2 and 3).

HRCs of Atropa belladonna: The biotransformation capability of A. belladonna
HRCs has been investigated utilizing three carbonyl substrates [22]. Out of three
substrate utilized, TBA and 3,4,5-trimethoxy acetophenone got biotransformed;
however, no biotransformation product was detected for 3,4,5-trimethoxy benzoic
acid. The TBA was transformed into 3,4,5-trimethoxy benzoic acid and 3,4,5-
trimethoxy benzyl alcohol after oxidation and reduction of substrate, respectively.
The reduction of 3,4,5-trimethoxy acetophenone was also achieved resulting
into 1-(3,4,5-trimethoxyphenyl)-ethanol. Utilizing this HRCs biotransformation of
other substrates of different backbone was also investigated [20, 46]. The
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biotransformation of 4-( p-hydroxyphenyl)-butan-2-ol or BG exhibited oxidation
and glucosylation of substrate into raspberry ketone and betuloside, respectively
(Scheme 1). Both of the derivatives were found to have significant pharmaceutical
interest (Table 3).

HRCs of A. belladonna, Hyoscyamus muticus, and Ocimum basilicum: Pandey
et al. (2015) have reported the biotransformation of antimalarial molecule
artemisinin utilizing HRCs of A. belladonna, H. muticus, and O. basilicum
[46]. The biotransformation reaction resulted into 3-α-hydroxy-1-deoxyartemisinin
and 4-hydroxy-9,10-dimethyloctahydrofuro-(3,2-i)-isochromen-11(4H)-one. The
HRCs of H. muticus and A. belladonna were found superior, and 3-α-hydroxy-1-
deoxyartemisinin exhibit antiplasmodial activity with notable TNF lowering
potential.

Table 3 Production of value added molecules through HRCs mediated biotransformation

Transformed
products

Therapeutic
significance Parent molecule

Hairy roots
system Reference

Gastrodin Anti-
inflammatory,
anticonvulsion,
analgesic, and
antianoxemia

p-hydroxybenzyl
alcohol (HBA)

Datura tatula [57]

4-hydroxybenzaldehyde
and 4-hydroxybenzyl
alcohol

Polygonum
multiflorum

[26]

Raspberry
ketone

Flavor
molecule,
antiobese,
antibacterial,
anticancer, and
depigmenting
activities

Betuligenol Atropa
belladonna

[20]

Betuligenol and
4-OHBA

Nicotiana
tabacum;
Catharanthus
roseus

[50]

4-OHBA Hyoscyamus
muticus

[50]

Betuloside Anti-
inflammatory
and
hepatoprotective

Betuligenol Atropa
belladonna

[20]

Arbutin Skin-lightening
agent

Hydroquinone Brugmansia
candida,

[67]

Physalis
ixocarpa

[68]

1–4-benzendiol Polygonum
multiflorum

[26]

3-α-hydroxy-1-
deoxyartemsinin

Antiplasmodial
and TNF
lowering
potential

Artemisinin Atropa
belladonna;
Hyoscyamus
muticus;
Ocimum
basilicum

[46]

Rosavin Antidepressant
and anxiolytic

Cinnamyl alcohol Rhodiola
kirilowii

[66]
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HRCs of Polygonum multiflorum: The glycosylation of 3,4-cyclocondensed
coumarins (7-Hydroxy-2,3-dihydrocyclopenta[c]chromen-4-one,7,9-dihydroxy-
2,3-dihydrocyclopenta[c]chromen-4-one, 6,7-dihydroxy-2,3-dihydrocyclopenta[c]
chromen-4-one) have been evaluated [60]. This led to the formation of its
corresponding glycosides. Moreover, this study also highlights the use of elicitation
with salicylic acid (SA), yeast extract (YE), and HgCl2 for enhancement of biotrans-
formation reactions. Out of tested elicitors, the biotransformation reaction was
enhanced by SA (11%) and YE (12%).

The glycosylation of two 4-phenylcoumarins (7-hydroxy-4-phenylcoumarin and
5,7-dihydroxy-4-phenylcoumarin) was also achieved utilizing P. multiflorum HRCs
[61]. Additionally, other substrates were also analyzed for biotransformation utiliz-
ing P. multiflorum HRCs [62–65].

HRCs of P. ginseng: The biotransformation of tetrahydroprotoberberines
(THPBs) was investigated utilizing P. ginseng HRCs. This substrate though alkaloid
structurally also bear phenolic hydroxyl groups. The study demonstrates efficient
glycosylation of THPBs having single phenolic hydroxyl and has presented no
stereoselectivity. Furthermore, the culture also demonstrated hydrolysis of other
substrate followed by glycosylation [21].

HRCs of Rhodiola kirilowii: The biotransformation of cinnamyl alcohol into
corresponding glycosides (rosarin and rosavin) was achieved utilizing HRCs of
R. kirilowii [66].

8 Conclusions

The hairy root research till now has made its significant contribution in plant
biotechnology, and HRCs are being globally explored to investigate diverse aspects
of hairy root biotechnology right from root initiation to translational prospects [8, 9,
11, 14]. This is the reason behind continuous inflow of reports involving hairy root
establishment in diverse plant species of which number even crossed 0.5 K as per
recent reviews [11, 14]. With such immense interest, the curiosity related to the
application of HRCs also transited towards metabolism, elicitation,
phytoremediation, metabolic engineering, and biotransformation from hairy root
based traditional SM production. Despite, the HRCs are also proving worthwhile
to study elemental research related to root biology [11, 14].

The biotransformation though an old practice since the beginning of civilization
simultaneously recognized as an efficient step towards green chemistry. Biotrans-
formation exists in diverse life forms under natural conditions, and exploitation of
this ability of living entities into the production process of wider utility compounds
has been judiciously focussed. In context of biotransformation mediated by different
plant in vitro systems, the indubitable superiority of HRCs in terms of cost, main-
tenance, stability, and enzymatic potential has been well established [2, 17]. The
HRCs based biotransformation procedures involve different strategies which are
precursor feeding, co-culture system, and exogenous molecule supplementation.
Whichever the strategy involved, the rational is either to enhance inherent potential
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of machinery or to get rid of substrate (precursor) limitation. The reaction potential
here provides the additional advantage of regiospecificity, enantioselectivity, and
almost nominal culture conditions. The literature suggested that diverse substrates
which include phenolics, carbonyl compounds, coumarins, terpenes, etc. have been
explored for biotransformation utilizing HRCs. Besides, the production of signifi-
cant molecules has also been achieved which validates the concept of “value
addition” through biotransformation (Table 3).

Altogether, many successful hairy root systems have been established that can be
considered for having potential prospects for commercial scale setups. However, the
incorporation of integrative approaches like elicitation and gene overexpression is
also needed to explore broader utility of HRCs based transformation. Further,
optimization of various other factors like selection of suitable hairy root system
with desired enzymatic pool, time scale management for different reactions to deal
with a reaction flexible system, optimization of growth medium composition, and
consumption require special attention to develop a successful HRCs based biotrans-
formation system.
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Abstract
Lignans are major phytochemicals biosynthesized in several plants including
Sesamum, Linum, Forsythia, and Podophyllum genus, and a great variety of
lignans have received wide attentions as leading compounds of novel drugs for
tumor treatment and healthy diets to reduce of the risks of lifestyle-related
diseases. Recent genome and transcriptome studies have characterized multiple
novel lignan-biosynthetic enzymes, and thus have opened new avenues to trans-
genic metabolic engineering of various nonmodel dietary or medicinal plants.
Forsythia and Linum are the most useful and prevalent natural and agricultural
sources for the development of both transgenic foods and medicinal compounds.
Over the past few years, transiently gene-transfected or transgenic Forsythia and
Linum plants or cell cultures have been shown to be promising platforms for the
sustainable and efficient production of beneficial lignans. In this chapter, we
present the essential knowledge and recent advances regarding metabolic engi-
neering of lignans based on their biosynthetic pathways and biological activities
and the perspectives in lignan production via metabolic engineering.
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1 Introduction

Functional foods, dietary supplements, and drug compounds are largely derived
from specialized metabolites, previously called secondary metabolites of plants,
including alkaloids, flavonoids, isoflavonoids, and lignans. Recently, the rapid
increase in the number of elderly individuals has required various medical costs,
which may eventually cause a serious disruption in essential medical care systems
and national financial burdens. To address these issues, the consistent and appropri-
ate intake of dietary supplements and the efficient development of clinical drugs are
the most promising and effective ways to increase the healthy life expectancy and
prevent lifestyle-related diseases. In this context, intensive efforts should be made on
the development of functional foods and supplements as well as of clinical agents.

Lignans are naturally occurring phenylpropanoid dimers (C6-C3 unit; e.g.,
coniferyl alcohol), in which the phenylpropane units are linked by the central
carbons of the side chains (Fig. 1). These specialized metabolites are classified
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into eight groups based on their structural patterns, including their carbon
skeletons, the way in which oxygen is incorporated into the skeletons, and the
cyclization pattern: furofuran, furan, dibenzylbutane, dibenzylbutyrolactone,
aryltetralin, arylnaphthalene, dibenzocyclooctadiene, and dibenzylbutyrolactol
[1, 2]. Lignans have been shown to exhibit not only various pharmaceutical
activities but also preventive or reductive effects on extensive life-related
diseases (see the following section) [3–15], indicating the prominent potentials
as functional foods and supplements. Indeed, a sesame lignan, sesamin, is
already commercially available as functional supplements for antihypertension
and protection of the liver based on reduction of lipid oxidation. Unfortunately,
plant sources of lignans are frequently limited because of the high cost of plant
hunting and collection, poor cultivation systems, long growth phase, and the
low lignan content. For instance, sesamin is extracted from sesame seed oil, the
most abundant source of this compound. Nevertheless, sesamin at most consti-
tutes 0.4–0.6% (w/w) of sesame seed oil. Moreover, sesame seeds are cultivated
only once per year, limiting the ability to obtain large amounts of this com-
pound. Likewise, podophyllotoxin (PTOX), a precursor of semisynthetic
antitumor drugs (Fig. 1), is isolated from the roots and rhizomes of Podophyl-
lum hexandrum, which is distributed in very limited regions, and is now
endangered due to overharvesting and environmental disruption [16]. Moreover,
lignans and their precursors are not or faintly biosynthesized in prevalent model
plants such as Arabidopsis thaliana and Nicotiana tabacum, given that lignan
biosynthetic pathways for plant specialized metabolites involve multiple enzy-
matic steps that are absent in most plant species including these model plants.
Thus, transformation of a whole set of the biosynthetic genes would be required
for the generation of transgenic model plants that could produce phytochemi-
cals, indicating the critical shortcomings of these plants as biological lignan
producers [12, 13, 17]. Similarly, transgenic microbial or animal cells are also
not suitable for any biological lignan producers. In addition, the complicated
chemical structures of lignans and the related compounds (Fig. 1a) make
stereoselective organic synthesis impractical and costly for lignan producing
large supplies of these compounds. These drawbacks indicate the requirement
for efficient, stable, and sustainable systems for lignan production using lignan-
rich plants or its precursor compound-rich plants.

There has been a growing body of reports on the molecular characterization
of the enzymes involved in the biosynthesis of lignans, lignan production using
lignan-rich plants or cultured plant cells [18–23]. These recent findings have
allowed us to attempt the metabolic engineering of lignan biosynthesis using
transgenic lignin-rich plants such as Linum and Forsythia. In this chapter, we
provide current knowledge of lignan production via metabolic engineering and
perspectives in the development of metabolic engineering-based lignan
production.
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2 Lignan Biological Activity on Mammals

Lignans exhibit a wide variety of bioactivities on plants, insects, and mammals
[12, 13, 24–29], but special attentions have been paid to their unique antitumor-
associated activities and reduction of the risks of lifestyle-related diseases. The
modes of actions of lignans on mammals are classified in two ways: the pharmaco-
logical actions of specific metabolites of lignans by intestinal microflora and those of
intact lignans. Many of lignans and their glycosides, including pinoresiniol, sesamin,
lariciresinol, secoisolariciresinol, and matairesinol, are metabolized by intestinal
microflora to yield enterodiol and enterolactone, which are defined as enterolignans
or mammalian lignans [30–32]. These lignan metabolites are believed to elicit the
modest estrogen (mammalian female steroid hormone)-like activity in mammals. For
example, enterolignans bind to the mammalian estrogen receptors (ER), ERα or
ERβ, which are key regulatory nuclear receptors in the sexual maturation of genital
organs [33, 34]. Consequently, enterolignans, combined with other intestinal flora
generating metabolites of isoflavones and coumestans, are also called
phytoestrogens.

Intact lignans have also been detected in the sera of mammals fed with
lignan-rich diets, suggesting that nonmetabolized lignans are also taken up by
the mammalian digestive system, and exhibit ER-independent activities in vivo
and in vitro, including tumor growth suppression, angiogenesis inhibition, and
reduction of diabetes [6, 35–40]. Furthermore, lignans have been shown to
manifest positive effects on other lifestyle-related diseases. Administration of
flaxseed lignan complexes improved hyperglycemia and reduced markers of
type II diabetes in elderly patients and various animal models [41, 42]. In
particular, secoisolariciresinol diglucosides (SDG), secoisolariciresinol,
enterodiol, and enterolactone inhibited pancreatic α-amidase activity in a
noncompetitive manner [43]. Sesamin and its metabolites also exhibited antihy-
pertensive activities [44–46]. Moreover, the antioxidative activity of sesamin is
believed to be involved in protecting the liver from oxidation by alcohols,
lipids, and oxygen radicals [44, 47–49]. In human intestinal Caco 2 cells,
pinoresinol suppressed expression of Cox-2, an inducible prostaglandin
synthase that is responsible for the synthesis of prostaglandin H, a precursor
of any other prostaglandins, leading to the decrease in the production of
inflammatory factors, such as interleukin-6 and prostaglandin E2 [35]. In con-
trast, matairesinol increased levels of prostaglandin E2 [35]. These findings
proved that pinoresinol and matairesinol have opposite activities in these
cells [35].

Of the most prominent epidemiological significance is that intake of lignan-rich
foods, such as flaxseeds and sesame seeds, has been shown to reduce breast cancer
risk and to improve the breast cancer-specific survival of postmenopausal women
[39, 50–55]. Moreover, serum enterolactone levels were positively correlated with

15 Metabolic Engineering of Lignan Biosynthesis Pathways for the Production of. . . 377



the improvement of prognosis in postmenopausal women with breast cancer
[56]. These epidemiological studies suggest the unique and beneficial suppressive
activity of lignans against breast cancer risks in elderly women.

Dietary lariciresinol was found to suppress tumor growth and angiogenesis in nude
mice implanted with human MCF-7 breast cancer via the induction of apoptosis and
the upregulation of ERβ expression [40]. SDG elicited potent inhibition of cell
proliferation and induction of the apoptosis of breast cancer cells via the
downregulation of ER- and growth factor-mediated gene expression in athymic mice
[57]. Sesamin was found to reduce signaling downstream of mitogen-activated protein
kinase (MAPK) [58]. Additionally, the inhibitory effect of sesamin on breast tumor
growth is likely to be more potent than SDG [58]. These pharmacological effects,
combined with the abundance of lignans in flax or sesame seeds and oils, confirm that
the seeds and oils are promising functional diets for the prevention of breast cancer.

PTOX and its structurally related natural derivatives exhibit the suppressive
activity on mitotic spindle assembly by binding to tubulin, resulting in cell cycle
arrest at metaphase [22]. The PTOX semi-synthetic derivatives, etoposide,
teniposide, and etopophos (Fig. 1b), are clinically utilized to treat certain types of
cancers, including testicular/small-cell lung cancer, acute leukemia, Hodgkin’s and
non-Hodgkin’s lymphoma [58, 59]. These PTOX-derived antitumor drugs induce
apoptosis of tumor cells by binding to topoisimease II, a key enzyme for cell division
[58, 59]. In addition, other new synthetic PTOX derivatives, including GP-11,
NK-611, TOP-53, GL-331, and NPF, are undergoing phase I or II clinical trials as
novel cancer drugs [22, 59]. Consistent with the difficulty in efficient chemical
synthesis of PTOX due to its complicated structure, these findings reinforce the
importance of PTOX as a natural seed material for the production of various
anticancer drugs.

Altogether, these epidemiological and physiological studies demonstrate that
lignans exert beneficial effects as dietary compounds or medicinal agents for the
prevention of lifestyle-related diseases, such as cancer, hypertension, and diabetes.
Of particular interest is that respective lignans exhibit specific bioactivities in
mammals, strongly suggesting the requirements for the efficient, stable, and sustain-
able production of these compounds of interest. In other words, these findings not
only endorse the high usefulness of lignin-rich sesame and flax seeds as unique
functional foods but also shed light on the importance of the development of novel
lignan production systems using transgenic lignan-rich plants.

3 Lignan Biosynthesis Pathways

Two major lignan biosynthesis pathways have thus far been identified. Both of the
pathways originate from the coupling of achiral E-coniferyl alcohol, leading to the
generation of pinoresinol, a basal lignan (Fig. 2). A pinoresinol synthase has yet to
be identified. However, a dirigent protein (DIR) was shown to participate in the
stereo-specific dimerization of E-coniferyl alcohol [60]. In several plants including
Sesamum, pinoresinol is metabolized into piperitol, followed by further conversion
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into (+)-sesamin by a cytochrome P450 family enzyme, CYP81Q1, which is respon-
sible for the formation of two methylenedioxy bridges [61]. The CYP81Q1 gene is
expressed almost exclusively in sesame seeds, which is compatible with sesamin
production at the highest level in sesame seeds [61]. Sesamin is anticipated to be
further metabolized into sesaminol and sesamolin (Fig. 2), although the relevant
enzymes remain to be characterized. Sesaminol is glucosylated at its 2-hydroxyl
group by the homologous enzymes UGT71A8 (S. radiatum), 9 (S. indicium), and
10 (S. alatum) [62]. Moreover, the resultant sesaminol 2-O-monoglucoside is further
glucosylated by UGT94D1, which is specific to the glucosylation of sesaminol 2-O-
monoglucoside at 6-position of the conjugated glucose conjugated by
UGT71A18 [62].

Fig. 2 Biosynthesis pathways of major lignans. Chemical conversions at each step are indicated in
red. Solid and broken lines represent identified and unidentified enzyme-catalyzed reactions,
respectively
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No genes homologous to CYP81Q1 have been detected in diverse lignan-rich
plant species including Forsythia, Linum, or Podophyllum [63–69]. This is in good
agreement to the findings that these plants fail to biosynthesize sesamin and its
derivatives. Instead, pinoresinol is stepwisely reduced to lariciresinol and then
secoisolariciresinol by pinoresinol-lariciresinol reductase (PLR), a member of the
pinoresinol-lariciresinol/isoflavone/phenylcoumaran benzylic ether reductase (PIP)
family in extensive plant species including Forsythia, Linum, and Podophyllum
[70–75]. PLR converts pinoresinol to secoisolariciresinol via lariciresinol (Fig. 2).
Pinoresinol also undergoes glucosylation by UGT71A18, a UDP-glucose-dependent
glucosyltranferase [76]. Such glycosylation is highly likely to suppress the chemical
reactivity of a phenolic hydroxyl group of pinoresinol and to potentiate high water
solubility of pinoresinol aglycone, resulting in large and stable amounts of
pinoresinol [1, 2, 11, 12]. Indeed, approximately 90% of pinoresinol is accumulated
in its glucosylated form in Forsythia spp. [77, 78]. Thus, PLR-catalyzed metabolism
and UGT71A18-directed glucosylation are reciprocally competitive pathways
(Fig. 2), given that both of them share pinoresinol as a substrate. PLR shows opposite
seasonal alteration in gene expression against UGT71A18; in Forsythia leaves in
Japan, PLR gene is intensely expressed from April to August but poorly from
September to November, whereas gene expression of UGT71A18 is observed at
high level from September to November but at faint or no level from April to August
in Japan [78]. These findings indicate that PLR and UGT71A18 participate in the
competitive regulation of lignan biosynthesis via pinoresinol metabolism. In
A. thaliana, AtPrR1 and 2 are only responsible for the reduction of pinoresinol to
lariciresinol [74], and lariciresinol and pinoresinol are glucosylated by another novel
UDP-glucose-dependent glucosyltranferase, UGT71C1 [79], revealing the diversity
of lignan metabolism among plant species.

Secoisolariciresinol, like pinoresinol and lariciresinol, undergoes two metabolic
pathways (Fig. 2). First, Secoisolariciresinol is converted into matairesinol by
secoisolariciresinol dehydrogenase (SIRD) [80]. Second, a novel UDP-glucose-
dependent glucosyltranferase in Linum, UGT74S1, generates secoisolariciresinol
monoglucoside and SDG [81]. Matairesinol is metabolized to arctigenin (Fig. 2)
by matairesinol O-methytransferase (MOMT) via methylation of a phenolic
hydroxyl group in various plants including F. koreana, Carthamus tinctorius, and
Anthriscus sylvestris [82, 83]. Additionally, 70–90% of matairesinol is glucosylated
throughout the year in the Forsythia leaves [78], although characterization of
matairesinol-glucosylating enzymes awaits further study. As shown in Fig. 2, the
biosynthetic pathways downstream of matairesinol are complexed and relatively
species-specific. In Linum, Anthriscus, and Podophyllum plants, matairesinol is also
converted into hinokinin, yatein, or PTOX via multiple biosynthetic pathways [1, 2,
12, 13, 60]. In A. sylvestris, AsTJOMT exclusively methylates the 5-hydroxyl group
of thujaplicatin, an intermediate of the PTOX biosynthesis pathway [84].

The homologous enzymes, CYP719A23 (from P. hexandrum) and CYP719A24
(from P. peltatum) participate in the conversion of matairesinol into pluviatolide, a
more downstream intermediate of PTOX (Fig. 2), via methylenedioxy bridge for-
mation [63, 64]. Quite recently, six novel genes, which were also detected by
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NGS-based transcriptome, have been characterized from P. hexandrum and shown to
be responsible for the PTOX biosynthesis [23]. CYP71CU1 was found to
hydroxydise (�)-50-desmethoxy-yatein into (�)-50-desmethyl-yatein followed by
O–methylation by OMT1to (�)-yatein (Fig. 2). (�)- yatein is converted into (�)-
deoxy-podophyllotoxin, which is demethylated to (�)-40-desmethyl-deoxy-
podophyllotoxin by CYP71BE54 (Fig. 2). CYP82D61 was shown to participate in
the production of (�)-40-desmethyl-epipodophyllotoxin via hydroxylation of (�)-
40-desmethyl-deoxy-podophyllotoxin (Fig. 2). Notably, (�)-40-desmethyl-
epipodophyllotoxin, which is an aglycone of an antitumor drug, etoposide, was
detected in transgenic tobacco transected with these six genes [23]. Taken into
account that (�)-40-desmethyl-epipodophyllotoxin is synthesized from PTOX in
the industrial production of etoposide, this study leads to the development of the
novel procedure for the production etoposide using transgenic tobacco as well as
explored total biosynthesis pathways of PTOX and its related lignans [23].

Over the past few years, the genomes or transcriptomes of lignan-rich plants
including Linum [68, 85, 86], Sesamum [65–67], and Podophyllum [23, 63, 64, 69]
have been documented, followed by in silico detection of functional genes. Partic-
ularly, next-generation sequencers (NGS)-based de novo transcriptome has been
shown to be a powerful procedure for molecular characterization of lignan-
biosynthetic genes at the first step, as described above. These findings are highly
likely to remarkably enhance the molecular and functional characterization of
unknown lignan biosynthetic enzymes. In addition, it is suggested that a Podophyl-
lum endophyte may produce PTOX [87]. NGS analyses of the genome,
metagenome, and transcriptome of Podophyllum and its endophytes are expected
to provide crucial clues to understanding the PTOX biosynthesis pathways.

4 Metabolic Engineering of Lignan Biosynthesis

A growing body of studies has revealed that lignan biosynthesis is altered by genetic
modification, light, and elicitors. This section presents an overview and discussion of
recent progress in major lignan metabolic engineering using plants, plant cells, and
organ cultures.

4.1 Metabolic Engineering of Transgenic Plants and Cells

Stable transfection or gene silencing, namely authentic transgenic metabolic engi-
neering of a lignan biosynthetic enzyme gene is expected to directly alter the lignan
production cascades in host plants, organs, and cells. To date, Forsythia and Linum
cell, organ cultures, and plants are attempted to generate the transgenic plants among
lignan-rich plants. Agrobacterium-based gene introduction was employed for trans-
formation of both Forsythia and Linum, which is also essentially common to
generation of transgenic model plants [17, 77, 88–94]. Figure 3 demonstrates the
typical procedure for Agrobacterium-based transformation of Forsythia. In the
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subsection, we present the recent progress in transformation of Forsythia and Linum
and metabolic engineering of lignan biosynthetic pathways using these plants.

4.1.1 Transgenic Forsythia Cells
Forsythia is a perennial plant commonly known as the golden bell flower and is used
for a variety of Chinese medicines and health diets [1, 2, 5, 7, 12, 13]. As shown in
Fig. 2, Forsythia biosynthesizes pinoresinol, lariciresinol, secoisolariciresinol,
matairesinol, and arctigenin, with >90% of pinoresinol, >80% of matairesinol, and
40–80% of arctigenin accumulated in glucosylated forms [12, 13, 17, 77, 78]. Seasonal
changes in amounts of major Forsythia lignans and the relevant gene expression were
also reported. All of the lignans in the leaf continuously increased from April to June,
reached the maximal level in June, and then decreased [78]. PLR was stably expressed
from April to August, whereas the PLR expression was not detected from September to
November [78]. In contrast, the UGT71A18 expression was detected from August to
November but not from April to July. The SIRD expression was prominent from April
to May, not detected in June to July, and then increased again from September to
November [78]. These expression profiles of the lignan-synthetic enzymes are essen-
tially correlated with the alteration in lignan amounts.

Several transgenic Forsythia plants and cells have been documented for the past
5 years [17, 77, 89]. It is noteworthy that the regeneration efficiency of callus (shoot
formation and rooting) and optimal condition for them differ among the variety of
Forsythia species (F. koreana, F. intermedia, and F. suspense) (Fig. 4). For instance,
F. koreana, F. intermedia, and F. suspense explants regenerated more than
100, 36, and 4 shoots per leaf, respectively [89]. Likewise, F. intermedia calli, unlike

Fig. 3 Scheme for generation of transgenic Forsythia mediated by Agrobacterium. This process is
common for the generation of transgenic Forsythia plants and suspension cultures
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F. koreana, calli, were much more effectively regenerated on the F0 medium than on
the FM0 medium [89]. Two transgenic F. intermedia and one transgenic F. koreana
have acquired hygromycin resistance, but none of them have exhibited metabolic
alteration in lignan biosynthesis [89]. Moreover, the greatest drawback in generation
of transgenic Forsythia lies in extremely low transformation efficiencies. These
findings strongly suggest the potential requirement for innovation of transgenic
Forsythia plant generation. In other words, a high-efficient transgenic method for
Forsythia is expected to remarkably enhance transgenic metabolic engineering-
based lignan production using transgenic Forsythia.

The transgenic metabolic engineering of Forsythia culture cells was originally
reported in 2009. F. koreana suspension cells stably transfected with a PLR-RNA
interference (RNAi) sequence (PLR-RNAi) showed complete loss of matairesinol
and an approximately 20-fold increase in total pinoresinol (pinoresinol aglycone and
glucoside), compared with the wild type cells [77]. Furthermore, Forsythia trans-
genic cells CPi-Fk, which are stably double transfected with PLR-RNAi and the
sesamin-producing enzyme CYP81Q1 (Fig. 2), produced sesamin (0.01 mg/g dry
weight of the cell [DW]) (Fig. 5), although sesamin is not biosynthesized in native
Forsythia [77]. This is the first success in the metabolic engineering leading to an
exogenous lignan using transgenic plant cells, demonstrating that the Forsythia cell
culture system is an efficient and promising platform for producing both endogenous
and exogenous lignans by transgenic metabolic engineering. A striking feature is
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Fig. 4 Different conditions in regeneration between Forsythia varieties (F. koreana and
F. intermedia). Note that different media is used for regeneration of the respective Forsythia species.
Culturing periods also vary between these species
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that light irradiation has been shown to improve the production of both endogenous
and exogenous lignans by CPi-Fk cells. Irradiation of CPi-Fk cells for 2 weeks with
white fluorescent, blue LED, and red LED light increased sesamin production 2.3-
fold, 2.7-fold, and 1.6-fold, respectively, compared with cells cultured in the dark
[94]. Likewise, irradiation of CPi-Fk cells increased pinoresinol (aglycone and
glucoside) production 1.5- to 3.0-fold [94]. Intriguingly, expression of the
pinoresinol-glucosylating enzyme UGT71A18 was also downregulated in CPi-Fk
cells under blue LED or red LED light [94]. This reduction of the expression of
UGT71A18 is also likely to contribute to the increase of sesamin production [94],
given that pinoresinol glucoside is not metabolized into sesamin by CYP81Q1 [12,
75], and 90% of pinoresinol is glucosylated in Forsythia wildtype cells [12, 13, 17,
77, 78]. In other words, these findings suggested that suppression of UGT71A18 by
RNAi might contribute to an increase in productivity of pinoresinol and sesamin in
CPi-Fk. This presumption was substantiated in our subsequent study. Quite recently,
we have created more efficient, stable, and sustainable sesamin production system
using triple-transgenic Forsythia koreana cell suspension cultures, U18i-CPi-Fk,
compared to CPi-Fk [17]. These transgenic cells were generated by stable

Fig. 5 Metabolic engineering of Forsythia suspension cell cultures. The double-transgenic For-
sythia suspension cells, CPi-Fk, acquired the ability to produce sesamin by stable transfection of
PLR-RNAi and an exogenous (Sesamum) CYP81Q1 gene. The triple-transgenic cells, U18i-CPi-Fk,
were generated by the introduction of UGT71A18-RNAi into CPi-Fk and exhibit higher produc-
tivity of pinoresinol and sesamin than CPI-Fk. The lignan productivity is approximately three- to
fivefold upregulated under red LED. U18i-CPi-Fk can also be stocked in liquid nitrogen for a long
period, and re-thawed U18i-CPi-Fk exhibit as high productivity of sesamin as noncryopreserved
U18i-CPi-Fk
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transfection of CPi-Fk with an RNAi sequence against the pinoresinol-glucosylating
enzyme UGT71A18. UGT71A18 expression was not detected in the triple-trans-
genic Forsythia cells [17]. Moreover, U18i-CPi-Fk accumulated approximately
fivefold higher amounts of pinoresinol aglycone than CPi-Fk, and the ratio of
pinoresinol aglycone to total pinoresinol in U18i-CPi-Fk is 81.81 � 6.43%, which
is approximately 6.5-fold greater than that in CPi-Fk (13.19 � 2.35%). These results
proved that UGT71A18-RNAi contributed a great deal to the increase in the ratio of
pinoresinol aglycone to total pinoresinol. Notably, U18i-CPi-Fk has also been shown
to display 1.4-fold higher production of sesamin than CPi-Fk [17], confirming that
the suppression of UGT71A18 gene expression is effective for improvement of the
sesamin production. Furthermore, pinoresinol aglycone was 3.4-fold and 2.8-fold
greater produced under white fluorescent and red LED, respectively, than under the
dark condition. Consistently, sesamin production in U18i-CPi-Fk was approximately
threefold (31.02 � 3.45 μg/g DW) upregulated specifically under red LED, whereas
white fluorescent or blue light failed to affect sesamin production [17]. It should be
noteworthy that the light types effective for the sesamin production differed between
CPi-Fk and U18i-CPi-Fk; the sesamin production was potentiated exclusively by
blue LED light in CPi-Fk [94], whereas red LED light upregulated the sesamin
production in U18i-CPi-Fk [17]. The molecular mechanism underlying such differ-
ent sensitivity of these transgenic Forsythia cells remains unclear, but the suppres-
sion of UGT71A18 gene is likely to alter other biosynthetic pathways than
pinoresinol glucosylation, which ultimately may affect light sensitivity of the
sesamin production. In addition, upregulation of lignan production by light was
also observed in other natural plants or cells. In Linum species, suspension of
L. album cells produced twofold more PTOX under red light than those in the
dark [95]. Irradiation of S. indicum leaves 3–5 weeks after sowing with blue LED
light increased sesamin content twofold, compared with white fluorescent light,
whereas irradiation with red LED light reduced sesamin content twofold [9,
96]. In combination, these findings highlight the different specificity of light types
to lignan production among lignan compounds and host plant species.

U18i-CPi-Fk has also been found to possess another prominent advantage over
CPi-Fk, that is, long-term and reproducible storage [17]. Universal procedures for
long-term stock of plant cell cultures, unlike those of seeds, bacteria, or animal cells,
have not been well established, and cryopreservation procedures for a particular
plant species are not always applicable to other plant cells [97–99]. Indeed, we failed
to establish any procedure for long-term stock of CPi-Fk, and thus observed a
decrease in the growth rate of CPi-Fk cells after 2 years of culture and, eventually,
proliferation loss. Nevertheless, we have developed a procedure for sodium alginate-
based long-term storage of U18i-CPi-Fk in liquid nitrogen [17]. Moreover, produc-
tion of sesamin in U18i-CPi-Fk re-thawed after 6-month cryopreservation was
equivalent to that of noncryopreserved U18i-CPi-Fk, proving the reproducible
functionalities of U18i-CPi-Fk [17]. Altogether, the high lignan (pinoresinol and
sesamin) productivity and establishment of the freeze stocks of U18i-CPi-Fk
endorses the marked usefulness of U18i-CPi-Fk as a stable and sustainable platform
of lignan production (Fig. 5).
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4.1.2 Transgenic Linum
Linum spp. (flax, Linaceae) are annual flowering plants comprised of approxi-
mately 200 species. This genus has received pharmaceutical and medicinal atten-
tion due to the presence of various lignans, including PTOX and its related
compounds, which are practically applied for the semisynthesis of antitumor
drugs for breast and testicular cancers described above. Since Linum is also
known to biosynthesize PTOX and its derivatives, and the procedures for tissue
and cell culture are well established, optimal conditions and stimulating factors
for production of various lignans, including (�)-podophyllotoxin, by Linum calli,
suspension cell cultures, and roots have been extensively investigated as
described in the followings. Recently, flax seeds and oils have also received
attentions as functional foods due to the contents of lignans beneficial for
human health [14, 15]. Accordingly, metabolic engineering of Linum is also
highly likely to contribute a great deal to the development of novel lignan
production and transgenic foods.

In various Linum species, the effects of RNAi on production of endogenous
lignans via metabolic engineering were investigated. PLR-RNAi-transgenic plants
of L. usitatissimum showed the high accumulation of pinoresinol diglucoside and
loss of SDG in the seed coat [90]. Intriguingly, these PLR-RNAi-transgenic
L. usitatissimum plants produced the 8–50 linked neolignans, dehydrodiconifnyl
alcohol and dihydro-dehydrodiconifnyl alcohol, while these neolignans were not
biosynthesized in the wildtype plants [90]. These findings indicate that RNAi
occasionally affects some biosynthetic pathways in an indirect fashion.

4.1.3 Transient Transformation of Linum
Hairy roots of L. perenne transiently transfected with PLR-RNAi reduced the
production of the major endogenous lignan, justicidin B, to 25%, compared with
the untreated hairy roots [72]. Likewise, transient transfection of L. corymbulosum
hairy roots with PLR-RNAi resulted in a marked reduction of hinokinin [73]. Com-
bined with the justicidin B and hinokinin biosynthetic pathways, in which PLR
converts pinoresinol into secoisolariciresinol (Fig. 2), these findings indicate that
PLR-directed conversion of pinoresinol into secoisolariciresinol is a rate-limiting
step of justicidin B and hinokinin biosynthesis, at least in the hairy roots of L. perenn
and L. corymbulosum, respectively. Therefore, identification and genetic manipula-
tion of justicidin B and hinokinin synthase will contribute a great deal to the
establishment of procedures for the direct metabolic engineering of these lignans.
Taken together, these findings reinforce the potential of Forsythia and Linum
transgenic or transiently gene-transfected cells and plants as the metabolic
engineering-based platforms for on-demand production of both endogenous and
exogenous lignans. The draft genome and transcriptome of L. usitatissimum [68,
85, 86] will also accelerate the identification of the enzymes involved in the
biosynthesis of Linum lignans, leading to the efficient lignan production using
gene-modified plant sources.
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4.1.4 What Should Be Considered for Lignan Production via Metabolic
Engineering Using Gene-Modified Plants?

To establish gene-modified plant platforms for lignan production, we should con-
sider two crucial factors: the type of host and the use of transgenic or transiently
transfected hosts. Host types can be classified into plants, organs, and cell cultures.
For example, although the amount of sesamin produced by U18i-CPi-Fk cells is
~100-fold lower than that by native sesame seeds, U18i-CPi-Fk-based lignan met-
abolic engineering has several advantages. Furthermore, the Forsythia transgenic
cells are propagated tenfold in 2 weeks in standard culture medium [17] and can be
cultivated at all times and locations which is also endorsed by the fact that U18i-CPi-
Fk can be stocked for a long time [17]. In contrast, sesame seeds are cultivated in
limited regions only once a year. Moreover, the conditions used in the culturing of
U18i-CPi-Fk cells, including temperature, light wavelength and intensity, and
medium components, can be altered to optimize sesamin production [17, 77]. For-
sythia plants have much greater biomass, with higher amount of lignans, than
suspension cell cultures, and these plants can grow and propagate from small
explants without flowering or seed formation [89]. However, efficient generation
of transgenic Forsythia plants still requires further basic research due to the mark-
edly low transformation efficiency by any known gene transfection methods [89]. In
addition, as mentioned above, the optimal culturing and regeneration conditions
were found to vary among Forsythia species [89]. In other words, the development
of a procedure for efficient generation of transgenic Forsythia would surely enhance
novel lignan production system.

The generation of both stable (namely transgenic) and transient transfectants of
Linum species are well established [72, 73, 90, 93], and thus the amounts of
precursors or intermediates of targeted lignans are major determinants for the
employment of cell cultures, organ cultures, or plants as host platforms. Addition-
ally, gene-modified host plants may fail to normally grow or to produce lignans of
interest due to cytotoxicity of lignans, although the underlying molecular mecha-
nisms have not fully been elucidated. Therefore, generation of lignan-producing
plants using multiple plant species is occasionally required.

The second factor involves construction of either transgenic or transiently
transfected hosts. Transgenic plants and cell cultures, once generated, are sustainably
used for lignan production and readily upscaled, whereas generation of transgenic
plants, in particular nonmodel plants, may be time- and cost-consuming. Moreover,
cultivation of transgenic plants in general requires a closed facility for transgenic
plants. Transiently transfected plants require repeated transfections, and transient
transfection of multiple genes may dramatically decrease the transfection efficiency.
Furthermore, massive transient transfection methods for industrial use remains to be
fully developed [100]. Further research on lignan metabolic engineering, using
transgenic or transiently gene-transfected plants, organ cultures, and cell cultures,
is expected to lead to the establishment of both universal and molecular species-
specific strategies for gene-regulated metabolic engineering of lignan biosynthesis
pathways.
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4.2 Metabolic Engineering by Elicitation

Plant defense systems are triggered upon injury or infection via signaling by the
phytohormones, methyl jasmonate (MeJA) and salicylic acid (SA), and treatment
with elicitors, including fungi, their extracts, and the glycan components, MeJA and
SA, also mimic such activation. Moreover, lignans, at least in part, are likely to be
implicated with host defense systems [12, 13, 22, 101]. In combination, elicitors are
expected to enhance lignan biosynthesis [13, 22, 102]. As summarized in Table 1,
the effects of various elicitors on lignan production have been examined in a wide
variety of cell cultures and hairy roots of Forsythia, Juniperus, and Podophyllum
(Table 1).

MeJA and SAwere found to increase the production of PTOX and the structurally
related lignan production or the gene expression of lignan biosynthetic enzymes
responsible for biosynthesis of conifenyl alcohol, phenylalanine ammonialyase
(PAL), cinnamoyl-CoA reductase (CCR), and cinnamylalcohol dehydrogenase
(CAD) in cell suspension cultures of L. album [103, 104] and L. nodiflorum [103],
Podophyllum hexandrum [105], and callus of L. austriacum callus culture
[106]. These phytohormones also increased the PTOX production or the relevant
gene expression in hairy roots of L. tauricum [107]. Additionally, an increase in
production of pinoresinol and matairesinol by MeJA was observed in Forsythia
intermedia cell suspension culture [108].

Chitosan, chitin oligomers, and other glycans also enhanced PTOX production or
gene expression of lignan biosynthetic enzymes in Juniperus chinensis callus culture
[109], L. austriacum callus culture [106], and L. album cell suspension culture and
hairy roots [110–112]. In particular, comparisons of chitin tetramer, pentamer, and
hexamer and chitosan tetramer and pentamer showed that treatment of L. album
hairy roots with chitosan hexamer for 5 days most potently enhanced PTOX and
lariciresinol production, as well as upregulating the expression of PAL, CCR, CAD,
and PLR genes [112]. In summary, treatment with these elicitors resulted in two- to
sevenfold increase in PTOX synthesis and expression of genes encoding enzymes
involved in the early steps of lignan biosynthesis in various plant cells and hairy
roots.

Fungal co-culturing, extracts, and filtrate exhibited unique effects on the meta-
bolic engineering of lignan production (Table 1). Botrytis cinerea, Phoma exigua,
and Fusarium oxysporum extracts triggered the accumulation of monolignols and
enhanced PAL activity and gene expression of PAL, CCR, and CAD in
L. usitatissimum cell suspension cultures [113]. Treatment of L. album cell cultures
with Fusarium graminearum extract for 5 days increased PTOX sevenfold and PAL,
CCR, and CAD mRNAs > tenfold compared with untreated cells. These results
confirmed that this extract is a more potent elicitor of PTOX production and PAL,
CCR, and CAD expression than treatment with chitosan, chitin, or MeJA treatment
for 3 days [110, 111, 114].

Rhizopus stolonifer and Rhizoctonia solani extract stimulated 8.8-fold and 6.7-
fold greater accumulation of lariciresinol, instead of PTOX, in L. album cell cultures
after 5-days treatment as compared with untreated cells, and the highest (6.5-fold)
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Table 1 List of major elicitors and their effects on lignan biosynthesis

Elicitor Target Effect Refs

Chito-
oligosaccharides
(1 mg)

Juniperus chinensis
callus culture

Increased PTOX production [104]

Methyl jasmonate
(MeJA) (100 μM)

Forsythia
intermedia cell
suspension culture

Increased pinoresinol and matairesinol
production

[103]

Mannan
(0.1 mg mL�1)
β-1,3-glucan
(0.1 mg mL�1)
Ancymidol
(10�7 M)

L. austriacum callus
culture

Enhanced activity of tyrosine ammonia-
lyase (TAL), coumarate 3-hydroxylase
(C3H), polyphenoloxidase (PPO) and
PAL
Increased PTOX,
6-MPTOX,
dPTOX,
α- and β-peltatins production
Increased PTOX and α-peltatins
production
Increased PTOX, 6-MPTOX,
dPTOX and α- peltatins production

[101]

Indanoyl-isoleucine
(5–100 μM)
Coronalon,
(10–50 μM)
MeJA(100 μM)

L. nodiflorum cell
suspension culture

Increased deoxypodophyllotoxin
production
Enhanced activity of 6-hydroxylase and
β-peltatin 6-O-methyltransferase,
Increased 6-MPTOX and 50-d-6-
MPTOX production

[97]

MeJA (100 μM) L. album cell
suspension culture

Increased PTOX production [98]

Botrytis cinerea
extract (3% v/v)
Phoma exigua
extract (3% v/v)
Fusarium
oxysporum extract
(3% v/v)

L. usitatissimum
cell suspension
culture

Rapid stimulation of the monolignol
pathway, enhanced PAL activity, and
expression of genes encoding PAL,
CCR, and CAD

[108]

MeJA(50–200 μM) L. tauricum hairy
root culture

Increased 6MPTOX and
40-DM6MPTOX production

[102]

Salicylic acid (SA)
(10 μM)

L. album cell
suspension culture

Enhanced PAL, CCR, and CAD gene
expression and PTOX production

[99]

Chitin (100 mg l�1)
Chitosan
(100–200 mg l�1)
MeJA
(100–200 μM)

L. album cell
suspension culture

Increased lariciresinol and/or PTOX
production

[105]

Fusarium
graminearum
extract(1%v/v)
Sclerotinia
sclerotiorum extract
(1%v/v)
Rhizopus stolonifer

L. album cell
suspension culture

Enhanced PAL, CCR, CAD, and PLR
gene expression
Increased PTOX and lariciresinol
production

[105,
109]

(continued)
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PLR gene induction was observed in L. album cell cultures treated with Rhizopus
stolonifer extract for 2 days [114]. Similar data were obtained in L. album hairy roots
with the same fungal extracts [111] or L. album cell suspension culture with
Fusarium graminearum culture filtrate [115], but the latter manifested less lignan
production. These studies revealed that fungal extract exhibited the species-specific
effects on the lignan biosynthesis pathways, although investigation of the molecular
basis awaits further study.

As described above, the regulation of gene expression has thus far been restricted
to enzymes responsible for the upstream of lignan biosynthesis pathways. Therefore,
the effects of these elicitors on lignans and the relevant biosynthetic genes down-
stream of PLR, such as SIRD or 719A23 (Fig. 2), would provide a clue to under-
standing the molecular mechanisms underlying upregulation of PTOX production
and to identifying more effective elicitors for lignan production.

5 Conclusions

In this chapter, we have provided diverse recent advances in metabolic engineering
for lignan production by plants, including: (i) the molecular characterization of novel
genes encoding enzymes for biosynthesis pathways of dietary and medicinal lignans;

Table 1 (continued)

Elicitor Target Effect Refs

extract(1% v/v)
Rhizoctonia solani
extract(1% v/v)

MeJA(10–100 μM) Podophyllum
hexandrum cell
suspension culture

Changes in cell proteome Increased
PTOX production

[109]

Fusarium
graminearum
extract (1%v/v)
Sclerotinia
sclerotiorum extract
(1%v/v)
Trichoderma viride
extract (1%v/v)
Chitosan
(100 mg l�1)

L. album hairy root
culture

Enhanced PAL, CCR, CAD, and PLR
gene expression
Increased PTOX, 6MPTOX, and
lariciresinol production

[106]

Chitosan and chitin
oligomers
(100 mg l�1)

L. album cell
suspension culture

Enhanced PAL, CCR, CAD, and PLR
gene expression
Increased PTOX, 6MPTOX, and
lariciresinol production

[107]

Fusarium
graminearum
culture filtrate
(1% v/v)

L. album cell
suspension culture

Increased phenolic compound, PTOX,
and lariciresinol production
Enhanced PAL activity

[110]
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(ii) the production of both endogenous and exogenous lignans by transient or stable
transfection of lignan biosynthetic genes into cultured cells, tissues, and plants; (iii)
the long-term stock and following reproduction of the cell functionality of a trans-
genic Forsythia lignan producing cells, U18i-CPI-Fk; and (iv) the upregulation of
productivity of lignans in cells and plants by exogenous stimuli such as light and
elicitors in a plant species- and lignan-specific fashion. Taken together, combination
of transgenesis, light, and elicitors will be a promising strategy for further improve-
ment of the lignan productivity. For example, elicitation of U18i-CPi-Fk under red
LED light is expected to increase the amounts of sesamin and/or pinoresinol.
Moreover, bioinformatic integration of the aforementioned experimental data is
likely to enable the systematic prediction of optimal lignan production strategy:
hosts (cells, organ cultures, plants), light conditions, elicitor types, and transfection
types. For example, three Forsythia varieties, F. koreana, F. intermedia, and
F. suspensa, displayed differential growth and regeneration in a medium
component-dependent fashion or selection marker antibiotics-dependent fashions
[89], and Linum spp. showed genus-specific sensitivities to different elicitors
(Table 1).

Public acceptance of transgenic dietary products is not yet sufficient all over the
world. Nevertheless, it should be noted that lignans produced by transgenic hosts are
chemically identical to natural ones and free from any recombinant genes or pro-
teins. Thus, public acceptance for lignans produced by transgenic plants should also
be more easily garnered than that for transgenic foods themselves. In this context, we
will pay more attention to the establishment of scaling-up and following industrial-
ization of the lignan production systems as well as the development of efficient
generation of transgenic plants in the near future [116–118]. Large-scale lignan
production by transgenic plants must be carried out in a closed cultivation system
to prevent contamination of the environment by transgenic plants. Recently, various
closed plant factories have been emerging, which completely shut off a gene flow
into the outer environment and enables the transgenic plants-based molecular breed-
ing of genes or compounds of interest under optimal and sterile conditions
[116–118]. Such advances in the metabolic engineering of lignan biosynthesis will
surely pave the way for the conversion of conventional agricultural lignan produc-
tion to innovative industrial production of various beneficial lignans and, ultimately,
contribute a great deal to the improvement of quality of life and national financial
burdens for medical care via extension of our healthy life expectancy owing to the
preventive effects of lignans on diverse diseases.
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The Elucidation and Metabolic Engineering
of Terpenoid Indole Alkaloid Pathway
in Catharanthus roseus Hairy Roots
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Jiayi Sun and Christie A. M. Peebles

Abstract
Catharanthus roseus (Madagascar periwinkle) produces many pharmaceutically
important chemicals such as vinblastine, vincristine, serpentine, and ajmalicine.
They are synthesized through the highly branched and complex terpenoid indole
alkaloid (TIA) pathway in C. roseus. Among the compounds produced in this
pathway, vinblastine and vincristine are efficient anticancer drugs widely used in
the clinic and are only found in C. roseus. Due to low accumulation of these TIAs
within the plant and the infeasibility of production using chemical synthesis at
industrial scale, the market price of these drugs remains high. In addition,
inconsistent production along with increased demand causes these drugs to
often show up on the FDA drug shortage list. With advanced knowledge of
molecular biology, metabolic engineering, and bioinformatics, the construction
of a robust and efficient alternative production platform in C. roseus hairy roots
by manipulating the TIA pathway has become a promising strategy in recent
years. In addition, recent advances in high-throughput sequencing technology
have greatly sped up the elucidation of the TIA pathway. This review highlights
present efforts to discover TIA pathway genes, their compartmentalization, and
regulation in C. roseus and summarizes TIA pathway engineering efforts in
C. roseus hairy roots.
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1 Introduction

Plants produce a staggering variety of metabolites with diverse structures and therefore
are an abundant source of compounds for use in the pharmaceutical, food, flavorings,
fragrance, and supplement industry. Many plant secondary metabolites are not only
believed to help plants defend against herbivores and pathogens but are also of significant
importance in providing medicine and structure inspiration for human health.
Catharanthus roseus is an important medicinal plant from Apocynaceae family. As a
rich source of alkaloids,C. roseus can produce more than 130 identified terpenoid indole
alkaloids (TIAs) [1]. Many of these TIAs exhibit strong pharmacological activities.

The most striking biological activity found in compounds from this family is the
antineoplastic effect of dimeric alkaloids such as anhydrovinblastine, vinblastine,
and vincristine from C. roseus [1]. These dimeric alkaloids together with a number
of related semisynthetic compounds (vinorelbine, vindesine, vinflunine) are named
Vinca alkaloids and have been used in the clinic for the treatment of various cancers.
The Vinca alkaloids are microtubule-depolymerizing agents [112]. They arrest tumor
cells during mitosis by binding at the surface between two tubulin heterodimers next
to the exchangeable guanosine 5-triphosphate-biding site, which depolymerizes the
microtubules leading eventually to apoptosis. This unique mode of action makes
Vinca alkaloids powerful and effective chemotherapy drugs. Besides antitumor
activity, Vinca alkaloids also exhibit antidiabetic and antioxidant properties [2]. In
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addition, ajmalicine and serpentine have been widely used for the treatment of
hypertension because they act as an α-adrenergic receptor antagonist. Serpentine
also shows anti-arrhythmic and anti-neuroinflammatory activity [3].

Despite the great medicinal importance of TIAs, relatively little is known about
the biosynthesis, regulation, and transport of these compounds in C. roseus. The TIA
biosynthesis pathway is highly complex and branched. The pathway involves at least
35 intermediates and 30 enzymes from indole pathway, methylerythritol
4-phosphate pathway, terpenoid pathway, and alkaloid pathway. Currently the num-
ber of unknown enzymes in TIA pathway makes it infeasible to heterologously
construct this pathway in microorganisms for the production of valuable TIAs. In
addition, these valuable TIAs accumulate at very low levels in C. roseus due to the
high degree of compartmentalization of the pathway intermediates which involves in
at least seven intra- and intercellular compartments and the tight transcriptional
regulation within plant. This review highlights the current effort in deciphering the
mystery in TIA biosynthesis, compartmentalization, and regulation in C. roseus.

In addition, TIAs accumulate to very low levels in C. roseus. A significant effort
in metabolic engineering has been placed on increasing TIA production in C. roseus
plants, dedifferentiated cell cultures, and hairy root cultures. Hairy roots have been
considered as an ideal biological system for TIA production due to its superior
genetic and chemical stability compared to cell cultures and scalability to large scale
without restriction by environmental factors as the whole plan does. This review also
summarizes TIA pathway engineering in C. roseus hairy roots.

2 TIA Biosynthetic Pathway in C. roseus

2.1 Monoterpenoid Pathway

One important precursor for TIA biosynthesis is secologanin, which is a
monoterpenoid (also called iridoid or secoiridoid) synthesized through the terpenoid
pathway (Scheme 1). This pathway broadly exists in many other plants and leads to
the accumulation of iridoids (including secologanin) as end products. Many terpe-
noids possess anticancer, antimicrobial, and anti-inflammatory activities [4, 5]. In
C. roseus, the terpenoid pathway consists of ten enzymatic steps and has recently
been fully elucidated [6]. It starts from the coupling of two MEP (methylerythritol
4-phosphate) pathway products isopentenyl pyrophosphate (IPP) and dimethylallyl
pyrophosphate (DMAPP) [7]. This coupling forms the product geranyl diphosphate,
a monoterpene, which is then converted to geraniol by geraniol synthase (GES)
[8]. Geraniol is successively oxidized by geraniol 10-hydroxylase (G10H)/8-oxidase
(G8O) [9] and 8-hydroxygeraniol oxidoreductase (8-HGO) [6] to form
8-oxogeranial. Iridoid synthase (IS) is responsible for the reductive cyclization of
8-oxogeranial to two iridoid ring scaffolds [10]. These two scaffolds are further
oxidized consecutively by the same enzyme iridoid oxidase (IO) to generate
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7-deoxyloganetic acid [11]. The recently discovered 7-deoxyloganetic acid glucosyl-
transferase (7-DLGT) can use UDP-glucose as the sugar donor to catalyze
7-deoxyloganetic acid to 7-deoxyloganic acid [6] followed by the conversion to
loganic acid by 7-deoxyloganic acid hydroxylase (7-DLH) [12]. The two last steps
(loganic acid O-methyltransferase, LAMT, and secologanin synthase, SLS) lead to
the final production of secologanin [13, 14]. In the terpenoid pathway, four enzymes
(G10H, IO, 7-DLH, and SLS) belong to the cytochrome P450 family. These
enzymes require the transfer of electrons from NADPH by cytochrome P450
reductase (CPR) in the endoplasmic reticulum.
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2.2 Indole Pathway

Tryptamine is generated by the indole pathway and serves as the indole moiety for
TIAs. The indole pathway begins with chorismate derived from the shikimate
pathway. Chorismate is the common precursor for all three aromatic amino acids.
The first enzyme in the indole pathway, anthranilate synthase (AS), directs
chorismate toward tryptophan biosynthesis (Scheme 2). Anthranilate is converted
by several uncharacterized steps in C. roseus to generate tryptophan. AS, which is
strongly feedback inhibited by tryptophan and tryptamine, exists as heterotetramers
composed of two alpha and two beta subunits. The binding site of tryptophan in the
alpha subunit accounts for the feedback inhibition [15]. The last step in indole
pathway is the conversion of tryptophan to tryptamine by tryptophan decarboxylase
(TDC) [16]. TDC is also feedback inhibited by tryptamine [17].

2.3 Alkaloid Pathway

From the condensation of tryptamine and secologanin, the first alkaloid strictosidine
is synthesized by strictosidine synthase (STR) (Scheme 3). This step switches the
carbon flux from primary metabolism to secondary metabolism [18]. Strictosidine is
then hydrolyzed by strictosidine glucosidase (SGD) to an unstable intermediate
strictosidine aglycone [19]. The highly reactive ring-opened dialdehyde intermediate
can be converted to TIAs with dramatically diverse structures in different
TIA-producing plants. In C. roseus, three main types of TIAs are produced including
Corynanthe-type alkaloids (ajmalicine and serpentine), Aspidosperma-type alka-
loids (tabersonine and its derivatives), and iboga-type alkaloids (catharanthine)
[20]. Catharanthine, tabersonine, and their derivatives uniquely accumulate in
C. roseus. However, the mechanisms and the enzymatic steps by which strictosidine,
a glycoside, rearranges into tabersonine, catharanthine, and ajmalicine remain
largely obscure. Based on in vivo feeding studies of isotopically labeled substrates,
on isolation of discrete intermediates from plants, and on biomimetic model reac-
tions, Corynanthe alkaloids are believed to be synthesized from the major interme-
diate cathenamine, while Aspidosperma alkaloids are mainly derived from the
intermediate stemmadenine [21].

Notably, tabersonine is converted to different metabolites in different organs of
C. roseus [20] (Scheme 4). In leaves, tabersonine is catalyzed to vindoline by seven
steps with all seven enzymes being fully elucidated. The first two enzymes,

Scheme 2 Indole pathway in C. roseus
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Scheme 3 Alkaloid pathway in C. roseus
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tabersonine 16-hydroxylase (T16H) [22] and 16-O-methyltransferase (16OMT)
[23], successively hydrolyze and O-methylate tabersonine to give rise to
16-methoxytabersonine. The recently elucidated tabersonine 3-oxygenase (T3O)
and tabersonine 3-reductase (T3R) filled the missing steps between

Scheme 4 Tabersonine metabolic pathway in leaves or hairy roots of C. roseus
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16-methoxytabersonine and 16-methoxy-2,3-dihydro-3-hydroxytabersonine
[24]. The last three enzymes N-methyltransferase (NMT) [25], desacetoxyvindoline
4-hydroxylase (D4H) [26], and deacetylvindoline-4-O-acetyltransferase (DAT) [27]
lead to the final biosynthesis of vindoline. In contrast, the conversion of tabersonine
in roots is realized by an alternative metabolic pathway which leads to the accumu-
lation of epoxide derivatives of tabersonine such as lochnericine, hörhammericine,
and 19-O-acetylhörhammericine (Scheme. 4). Tabersonine 6,7-epoxidase (T6,7E)
activity was detected and characterized in hairy roots. This suggests that T6,7E is the
dominate enzyme in roots responsible for diverting tabersonine to root-specific
metabolites [28]. Two identified enzymes tabersonine-19-hydroxylase (T19H) [29]
and minovincine 19-hydroxy-O-acetyl transferase (MAT) [30] are involved in this
sub-pathway as well (Scheme 4). As a result, no vindoline, vinblastine, and vincris-
tine could be detected in C. roseus hairy roots. The coupling of vindoline and
catharanthine in leaves leads to the formation of α-30, 40- anhydrovinblastine
(AVLB) in presence of peroxidase 1 (PRX1). The pathway between AVLB to
vinblastine and vincristine has not been elucidated.

3 Compartmentalization of the TIA Pathway

The TIA biosynthesis pathway is spatially segregated at inter- and intracellular
levels. The localization of enzymes has been studied using in situ RNA hybridization
coupled with epi-fluorescence imaging, immunolocalization, X-ray crystallography,
or transcriptome profiling methods [31]. The shikimate and indole pathway genes
were identified in chloroplasts and root plastids using sucrose density gradient
centrifugation [32] (Fig. 1). The last enzyme in the indole pathway, TDC, was
found in the cytosol [32] (Fig. 1). Over the past 10 years, transcript localization
studied by RNA in situ hybridization revealed that leaf internal phloem-associated
parenchyma (IPAP) cells host the entire MEP pathway and the first eight enzymes in
the monoterpenoid pathway which lead to the biosynthesis of loganic acid (Fig. 1)
[6, 10, 33, 34]. Immunocytolabeling studies demonstrated that MEP pathway pro-
teins could also be detected in other tissues such as epidermis, mesophyll of young
leaves, and roots [33]. The subcellular localization of MEP pathway and early
terpenoid pathway enzymes converting IPP and DMAPP to geraniol is in the plastid
stroma and stromules [34] (Fig. 1). Geraniol is transferred from the plastid stromules
to the cytosol and catalyzed to loganic acid by six enzymes (G10H, 10HGO, IS, IO,
7-DLGT, and 7-DLH) in the cytosol. Among these six enzymes, G10H, IO, and
7-DLH belong to ER-anchored cytochrome P450 proteins which require CPR to
transfer electrons from NADPH to the P450 enzymes. The subsequent reactions to
secologanin catalyzed by LAMT and SLS occur in the leaf epidermis (Fig. 1).
Additional studies are needed to determine whether this translocation takes place
passively through the symplasm or is controlled by plasmodesmata-localized pro-
teins or plasma membrane transporters. Even though the compartmentalization of
the terpenoid pathway has been extensively studied in C. roseus leaves, mRNA
transcripts from this pathway also showed relatively high levels in hairy roots. The
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end product of this pathway secologanin has also been found to accumulate in
C. roseus hairy roots [35, 36].

TIA biosynthesis is more complex at subcellular level compared to the indole and
terpenoid pathway. The first committed enzyme STR in alkaloid pathway contains a
signal peptide directing it to vacuole (Fig. 1). The coupling of secologanin and
tryptamine by STR occurs in the vacuolar rather than the cytosol where secologanin
and tryptamine are produced [18] (Fig. 1). Accordingly, the vacuolar assembly of

Fig. 1 TIA pathway compartmentalization
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strictosidine likely relies on transporters across the tonoplast [18]. Interestingly, the
next enzyme SGD in the pathway is physically separated from the vacuolar localized
STR and is located in the nucleus. The catalytic product of SGD is strictosidine
aglycone, a highly reactive dialdehyde, which can induce strong protein cross-
linking that confers feed-toxic properties to its bio-attackers [37]. The separate
locations of substrate and enzymes can help to maintain low levels of alkaloids
which can help the cell avoid wasting cellular resources and avoid toxic effects of
increased concentrations.

The metabolites tabersonine and catharanthine derived from strictosidine agly-
cone are believed to be present in cytosol of epidermal cells and hairy roots (Fig. 1),
but the enzymatic steps leading to these alkaloids remain to be identified.
Tabersonine is an important precursor for the biosynthesis of organ-specific and
cell-specific Aspidosperma alkaloids such as vindoline and hörhammericine. The
seven leaf-specific enzymes catalyzing tabersonine to vindoline and their cell loca-
tions are fully elucidated. The 16-hydroxylation and 16-methoxylation of
tabersonine is performed in the cytosol of leaf epidermal cells by T16H and
16OMT [38] (Fig. 1). The following two steps catalyzed by T3O and T3R were
recently discovered and located in the cytosol of leaf epidermal cells as well
[24]. NMT, which catalyzes the methylation of the T3R product, is not detected in
the epidermis and resides in the remaining parts of the leaf. No further cell type or
organelle localization of NMT has been reported to date. The subsequent reactions
involving D4H and DAT occur in the cytosol of laticifers and idioblasts of leaves
(Fig. 1). Interestingly, catharanthine is transported to the wax exudates of leaves after
being synthesized within the epidermal cells, while vindoline is located only in
internal leaf cells. Spatial separation of vindoline and catharanthine helps to explain
the low levels of bisindole terpenoid alkaloids found in leaves. Recently De Luca’s
group cloned and characterized the function of a unique catharanthine transporter
(CrTPT2) that is closely related to the secretion of alkaloids to the plant surface
[39]. When leaves are injured or digested, these monoterpenoid indole alkaloids
could be mixed together to produce dimeric TIAs which are toxic to bio-attackers. In
contrast, C. roseus roots or hairy roots have different active TIA genes which lead to
the production of root-specific metabolites including serpentine and hörhammericine
(Fig. 1). Catharanthine, lochnericine, hörhammericine, and tabersonine are synthe-
sized in the protoderm and cortical cells of C. roseus root tips [30, 40]. TDC, STR,
and MAT transcripts are localized in protoderm and cortical cells around root apical
meristem [41]. The complexity of compartmentalization of the pathway and limited
knowledge about the transportation of pathway intermediates represent significant
challenges to metabolic engineers trying to increase TIA biosynthesis in C. roseus.

4 TIA Pathway Regulation

TIA biosynthesis is controlled by complex regulation at the transcriptional, post-
translational, and transportation levels in C. roseus. The most direct regulation
occurs at the transcriptional level by transcription factors in a coordinate manner
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in response to various developmental signals (auxin, cytokinins, abscisic acid,
ethylene, salicylic acid, and jasmonic acid) and environmental stimuli (UV light,
fugal extracts, and nitric oxide). These factors affect TIA production synergistically
or antagonistically through different signal transduction mechanisms which are still
poorly understood.

4.1 Plant Growth Regulators that Influence TIA Production

Plant growth hormones play a crucial role on diverse developmental processes ranging
from seed germination, plant growth, morphogenesis, and even secondary metabo-
lism. The synthetic auxin, 2,4-dichlorophenoxyacetic acid (2,4-D), can negatively
regulate terpene biosynthesis. Feeding 2,4-D to C. roseus cells significantly decreased
alkaloid accumulation and downregulated G10H [42] in terpenoid pathway and
1-deoxy-D-xylulose 5 phosphate synthase (DXS), 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase
(MECS), and 4-hydroxy-3-methylbut-2-enyl diphosphate synthase (HDS) genes in
MEP pathway [33, 43, 44]. In contrast, SLS in the late terpenoid pathway and STR
in the alkaloid pathway are not influenced by 2,4-D [44]. Little is known about the
2,4-D-dependent signal transduction mechanisms involved in the regulation of TIA
biosynthesis. Cytoplasmic calcium concentration, a ubiquitous secondary messenger
in plants, was shown to play a role in the transduction pathway leading to the
inhibitory effect of 2,4-D on TIA biosynthesis through multiple Ca2+-release pathways
[45]. In contrast, a cytokinin, trans-zeatin, can stimulate TIA biosynthesis and
upregulate G10H transcription [42]. Furthermore, the feeding of trans-zeatin and
ethylene synergistically increased MEP pathway gene expression which suggested
these two hormones stimulate the TIA biosynthesis by two distinct mechanisms [42].

Other plant phytohormones including salicylic acid and ethylene also stimulate
accumulation of catharanthine, vindoline, and vinblastine in C. roseus, while
abscisic acid (ABA) and gibberellic acid showed decreased concentrations of these
same TIAs [46]. The signal transduction pathway that connects these growth
hormones with TIA biosynthesis is unknown.

4.2 Plant Stress Hormones that Influence TIA Production

Jasmonic acid (JA) is a phytohormone that plays an important role in plant defense
against biological attack and surrounding environmental stress by eliciting the
production of secondary metabolites. Feeding JA or its derivative methyl jasmonate
(MeJA) can increase TIA production and increase transcripts of all known TIA
pathway genes in C. roseus [47]. JA can be synthesized through the octadecanoid
(ODA) pathway in plants [48]. Plants that have undergone stress or are fed with
elicitors will have an altered flux of Ca2+ into the cell via unknown mechanisms.
This influx of Ca2+ will trigger a series of signal transduction reactions to induce
endogenous JA biosynthesis. CrMPK3, a C. roseus kinase in mitogen-activated
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protein kinase (MAPK) cascade, was found to involve in signal transduction
upstream of ODA pathway in response to abiotic stress [49]. Exogenously applied
JA or endogenous JA triggered by various stresses can serve as secondary messenger
to induce JA perception and recognition of so-called transcriptional regulons [6]. In
C. roseus, multiple transcriptional regulators have been discovered to be involved in
JA-mediated TIA biosynthesis.

Among these TIA transcriptional regulators, ORCAs (octadecanoid-responsive
Catharanthus AP2/ERF-domain proteins) are extensively studied and shown to
positively regulate TIA biosynthesis. ORCAs are rapidly upregulated by JA elicita-
tion in C. roseus. They directly bind to the JA- and elicitor-responsive element
(JERE) found in the promoter of several TIA pathway genes such as TDC and STR.
ORCA1, ORCA2, and ORCA3 from this family have been identified in C. roseus.
They control overlapping but distinct set of TIA pathway genes due to their binding
specificity. Engineering the overexpression of ORCA3 can trigger ASα, DXS, STR,
and SLS upregulation in C. roseus hairy roots [35] and can regulate ASα, TDC, STR,
CPR, D4H, and DXS transcription positively in C. roseus cell cultures [115].
ORCA2 can boost ASα, TDC, LAMT, and STR transcriptional levels in C. roseus
hairy roots [36]. ORCA1 only has marginal effect on JA- and fungal elicitor-induced
STR gene expression [50]. Notably, some TIA genes are not controlled by any of the
ORCAs. Analysis of the G10H promoter showed that it contains unique binding
sites for several transcriptional factors but does not include the JERE binding site for
ORCAs, indicating that G10H is regulated by a different transcriptional
cascade [51].

The basic helix-loop-helix (bHLH) transcription factor (TF) CrMYC2 was
identified as the major activator of ORCA genes in C. roseus. The CrMYC2
gene is an immediate-early JA-responsive gene that contains a JAZ-interacting
domain [52]. JA-triggered JAZ complex degradation can release the attached TFs
such as MYC2 allowing for the activation of these TFs [53]. The TF CrMYC1
helps regulate STR transcription and is responsive to JA [54]. Another recently
discovered bHLH transcription factor, iridoid synthesis 1 (BIS1), was reported to
be induced by JA elicitation. BIS1 transactivates the expression of all genes
encoding the enzymes catalyzing the successive conversion of the ubiquitous
terpenoid precursor geranyl diphosphate to the iridoid loganic acid [55]. Interest-
ingly, BIS1 controls a different set of TIA genes from ORCA3. This suggests that
BIS1 and ORCA3 are distinct elements of the TIA regulatory circuit. The overall
control of the iridoid branch of the TIA pathway by BIS1 made overexpressing
BIS1 in C. roseus cell suspension culture sufficient to boost production of iridoids
and TIAs [55].

ZCT proteins (ZCT1, ZCT2, and ZCT3) encoded by zinc finger gene family bind
in a zinc-dependent manner to the promoter region of some TIA pathway genes
(STR and TDC) and act as repressors in the JA signaling pathway [56]. There are
several mechanisms by which the ZCTs exert their repressive function. The ZCT
proteins may prevent the association of a transcriptional activator with the promoters
or suppress the function of a DNA-bound transcriptional activator protein.
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Alternatively, ZCT proteins could have negative effects on the basal transcription
machinery or could induce the formation of an inactive chromatin structure at the
promoter region. Although both ORCA activators and ZCT repressors can bind to
the RV element of the STR promoter, the ZCT proteins can repress the activating
activity of the ORCAs without competing for the same binding sites [57].

Interestingly, extensive studies have shown that the treatment with stress hor-
mones or the overexpression of TIA pathway gene usually induces the upregulation
of a combination of activators and repressors. This complicated regulation may serve
to fine-tune the level and timing of gene expression in order to balance between
growth and defense. Both ORCA activators and ZCT repressors were upregulated
after feeding with jasmonate or elicitor [35].

WRKYs, another TF family, potentially have a significant role in JA signaling to
enhance TIA levels. Transcriptome analyses showed that the C. roseus WRKY TF
family is comprised of at least 48 members, and 12 of them were jasmonate
responsive [58]. Among these WRKYs, only WRKY1 and WRKY2 have been
elucidated and engineered in C. roseus. Overexpression of WRKY1 upregulated
several key TIA pathway genes especially TDC and pathway repressors ZCTs and
downregulated pathway activators ORCA2, ORCA3, and MYC2 in C. roseus hairy
roots. Overexpression of WRKY2 also triggered the expression of multiple pathway
genes and both pathway activators (ORCA2 and ORCA3) and repressors (ZCT1 and
ZCT3). The contrasting effect of engineering WRKY1 and WRKY2 on expression
of other TF genes revealed the complex interactions between different TFs.

A MYB-like protein BPF1 was reported to bind to the BA region of STR
promoter rather than RV region where ORCAs bind through yeast one-hybrid
analyses. Importantly, BPF1 upregulates STR transcription through a
JA-independent signal transduction pathway induced by other elicitors. Engineering
of BPF1 in C. roseus hairy roots results in the upregulation of multiple genes in
indole pathway, terpenoid pathway, and downstream alkaloid pathway [59]. Simi-
larly, the upregulation of both transcriptional activators and repressors was detected
in response to BPF1 overexpression, which again indicates the tight regulation of
TIA pathway. GBFs, the G-box binding factor family (GBF1, GBF2, and GBF3)
which binds to the G-box sequence located in the NR region immediately upstream
of the RV region, act as repressors of STR gene expression. Whether GBFs are
activated via JA transduction pathway still remains to be discovered [60].

4.3 The Influence of UV Light Stress on TIA Production

Environment stress also stimulates the production of secondary metabolites includ-
ing TIAs that serve as putative protective function. Near-ultraviolet light in the UV-B
spectrum boost the production of dimeric alkaloids in C. roseus seedlings [61] and
monomeric alkaloids in cell suspension cultures [62]. UV-B exposure of hairy roots
increases lochnericine, serpentine, and ajmalicine production, but decreases
hörhammericine production [63].
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5 Gene Discovery within the TIA Pathway

Complete elucidation of the TIA biosynthesis pathway is of great importance in
establishing efficient platforms for enhanced TIA production by genetic manipula-
tion of C. roseus or heterologous expression of the pathway in microbial organisms.
However, there are still many unknown steps in the C. roseus TIA pathway as
described above. This section will focus on summarizing the strategies used in
elucidating the TIA pathway genes in C. roseus hairy roots (Table 1).

5.1 Traditional Approaches in TIA Pathway Discovery

Radioisotope labeling of pathway intermediates is usually combined with elicitor or
metabolic inhibitor treatment to identify the types of chemical conversions a path-
way may undergo. By tracing the radioisotope label, the synthesis or degradation of
the metabolites and chemical transformations undergone during the process can be

Table 1 Strategies used to discover TIA pathway genes

Gene discovery using traditional strategies

Approach used for gene identification
Gene
names Reference

Screen for candidate genes from cDNA library using primers
generated from protein purification combined with peptide sequencing

STR [73]

D4H [26]

DAT [74]

G10H [9]

MAT [30]

16OMT [22]

PRX1 [68]

Screen for candidate genes from cDNA library using degenerate
primers based on known plant genes

T16H [70]

SGD [69]

SLS [13]

Gene discovery using high-throughput sequencing method

Co-regulated gene clustering T19H [29]

NMT [25]

IS [6, 10]

8HGO [6]

7-DLGT [6, 75]

Orthology 7DLS/IO [6, 11]

DL7H/7-
DLH

[6, 12]

Epidermome T3O [24]

T3R [24]

LAMT [14]
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monitored [64]. Feeding the tissue or cell culture with a carefully chosen precursor
helps to locate biosynthetic origins, intermediates, and important rate-limiting steps
[65]. For example, feeding 13C-glucose to C. roseus cell suspension cultures strongly
suggests the terpene moiety in TIA pathway is ultimately derived from the triose
phosphate/pyruvate or MEP pathway [7]. Feeding experiments of various 3H-, 2H-,
and 13C-labeled terpene intermediates to C. roseus suggested secologanin is synthe-
sized via cyclization of 10-oxogeranial/10-oxoneral to iridodial [66]. Elicitor treat-
ment can cause differential gene expression in treated cultures and untreated
cultures. The functionally related genes will show similar expression patterns
which provide the basis for TIA pathway elucidation [67]. Inhibitors that directly
block specific enzymes can be used to identify enzymes, precursors, intermediates,
or products of a particular pathway. For example, 14C-tabersonine labeling and
P-450-dependent enzyme inhibitor feeding indicated that tabersonine is converted
to lochnericine by selective epoxidation at positions 6 and 7 by a cytochrome
P-450-dependent monooxygenase in hairy roots [28].

From the above methods, the potential enzyme activity that may be involved in
the biosynthetic pathway can be predicted. Traditionally, two major strategies are
used to find and identify TIA pathway genes. The first is to fractionate the proteins
present to isolate the protein(s) having the activity of interest, sequence the isolated
protein peptide, design primers for screening of cDNA library based on the
sequenced peptide information, and confirm functional expression in an appropriate
host. This strategy was used to identify the major class III peroxidase CrPRX1 in
C. roseus as the enzyme catalyzing the dimerization reaction of vindoline and
catharanthine leading to α-3',4'-anhydrovinblastine (Table 1) [68]. The second
strategy is a homology-based cloning approach which uses degenerate primers that
anneal to a conserved sequence of a homologous gene from other organisms to PCR
amplify candidate gene sequence from a cDNA library of C. roseus. The obtained
candidate genes can be screened by cloning them into a heterologous expression
system and investigating their function by feeding appropriate substrates and exam-
ining the products. The pathway genes SGD [69], SLS [13], and T16H [70] were
elucidated using this method. However, these two approaches are slow and labor
intensive. Because of this, they are limited to elucidating the function of only one or
a few genes involved in a pathway at a time. Approximately 20 genes were
discovered during the last three decades using these traditional strategies.

5.2 Sequencing Approaches in TIA Pathway Discovery

With high-throughput sequencing becoming more available and affordable, compar-
ative transcriptome approaches have greatly increased the rate of TIA pathway
elucidation in the non-model system C. roseus. Transcriptome sequencing usually
results in thousands of transcripts. Narrowing them down to a reasonable number of
candidates is crucial for further functional elucidation. Candidate genes could be
selected based on enriched expression profile within appropriate cell type, orthology
comparisons between close species, or on differential expression conditions.
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Given the fact that most of TIA biosynthesis genes are cell type and organ
specific, and some are minimally expressed genes, the expression profile within
specific cells or tissues is necessary to identify the TIA pathway genes in these
particular transcriptomes. The technique called carborundum abrasion (CA) was
developed by De Luca’s group to isolate RNA from epidermal cells of leaves where
most TIA pathway reactions occur [14]. The first C. roseus cDNA library from these
specific cells was created and called the “epidermome.” Exploiting the C. roseus
epidermome is a powerful method for candidate gene discovery as revealed by
numerous occurrences of ESTs from known TIA biosynthetic genes and regulators
of this pathway. For instance, the full-length candidate gene for LAMTwas obtained
by reconstituting more than 50 ESTs encoding O-methyltransferase in epidermome
and was further functionally characterized [14]. More recently, the last two unknown
enzymes in the vindoline pathway, T3O and T3R, were elucidated by selecting the
candidate genes that encode “hydratase” and “alcohol dehydrogenase” activity from
epidermome EST database [24].

Orthologous comparison of high-throughput transcriptomics is another strategy
used in identifying gene candidates in the TIA pathway. This method relies on the
fact that some TIA pathway intermediates can be synthesized in several close-related
plant species, while some metabolites are unique to C. roseus. The candidate genes
can be selected by searching for genes that are only expressed in plant species
producing the desired metabolite, but not in other species that do not produce
it. For example, enzymes in secologanin biosynthesis, 7DLS/IO [11] and DL7H
[12], have been successfully identified by bioinformatics searching for homologous
cytochrome P450 (CYP) candidate genes from annotated EST databases of seven
secologanin-producing plant species from the Apocynaceae family, one secologanin/
quinolone alkaloid-producing species from the Rubiaceae family, and one
secologanin-producing species from the Caprifoliaceae family (www.phytometa-
syn.ca).

In addition, hierarchical clustering of differential gene expression generated by
high-throughput sequencing of the transcriptome under a variety of conditions
including precursor feeding, elicitor treatment, overexpression, or silencing of
gene expression is also an important method of selecting candidate TIA pathway
genes [71, 72]. This strategy is based on the postulate that genes from the same
biosynthetic pathway show similar expression patterns among different treatments,
and these co-regulated genes could be clustered by bioinformatic tools. For example,
the O’Connor group identified iridoid synthase (IS) by selecting the NAD(P)H-
dependent enzymes from the MPGR C. roseus transcriptome database (http://
medicinalplantgenomics.msu.edu/). These enzymes were narrowed down based on
their co-regulation pattern with geraniol 10-hydrolase (G10H) [10]. Similarly, TIA
pathway genes tabersonine 19-hydroxylase (T19H) [29] and 2,3-dihydro-3-
hydroxytabersonine-N-methyltransferase (NMT) [25] located downstream of
tabersonine were elucidated by screening for cytochrome P450 family proteins
which were co-expressed with known alkaloid pathway genes in C. roseus. Recently,
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Karel Miettinen and his collaborators completed the missing genes in seco-iridoid
pathway in C. roseus using multiple C. roseus databases including CathaCyc (http://
omictools.com/cathacyc-s3424.html), RNA-seq data from cell suspensions
overexpressing either pathway regulator ORCA2 or ORCA3, and proteomics data-
base on epidermal and mesophyll protoplasts of C. roseus leaves [6].

6 Metabolic Engineering of C. roseus Hairy Roots for TIA
Production

TIAs accumulated in C. roseus are of significant pharmaceutical importance. These
include the important anticancer drugs vinblastine and vincristine which are exclu-
sively synthesized by C. roseus. They have been listed on the FDA drug shortage list
since 2012. Due to the complex chemical structure and chirality of these compounds,
they are too expensive to produce through chemical synthesis. The industrial
production relies on the extraction of these TIAs or their precursors from leaves of
mature plants. However, vinblastine and vincristine accumulate in the plant at such a
low level that only approximately 0.01% and 0.003%, respectively, can be extracted
from dry leaf material [14]. Therefore, alternative production platforms must be
developed to produce these drugs inexpensively, consistently, and at large scale.
Since biological systems have potential to be scalable, selective, and engineered,
rational design of metabolic engineering strategies could make it possible to create a
stable production platform leading to the enhanced biosynthesis of these medicinally
valuable TIAs [76].

6.1 Why Hairy Roots

Three C. roseus TIA production systems have been extensively investigated for TIA
production since the early 1960s including whole plant, cell suspension, and hairy
root culture. Among these, hairy roots have the greatest potential for industrial TIA
production due to many advantages over the other two systems [77]. First, hairy
roots have high growth rate with unlimited branching. Second, the biochemical and
genetic stability of transgenic hairy roots can be maintained for years [78], while the
instability of cell culture limits its application at industrial scale for secondary
metabolite production [79]. Third, hairy roots as highly differentiated tissue can
produce similar concentrations of secondary metabolites as the whole plant, while
many alkaloids have significantly lower concentrations in undifferentiated cell
cultures [80]. Fourth, hairy root culturing is not affected by land limitations, pests,
or environmental factors such as drought. Lastly, hairy roots can be grown and
scaled in bioreactors such as airlift bioreactors, basket bubble reactors, and airlift
mesh-draft reactor with wire helixes [81].
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6.2 Stable C. roseus Hairy Root Engineering

Wild-type hairy roots are naturally induced by the infection of pathogenic bacterium
Agrobacterium rhizogenes which carries the Ri (root-inducing) plasmid.
Transformed hairy roots can be generated by infecting seedlings or explants with a
disarmed strain of A. rhizogenes carrying both an Ri plasmid and a plasmid
containing a T-DNA region with the gene of interest and a selection marker.
T-DNA can be randomly incorporated into the nuclear chromosome of the plant
after infection [82]. This results in significant clonal variation between independent
transformation events. Evidence of this is well documented in literature and is seen
by differences in morphology and basal TIA concentrations between hairy root lines.
Due to the inherent clonal variation, an inducible promoter is preferred to control
transgene expression which allows for comparison of the effects of increased
expression to that of the control within the same background. In addition, the use
of an inducible promoter system can also help to optimize TIA production by adding
the inducer during late exponential growth to separate growth and TIA accumula-
tion. To date, three inducible promoter systems have been successively used in hairy
root engineering. A glucocorticoid-inducible promoter is the most commonly used in
C. roseus hairy roots [83]. An ethanol inducible promoter has also been shown to
exhibit low background expression and high inducible expression in C. roseus hairy
roots [84]. A recent report of CrBPF1 engineering in C. roseus hairy roots used an
estradiol-inducible expression system which provides another promoter option for
inducing transgene expression [59].

6.3 TIA Pathway Gene Engineering

In order to channel metabolic flux toward TIA production, significant effort has been
placed on overexpressing crucial genes in the terpenoid pathway, the indole path-
way, or the downstream TIA pathway in C. roseus hairy roots (Table 2). AS, the rate-
limiting step of indole biosynthesis pathway, is tightly controlled by feedback
regulation of both tryptophan and tryptamine. AS holoenzymes are composed of
two alpha and two beta subunits. The binding site of tryptophan for feedback
inhibition is present in the alpha subunit [85]. Constitutive overexpression of ASβ
subunit coupled with inducible overexpression of a feedback-resistant ASα subunit
from Arabidopsis in C. roseus hairy roots resulted in the increased concentration of
tryptophan, tryptamine, and ajmalicine, while the concentration of lochnericine,
hörhammericine, and tabersonine decreased [86]. Feeding a terpenoid precursor
loganin to an ASαβ overexpressing hairy root line helped enhance the downstream
accumulation of catharanthine, ajmalicine, lochnericine, and tabersonine compared
to unfed line. These increases are limited compared to the large increase in trypto-
phan [87]. Overexpressing TDC from the indole pathway did not change tryptamine
accumulation but did result in increased serpentine production [88]. Overexpressing
both TDC and ASα only enhanced tryptamine accumulation but did not change
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downstream alkaloid concentrations. Thus, single AS overexpression is sufficient to
boost production of the indole precursor tryptamine [88].

Overexpressing the terpenoid pathway gene DXS in C. roseus hairy roots alone led
to a significant increase in ajmalicine, serpentine, and lochnericine and a significant
decrease in tabersonine and hörhammericine [89]. Notably, co-overexpression of two
pathway genes (DXS and G10H or DXS and AS) revealed a promising result in
increasing downstream TIAs. Simultaneously, overexpressing DXS and G10H caused
a significant increase in ajmalicine, lochnericine, and tabersonine. This suggests that
modifying the expression of these two genes may overcome the regulation around the
DMAPP and IPP branch point through a push-and-pull mechanism to direct the flux
toward secologanin and downstream alkaloid biosynthesis [89]. Moreover,
overexpression ofDXS in combination with the limiting step AS in the indole pathway
resulted in an increase in several downstream metabolites by the quick turnover of
both terpenoid and indole precursors. This alleviated the decrease of some TIA
metabolites from overexpressing DXS or AS [85, 89].

Overexpressing some TIA pathway-specific genes has also been investigated in
recent years (Table 2). The last enzyme gene in the vindoline pathway DAT was
overexpressed in C. roseus hairy roots. Unsurprisingly, it did not lead to the
accumulation of vindoline due to the absence of the expression of early vindoline
pathway genes in hairy roots. Finally, hörhammericine concentrations increased due
to inhibition of MAT by DAT [40], and overexpression of a peroxidase gene CrPrx
in C. roseus hairy root lines elevated levels of ajmalicine and serpentine and
upregulated pathway genes TDC, G10H, and SGD [90]. The above studies to
overexpress pathway genes had limited success in increasing overall alkaloid pro-
duction in hairy root cultures of C. roseus. Increases in some alkaloids were often
accompanied by decreases in other alkaloids. Although overexpressing multiple
pathway genes gave promising results, the increases in TIA production are limited
in magnitude.

6.4 TIA Pathway Regulator Engineering

Since transcription factors control the expression of multiple pathway genes,
overexpressing positive regulators is one way to coordinately upregulate multiple
pathway genes which could lead to the increase in TIA metabolites. So far, increases
and decreases in TIA metabolites were observed in hairy root lines overexpressing
transcription factors (Tables 2).ORCA3 overexpression in C. roseus hairy roots leads
to a slight increase of serpentine and ajmalicine. In contrast, downstream metabolites
tabersonine, lochnericine, and hörhammericine were decreased. The RT-qPCR anal-
ysis of hairy roots overexpressing ORCA3 showed AS, DXS, SLS, STR, and ZCT
expression were increased; G10H, TDC, and CPR mRNA levels remain unchanged;
and SGD showed decrease [35]. The ORCA2 engineered hairy roots produced more
serpentine, 16-hydroxytabersonine, and 19-hydroxytabersonine but less
secologanin, strictosidine, tabersonine, and hörhammericine than the control.
ORCA2 can boost ASα, TDC, LAMT, STR, ORCA3, and ZCT transcriptional levels
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in C. roseus hairy roots [36]. Another jasmonate-induced transcription factor gene
WRKY1 was overexpressed in C. roseus hairy roots and resulted in an increase in
serpentine but a repression in catharanthine. TDC and ZCTs were upregulated, while
ORCA2, ORCA3, and MYC2 were downregulated after overexpression WRKY1
[91]. The effects of overexpressing BPF1 in C. roseus hairy roots were assessed
recently. Overexpression of BPF1 had only modest effects on the levels of measured
metabolite [59].

Overexpression of a single positive transcription factor in hairy roots also led to
mixed results in alkaloid concentrations and had limited success in increasing
alkaloid production. This may be caused by two reasons. First, different transcription
factors regulate shared but distinct set of pathway genes. The pathway genes that are
not under the control of the engineered transcription factor may become the rate-
limiting step of the pathway. In ORCA3 transgenic hairy roots, G10H mRNA
remained unchanged, and SGD was downregulated after inducing ORCA3
overexpression. Previous analysis of the G10H promoter showed that it contains
unique binding sites for several transcriptional factors but did not include a binding
site for ORCA3, indicating the G10H may be regulated by a different transcriptional
cascade [51]. Based on this observation, G10H and ORCA3 were co-overexpressed
in C. roseus hairy roots. There was a threefold increase in catharanthine compared to
the control [92]. In addition, combining ORCA3 and SGD overexpression resulted in
a significant increase in all measured alkaloids [93]. Thus, combining
overexpression of a positive regulator and a pathway gene which is not controlled
by this regulator provided a way to enhance alkaloid production. A second cause of
single TF engineering failure is the upregulation of negative transcription factors
(ZCTs) in most reported TF engineering studies. Future studies could focus on
eliminating the negative regulation of the TIA pathway after gene modification in
C. roses engineering.

7 Future Directions

7.1 Further Elucidation of the TIA Pathway

C. roseus transcriptome sequencing offers a great resource for the selection of
candidate genes with hypothesized functions. Such transcriptome databases from
RNA-seq analysis were released by three main initiatives, the Medicinal Plant
Genomics Resource (MPGR) [94], CathaCyc and Online Resource for Community
Annotation of Eukaryotes (OrcAE) [95] and PhytoMetaSyn (PMS) [96], as well as
other independent studies [97, 98]. Although over 10 TIA pathway genes have been
discovered using these resources over the past 5 years, many unknown genes in this
pathway need to be further deciphered. The combination of these datasets might
greatly improve such gene discovery by providing high-quality, full-length mRNA
for further functional characterization and by allowing the comparison of more
experimental or tissue conditions for co-expression analysis. However, it is chal-
lenging to merge these databases. The apparent allelic diversity between individual
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plants used for generating these transcriptomes can cause failure when utilizing
bioinformatic tools to combine them through de novo assembly or bring complexity
to downstream bioinformatic analysis. Since single nucleotide polymorphisms
(SNP) are inevitable, a better de novo assembly algorithm should be developed to
solve this problem, or the length of indels should be carefully chosen when running
de novo assembly.

In addition, transcriptome-based gene discovery of the TIA pathway in C. roseus
is also limited by the erroneous assembly of close transcripts and isoforms. Recent
studies described two isoforms of T16H [23] (T16H1 and T16H2 that share 86.5%
nucleic acid similarity and 82% amino acid sequence identity) encoded by two
distinct genes displaying different tissue-specific expression patterns and two SLS
isoforms (SLS1 and SLS2 sharing 97% nucleotide sequence identity) showing
different organ preference. Unfortunately, none of the three major C. roseus
transcriptome resources is able to correctly identify these isoforms, which may result
from improper de novo assembly or insufficient sequencing depth of samples.
Courdavault’s group, together with collaborators, constructed a more exhaustive
and consensus transcriptome resource for C. roseus by re-processing previously
available transcriptome data with adjusted bioinformatic analysis strategies
[99]. They first generated assemblies using trinity for every available sample to
take advantage of the diversity of experimental and tissue conditions. Next they
combined the assemblies and tested different thresholds within the algorithm to
cluster homologous contigs. Special care was taken to reduce the redundancy
without affecting transcript quality. Optimization of this consensus assembly was
performed by monitoring reconstruction quality of all known TIA genes, with a
particular emphasis on the T16H isoforms and SLS isoforms. This new transcriptome
dataset allowed a precise estimation of T16H and SLS isoform abundance, but further
improvements and complementary resources should be advanced by developing
advanced bioinformatic tools and exploring more experimental conditions.

With the availability of multiple C. roseus transcriptome resources containing a
tremendous amount of information, gene discovery can go beyond uncovering TIA
biosynthetic enzymes. Candidate genes for TIA pathway transcription factors and
metabolite transporters can also be identified from these databases. For instance,
Goossens’ group identified a jasmonate-regulated basic helix-loop-helix (bHLH)
transcription factor bHLH iridoid synthesis 1 (BIS1), which mainly regulates the
terpenoid pathway and may act in a complementary manner to the ORCAs. They
identified the bHLH candidates by screening for transcripts from multiple available
RNA-seq database with several criteria: (1) TFs could be induced by JA in both cell
suspensions and seedlings but not induced by ORCA overexpression in cell suspen-
sions, (2) TFs showed expression patterns similar to terpenoid pathway genes
includingG8O, and (3) TFs belong to clade IVa of the bHLH family [55]. In general,
WRKY TFs [58], MYB-related TFs, and jasmonate ZIM domain (JAZ) [100] pro-
teins are all potential targets for C. roseus TIA pathway regulators to look for from
the substantial transcriptome databases. Besides transcription factors, a unique
catharanthine transporter (CrTPT2), which mediates transporting catharanthine to
the surface of leaves, was identified from the inspection of a leaf epidermis-enriched

16 The Elucidation and Metabolic Engineering of Terpenoid Indole Alkaloid. . . 421



transcript database that was shown to preferentially express TIA pathway genes. In
all, the transcriptome-based gene discovery approaches exhibit great power and
potential in elucidation of the TIA pathway from catalytic enzymes and transcription
factors to metabolite transporters. The improvement of the C. roseus unigene set and
the down-selection strategies for candidate gene selection should be further
exploited.

Meanwhile, work to develop the genomic sequence of C. roseus is ongoing. The
O’connor and the Buell groups generated a genome assembly for C. roseus that
provides a near-comprehensive representation of the genetic space. This assembly
revealed the genomic context of key points within the TIA biosynthetic pathway
including cluster genes, tandem gene duplication, expression sub-functionalization,
and putative neo-functionalization [101]. The availability of this genome assembly
for C. roseus can greatly facilitate high-resolution co-expression analysis and accel-
erate the discovery of the remaining unknown TIA genes.

7.2 Further Development of Metabolic Engineering

7.2.1 Multiple Gene Engineering
The TIA biosynthesis pathway consists of more than 30 enzymes and is regulated by
at least ten regulators. Genetic modifications of one or two genes or regulators of the
pathway may not be sufficient to alleviate all the metabolic bottlenecks. However,
multiple gene transformation in plants is difficult due to the technical limitations of
existing methods. Traditional Agrobacterium-mediated transformation has advanced
greatly over the last decade in some model plants to generate stable transgenic lines
[102]. Unfortunately, little progress has been reported for the multiple genetic
modifications in the recalcitrant plant C. roseus. Currently, the maximum number
of manipulated genes in C. roseus hairy roots or cell suspension cultures is two. The
multigene overexpression could be achieved either by constructing a vector
containing multiple genes or transferring multiple single gene vectors in one host
cell [103]. Thus, various plasmids suitable for multigene cloning developed in other
plants could be tested in C. roseus hairy roots. A binary vector pHUGE for
Agrobacterium-mediated transformation capable of transferring up to nine genes at
once was reported in Rhizobium symbiotic [104].

7.2.2 Metabolic Reprogramming of Biosynthesis for Production
of Unnatural Alkaloids in Plant Culture

TIAs from C. roseus have served as an inspiration for novel pharmaceuticals as
well. Analogs of natural TIAs (also called unnatural product) can reveal
improved or new medicinal properties. Metabolic engineering strategies to
produce unnatural plant-derived products are largely unprecedented. In the
following example, however, protein engineering has been used to alter the
substrate specificity of a TIA pathway enzyme to produce new compounds.
Strictosidine synthase (STR) is considered to be the key bottleneck in the TIA
pathway accepting tryptamine and secologanin as substrates. An STR mutant
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was developed based on the reported crystal structure of STR allowing for
broadened substrate specificities which in turn resulted in a greater variety of
strictosidine analogs in hairy root cell cultures [105]. This strategy can also be
combined with the suppression of plant native pathways to yield additional
unnatural alkaloids. For instance, silencing the tryptamine biosynthesis and
feeding an unnatural tryptamine analog in C. roseus root cultures led to the
production of a variety of novel products derived from this unnatural starting
substrate [106]. Despite the under-explored use of this metabolic engineering
strategy, it holds the potential to effectively tailor the production of desired
unnatural alkaloids practically and efficiently as more unknown genes are
identified.

7.2.3 Heterologous Expression of TIA Pathway
Although the whole TIA pathway in C. roseus has not been fully uncovered,
reconstitution of the pathway in microbial host is a promising approach for rapid
and inexpensive production of these complex compounds and their precursors. The
heterologous expression of the plant pathway in yeast, E. coli, or other organisms
can bypass the tight regulation of the secondary pathway within the plant allowing
for the high and constant yield. Additionally, it can avoid the complex mixture of
metabolites in plants which makes separation of products challenging, laborious, and
expensive. This strategy has been evidenced by successful production of other plant-
derived terpenes, flavonoids, and benzylisoquinoline alkaloids in microorganisms
[107–109]. In addition, expression of part of the TIA pathway in yeast has been
achieved. Soon after the complete elucidation of terpenoid biosynthesis of the TIA
pathway [6], O’Connor’s group reported de novo strictosidine production in Sac-
charomyces cerevisiae host by introduction of 14 known monoterpene pathway
genes along with an additional seven genes and three genes deletions that enhance
secondary metabolism [110]. Moreover, followed by the completion of the
tabersonine to vindoline pathway, De Luca group assembled the seven-step
vindoline pathway in yeast to assess vindoline production by feeding tabersonine
precursor [24]. These studies provide an important foundation for developing the
production of more complex C. roseus TIAs in microorganisms in the future.

7.2.4 Combination of Gene Overexpression and Gene Silencing
Many crucial TIA pathway genes and positive transcription factors have been
engineered in C. roseus hairy roots for the overproduction of alkaloids, yet they
have not been very successful in pushing metabolic flux toward TIA metabolite
accumulation [35, 36, 86]. Co-overexpression of two TIA pathway genes or paring
overexpression of the positive transcription factor with a pathway gene that is not
controlled by this regulator resulted in a significant but uneven increase in overall
TIA levels [89, 93, 111]. Multiple studies showed that the overexpression of TIA
genes in C. roseus hairy roots can upregulate both positive transcription factors and
negative transcription factors. This may be the primary reason only small increases
in TIA metabolites have been observed. These tight regulatory mechanisms in plants
can fine-tune TIA biosynthesis to help the plant modulate their energy and resources
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to balance between growth and defense. Determining how to bypass this tight
regulation in C. roseus hairy roots has become a big challenge for further enhancing
TIA metabolite production.

8 Conclusions

The advances in high-throughput sequencing technology, in situ RNA hybridization,
and reverse transgenic techniques have been used to fill many important gaps in our
understanding of TIA pathway in C. roseus in recent years. Unfortunately there are
still large gaps in our knowledge of the TIA pathway. In addition, metabolic
engineering of C. roseus hairy roots has made some progresses in enhancing TIA
productions, but these increases are still restricted by the tight regulation. Therefore,
further elucidation of the regulatory network of the TIA pathway and more creative
strategies to bypass the tight regulation are required for building a robust and
efficient production platform in C. roseus hairy roots.
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Abstract
Plants are the most appropriate source of variety of compounds that are useful
to mankind as food, fiber, medicines, natural products, industrial raw material,
etc. A large number of metabolites (primary and secondary) have been utilized
by mankind since many years ago. However, there are certain limitations like
overharvesting the natural plant, low amount of metabolite/compound, etc.,
which have been associated with the availability of natural products/com-
pounds. This common problem has become major hurdles for researchers
these days. To address such problems, scientists have moved toward more
efficient technique like genetic transformation methods. In today’s era,
Agrobacterium tumefaciens-mediated transformation (ATMT) strategies have
shown to be an efficient and most sophisticated technique to understand about
modifications, cloning, and diversification in biosynthetic pathways in planta.
The existing knowledge and many successful achievements in biotechnology
sector have facilitated the development of new methods like metabolic engi-
neering to divert the target metabolic flux in transgenic plants.
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1 Introduction

For millennia, significant progress has been made to use plant as an ultimate
source of natural products. In highlighting strides to reengineer plant’s genome
over the past 20 years, genetic manipulation has shown much potential to
benefit economies of scale in plant biotechnology sector. Metabolic/pathway
engineering is basically an art to reengineer the already existing route in order to
retrieve the target flux in enhanced concentration, and at times, accumulation of
novel compounds has been reported so far. Plants in their native state comprise
a phenomenal feat of metabolic cascades and innumerable diversion of bio-
chemical pathways operated inside them. Although the conventional breeding
programs have been proved fruitful that empower crop varieties to withstand
biotic and abiotic stresses and to enhance the metabolite content, these breeding
strategies are time consuming and laborious. However, metabolic engineering
has significantly contributed many advances particularly in genetics/crop phys-
iology and genomics by providing opportunities to alleviate the effect of these
stresses and easily combat with factors involved in metabolism. Recent scien-
tific discoveries in the area of ME have opened up new avenues which provide
innumerable potential for plant improvement. Advancements in the ME leading
to identification, annotation, and characterization of putative genes/enzymes in
relation to particular aspect like primary or secondary metabolism have made
this technology highly appreciable and feasible as well.
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Strategies for diverting the metabolic flux include the engineering of an
individual step in a particular pathway in order to enhance/reduce the content of
target metabolite/product. In addition, to redirect the flux toward a more predict-
able aspect, sometimes suppression/arrest/blocking of competitive pathway has
been also proved as an exciting tool. Moreover, reducing metabolic flux through
competitive pathways overcome the rate-limiting steps in particular biosynthetic
routes along with reduction in catabolic reactions, and the overexpression of
regulatory genes also proved beneficial and key aspects of genetic engineering
[1]. Recently, approaches have been applied to focus multiple genes/enzymatic
steps in a particular pathway to control metabolite production. The parameters
involved various strategies like the overexpression of enzymes and
downregulation of consecutive genes/enzymes in a pathway while terminating
those which are involved in competing pathways. This might also involve the
various regulation transcription factors (TF) to recognize the multilocus genes
which can control over a single and more consecutive pathways operating in
planta. Some major technical limits, in context to how many numbers of genes
can be transferred to a host plant, and new transformation techniques have been
developed to transform a plant with multiple transgenes at a time and to express
these transgenes in a coordinated manner [2]. The present scenario of paradigm in
the biological science of complex cascades in plant system has diverted the
current shift toward better, efficient transformation methods such as
Agrobacterium tumefaciens-mediated genetic transformation systems (ATMT).
The ATMT approach, an efficient method through which construct could be
made per se, is used to investigate the type and the localization pattern (subcellular,
intracellular) of gene of interest. Based on the studies, we here review the potential
of metabolic engineering via Agrobacterium tumefaciens in the biosynthesis of
novel compounds and discuss the prospects for establishing the technology to
induce tailor-made synthesis of target metabolic flux. The above described aspects
of genetic engineering have been made possible with approaches like biolistics,
particle bombardment, but there are lacunas that still exist. The ATMTapproach is
highly feasible and efficient for these types of manipulation applied in planta.

2 Transformation Methods and Strategies

Recent progress has been made over last few years, which have led to the develop-
ment of an efficient strategy that can be easily accessible with a broad range of
agronomically important crops. There are approaches like biolistics (particle bom-
bardment), electroporation, which considerably makes it easy to obtain transient
expression at high levels (Table 1). The strategies have been used to check the
efficiency of different gene constructs prior to transformation. While transient
expression can be used to locate the presence of gene or study metabolic networks
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in plant and cell tissue culture, it has been determined that the similar genes can also
act differently in stable as well as in transiently transformed plants [3]. Transient
expression is also used for analyzing the tissue-specific expression of target
transgenes.

3 Agrobacterium tumefaciens: A Soil-Based Bioengineer
in the Era of Advanced Biotechnology

Agrobacterium tumefaciens (scientifically named as Rhizobium radiobacter), a
gram-negative, rod-shaped soil bacterium from family Rhizobiaceae, is responsible
for crown gall disease in over 140 plus species of eudicots, dicotyledons, gymno-
sperms, and some monocots [4]. During the last years, the crown gall disease was
acting as one of the major hurdle in horticultural biosector, as this disease leads to
havoc loss in majority of economically important horticultural crops [5] like in grape
[6], apple [7], cherry [8], and many more. However, problems like the mode of
propagation through grafting of stems and the woody nature of these crops have been
acted to be a common issue. The wounds on grafted tissue may serve as an infection
channel and the crown gall disease takes place. In 1941 White and Braun observed
that only a minute exposure of A. tumefaciens to wounded tissue may transform it
permanently [9]. Soon after, tumorigenicity was proposed to be transferred through
A. tumefaciens to host tissue [10, 11]. Further, during 1974, it was identified that the
capacity to induce crown gall disease is inherently carried by Ti plasmid of
Agrobacterium [12, 13]. However, in particular, the molecular characterization
techniques like southern hybridization has led to the discovery that Ti plasmid
transferred its DNA into the host plant cell and resulted in the origin of T-DNA
from A. tumefaciens to the host plant cell [14–16]. The Ti plasmid consists of T-DNA
which delimits by 25 bp direct repeats sequences a.k.a. T-DNA border sequences.
This T-DNA from Ti plasmid gets transferred and integrated in the host plant where
it encodes two enzymes, and results into the production of a massive amount of
auxin and cytokinin lead to the uncontrolled cell proliferation called crown gall
disease. In addition, the production of some low-molecular-weight compounds like
amino acid and opines (sugar phosphate derivatives) could be metabolized specifi-
cally depending upon the Agrobacterium strain. Thus, A. tumefaciens strain is solely
responsible for the production of different types of opines and ultimately creating an
ecological niche which suits to a particular strain of A. tumefaciens [17, 18]. The
formation of tumor in the host plant’s cell is the resultant of T-DNA integration, and
this factor has become an intrinsic interest of researchers/scientists for strategic
engineering of the plant’s genome. The same property of T-DNA has been used
widely nowadays to insert a foreign gene of interest for target manipulation without
showing any adverse effect in the host plant. The elucidation of the fact that a wild/
normal type of T-DNA region can be easily replaced by desired sequence has made
A. tumefaciens stand out of the queue of other delivery systems. Furthermore, the
remarkable feature of stable integration of T-DNA inside the host plant cell has
inspired the promise that A. tumefaciens may utilize as gene vector (either in
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homologous/heterologous system) in order to deliver target DNA sequence in the
host plant cell.

In the early of 1980s, it was demonstrated that A. tumefaciens can be used as an
efficient gene delivery system to produce a transgenic plant owing desired charac-
teristics [19]. In addition, the transgenic plants have the ability to transmit the
disarmed Ti plasmid to their progeny during the course of segregation, so less
chances of a loss of desired gene. Apart from such attractive possibilities, the use
of an antibiotic selection strategy makes the system efficient for the accurate
selection of probable transgenic plants [20]. The eventual progress of using
A. tumefaciens as a gene delivery vector for crop improvement has made it possible
to use efficiently in the plant biotechnology sector, and the future began to look
bright. During the 1990s, a monocot species, maize, was successfully transformed by
A. tumefaciens [21]. In today’s era, successful attempts have been made to transform
horticultural cultivated flora and agronomically important species [17]. Recently,
important plant species like soybean, canola, cotton, corn, potatoes, etc. have been
transformed by A. tumefaciens, and improved varieties were released and success-
fully grown all over the world [22]. At present, apart from plant species, other
organisms such as fungi, yeast, and mammalian cells were shown to be susceptible
to ATMT [23]. However, nowadays the shift of plant molecular biology has been
shifted toward more advanced experimentation which includes the elucidation of
various aspects of molecular and biochemical mechanism/changes of T-DNA com-
plex targeting the plant nucleus. Hence, based on the above presumed facts and
present scenario, on how efficiently the A. tumefaciens could be used for genetic and
metabolic manipulations, it can be considered as a bioengineer in advanced
biotechnology.

4 An Overview on Expression of Transgene

For the perfect modification of target metabolite profile in respect to the utility of the
particular plant, the expression of the gene of target enzymes or proteins has to be
fine-tuned in a justified manner. For an appropriate expression of transgene in the
host plant, the transcription factors need to be well identified. In context to the
location and expression of metabolite, the role of promoters has been known to
contribute significantly in engineering the specific host for a particular target. High
level of transient expression can be obtained, but to get relatively stable transformed
plants is not an easy task. Therefore, plant-specific promoters could be used to
achieve a high-level as well as stable expression too. Promoters in metabolic
engineering can be divided in three categories: constitutive promoters, organ-
specific promoters, and inducible promoters.

The most commonly used constitutive promoter in plant genetic engineering is
CaMV 35S promoter (cauliflower mosaic virus 35S) [24, 25]. In plant vectors the
CaMV 35S promoter has been used extensively and is known to consist of more than
one third of the full length sequence [26]. This promoter is of viral origin and has
been thoroughly characterized in metabolic engineering of cell cultures and is able to
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drive a high level of transgene expression in plant tissues [27, 28]. It has been
interpreted that partial duplication from �343 to �90 base pair region of promoter
can amplify the expression of the target gene up to tenfold [29]. As, in context to the
fact that, CaMV 35S is of viral origin so, could be able to drive a high level of
transgene expression in planta. However, in contrary, sometimes it can also be
resulted into deleterious effects like co-suppression of gene which ultimately lead
to gene silencing [30].

On the basis on the type of expression, there are various types of promoters used
to target the expression of the gene in a specific manner like organ/tissue/develop-
mental stage. These kinds of tissue-/organ-specific promoters have been character-
ized at large level in plant engineering system. The respective application of these
types of promoters will not hamper the normal plant growth and development.
However, at times, it can also lead to the synthesis of desired or value-added novel
compounds. The use of the inducible promoter’s strategy [31] is highly efficient in
order to examine the resultant effect of expression of the transgene in complex
biosynthetic routes. For example, pristinamycin is a polyketide antibiotic which is
not found in plants normally used to remove the bacterial infection/contamination in
the bioengineering of cell cultures.

Likewise, safeners are known as “herbicide antidotes” and the exposure to the
safener would lead to the activation of In 2–2 promoter in shoot and root tissues.
Safener can be used in the treatment of seed to control the weeds during the planting
of material. The use of safener would also be useful in seed bioengineering or in case
the expression of transgene is required for a small period of time after germination.
In addition, by selecting an appropriate promoter, it could be possible to redirect the
transgene expression toward an appropriate need [32] (Table 2).

5 Engineering Primary Metabolism Using ATMT

5.1 Modulation in Primary Metabolites and Aspect
of Engineering In Planta

The importance of modulating the primary metabolic pathway is a worthy strategy to
provide strength at innate immunity level in planta to cope up with certain environ-
mental imbalances and pathogen attack. Basically, the plants depend upon the innate
immunity to protect themselves from pathogen attack. This innate immunity depends
upon the induced defense responses [51]. The primary metabolic pathway undoubt-
edly plays an undeniable role in providing the cellular energy requirements which in
turn help in strengthen the defense system in plants [52, 53]. The injury from
ecological stress like pathogen attack, freezing, drought, and flooding often seems
to be linked with the overproduction of free oxygen radicals. Superoxide dismutases
(SODs) are a class of metalloproteins known to be actively involved in the detox-
ification of these free oxygen radicals, by breaking down into hydrogen peroxide and
molecular oxygen. An overexpression of SODs was done in alfalfa to combat over
winter stress [54]. Likewise, alfalfa is also found to be sensitive to aluminum
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Table 2 Different plant-based promoters used in transformation experiments and engineering
purposes in planta

Promoter Name Origin Reference

Constitutive
promoter

35S Derived from viral origin, well
characterized in plant metabolic
engineering, highly expressed
in plant vascular tissues with
less expression in meristems
tissues

[28]

Ubiquitin Plant origin promoter showing
high constitutive expression but
developmentally regulated

[33]

Actin Plant origin promoter showing
high constitutive expression but
developmentally regulated.
Belongs to multigene family
and highly expressed in
between the tissues

[34–36]

Tissue/
Organ
specific

StMCPI/patatin promoters StMCPI and patatin promoters
drives tuber-specific gene
expression
StMCPI is independent of
hormonal and environmental
fluctuations and the latter has
high expression in sucrose
treated leaves and in tubers

[37, 38]

B-conglycinin promoter The promoter regulates
embryo-specific gene
expression

[39, 40]

OsGT1 promoter, ZmZ27
promoter, Opaque-2 promoter,

These are endosperm-specific
promoters and expression is
highly regulated by different
developmental stages

[41, 42]

Lhch3 promoter A leaf-specific promoter
derived from Arabidopsis and
highly regulated by light

[43]

Lat52 promoter Lat52 promoter is a pollen-
specific promoter and
developmentally regulated with
high expression during
maturation of pollen

[44]

Inducible
promoters

Apase promoter Phosphatase-inducible
expression in roots

[45]

Safener inducible promoter, In
2–2 promoter

Maize In 2–2 promoter is
stimulated by benzene
sulfonamide herbicide safener

[46]

(continued)
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(Al) toxicity, which leads into small roots and low yield. A multipurpose gene named
malate dehydrogenase was incorporated into Alfalfa which resulted into the pro-
duction of acetate, succinate, citrate, oxalate, and malate and with a concomitant
increase in Al tolerance [55].

Although interminable progress has been made to enlighten the complex cascade
steps underlying the developmental defense pathways, to date very little knowledge
has been generated about the actual role and involvement of primary pathways in
regulating the plant defense mechanisms. In addition, the linked pathways provide a
connecting phase between secondary and primary metabolism as illustrated in Fig. 1.
However, it has been well documented that the role of primary metabolism is to
provide the elementary compounds and precursors for secondary metabolism routes.
Based on the convincing experimental evidences only, we have chosen the modu-
lated/engineered pathway studies involving essential primary metabolites like amino
acid, carbohydrates, etc.

5.1.1 Essential Amino Acid Metabolism
Engineering the amino acid production pathway to enhance the accumulation of
important amino acids like methionine, lysine, threonine, and tryptophan in fruits,
food, and crops has been accomplished successfully [56]. Proline has been consid-
ered as osmotic protectant and plays a major role in both biotic and abiotic stresses in
plants, so engineering the proline pathway has provided a way to cope up with these
stresses in planta [57]. Transgenic rice with enhanced lysine content was developed
by overexpression of seed stored in the β-phaseolin gene from Phaseolus vulgaris
[58]. Another example includes the production of essential amino acid AmA1
(Amaranth Albumin 1) from Amaranthus hypochondriacus which leads to the
increase in 2.5–4-fold higher content of methionine, tyrosine, and lysine transgenic
potatoes [59].

Table 2 (continued)

Promoter Name Origin Reference

Pristinamycin responsive
promoter

The promoter based on
recombinant transcription
factor fusion between VP16 and
repressor of pristinamycin (Pip)
transactivating domain of
herpes simplex virus

[47]

Ethanol-inducible promoter,
glucocorticoid-inducible
promoter, ecdysone-inducible
promoter

The model is based upon the
interaction between specifically
designed transcription factor
and inducer that can lead into
activation of a synthetic
promoter

[48–50]
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In contrast, the lysine content in Arabidopsis was either increased by five times
through knockout expression of lysine catabolism pathway or twelve times by
modulation of bacterial feedback-insensitive dihydrodipicolinate synthase (DHPS)
transgene [60].

5.1.2 Carbohydrate Metabolism
In plant kingdom, carbohydrate metabolism involves reversible sequential conversion of
sugars into starch and cellulose as photosynthetic products. Starch is an example of
stored carbohydrate which accumulates stably in roots, tubers, and seeds while tran-
siently in aerial part like leaves. In the last few years, attention has been given to engineer
the starch content and to modify the properties by coordinating relative proportion of
amylose and amylopectin content. ME has been used in an attempt to produce novel
starch using a heterologous expression of bacterial enzymes by changing the frequency
and number of branching chains [61]. Engineering primary metabolite includes enhanc-
ing the adenylate pool to increase starch content along with the increase in yield of tubers
in potato [62] and overexpression of potato sucrose transporter to enhance the sugar
uptake in transgenic pea seeds [63]. Similar experiments have been carried out in rice
and wheat species in order to modify the starch content along with seed biomass. A gene

Fig. 1 Interconnection between primary and secondary metabolism in planta
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from maize was introduced for modification of ADP-glucose pyrophosphorylase
(shrunken 2) which resulted in the production of 20% and 40% of higher seed biomass,
respectively, than control plants [64, 65]. More recently, applying an antisense waxy
(Wx) gene underWx promoter was expressed in transgenic rice which led to production
of low-level amylose in rice grain [66], and in contrast, applying the same approach to
isoamylase-encoding gene has led to the increase in content of amylopectin in rice grain
[67]. Strategies have been applied in sequential coordination of the enzymes/genes
involved in the starch synthesis, along within the branches/skeleton in monomer unit.
This stepwise engineering has successfully led to the production of high-amylopectin
and high-amylose starch contents in transgenic potatoes [68]. A novel method for
engineering of starch content has been explored, in which starch-binding domains
were used to target recombinant enzymes during starch metabolism [69].

Apart from the engineering of starch, manipulations in cellulose biosynthetic
pathway have been done. The cellulose is an essential source of fiber and pulp and
will provide a way for value addition in industries. However, in addition, it serves as
precursors for many commercially exploited products/polymers. Although the bio-
synthetic pathway for cellulose has not been fully understood to date, various
enzymes/gene have been identified and characterized like Korrigan cellulases,
sucrose synthase, etc. These studies led to the determination of consecutive aspects
of metabolically progressive underlying mechanism operating in planta. Further-
more, the suppression of sucrose synthase belonging to Ces-A family of cellulose
synthases has shown the simultaneous inhibition in the accumulation of fiber in
transgenic cotton [70]. However, in Arabidopsis, dominant negative experiments
and antisense approach including Ces-A genes have revealed the role of Ces-A
proteins in the formation of primary and secondary cell wall [71, 72].

6 Engineering Secondary Metabolism Using ATMT

6.1 Modulation in Secondary Metabolites and Aspects
of Engineering In Planta

Secondary metabolites are the outcome/products/compounds derived from secondary
metabolism operated in plants. These metabolites are bioactive in nature and known to
be actively involved in defense mechanism to overcome the fluctuations in the ecolog-
ical environment and to protect itself from the pathogen attack. These compounds are
produced in minute quantity/as per requirement depending upon the type of pathogen
attack. However, being able to cope up with the disturbing ecological parameters and
pathogen attack, these compounds are of intrinsic interest of scientists/researchers.

Plant secondary metabolites are categorized into three major groups: terpenes,
phenolics, and nitrogen-containing compounds. In the modern era, scientists have
often started to engineer the secondary metabolism for their intrinsic interests.
Likewise, efforts have been made in engineering the pathways (terpenes, phenolics,
and alkaloids) which proved out to be very beneficial for diverting the target
metabolite flux as illustrated in Table 3.
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Table 3 Agrobacterium tumefaciens-mediated genetic transformation (ATMT) resulting in signif-
icant alteration in primary and secondary metabolites in plant

Host plant Gene Isolated from Inferences Ref

Soybean
(Glycine max L.)

Cnx1 gene
(GmCnx1)

Soybean Nitrate reductase
(NR) and aldehyde
oxidase (AO) were
found
approximately
2.6–3.9-folds
higher than
non-transgenic
control plants

[90]

Tobacco PsnSuSy2 gene Populus
simonii � Populus
nigra

Increase in the
cellulose content
and fiber length and
secondary cell wall
was significantly
thicker than normal
plants

[91]

Withania
somnifera

Sterol
glucosyltransferase
(SGTL1) gene

Withania somnifera Increase in
glycosylated
withanolide and
sterols

[92]

Artemisia annua HDR and ADS
genes
Artemisinic
aldehyde Δ11
(13) reductase
(DBR2) gene

A. annua Facilitates higher
production of
artemisinin content
than non-transgenic
lines

[93]

Artemisia annua
L.

HMG-Co A
reductase gene
(hmgr);
amorpha-4,11-
diene synthase (ads)
gene

Catharanthus
roseus (L) G. Don;
A. annua

Transgenic line was
found to contain
7.65-fold higher
(1.73 mg/gDW)
artemisinin than the
non-transgenic
plant

[94]

Artemisia annua Cytochrome P450
monooxygenase
(cyp71av1) and
cytochrome P450
reductase (cpr)
genes

A. annua 38% higher
accumulation of
artemisinin content

[95]

Scutellaria
baicalensis

Phenylalanine
ammonia-lyase
isoforms (SbPAL1,
SbPAL2, and
SbAPL3) and one
gene-encoding
cinnamate
4-hydroxylase
(SbC4H)

S. baicalensis The baicalin and
baicalein contents
in roots were
22 and 107 times
higher than those in
flowers

[96]

(continued)
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Table 3 (continued)

Host plant Gene Isolated from Inferences Ref

Potato cultivar
Désirée plants

StAN11, a WD40-
repeat gene

Chieftain (Solanum
tuberosum L.).

Dihydroflavonol
reductase (DFR)
was increased and
StAN11 regulated
anthocyanin
biosynthesis

[97]

Barley cultivar
Golden Promise

Overexpression of
cytokinin
dehydrogenases
(CKX)

Barley Cytokinin
(CK) homeostasis
mechanism in
transgenic plants

[98]

Vicillin in
cultivar Pusa 16

γ-TMT gene Perilla frutescens Elevated level of
α-tocopherol

[99]

Panax ginseng Overexpression of
CYP716A47 and
CYP716A53v2 gene
from CYP716A
subfamily genes
RNAi of
CYP716A52v2 gene

Panax ginseng Overexpression of
CYP716A52v2
greatly increased
the content of
oleanane-type
ginsenoside
(ginsenoside Ro),
whereas RNA
interference against
CYP716A52v2
markedly reduced it

[100]

Atropa
belladonna

H6H gene A. belladonna Increase in contents
of hyoscyamine
and scopolamine in
roots, stems,
leaves, and fruits of
transgenic; content
of scopolamine in
transgenic line C8
was
2.17 mg � g�1

DW that was 4.2-
folds of the
non-transgenic
ones
(0.42 mg � g�1

DW)

[101]

Withania
somnifera

Squalene synthase W. somnifera Fourfold significant
increase in
squalene synthase
activity and 2.5-
fold enhancement
in withanolide;
production of
withaferin A was
also observed

[102]

(continued)
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Table 3 (continued)

Host plant Gene Isolated from Inferences Ref

Eucommia
ulmoides Oliver.

EuIPI gene Eucommia
ulmoides

Three to fourfold
increase in the total
content of trans-
polyisoprenes

[103]

Artemisia annua 3-Hydroxy-3-
methylglutaryl CoA
reductase (HMGR)
gene

Catharanthus
roseus (L.) G. Don

Increase of 22.5%
artemisinin content

[104]

Cotton
(G. hirsutum)

Phytochrome B
(PHYB) gene

Arabidopsis
thaliana

Highly increased in
plant growth, with
35% more yield
than normal plant.
Moreover, decrease
in apical
dominance and
increase in boll size
were also seen to
contribute in higher
yield mass of
transgenic cotton

[105]

Transgenic
potato (Solanum
tuberosum)

Phytochrome B Arabidopsis Greater biomass
production,
resulting in
extended
underground
organs with
significant increase
in tuber yields

[106]

Coptis japonicus 3'-Hydroxy-N-
methylcoclaurine
4'-O-
methyltransferase
(4'OMT) gene

Improvement of
berberine yields
(1.5-fold)

[107]

Chinese cabbage CYP79B2,
CYP79B3, and
CYP83B1

Arabidopsis Accumulation of
higher levels of
glucobrassicin,
4-hydroxy
glucobrassicin, and
4-methoxy
glucobrassicin

[108]

Eleutherococcus
senticosus Rupr.
and Maxim.
plants

PgSS1 gene
(a squalene
synthase gene

Panax ginseng Phytosterols (beta-
sitosterol and
stigmasterol) as
well as triterpene
levels was
increased by 2–2.5-
folds

[109]

Solanum
tuberosum

b-1,3-Glucanase
class III (Glu-III)

Solanum tuberosum
cv. Igor

In planta protein
production

[110]

(continued)
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Table 3 (continued)

Host plant Gene Isolated from Inferences Ref

cv. Desiree and
cv. Sante ´

Arabidopsis
thaliana

Fatty Acyl
Hydroxylase cDNA

Castor Bean
(Ricinus communis
L.)

Accumulation of
higher amount of
ricinoleic,
lesquerolic, and
densipolic acids in
seed

[111]

Arabidopsis
thaliana

SfN8DT-1 gene Sophora flavescens Higher
accumulation of
prenylated
apigenin, quercetin,
kaempferol as well
as
8-prenylnaringenin

[112]

Artemisia annua AaPYL9 gene Artemisia annua Drought resistance
and improved
artemisinin content

[113]

Catharanthus
roseus

Deacetylvindoline-
4-O-
acetyltransferase
(DAT) gene

Catharanthus
roseus

Increased yield of
vindoline in
transgenic plants

[114]

Atropa
belladonna

Hydroxylase gene Hyoscyamus niger Improved alkaloid
content

[115]

Rice Dammarenediol-II
synthase

Panax ginseng Synthesis of
dammarane-type
sapogenin 20(S)-
protopanaxadiol
(PPD) and
dammarane-type
sapogenin 20(S)-
protopanaxatriol
(PPT)

[116]

Bacopa monnieri Cryptogein gene – Accumulation of
saponin in
transgenic plants
maximally up to
1.4–1.69%

[117]

Lycopersicum
esculentum Mill.

Stilbene synthase Vitis vinifera Biosynthesis of two
novel compounds
named as trans-
resveratrol and
trans-resveratrol-
glucopyranoside

[118]

Arabidopsis Myo-inositol
oxygenase and an
L-gulono-1,4-
lactone oxidase

Arabidopsis Enhancement of
Vitamin C content

[119]

(continued)
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6.1.1 Terpenes
The terpenoids family constitutes the major class of secondary metabolites. The
family consists of more than 40,000 natural compounds, constituting both primary as
well as secondary metabolites. Many efforts have been made to engineer the
terpenoid metabolic pathway in planta. Many of the primary metabolite syntheses
via terpenoid pathway consist of photosynthesis pigments, plant-derived phytohor-
mones, and ubiquinones which are essential for respiration [73] (Fig. 1). Attempts
have been made to produce monoterpenes in transgenic plants; this strategy is easier
than to modify the terpenoids containing complexed longer chains [73]. To date,
progress have been made to identify the formation, localization, stabilization, and
subcellular compartmentalization of the target products as the plant system is highly
complexed and consists of specialized structures for proper storage and transporta-
tion of volatile and hydrophobic compounds. The plant species which do not contain
these specialized secretory structures made it difficult to introduce new pathways
[74]. The strategy of overexpression of pathway enzyme in plant species proved to
be fruitful in enhancing the desired substrate. Wu and coworkers provided opportu-
nity to encourage the production of pharmaceutically or industrially relevant plants
for commercialization at large scale [75, 76].

Table 3 (continued)

Host plant Gene Isolated from Inferences Ref

Panax
notoginseng

Squalene synthase
(SS)

Panax notoginseng Enhancement in the
biosynthesis of
ginsenosides,
saponins

[88]

Panax ginseng PgDDS.
Dammarenediol-II
synthase

Panax ginseng Production of a
tetracyclic
triterpenoid;
dammarenediol-II

[120]

Panax
notoginseng
(Burk) F. H.

PnFPS, PnSS,
PnSE1, PnSE2, and
PnDS

Panax notoginseng Biosynthesis of
triterpene saponin

[87]

Kale (Brassica
oleracea var.
acephala)

AtMYB12
transcription factor

Arabidopsis
thaliana

Several fold
increase in both
total phenolics
content and
flavonol
accumulation

[121]

Lycopersicum
esculentum

S-linalool synthase
(LIS)
Gene

Clarkia breweri Enhancement in
aroma and flavor
compounds

[81]

Rose 3',5'-Hydroxylase
(F3'5'H), a key
enzyme for
delphinidin
biosynthesis

- Accumulation of
delphinidin; an
anthocyanin results
in blue color

[122]
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The biosynthetic pathway is started from acetyl-CoA or glycolytic interme-
diates. These are synthesized by the fusion of five-carbon isoprene units.
Terpenes are produced by condensation of five-carbon elements that may have
branched carbon skeleton of isopentane units. The terpenes are also known as
isoprene units; at high temperature terpenes may decompose to give isoprene
unit. Therefore, the terpenoid group is sometimes called as isoprenoids. The
terpene group is categorized on the basis of number of five-carbon units, like
monoterpenes (10-C), sesquiterpene (15-C), and diterpenes (20-C). In addition,
triterpenes with 30 carbons, tetraterpenes with 40 carbons, and polyterpenoids
with [C5]n carbons (where n > 8) have also been reported. There are two
terpene biosynthetic pathways available in planta, i.e., mevalonic acid pathway,
in which three molecules of acetyl-coA are condensed in stepwise manner to
yield mevalonic acid which is a 6-C compound (the mevalonic acid is then
pyrophosphorylated, decarboxylated, and followed by dehydration to produce
isopentenyl diphosphate (IPP2)), and the MVA pathway which is known to yield
triterpenes and sesquiterpenes which occur in the endoplasmic reticulum
[73]. IPP is also discovered to be involved in the formation of intermediates
in the carbon reduction cycle of photosynthesis through channeling individual
set of chemical reactions known as methylerythritol phosphate (MEP) pathway
which occur in the chloroplast/plastid [77, 78]. Larger units are formed via
condensation of different sets of carbon ring like 10-carbon compound geranyl
diphosphate (GPP), then 15-carbon compound farnesyl diphosphate (FPP), then
20-carbon compound geranylgeranyl diphosphate (GGPP), and finally 30-C
compound triterpenes and the 40-C compound tetraterpenes, carotenoids
[73]. These two leading pathways have been in focus for metabolic engineering
so far [79].

To date, examples of metabolic engineering of monoterpenoid are like (S)-
limonene synthase gene from Clarkia breweri in petunia resulting in the formation
of linalool, which showed repulsion to aphids [80]. So far, the same gene under the
control of a fruit-specific promoter encourages the accumulation of linalool in fruits
of tomato [81]. Transgenic tomatoes expressing phytoene synthase resulted in the
fourfold increment in the production of carotenoid than normal plants. Although, in
the case of transgenic tomato expressing phytoene desaturase, no enhancement was
observed in the overall carotenoid content, the content of β-carotenoid was threefold
higher than the normal plants [82].

Attention has been given to carotenoid biosynthetic pathway, which led to the
synthesis of pigments which takes part in photo protection system and light
harvesting complex. The carotenoid pathway is started with the coupling reaction
of two geranyl phosphate molecules resulted in the production of geranylgeranyl
pyrophosphate (GGPP). This GGPP get converted into phytoene in the presence of
phytoene synthase enzyme and eventually into Z-carotene in the presence of
phytoene desaturase enzyme in a stepwise manner to yield lycopene and finally
either into β-carotene (provitamin A) in the presence of β-cyclase enzyme or
δ-carotene and then to α-carotene by enzymes ε-cyclase and β-cyclase, respectively
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[83]. Golden rice is supposed to be the best example which consists of two foreign
genes: a bacterial phytoene desaturase and the daffodil phytoene synthase [84]. In
addition, the overexpression of mono-/sequiterpene synthase FaNES1 from straw-
berry in Arabidopsis resulted in the production of nerolidol (CIS) derivatives named
4,8-dimethyl-1,3(E), 7-nonatriene [85].

Consistent with the notion, secondary metabolites, synthesis via terpenoid path-
way such as monoterpene (C10), sesquiterpene (C15), diterpene (C20), and
triterpene (C30), are actively involved in the ecological and physiological advantage
to plants (Fig. 2). Basically, terpenes provide resistance to pathogen-related infection
and are known to have antimicrobial, antifungal, and insecticidal properties. Ter-
penes are also having the ability to attract pollinators, repel pests, etc. In addition,
apart from the use of terpenoids in flavor, fragrance, and medicines, they also
contribute to agricultural sector. The benefit in manipulation in the inherent

Fig. 2 Basic outline of terpene biosynthetic pathway in planta. Biosynthesis of terpenes proceeds
via MVA and MEP pathways
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characteristic of plant in improvement of aromas and fragrance in horticultural sector
and as a beneficial source of cosmetics/pharmaceutical has led the researcher to
invest their time to engineer the terpenoid pathway [73]. The strategies for manip-
ulation of terpenoid pathway have been reviewed by many workers [73, 74]. Studies
like heterologous expression of genes were also done in order to upregulate/
overexpress the desired gene. Likewise, a heterologous expression in tomato results
in the reduction of a monoterpenoid which promotes the biosynthesis of undesirable
flavor and color in mint species [74] and enhanced the production of aroma in
ripening fruit [81]. The manipulation of ketocarotenoid biosynthetic pathway in
medicinally important plants like tobacco and tomato species through the heterolo-
gous expression of bacterial gene also resulted in beneficial outcomes [86]. For
example, tomatoes with β-carotene were further co-transformed with hydroxylase
gene and β-carotene ketolase gene [86]. In addition, a crtW gene from bacteria was
also introduced in tomato and tobacco leaves, and similarly, ketocarotenoid biosyn-
thetic pathway was observed to be operated in leaves and nectary tissues of tobacco,
respectively [86].

Metabolic engineering is not only meant to overexpress/downregulate the partic-
ular compound, but it could also provide a platform to enhance the yield of desired
product up to various folds. Successful achievements regarding ME were discussed
in Table 3. Pharmaceutically important terpenoids like diuretic glycyrrhizin,
artemisinin (antimalarial drug from Artemisia), taxol (anticancerous; from Taxus
species), and perilla alcohol have been isolated from plants. Although various
bioactive compounds were derived from endangered species belonging to a threat-
ened environment [76], the synthesis of these compounds by chemical methods is
inefficient and also prohibitively costly [75]. Wu and workers have evaluated various
factors that required for production of high amount of terpenoids in Nicotiana and
were able to identify the various strategies for improving the yield up to 1000-fold
[75]. Recently, Niu and coworkers have characterized PnFPS, PnSS, PnSE1, PnSE2,
and PnDS genes, which are found to be responsible for the accumulation of
triterpene saponins in Panax notoginseng [87]. However, it is noteworthy that the
overexpression of squalene synthase (SS) in the same species leads to the production
of ginsenosides [88]. Experiments have been set to manipulate the terpene pathway
as a wish that the production of resultant/desired/novel product could be achieved
via manipulation/engineering of the terpene synthase genes [89].

6.1.2 Alkaloids/Nitrogen-Containing Compounds
Alkaloid is one of the largest groups consisting of more than 12,000 low-molecular-
weight compounds [123]. The nitrogen atom present in these compounds is a part of
heterocyclic ring that consist of both nitrogen and carbon atom, which does not have
nitrogen in peptide or amide group [124]. Alkaloids are derived from common
amino acids, in particular tyrosine, lysine, and tryptophan, while some alkaloids
are derived from ornithine, an intermediate in arginine biosynthesis also. Alkaloids
are known for their striking pharmacological activities on vertebrate animals. The
group consists of biogenically unrelated and structurally diverse molecules. Alka-
loids which consist of similar structured compounds are the derivative of related
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biosynthetic pathways; however, many alkaloids are thought to be evolved from
unique biosynthetic origins [125]. The substrate starting compound decides the type
of structural class to which the alkaloid belongs [125]. Amino acids act as the
starting precursor molecule for some alkaloid production; however, few are derived
from purine derivatives also. Approximately 12,000 known alkaloids are known to
have potent biological activities and can be exploited at commercial levels like
stimulants, pharmaceuticals, poisons, and narcotics. The alkaloids are majorly
known for their role in plant pathogen interaction, as they provide defense mecha-
nism enabling the plants to cope with adverse ecological conditions by binding the
cellular targets in antagonistic organism [126, 127]. Emphasis has been given to
manipulate caffeine biosynthetic pathway in such a way that three N-
methyltransferase genes were overexpressed, and the enhancement in caffeine con-
tent led to the increased tolerance from pests in tobacco plant [128, 129]. Addition-
ally, in Nicotiana, the overexpression of methyltransferase genes from coffee results
in 0.2–5 μg of caffeine/g fresh weight of leaf sample [129]. The various biosynthetic
pathways/regulatory enzymes/genes involved in the production of alkaloid have
been reviewed by Hashimoto and Yamada [130]. Genetic manipulations and char-
acterization involving overexpression/suppression have been done with major
emphasis on the key regulatory genes like PMT, ADC, and ODC which are involved
in nicotine biosynthetic pathways [131, 132]. An antisense downregulation of
berberine bridge enzyme in poppy leads to the reduction of benzophenanthridine
alkaloids with concomitant increase in several amino acids [133]. In addition, the
production of pharmaceutical important compounds derived from indole alkaloid
biosynthetic pathway in Catharanthus roseus has always been in focus to
overexpress the compounds (vinblastine and vincristine) having anticancer proper-
ties and may be applied as a new approach for manufacturing drugs [134]. Despite
having various chemical diversities and metabolic complexities in alkaloid biosyn-
thesis, efforts have been made which significantly contribute advancement in reveal-
ing the role and importance of alkaloid compounds. Table 3 represents some of the
examples of significant metabolic manipulations in alkaloids biosynthetic pathway
via ATMT approach.

6.1.3 Phenolics Compound
Large varieties of secondary products are produced in plants that consist of a phenol
group. The phenolic compound consists of hydroxyl group as a functional aromatic
ring. The group is chemically heterogeneous consisting of approximately 10,000
individual compounds. Phenolics are the derivatives of phenylpropanoid pathway,
shikimate pathway, and pentose phosphate pathway via a phenylalanine as a precur-
sor compound [135, 136]. This is an essential pathway in plants which provides the
majority of carbon flux and the plant obtained approximately 20% of the total
metabolites through phenylpropanoid pathway [137]. The pathway yields majority
of product which includes flavonoids, condensed tannins, anthocyanin, lignins,
lignans, and other miscellaneous phenolics. The shikimic acid pathway is responsi-
ble for the conversion of simple carbohydrate precursors to aromatic amino acids;
these precursors are derived from the pentose phosphate and glycolysis pathway
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[138]. The majority of secondary phenolic metabolites in plants are derived by the
enzyme phenylalanine ammonia-lyase (PAL) which converts the phenylalanine to
yield trans-cinnamic acid via the elimination of an ammonia molecule. PAL is
perhaps the key enzyme present at a branch point between primary and secondary
metabolism and yields majority of plant secondary metabolites. Flavonoids are
compounds originated from phenylalanine and known to share a common pathway
with lignan and lignin. 4-coumaroyl-Co-A is the first precursor for flavonoid bio-
synthesis which gets converted into chalcone in the presence of chalcone synthase
enzyme. The stepwise conversions lead to the production of a variety of compounds
which provide pigments like anthocyanin, phytoalexins (defense compounds), and
many regulatory compounds [139]. During the early 1990s, the pathway has been
focused for metabolic engineering to transfer multigene to target plants. Flavonoids
are phenolic compounds with high antioxidant activity and therefore optioned as a
favorite target for metabolic engineering. Manipulations like stacking of
anthocyanidin synthase and dihydroflavonol 4-reductase transgenes in Forsythia
by a series of sequential transformation events have been targeted to utilize the
idea of sequential manipulation in planta [140].

Recently, strategies were applied to enhance the flower pigments that have
contributed successfully to metabolic engineering [141]. In addition, nowadays,
overexpression strategy has led to significant results like by overexpressing chalcone
isomerase gene from Petunia which resulted in 20-fold increase in the flavonoid
level in tomato paste and 80-fold increase in the flavonoid content in the tomato peel
[142]. The flavonol synthase and chalcone synthase

Genes were also observed to significantly upregulate the flavonol biosynthesis in
tomato fruits [143]. Lycopersicon esculentum (tomato) with a number of nutritional
utilities (like flavonoid content, carotenoid content, ascorbic acid, anthocyanin
pigments, etc.) has always been a favorite species for researchers/scientists to
engineer these many qualities into quantities through ATMT approach. Some of
the significant results were shown in Table 4.

6.1.4 Lignins
Like flavonoids, lignins are the derivatives of phenylalanine and have been classified
as phenylpropenes. Lignins are highly complexed polymers which consist of ferulic
acid, caffeic acid, and sinapic acid monomers joined to each other. Lignin is an
essential component of the cell wall which provides rigidity to the plant architecture.
Recently, ME have illustrated the utilization of multiple gene transfer in tree species
to modify the lignin content and architecture of the desired plant [176]. Similarly,
suppression/downregulation of multiple genes involved in the lignin biosynthetic
pathway in tobacco leads to low lignin content without much change in the mor-
phology of the transgenic plants [177, 178]. The transfer of tobacco LIM regulatory
protein which is involved in lignification pathway and controls various enzymatic
reactions in plant has also been reported [179]. In addition, two Myb-like transcrip-
tion factors derived from Eucalyptus gunniiwere expressed in xylem and determined
the action sites of cinnamyl alcohol dehydrogenase (CAD) and hydroxycinnamoyl-
CoA reductase (CCR) genes that are known to encode stepwise enzymatic reactions
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essential for the synthesis of p-coumaryl alcohol [180]. ME regarding lignin content
in plants was beautifully reviewed by Boudet et al., Anterola and Lewis, and Boerjan
et al. [180–182]. Moreover, Bell-Lelong et al. have observed that Arabidopsis C4H,
a lignin-associated promoter, was much efficient than general promoter like

Table 4 Improvement of organoleptic trait/quality tomato using genetic transformation

Character Gene inserted Phenotype of engineered fruit References

Size fw2.2 Size increased [144]

Parthenocarpy IAA9, Arf8 Induction of parthenocarpy [145, 146]

Flavor Thaumatin Improved flavor [147]

Firmness β-galactosidase Enhanced firmness [148]

EXPIA Decreased firmness [149]

PME Shelf life is reduced [150]

PG Decreased softening [151]

Flavor and
aroma

LeAADC2,
LeAADC1A

Enhanced/reduced 1-nitro-2-phenylethane,
2-phenylethanol, and phenylacetaldehyde

[152]

Nutritional quality

Trait Targeted
Gene

Fruit quality References

Ascorbic acid ADCS and
GCHI

Increase in fruit folate content [153, 154]

GME,
GalLDH

reduction/enhancement in fruit ascorbic
acid content

[155–157]

Soluble solid
content

LCY-B,
CYC-B

Enhancement in β-carotene and lycopene
content

[158–160]

Crt Y, Crt I, Crt
B

Increase in carotenoid content [82, 161]

PSY-1 Increase in carotenoid content [162]

Dxs Increase in carotenoid and phytoene
content

[163]

Lin5 Reduction in accumulation of sugars [164]

Flavonoid CHI, F3H,
CHS, FLS

Flavonoids increased [165]

MYB12 Accumulation of flavonols [166]

Ros1, Del High accumulation of anthocyanins [167]

STS, FNSII,
CHS, CHI,
CHR

Accumulation of deoxychalcones,
resveratrol, and flavones

[168]

CHI Increase in fruit peel flavonol content [142]

Carotenoid FIBRILLIN Increase in volatiles and carotenoid content [169]

Spermidine
synthase

Increased in lycopene content [170]

CHY-B,
LCY-B

Zeaxanthin and β-cryptoxanthin [171]

COP1LIKE,
DET-1, CUL4

Enhanced flavonoid and carotenoid content [172–174]

CRY-2 Increase in carotene content [175]
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CaMV35S [183]. However, using lignin-specific promoter could prove more effec-
tive for manipulations or engineering purposes.

7 Conclusions

In today’s era, ME strategies have been made focus to coordinate between a
multipoint or multilocus gene to control the metabolic flux through cascading
secondary metabolite pathways. The expression of target gene/loci and its
localization is now starting to supersede using the specific promoters in aspect
of particular compound. As discussed above, various points in a given biosyn-
thetic pathway could be controlled either by using antisense or overexpressing
genes/enzymes or via application of the transcriptional regulators to overrule the
negative role of endogenous genes/enzymes. Recently, the era has moved
forward in the area of ME by using various advanced approaches like proteo-
mics, genomics, and metabolomics in order to expand the knowledge of path-
ways and routes in planta. The production of Golden rice has changed the
global view and led the researchers/scientists to think and focus on using the
Agrobacterium as a natural genetic manipulator so far. Hence, using ATMT
strategy can help in multilocus genetic manipulation and remodeling the
genome of target plants.
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Abstract
Taxol (generic name paclitaxel), a complex diterpenoid, is an efficient antineo-
plastic drug extracted from the plant. It has been approved for the management of
several cancers including lungs, breast, and ovary cancers. The bark of several
Taxus species is the natural source of taxol, but its lower accumulation
(0.01–0.04% dry weight) elevated the price of extraction. Its complex structure
prohibits the complete chemical synthesis of the compounds in economical
approach at the industrial level. Therefore, a plethora of approaches has been
implemented by several researchers for alternative and economical production of
taxol. The advent of recombinant DNA technologies has resulted in the com-
mencement of metabolic engineering as an effective alternative for the production
of pharmaceutically important plant natural products at industrial levels. Plants
have emergence as a perfect system for metabolic engineering due to its relatively
cheap price and easiness in growing. Plant cell factories provide an alternative
source for the scale-up of the production of high added value secondary metab-
olites including the anticancer drug taxol that is biosynthesized in Taxus spp. in
very tiny quantity. The demand for taxol and its derivatives has increased
enormously owing to its unique antineoplastic activity, lack of the taxane ring
in nature and complexity of chemical synthesis. Therefore, countless efforts have
been executed in worldwide for the biotechnological production of taxol. In this
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chapter, we have discussed different features of metabolic engineering, including
genetic manipulation of plants as well as microbes to increase production of taxol
and its precursors.

Keywords
Paclitaxel • Taxol • Taxus brevifolia • Plant metabolic engineering • Anticancer
drug

Abbreviations
10-DAB 10-Deacetylbaccatin III
BAPT Baccatin III C-13-phenylpropanoyl-CoA transferase
BMS Bristol-Myers Squibb
DBAT 10-Deacetylbaccatin III-10-O-acetyltransferase
DBTNBT 30-N-debenzoyl-20-deoxytaxol N-benzoyl transferase
DMAPP Dimethylallyl pyrophosphate
FDA Food and Drug Administration
FDP Farnesyl diphosphate
GGPP Geranylgeranyl diphosphate
GGPPS Geranylgeranyl diphosphate synthase
IPI Isopentenyl diphosphate isomerase
IPP Isopentenyl pyrophosphate
MVA Mevalonic acid
NCI National Cancer Institute
PAM Phenylalanine aminomutase
T10βH Taxoid 10β-hydroxylase
TBT Taxane 2α-O-benzoyl transferase
TDAT Taxadiene-5α-ol-O-acetyltransferase
TXS Taxadiene synthase
USDA United States Department of Agriculture

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 465
2 Taxol: Most Potent Anticancer Drug from Nature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466

2.1 Historical Perspective of Taxol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 466
2.2 Sources of Taxol . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 468
2.3 Anticancer Properties and Mechanism of Action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 468
2.4 Biosynthetic Pathway . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 469

3 Metabolic Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 470
3.1 Plant Metabolic Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 472

4 Metabolic Engineering for Taxol Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
4.1 Plant Cell Culture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 473
4.2 Engineering in Microbes Toward Production of Taxol and Its Precursor . . . . . . . . . . . 474
4.3 Engineering in Heterologous Plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 477

5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 478
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 479

464 S. Kundu et al.



1 Introduction

Plants as sessile organisms synthesize a wide range of chemical molecules collec-
tively known as secondary metabolites. These versatile chemical compounds are not
essential for basic growth and development but are primarily due to environmental
adaptation against both biotic and abiotic stresses. Plant secondary metabolites are
usually classified according to their biosynthetic pathways and have been catego-
rized into three large molecules families including phenolics, terpenes, and steroids,
and alkaloids [1–4]. Alkaloids are the oldest and structurally diverse group of
nitrogen-containing secondary metabolites and associated pronounced pharmaco-
logical and medicinal importance [5]. Among different types of alkaloids, plants
synthesize 20-carbon (C20) polycyclic isoprenoids collectively known as
diterpenoids. They are generally confined to restricted groups and found to be the
signature molecules [6]. The taxoids are diterpenoids compounds with a unique
taxane (pentamethyl [9.3.1.0]3,8 tricyclopentadecane) skeleton and generally found
in Taxus (yew tree) species. There are about 400 taxoids whose structure and
function have been characterized [7, 8]. The anticancer drug paclitaxel was found
to be most important compared to other taxoids. The taxol was first extracted from
the barks of Taxus brevifolia (Pacific yew tree), and the work was published in the
year 1971 with over 4000 citations [9]. This important diterpene alkaloid is primarily
found in the bark of different Taxus species, but its extraction cost is extremely high
due to its minute quantity (0.01–0.04% dw) [9, 10]. The yew tree grows extremely
slow and the mature trees are only suitable for the extraction of taxol. It has been
reported that each mature tree could supply only about 2 kg of bark, and for the
production of 500 mg taxol, 12 kg of bark was needed [9]. To extract sufficient
amount of taxol at pharmaceutical industry level, destruction of the mature tree will
also be harmful to nature. Subsequently, the growing demand for taxol greatly
surpasses the supply, and alternative sources of the drug are needed. Due of its
low yield from a natural source, intensive research has been accompanied to produce
taxol more effectively in alternative source [11–13]. Though several groups of
researchers have achieved the total chemical synthesis of taxol through sophisticated
approaches, the high cost of this synthetic methodology forbids its commercial
application [14–16].

Metabolic engineering was originally defined as “the improvement of cellular
activities by manipulation of enzymatic, transport, and regulatory functions of the
cell with the use of recombinant DNA technologies” [17]. The genetic engineering
only focuses on a narrow range of phenotypic improvement through manipulation of
target genes. In contrast to other cellular engineering strategies, the approaches of
metabolic engineering include modulation of larger cellular metabolic networks.
Metabolic engineering is considered as a powerful technique to manipulate the
biosynthetic pathway and modulate the production of the natural product as well
as novel molecules. The application of state-of-the-art molecular and genetic tool kit
has enabled the modulation of enzyme activity either toward increase or decrease of
metabolic flux toward desired metabolic pathway [17–22]. Nevertheless, modern
expression and regulation system have allowed the refinement of metabolic pathway
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and creation of fusion pathways for the synthesis of novel compounds in the
heterologous host [23–25]. The improvement in different features in metabolic
engineering exposed the promises for large-scale production of important metabo-
lites at industrial scale.

Plant metabolic engineering is enthusiastically gaining importance as an alterna-
tive to other biotechnological approaches for the production of novel compounds, for
the industrial products, as well as for the cleaning of the environment through
bioremediation. Plants are very attractive for biotechnological manipulation due to
the cheap availability and simple growth nature. The engineering of rate-limiting
step to induce or reduce metabolic flux toward target compounds, blocking of
unwanted pathways, and introduction of shunting to divert metabolic flux in the
desired direction are the major goals in plant metabolic engineering. In this chapter,
we have emphasized the advancement in the production of taxol by metabolic
engineering. The enormous efforts implemented by several researchers in the bio-
technological production of taxol and its precursor, including cell culture, metabolic
engineering in heterologous plants, as well as in microbial systems were highlighted.

2 Taxol: Most Potent Anticancer Drug from Nature

The classification of taxoid is based on the oxygenation pattern of the carbon
skeleton as well as on existence of lateral chains. Among them, taxol and
cephalomanine with C-13 lateral chain and baccatin III without lateral chain are
most important toxoids. The chemical name of taxol (molecular formula
C47H51NO14) is 5β, 20-epoxy-1, 2α,4,7β,13α-hexahydroxytax-11-en-9one-4,
10-diacetate-2-benzoate 13 ester with molecular weight of 853.9 Da [26]. A, B,
and C rings are present within the taxol. These rings also associated with functional
groups including one benzoyl group, two hydroxyl groups, two acetyl groups, and
an oxetane ring. The chemical structures of taxol, its important derivatives, and
precursors are represented in Fig. 1. Among these Taxotere (semisynthetic analog of
taxol) that is synthesized from the precursor 10-deacetylbaccatin III also found to be
potent anticancer drug.

2.1 Historical Perspective of Taxol

In the year 1962, the bark of Pacific yew trees was first collected by the scientists of
the US Department of Agriculture (USDA) in association with National Cancer
Institute (NCI). The research groups of Dr. Monroe E. Wall and Dr. Mansukh Wani
of Natural Product Laboratory at the Research Triangle Institute, Triangle Park, NC,
discovered that extract of the bark has potent cytotoxic activity. This research group
was engaged in identification and purification of the most active component of the
extracts. In 1967, they were able to isolate and identified the active principal of the
bark of T. brevifolia and named it taxol, according to its species of origin and the
presence of hydroxyl groups [27, 28]. In 1977 nearly 1500 old yew tree of Pacific
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Northwest forest sacrificed for collection of 700 pounds of bark which are used for
taxol extraction. Later, the structure of taxol was published and it was incorporated in
the NCI drug development program [9, 29]. Although taxol exhibited varied results
in the preclinical trial against the tumor, but it represents efficacy against a subclass
of mouse tumor models, including P388 leukemia [30]. Intensive clinical trials were
hindered not only due to the shortage of the adequate amount of taxol but also for the
inappropriate delivery system. Irrespective of the scarceness, clinical study on
ovarian cancer was executed, and it was reported that 30% of patients with advanced
ovarian cancer responded significantly [31]. Extensive demands of taxol ultimately
resulted in severe depletion of T. brevifolia trees. In 1992, T. brevifolia was enlisted
as endangered species to protect the trees [32]. Due to the limited accessibility of
T. brevifolia tree for extraction of taxol, as well as its unique cytotoxic potential, a
plethora of research group was involved in total chemical synthesis. However due to
the complex chemical structure of taxol, about 40 reactions were found to be
required for complete synthesis [11, 16]. Therefore, NCI decided to transfer taxol
to a pharmaceutical company for its commercialization to obtain a large quantity of
taxol. The Bristol-Myers Squibb (BMS) Company developed a cell culture

Fig. 1 The chemical structure of taxol, semisynthetic derivative Taxotere, and the two taxol
precursors
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technique to produce the drug. The bioreactor-based technology has been deployed
by the BMS Company for large-scale production. They have trademarked the name
“Taxol” and created the new generic name paclitaxel [33, 34]. The FDA approved
taxol for the treatment for ovarian as well as for advanced breast cancer in 1990s. Till
the date, it is the most lucrative and best-selling chemotherapeutic drug in clinical
use identified by the plant screening program.

2.2 Sources of Taxol

Taxol was first obtained by extracting peeled bark of the Pacific yew tree. Taxus
belongs to the class Pinopsida, the order Taxales, and the family Taxaceae. Different
Taxus species can easily be separated geographically compared to morphologically.
So far eight species of Taxus have been recognized including T. baccata (European
yew), T. brevifolia (Pacific yew or Western yew), T. canadensis (Canadian yew),
T. chinensis (Chinese yew), T. cuspidata (Japanese yew), T. floridana (Florida yew),
T. globosa (Mexican yew), and T. wallichiana (Himalayan yew). The remarkable
discovery of antitumor properties of the extract of the bark of T. brevifolia, taxol, has
also been described from other species of the genus Taxus [35–38]. Although the
mixture of taxoids produced is variable among different species and tissues of the
same species [39, 40]. The discovery of 10-deacetylbaccatin III from needles and
leaves of T. brevifolia as well as the European yew T. baccata provided the precursor
for semisynthesis of taxol and its analog, Taxotere (docetaxel) [41–43]. The leaves
and bark of T. brevifolia, T. wallichiana, and T. baccata have been extensively used
for the extraction of taxol in medicinal purpose. Unfortunately, several Taxus species
are disappearing at an alarming rate due to overexploitation.

The slow growth of Taxus species, low yield, and overwhelming pharmaceutical
success lead to the search for alternative source of this important alkaloid. It was
found Taxomyces andreanae, a novel endophytic fungus isolated from the phloem of
the inner bark of Pacific yew, was capable of producing taxol growing in the
semisynthetic liquid medium [44]. Another endophyte, Pestalotiopsis guepinii iso-
lated from the inner bark of T. wallichiana, was also reported to produce taxol
[45]. These findings created interest in the screening for alternate endophytes sources
of taxol in other Taxus species as well as non-Taxus species, and several endophytes
have been isolated [46–49].

2.3 Anticancer Properties and Mechanism of Action

The natural product taxol is considered as one of the most valuable anticancer drugs
of plant origin [11, 50]. It is beneficial against ovarian and breast cancer and showed
efficacy for other cancers including the head and neck, lung, bladder, and gastroin-
testinal [51, 52]. It has been reported that taxol displayed toxicity against 9 KB
cancer cell culture, B16 murine melanoma, as well as against different leukemia cell
lines [9, 30, 53–56]. Due to its versatility in antitumor activity, FDA in the United
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States and other countries has approved taxol as first-line chemotherapeutic agent
treatment for cancer [52].

The anticancer properties of taxol are quite unique and novel compared to other
antitumor agents [57–59]. In spite of preventing the polymerization of tubulin into
microtubule, taxol binds to assembled microtubules and blocks its depolymerization
and ultimately inhibits mitosis. It has been reported that at 1–10 nM of concentration,
taxol exerts its anticancerous properties through inhibiting with dynamics of the
microtubule. The suppression of microtubule dynamics hinders the assemblage of
mitotic spindle and separation of the chromosome during meiosis [60–62]. The
arrests of the cell cycle are correlated with cytotoxicity that ultimately resulted in
the induction of apoptosis through caspase-independent and caspase-dependent
pathways particularly caspases 3, 8, and 10 [63–66]. The antitumor activity in
taxol is due to side chain, A ring, C2 benzoyl group, and oxetane ring. It has been
reported that the activity is sustained due to the C30 amide-acyl group in the C13
chain and presence of hydroxyl group at C20 improved its activity [41, 67]. The
cytotoxicity and stabilization of microtubule are induced by the interaction of these
components with β-tubulin [68].

2.4 Biosynthetic Pathway

In spite of their enormous biological and economic importance, taxol biosynthetic
pathway and its regulation are not extensively known (Fig. 2). The enzyme taxadiene
synthase (TXS) catalyzes the cyclization of geranylgeranyl diphosphate (GGPP) to
the taxa-(4,5, 11,12)-diene. This is the first committed step of taxol biosynthesis
pathway [69–71]. Then, oxygen and acyl groups are added to the taxane at different
locations catalyzed by cytochrome P450 monooxygenases. The next step of taxol
biosynthesis is the construction of taxa-4(20),11(12)-dien-5α-ol by the enzyme
cytochrome P450 taxadiene-5α-hydroxylase (T5αH) [72, 73]. Then the enzyme
taxadiene-5α-ol-O-acetyltransferase (TDAT) acrylates the taxa-4(20),11(12)-dien-
5α-ol at C5 position to form taxa-4(20),11(12)-dien-5α-yl-acetate [74]. The product
is then hydroxylated at C10 position by the enzyme taxoid 10β-hydroxylase
(T10βH) to form taxadiene-5α-10β-diol-acetate [75]. It was followed by the hydrox-
ylations, oxidation of C9, and epoxidation at the C4C5 double bond that resulted in
the formation of 2-debenzolytaxane [40, 76]. Then taxane 2α-O-benzoyl transferase
(TBT) catalyzes the alteration of 2-debenzolytaxane to 10-deacetylbaccatin III
(10-DAB). It was followed by the hydroxylation at the C10 position of the
10-DAB to form a diterpene intermediate, baccatin III. The reaction is catalyzed
by the enzyme 10-deacetylbaccatin III-10-O-acetyltransferase (DBAT). The enzyme
phenylalanine aminomutase (PAM) transfers coenzyme A side chain to the amino
acid β-phenyalanine that resulted in the formation of β-phenylalanyl-CoA [77]. The
C13 hydroxyl group of baccatin III is esterified with β-phenylalanyl-CoA side chain
by the enzyme baccatin III C-13-phenylpropanoyl-CoA transferase (BAPT). The
product of this reaction, 30-N-debenzoyl-20-deoxytaxol (β-phenylalanyl baccatin III),
is hydroxylated to form N-debenzoyltaxol by an unknown Cyt P450-dependent
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hydroxylase enzyme. Finally, the enzyme 30-N-debenzoyl-20-deoxytaxol N-benzoyl
transferase (DBTNBT) catalyzes the conjugation of benzoyl-CoA to 30-N-
debenzoyl-20-deoxytaxol to form taxol. It is the final steps of 19 enzymes catalyzed
biosynthetic pathway [77–79].

3 Metabolic Engineering

Metabolic engineering is the rewiring of cellular events through modulation of
enzyme activities and regulatory functions of the cell with the implication of state-
of-the-art recombinant DNA technologies [17, 22]. It includes leveraging of genetic
and regulatory systems of individual cells to produce pharmaceutically or clinically
important substances. The accumulation novel or desired compound could be
achieved through modifying genes expression of cellular pathways to relocate the
metabolic flux toward preferred pathway. The prospective applications of such
modern technologies include the production of fuels, foods, and pharmaceuticals.
The alteration of cells into effective factories is challenging due to the robust-
regulated metabolic networks that prevent its modification. Nevertheless, the
advancement in metabolic engineering has explored the potentiality in the produc-
tion of complex biological molecules. Metabolic engineering can be executed in two
approaches including direct and holistic approach. The direct approach is based on
the introduction of genes into the host genome to control the outcome of biosynthetic
pathway either by upregulation of an intermediate step or inhibit undesirable prod-
ucts (Fig. 3). In a holistic approach, the foreign gene codes transcription factor that

Fig. 2 Taxol biosynthetic pathway (TXS taxadiene synthase, T5αH cytochrome P450 taxadiene-
5α-hydroxylase, TDAT taxadiene-5α-ol-O-acetyltransferase, T10βH taxoid 10β-hydroxylase, TBT
taxane 2α-O-benzoyl transferase, DBAT 10-deacetylbaccatin III-10-O-acetyltransferase, PAM phe-
nylalanine aminomutase, BAPT baccatin III C-13-phenylpropanoyl-CoA transferase)
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regulates several biosynthetic pathways concurrently [80]. Endowed by the immense
developments in molecular biology techniques in “post-genomic” era, the emphasis
of metabolic engineering has progressively relocated from disturbing specific path-
ways toward modulation of the complete cellular activities that ultimately resulted in
the generation of the concept of “systems metabolic engineering” [81–83]. The
approaches have transformed the concept of metabolic engineering from conven-
tional ideas of upregulation or inhibition of single gene expression toward the
regulation and modification of complete cellular network [84–86].

Metabolic engineering is also applicable for transforming microorganisms into
efficient cell factories for the synthesis of heterologous metabolites. The concept and
techniques of system biology, synthetic biology, and evolutionary engineering have
enabled a conceptual and technological framework to scale up the production of
novel metabolic enzymes and biosynthetic pathways and modulation of preexisting
pathway for optimizing desired product synthesis [87, 88]. The development of
genetically modified microorganism capable of synthesizing various chemicals in
industrial scale can be executed by systems metabolic engineering. Nevertheless,
expansion of the metabolic capacity of the microbial system is a prerequisite for the
large-scale production of a medicinally important metabolite. Identification of bio-
chemical gap whose corresponding genes might not present in the host and artificial
construction of metabolic pathways can efficiently be executed through the impli-
cation of different techniques of systems metabolic engineering including pathway
prediction tools, incorporation of promiscuous enzymes that are compatible for of
nonnatural reactions.

The pioneering approach in engineering secondary metabolism can also be
achieved through multivariate modular metabolic engineering (MMME). The nov-
elty of MMME approach includes assessment and exclusion of regulatory pathways

Fig. 3 Schematic representation of two approaches for metabolic engineering techniques to
improve the biotechnological production of a target compound
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through the rebuilding of the metabolic network as a collection of discrete interacting
modules [25, 89, 90]. Due to its simplicity and wide spectrum adaptability, MMME
has the prospective to transform the field of metabolic engineering toward industrial
biotechnology. In this technique, the key enzymes of the desired metabolic pathway
are rearranged into distinct modules and concurrently altered based on the level of
expression to balance flux through a specific pathway. Therefore, by adjusting the
concentrations the turnover of the different modules can be balanced to gain
maximum production of the desired compound. The transcriptional, posttranscrip-
tional, and translational regulation enable precise control of the expression of a
module’s enzymes.

3.1 Plant Metabolic Engineering

The metabolic pathways of the plant represent a huge resource of important com-
pounds with pharmacological, biotechnological, and medicinal prominence. Gener-
ally, the plant metabolites were isolated from the natural sources or were
semisynthesized from intermediates of metabolic pathways. Nevertheless, this pro-
cess has been outshined due to small harvest and plentiful practical problems. The
implementation of modern powerful techniques for the efficient transformation
techniques along with the availability of complete genome sequence conveys plant
metabolic engineering as a potential alternative to the traditional chemical synthesis
of biologically important metabolites [91, 92]. Plant metabolic engineering includes
the controlling of present metabolic pathways by either channelizing metabolic flux
toward target metabolite or diverting flux from the undesirable compound and the
synthesis of the innovative chemical compound through the integration of genes
from heterologous organisms into its genome. Metabolic engineering in the plant is
executed by the rerouting of the enzymatic pathways to modulate the production of
medicinally important compounds that are normally synthesized in small quantities
to industrial level [93–95]. The degradation of environmentally toxic compounds or
conversion of the plant toward resistance to abiotic or biotic factors is also another
important feature of plant metabolic engineering. Nevertheless, the principal objec-
tives of utilizing plant as a green factory in the pharmaceutical industry or agriculture
are the stimulation of the manufacture of final secondary metabolites and biosyn-
thesis of precursor molecules of medicinally important compounds.

The engineering of microbial metabolism is established technology, but its
position in plants delays due to the existence of large metabolic diversity with the
complex metabolic network [96, 97]. Nevertheless, highly compartmentalized cel-
lular structure particularly huge vacuoles and plastids make the plant more compli-
cated compared to another organism. Therefore, in silico model-based methods have
recently been implemented in plant engineering. The advancement in systems
biology and bioinformatics has initiated to unravel the complication of plant metab-
olism and enable the construction of effective theoretical models of plant metabolism
[98, 99]. The arrival of high-throughput skills of next-generation sequencing and
phenotyping tools for phenomics has extended the study of the model as well as
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nonmodel plants through genome sequencing, transcriptome, proteomics, meta-
bolome, and metabolic flux analysis which has subsequently provided fast, reliable,
and dynamic evaluation of metabolically engineered crops with beneficial agricul-
tural traits (Fig. 4).

4 Metabolic Engineering for Taxol Production

Taxol was first isolated from the bark of western yew, Taxus brevifolia [9, 54, 55]. It
has been reported that the bark of yew is the primary source and it exists only in
about 0.02% concentration. Additionally, the Taxus species are endangered, grow
very slowly in areas of the Pacific Northwest, and peel off its bark which ultimately
resulted in complete destruction of the plant. The endorsement of taxol for the
treatment of ovarian cancer and due to its novel therapeutic application the demand
of taxol is increasing worldwide [100, 101]. The economical way in the chemical
synthesis of taxol is challenging due to its complex molecular architecture. There-
fore, plethora of approaches including plant cell culture, metabolic engineering in
heterologous plant, as well as in microbial system has been implemented from the
scientists all over the world in the hunt for alternative approach to protect the limited
resource of the yew plant as well as obtaining taxol in relatively inexpensive way to
reduce the cost of therapy.

4.1 Plant Cell Culture

Cell culture provides an attractive way for the establishment of uniform conditions to
optimize the production of medicinally important phytochemical. It provides the

Fig. 4 Schematic representation of the application of “omics” technology for construction of
metabolically engineered plants with beneficial traits
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benefit of growth in minimal space without the necessity for greenhouses. Never-
theless, the culture conditions can be manipulated by the application of elicitors and
other stresses in such a way to maximize the accumulation of targeted metabolites
[102]. Cell lines can also be transformed with specific genes of metabolic pathway to
modulate the metabolic profiles as well as to scale up the production. For harvesting
of unusual metabolites from rare plant species, novel drugs or large-scale production
cell culture provides a lucrative substitute compared to the plants that as impetuous
to genetic manipulation. The metabolic engineering of Taxus cell culture to modulate
the production of taxol and related toxoids is very challenging due to the difficulty in
genetic transformation of the gymnosperm plantlike Taxus and due to its slow
growing nature. Besides these obstacles, a wild strain of Agrobacterium tumefaciens
was used to transform T. brevifolia and T. baccata in 1994 [103]. Later hairy root
culture of Taxus was successfully established first time using Agrobacterium
rhizogenes [104]. Unfortunately, the production of taxane was low, and therefore
the system was inappropriate for industrial scale production. Hairy root culture of
Taxus x media var. Hicksii was fed with precursors (L-phenylalanine and p-amino
benzoic acid), or in combination with methyl jasmonate and accumulation of
paclitaxel, baccatin III and 10-deacetylbaccatin III were monitored [105]. The
highest amount of paclitaxel (221.8 μg L�1) was accumulated in the medium
supplemented with 100 μM of the precursors along with methyl jasmonate. The
successful application of metabolic engineering toward the production of taxol using
a direct approach was first successfully executed in 2005 [106]. Transgenic T. marei
cell culture overexpressing 10-deacetylbaccatin III-10-O-acetyltransferase (DBAT)
and taxadiene synthase (TXS) genes produce the highest level of taxol. Taxus media
cell cultures with same genetic characteristics compared to the parent were
established using A. rhizogenes LBA 9402 and the C58C1 strain of A. tumefaciens
harboring the taxadiene synthase gene [107]. The highest taxane production (265%
greater than control) was found in the transformed culture in optimal conditions and
elicited with methyl jasmonate. 9-cis-epoxycarotenoid dioxygenase gene from Taxus
chinensis was overexpressed in transgenic T. chinensis cells, and about 2.7-fold
higher taxol production was recorded [108]. The hairy root culture of Taxus x media
var. Hicksii was established by transformation with C58C1 strain of A. tumefaciens
harboring the taxadiene synthase gene of T. baccata [109]. These transgenic root
lines were elicited with different combinations of elicitors (sodium nitroprusside and
methyl jasmonate), and 10.78 mg L�1 taxol was accumulated upon elicitation with
methyl jasmonate and feeding with L-phenylalanine.

4.2 Engineering in Microbes Toward Production of Taxol and Its
Precursor

Metabolic engineering within heterologous host such as microbes for the manufac-
ture of plant metabolites includes improvement of regulatory processes that ulti-
mately resulted in the increased yield of a specific compound through rechanneling
the carbon flux. In recent year, the execution of recombinant expression systems to
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reconstruct natural product pathways has upgraded meaningfully. Among the dif-
ferent microorganism, Escherichia coli and Saccharomyces cerevisiae have usually
been used to bypass complex technical issues associated with the metabolic engi-
neering of plant cell cultures [24, 110, 111]. E. coli can be considered as superior
host due to its simplicity in the central metabolic pathway and robust regulatory
systems. The lacks of posttranslational modification and subcellular compartment
and difficulty in the expression of complex protein are the major drawbacks in
metabolic engineering of E. coli. On the other hand, yeast has ideal characters
including larger cell size, better resistance against pH alteration, and unwanted
products for final processing of end products. Additionally, mating allows improved
cellular engineering that ultimately resulted in robust growth and increased adapta-
tion to the adverse environment. In metabolic engineering, in order to improve
product yields, the complete biosynthetic pathways are transferred from native
hosts into heterologous organisms. Therefore, for improved synthesis of target
product, the optimization of gene expression system, promoter strength precise
control of the endogenous regulatory network is utmost required. The isoprenoids
are also synthesized in the microbial system [112, 113]. In microbes, they are
involved in different cellular activities including light absorption and protein mod-
ifications. Among the isoprenoids, biotechnological production of taxol and its
precursors through the metabolically engineered microbial system has been enriched
over the past few years [114].

The successful synthesis of taxadiene, the intermediate of taxol biosynthesis, was
first reported in metabolically engineered E. coli in the year 2001 [115]. Over-
expression of three genes encoding isopentenyl diphosphate isomerase (IPI),
geranylgeranyl diphosphate synthase (GGPS), and taxadiene synthase (TXS) of
terpenoid pathway was executed within genetically engineered E. coli. In the
transgenic E. coli, taxadiene was found to be produced at the yield of 1.3 mg L�1

of cell culture. This success opened the window for the synthesis of taxoids in non-
paclitaxel-producing organisms through metabolic engineering. In a subsequent
study, the multivariate-modular approach was implemented to increase the titers of
taxadiene up to 1 g L�1 [116]. In E. coli, methylerythritol-phosphate (MEP) pathway
and mevalonic acid (MVA) pathway can produce isopentenyl pyrophosphate (IPP)
and dimethylallyl pyrophosphate (DMAPP) (Fig. 5). The taxol can be synthesized
from these two building blocks [117]. The researchers have separated the taxadiene
biosynthetic pathway into two units: the MEP pathway that generates isopentenyl
pyrophosphate (IPP) and heterologous downstream pathway that produces terpe-
noid. These modules were optimized to exploit the maximum production of
taxadiene with reducing the accumulation of indole, the inhibitor of the pathway.
In another study, in silico modeling was executed to optimize the biosynthesis of
taxadiene in E. coli by comparing the maximum theoretical IPP yields and the
thermodynamic properties of the 1-deoxy-D-xylulose 5-phosphate (DXP) pathway
and MVA pathway using different hosts and carbon sources [118]. They have
reported that genetic manipulation of the DXP pathway and chromosomal engineer-
ing were powerful tools for heterologous biosynthesis of taxadiene. The pedogenic
DPX pathway was modulated by redesigning of codon usage and chromosomal
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engineering that ultimately gave yields of 876 � 60 mg L�1 taxadiene. The K- and
B-derived E. coli strains were used as a heterologous host for the production of
taxadiene [119]. In this study, different inducible promoters (T7, Trc, and T5) and
cellular backgrounds were varied during the biosynthesis of taxadiene. The T7
promoter system was examined for upstream MEP pathway, whereas T7, Trc, and
T5 promoters were used for downstream MVA pathway. It was reported that
K-derivative transgenic E. coli synthesized taxadiene about 2.5-fold higher com-
pared to another one. The significant difference in pyruvate metabolism revealed
through transcriptomics analysis established the discrepancy in taxadiene biosyn-
thesis between these two strains. Different types of in vivo metabolic chemistries
including oxygenation are vital for the production of complex secondary metabolites
such as taxol. The expression of cytochrome P450 enzymes was modified to execute
oxygenation chemistry in E. coli. The highest reported titer of oxygenated taxanes
(�570 � 45 mg L�1) in E. coli was achieved through a series of optimizations
including N-terminal modifications [120].

The yeast Saccharomyces cerevisiae can also be used for metabolic engineering
for the scale-up of taxol biosynthesis. The study was executed to rebuild the initial
steps in taxol biosynthetic pathway, and eight genes were expressed in yeast
[121]. This initial study was a prerequisite for the construction of engineered yeast
for the synthesis of taxol or its precursors. Heterologous genes encoding enzymes of
early steps of taxol biosynthetic pathway and the modulation of controlling factor to

Fig. 5 Biosynthetic scheme for taxol production in E. coli (DXS DOXP synthase, CDP-ME
methylerythritol cytidyl diphosphate, CDP-MEP 4-diphosphocytidyl-2-C-methyl-D-erythritol-2-
phosphate, HMBPP 4-hydroxy-3-methyl-butenyl-1-diphosphate, DXP 1-deoxy-D-xylulose
5-phosphate, MEP 2-C-methylerythritol 4-phosphate, MEcPP 2-C-methyl-D-erythritol
2,4-cyclodiphosphate, DAMPP dimethylallyl pyrophosphate, DXR DXP reductoisomerase, IspD
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase, IspE 4-diphosphocytidyl-2-C-methyl-D-
erythritol kinase, IspF 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase, IspG 4-hydroxy-3-
methylbut-2-en-1-yl diphosphate synthase, IspH 4-Hydroxy-3-methylbut-2-enyl diphosphate
reductase)
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prevent deviation toward other undesirable pathways were executed to increase the
production of taxadiene within genetically modified S. cerevisiae [122]. The impact
of these modulations in synthesis taxadiene was monitored. They have observed that
only the expression of TXS gene of T. chinensis or coexpression of both TXS and
GGPS was unable to rise taxadiene content significantly. They have reported that
expression of modified 3-hydroxyl-3-methylglutaryl-CoA reductase (HMG-CoA
reductase) isoenzyme 1 as well as UPC2-1 (mutant regulatory protein) in transgenic
S. cerevisiae ultimately induced taxadiene content up to fifty percent. The substitu-
tion of T. chinensis GGPS gene with its complement part from Sulfolobus
acidocaldarius and codon optimization resulted in high-level expression in
taxadiene (8.7 � 0.85 mg L�1) that was found to be 40-fold higher compared to
control. Later, protein modeling and in silico metabolomic study guided the estab-
lishment of transgenic S. cerevisiae that can efficiently modulate taxadiene content
[123]. In this study, the biosynthesis pathway was reconstructed through transfor-
mation with TXS gene along with upregulation of erg20 and thmgr gene. The
catalytic efficiency of GGPPS enzymes was anticipated using enzyme-substrate
docking strategy. The in silico modeling was correlated with experimental outcomes,
and it was found that transgenic yeast with Taxus cuspidate GGPPS gene caused the
highest synthesis of taxadiene (72.8 mg L�1).

4.3 Engineering in Heterologous Plant

There are a plethora of instances of successful metabolic engineering of taxol
biosynthetic genes and enhanced production of taxol in microbial hosts. Neverthe-
less, complex plant-derived terpenoids including taxol are often problematic to
produce within microbial host due to insolubility, membrane associations, as well
as different types of posttranslational modifications. Plant cytochrome P450
enzymes are also utmost required for complete biosynthesis of the taxol. There are
several obstacles in heterologous expression of terpenoids such as taxol due to the
more complex plant transformation techniques for many species, time-consuming
recovery of transgenic plants, and slow growth rates compared to microbial hosts.
Therefore, plants are more preferable compared to a microbial system for metabolic
engineering of natural plant products due to the existence of innate cytochrome
P450-related biosynthetic genes. The unavailability of efficient transformation sys-
tems for Taxus species created a platform to screen alternative plants that can be
genetically engineered to produce taxol or its precursors. Metabolic engineering of
heterologous host plants for production of taxol has been reported by several
research groups. The pioneer steps toward the genetically engineering of taxoids
biosynthesis in angiosperms were published in 2004 [124]. The constitutive expres-
sion of recombinant T. baccata taxadiene synthase (TXS) gene without plastid
targeting signature sequence and fusion of C-terminal histidine tagged (Arabidopsis
thaliana) resulted in the production of taxadiene with associated growth hindrance in
transgenic plants. The relatively lower accumulation of carotenoids also indicates
relocation of geranylgeranyl diphosphate (GGDP) pool in transgenic plants. The

18 Metabolic Engineering for Improving Production of Taxol 477



redirection of GGDP pools toward the production of taxadiene was further supported
by the successful establishment of transgenic system expressing a glucocorticoid-
mediated system. In another study, the redirection of GGDP toward taxadiene
production was reported in transgenic tomato plants. The expression of TXS gene
in tomato line missing the capacity to utilize GGDP for carotenoid production
ultimately resulted in the production of taxadiene about 160 mg kg�1 dried fruit
[125]. Metabolic engineering of ginseng (Panax ginseng C.A. Meyer) roots with
TXS gene of T. brevifolia was successfully executed without compromising in
growth as well as phenotype [126]. In the transgenic TSS3-2 line accumulation of
taxadiene, the precursor of taxol was found to be 9.1 μg g�1 dry weight. Elicitation
by jasmonate also resulted in about 1.74-fold increment of the taxadiene content.
The incorporation of TXS gene within the transcriptional regulation of CaMV 35S
promoter in Nicotiana benthamiana resulted in the de novo production of taxadiene
of 11–27 μg g�1 dry weight [127]. Upon elicitation with methyl jasmonate and
shunting the terpenoid pathway with suppression of phytoene synthase gene also
increased taxadiene content up to 1.9-fold in the transgenic line TSS8. The metabolic
engineering of taxol biosynthetic pathway in Artemisia annua L plant was also
successfully established [128]. The Agrobacterium tumefaciens-mediated transfor-
mation of TXS gene within pCAMBIA1304 promoter ensued in the accumulation of
taxadiene up to 129.7 μg g�1 dry mass in the stem without affecting the artemisinin
content as well as the growth of the transgenic plant.

5 Conclusions

Cancer is the most devastating disease compared to other life-threatening ailments,
and it bears the majority of the burden for the people of low- and middle-income
countries. A plethora of research work has been implicated to efficiently detect it in
early stage and cost-effective treatment for the people below poverty line. Under
such circumstance Taxol (generic name paclitaxel), isolated from the yew tree, was
found to be one of the most effective anticancer drugs of plant origin. Unfortunately,
due to the relatively lower amount of accumulation in native plant and unavailability
of cost-effective chemical synthesis, the demand for the alternative synthesis of taxol
is increasing enormously. The application of modern molecular biological tech-
niques to metabolically engineered heterologous plant as well as microbes for the
effective synthesis of taxol and its precursor has been successfully implemented. To
scale up the biotechnological production of taxol in industrial level, metabolic
engineering in a wide range of plant species along with efficient extraction and
separation methods of taxol is in utmost priority among the researchers. The
expression of taxol biosynthetic genes from the yew tree into diverse plant species
through metabolic engineering is appreciated for the taxol biosynthesis, but the
direct engineering in the yew species will be more sensible approach. The combi-
nations of genetic modification techniques using Agrobacterium and particle bom-
bardment, along with the established cell suspension technology for large-scale
production, may lead to the higher productivities of taxol via metabolically
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engineered plant cells. More extensive research should be executed to completely
unrevealed the regulation of taxol biosynthetic pathway as well as the key genes of
rate-limiting steps. Therefore, the future perspective should be the implication of
empirical as well as rational approaches of metabolic engineering toward the bio-
technological production of taxol.
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Abstract
Phenylpropanoids are diverse group of active secondary metabolites derived from
the carbon backbone of amino acids phenylalanine and tyrosine. The
phenylpropanoid pathway serves as the starting point for the biosynthesis of a
wide range of organic compounds such as lignins, flavanols, isoflavanoids,
anthocyanins, and stilbenes with an array of important functions including plant
defense and structural support. Besides, they have major nutritional and pharma-
ceutical properties that find uses as food supplements, antioxidants, flavoring
agents, insecticides, dyes, and pharmacological drugs. Major structural and
regulatory genes of the phenylpropanoid pathway and associated branches have
been isolated and characterized in the recent times. Consequently, the engineering
of phenylpropanoid biosynthesis in plants and other ex-host systems have gen-
erated considerable scientific and economic importance to enhance their produc-
tion. In this chapter, we summarize the recent advances in our knowledge of the
phenylpropanoid biosynthesis. In addition, we discuss the recent strategies with
respect to genetic and metabolic engineering of different phenylpropanoids in
plants and microorganisms for their successful industrial production in the future.
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1 Introduction

Plants synthesize a variety of organic compounds which are mainly classified as
primary and secondary metabolites. Primary metabolites including nucleotides,
amino acids, organic acids, acyl lipids, and phytosterols have vital roles in essential
biochemical processes like photosynthesis, respiration, growth, and development
[1]. In contrast, secondary metabolites are phytochemicals that are specifically
accumulated through particular biosynthetic pathways in a taxonomically restricted
group of organisms [2]. Although the role of secondary metabolites in plant growth
and physiology is not yet clear, they have a huge structural variation and accord-
ingly exhibit a broad series of biological activities such as protection against
pathogens and abiotic stresses [3, 4], acting as signalling molecules [5] and pher-
omones for insects and flies for pollination [6]. Besides, they are significantly used
as major source for anticancer drugs, immunosuppressant, antibacterial and anti-
fungal agents, herbicides, insecticides, flavoring agents, essential oils, dyes, and
fibers [7–9].

Secondary metabolites are classified into one of a number of families, each
having a particular structural characteristic arising from the way they have been
built up. Terpenes and steroids are derived from dimethyl allyl pyrophosphate
(DMAPP) and isopentyl pyrophosphate (IPP) precursors with five carbons
[10]. These precursors’ combines to yield geranyl pyrophosphate (GPP), leading
to monoterpenes. Likewise, compounds derived from farnesyl pyrophosphate
(FPP) lead to sesquiterpenes and two equivalents of FPP results in triterpenes.
Polyketides and their derivatives are synthesized from acetate units derived
from the acetyl coenzyme A [11].The acetate origin of these compounds leads
to a predominance of even numbered carbon chains resulting in fatty acid
structures. Polyketides often intersect with aromatic amino acid biosynthesis to
generate phenylpropanoids [12]. They constitute a large variety of complex
aromatic extractives with a phenolic backbone. Alkaloids constitute a broad
range of secondary metabolites and characterized by the presence of a basic
nitrogen-based heterocyclic ring within their molecules [13]. Besides,
some carbohydrate and peptide molecules are also classified as secondary metab-
olites either forming core structures of other metabolites or act as independent
modules [14, 15].

The phenylpropanoids are the most diverse group of physiologically active
secondary metabolites derived from the carbon backbone of amino acids phenylal-
anine and tyrosine [16]. They are characterized by six carbon aromatic phenyl group
and three carbon propene tail of cinnamic acid, the first product of the
phenylpropanoids biosynthetic pathway [17]. They constitute a wide range of
organic compounds such as lignins, flavanols, isoflavanoids, anthocyanins, and
stilbenes [12] (Fig. 1). Although the phenylpropanoids are not directly required for
growth and development, they are essential to plant survival by performing a wide
array of important functions such as reinforcement of specialized cell walls [18],
protection from ultraviolet radiation [19], protection from photo-oxidative effects
[20], and symbiotic nitrogen fixation [21]. Besides, they have generated tremendous
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commercial significance in the recent times due to their beneficial functions for
human health including antimicrobial, immunomodulotary, and anticancerous attri-
butes [22, 23]. Phenylpropanoids form an attractive system for genetic,
enzymological, chemical, and molecular studies owing to their extensive availabil-
ity, overwhelming diversity, and multiple functions. In recent years, the availability
of large amount of information on phenylpropanoids biosynthesis and metabolism
has provided the means to engineer their production in plants. Plants engineered with
their phenylpropanoid profile could serve as a bridge for improving a large number
of characteristics in different crop species such as improved pollination, superior
commercial value of fruits and vegetables through better flavor and fragrance,
enhanced resistance to diseases and abiotic stresses, and increased production of
novel metabolites for medicinal and therapeutic use. Besides, alteration in the
phenylpropanoid profile will also contribute to the fundamental aspects of their
metabolism and regulation in plant system. Several attempts have been made to
produce high levels of phenylpropanoids in transgenic plants of various species. For
example, overexpression of chalcone isolmerase (CHI), a key enzyme of flavanoid
biosynthesis, led to multiple fold increase on flavanoid levels in transgenic tomato
[24]. Likewise, ectopic deposition of lignin was reported in Populus tomentosa
through engineering the overexpression of PtoMYB216, a R2R3-MYB transcription
factor associated with lignin biosynthesis [25].

In this chapter, we provide a concise outline of the advances in our understanding
of the phenylpropanoid biosynthetic pathway in plants. We describe the recent work
on the strategies of metabolic engineering of different phenylpropanoids to improve
their production for different applications. Finally, we briefly overview the future
prospects of engineering phenylpropanoids toward crop improvement and human
health.

Fig. 1 Representative members of the major classes of organic compounds derived from the
phenylpropanoid metabolism
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2 Biosynthesis of Phenylpropanoids

An intricate string of branching biochemical reactions constitutes the biochemical
pathway of phenylpropanoids [26]. The plant shikimate pathway is the way in to the
biosynthesis of phenylpropanoids through its end product, the aromatic amino acid
phenylalanine. The difference in structures of plant phenylpropanoids is the result of
various enzyme(s) complex actions involving methylation, acylation, hydroxylation,
glycosylation, sulfation, aromatization, cyclization, and condensation reactions
[27]. Phenylalanine ammonia lyase (PAL) catalyzes the oxidative deamination of
phenylalanine to trans-cinnamic acid and initiates the carbon course from shikimate
pathway to phenylpropanoids metabolism. Cinnamate 4-hydroxylase (C4H) medi-
ates the hydroxylation of trans-cinnamate to p-coumaric acid which in turn is
subjected to hydroxycinnamate CoA-ligase (4CL)-mediated thio-esterization to
form p-coumaroyl-CoA. These three initial steps of the phenylpropanoids pathway
catalyzed by PAL, C4H, and 4CL form the basis for all subsequent branches and
resulting organic compounds (Fig. 2).

PAL is the first enzyme involved in the phenylpropanoid metabolism and has
been extensively studied. PAL isoforms constitute a multigene family in various
plant species such as four genes in Arabidopsis thaliana, five in Populus tri-
chocarpa, and nine in Oryza sativa [28, 29]. Each of the individual PAL gene
exhibits differential response to biotic and abiotic stresses, and their expression is
highly variable across spatial regions and developmental stages [30]. In Arabidopsis,
PAL1, PAL2, and PAL4 are heterologously expressed at a higher level in the mature
stems, while PAL3 demonstrated a very low activity [31]. Considering the presence
of specific promoter element in PAL1 and PAL2 genes, the enzyme encoded by them
are considered to be the prominent one associated with Arabidopsis
phenylpropanoid metabolism [16, 28, 29]. Usually PAL is a soluble enzyme residing
in cytoplasm; however both cytoplasmic and membrane-bound localizations of
several PAL isoforms have been reported [28, 32, 33]. Similarly, organ-specific
expression analysis of poplar PAL genes revealed that three out of the five are active
with the first one involved in lignin formation, the second one is specifically targeted
for tannin formation, while the third one is associated with flowering [29, 34]. In
contrast, as many as 20 PAL genes are associated with the phenylpropanoid biosyn-
thesis in Lycopersicon esculentum although only one has been found to be consti-
tutively expressed in all tissues [35]. The molecular mechanisms associated with the
inactiveness of such a large number of PAL gene in tomato is still unclear. Addi-
tionally, a quadruple mutant pal1pal1pal3pal4 in Arabidopsis demonstrated a mar-
ginal PAL activity suggesting that unidentified PAL-like genes are also linked to
phenylpropanoid biosynthesis [36].

The subcellular association of PAL with the endoplasmic reticulum bound C4H has
been hypothesized, enabling an effective conduit of metabolites through the
phenylpropanoid pathway [37, 38]. C4H belongs to the oxidoreductase family of
enzymes and one of the most studied plant cytochrome P450 monooxygenase involved
in plant metabolism [39]. It is the only member of theCYP73A subfamily in Arabidopsis
although it exists as multigene families in many species [40]. Heterologously expressed
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C4H as well as the protein directly isolated from the plant exhibit high substrate
specificity with t-cinnamic acid. Overexpression of C4H transcripts is often associated
with high lignifications and enhanced production of phenolic compounds, while the

Fig. 2 Phenylpropanoid biosynthetic pathway with extended branching for various organic com-
pounds. Enzymes are as follows: PAL phenylalanine ammonia lyase, C4H cinnamate-4 hydroxy-
lase, 4CL 4-hydroxycinnamate CoA-ligase, CHS- chalcone synthase, CHI chalcone isomerase, F3H
flavonone 3-hydroxylase, FLS flavonone synthase, 3GT flavonoid 3-O-glucosyltransferase, HID
2-hydroxy isoflavanone dehydratase, I7OMT isoflavone 7-O-methyltransferase, DFR
dihydrofavonolreductase, ANS anthocyanidin synthase, ANR anthocyanidin reductase, AGT antho-
cyanin glycosyltransferase, AAT anthocyanin acetyltransferase, AMT anthocyanin
methyltransferase, TT19 transparent testa 19, TT12 transparent testa 12, STS stilbene synthase,
C3H p-coumaroyl-shikimate 30 hydroxylate, COMT caffeoyl CoA 3-O-methyltransferase
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downregulation of C4H results in altered lignin content [40, 41]. Allelic mutant of
Arabidopsis C4H gene, ref3, has reported a reduced deposition of lignin and tannins,
impaired water transport due to collapsed xylem, and reduced apical dominance and
male sterility [42]. Taken together, these results suggest that C4H is a significant
component of physiological processes that are critical to the survival of the plants
besides phenylpropanoid metabolism. The subsequent step downstream of C4H is
mediated by AMP forming small gene family of 4CL ligase resulting in the formation
of the CoA thioester 4-coumaroyl CoA [43]. The importance of 4CL genes and proteins
is evident from the fact that the activated 4-coumaroyl CoA represents the starting point
of not only the phenylpropanoid biosynthesis, but the metabolism of a wide variety of
secondary metabolites including flavonoids, isoflavonoids, and stilbenes [12, 16].

2.1 Biosynthesis of Monolignols, Lignin, and Lignan

A major downstream reaction in the phenylpropanoid pathway involves the biosyn-
thesis of monolignols. These are the hydroxyl cinnamyl alcohol monomers that act
as source materials for the biosynthesis of lignin and lignan. Following the synthesis
of p-coumaroyl-CoA by 4CL, the p-coumaroyl group is transferred to shikimate by
the enzyme hydroxylsinnamoyl-CoA shikimate to quinate hydroxylcinnamoyl-
transferase (HCT) [44] (Fig. 2). The p-coumaroyl-shikimate is then hydroxylated
at the 30 end by p-coumaroyl-shikimate 30 hydroxylate (C30H) to form caffeoyl
shikimate [45]. HCT undergoes a reverse reaction by transferring the caffeoyl part
back into the CoA forming the caffeoyl CoA [44]. The first methyl transfer reaction
is the phenylpropanoid metabolism catalyzed by caffeoyl CoA 3-O-
methyltransferase (CCoAOMT) resulting in the formation of feruloyl CoA from
caffeoyl CoA [12, 46]. The hydroxyl cimmamoyl CoA thioesters are subsequently
reduced to hydroxyl cinnamaldehydes by the NADPH-dependent cinnamoyl CoA
reductase (CCR) [47]. Consequently, cinnamyl alcohol dehydrogenase (CAD) cat-
alyzes the next step of the reaction, reducing cinnamaldehydes to cinnamyl alcohols
using NADPH [47]. CAD plays an extensive role in lignin biosynthesis and forma-
tion of other plant defense metabolites [48, 49].

Lignin is a prominent phenylpropanoid with vital role in plant structure and
defense. It is the second most abundant organic complex after cellulose evenly
deposited on the secondary walls of tracheary elements, sclereids cells, and to
some extent in the middle lamella and primary cell walls of plants. Lignin is
generated by oxidative polymerization of two hydroxy cinnamyl alcohols, namely,
coniferyl alcohol and sinapyl alcohol to yield an intermediate radical [50] (Fig. 2).
Constituents of lignin differ in angiosperm plants from that of the gymnosperms. In
angiosperms, lignin consists of coniferyl and sinapyl alcohols [guaiacyl (G)-syringyl
(S)], whereas in gymnosperms it consists mostly of coniferyl alcohol (G type) with
small amounts of p-hydroxyphenyl (H)-type lignin [50]. Initial characterization
suggested that the formation of lignin by monolignol polymerization was believed
to be a random process mediated by H2O2-dependent peroxidases, H2O2-indepen-
dent laccases, and polyphenol oxidases having phenoxy radicals as by-products
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[50]. Conversely, later studies have shown that the dimerization of monolignols is a
stereoselective to enantio-selective mechanism in which the bimolecular phenoxy
radical coupling is guided by an auxiliary dirigent protein [51]. Further, lignin
depositions at cell wall might be a result of the endwise polymerization of mono-
lignols and its elongation via a template mechanism [52]. Additionally, other
nonspecific oxidases are also involved in generating the free radical species from
monolignols [53].

Lignans are phenylpropanoid dimeric metabolites where monomers are linked by
the central carbon (C8) atoms [54]. Based upon the incorporation of oxygen into the
carbon skeleton and subsequent cyclization pattern, lignans can be divided into eight
subgroups such as furofuran, furan, dibenzylbutane, dibenzyl butyrolactone,
aryltetralin, arylnaphthalene, dibenzo cyclooctadiene, and dibenzyl butyrolactol
[54]. The level of oxidation of aromatic ring and the side chains vary along the
subgroups of lignans. Lignan is formed by the enantio-selective dimerization of two
coniferyl alcohol units along with dirigent protein to form pinoresinol or furofuran
[55]. This reaction is catalyzed by the enzyme pinoresinol synthase (PS). Pinoresinol
undergoes two consecutive stereo-specific reactions catalyzed by the DADPH-
dependent pinoresinol-lariciresinol reductase (PLR) to synthesize (+)-lariciresinol
(furan) which is further reduced to (+)-secoisolariciresinol. Consequent oxidation of
the dibenzylbutane by secoisolariciresinol dehydrogenase (SDH) results in the
production of matairesinol [56].

2.2 Biosynthesis of Flavonone, Isoflavonoids, and Anthocyanins

Flavonoids are a major group of plant secondary metabolites emerging out of the
phenylpropanoid pathway. They are basically represented by the pigments that color
most of the flowers, leaves, and fruits. Extensive research has been carried out on
them, and this has resulted in the identification of more than 6000 flavonoids in a
wide variety of plants [57]. They are broadly classified into seven major groups
including flavones, flavonols, chalcones, flavondiols and anthocyanins, pro-
anthocyanins, and aurones [57–59]. Legumes are characterized by the presence of
specific flavonoid structures called as isoflavonoids [60, 61], and grapes, peanuts,
and few unrelated species synthesize a chalcone derivative called as stilbenes [62],
while few other species produce phlobaphenes [59]. A high diversity in their
structure also accounts for myriads of biological functions including protection
from phytopathogens and other physiological stresses, protection from photo-
oxidative damages, nutrient retrieval, coloration of flowers, pollination, male steril-
ity, nodular signaling, and hormonal transport [59, 63, 64]. 4-Coumaroyl CoA is
transformed into various kinds of flavonoids by a series of downstream enzymatic
activities [59] (Fig. 2). The first enzyme in the process is chalcone synthase (CHS), a
type III polyketide synthase which catalyzes the claisen ester condensation concom-
itant with CO2 liberation from p-coumaroyl-CoA to produce chalcone scaffolds from
which all flavonoids are derived [65]. This is followed by subsequent isomerization
and hydroxylation by chalcone isomerase (CHI) and flavonone 3-hydroxylase
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(F3H), respectively, to produce dihydrokaempferol [66]. Dihydrokaempferol is
further hydroxylated with F3H to synthesize dyhydroquercetin. Subsequently,
flavonone synthase (FLS) catalyzes an oxidoreductase reaction by removing the
dihydroxyl group from dihydrokaempferol and dihydroquercetin to synthesize
kaempferol and quercetin, respectively [67]. Dihydrofavonols are consecutively
catalyzed by dihydrofavonol reductase (DFR) and anthocyanidin synthase (ANS)
to produce the anthocynidins. Subsequent glycosylation and acylation reactions
convert the anthocyanidins into anthocyanin molecules [68, 69]. A multiple
enzyme-based branching reaction emerges out from the central isoflavanone inter-
mediate naringenin in the leguminous plants for the biosynthesis of isoflavonoids
[60]. This first step in this process involves the migration of an aryl group from the
two to three carbon position in the B ring of naringenin resulting in the formation of
2-hydroxyisoflavanone [70, 71]. This reaction is catalyzed by a CYP450 enzyme
isoflavonone synthase (IFS). The 2-hydroxyisoflavanone is subsequently
dehyadrated by 2-hydroxyisoflavanone dehydratase (HID) to form corresponding
isoflavonoids [72].

Although the fundamental pathway for flavonoid biosynthesis is conserved,
specific alteration in the basic skeleton of flavonoid metabolism could be seen
amid plant species due to multiple steps driven by a wide range of enzymes such
as isomerases, reductases, and dioxygenases [73]. Further, most of the flavonoid
biosynthetic enzymes are present as enzyme complexes bound to the endoplasmic
reticulum, while the synthesized pigments are located in the vacuoles or cell wall.
However, recent reports also suggest the localization of some flavonoid biosynthetic
enzymes in the nucleus as well as the tonoplast [74, 75].

3 Metabolic Engineering of Phenylpropanoids

Plant secondary metabolites constitute several groups and have multiple vital func-
tions in plant life cycle. Besides, they are characterized by high medicinal and
economic significance apart from natural in-plant functions [76]. In the attempt of
producing high-yielding plants, often the productions of some specialized secondary
metabolites are compromised [77]. Also, many plants producing important second-
ary metabolites grow slowly and are almost impossible for the in vitro cultures
[2]. Therefore, it is equally important to maintain and/or improve the production of
important secondary metabolites at the time of producing an elite cultivar. Metabolic
engineering is a promising tool for the enhancement of production and quality of
plant secondary metabolites in a highly selective and cost-effective approach
(Fig. 3). Additionally, the engineering of metabolic pathways can lead to metabolite
structural modifications, improvements, or even synthesis of new products [78]. Sev-
eral plant secondary metabolites and their associated metabolic pathways have been
improved by using metabolic engineering tools [79]. In some cases of pathway
manipulation, the change of biosynthetic site also helps in improved yield of
the particular secondary metabolite by overriding the plant regulatory mechanisms
[80, 81]. Pathway engineering for enhanced production of secondary metabolites can
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be carried out in the native producer by the regulation of transcription factors and
overexpression of biosynthetic genes [82]. Alternatively, the transfer of the meta-
bolic pathways into heterologous hosts is a more acceptable strategy toward a
successful metabolic engineering effort. Several heterologous hosts including Strep-
tomyces, Escherichia coli, Saccharomyces cerevisiae, and Nicotiana benthamiana
have been used to assemble large blocks of DNA for reconstruction of complex
metabolic pathways for enhanced production of secondary metabolites [2].

Metabolic engineering of secondary metabolites can be achieved by bringing up
alteration at many tiers [1]. The structural challenges in metabolic engineering
should be addressed by the introduction of single or multiple rate-limiting enzymes
encoding genes from the central metabolic pathway [83]. The overexpression of the
rate-limiting enzymes in plants or their transformation into suitable microbes may
lead to increased accumulation of the specific metabolite. Further, the biosynthesis of
plant secondary metabolites is often governed at both transcriptional as well as
translational stages. Therefore, the regulatory challenges have to be prevailed over
by manipulation of transcriptional and translational apparatus [2]. Additionally, the
generation of a particular metabolite is greatly affected by the metabolic pathways
in-flux regulations. In such cases, the whole genomic or targeted transcriptomic and
metabolomics analysis of a specific plant could be performed to overcome the flux-
associated challenges. Lastly, the metabolic engineering should also result in high
accumulation of the desired secondary metabolite, without any toxicity to the cells.

Fig. 3 Key applications of metabolic engineering in plants and microorganisms
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Therefore, specific transporters must be designated for specific secondary metabo-
lites to ensure their movement to proper subcellular and/or extracellular location for
sequestration, without resulting in any toxicity. Phenylpropanoid being an important
group of secondary metabolites offers significant bioengineering potential for
improvements [77]. Several key enzymes involved in both early and late stages of
phenylpropanoid metabolism have been already cloned and characterized
[84]. These enzymes and their sequence information serve as an asset for the
metabolic engineering processes and improvement of the end products. A significant
review of engineering strategies for the manipulation of structural and regulatory
genes from the phenyl propanoid pathway is presented here (Fig. 4). We have
discussed many specific examples on the engineering of different kinds of
phenylpropanoids to point out crucial advancement in the field.

3.1 Engineering Major Flavonoid Metabolism

Flavanoids are the most significant group of commercial phenylpropanoids owing to
multitude of functions in plant systems [85]. However, the flavonoid in plants is very
low and largely depends upon developmental and environmental conditions. This
limited availability is always a challenge for commercial production of flavonoids.

Fig. 4 Engineering of phenylpropanoid pathway through the manipulation of structural genes and
regulatory factors. The names of the structural genes are mentioned in the legend of Fig. 2. The
regulatory genes are as follows: LC leaf color, MYB myeloblastosis family of transcription factors,
NAC NAM, ATAF and CUC family of transcription factors, PAP production of anthocyanin
pigment
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Besides, the alternative approaches for flavonoid production are highly challenging
and cost expensive due to the long growing stages of the plants, poor culturability
together with extreme reaction conditions, and toxicity of the chemical synthetic
processes. Therefore, the engineering of phenylpropanoid pathway in plants or
microbes could be a suitable alternative to produce novel flavonoid with important
commercial and medicinal activities. Since the first report on heterologous expres-
sion of maize dihydro quercetin 4-reductase (DFR) gene resulting in orange Petunia
flowers [86], the flavonoid biosynthetic pathways have been engineered in many
horticultural plants for floral coloration [87] and disease resistance [88]. Tomato
being an agriculturally important crop has been used as model plant for engineering
of the flavonoid pathway for enhanced nutraceutical properties [89]. Both the
structural and regulatory genes have been modified from the flavonoid pathway of
tomato to increase the yield of the secondary metabolite. The overexpression of two
flavonoid regulatory transcription factors, the maize leaf color (LC) and MYB type
C1 (colorless), resulted in enhanced accumulation of kaempferol in the flesh of the
tomato fruits which normally doesn’t produce flavonoids [90]. A previous heterol-
ogous expression of LC and C1 genes in Arabidopsis also resulted in anthocyanin
accumulation even in those tissues which do not show any pigmentation [91]. Inter-
estingly, the tomato fruits did not accumulate any anthocyanin because of the low
expression of the gene encoding flavanone-3,5-hydroxylase (F3,5-H) in tomato fruit
together with strong preference of tomato dihydroflavonol reductase (DFR) enzyme
to use F3,5-H-derived dihydromyricetin as substrate for the synthesis of anthocya-
nins [92]. Among the structural genes associated with flavonoid biosynthesis in
tomato, CHI which converts naringenin chalcone to naringenin is the rate-limiting
enzyme in the pathway leading to rutin. An ectopic overexpression of CHI gene of
Petunia led to 70% enhancement in the accumulation of quercetin in the peels of
tomato [24, 93]. Later, Colliver et al. [94] demonstrated that a concomitant expres-
sion of four Petunia genes CHS, CHI, F3H, and FLS enhanced the synthesis of
quercetin and kaempferol in peel and flesh of tomato, respectively. In recent times,
RNA interference has been widely used to downregulate the expression of specific
flavonoid genes. RNAi inhibition of CHS resulted in drastic reduction of total
flavonol together with significant phenotypic variations in tomato [95]. The majority
of fruits were parthenocarpic in the RNAi lines suggesting that flavonoids have a
significant role in fertilization and fruit and seed development. Engineering of
flavonoid pathway has been reported in some plants for the regulation of pollen
fertility. In maize, male sterile lines were produced through the mutation of CHS
genes C2 andWhp [87]. Antisense expressions of CHS and STS have also resulted in
male sterility in Petunia and tobacco plants [96, 97].

E. coli has been the preferred ex-host system for metabolic engineering and
heterologous production of flavonoids [98–100]. Hwang et al. [101] first reported
the production of flavonoids in E. coli by engineering PAL, CHS, and 4CL from
Streptomyces coelicolor. However, the low levels of intracellular precursors greatly
limited the flavonoid yield. Subsequently, Leonard et al. [102] introduced various
strategies to reengineer the central metabolism in E. coli to enhance the production of
intracellular precursor malonyl coenzyme A. Four acetyl CoA carboxylase (ACC)
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subunits from Photorhabdus lumenescens were introduced into E. coli to realize a
5.8-fold increase in flavonoid production [102]. Zha et al. [103] performed addi-
tional engineering in the internal metabolic pathway by simultaneous overexpression
of ACC and acetyl CoA synthase (ACS) leading to 15-fold increase in cellular
malonyl coenzyme A. Fowler et al. [98] developed a highly innovative cipher of
evolutionary design (CiED) to identify genetic perturbations that could improve the
host genotypes for better production of the metabolites. Employing CiED, it was
revealed that the improved E. coli genotypes channelled the flux toward malonyl
coenzyme A (CoA) more effectively to increase the flavonoid biosynthesis. The
targeted deletion of native genes from the TCA cycle of E. coli as predicted by CiED
and overexpression of genes required for synthesis of the plant-derived flavanones
and coenzyme A biosynthetic pathway enhanced the production of flavonoids. The
elevated yields in the modified E. coli cells were over 660% for naringenin
(15–100 mg/l/optical density unit [OD]) and by over 420% for eriodictyol
(13–55 mg/l/OD) [98]. Likewise, Santos et al. [100] reported the production of
naringenin directly from glucose, without the supplement of any precursor amino
acid. A complete pathway consisting of four enzymes, i.e., CHS and codon-
optimized TAL, 4CL, and CHI, was transformed into E. coli and its heterologous
expression produced 29 mg/l naringenin from glucose. Besides E. coli, many
flavonoid metabolic engineering have been carried out in Saccharomyces cerevisiae
cultures as it provide a number of specific advantages of overexpression in other
systems. Ro and Douglas [104] introduced PAL and C4H into S. cerevisiae which
could effectively deaminate phenylalanine into cinnamic acid consequently produc-
ing 4-coumaryl CoA. A subsequent experiment involving the introduction of PAL,
4CL, and CHS into yeast cells produced significant amount of naringenin from
phenylalanine [105]. Besides, several other studies have demonstrated that meta-
bolic engineering in yeast could result in enhance production of natural as well as
novel flavonoids using chalcone substrates.

3.2 Engineering Isoflavonoid Biosynthesis

Isoflavonoids are important derivative of central phenylpropanoid pathway and have
direct role in plant defense and nitrogen fixation in leguminous plants [106]. Meta-
bolic engineering has opened up new opportunities to alter or enhance the accumu-
lation of specific or new isoflavonoids in a variety of species. Genetic modification
of key structural genes including IFS and HID is directly associated with enhance
accumulation of isoflavonoids in many plants. Silencing of IFS gene through RNAi
resulted in reduced production of isoflavonoids and less resistance to microbial
infection soybean [107]. In contrast, a constitutive expression of M. truncatula IFS
(MtIFS1) led to significant production of genistein glucoside besides accumulating
several other isoflavonones including formononetin, medicarpin, and daidzein in
alfalfa leaves [108]. Similarly, RNAi silencing of CHS6 genes caused a drastic
decrease in the accumulation of daidzein, coumestrol, and genistein in transgenic
soybean roots [109]. Likewise, the overexpression of HID also leads to substantial
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enhancement in the percentage of isoflavonoids daidzein and genistein in legumes as
well as other plants [72, 110]. Additionally, the overexpression of regulatory tran-
scription factor MYBs also plays an important role in the activation of isoflavonoid
biosynthesis. Yu et al. [111] reported two to four folds increase in isoflavonoid levels
of soybean seeds by ectopic expression of maize C1 and R1 TFs in conjunction with
co-suppression of F3H. This has been replicated in various plant systems including
maize, Arabidopsis, and tobacco [112, 113]. This suggests that activation/down-
regulation of structural and regulatory genes is a viable strategy for the regulation of
isoflavonoid biosynthesis in different plant species.

In addition to the native producers, heterologous hosts such as E. coli and
S. cereviceae have also been used for the commercial production of isoflavonoids.
However, the process is quite complex in bacteria owing to the absence of
membrane-bound cytochrome P450 (CPR) enzymes and translational incompatibil-
ity due to the lack of endoplasmic reticulum. To overcome these problems, Leonard
and Koffas [114] developed an artificial one component enzyme similar to bacterial
P450BM3 that increases the turnover of bacterial P450 enzymes. These recombinant
E. coli cells were found to have greater abilities for enhanced production of iso-
flavonoids genistein and daidzein. The heterologous expression of plant genes and
the subsequent production of isoflavonoids in yeast are comparatively easy due to
similarity in transcriptional and translational machinery. Co-expression of CHI and
IFS in engineered yeast resulted in effective conversion of chalcone subtrates to
flavones and subsequent isoflavones [115]. Recently, the co-expression of a three-
enzyme system (IFS, HID, and CPRs) in S. cereviceae caused biotransformation of
multiple natural and synthetic dihydroxy flavones into their corresponding iso-
flavones [116]. These results suggest that the identification of active enzymes and
their engineering in heterologous hosts can be greatly used for mutasynthesis of
isoflavonoids in commercial quantities.

3.3 Engineering the Production of Anthocyanin
and Proanthocyanidins

Anthocyanins and proanthocyanidins (PA) (also known as condensed tannins) are
major derivatives of phenylpropanoid pathway that occurs as focussed metabolites
in various plants. Anthocyanins are glycosides of anthocyanidins, while pro-
anthocyanidins are actually polymers of aglycones [117]. As they serve a variety
of functions in plant systems, efforts have been taken to engineer their production for
quality and quantity. Engineering of anthocyanin has been sought in many orna-
mental plants to generate novel floral colors. This includes the engineering of the
anthocyanin and aurones biosynthetic pathway for the development of blue color in
rose and Petunia or the introduction of red, orange, or yellow colors in other plants
[118–120]. Engineering a functional F3050H gene to produce a delphidin-based
anthocyanin together with the overexpression of a Petunia DFR gene led to blue
coloration of the rose flower [118]. Likewise, the suppression of F3050H and
overexpression of Petunia DFR genes in tobacco led to enhanced production of
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pelargonidin-based anthocyanin resulting in orange-red flowers [119]. A previous
study had shown that the anthocyanin production could be further induced by
downregulation of FLS gene [121]. Many new genes related to anthocyanin biosyn-
thesis have been identified through genomic and transcriptomic analysis whose
engineering has resulted in delicate modifications of floral color [122, 123]. In the
recent times, scientists are more comfortable in engineering the regulatory TFs
owing to the complexity of the anthocyanin biosynthetic pathway and the associated
structural genes. As many as four MYB TFs, PAP1, PAP2, MYB113, and MYB114,
have been identified as major regulators of anthocyanin biosynthesis, and their
overexpression results in high accumulation of anthocyanin in leaf, stem, flowers,
and roots of various plants [124–126]. Recently, the co-expression of PAP1 and Lc
genes led to significant elevation of anthocyanin levels along with other
phenylpropanoids in Saussurea involucrate [127]. Besides, the modification of
anthocyanin regulatory factors also contributes to the marketability of the fruits
and vegetables. For example, the mutation of a R2-R3 MYB gene in cauliflower
conferred anthocyanin accumulation resulting in intense purple color in the
curds [128].

PA production is significantly induced during herbivory and microbial attack.
Therefore, engineering the PA biosynthesis has been attempted to regulate plant
defense response against pests and pathogens. Overexpression of a catechin biosyn-
thetic gene PtrLAR3 in Populus trichocarpa showed PA accumulation and demon-
strated enhance resistance to the fungus Marsonina brunnea [129]. Higher PA
content contributes to the bitterness and astringency in fruits and vegetables. Met-
abolic engineering is also used to suppress the PA biosynthetic genes to make the
fruits and vegetables edible without artificial treatments. Co-suppression of catechin
biosynthetic gene ANR, F3050H, and shikimate dehydrogenase in a persimmon
(Diospyrus kaki) mutant resulted in a no astringent phenotype with reduced accu-
mulation of PA in the fruit [130]. A MYB TF DkMYB4 was found to be synchro-
nously downregulated similar to the structural genes in persimmon transgenic lines.
A DkMYB4 knockdown line of Diospyrus kaki also revealed similar pattern of gene
expression and phenotype in accordance with the mutant line [130]. PA modification
also contributes to the quality of forage plants for better ruminal digestibility. Ectopic
expression of a strawberry transcription factor FaMYB1 inhibits the biosynthesis of
PA in the leaves of the forage plant Lotus corniculatus [131]. Altogether, this
suggests that metabolic engineering of anthocyanin and PA is necessary for quali-
tative and quantitative improvement of plant varieties.

3.4 Metabolic Engineering of Resveratrol

Resveratrol are the non-flavonoid monomeric units of dihydroxy stilbene which are
produced by a limited number of plants species especially from the family Vitaceae
and Fabaceae [132]. They have phytoalexin activity and form a significant part of the
general plant defense mechanism. The trans-resveratrol has myriads of medicinal
benefits such as anticancerous, antitumor, and antiaging besides being used in the
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treatment of neurological and cardiovascular disorders [62]. This has resulted in
tremendous increase in the demand of trans-R and associated stilbenes in the recent
times. As the native producers have a very low content of trans-R, metabolic
engineering provides a suitable alternative for increasing the production of these
natural phenolics compounds. Early application of trans-R engineering primarily
focussed on increasing the production of phytoalexin for antimicrobial potential
[133]. Since the first effort of transferring two grapevine STS genes Vst1 and Vst2
toward the development of tobacco resistance to Botrytis cinerea infection [134], the
process has been reenacted in a variety of crop plants for protection against a wide
range of phytopathogens (reviewed in Jeandet et al. [135]). However, the level of
trans-R and its antimicrobial potential depended on the plant species, promoter used,
and the ripening stage of the transgenic lines.

Current strategies for the bioproduction of trans-R largely involve the heterolo-
gous expression of either the entire phenylpropanoid pathway or selective genes in
the baker yeast S. cereviceae [83, 99, 136]. Trantas et al. [99] introduced the entire
pathway in S. cereviceae and produced 0.3 mg/l of trans-R from 10 mM phenylal-
anine as substrate. In a previous study, yeast strain transformed with 4CL from
tobacco and STS from grapevine resulted in higher quantity of trans-R only with
p-coumaric acid as the substrate [137]. Further, Zhang et al. [138] constructed a
4CL::STS fusion to realize a tenfold increase in trans-R production. However, this
yield is significantly lower as compared to the data obtained with bacterial host
E. coli [139]. Recently, a new laboratory strain of yeast expressing 4CL1 from
A. thaliana and STS from grapevine resulted in 262 mg/l of trans-R [136]. Addition-
ally, the simultaneous expression of an E. coli area E transporter gene along with
4CL and STS significantly increased the trans-R production in transformed yeast as
compared to control cells [83]. These results suggest that a proper optimization of
factors related to type of strains, precursors, and mode of transformation could result
in higher level of trans-R production from microorganisms.

3.5 Metabolic Engineering of Lignans and Lignins

Lignin is a complex polymer generated by oxidative polymerization of cinnamyl
alcohol derivatives called monolignols that are produced through the
phenylpropanoid biosynthetic pathway [140]. They constitute a major part of the
plant cell wall providing mechanical strength to plant stem and trunk. Lignin mostly
occludes with plant cellulose preventing their enzymatic and microbial decomposi-
tion. This has tremendous impact on the usage of lignocellulosic biomass for their
forage quality, pulping efficiency, and alternative source of fuels [141]. Metabolic
engineering enables genetic alteration of the quality and quantity of lignin polymer
in the lignocellulosic biomass. Downregulation of monolignol-specific pathway
enzymes such as CCR, F5H, COMT, and CAD directly affects the lignin composi-
tion and increases the saccharification of the lignocellulosic biomass in many
biomass crops (reviewed in Poovaiah et al. [142]). Besides, the modification of
downstream laccases which helps in lignifications process also contributes to the
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decrease in lignin quantity. Barthet et al. [143] reported that silencing of two
A. thaliana laccase genes LAC4 and LAC17 demonstrated low lignin levels and
increased saccharification in the transgenic lines as compared to wild-type plants.
Additionally, the manipulation of transcription factor and other regulatory elements
associated with lignin biosynthesis also have dramatic effect on lignin content and
composition in forage plants [142]. The recent discoveries of the biosynthetic
enzymes for the alternative lignin monomers also provide a viable option for
engineering lignin composition by replacing the traditional monolignols with alter-
native monomers [142]. However, these are preliminary considerations and a com-
plete metabolic engineering is yet to be attempted for introducing alternative
monomers into the lignin biosynthetic pathway.

Lignans are oligomers of dibenzylbutane that are produced by dimerization of
cinnamyl alcohol derivatives by the help of dirigent proteins. Lignans and their
glucoside derivatives exhibit a wide variety of bioactivities in plants and animals,
and this has led to the molecular characterization and engineering of lignan biosyn-
thetic genes to enhance their production to commercial levels. Current metabolic
engineering strategies for ligan production mostly involve cell and organ culture of
lignan-rich plants such as Linum and Forsythia species [144]. Forsythia cell line
transfected with a pinoresinol-lariciresinol reductase (PLR)-RNA interference
(RNAi) (PLR-RNAi) construct showed complete loss of matairesinol and 20-fold
accumulation of pinoresinol [145]. Additionally, the co-expression of PLR-RNAi and
a sesem in producing gene CYP81Q1 exhibited production of sesem in as well as
pinoresinol glucoside in the transgenic cell line. Likewise, RNAi metabolic engi-
neering has been carried out in many Linum species for the production of important
lignans including podophyllotoxin, justicidin, and pinoresinol glucoside
[144, 146]. Together, this suggests that Forsythia and Linum could be used as a
suitable medium for engineering the production of endogenous as well as exogenous
lignans.

4 Conclusions and Future Perspectives

Engineering of secondary metabolic pathways primarily aims at increasing or
decreasing the quantity of certain metabolic compounds. With the advances in our
knowledge of the enzymes from the phenylpropanoid pathway and associated
biosynthetic branches together with efficient transformation protocols, it is now
possible to engineer the composition and content of phenylpropanoids in plants.
Besides, the functional reconstruction of biosynthetic pathways in highly character-
ized heterologous host such as E. coli and S. cereviceae provides greater opportu-
nities for scaling the production of phenylpropanoids. However it is essential to
understand and mitigate the structural, regulatory, and metabolic flux-associated
challenges of the biosynthetic pathways to increase the efficiency of metabolic
engineering in ex-host system. The advent of genome scale omics approaches such
as whole genome/transcriptome sequencing, proteome analyses, molecular model-
ling, and metabolomics would be highly useful to iterate the complexities of
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engineering targets and substrate usage. Additionally, these tools will not only
provide information about the new hosts and reconstructed targets but also will
explore their conditions for the maintenance of engineered pathways and accumu-
lation of exogenous phenolic compounds. These are interesting times to initiate more
in-depth studies to develop and optimize new platforms of metabolic engineering for
viable and large-scale production of phenylpropanoids as per the human
requirements.
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Abstract
Though secondary metabolism is integrated in networks with primary metabo-
lism, still the biosynthetic pathways for most of the structurally known plant
secondary compounds are unknown. Transformed roots developed following
integration and expression of genes from Agrobacterium rhizogenes have proved
to be a valuable model system in studying secondary metabolic pathways since
they generally reflect the in planta operation of these pathways both in their route
and enzymology. Transformed root culture is an isolated organ-culture system
and physiologically distinct from the whole-plant system. This is important on
two counts. First, transformed root cultures offer a better and simpler system in
which to relate enzyme activities and product formation, uncomplicated by
potential transport and source-sink relationships. Secondly, there is scant infor-
mation in literature concerning phenylpropanoid and terpenoid metabolisms in
roots of any kind. In this chapter, we report our findings with transformed root
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cultures ofDaucus carota on a new biochemical pathway of hydroxybenzoic acid
biosynthesis with an evidence of a phenylpropanoid chain cleavage enzyme for
benzenoid formation and diversion of metabolic flows from phenylpropanoids to
isoprenoids in green transformed roots upon photooxidative stress. Metabolite
profiling using HPLC/ESI-MS/GC-MS, HPLC-based in vitro enzyme assays,
inhibitor feeding experiments, and transcript analysis formed the basis of the
above investigations.

Keywords
4-Hydroxybenzoic acid • Daucus • Green hairy roots • Isoprenoid • Methyl-
erythritol 4-phosphate (MEP) • Phenylpropanoid • Volatile terpenoid
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1 Carrot Root Organs and Secondary Metabolism

Modified orange root of carrot (Daucus carota L.) is consumed worldwide due to its
high levels of α-carotene and β-carotene [1]. Apart from carotenes, volatile terpe-
noids are also present in D. carota roots, which are mainly responsible for the
typical aroma and flavor of carrots. Taken together, mono- and sesquiterpenes
represent approximately 98% of the volatile compounds [2, 3]. Interestingly,
D. carota is one of the few dicot species where accumulation of simple phenolic
compounds even in the absence of pathogen attack was noted [4]. Several studies
have demonstrated that carrot cell walls contain significant quantities of
4-hydroxybenzoic acid, which is presumed to be esterified to cell wall polymers
[5]. 4-Hydroxybenzoic acid was associated predominantly with the branched
pectic polysaccharides, in contrast to the 4-hydroxybenzaldehyde [6]. Among
hydroxybenzoates, 4-hydroxybenzoic acid has received considerable attention
because of its application in food [7], medicine [8, 9], cosmetics [10], and polymer
industries [11]. This phenolic metabolite serves as biosynthetic building blocks for
ubiquinone and naphthoquinone pigments such as shikonin [12]. Esters of 4--
hydroxybenzoic acids are used in making antimicrobial food preservatives
called parabens [6, 13]. In plants this phenolic acid plays an important role in
defense response and also known to trigger the release of pathogenesis-related
protein [14].

In addition, ferulic acid (mostly in dimer forms) and a range of other typical wall-
bound phenolic aldehydes and cinnamic acid derivatives were also identified from
D. carota roots [6, 15]. Thus, two major secondary metabolic pathways, viz.,
isoprenoid/carotenoid and phenylpropanoid/benzenoid, contribute to metabolite for-
mation in D. carota root.
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2 Understanding of 4-Hydroxybenzoic Acid Biosynthesis
and Regulation Is Incomplete

Plant hydroxybenzoates are common mediators of plant responses of biotic and
abiotic stress. Benzoate and hydroxybenzoate are simple small molecules. However,
their evolving chemical and functional diversities and complexities are well reflected
in their biosynthetic route [16]. Although much progress has been made in elucidat-
ing the biosynthetic route, still a part of the story remains elusive [17, 18]. Evidence
is building to support the idea that hydroxybenzoic acid (or benzoic acid) could be
synthesized either from phenylpropanoid pathway involving one of the three possi-
ble C2-chain-shortening route or directly from shikimate/chorismate. There is a
pressing need, however, to determine in what tissues and under which conditions
these distinct pathways are utilized. Compared to lignin and flavonoid biosynthesis,
relatively little is known about 4-hydroxybenzoate biosynthesis. However, till date
no detailed information on the particular enzyme(s) and gene(s) involved in
4-hydroxybenzoic acid biosynthesis is available [5, 16, 19]. It is likely that a
C2-chain cleavage enzyme or enzyme system is involved in 4-hydroxybenzoic
acid biosynthesis; however, the nature of this C2-chain-shortening enzyme is poorly
understood. This incomplete knowledge of biosynthetic pathway is a major reason
for limited success of any metabolic engineering efforts for enhancement of
4-hydroxybenzoate production.

A metabolic pathway can be reconstructed by predicting intermediate reactions
stepwise in the direction reverse to biosynthesis, from a given secondary compound
to a starting basic metabolite. The chemical structures of natural compounds often
give a clue to the selection of its precursor(s) and the reaction steps that have to take
place to finish with the compound of interest [20, 21]. Therefore a complete
understanding of the enzymes and genes involved in 4-hydroxybenzoic acid bio-
synthesis may provide new insights on our understanding about the regulation and
function of this important metabolite. This will also help in designing proper
strategies for pathway manipulation for enhancing 4-hydroxybenzoic acid
formation.

3 Properties of Transformed Roots

Transformed roots (transformed roots) are obtained by genetic transformation of
plant cells by the bacterium Agrobacterium rhizogenes. A. rhizogenes is a soil-living
gram-negative bacterium which infects a wide range of dicotyledonous species and
causes neoplastic “transformed root” disease. Upon infection, a copy of the T-DNA
of the Ri plasmid is stably integrated into the plant genome. This event is mediated
by the virulence (vir) genes located in the Ri plasmid; vir gene expression is induced
by the phenolic compounds α-hydroxyacetosyringone and acetosyringone. Three
genes, named rolA, rolB, and rolC, encoded in the TL portion of T-DNA of the Ri
plasmid, have been shown to be involved in transformed root initiation and
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maintenance. The exact role of these genes is still unclear and may vary among plant
species.

Typically, this disease syndrome is characterized by numerous fast-growing,
highly branched adventitious roots at the site of infection, which can be grown
continuously in vitro in hormone-free culture medium. Transformed roots (often
referred to as “transformed roots” because of the profusion of root hairs commonly
associated with them) are morphologically different from normal plant roots in that
they are more highly branched and usually have faster overall growth rates than
normal roots. Transformed roots are usually robust in culture and may be maintained
for extended periods without detectable changes in their growth and biosynthetic
capabilities and thus may be established as an experimental system for studying
secondary metabolism.

In general, the secondary metabolism of transformed roots appears to reflect the in
planta operation of the species from which they were developed. On the other hand,
the absence of the aerial parts of the plant means that the normal transport of
secondary metabolites from roots to the rest of the plant is disrupted and normally
exported compounds may accumulate in the roots. Perhaps for these reasons,
metabolites not normally prominent in roots of the normal plant may be present at
detectable concentrations in transformed root cultures.

4 Transformed Roots of D. carota as a System to Investigate
the Enzymatic Route to 4-Hydroxybenzoic Acid Formation

Major secondary metabolite constituents of D. carota include carotenes, anthocya-
nins, and phenolic acids. Carrot cell wall is known to accumulate a number of ester-
linked phenolic acids such as 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde,
vanillic acid, vanillin, 4-coumaric acid, cis-ferulic acid, trans-ferulic acid, and
8-O-dihydroferulic acid; 4-hydroxybenzoic acid is the most abundant phenolics in
D. carota cell wall [4, 6, 22], which appears to be ester-linked with lignin-like
precursors [23] or to the more highly branched pectic polysaccharides [6].

In the past, elicited cell suspension culture of D. carota was explored for the
production of 4-hydroxybenzoic acid [5]; however not much success was achieved
in resolving 4-hydroxybenzoic acid biosynthesis at enzymatic level. The C2-chain
cleavage enzyme was found to be unstable in D. carota cell suspension cultures
[5]. While examining these reports on 4-hydroxybenzoic acid accumulation in the
cell wall of disorganized culture of D. carota, it was anticipated that perhaps an
organized culture, in particular, transformed root culture, could be a suitable system
to explore 4-hydroxybenzoic acid accumulation in carrot cell wall. Transformed
roots are usually faster in growth rate as compared to other organ cultures because of
the absence of source-sink metabolite transfer concept in transformed roots
[24]. Therefore, these transformed root cultures often produce metabolites at higher
levels than normal plant roots. Moreover, transformed roots are robust in culture and
may be maintained for extended periods without detectable changes in their growth
and biosynthetic capabilities [25]. It is further possible that although appropriate
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pathway structural genes for a desired natural product are present in both disorga-
nized and organized cultures, they are frequently not expressed in disorganized
cultures. This explains why some natural products are produced only in organ
cultures [26]. Moreover, transformed root culture can be used to elucidate the
intermediates and key enzymes involved in the biosynthesis of secondary metabo-
lites [27, 28]. This is because, transformed roots generally reflect the in planta
operation of the biochemical pathways operated in normal roots [29]. Transformed
root cultures can also be treated with different biotic or abiotic elicitors, which is a
standard approach to enhance or induce the expression of desired pathway genes and
enzymes under investigations [30, 31]. Methyl jasmonate and chitosan are two
widely used elicitors in plant system. Jasmonic acid and its related compounds
such as methyl jasmonate have long been observed to be transducers of elicitor
signals for the production of plant secondary metabolites [32]. Chitosan is a chem-
ical inducer which stimulates the formation of a wide variety of secondary metab-
olites such as terpenoids, flavonoids, alkaloids, benzoates, phenylpropanoids, and
many other categories of secondary metabolites in plants [33]. Chitosan (a polymer
of ß-1,4-glucosamine residues) is an effective elicitor that is extensively used for
stimulating plant secondary metabolite formation [19, 34–36].

The root disks of Daucus carota inoculated with Agrobacterium rhizogenes
produced a number of transformed roots at the site of infection. The transformed
root phenotype was characterized by fast hormone-independent growth, lack of
geotropism, and profuse lateral branching. These D. carota transformed roots were
used as a model system to study the enzymatic route of 4-hydroxybenzoic acid
formation.

5 Profiling of Major Phenolic Compounds from Transformed
Roots of D. carota by HPLC Analysis

Transformed roots of D. carota were analyzed by HPLC for the presence of soluble
and wall-bound phenolic compounds. Soluble and wall-bound phenolics were
separately analyzed and quantified by HPLC. Transformed roots growing in the
log phase (15 days after subculture) were selected for the analysis of phenolic
compounds. The identification of each phenolic compound was based on a combi-
nation of retention time, cochromatography, and spectral matching with authentic
standard.

HPLC analysis of wall-bound phenolics from carrot transformed roots showed
the presence of six phenolic compounds. They were 4-hydroxybenzoic acid, vanillic
acid, 4-hydroxybenzaldehyde, vanillin, 4-coumaric acid, and ferulic acid. Phenolics
were released by saponification, acidified and partitioned into organic solvent, and
then analyzed by reverse phase HPLC. The identification of each compound was
based on a combination of retention time, cochromatography, and spectral matching
with authentic standard. The content of phenolic substances was determined by
quantitative HPLC analysis. A typical HPLC chromatogram of wall-bound pheno-
lics from D. carota transformed root has been presented in UV spectrum
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corresponding to each peak that was matched with spectrum of authentic reference
compound. The most abundant phenolic compounds detected was
4-hydroxybenzoic acid (1.9 mg/g dry mass) followed by ferulic acid (0.62 mg/g
dry mass) and 4-coumaric acid (0.45 mg/g dry mass). 4-Hydroxybenzaldehyde was
present in scarce amount. No qualitative variation in phenolic composition was
observed among different transformed root lines. However, quantitative variation
of phenolic compounds was observed among different transformed root lines,
particularly in the amount of 4-hydroxybenzoic acid.

HPLC analysis of soluble phenolics from transformed roots showed the presence
of only 4-hydroxybenzoic acid and traces of caffeic acid. However, soluble
4-hydroxybenzoic acid was detected only in young transformed roots. The amount
of soluble 4-hydroxybenzoic acid detected after 15 days of subculture was 0.12 mg/g
dry mass. A gradual decrease in soluble 4-hydroxybenzoic acid content was
observed with delay of subculture period. No free soluble 4-hydroxybenzoic acid
was detectable after 28 days of subculture. Detection of a substantial high amount of
4-hydroxybenzoic acid in soluble fraction provided an opportunity to study the
nature of occurrence of this phenolic acid. Hydroxybenzoates are known to occur
in the cytosol usually in the form of conjugates (mostly as glycoside). Now, question
arises if this accumulation of soluble 4-hydroxybenzoic acid in the cytosol occurred
in conjugated form or in free form. To clarify this question, the aliquoted supernatant
for soluble phenolic acid determination was treated separately with concentrated
HCl and 2 M NaOH to remove the glycoside and ester bonds, respectively. HPLC
analyses showed that all the three fractions (methanol-soluble fraction, HCl-treated
methanol-soluble fraction, and NaOH-treated methanol-soluble fraction) had similar
retention time as that of standard 4-hydroxybenzoic acid. Further, UV spectral
analysis of all the three fractions matches with the corresponding spectra of standard
4-hydroxybenzoic acid. Similarity in HPLC retention time and UV spectral
matching confirmed that 4-hydroxybenzoic acid occurred in cytosol as free acid
instead of usual glycoside form. In order to get unambiguous confirmation for free
nature of 4-hydroxybenzoic acid, HPLC elute corresponding to 4-hydroxybenzoic
acid from methanol-soluble fraction was subjected to ESI-MS analyses. Spectral
matching from ESI-MS analyses finally confirmed the non-conjugated (�free)
nature of soluble 4-hydroxybenzoic acid (Fig. 1).

6 Elicitor-Induced Enhanced Accumulation of
4-Hydroxybenzoic Acid in Transformed Roots of D. carota

A range of chitosan concentration (50–300 mg/L) was also tested for inducing
4-hydroxybenzoic accumulation in transformed roots of D. carota. Transformed
roots subcultured for 15 days (growing in liquid B5 medium) were used for
elicitation experiments. Transformed root line L15 was chosen for these studies.
Maximum 4-hydroxybenzoic acid accumulation was observed with 200 mg/L
chitosan treatment. Higher chitosan concentration had less stimulatory effect on
4-hydroxybenzoic acid accumulation and also hampered root growth. Based on
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dose-response study using 50–300 mg/L chitosan, a final concentration of 200 mg/L
was chosen for all subsequent experiments that induced maximum
4-hydroxybenzoic acid accumulation. Maximum 4-hydroxybenzoic acid contents
accumulated in soluble and wall-bound fractions were 0.5 � 0.028 mg/g dry mass
and 4.46 � 0.24 mg/g dry mass, respectively, upon 36 h of chitosan treatment. As
compared to non-elicited roots, these values of soluble and wall-bound phenolics
were higher by 5.8-fold and 2.4-fold, respectively. Lignin content was found to be
enhanced by twofold in elicited roots after 48 h of treatment. Non-elicited
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transformed root line showed a little or no change in 4-hydroxybenzoic acid and
lignin content over the same time-course studied. Except 4-coumaric acid, no
striking increase in other wall-bound phenolics was observed upon chitosan
treatment.

7 Elucidating Enzymatic Pathway of 4-Hydroxybenzoic Acid
Formation in Transformed Roots of D. carota

Cell-free extracts from chitosan-treated transformed roots were used to assay phe-
nylalanine ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H),
4-hydroxybenzaldehyde synthase (HBS), and 4-hydroxybenzaldehyde dehydroge-
nase (HBD) enzymes.

PAL activity was detected by HPLC in chitosan-treated transformed roots.
Chitosan-treated transformed roots were harvested at different time points after the
onset of elicitation (3–48 h). Cell-free extracts were prepared and used for the
determination of PAL activity. A maximum PAL activity of 4.5 nkat/mg protein
was observed after 12 h of chitosan treatment, which was nearly 5.6-fold higher than
the values obtained for nontreated controls. After 12 h elicitation, a rapid decline in
the PAL activity was observed. At 48 h post-elicitation, PAL activity had nearly
decreased to the basal level. The PAL activities remained more or less constant in
non-elicited (control) roots (0.8 nkat/mg protein) over a similar time-course period.

A considerable C4H activity was detected in the microsomal fraction of elicited
carrot transformed roots. The identity of product formation (4-coumaric acid) was
ascertained by HPLC retention time, cochromatography, and UV spectral analysis
with that of authentic reference. This enzymatic activity required NADPH as
electron donor. Time-course analysis of C4H activity in chitosan-treated transformed
roots showed maximum C4H activity at 18 h post-elicitation (0.15 nkat/mg pro-
teins). C4H activity was found to be decreased rapidly thereafter and reached to basal
level after 30 h. However, unlike PAL activity a very less basal activity was observed
up to 12 h. Control roots showed little or no change in C4H activity over a similar
time-course period. When PIP (200 μM) was added to the assay mixture (using cell-
free extract from 18 h post-elicited roots that showed maximum C4H activity), a
60% reduction in product formation was observed. These results clearly indicated
the PIP-mediated inhibition of C4H in vitro.

In order to detect and characterize the enzymes of 4-hydroxybenzoic acid bio-
synthesis, desalted cell-free extract from chitosan-treated 15-day-old transformed
root tissue was used. Transformed roots respond to chitosan treatment by enhancing
the accumulation of 4-hydroxybenzoic acid, mainly in the wall-bound form. Thus,
chitosan-treated transformed roots were used to prepare cell-free extracts for the
incubation with 4-coumaric acid, dithiothreitol (DTT), and NAD+. Subsequent
HPLC analysis demonstrated the formation of 4-hydroxybenzoic acid and scant
amount of 4-hydroxybenzaldehyde. The identity of this enzymatic product was
confirmed by cochromatography with a sample of authentic reference compound
and UV spectroscopy. In addition, GC-MS analysis revealed that the mass spectrum
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of the enzymatic product agreed with that of the reference compound. Control assay
with heat-denatured cell-free extract failed to produce any 4-hydroxybenzoic acid;
however a small amount of 4-hydroxybenzaldehyde was detected even in control
assay; this indicated a spontaneous nonenzymatic conversion of 4-coumaric acid to
4-hydroxybenzaldehyde in a slower rate. In the absence of NAD+ in the reaction
mixture, only 4-hydroxybenzaldehyde was formed instead of 4-hydroxybenzoic
acid. The absence of DTT in the assay failed to produce 4-hydroxybenzoic acid in
the assay. However, enzymatic conversion of 4-coumaric acid to 4-hydroxybenzoic
acid was uplifted by the presence of thiol reagent, such as DTT.

To test whether in vitro conversion of 4-coumaric acid to 4-hydroxybenzoic acid
was CoA dependent or not, cell-free extracts were incubated with CoA, ATP, and
MgCl2 in different combinations..When 4-coumaric acid was incubated with DTT
(10 mM), ATP (2 mM), and MgCl2 (1 mM), a substantial 4-hydroxybenzaldehyde
formation was observed. Replacement of ATP with CoA (0.2 mM) decreased 4-
hydroxybenzaldehyde formation. Furthermore, incubation of 4-coumaric acid with
DTT (10 mM), ATP (2 mM), CoA (0.2 mM), MgCl2 (1 mM), and NAD+(2 mM)
resulted in formation of 4-hydroxybenzoic acid (and trace amount of
4-hydroxybenzaldehyde), but it was always less than production with NAD+(2 mM)
alone. This suggests that this enzymatic reaction is independent of coumaroyl-CoA
formation. Moreover, addition of MDCA (1 mM) in incubation mixture along with
all other cofactors (DTT, ATP, CoA, NAD+, and MgCl2) led to the more production
of 4-hydroxybenzoic acid. A similar observation was noticed when chitosan-treated
(200 mg/L for 24 h) transformed roots were used for the preparation of cell-free
extracts, the results of which were published elsewhere [37].

Formation of 4-hydroxybenzaldehyde as intermediate during in vitro conversion
of 4-coumaric acid to 4-hydroxybenzoic acid by cell-free extracts of carrot clearly
indicated the involvement of two separate enzyme activities: first, conversion of
4-coumaric acid to 4-hydroxybenzaldehyde followed by subsequent conversion of
4-hydroxybenzaldehyde to 4-hydroxybenzoic acid. These two enzymatic conver-
sions were separately checked using desalted cell-free extracts.

To detect 4-hydroxybenzaldehyde synthase (HBS) activity that catalyzes the
in vitro conversion of 4-coumaric acid into 4-hydroxybenzaldehyde, methyl
jasmonate-treated transformed roots were used to prepare cell-free extract for the
incubation with 4-coumaric acid and DTT. Subsequent HPLC analysis demonstrated
the formation of 4-hydroxybenzaldehyde. The identity of this enzymatic product was
confirmed by cochromatography with a sample of authentic reference compound, by
UV spectroscopy, and finally by GC-MS analysis. GC-MS analysis revealed that the
mass spectrum of the enzymatic product agreed with that of the reference compound.
A small amount of nonenzymatic 4-hydroxybenzaldehyde formation was observed
in control assays containing heat-denatured cell-free extract. Assay without enzyme
also showed 4-hydroxybenzaldehyde formation in a low rate due to spontaneous
conversion of 4-coumaric acid to 4-hydroxybenzaldehyde under the assay condition
used. Spontaneous 4-hydroxybenzaldehyde formation was dependent on the con-
centration of 4-coumaric acid and DTT. However, no derailment product formation
was observed with DTT. HBS activity was calculated by subtracting the amount of
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nonenzymatically formed 4-hydroxybenzaldehyde from the amount of
HBS-catalyzed 4-hydroxybenzaldehyde formation. 4-Hydroxybenzaldehyde dehy-
drogenase (HBD) from Daucus carota transformed roots catalyzed the in vitro
conversion of 4-hydroxybenzaldehyde into 4-hydroxybenzoic acid. HBD activity
was tested in chitosan-treated transformed root cultures. Cell-free extracts prepared
from chitosan-treated roots were incubated with 4-hydroxybenzaldehyde, NAD+,
and DTT. Enzymatic reaction was terminated by adding equal volume of methanol to
acetic acid (9:1) and centrifuged. Subsequent HPLC analysis of supernatant showed
the enzymatic formation of 4-hydroxybenzoic acid. The chemical identity of this
enzymatic product was confirmed by cochromatography with a sample of authentic
reference compound, by UV spectroscopy, and finally by GC-MS analysis. Mass
spectrum of the enzymatic product agreed well with that of reference compound. No
enzymatic 4-hydroxybenzoic acid formation was observed in control assays
containing heat-denatured proteins (Fig. 2).
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8 Inhibitor Feeding Studies to Confirm Phenylpropanoid
Pathway-Mediated Biosynthesis of 4-Hydroxybenzoic Acid

In order to ascertain whether 4-hydroxybenzoic acid biosynthesis involves phenyl
ammonia-lyase (PAL), cinnamate-4-hydroxylase (C4H), and 4-coumaroyl-CoA
ligase (4CL) enzyme activities, chitosan-elicited transformed roots (line L15) were
fed with varying concentrations of aminooxyacetic acid (AOAA), piperonylic acid
(PIP), and 3,4-methylenedioxycinnamic acid (MDCA), respectively, which were
known to inhibit PAL, C4H, and 4CL enzyme, respectively. Although both chitosan
and methyl jasmonate were found to be equally potent in eliciting 4-hydroxybenzoic
acid formation, however, for all inhibitor feeding experiments, chitosan was used as
elicitor because of three reasons: (i) chitosan treatment that led to higher accumula-
tion of 4-hydroxybenzoic acid (4.46 mg/g dry mass), (ii) induction of lignin accu-
mulation observed in transformed roots upon chitosan treatment, and (iii) low cost of
elicitor to cope up with large number of experiments.

Effect of AOAA supplementation on 4-hydroxybenzoic acid production was
investigated to test whether 4-hydroxybenzoic acid formation was dependent on
PAL activity. AOAA is a potent inhibitor of L-phenylalanine ammonia-lyase (PAL).
AOAA treatment inhibits PAL activity, which in turn prevents the formation of
trans-cinnamic acid and all other downstream metabolites synthesizing from
cinnamic acid. When chitosan-elicited transformed root cultures were supplemented
with different concentrations of AOAA (0.2 – 1 mM), a concentration-dependent
reduction of 4-hydroxybenzoic acid accumulation was observed. However, even
with higher AOAA concentration, complete suppression of 4-hydroxybenzoic acid
accumulation was never observed. Besides 4-hydroxybenzoic acid, AOAA also
reduced 4-coumaric acid accumulation in a concentration-dependent manner.
Elicited culture without AOAA supplementation showed maximum accumulation
of 4-hydroxybenzoic acid and 4-coumaric acid at 36 h. When 1 mM AOAAwas fed
to elicited transformed roots, maximum 44% and 38% reductions in the contents of
4-hydroxybenzoic acid and 4-coumaric acid, respectively, were observed as com-
pared to elicited roots alone. 4-Hydroxybenzoic acid and 4-coumaric acid content in
elicited roots (without AOAA supplementation) were considered as maximum
(100%). AOAA concentration beyond 1 mM had shown no further inhibitory effect
on 4-hydroxybenzoic acid accumulation. Moreover, soluble 4-hydroxybenzoic acid
completely disappeared with higher AOAA concentrations (more than 0.8 mM).
Results of AOAA supplementation experiments suggest a primarily PAL-mediated
biosynthesis of 4-hydroxybenzoic acid.

In order to confirm whether AOAA supplementation really inhibits endogenous
PAL activity, experiments were carried out with cell-free extract prepared from
AOAA-supplemented transformed roots. A reduced PAL activity was observed in
AOAA (0.5–1 mM)-supplemented transformed roots. Chitosan-elicited transformed
roots supplemented with 0.5–1 mM AOAA for 24 h were used to prepare cell-free
extract for PAL assay. A 29–46% reduction in PAL activity was observed, when cell-
free extract was prepared from 0.5 to 1 mMAOAA-supplemented transformed roots.
Furthermore, when AOAA (0.05–0.5 mM) was added during in vitro PAL assay
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(from 24 h chitosan-elicited roots), a reduction in PAL activity was observed. A
maximum of 68% inhibition was achieved with 0.5 mM AOAA, compared to assay
without AOAA supplementation. This in vivo and in vitro inhibition of PAL activity
indicated that AOAA supplementation inhibits endogenous PAL activity which in
turn suppresses 4-hydroxybenzoic acid formation.

In elicited transformed roots, accumulation of 4-hydroxybenzoic acid was
strongly inhibited by PIP treatment, a specific inhibitor of trans-cinnamate-4-
hydroxylase (C4H) enzyme which occludes the formation of 4-coumaric acid and
all other coumarate-derived downstream metabolites. Increasing concentration of
PIP (0.2–1 mM) supplementation led to a subsequent decrease in the accumulation
of 4-hydroxybenzoic acid and 4-coumaric acid. With 1 mM PIP, 4-hydroxybenzoic
acid and 4-coumaric acid content decreased to a maximum 45–37%, respectively, as
compared to elicited roots alone. 4-Hydroxybenzoic acid and 4-coumaric acid
content in elicited roots were considered as 100%. Beyond 0.8 mM PIP concentra-
tion, soluble 4-hydroxybenzoic acid completely disappeared from the elicited roots.
A simultaneous disappearance of 4-hydroxybenzoic acid and appearance of trans-
cinnamic acid in soluble fraction was observed with higher PIP concentration more
than 0.8 mM. Decrease in 4-hydroxybenzoic acid and 4-coumaric acid in
PIP-supplemented root revealed that C4H enzyme activity is required for
4-hydroxybenzoic acid biosynthesis. Appearance of trans-cinnamic acid in soluble
fraction unequivocally proved the PIP-mediated inhibition of C4H activity.

Being a methylenedioxy compound, MDCAwas known to be an efficient inhib-
itor of 4-coumaroyl-CoA ligase (4CL) enzyme [38], which prevents the in planta
conversion of 4-coumaric acid to 4-coumaroyl-CoA and thus the synthesis of all
downstream metabolites derived from 4-coumaroyl-CoA. MDCA supplementation
(0.2–1.25 mM) apparently had little or no inhibitory effect on 4-hydroxybenzoic
acid accumulation in chitosan-elicited transformed roots of D. carota. However,
with higher MDCA concentrations, a slight increase in p-hydroxybenzoic acid
contents was observed, relative to the elicited roots (with DMSO added) alone.
Soluble and wall-bound 4-hydroxybenzoic acid accumulation increased to a maxi-
mum 185–120%, respectively, in transformed roots supplemented with 1.25 mM of
MDCA over transformed roots treated with chitosan alone. These results suggest
that 4CL enzyme activity is not required for 4-hydroxybenzoic acid biosynthesis in
D. carota transformed roots. Higher concentration of MDCA (1.25 mM) proved to
be detrimental for the growth and viability of transformed roots.

MDCA supplementation inhibited 4CL activity, but considerably increased the
4-hydroxybenzoic acid accumulation. This apparently suggested that 4CL activity is
not a prerequisite for 4-hydroxybenzoic acid biosynthesis in carrot transformed roots.
Supplementation of MDCA (1 mM conc.) in elicited transformed roots resulted in a
maximum of 35.5% decrease in 4CL activity (absolute value 214.75 U/mg protein)
after 24 h of incubation as compared to 100% activity value of root lines treated with
chitosan alone (absolute value 333.82 U/mg protein). In contrary to this, no such
inhibitory effect of MDCA supplementation on 4-hydroxybenzoic acid accumulation
was observed. Moreover, MDCA treatment to elicited roots led to an enhanced
accumulation of both soluble and wall-bound 4-hydroxybenzoic acid. These results
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clearly indicated that MDCA mediated blocking of 4CL activity had no inhibitory
effect on 4-hydroxybenzoic acid biosynthesis. Since lignin biosynthesis is virtually not
active in transformed roots grown under standard condition, chitosan-elicited
transformed roots were used to study the in vivo effects of MDCA on 4CL activity
and formation of lignin. Together with chitosan, MDCA at different concentrations
were supplemented into transformed roots (grown for 15 days) and sampled after 36 h.
When MDCAwas added to the elicited transformed roots at a range of concentrations,
significant decrease in lignin content was observed. With 1 mM MDCA, a maximum
31.6% decrease in lignin content was observed, compared to 100% lignin content of
elicited controls (1.82 � 0.12). Moreover, a maximum 16% decrease in total flavonoid
content was also observed in MDCA-treated roots over the only elicitor-treated con-
trols. This result was obvious because both lignin and flavonoid biosyntheses were
known to occur via 4CL-mediated route (Fig. 3).

9 Greening of D. carota Transformed Roots Upon Cultivation
in Continuous Light

The transformed roots used for these studies turned green, when incubated under
continuous illumination (ca. 250 μmol.m�2.s�1.). These greening remained stable
in transformed roots for more than 3 years, when maintained under continuous
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illumination with shaking and with a subculturing interval of 28 days. Anatomical
examination has confirmed the presence of distinct chloroplasts in green
transformed roots. Both green and normal transformed roots were studied for
their growth in terms of biomass production for a period of 28 days at 7 days
intervals. Initially biomass production was the same for both transformed roots, but
after 14 days, green transformed roots showed more biomass production than
normal transformed roots.

10 Physiological and Biochemical Changes in Green
Transformed Roots Upon Cultivation in Continuous Light

Roots represent the belowground portion of the plant and therefore generally devoid
of light exposure. But if roots are exposed to light even in a very low level
(>10 μmol.m�2.s�1), it can be able to cause significant changes in root morphology
and pigmentation [39]. Thus, greening of hairy roots under continuous light
(250 μmol.m�2.s�1) appears to be a physiological process. This observation
influenced us to study the physiological and biochemical changes, occurred during
greening of transformed roots. Since, hairy roots are known to accumulate different
phenolic compounds, the HPLC analysis of methanolic extracts of normal
transformed roots revealed the formation of 4-hydroxybenzoic acid glucoside
together with 4-hydroxybenzoic acid glucose ester and in much smaller amount of
ferulic acid glucoside as soluble phenolics in normal transformed roots. These
compounds were identified by diode-array UV spectral analysis in comparison
with the spectra of authentic standards reported in the literature [24]. However, the
reduced accumulations of these metabolites (about 50%) were observed in green
transformed roots as compared to normal ones. Being the major wall-bound pheno-
lic, the accumulation of 4-hydroxybenzoic acid was studied in both transformed
roots. A gradual increase in the accumulation of wall-bound 4-hydroxybenzoic acid
was found on time-course (7–28 days) analysis in both green and normal roots. In
normal transformed roots, the 4-hydroxybenzoic acid contents recorded after 7 and
28 days were 1.2 � 0.1 mg/g dry mass and 4.3 � 0.19 mg/g dry mass, respectively,
whereas in green transformed roots, these were 0.7 � 0.12 mg/g dry mass and
3.2 � 0.19 mg/g dry mass, respectively. At every time point of analysis, a reduced
amount of 4-hydroxybenzoic acid content was observed in green transformed roots;
in particular, a 48% reduction of 4-hydroxybenzoic acid content was observed in
green transformed roots after 14 days of subculture, when compared with normal
transformed roots.

Electrophoretic analysis of crude protein extract from both types of roots revealed
the presence of a distinct new band in the crude protein profile of green transformed
roots, but remained absent in the protein profile of normal transformed roots. This
band was excised from gel and treated with trypsin to digest this protein. MALDI-
TOF-MS/MS analysis of trypsin digested excised band of green transformed roots
showed the large subunit of RuBisCO protein. MALDI-TOF-MS spectra were
identified on the basis of molecular weight search score, percentage of sequence
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coverage with minimum five matched peptides. Continuous light has tendency to
generate photooxidative stress on plant tissues. So, transformed hairy roots growing
under continuous light are prone to photooxidative stress. Therefore, it was plausible
to study the antioxidative enzyme activity to know photooxidative stress response in
hairy root system. Superoxide dismutase (SOD) is a ubiquitous enzyme that consti-
tutes the first line of defense against reactive oxygen species by catalyzing the
conversion of hydrogen peroxide from reactive superoxide radical [40]. Increased
activity of SOD in any tissue indicates response of this tissue against stress. In green
transformed roots, the SOD activity was enhanced by 30% as compared to
normal ones.

According to the metal cofactor present in the enzyme, SOD can be divided into
three groups: iron SOD (Fe SOD), manganese SOD (Mn SOD), and copper-zinc
SOD (Cu-Zn SOD). Three isozyme bands were present in both normal and green
transformed root protein extracts, but the intensity of Cu-Zn SOD (band i) was more
in green transformed roots, than normal transformed roots. However, the intensity of
other bands (ii and iii) was more or less similar. These suggesting that specific
activity of band i (Cu-Zn SOD) might contribute to an increase in total SOD
activities in green transformed roots (Fig. 4).

In microorganism, plant, and animal peroxidase, a heme-containing glycoprotein
catalyzes oxidoreduction between H2O2 and reductant to cleave the H2O2 [41]. Nor-
mal transformed roots showed around 60% higher guaiacol peroxidase activity as
compared to green transformed roots. Ascorbate peroxidase catalyzes the reduction
of H2O2 to water by preferential oxidation of ascorbate and therefore plays an
important role in scavenging the H2O2, produced as a result of normal metabolism
or environmental stresses [42, 43]. In green transformed roots, ascorbate peroxidase

Fig. 4 In-gel SOD activity in
total protein sample from
normal (N ) and green (G)
hairy roots
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activity was 10–15% higher than normal transformed roots. Catalase catalyzes the
dismutation of two molecule of H2O2 to water and O2 without consuming cellular
reducing equivalents. Hence, catalase constitutes very energy-efficient antioxidative
defense system in plant cells [44]. As catalase is a photosensitive antioxidative
enzyme, green transformed roots grown under continuous illumination showed a
1.6-fold reduced catalase activity as compared to normal ones.

In plant cells, accumulation of hydrogen peroxide (H2O2) is usually observed as a
product(s) of photosynthesis and photorespiration. Being a stable molecule, it plays
a crucial role as signaling molecule to regulate several physiological processes.
Hydrogen peroxide has a tendency to interact with thiol-containing proteins,
which ultimately leads to the activation of different transcription factors that mod-
ulate the expression of different genes related to several important physiological
processes. Plants under stress condition produced ample amount of H2O2 for
expressing different genes related to antioxidative defense mechanism. In our
study, green transformed roots kept under continuous light were prone to produce
more reactive oxygen species as compared to normal transformed roots. As most of
the antioxidative enzymes in green transformed roots showed enhance activities, it
was necessary to measure the content of H2O2 in both green and normal transformed
roots. Green transformed hairy roots accumulate higher amount of H2O2 than normal
transformed hairy roots. It is plausible that the high level of H2O2 in green
transformed roots downregulates the phenolic biosynthesis by some unknown
mechanism. These findings raised questions as to a possible shift of the carbon
flow toward other metabolic directions in green transformed roots. Glycine betaine is
produced from toxic betaine aldehyde, by the action of enzyme betaine aldehyde
dehydrogenase (BADH). Glycine betaine is known to stabilize photosystem II and
RuBisCo during photosynthesis under stress condition [45]. Activity of BADH was
found to be eightfold higher in green transformed roots as compared to normal ones.

11 Redirection of Secondary Metabolism from
Hydroxybenzoates to Terpenoid Volatiles in Green
Transformed Roots

In green transformed roots, a reduced accumulation of phenolic compounds was
manifested along with enhanced activities of different antioxidative enzymes. It was
anticipated that a photooxidative stress was exerted in transformed roots upon green-
ing. Therefore, in order to combat this abiotic stress, a shift in carbon flows of
secondary metabolism from phenolic biosynthesis to the production of volatile
isoprenoids was predicted (Fig. 5). This hypothesis needs support from different
biochemical experiments. Cell-free root extracts from both green and normal
transformed roots were prepared in different protein extraction buffers and used to
detect the in vitro activities of shikimate dehydrogenase (SKDH), phenylalanine
ammonia-lyase (PAL), 4-hydroxybenzaldehyde dehydrogenase (HBD), pyruvate
kinase (PK), and 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) enzymes.
Except HBD, all other enzyme activities were determined on a time-course basis.
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HBD activities were determined from both green and normal transformed roots after
14 days of subculture. For determining time-course activities, 7–28-day-old roots were
used. Every 7 days interval, the roots were harvested and used for enzyme assay. For
DXR assay, 7-day-old cultures were not used due to generation of insufficient
biomass. Therefore, for time-course DXR assay, 14–28-day-old transformed root
cultures were used.

Shikimate dehydrogenase, one of the well-studied enzymes of the shikimate
pathway is believe to regulate the synthesis of different phenolic compounds in
plants [46]. In normal transformed roots, enzyme activity was highest (2 nkat/mg
protein) in 14-day-old culture, whereas in green transformed roots after 7 days
onward, activity started declining gradually and continued up to 28 days. A SKDH
activity of 1.11 nkat/mg protein was detected in green transformed roots after
14 days of subculture – a 1.8-fold less than normal transformed roots.
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While a PAL activity of 80 pkat/mg protein was observed in normal transformed
roots after 14 days of subculture, in green transformed roots, the activity was found
to be 54 pkat/mg protein, a 1.5-fold less than normal transformed roots. HBD is the
ultimate enzyme of the 4-hydroxybenzoate pathway to produce 4-hydroxybenzoic
acid from 4-hydroxybenzaldehyde. HPLC-based stopped assay method was used to
determine the activities of HBD in both green and normal transformed roots of
14-day-old cultures. Normal transformed roots showed an activity of 6.0 pkat/mg
protein, whereas, in green transformed roots, the HBD activity was found to be 0.4
pkat/mg protein, which was 15-fold less than normal root.

The MEP pathway, which is primarily responsible for the synthesis of different
monoterpene compounds and the phytol chain of chlorophyll molecule, begins with
joining of pyruvate and glyceraldehyde-3-phosphate – the products of primary
metabolism. Greening of transformed roots indicated the formation of chlorophyll
molecule in transformed root tissues. Chlorophyll biosynthesis required activation of
methyl-erythritol 4-phosphate (MEP) pathway, which needs the supply of pyruvate
for increasing the metabolic flux toward MEP pathway. Pyruvate kinase (PK) is one
of the key enzymes in carbon metabolism that converts phosphoenolpyruvic acid
into pyruvic acid. Pyruvate kinase activities can be determined through spectropho-
tometric method coupled with lactic acid dehydrogenase assay. The measurement of
pyruvate kinase activity in both transformed roots tissues can be used to demonstrate
the increment of MEP pathway in transformed root tissues. Time-course study
revealed an enhanced PK activity in green transformed roots than the normal ones.
After 14 days of subculture, the PK activity in green transformed roots was found to
be 45 mU/mg protein, whereas in normal transformed roots, 29.3 mU/mg protein PK
activity was evidenced, showing 1.5-fold lesser activity than the green ones..

DXR is one of the key enzymes of MEP pathway that plays a crucial role to
control isoprenoid biosynthesis in plant [47]. The product of the DXR enzyme-
catalyzed reaction is MEP. DXR activity was determined spectrophotometrically by
measuring the oxidation of NADPH at 340 nm. Enzyme extracts were prepared from
the plastids of both normal and green transformed roots. Time-course DXR activity
was found to be increased up to 21 days then decreased in both types of transformed
roots. At every time point, the DXR activity was higher in green transformed roots
than normal ones.

Plant roots emit myriad of volatile organic compounds including terpenoids, fatty
acid derivatives, and benzenoids in its surroundings [48]. Root volatiles play a major
role in ecological interaction with belowground microorganisms, plants, and herbi-
vores [49]. Volatile compounds of both types of transformed roots of D. carota were
trapped by static headspace using an adsorbent Porapak Q. Compounds were
separated in GC-MS and identified by comparing mass spectrum of the components
to that of mass spectral library from NIST 05 (National Institute of Standards and
Technology, Gaithersburg, USA) and Wiley 8.0 (Wiley, New York, USA). Retention
index values of these compounds were calculated and compared from literatures
[50–52].

Carrot root is known to emit several monoterpene compounds for its specific
aroma [53]. In transformed roots different monoterpenes were detected and
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quantified. Emission of monoterpenes is critically regulated by different environ-
mental cues specifically by light and temperature. A total of 31 compounds were
identified from green transformed roots of which different monoterpenes and ses-
quiterpenes were predominant among the emitted volatiles. Monoterpenes consti-
tuted 42% of the total volatile mass. In monoterpenes β-myrcene, p-cymene, γ-
terpinene, and limonene were major and common in both types of transformed roots.
Sesquiterpenes were the most abundant terpenoids present in both green and normal
transformed roots and constituted 54% of total volatile mass. Among the sesquiter-
penes β-caryophyllene, trans-α-bergamotene, (E) β-farnesene, β-bisabolene, β-
acoradiene, and (3E,6E) α-farnesene were detected. Only one benzenoid compound,
methyl salicylate, was detected and quantified in both types of transformed roots.
Comparative analysis revealed that green transformed roots growing in continuous
light showed threefold increments in monoterpene content than normal.

Volatile compounds emitted from plants are dominated by sesquiterpene com-
pounds and played a crucial role as attractant of pollinator, antagonist of herbivore,
and substance for communication with other plants. The precursors of sesquiterpene
biosynthesis generally come from cytosolic mevalonic acid (MVA) pathway. Emis-
sion of sesquiterpenes was largely influenced by several biotic and abiotic factors
[54]. In several plant species, light plays a positive regulatory role in sesquiterpenes
emission. In other plants, normal carrot roots are found to be an emitter of different
arrays of sesquiterpenes. Transformed roots of D. carota were also found to emit
different arrays of sesquiterpenes as in normal carrot roots. Different sesquiterpenes
have been detected in both types of transformed roots. Comparative volatile analysis
showed 1.7-fold increment of sesquiterpene content in green transformed roots than
normal transformed roots.

Methyl salicylate this insect-induced plant volatiles have been detected in
different plant species [55]. Methyl ester of plant hormone salicylic acid has
been found to be released from different plant species including lima bean,
cabbage, and Arabidopsis [56]. On herbivore-induced plant volatiles, methyl
salicylate acts as attractant of carnivorous arthropod in plant [57–59]. Thus methyl
salicylate mainly acts as defense molecule of plants [60] and formed through
shikimic acid pathway [61]. In normal and green transformed roots of D. carota,
considerable amounts of methyl salicylate have been detected as only benzenoid
compound in transformed root volatiles. Comparative quantification of this partic-
ular benzenoid compound from both types of transformed roots showed 1.8-fold
reductions in methyl salicylate content in green transformed roots than normal
transformed roots.

Clomazone, a potent inhibitor of 1-deoxy-D-xylulose 5-phosphate synthase
(DXS) was used for inhibitor feeding experiments using both the transformed
root systems. In Arabidopsis treatment of clomazone prevents seedling establish-
ment and photosynthetic development by inhibiting DXS enzyme [62]. In this
study the application of clomazone inhibits chlorophyll biosynthesis completely in
green transformed roots. A reduced biomass accumulation was also noticed in
treated green transformed roots. Hence, plant monoterpene compounds are
synthesized by MEP pathway; comparative volatile analyses of both
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clomazone-treated transformed roots and nontreated transformed roots showed
that in clomazone-treated green transformed roots, no monoterpenes were detected
as compared to nontreated green transformed roots. In treated normal transformed
roots, monoterpene content was found to be reduced by 2.5-fold as compared to
nontreated normal transformed roots. In clomazone-treated transformed roots,
monoterpene contents were undetectable as compared to nontreated normal
transformed roots.

Sesquiterpenes are synthesized through cytosolic mevalonate pathway in plant.
Clomazone is found to be inhibiting MEP pathway not mevalonate pathway, but
interestingly, in this study clomazone-treated green transformed roots showed no
sesquiterpene formation as compared to nontreated green transformed roots. In
treated normal transformed roots, sesquiterpene content was found to be reduced
by threefold as compared to nontreated normal transformed roots. As green
transformed roots had not produced any sesquiterpenes due to clomazone treatment,
sesquiterpene content remained quite high in clomazone-treated normal transformed
roots.

Methyl salicylate is only one benzenoid compound detected in volatile analysis of
transformed roots. In clomazone-treated green transformed roots, methyl salicylate
content was 1.3-fold more than green transformed roots, and in the case of
clomazone-treated normal transformed roots, methyl salicylate content was also
1.4-fold more than nontreated normal transformed roots. It was observed that due
to blocking of MEP pathway by clomazone, the amounts of methyl salicylate were
increased in both normal and green transformed roots. However the content of
methyl salicylate was increased by twofold in normal transformed roots as compared
to green ones.

Glyphosate, a potent competitive inhibitor EPSP synthase enzyme is generally
used to block shikimate pathway. In this study, glyphosate was also used to examine
the effect on volatile terpenoid emission upon blocking the shikimate pathway.
Feeding of glyphosate at a concentration of 0.05 mM was carried out according to
a protocol used for tobacco [62]. An increased emission of volatile monoterpenes
was observed in glyphosate-treated transformed roots; a 2.4-fold enhanced amount
of volatile monoterpenes was noticed in glyphosate-treated green transformed roots
as compared to treated normal transformed roots. However, the volatile sesquiter-
pene contents remained more or less unaffected in both types of transformed roots.
Surprisingly, a huge increment of volatile methyl salicylate emission was observed
in both green and normal transformed roots.

12 Conclusions

4-Hydroxybenzoic acid that usually originates from phenylpropanoid pathway is
ubiquitously distributed in higher plants. Despite the importance of
4-hydroxybenzoic acid in plant defense response, the enzymatic route to this phe-
nolic acid formation is not fully resolved. As elicitor-treated transformed root
cultures of D. carota accumulate a high amount of 4-hydroxybenzoic acid, we
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used elicited transformed root cultures as a system for studying enzymatic route to of
4-hydroxybenzoic acid formation in D. carota. Biochemical investigation revealed
the involvement of CoA-independent nonoxidative route of 4-hydroxybenzoic acid
biosynthesis with phenylalanine as the starting point. Phenylalanine is converted into
4-hydroxybenzoic acid through four enzymatic steps. First, phenylalanine undergoes
deamination to give rise to trans-cinnamic acid by a PAL-catalyzed reaction. This
trans-cinnamate is subsequently converted into 4-coumaric acid by the action of
cinnamate 4-hydroxylase, which serves as C6-C3 precursor for 4-hydroxybenzoic
acid formation. 4-Coumaric acid was then converted nonoxidatively into
4-hydroxybenzaldehyde by a novel C2-chain-shortening enzyme called
4-hydroxybenzaldehyde synthase (HBS). 4-Hydroxybenzaldehyde was subse-
quently converted into 4-hydroxybenzoic acid by a NAD+-dependent dehydroge-
nase (HBD) enzyme.

Transformed roots of D. carota upon exposure to continuous light turned green,
which appears to be a rare but physiological process. Surprisingly, a suppressed
amount of 4-hydroxybenzoic acid accumulation was observed in these green
transformed root cultures. This reduced 4-hydroxybenzoic acid contents in green
roots apparently raised question of the possibility of metabolic shift to combat any
stress, in particular photooxidative stress that might have occurred in green
transformed roots [63]. In plants, stress conditions are associated with production
of reactive oxygen species leading to cellular damage. Biochemical measurement of
different marker antioxidative enzymes depicted the occurrence of photooxidative
stress in green transformed roots. Volatile compound analysis from both types of
transformed roots put some light in the question that arises due to reduction of
phenolic content in green transformed roots as compared to normal one. Increased
monoterpene and sesquiterpene contents in green transformed roots substantiated the
activation of terpenoid biosynthesis in green transformed roots due to light irradia-
tion. It is plausible that these volatile terpenoids perhaps protect the green
transformed roots from photooxidative stress, thus justifying the metabolic expenses
of volatile production. It is conceivable that, during greening, the primary metabo-
lites that are normally channelized toward shikimate/phenylpropanoid pathways are
used by the MEP pathway, thus limiting the carbon flow toward shikimic/
phenylpropanoid pathways [64].

Acknowledgments The research findings described in this article were supported by Council of
Scientific and Industrial Research (CSIR), India [grant no. 38(1201)/08/EMR-II to A. Mitra] and
Department of Science and Technology (DST), India [grant no. SP/SR/BB-40/2002 to A. Mitra].

References

1. Fraser PD, Bramley PM (2004) The biosynthesis and nutritional uses of carotenoids. Prog Lipid
Res 43:228–265

2. Alasalvar C, Grigor JM, Zhang D, Quantick PC, Shahidi F (2001) Composition of volatiles,
phenolics, sugars, antioxidant vitamins and sensory quality of different coloured carrot varie-
ties. J Agric Food Chem 49:1410–1416

534 A. Mitra et al.



3. Kjeldsen F, Christensen LP, Edelenbos M (2001) Quantitative analysis of aroma compounds in
carrot (Daucus carota L.) cultivars by capillary gas chromatography using large-volume
injection technique. J Agric Food Chem 49:4342–4348

4. Hartley RD, Harris PJ (1981) Phenolic constituents of cell walls of dicotyledonous. Biochem
Syst Ecol 9:198–203

5. Schnitzler JP, Madlung J, Rose A, Seitz HU (1992) Biosynthesis of p-hydroxybenzoic acid in
elicitor treated carrot cell cultures. Planta 188:594–600

6. Kang YH, Parker CC, Smith AC, Waldron KW (2008) Characterization and distribution of
phenolics in carrot cell wall. J Agric Food Chem 56:8558–8564

7. Tomas-Barberan FA, Clifford MN (2000) Dietary hydroxybenzoic acid derivatives-nature,
occurrence and dietary burden. J Sci Food Agric 80:1024–1032

8. Cho JY, Moon JH, Seong KY, Park KH (1998) Antimicrobial activity of 4- hydroxybenzoic
acids isolated and identified from rice hull. Biosci Biotechol Biochem 62:2273–2276

9. Liu M, Liu S, Peterson SL, Miyake M, Liu KJ (2002) On the application of p-hydroxybenzoic
acid as a trapping agent to study hydroxyl radical generation during cerebral ischemia and
reperfusion. Mol Cell Biochem 234–235:379–385

10. Soni MG, Carabin IG, Burdock GA (2005) Safety assessment of esters of p-hydroxybenzoic
acid (parabens). Food Chem Toxicol 43:985–1015

11. Tullo A (1999) Making a connection with liquid crystal polymers. Chem Mark Report 256:9
12. Löscher R, Heide L (1994) Biosynthesis of p-hydroxybenzoic acid from p-coumarate and

p-coumaroyl-coenzyme A in cell free extract of Lithospermum erythrorhizon cell cultures.
Plant Physiol 106:271–279

13. Mahuzier PE, Altria KD, Clark BJ (2001) Selective and quantitative analysis of
4-hydroxybenzoate preservatives by microemulsion electrokinetic chromatography.
J Chromtogr A 924:465–470

14. Siebert M, Sommer S, Li S, Wang Z, Severin K, Heide L (1996) Genetic engineering of plant
secondary metabolism – accumulation of 4-hydroxybenzoate glucosides as a result of the
expression of the bacterial ubiC gene in tobacco. Plant Physiol 112:811–819

15. Sircar D, Roychowdhury A, Mitra A (2007) Accumulation of p-hydroxybenzoic acid in hairy
roots of Daucus carota. J Plant Physiol 164:1358–1366

16. Wildermuth MC (2006) Variation on a theme: synthesis and modification of plant benzoic acids.
Curr Opin Plant Biol 9:288–296

17. Qualley AV, Widhalm JR, Adebesin F, Kish CM, Dudareva N (2012) Completion of the core
β-oxidative pathway of benzoic acid biosynthesis in plants. Proc Natl Acad Sci U S A
109:16383–16388

18. Gaid MM, Sircar D, Müller A, Beuerle T, Liu B, Ernst L, Hänsch R, Beerhues L (2012)
Cinnamate: CoA ligase initiates the biosynthesis of a benzoate-derived xanthone phytoalexin in
Hypericum calycinum cell cultures. Plant Physiol 160:1267–1280

19. Chakraborty D, Sircar D, Mitra A (2008) Phenylalanine ammonia-lyase-mediated biosynthesis
of 2-hydroxy-4-methoxybenzaldehyde in roots of Hemidesmus indicus. J Plant Physiol
165:1033–1040

20. Oksman-Caldentey KM, Hakkinen ST, Rischer H (2007) Metabolic engineering of the alkaloid
biosynthesis in plants: functional genomics approaches. In: Verpoorte R, Alfermann AW,
Johnson TS (eds) Applications of plant metabolic engineering. Springer, Dordrecht,
pp 109–127

21. Petersen M (2007) Current status of metabolic phytochemistry. Phytochemistry 68:2847–2860
22. Parr AJ, Ng A, Waldron KW (1997) Ester-linked phenolic components of carrot cell walls.

J Agric Food Chem 45:2468–2471
23. Kadokura A, Yokota T, Yagi T, Sato T, Uchiyama T (2003) The nature of induced lignin in

carrot (Daucus carota L.) callus cells elicited with hot water extracts from conidia of Botrytis
cinerea. Plant Biotechnol 20:21–31

24. Mitra A, Mayer MJ, Mellon FA, Michael AJ, Narbad A, Parr AJ, Waldron K, Walton NJ (2002)
4-Hydroxycinnamoyl-CoA-hydratase/lyase, an enzyme of phenylpropanoid cleavage from

20 Metabolic Phytochemistry-Based Approaches for Studying Secondary. . . 535



Pseudomonas, causes formation of C6-C1 glucose conjugates when expressed in hairy roots of
Datura stramonium. Planta 15:79–89

25. Hamill JD, Parr AJ, Rhodes MJC, Robins RJ, Walton NJ (1987) New routes to plant secondary
products. Biotechnology 5:800–804

26. Walton NJ, Alfermann AW, Rhodes MJC (1999) Production of secondary metabolites in cell
and differentiated organ cultures. In: Wink M (ed) Function of plant secondary metabolites and
their exploitation in biotechnology. Sheffield Academic Press, Sheffield, Annu Plant Rev 3:
pp 311–346

27. Pletsch M, de Araujo BS, Charlood BV (1999) Novel biotechnological approaches in environ-
mental remediation research. Biotechnol Adv 17:679–687

28. Hu ZB, Du M (2006) Hairy root and its application in plant genetic engineering. J Integr Plant
Biol 48:121–127

29. Rhodes MJC, Parr AJ, Walton NJ (1997) Studies of metabolic pathways in transformed roots.
In: Doran PM (ed) Hairy roots – culture and applications. Harwood Academic Publishers,
Amsterdam, pp 31–42

30. Verpoorte R, Van der Heijden R, Hoge JHC, Ten Hoopen HJG (1994) Plant cell biotechnology
for the production of secondary metabolites. Pure Appl Chem 66:2307–2310

31. Guillon S, Tremouillaus-Guiller J, Pati PK, Rideau M, Gantet P (2006) Hairy root research:
recent scenario and exciting prospects commentary. Curr Opin Plant Biol 9:341–346

32. Farmer EE, Alméras E, Krishnamurthy V (2003) Jasmonates and related oxylipins in plant
responses to pathogenesis and herbivory. Curr Opin Plant Biol 6:372–378

33. Zhao J, Davis LC, Verpoorte R (2005) Elicitor signal transduction leading to production of plant
secondary metabolite. Biotechnol Adv 23:283–333

34. Jin JH, Shin JH, Kim JH, Chung IS, Lee HJ (1999) Effect of chitosan elicitation and media
components on the production of anthraquinone colorants in madder (Rubia akane Nakai) cell
culture. Biotechnol Bioprocess Eng 4:300–304

35. Pitta-Alvarez SA, Guilietti AM (1999) Influence of chitosan, acetic acid and citric acid on
growth and tropane alkaloid production in transformed roots of Brugmansia candida: effect of
medium, pH and growth phase. Plant Cell Tiss Org Cult 59:31–38

36. Komaraiah P, Naga Amrutha R, Kavi Kishor PB, Ramakrishna SV (2002) Elicitor enhanced
production of plumbagin in suspension cultures of Plumbago rosea L. Enzym Microb Technol
31:634–639

37. Sircar D, Mitra A (2009) Accumulation of p-hydroxybenzoic acid in hairy roots of Daucus
carota 2. Confirming biosynthetic steps through feeding of inhibitors and precursors. J Plant
Physiol 166:1370–1380

38. Funk C, Brodelius PE (1990) Phenylpropanoid metabolism in suspension cultures of Vanilla
planifolia Andr: 11. Effects of precursor feeding and metabolic inhibitors. Plant Physiol
94:95–101

39. Vollsnes AV, Melø TB, Futsaether CM (2012) Photomorphogenesis and pigment induction in
lentil seedling roots exposed to low light conditions. Plant Biol 14:467–474

40. Alscher RG, Erturk N, Heath LS (2002) Role of superoxide dismutases (SODs) in controlling
oxidative stress in plants. J Exp Bot 53:1331–1341

41. Hiraga S, Sasaki K, Ito H, Ohashi Y, Matsui H (2001) A large family of class III plant
peroxidases. Plant Cell Physiol 42:462–468

42. Willekens H, Langebartels C, Tirě C, Montagu MV, Inzě D, Camp WV (1994) Differential
expression of catalase genes in Nicotiana plumbaginifolia (L.). Proc Natl Acad Sci U S A
91:10450–10454

43. Rao MV, Paliyath G, Drmrod DP (1996) Ultraviolet-B and ozone induced biochemical changes
in antioxidant enzymes of Arabidopsis thaliana. Plant Physiol 110:125–136

44. Scandalios JG (1994) Regulation and properties of plant catalases. In: Foyer CH, Mullineaux
PM (eds) Causes of photooxidative stress and amelioration of defense systems in plants. CRC
Press, Boca Raton, pp 275–315

536 A. Mitra et al.



45. Holmström KO, Somersalo S, Mandal A, Palva TE, Welin B (2000) Improvement tolerance to
salinity and low temperature in transgenic tobacco producing glycine betaine. J Exp Bot
51:177–185

46. Herrmann KM (1995) The shikimate pathway: early steps in the biosynthesis of aromatic
compounds. Plant Cell 7:907–919

47. Mahmoud SS, Croteau RB (2001) Metabolic engineering of essential oil yield and composition
in mint by altering expression of deoxyxylulose phosphate reductoisomerase and menthofuran
synthase. Proc Natl Acad Sci U S A 98:8915–8920

48. Loreto F, Schnitzler J (2010) Abiotic stress and induced BVOCs. Trends Plant Sci 15:156–166
49. Holopainen JK, Gershenzon J (2010) Multiple stress factors and the emission of plant VOCs.

Trends Plant Sci 15:176–184
50. da Silva MHL, Andrade EHA, Zoghbi MGB, Luz AIR, da Silva JD, Maia JGS (1999) The

essential oils of Lantana camara L. occurring in North Brazil. Flavour Fragance J 14:208–210
51. Daferera DL, Ziogas BN, Polissiou MG (2003) The effectiveness of plant essential oils on the

growth of Botrytis cinerea, Fusarium sp. and Clavibacter michiganensis subsp. michiganensis.
Crop Prot 22:39–44

52. Asuming WA, Beauchamp PS, Descalzo JT, Dev BC, Dev V, Frost S, Ma CW (2005) Essential
oil composition of four Lomatium Raf. species and their chemotaxonomy. Biochem Syst Ecol
33:17–26

53. Kjeldsen F, Christensen LP, Edelenbos M (2003) Changes in volatile compounds of carrots
(Daucus carota L.) during refrigerated and frozen storage. J Agri Food Chem 51:5400–5407

54. Duhl TR, Helmig D, Guenther A (2008) Sesquiterpene emissions from vegetation: a review.
Biogeosci 5:761–777

55. Zhao N, Guan J, Ferrer JL, Engle N, Chern M, Ronald P, Tschaplinski TJ, Chen F (2010)
Biosynthesis and emission of insect-induced methyl salicylate and methyl benzoate from rice.
Plant Physiol Biochem 48:279–287

56. Snoeren TAL, Mumm R, Poelman EH, Yang Y, Pichersky E, Dicke M (2010) The Herbivore-
Induced plant volatile methyl salicylate negatively affects attraction of the parasitoid Diadegma
semiclausum. J Chem Ecol 36:479–489

57. DeBoer JG, Dicke M (2004) The role of methyl salicylate in prey searching behaviour of the
predatory mite Phytoseiulus persimilis. J Chem Ecol 30:255–271

58. DeBoer JG, Posthumas MA, Dicke M (2004) Identification of volatiles that are used in
discrimination between plants infested with prey or nonprey herbivores by a predatory mite.
J Chem Ecol 30:2215–2230

59. Ishiwari H, Suzuki T, Maeda T (2007) Essential compounds in herbivore-induced plant volatiles
that attract the predatory mite Neoseiulus womersleyi. J Chem Ecol 33:1670–1681

60. Paré PW, Tumlinson JH (1997) De novo biosynthesis of volatiles induced by insect herbivory in
cotton plants. Plant Physiol 114:1161–1167

61. Flores-Pérez Ǔ, Pérez-Gil J, Closa M, Wright LP, Botella-Pavía P, Phillips MA, Ferrer A,
Gershenzon J, Rodríguez-Concepción M (2010) Pleiotropic regulatory locus 1 (PRL1) inte-
grates the regulation of sugar responses with isoprenoid metabolism in Arabidopsis. Mol Plant
3:101–112

62. Haderlie HC, Widholm JM, Slife FW (1977) Effect of glyphosate on carrot and tobacco cells.
Plant Physiol 60:40–43

63. Mukherjee C, Sircar D, Chatterjee M, Das S, Mitra A. (2014) Combating photooxidative stress
in green hairy roots of Daucus carota cultivated under light irradiation. J Plant Physiol
171:179–187.

64. Mukherjee C, Samanta T, Mitra A (2016) Redirection of metabolites biosynthesis from
hydroxybenzoates to volatile terpenoids in green hairy roots of Daucus carota. Planta
243:305–320

20 Metabolic Phytochemistry-Based Approaches for Studying Secondary. . . 537



Functional Analysis and the Role
of Members of SGT Gene Family
of Withania somnifera

21

Pratibha Misra, Gaurav Singh, Manoj K. Mishra, Vibha Pandey,
and Syed Saema

Abstract
Sterol glycosyltransferases (SGTs) catalyze the attachment of a carbohydrate
moiety to an aglycone sterol accepter molecule at different positions. SGTs are
key enzymes for the biosynthesis of many precious natural plant products. SGTs
of Withania somnifera (WsSGTs) help in the glycosylation of withanolides, a
pharmaceutically important C-28 phytochemical product and phytosterols, such
as sitosterol and stigmasterol. SGTs of W. somnifera glycosylate the sterol
backbone at C-3, C-17, and C-27 positions. Modified phytosterols and
withanolides play an important role in maintaining metabolic plasticity during
adaptive response. The expression of SGTs changed during different biotic and
abiotic stresses indicating their role in maintaining the cellular disturbances.
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expression systems defines their role in growth and development of plants. The
functional analysis of these genes has also been studied under abiotic (cold, heat,
and salt) and biotic (SA, JA, Alternaria alternata, and Spodoptera litura) stress-
providing tolerance to the plants. The chapter is concerned with the importance
and application of SGTs in metabolic pathway engineering leading to biosynthe-
sis of important bioactive compounds in W. somnifera.

Keywords
Glycosyltransferases • Withania somnifera • Sterol glycosyltransferases • Biotic
and abiotic stresses • Spodoptera litura • Alternaria alternata • Artificial
miRNA • Transgenic plants
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1 Introduction

Plants are the major source of producing a huge diversity of low molecular weight
natural products through primary and secondary metabolism. This diversity of
compounds is produced by the modification of common backbone structures.
Major modifications, such as methylation, acylation, hydroxylation, and glycosyla-
tion, play a significant role in maintaining the diversity of compounds in the plant.
Glycosylation is one of the most extensive modifications in which monosaccharide
molecules attach to the lipids or proteins. Carbohydrates maintain the structural and
functional biology of plants, such as in the formation of glycoproteins, proteogly-
cans, glycolipids, polysaccharides, etc., and have important roles in cell growth, cell-
cell interactions, immune defense, etc. [3, 14, 34, 54]. The modifications of protein
or lipids by the stepwise assembly of carbohydrate molecules are made by enzymatic
process of glycosyltransferases (GTs) which sequentially transfer the monosaccha-
ride carbohydrate molecule from nucleotide donor to the required acceptor, such as
lipids, and proteins resulting in the formation of a glycosidic bond [10, 17, 46]. The
donor carbohydrates are typically limited to monosaccharides, such as fructose,
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galactose, glucose, arabinose, mannose, xylose, etc., linked to a nucleoside mono- or
diphosphate, such as cytidine monophosphate (CMP), guanosine diphosphate
(GDP), and uridine diphosphate (UDP) [37, 53]. Of these nucleoside sugar donor,
more than 60% of all known GTs are reacted by UDP-glycosyltransferases (UGTs)
[21]. Consequently, there are many known plant GTs with widely different specific-
ities according to their donor and acceptors. Plant GTs are highly conserved in their
sequence and mode of action [5, 15, 35]. They can recognize common features on a
range of substrates including secondary metabolites, hormones, or xenobiotics. In
Withania somnifera, a class of GTs called sterol glycosyltransferases (SGTs) help in
the modification of withanolides and other free sterols, such as sitosterol and
stigmasterol, for the conversion of its glycosylated forms [48, 51]. In this chapter,
we have focused on the importance of SGTs in plants for their tolerance against
different stress (biotic and abiotic) conditions.

In CSIR-NBRI, the first biochemical and kinetic properties of SGT were charac-
terized by Madina et al. [30], Madina et al. [29], and Sharma et al. [50]. Chaturvedi
et al. [6] described the expression of sgtl3.1, sgtl3.2, and sgtl3.3 in biotic (salicylic
acid, methyl jasmonate) and abiotic (heat and cold) stresses. Mishra et al. [32]
overexpressed the WsSGTL1 gene in A. thaliana and elucidated its role in abiotic
stresses (heat, cold, and salt) by the analysis of transgenic lines. Pandey et al. [40]
overexpressed WsSGTL1 gene in N. tabacum transgenic lines and in W. somnifera
for hairy root development and analyzed its role in the production of sterols,
glycosylated sterols, and biotic stress (Spodoptera litura). Comparative interaction
of WsSGTL1 and WsSGTL4 with withanolides and sterols was reported by Pandey
et al. [41]. Effect of WsSGTL1 gene silencing on the growth and glycosylation
pattern by RNAi method was reported by Saema et al. [47]. Saema et al. [48]
reported that overexpression ofWsSGTL1 inW. somnifera helps in growth, enhances
glycowithanolides, and provides biotic and abiotic stress tolerance. Further, Singh
et al. [51] reported that silencing of some members of WsSGTs by aMIR-VIGS
system and silencing of genes modulate the withanolide biosynthesis and lines
became susceptible to Alternaria alternata infection.

2 Evolutionary Conserved Nature of WsSGTs

Phylogenetic analysis performed in GTs explained the ancient origin during evolu-
tion from the time of divergence of prokaryotes and eukaryotes [11, 19]. On the basis
of sequence similarity, GTs from prokaryotes to eukaryotes were grouped into four
monophyletic superfamilies (named after identified four structural folds) GT-A,
GT-B, GT-C, and GT-D. Among them, GT-A and GT-B were evolved as most
diverse and ubiquitous group of GTs, as only GT-A includes E. coli, Bacillus
subtilis, Bos taurus, Oryctolagus cuniculus, Mus musculus, Neisseria meningitidis,
Homo sapiens, etc. [28]. According to CAZYonline database (http://www.cazy.org/
GT1.html), glycosyltransferases (GT) have more than 95 families in which SGTs
have been grouped in family 1 because of having a distinct signature motif at the
C-terminal, the PSPG domain (Fig. 1) [6, 32].
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Full-length characterization of amino acid sequence ofWsSGTmembers (sgtl3.1-
EU342379, sgtl3.2-EU342374, and sgtl3.3-EU342375) deduced their 45–67% open
reading frame (ORF) homonology with known plant’s SGTs [7]. Phylogenetic
analysis of WsSGTL1 and WsSGTL4 proteins reveals the proximity with GTs of
S. lycopersicum and M. truncatula, respectively [29, 41]. GENO3D online server is
used for the structured modeling of WsSGTL1 and WsSGTL4 which gives us
indications that both proteins belong to GT-B family glycosyltransferase because
of having β-sheets in parallel orientation [41]. Studies revealed that almost all
members of GT1 family (mostly plant UGTs) have GT-B domain [26, 57].

3 Docking of WsSGTL1 and WsSGTL4 with Sterols
and Withanolides

Enzymes belonging to the families of glycosyltransferases (GTs) are responsible for
the glycosylation of variety of metabolites. The reaction proceeds by the transfer of
glycosyl moiety from activated nucleoside diphosphate sugar donor to an acceptor
molecule [42]. Two identified SGT enzymes of W. somnifera, WsSGTL1 and
WsSGTL4, have been compared by Pandey et al. [41] on the basis of their topolog-
ical character and conserved nature and substrate specificity with different sterols.
Differences in size as well as their affinity toward different substrates were observed
through sequence alignment and docking experiments, respectively. The obtained
results revealed that both WsSGTs show differences in their affinity towards all
selected ligands and imply their broad substrate specificity. Among all the tested
ligands, brassicasterol and withanolide A showed best interaction to form enzyme
substrate complexes with WsSGTL1 and WsSGTL4, respectively [41].

4 In Vitro Enzymatic Activity of WsSGTs

The first study of biochemical and kinetic properties of a cytosolic SGT isolated from
leaves of W. somnifera was performed by Madina et al. [30]. They described that
UDP-glucose was sugar donor of that purified enzyme. It had broad glycosylation
activity with several sterols and phytosterols with 3β-OH group and low activity
with flavonoids and isoflavonoids [29]. The maximum Kcat/Km value of that
enzyme was for 24-methylenecholesterol that resembles with sitoindosides VII
and VIII of W. somnifera. After that Sharma et al. [50] biochemically characterized
WsSGTL1 in E. coli. They gave the evidence that the recombinant protein isolated

[FW]-x(2)-[LIVMYA]-[LIMV]-x(4-6)-[LVGAC]-[LVFYA]-
[LIVMF]-[STAGCM]-[HNQ]-[STAGC]-G-x(2)-[STAG]-
x(3)-  [STAGL]-[LIVMFA]-x(4)-[PQR]-[LIVMT]-x(3)-[PA]-
x(3)-[PA]- x(3)-[DES]-[QEHN]

Fig. 1 Highly conserved plant secondary product glycosyltransferases (PSPG) sequences [6]
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from E. coli showed modification activity with different sterols but not with the
salicylic acid [50]. Further, a 27β-hydroxy glucosyltransferase was purified from the
cytosolic fraction of W. somnifera leaves to study its kinetic and biochemical
properties [30]. After characterization, it was proved that purified enzyme showed
broad sterol specificity by glycosylating a variety of withanolides/phytosterols with
β-OH group at C-17, C-21, and C-27 positions. Singh et al. [51] further reported that
silencing of WsSGTL1, WsSGTL2, and WsSGTL4 together diminishes their activity
in the silenced lines against stigmasterol and solanidine. This study indicated that
these genes also participated in the glycosylation of stigmasterol and solanidine.

5 Strategies for Functional Analysis of WsSGTs Genes

5.1 Overexpression in Homologous and Heterologous Expression
System

Expression of genes in heterologous organisms has contributed functional impor-
tance in animal and plant system. In animal research, Xenopus oocytes and cell
cultures are major techniques for heterologous gene expression, whereas in plant
domain, yeast has become the prevalent heterologous expression system [16,
58]. For the functional analysis of the SGTL1 gene of W. somnifera, Arabidopsis
thaliana and Nicotiana tabacum were used as heterologous expression systems [32,
40]. Leaves of N. tabacum were subjected to A. tumefaciens-mediated transforma-
tion to develop WsSGTL1 expressing transgenic lines. Among homozygous T3
plants, three independent highly expressive transgenic lines were selected for further
functional analysis. The WsSGTL1 gene was transformed in A. thaliana through
Agrobacterium-mediated transformation by floral dip method. The phenotypic and
physiological parameters like seed weight, germination, root length, shoot weight,
relative electrolyte conductivity, MDA content, SOD (and CAT) levels, relative
electrolyte leakage, and chlorophyll measurements were compared between trans-
genic and wild-type Arabidopsis/Nicotiana plants. Transgenic A. thaliana was
observed for tolerance under different abiotic stresses (salt, heat, and cold); however,
N. tabacum was observed for tolerance to salt stress and biotic (insect) stress to
confirm functional importance of WsSGTL1. An efficient transformation system of
W. somnifera for homologus gene expression has also been devloped through
transformation of GUS reporter gene [38]. Later, Saema et al. [48] introduced
WsSGTL1 gene in homologous system via Agrobacterium tumefaciens-mediated
transformation [48]. The study proved the use of cotyledonary leaves and hypocotyls
explants to get best transformation efficiency. Maximum regeneration and shoot
organogenesis of explants were obtained in the presence of 2 mg/l BAP and 0.1 mg/l
IAA. Biochemical analysis was done by HPLC-TLC/HPLC and radiolabeled
enzyme assay, to confirm the glycosylation achieved by the activity of WsSGTL1.
Based on earlier studies, gene-specific primers were used to isolate the full-length
open reading frame of WsSGTL4 (EU342374) from cDNA. By using A4 strain of
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A. rhizogenes, transgenic hairy root lines with overexpression of WsSGTL4 gene
have been developed [39].

5.2 Silencing of WsSGT Genes

Gene silencing is a universal word used to explain the regulation of gene expression.
For the functional study of WsSGT gene members, siRNA and artificial microRNA
(amiRNA) technologies have been applied using pFGC1008 and virus-induced gene
silencing (VIGS) vectors, respectively [47, 51]. After siRNA-mediated gene silenc-
ing of WsSGTL1 gene, silenced lines were subjected to metabolic profiling of
important withanolides. For the functional analysis of a plant gene, virus-induced
gene silencing has emerged as powerful tool for the reverse genetics. Silencing of
WsSGTL members (WsSGTL1, WsSGTL2, and WsSGTL4) with the combination of
artificial miRNA and VIGS (aMIR-VIGS) led to the enhanced accumulation of
withanolides and phytosterols with decreased content of glycowithanolides in
silenced lines. The variations in the concentrations of withanolide in silenced lines
resulted in pathogen susceptibility. These results gave indications that a positive
feedback regulation of withanolide biosynthesis occurred by silencing of SGTLs
which resulted in reduced biotic tolerance.

6 Biological Roles of WsSGTs

6.1 Effects of WsSGTs on Growth, Development, and Physiology
of Plants

Secondary metabolism produces some significant products that assist in the growth
and development of plants but are not essential for the plant to survive. Glycosyl-
ation is an important phenomenon for the modification of essential secondary plant
products during growth and development [2, 9]. This glycosylation can affect the
solubility, transport, and biological activity of the hormones. In W. somnifera,
overexpression of WsSGTL1 gene positively affects the early and predominant
growth [48]. One of the major effects of this overexpression was the increase of
18–38% in stomatal density and increased size of subsidiary cells in progeny of
several transgenic lines. This included 42–56% increase in transpiration and stoma-
tal conductance, but it did not affected photosynthetic rate, electron transport,
quantum yield, and decreased in water use efficiency. During silencing of WsSGT
gene members, plants grew with short height and less leaf area, which suggested that
SGT activity might be affecting the growth hormone signaling pathway in the plants
[51]. It has already been reported that the glycosylation of brassinosteroids and
strigolactone, a sterol derivative hormone which helps in the growth of axillary bud
and plays very important role in the development of plants [6, 22], has been carried
out by the members of SGTs in plants. Mutation studies on fackel, SMT1,
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cyclopropylsterol isomerase (cpi), hyd1, UGT80B1, and cotyledon vascular pattern1
(cvp1) have revealed roles of sterol modifications in shoot and root patterning,
embryo, cell expansion, vein, fertility, polarity, proliferation, gravitropism, hormone
signaling, and cellulose level maintenance [4, 12]. An earlier report also revealed
cold tolerance, reduced senescence, enhanced growth, and a substantial improve-
ment in protoplasmic drought tolerance, suggesting that SDG8i glucosyltransferase
activity might be affecting the strigolactone pathway in the overexpressing lines of
Arabidopsis [22]. One member of UGTs was reported capable of affecting the
biological activity of plant hormones, such as auxins, cytokinins, ABA, SA,
jasmonic acid, and brassinosteroids via glycosylation [20, 23, 27, 44]. In heterolo-
gous system, expression ofWsSGTL1 reduced plant height and root length and fresh
and dry weight of seedling stage of WsSGTL1-Nt lines of Nicotiana tabacum
[40]. Overexpression of WsSGTL1 gene in A. thaliana transgenics showed better
seed germination and increased tolerance to salt, heat, and cold stress as compared to
wild type [32]. Physiology of plant is dependent on several environmental, bio-
chemical, and molecular changes. Chlorophyll fluorescence imaging (CFI) analysis
of WsSGTL1-Nt lines revealed reduced fluorescence and absorbance as compared to
control plants. Similar to seedlings, 4-month-old WsSGTL1-Nt plants also showed
significantly decreased photochemical efficiency (Fv/Fm) along with lower photo-
synthetic rate, respiration rate, and stomatal conductance. Similarly, reduced level of
chlorophyll-A, chlorophyll-B, total chlorophyll, and carotenoid were found reduced
in leaves of 1-month-old and 3-month-oldWsSGTL1-Nt plants. However, expression
of WsSGTL1 indirectly modulates the growth pattern as well as the physiological
properties of WsSGTL1-Nt by influencing adaptive machinery of plants similar to
reduced growth and photosynthetic rate of plants of severe climatic conditions [40].

6.2 Modulates the Glycosylation of Sterols

Cytoplasm and plastids are the compartments for sterol biosynthesis in plant cells by
mevalonate pathway of isoprenogenesis through phenyl precursors (Fig. 2) [18]. As
an alternative pathway in plants, bacteria, and protozoans, isoprenogenesis is also
reported by 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway, which is localized in
the plastids [49]. These isoprene units direct the biosynthesis of 2,3-oxidosqualene,
which serves as the common precursor of different forms of sterols. Sterol glycosyl-
transferases (SGTs) in plants catalyze the transfer of glycon moieties to the phytos-
terols and their related compounds to generate glycoconjugates or steryl glycosides
(SGs). SGs are membrane associated sterols and comprised of a sugar moiety
attached to C-3 hydroxyl (�OH) group of sterol [7]. For the modification of sterols
by SGT enzymes, most preferred position is C-3OH followed by 27β-OH present at
the side chain of modified sterols [45, 56]. Enzymatic activity (glycosylating activ-
ity) of one member of WsSGTs, i.e., WsSGTL1, has been reported to have 3β-OH
group [29, 31, 50]. Major sterols reported in plant system are sitosterol, campesterol,
and stigmasterol having 3β-OH group. These sterols showed activity with
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WsSGTL1, while another important sterol, i.e., cholesterol, showed no activity with
WsSGTL1 [50]. In W. somnifera, SGTs help in the glycosylation of withanolides for
the conversion to its glycoconjugates [47, 48, 51]. It was also reported that
overexpression of WsSGTL1 gene modulates the accumulation of glycosylated
flavonoids which indicated the role of SGTs in glycosylation of rutin and quercetin
[40]. The ratio of glycosylated versus nonglycosylated phytosterols (stigmasterol,
sitosterol, and campesterol) also changes after changes in the expression of WsSGT
in Withania or other systems [32, 40, 47, 48, 51]. Till date, hundreds of UDP-
glycosyltransferase genes have been cloned and characterized from bacteria, fungus,
model and non-model crops, and ornamental and medicinal plants. However, the
target of specific WsSGT with their specific accepter molecules, withanolides,
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flavonoid, or phytosterol inWithania is still unknown due to their high sequence and
functional similarity.

6.3 Role in Abiotic Stress

In plant membrane system, sterols along with lipids have been identified as major
components and are necessary for organizing the important events such as protein
targeting and signal transduction in plants, fungi, and animals. The expression of
SGTs maintains the ratio of sterol and sterol glycosides in the plasma membrane by
modulating its transcript level under different physiological conditions. Sterol
glycosyltransferases (SGTs) are the intermediate enzymes involved in the modifica-
tion of sterols and play significant role in maintaining the metabolic plasticity during
adaptive responses. In W. somnifera, SGTs are of particular interest for their role in
the biosynthesis of pharmacologically active substances [40]. Due to the presence of
glycowithanolides in Withania, efforts have been made to identify and characterize
SGTs from this important medicinal plant. Besides their medicinal value, SGT gene
family members participate significantly different under-changed physiological con-
ditions, growth and development by glycosylation of the growth hormones, and in
abiotic and biotic stress conditions [32, 40, 48, 51]. Functional analysis ofWsSGTL1
(a member of WsSGT gene family) with its involvement in providing tolerance
toward abiotic stresses has been extensively studied by overexpression in
A. thaliana, N. tabacum, and W. somnifera. Initially, it was reported that the
expression of WsSGT members (WsSGTL1, WsSGTL3.1, WsSGTL3.2, and
WsSGTL3.3) under heat and cold stress indicated their role in abiotic stress tolerance
[7]. Further, overexpression of WsSGTL1 gene into A. thaliana showed better
germination, salt tolerance, and heat and cold tolerance [32]. The expression level
of WsSGTL1 in the transgenic A. thaliana plants was elevated under heat, cold, and
salt stress. Comparative study of UGT80B1 mutant with their restored lines ( p35S:
TTG15/UGT80B1) of A. thaliana showed that this gene participated in the glyco-
sylation of phytosterols. Due to low level of free and glycosylated sterols in the
knockout mutant lines, physiology of plants was highly affected under cold and heat
stress [31]. WsSGTL1 overexpressed N. tabacum transgenic lines showed late
germination, stunted growth, yellowish green leaves, and enhanced antioxidant
system. These changes in the physiological parameters were due to the enhanced
glycosylation by WsSGTL1 gene. Further, overexpression of WsSGTL1 gene in
W. somnifera enhanced the ability to recover after cold stress, photosynthesis
performance, chlorophyll, anthocyanin content, and quenching regulation of PSI
and PSII. These results indicated that the WsSGTL1 gene participated in the abiotic
stress tolerance. Sterol glycosides play important role in membrane fluidity and
permeability [58, 59]. Sterol glycosides and acylated sterol glycosides exchange
gradually between the monolayer halves of membrane bilayer, in comparison to
normal sterols, which serve to regulate sterol content composition and its distribution
in the membrane [55, 58]. This modulation of sterols for maintaining the fluidity of
biomembrane is the adaptation of plants toward different abiotic stresses [6, 52].
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6.4 Enhanced Biotic Stress Tolerance

The accumulation of glycosylated sterols in the plant cells gives the tolerance against
biotic stress also. There are very few reports available on antibacterial activity, in
contrast to antifungal properties of saponins [13]. Silencing of a UDP-Glc-
phenylpropanoid glycosyltransferase reduces the accumulation of scopoletin glyco-
side and weakens virus resistance by enhancing the oxidative stress in the cell
[8]. Tomatine is a glycoalkaloid found in the stem and leaves of tomato plants that
was reported to have antibacterial and antifungal effects on Gram-positive bacteria
[24]. Avenacosides A and B are significant saponins, isolated from oat plants, and
have sugar chains at C-3 and C-26 carbons. They lack antimicrobial activity, but by
removing the C-26 sugar, it can be converted into biologically active forms. The C-3
position of the sterol moiety is the catalytic target of avenacosides, and these
glycoalkaloids were active against the oat root pathogenGaeumannomyces graminis
[36]. It was reported that steroidal sapogenins glycosylated by SAGT4 glycosyl-
transferase enzyme which catalyzes the 3-O-glycosylation are involved in the
biosynthesis of saponin, such as diosgenin, nuatigenin, and tigogenin in Solanum
aculeatissimum [25]. The involvement of SAGT4 enzyme in response to wounding
stress indicates its role in plant defense system. An important potato SGT enzyme
SAGT1 was identified by screening a wound-induced cDNA library in yeast
suggesting the a possible role of SGT in biotic stress [33]. Brassinosteroids of
A. thaliana and mycotoxin deoxynivalenol (DON) of Fusarium were glycosylated
by UGT73C5 gene which provides protection against the pathogen Fusarium by
detoxifying DON [43]. The attachment of sugar chain to C-3 of the sterol is usually
significant for both antifungal properties, and the permeability of membrane and
elimination of these sugar molecules often result in the loss of biological activity of
the membrane [1]. Some glycoalkaloid pairs that have common aglycon molecules
but differ in the composition of their modified carbohydrate chains show synergism
in their membranolytic and antifungal activity [6].

Overexpression of WsSGTL1 in homologous system provides tolerance toward
biotic stress. Transgenic lines prepared by the overexpression of WsSGTL1 gene in
N. tabacum and W. somnifera increase the insect resistance capacity of the plants,
i.e., 100% mortality of Spodoptera litura. The larvae consumed a good amount of
leaves of WT plants and grew normally, whereas negligible amount of transgenic
leaves were fed by larvae. Feeding of S. litura larvae on transgenic leaves for 2–4
days resulted in 90–100% mortality. Heterologous system also caused the accumu-
lation of steroidal saponins which increased the insect resistance property of the
plants [40, 48]. In addition, in studies using artificial diets, it was proved that
increased concentrations of tomatine caused growth retardation and delayed devel-
opment of beetles feeding on Colorado potato, due to having tetrasaccharide moiety
which has membranolytic action [6]. Recently, it was proved that the ratio of
glycosylated and free sterols provides tolerance to the plants against the stress of
Alternaria alternata [51]. SGT enzymes in plants are involved in modulation of
sensitivity to stress hormones and changed tolerance to biotic and abiotic stresses
[31, 32, 40, 48, 51]. SGTs also glycosylate steroidal hormones such as
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brassinosteroids, which has been participating as growth and development regulators
in plants. In the field of metabolomics, it can be said that SGTs play significant role
in plant metabolism and may offer future tools for crop improvement.

7 Conclusions

Sterol glycosyltransferases of W. somnifera participated into several physiological,
molecular, and biochemical responses. Enzymatic and biochemical analysis of SGTs
members indicated their role in modifications of important metabolites which have
their own pharmacological value. Functional studies of these family members in
homologous and heterologous system indicated their importance in plant system.
The members of SGT gene family sustain the metabolic plasticity in the cell which
maintains the homeostasis of the plants. From the previous research, we can con-
clude that SGTs maintain several biological processes in the cell, such as increasing
the solubilization of compounds, helping in degradation of the xenobiotics, and
maintaining the fluidity of membrane by glycosylation of phytosterols. But several
important functions still need study in detail, such as how these genes participate in
the growth and development and the specific sterol target of specific SGTs.
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Abstract
In plant-nematode relations both plants and nematodes release biochemical
compounds from the expressions of genes, which had been technically referred
to as plant genes and gene products, respectively. Plant genes and gene products
can have either a downregulation or an upregulation relationship, which might or
might not result in successful plant-nematode partnerships. The uses of molecular
technologies had enhanced the application of these biochemical compounds in
transgenic plants for the management of nematodes. The chapter overviewed
plant genes and gene products, along with their practical application in nematode
management using nematode-resistant transgenic plants.
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1 Introduction

In plant-nematode interactions, nematodes attack plants through physical and bio-
chemical strategies, whereas the plants mobilize defense responses which comprise
both physical and biochemical strategies [1]. Generally, attacks from high nematode
population densities overpower the plant defense responses, necessitating the need
for human intervention to reduce the nematode numbers. The most effective nem-
atode management strategy comprised the use of fumigant chemical nematicides,
which had since 2005 been withdrawn from the agrochemical markets due to their
being environment-unfriendly [2]. Three years prior to the cutoff withdrawal date,
estimated global annual crop yield losses due to nematodes were at US$126 billion
[3]. Three and eight years after the cutoff withdrawal date, the estimated yield losses
were at US$157 [4] and US$173 [5] billions, respectively. These translated into the
relative increase in yield losses of 25% and 37%, respectively.

Broadly, the damage nematodes induce depends on whether they are at the
migratory or sedentary phases, along with the related strategies that they deploy.
The nematode attacking strategies evolved in a manner that, in most cases, the plant
defense responses are completely avoided. In exo-parasitic nematodes, for instance,
nematodes spend all their life spans in soil solutions. The sting, (Belonolaimus sp.), the
needle (Longidorus spp.), and the ring (Criconemella spp.) nematodes have long
stylets that penetrate the cortical cells at specific feeding sites while the nematode
bodies are out of reach to the plant defense responses. In contrast, those with shorter
and weaker stylets like the pin (Paratylenchus spp.) nematodes feed on epidermal
cells. In all cases, the exo-parasitic nematodes pierce the root surface and insert stylets
into appropriate cells through physical force and then form the cushion-like structures
between the distal part of the stoma and the root surfaces for support. The nematode
releases hydrolytic chemical compounds into the cells, followed by the suction force to
pull the hydrolyzed materials through the stylet canals, esophagi, and then into the
intestines. After the feeding period, which ranges from a few hours to several days, the
stylets are withdrawn, thereby avoiding the plant defense responses.

554 P.W. Mashela et al.



The endo-parasitic mobile nematodes spend most of their life spans inside
the plant tissues, with various evolved strategies to counter the plant defense
strategies. The nematodes restrict their movements to the apoplastic pathways [6,
7], from where they pierce the cell walls with their shorter but thicker and
stronger stylets to suck up the cell contents, thereafter pull out and run away
[7]. However, in apoplastic pathways there are extensive physical and biochem-
ical barriers to nematode movements, which are reviewed later under sedentary
nematodes. Additionally, mobile endo-parasitic nematodes feed on nonlignified
cells at the nondifferentiated zones of the root systems. For one reason or
the other, most uses of nematode resistance have focused much on sedentary
nematodes [7].

Sedentary plant-parasitic nematodes like the cyst (Globodera spp., Heterodera
spp.) and the root-knot (Meloidogyne spp.) nematodes are widely managed through
nematode resistance [7]. Nematode resistance has a number of distinct advantages
over other alternatives, which include: (a) complete prevention of nematode feeding,
development, and reproduction, (b) does not require special application techniques
and equipment, (c) cost-effective, (d) environment-friendly, and (e) sustainable
[8]. However, high soil temperature [9], cyclic salinity [10], honeydew-inducing
insects [11], and nematode races [12, 13] were shown to have deleterious effects on
the efficacy of nematode resistance. Most of these drawbacks were attributed to
imbalances of the osmoticum (Na, Cl, K) ions and osmotic organic compounds in
nematode-infected plants [10, 14]. Increased efforts to manipulate nematode resis-
tance through conventional plant breeding have had limited success due to the
unavailability of nematode-resistant genotypes in certain cultigens, including their
wild relatives. Alternatively, when nematode resistance was present in the wild
relatives, uses of conventional breeding methods to integrate the relevant genes in
nematode-susceptible cultigens failed due to various incompatibilities. For example,
all commercial cultigens in the genus Cucumis are highly susceptible to root-knot
nematodes, whereas their wild relatives, notably Cucumis myriocarpus and Cucumis
africanus, are highly resistant [15]. However, the pollen grains of the Cucumis
cultigens and their wild relatives are incompatible.

Molecular technological advances to explore gene expression in plant-nematode
interactions had since provided unique information on biochemical compounds
associated with the interactions. Such advances range from comparative protein
profiling, differential screening of the cDNA library, and cDNA subtraction differ-
ential display of transcripts and promoter-β-glucuronidase (GUS) fusions, along with
mRNA hybridization to reverse-transcription polymerase chain reaction of the
selected genes [1, 7, 16]. The derived information distinguished among three types
of biochemical compounds: (a) gene products (parasitones) – released by nematodes
during their parasitic life cycles, (b) plant genes – released by plants to collaborate or
to counter the gene products, and (c) secondary chemicals – released by cells around
the wounded cells to prevent the spread of chemical damage to their own structures
[7]. The second two groups of biochemical compounds constitute defense chemical
compounds, which can be rapid and strong or late and weak [7]. The identification of
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the chemical compounds associated with rapid and strong plant defense responses
through advanced technological approaches at the genetic level had since enabled
the use of such information in the development of nematode-resistant transgenic
plants. In this chapter we reviewed biochemical compounds associated with the
migratory and sedentary phases of cyst and root-knot nematodes, with the view of
singling out phytochemicals in nematode-resistant transgenic plants.

2 Gene Products in Sedentary Nematodes

Gene products are biochemical compounds (RNAs or proteins) resulting from
expression of genes [16, 17]. A gene is a hereditary unit of DNAwhich is required
to produce a functional product [17]. In plant-parasitic nematodes the subventral and
dorsal gland cells sequentially produce different gene products (effectors) during
migratory and sedentary phases, respectively. Cyst and root-knot nematodes were
overviewed separately to highlight the different strategies the nematode species
employ in plant-nematode interactions.

2.1 Cyst Nematodes

The cyst nematodes infect cool-season crops such as potato (Solanum tuberosum),
soybean (Glycine max), and sugar beets (Beta vulgaris) which excel in regions with
cold winters. The primary feature of female cyst nematodes is their ability to retain
second-stage juveniles (J2) in their bodies and enter cryptobiosis for overwintering,
with the bodies forming the protective cysts. Cyst nematodes are highly damaging to
host crops [5], with yield reduction in sugar beets ranging from as high as 50% to
complete crop failure [18]. Gene products associated with the migratory and seden-
tary phases of cyst nematodes are briefly overviewed.

2.1.1 Migratory Phase
During the migration phase, J2 crisscross the apoplastic and symplastic pathways,
which form daunting barriers during movement to the feeding sites [7]. After
penetration, cyst J2 migrate using the shortest distance through the apoplastic
pathways using stylets and biochemical compounds to force their way to the feeding
sites outside the vascular bundle [19–21]. The apoplastic pathways are cemented by
complex barriers produced by the cell walls [22], which include celluloses,
β-1,4-linked glucans, hemicelluloses (xyloglucan, glucomannan, xylan, and
mixed-linkage glucans), and lignins [7, 23, 24]. These barriers are entrenched in
an assortment of polysaccharide matrix of pectin, which comprises
homogalacturonan and rhamnogalacturonan I and II [25]. Prior to the arrival at the
feeding sites, cyst J2 have to traverse through the pericycle and the endodermis
layers, which constitute the symplastic pathway [22]. Consequently, cyst J2 must
contend with both apoplastic and symplastic pathways and physical and biochemical
barriers, respectively, prior to their arrival at their feeding destinations. A large
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number of activated defense genes had been reported when cyst J2 interfere with
structures in the apoplastic and the symplastic pathways, which include peroxidase,
chitinase, lipoxygenase, extension and proteinase inhibitors [7]. Incidentally, cuti-
cles around nematode bodies also contain lipids and chitins, which are sensitive to
some of the listed activated plant genes. The upregulation of the plant genes due to
recognizing the nematode molecular patterns are not limited to induced plant defense
responses, but also induce secondary pathways to avoid damage spilling over all the
cells by channeling some secondary biochemical compounds to the phytoalexin
biosynthesis complex [26], along with the unusual biosynthesis of callose and lignin
as physical barriers to seal off the damaged pathway [27]. In plants with rapid and
strong defense responses, phytoalexins were previously viewed as the sole biochem-
ical compounds responsible for nematode resistance [28]. These biochemicals result
in necrosis in nematode-infected cells, which was previously viewed as being
symbolic of hyperactive responses in nematode-resistant plants.

During the migratory phases, the J2 subventral gland cells are hyperactive [29,
30] and release copious gene products. The gene products, technically referred to as
parasitones, facilitate the degradation of the cell wall networks [21, 30]. Some of the
gene products used in degradation of the cell wall matrix by cyst nematodes include
β-1,4 endoglucanase and pectate lyase [31–40]. The roles of these gene products in
cell wall degradation were verified under in vitro trials through downregulation of
targeted gene products, which resulted in cyst J2 failing to successfully migrate
through the cortex to the vascular bundle [41].

Another gene product, the expansin from cysts J2 subventral gland cells of
Heterodera species, was observed during the migratory phases [24, 41, 42]. Natu-
rally, expansins do not have enzymatic activities, but have capabilities to relax
noncovalent bonds in cellulose microfibrils and hemicelluloses [42], thereby reduc-
ing resistance against J2 migration to the feeding sites. Expansins also enhance
passage of other gene products from the cyst J2 stylets into the polysaccharide
matrix, thereby conferring synergistic effects that expand disruption of the physical
barriers for easy passage of J2 to the feeding sites [43]. Once at the feeding sites, the
subventral gland cells of the cyst J2 are atrophied, whereas the dorsal gland cells
become hyperactive [42].

As the cyst J2 crisscross the apoplastic and symplastic pathways, the plant
defense genes are activated to produce the plant genes in response to the inflicted
physical and biochemical damages. The plant genes defense responses are elicited
soon at the onset of biotic interactions [44, 45]. However, the outcome of the
interactions depends on the rate of expression of the plant genes/gene products to
execute such responses [7, 46, 47]. For instance, when the plant genes responses are
too late and/or too weak, compatible interactions occur, whereas nematode resistance
occurs when the responses are rapid and strong [1, 7].

2.1.2 Sedentary Phase
Upon arrival at the feeding sites, the cyst J2 establish the feeding sites parallel to the
adjacent vascular bundle outside but parallel to the vascular bundle. The cell walls of
a considerable number (�100 of cells) are dissolved and the protoplasts fused
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together to form elongated syncytium feeding sites [42]. Gene products secreted
from the dorsal gland cells of sedentary cyst nematodes include chorismate mutase
for altering auxin balance [33, 39], thioredoxin peroxidase for feeding cell formation
[33, 34, 39], venom allergen-like protein for promoting early parasitism [46], and
cytokinins for cell division [48–53]. Siddique et al. [49] demonstrated that cytokinin
signaling is activated in both the syncytium cells and the neighboring cells and
cytokinin-deficient conditions resulted in high susceptibility to nematode. As in the
migratory phase, the roles of some of the gene products involved in the sedentary
phase have been verified in situ and in vitro through downregulation techniques
[7]. Gheysen and Fenoll [7] provided an extensive list of the plant genes upregulated
at the nematode feeding sites of sedentary cyst nematodes, which include wound and
defense responses and its functions along with analytical methods and assay plants
response to cyst nematode species with appropriate references. In sedentary phases,
for interactions to be compatible, most of the gene products from the dorsal gland
cells of nematodes mimic plant genes which have essential roles in the physiology of
the plant [34, 54]. The cytokinins [49–53] and auxins [33, 34, 39], for instance,
produced by the dorsal gland cells in sedentary adult nematodes, have previously
been known to be exclusively released by plants [22].

2.2 Root-Knot Nematodes

The genus Meloidogyne contains the largest number of nematode species which
consists of over 63 species in the genus [55]. The distribution of Meloidogyne
species spans in the major global zones where plants grow, with the widest hosts
being in the tropical/subtropical and the temperate regions. Additionally, the genus
has the widest plant hosts [56] and the largest number of biological races [57] that are
morphologically identical nematode species but could be separated using differential
hosts and molecular approaches.

2.2.1 Migratory Phase
After penetration of the root surface at the elongation zone [58], root-knot J2 move
downward through the apoplastic pathways of the cortical to the meristematic cells at
the root tips. The root-knot J2 then moves upward to enter the distal region of the
vascular bundle and continues to move upward within the cylinder [7, 58, 59]. As
described in the cyst J2, during migration from the penetration to the feeding sites,
activities of roots are subjected to physical and chemical changes due to the stylets
and gene products from the hyperactive subventral gland cells, respectively. Some of
the gene products secreted and verified from the subventral gland cells of migratory
phases of root-knot J2 include β-1,4 endoglucanase [31–34, 38–40], pectate lyase
[34, 36, 37], and polygalacturonase [7], all for degradation of cell walls as described
in cyst J2. Incidentally, the root-knot J2 gene products are more or less identical to
those in cyst J2.
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2.2.2 Sedentary Phase
Upon arrival of the root-knot J2 at the differentiation zones of the root system within
the vascular bundles, the J2 insert the stylets through the cell wall of a selected cell,
but may or may not be piercing through the plasmalemma [59, 60]. Secretions from
the dorsal gland cells form a tube-like structure called the feeding tube, which goes
within the cytoplasm of the feeding cell [60–63]. The gene products can be deposited
either outside the plasmalemma of the feeding cell and interact with a membrane
receptor or are injected into the cytoplasm of the feeding cell through a perforation in
the plasmalemma at the stylet orifice to eventually interact with the multinucleate
organelles [60]. The feeding cell and those around it respond by undergoing repeated
mitosis without cytokinesis to create a multinucleate structure called the giant cell
[62, 63]. The giant cell has a dense and metabolically hyperactive cytoplasm, with
unusually thicker cell wall [65]. As the root-knot J2 develop through J3 and J4 to
pear-shaped adult females, the adjacent root cells bulge to form a characteristic
root gall.

During feeding the female lip regions rest on an amphidal secretion against the
cell wall of the feeding cell [60]. The gene products observed in sedentary cyst
nematodes, namely, the chorismate mutase, venom allergen-like protein, and cyto-
kinin [64–66], it along with the gene product the calreticulin for enhancing early
parasitism [64], were identified and verified from the dorsal gland cells of sedentary
root-knot nematodes. All the gene products play indispensable roles in silencing the
defense genes at the feeding sites [67]. Gheysen and Fenoll [7] also provided an
extensive tabulated list of the plant genes upregulated at the nematode feeding sites
of sedentary root-knot nematodes, which had both similarities and differences to
those observed in sedentary cyst nematodes.

3 Gene Product and Plant Gene Interactions

Infection by cyst and root-knot nematodes invariably results in complex nematode-
plant interactions. The feeding sites established by cyst and root-knot nematodes
species are referred to as syncytium and giant cells, respectively. Infection by cyst
nematodes, for example, cannot unduly result in the formation of giant cells and vice
versa. The gene products secreted by J2 of the two nematode species during
migration phases are more or less similar [68]. However, in sedentary adult stages,
distinctly different gene products are released. For instance, thioredoxin peroxidase
and calreticulin were exclusively observed in sedentary adult stages of
G. rostochiensis [69] and M. incognita [64], respectively.

Nematode infections with subsequent releases of gene products initiate multiple
changes in roots, triggering gene expressions that release plant genes [7, 66, 70,
71]. Subsequent to nematode infections and releases of various gene products by
nematodes, a number of plant genes are either upregulated or downregulated [72].
The upregulated plant genes improve the compatibility of plant-nematode interac-
tions that enhance the establishment of a suitable feeding site [67, 68, 73]. Puthoff
et al. [74] carried out a GeneChip profiling of transcriptional responses to soybean
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cyst nematode colonization of soybean roots and observed that almost twice of the
transcripts were upregulated by infection, whereas the downregulated set were
smaller in number. In other similar studies [67–69], J2 of Globodera, Heterodera,
and Meloidogyne species upregulated β-1,4 endoglucanase, pectate lyase, and/or
polygalacturonase-like plant genes that encode for degradation of cell walls. In
contrast, sedentary nematode stages of the three nematode species showed that
upregulation of chorismate mutase, thioredoxin peroxidase, venom allergen-like
proteins, calreticulin, pectin acetylesterase, and disaccharide carrier AtSUC2 plant
genes encoded for the successful establishment and maintenance of the feeding sites
in respective nematode species [67–69].

An intriguing observation in the two nematode species was during the mobile or
sedentary phases; where the gene products involved are chemical compounds that
are historically produced by plants [33, 39, 49–53]. The sedentary nematode phases
in both nematode species have developed advanced gene products that are released
into the feeding sites, which trigger the plant to collaborate with nematode feeding
without being detected as foreign entities by the defense responses. The feeding sites
of the two sedentary adult nematodes comprise large, metabolically active and
multinucleate cells, with numerous gene products and plant genes [75–81], which
are distinctly similar and different. The latter could be ascribed to differences in the
gene products produced by dorsal gland cells of cyst and root-knot nematodes. Due
to the large number of gene products and plant genes involved in the formation of
syncytium and giant cells in roots [75–81], it is increasingly difficult to pinpoint the
champions. However, molecular approaches through upregulation and
downregulation have shown that the initiation and maintenance of syncytium and
giant cells involve an assortment of gene products and plant genes [7, 75–82]. The
role of various chemical compounds from nematodes and plants in collaborative
partnerships between nematodes and their feeding sites are increasingly being
documented [82–84].

Plants are defined as being resistant to nematodes when they reduce the repro-
duction potential of nematodes [85, 86]. In plant-parasitic nematodes feeding is a
prerequisite for development from J2 to the reproductive adult stages. Therefore,
when syncytium and giant cells fail to develop, this could be viewed as nematode
resistance. In such cases, the nematode gene products are being silenced by the plant
genes. Alternatively, when the nematode gene products silence the plant genes, the
plant could be viewed as being susceptible to nematodes. Plant genes with the
capabilities to silence the gene products are collectively called the resistance
(R) genes [16, 87, 88]. Pathogen recognition by the host plant is mediated by single
R genes in the host plant and single genes in the pathogen referred to as avirulence
(Avr) genes, resulting in a cascade of defense responses that silence the gene
products [16, 88]. McDowell and Woffenden [16] provided an extensive review of
R genes, their conserved motifs, durability, increasing the breadth of resistance, and
potential prospects. Since then, some of the potential prospects have been success-
fully applied in the development of nematode-resistant strategies using information
derived from the upregulation and downregulation concepts of the gene products and
plant genes [89–91].

560 P.W. Mashela et al.



4 Biochemicals for Nematode Resistance in Transgenic
Plants

Escobar and Fenoll [1] and others [17, 68, 92] provided a comprehensive review of
antinematode genes, which are unique to nematode-resistant transgenic plants.
Generally, these biochemicals are poorly expressed in nematode-susceptible plants.
The R genes had since been transferred as transgenes through molecular approaches
into many commercial cultigens that conventionally had no resistance genotypes to
plant-parasitic nematodes [85] to develop/establish nematode-resistant transgenic
plants. Incidentally, all the plant genes reviewed in the foregoing sections are
candidates for use through molecular approaches in the development of nematode-
resistant transgenic plants [7, 92].

4.1 Antigene Products Strategy

The nematode gene products are secreted sequentially by the subventral and dorsal
gland cells through the nematode stylets during the parasitic life cycle of plant-
parasitic nematodes [7, 93, 94]. Generally, as shown with the cytokinins in
H. schachtii [60, 95], gene products involved in signaling serve multiple roles,
including activation and maintenance of the nematode feeding site, nematode devel-
opment, and mediation of the cell cycle activation that leads to the formation of
specialized feeding sites [58, 60, 95].

The migration phases are literally the wounding phases, with the resultant activation
of the plant defense genes that include peroxidase, chitinase, lipoxygenase, extension
and proteinase inhibitors [7, 67–69]. However, the wounding phases are not exclusive
to the migration phases since the expansion of cells and increase in female sizes during
sedentary phases also induce cell wounding. The released nematode gene products are
upregulated [7, 67–69] in order to induce the plant to produce appropriate plant genes
that enhance migration and/or sedentary processes [7, 58, 94, 95]. In nematode-plant
compatible interaction, both the nematode and the plant would produce the chemical
compounds that would enhance partnerships in plant-nematode interactions [7, 58,
67–69]. In situations where the plant genes downregulate the nematode gene products,
the interactions become hostile [7, 58, 67–69], with the nematode failing to feed,
develop, and reproduce. Transgenic plants contain the desired R genes that
downregulate the nematode gene products to stop the successful performance of the
gene products, thereby establishing compatible relations [67–69, 88]. The differential
expression of antinematode genes results in silencing of the nematode gene products in
the transgenic plants during both migratory and sedentary phases.

4.2 Antiplant Gene Strategy

In this strategy, the host plant genes that help the nematode feeding and secretions, to
allow for successful partnerships between nematode and plants, are silenced. In other
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words, phytotoxic chemical compounds that destroy the feeding structures, namely,
syncytium and giant cells, are upregulated. Additionally, certain biochemical com-
pounds that are released by plants to protect the nematode, such as chemicals could
be suppressed, thereby leaving the bodies of nematodes unprotected [67–69]. The
failure to develop and maintain the feeding structures arrest nematode development.
The antiplant gene strategy in transgenic plants is being successfully used in
cultigens.

4.3 RNA-Interference Strategy

RNA interference (RNAi) disrupts the nematode gene products through host-
induced gene silencing (HIGS) approach [60, 67–69]. The RNAi genes have precise
selectivity for the target organisms with minimal off-target effects [90]. Cathepsin
L-like cysteine proteinases, produced in nematode-resistant transgenic plants, were
shown to be an attractive group of candidate genes for RNAi-induced
downregulation due to their high level of specificity to the target nematode gene
products [90], thereby resulting in silencing of host-induced nematode gene prod-
ucts. Host-produced RNAi of Mi-cpl-1 gene confers resistance to M. incognita by
inducing negative effects on nematode infection, development, and reproduction
[90]. The RNA-interference strategy in transgenic plants is being successfully used
in most cultigens [60, 96, 97]. The target nematode gene products had been identi-
fied for Heterodera spp., Meloidogyne spp., Pratylenchus vulnus, and Globodera
pallida [30]. The observed phenotypic responses in nematodes ranged from inter-
ference with development of J2, reduced reproduction, and failure of formation of
the feeding sites [30, 97].

5 Challenges and Future Possibilities

The identified three biochemical compounds in plant-nematode interactions in
transgenic plants, namely, antigene products, antiplant gene, and RNAi, have
emerged as a powerful technology for crop protection against nematodes in the
twenty-first century. However, although most of the antigenes and RNAi in plants
are highly sequence-specific, there are possibilities it might have detrimental effects
on nontarget organisms [30]. Additionally, it had been shown that certain antiplant
genes are highly sensitive to extremes in environmental factors such as high tem-
perature [9], salinity [14], and attack by honeydew-sucking insects [11]. The future
possibilities should focus on improving the resilience of the identified plant genes
under diverse environments as well as preventing nematode penetration at the
elongation zone [58].

Most of the plant genes required to confer nematode resistance in transgenic
plants had been focusing exclusively on endo-parasitic nematodes. The feeding
habits of exo-parasitic nematodes with long stylets make them not the likely
candidates for being managed using the plant gene technologies. Identifying plant
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genes that can respond to stylet penetration by inducing the affected cells to release
chemicals that could glue the stylets, thereby resulting in the nematodes losing their
stylets when pulling off after feeding, could be one of the future possibilities.

6 Conclusions

During the migratory phases, gene products and plant genes in cyst and root-knot J2
are similar, with distinct differences during the sedentary phases. Interestingly, in all
phases, regardless of the nematode species, the gene products from either the
subventral or the dorsal gland cells were identical to biochemical compounds
which had previously been observed in plants. The similarities in the biochemical
compounds trigger the plant to collaborate with nematode feeding without being
detected by the defense responses.
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Abstract
The use of plants as efficient biopharmaceutical factories has significantly increased in
the past two decades. This is mainly due to advancements in plant biotechnology
which pave the way to high-yield production of biopharmaceuticals in plants, com-
bined with efforts made to optimize yield through upstream, downstream, and
preservation strategies of recombinant proteins. The FDA’s approval to commercially
release recombinant glucocerebrosidase enzyme produced in carrot cells by Protalix
Biotherapeutics was the first plant-produced biopharmaceutical to be released for
human consumption into the market. This is a major achievement in the field of
molecular pharming. Althoughmany other biopharmaceuticals produced in plants are
in the pipeline for commercial release after undergoing various stages of clinical trials,
there is room for improvement in enhancing recombinant protein yield in plants.
These include exploration of innovative strategies involving genetics, genomics,
epigenetics, in silico simulations and purification techniques. In this chapter, we
discuss various approaches of plant biotechnology and plant genetic engineering
that are being used in the molecular pharming of biopharmaceuticals.
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1 Introduction

Plants and plant products have been used for centuries for the treatment of human
diseases. Botanical gardens presented a wealth of materia medica for therapeutic use
by the latter part of the sixteenth century. In the seventeenth century, a scientific
approach and the discovery of new pharmacological remedies led to the identifica-
tion of active biological compounds which could undergo purification for therapeu-
tic use [1]. At present, about a quarter of prescription drugs contain medications
which are of botanical origin. Current advances in biotechnology have led to
renewed hopes in producing new medicines from botanical sources, including
fully functional pharmacologically imperative recombinant human proteins
[2]. Recombinant human insulin produced in bacteria was the first commercially
produced biopharmaceutical to be made in 1982 by Lilly, USA, and coincides with
the development of the first genetically modified plant [3]. The development of
genetically modified plants was followed by the successful production of
biopharmaceuticals in plants, such as human growth hormone fusion protein [4],
interferon [5], monoclonal antibodies [6], and human serum albumin [7]. Since then,
scores of biopharmaceuticals such as heterologous proteins, enzymes, and peptides
have been produced in plant expression systems for treating ailments in both humans
and animals (Table 1).

Bacteria are classified as convenient and cost-effective systems for producing
smaller human proteins (e.g., human insulin). However, the absence of assembly
steps and posttranslational modifications, which are essential for the biological activity
of most therapeutic proteins, hinder their use for production of more complex proteins.
In addition, effective removal of contaminating lipopolysaccharides from recombinant
protein is extremely expensive in bacterial expression systems.

Plants, on the other hand, possess an efficient protein synthesis mechanism and, with
established gene expression systems, can be used to produce large amounts of proteins
(Fig. 1) [8, 9]. Plant expression systems, however, hold the potential to be alternative
production systems for therapeutic proteins, due to the absence of mammalian patho-
gens present in mammalian cell expression systems. In addition, higher product safety,
higher production scale, lower production costs, easy storage and distribution are some
of the advantages of plant based production systems (Table 2) [2].

Increasing demand for therapeutic proteins has led to the development of plant
production systems as an alternative for producing therapeutically imperative pro-
teins. Successful investigations on biopharmaceutical production in plants have led
to the FDA approval of the first plant-produced biopharmaceutical product, a poultry
vaccine developed against Newcastle disease virus. This achievement by Dow
AgroSciences is a significant breakthrough for plant-produced biopharmaceuticals.
The Concert(TM) Plant-cell-produced, biocontained system used by Dow
AgroSciences utilizes tobacco plant cells as an alternative to the expression of
foreign proteins in whole plants [10].

This success in molecular pharming was also followed by the production
of a human recombinant protein in carrot cell suspensions. The human
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glucocerebrosidase (taliglucerase alfa), which is used in ERT to treat Gaucher’s
disease, has been produced by Protalix Biotherapeutics. This enzyme, which was
approved by the US Food and Drug Administration in 2012, was the first

Fig. 1 Molecular pharming of vaccine antigens in transgenic plants (Figure produced by ChemBio
Draw, Pain brush, and PowerPoint)
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commercialized plant-cell-produced human enzyme to be launched in the market
(Table 3) [11].

Although there are a number of success stories in molecular farming, lower
recombinant protein yield remains the major limitation in commercialization of
this system [12]. Since the production of the first biopharmaceutical in plants [4],
a substantial effort has been made to enhance pharmaceutical protein yield at the
molecular, cell culture, upstream and downstream processing levels. Various molec-
ular strategies have also been employed to enhance the yield of foreign proteins in
plants. These include approaches such as enhancement of both gene transcription
and translational efficiencies as well as the incorporation of novel protein-fusion and
secretory pathway-targeting technologies.

The use of whole plant systems in molecular pharming has been revolutionized
by the use of alternative plant systems such as suspension cultures, hairy roots,
hydroponic culture, plant chloroplasts, and algae [12–18]. Furthermore, various
plant species such as tobacco, potato, tomato, lettuce, wheat, and sorghum have
been utilized to explore the potential uses in molecular pharming. These investiga-
tions have resulted in successful outcomes where, Sasou et al. [19], for example,
have found that the rice endosperm can be used as a protective niche for heterolo-
gous recombinant proteins which can enhance the yield considerably. In another
attempt to produce vaccines in carrot, Rosales-Mendoza et al. [20] and his coworkers
were able to pioneer the production of prototype vaccines against ten different
pathogens. Singhabahu et al. [12], on the other hand, was also able to produce
human adenosine deaminase, an enzyme used in ERT of ADA-associated SCID, in
tobacco BY-2 cell suspension cultures. This enzyme was successfully secreted into
media through the use of signal peptide sequences.

The emergence of fatal viruses like Ebola and MERS has led to an increased
demand for the rapid production of vaccines around the world, especially in
underdeveloped countries. The potential of plants to act as green biofactories for
the generation of biopharmaceuticals makes plants the ideal candidate for vaccine
production. Among vaccines produced in plants, only a handful of plant-based
human vaccines have reached clinical trials (Table 3). The anti-Streptococcus
surface antigen I/II produced in tobacco against Streptococcus mutans-associated
dental caries and the H5N1 influenza HAVLP antigen produced in tobacco against
the H5N1 virus are currently in Phase II product development stage [36]. The
commercial success of viral and bacterial subunit vaccines produced in plants
destined for human consumption, however, has not yet been achieved. Various
attempts have been made by scientists in recent years to produce vaccines in a
number of plants such as tobacco, rice, maize, potato, alfalfa, lettuce, tomato,
carrot, peanut, and soybean, either in whole plants, hairy roots, or cell suspension
cultures. Takaiwa et al. [37] investigated the possibility of using rice seed as a
vehicle for the delivery of vaccines to gut-associated lymphoid tissue (GALT), the
biggest lymphoid organ in the body, and found that the delivery system not only
plays an important role in exerting an immune response against invading patho-
gens but is also shown to maintain immune tolerance against nonpathogenic
antigens such as foods.
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Successful efforts have also been made recently to produce monoclonal anti-
bodies (ZMappTM) in tobacco plants against Ebola virus. LeafBio, Inc., the com-
mercial arm of Mapp Biopharmaceutical, Inc., has announced the conclusion of
Prevail II clinical trial of the ZMappTM therapy for the treatment of Ebola Virus
Disease in February 2016. Although the license has not been acquired, the US Food
and Drug Administration have encouraged Mapp Biopharmaceutical to continue to
make ZMappTM available to patients under an expanded access treatment protocol
during the product’s ongoing development [38] (Mapp Biopharmaceutical Press
Releases, 2016).

2 Expression of Recombinant Proteins in Transgenic Plants

Expression of a foreign cDNA in plants requires a promoter to drive expression.
Since its first use in the early 1980s, the most commonly used promoter to date is the
Cauliflower Mosaic Virus (CaMV) 35S constitutive promoter [66]. Mason et al. [67]
produced the first plant-derived vaccine in tobacco plants using a CaMV 35S
promoter upstream of the hepatitis B surface antigen (HBsAg) coding region and a
downstream nopaline synthatase (NOS) terminator. Awide variety of promoters and
terminators are currently in use for the purpose of expressing foreign genes in plants.
Apart from the CaMV 35S promoter, the Ubiquitin promoter [68, 69] and the hybrid
(ocs) 3mas promoter [70] are two other constitutive promoters commonly used for
foreign gene expression in plants.

The demand of production and the accumulation of therapeutic proteins in
various plant tissues such as seeds, tubers, etc. has led to the prolific use of tissue-
specific promoters in recent years. Barahimipour et al. [22] recently demonstrated
the use of the PSAD promoter to produce HIV antigen P24 in Chlamydomonas
reinhardtii chloroplasts. The glutelin1 promoter used in the expression of
HIV-neutralizing monoclonal antibody 2G12 in Oryza sativa cv. Nipponbarre
seeds [23] and the γ-zein promoter (P27γz) used in the expression of H3N2
nucleoprotein (recombinant NP (rNP)) in Zea mays seeds [29] are the seed-specific
promoters commonly used in foreign gene expression in plants, especially mono-
cotyledons. Inducible promoters, on the other hand, are used to regulate the expres-
sion of foreign genes and control the expression by external stimuli such as sucrose,
salts, steroids, alcohol, or environmental stress factors [71]. The use of inducible
promoters is advantageous in some cases as the process can maximize the protein
yield [72]. A commonly used inducible rice α-amylase 3D (RAmy3D) promoter is
governed by sucrose starvation and promotes high level expression of foreign genes.
Rice α-amylase 3D (RAmy3D) promoter has been used to produce a range of human
therapeutic proteins including growth hormone [73], α1-antitrypsin, serum albumin,
lysozyme [71], and interlukin-12 [74].

The position of gene insertion in the plant genome [75] and the organization of
gene integration [76] are known to affect transcription of foreign genes after plant
transformation. It was reported that transgene silencing caused by DNA methylation
can also affect transcription [76]. Tandem copies of T-DNA at a single locus is often
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a consequence of Agrobacterium-mediated transformation, and inverted T-DNA
tandem repeats situated closer to the right border are also associated with promoter
methylation and transgene silencing [77].

Hence, the choice of strong translational enhancer/regulation sequences is equally
as important as the choice of a strong promoter in increasing recombinant protein
yield. The incorporation of the 204-base 30-untranslated region of Tobacco mosaic
virus (TMV) to foreign mRNA increases gene expression by 100-fold, which
resembles increased mRNA stability by the polyadenylation of mRNA [78]. Gallie
[79] also demonstrated the ribosomal initiation factor (eIF4F) recruiting function of
the TMV RNA 50-leader sequence (omega-Ω) significantly enhances translation in
both eukaryotes and prokaryotes. The 50 UTR of the ribulose-1, 5-bisphosphate
carboxylase/oxygenase (RUBISCO) enzyme is reported to enhance foreign gene
expression in plants through recruiting translation factors as well [80]. RUBISCO is
the most abundant enzyme found in the plant kingdom and catalyzes the primary
stage in carbon fixation in plants. Patel et al.[81, 82] demonstrated the translational
enhancement of the downstream transgenes by associated RUBISCO small subunit1
50 untranslated region acquired from C4 Amaranthus and Flaveria bidentis.

RNA silencing is another factor that negatively affects foreign gene expression in
plants. Saxena et al., [83] however, demonstrated the use of tomato bushy stunt virus
(TBSV) P19 mutant (P19 ⁄ R43W) to enhance heterologous gene expression through
suppression of RNA silencing in tobacco plants.

Plastid transformation is another technique used in the overexpression of foreign
genes in plants. The plastid, also known as chloroplast, is an important organelle in
plant cells and eukaryotic algae. Chloroplasts carry out photosynthesis, carbon
sequestration, oxygen evolution, amino acid, fatty acid and pigment biosynthesis,
starch production, and metabolism of sulphur and nitrogen [84]. Plastids are known
to have evolved overtime from free-living cyanobacterial progenitors and have given
up the majority of their genes and function to accommodate energy transduction and
metabolic machineries [85]. The presence of prokaryotic large circular chromosomes
is a remnant primitive feature of the cynocobacterial progenitor. Most of these plastid
chromosomes (50–290 kilobases) and encoded genes are similar across the entire
plant kingdom, including algae [86], and have extremely high copy numbers [87].

Plastids are distributed throughout plant organs and tissues. Although all plastids
contain identical copies of the plastid genome and are derived from undifferentiated
proplastids, plastids in different organs and tissues differ in their morphology and
function. Hence, photosynthetic chloroplasts are present in leaves and green tissues,
pigmented chromoplasts are present in fruits and flowers, amyloplasts or elaioplasts
are present in tubers and other storage organs, and leucoplasts are available in other
nongreen tissues including roots [88].

Ever since the first chloroplast genetic transformation was performed two decades
ago by Boynton and colleagues, many attempts have been made to express foreign
genes in chloroplasts [89, 90]. Expression of Bacillus thuringiensis (Bt) Cry2Aa2
protein in the chloroplast led to accumulation of recombinant proteins up to 46.1%
TSP in transgenic tobacco [91]. Furthermore, Chan and colleges were able to
produce a cold chain and virus-free booster vaccine to confer immunity against
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different poliovirus serotypes in tobacco and lettuce chloroplast and accumulated up
to 5% of the total leaf protein [24]. Barahimipour et al. [22] were also able to produce
and accumulate HIV antigen P24 up to 0.25% of the TSP in Chlamydomonas
reinhardtii chloroplast. As compared to nuclear transformation, chloroplast trans-
formation can lead to significantly higher levels of foreign gene expression. More-
over, chloroplasts act as storage compartments for recombinant proteins and prevent
them from proteolytic degradation [92]. Since the chloroplasts exhibit maternal
inheritance the transgene flow in crops can also be contained [93]. Lack of transgene
silencing in chloroplasts also leads to higher transgenic expression [94]. Another
advantage is that the chromoplasts in nongreen tissues also can be used for foreign
protein production through transformation [95]. Hence, chromoplasts or protoplast
transformation of calli cells can be used in order to yield higher levels of recombi-
nant proteins in plant cell suspensions. Chloroplasts also can carry out correct
posttranslational modifications and folding [93, 96].

2.1 Strategies to Improve Protein Yield

While the use of various sequences such as the 35S CaMV promoter and the 50

and/or 30-untranslated regions of TMV can enhance foreign gene expression, the
strategies involved in the accumulation of recombinant proteins are extremely
important in achieving commercial success of plant-based production systems
[97]. Recombinant proteins undergo extensive deterioration due to proteolysis and
irreversible surface adsorption [97]. Hence, it is of prime importance to employ
measures in order to reduce foreign protein degradation and loss. Anchoring recom-
binant proteins in the endoplasmic reticulum (ER) through C- terminal signal
sequences such as KDEL and HDEL preserve foreign proteins from proteolytic
degradation [98] due to the lack of endogenous protease-activity in plant cell ER,
providing a protective environment for foreign proteins [99]. Petruccelli et al. [100]
demonstrated the increase of monoclonal antibodies by 4–11-fold when retained in
the ER as a fusion with the KDEL peptide. Furthermore, Hensel et al. [25] produced
the anti-HIV1 monoclonal antibody 2G12 up to 160 ug per gram of grain using the
GLOBULIN1 promoter along with the legumin B4 (LeB4) signal peptide and the
endoplasmic reticulum (ER) retention signal (SE)KDEL sequences.

Knockout of the expression of protease encoding genes is another strategy
employed to increase recombinant protein yield through reducing proteolytic deg-
radation. Introduced by Kim et al. [73] the yield of hMG-CSF in rice cell suspen-
sions was increased by suppression of cysteine protease gene Rep-1 by RNAi. In a
similar attempt to enhance the accumulation of recombinant human IL-10 in tobacco
leaves, Duwadi et al. [101] have used RNAi-mediated silencing of a cysteine
protease-encoding gene, CysP6, which in turn enhances recombinant protein yield
by 1.6-fold.

Coexpression of protease inhibitors is another strategy employed to enhance
protein yield. Commonly expressed protease inhibitors for this purpose have spec-
ificity to cysteine, serine, or aspartic proteases [102]. The coexpression of trypsin
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and chymotrypsin inhibitor domains with recombinant human granulocyte-
macrophage colony-stimulating factor (hGM-CSF) has been shown to increase the
secreted hGM-CSF by twofold in rice suspension cultures [73]. Furthermore, Pillay
et al. [103] showed the increased accumulation of the protein glutathione reductase
in tobacco plants through the expression of the rice cysteine protease inhibitor
oryzacystatin-I.

Prevention of recombinant proteins from proteolytic degradation through
apoplast directing and subcellular targeting is another approach employed toward
achieving higher protein yields. Located outside the cell membrane, the apoplast is a
nonliving part of plant tissue consisting of intercellular space and the lumen of dead
structures such as xylem cells. N-terminal signal peptide-tagged cell wall proteins
are secreted into the apoplastic space. Signal sequences from proteins such as
tobacco pathogenesis-related protein (PR1a) or extensin cell wall peptides, when
used in conjunction with recombinant proteins, can direct foreign protein traffic into
the apoplast [104, 105]. The N-terminal incorporation of PR1a signal peptide in
endo-1, 4-β-D-glucanase of thermostable eubacterium increased the yield up to 26%
of TSP in Arabidopsis leaves [106]. On the other hand, expression of bryodin
1 along with N-terminal extensin signal peptide increased the bryodin 1 yield up
to 30 mg L�1 in tobacco cell cultures [105]. Singhabahu et al. [12] also expressed
ADA in conjugation with PR1a and extensin signal sequences and reported a 4 mg
L�1(PR1a) and a1.5 mg L�1 (Ext) of ADA secreted into tobacco BY-2 suspension
media, respectively.

Xu et al. [107] also demonstrated increased yields of recombinant interferon-α2
by 350–1,400-fold through incorporation of N-terminal extensin signal peptide and a
C-terminal hydroxyproline (Hyp)-rich peptide. Production of recombinant proteins
in conjugation with C-terminal Hyp-Ser residue leads to extensive O-glycosylation
through the addition of arabino oligosaccharides. C-terminal O-glycosylation has
been shown to stabilize recombinant proteins which resulted in increased yields
[12, 107].

Another strategy employed to enhance recombinant protein yield is the supple-
mentation of media with stabilizing agents. Recent trends in producing therapeutic
proteins in plant cell suspension cultures enable the addition of protein-stabilizing
agents to the culture medium. Wongsamuth and Doran [108] demonstrated increased
yields of monoclonal IgG1 antibodies up to ninefold in the spent cultures of tobacco
hairy roots by the addition of stabilizing agents such as gelatine or polyvinylpyr-
rolidone (PVP). Singhabahu et al. [12] also demonstrated increased ADA enzyme
levels in the tobacco BY-2 suspension cultures that have been caused by
supplementing media with 0.75 g L�1 of PVP (molecular weight 360,000) as
described by LaCount et al. [109]. Furthermore, media supplemented with bovine
serum albumin (BSA) was also shown to increase hGM-CSF levels in tobacco cell
suspensions [110].

In silico and computational analysis will certainly help to compare mRNA and
recombinant protein structures based on stability, efficiency, and thermodynamic
properties [111, 112]. Consequently, this approach will lead to better optimization,
modeling, and design of recombinant protein fusions in plant molecular pharming.

584 S. Singhabahu et al.



Indeed, Makhzoum et al. [111] showed computationally that adding a specific tag
and a specific linker can lead to an improved overall structure and stability of a
fusion recombinant protein SBA-ADA (soybean agglutinin-adenosine deaminase).

2.2 Glycosylation Patterns of Recombinant Proteins in Plants

Proteins undergo several posttranslational modifications such as glycosylation,
phosphorylation, methylation, ADP-ribosylation, oxidation, and glycation during
protein trafficking throughout plant cells [113]. Proteins can become glycosylated
into two distinct forms: N-glycans (carbohydrates linked to the amide moiety of
asparagine (Asn)) and O-glycans (carbohydrates linked to the hydroxyl group of
threonine (Thr), serine (Ser), or hydroxyproline (Hyp)). Apart from nucleocy-
toplasmic O-GlcAcylation, both N- and O-glycosylation occur in the secretory
pathway [114]. Glycosylation is extremely important in determining the biological
activity of many therapeutic proteins. Hence, the production systems that can exert
complex glycosylation structures are paramount in producing biologically active
proteins. Plants as compared to bacteria or yeast-production systems have the
capability to exert complex glycosylation patterns similar to that found in human
cells.

The use of plant-made pharmaceuticals in human therapy, especially in vivo
administration, is limited due to the inability of the plants to produce exact
human-like glycosylation patterns onto recombinant proteins [115]. Immunogenic
glycoepitopes composed of complex plant N-glycans are known to be immunogenic
to mammals [116]. Attempts were made to redesign the protein N-glycan structures
in plant expression systems. Various strategies such as retaining recombinant pro-
teins in the ER, inhibition of host plant glycosyltransferases, and expression of
heterologous glycosyltransferases for the addition of mammalian-like glycans have
been employed over the years to reduce the adverse effects caused by plant glyco-
sylation patterns in mammals [117].

Similar to plant N-glycans, O-glycans are also structurally different from human
glycol-proteins. Mucin-type, O-GlcNAc, and a xylose residue linked to Ser and Thr
residues are the most abundant O-glycans found in human cells. Extensins and
various other arabinogalactan proteins (AGPs), on the other hand, are the most
abundant O-glycosylated proteins that exist in plants. The galactose residues linked
to most of the Serine (Ser) residues and arabinosyl residues linked to hydroxyproline
(Hyp) residues are the most commonO-glycosylation pattern of extensins [118]. The
AGPs are the largest and the most extensively glycosylated proteins where Hyp
residues are linked with very large arabinogalactan glycomodules or smaller arabino
oligosaccharides [119]. Xu et al. [107] investigated the use of plant O-glycosylation
to increase the stability of in vivo-administered recombinant proteins. The intrave-
nous administration of AGP O-glycomodule fused human INFα2 into mice
exhibited an increased serum half-life by 9 h with no adverse immune response
[107]. Recombinant human growth hormone (hGH) fused to AGPs also exhibited no
adverse immune response when injected into mice [120]. Xu et al. [107] also used an
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extensin signal peptide in conjunction with C-terminal hydroxyproline (Hyp)-rich
peptide to produce a Hyp-rich glycoprotein. A C-terminal Hyp-Ser residue leads to
extensive O-glycosylation through the addition of arabino oligosaccharides. Recom-
binant interferon-α2 produced in conjunction with the Hyp-Ser sequence increased
recombinant protein yield by as much as 350–1,400-fold [107]. The findings of
Singhabahu et al. [12] and Xu et al. [107] also confirmed the protein stabilizing
effect of fused AGPs, where the incorporation of a signal for arabinogalactan in
addition to ADA led to a 336-fold increase of recombinant protein yield in tobacco
BY-2 suspension cultures.

3 Plant Virus Expression Vectors to Express Vaccine Proteins

Plant viruses have also been extensively utilized for the expression of pharmaceu-
tical proteins in plants. The fact that heterologous proteins can be expressed tran-
siently saves time spent for the generation of mature transgenic plants. This can
facilitate the rapid response to produce vaccines against bioterrorism agents and
diseases with pandemic potential such as influenza virus, Ebola virus, or other
emergencies. Moreover, infection of plants by recombinant virus vectors allows
for much higher yields of protein, thus enhancing the feasibility of acquiring the high
doses of antigen that are required for oral immunization. Second-generation plant
virus vectors, which will be discussed in more detail below, allow for biological
containment and prevent the spread of heterogeneous sequences to weedy relatives.
Since recombinant plant virus vectors are used to infect conventional nontransgenic
plants, their usage circumvents public perception concerns regarding genetically
modified organisms, or GMOs.

3.1 Construction of Plant Virus Expression Vectors

In general, plant viruses designed to express vaccines and other therapeutic proteins
are based largely on the genomes of positive-sense RNA viruses or single-stranded
DNA viruses. Infectious cDNA clones can be generated from RNA viruses, which
facilitate their manipulation in the lab as well as on host plants. Review articles that
cover the development of plant virus expression vectors for biopharmaceutical
production include Hefferon [121], Yusibov et al. [122], and Salazar-González
et al. [123].

The development of plant viruses as expression vectors can be presented in terms
of first-generation versus second-generation vectors. First-generation vectors contain
the entire virus genome, and the foreign gene of interest is expressed along with the
coat protein either as part of a fusion protein or separately from an additional strong
subgenomic promoter that is incorporated into the viral genome. Vaccine epitopes
may also be presented on external portions of the virus capsid protein so that they are
displayed on the surface of virus particles. The literature is full of examples of first-
generation plant virus expression vectors and include Canizares et al. [124] and
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Yusibov et al. [125]. A major drawback to using the full virus expression vector
strategy to express vaccine proteins stems from the fact that the virus retains the
ability to replicate, self assemble, and move from cell to cell, thus creating concerns
with respect to the release of the expression vector to unintended plant species.

Second-generation virus vectors were constructed to address this and other issues,
such as increased production levels, overcoming restrictions with respect to tissue
specificity of virus infection to select plant tissues, and heterologous protein size
limitations. These new “deconstructed vectors” are composed of the minimum virus
components required for replication, thereby lacking both movement and coat
protein genes. Deconstructed vectors are unable to infect plants on their own, instead
they must be delivered to the host plant by alternative means, such as the vacuum
infiltration of an agrobacterium suspension which harbors the vector into the leaves
of young plants. This technique enables synchronous production in all plant tissues
in a matter of days, thus increasing protein production in a reduced time period.

3.2 Examples of Plant Virus Expression Vectors Expressing
Vaccine Proteins

Plant positive-sense RNA viruses include the rod-shaped tobamoviruses such as
Tobacco mosaic virus (TMV). TMV is the first virus that has been engineered as a
deconstructed vector system [126, 127]. Examples of articles that cover the use of
TMV for pharmaceutical production include Noris et al. [128], Huang et al. [129],
Musichek et al. [130], and Meti et al. [131]. Recent work by Petukhova et al. [132]
involves the use of TMV as an epitope presentation system for different point
mutation versions of the conserved M2e epitope from influenza virus.

TMV has more recently elicited a renewed interest due to the ability of the
particle itself to act as an adjuvant. Banik et al. [133] found that TMV particles
can act as both an adjuvant and an epitope display system for vaccine development
against tularemia, caused by the facultative intracellular pathogen Francisella
tularensis. F. tularensis is considered by the Centers for Disease Control to be a
Category A biothreat agent due to its potential use as an agent of bioterrorism, as it
can easily be transmitted by aerosol at a low dose of infection and is capable of
causing extreme illness and even death within a short period of time. Several
epitopes based upon protective antigens of the highly virulent SchuS4 strain of
F. tularensis, OmpA-like protein (OmpA), chaperone protein DnaK, and lipoprotein
Tul4, were conjugated so that they decorated the surface of TMV particles. These
TMV-conjugate vaccine formulations were found to be safe when administered to
mice in multiple doses and induced a strong humoral immune response which was
successful in protecting mice against respiratory challenges with very high doses of
F. tularensis LVS.

TMV has also been used by Jones et al. [134] to generate a malaria transmission
blocking vaccine (TBV). TBVs which target proteins expressed in the mosquito
midgut during sexual development of Plasmodium falciparum, such as the Pfs25
protein, are considered to be one avenue through which transmission of malaria can
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be reduced in regions where the disease is endemic. Mosquitoes which bite a
vaccinated individual ingest antibodies which block parasite spread to the next
human host. Vaccine proteins purified 6 days post-infiltration were shown to induce
in both mice and rabbits transmission-blocking antibodies that persisted for up to
6 months postimmunization, indicating that new malaria vaccines could be devel-
oped on a large scale and inexpensively using this form of production line.

Cowpea mosaic virus (CPMV) is an icosahedral virus with a bipartite genome.
CPMV has been utilized extensively for a number of functions including antigenic
presentation and full-length protein expression [135, 136]. The deconstructed vector
system pEAQ is based on CPMV RNA-2 and uniquely involves the expression of
foreign proteins without the need for viral replication. Vectors have been used to
generate vaccines against bluetongue virus, HIV, and influenza virus as well as the
therapeutic protein human gastric lipase [137–141].

Potato Virus X (PVX), like TMV, is also a rod-shaped virus and has been used to
express full-length proteins, fusion proteins in conjunction with the capsid protein,
or epitopes that are displayed on the outer surface of the assembled virus particle.
The use of PVX as an expression vector for vaccine production can be further
illustrated by the work of Mardanova et al. [30]. This research group attempted to
develop a universal influenza vaccine that is derived from the extracellular domain of
the matrix protein 2 (M2e) of the virus. Since M2e is a weak immunogen, the
researchers delivered it as part of a fusion protein with bacterial flagellin, a strong
mucosal adjuvant. High levels of expression (1 mg/g fresh leaf tissue or 30% total
soluble protein) were achieved in infected Nicotiana benthamiana plants using the
PVX delivery vehicle. Mice who were inoculated intranasally with virus particles
were protected from influenza lethal challenge, demonstrating the efficacy of this
vaccine design and strategy.

Geminiviruses are single-stranded circular DNA viruses and possess a twinned
capsid morphology. The fact that geminiviruses can replicate to a high copy number
in a broad range of host plants make them attractive candidates for use as expression
vectors. Several deconstructed versions of geminivirus have been developed and
used to generate monoclonal antibodies to Ebola and West Nile viruses, respectively
[129]. Other constructs based on BeYDV have been developed to generate vaccines
against HIV and HPV [142].

4 Conclusions

Plants and plant materials have been used by humans throughout history and date
back to the prehistoric era. However, recent advances in biotechnology led to the
resurgence of using plants as biofactories to produce biopharmaceuticals (molecular
pharming) through a completely different approach. To date, many plant varieties
such as tobacco, potato, tomato, lettuce, wheat, and sorghum and also many plant
systems such as suspension cultures, hairy roots, hydroponic culture, plant chloro-
plasts, and algae have been used in this regard. The lack of recombinant protein
yield, however, is still an issue to be addressed. Ongoing efforts have been made to
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improve recombinant protein yield in transgenic plants. Strong promoters, strong 50

and 30 UTRs, suppression of promoter and mRNA silencing effects, etc. have been
employed to enhance protein production. Also, subcellular and compartmental
targeting, incorporating sequences to exert unique glycosylation patterns, and
supplementing media with protein stabilizing and protease inhibitors can also
preserve recombinant proteins. The use of viral vectors is another technique
employed in enhancing recombinant protein yield.

The FDA approval of recombinant glucocerebrosidase enzyme produced in carrot
cells is a major breakthrough and success story in molecular pharming. Many other
plant-produced pharmaceuticals are in the pipeline to be released in the market
shortly after completing rigorous clinical trials. However, investigations to improve
recombinant protein yield are currently ongoing. Other improvements in the field of
molecular pharming particularly at the level of functional genomics, epigenetics, and
epigenomics will inevitably produce pharmagens more effectively and are likely to
be achieved in the near future.
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Abstract
Environmental contamination has become a concerning issue worldwide due to
number of risks it poses to human health and ecosystem functioning. Contami-
nants present in soils or waters can go up through the trophic chain via microbial
or plant incorporation. Bio/Phytoremediation is an emerging technology for
large-scale removal or detoxification of contaminants from the environment. It
makes the use of plants and associated microbial communities to remove, trans-
fer, or stabilize pollutants in an environmental friendly manner. This chapter
discusses the biotechnological research including genetic engineering, hairy
root culture, and identification of the genes or physiological processes in opti-
mizing efficacy of plants as phytoremediators. Hairy root cultures constitute an
important tool in phytoremediation research and may provide an ideal model
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system to identify the role of plants in phytoremediation. Future studies on hairy
roots system in relation to phytoremediation should focus on the engineering of
target genes involved in this process and to extend the basic hairy root
phytoremediation model to the environment.

Keywords
Agrobacterium rhizogenes • Detoxification • Environmental contamination •
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1 Introduction

Environmental contamination has become a concerning issue worldwide due to
the risk it present to human health and ecosystem functioning. In developed and
developing countries, the modern life style, with its increasing production of
goods and the high consuming habits of people, is leading to an ever increasing
number of areas modified by anthropogenic activities. These modifications
include physical, chemical, and biological perturbances that may have detrimen-
tal effects on the living organisms. From an anthropocentric point of view,
environmental contamination may affect soil productivity, socioeconomic well-
being, and population’s health. Environmental contamination may affect soil,
water, and atmosphere with foreign organic or inorganic compounds accumulated
as a result of misuse of the natural resources. As life on earth mainly concentrates
above soil or water compartments, we will focus on contaminants affecting
mainly soil ecosystems and in some cases water courses. Soil can be considered
as the base for life on earth, where most plants grow and support many animal and
microbes lives. Soil microbes are organisms of fundamental importance for
geochemical and nutrient cycling, and the functioning of the soil ecosystem
depends in a great manner on their activities allowing primary production.
Thus, they have a central role in nutrient cycling and degradation of innumerous
organic compounds.
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Contaminants are present in soils or water courses can go up through the trophic
chain via microbial or plant incorporation. As plants and microbes serve as energy
source for other organisms, they too may become contaminated or harmed by the
presence of contaminants. This fact may lead to the so-called biomagnification,
defined as the increase in the concentration of a particular compound in living
organisms due to the rate of absorption being higher than that of excretion. This
process may lead to higher concentrations in organisms higher up in the trophic
chain and may eventually adversely affect human health.

Among the organic pollutants in soils, herbicides and pesticides are very fre-
quently found due to their excessive or inadequate use in agriculture. Examples of
these class of compounds are atrazine, endosulphan, chlorpyrifos, 2,4-D, and
cypermethrin, which are used on a large scale in agriculture and represent a real
and constant threat for human health since its leaching and accumulation in soil
directly affects soil functioning and thus threatens human and animal health.
Agrotoxic residues in agricultural foods are relatively high for world population. It
is estimated that in countries as Brazil, one of the most important producers of
agricultural foods in the world, around 5 kg of agrotoxins are consumed annually per
person. This has been related with the increasing incidence of diseases as cancer,
neurological disorders, allergies, etc. [1–3].

Other important groups of organic pollutants are represented by so called poly-
cyclic aromatic hydrocarbons (PAH), which include compounds such as naphthalene
and pyrene; petroleum products as benzene, toluene, ethylbenzene, and xylene; and
polychlorinated biphenyls (PCBs) [4]. Organic compounds related to pharmaceuti-
cal substances, viz., antibiotics, caffeine, or hormones, are emerging contaminants in
environment with water courses as main receivers of these organics [5].

Degradation of organic pollutants has been traditionally accomplished by phys-
icochemical technologies or by the use of bioremediation approaches. Recently,
plant-engineering focuses the improvement of plant capabilities to degrade or
transform organic compounds by overexpression of genes related to enzymes
transforming xenobiotics [6]. Microbial genes involved in the degradation of specific
organics can be introduced in plants in order to “in-planta remediation” or to
diminish xenobiotic toxicity. Microbial endophytes inoculation with pollutant-
degrading capabilities offers new functional resources for achieving organics reme-
diation [7–9].

Among inorganic contaminants, metals and metalloids as lead, cadmium, copper,
mercury, and arsenic are among the most toxic contaminants in soils and ground
waters. Unlike organics, they cannot be degraded by physicochemical or biological
agents becoming persistent in environment. In this case, controlling levels, mobility,
and chemical specification is important in order to minimize the risk to their toxicity
to biota and their entrance into food-chain. The manipulation of metal-contaminated
sites by changing in a controlled manner the physicochemical conditions or by
introducing engineered systems can greatly diminish the mobility and bioavailability
of inorganic contaminants, thus reducing toxicity levels to acceptable levels and
allowing regeneration to proceed.
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2 Biotechnological Approaches to Remove
the Contaminants

Inorganics, petroleum, explosives, solvents, polycyclic aromatic hydrocarbons, and
other organic compounds are common contaminants which are continually polluting
soils and ground/surface waters [10]. The concentrations of the contaminants can
vary from highly toxic concentrations from an accidental spill to barely detectable
concentrations that, after long-term exposure, can be detrimental to human health
[11]. Excavation, transport, soil washing, extraction, pumping, and treating of
contaminated water, addition of reactants such as hydrogen peroxide or potassium
permanganate, and incineration are prevalent engineering methods for the remedia-
tion of contaminated sites [7]. The cost of cleaning up with these methods is
extremely high. A serious consequence of the high cost of remediation technologies
is that polluted commercial properties are often abandoned rather than cleaned
up. Using plants and their associated microbes to clean up toxic substances in the
environment has been introduced from several decades ago [12,
13]. Phytoremediation takes advantage of the natural ability of plants to extract
chemicals from water, soil, and air using energy from sunlight. The advantages of
phytoremediation are its relatively low costs compared to mechanical methods, high
public acceptance, little secondary waste generation, conservation of topsoil, and
further it is passive and solar-driven [7].

It is well known that phytoremediation occur naturally in plants, with wide
variation observed depending on plant genotype and environmental conditions.
Adaptation to the particular soil-climatic zone productivity (fast-growing, large
biomass formation), presence of the corresponding physiological (transpiration
ability) and morphological (development of an appropriate leaf and root system)
characteristics, adaptation to field conditions, and presence of the needed broad
enzymatic systems are desirable characteristics for the plants which are interesting
for phytoremediation [14]. In order to increase the ecological potential of plants,
definite progress has already been achieved in the cloning of genes participating in
metabolism, uptake, or transport of specific pollutants. In the last two decades,
genetic engineering has substantially contributed on improving the ability of plants
to remove environmental pollution [15, 16]. Genes from microbes, plants, and
animals are being used successfully to enhance the ability of plants to tolerate,
remove, and degrade soils and waters contaminants [7]. In addition to these trans-
genic approaches, the use of microbes that live within plants, termed endophytes,
also led to improved tolerance to normally phytotoxic chemicals and increased
removal of the contaminants [8, 17]. The first attempt to develop engineered plants
for phytoremediation of organic pollutants targeted explosives and halogenated
organic compounds in tobacco plants [18, 19]. The efficiency of transgenic plants
to degrade chlorinated solvents, explosives, phenolics, etc. has been extensively
acknowledged in the literature [7, 10, 20–23].

Radionuclides (e.g., Cs, P, U), metals/metalloids (e.g., As, Cd, Cu, Hg, Mn, Se,
Zn), and plant fertilizers (e.g., nitrate, phosphate) are also known as common
inorganic contaminants which occur in nature mainly as positively or negatively
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charged ions and depend on plant transporters for uptake and translocation. Inor-
ganics can be altered (reduced/oxidized), moved into/inside plants, or in some cases
volatilized (Hg, Se) but cannot be degraded. Thus, phytoremediation methods
available for inorganics include immobilization (phytostabilization), sequestration
in harvestable plant tissues (phytoextraction or rhizofiltration), and, in exceptional
cases, phytovolatilization [7, 24]. Biotechnological approaches that have success-
fully altered the capacity of plants for phytoremediation of the contaminants espe-
cially inorganics have focused on both tolerance and accumulation. Genes targeted
include metal transporter genes, as well as genes that facilitate chelator production.
Also, in the case of elements that can be volatilized, genes that facilitate conversion
to volatile forms were overexpressed [16]. The introduction of these genes can be
readily achieved for many plant species using Agrobacterium tumefaciens-mediated
plant transformation or direct DNA methods of gene transfer [7]. Phytoremediation
of toxic metals has been successfully improved with transgenics [25–27]. Many of
the genes involved in metal uptake, translocation, and sequestration have been
identified using the model plant Arabidopsis or naturally hyperaccumulating plants.
However, the phytoremediation capacity of these natural hyperaccumulators is
limited by their small size, slow growth rates, and limited growth habitat [26]. There-
fore, if the genes were transferred to plant species such as poplar and willow with
their high biomass and extensive root systems, significant removal of the heavy
metals should be achieved. Transgenic plants with improved metal uptake and/or
sequestration have been developed for cadmium, zinc, mercury, arsenic, and sele-
nium [28–30].

In vitro plant cell and tissue culture is also considered as an important biotech-
nological tool for fundamental studies that provide information about the plant-
contaminant relationships, help to predict plant responses to environmental contam-
inants, and improve the design of plants with enhanced characteristics for
phytoremediation [6]. Callus, cell suspensions, hairy roots, and shoot multiplication
cultures are used to study the interactions between plants and contaminants under
aseptic conditions [31, 32]. In vitro cultures offer a range of experimental advantages
in studies aimed at examining the intrinsic metabolic capabilities of plant cells and
their capacity for toxicity tolerance. The advantages of cell suspension culture
system over intact plants are: (i) lack of interfering photochemical and microbial
transformation of the pollutants, (ii) results may obtained more quickly, (iii) absence
of chlorophyll and other plant pigments facilitates complete extraction and identifi-
cation of metabolites, (iv) plant cells can survive at moderate concentrations of
xenobiotics without any cellular damage, (v) plant cell suspensions can be easily
cultured in scaled-up assays (up to 50 g fresh weight) and air-lift-fermenters (~500 g
fresh weight), and (vi) in vitro culture of root and shoot cells allow indefinite
propagation and experimentation using tissues derived from the same plant, avoiding
the risks of variability among species [6, 33–35]. The ability to identify the contri-
butions of plant cells to contaminant uptake and detoxification without interference
from microorganisms is of particular significance in the search for fundamental
knowledge about plants. However, if the ultimate goal of plant tissue culture
experiments is the development of practical phytoremediation technology, the
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limitations inherent in the use of in vitro cultures as a representative of whole plants
in the field must be recognized. The bioavailability of pollutants and the processes of
contaminant uptake and metabolite distribution are likely to be substantially differ-
ent in the two systems; this can lead to qualitative as well as quantitative differences
in metabolic profiles and tolerance characteristics. Many plant species have an
inherent ability to accumulate/metabolize a variety of contaminants, but they nor-
mally produce little biomass [36]. However, fast-growing plants such as poplar and
willow trees are excellent candidates for phytoremediation because of their rapid
growth, extensive root system, and high water uptake [7, 37].

Also, hairy roots, fine fibrous structures that are formed on plant tissues infected
by Agrobacterium rhizogenes [38], can be grown in large mass in culture media in a
controlled environment and can therefore be subjected to various physiological
assays such as phytoremediation [6]. Also, these transformed roots are amenable
to genetic manipulation and may facilitate the characterization of genes that influ-
ence the phytoremediation capacity of plants. Furthermore, the expression of suit-
able genes in root system enhances the rhizodegradation of highly recalcitrant
compounds like PAHs, PCBs, etc. [15, 39]. Hairy root cultures could be also
considered as initial screens for plants with enhanced capacity for phytoremediation
[40]. Several advantages including the ability to grow rapidly in microbe-free
conditions, providing a greater surface area of contact between contaminant and
tissue, and genetic and metabolic stability in comparison to wild type have been
offered for using hairy roots in phytoremediation [38, 41]. Another advantage of
using hairy roots for studying phytoremediation is their ability to produce large
quantities of exudates which are composed of enzymes and some metal chelating
compounds that may detoxify or sequester harmful organic and inorganic contam-
inants [7, 41, 42].

3 Bio/Phytoremediation

3.1 What Is Phytoremediation?

Phytoremediation is an emerging technology for large-scale removal or detoxifica-
tion of contaminants from soils, waters, sediments, and air [43,
44]. Phytoremediation uses plants and their associated microbial communities, to
remove, transfer, or stabilize pollutants in an environmental friendly manner.
Phytoremediation is frequently an in situ process and does not require the physical
removal of the polluted soil which contributes to lowering costs and impacts on the
ecosystem, preserving landscape that may reflect its acceptation by population and
public actions.

The growing interest of phytoremediation may be that scientific studies in
genetics, physiology, and biochemistry of plant tolerance to inorganic and organic
contaminants have dramatically increased during the last decade. The choice of the
plant-technique for restoring in specific level a determined site will depend on the
chemical nature and concentration of the pollutant and also on the physicochemical
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and biological characteristics of the soil. However, there are still some barriers for
the adoption of phytoremediation by private and public organisms that impairs
successful applications of this remediation technique.

Phytoremediation has been subdivided in a number of phytoprocesses depending
on the characteristic used by plants to remediate a polluted site, generating different
phytotechnologies that includes the following:

– Phytoextraction and phytoaccumulation are probably the best known
phytoremediation processes for soils contaminated with inorganics. In these
techniques, metal-accumulating plants remove metals from soil concentrating
them in plant parts that will be subsequently harvested. Metal-rich plant material
obtained by these methods can be appropriately disposed or incinerated, or
depending on the economical value of the metal and its concentration in plant
tissues it can be phytomined and recovered from plant ashes [10, 32, 45]. In some
cases, if the element extracted in plant material is a valuable nutrient for plants,
the harvested metal-containing biomass can be used as fertilizer in deficient
areas [46].

– Phytostabilization uses metal tolerant plants and its associated microbes to reduce
pollutant mobility and bioavailability by means of its immobilization in the root
zone. This process prevents metal leaching to ground water reservoirs and
reduces the possible risks of offsite contamination through wind and rain
erosion [47].

– Phytovolatilization uses plant mediated processes that favor the volatilization of
pollutants. This process is possible only for some particular organic compounds
and for inorganics such as mercury, in which after plant uptake, pollutant is
released in a volatile form [48, 49];

– Phyto- or rhizofiltration is the use of plant roots to absorb and adsorb pollutants
from waters; this process is mainly used to remove metals and inorganics from
industrial and water treatment effluents. When seedlings are able to achieve this
process, the technique is called blastofiltration [50].

– Phytodegradation is the degradation of pollutants by plant–microbe systems in
which enzymatic activities can facilitate organics biodegradation [24]; and

– Phytoscrubbing is the plant removal of atmospheric pollutants [51], as in the case
of organics such as benzene that can be efficiently removed from air by Dracena
sanderiana plants [52]. Another recent example of phytoscrubbing is given by
plants from the Ericaceae family which was screened to remove gaseous
pollutants [53].

Biological techniques imply low energy, an input requirement that can translate in
expressive cost advantages over other techniques. They also focus greater efforts in
public, private, and scientific communities. However, other techniques as thermal,
physical, and chemical strategies are successfully applied in some cases depending
of the remediation problem. In some cases, uncontrolled biological activity can
actually increase risks by remobilizing contaminants or by forming more harmful
breakdown compounds.
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3.2 Genes/Enzymes Involved in Detoxification of Pollutants

Biotechnology is the use of biological systems as tools to solve technological
problems. A considerable part of biotechnological research is involved with opti-
mizing the efficacy of the tools, e.g., optimizing efficacy of plants as
phytoremediators by genetic engineering [54]. Another key part of the biotechno-
logical process is the actual identification of the tools that are available for possible
use, i.e., the identification of the genes or physiological processes that make some
plants tolerate high levels of environmental contamination. The use of these tools
make it possible for some plants to take up xenobiotics or high levels of heavy
metals, and then survive or even thrive.

The rhizosphere is a complex and dynamic environment, where there is a constant
interaction between plants and numerous microorganisms in the soil. For a full
mechanistic understanding of phytoremediation, we need to be able to separate the
contributions of microorganism and plants in the process. Yet, many studies have
demonstrated that plant tissue cultures are an extremely valuable tool in
phytoremediation research. For example, Doty et al. [55] demonstrated that plant
cells of poplar are capable of metabolizing halogenated environmental pollutants in
the absence of rhizospheric bacteria. Phytoremediation of benzophenone and
bisphenol A using immobilized plant cells of Nicotinia tabacum has also been
reported by Shimoda et al. [56]. Schmidt et al. introduced various P450 genes
(CYP1A1, CYP2A2, CYP3A4) in tobacco cell cultures to study the degradation
and detoxification of various insecticides, herbicides, and other xenobiotics [33,
34]. The results derived from tissue cultures can be used to predict the responses of
plants to environmental contaminants and to improve the design and thus reduce the
cost of subsequent conventional whole plant experiments. Hairy root cultures
provide an ideal model system to identify the role of plants in phytoremediation
and have been used frequently for this purpose [6]. They allow researchers to
monitor and quantify the uptake of pollutants and follow the detoxification process
in detail. Thus, hairy roots will help in gaining a greater understanding of the way
plants deal with pollutants. In addition, hairy roots can be subjected to various
physiological assays. This information will be valuable in choosing the best plant
species for use in bioremediation [40]. Though, however valuable a tool they are,
we will have to remain aware that aseptically grown hairy roots are a model system
only. For example, in the rhizosphere microorganisms may directly affect
phytoremediation by substantially altering the bioavailability of environmental
contaminants or indirectly affect the process by affecting growth and development
of roots and shoots [57].

Much of the research on phytoremediation has concentrated on the removal of
polychlorinated biphenyls (PCBs) from contaminated water and soil. PCBs had
found wide industrial application in the 1960s, due to their chemical stability, low
flammability, and their electrical insulating properties. They were commonly used as
coolants and insulating fluids or mixed in with plastics, lubricating oils, and flame
retardants. In the 1970s, when the toxic effects of PCBs became widely known and
their industrial use was severely restricted, the compounds had already widely spread
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into the environment through use and disposal. Their chemical stability now was a
major drawback, and PCBs have become to this day persistent organic pollutants.

Plants respond to the presence of PCBs in their environment. In an effort to
identify the genes that may play a role in phytoremediation, PCB-induced gene
expression in Arabidopsis thaliana was monitored using a gene expression micro-
array [58]. A coordinated gene expression pattern was revealed; most
PCB-responsive genes seemed to be involved in plant growth and development
(e.g., ion transport, signal transduction, transcriptional regulation) and various
metabolic pathways. Plants are known to exude oxidoreductive enzymes (e.g.,
peroxidases and laccases), which have been considered as possible metabolic tools
transform organic contaminants [59]. Whereas the main function of the
oxidoreductive enzymes seems to be the oxidation of various phenolic compounds,
hairy root cultures of Solanum nigrum have been shown to also convert PCBs into
hydroxyl-PCBs and further conjugates [60, 61].

Species of bacteria living in symbiosis with plant roots [62] actively degrade
PCBs into chlorobenzoic acids (CBAs). These degradation products are taken up
from aqueous solutions by plant roots, through a mix of passive processes (e.g.,
sorption to plant tissue) and active metabolism. The common osier, Salix viminalis,
could remove up to 90% of 4-CBA from hydroponic solutions [63].

Attempts have been made to genetically engineer plants so that they can degrade
PCBs into less environmentally damaging products [15]. To this aim, plants have
been transformed with genes coding for mammalian oxidoreductive enzymes [64] or
bacterial biphenyl dioxygenases [65, 66]. In another example, a bacterial gene
encoding γ-glutamylcysteine synthetase, the synthesis of which is the rate-limiting
factor in glutathione biosynthesis has been introduced in some poplar transgenic
clones characterized by γ-glutamylcysteine supersynthesis. The transgenic poplars
grown on soil containing the chloracetinyl herbicides metolachlor and acetochlor,
accumulated biomass much more intensively than the wild poplar hybrids. The
transgenic clones were also distinguished by increased activities of
γ-glutamylcysteine synthetase and glutathione-S-transferase (GST) in the leaves,
indicating the close relationship of these biosynthetic processes. The mechanism of
uptake of cadmium and zinc by Thlaspi caerulescens has also been studied and
involves a highly expressed metal transporter [67]. The transporter gene, ZNT1,
encodes a high-affinity zinc/low-affinity cadmium transporter, as demonstrated in
yeast. The zinc/cadmium pumping ATPase was recently purified directly from
T. caerulescens and was shown to transport both zinc and cadmium [68]. Constructed
Arabidopsis plants with the γ-ECS gene and the arsenate reductase C (ArsC) gene to
control both the mobility and the sequestration of arsenic have been also reported by
Dhankher et al. [69]. The transgenic plants coexpressing these two genes grew
substantially better, with healthy shoots, on medium containing 200 μM arsenate
compared with the wild-type controls which were stunted and chlorotic. The double
transgenic plants cultured on this medium showed sixfold greater biomass than the
wild-type plants after 3 weeks. These findings could be useful as an important first
step towards giving another plant species the characteristics of a hyperaccumulator.
Mercury is another highly toxic pollutant with expensive clean up. Ruiz and Daniell
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[70] have reported that by expressing some bacterial genes, namely, the merA gene
encoding mercuric ion reductase and the merB gene encoding organomercurial
lyase, transgenic plants had improved resistance to the toxic effects of mercury.
They confirmed that resistance was further improved when merB was expressed in
the endoplasmic reticulum. Since the chloroplast is the primary target for mercury
poisoning, their results helped lead the research in the direction of chloroplast
genome engineering. Greatly improved resistance to mercury was achieved with
high expression levels of merA and merB in the chloroplast. Engineering of the
plastid genome has many advantages over the traditional engineering of the nuclear
genome [8]. Bacterial genes, such as merA and merB, are expressed more efficiently
in plastid genomes that are believed to be of bacterial origin [8, 71]. Very high
expression levels can be achieved through plastid engineering without the issue of
gene silencing. Furthermore, since the plastid genomes are maternally inherited,
there is no transgenic escape via pollen. For example, by expressing merA and merB
in the chloroplast genome, transgenic tobacco plants exhibited much higher resis-
tance to phenyl mercuric acetate and were able to efficiently transport organic
mercury and then volatilize elemental mercury [8]. The chelation of the metals by
a ligand has also been introduced as a general mechanism for detoxification of them
in plants. Peptide ligands, phytochelatins, have been identified in a wide variety of
plant species including angiosperms, gymnosperms, algae, fungi, and marine dia-
toms [72–74]. Phytochelatins are enzymatically synthesized from glutathione and
are rapidly induced in cells and tissues exposed to a range of metal ions such as Cd,
Zn, Ag, Cu, Ni, Hg, and Pb and anions such as arsenate and selenite [75]. Several
studies have suggested that phytochelatin synthase activity is regulated at the level of
enzyme activation by metal ions. It has been shown that phytochelatin synthase
activity has an important role in Cd tolerance. For example, in transgenic plants of
Indian mustard plants, increases in the expression of enzymes of glutathione bio-
synthesis pathway led to an increase in phytochelatin biosynthesis and Cd-tolerance.
Plant cell and hairy root cultures have provided an excellent model for investigating
the phytotoxicity and metabolic fate of xenobiotics since test conditions can be
closely controlled and extraction of metabolic products is relatively easy [15]. Sev-
eral in vitro assays have been developed to monitor the toxicity of post-removal
solutions, e.g., the AMPHITOX bioassay which measures the effect of pollutants on
amphibian embryo development [54, 76], the mitotic index of meristematic cells of
Allium cepa [77], or an assay measuring the germination and development of
Lactuca sativa seeds [78].

4 Transport of Chemicals Inside the Root Cells

A major research effort has gone into understanding the mechanism of hyperaccu-
mulation in plants. Hyperaccumulation involves the active uptake of large amounts
of heavy metals from the soil, followed by translocation to the shoot and subsequent
accumulation in leaves, without showing symptoms of phytotoxicity [79]. Hairy
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roots have been instrumental in elucidating the process of heavy metal uptake by
roots. In response to high levels of heavy metals, roots produce glutathione oligo-
mers called phytochelatin, and related peptides [80–82]. In addition, hairy roots of
the hyperaccumulators, Thlaspi caerulescens and Alyssum bertolonii (both
Brassicaceae), contain high constitutive levels of citric, malic, and malonic acids,
which indicates that organic acid complexation also plays a role in heavy metal
uptake [83].

After uptake, heavy metals are usually transported to the shoots. However,
hyperaccumulation does not necessarily depend on the presence of shoots or root-
shoot translocation. Hairy root cultures of the hyperaccumulator A. bertolonii
remained healthy in appearance and continued to grow in the presence high levels
of nickel, whereas hairy roots of Nicotiana tabacum turned dark brown and growth
was negligible [84]. This observation may be explained by different mechanisms of
transport of heavy metals; when hairy roots of the hyperaccumulator T. caerulescens
were cultured at high Cd concentrations, they initially stored metal in the wall
fraction, whereas in N. tabacum roots most metal was transported directly into the
symplasm. The delay in transmembrane uptake may represent an important defen-
sive strategy against metal poisoning [32].

Much work on metal transport in plants is done with the hyperaccumulator
T. calerulescens. Several ecotypes of this plant species exist; some are adapted to
growth in metalliferous soil. Molecular genetics comparison of different ecotypes
has resulted in the identification of genes involved in transmembrane metal transport
and hyperaccumulation [85–87], a key role is played by genes belonging to the ZIP,
HMA, MATE, YSL, and MTP families [79].

4.1 Induction and Establishment of Hairy Root Culture System

Hairy root disease is caused by a naturally occurring gram negative soil bacterium
Agrobacterium rhizogenes that contains root inducing (Ri) plasmid (more than
200 kb). T-DNA on Ri-plasmid is transferred and integrated into the nuclear genome
of the host plant upon infection with A. rhizogenes [88–90]. Opines are produced as
a result of infection, and based on the opines produced, A. rhizogenes strains are
classified into octopine, agropine, nopaline, mannopine, and cucumopine type
[91]. Choice of proper explant, an appropriate A. rhizogenes strain, culture medium,
as well as selection of antibiotic to remove the bacteria after cocultivation are
important factors for establishing hairy root culture [92]. Different explants like
root, stem, leaf, hypocotyl, cotyledons, nodal segments, and embryo axis can be used
for initiation of hairy roots. Out of all the strains, agropine is the most commonly
used due to its strong induction ability. Hairy roots are characterized by a large
number of highly branched fast growing adventitious roots at the wound site which
are capable of growing on hormone free medium. These are plagiotrophic in nature
and are found to be genetically as well as biochemically stable over a long period of
time [90, 93].
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4.2 Advantages of Hairy Root Cultures in Phytoremediation

Hairy roots provide several benefits compared to dedifferentiated cells and tissues
including callus and cell suspension cultures. Hairy roots present phenotypic,
genetic, as well as biochemical stable system for a long period compared to dediffer-
entiated cells that are generally found to show somaclonal variations and product
instability [94, 95]. Moreover, plant roots are in direct contact with soil or water
hence pollutants present therein.

Hairy roots provide a large surface area due to fast growth and highly branched
nature and hence contact between the contaminants and tissue in comparison to
naturally growing roots thus providing reliable and reproducible experimental sys-
tem to study the pollutants and their response to toxic substances [40, 96]. Introduc-
tion of foreign genes and their resultant proteins to metabolize environmental
pollution in transformed hairy roots can be expressed for a long term due to genetic
stability [97]. Another advantage associated with the hairy roots is absence of shoots
that help in understanding the mechanisms present only in roots for removal of
contaminants without the translocation effects [98]. These roots can also be used to
understand the enzymatic processes involved in bioconversion of toxic pollutants to
nontoxic compounds [99]. Literature studies showed the number of reports wherein
hairy roots have been successfully used to study phytoremediation. Some of the
examples of hairy root cultures from different plant species employed to uptake and
degrade the various pollutants are presented in Table 1.

5 Limitations of Phytoremediation in Land Plants

The term phytoremediation comprises plant-based technologies used to clean up
toxic compounds in the environment and it has been extensively used in studies with
toxic metals. The term is usually misused and confounded with phytoextraction,
which is the technique related to the removal of toxic metals from contaminated soils
using plants [112]. For decontamination of aquatic environments, the process is
called rhizo- or phytofiltration [113]. Phytostabilization and phytovolatilization are
also techniques to clean the environment, but in the first case, plants are used to
stabilize the toxic metal in the soil, and in the second, plants are used to extract
certain metals from soil and further released to atmosphere through
volatilization [112].

Some plants with the capacity to absorb and tolerate high concentrations of toxic
metals in their tissues are called hyperaccumulators, many from the Cucurbitaceae
family, then being herbaceous and having annual cycle [111, 114]. Hyperaccu-
mulators should be differentiated from excluders, which nearly do not absorb metals
as a strategy to avoid intoxication [115]. On the other hand, hyperaccumulators do
absorb metals and accumulate large amounts in their tissues without visible meta-
bolic damage.

Phyto- or rhizoextraction may be simply defined as the removal of a toxic metal
from the contaminated area to be accumulated in a plant part. Clearly the dimension
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of the root system plays an important role in the efficiency of the process. Contam-
ination of soil deep layers may restrict the efficiency of land plant
accumulators [116].

As a process, the practical use of phytoremediation depends on in which plant
part metals accumulate. In aquatic plants, this is secondary since the whole plant can
be removed from the contaminated place, but in land plants, the accumulation of
toxic metals in roots implies the necessity of soil movement or removing large
amounts of soil, making the process costly. Unfortunately, in a number of plant
species, the main accumulation site is the root system [117].

Soil particles may also tightly hold toxic metals, becoming unavailable for root
absorption. Pb is strongly retained in nearly all types of soil, thus being poorly
absorbed by plants [117]. When absorbed, Pb is poorly transported to the shoot
[118–121]. In such cases, application of chelators to the soil could be an alternative,
by increasing the availability of the metal for plant absorption [122–125]. However,
lack of detailed studies on the persistence of the metal-chelating agent in the soil and
the potential risk of metals reach the groundwater has raised serious concerns to
adopt chelators in contaminated areas [126].

Other plant species accumulate toxic metals in the shoot [114] but low growth
rates and low biomass production may limit their use for phytoremediation

Table 1 Hairy root cultures of different plant species utilized for phytoremediation of various
environmental pollutants

Pollutant Hairy root culture of plant species Reference

Cadmium Beta vulgaris, Nicotiana tabacum [100]

Solanum nigrum [101]

Thlaspi caerulescens [32]

Adenophora lobophylla, A. potaninii [82]

Copper Rubia tinctorum [102]

Hyptis capitata [32]

Uranium Chenopodium amaranticolor, Brassica juncea [96]

Nickel Alyssum sp. [84]

Alyssum murale [103]

Phenol Brassica juncea [104]

B. napus [77, 105]

Lycopersicon esculentum [106, 107]

Armoracia lapathifolia [108]

Daucus carota [109]

RDX and HMX Catharanthus roseus [31]

Tetracycline, Oxytetracycline Helianthus annuus [41]

DDT Brassica juncea, Cichorium intybus [110]

TCE Atropa belladonna [97]

PCBs Solanum nigrum [111]

DDT dichloro-diphenyl-trichloroethane, HMX oxtahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine,
PCBs polychlorinated biphenyls, RDX hexahydro-1,3-5-trinitro-1,3-5-triazine, TCE
Trichloroethylene
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[127]. Biomass production may also be low due to adverse local climatic conditions
or nonadaptation of the hyperaccumulator to the local environment because of
different geographical origin [127]. Altogether, this implies the need of selection
of an appropriate species for a given metal and for a given contaminated site, not
excluding adoption of breeding strategies to select genotypes with desirable
phytoremediation characteristics [128].

If biomass production is not a problem, the next step is to decide its destination
(and the metal contained therein). At this stage, some questions must be asked: Can
the metal be recovered from the plant matrix? Is the metal recovering process
economically and/or technically viable? Is the recovered metal sufficiently pure or
has enough quality to attend a specific demand or to be marketed? Does the metal
price afford the whole recovery process? Can the recovered metal be a component of
another product or process, which will not pollute or damage the environment? Thus,
plant-based phytoremediation is viable if plants efficiently absorb the metal, accu-
mulation occurs mainly in the shoot, produce large amount of biomass, possess
ability to grow in different environments, and biomass destination removes the metal
from the environment or it is used/applied in other safe process or products [129,
130].

A practical problem in using phytoremediation is the time the hyperaccumulator
plant has to be harvested from the contaminated site. Studies investigating the
accumulation of Cd in rice grain showed a dynamic metal movement between
various plant organs during development [131, 132]. Thus, a compromise between
metal concentration in the tissues and biomass production may define the right time
for plant shoot harvesting.

Trees might be an alternative to herbaceous and short-cycle hyperaccumulator
plants. The metal tolerance of trees has been reported in some research studies, but
the information is restricted to a few species [133]. Moreover, genetic variability in
trees is high and the definition of what could be tolerance is variable, since it has
been observed that within a population there is great variation in the ability to
tolerate a specific metal. To understand tree metal tolerance, some studies have
used tissue culture or cell suspension cultures, but most have assessed seedlings
since the slow growth of trees imposes time limitation [134, 135]. However, this
strategy has been questioned, since it cannot reflect the behavior of mature
trees [136].

Studies with adult trees demand long periods of time and consequently there is
little literature on this topic. However, the slow growth may be an advantage since it
would also slow the metal absorption avoiding toxicity development [133]. Associ-
ation of slow growth and slow absorption, preventing high metal accumulation, has
been proposed as an explanation for the capability trees have to acclimate to
contaminated soils [133]. Thus, although slow growth imposes a limitation, over a
long period of time phytoremediation should be viewed positively and the total
amount of metal absorbed by the whole plant should be considered rather than only
concentration per unit mass [137].

The metal compartmentalization in trees has been little explored and few species
have been investigated. Among them, Salix and Populus are those that have
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deserved more attention in North America and Europe [138]. According to Pulford
and Watson [133], trees accumulate metals preferentially in zones of active growth,
such as shoots and young leaves, but significant part of the studies show that
depending on the metal, accumulation also occurs in roots. Most of the metal
nonretained in the roots was transported to the stem in Acer pseudoplatanus (syca-
more) growing in soil contaminated with Pb [136]. Analysis of shoots of willow
plants growing in contaminated soil showed a higher concentration of Pb in stems,
along with Cr and Cu, while Zn, Cd, and Ni accumulated more in leaves [139]. Com-
prehensive reviews on metal tolerance in trees can be found in the literature [133,
140–142].

As for herbaceous plants, some aspects are important for the choice of tree species
used for phytoremediation as: (1) high biomass production, (2) a deep root system,
(3) high growth rate, (4) ability to grow in soil with low nutrient availability, and
(5) high capacity to allocate metals in the stem [140, 143]. These features could
allow for high-density planting, exploiting fast-growing trees such as Eucalyptus,
Pinus, Populus, and Salix [143].

The use of trees for phytoremediation allows the possibility of exploiting a true
immobilization of the metal in the timber, which could then be used for several
purposes. For example, timber could be employed in house and building structures
and furniture covered by sealants or any protective material (laminates for example)
avoiding human contact. Such timber would be traceable and producers would
receive a certificate.

6 Conclusions and Future Directions

Phytoremediation is a promising tool for cleaning up pollutants from the environ-
ment. This plant-based technology offers different solutions for the removal of
contaminants, including phytodegradation, phytoextraction, phytostabilization,
phytostimulation, and phytovolatilization. Although the main role in the
phytoremediation process is taken by the whole plant, specific plant constituents,
such as cells and hairy roots, can be used for the same purpose, mainly to study how
the process works.

Amongst all the toxic compounds (inorganics, explosives, polychlorinated biphe-
nyls, and other organics) that pollute water and soil, polychlorinated biphenyls and
inorganics, including heavy metals and radionuclides, have been the main targets in
phytoremediation research.

Hairy root cultures have been shown to convert polychlorinated biphenyls into
hydroxyl derivates and other conjugates. Genetic manipulation of these roots with
suitable genes has enabled hairy roots to degrade these toxic compounds
(phytodegradation) and enhanced their rhizo/phytoremediation capacity.

Since heavy metals and radionuclides cannot be degraded, other plant-based
technologies included in phytoremediation such as phytoextraction,
phytostabilization, and phytovolatilization are carried out in which the plant
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neutralizes these pollutants. Hairy roots also play an important role here, above all in
the studies of heavy metal uptake by roots and the production of chelating
compounds.

Other advantages of using hairy roots in phytoremediation are their high biomass
production resulting in a large contact surface area between contaminant and tissue;
their high growth rate, which enables studies to be completed more quickly; genetic
and metabolic stability in the engineered hairy roots; their constant size regardless of
the size of the whole plant, and their usefulness as a tool to screen hyperaccumulator
plants.

There is no doubt that hairy root cultures constitute an important tool in
phytoremediation research but they are a model system only, so it is necessary to
remain aware of their limitations in the development of practical phytoremediation
technology.

Future studies on hairy roots in phytoremediation should remain focused on the
engineering of target genes involved in this process, and new studies are required to
extend the basic hairy root phytoremediation model to the environment.
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Abstract
Genetic manipulation or metabolic engineering in plants has resulted in the ability
to control plants with the aim to synthesize desired plant secondary metabolites
for the pharmaceutical and nutraceutical industry. The evolution of “omics” has
further provided advanced resources that allow for elucidation of uncharacterized
biosynthetic pathways, enabling novel pharming approaches. Enhanced produc-
tion levels of alkaloids with anticancer activities in C. roseus, vinblastine and
vincristine through genetic manipulation, have been achieved. Various natural
antioxidants in the form of phenolic compounds including flavonoids and
proantocyanidins have not been spared. This chapter discusses the exciting
topic of metabolites in transgenic plants and the investigation into the large-
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scale production of pharmaceutical ingredients in a number of heterologous
systems including plant cell and organ cultures. The chapter also reveals the
unknown and unexpected results in metabolic pathway engineering which still
need to be researched and understood including the behavior of transgenes in the
environment. In an attempt to map the future of transgenic plants, next generation
technologies are put on the spotlight.
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Genetic engineering • Hairy root cultures • Pharming • Pharmaceuticals

Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 622
2 Gene Manipulation and Plant Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623

2.1 Secondary Metabolites and Pharmaceuticals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 623
3 Gene Regulatory Networks for Secondary Metabolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 625

3.1 Broadening the Horizons of Cancer Therapy: A Case of Vinblastine and
Vincristine from Transgenic C. roseus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 625

3.2 Enhancing Production of Antioxidants Including Vitamin A, C, and E in Plants . . . 626
3.3 Modulating Production of Functional Phenolic Compounds: A Case of

Flavonoids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 630
4 Potential of the Hairy Root for Enhancing Active Metabolite Production . . . . . . . . . . . . . . . . 631
5 Finding Nemo: Exploring Transgenic Organisms of the Aqua World for Important

Secondary Metabolites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 632
6 The Curse of the Transgenic Plant: Biosafety Issues Surrounding Transgenic Plants . . . . 632
7 The Next-Generation Metabolic Engineering . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633
8 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 633
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 634

1 Introduction

Genetic engineering in pharmaceuticals, also known as “pharming”, involves the use
of genetically modified organisms including plants (transgenic plants) as factories
for pharmaceutical production. The purpose of genetic manipulation or metabolic
engineering in plants is to improve by increasing the production or expression of an
existing compound, reduce the production of a specific compound, or introduce the
production of novel compounds through the modulation of a group or single sets of
enzymatic reactions in a biosynthetic pathway [1]. Pharming is achieved by the use
of cells, organs, and/or organisms to manipulate the genetic make of a plant so as to
hijack the biochemical pathways to diverge metabolic fluxes towards the
upregulation or downregulation of desired compounds [1]. To complement this,
the fast evolving “omics” era provides advanced resources that allow for elucidation
of uncharacterized biosynthetic pathways, enabling novel pharming approaches [2].

The ability presented by the “omics” to genetically manipulate plants has led to
changes in the course of plant metabolism and the potential for enhancing the content
and nature of plant secondary metabolites of commercial value. This makes plants
potential factories for the production of a variety of useful compounds [1]. By
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definition, secondary metabolites are compounds produced by specialized biosynthetic
pathways in plants, often counseling their functions as defenses against invasion by
pathogens, pests and herbivores while regarded as nonessential for normal growth and
development. More often than not, secondary metabolites confer beneficiary effects for
the survival and/or behavior of plants, microbes, insects, mammals, and most impor-
tantly as useful pharmacological agents in humans and animals. Usually the pharma-
cological compounds can only be obtained as extracts from medicinal plants which in
most cases grow slowly and are difficult to cultivate. Once pharmacological agents are
identified, chemical synthesis, which is often impractical or uneconomical due to the
complexity of their molecular structures, is used for industrial production. This opens
up a whole new and exciting field of metabolites in transgenic plants and the
investigation into the large-scale production of pharmaceutical ingredients in a number
of heterologous systems including microbes, plant cell/organ cultures, and intact
plants. In this chapter, the biosynthetic platforms for pharmacological compounds in
transgenic plants are discussed. We highlight bottlenecks that remain to be overcome
for a successful next generation metabolic bioengineering for the benefit of humans.

2 Gene Manipulation and Plant Transformation

Under natural circumstances, secondary metabolic pathways result in the production
of tens of thousands of compounds and intermediary components involved in various
biological responding processes, under stimuli of specific external environmental
stress elicitors as well as signal molecules of normal growth and development [3,
4]. However, in some instances, depending on compound demand, enhancing produc-
tion of specific compounds using different methods is called for. Since the successful
introduction and expression of diverse foreign genes in tobacco during the early
1980s, gene manipulation and plant transformation became the core technological
tool in plant biology and a practical tool for cultivar improvement and enhancement of
specific compounds for both plant basic research and for agricultural biotechnology
applications [5, 6]. The successes of the gene manipulation tools have now been
extended to include most major economic crops, vegetables, ornamental, fruit, tree,
pasture plants [5], and most recently medicinal plants. However, the rapid and
simultaneous developments in the evolution of technology and information technol-
ogy make tabulations of transformed species quickly out of date; thus it is advisable to
always locate current transformation methods for species of interest. The fast evolution
of gene manipulation process is aimed for higher diversification and refinement of
transformation techniques for greater convenience, higher efficiency, broader genotype
range, and desired molecular characteristics of transformants.

2.1 Secondary Metabolites and Pharmaceuticals

Because of their photoautotrophic nature, plants have developed an unlimited
capacity for growth and development which is driven by a relatively plastic
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metabolism that allows them to rapidly adapt to changing environmental factors,
pathogens, and other biotic and abiotic challenges [1]. This phenomenon is reflected
in the wide variety of secondary metabolites accumulated by plants in their organs.
Be that as it may, the biosynthetic origin and roles of the secondary metabolites in the
plant is still poorly understood, yet they are of considerable interest because of their
potential industrial, pharmacological, and medicinal value [1].

Humans are in the process of mastering the use of natural products derived from
plants growing wild in nature or cultivated as crops as the prime ingredients in many
drugs, beverages, flavors, and cosmetics. Pharmanutraceuticals are positioned
between food and pharmaceuticals (functional foods). The nutraceuticals comprise
foods and substances and/or combinations of substances that consist of molecules or
elements found in nature for the purpose of maintaining or improving health and
treating or preventing diseases. Major food and pharmaceutical companies are
currently investing heavily in research and development (R&D) and marketing
budgets to secure market share and promote further growth and development. In
most cases, the R&D is aimed at enhancing secondary metabolites with pharmanu-
traceutical potentials.

Gene manipulation has achieved significant progress in understanding and
enhancing the biosynthesis of a number of pharmacologically useful secondary
metabolites. The mostly studied and often used as an example of successful gene
manipulation to produce transgenic plants with enhanced biosynthetic pathway and
gene regulation research is that of Catharanthus roseus (L.) G.Don (Apocynaceae)
production of anticancer compounds, vinblastine and vincristine (Fig. 1). Due to the
low contents of these two compounds in naturally growing plants, it becomes

Fig. 1 Catharanthus roseus (L.) G.Don (Apocynaceae) and the two dimeric alkaloids, vinblastine
and vincristine. The two compounds are used in the treatment of acute leukemia since the 1960s.
The recent advances in the “omics” have enabled researchers to characterize the key genes and their
resulting enzymes in the production of vinblastine and vincristine
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important to clone and regulate expression of key genes (DXR, SLS, G10H, STR)
involved in the pathway, in order to achieve high yields in in vitro culture systems.
This was made possible because of the in-depth understanding of the biosynthetic
pathways of the terpenoid indole alkaloids in C. roseus [7].

3 Gene Regulatory Networks for Secondary Metabolites

Most of the plant secondary metabolites, including phenolic compounds, flavonoids,
alkaloids and theanine, are important components of plant chemistry and are closely
related to the health benefits exhibited by most plants. Secondary metabolite bio-
synthesis in plants is differentially regulated in different networks and tissues during
growth and development. However, little is still known about the expression patterns
of genes involved in secondary metabolic pathways or their regulatory mechanisms.

3.1 Broadening the Horizons of Cancer Therapy: A Case
of Vinblastine and Vincristine from Transgenic C. roseus

Catharanthus roseus (Madagascar periwinkle), presented in Fig. 1, accumulates
more than 100 indole alkaloids including the monomeric alkaloids such as
ajmalicine, serpentine, vindoline, and catharanthine. Ajmalicine is used to treat
circulatory diseases such as hypertension, while vindoline and catharanthine are
precursors of dimeric alkaloids such as vinblastine and vincristine (Fig. 1) which are
used in the treatment of acute leukemia since the 1960s. Vinblastine and vincristine
accumulates in the areal parts of C. roseus in very low amounts, making them very
costly for commercial use.

A whole panthera of information has been generated in the direction of under-
standing the growth of cell suspensions, regulation of indole alkaloid production and
the signals that trigger their biosynthesis. Monomeric alkaloids are easily, though
noneconomic, produced by suspension-cultured cells. Transgenic C. roseus presents
a good procedure to improve the alkaloid production and even to create new
pathways for the synthesis of new pharmaceuticals. Alkaloids are mainly derived
from the decarboxylation of amino acids precursors like ornithine, lysine, trypto-
phan, and histidine to give respective amines. Some are derived from anthranilic acid
or nicotinic acid. The remarkable ability of plants to piece together amines and
different chemical partners presents a number of chemical backbones for bioactive
pharmanutraceuticals [8]. Characterization of genes responsible for the generation of
these backbone and central chemical structures and their development into bioactive
components have revolutionized the manipulation of biosynthesis of exciting
molecules.

As mentioned before, the current advances in the “omics” have enabled
researchers to characterize the key genes and their resulting enzymes and in some
cases clone them. Strictosidine synthase1 (Str1), a key enzyme in the biosynthesis of
terpenoid indole alkaloids by catalyzing the formation of strictosidine from
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tryptamine and the monoterpenoid secologanin in C. roseus has now been cloned
[8, 9]. Strictosidine and secologanin are central backbones in the synthesis of
monoterpenoid indole alkaloids like isoquinoline (e.g., berberine – fungitoxic
and antibacterial), acridine (e.g., rutacridone – fungitoxic and antibacterial), and
pyrrolizidine (e.g., scenecionine – hepatotoxic, insect pheromone precursor and
antileukemic) [8, 10].

Vinblastine and vincristine are derived from the piecing together, through dimer-
ization of catharathine and vindoline with some late stages involving cytochrome
p450 monooxygenase activity. Tabersonine 16-hydroxylase (T16H) is a cytochrome
p450 that has now been cloned and has added to the much anticipated manipulation
of the biosynthesis of vinblastine and vincristine [11].

Perhaps in the future, functional genomics and proteomic analysis of alkaloid
biosynthesis using expression-based analyses and computational modeling systems
will be used to accelerate the comprehensive understanding of specialized and
compartmentalization in the production of vinblastine and vincristine. For example,
a glimpse into the future suggests that cell-specific compartmentation of alkaloid
biosynthesis in C. roseus occurs in the epidermal, idioblast, and laticifer cells
[12]. This is valuable information which could be used to enrich these pathways
and allow growth of specific cells, in this case epidermal, idioblast, and laticifer, in a
laboratory for the manufacturing of specific alkaloid as factories.

3.2 Enhancing Production of Antioxidants Including Vitamin A, C,
and E in Plants

Most organisms including animals, microbes, and plants derive their energy for use
in other processes from the oxidation of foodstuffs in the cells. However, there is a
need to strike a balance between the oxygen consumption and metabolism as this
process can lead to the production of excess aggressive forms of oxygen, reactive
oxygen species (ROS), which are capable of serious damage to cell constituents,
including membranes and DNA in humans and plants. Plant cells have evolved
mechanisms of mopping up ROS, preventing uncontrolled oxidation, regulation of
electron transport processes, and control of enzymatic reactions through natural
antioxidants including flavonoids, phenols, tannic acid, glutathione, ascorbic acid,
carotenoids, and enzymatic antioxidants such as superoxide dismutase (SOD). The
production of compounds in plants with antioxidative capacity has generated interest
among human health researchers and has directed human nutrition towards the use of
enriched and biofortified foods with potential to prevent and decrease incidence of
several diseases. With recent advances in genetic engineering to enhance the pro-
duction of useful secondary metabolites in crop plants, there has been a renewed
interest among scientists especially human nutritionists to enhance well-known
antioxidants such as vitamins (Fig. 2) required for metabolic functions, i.e.,
vitamin C, vitamin E, vitamin B, and phytochemicals such as phenolic compounds
(Fig. 3) including catechins, carotenoids, β-carotene, lycopene, zeaxanthin,
diterpene, curcumin, and anthocyanins [13].
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3.2.1 Targeting Vitamin A
Dietary shortages of vitamin A (Vitamin A Deficiency – VAD) were estimated to
cause fatalities to about 190 million children and 19 million pregnant women, in
122 countries in 2005 [14]. VAD is also responsible for more than 500,000 cases of
irreversible blindness and millions of cases of xerophthalmia annually. The most
vulnerable group is children under the age of five and pregnant women. Perhaps
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Fig. 2 Chemical structures of vitamins A, C, and E

Fig. 3 Chemical structures of catechin, lutein, and zeaxanthin whose production can be enhanced
through genetic manipulation of specific plants
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genetic engineering of plants could offer the antidote to VAD among children and
pregnant women [15]. In many communities where the diet is deficient in vitamin A,
the much needed vitamin is supplemented orally and by injection. Be that as it may,
several agricultural strategies coupled with genetic engineering have been employed
across the world to combat undernutrition and most particularly VAD. In a classical
example, a nutritious orange fleshed sweet potato variety is growing in popularity
and becoming an important strategy to improve VAD across Africa.

In South Africa, the Agricultural Research Council, Institute of Vegetable and
Ornamental Plants (ARC-VOP) is at the helm of promoting the vitamin A rich
orange-fleshed sweet potato (OFSP) [Ipomoea batatas (L.) Lam – Convolvulaceae].
Funded by the South African Government’s Department of Rural Development and
Land Reform (DRDLR), agricultural extension researchers work closely with
farmers, groups, and other parties to ensure widespread OFSP availability and
sustainability. Elsewhere in Africa, OFSP is being disseminated with support from
USAID under Feed the Future, the US Government’s global hunger and food
security initiative.

The R2R3-type protein IbMYB1 is a key regulator of some secondary metabolite
biosynthesis in the storage roots of OFSP. Future transgenic work will likely look
into introducing other necessary pharmaceutical ingredients into OFSP (Fig. 4).
Recent studies on R2R3-type protein IbMYB1 have provided insight into further
biofortification of OFSP by introducing genes that will overexpress anthocyanin
pigmentation together with a provitamin A molecule, β-carotene (Park et al. [16]).
Consequently, all IbMYB1 transgenic plants will have much higher antioxidant
activities compared to the normal OFSP [16].

In another initiative, the ARC-VOP in collaboration with the Council for Scien-
tific and Industrial Research (CSIR) which is South Africa’s central and premier
scientific research and development organization and Nestle (South Africa) is
involved in the production of a biofortified household product noodles with a
provitamin A rich Amarathus sp., dubbed morogo (indigenous vegetables) 2 min
noodles (Fig. 4). Presently, the Amarathus sp. used is not transgenic, but elicitation

Fig. 4 β-Carotene biofortified foods: Golden rice with the potential of producing 23-fold increased
β-carotene. Orange-fleshed sweet potato with the R2R3-type protein IbMYB1 set to further
increase β-carotene in the edible parts of the crop, Morogo (indigenous vegetables) 2 min noodles
biofortified with a provitamin A rich Amarathus sp.
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methods of boosting the production of provitamin A β-carotene are being used to
maximize the vitamin A benefit. However, future trend will focus on transgenic
Amarathus sp. for the purpose.

In another classical example, genetic engineering has given rise to golden rice, a
variety of rice (Oryza sativa L. – Poaceae) produced to biosynthesize large amounts
of β-carotene, a provitamin A molecule, in the edible parts of rice. The transgenic
golden rice differs from its parental strain by the addition of three β-carotene
biosynthesis genes. The parental rice plant can naturally produce β-carotene in its
leaves, where it is utilized during the photosynthesis processes. The plant does not
normally produce the pigment in the endosperm, where photosynthesis does not
occur. With the evolution of transgenic tools, a second generation variety of golden
rice, 2, was announced, which produces elevated β-carotene up to 23-fold to the
original golden rice. Issues on bioavailability of the β-carotene from golden rice have
been tested and confirmed. This will make both the OFSP and golden rice effective
sources of vitamin A for humans and will offer solutions for a range of natural-
source β-carotene formulations that offer ease of use, superior color stability, and
guaranteed minimum color intensity for the pharmaceutical industry.

3.2.2 Enhancing Vitamin C
Vitamin C or L-ascorbic acid has been classified as an essential nutrient for humans
and many other animal species. It is also one of the well-researched plant secondary
metabolites, possessing important pharmacological properties including being an
antioxidant, enzyme cofactor, electron donor, and acceptor in the electron transport
system. Apart from these, Vitamin C also participates in several physiological
processes, among others, immune stimulation, synthesis of collagen, hormones,
neurotransmitters, and iron absorption [17]. Its official IUPAC name is 2-oxo-L-
threo-hexono-1,4-lactone-2,3-enediol. Deficiencies in vitamin C are widespread,
affecting both developing and developed countries, with the latter actually trying
to overcome this lack through dietary supplements and food fortification. It is
therefore apparent that new strategies aimed to increase vitamin C production in
plants would be of interest to benefit human health absorption [17].

All higher plants, some higher animals and a number of yeasts are able to
synthesize ascorbic acid. However, some animals, including humans, are unable to
synthesize the molecules due to the nonfunctional L-gulono-1,4-lactone oxidase
gene which acts in the last step of the molecule’s synthesis. The major pathway of
ascorbic acid synthesis is the Smirnoff-Wheeler pathway where the molecule is
synthesized from D-glucose via a complex 10-step pathway involving phosphory-
lated sugar intermediates and sugar nucleotides [18]. Interestingly, the pathway can
be enhanced to provide a living bioreactor for vitamin C production in optimal
growing conditions. The enhancement can be done through genotype selection by
genetic engineering, classical breeding, and changes of the agronomic conditions, on
the basis of the emerging concepts that plants can enhance vitamin C synthesis as
part of defense responses [17].

As mentioned earlier, in developed countries vitamin C supplementation is
largely adopted especially for preventing/reducing cold-related diseases. It has
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been confirmed that the industrial production of vitamin C for the pharmaceutical
industry represents a low efficient and expensive technology [17, 19]. In the last
decade, an interesting phenomenon has also been demonstrated which shows that
vitamin C from plant-derived food is more bioavailable than the chemically synthe-
sized or purified molecule used in supplementation in the pharmaceutical scenario
[17, 20]. This is because the molecule works in cohort with other molecules like
vitamin E, polyphenols, and flavonoids in their pharmacological actions.

3.2.3 Enhancing Vitamin E
The term vitamin E is generic to a group of lipid-soluble antioxidant compounds, the
tocochromanols, more specifically tocopherols and tocotrienols. Tocotrienols form
the primary form of vitamin E in most plants. They contribute to the nutritive and
pharmaceutical value of most plants as potent antioxidants in human diets,
protecting polyunsaturated fatty acids against lipid peroxidation [21]. The initial
stages of vitamin E synthesis involve the production of homogentisate from
hydroxyphenylpyruvate (HPP) in a complex enzymatic reaction involving
hydroxyphenylpyruvate dioxygenase (HPPD). The dioxygenase enzyme, HPPD
has a key location in the tocochromanol pathway and is an important activity
regulating tocochromanol fluxes in plants. However, overexpression of HPPD in
Arabidopsis [Arabidopsis thaliana (L.) Heynh – Brassicaceae] and tobacco (Nico-
tiana tabacum L. – Solanaceae) resulted in the increase of tocopherols [22]. This is
due to the fact HPP production is regulated by feedback inhibition of arogenate
dehydrogenase by its product Tyr [22]. In the efforts to enhance the production of
vitamin E, researchers succeeded in bypassing this feedback inhibition by expressing
in tobacco a yeast (Saccharomyces cerevisiae) prephenate dehydrogenase (PDH)
that catalyzes HPP production directly from prephenate [23]. This was even
enhanced by the coexpression of PDH and Arabidopsis HPPD in tobacco which
resulted in up to eightfold increase in vitamin E production in the tobacco leaves.
Surprising this resultant eightfold increase in vitamin E production was mainly due
to the increase in tocotrienols, which are normally produced in tobacco seeds but not
in tobacco leaves. This presents a classical breakthrough in enhancing the production
of vitamin E using transgenic plants.

3.3 Modulating Production of Functional Phenolic Compounds: A
Case of Flavonoids

Among the major groups of bioactive compounds in plants, phenolic acids are the
most abundant and provide the most beneficiary properties for human health. These
are molecules containing a phenolic ring and an organic carboxylic acid function that
function predominantly in electron exchange system by donating or accepting
electrons which can delay or inhibit the oxidation of biomolecules such as DNA,
proteins, and lipids [24]. Apart from this, the bioactive properties of phenolic acids
are numerous. This has resulted in an increasing interest in production of plants with
enhanced content of phenolic acids. Increasing the content in phenolic acids of
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plants can be achieved by a variety of means, including development of improved
cultivars, use of specific cultivation conditions, and application of postharvest
treatments as well as genetic engineering to produce new cultivars [24].

Flavonoids are a ubiquitous group of plant secondary metabolites with numerous
pharmacological functions ranging from antioxidants, anti-inflammatory, anticancer,
antimicrobial and inhibition of coagulation, thrombus formation or platelet aggre-
gation in blood, reducing the risks of cardiovascular diseases. They consist of a
family of phenolic molecules with variable structures naturally occurring in vegeta-
bles, fruits, grains, flowers, and beverages. In the last two decades, the flavonoid
biosynthetic pathway in plants together with the numerous enzymes required for the
production of different structures and their regulation have been well studied and
have been characterized [25]. Using this knowledge, enhancing flavonoid biosyn-
thesis in plants may provide unlimited ingredients that have the potential for use in
novel pharmanutraceuticals designed to benefit human health. Several plant models
have been used including maize, petunia tomato, and Arabidopsis. With understand-
ing of the biosynthesis pathways, genetic manipulation has made it possible to
generate several tomato lines with altered flavonoid content. Of most notable success
was the ectopic expression of a biosynthetic enzyme, chalcone isomerase which
resulted in up to 78-fold increase in total fruit flavonols [25].

4 Potential of the Hairy Root for Enhancing Active
Metabolite Production

During the last two decades, there has been much excitement about the ability to
genetically engineer plants using gene isolation and insertion techniques. These
techniques allow for the construction of transgenic plants that contain and express
a single, well-defined gene from any source including microbes, animals, or other
plant species. Hairy root cultures are obtained from the root transformation with
Agrobacterium rhizogenes that inserts transfer-DNA into the genomes of the
infected root cells, unbalancing their hormone physiology. The genetically
transformed root cultures can produce and accumulate high levels of secondary
metabolites comparable to that of intact plants. Hairy root cultures are currently
used for high throughput production and enhanced bioactivity of some secondary
metabolites used as pharmanutraceuticals, pigments, and flavors from many plants.

Rosmarinic acid has been found to accumulate in the hairy root cultures of Salvia
miltiorrhiza Bunge (Lamiaceae, Danshen). Rosmarinic acid is a potent antioxidant
with potential for Alzheimer’s disease treatment [26]. Arachis hypogaea
L. (Fabaceae, peanuts) hairy root cultures were reported to secrete pharmacologi-
cally important stilbenoids including 30-fold increase in resveratrol, arachidin-1,m
and arachidin-3 [27]. Enhancement of many other pharmacologically important
compounds has been reported in the literature, these include the anti-inflammatory
compound phenylethanoid verbascoside from hairy root cultures of Harpagophytum
procumbens (Burch.) DC. ex Meisn. (Pedaliaceae, Devils claw) [28]; antioxidant
compounds caftaric, caffeic, and chlorogenic acids in Echinacea purpurea (L.)
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Moench (Asteraceae, coneflower) hairy root cultures [29]; and the antimalarial drug
artemisinin in hairy root cultures of Artemisia annua L (Asteraceae) [30].

5 Finding Nemo: Exploring Transgenic Organisms
of the Aqua World for Important Secondary Metabolites

Recent trends in drug research from natural sources have shown that organisms from
the aqua world, more especially algae, are promising organisms to furnish novel
biochemically active compounds [31]. Just like plants, freshwater and marine algae
have developed defense strategies for competitive survival, resulting in production
of numerous structural and chemical diverse secondary metabolites from different
metabolic pathways [32]. Currently, around 18 million tonnes (wet weight) of
aquatic plants and organisms are cultivated/harvested annually with an estimated
value of 4.4 billion US dollars [33]. Exploration of algae for pharmaceutical
purposes has resulted in numerous prototypes for the discovery of new agents.
This stimulates the use of sophisticated physical techniques and new syntheses of
compounds with biomedical application. One such technique will be transgenesis for
the enhancement of specific secondary metabolites.

However, transgenesis in algae is complex requiring selectable transformation
techniques, and other genetic tools [34]. Be that as it may, transgenesis methods for
some algae are already available with about 25 species already accessible to genetic
transformation [34]. Recently, sequencing projects have been completed for several
of the important species, providing the vast amount of genomic data on a number of
algae, dramatically enlarging the algae’s molecular toolbox [34]. Already, geneti-
cally modified algae are being used as bioreactors for the production of biofuel,
recombinant antibodies, vaccines, and insecticidal proteins [35]. This unlocks prom-
ises and potentials on a much broader field of application, metabolic pharming, with
emphasis on production of proteins or metabolites that are valuable to medicine.
Perhaps the genetic modifications aimed at enhancing the physiological properties of
algal strains and optimization of algal production systems will further improve the
potential of this auspicious technology in the future.

6 The Curse of the Transgenic Plant: Biosafety Issues
Surrounding Transgenic Plants

Because the metabolic pathways in plants and other organisms are intertwined to one
another to form a complex system, it is expected that perturbation of a single step in
the network usually have extensive effects on metabolic flux [36]. Metabolic engi-
neering usually focuses on production of only one metabolite or a single metabolic
gene and normally generates unexpected metabolic consequences [37]. In other
scenarios, can promiscuous transgenic plants spread genes to other plants? Trans-
genic plants, like wild plants, are expected to breed with closely related species to
produce hybrids, a phenomenon called out-crossing. Similarly, the possibility of
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transgenic algae cultured near natural surface waters raises questions as raised above
about transgenic plants and their potential to become invasive [35]. In worst-case
scenarios, escaped transgenic algae might persist and produce toxins or might
become so abundant that they create harmful algal blooms. If it is possible for
free-living GE algae to become more invasive, more toxic, or more tolerant of
extreme abiotic conditions than their wild counterparts are, this would be cause for
concern [35]. So far, too little attention has been paid to these ecological questions.
Research to support environmental risk assessment of novel transgenic plants and
algae should be prioritized.

7 The Next-Generation Metabolic Engineering

One possible approach for improving metabolic engineering lies in the ability to
predict variant effects on the product function and stability of the products of
transgenic plants [38]. With the emergence of next-generation sequencing technol-
ogies, genetic variation in transgenic plants can now be determined on an unprec-
edented scale and resolution by resequencing thousands of plants systematically. To
complement this, constraint-based reconstruction and analysis (COBRA) methods
have gained popularity, tools for next-generation metabolic engineering [39]. The
technique uses a genome-scale in silico representation of the metabolic network of a
host organism to predict optimal genetic modifications that improve the rate and
yield of secondary metabolite synthesis and production. A new generation of
COBRA models and methods is under review to encompass a host of biological
processes and simulation strategies to enable new types of predictions [39]. This will
result in more efficient and precise production of desired secondary metabolites from
transgenic plants. COBRAmethods can also be used to predict some biosafety issues
associated with transgenic plants. However, these methods are highly dependent on
technology and database tools to predict variant metabolites.

8 Conclusions

Advanced genomics and biotechnology has resulted in the production of transgenic
plants with the ability to synthesize desired plant secondary metabolites for the
pharmaceutical and nutraceutical industry, in a phenomenon called pharming. A
classic example is the production of golden rice and OFSP, with the ability to
produce 23-fold β-carotene, a provitamin A molecule. Similarly, enhanced levels
of alkaloids with anticancer activities in C. roseus, vinblastine and vincristine, have
been achieved. Various natural antioxidants in the form of phenolic compounds
including flavonoids and proantocyanidins have not been spared. Several techniques
including hairy root cultures have been employed to enhance production of these.
However, the unknown and unexpected results in metabolic pathway engineering
still need to be researched and understood. The behavior of these transgenes in the
environment still leaves a lot to be desired. While a decade ago production of
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transgenic plants was expensive, time consuming, and had limitations on the host
plants, next generation technologies are bringing efficient and precise methods
enabling researchers to quickly edit genomes in a precise and accurate fashion at
the single base-pair resolution level at multiple loci simultaneously. Perhaps it is
what now lies in the future of multi-omics which could bring a concerted action
between modelers, geneticists, microbiologists, and bioinformaticians to allow the
full achievement of the predicted changes and novel metabolic capabilities.
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