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ABSTRACT

Podophyllum hexandrum Royle (P. hexandrum) is known for its vast medicinal properties
particularly, anticancer. It contains higher amount of podophyllotoxin (4.3%), compared to P.
peltatum (0.025%) and other plant species, as a result has been used worldwide in the
preparation of various drugs including, anticancer, antimalarial, antiviral, antioxidant,
antifungal, and so on. Currently, Etoposide (VP-16-213), VUMON® (Teniposide; VM-26),
Etopophos®, Pod-Ben- 25, Condofil, Verrusol and Warticon are available in the market.
Podophyllotoxin is commercially isolated from roots and rhizomes of Podophyllum species.
However, limited availability and finite amount of raw material, highly complex synthesis,
and low cell culture vyields of podophyllotoxin (0.3%), necessitate alternate
sources/production routes for meeting increasing demands of podophyllotoxin. Further
increase in podophyllotoxin content can only be achieved through genetic interventions in
podophyllotoxin biosynthetic pathway. However, the knowledge on podophyllotoxin
biosynthetic and regulatory machinery (pathway genes, transcription factors, ABC
transporters and miRNAs) vis-a-vis podophyllotoxin content is lacking. Therefore, the
current study was focused on i) identification of pathway components/genes contributing to
podophyllotoxin biosynthesis ii) determination of crucial regulatory components such as
transcription factors, ABC transporters and miRNAs implicated in podophyllotoxin

biosynthesis in Podophyllum hexandrum.

The present work utilized the available transcriptomes resources of Podophyllum hexandrum
to identify, characterize and validate the molecular components associated with the
podophyllotoxin biosynthesis. The work led to the identification of candidate pathway genes
COMT, CM, PD, ADT, C4H, C3H, CCR, CAD and SRD that showed increase in transcript
abundance up to 1.4 to 23.05 folds, respectively vis-a-vis podophyllotoxin content in roots
(1.37%) and rhizomes (3.05%) of P. hexandrum. Comparative transcriptome analysis of
Podophyllum species (Podophyllum hexandrum and Podophyllum peltatum), quantification
of podophyllotoxin and comparative expression analysis between high (2.51%) versus low
(0.59%) podophyllotoxin content accessions revealed key transcription factors (bZIP, MYB,
bHLH and WRKY) associated with the podophyllotoxin biosynthesis. bZIP TF showed the
highest transcript abundance (19.60-folds) in P. hexandrum rhizomes (2.51%) compared to
shoots (0.01%). Total 252 ABC transporter genes were identified as unigenes out of which 22
were further validated using qRT-PCR in different tissues of P. hexandrum varying for



podophyllotoxin content. Differential expression analysis and Pearson’s correlation
coefficient revealed two candidate genes, PhABC6 and PhABCIII having positive correlation
with the podophyllotoxin content. PhABCIV showed highest expression (20.53-folds) in
rhizomes compared to shoots suggesting its possible role in the transport and accumulation of
podophyllotoxin. Six potential miRNAs were identified in transcriptomes of P. hexandrum.
Eight potential mRNA targets were identified for these six miRNAs in P. hexandrum
transcriptomes that are possibly involved in the regulation of podophyllotoxin biosynthesis.
The identified miRNAs and their mRNA targets (UDP glycosyltransferase, flavnol synthase,
glyceraldehyde  3-phosphate  dehydrogenase, peroxidise, malate dehydrogenase,
phosphoenolpyruvate carboxylase, WRKY and MYB transcription factors) were validated
through qRT-PCR . miRNAs vun-miR396b, mtr-miR2673a, vvi-miR828b and peu-miR2910
established negative correlation with their targets thereby, suggesting downregulation of

mRNA targets linked to podophyllotoxin biosynthesis.

The current work led to the identification of crucial molecular components (pathway genes,
key transcription factor, ABC transporters and miRNAs) involved in the biosynthetic
machinery of podophyllotoxin. These molecular components, after their functional validation,
can be utilized in designing a suitable genetic intervention strategy to enhance

podophyllotoxin content in Podophyllum hexandrum.



CHarTER 1

INTRODUCTION

Secondary metabolites are “natural products”, mainly produced to aid in survival of plants
under stress conditions. Secondary metabolites can be divided into groups consisting of
29,000 terpenoid, 12,000 alkaloid derivatives and 8,000 phenolics produced through different
biosynthetic routes. Secondary metabolites are used as food additives, drugs, flavors,
fragrances, dyes, colours, pesticides, pharmaceuticals, agrochemicals, biopesticides and more

recently as nutraceuticals.

The North-Western Himalayan regions are a rich resource of biodiversity having 1748
medicinal and aromatic plant species [1]. The medicinal plants produce a wide array of
phytochemicals/metabolites having high therapeutic value to mankind. Secondary
metabolites like podophyllotoxin, vinblastine/vincristine, taxol (paclitaxel), artemisinin,
shikonin, quinine, picrosides, hypericum, ajmalicine, serpentine, campothecin, etc. are being
used by the industries for their large scale production because of their anticancer,
antimalarial, hepatoprotective, anti-HIV, anti-pyretic, antifungal, anti-inflammatory
properties and so on. These metabolites have high demand in international markets, but their
supply is limited because of complexity in in-vitro synthesis, high cost of production and
decreasing availability of raw material of medicinal plants. Another reason is that the exact
biosynthetic pathways of these metabolites are not known completely or the regulatory
steps/genes controlling the metabolites biosynthesis are not known clearly so as to plan

genetic interventions for enhanced metabolite yields.

The higher cost of secondary metabolites production and geographical limitation of medicinal
plants, has forced researchers to find out alternative methods or sources for the production of
these metabolites. Various research groups have been working throughout the world towards
the enhancement of secondary metabolite production in in-vitro cultures but only limited
success has been achieved. Therefore, there exists an urgent need to not only decipher
biosynthetic pathways but also to identify key points in the biosynthesis, transport, and

accumulation of metabolites.



Podophyllum hexandrum Royle (P. hexandrum) is an important medicinal plant species
native to alpine and sub-alpine regions of the North-Western Himalayas, North America and
South West of China (2500-4200m) and commonly used as a source of podophyllotoxin and
its derivatives- the anticancer bioactive compounds. Podophyllotoxin is present in different
plant species Podophyllum hexandrum Royle (syn. P. emodi Wall), Podophyllum peltatum,
Linum album, Callitris drummondii, Juniperous chinensis, Polygala polygama, etc., however
P. hexandrum has been used as a primary source due to higher content (4.3%) [2,3]. Several
anticancer drugs such as Etoposide (VP-16-213), VUMON® (Teniposide; VM-26),
Etopophos®, Pod-Ben-25, Condofil, Verrusol and Warticon prepared from podophyllotoxin
and its derivatives are available in the market. Many other drugs, GL331, Top 53, NK 611
and CPH 82 are in phase III clinical trials containing podophyllotoxin and its derivatives [4].
Owing to these medicinal properties, P. hexandrum has been overexploited and therefore,

placed under the category of critically endangered plant species [5].

Podophyllotoxin is commercially isolated from roots and rhizomes of Podophyllum species.
However, limited availability and finite amount of raw material necessitate alternate
sources/production routes for meeting increasing demands of podophyllotoxin. Different cell
cultures interventions have been tried for the production of podophyllotoxin such as elicitor’s
treatments, precursor feeding, modification in production media, immobilization of cells and
scale-up through bioreactors, etc. [6]. However, podophyllotoxin yields have been low
(0.3%) in callus/cell suspension cultures as compared to roots and rhizomes (4.3%) of plants
grown in natural habitat [7, 8]. Further increase in podophyllotoxin content can only be
achieved through genetic interventions in podophyllotoxin biosynthetic machinery. However,
knowledge of podophyllotoxin biosynthetic pathway is fragmentary with missing links in the
pathway as well as lack of relative contribution of pathway steps in contributing to the

podophyllotoxin content.

Secondary metabolites are formed in different tissues/organs through the combinatorial role
of multiple pathways (Mevalonic acid (MVA) pathway, non-mevalonate (MEP),
phenylpropanoid/shikimic acid and iridoid pathways) in plant species. Podophyllotoxin and
its derivatives are derived from the shikimic acid/phenylpropanoid pathway which has not yet
been completely elucidated [1, 9]. Thirty one steps are known in the podophyllotoxin
biosynthetic pathway up to the intermediate compound, pluviatolide; thereafter possible 36
steps were predicted but not validated either for the structures of intermediates or for

genes/proteins/enzymes [10]. Total 26 genes encoding podophyllotoxin pathway enzymes are



known to catalyse 31 known steps, starting from D-erythrose-4-phosphate to intermediate
compound pluviatolide. Out of 26 genes, only 12 genes PAL, C4H, PCH, P4H, HCT, 4CL,
CMT, CCMT, CCR, CAD, DPO, PLR and SD have been characterized in Podophyllum spp. to
correlate their role in podophyllotoxin biosynthesis through expression analysis [11, 12, 13].
Most of these 12 genes represent enzymatic steps, starting from phenylalanine to
matairesinol. However, no information exists on remaining 14 genes, starting from D-
erythrose-4-phosphate to cinnamic acid. The amount of p-coumaric acid biosynthesized is
crucial in providing supply of further intermediates such as caffeic acid, ferulic acid,
coniferyl aldehyde, coniferyl alcohol and so on in the pathway that eventually lead to the
formation of podophyllotoxin. The crucial role of p-coumaric acid has been highlighted in the
biosynthesis of secondary metabolites such as caffeic acid, p-hydroxybenzoic acid, etc. [14,
15]. Therefore, identification of genes contributing towards the production of p-coumaric
acid is important in furthering the understanding of podophyllotoxin biosynthetic machinery
by completing the biosynthetic pathway starting from the first compound D-erythrose-4-

phosphate to the last known intermediate compound, pluviatolide.

No information exists as of today on transcription factors (TFs), ABC transporters and
miRNAs controlling the biosynthesis and accumulation of podophyllotoxin content in P.
hexandrum. Therefore, studies need to be undertaken to elucidate or decipher important
molecular components controlling podophyllotoxin content in P. hexandrum so that
appropriate stretigies for metabolic engineering can be undertaken to fulfil the escalating

demand of podophyllotoxin.

The availability of genomics, transcriptomics and metabolomics resources can provide a
powerful tool for identification, validation, characterization and functional analyses of
molecular components in order to infer their role in regulation of metabolic processes in plant
species. The assembled transcriptomes data of Podophyllum species (P. hexandrum—?2, 27,
885 contigs, P. peltatum—1, 47, 960 contigs) were downloaded from the medicinal plants
transcriptomics database (http://medplants.ncgr.org/) [9] and the transcriptomes were mined
and analyzed for identification, characterisation and classification of molecular components
by using in-house developed PERL scripts. This resource has substantially broadened our

understanding of podophyllotoxin biosynthesis in P. hexandrum.



The current research work focussed on identification, characterisation, validation and
expression analysis of molecular components such as biosynthetic pathway genes,
transcription factors, ABC transporters and miRNAs to deduce the biosynthetic machinery of
podophyllotoxin in P. hexandrum. To understand the molecular basis of podophyllotoxin
biosynthesis the expression status of entire biosynthetic pathway genes was carried out in
different tissues/organs of P. hexandrum varying for podophyllotoxin content. Further, the
identified key regulatory components i.e. transcription factors, ABC transporters and
miRNAs possibly associated with podophyllotoxin biosynthesis through extensive

transcriptome analysis followed by wet lab experiments.

Keeping in view the immense medicinal importance of P. hexandrum, and lack of knowledge
on molecular basis of podophyllotoxin biosynthetic machinery, the present work was carried

with the following objectives:

Objective 1: Identification of pathway components/genes contributing to podophyllotoxin
biosynthesis in Podophyllum hexandrum
Objective 2: Dissecting regulatory machinery/components of podophyllotoxin biosynthesis

and accumulation in Podophyllum hexandrum



CHAPTER 2

REVIEW OF LITERATURE

2.1 Introduction

Podophyllum is a genus belonging to the family Berberidaceae, and represented by nine
species of perennials from North America and parts of Asia. The term Podophyllum has been
derived from the ancient Greek word “Foot leaf” and is also known as Mayapple, because
fruits of these plants ripen at the time of spring. The two most representative and important
species of this genus are Podophyllum hexandrum also known as the Himalayan Mayapple or
the Indian Mayapple and Podophyllum peltatum, generally referred to as American Mayapple
or American Mandrake (Figure 2.1). Podophyllum hexandrum Royle is a native of the lower
elevation of North-Western Himalayas. Flowering in this plant occurs between May-August,
the flowers have six petals and six stamens, which has inspired the name of its species-
hexandrum, meaning six stamens. P. peltatum is a relative of P. hexandrum, and is
commonly found in the deciduous forests of eastern North America. Extracts obtained from
Podophyllum species have found usage as antidotes against poison, treatments for skin
disorders or as cathartic, cholagogue, purgative, anti-helminthic, vesicant, and suicide agents

[16].

Podophyllotoxin is a secondary metabolite naturally occurring in plants belonging to families
Berberidaceae, Cupressaceace, Linaceae, Polygalaceae and Oleaceae such as Podophyllum
hexandrum, P. peltatum, Linum album, Callitris drummondii, Juniperous chinensis, Polygala
polygama and so on (Figure 2.2). These compounds are aryltetralin lignan type derivatives
having various useful properties— anti-cancer, anti-viral, antioxidant, anti-fungal, anti-mitotic,
immunostimumaltory [17, 18, 19]. Till date, podophyllotoxin has been used as the starting
compound for the production of semi-synthetic anti-cancer drugs etoposide (VP-16-213),
teniposide (VM-26) and ethophos, Pod-Ben- 25, Condofil, Verrusol, Warticon etc. which are
used in the treatment of lung and testicular cancer, leukaemia and rheumatoid arthritis (Table
2.1). Several drugs which are under phase III clinical trials such as GL331 and Top 53 are
also prepared from podophyllotoxin [20, 21, 22]. Indian Podophyllum hexandrum Royle has
high level of podophyllotoxin content (4.3%) as compared to other podophyllotoxin



producing medicinal plants such as North American Podophyllum peltatum (0.25%), Linum
album (0.35%), Juniperus chinensis (0.0025%), Linum nodiflorum (1.7%) and Callitris
drummondii (1.4%) [2, 3, 23, 24, 25]. Owing to these properties, genus Podophyllum is over-

exploited and therefore, placed under the category of critically endangered species [5].

A scientific group of IIT Delhi, India under the guidance of Dr. Ashok Kumar Srivastava had
worked on the Podophyllum species for almost 12 years towards production of secondary
metabolites (podophyllotoxin, azadirachtin) through plant cell /hairy root -culture,
fermentation technology. Various physico-chemcial parameters/factors were studied by this
group to enhance the production of podophyllotoxin including in-vitro production and its
scale-up in bioreactor by optimizing various growth factors like nutrients levels, oxygen
supplementation, inoculum density, low shear stress to cells, carbon source,
elicitors/precursors, light, pH and substrate feeding rate [26, 27, 28, 29, 30]. A number of
R&D groups belongs to CSIR-IIIM, CSIR-IICB, CSIR-IHBT, IIT-Delhi, Institute of Nuclear
Medicine & Allied Sciences (INMAS), G.B. Pant institute of Himalayan Environment and
Development Uttarakhand, Bharathidasan University, Tamil Nadu, etc., across India are
working on Podophyllum hexandrum with the ultimate goal of in-vitro production,
conservation, genetic variations, micropropagation, radio preventive studies and so on.
Similarly, Dr. Sharmila Chattopadhyay’s groups of CSIR- Indian Institute of Chemical
Biology (IICB), Kolkata has worked on in-vitro regeneration, metabolite elicitation and

expression analysis of proteins related to pathway of podophyllotoxin [31, 6].

In spite of above mention work done, several gaps still exist in complete understanding of
biosynthetic pathway for podophyllotoxin. Cloning and expression of genes involved in
podophyllotoxin biosynthetic pathway like secoisolariciresinol dehydrogenase (SDH),
Phenylalanine ammonia-lyase (PAL), Dirigent protein oxidase (DPO), Cinnamoyl-CoA
reductase (CCR), Cinnamyl-alcohol dehydrogenase (CAD), Pinoresinol-lariciresinol
reductase gene (PLR), Cinnamic acid 4-hydroxylase (C4H) has been reported [11, 12, 13].

There are no reports published on the differential biosynthesis, accumulation, spatio-temporal
behaviour, expression analysis of potential genes/proteins, and elucidation of pathway of
podophyllotoxin. One report published by Marques et al. [10], showed possible steps in the
pathway of podophyllotoxin with the identification of cytochrome P450s enzymes
(CYP719A24, CYP719A23). They used parallel sequencing technologies to understand the

biosynthetic processes in poorly understood (non-model) medicinal plants. One main



advantage is that such technologies can potentially lower the time frame for discovery of new
genes and thus more rapidly improve our understanding of metabolism. Secondary metabolite
production can be improved by a proper understanding of biosynthetic pathway thereby;
ultimately goal of enhancement in the production of valuable metabolites in the medicinal
plant, P. hexandrum can be achieved. Gene expression approaches such as differential
display/subtractive hybridization and cDNA-AFLP offer a feasible alternative for capturing
transcripts/genes associated with the secondary metabolite production. Moreover, these
approaches give quantitative expression profiles and allow identification of novel genes [32].
The cDNA-AFLP technology coupled with analysis of target/ intermediate metabolites has
been successfully utilized in identifying missing links in the biosynthetic pathways through
genes-to-metabolite network analysis of biosynthesis of anticancer drugs vinblastine and

vincristine in Catharanthus roseus [33].

This shows that various research groups have been working throughout the world towards the
enhancement of podophyllotoxin production in in-vitro cultures but only limited success can
be achieved. This may be due to poor understanding of its biosynthetic pathway. Therefore,
there exists an urgent need to decipher the podophyllotoxin biosynthetic machinery by means
of 1identification, characterisation and validation of missing links/steps, regulatory

genes/enzymes involved in its biosynthesis through biotechnological approaches.
2.2 Podophyllum hexandrum as a potential source of podophyllotoxin

Podophyllum hexandrum Royle (syn. P. emodi Wall) is native to alpine and sub-alpine
regions of Himalayan countries like India, Nepal, Pakistan, China, Afghanistan, and Bhutan
(2500-4200m amsl) commonly known as “bankakri or Giriparpat” in Western Himalayan
region. P. hexandrum Royle has high level of podophyllotoxin content (4.3%) as compared to
other podophyllotoxin producing medicinal plants such as North American Podophyllum
peltatum (0.25%), Linum album (0.35%), Juniperus chinensis (0.0025%), Linum nodiflorum
(1.7%) and Callitris drummondii (1.4%). Currently, the roots and rhizome of P. hexandrum
Royle are the main source of podophyllotoxin [34]. The rhizome of P. hexandrum is
preferred more over P. peltatum because its resin is more copious and richer in
podophyllotoxin, with a content of about 4.3% dry weight against 0.25% in P. peltatum [3].
Although it is possible to chemically synthesize podophyllotoxin but this process has not yet
been optimized to be economically feasible. Consequentially, the rhizomes of P. hexandrum

have been indiscriminately collected to meet the ever-increasing demand for the drug and its



derivatives. This over-collection has led to severe habitat destruction which has been
followed by an acute depletion in the population of this herb. The cost of production, lack of
organized cultivation, long juvenile phase, poor fruit setting ability, seed dormancy, over-
exploitation and geographical limitation of Podophyllum species, forced the researchers to
find other methods or sources to deal with the increasing demands of podophyllotoxin in the

industries.

Figure 2.1 Species of Podophyllum in its natural habitat — a) Podophyllum hexandrum Royle
(Indian/Himalayan May Apple); b) Podophyllum peltatum (North American May Apple)
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Table 2.1 Anticancer drugs available in the market obtained from Podophyllum species

Podophyllotoxin (Main ingredient)

Brand Name (Anticancer drugs) Country
Etoposide (Vepesid) India, USA
Teniposide USA
Etopophos USA
Pod-Ben- 25 USA
Condofil Italy
Warticon UK
Podofin USA
Podofilm Canada

Podophyllotoxin Derivatives

Brand Name (Anticancer drugs) Country
Boldolaxine Australia
Canthacur-PS Canada
Cantharone-Plus USA, Canada
Opobyl UK
Posalfilin UK
Salicylin-P Australia
Verban Canada
Verrex USA
Verrusol USA
Wartkil Australia
Wart-off Australia

2.3 Genetic characterisation of variability in P. hexandrum

Molecular markers such as random amplified polymorphic DNA (RAPD), amplified fragment
length polymorphism (AFLP), microsatellites or simple sequence repeat (SSR), inter-simple
sequence repeats (ISSR) have been used for genetic characterisation and population structure
and their relationships with the metabolites content in medicinal plant species. Molecular
markers provide valuable information of higher metabolites yielding genotypes as these were
correlated with metabolites content, thereby have important role in controlling the quality raw
materials [35]. Marker-assisted breeding has been utilised for developing high artimisinin

content yielding genotypes of Artemisia annua ‘CIM-arogya’ [36].

Variation in podophyllotoxin content with different environmental cues and their correlation
with the molecular markers has been done in P. hexandrum populations [37, 38, 39, 40]. The

increasing availability of genome/transcriptome resources of medicinal plant species opens



the new doors for the identification and characterisation of PCR-based molecular markers that
allowed the detailed analyses and evaluation of genetic diversity and also, the detection of

genes associated with economically important traits [41].

Microsatellite markers were isolated from P. hexandrum and used to quantify the genetic
structure within 28 populations [37]. Podophyllotoxin content varied with the altitude of
different geographical regions. Genetic diversity has also been performed by using AFLP
markers in 28 populations of P. hexandrum representing the whole Indian Himalayas [42].
The results of this study showed that regardless of geographical location, the populations
from Indian Himalayas are intermixed and are composed broadly of two types of genetic
populations. Different types of markers have been identified in P. hexandrum that could be
utilised for spatial genetic structure and population diversity studies in order to conserve the

P. hexandrum populations in North-Western Himalayan regions [43].

2.4 In-vitro production of podophyllotoxin

Biotechnological strategies have lead to the production of podophyllotoxin through in-vitro
cell cultures but the yield was very low (0.3%). It was in 1982 that for the first time
production of podophyllotoxin in callus cultures of P. peltatum was reported [44] since then
several studies have confirmed the potential of plant cell and organ cultures to produce this
compound. Podophyllotoxin content ranging from 0.008 to 0.30% DW has been obtained by
in-vitro cultures of P. hexandrum and P. peltatum, but the growth of in-vitro cultures of this
species was very slow with a tendency to browning [45]. Even after, over three decades of
research in attempting to improve in-vitro podophyllotoxin production, the physio-biological
factors such as slow growth, browning of cell/callus, culture conditions (medium, pH,
oxygen, light and temperature), nutrients, including carbon source and plant growth
regulators (PGRs) are needed to be optimised for efficient in-vitro production of

podophyllotoxin.

In recent years, various plant species have been reported for the production of
podophyllotoxin as listed in table 2.2. In-vitro cell culture systems have been established
from various plant and fungus species as listed in Table no. 2.2. Systematic strategies,
including identification and establishment of higher yielding strains/ genotypes and hairy root

cultures, optimisation of in-vitro cultures systems i.e. shake flasks and large-scale



bioreactors, suitable elicitors/precursors, using two-phase cultures systems and metabolic

engineering can lead to higher podophyllotoxin production.

Table 2.2 In-vitro podophyllotoxin content in different plants and fungus species

Plant Family | Medicinal plants Podophyllotoxin | Source Reference(s)
content
(% of dry wt)
Berbediaceae | Podophyllum 43 Roots/Rhizomes [2, 3, 34]
hexandrum
Podophyllum peltatum | 0.25 Shoots, [2, 3, 34]
Roots/Rhizomes
Podophyllum 0.32 Roots/Rhizomes [123]
versipelle
Diphylleia grayi 1.3 Roots [123]
Diphylleia cymosa 0.54 Leaves [123]
Linaceae Linum album Kotschy | 0.35 Callus/suspension | [13]
ex Boiss cultures
Linum nodiflorum 1.7 Callus/suspension | [24]
cultures
Linum flavum 0.2 Callus/suspension | [124]
cultures
Linum flavum 0.16 Roots [125]
Cupressaceae | Juniperus chinensis 0.0025 Leaves (needles) [23]
Juniperus chinensis 0.005 Callus/suspension | [23]
cultures
Juniperus scopulorum | 0.17 Leaves (needles) [126]
Juniperus sabina 0.20 Leaves (needles) [126]
Juniperus lucayana 0.10 Leaves (needles) [126]
Juniperus virginiana | 0.10 Leaves (needles) [126, 129]
Juniperus silicicola 0.04 Leaves (needles) [126]




Juniperus thurifera 1.3 Leaves (needles) [128]

Callitris drummondii | 1.4 Leaves (needles) [25]
Polygalaceae | Polygala polygama 0.08 Whole plant [127]
Fungus Trametes hirsute 0.03 cultures [45]
species

Fusarium oxysporum | 0.02 cultures [45]

The growing demand for podophyllotoxin and its derivatives cannot be met by the collection
of plant sources or commercially unviable chemical synthesis, therefore there is a need to
develop alternative methods of production. In recent years genetic engineering of metabolic
pathways has given good results in the successful manipulation of secondary metabolite
production. Once the rate limiting reactions, regulatory components/steps or transportation
components involved in a biosynthetic pathway have been identified metabolic engineering
can be used to achieve enhanced levels of production of the desired metabolite from that
particular pathway. Metabolic engineering of plant derived secondary metabolites holds high
potential, and has been well studied extensively for anthocyanin and flavonoid biosynthetic

pathways [46].

Engineering of Lignan biosynthesis pathway in podophyllotoxin for achieving enhanced
levels of podophyllotoxin requires a thorough knowledge of the whole biosynthetic pathway
and a detailed understanding of the regulatory mechanisms controlling the onset and the flux
of the pathway. Unfortunately as mentioned before, the complete information related to
podophyllotoxin biosynthesis is not yet available which explains why only limited success
has been obtained by metabolic engineering in case of podophyllotoxin production.
Nevertheless the potential is high for future as successful application of metabolic
engineering has been achieved for other plants which are involved in lignan biosynthetic
pathway [47, 48, 49]. Forsythia koreana is one such plant that produces matairesinol from
pinoresinol via the catalysis of Pinoresinol/Lariciresinol reductase (PLR) and
secoisolaricinesol dehydrogenase; both these enzymes are also involved in the biosynthetic
pathway of podophyllotoxin. Application of RNA interference for the PLR gene (PLR-RNA1)
in cell cultures of Forsythia increased the yield of pinoresinol and its glucoside by

approximately 20-fold due to blocked biosynthesis of matairesinol [48].

2.5 Genome/transcriptome resources of Podophyllum species




Modern ‘omics’ resources such as genomics, transcriptomics, proteomics and metabolomics
could reveal the molecular components associated with the biosynthesis and accumulations of
metabolites in medicinal plant species. The genome size of P. hexandrum was estimated
about 31442.70 Mbp through flow Cytometry by Nag et al [50]. The transcriptome resources
of Podophyllum species (Podophyllum hexandrum and Podophyllum peltatum) have been
generated and available at medicinal transcriptomes database (http://medplants.ncgr.org)
[10]. This medicinal transcriptomes database is a part of NIH funded project “Transcriptome
Characterization, Sequencing, and Assembly of Medicinal Plants Relevant to Human Health”
operated by many institutes such as Institute of Biological Chemistry (IBC), Washington
State University (WSU), Donald Danforth Plant Science Center (DDPSC) and National
Center for Genome Resources (NCGR). This database contained the raw and assembled
transcriptomes data from different tissues/organs not only of Podophyllum species but also
for many other medicinal plant species which are quite useful for exploring and

understanding the physio-biological processes in plant systems.

The availability of transcriptomes resources from different tissues/organs of two
Podophyllum species differing in the sites of biosynthesis and accumulation of
podophyllotoxin provided a robust dataset to mine for potential molecular components and

correlate with podophyllotoxin content.
2.6 Molecular basis of podophyllotoxin biosynthesis

Podophyllotoxin belongs to lignan group of secondary metabolites. Lignans are a diverse and
ubiquitously distributed group of compounds that are biosynthetically derived from the
phenylpropanoid pathway/shikimic acid pathway. The shikimate pathway is the entry to the
biosynthesis of phenylpropanoids, which is intra-cellular plastidial in origin. L-phenylalanine
is one of the final products of shikimic acid pathway. Phenylpropanoids and their derivatives
are compounds containing a C4Cs- moiety derived from L-phenylalanine [51]. Phenylalanine
one of the essential amino acids obtained from this pathway serves as the precursor for the
biosynthesis of a range of phenylpropanoids which are further utilized for the production of a

range of plant secondary metabolites (Figure 2.3).

The biosynthetic route leading to formation of podophyllotoxin remains to be elucidated
completely, only twenty six genes are known which catalyse 31 steps in podophyllotoxin

biosynthetic pathway up to the intermediate compound pluviatolide [2, 10].
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Figure 2.3 Diversification of phenylpropanoids based on the general phenylpropanoid
pathway (Vogt [130])

The initial steps in podophyllotoxin biosynthesis are common to most of the phenolic
compounds. Deamination of phenylalanine to yield cinnamic acid is catalysed by the enzyme
phenylalanine ammonia lyase (PAL). Cinnamic acid 4-hydroxylase (C4H) then causes

hydroxylation of cinnamic acid to form p-coumaric acid and after additional steps coniferyl



alcohol is formed by cinnamyl alcohol-dehydrogenase (CAD). Two molecules of coniferyl
alcohol are coupled to pinoresinol. From pinoresinol, the biosynthetic pathway divides,
leading to a great diversity of lignans. In case of podophyllotoxin, pinoresinol undergoes
enantiospecific reduction, via action of pinoresinol reductase (PLR), to sequentially yield
(+)-lariciresinol and  (—)-secoisolariciresinol.  Stereo-specific ~ dehydrogenation by
Secoisolariciresinol dehydrogenase next converts secoisolariciresinol into (—)-matairesinol,
the last unequivocal known step in (—)-podophyllotoxin biosynthesis [10]. Figure 2.4 is an

illustration of the steps involved in formation of podophyllotoxin from coniferyl alcohol.
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Figure 1.4 Biosynthesis of podophyllotoxin from coniferyl alcohol

Molecular cloning and characterisation was done only for 7 genes (PS, PLR, SD, DPO, CAD,
C4H and PCH) implicated in the biosynthesis of podophyllotoxin [11, 12, 13]. Persual of
literature showed that no study was done on identification of candidate genes in relation to

podophyllotoxin content in P. hexandrum.



2.7 Regulators of podophyllotoxin biosynthesis

Regulatory components are known to regulate various physiological, biochemical and
biological processes including growth, development, senescence, seed germination,
environmental stress responses, etc. contributing towards secondary metabolites biosynthesis
in plant species. The availability of genomics, transcriptomics and metabolomics resources
can provide a powerful tool for identification, characterization and functional analyses of
regulatory components in order to infer their role in regulation of metabolic processes in plant

species.
2.7.1 Transcription factors

Transcription factors (TFs) are DNA-binding specific proteins that interact with cis-acting
elements in promoter regions of target genes, thus regulating the gene expression [52].
Generally, TFs represent ~7% of all genes present in various plant genomes and presently,
108 TF families have been identified in the plant kingdom [53]. Over the last several years,
TFs have emerged as a center point of scientific research on elucidation of regulatory
mechanisms underlying the biosynthetic pathways of natural
products/phytochemicals/metabolites. In plants, several TF families such as bZIP, WRKY,
MYB, bHLH, AP2/ERF, mTERF, TFIIIA, DOF, NAC, Zinc finger and SPL have been
reported to be involved in regulating the secondary metabolites biosynthesis [52, 54]. TFs can
regulate the expression of multiple genes implicated in a metabolic pathway through the

recognition of sequences in promoter regions [55].

The MYB TFs were the largest family and mainly involved in controlling biological
processes including in biotic and abiotic responses, metabolism, defense, development, etc. A
number of MYB transcription factors were known in various plant species, including maize,
petunia, snapdragon, grape, apple and Arabidopsis that control phenylpropanoid pathway
[56]. For example, R2ZR3MYB TF encoding genes have been identified in several plant
species such as 121 genes in tomato (Solanum lycopersicum L.) (Zhao et al. 2014), >200
genes in Zea mays, 126 genes in Arabidopsis thaliana, 117 genes in Vitis vinifera, etc.
signifying their major roles in plant response to stress conditions [57, 58, 59, 60]. Previous
studies have demonstrated that bHLH TFs (GL3, eGL3, TT8) played important role in
regulation of anthocyanin biosynthesis in Arabidopsis thaliana through interaction with MYB

TFs [61]. MYC2 protein of bHLH class binds to cis-elements in the ORCA3gene promoter,



thus controlling the expression of several terpenoid indole alkaloids (TIA) biosynthesis genes
in Catharanthus roseus [62]. Similarly, WRKY TFs such as GaWRKY1, AaWRKY1,
WRKY3, WRKY6 and WRKY33 are also known to control the regulation of diverse
biological processes in plants like cotton, Artemisia annua, tobacco and Arabidopsis,
respectively, contributing to the biosynthesis of gossypol, artemisinin, and camalexin,
respectively [63, 64, 65]. In plants, bZIP is a master regulator actively involved in
physiological and biological processes, including growth and development, seed formation,
abiotic and biotic stress responses, etc. [66]. The bZIP TFs are well known and characterized
in grapevine (Vitis vinifera L.) for their role in controlling the flavonoid biosynthesis through
the regulation of phenylpropanoid pathway [67]. However, no information is available as of
today on transcription factors (TFs) contributing to podophyllotoxin biosynthesis in

Podophyllum species.

2.7.2 MicroRNAs as regulators of secondary metabolites biosynthesis

MicroRNAs (miRNAs) are non-coding small RNAs, ranging from 18 to 22 nucleotides
known to regulate various biological processes in plant systems. miRNAs have perfect or
near-perfect complementarity to their mRNA targets, thereby, down-regulate their expression
either through inhibition of translation or cleavage in plants [68]. miRNAs have been
identified to regulate physio-biological processes such as signal transduction, growth and
development, seed germination, stress responses, secondary metabolism in plant species
Picrorhiza kurroa, Arabidopsis thaliana, Lycopersicum esculentum, Oryza sativa, Solanum

tuberosum, Panicum virgatum, etc.[68, 69, 70, 71, 72].

In plants, most of the miRNAs are conserved across species and can bind to multiple targets
either through coding or non-coding regions [73]. Previously, the publically available plant
genomic resources including genomic survey sequences (GSS), high throughput genomic
sequences (HTGS), expressed sequence tags (ESTs) and transcript sequence assemblies
(TSA) were used for the identification of miRNAs in plant species [74]. Next generation
sequencing (NGS) in combination with comparative genomics is a powerful strategy for
identification of miRNAs from transcriptomes of plant species. miRNAs target genes have
been identified on the basis of their sequence complementary with miRNAs. The functions
associated with miRNAs target genes have been identified with NCBI BlastX, GO (gene
ontology) and KAAS (KEGG automatic annotation server) tools [75]. However, there is no

report on role of miRNAs in podophyllotoxin biosynthesis in P. hexandrum.



Research on miRNAs in plant species has opened the new window to enhance metabolites
content through understanding the regulation mechanisms involved in the biosynthesis of
metabolites. The biosynthetic pathways operating in plant systems have been altered through
the coordination mechanism of miRNAs to obtain desired amount of natural
products/metabolites. Previously, silencing of chalcone synthase (CHS) gene by siRNAs has
altered the biosynthetic pathway of flavonoids in Glycine max [76]. Similarly, in Arabidopsis
thaliana, miRNAs miR156, miR163, miR393 and miR828 have been found to regulate the

biosynthesis of secondary metabolites such as anthocyanin, flavonols, etc. [77].

miRNA vun-miR396b has been reported for its role in regulation of metabolites through
regulation of growth regulating factor (GRF) and bHLH (basic helix-loop-helix) family of
transcription factors in Arabidopsis thaliana [78]. Moreover, miRNA vvi-miR828b was
shown to control the MYB transcription factor regulating flavonoid and lignin biosynthesis in
Arabidopsis thaliana [79]. MYB and WRKY TFs are known for their regulatory role in
various physio-biological processes in different plant species [80]. WRKY TFs (GaWRKY1,
AaWRKY1, WRKY3, WRKY6 and WRKY33) were found to be upregulated in gossypol,
artemisinin and camalexin biosynthesis in cotton, Artemisia annua, tobacco and Arabidopsis,

respectively [63, 64, 65].
2.8 Transporters of secondary metabolites vis-"a-vis podophyllotoxin

ATP-binding cassette (ABC) transporters are known to transport secondary metabolites into
the vacuoles of plant cells [80]. ABC transporters constitute one of the largest protein
families that are present ubiquitously from bacteria to humans [81]. The function of ABC
proteins in plants was originally identified as transporters of phytotoxic xenobiotics into the
vacuoles [82], however, since then several studies on their functionality in plants have been
carried out and these proteins are now known to be involved in a range of diverse processes
including plant growth, nutrition and development, response to abiotic stresses, pathogen
resistance and interaction of plants with environment [83]. The role of ABC proteins in
transport of secondary metabolites within plants is of particular interest for directing future

efforts in enhancing the level of metabolites being produced in different production systems.

ABC transporters can be classified into subfamilies based on their domain architecture,
similarities/structure comparison with human and microbial systems, functional and

phyllogenetic information. The ABC transporter subfamilies such as ABCA, ABCB, ABCC,



ABCD, ABCE, ABCG, ABCGwgc group and ABCGppr group, etc. have been identified in
the plant systems [84, 85]. The ABCA, ABCB, ABCC and ABCG and ABCGWBC group of
ABC transporters subfamilies were thought to be involved in the transport of various

terpenoids, alkaloids and lignins compounds [86].

The biosynthesis of secondary metabolites is cell/tissue specific usually occurring in different
tissues/organs such as leaf, root, rhizome, stems and flower, etc. For example,
phytochemicals/metabolites like shikonin biosynthesis in vesicles of endoplasmic reticulum
of Lithospermum erythrorhizon, picrosides in different tissues/organs of Picrorhiza kurroa,
etc. and finally stored in vacuoles [87, 88]. Similarly, podophyllotoxin stored in vacuoles of
Podophyllum species. However, no information exits on types of ABC transporters involved

in the transport of podophyllotoxin in P. hexandrum.

The complete review of literature on podophyllotoxin, sources of podophyllotoxin and its
derivatives, genetic diversity, in-vitro production strategies, genome/transcriptome resources,
molecular basis of metabolites biosynthesis and regulatory components of biosynthetic

pathways highlights the following major gaps in this highly valuable medicinal herb:

1) Knowledge of podophyllotoxin biosynthesis is fragmentary with missing links in the
biosynthetic pathway

2) Lack of relative contribution of pathway steps in contributing to the podophyllotoxin
content

3) Lack of knowledge on molecular components of podophyllotoxin biosynthesis

4) Lack of knowledge on regulatory control of podophyllotoxin biosynthesis

5) Lack of genetic intervention strategies to improve podophyllotoxin content in- vitro

6) No genetically defined accessions known for commercial use


http://en.wikipedia.org/wiki/Lithospermum_erythrorhizon

CHAPTER 3

MATERIAL AND METHODS

3.1 Plant materials and growth conditions

Eleven accessions of P. hexandrum Royle belonging to different geographical locations of
North-Western Himalayas were procured from the Himalayan Forest Research Institute at
Jagatsukh (1,900 m altitude, 20°35.6-32%.1'N and 78°57.8'-77°33.7'E), Kullu, Himachal
Pradesh, India. The plants were maintained in plastic pots (20 cm height x 20 cm top width x
12 cm bottom width) containing soil, sand and farm yard manure mixture in a ratio of 2:1:1
with controlled environmental conditions [light (intensity 300-1400 Ix), temperature
(25+2°C), relative humidity (=~ 80%) and photoperiod (14 h day/10h night) at the green house
of Jaypee University of Information Technology, Waknaghat, Solan, India. Shoot, root and
rhizome tissues of P. hexandrum (3 year old plants) were harvested, frozen in liquid nitrogen

and stored at -80°C for metabolite quantification and expression analysis through qRT-PCR.

Table 3.1 Podophyllum hexandrum accessions from different geographical locations used for

quantification of podophyllotoxin

Accession Location District Altitude (amsl) | Latitude Longitude
Ph-1 Jammu Dug | Chamba 3620 33006'27.1"N 76029'171.1"E
Ph-2 Kulri Kinnaur 3330 31030'01.3"N 78056'34.5"E
Ph-3 Kallo Noi Kullu 3597 31045.412"N 77027.680"E
Ph-4 Jalori Pass Chamba 3590 32°31"28"N 76°31'01"E
Ph-5 Chamba Chamba 3354 31018'23.6"N 77045'02.1"E
Ph-6 Parot Kullu 3144 32°0'19"N 77°14'43"E
Ph-7 Panertu Kinnaur 3645 31020'42.2"N 78026'70.2"E
Ph-8 Thothi Dhar | Kullu 3200 31032.448"N 77024.605" E
Ph-9 Thang Bo Kinnaur 3435 31040'6.2"N 78001'11.9"E
Ph-10 Gulaba chamba 2703 31°04'32"N 77°38'36"E
Ph-11 Homkhani Kullu 3979 32°22'17"N 77°14'47T"E




3.2 Quantification of podophyllotoxin content

The quantification of podophyllotoxin content (expressed as % of fresh wt) was carried by
reverse phase high-performance liquid chromatography (HPLC) in shoots, roots and
rhizomes tissues of eleven accessions of P. hexandrum (Figure 3.1). The quantification of
podophyllotoxin was performed on Waters HPLC system (HPLC Waters 515) equipped with
515 HPLC Pump, Waters 717 autosampler, Waters 2996 photodiode-array detector and
Waters Spherisorb® C18 (4.6x250 mm, 5 pum) reverse phase column using Empower-2
software at 210 nm UV wavelength [89]. The podophyllotoxin was identified on the basis of
retention time and comparison of UV spectra with the authentic podophyllotoxin standard

(Chroma Dex, CA, USA).

” _— Shoots

Roots Rhizomes

Figure 3.1 Different parts of P. hexandrum plant used for HPLC quantification
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Figure 3.2 HPLC chromatogram of podophyllotoxin: A) standard compound; B) roots, C)

rhizomes D) shoots



3.3 Identification of high and low metabolite content accessions of P. hexandrum
On the basis of podophyllotoxin quantification through HPLC, high and low content
accessions of P. hexandrum were identified and selected for further experiments to ascertain

the role of molecular components implicated in podophyllotoxin biosynthesis.

3.4 Analysis of transcriptomes of Podophyllum species
Assembled transcriptomes data of Podophyllum species (P. hexandrum - 2, 27, 885 contigs,
P. peltatum- 1, 47, 960 contigs) were downloaded from medicinal plants transcriptomics

database (http://medplants.ncgr.org/) [10] and the transcriptomes were mined and analyzed

for molecular components such as biosynthetic pathway genes, transcription factors (TFs),
ABC transporters and miRNAs by using in-house developed PERL scripts. Workflow
depicting mining, identification and experimental validation of molecular components from

Podophyllum species transcriptomes is given in Figure 3.3.

Transcripts of P. hexandrum and P. peltatum
é In-house built scripts
v I

Identification of molecular components (podophyllotoxin biosynthesis pathway genes,
TFs families, miRNAs and ABC transporters) inthe transcriptomes

!

Common and unique TFs families and ABCtransportersin P. hexandrum and

ptomes

e

Experimentalvalidation of molecular components (pathway genes, TFs,miRNAs and
ABCtransporters) on different tissues of P. hexandrum through qRT-PCR analysis

Expression profile of molecular components correlates with
the podophyllotoxin content

Figure 3.3 Workflow depicting transcriptomes mining, identification and experimental

validation of molecular components from Podophyllum species



3.5 Identification of pathway genes contributing to podophyllotoxin biosynthesis

The functional annotation of P. hexandrum transcriptome was done by comparing transcripts
against the NR protein sequences database available at NCBI by using BLASTX algorithm
with E-value threshold of 10*°. Using in-house developed perl scripts, fourteen genes
(DAHPS, DHQS, DHQOD, COMT, EPSPS, CS, CM, PPA-AT, PD, ADT, PAL, 4CL, COMT,
CCR) related to podophyllotoxin biosynthesis were identified based on high homology
(identity value > 30%) (Figure 3. 4). Besides this, nucleotide sequences of 7 genes, namely
CYP719A423, PLR, SRD, PS, CAD, C4H, and C3H were retrieved from P. hexandrum CDSs
available at GenBank Database (http://www.ncbi.nlm.nih.gov/genbank/).

* Transcriptomes of Podophyllum species

PAE

+ Identification of transcripts encoding a particular
enzyme in pathway

J

+ Retrieve functionally characterised sequences for the
genes from NCBI database

+ Blast analysis of transcripts with functionally
characterised sequences

LS

« Shortlisting transcripts on the basis of highest
similarity with functionally characterized sequences
and transcript abundance

J\.

* Primer designing and amplification on cDNA of
P. hexandrum

+ Validation through qRT-PCR

Figure 3.4 Workflow for identification of podophyllotoxin pathway genes



3.6 Computational mining of TFs families in transcriptomes of Podophyllum species

Plant transcription factor database (PlantTFcat)

(http://plantgrn.noble.org/PlantTFcat/familylist.do) was used for identification and

classification of TFs families involved in secondary metabolites biosynthesis. Transcripts
coding for TFs families in transcriptomes of Podophyllum species (P. hexandrum and P.
peltatum) were identified by searching against all transcription factor protein sequences at
PlantTFcat using BLASTX with an E-value cutoff 1e¢® and according to the presence of
InterPro domains. All transcripts were annotated to proteins (according to possible open
reading frames) and searched through InterProScan. PlantTFcat classified these transcripts
into 108 known TF families. The conserved domains in TFs were identified by using
conserved domain database available at NCBI

(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). Workflow is given in Figure 3.5

depicting the identification of transcription factors from transcriptome resources of

Podophyllum species.



Transcripts of P. hexandrum and P. peltatum
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Figure 3.5 Workflow for identification and analysis of TFs in transcriptomes of Podophyllum

species

3.7 Mining ABC transporters in transcriptomes of P. hexandrum and their

phyllogenetic analysis

P. hexandrum assembled transcriptomes data (2, 27, 885 contigs) were downloaded from
medicinal plants transcriptomics database (http://medplants.ncgr.org/) [10] and the
transcriptomes were mined and analyzed for ABC transporters by using in-house developed
PERL scripts. Protein family database (Pfam) (pfam.xfam.org) was used for identification of
ABC transporters in the transcriptomes of P. hexandrum. Transcripts encoding ABC

transporters in P. hexandrum were mined by searching the transcriptomes against all



available ABC transporters sequences at Pfam database using in-house developed perl scripts.
For phylogenetic reconstruction of identified ABC transporters, protein sequences of known
ABC transporters characterized in model plant species were downloaded from NCBI
Genbank database. The alignment of sequences was carried out by CLUSTALX and final tree
was constructed in MEGA 6 (Molecular Evolutionary Genetics Analysis 6.0) software using

Maximum Likelihood method [90].
3.8 Mining miRNAs and their mRNAs targets in transcriptomes of P. hexandrum

miRNAs were identified in transcriptomes of P. hexandrum using in-house built perl-scripts
(Figure 3.6). PMRD (plant microRNA database) (http://bioinformatics.cau.edu.cn/PMRDY/)
was used as a reference database for mining conserved miRNAs in different tissues/organs of
P.  hexandrum. psRNATarget (A Plant Small RNA Target Analysis Server)
(http://plantgrn.noble.org/psRNATarget/) target prediction tool was used to identify miRNAs
targets in P. hexandrum transcriptomes [91]. NCBI-NR database was used for identification
of functions governed by miRNAs by BLASTX program with default parameters. The
identified miRNAs targets were involved in various physio-biological processes in P.
hexandrum. In order to better understand the functions of miRNAs, their possible targets

were identified through GO, COG and KAAS using default parameters.
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Figure 3.6 Workflow for identification of miRNAs and their potential targets

3.9 In-silico transcript abundance for pathway genes, ABC transporters and

transcription factors through RSEM

RNA-Seq by Expectation Maximization (RSEM) was used for quantification of transcript
abundance from the RNA-Seq high quality data. RSEM measures the expression profiles in
terms of FPKM (Fragments per kilobase of transcript per million mapped reads) and RPKM
(Reads per kilobase per million) [92]. The transcript abundance of the transcripts encoding
pathway genes, ABC transporters and transcription factors in transcriptomes of P. hexandrum
was calculated using FPKM parameter of RSEM package. All default parameters were used

in the query option.



3.10 Identification of putative cis-regulatory elements

The cis-regulatory elements in the promoter regions of biosynthetic pathway genes were
identified through in-silico analysis using Plant Genome Database (http://www.plantgdb.org/)
and  Plant  cis-acting  Regulatory = DNA  Elements  Database @ (PLACE)
(https://sogo.dna.affrc.go.jp/cgiin/sogo.cgi?lang=en&pj=640&action=page&page=newplace)

[93]. The complete coding sequences of pathway genes (CAD, C4H, PS, C3H, PAL, 4CL,
PLR and SRD) were retrieved from NCBI Genbank and BlastN analysis was performed in
Plant Genome Database (http://www.plantgdb.org/) against the genome sequences of
Arabidopsis thaliana, Solanum tubersoum, Vitis vinifera and Glycine max. The cis-regulatory
elements were mined through PLACE database by taking upstream region up to 1 kb from

translation start site of each gene.

3.11 Isolation of RNA and ¢cDNA synthesis

Total RNA was isolated from 100 mg of frozen tissues of shoots and rhizomes of P.
hexandrum by using QIAGEN RNeasy mini kit and digested with DNasel (Invitrogen). First-
strand complementary DNA synthesis (cDNA) was done using Verso cDNA synthesis kit
(Thermo Scientific, USA) from total RNA (2 pg) template as per manufacturer’s instructions.

The primers for qRT-PCR analysis were designed using Primer 3 v.0.4.0 software.

3.12 Experimental validation and expression analysis using quantitative real-time PCR
analysis

Quantitative real-time PCR (qRT-PCR) based analysis for biosynthetic pathway genes,
transcription factors, ABC transporters and miRNAs were performed on shoots, roots and
rhizome tissues of P. hexandrum. PCR reaction was performed in 12.5 pl mixture containing
diluted cDNA sample (100 ng) as a template, SYBR Green PCR master mix (Bio-Rad
Laboratories) and 10uM each of forward and reverse gene-specific primers (Table 3.2, Table
3.3, Table 3.4, Table 3.5). The reactions were performed using CFX96 system (Bio-Rad
Laboratories; Hercules CA, USA) with the following programme: 94°C (3 min), 94°C (30
s), corresponding annealing temperature (30 s), 72°C (20 s) at 40 cycles. To normalize the
variance in cDNA input, cyclophilin, Elongation factor-1 alpha (EF-1 alpha) and 5.8sSRNA
genes were used as an internal control. The relative expression of each gene was calculated
using the comparative Ct value method. The significant differences between transcripts were

statistically evaluated by standard deviation.



Table 3.2 Primers used in qRT-PCR expression analysis of podophyllotoxin biosynthesis

pathway genes

Sr. No. | Primer Name Sequence (5'-3) Annealing
Temperatures (°C)

1. Ph-SRDF CATCAAGCTGCAAACCTCAA 54
2. Ph-SRDR TCAAGCCAATCCATGTTTCA
3. Ph-CADF GGCATCTCCAGAGCAAGAAC 55
4. Ph-CADR TGACCATGTGGAGGTCAGAA
5. Ph-PLRF ATTCTTGCCATCGGAGTTTG 50
6. Ph-PLRR CCCCAAAAAGTATCCAGCAA
7. Ph-PSF TCAAGCAACGCATACCATGT 57
8. Ph-PSR TCGTCGAACACAACCACATT
9. Ph-C4HF GGCCAACGTAATCTCATCGT 53
10. | Ph-C4HR CCGCATTTTTCTCCAGTGTT
11. | Ph-C3HF GCTCGTAGGGATCGTCTCAC 55
12. | Ph-C3HR AGCAGTGATCATGTCCCACA
13. | Ph- DAHPS F CGGAGGTTGTTGTGGAAGAT 50
14. | Ph- DAHPS R CCTCTCGTCCAAATCCATGT
15. | Ph-3DHQDF GCCTAACGAATCCAACGAAA 53
16. | Ph-3DHDR ATCTCCCAATCCAAGCTCCT
17. | Ph- EPSPS F CCACAGTGGCAGAGTAGTGC 56
18. | Ph- EPSPS R GTTCGGATGTGCCTGTAACC
19. | Ph-CSF AGGGCTCTTGTAGCATTCCA 50
20. | Ph-CSR TCTCATAGCACGTGGTCGTC
21. | Ph-CMF CTGAATCCCTCCATGGAAAA 52
22. | Ph-CMR CCATGTTTCTGCCGTTTCTT
23. | Ph-PALF CACACATGGCTGTGAAAACC 52
24. | Ph-PALR ATACCCCGGCAATTCCTAAC
25. | Ph-PDF GATTCTGGATTCCTCGTCCA 51
26. | Ph-PDR CTCTTCGTCGACGTCCTTTC
27. | Ph-ADTF GCTCAGCATAAGCTGGTTCC 50
28. | Ph-ADTR CGACGAGGAATTGTCGATTT
29. | Ph-4CLF TGGAGAGAATCCCAATTTGC 52
30. | Ph-4CLR CCGAAACCTTGTACCGTTGT
31. | Ph-COMTF ATGGAAAGATCTTGGCGATG 50
32. | Ph-COMTR CTTGTCAGCGTCCACGAATA
33. | Ph-CCRF CACTTCATCCGAGCACTTCA 51
34. | Ph-CCRR AGGCTTATGTGGACGTGAGG
35. | Ph-CMTF CATCGGCTTTTGGAACACTT 50
36. | Ph-CMTR ATGTTGGTGGTGGAACTGGT
37. | Ph-PPA-ATF GCATCAAGGCTTCCACTAGC 52
38. | Ph-PPA-ATR GCACCAGATGGTTCTTTCGT
39. | Ph-CYP719A23F TAGGGGACTTACGCATGGTC 52
40. | Ph-CYP719A23R CAAGGATTGCGAGGAATGAT
41. | Ph- DHQS F TCATGGAGAAGCTGTTGCAG 52
42. | Ph- DHQS R GTCAACCGCCATGTAGGACT




Table 3.3 Primers used for expression analysis of key transcription factors through qRT-PCR

Sr. | TFs Forward Primer Reverse Primer Size Tm

no. (bp)

1. Phex MYB CGACCAGGCCTCAAAGAAAC | CGTGCTTTGCTTGAAACTGC | 165 60°C

2. Phex WRKY | GCGCGACGGAACTCCGCCAT | GTGGGGTCTCGGCTTCTCTC | 147 59 °C

3. Phex bHLH AAAGCCCTCAACAAACACCG | GGGACACAGGACTTTGTTGG | 133 60°C

4. Phex_bZIP TTTCAATCTTCTGCAGCCGG AGACGCTGCCATGTTTGTTT | 156 52°C

Table 3.4 Primers used for expression analysis of ABC transporters through qRT-PCR
Name Forward Primer 5°-3° Reverse Primer 5°-3° Tm Product
(’C) | Size (bp)

PhABCI | GTGCACTTGACGCTGAATCA | ATCAAATCCGCATGCCTTCC 55 172
PhABC2 | CACGACAAACTTCAGCCTTCA | GGTCCCTCTCCATCCTCATC 52 160
PhABC3 | CCCCGTATCGACAAGAAGGA | CACCTCTCTTCCTCCTTGCA 59 148
PhABC4 | GGAAGCTTGTGTCTGGTTGG CCAGGTCTGCACATACTGGT 55 169
PhABC5 | CCAGGAGGTCTTACTGCACT TAGGCAGCAGTTCCAAAGGA 58 155
PhABC6 | GATGAATGACACTCCGCCAG | CCTGGTTAACGCGTTGGTTA 56 152
PhABC7 | CCTTAAACAGATGCGTCCCC TGGCTTTTGGGGATCAGACA 60 168
PhABCS | TATGGCTGTGTTGGGTGCTA TTCAACGGTCAGCATAGGGT 61 190
PhABCY9 | TATGGGTCCTTTGTCAGCGT CCCTCTCTCATCTGCTTGGT 57 173
PhABCI0 | TTCTCCAAAGCAGCCCAAAC | AGGACGGAGAGCAAGTCAAA 61 159
PhABCI11 | TTCGTATGCCAGTGACACCT CTGTGTGTGCGCTCTATGTC 54 150
PhABCI2 | ATCCCACAAGACCCAACCAT | TTGACCCATGCTCCAGTTCT 54 186
PhABCI3 | TCATTGATCCTGGCATTGCG ACTGCCTGGCCTATGTTCTT 58 185
PhABCI4 | CCGCGAGACATTGGACTTTT GGTGATGAGTTGGCTTGCAA 54 182




PhABC15 | CAGAGAGTCACGGTCCAAGA | CGTCATCTCCAAGCACTTCG 58 178
PhABCI16 | ATGGTTCTGTTGTCGCACAC GTCCGAGGGTCAGAAGTCTC 51 150
PhABC17 | CGAGTAGCAGGATCTTGGGG | TCCCTGCCTGATGGTTTCAA 54 100
PhABCI | TTGGCGCTTATGGGATTGTG | GTCCATCAAGATTCACCGCC 59 181
PhABCII | AGAGCAGGCCAGTTCATTCT | CCAATTTCTCGGCGCATGTA 58 183
PhABCII | TCTGGTCGAGATGGGTAAGC | CAGGGGAGGTGAAGCTGTTA 59 150
PhABCIV | GTCTCGGCTGCTACTTTTGG TCTGGTGCCTCGAGAAACTT 58 188
PhABCV | ATTTGAGTGGACGGTAGCCA | CACTGGCATTCTCGGTCTTG 57 196

Table 3.5 Primers used for expression analysis of miRNAs targets through qRT-PCR

Name Forward Primer 5°-3’ Reverse Primer 5°-3’ Tm (°C) | Product
Size (bp)
UDP-Gly | AGCATTTGGATGCAACTCAG | TGAGGAAGAGAGCTGGAGAGA | 53 200
FS GGGACAAGAATGGTGAGTGC | GCTTGGAGTTGAAGGCAATG 55 156
GAPDH | AGGTGGTGTCCAACGACTTC CTAGTTGTCGACCGTGCTCA 60 197
WRKY GAAGGAGGAGGAGGATTTGG | GCTCGTCTCTCCGCAATACT 58 155
PEP CAGTTGGAAGAGGTGGTGGT | CTGGAGCGTTCTGAAACACA 55.5 146
MD GCCGAGGTCTCGTTCGTTA GGGGAAACTTACCAGGTCCA 56 141
MYB TGCACAAGAGGAGGATCTGA | GGCCTCAGGAAGGTGTGAAT 52 153
PRO ACCCAACGAAGACCAATCTG | CATTGGGCTTTCTTCCTCAA 55 188




CHaPTER 4

RESULTS

4.1 Podophyllotoxin content

Highest amount of podophyllotoxin was detected in rhizomes (3.05%) followed by roots
(1.37%) and shoots (0.01%) of P. hexandrum (Figure 4.1). The podophyllotoxin content
differed in different tissues/organs, thereby providing differential conditions to correlate the
transcript abundance of molecular components (pathway genes, TFs, ABC transporters and
miRNAs) with podophyllotoxin content in P. hexandrum. To add one more filter to further
confirm the correlation between transcripts profile and metabolite content, we also quantified
podophyllotoxin content in rhizomes of 11 different accessions of P. hexandrum collected
from different geographical locations. Podophyllotoxin content ranged from 0.59% to 3.05%
among different accessions (Fig. 4.2). The accession Ph5 of P. hexandrum showed the
highest amount of podophyllotoxin (3.05%) whereas accession Ph6 contained lowest
podophyllotoxin content (0.59%). The high and low podophyllotoxin content aceesions of P.
hexandrm were selected for expression analysis through qRT-PCR. The podophylltoxin

conent was not detected in shoots of these accessions.
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Figure 4.1 Podophyllotoxin content in different tissues of P. hexandrum Error bars show

standard deviation (n=3)
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Figure 4.2 Podophyllotoxin content in rhizomes of different accessions of Podophyllum

hexandrum. Error bars show standard deviation (n=3)

4.2 Identification of podophyllotoxin biosynthetic pathway components/genes through

transcriptome mining

The whole picture of podophyllotoxin biosynthetic pathway has not yet been completely
elucidated. Till date, 31 steps were known up to intermediate compound pluviatolide in
podophyllotoxin biosynthesis; thereafter it was unknown until the end product
podophyllotoxin. Fourteen genes namely, DAHPS, DHQS, DHQOD, COMT, EPSPS, CS, CM,
PPA-AT, PD, ADT, PAL, 4CL, COMT, CCR involved in the podophyllotoxin biosynthetic
pathway were identified in the transcriptomes of P. hexandrum on the basis of high sequence
identity (> 30% and E-value threshold of 10"°) with the genes in other plant species. Four
genes, 3DSD, OD, SK and PA4H could not be ascertained due to their low sequence
similarity (Figure 4.3).
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Figure 4.3 Biosynthetic pathway for podophyllotoxin in Podophyllum hexandrum [2, 10].
The pathway genes identified in the present work are highlighted in red color (Kumar et al
[89]

4.3 Expression analysis of podophyllotoxin biosynthetic pathway genes

gqRT-PCR analysis of 21 pathway genes involved in podophyllotoxin biosynthesis revealed
that the transcript abundance ranged from 0.004 to 23.06 folds in shoots, roots and rhizomes
of P. hexandrum (Figure 4.4). Multiple genes of podophyllotoxin biosynthetic pathway
showed elevated levels of expression vis-a-vis podophyllotoxin content. The SRD gene
revealed the highest expression in roots (19.46 folds) and rhizomes (23.05 folds) compared to
shoots. The fold increase in transcript amount of pathway genes was in consistence with

podophyllotoxin content i.e. 1.37% and 3.05% in roots and rhizomes, respectively.
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Figure 4.4 Expression status of pathway genes in roots and rhizomes w.r.t. shoots of P.

hexandrum. Error bars show standard deviation (n=3)

4.4 Identification of TFs families in transcriptomes of Podophyllum species

The mining of P. hexandrum and P. peltatum transcriptomes derived from shoots and
rhizomes resulted in the identification of 3477, 3517 and 3383, 3824 TFs encoding transcripts
belonging to 97 and 95 TF families. The identified TFs encoding transcripts were suggested
to regulate different biological processes such as photosynthesis, seed germination, disease
resistance, secondary metabolites biosynthesis, etc

(https://sites.google.com/site/combiogroup/data-access). We further identified TFs encoding

transcripts contributing to the biosynthesis of secondary metabolites in Podophyllum species.
Literature survey showed that eleven TFs families namely, WRKY, MYB, bZIP, bHLH,
NAC, DOF, Zing finger, SPL, AP2/ERF, mTERF and TFIIIA have been implicated in the

biosynthesis of secondary metabolites in various plant species [94, 95].

Out of eleven, four TFs families, WRKY, MYB, bZIP and bHLH have been suggested to
contribute in lignin and terpenoid biosynthesis. Therefore, we mined transcriptomes of
Podophyllum species for these four TFs families which revealed 82, 278, 70 and 90
transcripts in shoots and 89, 273, 72 and 91 transcripts in rhizomes of P. hexandrum

transcriptomes and similarly, 70, 268, 48 and 92 transcripts in shoots and 58, 245, 41 and 85



transcripts in rhizomes of P. peltatum transcriptomes corresponding to bZIP, MYB, WRKY
and bHLH TF families (Figure 4.5).

The multiple sequence alignment of TF encoding transcripts was performed using clustalW
and corresponding conserved domains were identified through conserved domain database

available at NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) (Figure 4.6).
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Figure 4.5 Distribution of four TFs families in shoots and rhizomes transcriptomes of

Podophyllum species a) & b) P. hexandrum; c) & d) P. Peltatum
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4.5 Identification of TFs families uniquely associated with podophyllotoxin content in P.
hexandrum and P. peltatum

The podophyllotoxin content is negligible in leaves of P. hexandrum (0.01%) as compared to
the leaves of P. peltatum (2.05%) whereas roots/rhizomes of P. hexandrum contain 2.51%
podophyllotoxin compared to 0.25% in roots/rhizomes of P. peltatum [39]. The
transcriptomes of these differential podophyllotoxin content tissues thus provided a good
resource to mine for TFs families associated with podophyllotoxin biosynthesis. Two unique
transcripts, medp_podpe 41091 and medp podpe 2547 coding for bHLH and MYB/SANT
TFs were detected in the leaves of P. peltatum, but absent in leaves of P. hexandrum.
Similarly, two unique transcripts coding for bZIP and MYB TFs were identified only in the
rhizomes of P. hexandrum as compared to P. peltatum. Moreover, 218 transcripts encoding
WRKY, MYB, bZIP and bHLH TFs were common in the shoots and rhizomes

transcriptomes of P. hexandrum and P. peltatum, respectively.



4.6 In-silico transcript abundance of TFs

The transcript abundance for common and unique TFs was checked in shoots and rhizomes
transcriptomes of P. hexandrum and P. peltatum through in silico-based RSEM approach.
RSEM calculates the transcript abundance of RNA-Seq data in terms of FPKM value. The
FPKM values corresponding to respective TFs ranged from 0.0014-12.01 and 0.014-1162.01
in shoots and rhizomes of P. hexandrum and P. peltatum, respectively. The RSEM analysis
revealed that transcripts medp podhe 24032 and medp podhe 111874 corresponding to
bHLH and bZIP TFs have the highest FPKM value of 8.62 and 12.01 corresponding to 0.01%
and 2.51% podophyllotoxin content in shoots and rhizomes of P. hexandrum. In case of P.
peltatum, transcripts medp podpe 6198 and medp podpe 4999 showed highest transcript
abundance with 1162.01 and 285.73 FPKM values corresponding to bZIP TF family in the
shoots and rhizomes. On analyzing the common transcription factors, the transcript
abundance ranged from 0.29 to 285.73 in shoots and 0.12 to 1162.01 in rhizomes of P.
hexandrum. Similarly, transcript abundance ranged from 0.16 to 184.09 in shoots and 0.26 to
173.66 in rhizomes of P. peltatum. On comparative tissue profiling of P. hexandrum and P.
peltatum, it was found that the transcripts medp podhe 7127 in shoots coding for WRKY TF
in P. hexandrum and medp_podpe 6198 in shoots coding for bZIP TF in P. peltatum showed
the highest transcript abundance with FPKM value of 184.09 and 285.73. Similarly, on
comparing the rhizomes of both Podophyllum species, it was found that the transcripts
medp podhe 8048 coding for MYB TF in rhizomes of P. hexandrum showed the highest
transcript abundance with FPKM value of 173.66 and medp_podpe 4999 coding for bZIP in
rhizomes of P. peltatum showed highest transcript abundance with FPKM value of 1162.0. It
was observed that the transcript abundance of common TFs was higher in rhizomes as
compared to shoots, which was in conjunction with higher metabolite content in rhizomes

(2.51%) compared to shoots (0.01%).
4.7 Mining of cis-regulatory elements

The putative cis-regulatory elements were identified in the promoter regions of
podophyllotoxin pathway genes in order to deduce the possible binding sites of transcription

factors in P. hexandrum. The in-silico analysis revealed that MYB and WRKY transcription



factor binding sites were commonly present in the promoter regions of podophyllotoxin
pathway genes i.e. CAD, C4H, DPO, PCH, PAL, 4CCL, PLR and SD. The identified
transcription factors are, therefore, suggested to be regulating podophyllotoxin biosynthesis
through binding with the sequence elements in the promoters of target pathway genes in P.

hexandrum.

4.8 Experimental validation and differential expression analysis of TFs using qRT-PCR

in P. hexandrum

The transcripts of four TFs were validated through qRT-PCR in P. hexandrum tissues
differing for podophyllotoxin content. The partial cloned fragments of TFs matched
transcriptome contigs sequences perfectly (100%), therefore, again validating the
transcriptomes mining procedures employed in the present study. The partial sequences of
TFs (212-434bp) have been submitted to the GenBank under accession numbers KP299959
to KP299961. These sequences were utilized for designing primers for gene expression
analysis. In-silico transcript abundance values of respective TFs ranged between 0.0014-
12.01 in shoots and rhizomes of P. hexandrum (Figure 4.7). In order to ascertain the
relevance of FPKM-based expression values obtained through RSEM analysis, qRT-PCR
was carried out in shoots and rhizomes of P. hexandrum. Increase in transcript abundance
with 1.09-folds for MYB, 0.62-folds for WRKY and 0.26-folds for bHLH were observed in
rhizomes with respect to shoots of P. hexandrum. The bZIP class of TFs showed higher
transcript abundance with 19.60-folds in rhizomes compared to shoots of P. hexandrum
(Figure 4.8). The 3 TFs belonging to bZIP, MYB and WRKY families showed down-
regulation in transcript amounts in shoots compared to rhizomes, except for bHLH TF with

higher amount of transcript in shoots compared to rhizomes.

Furthermore, the transcript abundance of identified transcription factors was further assessed
between high (PhS5) (3.05%) versus low (Ph6) (0.59%) podophyllotoxin content accessions of
P. hexandrum. This comparative expression analysis further confirmed the expression status
of transcription factors in rhizomes of P. hexandrum (Figure 4.9). Transcript abundance of
TFs obtained through two different platforms i.e. RSEM and qRT-PCR resulted in the
identification of potential TFs possibly regulating podophyllotoxin biosynthesis in P.
hexandrum. The Pearson’s correlation coefficient was performed to find out relationship

between podophyllotoxin content and transcript abundance of TFs. The transcript abundance



pattern of TFs (bZIP, MYB, WRKY and bHLH) showed positive correlation with
podophyllotoxin content which suggested their role in regulating and controlling the
podophyllotoxin biosynthesis in P. hexandrum. The bZIP TFs showed highest correlation (>
0.99) with podophyllotoxin biosynthesis.
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Figure 4.7 Relative expression analysis of TF genes in shoots and rhizomes of P. hexandrum
based upon the data obtained by fragments per kilobase of exon per million fragments
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Figure 4.8 Fold increase in transcript abundance of TF genes representing different TF

families in rhizomes w.r.t. shoots of P. hexandrum
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Figure 4.9 Expression status of transcription factors in rhizomes of high (Ph5) versus low
(Ph6) podophyllotoxin content accessions of P. hexandrum

4.9 Mining ABC transporters in transcriptomes of P. hexandrum and their

phyllogenetic analysis

Total 252 putative ABC transporters were identified and classified from the transcriptome of
P. hexandrum by searching protein sequences corresponding to full complement of ABC
transporters through Pfam database (Figure 4.10). The identified transporters genes were
suggested to be involved in the transport of primary and secondary metabolites in P.
hexandrum. We further identified orthologous of five functionally validated transporters
genes, three from Arabidopsis thaliana (PhABCI, PhABCII, PhABCIII), and one each from
Vitis vinifera (PhABCIV) and Nicotiana plumbaginifolia (PhABCYV) in the transcriptomes of
P. hexandrum. These transporter genes are assumed to play a role in the transport of
secondary metabolites in P. hexandrum as has been demonstrated in other plant species.
Phylogenetic analysis of identified ABC transporters was performed through MEGA6
software using functionally characterised ABC transporters retrieved from model plant
species such as Arabidopsis thaliana, Nicotiana plumbaginifolia, Zea mays and Medicago

truncatula. The ABC transporters genes showed high homology with well characterised
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genes in model plants that further confirms the biological functions of identified ABC

transporters in P. hexandrum.
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Figure 4.10 Distribution of ABC transporter family into 9 sub-families ABCA, ABCB,
ABCC, ABCD, ABCE, ABCF, ABCG, ABCI and others in transcriptomes of P. hexandrum

4.7 Identification of common and unique ABC transporters

Comparative analysis was done for identification of common and unique ABC transporters
genes in transcriptomes from shoots and rhizomes of P. hexandrum. 249 ABC transporters
genes were found commonly present in shoots and rhizomes transcriptomes while 16
transporters genes were uniquely present. Out of 16, 12 genes were present only in shoots
and 4 genes in rhizomes of P. hexandrum. The common ABC transporters genes in shoots
and rhizomes transcriptomes of P. hexandrum may be responsible for the transport of

metabolites existing in both the tissues.
4.8 Transcript abundance of ABC transporters in transcriptomes

Transcript abundance was determined for 252 ABC transporters through RSEM approach
using in-house developed perl scripts. Transcript abundance for commonly present ABC
transporters genes ranged from 0.41 to 252.71 in shoots and 0.06 to 402.88 FPKM value in
rhizomes. The transcript abundance for uniquely present genes in shoots and rhizomes of P.
hexandrum was also analysed, where transcript abundance ranged from 0.00 to 11.96 in
rhizomes and from 0.00 to 0.71 in shoots. Transcripts medp podhe 20101112|14082 showed
highest expression in shoots (252.71 FPKM value) and rhizomes (402.88 FPKM value) of P.



hexandrum. The ABC transporters genes with higher transcript abundance were further
selected for validation through qRT-PCR to assess their association with podophyllotoxin

accumulation (Figure 4.11).
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Figure 4.11 Relative expression of ABC transporters genes in shoots versus rhizomes of P.

hexandrum analyzed by FPKM based approach. Error bars indicate percentage error (5%)

4.9 Experimental validation and differential expression analysis of ABC transporters

using qRT-PCR

Seventeen ABC transporters genes were selected on the basis of higher transcript abundance
value for validation through qRT-PCR in shoots, roots and rhizome tissues varying for
podophyllotoxin contents. The qRT-PCR-based relative transcript abundance of transporters
genes ranged from 0.002 to 1.673 in shoots, roots and rhizomes of P. hexandrum (Figure
4.12). Gene expression pattern observed through two different approaches was in agreement
with each other. The PhABC3, PhABC6 and PhABCIV transporter genes showed highest
transcript abundance with 1.673, 1.25 and 1.0 and in shoots, roots and rhizomes of P.
hexandrum. Most of the ABC transporters genes showed higher transcript abundance in
shoots suggesting their role in transporting macro and micro molecules in shoots. Moreover,
the expression of five functionally characterized transporters genes (PhABCI, PhABCII,
PhABCIII, PhABCIV and PhABCYV) from Arabidopsis thaliana, Vitis vinifera and Nicotiana
plumbaginifolia were also evaluated through qRT-PCR across different tissues/organs of P.
hexandrum. Expression analysis revealed that PhABCII, PhABCV showed higher transcript
abundance in shoots and PhABCIII in rhizomes of P. hexandrum (Figure 4.13).
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Figure 4.13 Relative expression of orthologous ABC transporters in shoots, roots and
rhizomes of P. hexandrum analyzed by qRT-PCR; PhABCI, PhABCII, PhABCIII from
Arabidopsis thaliana; PhABCIV from Vitis vinifera and PhABCV from Nicotiana

plumbaginifolia
4.10 Identification of miRNAs and their mRNAs targets in transcriptomes

PMRD (plant microRNA database) (http://bioinformatics.cau.edu.cn/PMRD/) was used to
identify miRNAs from transcriptomes of P. hexandrum [96]. Precursor miRNAs sequences
were mined and used for identifying potential miRNAs using in-house perl scripts and the

criteria are mentioned in the materials and method section. Total 279 putative miRNAs were



identified from transcriptomes that were conserved across various plant species ranging in
size from 18 to 22 nucleotides with perfect complementarity (100%) to homologous
sequences. Out of 279, 6 miRNAs were selected for further validation on the basis of their

possible role in regulation of podophyllotoxin biosynthesis (Figure 4.14).

Total 375 targets were found for 6 conserved miRNAs in P. hexandrum having perfectly or
near-perfect complementarity to their mRNA targets using psRNATarget tool. The identified
potential targets were involved in various biological processes including, plant defense
response such as biotic and abiotic stresses, secondary metabolisms, growth and
development, signal transduction, host—pathogen interaction, etc. The miRNA miR2673a/b
has maximum number of targets (186 targets). The functional analysis of identified putative
targets of miRNAs was performed through KAAS (KEGG automatic annotation server)
(http://www.genome.jp/tools/kaas/) using default settings [75]. KAAS provides information
pertaining to metabolism, genetic information processing and signalling and cellular
processes. Total 26 targets were found for secondary metabolites biosynthesis through
KAAS. Out of 26, 8 targets were selected for further validation and expression profiling on

the basis of their association with podophyllotoxin biosynthesis.
4.11 Functional analysis

The functional analysis of identified putative targets of miRNAs was performed through
KAAS (KEGG automatic annotation server) (http://www.genome.jp/tools/kaas/) [75] using
default settings. KAAS provides information pertaining to metabolism, genetic information
processing and signalling and cellular processes. Total 26 targets were found for secondary
metabolites biosynthesis through KAAS. Out of 26, 8 targets were selected for further
validation and expression profiling on the basis of their association with podophyllotoxin

biosynthesis.
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Figure 4.14 An outline of podophyllotoxin biosynthetic pathway showing miRNAs and their
mRNA targets

4.12 Experimental validation and differential expression profiling of miRNAs using

stem-loop qRT-PCR

The identified 6 conserved miRNAs from transcriptomes were selected for validation and
expression analysis through stem-loop qRT-PCR on the basis of their association with
secondary metabolites biosynthesis in P. hexandrum. The transcript abundance of miRNAs
ranged from 0.03 to 747-folds in roots and rhizomes of P. hexandrum. miR396b showed
highest expression in roots with 2-fold and 747-fold in rhizomes of P. hexandrum. miR828b
showed least expression in roots with 0.03-fold and miRf10132-akr 0.27-fold in rhizomes
(Figure 4.15).
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Figure 4.15 Compartartive expression profile of miRNAs in roots and rhizomes w.r.t. shoots
of P. hexandrum

4.13 Validation and expression analysis of miRNAs targets by qRT-PCR

Out of 375 predicted targets, eight targets (UDP glycosyltransferase (UDP-Gly), flavnol
synthase (FS), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), peroxidise (PRO),
malate dehydrogenase (MD), phosphoenolpyruvate carboxylase (PEP), WRKY and MYB
transcription factors were selected for validation through qRT-PCR on the basis of their
association with secondary metabolites biosynthesis. The expression profiles of target genes
and their corresponding miRNAs could provide valuable information pertaining to regulation
of secondary metabolites biosynthesis. The relative expression of target genes mediated by
miRNAs ranged from 0.4 to 26 in roots and 0.1 to 28 in rhizomes of P. hexandrum. The
target gene UDP-Gly showed higher transcript abundance with 305-fold in roots and WRKY
gene with 130-fold in rhizomes of P. hexandrum. The PEP gene showed lowest expression

with 0.4 fold and 0.1-fold in roots and rhizomes of P. hexandrum (Figure 4.16).
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Figure 4.16 Compartartive expression profile of miRNAs mediated target genes in roots and
rhizomes w.r.t. shoots of P. hexandrum



CHAPTER 5

DISCUSSION

The demand for podophyllotoxin has been increasing day-by-day due to its usage in the
manufacture of anti-cancer drugs. The limited raw material and low (0.3%) in-vitro
production of podophyllotoxin in cell cultures necessitates the development of alternate
production routes/sources to meet the industrial demands. Research on molecular components
(pathway genes, TFs, ABC transporters and miRNAs) in plant species has off late opened a

new window to enhance metabolites content.
5.1 Validation and expression analysis of podophyllotoxin biosynthesis pathway genes

In order to gain better understanding on the molecular basis of podophyllotoxin biosynthesis,
quantitative expression of 21 pathway genes was studied in different tissues of P. hexandrum
by using transcript abundance analysis through FPKM and further validation through qRT-
PCR. The FPKM values of pathway genes ranged from 1.15 to 52.09 in rhizome
transcriptome of P. hexandrum. The qRT-PCR based relative transcript abundancy of
pathway genes ranged from 0.004 to 23.06 in shoots, roots and rhizomes of P. hexandrum
(Figure 4.4). Out of 21 genes retrieved from GenBank Database (7 genes) and P. hexandrum
transcriptomes (14 genes), 5 genes SRD, C3H, CAD, CCR and C4H showed higher
expression in roots and rhizomes of P. hexandrum compared to shoots which was in
agreement with the previous reports [11,13]. In addition, 4 genes PD, CM, COMT and ADT
also showed higher expression in roots and rhizomes corresponding to podophyllotoxin
content (Figure 4.4) The fold increase in transcript abundance was 4.98 and 8.04 for PD, 6.24
and 7.05 for C3H, 1.49 and 8.53 for CM, 4.35 and 7.90 for COMT, 2.37 and 4.48 for CCR,
3.05 and 8.98 for C4H, 5.38 and 13.76 for CAD, 6.88 and 8.44 for ADT, respectively in roots
and rhizomes w.r.t. shoots of P. hexandrum (Figure 4.4). The expression of SRD gene was
highest among all genes in the roots (19.46 folds) and rhizomes (23.05 folds) compared to
shoots. The fold increase in transcript amount of pathway genes analysed by qRT-PCR was
in consistence with the podophyllotoxin content i.e. 1.37% and 3.05% in roots and rhizomes,

respectively.



These observations indicated that podophyllotoxin biosynthesis occurs in roots and rhizomes
of P. hexandrum. Our results were in concurrence with the previous reports where metabolite
content was positively correlated with the expression pattern of biosynthetic pathway genes
studied for picrosides in P. kurroa, catechins in C. sinensis, shikonin in A. euchroma and

aconites in 4. heterophyllum [88, 97].

The expression of SRD gene was highest among all genes in the roots (19.46 folds) and
rhizomes (23.05 folds) compared to shoots. This gene is well known to catalyze
secoisolariciresinol into matairesinol, a central precursor of podophyllotoxin biosynthesis [9].
Lan et al. [12] reported that SRD gene had maximum expression in root and rhizome tissues
contributing to podophyllotoxin production in Dysosma tsayuensis. The transcript level of
pathway genes such as COMT, CM, PD, ADT, C4H, C3H, CCR, CAD and SRD correlated
positively with the podophyllotoxin content as observed through Pearson’s correlation
coefficient values (>0.99). Such values suggested a significant agreement between the
transcript level and podophyllotoxin content. The higher expression of multiple genes in
podophyllotoxin biosynthetic pathway may be due to the common regulation through
regulatory components such as transcription factors, microRNAs (miRNAs) and
cis-regulatory elements. The expression of multiple genes of MIA pathway in C. roseus was
attributed to a common regulator methyl jasmonate-responsive AP2 domain transcription
factor, ORCA-3. Furthermore, relatively higher expressions of COMT, C4H, CCR, CAD
genes was also reported in Arabidopsis thaliana for the production of lignin [25]. Previous
studies had suggested that C4H, CAD, CCR play crucial role in the regulation of
phenylpropanoid pathway leading to podophyllotoxin biosynthesis. Multiple genes of
flavonoid pathway such as C4H, CHS, CHI and FLS showed increased transcript in relation
to rutin content in Fagopyrum spp. [98]. Similarly, multiple genes such as DXPS, ISPD, PMK
and MECPS showed elevated expression w.r.t. picrosides content in different tissues of P.
kurroa [23]. Higher expression of multiple genes was also observed in rhizomes of ginger
(Zingiber officinale Rosc.), tarmeric (Curcuma longa L.), bamboo (Phyllostachys praecox),
red rice (Oryza longistaminata) and Sorghum propinquum contributing to the biosynthesis of

terpenoids [99, 100].



5.2 Expression analysis of transcription factors vis-a-vis podophyllotoxin content

Podophyllotoxin biosynthesis occurs in different tissues of Podophyllum species through the
contribution of phenylpropanoid/shikimic acid pathway which is controlled by regulatory
components, particularly TFs. TFs are fascinating vital elements controlling the diverse
physiological, biochemical and biological processes including growth, development,
senescence, seed germination, environmental stress responses, etc. by modulating gene
expression. TFs are DNA-binding specific proteins that interact with cis-acting elements in
promoter regions of target genes, thus regulating the gene expression [52]. It’s very crucial to
know the status of TFs for better understanding the biosynthesis of podophyllotoxin.
Availability of transcriptomes of Podophyllum species provided a platform to identify and
characterize candidate TFs families in shoots and rhizomes of Podophyllum species to infer
their role in regulation of podophyllotoxin biosynthesis [10]. An extensive literature survey
revealed that four TF families namely, bZIP, MYB, WRKY and bHLH regulate the
phenylpropanoid/shikimic acid pathway in various plant species (Table 5.1). These TF
families might also be associated with the regulation of podophyllotoxin biosynthesis in
Podophyllum species. Therefore, we focused on identifying these four TFs in shoots and
rhizomes of P. hexandrum in reference to podophyllotoxin biosynthesis. We mined
transcriptomes of shoots and rhizomes of P. hexandrum in order to identify, scrutinize,
validate and evaluate the transcript abundance of transcripts/genes that encode bZIP, MYB,
WRKY and bHLH TF families. Transcript abundance of respective TF families was
evaluated by in silico FPKM and qRT-PCR-based transcript abundance methods. The FPKM
values of TFs ranged between 0.0014-12.01 and 0.014-1162.01 in transcriptomes
corresponding to shoots and rhizomes of P. hexandrum and P. peltatum, respectively. The
qRT-PCR based relative transcript abundance of TF encoding transcripts ranged from 0.55 to
19.60-folds in rhizomes w.r.t. shoots of P. hexandrum (Figure 4.8). Gene expression pattern
observed through two different platforms was found to be in conjunction with each other

(Figure 4.7).

To ascertain whether the elevated levels of transcripts of TF families is only affecting the
biosynthesis of podophyllotoxin in rhizomes/roots compared to shoots where
podophyllotoxin content is almost negligible. We applied two-step refinement process where,
the fold increase in transcript abundance of particular TFs was evaluated by comparing the

transcripts abundance in rhizomes w.r.t shoots of P. hexandrum accessions varying for



podophyllotoxin content. High (PhS5; 2.51%) and low (Ph6; 0.59%) podophyllotoxin content
accession of P. hexandrum were selected for comparative expression analysis. The transcripts
corresponding to TFs families (MYB, WRKY, bHLH and bZIP) showed increase in
transcript abundance with 1.09, 0.62, 0.26 and 19.60-folds in rhizomes compared to shoots of
P. hexandrum (Figure 4.8). To further validate the expression status in relation to
podophyllotoxin content, we compared the transcript abundance of TFs in rhizomes of high
vs low podophyllotoxin content accessions of P. hexandrum. The expression of bZIP, MYB
and WRKY decreased to 0.04-15.78-folds between rhizomes of high versus low
podophyllotoxin content (Figure 4.9). There was overall decrease in the expression level of
transcription factors when compared between rhizomes of high versus low podophyllotoxin
content accessions (Fig. 4.9). The transcript abundance of bZIP decreased from 19.60-fold to
3.82-fold. Similarly, the expression of MYB and WRKY decreased from 1.09-fold to 1-fold
and 0.26-fold to 0.04-fold, respectively in rhizomes of high versus low podophyllotoxin
content accessions. The decrease in transcript abundance was due to the fact that comparison
has been made for the same tissue/organ rather between two different organs (rhizomes
versus shoots) and, therefore, the expression status of genes is influenced not only due to
variation in contents of metabolites but also due to development pattern of tissues/organs.
The differences in transcript abundance for identified transcription factors between high
versus low podophyllotoxin content accessions reflects their association as per inherent
genetic differences between accessions solely for podophyllotoxin contents. The transcript
abundance of transcription factors was in conjunction with the metabolites content as
revealed through comparative expression analysis between high versus low podophyllotoxin
content accessions. Furthermore, a strong positive correlation was obtained between
transcript abundance of TF families and podophyllotoxin content as observed by Pearson’s
correlation coefficient value (>0.99). Expression profiling of genes in relation to metabolites
content in high vs low metabolite content accessions of various plant species such as
Aconitum heterophyllum, Picrorhiza kurroa, Jatropha curcus, etc. was studied previously,
where metabolites contents were correlated with the expression profiles of biosynthetic

pathway genes [101, 102, 103].

The MYB TFs were the largest and mainly involved in controlling biological processes,
including in biotic and abiotic responses, metabolism, defense, development, etc. A number
of MYB transcription factors were known in various plant species, including maize, petunia,

snapdragon, grape, apple and Arabidopsis that control phenylpropanoid pathway [56]. For



example, RZR3MYB TF encoding genes have been identified in several plant species such as
121 genes in tomato (Solanum lycopersicum L.), >200 genes in Zea mays, 126 genes in
Arabidopsis thaliana, 117 genes in Vitis vinifera signifying their major roles in plant response
to stress conditions [57, 58, 59, 60]. Previous studies had demonstrated that bHLH TFs (GL3,
eGL3, TTS8) certainly play an important role in regulation of anthocyanin biosynthesis in
Arabidopsis thaliana through interaction with MYB TFs [61]. MYC2 protein of bHLH class
binds to cis-elements in the ORCA3gene promoter, thus controlling the expression of several
terpenoid indole alkaloids (TIA) biosynthesis genes in Catharanthus roseus [62]. Similarly,
WRKY TFs such as GaWRKY1, AaWRKY1, WRKY3, WRKY6 and WRKY33 are also
known to control the regulation of diverse biological processes in plants like cotton,
Artemisia annua, tobacco and Arabidopsis, respectively, contributing to the biosynthesis of
gossypol, artemisinin, and camalexin, respectively [63, 64, 65]. In plants, bZIP is a master
regulator being actively involved in physiological and biological processes, including growth
and development, seed formation, abiotic and biotic stress responses, etc. [66]. The bZIP TFs
are well known and characterized in grapevine (Vitis vinifera L.) for their role in controlling
the flavonoid biosynthesis through regulation of the phenylpropanoid pathway [67].
Similarly, bZIP TFs might be involved in controlling the podophyllotoxin biosynthesis via
regulating the biosynthetic pathways genes as suggested via higher transcript abundance in

rhizomes of P. hexandrum (Figure 4.9).

In addition, we have also been identified unique and common TFs between P. hexandrum and
P. peltatum, respectively. Podophyllotoxin content differed significantly in two Podophyllum
species wherein shoots of P. peltatum contain 2.05% podophyllotoxin content whereas shoots
of P. hexandrum had almost negligible amount of podophyllotoxin content (0.01%).
Roots/rhizomes of P. hexandrum contained highest podophyllotoxin content of 3.05% as
compared to P. peltatum (0.25%). These contrasting conditions of podophyllotoxin
biosynthesis provided an opportunity for identification, characterization and comparative
analysis of TFs commonly or uniquely present in similar tissue/types and their association
with the biosynthesis of podophyllotoxin and its derivatives. Two unique transcripts
(medp podpe 41091 and medp podpe 2547) encoded bHLH and MYB/SANT TFs in shoots
of P. peltatum. Similarly, medp podhe 9316 and medp podhe 111874 transcripts encoded
MYB and bZIP TFs in rhizomes of P. hexandrum. On analyzing the common TFs between P.
hexandrum and P. peltatum, 218 TFs were found common in the shoots and rhizomes of both

the plant species. The identified common transcription factors were further analysed on the



basis of transcript abundance obtained in terms of FPKM value through RSEM. The
transcript abundance ranged from 0.29 to 285.73 in shoots and 0.12 to 1162.01 in rhizomes of
P. hexandrum. Similarly, for P. peltatum, transcript abundance ranged from 0.16 to 184.09 in
shoots and 0.26 to 173.66 in rhizomes. In silico transcript abundance has been correlated with
metabolite contents in plant species like P. kurroa, C. sinensis, Solanum tuberosum L and
Malus x domestica [88, 104, 105, 106]. The common TFs identified from both the
Podophyllum species suggested that these are conserved in nature and may be responsible for
providing conserved defense responses against various environmental cues [107]. Moreover,
conserved domains were also identified in transcripts that encoded TF families in
transcriptomes of P. hexandrum (Figure 4.6). Conserved domains provide valuable
information pertaining to cellular processes, including DNA binding, protein interactions,
enzyme activity, etc., within plant systems.

Table 5.1 Transcription factor families associated with regulation of secondary metabolite
biosynthesis in different plant species

Sr. no. | TFs Function Plant species

1. MYB Regulates the anthocyanin biosynthesis A. thaliana

2. WRKY Regulates the artemisinin, camaleaxin and TIA C. roseus, A. annua,
biosynthesis A. thaliana

3. bHLH Anthocyanin, terpene, nicotine biosynthesis N. tabacum, C.

roseus, A. annua

4. bZIP Control and regulates proanthocyanidin, Diospyros kaki, A.
terpenoids biosynthesis thaliana

5. NAC Regulates the camaleaxin biosynthesis A. thaliana

6. DOF Regulates the flavonoid biosynthesis A. thaliana

7. Zing Regulates terpenoid indole alkaloids biosynthesis | C. roseus

Finger (TTA)

8. SPL Regulates anthocyanin biosynthesis A. thaliana

9. AP2/ERF | Regulates artemisinin and TIA biosynthesis A. annua

10. mTERF Participates in the growth and development, A. thaliana, Z. mays
adaptive mechanism against harsh environmental
cues

11. TFIIA Participates in the adaptive mechanism in A. thaliana,
response to salt and drought stress Medicago truncatula,

Oryza sativa L.




The identified putative cis-regulatory elements in pathway genes are suggested to be involved
in the regulation of podophyllotoxin biosynthesis pathway. The in-silico analysis revealed
that binding sites for two transcription factors MYB and WRKY are commonly present in the
promoter regions of pathway genes such as CAD, C4H, PS, C3H, PAL, 4CL, PLR and SRD.
These transcription factors are suggested to regulate the podophyllotoxin biosynthesis by
complementary binding with the sequence elements in the promoters of target pathway genes.
However, the validation of binding pattern of cis-regulatory elements with transcription

factors can be taken up in future.

5.3 Experimental validation and expression profiling of ABC transporters

ABC transporters are known as the largest families of transporters in plant systems having
role in transport of various macro and micro molecules across biological membranes [108,
109]. ABC transporters have broad substrate specificity and a number of ABC proteins have
been implicated in transport of secondary metabolites in different plant species. Most of the
identified transporters belonging to ABC family included ABCB/MDR (multi drug
resistance), ABCC/MRP (multidrug and resistance protein) and ABCG/PDR (pleiotropic
drug resistance). The transporters had significant role in various physiological and
biochemical processes in plant systems. The role of transporters is not fully understood due to
limited availability of desired radiolabeled compounds requisite to decipher the transport
mechanisms in plant systems. There is no report available on identification of ABC
transporters genes and dissecting their role in secondary metabolites biosynthesis in P.
hexandrum. Therefore, transcriptomes of P. hexandrum were mined to identify and validate

ABC transporters genes.

Total 252 ABC transporter genes were identified as unigenes in transcriptomes of P.
hexandrum, which were further classified into 9 sub-families such as ABCA, ABCB, ABCC,
ABCD, ABCE, ABCF, ABCG, ABCI, and others (Figure 4.10). Phylogenetic analysis of
ABC transporters showed high homology with the functionally characterised genes of

Nicotiana plumbaginifolia, Medicago truncatula, Arabidopsis thaliana, Zea mays, etc.

Clustering of ABC transporters genes with the well characterised genes of model plant
species further confirmed the function governed by the identified ABC transporters in P.
hexandrum. Out of 252, 22 genes were selected for validation on the basis of transcript

abundance to gain insights into regulation of podophyllotoxin biosynthesis. Transcript
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abundance for 22 ABC transporters genes was checked by two approaches- FPKM and qRT-
PCR analysis. Expression analysis of 22 ABC transporters genes revealed 14 genes with
higher expression in shoots as compared to roots and rhizomes of P. hexandrum suggesting
their major role in the transport of various macro and micromolecules in shoots (Figure 4.11).
Shoots are the primary organs for synthesising carbohydrates, starch and glucose in the
photosynthesis required for various physio-biological and biochemical processes including
secondary metabolites biosynthesis in plant systems [110]. The expression of ABC
transporters in shoots might be due to the their involvement in transporting sugars and other
carbohydrates, amino acids, peptides, polyamines, metal ions, etc., to rhizomes- the storage
organ of P. hexandrum. The expression pattern observed by two approaches was found in
concurrence with each other. Further in order to find out suitable candidate genes correlating
with the podophyllotoxin content in P. hexandrum, Pearson’s correlation coefficient was
determined. Two genes, namely PhABC6 and PhABCIII showed positive correlation with
podophyllotoxin content. These genes were suggested to be the potential candidates for
designing possible genetic intervention strategies aimed at enhancing podophyllotoxin

content.

Furthermore, common and unique ABC transporters genes were also identified in shoot and
rhizome transcriptomes of P. hexandrum. 239 ABC transporters genes were found common
in shoots and rhizomes of P. hexandrum. Similarly, 16 genes (3 in rhizomes and 12 in shoots)
were uniquely present in P. hexandrum. Transcript abundance analysis for unique genes
revealed transcript medp podhe 95366 with highest abundance with 11.96 FPKM value in P.
hexandrum. Similarly, transcript medp podhe 20101112|14082 showed highest abundance
(402.88 FPKM value) among commonly present ABC transporters genes in shoots and
rhizomes of P. hexandrum. Previously, the unique and common genes have been identified in
plant species such as Jatropha curcas, Ricinus communis, Arabidopsis thaliana, etc. for their
role in plant defense systems [107]. The genes commonly present between shoots and
thizomes of P. hexandrum may be involved in the transport of common metabolites. The
uniquely present genes in rhizomes might be of much more interest as they were suggested to

be involved in the transport of specific compounds in P. hexandrum.

Till date, only 22 ABC transporters genes were known which have been functionally
characterised in different tissues/organs of Arabidopsis thaliana having diverse role such as

cutin and pollen exine formation, plastid lipid formation, auxin transport, fatty acyl-CoA



import to peroxisome, cuticle formation, stomata regulation, abscisic acid import,
metal/metalloid tolerance, folate transport, chlorophyll catabolite transport, kanamycin
tolerance, biotic and abiotic stress tolerance [108]. Out of these 22 ABC transporters genes
from Arabidopsis, 3 genes were found to have orthologous in the transcriptomes of
P. hexandrum, and orthologous of two ABC transporter genes from Vitis vinifera and
Nicotiana plumbaginifolia were also identified. The identified ABC transporters genes were
further validated and their expression pattern was evaluated across different tissues/organs of
P. hexandrum using qRT-PCR in order to correlate their expression with podophyllotoxin
content (Figures 4.12 and 4.13). PhABCII and PhABCV showed higher transcript abundance
in shoots and PhABCIII in rthizomes of P. hexandrum (Figure 4.13). The expression pattern
of PhABCV was consistent with previous reports, where this gene was highly expressed in
shoots of Nicotiana plumbaginifolia having role in terpenoids secretion [111]. Similarly,
PhABCII showed higher expression in shoots, where it was involved in transportation of
metabolites, like xenobiotics, folates, conjugates of chlorophyll catabolite, phytohelatins etc.

in Arabidopsis thaliana [112, 113].

The podophyllotoxin biosynthesis occurs in roots/rhizomes of P. hexandrum; however the
transport mechanisms of podophyllotoxin remain to be elucidated. Podophyllotoxin is mainly
stored in the vacuole in rhizomes of P. hexandrum. ABC transporters were thought to be
involved in transporting podophyllotoxin and its derivatives from different compartments to
vacuoles of rhizomes. Several questions need to be answered such as how many transporters
are involved in the transportation of podophyllotoxin. An attempt has been made by
providing preliminary information of ABC transporters genes through identification and
validation in different tissues/organs of P. hexandrum. ABC transporters were well known for
transporting various secondary metabolites including lignins, flavonoids, terpenoids, etc.
across plasma membranes and from cytosol to vacuole in the plant systems [114]. To gain
insights into podophyllotoxin biosynthesis and accumulation, we also evaluated the
expression status of ABC transporters genes in roots and rhizomes with respect to shoots of
P. hexandrum. Five genes namely PhABCI11, PhABC16, PhABC17, PhABCIII and PhABCIV
showed higher expression ranging from 4.45-folds to 20.53-folds in rhizomes and roots as
compared to shoots (Figures 4.12 and 4.13). PhABCIV showed highest expression (20.53-
folds) in rhizomes suggesting their major role in accumulation and transport of
podophyllotoxin content in rhizomes of P. hexandrum. PhABCIV is well characterised for the

transport of anthocyanidin 3-0-glucosides into the vacuole in Vitis vinifera [115].



The identified ABC transporters genes are thought to be involved in podophyllotoxin
accumulation as their transcript abundance correlated with podophyllotoxin content.
However, the functional validation of these highly correlated genes remains to be deciphered.
The present study has set-up a new platform by providing ABC transporters gene sequences
to scientific community for further research. This study would help in elucidating the

physiological and biological functions of ABC transporters in P. hexandrum.
5.4 Role of miRNAs in regulation of podophyllotoxin biosynthesis

Our previous study revealed that the presence of multiple pathway genes contributed towards
podophyllotoxin biosynthesis [89]. In order to enhance the podophyllotoxin content in in-
vitro the metabolic engineering requires at multiple steps of pathways or there is urgent need
to find out the crucial regulatory components such as transcription factors and miRNAs
involved in the regulation of podophyllotoxin. However, no information was available on

molecular basis of regulation of podophyllotoxin biosynthesis in P. hexandrum.

The biosynthesis of primary and secondary metabolites is controlled through miRNA-
mediated regulatory networks in plant systems. The NGS transcriptomes can provide
valuable information about the role of miRNAs in various physio-biological processes in
plants species. The present study identified 279 conserved miRNAs for the first time from
transcriptomes known to regulate different biological processes in P. hexandrum. The
putative mRNAs targets were identified for 279 conserved miRNAs using psRNATarget tool.
This analysis revealed 896 mRNAs targets in P. hexandrum transcriptomes. To check the
functions of identified 896 mRNA targets, KAAS analysis was performed which provided
functional annotation for mRNAs targets. 26 mRNAs targets have been implicated in

different secondary metabolites biosynthetic pathways in plant species.

Out of 26 mRNAs targets, 8 targets UDP-Gly, F'S, GAPDH, PRO, MD, PEP, WRKY and
MYB transcription factors have been suggested to regulate the primary and secondary
metabolites biosynthesis, including podophyllotoxin biosynthesis (Kumar et al., 2015
(Unpublished) [116, 117] (Table 5.2). Six miRNAs (vun-miR396b, gma-miR396d, osa-
miRf10132-akr, mtr-miR2673a, peu-miR2910 and vvi-miR828b) were corresponded to these
eight mRNAs targets (Figure 4.14). miRNAs mtr-miR2673a/b had maximum number of
targets (3 targets) i.e. peroxidise, MYB and WRKY transcription factors known to have their



crucial role in controlling the biological processes as confirmed by psRNATarget and KAAS

analysis.

Six miRNAs were further experimentally validated on the basis of their predicted mRNAs
targets implicated in regulation of podophyllotoxin biosynthesis. qRT-PCR validation and
expression profiling revealed candidate miRNAs from P. hexandrum that can act as suitable
targets for designing a genetic intervention strategy. Out of several mRNA targets predicted,
an important target is UDP glycosyltransferase governed by vun-miR396b. The expression
profiles of vun-miR396b (747-fold) and its target UDP-Gly (~89-folds) was in negative
correlation with each other in rhizomes of P. hexandrum. UDP-Gly played crucial role in the
biosynthesis of secondary metabolites in various plant species through glucosylation of
intermediates in biosynthetic pathways [118]. UDP-Gly is known for its role in the formation
of key intermediates of monoterpenoid and alkaloids biosynthesis pathways [119]. The
involvement of UDP glycosyltransferase in podophyllotoxin biosynthesis had been shown
previously, where it was suggested to be involved in the translocation of intermediates

coumaryl and coniferyl alcohol in the form of glucosides from cytosol to cell wall [116, 120].

In this study, we have also found one miRNA (mtr-miR2673a/b) targeting transcription
factors (TF) MYB and WRKY (Table 2). MYB and WRKY TFs are known for their
regulatory role in various physio-biological processes such as plant growth and development,
responses to environmental cues, primary and secondary metabolites biosynthesis, etc. [121].
WRKY TFs (GaWRKY1, AaWRKY1, WRKY3, WRKY6 and WRKY33) have been
implicated in the regulation of gossypol, artemisinin and camalexin biosynthesis in cotton,
Artemisia annua, tobacco and Arabidopsis, respectively [63, 64, 65]. Similarly, MYB TFs
were involved in the regulation of physio-biological processes such as growth and
development, metabolites biosynthesis, abiotic and biotic stress responses, seed formation
and phenylpropanoid biosynthesis, etc. [56]. These TFs have also been suggested in the
formation and regulation of podophyllotoxin biosynthesis [121]. The expression analysis
showed negative correlation of MYB and WRKY TFs with their corresponding miRNAs in

rhizomes of P. hexandrum.

The selected miRNAs (vun-miR396b, gma-miR396d, osa-miRf10132-akr, mtr-miR2673a,
peu-miR2910 and vvi-miR828b) showed possible role in the regulation of podophyllotoxin
biosynthesis as their mRNA targets were implicated in different pathway modules such as

glycolysis, TCA cycle, shikimic acid and phenylpropanoid pathways contributing towards



podophyllotoxin biosynthesis (Figure 4.14). The mRNA targets belonged to the biosynthesis
of primary metabolites such as GAPDH, PRO, MD and PEP (Table 5.2). The biosynthesis of
primary metabolites is prerequisite for the formation of secondary metabolites as the products
of primary metabolic pathways act as precursors for the secondary metabolites biosynthesis,
including podophyllotoxin biosynthesis. The expression analysis of GAPDH, PRO, MD and
PEP and their miRNAs revealed negative correlation thereby, suggesting the downregulation
of these mRNA targets by complementary miRNA:mRNA base pairing in P. hexandrum
(Figures 4.15 and 4.16). Due to downregulation of these mRNA targets the biosynthesis of
podophyllotoxin got affected and ultimately led to lesser podophyllotoxin production. The
identified miRNAs could be knocked-down to increase podophyllotoxin content in P.
hexandrum. The selected six miRNAs are known in many plant species for their role in
regulation of metabolites such as vun-miR396b was regulating the growth regulating factor
(GRF) and (basic helix-loop-helix) bHLH family of transcription factors in Arabidopsis
thaliana [122]. Similarly, vvi-miR828b was shown to regulate the MYB transcription factor

involved in the biosynthesis of flavonoid and lignin in Arabidopsis thaliana [79].



Table 5.2 Potential targets of miRNAs from P. hexandrum transcriptomes

miRNA family Sequence Target description Function
vun-miR396b GCTCAAGAAAGCTGTGGGAG | Flavnol synthase Phenylpropanoid
biosynthesis
UDP Phenylpropanoid
glycosyltransferase biosynthesis,
Transferase
activity
gma-miR396d AAGAAAGCTGTGGGAGAATAT | Pyruvate Krebs cycle
GG decarboxylase
osa-miRf10132- | GCGAGCTTCTCGAAGATGTCG | Glyceraldehydes 3- Glycolysis
akr TTGA phosphate pathway
dehydrogenase
peu-miR2910 TAGTTGGTGGAGCGATTTGTC | Malate dehydrogenase | Krebs cycle
vvi-miR828b TCTTGCTCAAATGAGTGTTCCA | Phosphoenolpyruvate | Glycolysis
carboxylase pathway
mtr-miR2673a CCTCTTCCTCTTCCTCTTCCA WRKY Phenylpropanoid
biosynthesis
MYB Phenylpropanoid
biosynthesis
Peroxidise Response to

oxidative stress




CONCLUSION AND FUTURE PROSPECTS

The outcome of this work results in the identification and validation of crucial molecular
components (pathway genes, TFs, ABC transporters and miRNAs) contributing to
podophyllotoxin biosynthesis machinery in P. hexandrum. The information on molecular
basis of these molecular components will provide further insights into the existing knowledge
of podophyllotoxin biosynthesis. Expression analysis revealed nine genes (SRD, PD, C3H,
CM, COMT, CAD, CCR, C4H and ADT) of podophyllotoxin biosynthetic pathway in root and
rhizome tissues of P. hexandrum that were positively correlated with the podophyllotoxin
content. Further, the work on regulatory components i.e. TFs and miRNAs revealed four key
transcription factors (MYB, WRKY, bHLH and bZIP) and six miRNAs (miR396b, miR396d,
miRf10132-akr, miR2673a, miR2910 and miR828b) targeted UDP glycosyltransferase,
flavnol synthase, glyceraldehyde 3-phosphate dehydrogenase, peroxidise, malate
dehydrogenase, phosphoenolpyruvate carboxylase, WRKY and MYB transcription factors
showed possible role in regulation of podophyllotoxin biosynthesis in P. hexandrum. These
regulatory components would facilitate the research on understanding the regulatory
machinery of podophyllotoxin biosynthesis. Moreover, the work on ABC transporters would
lay a basis for understanding the transportation of podophyllotoxin by revealing the candidate
transporters genes PhABC6 and PhABCIII that showed positive correlation with
podophyllotoxin content. The research work deciphered molecular components involved in
the biosynthetic machinery of podophyllotoxin that could be the key targets for designing a

genetic intervention strategy to enhance podophyllotoxin content.

The research work laid the foundation for future research aimed at escalates the
production of bioactive compounds in Podophyllum species and eventually beneficial for the
industries and society. Exploration on molecular components associated with the
podophyllotoxin biosynthetic machinery open new ways to design the novel metabolic
engineering strategies. The present research work explain and extend information on whole
pathway genes, transcription factors, ABC transporters and miRNAs involved in the

metabolic pathways related to podophyllotoxin synthesis.



Overall, this work provides a foundational base for future studies aimed at
deciphering the regulatory networks of podophyllotoxin biosynthesis in Podophyllum species.
Functional validation of key genes, either through silencing or over-expression can help in
metabolic engineering of P. hexandrum towards enhanced production of podophyllotoxin.
Moreover, it further builds a platform for upcoming researchers and established scientific

communities who wish to do work on related field to fulfil their future endeavours.



SUMMARY

Deciphering the biosynthetic machinery of podophyllotoxin has provided deep insights into
understanding the biosynthesis and accumulation of podophyllotoxin in P. hexandrum. In the
present study, the available transcriptome resources of Podophyllum species- Podophyllum
hexandrum and Podophyllum peltatum from medicinal plants transcriptomics database
(http://medplants.ncgr.org/) were utilized to mine molecular components implicated in
podophyllotoxin biosynthetic machinery. The present study led to the identification of crucial
molecular components associated with podophyllotoxin biosynthesis. The identified
candidate pathway genes in podophyllotoxin biosynthesis would enhance our current
knowledge on biosynthetic machinery. Expression pattern of nine genes - SRD, C3H, CAD,
CCR, C4H, PD, CM, COMT and ADT of podophyllotoxin biosynthetic pathway in root and
rhizome tissues of P. hexandrum was positively correlated with the podophyllotoxin content.
Roots and rhizomes of P. hexandrum are active in the biosynthesis and accumulation of
podophyllotoxin. To further gain insights into podophyllotoxin biosynthetic machinery,
regulatory components such as transcription factors, cis-regulatory elements, ABC
transporters and miRNAs were also identified, characterised, validated and dissected for their
possibly role in podophyllotoxin biosynthesis. In silico analysis of putative cis-regulatory
elements revealed that Skn-1 motif and MBS elements were common among the up-stream
regions of higher expressed genes CMT, CAD, CCR, C4H and ADH, thereby, suggesting the

common regulation of podophyllotoxin biosynthesis.

Furthermore, the study provided first glimpse on regulation of podophyllotoxin
biosynthesis by identifying four key transcription factors- MYB, WRKY, bHLH and bZIP,
two candidate ABC transporters- PhABC6 and PhABCIII and four miRNAs- miR396d,
miR2673a, miR2910 and miR396b involved in biosynthesis and accumulation of

podophyllotoxin in P. hexandrum.

The present study is the first attempt to decipher podophyllotoxin biosynthetic
machinery and discern the possible role of molecular components associated with
podophyllotoxin biosynthesis and accumulation in P. hexandrum. The identified candidate

molecular components (pathway genes, transcription factors, ABC transporters and miRNAs)



will help to unravel the molecular basis of biosynthesis and regulation of secondary
metabolites in P. hexandrum. These molecular components could serve as important genetic
intervention points for metabolic engineering to enhance the podophyllotoxin content in P.

hexandrum.

Further, the study also provided a repertoire of transcripts corresponding to pathway
genes, transcription factors and ABC transporters in P. hexandrum for future endeavours at

following link: https://sites.google.com/site/combiogroup/data-access.



https://sites.google.com/site/combiogroup/data-access
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http://dx.doi.org/10.4172/2168-9881.51.008

Pawan Kumar, Neha Sharma, Tarun Pal, Hemant Sood, Rajinder S. Chauhan (2014).
Differential expression analysis of phenylpropanoid pathway genes controlling
podophyllotoxin biosynthesis in Podophyllum hexandrum: A medicinal herb of
North-Western Himalayas. Proceedings of the National Symposium on Advances in
Biotechnology for Crop Improvement , Baru Sahib, Himachal Pradesh, India July 12,
2014

Pawan Kumar, Neha Sharma, Tarun Pal, Hemant Sood, Rajinder S. Chauhan (2014).
Molecular components control podophyllotoxin biosynthesis in Podophyllum
hexandrum: A medicinal herb of North-Western Himalayas. Proceedings of

International Conference on Emerging Trends in Biotechnology, page no-14,

Jawaharlal Nehru University, New Delhi, India, 6th Nov-9th Nov. 2014

Neha Sharma, Pawan Kumar, Tarun Pal, Hemant Sood, Rajinder S. Chauhan (2014).
In-vitro conservation and SSR fingerprinting in Podophyllum hexandrum Royle
accession from North-Western Himalayas National Symposium on Advances in

Biotechnology for Crop Improvement, Eternal University, Baru Sahib, Himachal

Pradesh, India July 12, 2014

Best Poster Presentation Award

Pawan Kumar, Tarun Pal, Varun Jaiswal, Hemant Sood and Rajinder S. Chauhan
(2014) Computational mining of transcriptomes for transcription factors controlling
various biological processes in Podophyllum spp. Poster presented in 2nd
International Conference on Agricultural and Horticultural Sciences (Omics Group)

Radisson Blu Plaza Hotel, Hyderabad, India, February 03-05, 2014


http://dx.doi.org/10.4172/2168-9881.S1.008
http://www.juit.ac.in/faculty.php?id=117&dep=bio&page=0
http://www.juit.ac.in/faculty.php?id=62&dep=bio&page=0
http://www.eternaluniversity.edu.in/pdf/Symposium Brochure.pdf

NCBI GenBank Submissions

Kumar P, Sharma N, Sood A, Sood H, and Chauhan RS (2015):

e Partial cloned sequence of MYB Family transcription factor (PAMYB) mRNA, partial
cds KP299959

e Partial cloned sequence of bZIP Family transcription factor (PAbZIP) mRNA, partial
cds KP299960

e Partial cloned sequence of WRKY Family transcription factor (PAWRKY) mRNA,
partial cds KP299961





