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PREFACE

Recent Advances in Plant Research begins by providing a summary of work
performed on the effects of environmental factors and growth treatments on secondary
metabolite production in both conventiomally and i wire cultivated plant material
focusing on different classes of volatile and non-volatile secondary metabolites.

Following this, the avthors set out to determine the diversity of Fabaceas in
vegetational fragments of Cerrado in the state of Maranhio. Monthly expeditions were
camied out in the period between September 2016 and June 2017 for the observation,
collection, and identification of botanical material.

The great potential of the mest unportant by-products of apples. grapes and berry
finits processing as a source of antioxidants is presented in one chapter. Some novel and
practical aspects of extraction of natural antioxidants are also discussed.

Also discussed 13 gray mold rot caused by Bofrytis cimerea Perscon: Fries
[teleomerph Bomyotinia fiuckeliana (de Bary) Whetzel]. It is a serious disease causing
severs damage to fiuits and vegetables at both pre- and post-harvest periods. The authors
aim to highlight try to highlight the disease distribution and hosts range, pathogenesis of
the pathogen symptoms of the disease, disease cycle and epidemiclogy of the pathogen
as well as the current status of the disease in Malaysia.

Plants produce an aray of toxins and defensive proteins through various metabolic
pathways for their defence against insects. To cope with these defences, herbivores have
developed counter-defences which the authors examine in this compilation. Forthermore,
mnsects have emploved a diverse array of strategies that enable them to bypass defensive
barriers, or to metabolise these chemicals after ingestion.

Next, angiosperm flowers that have been found in mmd-Cretaceous Myanmar
(Buwrmese) amber are analyzed. Flowers in amber often show details of their reproductive
parts that are not evident in blooms preserved in sedimentary deposits. Two new genera
are described, Chenocybus allodapus gen et sp. nov. and Diaphoranthus burmensis gen et
Sp. DOV,
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Japan, which extends north and south, has four clearly defined seasons that provide a
variety of unique habitats for the growth of various aromatic and medicinal plants. Recent
focns on these traditional plants has begun to revitalize local commmnities, providing
diversification to alternative medicines and the development of other products, as well as
suggesting increased and use of plants.

Aiming to better understand the phytodiversity of a vegetation area in the Piani state,
Brazil, in addition to aspects such as the geographical distribution of species and their
uses, the concluding study was camied out in mmmicipality of Bem Principio, northem
Piani. The diverse flora was represented by trees, shiubs and herbaceous species,
distributed in 54 families. 114 generas, and 146 species.

Chapter 1 - Secondary metabolites production, accunmlation and translocation are
dependent on the presence of highly specialized anatomical structures within the plant
organism Therefore secondary metabolites content is strongly affected by the
developmental patterns and morphogenesis of the plant individual.

The present chapter summarizes work performed on the effects of environmental
factors and growth treatments on secondary metabolite production in both conventionally
and in vitre cultivated plant material Different classes of wvolatile and non-volatile
secondary metabolites have been concerned.

The awthor's own experience in the impact of tissse colture treatments on the
developmental patterns and morphological features im vifre and the subsequent
modification of secondary metabolite production of species of the genera Hypericum,
Sideritis and Artemisia have been summarized and discussed.

Chapter 2 - Fabaceae 1s one of the largest families among the angiosperms. with
representatives widely distributed throughout the globe, where 770 genera and 19.500
species are recognized and divided into six subfamilies (Cassalpinioideae, Cercidoideae,
Detarioideas, Dialioideae, Duparquetioideae. and Fapilionoideae). Flomistic and
taxonomic works indicate Fabaceae as the largest species famdly in Brazil and most
representative in forest formations. The Cerrado has a significant representation of the
family, where the state of Maranhio covers a broad area. In this way, the research had as
goal to know the diversity of Fabaceae in vegetational fragments of Cerrado in the state
of Maranhdo. Monthly expeditions were carried out in the period between September
2016 and June 2017 for observation, collection, and identification of botanical material.
The Cerrado area sampled belongs to the mmmieipality of S3o Jodo do Soter, in the
Maranhense's East. After the collections, the specimens were herborized, analyzed with
the help of taxonomic keys, specialized Literature for identification. and determined by
area expert. A total of 68 specimens. 31 genera. and 45 species were cataloged. Of all the
specimens collected, the subfamilies Papilionoideae and Caesalpinioideas were the most
representative of 21 species each. As for the Life form was observed that the prevailing
growth habit was the shrub type (20). Concerning to the physiognomies of the Cerrado,
was observed the predominance of the species m the gallery forest environment (28).
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Were obtained three new records to the Maranhio, the species: Desmodium subsecundum
Vogel deschymomene viscidula Michx and Figna lasiscarpa (Mart. ex Benth ) Verde.
being I lasiocarpa a new record for the Northeast region of Brazil Tazeonemic keys,
descriptions and photo plates were elaborated with all the studied species, composing a
taxonomic treatment. In this way, it can be established that the Cemrado of Maranhio
possesses a diversity of species for the Fabaceae family and that the research carried out
has provided a basis for later studies, since these are few for Maranho.

Chapter 3 - The awareness of consumers regarding the functional food led to an
increasing demand for fonetional foods especially for foods rich in antioxidants, which
have a wide range of activities such as antttomoral antiviral cardioprotective and
antimmtagenic activities. Phenolic compounds are an essential part of the human diet and
are of considerable interest due to thewr anticxidant actrvities. Wastes from fruats
represent a major disposal preblem for the industry concemed. The by-products. which
are results of the fimit processing, are rich in valuable compounds and represent a nowvel,
natwral and ecomomic sowces of flavorings, colorants, polyphencls and natoral
antioxidants, which can be used in the food industry as a source of natoral food additives.
This chapter is underlying the great potential of the most important by-products of apples.
grapes and berry fimits processing as a source of antioxidants. Some novel and practical
aspects of extraction of natural antioxidants will be discussed in this chapter.

Chapter 4 - The gray meld rot is cawsed by Bommfis cinerea Persoon: Fries
[teleomerph Botryetinia fuckeliana (de Bary) Whetzel]. It 13 a serious disease causing
severe damages on finits and vegetables at both pre and post-harvest periods. Botryiis
cinerea is an ascomycetons fungus as well as a necrotrophic plant pathogen that was
ranked second in the top 10 most devastating fungal plant pathogens worldwide. Due to
its broad host range, the fangus infects more than 200 plant species of agricultural
importance such as cucumbers, strawberries, grapes. tomatoes, cut flowers and
ornamental plants. The fongns occurs mostly where its host plants are cultivated, under
climatic conditions ranging from cool temperate zones to subtropical regions. The fungus
15 highly concentrated in the temperate areas between latimndes 25 and 30. In Malaysia,
the oceurrence of this disease has been widespread in the greenhouses of the commercial
farms in the Cameron Highland area of Pahang Malaysia. This hindered the growing
indusiries, hence detection, and characterization of the pathogen wsing melecular
approaches provide an essential tool for establishing disease management programs.
Simce the pathogen is highly destructive, in this book chapter the aunthors will try to
highlight the disease distribution and hosts range. pathogenesis of the pathogen (B
cinerea), symptoms of the disease, disease cycle and epidemiology of the pathogen (B
cinerea) as well as the current status of the disease (gray meld rot) in Malaysia.

Chapter 5 - Insect herbivores use different feeding strategies to obtain nutrients and
energy from plants for their growth and reproduction. Plants produce an array of toxins
and defensive proteins through various metabolic pathways for their defence against
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mmsects. To cope with these defences, herbivores have developed counter defences. These
responses of insect herbivores are important in insect plant interactions. Among these
mteractions, host plant selection and feeding behaviour are important factors and play a
significant role in habitat selection and discrimination mechanisms between host species.
Furthermore, insects have emploved a diverse amray of strategies that enable them to
bypass defensive barriers, or to metabolise these chemicals after ingestion.

Chapter 6 - Amberization is a unicue type of fossilization that preserves both animal
and plant parts for millions of years through a umigque fixation-dehydration process.
Flowers in amber often show details of their reproductive parts that are not evident in
blooms preserved in sedimentary deposits. The present chapter discusses angiosperm
flowers that have been found in mid-Cretaceous Myanmar (Burmese) amber. Two new
genera are described, Chenocybus allodapus gen et sp. mov. and Diaphoranthus
burmensis gen et sp. nov. These two new genera, along with other flowers described
from this amber source, namely. Anfiguifloris latifibris, Cascolmurus burmitis,
Endobeuthos paleosum, Eoepigynia burmensis, Jamesrosea burmensis, Lachnociona
terviae, Micropetasos burmensis, Palaeoanthella huangii, Programinis burmitis,
Programinis laminatus, Tropidogyne pikei and Tropidogyne pentaptera. are considered
extinct at the generic level. However, the level of extinction of the various lineages varies
and they can be arranged in roughly three groups. Group one consists of flowers with no
obvious affinities to any extant lineages. Group 2 are flowers with possible affinities to
extant lineages abowve the family level. Group 3 are flowers that can be placed in extant
families. Comments on possible pollinators in the Myanmar amber forest and extinction
events regarding Myanmar amber flowers are included.

Chapter 7 - Japan, which extends north and south, has four clearly defined seasons
that provide a variety of unique habitats for the growth of various aromatic and medicinal
plants. Becent focus on these traditional plants has begun to revitalize local commmunities,
providing diversification to alternative medicines and the development of other products.
Aromatic plants are widely psed in Japanese foods such as Washokn, the cuisine of
Japan, which is recognized on the UNESCO Heritage list. The traditional Japanese “Ko-
do” (an elegant incense ceremony) uses several aromatic plants that provide praceful
aromas. Indigencns aromatic and medicinal plants continue the connection of plants with
life and with spirit for the Japanese. Due to global warming, a change may limit plant
growth and alter constitnemts, endangering both domestic and wild species. Thus,
conservation of genetic resources 13 necessary to inswre that the unigque aromatic plant
species of Japan, such as Eufrema japonicum (Wasabi) and Cryptomeria japonica (Sugt),
are maintained. While universities, companies, institutes, and homes own a number of
gardens and conservatories, the most important concerns are the use, conservation, and
return of natural resowrces in a daily life Various locations in Japan practice a
circulation-type forestry. This method creates new jobs that eventually lead to regional
revitalization Recently, the introduction of profiles and advantages of domestic Japanese
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medicinal and aromatic plants have developed markets with remarkable growth in Japan,
suggesting increased interest and use of plants for better health eduvecation and
envircmment in Japan

Chapter 8 - Aiming to better understand the phytodiversity of a vegetation area in the
Piaui state, Brazil, in addition to aspects such as the geographical distribution of species
and their uses, this study was carried out in municipality of Bom Principio, northern
Piawi. The diverse flora was represented by trees, shuubs and herbaceous species,
distributed in 54 families 114 generas. and 146 species. The families of richest generas
were Fabaceae (22 generas), followed by Malvaceae and Rubiaceae (seven generas) and
Poaceae (five generas). Approximately 64.81% (35) of families were represented by a
single genre at this location. It was found, according to the literature, that 29 species
belonging to 16 families have economic potential. Most species have medicinal potential,
with 22 species; followed by 15 timbers species, with 14 honey producer species; 12
ornamental species, food with eight species, forage nine and wse for fuel. eight species.
Of the species recorded in area 97 (66.4%) are not endemic in Brazil and 47 {32,2%) are
endemic in this country. As consultations held in the collections of several Virtual
Herbatium and Herbarinm “HDelta,” checked that 17 species did not have occurrence
records in Piand state. Analyzing the geographical distribution of species recorded in the
study area and comparing with other swrveys, it was found that 13 species found in
survey's “cerrado” vegetation and 18 species in “caatinga” vegetation areas. The floristic
survey in this semideciduons vegetation area in nerthern Piani showed that in the area
there are a number of species belonging to the plant formations of “cerrado™ and
“caatinga” vegetation, according to data of floristic lists made these wvegetaticmal
formations, thus suggesting, treat itself to a transition area between these two types of
vegetation.
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Chapter 1

ROLES OF DEVELOPMENTAL PATTERNS AND
MORPHOGENESIS IN THE SECONDARY METABOLITE
PRODUCTION OF CONVENTIONALLY AND
BIOTECHNOLOGICALLY CULTIVATED MEDICINAL
AND AROMATIC PLANTS

Kalina Danova
Institute of Organic Chemistry with Centre of Phytechemistry,
Bulgarian Academy of Sciences, Bulgaria

ABSTRACT

Secondary metabolites production, accummlation and translocation are dependent on
the presence of highly specialized amatomical stactures within the plant orgamism
Therefore secondary metabolites content 1s strongly affected by the developmental
patterns and morphogenesis of the plant individual

The present chapter summanizes work performed on the effects of environmental
factors and growth treatments on secondary metabolite production in both conventionally
and in vifre cultivated plant material Different classes of volatile and non-velatile
secondary metabolites have been concemed.

The author’s own expenience in the mmpact of tissue culture treatments on the
developmental pattems and morpholegical features in witro and the subsequent
modification of secondary metabolite production of species of the genera Hypearicum,
Sideritis and Artemizia have been summanzed and discussed.
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2 Ealina Danova

1. INTRODUCTION

Growth and development are deternined by the complex interrelations of the plant
with its surrounding environment. Thuos, the combined effects of climatic and geographic
factors, as well as the plant phenology have been shown to strongly affect secondary
metabolites productivity of medicinal and aromatic plants in nature. In addition, agro-
technique has been shown to be non-less decisive, than the genotype for the productivity
of these plants when being transferred from the natural habitats to the field.

The controlled environment of plant cell tissue and organ culture breeding makes
plant biotechnology a flexible approach for targeting wvaluable phytopharmaceuticals
throungh medification of growth conditions. The extent of differentiation/de-
differentiation has been shown to play vital role in secondary metabolite levels in the
different types of in vifre coltured cells and tissuwes. This phenomenon being determined
by plant growth regulators treatments makes them one of the most widely vtilized tools in
modification of developmental patterns, morphogenesis and hence secondary metabolite
production in vifre. The comprehension of the role of developmental and morphogenetic
featugres for the biogenesis of plant secondary metabolites is essential for optimization of
secondary metabolite productivity in wifre. In addition. identification of key factors
responsible for the productivity of certain secondary metabolites in plant cell tissue and
organ culture could be useful to also develop suitable agro-technique approaches for the
enhanced productivity of these metabolites also on the farm.

2. METABOLITE PRODUCTION IN THE PLANT ORGANISM
2.1. Primary Plant Metabolites

Primary metabolites (such as carbohydrates, amino acids, fatty acids and organic
acids, nueleotides, sugars and lipids) are widely distributed in the plant kingdom They
are produced as a resvlt of primary cell metabolism and are vital for the plant survival
(Figure 1). They are involved in processes such as growth and development. respiration
and photosynthesis, as well as protein and hormone synthesis. Humankind has been using
plant primary metabolites as food and raw materials since ancient times (Balandrin &
Kloecke 1982; Hounsome et al. 2008).

2.2, Secondary Plant Metabolites

During its growth and development. the plant orgamism exists in a dynamic
equilibrinm with the numerons stimuli of its surrounding environment. Each ecosystem 1s
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characterized by numerous factors such as bactena, viruses, fungi, nematodes, insects and
herbivores. In addition, each habitat is characterized by its specific climatic factors and
seasonal fluctuations, soil and water parameters, etc. Given their attached way of life,
plants cannot directly avoid unfavorable impacts by simply changing their location at the
moment of the unfavorable mteraction. Although plants are capable of mugrating, this
process 15 complicated and time consuming, and occurs on the population level taking
several seasoms to be realized. In addition this process depends strongly on the
physiological adaptability capacity of the individual plants constituting the population.
Therefore the intermediate suwrvival of the plant individual is bound to other mechanisms
encompassing a oumber of complex biochemucal adaptations which have evolved during
evolution. Plants produce a wide amray of chemical compounds which seemingly are not
directly related to their growth and development (Figure 1). These compounds,
designated secondary metabolites (natural compounds, biologically active compounds),
do not have a direct widely accepted role in the processes of photosynthesis, respiration,
mineral assimilation and transportation, differentiation, protein and lipids biosynthesis
(Taiz and Zeiger 2006). A distinctive feature for secondary metabolites is their limited
distribution m the plant kingdom Often certain secondary metabolites are found only in
certain species, genus or famuly, being a chemotaxcnomic feature of this respective
taxon. A vital parameter for secondary metabolite production and especially translocation
and accumulation is the presence of the respective structural prerequisites, related to the
morphological development of the plant.

2.2.1. Classification of Secondary Metabolites According to Their Functional Role
for the Flant Organism
Secondary metabolites could fonctionally be classified as (Taiz & Zeiger 2006):

+  Affractanis — their function is to aftract pollinating insects or amimals whose
biclogical role is to disperse plant diaspore.

* Factors of chemical adaptafion towards the unfaverable environmental
conditions — compounds with protective, repelling and warning functions.

*  Growth regulators and signaling molecules — having in mind their vital role for
synchronizing all physiclogical processes within the integral plant organism their
functions are close to the ones of primary metabolites.

It 15 worth mentioning that vnlike primary metabolites, plant secondary metabolites
are “expensive to produce” for plant cellular energetics. Therefore in order to avoid the
umnecessary waste of resources, plants have evolved complicated early signal systems,
enabling them to distinguish between a purely mechanical damage and the attack of an
insect’herbivore (Fiirstenberg-Higg et al. 2013). Thus, for example plants are able to
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4 Ealina Danova

evaluate the extent of damage, caused by herbivore feeding guilds, insect oral secretions,
oviposition fluids, etc. These events lead to a succession of activities, leading to the
production of certain metabolites: metabolic changes, followed by gene activation,
jasmenic acid (JA) changes. kinase cascades, hydrogen peroxide production, eytosolic
calcinm ion fluxes, as well as membrane potential changes (Filirstenberg-Higg et al. 2013
and references cited within).

I//_ Plant organism \

Primary meiabolitcs
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Fizure 1. Schematic overview of primary and secondary plant metabolites.

prlaat gell

Many of the models of biotic/abiotic stress response of the plants in their indigenons
enviromment underline the expenmental set-up of secondary metaboelite elicitation of
plant cell tissue and organ culture. The good kmowledge and uvnderstanding of the
physiological role of given secondary metabolite for the plant organism of interest is the
key to its successfil production by any breeding technique (1.e.. by different types of
cultivation techmigques in soil, hydroponics, etc. as well as by the tools of plant
biotechnology).

2.2.2. Main Biosynthetic Pathways and Regulation of Secondary Metabolism in the
Flant Organism

The building blocks of secondary metabolites are derived from the primary
metabolism (Figure 2). With the advancement of plant sciences, more light has been shed
on the transcriptional regulation of secondary metabolites bicsynthesis. It is now clear
that the expression of activators and repressors comes as a complex response to
phytohormenes and different environmental signals, resulting in a dynamic regulatory
network which deternunes the timing, amplifude and tissue specific expression of
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pathway genes and the subsequent acconwlation of secondary metabolites (Patra et al
2013). Transcription factor families such as MYC, MYB, WERKY and APYERF have
been identified to be responsible for secondary metabelite regulation and Jasmonic acid
(JA) has been found to be an inducer in these processes (Afrin et al. 2013).

2.2.3. Main Classes of Secondary Metabolites and Their Production from the
Cellular (Different Plant Organelles) fo the “Supra-Cellular”™ (Secretory Glands,
Trichromes, efc.) Level. Structural Frevequisites, Responsible for Their Production,
Translocation and Accumulation

Secondary metabolites can be categorized into three major groups: (i) terpenes
(Figure 3) (i) phenclic compounds (Figwre 4) and (3 nitrogen-containing. The
physiclogical roles of the respective compounds for the survival of the plant organism in
its indigenous environment define alse the pharmaceclogical role which these substances
play in the mammalian crganism and hence their applicability in the veterinarian and
humanitarian medicinal practices. Data from literature sources on the two first classes of
compounds are summarized in Figures 3 and 4 (Gersbach 2002; Taiz and Zeiger 2008;
Hassan and Mathesmms 2012; Li et al. 2012; Gupta and Chakrabarty 2013; Agati et al.
2013; Singh and Sharma 2013).

The biogenesis, translocation. secretion and accummilation of the different secoendary
metabolites are bound to specific cellular organelles and require strictly the presence of
the respective anatomic stroctires.

Plants respond by secondary metabolite production in dependence of the following
factors:

»  Environmental impact: water, nutritional elements, altimde, light temperature,
pathogens and herbivere pressure, etc. affect secondary metabolite production
throwgh affecting plant growth and development. moerphology and primary
metabolism (photosynthetic efficiency, carbon fixation and sugar accummulation)
(Table 1).

Thus, herbivore attack signal is being perceived by undamaged tissues and low
molecular messenger compounds are being released. followed by a cascade of defense
reactions at the wouvnding site such as alteration of calciom ion fluxes, phosphorylation
and systematic and jasmonate signaling The hicactive compounds released as a result
function to repel and intoxicate insects. The volatiles released repel herbivores, attract
predators or serve for signaling between the different plant leaves and induce defense
responses. Other morphological featnres as waxes, trichomes and lattices also serve to
deter insects and herbivores (Firstenberg-Higg et al. 2013).
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Table 1. Effect of diverse envirommental factors on the secondary metabolite levels in different species

Plant species | Secondary metabolites produced Effect of environmental factors | Reference
Nitrogen iming c
Papaver somnjferum Alkaloid levels Morphine reaches marimum vahee of 1.1% m terminal and lateral | Laughln 1880
capsules six wesks after fool bloom, then levals drop with 10%2 by
the stage of dry harvest; in leaves the maximal 0.1% is at the same
stage but drops by 50°% at harvest.
Pinus ponderosa 1.6-disubstituted Piperidine alkaloids Geographical dependence of alkaloid levels Gerzon and Eslsey
Pinus contorta 1908
Caffeins and trizonslline of wild Higher trizonelline content for C. arabica, higher caffeine content | Eyetal 2001

Coffea arabica L C. canaphora
A

accessions (C. arabica - 38 genotypes
originating from Ethiopia and Femrya and
€. canephora - 38 genotypes originating
from Cote d Troire, Guinsa, Congo,
Cameroon and Central African Republic)

and genetic diversity for C. canephora
Both alkaloids content varied in C. arabica between the
accessions

Comium maculanm

Piperidine alkaloids

‘Comparison of three locations with different infestation levels.
Higher alkaloid p tion and less herbivore damage by the
cateapillar 4gonapreric alsroemeriang i locations with higher
ovenall i om levels

Castells et al. 2005

Survey on the distribution of
alkaloid-rich plant species in
shortzrass steppe vegatation

Identification of alkalkoid containing species

All alkaloid-positive taxa occumed in “water enriched™ habitats,
which composed lezs than 20% of the study area

Hazlett and Sawyer
2008

Carharanths 7o5eus

Vindoline, catharanthine and vinblastine

Highest vindoline and catharanthine in leawes: no vindoline in
roots; highest vinblastine i blossoms; vindoline and

tharanthine reach between Auzust and Sep
vinblastine reaches maximum after Septamber; hizhest biomass in
the beginning of September

Yuetal 2019

Alkaloid levels

§9%: higher in leaves harvested in Febrary as compared with July
or October

Fam et al. 2010

L-theanine and caffeine

Effect of l=af aze. bud and frst two leaves, and shade levels: the
content decreased as l=af age increased moving from bud to first
and then second leaf’

Song etal 2012

Theanine and

Highest levels in March, as compared with May and September

Fang etal. 2017

Berberine in root samples

Leveks dropped with increasing the altimds

Pandey et al. 2017

Peview on different plant
species

Flavonoid compounds

Solar radiation and specifically UV-B wavelengths (280 - 320
nm) increase flavonodid levels

Caldwell et al 1083
and references cited
within




Table 1. (Continued)

FPlant species Secondary bolites produced Effect of envi 1 factors Feference
Coffea arabica L C. canephara | Chlorogenic acids of wild accessions | Higher chlorogenic acids levels and genetic diversity for . camephora. | Ky etal 2001
P (. arwbica - 38 genotypes Levels varied significantly between accessions, being dependent on the

originating from Ethiopia and Eenya | country of ongin

and €. rangphiora - 38 penotypes

ariginating from Cite 4" Tvaire,

Guinea, Congo, Camereon and

Central Afiican Republic)
Iycopersicon esculenmm Mill Total phenolics and phenolic acids Comparison of effect of blocking UV solar radiation (290-400 nm). The | Luthria eral. 2004

im the fruit studied metabolites were 20%: hugher in irmadiated plants, as :nmpamd

with plants which were protected from wavelengths < 380 nm.

Previdivm Phenolics and condensed tannins High altimde related to higher secondary metabolite levels, anmibuted to | Alonso-Ameslot
arachmoideum sunlight exposure, elevation, and water restriction eral. 2007

Camalia sinensis

(-}-epizallocatechin gallats, (-)-
epigallocatechin, {-}-epicatechin, and
(-)-epicatechin gallate

Effect of leaf age. bud and first two leaves, and shade levels: the
content ncreased from the bud to first and second leaves

Song et al. 2012

Proanthocyanins and O-glycosylated
flavencls, phenelic acids, liznin

roanthocyanins and O-glycosylated flavenals
“: and 43 2%, respectively. marked mcreaze im
phenolic acids and increase of lignin accumulation

Wang et al 2012

Flavonols. flavanols. phenolic acids, | Effect of UV-B mdiation on specific siznalling pathway in the skin of Carbonell-Bejerano et
fruits leading to elevated flavenols, stilbenes, protocatechuic and p- al. 2014
coumaric acids; phenolic acids fom the methanol-insakble faction,
flavanels, and anthocyaning did not show any significant variation
Camellia simenzis Phenolic acids and favoncid comtent | Sampling in March, May and September. Higher afrelechin gallate, Fang etal 2017
theogallin, kasmpfero] coumareyl hexoside, abundance of kaempferel
derivatives and lower epicatechin and catechin in March
Thalfctrum jhilolasum Total phenolic and flavoncid Lewels increased at higher alfitades Pandey et al. 2017
cantents of root samples
Camallia simenzis Flavonoids and tannins Eamphng at different growth stages (from April to Angust). Flavonol: Fyueral 2017

theaflavins incraassd gradually; gallotannins and flavan-3-ols
decea:ed continuonsly depmd.mgnmih! Erowth stage




Secondary metabolites produoced

| Efffect of environmental factors

Art iz aiba Turm iz aiba Turma alba Tuma
iz aiba Turma (4. iabeiia Artemizia alba Tura (4. jobelia AlL) Arremisia alba Tumra

(4. Jobeliz AlL)
Arn 2 2iba Turra ivia afba Tura

Towic et al 2001

Essential oil (EQ) terpenoid profile Sesquiterpencid domination in the oils of samples from Montene gro,

Ljevis

Artemizia alba Tum Eszential ol (EQ) terpencid profile Monoterpencid domination - generalization of data on majority of Fadulovic and
studied populations in different pants of Europe and grown in different Blagojevic 2010 and
namnral environments ref cited within

Artemizia alba Tum Eszential ol (EQ) terpencid profile Monoterpencid domination - samples fom calcareous soils; Fadulovic and
sesquitsrpencid domination - Serpentinite (water and Ca deficient, Blagojevic 2010
supraopimal Al Fe, Mz, Ni, Co, Cr, low plant nuirition elements, pH
basic to ulirabasic) — 4 times lower odl yields

Arfemizia alba Turm Eszential oil (EQ) terpencid profile Four Italian populations compared — i one of them — over §0% of the Maggio etal 2012
oil — sesquiterpenoid domination; in the ether three — comparable levels
of the mono- and sesquiterpencids

Lovandula angustifbiia cv. Eszential oil (EQ) profile The EQ content possively regulated by temperature and flowering stage | Hassiodis ef al 2014

Ethario development and negatively - by rainfall during flowering period.
Rainfalks remarkably decreased knalool production, which was restor=d
within 10 days period

Origanum compactum Benth. Eszential oil profile Two major and one intermediare rype of populations according to their Aboukhalid et al
chemical compasifion: (i) high level: of thymol, a-ferpineal, linalool, 2017

and carvacry] methyl exide of samples growing in rezions with humid
climate, clayey, sandy, and alkaline sodlk: (7 high levels of carvacrol,
a-thujens, o-terpinens, and myrcene content in plants from semi-and
climate, and growing at kigh altimdes and silty seils; (i termediate
type populations exposed to sub-humid climate, appeared less
homogeneous and belong mainly either to the frst or second group




Table 2. Effect of diverse agro technique treatments on the secondary metabolite levels

cereale L)

ovaries

Plant species Secondary metabolites Effect of agro technique treatments Reference
prodoced
Nitrogen containing o unds
Papaver comniferum L. Akaloid production Experiment of lizht and temperature — optimal gmn‘r.'ha‘t 1.6 % 104 hux light Bernath and
m!n_-u:f.md Luwhampmnu! (daily rhythm of 13.5/7.5% Cm.cr!nsmgw Tétanyi 1881
18.5/11.5°C during vegetation); maximal dry weight at “low temperarure” and
higher hrx intensity of 3.2 = 10° hux: “low temperature™ hinderad development
by 10-15 days and modified the ratio of organs: proportion of leawves increased,
and that of the stems diminishad; highest alkaloid comtent at “high temperatares™
(daily rivthm of 12.5/7.5°C reaching to 26.0/16.0°C) and at 3.2 x 10* lux
lhumination
Papaver Morphine Morphine content in the capsules increased with the increasing supply of N from | Lofak and Richear
somnjferum L. 085 to 1.01% 2004
Lolum perenne L. PymolopyTazine alkaloid Endophyte-free plants did not produce peramine, ergovaline Hunt et al 2003
peramine, ergot alkakid or lolirem B. Both alkaloids declined with increasing W at ambient C0, bat
ergovaline and myrotoxin remained roughly constant across W levels ar elevated CO,
lolitrem B.
Came imansis Caffeine Nitrogen, potassium and micronutrients (Zinc and Copper) stimulated caffeine Sedaghathoor
producton eral 2009
Erythroxyium movogranarense Trxillines Increased alkaloid levels with increased UV exposure Lydon et al. 2002
MeVOgTAnatmIe
Duboisic myoporaides Alkaloid levels I m % | m spacing optimal for maximizing biomass harvest and alkaloid content | Ram etal 1010
Papaver Alkaloid content Pre-anthesis warer deficit caused a reduction in the biomass production without Mahdavi-
somniferum L. apparent reduction in capsule yield, which mmplies an mereazed harvest index for | Damghani et al.
plots under water deficit 2010
Spilanthes aleracea ov. spilanthol No significant differences of spilanthol when comparing organic and mineral Barges et al. 2012
Jambuarana (irea) fertilization
Withaniz somnjfera Dunal. Alkaloid levels Highest alkaloid vield at 3000 ppm CCC (; chloride - GA Shukla and Shukla
biosynthesis inkibitor and growth retardant). at 30 % 20 cm planting distance (as 012
compared with [44 and GA tr=atments and 30 = 30 cm plat).
Colonization of Clavicgps Ergot alkaloids Application of pametocidal agents - maleic bydrazide and 2- Hanosova et al.
purpurea on winter rve (Secale chloroethyiphe:phonic acid to enhance C. purpures infestation on unfertilized 2013




Flant species

Secondary metabolites
prodoced

Effect of agro technique treatments

Reference

[Tupinus angustjfbiins Sum of angustifoline, Alkaleid content was significantly influsnced by the srowing syst=m. year and Tansen et al. 2013
izolupanine, lupanine, and genotype. Higher W-content in the soil was related to higher concentrations of
13-hydroxyiopanine alkaloids; thus erganically grown crop displayed lower productivity than the
CONVENT ETOWE Qne
Piper lomgum Linn. Aszay of tofal alkaloid “Protected cultivation system” experiments. Highest alkaloid production was Tayanth et al 2015
content recorded by planting in hanging pots and fertilization through mist
Ephedra sinica Total alkaloids, ephedrine Achieved stabilization of high alkaleid levels by sslective breeding and stolon Hiyama et al 2017
and pseudoephedrine propagation; selection criteria after 3 vears of cultivation — ol alkaloid content,
high ephedrine‘pseudoephedrine ratio, minimal variation between lowest and
highest total alkaloid values, stolon formation capaciry of the individuals
Phenolic compounds
Craranium thunbergi Feranium thunbergii Sieh. (reranium thunbergit Sieh. Et Tucc. Creraninm
Zuce. Ert Zuce. thumbergii Sish. Et
Zuce.
Cameilia siensis Camellia sinensis
Fanillz planjfolia A. Faniila planifolia
Flavenoids and Pre-harvest U'V-B frmadiation result=d in elevated hydroxycimnamic acid Harbaum-Piryda et
bydroxycinnamic acids derivatives at low temperarurs (9°C) and of flavoneids at ambient temparature al 010
22°C)
Optimal biomass formation Production of hybride, biclonal and pelyclonal seeds; spacing. pruning, mineral Barbara 2013
and meeting market murition. shading. drainaze, imization, pest manazement, soil rehabilitation
specifications of “Light leaf” | (growing Guatemala grass, Mimesa fmviza, Pusa Hybrid Napier for 18-24
and “Dark leaf” tea. manths).
Cyanidin -3-0-(7-0- Cultivation in greenhouse at low temperamre stinndates anthocyanin Becker eral 20014

malonyl)-glucoside and biosynthesis
caffeoyimalic acid
Flavenoids Blossem-mass and flavenoid levels related to the developmenial stage - highest Honario et al. 2016

vield of flavonoids was obtained three days after anthesis

N8 raf BZ and L.
sative L. var. crispa L, ov. Sating
(Bed Oak Leaf and Red Lollo
letmace)

Phenelic acids, flavonol and
flavone glycosides.
anthocyanidin glycosides

(C0,; enrichment resulted in high yislds of red leaf lettuce rich in phenolic
compounds (most flavonsid ghycosides and only some caffeic acid derivatives)

Becker and
Elaring, 201§




Table 2. (Continued)

Flant species Secondary metabolites Effect of agro technique treatments Reference
produced

Morus 5p. Taonins, phenalics Elevated CO increased biomass formation, primary metabelites (sugars, Lavamya et al.

carbohydrates) and phenolic compoumds 017

Lavandula angustifoiia Mill Total phenolic and flavonoid | Established optimal K ferfilization for enhanced phenolic and flavonoid comtent Chrysargyms
content etal 2017

Tapenas

Spilanthes oleracea ov. Spilanthes eleracea ov. Spilanthes oleracea ov. Jambuarana Spilanthes

Jambuarana Jambuarana olgracea cv.

Jambuarana

Samureja hortensis L.

Soturgia horsensiz L.

Samurgia hortansis L.

Serureja horiensiz
L

Mafakher et al.

Malisza afffch Citromellal f-caryophyllene, | Vermicompost, biephosphate and chemical ferilizers eatments significantly
neml, geranial and geranyl increased the dominant component content 016
acetate

Rosmarinus gffici Eszenrial oil profile Vermicompest meamment stimulated phenolic compounds i the essential oil Ganjali and
comparison based on 32 Eavkhaii 2016
Componsnts

Lavandula angustfoiia Mill Eszential oil profile with Established optimal K fertilization level: for stimulated root srowth and Chrysargyms
main constments 18- stimmlated essential oil visld etal 2017

cinenle. bomeol. camphar,
o-ferpineol, myrienal
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Schematic representation of some biological activifies and plant sowrces of the main groups of

FPhenology state and the role of growth and development to fulfill the different
roles in the plant’s life cycle. The phonological stage is decisive on the secondary
metabolites produced and has been studied for numerons species of economic
importance (Cirak 2007 and references cited within);

Genotype and heredity are also crucial for the production of secondary
metabolites. Together with the selection of proper agrotechniques the selection of
highly producing genotypes plays a central role for selection starting material for
field cultivation (Nejadhabibvash et al. 2012; Kitzberger et al 2013; Danova
2015; Fang etal 2017);

The role of agrotechnigue for the production of secondary metabolites on the
field. Domestication and introducing plant species from their wild habitats to
field conditicns 1s related to alteration of many facters which would have been
responsible for the production of certain secondary metabolites in their
indigenous environments (climatic challenges, soil chemistry, presswe of
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16 Ealina Danova

specific concrete imsects and herbivores). Thus the comrect agrotechmigque
measures are vital for the proper productivity of the crop (Table 2).

3. APPLICATION OF PLANT DERIVED SECONDARY METABOLITES
IN PHARMACEUTICAL PRACTICE

Many biclogically active compounds of plant origin find medical application as
therapeutic molecules either in their indigenous form or as models for the total synthesis
and also as matrices for the semu-synthesis of dmgs. Examples for terpenes (Figore 5)
and phenclics (Figure 6) are illustrative to the wide array of pharmacological activities of
secondary metabolites for the human organism (Taiz and Zeiger 2006; Evans 20097

According to the Weorld Health Orgamization, about 80% of the World population still
largely depends on medicinal plants as a traditional therapeutic methed. In addition, up to
now, 25% of the prescribed medicines and 50% of the “Cwer the counter dmgs™ in
industrialized countries are of plant ongin (Bajaj et al. 1988; Tripathi and Tripaths, 2003).
In addition. about 52% of the anti-inflammatory and 51% of the anticancer dings are also
of plant origin (Arora 2010 and references cited within).

The wide application of secondary metabolites requires the possibility for their
abundant delivery for the needs of the practice. Many compounds are cwrently
synthetically produced (for example caffeine. theophylline, theobromine, ephedrine,
pseundoephedrine, emetine, papaverine, IL-dopa, salicylic acid). Nevertheless, due to their
structoral complexity, still many therapeutic molecules are being derived from the raw
plant material (Bajaj et al. 1988).

Thus, cbtaining raw plant material with desirable quality (proper bicmass formation
and stable and sufficient concentrations of the secondary metabolites) still holds a vital
role for the supply of therapeutic molecules, vital for human health and survival.

These qualitative and quantitative characteristics are strongly dependent on the origin
of the plant material. Often cultivation in the field of the target crop leads to poor results
as compared to the characteristics of the material obtained from the wild habitat, the
reason being the dependence of secondary metabolism on the interrelations of the plant
orgamism with its swrounding environment, as discossed above. With its many
applications and options, plant cell tissue and crgan culfure comes as an indispensable
supplementary tool to comventional breeding technmigques for meeting the needs of
medicinal and aromatic plants raw material supply.
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Figure 6. Schematic representation of some bological activifies and plant sowces of the main groups of
phenolics.

4. PRINCIPLES OF PLANT CELL TISSUE AND ORGAN
CULTURE BREEDING

Plant biotechnology techniques are based on the possibility to cultivate separate cells,
tissues, organs or integral plants in colture medmm and stenle conditions out of the
mndigenons natwral environments of the plants. This is possible due to the property
“totipotency” of the plamt cell and its capability to regenerate up to a whole integral
OTEATISIL

The contemporary stage of development of plant cell tissue and organ cultures
technicques has fumed the method nte a standard procedure technique for modemn
biotechnology with the following main areas of application (Lovola-Vargas and
Vazguez-Flota 2006; Dias et al. 2016):

* Large-scale propagation of plant materials with superior (elite) quality;
»  Generation of genetically modified fertile individuals;
*  Model system for fondamental plant cell physiology aspects;
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18 Ealina Danova

*  Preservation of endangered species,
*  Metabolic engineering of fine chemicals.

4.1. The Plant Cell

The cell is the main building wnit of the living plant crganism, maintaining the
imtegrity between structure and function (Teiz and Zeiger, 2006). There are several
features distinguishing the plant from the animal cell:

* (reen plants are the primary producers on the planet. due to their capability to
assimilate solar enmergy and include it inte macroergic compounds, during
photosynthesiz. Thus selar energy is being transformed into chemical energy.
Hence are the structural and functional elements unique of the plant cell:

*  Presence of chloroplasts (the chlorophyll containing organelles where
photosynthesis ocours);

+  Nucleus of the plant cell (responsible for encoding of enzymes and proteins,
realizing the coordination of all processes taling place within the cell);

* The plant cell membrane (allowing gas and water to pass in and out of the
cell while controlling the passage of other molecules);

* The vacuole (containing cell sap to keep the cell turgid. serving as storage
cell compartment where many water soluble polar secondary metabolites are
deposited);

+  Cell wall (lignin and pectin incorporated stucture which serves for cell
strengthening):

* The cytoplasm (the spatial localization of the enzymes and other proteins
used in photosynthesis, primary and secondary metabolites production);

* As already discussed, plants have an attached way of life. Therefore they have
evolved complex mechanizms to direct their growth during their whole individual
development towards vital resources as light, water and mineral components;

¢ Terrestrial plant species develop specific supporting struchuwes, in order to
accomyplish biomass formation towards the sunlight and against the forces of
gravity;

* The latter plants are also characterized by the constant loss of water through
evaporation, and have therefore established specific mechanisms for prevention
of drying;

+ Plants are also capable of moving water and minerals from the soil towards the
sites where photosynthesis and growth are accomplished, as well of transporting
the photosynthetic products towards the non-photosynthesizming tizsues and
OrZans,

Complimentary Contributor Copy




Roles of Developmental Patterns and Morphogenesis ... 19

* The plant cell membrane is swrounded and enforced by a hard cell wall, as
neighbering cells are cemented by a pectin muddle lamella. As a consequence of
this. the development of the plant organism depends entirely on factors as
cellular division and growth;

* Plant cell division is realized at specific spatially defined sites called
“menstematic centers”. They constitute the cell apparatus, in which the processes
of cell division, growth and differentiation determine the size, form and structure
of the whole plant organizm. Neighboring to the sites of cell division are the sites
of elongation in which the cells enlarge in width and length After elongation, the
cells undergo differentiation into a specific cell type. Except differentiated cells,
however, during its whole life, the plant also produces non-differemtiated
meristematic cells, which are capable of the initiation of any type of cell, tissue
or organ necessary for the plant’s survival and development at any time of its
individual development. This autonomouns feature of the plant cell to store and
express at any moment the whole genetic information of the whole organism is
called “totipotency™.

Plant cell tissue and crgan culture is based on cell’s totipotency and the possibility to
regenerate the whole plant organizsm from a single cell.

4.2, In Vitro Culture Initiation

Sterile working conditions require the sterilization also of starting plant germyplasm
which 13 used for the in vifro culiwre induction. Irrespectively of the starting material
origin (collected from the wild or from controlled field'pot cultivation, seeds, above- or
underground parts explants) it is wvital fo provide the maximal possible extemt of
environmental pathogens elimination without excessive harm being imposed on the
vitality of the explants. This is usually achieved by surface sterilization Initially the
explant might be rinsed in up to 70% ethanol which provides on one hand an initial pre-
sterilization, but also provides wetting of the explant, due to dissclving of the waxy laver.
Then disinfection is performed by the aid of sodium hypochlorite, calemm hypochlorite,
mercuric chloride, silver mitrate, hydrogen peroxide. benzalkomimnm chlonide, etc. A
detergent, for example Tween 20 or 80 could be added in order to increase the wetting of
the explant by the sterilization agent. The choice of the sterilization agent, timing of
sterilization, as well as the thorough rinsing with sterile distilled water of its traces are
crucial for providing the vitality of the future development and normal morphogenesis of
in vitro bred plants. After stenlization the explant is placed in medium suitable for either
direct morphogenesis of differentiated organs (from existing meristematic centers) or
calluosogenesis or indirect morphogenesis of differentiated organs ocenming through the

Complimentary Contributor Copy



20 Kalina Danova

initially induced callus tissue. The obtained cells or tissues are further on transferred to
maintenance medium and the cultivation of the respectively obtained lines takes place.

4.3. Fundamental Aspects of Plant Biotechnology and Requirements for the
Maintenance of Plant Cell Tissue and Organ Cultures

The plant cell and tissue cultures are a prospective additional tool and even sometimes an
alternative in plant breeding and alse in the wield of secondary metabelites in
standardized conditions. Due to the long years of fundamental develepment and
achievements, plant biotechnelogy offers a number of advantages as compared with the
conventional plant breeding in the field (Petersen and Alfermann 1993; Murch et al.
2000; Alfermann et al. 2003; Arora 2010):

+ Micropropagation and reintroduction into nature of rare. valuable or endangered
species. The approach allows for the vegetative reproduction of plants which do
not bear seeds, or their germination is difficult or slow;

¢« Due to the aseptic way of work the obtained plant material is pathogen-free,
which malkes it pessible to quickly reproduce large quantities of clean planting
material;

+  The limitations on mass propagation of plant material, such as disease, pathogen
mvasion and unfavorable climatic conditions are being avoided;

+ The rapid introduction and testing of new cultivars. selected by the methods of
genetic engineering 1s made possible;

» There 13 a constant access to cultivated plant material, irrespectively of the
fluctuations of the economic, chimatic and geographic conditions. characteristic
for the natural habitats of the plant species. The losses due to crop destruction by
pathogens or herbivores are excluded;

s The standardization of the breeding conditions is related to standardization of the
content of the active ingredients, and the vield of toxic/narcotic compounds is
accomplished in a strictly controlled enviromment;

+  The yield of secondary metabolites of rare or endangered species is conducted at
laboratory conditions, without harming their natural habitats;

+ The biotechnological breeding 1s flexible, and is easily adapted to the market
requirements;

+ In addition the techmicue 15 compact and allows for large scale breeding material
preparation at the expense of comparatively small working space requirements as
compared with the conventional plant nmursery facilities;

* All the above factors contribute for the in vifro culfure system of medicinal and
aromatic plants to become a source of novel natral compounds;

Complimentary Contributor Copy



Roles of Developmental Patterns and Morphogenesis .. 21

* The in vifro plant system is also a source of the isolation of a broad amay of
enzymes, which can be ohlized in the conduction of positional- and stereo-
specific chemical reactions, which would otherwise be complicated to be
conducted;

+  Plant in vitro systems are a valuable fundamental model for the elucidation of the
biosynthesis of secondary metabolites. They are able to provide plant genetic
material unified in its characteristics and in almost unlimited quantities. In
addition, the metabolic activity in these conditions is high and for several weeks
it is possible to achieve secondary metabolite biosynthesis, which in the natural
conditions would require months or even more.

Generally plant cell tissue and organ culture is the cultivation of hiving plant tissue
(with different differentiation degree), at constant environmental conditions and culture
medinm in which the culture is being developed. n vitro growth and development are in
complex dependence of munerous factors such as:

4.3.1. Genotypic Prereguisites of the Flant

It is important whether the species is mono- or dicotyledonous. whether it is a
gvamosperm of angiosperm, whether it 1s herbaceous or arbereal, seed setting or not. In
medicinal plants cultivation, the spsceptibility of the tissues towards the different
technigues is also strongly dependent on the type of metabolites produced.

4.3.2. Factors of the Culture Medium. Approaches for Enhancement of Secondary
Metabolite Production through Medium Optimization

* [Fater constifutes up to 95% of the culture medium, therefore its quality 1s of
crucial importance. Plant tissue culture technique requires the utilization of
distilled water, and protoplast and menstem tissne culture — bi-distilled water:

» Solidification of the culfure medium 1s most often performed with agar (Lnear
polygalactoside prepared from red algae (most often of the genera Gelidium and
Gracilaria). Depending on the purposes agar concentration could vary from 0.6 —
0.8%. Agar concentration influences the availability and extent of assimilation of
the medinm components by the explant. It has been established that agar
stinmilates shikonin production in Lithospermum ervthrer-hizen suspensions
(Folmi et al. 1983). It was forther on established that agar interacts with the
mineral salts in the medinm thus affecting their availability and up-take capacity
by the plant cells (Gribble et al. 2002);

* Sugar is exogenously supplemented in the culture medinm due to the lower
effectiveness and sometimes complete lack of photosynthesis and carbon fixation
in in vitre conditions. However, in witro photosynthesis has been established for
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certain species (Pospisilova et al. 1997). The degree of plant heterotrophy (funll
dependence on exogenously supplied sugar), mixotrophy (the capability of partial
carbon fixation) and even awtotrophy (effective im vitro photosynthesis and
“aptonomons mutnition”) do not only depend on the photosynthetic capacity of
the concrete species but also on the culture medinm composition, volume and
aperture of the cultivation vessels and on their material and closure (Fuyjiwara et
al. 1989; Kozai 1991; Kozai & South 1995; Kozai et al. 2002). According to
Lucchesini et al. (2009) at optimal “mixeotrophic conditions™, in witre shoots
could perform photosynthesis smmltanecusly with the assimulation of
exogenously applied sucrose in the culure medinm Therefore the modemnization
and scale-up of micropropagation technigues often wtilize the methods of
autotrophic culture in which the plant independently performs photosyothesis.
Sugar concentration can vary significantly (1 — 6%), as the modification of this
factor is widely utilized in plant biotechnology. For sugars supplementation most
often sucrose is used, but seme monosaccharides have also been applied (for
example glocose and mannitel). Noteworthy, the guantity of the given
monesaccharide, equivalent to the respective disaccharide, reduces in double its
osmotic potential and hampers water utilization by the explant;

The main macro-elements which are mandatory in the formmlation of the culture
medinm are most often nitrogen phosphoms, potassiom calcinm, magnesium
and sulphur;

Micro-elements being supplied are iron, zinc, boron, manganese, copper, cobalt,
pickel, alumimim molybdenum icdine. The macro- and micro-elements are
being supplied in the form of soluble salts, and ron is wsually chelated with
EDTA in order to avoid its precipitation;

Growth regulators (plant hormones) are vital endogenous factors of growth and
development of the plant crganism The best sudied grovps of hormones are the
auxins, gibberelling, cytokinins, ethylene and abscisic acid. The last years led to
widening the kmowledge on the steroid plant hormones brassinosteroids, which
regulate diverse processes of differentiation in the plant crganism A number of
other molecules are also related to the herbivore and pathogen resistance, such as
jasmonic and salicylic acids (Taiz & Zeiger 2006). With the elaboration of
molecular analvtical methods in plant physiology, the oumber of hormones and
hormene-like signal molecules iz increasing. The exogenouns supplementation of
plant growth regulators is crucial for targeting, and maintenance of the degree of
de-differentiation. micropropagation and rooting. as well as influence of in wiro
secondary metabolites production Cytolinins and auxins are usually applied at
concenfrations 0.01 - 05 - 50 mgl The effect of different plant growth
regulators (PGR) on secondary metabolite production has been widely explored
mn plant cell, tissne and organ culture. A number of literature sources discuss on
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the mmhibitery activity of 2.4-D on secondary metabolite production in non-
differentiated cell cultures such as berberine (Nakagawa et al. 1986).
antraquinones {Zenk et al. 1975) and indole alkaleids (Zenk et al. 1977a). In
Morinda citrifolia  cell cultores, low auxin concentrations led to high
anthraquinone levels and low growth rate, high auxin concentrations have the
reverse effect; 24D was active at approximately a lmndred-fold lower
concentration than NAA (Hagendoorn et al. 1997). Thus pattern of inlubitory
activity of 2,4-D on several types of secondary metabolites in cell cultures of
diverse species, might be atiributed to the larger degree of de-differentiation
brought by this hormone. Therefore, auxins viilized for callusogenesis are either
applied at low concentrations or are being removed from the medivm duning
optimization of secondary metabolites production in vitre (Misawa 1994). The
alteration of two-stage cultivation has been often applied with the purpose of
firstly obtaining intensive biomass formation and then — production of secondary
metabolites by redocing the growth rate of the coltwes. Examples are the
production of shikonin in cell coltures of Lithospermum erythrorhizon (Tabata &
Fujita 1985), rosmarinic acid by cell cultuwre of Collens Blumei (Ulbrich et al
1985), berberine from cell cultures of Copiis japonica (Fujiata & Tabata 1987).
The latter examples are ilustrative of the stinmlation of de-differenfiation and
inhibitory effect of aumxins on secondary metabolites production by non-
differentiated coltures. The opposite effect of the same plant growth regulater
however has been observed in the differentiated genetically modified “hairy
roots” of a nomber of medicinal plant species. Thus, auxin supplementation
(IBA, TAA and NAA) in the cultore medinm of Rubia akane stimmlated both
growth and alizarn and purpurine production (Park & Lee 2009). Similar results
were obtained in lobeline production in Lobelia inflata (Y onemitsu et al. 19907,
valepotriates in Cenfranthus rubber (Granicher et al. 1995), rutin in Fagopywum
esculentum (Lee et al. 2007) and withanolide A in Withania somnifera (Murthy
et al. 2008). In addition to this finding, in hairy root cultures of Cichorium
intybus L. cv. Luclnow the combination of even low concentrations of cutolanin
(}anetin) in combination with auxin led to de-diffreniation. callus formation and
subsequent drop of conmarin content in the cultures (Bais et al. 2001).

Amine acids and inesitol — organic compounds such as amincacids (for example
glycine) and the polyol inositol are also exogenously applied to the culture
medinm;

The pH value of the medium is an important factor for the proper conduction of
the physioclogical processes of the in wifro grown plant. Usnally pH values vary
within the interval 5.5 — 6.0;

Other components gf the culfure medium — activated charcoal being finely porous
carbon matenal finds wide array of applications in fissue culture. Its effects may
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be attributed to establishing a darkened envircnment for the root; adsorption of
undesirable/inlibitory  substances; adsorption of growth regulators and other

organic compounds, or the slow release of growth promoting substances present
in or adsorbed by activated charcoal (Pan and van Staden 1998);

The most broadly used culiture medimm formulations in plant biotechnology are the
ones of Murashige and Skoog (1962), White (1963), Linsmaier and Skoog (1965) and
Gamborg (1968).

When discussing the issue of media optimization of secondary metabolite production
it 15 vital to consider that growth and biomass formation are often not related and in many
cases have different requirements. As discussed above, secondary metabolites production
15 related to the interactions of the plant erganism with its environment (Harborne 1996).
Therefore, the successful application of the methods of plant biotechnology for
stumulation of secondary metabolism. the lmowledge of the physiclogical role of the
concrete secondary compounds for the plant physiclogy is of major importance. Thus, in
literature there are examples of enhancement of secondary metabolite production
achieved by limitation of nutritive resources in the medimm (most often decreasing the
content of nitrates, potassivm, ammonmm and phosphates salts results in secondary
metabolites stimulation i vitre) (Petersen and Alfermann 1993). In this way by
providing all other optimal breeding conditions and limiting growth resouwrces, it is
possible to stinmlate secondary metabolism at the expense of primary metabolism

4.3.3. Factors of Culture Conditions

»  Sterility is a major principle for all in vifro culture manipulations. This is due fo
the application in the culture medinm of a wide amay of components which
stimmlate biogenic growth and development not only of the plant organism but
also of different pathogens like bacteria, fung and mould. Therefore plant
bictechnology is a method for the aseptic cultivation of plant material, which is
accomplished by the sterilization of cultwe media, vessels and mstruments. All
manipulations are carried out in sterile environment. This is most often achieved
by autoclaving at 121°C (1 atm) of consumables, instruments and culture media
and work under a constant flow of sterile air in the laminar cabinet. Thermo-
degradable components are supplemented to the media by sterile filtration (pore
size 0.45punm);

+ Culifvafion space — it is needed to provide a controllable temperature regime.
Usnally the temperature values are set between 24 - 26°C but this parameter
might vary considerably according to the purposes of the cultivation Thus cold
treatment might be applied for the purpose of hardening of explants and higher
temperature — for Heat Shock Proteins production and inducing adaptation
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reaction towards diverse types of stress. Modification of the temperature regime
is a factor in biosynthesis of both primary and secondary metabolites. Thus, the
total comtent of fatty acids is bemng increased in reducing temperatures in
Catharanthus roseus suspensions (due to the rise of unsaturated C18 fatty acids),
as this effect does not influence indole alkaloids content (Torvonen et al. 1992).
Increasing temperatuwes up to 28°C and 30°C in Lavamdula vera cell
suspensions, has shown the achievement of maximal biomass and rosmarinic
acid, respectively (Georgiev et al. 2004). According to the research of the same
working group, aeration and agitation in bioreactor conditions stinmlate
rosmarinic acid produection as well (Pavlov et al. 2003);

* [Mluminafion is provided by lominescent tubes, whose spectral characteristics,
intensity and photoperiod are selected according to the plant species
requirements, but also can be a valuable experimental tool according to the
culture type and results which are targeted;

+  Humidity, oxygen and carbon dioxide content depend largely on the microclimate
mmside of the culture vessels (related to thewr volume and shape, the aperture
diameter and closure type). It is impertant to also notice that the oxygen which is
dissclved in a lignid mediem is to a higher extent available for the explant. as
compared to the one in agar solidified medim. In addition, gaseouns supply is
largely controllable in bioreactor systems and is a widely uvsed variable in
targeting secondary metabelite production in vifro.

4.4. Role of Differentiation and Morphogenesis in Plant Biotechnology. Main
Tvpes of In Vitro Cultures

The plant crganism consists of different organs. which are constituted of different
tissues, build up by cells. The vegetative body of vascular plants consists of three main
organs: leaves (with its primary wvital function of performung photosynthesis), stem
(having supportive and translocation functions) and roots (having supportive and
assimilation functions). According to the degree of organization of cultured cells in vifro
culfures can be classified into differentiated and non-differentiated types (De Fossard
1977; Pienik 1987; Bazdan 2003).

However, secondary metabolites production most often requires a cerfain
differentiation level of plant tissues and is often lacking in non-differentiated cultures.
Therefore secondary metabolite production in non-differentiated cultures often requires
additional measures for optimization the production of secondary metabolites which are
often empirical. Examples for such approaches will be discussed below.
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4.5, Differentiated Cultures. Role of Differentiation in Successful In Fifro
Yield of Secondary Metabolites

Differentiated cultures are characterized by a diverse degree of organization and
commmunication between the cells. tissues and organs. These are:

*  Cultures of integral stevile plant. Such cultures can be obtained by directly
germinating seeds in sterile conditions. or through morphelogical differentiation
of organs from non-differentiated culture types. They have the highest level of
morphological development and comnmnication between the three organ types.
In these cultwes it is mostly achievable to cbtain the anatomical stroctures
needed for production, translocation and accummlation of secondary metabolites;

*  Embryo cultures are integral whole plants which are obtained by discarding the
seed covering, excising of the embrye and growth of the integral plant from it.
This approach is applied in cases when for diverse reasons rescue of the fertilized
material is required. for example in the case of seeds which have hard covering
which hampers the germination process;

*  Organ culfures are separate plant organs grown in culture medinm such as shoot
cultures (aerial parts), root cultures, etc. The “hairy roots™ are a specific
genetically modified root colture type, where genetic material has been
transferred to the plant genome from the Bi plasmid of Agrobacterium
rhizogenes through inoculation of a wounded segment on the plant body and the
subsequent infection of the plant with the bacterinm The inserted genes encode
proteins which participate in the biosynthesis of hormones stimulating the
excessive cell multiplication at the site of the infection. The obtained cell mass
produces opines, which serve as mmiritive substrate for the plants. This
phenomenon is a creation of a biclogical niche by the bacterivm which enables it
to develop and reproduce. After the integration and expression of the genetic
nformation, the “hairy root”™ phenotype can be observed — which is manifested as
mcreased branching and negative gravitropism of the roots. Owver 450 species
have been reported to be susceptible to the Gr (-) Agrobacterium rhizogenes
mfection The experimental application of “hairy root™ culfures dates from 1980
The main advantage of these cultures is that they are “hormonally autonomons™
and can maintain the state of root morphogenesis without formation of aerial
parts and exogenous supplementation of growth regulators to the medinm
(Pistelli et al. 2010).

There are many examples of species being cultivated in vitre as differentiated
cultures, such as conventional (Becker and Chavadej 1988; Mawmann et al. 2006) and
transformed (Grinicher et al. 1992; Granicher et al. 1995) roots of Faleriana gfficinalis;
differentiated shoots of Hypericum perforafum (Kirakosyan et al. 2004).
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Noteworthy. the development of transformed “hairy roots™ often allows for the
production of secondary metabolites characteristic for the aerial parts of the respective
plants. Thus, artemisinin_ isolated of the aerial parts of the field grown Artemizia annua,
has been successfully yielded from genetically transformed roots of the plant (Weathers
et al. 1994; Jaziri et al. 1995; Lin et al. 1999). Another example is the production of the
2-0H-1 4-naphtoquinone lawsone by genetically transformed roots of Lawsonia inermis
(Baldwali et al.. 1997). In addition, important advantages of “hairy roots™ are their genetic
stability, hormonal avtononty and the relatively constant levels of secondary metabolites
produced.

Sometimes, however the successful scale-np of differentiated cultures to bicreactor
scale might be difficult due to problems arising from the necessity to supply unified
amounts of aeration and outritive compounds. as well as illumination to a non-
homogenous bicmass.

4.6. Non-Differentiated Cultures. Main Principles and Approaches to
Enhance Secondary Metabolite Production

In this culture type the plant cells are not organized into tissues and organs.

4.6.1. Protoplast Cultures are Obtained by the Enzymatic Degrading of the Cell Wall
and the Subseguent Maintenance of Plant Cells Which are Only Surrounded by the
Cytoplasmic Membrane

The fusion of protoplasts of different species is a widsely uotilized approach for
obtaining interspecies hybrids.

4.6.2. Callus Cultures are Aggregates of Non-Differentiated Plant Cells Cultivated
on Solid Medium

They are obtained through inducing de-differentiation of differentiated plant tissue by
means of plant growth regulators treatment of diverse explant types. The balance between
cytokinins and auxins is decisive for maintenance of the plant cwlture in the non-
differentiated state. As  discussed above, the degree of de-differentiation and
“multiplication speed” of the culfwe are usually inversely related to the secondary
metabolites produced by it

4.6.3. Suspension Culfures are Cells or Actually Cell Aggregates with Different
Extent af Aggregation, Cultivated in Liguid Culture Medium

In erder to provide a unified nutritive compounds and oxvygen supply to the whole
cultivated biomass, agitation of colture vessels, usually on an orbital shaker, at 30 — 150
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rpm is applied. Depending on the cultivation method plant suspensions can be classified

info:

Bateh eulfures are maintained through a regular sub-culore of a small aliguot
part of the generated biomass into fresh culture medinm after a defined period of
time. Biomass formation has the following sequence: lag phase immediately
after transfer into the fresh medinom - no new growth is occurring yet:
exponential phase after the adaptation and overcoming the stress of sub-culture
manipulaticns, a period of intensive cell growth is observed; stafionary phase
after 3 — 4 consecutive cell divisions, the nwtritional resources are being
exhausted and toxic by-products of cellular metabolism are being accunmlated,
growth slows down and cellular density remains constant. If no sub-culture
occurs at this stage, the cell mmmber gradually starts decreasing and the
suspension line cannot continme its existence. These suspensions are usually
maintained in 100 — 250 ml Erlenmeyer flasks containing 20 — 75 ml of liquid
culture medinm;

Continuous culfures - this techmique provides for the lomg-term cultivation
through the constant supply of fresh medinm into the system Therefore culteres
are grown in special vessels. which would allow for the sterile supply of fresh
medinm and discarding of the old one. These cultures might be of closed type
when only the exhansted mediom i3 discarded from the system. but the cells
remain and increase their density with a point when saturation is achieved. The
open type continnous cultures are characterized with drawing out equal volumes
of mutrition medinm and cells. The latter lime is capable of prolonged
maintenance.

4.6.4. Main Practical Problems in Utilization of Non-Differentiated Cultuves for
Secondary Metabolites Production

Although callus and suspension cultores are characterized by a faster reproduction
and biomass formation, as compared with differentiated cultures, practical problems arise
which are being selved in dependence of the genotypic peculiarities of each concrete
species, being developed.

Lack of symchronization of growth and development - growth and cell division of
the mamy cells/cellular agpregates in the vessel are uwsually not synchromous in
these types of cultures. Therefore a biomass of cell uwnits with different age,
instability of enzymatic processes and hence instability of secondary metabolites
production is observed. This problem is solved by measwes for synchromzation
through different physical and chemical methods.
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+  Genefic instability — this 13 another major problem due to the intensively ongoing
cell division. Therefore, plant crgans or whole plants differentiated and
regenerated of non-differentiated plant tissues (indirect morphogenesis) are
mostly likely to differ from the parent plants. Desirable or non-desirable traits
could be obtained in this way. Selection, identification. isolation and clomal
propagation of cultivars with desirable qualities are often applied.

+  Lack of specialized anatomic and morphologic structures needed for secondary
metabolite production, translocation and acconmlation In spite of the many
advantages of non-differentiated in vifro cultures (such as the rapid growth, the
numerons possibilities for optimization of secondary metabolite production),
there still remains the main drawback, namely the lack of differentiation.
Although the plant cell i1s characterized by its totipotency, the biosynthesis of
many secondary metabolites still requires a certain level of differentiation of the
plant tissue. The development of differentiated cultures is a solution when the
production of secondary metabolites cannot be realized in the non-differentiated
tissues. Thus, it has been established that although the non-differentiated culture
displayed a lack of certain secondary metabolites, the induction of somatic
embryogenesis, root or aerial parts led to the regaining of the biosynthetic
activity of the plant tissues (Charlwood et al. 1990). Another example is the
finding that although alkaloids were only present in traces in the suspension of
Leucojum aestivum, differentiation and subsequent aerial parts induction led to a
significant increase of alkaloid content (Pavlov et al. 2007). The lines selected in
the latter work produoced over 200pg/sDW in liguid medivm and displayed
stability regarding growth and secondary metabolites production in the ligqud
system

Thus plant cell tissue and organ culture systems represent a  prospective
complementary tool to conventional breeding techniques for the delivery of desirable
secondary metabolites. In order to successfully utilize the potential of this valuable
technigue, however it is necessary to be able to interpret the physiclogical behavior of the
plant as a result of the different optinuzation measures and relate it to the resulting
increased or decreased levels of metabolites produced. There are many exanples of the
successful delivery of plant secondary metabolites through plant cell tissue and organ
cultures, where the productivity has surpassed the levels obtained for the source “mother™
plant (Table 3).

Analysis of the plant response to biotic and abiotic stress is an important prerequisite
in the development of optindzation strategies for secondary metabolites production in
vitro (Broeckling et al. 2005). Elicitation for example is one of the main approaches as
far as phytoalexines production is targeted. Thus, medivn optimization, screeming and
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selection could lead to 20-30 times higher levels of the secondary metabolites produced
in vitre (Verpoorte et al. 2002).

Selection of highly productive lines could be performed even by the naked eye
when pigmented compounds are targeted such as the examples with
anthocyanins, shikonins or berberine. In other cases the application of analytical
methods to monitor the produced raw plant material is necessary. The otilization
of different selective methods has led to the achievement of highly productive
Lines with significant improvement of secondary metabelite production (Table 4).
Impact gf siress factors — according to Brodelins (1988) stress factors
exogenously applied on the plant cell cultures could be classified in the following

categories:

Culture medium pavameters — such factors inclnde carbon, nitrogen,
phosphate sources and plant growth regulators;

FPhysical strass — extreme light treatment, ultraviolet light, aeration, medinm
osmolarity and pH. Thus, the application of electric impulses has led to the
intercellular accummlation of taxuyunnanine C (Tc) in Taws chinensis
suspension (Hong et al. 2004). The phenomencn has been explained by the
induction of defense response and possible alteration of the dielectric
properties of the cell membrane;

Chemical siress — heavy metals, abiotic elicitors, etc. Cultivation at Fe™™
stress has been reported to induce oxidative stress, lipid peroxidation and cell
death related to the increased levels of ethylene and p-thwjaplicin production
in Cupressus lusitanica suspension (Zhao et al. 2005);

Biotic sitress — infection with pathogens/biotic elicitors. In order to be
protected from pathogemic muicroorganisms and herbivores, plants have
evolved a complicated inducible chemical defense system Plants are
capable, as a response of extemal pathogenic stimmuli to react by the de nove
synthesis of certain compounds designated as phytoalexins. The process is
called elicitation. Being protective compounds against exogenously arising
stinmli, phytoalexins can also be artificially induced by exogenous treatment
of in vitre tissues by the controlled application of elicitation stress factors.
The rapidness of the response can vary from several hours, to several days
and often even excretion of the compounds into the medium can be observed
(Petersen and Alfermann 1993). Numerous plant species, grown as cell
suspensions have shown positive results regarding secondary metabolites
elicitation by the exogenous application of methyl jasmonate. Its application
initiates the de novo transcription of genes, encoding the expression of
phenylalanine ammonia lyase, related to the chemical defense protective
mechanisms of the plant cell (Gundlach et al. 1992). In literature there are
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nmmerons  feports  concerning  the  swecessful  secondary  metabolites
stimmlation i vifro as a result of exogenous methyl jasmonate treatments.
Such examples are the production of rosmarinic acid in Lavandula vera
suspension (Georgiev et al. 2007);

+  Application of biesynthefic precursors and biotransformation — irrespectively
of the level of enzyme expression at a given moment. the plant cell possesses
the whole genetic information for the full range of all functioning enzymatic
systems. Therefore, it is possible to feed cheaper lower molecular precursors
of valuable target metabolites, and enhance their yields in vifro. One of the
first such experiments have been performed by the working group of Zenk
who fed tryptophan to Catharanihus rosens suspensions (Zenk et al. 1977a)
and phenylalanine to Colens blumei suspensions (Zenk et al. 1977 b). The
rosmarinic acid production was increased as a result. Plant cell cultures are a
valuable socurce of enzymes. which are readily available in them and mmch
easier to access as compared of fresh plant tissues of different species
derived from the field. Extracted enzymes can fusther on included into
varions bicchemical reactions outside of the plant organism This makes it
possible to complete perform biosynthetic experiments and biotransformation
in laboratory conditions (Kutney 1997).

Table 3. Comparative yield of some secondary metabolites of in vitre cultures with
field samples of the respective plant species

Componnd FPlant species’ Yield Imvira! | Reference

In vitre system (% of the dry weight) | Field
In vitra Field content
samples ratio

Non-differentiated culures

Nitrogen confaining compoumds

Bisoclmrine Stephania cepharantha 13 08 14 Akasu
Suspension et al. 1975

Ajmalicine Catharanthus roseus 1.0 03 EE Mizawa 1994
Suspension

Benryhsoquinoline alkaloids | Coptis japonica 11 5-10 12-11 | Misawa 1994
Suspension

Berberinge Thalictrum minor 10 0.01 1004 Mizawa 1984
Suspension

Berbenme Coptis japonica 10 21-4 5-15 Mizawa 1904
Suspension

HWicatine Nicotimna rabacum 34 20 1.7 Mizawa 1984
Suspension

Caffzine Caffea arabica 14 145 1 Grawil
Suspension et al. 2017

Serotonin FPepanum harmala 2 2 1 Growil
Suspension et al. 2017

Trigonelline Triconella foenum-graecum | 5 04 115 Crowil
Suspension et al. 2017

Trigonelline Trigomeila wiffordii 0z 0.01 li] Growil
Suspension et al. 2017
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Table 2. (Continued)

Componnd Flant species’ Yield Invira! | Reference

In vitre system (% of the dry weight) | Field
Imvire | Field content
samples | ratio

Serpenting Catharanthus raseus | 024 13 Growil
SUspension et al. 2017

Vomilenien Rmuwolfia serpenting 0214 0004 335 Growil
Suspension et al. 2017

Phenalics

Shikomnin Lithospermum erythrarhizon | 20 15 i3 Mizawa 1904
Suspension

Anmaquinones Morinda citrifaiia B 03 a0 Mizawa 1904
Suspension

Anmaquinones 54 12 45 Mizawa 1904

Anmaquinones Galinm aparing ig 02 19 Mizawa 1904
Suspension

Fosmarmic acid Colews blumei 5 3 5 Mizawa 1984
Suspension

Ubigninone - 10 Nicotiona rabacum 0036 0003 v Mizawa 1904

Anthocyanins [ 10 1.6 Thong 2001

Anthocyanins Eyphorbia miilli 4 03 i3 Zhang 2001
Cell culture

Anthocyamins Perilla fritezcens 4 15 14 Zhong 2001
Cell culture

Fosmarmic acid Colews blumei 5 3 5 Mizawa 1984
Cell culhure

Lzoflavonoids daidzein, Mirackia amurensis 108 052 4 Fedoreyev et

Temzin, genisten and Calkus al. 2004

formononetin and the

pierocarpans maakiam

and medicarpin

Shikimic acid Gralium moiluga a 13 43 Growil
Suspension etal. 2017

Terpenoids

Ginzemoszides Panax ginzeng 7 45 § Mizawa 1984
Callos

Triptolide Tripteryquitm wilfordsi 003 0,00 30 Mizawa 1904
Suspension

Diozgenin Digzcorea deltoides 78 24 i3 Growil
Suspension etal. 2017

Differentiated cultures

Camprothecin Camprotheca acuminge 0l 002-05 | 5-02 Ehamni
roots/hairy roots of etal. 2012
Ophivrriiza pumila

Podophylotoxin Podophyiium peltamm ] 02 B Sakata
Calls denwed adventitious et al. 1980
Tons, mansfered onto PGR-
free M5 medium

Hypericin (Hyp). Hypericum rumeliacum Hywp - Hyp-001 | Hyp-3 Danova

psendohypericin (psHyp) Shoot cultures 0.03 psHyp — psHyp— | etal 2012a

Es_[—{}]:- - |00 12
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5. RESEARCH EVIDENCE ON THE SUCCESSFUL BIOREACTOR SCALE-
UP OF SECONDARY METABOLITES

As discussed above the successful biotechnological wield of bicactive secondary
metabolites requires the good lmowledge and uvnderstanding of the biochemical and
physiclogical aspects of plant growth and development related to secondary metabolism.

Scale-up of secondary metabolites production to bioreactor presumes the stabilization
of the laboratory-scale processes and the gradual reaching larger, up to industrial-scale
volumes similarly to microbial cultures. Usually scale-up beging in a 250 — 300 ml
Erlenmeyer flask in laboratory conditions, goes through voluome of uwp to 1 liter and
afterwards the cultured line can to be adapted to 30 — 130 — 1000 1 bicreactor. Unlike
bacterial cell lines, the plant cells have certain specificities like for example their slower
growth, larger cell size, tendency to form cell aggregates, as well as their sensitivity
towards agitation and stirring. Therefore special adaptation of microorganism bicreactor
processzes is needed, as well as search for novel ideas in the tailering of bioreactor for
plant cells. The plant bioreactor processes could be compared to the above described
“contimued cultures™ of suspension lines (Razdan 2003).

5.1. Scale-Up of Non-Differentiated Cell Cultures to Bioreactor

The non-differentiated cell’suspension cultures are considered as the most
prospective source for the scaledup wield of secondary metabelites (Georgiev et al
2009). One of their biggest advantages is the fast growth and rapid biomass acconmlation
as compared with the differentiated cultures. As discussed above. the non-differentiated
tissue is easier to scale-up to larger volumes and to bicreactor conditions, due to the
possibility to provide vniform seration and mutrition to the cell aggregates than to tissue
mass of different differentiation types. As extensively reviewed by Bajaj et al. (1988)
great success has been already achieved in the scale-wp of secondary metabolite
production of non-differentiated plant cell cultures in bioreactors (serpentine production
by Catharanthus reseus m 85 1; rosmarnnic acid — by Coleus blumei in 450 1, shikonin
derivatives by Lithospernmum erythrorhizon in 750 1; plant biomass by Nicotiana tabacum
mn 20 000 1; saponins by Pamax ginseng in 2 000 1, polysaccharides by Echinacea
purpurea and Echinacea angustifolia in 75 000 1).

5.2. Scale-Up of Differentiated Cell Cultures to Bioreactor

The differentiated state of the tissues in these systems 1s related to the better cell-to-
cell commmnication, presence of secretory and translocation amatomic structures.
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Table 4. Selection strategies of highly productive lines based on medification of
morphogenesis and growth and development patterns of the in vitro cultured plants

Flant species Type of in Optimization Obtained resulis References
virre culture | measores’
Seledtion agents
Selection of explant type as starting material for iz vitro lines selection
Rawvolffa Callus Utilization of different Leaf explamts — 80% callos | Anitha and
tetrapiiia L explant types for callos indaction response, Eunmari 2013
induction cotyledon — 4%, hypocotyl
— G0%%, node and internoda
— 50%, petiole — 46%, root
— 33%%; leaf derived callus
expressed highest levels of
reserpine production
Utlization of the coloration of the target compounds as selection criteria
Euphorbig milli Call culare Clonal selecton (cell Selected line with over Yamamaodo
aggregates cloning) and | seven fold mcrease of etal 1982
24-times consecutive anthocyaning content
subculires of cells with
intensive coloration
Muscadmia ssp. | Cell culare Choice of variety, Anthocyanine production, Anangs et 2l
(muscadine selection of appropriate mainly anthecyanidin-3,5- 2013
grape), Fifis explant, reduction of O-dighacosides
aestiaalis var. browning by activated
Cynifiams chanccal or Amberlite
HADH repeated
selection and sub-cultare
of colored clusters
Induction of morphogenesis and establishment of hizher levels of differentistion of the cell lines
Copiis japonica | Cell culare Continnous selection of | Lines with rapid zrowth Yamada &
cell ageagates and enhanced berberine Sato 1981
production; 14 1 bioreactor
scale-up obtained; stability
of metabolite levels fior
over 17 generations
Hypericum Suspension Selection of globular Hypericin production Vardapetyan et
parforatum bermies-like smactarad exceading the one of the al 2000
cell agmragates differentizted shoots and
calhs of the plant
Application of chemical selection fctors
Lavandula vera Swspension Pmelic acid supple- Biotin production Watanabs
mEentation, FAmms ray etal 1082
iradiation
Carharanihus Suspension Salection of compact Alkaloid stinmlation Verpoore
FOSENT lobular agzregates 1004
Rhodiola Swspension Salection of compact Enhanced salidroside Xmoatal 1999
sachalimensis callus aggregates; hicher | production
cytokinin/mrn rate
and sucrose;
optimization of
inocnhum volumne
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All these factors are prerequisites for the production of higher molecular compounds by
the plant organism as its morphological development is closer to the field cultivated
plant, as compared with the non-differentiated cultures. Examples are the production of
ginsenosides by adventitions roots of Panax ginseng C A Meyer ina 1 — 10 t two stage
bioreactor system (Hahn et al. 2003); sapenins by conventional roots of Panax ginseng in
5 and 20 1 bicreactor (Paek et al. 2009) and ginsenosides (levels of 500 mg/l'day) by
conventional roots of Panax ginseng in 20 t bioreactor (Charlowoed and Charbwood
19913

6. COMMERCIAL UTILIZATION OF PLANT BIOTECHNOLOGY TOOLS
IN MAsS PROPAGATION OF PLANTING MATERIAL FOR THE NEEDS OF
AGRICULTURE. APPLICATION OF PLANT CELL TISSUE AND ORGAN
CULTURE TECHNIQUES AS A COMPLEMENTARY TOOL TO
CONVENTIONAL METHODS OF PLANT BREEDING

The rapid development of plant biotechnology within the last years has led to its
mass application for the production of planting material for agriculmral needs.

According to the USDA in 2004 “biotechnological crops” constituted up to 46% of
corn, 76% of cotton and 83% of soybean plantations, about a decade later these mumbers
rose up to 90, 90 and about 93%, respectively (Fernandez-Cornejo et al. 2014). Presently
in the USA 60 - 70% of the food products on the market contain certain ingredient or oils
which are biotechnologically obtained (Biotechnelogy Innovation Organization 2018).

The biotechnelogical selection and market realization of new cultivars however
require the strict observation and critical application of a number of ethical considerations
included into the legislation of the respective countries.

7. COMMERCTAL UTILIZATION OF PLANT BIOTECHNOLOGY TOOLS
FOR INDUSTRIAL-SCALE SECONDARY METABOLITES PRODUCTION

7.1. Patented Processes for the Biotechnological Delivery of
Secondary Metabolites

The commercial yield of plant secondary metabolites by plant cell tissue and organ
cultures is still linuted as compared to the wide market application of plant biotechnology
in agriculture and ornamental plants breeding. Nevertheless, mumerons successfil
exanples show the prospective for the development of this field.
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First attempts for the production of secondary metabolites by in vifre cultivated plant
tissues were performed by the Charles Pfizer Co Company in 1950 (Lombardine 2000;
Dias et al. 2016). Production, experimented on in vitre cultured water-melon tissue
turned unsuccessful. Further on, the first patent obtained in this area was by Foutian and
Niclell as assignors to Chas. Pizer & Co., Inc, New York N. Y., a corporation of
Delaware (Foutian and Nickell 1956). The inwvention consisted of “a method for
cultivating plant tissue under submerged. aerated conditions in liquid culture™ and was
“also concerned with the production of useful materials by this method”™ Tissues of
several plant species were included, designated as “tissuwes of those plants classified
above the Thallophytes in systematic botany™ (including Rumerx acefosa L., Sweet clover,
Agave foumeyana, Sunflower stem and peticle, Peniwinkle, Tobacco, Opunfia cactus,
Datura and avocado). The delivery of “vitamins, steroids, alkaleids of various types,
antimicrobial agents, sugars, enzymes, organic acids, aromatic materials, and so forth™
was defined.

Further development after 1978 in the field led to the feasible biotechnological
production of secondary metabolites in Germany and Japan (Loyola-Vargas and
Vazquez-Flota 2006; Dias et al 2016). Thus, now-a-days the number of patents,
imvolving plant cell cultwres has nsen to he impressive mumber of 28 000, with
compamies, applying plant cell cultures or hairy roots for the production of ingredient for
cosmetics, food and pharmaceutical industry intensively expanding (Ochoa-Villarreal et
al. 2016). Some examples of such processes patented by different companies for the
industrial and semi-industrial scale delivery of plant secondary metabolites are
summarized in Table 5.

The large-scale commercial production of secondary compounds for pharmaceuntical
industry from in vitre culture is recognized for shikonin, ginsenosides, berberine and
taxol (Malik et al. 2016). Thus, industrial-scale production of ginsenosides developed by
Nitto Denko Corporation, Japan in 1985 15 still used till today. The yielded material is
produced without the application of genetic engineering and utilizes the indigenous
biosynthetic capacity of the wild genotype with only application of optinuzation methods.
The company mnserts the material into different drinks.

Initially berberine production by root cultures of Coptis japonica and Thalictrum
minus was introduced by Mitsui Petrochemical Industries. C. japonica cell cuoltures
production was firstly developed by Furuva et al. in Kitasato University (1972) and then
Yamamoto and Shoyalumgalu in Nippon Paint (1981) selected a highly productive line
which was adepted by the company.
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Table 5. Patented processes for secondary metabolites semi-commercial and
commercial production in plant cultures in +Tfro systems

Mannfacturer Biotechnologically produced secondary Referemces
metabalite

A Namtermann & Cie. Colens biumel — rosmarinic acid - ant- Ochoa-Villameal

Gmbh, Cologns, Gemmany inflammatory etal 2016

Boehringer (Germany)

Digitalis lanata — (cell culures in 300 1 airlift
system) digoxin for medical application

Malik etal. 2014

Mitswi petrochemical Ind.
(Tapar)

Geranium 5p. - geraniol for favor and fragzmance
industries

Catharanihus roseus (cell culhure) — arbatin for
cosmetics — skin lightening and anfizeptic agent

Carthamus fincrorius — carthamine - nataral dye for
food and pharmmaceutical industries

Lythospermum erytirorizon (batch cell culnares 750
1 biorzactor) — shikonin — pigment in cosmetics

Copaz japonica and Thaiicorum minus (cell culures
in batch and contimuous few, impeller driven 4000
1 bior=actor) — berberins — as anticancer, anti-
inflammatery and antibiotic in medicine

Rubia akene (cell culre) — purpurin — pizment for
dyes production

Lithazpemum er)throrhizon — shikonin — red
pipment for food industries

Misawa 1894; Eibl and
Eibl 2002; Peterzen and
Ameznatz 2008, Wilson and
Roberts 2012; Malik et al
1016; Ochoa-Villamreal et
al. 2014

Eibun (Japan)

Carthamus tncrorius (cell culture) carthamine -
narural dye for food and phammaceutical industriss

Malik et al. 2014; Ochea-
Villarreal
etal 2014

Sumitomo Chem, Ind. (Japan)

Drubaisia sp. (cell oulhares) — scopolamines — active
ingredient pharmaceutical industry —

anticholinergic, anti-muscaninic, used in treatment
of motion sickness, nausea and intestinal cramping

Petersen and Amsmirz
2008; Malik =t al. 2016
Ochvoa-Villammeal

etal 2016

Nippen (4l Company (Japan) Podaphyiium sp. — podophyllotexin (cell culture, Petersen and Amsmitz
differentiated organs) — anticancer active ingradient | 20032; Malik ot al. 2014,
pharmaceutical industory Orchoa-Villamreal
Terrus sp. — paclitaxel - active inpredient eral 2016
pharmaceutical industry

Nippon Pamt Company (Japan) | Ewphorbia miliii and dralia cordata (cell cultures Eibl and Eibl 2002; Malik
in rotary culture system) - dyes for the textils and etal 2016
color for food industries, respectively

Orzaka (Japan) Aralia cordata — anthocyanins as food colaring Orchoa-Villamreal
agents et al 2016

ESCA genstics (UT5A) Tarus sp. — paclitaxel - active ngredient Petersen and Amsmrz
pharmaceutical indusmy 2008; Malik et al. 2015
Fanilla planifolia (cell cubfures in 72 1 impeller
driven reacter) — vanillin - favering agent for foed
and beverage industry, as well as pharmaceutics

Phyton Camlbytic Tirrus sp. — paclitaxel - active meredient Petersen and Amsmiz

(USA/Germany) pharmaceutical industry; Anticancer Woald's 2008 Malik ot al. 2014

largest cGMP plant cell colrore facility with
biorzacters specifically designed to mest the neads
af plant call culure

Ochoa-Villameal
eral 2016

Martermann (Germany)

Colens biumel - rosmarinic acid - medicine, foed
industry as praservarive

Petersen and Amsmitz 2008

Diversa (Germany) Echinacea purpurea and E. angusejfolin - Petersen and Amsmiz
polysaccharide complex - active ingredient 2008 Malik ot al. 2016
pharmaceutical industry

Nippen Shimyaki (Japan) Beta vuigaris (cell culture) — betacyanins - natural Petarsen and Amsmirz

dye for food and pharmacentical industries

2008; Malik et al. 2016
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Table 5. (Continued)

— namral dyes

Manufactorer Biotechnologically produced secondary Referemces
metabalite
Nippon Pamt (Japan) Euphorbic milll and dralia cordary - anthocyanin: | Petersen and Amsnatz 2008

Nitte Denko Corp. (Japan)

Panax ginseng (cell and root oolrores, 20 000 ) -
Emsennsiedes — dietary supplements

Malik et al. 2014: Ochoa-
Villarreal
etal 2016

Rubia akane (cell culure) - purpann — pigment for
dyes production

CBN Biotech (Fepublic of
Forza)

FPanar ginseng- ginsenosiedes — phamaceutical
industry

Malik et al. 2014

F.O0Tec bicactives GmbH
(Switzerland)

Camprotheca acuminara (hairy roots in mist
biorsactor systems) — campiothecn - DINA
topoizomerazas, Type I inhibitor — pharmacewtical
industry

Podaphylium sp. - podophyllotoxin (hairy roots in
mist bicreactor systems) - active ingredient
pharmaceutical indusoy

Amrapa bellndonma (hairy reots in mist bioreactor
sVIlems) — atmopine

Carling acaulis (hairy roets in mist bioreactor
systems) flavenoids with

atthacterial and diuretic effects, UV protective
effects for cosmetics

Nicotiang gizuca (hairy roots in mist bioreactor
systems) — vitamin D3 denvative and alkaloids
(anabasine, micotine,

Panar ginseng (hairy roots in mist bioreactor
svitems) — Einsenosides — food supplements,
COSMEtics

Lehmann et al. 2014;
Malik et al. 2014: Ochoa-
Villarreal et al 2016;
RO0OTee factshests

syitem) — sanguinarine — cell toxin

Nartermann (Germany) Colens hiumer (cell culmres) — rosmarinic acid - Malik et al. 2014
medical application
Vipont Ressarch Labs (TT5A) Papaver sommnjferum (cell calnmres m 300 | amolifi Malik et al. 2014

Samyang, Genex Co. Lid
(Eorea)

Tarus 1p. — paclitaxel - active ingredisnt
pharmaceutical indusoy

Malik et al. 2014: Ochoa-
Villarreal
etal 2016

cultivated suspension) — the whole cells
decomposed in high pressure with a lipid Saction,
which encapsulated all the cell constimuents in
liquid nanoparticles to be used n cosmetic products

Argania spimesa (cell suspension) — cosmetic
application.

Bristol-Myers Squibb Cao. Tarus 1p. — paclitaxel - active ingredisnt Malik et al. 2014
(Germany) pharmaceutical indusoy
Unhwa Biotech Corp., Panar ginseng (oultivated cambial meristematic Ochoa-Villammeal
(Teonbuk, South Forea) cells “stem cell Ttobyeo™) - ginsenesiedes — dietary | eral 2014
supplements, cosmetic and medical products
Sederma, Cell suspension culmres and hairy roets oolnares, Ochoa-Villammeal
Le Parmay-en-Yvelines (France) | differenmt species - about ffteen active ingredients etal 2016
for cosmetic use
Lomene Oy (Finland) Rubus chamaemorus (callns oolmores) — cosmetic Mohynek et al. 2014;
products application - day creams, foundation EPIBITO70 (A4) — 2015
creams, lipsticks, skin serums, mascaras, products 12-23
for hair and/or scalp care, washing products for
skin or hair, or as products for skin hygiens
Mibelle (Switzerland) Miius domestica Solar vitls (wave-type bioreactor Schirch et al 2008;

Mohynek et al. 2014;
Ochoa-Villameal et al.
016
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Purpurin production was firstly developed in cell cnltures of Rubia akane by Mitsni
Petrochemical Ind. Ltd. Mitsni Petrochemical Ind. Ltd. initially developed shikonin
production in Lythospermum ervthrorhizen suspension. CBN Biotech Co, Korea
developed ginsenosides production by conventional root cultures of Panax ginseng in a
research group at the Research Center for the Development of the Advanced Horticultural
Technology (HortTech), Chungbuk National University with the financial support of the
Mimstry of Science and Technology, Engineering Foundation and Apgnicultural
Development institwtion in Korea. Phyton Biotech Germany is the international leader
for large-scale paclitaxel production by cell eultures of Tavus ssp.

§. SHORT OUTLINE OF THE AUTHOR’S OWN EXPERIENCE IN THE
DEVELOPMENTAL PATTERNS AND MORPHOLOGICAL FEATURES IN
VITRO AND THE SUBSEQUENT MODIFICATION OF SECONDARY
METABOLITE PRODUCTION OF SPECIES OF THE GENERA
HYPERICUM, SIDERITIS AND ARTEMISIA

8.1. Hypericum Species In Vitro Secondary
Metabolites Productivicy

Hypericum perforatum L. is a plant species with long years of medicinal application
by humankind. It has been used since the 1st century A D. It is native to Europe. North
Africa and Asia. but also naturalized to North America. It possesses a broad spectrum of
biological activities, determined by its rich pharmacological spectrum. Its most important
biologically active constituents are the polyphenolic compounds, flavonoids,
naphthodianthrones and phloroglucinols, terpenes, which have been shown to possess
antidepressant. anticancer, antiviral and antibiotic activity.

Throwghout the years the species has been an incessant object of scientific interest in
terms of secondary metabolites production in plant cell tisspe and organ culture (Dancva
2015 and references cited within). In our laboratory shoot culteres as a model of
elucidation of biotechnological productivity of different Hypericum species have been
studied.

In a comparative work of the content of hypericin and psendohypericin, it was
established that the Balkan endemic H rumeliacum, representative of the evolutionary
more developed Drosocarpium section produced both in sifu and in wifre higher hypericin
as compared with H terrapterum (representative of section Hypericum. which is
evolutionary older as compared with Drosocarpium) (Danova et al. 2012a). Interestingly,
psendohypericin level was higher in K tetrapferum, as compared with H rumeliacum,
however the total hypericins of H rumeliacum still remained higher. These findings
corroborate with the ones of other authors that representatives of the evolutionary more
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developed Hypericum species have higher hypericins producing capacity (Kitanowv 2001
Kirakosyan et al. 2003, 2004). Then an in vifro experiment on tissue culture development
of these species showed that the higher hypeticin productivity of H rumeliacum was
preserved (Danova et al. 2012a). Moreover, in an experiment of modification of vitamin
supplementation of the latter two species, as well as of hypericin non-producing H.
calycinum showed that the preduction of hypericins and phenclic and flavonedd
compounds can be differentially targeted in witro. It was established that Gamborg
vitamins supplementation which increased the index of compactness (nuwmber of leaf
couples per cm of stem length) and average leaf area alse stumulated the pelyphenolics
levels in all three species, as compared with media with Murashige and Skoog vitamins
(Danova 2010; Danova et al. 2012a). When studving the levels of hypericins in this
experimental design it was established that they were higher in the medinvm with lower
flavoneid and phenolics levels (Murashige and Skoog vitamins). The morphologic study
showed that the number of hypericin dark glands per leaf was a comparatively
conservative species-related feature and did not vary sipnificantly within one and the
same species, irrespectively of the vitamins modification (when comparing one and the
same segment of the stem — basal. medium and apical) (Danova et al. 2012a). However.
the morpholegical differences of obtaining a higher leaf portion within the total bicmass
in Gamborg treated plants led to a lower dark glands density per mm? of leaf area in the
latter medinm Thus in Murashige and Skoog medinm the total plant biomass contained a
larger ratio of dark glands per unit of dry biomass which led to higher hypericins levels
per gram dry material Thus, this simple and reproducible experiment illustrated the
importance of growth and development for the biosynthetic capacity of Hypericum in
vitro.

8.2. Sideritis scardica Griesh Productivity In Vifro

The Balkan endemic Siderifis scardica Griesb. is traditionally wtilized as a
pulmonary treatment, as well as anti-flu and wound healing remedy (Ivancheva and
Stantcheva 2000). It has been established that presently there are less than 2 500 mature
individuals in Bulgaria and over 250 in Serbia (TUCN 2016). The plant has been
determined with a near threatened status, with a decreasing curent population trend
(Khela 2013). The low germination rate and collection pressure imposes significant risk
on its natural populations. Thus, as a part of wider program for medicinal and aromatic
plants germplasm conservation, the species was introduced in vitre and experiments on
the polyphenolic productivity under different organic and norganic treatments was
experimented. An armray of plant growth regolators and activated charcoal (AC)
treatments was applied in order to study their effects on the developmental patterns and
pelyphenolics productivity of the species in vitro. Low (0.02 and 0.05 g/1) as well as high
(0.2 and 0.5 g1) concentrations of activated charcoal were applied. The higher AC
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concentrations (0.2 and 0.3 g1) led to a profound stimulation of axillary shoot formation,
enlargement of leaf area and stinmlation of pelyphenclic production. In addition,
photosystem IT quantom yield revealed that the control (untreated) and all carbon-treated
variants were physiologically fit. However. a slower apparent electron transport rate for
0.2 and 0.5 g/l treated plants was established, as compared with the control and 0.02 and
0.05 g/1 treated plants. Thus, it was hypothesized that the higher leaf mass and leaf area in
0.2 and 0.5 g/l treated 5. scardica might be a compensatory reaction/mechanism that
allows for more efficient light uvtilization. Thus, the AC efficiency in affecting the
biosynthetic capacity and physiological status of the plant, without the addition of
organic supplements such as plant growth regulators, seems to be a prospective approach
in tissue culture optimization of this specis in vitre (Koleva et al. 2016). In order to
compare with AC treatments, plant growth regulators (PGR) were also applied to shoot
coltures of the plant. The following combinations were experimented: 0.2 mg1 BA +
0.02 mg1 NAA; 0.2 mg/l BA + 0.5 mg/l NAA; 0.2 mg/l BA + 1.0 mg1 NAA; 0.5 mgl
BA + 05 mg/l NAA and 0.5 mg/l BA + 1.0 mg/l NAA treatments were compared with
the plant growth regulators free control (Danowva et al. 2017). The comparison showed
that the PGE. treatment led to the formation of elongated elyptical leaves with larger areas
of the leaf blades. longer petiols and well expressed toothing of the leaf margins. Leaves
of AC treated plants were with ovate shape. smaller area of the leaf blade. shorter petiols
and less expressed toothing of the leaf margins. The addition of activated charcoal in the
medinm prolonged the sub-culture peried. as compared with the control plants to at least
2 months without significant browning and necrosis of the plantlets. On the contrary,
maintenance of 5, seardica in PGE-free and PRG supplemented media was related to
intensive polyphenclics leakage in the medinm and required a shorter sub-culture period
of maximmum § weelss. Both treatments increased the polyphenolic levels in visro.

8.3, Arfemisia Productivity In Vifre

The medicinal plant Arfemisia alba Torra 1s vtilized for various purpoeses — decoction
of the aerial parts is applied as a digestive in traditional medicine; a study on the ethanol
extract revealed its anti-inflammatory activity and the essential oils were established to
exert strong spasmolytic and antimicrobial properties. However, as summarized above
(Table 1) great variability of the essential oil profiles has been reported i literature by
many authors. This effect iz attributed to the factors of the environment or to the
genotype. Shoot cultures of the plant were initiated and supplementations of indole-3-
butyric (IBA) acid and benzyl adenine (BA) were experimented: PGR.-lacking control,
0.5 mgl IBA; 1.0 mg1 IBA; 0.2 mz/ BA + 0.5 mg1 IBA and 0.2 mg1 BA + 1.0 mg1
IBA. Two main morphotypes were achieved as a result — the PGR.-free control and IBA
supplemented plants displayed shoot and root development, and the plants where BA and
IBA were combined, displaved lack of root formation and callusogenesis at the explant
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base (Danova et al. 2012b). Comparison of the essential cils of the aerial parts of the two
morphotypes revealed the presence of two main terpenoid profiles — cils with higher
monoterpenoid’ sesquiterpencid ratio (plants with root development, irrespectively of the
PGE. concentrations) and cils with sesquiterpenoid domination (the group with inhibited
rooting). Given the decisive role of roots for cytokinin biogenesis in the plant orgamism,
further research was completed in order to assess the levels of endogenous cytokinins, as
well as the chloroplast architecture in the samples of the different treatments. Inhibited
rooting also resulted in a significant drop of endogenous isoprenoid CK bicactive-free
bases and ribosides as well as CK N-glycoconjugates and in decreased frams-zeatin
(transZ).cis-zeatin (cisZ) ratio in the aerials. Marked impairment of the structural
organization of the photosynthetic apparatus and chloroplast architecture were also
observed in samples with suppressed rooting. It is well known that in the plant cell
monoterpencid and fransZ type CEs biogenesis are spatially bound to plastids, while
sesquiterpencid and cisZ production are compartmented in the cytosol. The observed
dependencies suggest an interplay between the biosynthesis of terpenocids and CEK
bicactive free bases and ribosides in 4. alba in vitre. Possible moderation of the two
terpencid biosynthetic pathways becanse of the alteration of chloroplast structure in the
experimental model has been hypothesized (Danova et al 2018). In addition the
dependencies cbtained by this experimental design provide clues of the possibilities to
target terpencid production by means affecting morphogenesis in this plant species. In
conclusion, secondary metabolism is strongly dependent on growth and development and
morphogenetic  patterns of the plant orgamsm.  Therefore, the Imowledge and
understanding of these dependencies makes it possible to optimize culture conditions and
target secondary metabolite production in both conventionally and biotechnologically
cultivated plants and ufilize the indigencus biosynthetic capacity of the wild genotype
without performing genetic modifications.
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