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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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DNA Transfer to Plants by Agrobacterium 1
rhizogenes: A Model for Genetic

Communication Between Species

and Biospheres

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

© Springer International Publishing Switzerland 2017 3
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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
(B-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 p-cryptogein
DFMO DL-Difluoromethylornithine
DNA Deoxyribonucleic acid
HGT Horizontal gene transfer
nptll Gene encoding kanamycin resistance
PCR Polymerase chain reaction
Ri TL-DNA  Root-inducing left hand, transferred DNA
RNA Ribonucleic acid
rol4,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 4. 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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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 kalanchoé plant (Photos D. Tepfer)

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
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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, [ 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]. 1 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 prepared me 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 Pemollet, working on a fungal elicitor. On the dark side was 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
no molecular biology (nor funding for it) and most 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 the molecular
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 4. 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 4. 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)
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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 /eft. The root
number phenotype segregated
as a 1:1 Mendelian dominant,
with an outlier phenotype on
the far right (Photo D. Tepfer)

Frequency

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 4. 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,
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Fig. 5 Reversion of the T’
phenotype to T phenotype in
tobacco, variety Xanthi
(Reprinted from Ref. [28])
(Photo D. Tepfer)

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 (lpomoea) [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
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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, [ 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 Frangesca 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
Myléne 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 r0l4) 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, 4. 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 npt/l (kanamycin resistance
gene) from the source DNA replaces a defective nptll 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 4. 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 DNA was resolved by introducing silent mutations in the
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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 4. baylyi, where it recombines with
homologous sequences through marker exchange [48]. In this laboratory example, fragments of an
nptll antibiotic resistance gene from the root rescue a deletion in the nptll gene carried by plasmid
MR7, rendering 4. 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]

source plant nptll, 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 4. 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
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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 4. rhizogenes, 1 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
pRme41la. 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, 4. 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
p-cryptogein from the purified protein [64]. A genetic football experiment was
obvious: if the gene for f-cryptogein was expressed in a host plant, it could set off
a defense response and protect the host. A postdoctoral fellow, Heléne Gousseau,
synthesized a DNA sequence that encoded the f-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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Fig. 7 Tobacco plants decapitated and inoculated with Phythophtora at points shown by arrows.
Left, plant carrying the crypt gene encoding f-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)

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
p-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 f-cryptogein gene in
other plants (See Sect. 9, below.)

We had made a genetic football out of B-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 B-cryptogein into the soil, but they would
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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 4. 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 p-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 a-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 rol4, driven by the
wild type promoter. In accord with references [75, 76], we concluded that rol4 was
the major determinant in the T’ phenotype. Furthermore, inhibition of the poly-
amine conjugates, rather than the polyamines themselves, was the biochemical
correlate. 35S CAMYV rol4 plants had an extreme T’ phenotype, and they were
unable to flower [29]. This extreme phenotype could not be attenuated by watering
35S CAMV rol4 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 Pssg-rol4 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 P;sg-rol4 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 rold

Fig. 8 Attenuation of extreme phenotypes in Xanthi tobacco due to Ri TL-DNA and its ro/4 (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 rolA4 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 rol4 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 UV absorption charac-
teristics similar to those of DNA [79, 80]. Preparatory experiments at the DLR
(German Aerospace Center) in Cologne, Germany with Arabidopsis (4. 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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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 x 380 mm x 250 mm (Reprinted from Ref. [78])

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 DNA was
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 UVj,45 n, 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 npt/l marker gene carried by the plastids in
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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 npt/I 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 4. 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 4. 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 exoDNA via 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 10'* 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 _309 n»m- 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 [ 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, 4. rhizogenes presumably produces a transformed, secondary root system.
Claudi Lambert, a graduate student, showed that 4. 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

A Versailles 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 Rhéne-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 **P 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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Fig. 11 Autoradiograph of transformed C. sepium roots and AM fungal hyphae (Gigaspora
margarita), labeled with ?P, 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.)

dish, where the fungal/root interaction took place in a basic agar + water medium.
We could monitor the movement of **P 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 **P (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 A4. rhizogenes.
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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)

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 Rhone-
Poulenc lab grew my C. sepium roots in a 30 | 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
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Fig. 13 Transgenic scented
geranium plants. Lef?,
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)

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 4. 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 p-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 p-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 p-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.
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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, ¢) and W. somnifera (b, d) using
A. rhizogenes LBA9402. Growth (a, b) and secondary metabolite accumulation (¢, 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 4 rhizogenes, carrying the crypt gene construct, but which did not receive the
crypt gene from the pBinl9 binary vector; light hatching, roots produced with wild type
A. rhizogenes (Reprinted from Ref. [87])

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 70/C 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 rol/4 in tobacco
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Fig. 15 Changing phenotype in carrot with wild type Ri T-DNA and its ro/C 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 r0/C (ORF 12) from the Ri TL-DNA, showing reduced apical
dominance. (¢) 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

weatar Drought
—’.
a b ___

Transformed Wild type

o PP - . PR

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 lefi 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 CAMYV 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., nptll, in wild bacteria. We therefore made three silent mutations
(creating a new restriction site) in the part of the incoming np#/I that replaces the
deletion in the resident nptll in A. baylyi, restoring nptll activity. It was thus possible
to unequivocally demonstrate DNA transfer from plants to bacteria by cutting and
sequencing a PCR product from the rescued nptll, 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 nptll, present at about 5,000 copies per leaf cell, allowing flooding the
horn worm gut with npt¢/l. The hornworms consumed transgenic tobacco plants that
had been sprayed with A. baylyi containing the deleted nptll. 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 p-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 4. 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 4. 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
producing fine products for human benefit. However, for effective strategies

in
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 (RLKSs) 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, ATRI-like and
MYB28-like genes, that regulate the aliphatic and indole glucosinolate biosynthetic
pathways. Transgenic 4. 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 (47R/ 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 S-enolpyruvylshikimate-3-phosphate (EPSP).
The last step of the shikimate pathway is the concerted 1,4-frans 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-1-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 Cs 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, C;o monoterpenes are synthesized
starting from geranyl diphosphate (GPP), C;5 sesquiterpenes from farnesyl diphos-
phate (FPP), C,, diterpenes from geranylgeranyl diphosphate (GGPP), Cs,
triperpenes from the condensation of two FPP, and finally C4 tetraterpenes from
the condensation of two GGPP units. The elongation of linear hydrocarbon phos-
phates (C; up to C4o 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, a-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.

23 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 11l PKSs that catalyzes sequential condensation of p-coumaroyl-
CoA with 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.

24 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/PI 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
S-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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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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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 in May. 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 (C4—C3) building blocks
(Scheme 1). Elimination of ammonia from the C; side chain of these amino acids
generates the E-cinnamic acid (1) by phenylalanine ammonium lyase (PAL) [37].

From E-cinnamic acid (2), C¢—Cj5 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 C¢—C; 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.
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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].
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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), 4’-demethylpodophyllotoxin  (11),
podophyllotoxin glucoside (12), deoxypodophyllotoxin (13), 4'-demethylpodo-
phyllotoxin glucoside (14), 4'-demethylisopicropodophyllone (15), podophyllotoxone
(16), 4’-demethylpodophyllotoxone (17), picropodophyllotoxin (18), isopicropodo-
phyllone (19), 4’-demethyldeoxypodophyllotoxin (20), a-peltatin (21), and B-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), 4’-demethylpodophyllotoxin (11), deoxypodophyllotoxin (13),
4'-demethyldeoxypodophyllotoxin (20), B-peltatin (22), a-peltatin (21), podophyl-
lotoxone (16), 4'-demethylpodophyllotoxone (17), isopicropodophyllone (19),
4'-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, 4'-demethylpodophyllotoxin glucoside (14), podophyllotoxin gluco-
side (12), 4'-demethylpodophyllotoxin (11), 4'-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), a-peltatin (21), pB-peltatin (22), podophyllotoxin (1),
podophyllotoxin glucoside (2), 4’-demethylpodophyllotoxin (11), deoxypodo-
phyllotoxin (13), 4’-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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Fig. 2 Examples of podophyllotoxin derivatives with biological activity

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  4'-demethylepipodophyllotoxin-pD-benzylidene  glucoside
(DEPBG, 26), ctoposide (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 11 [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
3’,4'-catechol derivatives of etoposide can be formed and oxidized to 3’,4'-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 2a and 3 in ring C is essential to the activity,
(c) 4-p configuration is essential with various substitutions, (d) the free 4’-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 B-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), a-peltatin
(21), and diphyllin (25) against murine cytomegalovirus (MCMYV, DNA virus) and
the Sindbis virus (RNA virus). Podophyllotoxin (241 nM) and a-peltatin (250 nM)
showed good inhibition against the MCMYV 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 pg/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
antitheumatic 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)
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showed LCsg 0.24 pmol/L diet against larvae and LDsq 22 pmol/adults against
adults. Deoxypodophyllotoxin (2) showed LCsqy 0.64 pmol/L diet against larvae
and LDs, 80 pmol/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 p-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 (ICsq 21.56 pg/mL) in B-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
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Fig. 4 TLC profile of Podophyllum-based lignans: /. podophyllotoxin, 2. deoxypodophyllotoxin,
3. 4'-demethyllpodophyllotoxin, 4. podophyllotoxone, 5. picropodophyllotoxin, 6. EtOH extract of
Podophyllum hexandrum. Eluent: Chloroform to MeOH (9:1). Detection (4). UV3¢s nm, untreated
(B). Fast blue salt B and NaOH 10% in EtOH (C). H,SO4 50% in EtOH, heated (D). Nitric acid:
acetic acid (30:9)

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 Na,COj3 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.
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Fig. 5 Podophyllotoxin epimerization to picropodophyllotoxin

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], B-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. peltatum was 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. (x0.10) (b). Ripe fruits, each containing approximately 50 seeds, harvested from a
population of self-pollinated seed-derived plants. (x0.75) (¢). Seeds germinating on moist filter
paper after 35 days in the dark. (x0.93) (d). An axenic seedling cultured on full-strength MS semi-
solidified agar medium lacking growth regulators after 35 days in the light. (x1.25) (e). Dormant
buds, rhizomes, and roots of P. hexandrum cv. Majus used in the vernalization experiments. (x 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 pmol m~2s~') provided by
“daylight” fluorescent tubes. (x0.40)
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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, KNOs3,
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. 6¢) 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 pmol m 2s™") 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™ ') than in the calli (1.17 mg g~ '). This study has also shown
that rhizomes from wild plants exhibited a slightly higher content of
podophyllotoxin (6.01 mg g ') than those from plants grown in the garden
(5.89 mg g~ '). 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 BS 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", K7, Fe+2, and Mn"? were
correlated in the production of podophyllotoxin in vitro seedlings of P. hexandrum
[100]. The increase in the levels of Fe"? and Mn*? 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*? and Mn"2. The highest activity
levels of both enzymes were more correlated with Fe* 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*? 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
B-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"), 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 TAA, 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 uM) 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 pM) 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 r-phenylalanine and z-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 4. tumefaciens strain Chrllb. 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 4. 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 pM) 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. fumefaciens. 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. 1t 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 4. tumefaciens-mediated transformation of P. peltatum
[150]. In this study, embryogenic callus was co-cultivated with 4. 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 pM)
during the infection by the Agrobacterium used. Molecular work confirmed that both
genes, gus and npt 11, 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 Il 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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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~" and Reb A 0.100 =+ 0.008 mg mL ™', whereas hairy
roots on B5 media produced stevioside 0.383 + 0.002 mg mL ™' and Reb A
0.098 + 0.005 mg mL~'. Growth of hairy root was found to be maximal at
25 4+ 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™ "), 28 °C (0.415 4+ 0.08 mg mL '), and at 31 °C
(0.386 + 0.02 mg mL™"). At 35 °C, stevioside content decreases rapidly
(0.090 + 0.02 mg mL~") and Reb A was 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

pm Rotation per minute

SD Standard deviation

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

M. Kumari and S. Chandra

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]

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.
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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.

Fig. 1 Stevioside

Fig. 2 Rebaudioside A
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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

A

i

Kaurene

|

}
{

“cooH
Steviolmonoside Steviol COOH. .
(-)-Kaurnoicacid

ver v Kaurenoic acid
O-gle-gle Y |7-oxidase

“COOH
Steviolbioside

O-gle-glc Q-gle-glc

Gibberllins

: UGT76G1
“4C00-glc “Co0-glc
Stevioside Rebaudioside A

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

g s .y
b MEP pathway GGDPS m
e tG3p—————» IPP+DMAPP———7> GGPP

Kaurene -=

Chlarofast—

Rebaudioside A

T UGT76G1

Kaurene
KO Stevioside
Kaurenoic acid T UGTT74GI
l KAH Steviolbioside

Endoplasmic reticulum T uGT

Steviol Steviolmonoside

T UGTRSC2
Steviol

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 (en#-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") each showed best callusing response
(85.5 + 0.33%). For shoot proliferation from callus, Kn (2.5 mg L™') with TAA
(1.5 mg L") 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") with BAP (2.5 mg L") gave maximum number (8.6 + 0.33)
of shoots from leaf explant with longest shoot length (5 4+ 0.11) cm. HPLC studies
showed that both the secondary metabolites (stevioside, 0.451 + 0.001 mg g~ ', and
Reb A, 0.131 + 0.005 mg g~ ') 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™ 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 mL YEB 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' 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™ 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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Table 2 Primers designed for amplification of ro/ C gene

S. No. Primer name Primer sequence
1 Rol F 5’-TGTGACAAGCAGCGATGAGC-3’
2 Rol R 5’-GATTGCAAACTTGCACTCGC-3’

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 ro/ C
was performed using DNA from the hairy roots as template and the non-transformed
roots as control, respectively. Primers (7ol 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.

53 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 pm Millipore 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 x 150 mm; 4 pm particle size).
20 pL 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~'. 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
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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 ™' 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 4. 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 in Ocimum 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 pRil5834, its presence confirms the integration of T-DNA to the host
genome. The ro/ C gene was amplified (Fig. 6) from all the hairy root lines selected
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Fig. 5 Hairy root initiation in S. rebaudiana leaf explants after co-cultivation with 4. 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. (¢) subcultured hairy roots after 20 days (d) highly
branched hairy roots after 45 days inoculated on MS basal media [bar = 10 mm]

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, %, and %) of MS and Gamborg’s BS 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 ™" and Reb A 0.100 + 0.008 mg mL ™~ 'whereas hairy roots
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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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Fig. 7 Effect of MS and B5 media on secondary metabolite content and biomass of S. rebaudiana
hairy roots after 21 days

on B5 media possess stevioside 0.383 +0.002 mg mL™' and Reb A
0.098 + 0.005 mg mL~" (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 BS5 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 % BS5 basal
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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 BS 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
BS5 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 4 0.43 mg mL ") was found comparable to in vivo leaves
(0.52 + 0.14 mg mL™'). 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, S5-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~ ' 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 4+ 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™"), 28 °C (0.415 £+ 0.08 mg mL™ '), and at 31 °C
(0.386 + 0.02 mg mL™'). At 35 °C, stevioside content decreases rapidly
(0.090 + 0.02 mg mL ") and Reb A was 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
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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 BS 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 keptin 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.

References

1. Carakostas MC, Curry LL, Boileau AC, Brusick DJ (2008) Overview: the history, technical
function and safety of rebaudioside A, a naturally occurring steviol glycoside, for use in food
and beverages. Food Chem Toxicol 46:1-10

2. Bridel M, Lavielle R (1931) Sur le principesucre des feuilles de kaa-he-e (Stevia rebaundiana
B). Acad Sci Paris Comptes Rendus 192:1123-1125

3. Kighom AD, Soejarto DD (1985) Current status of stevioside as a sweetening agent for human
use. In: Wagner H, Hikino H, Farnsworth R (eds) Economics and medicinal plant research.
Academic Press, London, pp 1-52

4. Mizutani K, Tanaka O (2002) Use of Stevia rebaudiana sweeteners in Japan. In: Kinghorn AD
(ed) Stevia, the genus Stevia. Medicinal and aromatic plants industrial profile, vol 19. Taylor
and Francis, London, pp 178-195

5. Ferri LA, Alves-Do-Prado W, Yamada SS, Gazola S, Batista MR, Bazotte RB (2006) Investi-
gation of the antihypertensive effect of oral crude stevioside in patients with mild essential
hypertension. Phytother Res 20:732-736

6. Yasukawa K, Kitanaka S, Seo S (2002) Inhibitory effect of stevioside on tumor promotion by
12-O-tetradecanoylphorbol-13-acetate in two-stage carcinogenesis in mouse skin. Biol Pharm
Bull 25:1488-1490

7. Bornia ECS, Amaral VD, Bazotte RB, Alves-do-prado W (2008) The reduction of arterial
tension produced by stevioside is dependent on nitric oxide synthase activity when the endo-
thelium is intact. ] Smooth Muscle Res 44:1-8

8. Jayaraman S, Manonharan MS, Illanchezian S (2008) /n-vitro antimicrobial and antitumor
activities of Stevia rebaudiana (Asteraceae) leaf extracts. Trop J Pharm Res 7:1143-1149



10.

11.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28

29.

Secondary Metabolite Production in Transformed Cultures 119

. Xu D, Du W, Zhao L, Davey AK, Wang J (2008) The neuroprotective effects of isosteviol

against focal cerebral ischemia injury induced by middle cerebral artery occlusion in rats. Planta
Medica 74:816-821

Nakamura S, Tamura Y (1985) Variation in the main glycosides of Stevia (Stevia rebaudiana
Bertoni). Jpn J Trop Agric 29:109-116

Goettemoeller J, Ching A (1999) Seed germination in Stevia rebaudiana. In: Janick J
(ed) Perspectives on new crops and new uses. ASHS Press, Alexandria, VA, pp 510-511
Macchia M, Andolfi L, Ceccarini L, Angelini LG (2007) Effects of temperature, light and
pre-chilling on seed germination of Stevia rebaudiana (Bertoni) Bertoni Accessions. Ital J
Agron/Riv Agron 1:55-62

Abdullateef RA, Osman M (2011) Effects of visible light wavelengths on seed germinability in
Stevia rebaudiana Bertoni. Int J Biol 3:83-91

. Guillon S, Guiller JT, Pati PK, Rideau M, Gantet P (2006) Harnessing the potential of hairy

roots: dawn of a new era. Trends Biotechnol 24:403—409

Kurz WGW (1988) Bottlenecks towards commercialization of product synthesis by plant cell
cultures. In: Kurz WGW (ed) Primary and secondary metabolism of plant cell cultures
ZI1. Cambridge University Press, Cambridge, pp 83-92

Bonhomme V, Laurain-Mattar D, Lacoux J, Fliniaux M, Jacquin-Dubreuil A (2000) Tropane
alkaloid production by hairy roots of Atropa belladonna obtained after transformation with
Agrobacterium rhizogenes 15834 and Agrobacterium tumefaciens containing rol A, B, C genes
only. J Biotechnol 81:151-158

Wang JW, Zheng LP, Tan RX (2006) The preparation of an elicitor from a fungal endophyte to
enhance artemisinin production in hairy root cultures of Artemisia annuaL. Sheng Wu Gong
Cheng Xue Bao 22:829-834

Lorence A, Medina-Bolivar F, Nessler CL (2004) Camptothecin and 10 hydroxycamptothecin
from Camptotheca acuminate hairy roots. Plant Cell Rep 22:437—441

Shimomura K, Sauerwein M, Ishimaru K (1991) Tropane alkaloids in the adventitious and hairy
root cultures of solanaceous plants. Phytochemistry 30:2275-2278

Dupraz JM, Christen P, Kapetanidis I (1994) Tropane alkaloids in transformed roots of Datura
quercifolia. Planta Med 60:158-162

Christen P, Robert MF, Phillipson JD, Evans WC (1991) Alkaloids of hairy root cultures of a
Datura candida hybrid. Plant Cell Rep 9:101-104

Mano Y, Ohkawa H, Yamada Y (1989) Production of tropane alkaloids by hairy root cultures of
Duboisia Leichhardtii transformed by Agrobacterium rhizogenes. Plant Sci 59:191-201
Putalun W, Udomsin O, Yusaku G et al (2010) Enhanced plumbagin production from in vitro
cultures of Drosera burmanii using elicitation. Biotechnol Lett 32:721-724

Abdoli M, Moieni A, NaghdiBadi H (2013) Influence of KNO3, CaCl, and MgSO, concentra-
tions on growth and cichoric acid accumulation in hairy root culture of purple coneflower
(Echinacea purpureal..). ] Med Plant 12:45

Ayadi R, Tremouillaux-Guiller J (2003) Root formation from transgenic calli of Ginkgo biloba.
Tree Physiol 23:713-718

Mehrotra S, Kukreja AK, Khanuja SPS, Mishra BN (2008) Genetic transformation studies and
scale up of hairy root culture of Glycyrrhiza glabra in bioreactor. Elect J Biotechnol 11:1-7
Zhang L, Ding R, Chai Y, Bonfill M, Moyano E, Oksman-Caldentey KM, Xu T, Pi Y, Wang Z,
Zhang H, Kai G, Liao Z, Sun X, Tang K (2004) Engineering tropane biosynthetic pathway in
Hyoscyamus niger hairy root cultures. PNAS 101:6786-6791

. Bonhomme VL, Laurain-Mattar D, Fliniaux MA (2004) Hairy root induction of Papaver

somniferum var. album, a difficult- to-transform plant, by 4. rhizogenes LBA 9402. Planta
218:890-893

Kunshi M, Shimomura K, Takida M, Kitanaka S (1998) Growth and ginsenoside production of
adventitious and hairy root cultures in an interspecific hybrid ginseng (Panaxginseng P.
quinquefolium). Nat Med 52:1-4



120 M. Kumari and S. Chandra

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.

50.

Shinde AN, Malpathak N, Fulzele PD (2009) Enhanced production of phytoestrogeniciso-
flavones from hairy root cultures of Psoralea corylifolia L. using elicitation and precursor
feeding. Biotechnol Bioprocess Eng 14:288-294

Lan X, Quan H (2010) Hairy root culture of Przewalskia tangutica for enhanced production of
pharmaceutical tropane alkaloids. J] Med Plant Res 4:1477-1481

Li W, Li MF, Yang DL, Xu R, Zhang R (2009) Production of podophyllotoxin by root culture of
Podophyllum hexandrum Royle. Elect J Biol 5:34-39

Satheeshkumar K, Jose B, Sonia EV, Seeni S (2009) Isolation of morphovariants through plant
regeneration in A. rhizogenes induced hairy root cultures of Plumbago rosea L. Indian J
Biotechnol 8:435-441

Sudha CG, Obul Reddy B, Ravishankar GA, Seeni S (2003) Production of ajmalicine and
ajmaline in hairy root cultures of Rauvolfia micrantha Hook f., a rare and endemic medicinal
plant. Biotechnol Lett 25:631-636

Saito K, Yamazaki T, Okuyama E, Yoshihira K, Shimomura K (1991) Anthraquinone produc-
tion by transformed root cultures of Rubia ticntorum: influence of phytohormone and sucrose
concentration. Phytochem 30:2977-2980

Shin S, Kim Y (1996) Production of anthraquinone derivatives by hairy roots of Rubia
cordifolia varpratensis. Saengyak Hakhoechi 27:301-308

Jacob A, Malpathak N (2004) Green hairy root cultures of Solanum khasianum Clarke — a new
route to in vitro solasodine production. Curr Sci 87:1442—1447

Fu X, Yin ZP, Chen JG, Shangguan XC, Wang X, Zhang QF, Peng DY (2015) Production of
chlorogenic acid and its derivatives in hairy root cultures of Stevia rebaudiana. J Agric Food
Chem 63:262-268

Chaudhuri KN, Ghosh B, Tepfer D, Jha S (2006) Spontaneous plant regeneration in transformed
roots and calli from Tylophora indica: changes in morphological phenotype and tylophorine
accumulation associated with transformation by Agrobacterium rhizogenes. Plant Cell Rep
25:1059-1066

Murthy HN, Dijkstra C, Anthony P, White DA, Davey MR, Power JB, Hahn EJ, Pack KY
(2008) Establishment of Withania somnifera hairy root cultures for the production of
withanolide A. J Int Plant Biol 50:975-981

Giovannini A (2006) Tissue culture, cell culture and genetic transformation by wild type
Agrobacterium rhizogenes in Mediterranean Helichrysum. In: Teixeira da Silva JA
(ed) Floriculture, ornamental and plant biotechnology advances and tropical issues II. Global
Science Books, Ikenobe

Sevon N, Oksman-Caldentey KM (2002) Agrobacterium rhizogenes-mediated transformation:
root cultures as a source of alkaloids. Planta Med 68:859-868

Bensaddek L, Villarreal ML, Fliniaux M (2008) Induction and growth of hairy roots for the
production of medicinal compounds. Electron J Integr Biosci 3:2-9

Brandle BE, Telmer PG (2007) Steviol glycoside biosynthesis. Phytochemistry 68:1855-1863
Shibata H, Sonoke S, Ochiai H, Nishihashi H, Yamada M (1991) Glucosylation of steviol and
steviol-glucosides in extracts from Stevia rebaudiana Bertoni. Plant Physiol 95:152—156
Mu-zuan C, Wei-lan H, Shao-pang C, De-yao W (1983) Observations of the leaf cell vacuole of
Stevia rebaudiana Bertoni under the electron microscope. Acta Bot Sinica 25:426-—432
Jorgensen K, Rasmussen AV, Morant M, Nielsen AH, Bjarnholt N, Zagrobelny M, Bak S,
Moller BL (2005) Metabolon formation and metabolic channeling in the biosynthesis of plant
natural products. Curr Opin Plant Biol 8:280-291

Schmitt L, Tampe R (2002) Structure and mechanism of ABC transporters. Curr Opin Struct
Biol 12:754-760

Goodman CD, Casati P, Walbot V (2004) A multidrug resistance associated protein involved in
anthocyanin transport in Zea mays. Plant Cell 16:1812—1826

Kumari M, Chandra S (2015) Stevioside glycosides from in vitro cultures of Stevia rebaudiana
and antimicrobial assay. Braz J Bot. doi:10.1007/s40415-015-0193-3



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Secondary Metabolite Production in Transformed Cultures 121

Medina-Bolivar F, Condori J, Rimando AM, Hubstenberger J, Shelton K, O’Keefe SF,
Bennett S, Dolan MC (2007) Production and secretion of resveratrol in hairy root cultures of
peanut. Phytochemistry 68:1992-2003

Tada H, Murakami Y, Omoto T, Shimomura K, Ishimaru K (1995) Rosamarinic acid and related
phenolics in hairy root cultures of Ocimum basilicum. Pergamon 42:431-434

Satdive RK, Fulzele DP, Eapen S (2007) Enhanced production of azadirachtin by hairy root
cultures of Azadirachta indicia. Juss by elicitation and media optimization. J Biotechnol
128:281-289

Nishiyama Y, Yamakawa T (2004) Effect of medium composition on the production of
anthocyanins by hairy root cultures of [pomoea batatas. Plant Biotechnol 21:411-414

Fu CX, Zhao DX, Xue XF, Jin ZP, Ma FS (2005) Transformation of Saussurea involucrata by
Agrobacterium rhizogenes: hairy root induction and syringin production. Process Biochem
40:3789-3794

Parizi AP, Farsi M, Nematzadeh GA, Mirshamsi A (2014) Impact of different culture media on
hairy roots growth of Valeriana officinalis L. Acta Agric Slov 103:299-305

Jacob A, Malpathak N (2005) Manipulation of MS and B5 components for enhancement of
growth and solasodine production in hairy root cultures of Solanum khasianum Clarke. Plant
Cell Tiss Org Cult 80:247-257

Bivadi V, Zakaria RA, Zare N, Yazdani B (2014) Effects of different tissue culture conditions in
hairy roots induction in Hypericum perforatum L. Intl Res J Appl Basic Sci 8:597-604
Karuppusamy S (2009) A review on trends in production of secondary metabolites from higher
plants by in vitro tissue, organ and cell cultures. ] Med Plant Res 3:1222-1239

Hashimoto T, Yun DZ, Yamada Y (1993) Production of tropane alkaloids in genetically
engineered root cultures. Phytochemistry 32:713-718

Hallard D, Van der Heijden R, Verpoorte R, Lopez-Cardoso 1, Pasquali G, Memelink J, Hoge
JHC (1997) Suspension cultured transgenic cells of Nicotiana tabacum expressing tryptophan
decarboxylase and strictosidine synthase c¢cDNAs from Catharanthus roseus produce
strictosidine upon feeding of secologanin. Plant Cell Rep 17:50-54

Weathers PJ, Cheetham RD, Follansbee E, Teoh T (1994) Artemisinin production by trans-
formed roots of Artemisia annua. Biotechnol Lett 16:1281-1286

Mukundan U, Hjortso MA (1990) Effect of fungal elicitor on thiophene production in hairy root
cultures of Tagetes patula. Appl Microbiol Biotechnol 33:145-147

Hamill JD, Parr AJ, Robins RJ, Rhodes MJC (1986) Secondary product formation by cultures
of Beta vulgaris and Nicotiana rustica transformed with Agrobacterium rhizogenes. Plant Cell
Rep 5:111-114

Toivonen L, Balsevich J, Kurz WGW (1989) Indole alkaloid production by hairy root cultures
of Catharanthus roseus. Plant Cell Tiss Organ Cult 18:79-93

Rhodes MJC, Robins RJ, Hamill JD, Parr AJ, Walton NJ (1987) Secondary product formation
using Agrobacterium rhizogenes transformed hairy root cultures. IAPTC Newsl 53:2—-15
Yamazaki T, Flores HE, Shimomura K, Yoshihira K (1991) Examination of steviol glucosides
production by hairy root and shoot cultures of Stevia rebaudiana. J Nat Prod 54:986-992
Reis RV, Borges APPL, Chierrito TPC, Souto ERS, Souza LM, lacomini M, Oliveira AJB,
Gongalves RAC (2011) Establishment of adventitious root culture of Stevia rebaudiana Bertoni
in a roller bottle system. Plant Cell Tiss Organ Cult 106:329-335



Subrata Kundu, Swapna Mukherjee, and Biswajit Ghosh

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 the World 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 4. 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 ginghao — 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 C;sH,,0s. 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 (4. 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 4. 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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Table 1 The combination

o o Artemisinin derivatives Copartner drug
of artemisinin derivative ;
. Artesunate Mefloquine

with the copartner drug - - -

used in ACTs Artesunate Sulfadoxine—pyrimethamine
Artemether Lumefantrine
Artesunate Amodiaquine
Artesunate Pyronaridine
Dihydro artesunate Piperaquine

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 4. 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
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Fig. 1 The chemical structure of different types of major antimalarial drugs

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 4. annua L. plants are the major natural source of the antimalarial
drug worldwide [12, 13]. Nevertheless low yield of artemisinin in 4. annua L. is a
major drawback for the commercialization of this important medicinal plant. The
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Table 2 Classification of antimalarial drugs with their mode of action

Antimalarial
derivatives Chemical family Drug name Mode of action
Quinoline 4-Aminoquinolines | Chloroquine Inhibition of heme detoxification
derivatives 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 Sulfa drugs Sulfadoxine, Inhibition of folate biosynthesis
derivatives sulfene
Pyrimethamine, Pyrimethamine, | Inhibits the dihydrofolate reductase
proguanil proguanil activity
Artemisinin Endoperoxidases Artesunate Induces DNA double-strand breaks
derivatives 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

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 4. annua. The artemisinic aldehyde A11 (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
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Fig.2 A. annua plant (a) at vegetative stage (b) at flowering stage (¢). Hairy roots cultured on solid
basal media and (d) hairy roots cultured in liquid basal media

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.
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Table 3 Transgenic approaches for enhancement of artemisinin and its precursor molecule
production in 4. annua as well as in heterologous hosts

Production

Genes Mode 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- A. annua L. Artemisinin [58]
overexpressed

Cyp7lavl and cpr Co- A. annua L. Artemisinin [59]
overexpressed

Cyp7lavl, cpr, and dxr Co- A. annua L. Artemisinin [61]
overexpressed

ads, cyp7lavl, and cpr Co- A. annua L. Artemisinin [63]
overexpressed

AaWRKY1 Overexpressed | A. annua L. Artemisinin [62]

ads and hmgr Co- A. annua L. Artemisinin [64, 65]
overexpressed

rol B and rol C Co- A. annua L. Artemisinin [16]
overexpressed

p-Glucosidase Overexpressed | A. annua L. Artemisinin [67]

AabZIP1 Overexpressed | A. annua L. Artemisinin [68]

thmgr, cpr, ads, Co- N. tabaccum Artemisinin [71]

cyp7lavl, and dbr2 overexpressed

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

AaERF1 and AaERF?2 Co- A. annua L. Artemisinin [73]
overexpressed

AaPYL9 Overexpressed | A. annua L. Artemisinin [74]

fps, cyp7lavl, and cpr Co- A. annua L. Artemisinin [66]
overexpressed

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 cyp7lavl Overexpressed | Saccharomyces | Artemisinic [88]

cerevisiae acid
hmgs and hmgr Overexpressed | Escherichia coli | Amorpha- [89]
4,11-diene

Genes from MVA Overexpressed | Yeast CEN.PK2 | Amorpha- [90]

pathway and ERG-20 4,11-diene

Plant dehydrogenase and | Overexpressed | Yeast S228C Artemisinic [91]

second cytochrome acid

AaAOS Overexpressed | A. annua L. Artemisinin [70]




5 Antimalarial Compound Synthesis from Transgenic Cultures 135
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Fig. 3 Schematic representation of different types of biotechnological approaches for enhanced
synthesis of artemisinin

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 [S1]. 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 (ipf) gene on physiological and biochem-
ical parameters of transgenic 4. 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
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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 4. 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 (cyp7lavl) and cytochrome P450 reductase (cpr) in
artemisinin biosynthetic pathway had induced 2.4-fold higher artemisinin content
[61]. The cyp71avi and cpr were co-expressed by other group of investigator, and
38% increment of artemisinin content was recorded in transgenic 4. annua L. plants
[62]. In another study three artemisinin-related genes, namely, 1-deoxy-D-xylulose
5-phosphate reductase (dxr), cyp7lavl, 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 cyp7/avl and
cpr gene resulted in over 3 times increment of artemisinin production. In the
subsequent study, 22.3 mg g~ ' dw artemisinin was found in transgenic plants
overexpressing artemisinic aldehyde A1l (13) reductase (dbr2) gene
[64]. A. tumefaciens-mediated transformation of A. annua plants with ads,
cyp7lavl, 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 imgr 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, cyp7lavi, 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~' FW) artemisinin than that of
the control [67]. Transformation of 4. 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 P-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 4. 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 (4a40S) 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. fabacum plant was transformed with MEGA
vector carrying thmgr of yeast and cpr, ads, cyp7lavi, 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 pg g~ ' 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 Amgr 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



138 S. Kundu et al.

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 4. 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 sgs (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 4. annua with elevated expression of ads gene. A 3.7-fold increase in
artemisinin content was recorded in transgenic plant [85]. The suppression of
B-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, cyp71avl,
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 4. 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™'), 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 4. annua plants [89]. It has been reported that genetic engineering
of S. cerevisiae with amorphadiene synthase and CYP71A4V1 genes from A. annua
resulted in the production of artemisinic acid to a high titer (up to 100 mg L")
[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™'. 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—A4gro-
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 4. 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 pg 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 4. 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 Amgr [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~ 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' 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 4. annua L. hairy root culture by
application of cerebrosides and nitric oxide [118]. The ratio of NO3/NH,4 and total
initial nitrogen concentration also modulate the yield of artemisinin in hairy roots. It
has been reported that in the ratio of NO;/NHy 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 4. annua was inves-
tigated, and it was noticed that 28.9 pM GA; 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 1! artemisinin production was achieved by application
of 0.3 mg total sugar mL~' 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 (228, 23S) homobrassinolide at 1 pg L™' 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 4. 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 4. dubia was established by another group
of researchers, and 79 + 3 pg g~ ' of dry weight artemisinin was recorded upon
exposure of 13.8 mg L' of SA [126]. The enhancement of artemisinin content up to
threefold in hairy root culture of 4. 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 4. annua upon elicitation of
Mel 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' (on dry weight basis) and 4.63 mg L' 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~ ' 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
2578 mg L' 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 pg g 'DW | [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 13.68 mg L-1 [135]

STR

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.

Acknowledgments Subrata Kundu gratefully acknowledges to the Council of Scientific and
Industrial Research (CSIR), India, for providing research associate (RA) fellowship (Sanction
No. 08/525(0004)/2014-EMR1).
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Fig. 4 (continued) decarboxylase, GPPS geranyl diphosphate synthase, FPPS farnesyl pyrophos-
phate synthase, 4DS amorpha-4,11-diene synthase, SOS squalene synthase, CPS p caryophyllene
synthase, DXS 1-deoxy-p-xylulose-5-phosphate synthase, DXR 1-deoxy-pD-xylulose-5-phosphate
reductoisomerase, CMS 4-diphosphocytidyl-2C-methyl-p-erythritol 4-phosphate synthase, CMK
4-diphosphocytidyl-2C-methyl-p-erythritol kinase, MCS 2C-methyl-p-erythritol
2,4-cyclodiphosphate synthase, HDDS 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate synthase,
IDS isopentyl diphosphate synthase, CYP714V1 cytochrome p450 monooxygenase, CPR cyto-
chrome p450 reductase, DBR2 artemisinic aldehyde A11(13) reductase, ALDHI aldehyde dehy-
drogenase 1, ACTs artemisinin-based combination therapy]
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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 4. 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™' 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 .

1.2 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:
a- and p-thujone, camphor, borneol, and 1,8-cineole [4—7]. The precursors of all sage
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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 a- and B-thujone, and (+)-
bornyl diphosphate synthase (BS) en route to borneol and camphor (based on the data of
Grausgruber-Groger et al. [7])

monoterpenes are geranyl diphosphate (GGPP) and neryl diphosphate formed in the
plastids via the 1-deoxy-p-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 o- and P-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-Groger 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.
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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 3’ 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 a-thujone acts as
a GABA blocker and is three times more potent than B-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].

13 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 Wysokinska [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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Table 1 Recently reported bioactive terpenoids and polyphenols from Salvia in vitro systems

(based on the data of Marchev et al. [18])

Secondary Species/in vitro
metabolite system References
Triterpenes S. tomentosa/ Georgiev et al. [37]; Marchev et al. [38]; Bolta
callus; et al. [39]; Grzegorczyk et al. [19]; Kuzma et al. [40];
S. scabiosifolia/ | Kuzma et al. [41]; Kuzma et al. [42]
callus;
S. officinalis/cell
suspension;
S. officinalis/
shoot culture;
S. sclarea/hairy
T00ts;
S. austriaca/
hairy roots
Tanshinones S. miltiorrhiza/ Wu and Shi [43]; Yuan et al. [44]; Zhao et al. [45],
cell suspension; (2011) [46]; Gupta et al. [47]; Yan et al. [48]; Yang
S. miltiorrhizal et al. [49], [50], [51]; Kai et al. [52], [53]; Gu
hairy roots et al. [54]; Liang et al. [55]
Hydrophilic S. miltiorrhizal Yuan et al. [44]; Xiao et al. [56]; Dong et al. [57]; Gu
phenolic hairy roots; et al. [54]; Hao et al. [58]
compounds S. miltiorrhizal

Phenolic acids

cell suspension

S. officinalis/
hairy roots;

S. officinalis/cell
suspension;

S. miltiorrhizal
hairy roots

S. miltiorrhizal
cell suspension
S. tomentosa/
hairy roots

Grzegorezyk et al. [19]; Xiao et al. [56]; Dong
et al. [S7]; Zhao et al. [46]; Xiao et al. [59]; Gu
et al. [54]

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],
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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

Explants [%)]

Multiplication Creating
Combination rate (MR) buds Growing | Vitrificated | Necrosed
Medium | MS 0.3 2.952a 91.1a 77.5a 5.5¢ 3.19bc
BA
MS 0.3 2.732a 98.6a 93.9a 4.8¢ 1.14¢
mT
MS BA + 2.550a 96.3a 86.8a 12.4bc 1.69¢
IAA
MS BA + 1.847b 59.8¢ 36.7b 24.8b 38.48a
NAA
MS 0.3 3.095a 83.2b 33.7b 54.8a 11.58b
BA

L.S.Dg 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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Table 4 Correlation coefficient of sage secondary metabolites obtained in in vitro and in vivo
conditions

Flavonoids Loss of
Flavonoids per Polyphenolic | weight after
Feature per quercetin | hyperoside Tannins compounds drying
Flavonoids -
per quercetin
Flavonoids 0.5992 -
per
hyperoside
Tannins —0.3301 0.2925 -
Polyphenolic —0.9815*** | —0.5274 0.3474 -
compounds
Loss of —0.4806 —0.9139* —0.2883 |0.3782 -
weight after
drying

Correlation significance * p < 0.05; *** p < 0.001

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/Il 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].
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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 BA was 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, 4. 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 YEBg ans50 medium [81] and grown for 2 days
at a temperature of 28 °C.

(b) The bacteria were cultured on minimal medium ABganso [82] and grown for
1-2 days at 28 °C.

(c) A single colony was inoculated into 10 ml of liquid YEByans0o 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 kanso [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 ODssq 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
MSGAganso medium (based on Murashige and Skoog medium [84] with
1 pM 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.

33 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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Fig. 3 Establishing lethal kanamycin concentration for sage multiplant explants. (a) Positive
control without kanamycin, (b) 25 mg/L, (¢) 50 mg/L, (d) 100 mg/L, (e) 150 mg/L, (f) 200 mg/L
lethal concentration

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.
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The explants that underwent transformation were placed in 4. 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 MSKAN,(y:T>50 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 4. 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 TAA with a selecting agent, while in the second stage, the rooting medium
did not contain any selecting agent.

34 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: MSKAN,q:
Taso 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 10* and <10°*, 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 (MSK50:T>50
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. DNA was 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 4.
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 4. 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 4. fumefaciens 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 4. 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 4. 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); (¢) 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 4. 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 4. 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 A4. tumefaciens transformation of



172 A. Luwanska et al.

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 4. 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.

Keywords
Bioactive compounds ¢ Hairy root culture ¢ In vitro culture « Medicinal plant ¢
Ruta * Rutaceae * Pharmacology * Toxicology

S. Malik (D<)

Graduate Program in Health Sciences, Biological and Health Sciences Center, Federal University of
Maranhao, Sao Luis, MA, Brazil

e-mail: sonia.unicamp@gmail.com; 777soniamalik@gmail.com

D.F.C. Moraes * FM.M. do Amaral « M.N.S. Ribeiro

Department of Pharmacy, Biological and Health Sciences Center, Federal University of Maranhao,
Sao Luis, MA, Brazil

e-mail: deniseufma2013@gmail.com; flavia.amaral@ufma.br; mnribeiro@ufma.br

© Springer International Publishing Switzerland 2017 177
S. Jha (ed.), Transgenesis and Secondary Metabolism, Reference Series in
Phytochemistry, DOI 10.1007/978-3-319-28669-3_4


mailto:sonia.unicamp@gmail.com
mailto:777soniamalik@gmail.com
mailto:deniseufma2013@gmail.com
mailto:flavia.amaral@ufma.br
mailto:mnribeiro@ufma.br

178 S. Malik et al.

Contents
LI (T3 (o Je LT o) | 178
2 Botanical CharaCteriStiCs .. ........ouuuteettttett ettt e 178
3 Distribution and Medicinal Importance ...............oooiiiiiiiiiiiiii e 180
4 PhytoChemMUSIIY . ..ottt ettt e 181
4.1 Secondary Metabolites in R. graveolens ...............c.ccciviiiiiiiiiiiiiiiinnn... 181
5 Pharmacological StUAIeS .........oouii e 186
6 Toxicological STUAIES . .......ooiett it 192
7 Biotechnological Studies in R. graveolens ..................cooiiiiiiiiiiiiiiiiiiiiiiiia. 193
7.1 In Vitro Regeneration and Mass Propagation ...................coooiiiiii ... 193
7.2 Use OF EHCITOTS .. .veeet ettt e 193
7.3 Scale Up StUAIES ... .vvitttte ettt ettt 193
7.4  Genetic Transformation and Plant Hairy Root Culture .............................. 194
8 CONCIUSIONS ... ..ttt e 195
RETRTENCES . . ..ottt e 195
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



7 Ruta graveolens: Phytochemistry, Pharmacology, and Biotechnology 179

Fig. 1 Photograph of Ruta
graveolens L.

[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 1II 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
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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. graveolens may 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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Fig. 2 Ruta graveolens L. (a). Leaves, bar 2 cm; (b). Cross section of leaves, bar 150 pm; (c).
Detail of druse, bar 20 pm; (d). Detail of secretory cavity, scale 50 pm

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
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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-
(1',1’-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-f-p-glucoside (27),
and gravacridontriol-O-18- p-p-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 3442 [37], such as 2-
[4'-(3',4'-methylenedioxyphenyl) butyl]-4-quinolone (43), [68] and 1-methyl-2-
[6/-(3" 4" -methylenedioxyphenyl] hexyl]-4-quinolone (44) [69] were also identified.

According to Eun-Tae et al. [54], the AQs without methyl groups (HAQs) and
I-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], Ttaly [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, a-pinene, limonene, 1,8-cineol, a-thujene, camphene, terpinolene, camphor,
trans-p-menth-2-en-1-ol, p-phellandrene, germacrene-B, 3-carene, p-cadinene,
B-caryophyllen, f-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, 3’-sinapoyl-6-feruloylsucrose (51), methylcnidioside
A (52), methylpicraquassioside A (53), 3’,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 a-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.

Lietal. [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-
(1'-allyl-1’-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-1p 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- o 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 of Diabetes 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 a 2-adrenergic receptors but not by serotonergic
receptors.
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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
(U8TMQG, 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 CYPIA 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 Rufa 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



192 S. Malik et al.

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, TAA, and NAA have been tried. The highest shoot regeneration frequency
(98.5%) was reported on MS medium containing BA (10 pM) and NAA (2.5 puM).
The regenerated shoots were found to be rooted best on MS medium with 0.5 uM
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 1 bioreactor
vessel and 5.2-fold increase in 5 1 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
C58CIRif* containing a plasmid harboring neomycin phosphotransferase and
B-glucuronidase encoding genes [182]. The stable transgene integration was con-
firmed by growth on selection medium for npfl, by PCR and southern blot
analysis [182].
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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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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, 4#CKX 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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Fig. 1 Centaurium erythraea Rafn. (a) Plant in natural habitat and (b) detail of pink—red-colored
flowers

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
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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

Gentiana purpurea

A. rhizogenes
(strain ATCC15834)

[31]

Gentiana triflora x G. scabra

A. rhizogenes
(strain ATCC43057)

A. tumefaciens — unsuccessful
(strains LBA4404, EHA101)

[25]

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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Table 1 (continued)

Plant species Genetic transformation technique References
Biolistics [46]

Swertia japonica A. rhizogenes [47]
(strain ATCC15834)

Centaurium erythraea Rafn. A. rhizogenes [15]
(strain A4M70GUS)
A. rhizogenes [24]
(strain LBA9402)
A. tumefaciens [29]
(strain GV3101)

A. tumefaciens (LBA4404 and EHA101 strains) was described about 20 years ago
[25]. Genetic transformation with 4. 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.

13 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
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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-y-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

Fig. 2 The basic structure of 5 4 4
iridoids (cyclopentane-(c)- 23
pyran ring) 6
o
7 761\ 2
1
Fig. 3 Secoiridoid a b c
characteristic for Centaurium 0 o o 0 0 0
species. (a) Sweroside, (b) OH
swertiamarin, and (c) X
gentiopictin X X X
O o} O

H
OGlc OGlc OGlc
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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

Fig. 4 The basic structure of 4 o 5
xanthones 3 4 102 6
2 9a 8a 7
1 8
(0]
a b
OMe OMe
MeO 0 I OMe MeO 0 l OMe
l OMe l OMe
OH O OMe OH O OH

Fig. 5 Xanthones characteristic for Centaurium species. (a) Eustomin and (b) demethyleustomin
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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 ecustomin 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.

14 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 (N°-benzyladenine (BAP)) in the nutrient medium.
The shoots grown on nutrient medium supplemented even with the lowest concen-
tration of BA (3 pmol/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 A4. rhizogenes and only one report of transformation using 4. 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 4. 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 1™ TAA and 1.0 mg 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
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previously described [29]. Four A#CKX1 and AtCKX?2 transgenic lines were selected
for further analyses. All selected A#CKX transgenic lines satisfied the two criteria.
The first one was unquestionable expression of AtCKXI 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
(*2MS, [90]) solidified with 0.7% agar and supplemented with 3% sucrose and
100 mg 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 pmols™'m™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 x 4.6 mm, 5 pm). 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~". Injection volume of sample
was 5 pl, 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
DLDI1 cell line was purchased from the American Type Culture Collection (Rock-

ville, MD, USA). DLDI-TxR cells are multidrug resistant variant selected from
DLDI1 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 DLDI-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 pg/ml amphotericin B solution. The cells
were maintained at 37 C in a humidified 5% CO, 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-cm? 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 pl/
well) for 1 h at 4 C, rinsed in tap water, and stained with 0.4% (w/v) SRB in 1%
acetic acid (50 pl/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 pl 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 p 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 AfCKX 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 At«CKX
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 A#CKX transgenic centaury lines, except line AfCKX]I-5,
compared to the control shoots in vitro and shoots from nature. Transgenic line
AtCKX1I-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 AtCKXI-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 AtCKXI-5 and AtCKXI1-29, very low gentiopicrin content
was determined, while in the shoots of transgenic line AtfCKX2-29, gentiopicrin was
detected only in traces.
