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The goal of Advances in Plant Biotechnology is to integrate the most recent
knowledge on plant tissue culture, secondary metabolites production
under controlled conditions, scaling up to produce them at bioreactor
level, and their industrial applications. The biosynthetic pathways and the
factors that affect them and the accumulation of metabolites, including
metabolomics in medicinal plants, are key components as well. Several
extraction and encapsulation technological procedures are reviewed. The
structure and function of metabolites from selected commercial crops are
reported in detail. Finally, items of paramount importance, such as bio-
availability and stability of metabolites in pharma and food products are
deeply analyzed.

Key Features:

« Strategies for obtaining selected metabolites through in vitro culture.

 Application of biotechnological and bioengineering principles to the
management of plant metabolites.

o Description of the encapsulation of selected metabolites.

« Bioavailability and stability of metabolites in pharma, food, and
industrial sectors.

This book is mainly addressed to research scientists, technical staff, and
private and public organizations involved in plant biotechnology and its
processing industries. Last, but not least, students at all levels and post-
doctoral researchers have received special attention from all editors and
authors in this publication.
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Series Preface

BIOTECHNOLOGY — OUTSTANDING FACTS

The beginning of agriculture started about 12,000 years ago and, ever
since, has played a key role in food production. We look to the farmers

to provide the food we need but at the same time, now more than ever, to
farm in a manner compatible with the preservation of the essential natural
resources of the earth. In addition to the remarkable positive effects that
farming has had throughout history, several undesirable consequences
have been generated. The diversity of plants and animal species that inhabit
the earth is decreasing. Intensified crop production has had undesirable
effects on the environment (i.e., chemical contamination of groundwater,
soil erosion, exhaustion of water reserves). If we do not improve the effi-
ciency of crop production in the short term, we are likely to destroy the
very resource base on which this production relies. Thus, the role of the
so-called sustainable agriculture in the developed and underdeveloped
world, where farming practices are to be modified so that food production
takes place in stable ecosystems, is expected to be of strategic importance
in the future; but the future has already arrived.

Biotechnology of plants is a key player in these scenarios of the twenty-
first century; nowadays, molecular biotechnology, in particular, is receiv-
ing increasing attention because it has the tools of innovation for the
agriculture, food, chemical, and pharmaceutical industries. It provides
the means to translate an understanding of and an ability to modify, plant
development and reproduction into enhanced productivity of traditional
and new products. Plant products, either seeds, fruits, plant components,
or extracts, are being produced with better functional properties and lon-
ger shelf life; and they need to be assimilated into commercial agriculture
to offer new options to small, and more than small, industries and finally
to consumers. Within these strategies, it is imperative to select crops with
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larger proportions of edible parts as well, thus generating less waste; it
is also imperative to consider the selection and development of a more
environment-friendly agriculture.

The development of research innovations for products is progressing,
but the constraints of relatively long time frames to reach the marketplace,
intellectual property rights, uncertain profitability of the products, con-
sumer acceptance, and even the caution and fear with which the public
may view biotechnology are tempering the momentum of all but the most
determined efforts. Nevertheless, it appears uncontestable that the food
biotechnology of plants and microbials is and will emerge as a strategic
component to provide food crops and other products required for human
well-being.

FOOD BIOTECHNOLOGY AND ENGINEERING SERIES
/ OCTAVIO PAREDES-LOPEZ, PHD, SERIES EDITOR

The Food Biotechnology and Engineering Series aims at addressing a
range of topics around the edge of food biotechnology and the food micro-
bial world. In the case of foods, it includes molecular biology, genetic
engineering, and metabolic aspects, science, chemistry, nutrition, medi-
cal foods, and health ingredients, and processing and engineering with
traditional- and innovative-based approaches. Environmental aspects to
produce green foods cannot be left aside. At a world level, there are foods
and beverages produced by different types of microbial technologies to
which this series will give attention. It will also consider genetic modifica-
tions of microbial cells to produce nutraceutical ingredients, and advances
in investigations on the human microbiome as related to diets.

TITLE: ADVANCES IN PLANT BIOTECHNOLOGY:
IN VITRO PRODUCTION OF SECONDARY
METABOLITES OF INDUSTRIAL INTEREST

Editors: Alma Angélica Del Villar-Martinez, Juan Arturo Ragazzo-
Sanchez, Pablo Emilio Vargas-Espinoza, and Octavio Paredes-Lopez

This book contains nine chapters written by 30 authors, 18 ladies and
12 gentlemen, from 12 different universities, centers of research, and tech-
nological and industrial organizations located in various countries. These
researchers are doing basic and applied research, and innovation in sev-
eral different fields of plant biotechnology.

Asthe editors of this book indicate, plant biotechnology produces a wide
range of products and ingredients used in the agricultural, pharmaceutical,
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cosmetic, and industrial sectors in general. The use of plants as a rich
source of secondary metabolites dates back to ancient times; the devel-
opment of technology based on plant cell, tissue, and organ cultures has
played a key role in the availability of metabolites, in conjunction with
novel techniques for their extraction, encapsulation, handling, and appli-
cation. Recent times have shown that the generation of new tools, such as
metabolomics and other omics sciences, have also been fundamental to
identify, characterize, and quantify the biochemical molecules involved in
the structure and function of living organisms; possibilities for enhancing
metabolite biosynthesis, under optimized conditions, are other impor-
tant potential options. The necessity of finding solutions to nutraceutical
global health and several industrial requirements, among other aspects,
are doubtless of paramount importance as well.

In brief, the clear advantage of this publication is that each chapter is
written by experts in the corresponding field, with the purpose of intro-
ducing the reader to the exciting world of plant biotechnology in general
and its secondary metabolites to meet the challenges of the described
concerns, and to the strategies of the human societies of the twenty-first
century.

It is a good opportunity to express our full recognition and apprecia-
tion to all editors and authors for their excellent contributions, and to the
editorial staff of CRC Press, especially to Ms. Laura Piedrahita and Mr.
Stephen Zollo.
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Preface

N its different fields, biotechnology constitutes an important discipline

which plays a main role in our everyday life. In numerous situations,
product and ingredient outcomes of biotechnological research are widely
used in the agri-food, pharmaceutical, and industrial sectors. It is evident
that the average population uses a wide range of chemical compounds
in their daily activities, without realizing that their biological properties
come mainly from plants and the microbial world.

Plants, as higher organisms, carry out diverse metabolic pathways,
where the biosynthesis of metabolites occurs and which have been his-
torically used in food, pharmacological, and cosmetic industries, among
others. The interest in the use of plants as a source of useful metabolites
for the treatment of diseases dates back to ancient times, from which tra-
ditional medicine arises.

It is pertinent to mention that the development of biotechnological
techniques plays a key role in view of their remarkable characteristics
and advantages; this is the case of plant cell, tissue, and organ culture.
The importance of plant secondary metabolites in human health and in
nutraceutical aspects, in conjunction with various biotechnological tools
currently available nowadays, were the main reason for the generation
of the present book entitled “Advances in Plant Biotechnology - In vitro
Production of Secondary Metabolites of Industrial Interest”.

This publication aims to integrate the results recently reported on plant
cell, tissue, and organ culture; the use of medicinal plants; the study of
plant secondary metabolites and their extraction techniques; the develop-
ment and application of tools such as metabolomics, genetic transforma-
tion by Agrobacterium, and encapsulation of secondary metabolites; and
the effect of some chemical compounds on human health.

Biotechnological tools, such as plant cell, tissue, and organ culture,
have been fundamental for the scientific advances of the in vitro culture to

Xix
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produce secondary metabolites, and to enhance their biosynthesis, under
controlled and optimized conditions. The use of hairy root cultures, gen-
erated by Agrobacterium rhizogenes, to synthesize chemical compounds of
pharma-nutraceutical interest, taking advantage of their genetic stability
and rapid growth, is also included. Strategies for obtaining metabolites of
high industrial potential through in vitro culture are also described. In
this sense, the most recent research advances, on the in vitro production
of secondary metabolites with anti-inflammatory effects, is another out-
standing contribution.

The state of the art of metabolomics management, extraction meth-
ods, and the encapsulation of plant-derived secondary metabolites are
addressed as well, and the very beginning of the design for effective human
application and release of chemical compounds inside the organism, with
potential health benefits, and their remarkable roles and limitations are
also analyzed. It should be mentioned that, in different sections of this
publication, the use of the most recent omics and biotechnological strate-
gies appear in a highly descriptive way.

For us, editors and authors, this project is a truly exciting adventure,
where many concepts have been integrated to guide the reader in the gen-
eration of new ideas toward the development of products and ingredients
that may contribute to solving global health and nutraceutical require-
ments. We would like to encourage undergraduate and graduate students,
teachers and research professionals at college and university level, tech-
nical staff of processing industries, and private and public organizations
involved with plant biotechnology in its different fields to share the read-
ing of this book, which could be an explosive adventure of information. At
the same time, we hope that it will be received with the same excitement
with which it was conceived and developed.



CHAPTER 1

Cell Culture, Somatic
Embryogenesis, and
Plant Regeneration

Alma Angélica Del Villar-Martinez,
Yessica Casales Tlatilpa, and
Octavio Paredes-L6pez
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1.1 INTRODUCTION

Plant tissue culture is an interesting tool for developing innovative tech-

nologies and obtaining important chemical compounds of value to human
health, and it can be applied in research areas such as food, pharmacy,
and agronomy, among others. Plant cell, tissue, and organ cultures can be
regarded as an alternative strategy by which to conserve valuable plants
and propagate those of commercial interest (Nowakowska et al. 2020).

Concerning the establishment of in vitro plant cell and organ cultures,
some important stages will now be outlined.
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1) Selection of plant material and establishment of conditions for aseptic
cultures. It is necessary to select a young tissue because it may be less
contaminated and is more susceptible to cell dedifferentiation. During
the tissue disinfection process, it is common to use detergents, alcohol,
water, and some biocidal solutions; eventually, antimicrobial agents are
used to eliminate bacteria and fungi (Dar et al. 2022).

2) Development of dedifferentiated cells using plant growth regulators.
At this stage, the culture medium and an appropriate combination
of plant growth regulators must be selected for the cell dedifferentia-
tion process. It is necessary to consider that each plant’s response is
different, and the selection of optimum plant growth regulator com-
binations is specific for each one.

3) Superiority over traditional propagation techniques. The in vitro
culture techniques can include in vitro cell line establishment,
Agrobacterium-mediated gene transfer, in vitro cell suspension cul-
ture, bioreactor culture, in vitro “hairy roots” production, and the
use of genetically modified plant cultures which could be main-
tained for a long time, among others (De Schutter et al. 2022). The
use of this technology represents important advantages over tradi-
tional methods because the establishment of in vitro cell, tissue, or
organ cultures is achieved in a short time, unlike propagation under
field or greenhouse conditions that take considerably longer because
of environmental factors.

4) In vitro culture has no seasonal constraints but it is necessary to estab-
lish culture conditions and culture medium composition in which the
biosynthesis of metabolites could be induced at any time of the year. In
the same way, the combination of plant growth regulators is extremely
important. All environmental factors provide signals recognized by
cells and which are processed through metabolism; plants grown under
greenhouse or field conditions are exposed to different factors, whereas
in vitro cultures are developed under controlled environmental condi-
tions which is an interesting option.

5) The production of disease-free plantlets. With in vitro plant culture,
it is possible to obtain plants free of contamination (Wang et al.
2018). Aseptic plant cultures can be transported to other countries
or different regions in the same country without the risk of carrying
diseases, thus avoiding contamination, and promoting germplasm
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conservation. Moreover, plants propagated by in vitro culture are
genetically identical to the original plant and it is possible to main-
tain a bank of plants that can be used as explant sources, regardless
of climatic conditions (George et al. 2022, Sharma et al. 2022).

6) Induction of biosynthesis or accumulation of specific plant com-
pounds. The selection of specific media for the study of medicinal
plants is decisive. Plant cells respond to the stimuli received so that
metabolite biosynthesis pathways can be stimulated or blocked. At
this stage, it is possible to make use of modifications in the culture
medium components or to apply stimuli, such as storage tempera-
ture, pH, hydric or saline stress, or chemical agents to act as elicitors
or precursors, all of which may modify the biosynthetic pathways
(Abdelazeez et al. 2022).

1.2 PLANT CELL AND TISSUE CULTURE FOR
PLANT MICROPROPAGATION

In tissue culture techniques, under aseptic conditions, manipulation of
tissue or organ cells results in the growth of undifferentiated cells in a cul-
ture medium under suitable conditions, in which all environmental (light,
temperature, and humidity) and culture medium (nutrients, etc.) factors
are under control.

Plant cell, tissue, and organ cultures can be regarded as suitable alterna-
tive approaches to conserve many valuable plants and achieve their propa-
gation, since some crops suffer from significant difficulties due to poor
seed quality, low germination rate, or low seedling survival under natural
field conditions.

Somatic embryogenesis (SE) is a remarkable process by which embryos
can be produced from somatic cells. Somatic embryos go through mor-

phological stages similar to zygotic embryos, described in dicotyledonous
angiosperms as globular, heart, torpedo, and cotyledon stages (Rose and
Song 2017). Two different types of somatic embryogenic routes are gener-
ally involved in plants, direct and indirect.

With direct SE, there is no dedifferentiation stage, and embryogenic
cell formation can be completed directly from the surface of explants,
in which minimal genetic reprogramming is involved; indirect somatic
embryogenesis, on the other hand, is a multistep regeneration process
including somatic embryo formation, maturation, and conversion that
requires major reprogramming (Zhang et al. 2021).
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Coriandrum sativum or coriander is one of the most popularly used
herbs and spices in cooking worldwide, and its medicinal values have
been recognized since ancient times. C. sativum contains bioactive phy-
tochemicals that account for a wide range of biological activities includ-
ing antioxidant, anticancer, neuroprotective, anxiolytic, anticonvulsant,
analgesic, migraine-relieving, hypolipidemic, hypoglycemic, hypoten-
sive, antimicrobial, and anti-inflammatory activities. The major com-
pound, linalool, abundantly present in coriander seeds, is noted for its
abilities to modulate many key pathogenesis pathways of human diseases
(Prachayasittikul et al. 2018). Figure 1.1 shows embryogenic processes in
the in vitro culture of coriander. Figure 1.1A shows different stages in the
process to achieve complete dedifferentiation of hypocotyls in Murashige
& Skoog (MS) medium (Murashige and Skoog 1962) supplemented with
2,4-dichlorophenoxyacetic acid (2,4-D, 1 mg/L). The hypocotyl explant of
coriander plants began dedifferentiation at seven days of culture; the for-
mation of callus occurred at the ends of the explant and an increase in the
size of the explant was observed between 15 and 20 days of culture because
of the absorption of water, and the tissue was completely dedifferentiated
and highly dispersible at 25 days of culture. Calli were subcultured, and
they changed to globular structures at 15 days of culture, which have been
termed pro-embryogenic calli.

It was previously mentioned that plant tissues are sensitive to changes
in the content of nutrients in the culture medium. Figure 1.1B and C shows
the callus response to a concentration gradient (30, 60, 75, and 90 g/L) of
glucose or sucrose, and the effect on germination of pro-embryogenic calli
from coriander, due to changes in the carbohydrate source. The highest
concentration of a specific sugar (90 g/L) resulted in five or even fewer
somatic embryos being obtained per explant and the tissue turning brown.
Medium that contained 60 g/L of carbon source showed better results,
with sucrose at 60 g/L gave a better response than glucose (Figure 1.1C),
which exhibited abundant embryogenesis, and the tissue appearance was
acceptable in MS medium without plant growth regulators. C. sativum is
a good example to demonstrate the response of the tissue to changes in
the composition of the culture medium, which induces embryo develop-
ment. Finally, the four characteristic stages of the embryogenesis process
were identified: globular, torpedo, heart, and cotyledon stages, as shown
in Figure 1.1D.

Tissue culture and its importance in the regeneration of coffee plants
is described in detail at cellular level by Ferrari et al. (2021), where the
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FIGURE 1.1 Embryogenic processes in the in vitro culture of coriander
(Coriandrum sativum) in MS medium supplemented with 2,4-D (1 mg/L). (A)
Dedifferentiation process of hypocotyl explant (B) show the development of
embryos in MS medium with glucose (B) or (C) sucrose, (D) stages of embryo-

genesis process. Bar=1 cm.
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embryogenic process is reported. Plants of Coffea arabica cultivar Mundo
Novo were collected. This is the most-widely cultivated coffee cultivar in
Brazil, with a high capacity to adapt to different regions; it has excellent
agronomic characteristics such as large plant size, red fruits, medium
ripeness, and excellent drink quality. Ferrari et al. (2021) present the basic
description of direct and indirect somatic embryogenesis in coffee.

1) Somatic embryogenesis (SE) involves cell totipotency, whereby
somatic cells from plant tissues undergo reprogramming to generate
embryonic cells, through a series of developmental stages like those
occurring in zygotic embryogenesis.

2) A pro-embryogenic mass was identified in DSE (direct somatic
embryogenesis) and ISE (indirect somatic embryogenesis) and origi-
nated from mitotically active cells present in the spongy parenchyma.

3) The development of the pro-embryogenic mass from callus by DSE
and ISE occurred in the initial phase of SE, which demonstrated a
correlation between the presence of vascular tissue and the early for-
mation of these structures.

4) In vitro, the embryos obtained via the ISE pathway grew faster than
the embryos obtained via the DSE pathway.

Beigmohamadi et al. (2019) reported the propagation of Plumbago euro-
paea because of its capacity to produce large amounts of plumbagin as
a bioactive naphthoquinone, which has been reported to possess antimi-
crobial, anticancer, antifertility, pesticidal, and antimalarial activities. In
this study, an efficient method for in vitro regeneration of P. europaea was
developed by direct and indirect organogenesis.

Spontaneous regeneration of plantlets derived from hairy root cultures
has been reported by Vargas-Morales et al. (2022). In this work, the regen-
eration process in two hairy root lines was obtained through indirect
somatic embryogenesis. Moreover, histological analysis of the hairy-root-
derived callus samples showed the development of somatic embryos.

1.3 IMPORTANCE OF PLANT CELL, TISSUE,
AND ORGAN CULTURE

The interest in medicinal plants arises because, since ancient times, they
have been used to treat different human diseases, demonstrating biological
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activities such as anti-inflammatory, anxiolytic, antipyretic, antiviral, and
antibacterial activities, among others, because of a diversity of chemical
compounds called secondary metabolites.

Secondary metabolites are small molecules manufactured by plants
that make them resilient to their environment and exert a wide range
of effects on the plant itself or other living organisms (Teoh 2016). The
metabolites synthesized by the plant during secondary metabolism
are very important, due to the different benefits observed concerning
human health. Some widely studied groups of metabolites are terpenes,
nitrogen-containing secondary metabolites, and phenolic compounds,
all of which are derived initially from primary metabolism (Figure 1.2).

‘ Metabolic pathway of Primary metabolism

Secondary metabolites J

\

‘ Nitrogen compounds

Opium, morphine,

Terpenes

squalene,

‘ Phenolic compounds

( Lignin, tannins,

carotenoids, cinnamic acid, codeine,
limonene, ferulic, caffeic, papaverine,
pinene, pyrethrin, psoralem, oil vindolina,
menthol, of bergamot, vinblastine,
limonoids, vanillin, cocaine,
azadirachtin, salicylic acid, nicotine,
cardenolipids, lignin, caffeine,
saponins, anthocyanins, scopolamine,
gum, saponins, atropine, solanine,

\ ajmalina, etc. J

FIGURE 1.2 Some groups of metabolites well studied in plant cell tissue culture:
terpenes, nitrogen-based secondary metabolites, and phenolic compounds, all of
which are derived from primary metabolite precursors.

\ latex, etc. ) cardenolides, etc.



8 m Advances in Plant Biotechnology

Recent evidence indicates that the benefits arising from the consump-
tion of those plant compounds may be because of their antioxidant,
anti-inflammatory, antitumor, or anticancer properties, among others
(Ochoa-Jiménez et al. 2019).

Secondary metabolites are synthesized and stored in different plant
tissues and organs; their biosynthesis and accumulation depend on envi-
ronmental conditions and development of the plants, so activation or
inhibition of secondary metabolite production occurs when environmen-
tal conditions affect the biosynthesis pathway.

Food and pharmaceutical ingredients like sweeteners, essential oils,
colorants, nutraceuticals, flavors, and antioxidants have been produced by
plant cell culture technology.

In brief, plant cell, tissue, and organ culture have several advantages
over traditional plant culture and it is possible to achieve: mass propaga-
tion of plants, especially for species that are difficult to propagate by other
methods, micropropagation of endangered species, propagation of plants
in considerably reduced time, cloning of individuals with highly desir-
able agronomic characteristics throughout the year, production of virus-
free plants and synthetic seeds for germplasm conservation, production
of secondary metabolites by modifying metabolite biosynthetic pathways,
production of new hybrids, genetic improvement of plants, including
transgenic plants, seed germination, and several physiological studies,
among others.

Mass production by cell culture is of special importance because in
vitro plant culture, for which there are no seasonal or regional restrictions,
may be used as an alternative to traditional plant culture; to produce sec-
ondary metabolites of commercial interest, mass plant micropropagation
or genetically modified plants, cells, organs, under controlled settings.

Atropa acuminata is a critically endangered annual herb growing in
Kashmir Himalaya and is used as a source of medicine for many ailments
like arthritis, muscular pain, and joint pain. Given the medicinal impor-
tance of Atropa acuminata, the plant needs a tissue culture protocol for
mass propagation of this rare species. Dar et al. (2022) reported a highly
reliable and reproducible tissue culture protocol for this valuable plant,
as well as evaluation of biochemical attributes and antioxidant activity.
In vitro-grown plants provide an important alternative source of primary
and secondary metabolites, and can provide some natural biochemical
and antioxidant products that can be used in the pharmaceutical industry.
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1.4 MEDICINAL PLANTS AND IN VITRO CELL CULTURE

The technology of in vitro plant culture offers several advantages due to its

characteristics. Medicinal plants have enormous practical potential which
deserves to be used in a rational and intelligent way. In vitro culture elimi-
nates seasonal and environmental limitations, since it is possible to obtain
enriched extracts of specific compounds as a result of cultures which can
be activated toward the accumulation of specific metabolites through
strategies such as the use of elicitors, changes in the composition of the
culture medium, changes of environmental conditions, or even genetic
modifications (Table 1.1).

Siham et al. (2021) conducted a literature review of studies where differ-
ent types of secondary metabolites from medicinal plants, with a variety of
uses, such as antioxidant, immunomodulatory, antidepressant, and anti-
inflammatory, were produced by several plant tissue culture techniques.
Abdelazeez et al. (2022) reported for the first time the production of tropane
alkaloids by cell suspension cultures from root explants of Hyoscyamus
muticus. Results showed that the plant cell culture of H. muticus could be
an excellent alternative to whole plant culture for producing atropine alka-
loids; in vitro cultures could synthesize the tropane alkaloids in quantities
greater than in the original intact plant. H. muticus is a valuable medicinal
plant because of the synthesis of alkaloids such as scopolamine, hyoscya-
mine, and atropine, which have a wide range of pharmacological actions.
On the other hand, Rosmarinus officinalis (Lamiaceae), rosemary, is an
aromatic plant popular worldwide, mainly due to its uses in traditional
medicine as an anti-inflammatory, diuretic, and antimicrobial agent, as
well as in the prevention and treatment of other diseases, and as a herb in
cookery. These biological activities are mainly related to the presence of
phenolic and terpenoid compounds; Perez-Mendoza et al. (2019) carried
out a culture of plant cells and the results showed that the dedifferenti-
ated cells biosynthesized chemical compounds found in highly specialized
organs such as leaves. Urquiza-Lopez et al. (2021) reported the metabolite
profiling of rosemary cell lines and their antiproliferative potential against
cancer cell lines. Three stable rosemary cell lines, named RoG, RoY, and
RoW, were obtained and characterized. The chemical profile of each cell
line was analyzed and it was observed that the lower levels of rosmarinic
acid found in the RoW extract compared with its higher content of humu-
lone derivatives, rosmaridiphenol, and hinokione isomer, were associated
with the observed greater activity of RoW against HT-29 colon cancer cell
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TABLE 1.1  Secondary Metabolites Produced by Plant Cell and Organ Culture

Species Culture Metabolites Reference

Melia azedarach Callus Quercetin, rutin Ahmadpoor et al.
and kaempferol 2022

Calendula officinalis Hairy roots Steroids and Rogowska et al.

Taxus cuspidata
Mucuna imbricata
Taxusx media
Rubus chamaemorus,
Rubus saxatilis,
Vaccinium vitis-idaea,
Rubus arcticus
Fragaria X ananassa

Curcuma amada

Ocimum sp.
Gazania rigens

Ocimum basilicum
Gynostemma

pentaphyllum

Solanum lycopersicum
cv. Micro-Tom

Salvia dominica
Hyoscyamus muticus

Aralia elata

Atropa acuminata

Rosmarinus officinalis

Ballota nigra

Hyssopus officinalis

Cell suspension
Callus

Hairy roots

Callus

Micropropagated
plants

Hairy roots

Cell suspension

Hairy roots

Cell suspension

Callus

Hairy roots
Cell suspension

Cell suspension

Regenerated plants

Callus

Regenerated plants

Callus

triterpenoids
Paclitaxel

L-DOPA

Paclitaxel

Phenolic
compounds and
carotenoids

Antioxidants

Terpenes
Terpenes

Secondary
metabolites

Saponins
Antioxidants

Proteins
Atropine

Oleanolic acid
and flavonoids
Phenolic
compounds and
flavonoids
Flavonoids and
terpenes
Phenolic
compounds and
flavonoids
Polyphenolic
compounds

2022

Yamamoto et al.
2022

Suryawanshi et al.
2022

Syktowska-
Baranek et al..
2022

Rischer et al. 2022

Behera et al. 2022

Pandey et al. 2022

Mahood et al.
2022

Sathasivam et al.
2022

Quang et al. 2022

Gogliettino et al.
2022

Boccia et al. 2022

Abdelmaksood et
al. 2022

Sui et al. 2022

Dar et al. 2022

Urquiza-Lopez et
al. 2021

Younessi-
Hamzekhanlu et
al. 2021

Babich et al. 2021

(Continued)
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TABLE 1.1 (CONTINUED) Secondary Metabolites Produced by Plant Cell and

Organ Culture

Species Culture Metabolites Reference

Vaccinium corymbosum  Callus Anthocyanins El-Dis et al. 2021

Brassica oleracea Hairy roots Glucoraphanin Zhang et al. 2021
and
sulforaphane

Ballota nigra Regenerated plants ~ Phenolic Younessi-
compounds and Hamzekhanlu et
flavonoids al. 2021

Rosmarinus officinalis Callus Phenolic Pérez-Mendoza et
compounds and al. 2020
terpenes

Ocimum basilicum Cell suspension Triterpenoids Mehring et al.

2020

Jatropha curcas

Callus

Phorbol esters
and flavonoids

Leyva-Padrén et
al. 2020

Ophiorrhiza pumila Hairy roots Camptothecin Shi et al. 2020

Tripterygium wilfordii Hairy roots Wilforgine and Zhang et al. 2020
wilforine

Ardisia Hairy roots Ardicrenin Hu et al. 2020

crenata

Vaccinium arctostaphylos Regenerated plants ~ Phenolic Bakhshipour et al.
compounds and 2019
flavonoids

Achillea gypsicola Cell suspension Camphor and Muhammed et al.
phenolic 2019
compounds

Chabhel et al. 2019

Beigmohamadi et
al. 2019

Lycium ruthenicum Hairy roots Kukoamine A

Plumbago europaea Cell suspension Plumbagin

lines. It is also interesting to report that Stefanowicz-Hajduk et al. (2021)
analyzed the phytochemical composition of Kalanchoe daigremontiana
water leaves and root plant extracts and estimated its cytotoxic activity
against human ovarian cancer SKOV-3 cells.

1.5 BIOACTIVE COMPOUNDS AND THE
ENCAPSULATION PROCESS

Bioactive compounds often have low water solubility, and they can also be
unstable in the presence of oxygen, light, heat, and humidity. In addition,
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the functionality of bioactive compounds is inherently related to their bio-
availability; they must be effectively absorbed in the gut, then carried out
into the circulatory system, before reaching the target cells. Moreover, these
compounds can be degraded due to pH changes (stomach/small intes-
tine). In this sense, stabilization technologies, such as encapsulation and
adsorption, could improve the stability and bioavailability of the bioactive
compounds (Koop et al. 2022). Encapsulation is described as a method
of entrapment of a core material, such as an active ingredient, within
another solid or liquid immiscible substance, thereby producing capsules
with diameters ranging in general from 10 nm to 10 um. Core materials
include solid particles, liquid droplets, or gas bubbles. The immiscible sub-
stance is also known as the carrier(s) or wall material, shell, coating, mem-
brane, external phase, or matrix. Generally, one can differentiate between
two main forms and structures (morphologies) of encapsulated systems,
namely core-shell type (capsules) and matrix (spheres) type (Vincekovic
et al. 2017). Several techniques can be employed for microencapsulation,
such as freeze drying, spray drying, coacervation, emulsion-based pro-
cesses, co-crystallization, extrusion, supercritical fluid-base processes,
spray chilling, ultrasound-based processes, and liposomes. Each of these
methods has its specific strengths and weaknesses in terms of encapsula-
tion, protection, delivery, cost, regulatory status, ease of use, biodegrad-
ability, and biocompatibility (Chawda et al. 2017). An efficient system for
encapsulating bioactive compounds must have the following properties: 1)
it produces food-grade products; 2) it incorporates bioactive compounds
in food matrices with physiochemical stability and minimal impact on the
product’s sensory properties; 3) it protects encapsulated compounds from
interactions with other ingredients and degradation due to temperature,
light, or pH; 4) it maximizes the absorption of encapsulated compounds
after consumption, ensuring controlled release in response to a specific
stimulus; and 5) exhibits scaling-up potential for industrial production
(Mandaji et al. 2022). Among the encapsulation techniques, spray drying
is simple, fast, and feasible to scale up. Thus, it has been widely used in
the chemical, food, and pharmaceutical industries for the encapsulation
of valuable active ingredients. Spray-drying equipment is commercially
available worldwide, while the dehydrated products obtained exhibit valu-
able qualities, such as low degradation rates and high stability properties
(Pindén-Balderrama et al. 2020).

The microencapsulation process by spray drying comprises the follow-
ing main steps: 1) the “feed” preparation, such as a tissue culture extract,
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that may be a solution, a suspension, or an emulsion, coats the wall and
core materials; 2) atomization of the feed into a small droplet; 3) rapid
drying of liquid droplets in contact with a stream of hot gas, resulting in
the instantaneous formation of the microparticles in the form of powder;
and finally, 4) powder recovery. The temperature of the drying inlet air is
usually between 110 and 220°C, and the exposure time of the feed solution
to these high temperatures is only a few milliseconds. The temperature
inside the microparticles, where the core material is present, is normally
below 80°C, which helps to minimize the thermal degradation of the bio-
active material (Corréa-Filho et al. 2019).

A range of natural or synthetic polymers that meet the safety
requirements of governmental agencies, such as the US Food and Drug
Administration (FDA) or the European Food Safety Authority (EFSA),
among others, can be used to encapsulate food and herbal products.
Polymers, such as polysaccharides, maltodextrin, gum arabic, modi-
fied starches, and chitosan, as well as mixtures of them, are frequently
selected as coating materials (Mudalip et al. 2021). Alvarado-Palacios et
al. (2015) evaluated nanoencapsulated K. daigremontiana extracts based
on their pharmacological properties; in vitro experiments showed that
nanocapsules that contained an aquoethanolic extract had a greater cyto-
toxic effect on the MDA-MB231 metastatic breast cancer cell line than
the non-encapsulated aquoethanolic extract. Additionally, when the cyto-
toxic effect was compared in the non-cancerous breast cell line MCF 10A,
the authors found no cytotoxic effect of the nanocapsules containing the
aquoethanolic extract of K. daigremontiana, whereas the aquoethanolic
extract, which was not encapsulated, had a significant cytotoxic effect.
The results could be attributed to the small size of the capsules that could
be introduced into tumor cells but not into normal breast cells, due to
the difference in surface morphology of the cells. Moreover, the size of
nanocapsules would help the penetration of nanoparticles into the cell
and thereby carry out the combined processes of erosion and diffusion of
the polymeric matrix, releasing the active ingredient of K. daigremontiana
from the nanocapsules within, causing cell death; this contribution is very
important for cancer treatment.

1.6 CONCLUSIONS

Plant cell culture offers the possibility of developing biotechnological pro-
cesses to obtain compounds of commercial interest. The adjustment of the
culture conditions offers the opportunity to obtain important chemical
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compounds in less time compared with medicinal plants grown in the
field. The methodologies addressed by cell and tissue cultures can be used
to improve crops; obtain metabolites of industrial and economic inter-
est in less time; and generate plants that are difficult to obtain by tradi-
tional means under controlled conditions. Obtaining specific cell lines, or
even genetically modified organisms, with outstanding potential to pro-
duce compounds useful in medicine and for industrial purposes for the
well-being of society, represent key tools for the advancement of basic and
applied research in conjunction with innovative technologies. The goal of
this chapter is to support the aims herewith described.
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2.1 INTRODUCTION

According to the World Health Organization (WHO), traditional medi-
cine is defined as

the total amount of knowledge, capacities, and practices based on
theories, beliefs, and experiences of different cultures, whether
explainable or not, used to maintain health and prevent, diag-
nose, improve or treat physical and mental diseases

(WHO 2013).

At present, the use of traditional medicine has expanded globally and, in
many cases, is the main basis for the provision of health services or their
complement. The use of plants has an important role, such that the WHO
has reported that about 80% of the world’s population uses herbs for their
primary health care, and has established three types of medicines, namely:
raw plant material, processed plant material, and plant-derived products
(WHO 2005).

The term ‘Mesoamerica’ was originally used by Kirchhoff (1943) to refer
to an area where different indigenous groups had developed and shared
common cultural characteristics. This region does not have defined
boundaries and it ranges from the central part of Mexico to the north-
western part of Costa Rica (Matos-Moctezuma 1994). The Mesoamerican
region comprises specific geographical characteristics, including a wide
variety of ecosystems and habitats, a broad diversity of climates, and con-
sequently, abundant biodiversity and endemism. This bio-cultural feature
is exceptional and a determining factor for the generation of important
knowledge about the use of medicinal plants that has been occurring in
the region over hundreds of years.

On the other hand, inflammation is a complex biological process, the
purpose of which is to maintain cell homeostasis and protect the organ-
ism from multiple factors such as physical damage, infections by patho-
gens, or chemical agents, among others. This process plays a key role in
the initiation and development of many chronic degenerative diseases,
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like Alzheimer’s disease, arthritis, cancer, or diabetes. Therefore, there is
a wide interest in discovering molecules with anti-inflammatory activi-
ties, elucidating their mechanisms of action, and developing strategies to
produce them.

In this regard, plants represent an important resource for treating
inflammation-related diseases. The pharmacological attributes of plants
are related largely to their secondary metabolites.

Compounds with different chemical structures can be complex, and
they can come from different metabolic pathways (Chandran et al. 2020).
Nowadays, plants continue to represent an important raw material for
obtaining secondary metabolites with anti-inflammatory activity. This
biological activity has been found in plants of wild origin, as well as those
cultivated or generated in vitro. Plant tissue culture has been used success-
fully in the production of secondary metabolites with anti-inflammatory
activity by using tools such as micropropagation, suspension cell cultures,
metabolic engineering, and bioreactors, thereby increasing the production
of the compounds responsible for this activity in high concentrations and
under controlled conditions that ensure stable production.

This chapter discusses the potential of the Mesoamerican plants
Castilleja tenuiflora Benth. (“cancer grass”, “hit grass”) and Baccharis
conferta Kunth (“brush”, “broom of the mountain”) for the treatment of
inflammation, and diseases involving this process. It is focused on the
progress made in obtaining secondary metabolites, their increased pro-
duction under controlled conditions (in vitro), their chemical identifica-
tion and elucidation, their biological activity, and studies related to the
corresponding biosynthetic pathways.

2.2 INFLAMMATION

Inflammation is an essential biological response that plays an important
role in the development of various diseases, and it is triggered by infec-
tions, tissue injuries, or genetic changes (Netea et al. 2017; Olajide and
Sarker 2020). Inflammatory diseases involve a large number of molecular,
immunological, and physiological processes, mainly through the activa-
tion of signaling cascades (phosphoinositol kinase and protein kinase C),
activation of transcription factors (NF-kB), increased levels of inflamma-
tory enzymes (cyclooxygenase-1, COX-1, and cyclooxygenase-2, COX-2),
and release of inflammatory mediators (nitric oxide, NO; prostaglan-
din E2, PGE2, and cytokines such as interleukin-1 f, IL-1f, and tumor
necrosis factor, TNF) (Malik et al. 2017; Netea et al. 2017; Pan et al. 2010;
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Zhao et al. 2019). A dysregulated inflammatory response causes inflam-
matory, autoimmune, and metabolic diseases (Mollaei et al. 2020).

Oral administration of glucocorticoids, non-steroidal anti-inflamma-
tory drugs (NSAIDs, e.g., aspirin, ibuprofen, indomethacin, and naproxen)
and specific COX-2 inhibitors (e.g., rofecoxib, celecoxib, lumiracoxib, and
parecoxib) are effective for treating inflammation. However, they can have
serious side effects on the gastrointestinal system, the heart, and the brain
(Seo et al. 2021). For these reasons, research on natural products with anti-
inflammatory activity that inhibit this process at different levels can be
an effective and possibly safer tool for the treatment of inflammatory dis-
eases, which is why research on natural products with anti-inflammatory
activity has been increasing in recent years (Malik et al. 2017).

Some secondary plant metabolites, such as alkaloids, flavonoids, and
terpenes, have been shown to have anti-inflammatory properties through
different mechanisms in animal models and in vitro (Maleki et al. 2019).
The anti-inflammatory mechanisms reported are suppression of the
release of IL-16, TNF, and NO as well as inhibition of COX-2, inductive
NO synthase (iNOS), and NF-kB activity (Ginwala et al. 2019).

2.3 MESOAMERICA AS A SOURCE OF PLANTS
WITH ANTI-INFLAMMATORY EFFECTS

Mesoamerica extends from central Mexico to the northwestern part of
Costa Rica. Named by the ethnologist and linguist Paul Kirchhoff, this
term was used to reflect the geographical similarities and the political,
social, economic, and cultural organization of the region (Alonso-Castro
et al. 2015). Valuable literary resources contain information on how to
use plants for the health care of Mesoamerican inhabitants. Among
those currently available are: the Florentine Codex “General History
of the Things of New Spain” (Fray Bernardino de Sahagiin); the Codex
De La Cruz-Badiano (Martin de la Cruz and Juan Badiano) “Libellus de
medicinalibus indorum herbis”, that illustrates 185 plants and mentions
227 names of plants; “Historia Natural de la Nueva Espafia” (Francisco
Hernandez de Toledo), which is a compilation of more than 3,000 plant
species, with descriptions of morphology, ecology, and geographi-
cal data, and which makes reference to the therapeutic use of some
of those plants; the “Alphabetical Catalog of Vulgar [Common] and
Scientific Names of Plants that Exist in Mexico” (Martinez 1944); “The
Useful Plants of the Mexican Republic” (1928); and “Medicinal Plants of
Mexico” (1933). Other important documents include the Mesoamerican
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Codices illustrated without texts; however, most of them were destroyed
(Bay and Linares 2016).

At present, ethnobotany is a field of research that focuses on document-
ing and understanding the interaction between humans and plants. It is
worth mentioning that Mesoamerica is an extremely rich region of plant
sources with bioactive compounds (Casas et al. 2016; de Sousa Aratjo
et al. 2016). Plants are part of the cultural and traditional knowledge of
indigenous communities. In recent years, many ethnobotanical studies
have been conducted and have recorded the great cultural and biological
diversity of this region (Alonso-Castro et al. 2015). These studies allow a
greater understanding of the role of plants among the cultures of the past
and are the basis for the selection of pharmacological and phytochemical
investigations in the search for new bioactive molecules.

Plants have been used to treat all types of illnesses, ranging from infec-
tious agents such as bacteria or fungi to metabolic and neurological disor-
ders. Therefore many plants have been used traditionally for the treatment
of inflammation, and inflammation-related diseases (Bernstein et al. 2018).
The concepts and etiology of inflammation, in traditional medicine are
complex and do not always correspond with those of modern medicine.
There are many conditions related to inflammation, like pain, swelling,
suppuration, and production of body fluids, that are treated with different
medicinal plants prepared in various ways, such as decoctions, infusions,
tinctures, and poultices, among others, and, in most cases, more than one
species of plant is used for its treatment.

Most studies on ethnobotany and the pharmacological eftects of
Mesoamerican plants have been reported recently. Most of these studies are
based on the use of in vivo or in vitro models, although few have included
clinical trials. The most used in vivo model is ear edema induced by some
irritant agent, such as 12-O-tetradecanoylphorbol acetate (TPA), croton
oil, xylene, or arachidonic acid. This model involves measuring the per-
centage of inflammation inhibition promoted by plant extracts, fractions,
or compounds. The following plants have been reported to inhibit induced
ear edema: Bouvardia ternifolia Schltdl. (Garcia-Morales et al. 2015),
Buddleja cordata Kunth (Gutiérrez-Rebolledo et al. 2018), Bursera copal-
lifera (Sessé & Moc.) Bullock (Romero-Estrada et al. 2016), and Baccharis
conferta Kunth (Gutiérrez-Romén et al. 2020). Another in vivo model
used to assess this effect is carrageenan-induced subplantar edema, which
has been used for the evaluation of the following plants: Agave angustifolia
var. Marginata (El-Hawary et al. 2020), B. cordata (Gutiérrez-Rebolledo et
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al. 2018), Cuphea aequipetala Cav. (Alonso-Castro et al. 2021), Syngonium
podophyllum Schott (Hossain et al. 2017), Hamelia patens Jacq. (Jiménez-
Sudrez et al. 2016), and Galphimia glauca Cav. (Rao et al. 2019).

With in vitro models, the stimulation of macrophages with lipopolysac-
charides (LPS) derived from bacteria has been used to assess the release
of inflammatory mediators. The ethanolic extracts of leaves and stems of
C. aequipetala decreased the production of NO and hydrogen peroxide
(H,0,) in macrophages treated with LPS in a dose-dependent response.
However, they had low inhibitory activity toward TNF-a, IL-6, and IL-1,
and promoted an increase in IL-10, which is an anti-inflammatory media-
tor (Alonso-Castro et al. 2021).

2.4 CURRENT APPROACHES TOWARD IN-VITRO
PRODUCTION OF ANTI-INFLAMMATORY COMPOUNDS

Plant tissue culture is a major component of biotechnology in plants, and

it is mainly used for those species that are threatened with extinction, have
a low yield or slow growth, and are susceptible to biotic stress (Niazian
2019). It is a promising alternative to producing secondary metabolites of
commercial value, mainly for those complex molecules for which chemi-
cal synthesis is not economically viable (Roychowdhury et al. 2016). Cell,
tissue, and organ cultures also offer the possibility of producing bioac-
tive molecules in a stable and controlled manner, with the chances of
increasing their concentrations by adding elicitors or by scaling up the
cultures. These biotechnological tools have been implemented to produce
bioactive compounds with anti-inflammatory activity obtained from
Mesoamerican plants. For example, callus cultures of G. glauca produce
high levels of galphimine E, which is one of the compounds responsi-
ble for the anti-inflammatory effects of this species (Sharma et al. 2018;
Jiménez-Arellanes and Pérez-Gonzalez 2021). Cell suspension cultures of
Sphaeralcea angustifolia G. Don have been developed to improve the pro-
duction of anti-inflammatory compounds, such as scopoletin, tomentin,
and sphaeralcic acid (Nicasio-Torres et al. 2017). Subsequently, the capac-
ity of S. angustifolia cell cultures to produce bioactive compounds was
evaluated in a stirred tank bioreactor, and the production of the active
metabolites was two times higher in the bioreactor than in the cultures
developed in flasks (Pérez-Hernandez et al. 2019).

Litsea glaucescens Kunth is considered to be an important species for its
use in gastronomy, religious activities, and in traditional Mexican medi-
cine; however, due to these uses and environmental factors, this species
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is in danger of extinction and is protected by Mexican law (NOM-059-
SEMARNAT-2010). In this regard, somatic embryogenesis has been a key
strategy to establish in vitro regeneration systems for the study and con-
servation of this species (Davila-Figueroa et al. 2016). This is of particular
importance due to the anti-inflammatory properties that have been dem-
onstrated to be attributable to its flavonoid content (Lopez-Caamal and
Reyes-Chilpa 2021).

The cultivation of hairy roots derived from natural genetic transfor-
mation mediated by Agrobacterium rhizogenes has been widely used to
produce secondary metabolites with pharmacological properties because
hairy roots grow rapidly in growth regulator-free medium, have high
genetic stability, and exhibit high levels of secondary metabolite produc-
tion (Shi et al. 2021). Transformed roots of S. angustifolia were devel-
oped to establish root lines with a high-yielding capacity of scopoletin,
tomentin, and sphaeralcic acid as the basis for industrial production,
which can be stimulated by abiotic factors (nitrates and copper) to pro-
duce scopoletin and spheroic acid (Reyes-Pérez et al. 2021). Bazalduia et
al. (2019) reported high levels of podophyllotoxin production in a hairy
root line Hyptis suaveolens (L.) Poit., induced by A. rhizogenes ATCC
15834 + pI'DT strain, which produced 100 times more podophyllotoxin
than that produced in roots of wild-harvested plants, and 56 times more
than the non-transformed roots grown in vitro. in the rate of solasodine
production in hairy root cultures of Solanum erianthum D. Don has been
reported to be 1.65 times greater than that produced by the leaves of this
species (Sarkar et al. 2020), whereas it was reported that hairy roots of
Lopezia racemosa Cav. produced terpene-type compounds that had not
previously been reported in wild plants or in vitro. In addition, the anti-
inflammatory activity of hairy root preparations was higher than in wild-
harvested plants (Moreno-Anzirez et al. 2017).

Within the biotechnological strategies used for micropropagation, the
use of temporary immersion systems (TIS) has proved to be highly reliable.
For instance, the micropropagation efficiency of A. angustifolia increased
in TIS compared with the conventional tissue culture system (Monja-Mio
et al. 2021) and maintained the capacity to produce anti-inflammatory
compounds such as phytosterols, saponins, phenolic compounds, and ter-
penes (Alvarez-Chévez etal. 2021).

Understanding the biosynthetic pathways and the regulation of phar-
macologically important metabolites is essential to achieve the highest
production of bioactive compounds through approaches such as synthetic
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biology, tissue engineering, and genetic engineering (Rai et al. 2017). In
recent years, the use of these approaches has increased due to the greater
number of genomic resources available and the development of new ana-
lytical and computational tools. Such is the case of Mirabilis jalapa L.,
which produces antioxidant and anti-inflammatory compounds. Studies
of its metabolic and transcriptome profiles have provided important infor-
mation about the biosynthesis, regulation, and evolution of the pathways
of betalains and flavonoids. In M. jalapa, betalain-related genes such as
cytochrome P450 (CYP76ADI5) and hydroxycinnamate glucosyltrans-
ferase (MjHCGT) were identified and functionally characterized. Besides,
the expression of genes of the flavonoid/anthocyanin routes was observed;
specifically, anthocyanidin synthase (MjANS) was highly expressed in
betalain-producing organs, but the transcript presented a deletion of 69
important amino acids corresponding to the active site of the enzyme
(part of the domain of the oxygenase 20G-Fe (II)), indicating a possible
event of elimination of genes that occurred during the evolution of M.
jalapa and providing new knowledge about evolutionary events leading to
betalains production (Polturak et al. 2016; Polturak et al. 2018).

2.5 CASTILLEJA TENUIFLORA BENTH.

Castilleja tenuiflora is described in the book “Historia de las Plantas de la
Nueva Espaiia” by Francisco Hernandez (a sixteenth-century naturalist) as
a plant of calorific nature, known as ‘Atzoyatl’ (illacatzic or twisted) (http://
www.franciscohernandez.unam.mx/tomos/02_TOMO/tomo002_002/
tomo002_002_051.html). It is also known by the following common names:

» <« » <«

“bella Inés”, “Indian shorts”, “Castilleja”, “sheep's tail”, “rabbit”, “crane top-
knot”, “enchiladitas”, “ice flower”, “cancer grass”, “hit grass”, “little bananas”
or “bloodthirsty” (Martinez 1944). Traditional uses recorded since the six-
teenth century include as an antispasmodic, for the treatment of stomach
diseases, and as a blood purifier. In the twentieth century, Martinez (1969)
described its use to treat anemia, hepatic colic, and gallbladder stones. It
was also recommended to treat cancer problems, such as tumors, infertil-
ity, cirrhosis, and inflammation, as well as respiratory, and gastrointestinal
problems (Béjar et al. 2000; Graham et al. 2000; Alonso-Castro et al. 2011).

C. tenuiflora is a hemiparasitic plant that belongs to the Orobanchaceae
family. It is herbaceous with a terrestrial growing in pine and oak forests
at altitudes from 740 to 3400 m above sea level. It is a generalist hemipara-
site that has many hosts (more than 100). The main hosts that have been
reported for C. tenuiflora are Abies religiosa (Kunth) Schltdl. & Cham.
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(Pinaceae), Bidens triplinervia Kunth (Asteraceae), Lupinus montanus
HBK (Fabaceae), Trisetum spicatum (L) K. Richt (Poaceae), and Baccharis
conferta Kunth (Asteraceae). With the latter, the plant establishes an inter-
action at the root-root level through haustoria (Montes-Hernandez et al.
2015). Haustoria are organs that develop in the roots of the parasitic plant
and allow its adhesion to and invasion of root cells, and absorption of
nutrients and water from the host plant (Yoshida et al. 2016). The haustoria
of C. tenuiflora is globular, with hairs, and exhibit dermal, fundamental,
vascular, and young endophytes. They develop mainly in the vegetative
stage and the lateral roots, and exhibit three main tissues, namely dermal,
fundamental, and vascular. The composition of haustoria is characterized
by the accumulation of starch and tannins, mainly in young haustoria.
The number of haustoria associated with a root can range from one to
six, with a diameter of 0.5 to 2.5 mm. However, these values depend on
the size of the plant, and the main function of haustoria is related to the
efficiency of water transport and mechanical support (Montes-Hernidndez
et al. 2015, 2019).

C. tenuiflora synthesizes secondary metabolites that belong to the fol-
lowing chemical groups: flavonoids, lignans, phenylethanoids, and glyco-
sylated iridoids (Figure 2.1a). The flavonoids reported for this plant are
flavones (apigenin, luteolin 7-methyl ether, and luteolin 5-methyl ether)
and flavonols (quercetin 3-p-D-glucoside and quercetin 3-p-D-rutinoside)
(Lopez-Laredo et al., 2012; Rubio-Rodriguez et al. 2019; Lopez-Rodriguez
et al. 2019). In the case of lignans, recent studies of C. tenuiflora have
reported those of the furofuran-type, such as tenuifloroside (glycosyl-
ated), sesamin, eudesmin, magnolin, and kobusin (not glycosylated)
(Herrera-Ruiz et al. 2015; Rubio-Rodriguez et al. 2019; Arango-de la Pava
et al. 2021). The main glycosylated phenylethanoids produced by C. tenui-
flora are verbascoside and its isomer isoverbascoside. They are structur-
ally characterized by having caffeic acid (a phenylpropanoid residue) and
4,5 hydroxyphenyl ethanol (a phenylethanoid residue) linked to a -(D)-
glucopyranoside through an ester and a glycosidic bond, respectively.
In these molecules, rhamnose is linked in sequence to glucose (Gémez-
Aguirre et al. 2012).

In the iridoid group, the main compound reported is aucubin. Other
iridoids found in C. tenuiflora are geniposidic, mussaenoside, shanzhiside
acids, bartsioside, and carioptoside (Jiménez et al. 1995; Carrillo-Ocampo
et al. 2013; Herrera-Ruiz et al. 2015; Cortes-Morales et al. 2018; Rubio-
Rodriguez et al. 2021).
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FIGURE 2.1  Castilleja tenuiflora (a) Chemical structures of metabolites synthesized
by C. tenuiflora. (b) Inflammatory signaling pathways inhibited by the pharmacolog-
ical active compounds of C. tenuiflora. Extracellular stimuli activate TLR receptors
triggering intracellular signaling cascades that lead to nuclear translocation of AP-1
and NF-kB via the MAPK pathway or NF-kB pathways. AP-1 and the heterodimer
p50-p65 regulate the expression of inflammatory mediators like TNF-a, IL-1f or
iNOS. Figure 2.1b was created with Biorender.com.
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C. tenuiflora extracts have pharmacological activities, such as cyto-
toxic (Moreno-Escobar et al. 2011), antioxidant (Moreno-Escobar et al.
2011; Lopez-Laredo et al. 2012), anti-inflammatory (Carrillo-Ocampo et
al. 2013; Sanchez et al. 2013; Arango-de la Pava et al. 2021), anti-ulcero-
genic (Sanchez et al. 2013), antidepressant (Herrera-Ruiz et al. 2015;
Lépez-Rodriguez et al. 2019), and sedative effects (Herrera-Ruiz et al.
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2015) (Table 2.1). The antioxidant activity of root and shoot cultures has
been recorded in vitro, with EC,, doses of 6 and 1.3 ug methanolic extract/
mg DPPH, respectively. This effect was associated with the concentration
of phenolic compounds and flavonoids present in the plant (Trejo-Tapia
et al. 2012).

The anti-inflammatory activity of C. tenuiflora extracts has been
reported, mainly from ethanolic, methanolic, ethyl acetate, and aqueous
extracts. Carrillo-Ocampo et al. (2013) reported that the fraction with
the highest abundance of iridoids (aucubin, barsioside, geniposidic acid,
and mussaenoside acid) and verbascoside had higher anti-inflammatory
activity in a model of mouse ear edema induced by TPA. Iridoids (aucu-
bin, geniposidic acid, and mussaenoside acid) exhibited a similar activity
to that of indomethacin (the reference control): the percentage inhibition
was 71.54, 91.01, and 65.34% of the indomethacin control, respectively
(at a dose of 0.1 mg/ear). On the other hand, loganic acid, 8-epi-loganin,
and geniposide exhibit anti-inflammatory activity in similar percentage
inhibition (79.82, 81.14, and 86.61%, respectively). Sanchez et al. (2013)
reported the anti-inflammatory activity of ethyl acetate extracts and aque-
ous extracts from wild-harvested C. tenuiflora plants and from material
obtained in vitro, also using the model of ear inflammation induced by
TPA. These authors demonstrated that the extracts promoted moderate
anti-inflammatory activity, attributed mainly to verbascoside and aucu-
bin, with 38.1 and 49.1% inhibition (1.6 mg/ear), below dexamethasone
with 57.7% (1.6 mg/ear). It was possible to obtain a fraction with a higher
concentration of bartsioside from the methanolic extract. It had a strong
anti-inflammatory activity, with 70% inhibition at a dose of 1.5 mg/ear,
similar to dexamethasone.

Recently, it was reported that binary mixtures of the compounds pro-
duced by C. tenuiflora promoted pharmacodynamic interactions in the
inhibition of the NF-kB/AP-1 pathway. RAW-Blue™ cells were used to
assess eight compounds isolated from C. tenuiflora, i.e., five furofuran-like
lignans (tenuifloroside, magnolin, eudesmin, sesamin, and kobusin), one
phenylethanoid (verbascoside), and two iridoids (geniposide and aucu-
bin). Tenuifloroside, magnolin, eudesmin, sesamin, and kobusin exhibited
a percentage inhibition of the NF-kB/AP-1 pathway of 52.91, 60.97, 56.82,
52.63, and 45.45%, respectively. Verbascoside had a percentage inhibition
of 55.55%, whereas the iridoids (aucubin and geniposide) had an inhibi-
tion of 40.00 and 57.47%, respectively. Verbascoside was chosen as the
leading compound to make the binary mixtures, i.e., verbascoside-lignans
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and verbascoside-iridoids. The verbascoside-lignans mixtures showed
a wide range of NF-kB/AP-1 inhibition values; verbascoside-kobusin
showed the highest inhibition of NF-kB/AP-1, (63.06%), followed by ver-
bascoside-eudesmin (51.01%), verbascoside-sesamin (47.40%), and verbas-
coside-magnolin (39.33%), whereas a verbascoside-tenuifloroside mixture
showed the lowest value (37.99%). Aucubin exhibited a synergistic effect
when mixed with verbascoside, indicating that the inhibition of NF-xB/
AP-1 increased when the concentration of verbascoside increased relative
to aucubin. On the other hand, a sub-additive effect was observed when
the iridoid concentration was higher than that of verbascoside, indicating
that the higher the iridoid concentration, the lower the NF-kB/AP-1 inhi-
bition (Arango de la Pava et al. 2021).

Iridoids occupy an important position in the field of natural product
chemistry and pharmacology. For example, iridoids such as catalpol, geni-
poside, geniposidic acid, and loganin have been reported to inhibit COX-1
and COX-2, the enzymes involved in part of the anti-inflammatory pro-
cess (Park et al. 2007; Shi et al. 2013). Loganin and geniposide exhibited
inhibitory activity for COX-1, with half-maximal inhibitory concentra-
tion (IC,,) values of 3.55 and 5.37 mM, respectively. Catapol, geniposide,
loganin, and aucubin suppressed TNF-a levels, with IC,, values of 11.2,
33.3, 58.2, and 154.6 mM, respectively (Park et al. 2007). Geniposide also
inhibited nitric oxide production and regulated the central role of TNF-
a through the control of pro-inflammatory cytokines. In addition, it has
been reported that the inhibitory activity of geniposide resulted from the
inhibition of the phosphorylation of p38, Erkl1/2, and JNK, through the
AP-1 and NF-kB pathways, by the degradation of IkB by macrophages
(Shi et al. 2013).

On the other hand, aucubin exhibits various biological activities and
promises to be a safe and potent drug for treating various diseases (Zeng et
al. 2020). Regarding anti-inflammatory biological activity, it was reported
that this compound participated in the metabolism of arachidonic acid. It
is an important compound since, in its aglycone form, it inhibits COX-2
(Wang et al. 2015). It was also shown that aucubin is involved in the regu-
lation of inflammatory mediators, reducing the production of IL-1f and
IL-6 (Kang et al. 2018), blocking the production of TNF-a, and inhibiting
the activation of NF-kB (Qiu et al. 2018). Similarly, it has been reported
that the inhibitory activity of aucubin via NF-kB/AP-1 was due to the sup-
pression of the degradation of the ¥B (I kB) inhibitor and the transloca-
tion of the p65 subunit (Jain et al. 2016) (Figure 2.1b).
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The potent anti-inflammatory activity of verbascoside has been mainly
attributed to the inhibition of pro-inflammatory molecules at the tran-
scriptional level, involving the COX-2 enzyme, through the inhibition
of histamine and arachidonic acid release, the enzyme calcineurin, an
important regulator of T-cell-mediated inflammation, and the activator
protein 1 (AP-1), an important modulator of inflammatory processes in
chronic inflammatory diseases (Yoou et al. 2015). It negatively regulates
Ca?*-dependent MAPK signaling (Gao et al. 2017), reduces macrophages
that are stimulated by LPS and IFN-v, and completely inhibits the produc-
tion of NO, TNF-a, and IL-12 (Han et al. 2018). The process by which it
carries out its activity as a potent anti-inflammatory agent is due to its
structure as an aromatic hydrocarbon. Verbascoside binds to the tran-
scription factor aryl hydrocarbon receptor (AhR), thus contributing to
the transcription of numerous detoxification genes that code for phase I
and II drug/toxin-metabolizing enzymes, in particular the subfamily of
cytochrome P450 CYP1, Nrf2, glutathione S-transferase (GST), and anti-
oxidant enzymes. As a result, verbascoside inhibits pro-inflammatory
cytokines and subsequent growth factors (Tian et al. 2021). On the other
hand, it has anti-inflammatory activity on the NF-kB/AP-1 pathway,
inhibiting the phosphorylation of TAK-1 through the activation of the
protein tyrosine phosphatases (Pesce et al. 2015).

Lignans can decrease the inflammatory factors TNF-a, IL-1p, and
interleukin-6 (IL-6), regulated by NF-kB (Zhou et al. 2020). Some lignans
negatively regulate the phosphorylation of the IxB kinase IKK complex
and increase the phosphorylation of p65 and the nuclear concentration
of p65 (Xian et al. 2019). On the other hand, lignans exert a regulatory
effect on MAPK in the NF-xB signaling pathway. It was reported that they
decreased the phosphorylation of ERK, p38, and JNK, directly inhibit-
ing NF-kB (Yang et al. 2019). They participated in the intercommunica-
tion between the Keapl/Nrf2 and NF-kB signaling pathways involved in
antioxidant and anti-inflammatory properties (Wardyn et al. 2015). At the
transcriptional level, lignans regulate multiple microRNAs, mainly miR-
17-5p, miR-145, and miR-127, which are implicated in antioxidant and
anti-inflammatory effects (Zhou et al. 2020). The anti-inflammatory activ-
ity of furofuran lignans results from the high number of methoxy groups
present. Methoxy groups have been reported to be important agents in the
anti-inflammatory activity of NF-kB/AP-1, potentially inhibiting inflam-
mation in vitro and suppressing LPS-induced phosphorylation of IKK and
IkBa degradation (Yang et al. 2017). It has been reported that kobusin
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inhibited nuclear translocation of the p65 subunit of NF-xB and IxBa
phosphorylation (Kim et al. 2009). Sesamin inhibited the expression of an
LPS receptor, TLR-4, which initiates the signaling cascade for the activa-
tion of NF-kB and AP-1 (Udomruk et al. 2018). The anti-inflammatory
activity of NF-kB/AP-1 achieved by furofuran lignans may be due to the
inhibitory effect on TLR-4 (Arango-de la Pava et al. 2021).

2.6 Baccharis conferta KUNTH

Baccharis conferta is described in the “Historia de las Plantas de la
Nueva Espaiia” by Francisco Herndndez as a “hot” plant, known as

‘Quauhizquiztli’ or ‘caratacua’ (http://www.ibiologia.unam.mx/plan-
tasnuevaespana/index.html). It is also known by the common names of
“broom”, “azoyate”, “brush” (Morelos), “broad broom”, “broom of the
mountain” (Veracruz), and “grass of the carbonero” (Mexico Valley),
among others. Baccharis conferta belongs to the Asteraceae family. It is
distributed in the neovolcanic axis at an altitude ranging from 1900 to
3600 m above sea level (Argueta-Villamar et al. 1994; Monroy-Ortiz and
Castillo-Espafa 2007). It has been recorded in the ethnobotanical litera-
ture that the form of use of this species is by decoctions or infusions of the
aerial parts (Heinrich et al. 1998; Mata 2009; Monroy-Ortiz and Castillo-
Espaiia 2007) to treat joint pain, seizures, cramps, toothaches, colds, and
digestive disorders.

The first phytochemical study on B. conferta was conducted by
Bohlmann and Zdero (1976). The main groups of reported compounds
were phenolics and terpenes. In general, flavonoids are the major com-
pounds that have been reported in these species. Through different stud-
ies, more than 30 secondary metabolites have been isolated and identified,
including sixteen flavonoids, three phenolic acids, two coumarins, three
diterpenes, four triterpenes, and two essential oils (Bohlmann and Zdero
1976; Cortes-Morales et al. 2019; Guerrero and Romo del Vivar 1973;
Gutiérrez-Roman et al. 2020; Weimann et al. 2002) (Figure 2.2a).

The flavonoid profile of B. conferta includes flavones, flavanones, and
flavonols. Most flavonoids have polyhydroxy substitutions, with a wide
variety of O-methylation patterns. The presence of the OH group at posi-
tion 5 of ring A is a common characteristic in most flavonoids described
for this species, and mainly O-methylations are in the 6, 7, and 4 posi-
tions. The flavonoids that present one methoxyl group are apigenin, acace-
tin, kaempferide, isokaempferide, 6-methoxy kaempferol, and hispidulin.
Those with two methoxyl groups are pectolinaringenin, cirsimaritin,
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FIGURE 2.2 Baccharis conferta (a) Chemical structures of metabolites synthesized
by B. conferta. (b) Inflammatory signaling pathways inhibited by the pharmacologi-
cal active compounds of B. conferta. Inflammatory signal is transduced by a receptor
to activate Janus kinase (JAK) which then activates Signal transducer and activator
transcription (STAT). STATs are dephosphorylated in the nucleus leading to activa-
tion of inflammatory cytokines. Figure 2.2b was created with Biorender.com.

4-6-dimethoxy naringenin, dihydro kaempferide, and 4-7-dimethoxy
naringenin, whereas those with three methoxyl groups are salvigenin,
eupatilin, 4, 6, 7-trimethoxy kaempferol. Finally, kaempferol and vicenin
are two flavonoids that do not exhibit any O-methylation (Cortes-Morales
et al. 2019; Gutiérrez-Roman et al. 2020; Weimann et al. 2002).
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Recent studies have reported phenolic acids to be found in B. conferta.
Caffeoylquinic acids, such as caffeic acid, chlorogenic acid, and 4,5 di-
O-caffeoylquinic acid are synthesized by wild plants and in vitro cultures
(Cortes-Morales et al. 2019; Leyva-Peralta et al. 2019).

Triterpenes and diterpenes have also been found to be character-
istic of this species, mainly the diterpenes of the neo-clerodane type,
such as bacchofertin (Bohlmann and Zdero 1976), kingidiol, and a
new diterpene called bacchofertone (Gutiérrez-Roman et al. 2020). In
addition, triterpenes such as ursolic acid methyl ester, oleanolic acid,
and erythrodiol have been isolated from the aerial parts, and baccha-
ris oxide from the roots (Gutiérrez-Roman et al. 2020; Weimann et al.
2002). Two essential oils known as caryophyllene and schensianol A
have also been reported (Gutiérrez-Roman et al. 2020; Weimann et al.
2002) (Figure 2.2a).

Pharmacological studies on the extracts, fractions, and pure compounds
of B. conferta have identified a relatively wide range of biological activities.
It has been reported that this plant has antispasmodic (Weimann et al.
2002) and anti-inflammatory (Gutiérrez-Roman et al. 2020) activities, as
well as ovicidal effects against the gastrointestinal nematode Haemonchus
contortus (Cortes-Morales et al. 2019) (Table 2.1).

The pharmacological assessment of the dichloromethane extract
and fractions of B. conferta indicated anti-inflammatory activity in the
model of ear edema induced by TPA in mice, at a dose of 1 mg/ear. The
anti-inflammatory activity of six isolated compounds was also assessed,
observing a reduction of more than 70% in edema, with their anti-inflam-
matory activity being dose-dependent. The compounds with percent-
age edema inhibition greater than 90% were cirsimaritin and kingidiol
(Gutiérrez-Roman et al. 2020). It has been reported that the flavonoid cir-
simaritin inhibits the synthesis of pro-inflammatory cytokines, such as
interleukin-6, TNF-a, and NO, by regulating the inhibition of c-Fos and
Stat3 phosphorylation in RAW264.7 cells stimulated by LPS (Shin et al.
2017) (Figure 2.2b).

2.7 BIOTECHNOLOGY OF C. TENUIFLORA
AND B. CONFERTA

Due to the potential value of C. tenuiflora and B. conferta as natural
sources of compounds of pharmacological importance, biotechnology
systems have been developed to study the production of their secondary

metabolites.
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For C. tenuiflora, the in vitro cultures reported regarding the produc-
tion of these compounds were from roots, shoots, and seedlings (Table
2.1). Systems have also been developed for the conservation of C. tenui-
flora through the production of synthetic seeds and for the study of its
hemiparasite interaction (Martinez-Bonfil et al. 2011; Valdez-Tapia et
al. 2014; Salcedo-Morales et al. 2017; Le6n-Romero et al. 2019; Trejo-
Tapia et al. 2019) (Figure 2.3a). These systems have mainly been used for
enhancing the biosynthesis of chemical compounds of pharmacologi-
cal interest. In this context, biotic stress has been induced in cultures
of C. tenuiflora shoots in a liquid medium, by elicitation by exposure
to oligosaccharides from the cell wall of Fusarium oxysporum at two
concentrations, 5.23 and 13.08 ug mL™". It was observed that the higher
concentration increased the concentration of total phenolic compounds,
the production of glycosylated phenylethanoids (verbascoside and its
isomer), and the activity of one of the enzymes associated with its bio-
synthesis (Cardenas-Sandoval et al. 2015).

Nitrogen deficiency has been used as a strategy to induce abiotic stress
and enhance the production of secondary metabolites in shoots of C.
tenuiflora using a RITA® reactor system. It was observed that the pro-
duction of total phenolic compounds, phenylethanoids, and aucubin all
increased, and the formation of anthocyanins was also promoted. In addi-
tion, there was an increase in the activity of the rate-limiting enzyme of
the phenylpropane metabolism pathway, phenylalanine ammonium lyase
(PAL) (Medina-Pérez et al. 2015; Cortes-Morales et al. 2018). However, this
increase in the production of secondary metabolites was accompanied by
a significant decrease in biomass production, in the total concentration of
chlorophyll, and multiplication rate and root formation capacity. To avoid
this damage, spermine (polyamine) was added to the culture medium,
which not only counteracted the observed damage but also generated
bartsioside, 8-epi-loganin, tenuifloroside, luteolin 5-methyl ether, and
quercetin, which had not been detected previously under in vitro condi-
tions (Rubio-Rodriguez et al. 2019).

In recent studies, progress has been made in understanding the molec-
ular basis of secondary metabolite biosynthesis in C. tenuiflora seedlings.
Partial gene sequences that code for four enzymes (DXS, G10H, PAL, and
CHS) involved in the biosynthesis of iridoids and phenylpropanoids were
isolated and cloned. Subsequently, the C. tenuiflora seedlings were elicited
by application of three signaling molecules, namely salicylic acid, H,O,,
or methyl jasmonate (MeJA). The changes in the concentrations of major
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metabolites (aucubin and verbascoside) and the transcriptional levels of
the partial gene sequences were assessed. Salicylic acid regulated the pro-
duction of the major metabolites (increasing aucubin and decreasing ver-
bascoside) by regulating the transcriptional rate of the genes assessed. The
Cte-PALI and Cte-CHSI genes were overexpressed under H,O, stimulus,
whereas expression of the Cte-DXslI and Cte-GIOH genes was downregu-
lated. These changes promoted a greater accumulation of aucubin than
verbascoside. MeJA increased the biosynthesis of the major metabolites
and the overexpression of the assessed genes. MeJA is a key elicitor used to
stimulate the biosynthesis of metabolites of C. tenuiflora, whereas salicylic
acid and H,0, can be useful elicitors to assess their regulation (Rubio-
Rodriguez et al. 2021).

Given that C. tenuiflora is a hemiparasitic plant, in vitro cultures have
been developed to study the process of haustorium formation. Using an
inclined tube system in vitro, a series of chemical compounds called haus-
torium-inducing factors (HIFs) were applied, namely catechin, vanillin,
and H,0, (at concentrations of 10, 25, and 50 pM, respectively). Vanillin
was the best HIF, inducing three haustoria per root. Phytochemical analy-
sis indicated that the concentration of total phenolics in the aerial part was
similar in the vanillin treatment and the control, whereas, in the roots, the
concentration was higher in the control group. Loganic acid, verbasco-
side, and apigenin accumulated to higher concentrations in the root than
in the aerial parts and, finally, the histochemical analysis indicated that
the formation of haustoria was associated with the accumulation of H,O,
and flavonoids. It was concluded that vanillin was an excellent haustorium
inducer in C. tenuiflora, without the need for the presence of a host plant
(Salcedo-Morales et al. 2014).

Regarding B. conferta, the procedures for in vitro dedifferentiation
(callus formation), shoot multiplication, and plantlet regeneration have
been established (Leyva-Peralta et al. 2019) (Figure 2.3b). It was observed
that explant type and cytokinin/auxin ratio influenced the morphogenic
response; this is important to define the culture conditions for the biotech-
nological system of interest. In vitro B. conferta cultures have been char-
acterized for their production of secondary metabolites. Micropropagated
seedlings and organogenic calli synthesize caffeic acid, chlorogenic acid,
and 4,5 di-O-caffeoylquinic acid. The specific yield of caffeoylquinic acids
is markedly higher in callus cultures (112.17 mg/g dry matter) compared
to in vitro seedlings (55.45 mg/g dry matter). Small amounts of the triter-
penes erythrodiol and ursolic acid have been observed in seedlings grown
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in vitro (Leyva-Peralta et al. 2019). The chemical profile of in vitro cultures
of B. conferta needs further elucidation.

Furthermore, in vitro co-culture system has been used to study the
host-parasite interaction between B. conferta and C. tenuiflora. Under co-
culture, the chemical profile of the two species is different compared to
axenic cultures. In the root of C. tenuiflora, the production of phenyletha-
noids increased, whereas in B. conferta, the concentration of chlorogenic
and caffeic acid increased in the aerial parts and in the roots. The molecu-
lar mechanisms underlying plant-plant interaction of B. conferta and C.
tenuiflora are under investigation.

2.8 CONCLUSIONS

Over the years, the bio-cultural characteristics of the Mesoamerican region
have led to the generation of knowledge about the use of a great variety of
native plants. Plants synthesizing secondary metabolites with relevant bio-
logical activities have proven to be an invaluable resource for the treatment
of chronic degenerative diseases directly related to inflammatory processes.
The scientific studies compiled in this chapter indicate that the secondary
metabolites synthesized by C. tenuiflora and B. conferta have outstanding
anti-inflammatory activity. Depending on the extract, mixture, or com-
pounds used, those metabolites had effects on different molecular targets,
decreasing or inhibiting inflammatory responses.

Plant biotechnology is a method applied through the in vitro cultivation
of plants to develop systems that can promote the production of secondary
metabolites with anti-inflammatory activity. The advances described in this
chapter about Mesoamerican plants, specifically C. tenuiflora and B. conferta,
allowed the identification, quantification, and elucidation of chemical struc-
tures of secondary metabolites produced by these plants. This progress also
enabled the establishment of strategies to enhance in vitro production of these
plants and has made it possible to measure the changes at the gene transcrip-
tion level in response to different elicitors, allowing more information to be
obtained about the biosynthetic pathways of secondary metabolites with the
anti-inflammatory activity of C. tenuiflora. B. conferta in vitro cultures are a
potential source of relevant antioxidants, such as caftfeoylquinic acids, and a
promising tool to establish secondary-metabolite-enhancing strategies.

Finally, it is essential to take into consideration that, to achieve greater
success in the production of plant secondary metabolites in vitro, it is nec-
essary to deepen our knowledge and understanding of the relevant bio-
synthesis pathways and their regulation.
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3.1 INTRODUCTION

Agrobacterium is a Gram-negative bacterial genus well-known for being

able to transfer part of its DNA to plant genomes during a natural infec-
tion process leading to tumors described as crown galls or abnormal roots
named hairy roots (Chen and Otten 2017).

Hairy roots are induced by A. rhizogenes which transfers T-DNA car-
ried in the root-inducing (Ri) plasmid into the genome of the infected
plant (Dessaux and Faure 2018; Stavnstrup et al. 2020). As a result, hairy
roots are formed at the infection site where genetic transformation occurs
(Otten 2021). The rol genes contribute towards the abnormal growth of
hairy roots, as well as the production and accumulation of bioactive com-
pounds (Dhiman et al. 2018). The hairy roots are characterized by their
genetic and biosynthetic stability, rapid and exogenous-hormone-inde-
pendent growth, lateral branching, and absence of geotropism (Gutierrez-
Valdes et al. 2020). This chapter shows the achievements in the use of hairy
roots generated by A. rhizogenes to produce secondary metabolites of
pharmacological interest, taking into consideration all advantages offered
by this biotechnological process.

3.2 INDUCTION AND ESTABLISHMENT OF
HAIRY ROOT CULTURE BY ACROBACTERIUM
RHIZOGENES INFECTION

A. rhizogenes is a microorganism that lives in the rhizospheric soil, first
identified as Rhizobium rhizogenes in the 1930s and given its current name
in 1942. This bacterium induces the hairy root syndrome, characterized

by root overgrowth on plant tissue at the infection site. Agrobacterium
spp. are ubiquitous Gram-negative soil bacteria with a cosmopolitan dis-
tribution; pathogenic species such as Agrobacterium tumefaciens and A.
rhizogenes cause crown gall and hairy root diseases, respectively. These
bacteria have long been considered a problem in agriculture. Nevertheless,
in many research laboratories, agrobacteria are associated not with plant
disease, but rather with their innate ability to transfer DNA into cells of
many plant species (Saeger et al. 2020). As mentioned before, following
the infection-transformation process with A. rhizogenes, numerous and
different transformed hairy root lines can be generated.

A. rhizogenes strains carry the Ri (root-inducing) plasmid which has
a region known as T-DNA which contains genes involved in the initia-
tion and development of roots, namely rol genes, which are also essential
for opine biosynthesis (Matveeva and Otten 2021). Several studies have
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revealed that only four open reading frames (ORFs) of the T-DNA are crit-
ical for the induction, growth, and morphology of hairy roots in infected
plants. These loci are called rol oncogenes or root-inducing loci, including:
rolA (ORF10), rolB (ORF11), rolC (ORF12), and rolD (ORF15) (Sarkar et al.
2018). Depending on the type of Ri plasmid that the specific A. rhizogenes
strain contains, they are grouped into agropine, mannopine, octopine, or
cucumopine types (Table 3.1).

The agropine-type strain contains the Ri plasmid in which its T-DNA
is truncated as split T-DNA, symbolized as TL-DNA (left) and TR-DNA

TABLE 3.1 Different Strains Used in Hairy Roots Induction.
Transgenes
Opine Type Strain Detected by PCR Plant Species Reference
Agropine A4 rolA, rolB, rolC, Rhaponticum Skata et al. 2015
rolD, auxl, aux2 carthamoides
yvirG
rolC y virD2 Bonellia Ruiz-Ramirez et
macrocarpa al. 2018
rolA, rolB, rolC Solanum Moehninsi and
tuberosum Navarre 2018
rolB Origanum Habibi et al. 2016
vulgare
rolC, auxl, virD2 Camellia Rana et al. 2016
sinensis
rolA, rolB, rolC, Lotus Savic et al. 2019
rolD, ags, virD y corniculatus
hptIT
rolA, rolB, rolC, Rhaponticum Skata et al. 2015
rolD, auxl, aux2, carthamoides
virG
R1000 rolB Withania Thilip et al. 2015
somnifera
rolB, rolC Raphanus Muthusamy and
sativus Shanmugam
2020
MTCC532  rolB, rolC Berberis aristata  Brijwal and
Tamta 2015
Cucumopine  2659/K599  rolB Origanum Habibi et al. 2016
vulgare
Mannopine 8196 rolB, ORF13 Solanum Lima et al. 2009
lycopersicum
Mikimopine 1724 rolA, rolB, rolC, Ajuga reptans Tanaka,

ORF13, ORF14

Yamakawa and
Yamashita 1998
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(right). Whereas the TL-DNA segment has been found to contain the
hairy root-inducing root oncogenic loci (rol), the TR-DNA has been found
to contain the genes for auxin and opine biosynthesis (Singh et al. 2018).
It has been reported that T-DNA can be truncated at the left and/or right
ends before being inserted into the plant genome, which complicates
the identification of T-DNA inserted (Sun et al. 2019). It has also been
documented that, although TL-DNA and TR-DNA are independently
transferred in the plant genome, the integration of TL-DNA in the plant
genome is essential for hairy root induction (Singh et al. 2018).

Opines are secondary amine derivatives of low molecular weight com-
pounds, formed by condensation of amino acids, either with a keto acid or
a sugar, providing a favorable environment to the growth of the bacteria
(Matveeva and Otten 2021). There are two subcategories of opines: the first
includes the opines from the nopaline (nopaline, nopalinic acid, leucino-
pine, glutaminopine, succinamopine) and octopine/cucumopine (octo-
pine, octopinic acid, lysopine, histopine) families; the second subcategory
includes the mannityl (mannopine, mannopinic acid, agropine, agropinic
acid) and the chrysopine (deoxy-fructosyl glutamate, deoxy-fructosyl glu-
tamine, deoxy-fructosyl oxoproline, and chrysopine) families (Padilla et
al. 2021).

Gene insertion has been detected efficiently by PCR amplification of
rol genes. In addition, in some investigations, reporter genes have been
used, specifically strains of A. rhizogenes such as K599 harboring the
Pp35SGFPGUS+ plasmid. This binary vector harbors two reporter genes:
uidA gene (GUS, encoding B-glucuronidase) fused to a catalase intron, fol-
lowed by the GFP (green fluorescent protein) gene; both genes were under
the control of cauliflower mosaic virus 35S (CaMV35S) constitutive pro-
moter (Garagounis et al. 2020). The A4 A. rhizogenes strain contains the
binary plasmid pBI121, which comprises the uidA reporter gene driven by
the CaM V35S promoter and with the nopaline synthase terminator (r0s)
gene (Alagarsamy et al. 2018). The use of the tomato threonine deami-
nase (TDT) protein (Ruiz-Ramirez et al. 2018; Bazaldda et al. 2019), pGus-
GFP+ (Bazalduia et al. 2019), GUS, GFP, and DsRed2 genes (Chen and
Otten 2017) have also been efficiently used as reporter proteins to detect
the transformation mediated by A. rhizogenes.

The p-glucuronidase (GUS) reporter gene is used to detect the insertion
of DNA into the plant genome using either of the methods of DNA trans-
fer, such as biolistic bombardment or Agrobacterium-mediated transfor-
mation. This assay is destructive, leaving no chance for proliferation and
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regeneration of identified transformants; this is a major disadvantage of
using the GUS reporter gene (Balakrishna et al. 2019).

Green fluorescent protein (GFP) from the Aequorea victoria jellyfish is
nowadays the most widely used and developed reporter used in biochem-
istry and cell biology (Wons et al. 2018). GFP gained importance because
of its non-destructive visualization systems that can facilitate the recovery
of identified transformed tissues (Balakrishna et al. 2019).

Hairy root culture is a promising biotechnological approach that
could be implemented to preserve rare, valuable, threatened, or
endemic medicinal species, to protect the biodiversity of such spe-
cies, and, for the in vitro production of valuable secondary metabolites
(Gutierrez-Valdes et al. 2020).

The quality and quantity of metabolites extracted from hairy root
cultures are similar to those found in wild-type plants, although it is
possible to improve the chemical profile regarding the interesting com-
pounds; moreover, these cultures could accumulate novel secondary
metabolites not detected in non-transformed tissues (Otten 2018; Singh
et al. 2018; Gutierrez-Valdes et al. 2020). In general, to establish the cul-
ture of transformed roots by A. rhizogenes, five parameters must be con-
sidered (Figure 3.1):

1. Selection of an A. rhizogenes strain with the ability to infect the plant
species in question;

2. Selection of an explant that is susceptible to being infected by the
agrobacteria;

3. Availability of an appropriate infection method by which the bacte-
ria can efficiently infect the plant tissue;

4. Induction of hairy roots at the site of infection;

5. Establishment of root cultures in a medium without exogenous plant
growth regulators.

There is a wide range of plants that have been successfully infected by A.
rhizogenes, as well as suitable explants capable of being infected (Table 3.2).
Hairy roots induction does not depend only on the genotype of the plant,
but also on the bacterial strain, the infection method, and the culture
conditions, among other factors (Singh et al. 2018; Kanchanamala and
Bandaranayake 2019).
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2) Type of explant

Leaves Hypocotyls Roots Petioles Stem

3) Infection method

Sonication | | Thermal shock | | Syringe wound | | Inmmersion | | Scapel wound

4) Hairy roots induction

5) Root growth

FIGURE 3.1 Induction process and establishment of hairy roots in hormone-
free medium.

In general, there are four main steps of T-DNA transfer from
Agrobacterium to the plant cell genome:

1) The induction of expression of vir genes and the generation of the
single-stranded T-DNA: Agrobacterium perceives many plant-
derived chemicals, that includes wound-releasing chemicals (Guo et
al. 2019) that induce Agrobacterium vir genes expression.
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TABLE 3.2 Hairy Roots Induction by Agrobacterium rhizogenes Strains on Different

Explants and in Different Plant Species.

Plant

Tapa natans

Ardisia crenata
Atropa komarovii

Cucumis anguria

Lithospermum
erythrorhizon

Rhodiola rosea
Salvia bulleyana

Selaginella
bryopteris

Solanum erianthum

Trachyspermum
ammi

Trigonella
foenum-graecum

Ferula pseudalliacea

Dracocephalum
kotschyi
Gentiana urticulosa

Lemna minor

Camellia sinensis
var. sinensis

Cichorium spp.

Polygonum
multiflorum

Explant

Stem and leaf
nodes

Leaves
Leaves

Leaves,
cotyledons,
hypocotyls,
and shoot
nodes

Leaves and
stems

Leaves, stems,
and rhizomes

Leaves and
shoots

Rhizophore,
stem, and
fronds

Leaves

Seedling stem

Hypocotyl

Leaves,
hypocotyls,
cotyledons,
roots

Leaves

Shoots

Leaves and
root tips

Hypocotyl

Leaves and leaf
stalks

Leaves

Strains

15834 and K599

ATCC 15834 and A4
ATCC 15834

LBA9402, A4, 15834,

13333, R1200, R1000,

R1301 and R1601

A13 harboring
pBI121_GFPh

ATCC43057 harboring

pRiA4
A4

LBA 1334

A4

A4, LBA 9402, ATCC

15834

ATCC15834, R1000,
A4 and C58

Ar318, ArA4, ATCC
15834, 1724 and
LBA9402

ATCC15834
A4M70GUS

MSU 440 harboring
pBIN-YEP

A4 and A4

harboring pBI121

K599 harboring
p35SGFPGUS+
plasmid

KCCM 11879
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TABLE 3.2 (CONTINUED) Hairy Roots Induction by Agrobacterium rhizogenes
Strains on Different Explants and in Different Plant Species.

Plant Explant Strains References
Macleaya cordata Leaves and 10060 Huang et al. 2018
stems
Trifolium pratense Leaves, MTCC 532 and Kumar et al. 2018
petioles, MTCC 2364
roots, and
shoot tips
Althea officinalis Leaves, A4, A13, ATCC15834, Tavassoli and Afshar
petioles, and and ATCC15834 s 2018
shoots

2) The T-DNA covalently attaches to VirD2, and several vir-encoded
effector proteins which together are exported out of the bacterial cell
(Gelvin 2017).

3) After reaching the cytoplasm, virulence-effector proteins and
T-DNA strands target the nucleus.

4) During the integration of T-strands to the host plant genome, both
vir-effector proteins and plant proteins are removed from T-strands.

3.3 EFFECT OF THE rol GENES OF AGROBACTERIUM
RHIZOGENES ON THE MORPHOLOGY
AND ACCUMULATION OF SECONDARY
METABOLITES IN MEDICINAL PLANTS

Differences in hairy root morphology include variation in the thickness of
primary roots, the lateral density of the roots, and spontaneous callus gen-
eration, among others (Sarkar et al. 2018). Figure 3.2 shows the variable
morphology found in different Kalanchoe transformation events, such as
unbranched poorly haired roots or abundant branched hairiness in com-
parison with wild-type roots.

Hairy root phenotype can change depending on the individual trans-
formation event, the positioning of the T-DNA integration in the plant
genome, the T-DNA copy number, and eventual fragmentation and
expression levels of the associated aux and rol genes (Desmet et al. 2020).
Hairy root cultures are characterized by their profuse neoplastic growth
on a hormone-free medium, with non-geotropic, branching overgrowth,
which can allow the successful production of different secondary metabo-
lites (Gutierrez-Valdes et al. 2020).
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FIGURE 3.2 Morphological appearance of hairy roots of Kalanchoe spp. A, B, C)
hairy roots D) in vitro wild-type roots.

3.4 PLANT REGENERATION FROM HAIRY ROOT CULTURES

Regeneration of plants from Ri-transformed roots has been reported in
many plant species; these plants exhibit unique characteristic features,
known as the “hairy root syndrome”. Ri-transformed plants are morpho-
logically characterized by stunted growth with a reduced shoot and inter-
nodes lengths, accompanied by an increase in the number of nodes, and
leaves. Hairy root syndrome of Ri-transformed plants is due to the inser-
tion and expression of rol genes of the TL-DNA of the Ri plasmid.

The rolB and rolC genes in the T-DNA are named plast genes because of
their capacity to change the development of the regenerated transformed
plants obtained from hairy roots (Otten 2018). Binary vectors carrying
specific gene constructs can be introduced into oncogenic A. rhizogenes
strains; the resulting bacteria can then be used to obtain co-transformed
hairy roots which integrate both the T-DNA from the Ri plasmid and the
T-DNA from the genetically engineered binary vector. The co-transforma-
tion procedure enables a more rapid analysis of transformed roots than the
methods used to generate plants that are stably transformed by disarmed
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A. tumefaciens or by direct gene transfer techniques, such as biolistic or
protoplast electroporation (Zhong et al. 2018).

Secondary metabolite biosynthesis is not always limited to roots and
underground parts; in many plants, the precursors of pharmaceutically
important compounds are produced in the roots, but the final products
are synthesized in leaves or other aerial parts of the plants (Dhiman et al.
2018; Neumann et al. 2020).

There is an emerging interest in the ornamental plant industry of plants
regenerated from hairy root tissue, because of specific morphological
characteristics such as dwarfing, increased branching, wrinkled leaves,
decreased apical dominance, and enhanced root growth due to the Ri
phenotype (Desmet et al. 2020). During Kalanchoe hairy roots culture,
spontaneous induction of somatic embryos has been observed, which ger-
minate into whole plants; this strategy represents an alternative method of
producing plants with pharmacological potential (Figure 3.3).

Hairy root line

Accelerated
growth

Callus
formation

Whole plant Culture in liquid
regeneration medium

FIGURE 3.3 Hairy roots culture: spontaneous induction of somatic embryos,
and biomass accumulation in plant growth regulator-free medium.
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3.5 AGROBACTERIUM RHIZOGENES AS A
BIOTECHNOLOGICAL TOOL FOR SECONDARY
METABOLITE PRODUCTION

The discovery of molecules responsible for the effect of plants used in

folk medicine has given a great impulse to the study of new plants and
strategies to induce a greater accumulation of bioactive compounds and
opens up the possibilities of producing new compounds in plant cells, tis-
sues, and organs. The establishment of transformed root cultures offers
the possibility of having a constant source of rapidly growing biomass,
independently of plant growth regulators. This is important to produce
metabolites that are specifically synthesized and accumulated in the roots.
However, it has been shown that the genetic transformation that gener-
ates the hairy roots phenotype sometimes causes modifications in the
root’s metabolism, inducing the synthesis of novel compounds not found
in wild-type roots (Otten 2018; Singh et al. 2018; Gutierrez-Valdes et al.
2020; Gantait and Mukherjee 2021). Another advantage of culturing hairy
roots is that after the infection-transformation process, each root gener-
ated represents an independent transformation event. Then, numerous
transformed root lines can be generated, with the possibility that each line
may have a modified metabolism.

Nakasha et al. (2017) developed an eflicient hairy roots induction
protocol for Chlorophytum borivilianum. In vitro shoots were infected
with MAFF106590, MAFF106591, MAFF301726, MAFF210265, and
MAFF720002 A. rhizogenes strains, but only MAFF720002, MAFF106590,
and MAFF106591 induced hairy roots, whereas the other two strains failed
to transfer their T-DNA to plant tissues. The A. rhizogenes MAFF720002
strain responded positively by transforming all C. borivilianum stem sizes.
Stems of 2.5 cm in length had the highest transformation percentage (76 to
81%), the highest mean+SE number of hairy roots per explant (5.02+0.06),
and the longest hairy roots (23+0.49 cm). PCR analysis detected the rolB
gene in all transformed samples.

The A. rhizogenes strain played a significant role in producing and pro-
moting the growth of hairyrootsin C. borivilianum. Hairy roots induction,
after infection of leaves or leaf stalks of Cichorium intybus and Cichorium
endivia, was reported by Hanafy et al. (2018). The A. rhizogenes K599
strain, harboring the p35SGFPGUS+ plasmid, proved to be competent for
the transformation of both species tested. Hairy roots of the two species
were isolated, from which eleven C. intybus and two C. endivia clones were
selected due to their fast-growing behavior. Furthermore, liquid MS-basal
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medium proved to be the most suitable for biomass production, whereas
PCR analysis revealed foreign DNA integration in the selected transgenic
hairy root clones. Hairy root lines exhibited both higher growth rates and
higher inulin accumulation than non-transgenic roots.

Huang et al. (2018) established hairy root cultures of Macleaya cor-
data, the main source of the alkaloid sanguinarine which is widely used
to replace growth-promoting antibiotics in animal feed and has shown
useful anticancer activity. Hairy roots were obtained by co-cultivation of
leaf and stem explants with A. rhizogenes 10060 strain. Moreover, the con-
centrations of sanguinarine and dihydrosanguinarine in hairy roots were
much higher than in the wild-type roots. Kumar et al. (2018) reported the
development of an efficient technique for large-scale cultivation of fast-
growing hairy roots culture systems for bioactive isoflavones production.
Hairy roots of Trifolium pratense were induced by infection with A. rhizo-
genes strains MTCC 532 and MTCC 2364 strains. Fast-growing hairy root
lines of T. pratense were evaluated and selected for their growth and iso-
flavone production. Hairy root line 2364A displayed significantly higher
accumulations of all four pharmaceutically important isoflavones, namely
daidzein (8.56 mg/g), genistein (2.45 mg/g), formononetin (15.23 mg/g),
and biochanin A (1.10 mg/g), compared with other lines. However, it is
necessary to be aware that A. rhizogenes infection is not successful in all
plant species. As mentioned before, this process depends on the bacte-
rial strain, the infected tissue, the culture medium, etc. Hairy root cul-
tures of Ardisia crenata were established with strains ATCC 15834 and
A4, with ATCC 15834 showing the highest transformation frequency. The
ardicrenin concentration in the hairy roots was significantly improved by
8.2%, compared with wild-type roots, and was also 2.7-, 9.4-, and 2.6-fold
greater (4.5, 3.1, 0.8 and 3.2%, respectively) than those in non-transformed
cultured roots (Hu et al. 2020). Strain LBA1334 of A. rhizogenes induced
hairy roots in Selaginella bryopteris after 48 h co-cultivation and 6 d of
infection. PCR amplification with rol A and vir C gene-specific primers
confirmed the Ri T-DNA integration in the induced hairy roots. This
could be an efficient, stable, and viable alternative in vitro method for the
production of bioactive compounds in S. bryopteris (Singh et al. 2020).

3.6 HAIRY ROOT CULTURES TO PRODUCE SECONDARY
METABOLITES WITH VALUABLE BIOLOGICAL ACTIVITY

Higher plants synthesize a wide range of secondary metabolites, such as
alkaloids, flavonoids, quinones, lignans, steroids, and terpenoids, which
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are used as pharmaceuticals, agrochemicals, flavors, fragrances, colors,
biopesticides, and food additives (Thakur et al. 2019). Research on plant
secondary metabolites has increased during the past 50 years due to the
requirements in daily lives, including health care, for these plant prod-
ucts (Jamwal et al. 2018). Evaluation of biological activities of hairy root
extracts in a cytotoxic assay in human cancer cell lines, or for antibacte-
rial, antioxidant, anti-inflammatory, antimicrobial, antifungal, and anti-
viral activities have been reported.

Chung et al. (2016) induced hairy roots of Brassica rapa ssp. Rapa
through infection of leaves, hypocotyls, and roots with A. rhizogenes
KCTC 2703 strain. Concentrations of phenolic and flavonoid com-
pounds, and expression levels of PAL, CHI, and FLS genes were higher
in hairy roots than in non-transformed roots. Moreover, antioxidant
and antimicrobial activity against bacterial and fungal species, and
inhibition of human breast and colon cancer cell lines were higher in
hairy root extracts than in wild-type root extracts. Thiruvengadam et al.
(2016) reported that antioxidant, antibacterial, antifungal, and antiviral
activities, but not phenolic compound concentrations, were higher from
extracts of hairy root cultures of Momordica dioica obtained by infec-
tion of leaves, petioles, and internodal explants with A. rhizogenes KCTC
2703 strain than from extracts of non-transformed roots. Kochan et al.
(2020) reported the biological activity of extracts of ginseng hairy roots
against the Caco-2 human colorectal adenocarcinoma cell line because
it had been reported that American ginseng (Panax quinquefolium), of
which the main bioactive components are ginsenosides, exhibits a range
of anti-inflammatory, hepatoprotective, antidiabetic, antiobesity, anti-
hyperlipidemic, and anticarcinogenic functions. Zhang et al. (2020)
reported the profile of secondary metabolites produced by Tripterygium
wilfordii hairy roots after modification of the culture medium to enhance
the concentrations of specific active compounds, such as wilforgine and
wilforine. The authors concluded that nitrogen and phosphorus were
determinants which could be manipulated to increase the accumulation
of these compounds by over 40% in hairy roots. Sahai and Sinha (2021)
reported the induction of hairy roots on Taxus baccata ssp. wallichiana
through infection with A. rhizogenes MTCC 532 strain. The taxol con-
tent in the methanolic hairy root extract was 12 mg/g of hairy root bio-
mass, which represents 79% more than the natural wild-type production
of 0.15 mg/g of bark, suggesting a possible alternative for commercial
taxol production on a large scale.



66 m Advances in Plant Biotechnology

In the laboratory, induction, and establishment of hairy roots of a range
of plant species have been achieved through deliberate infection and co-
cultivation of host plant parts with A. rhizogenes (Srivastava et al. 2017).
Although several reports have demonstrated that established hairy root
cultures produce enhanced amounts of secondary metabolites compared
to non-transformed plants, in most species the productivity of specific
desired compounds by hairy root cultures is generally too low to fulfill the
demands of the pharmaceutical industry, owing to various biological and
technological limitations (Pedrefio and Almagro 2020).

Accumulation of any secondary metabolites in hairy root cultures is
controlled by two-stage events: biomass growth and metabolite accumula-
tion. Biomass accumulation represents the first stage of the final yield of
the desired secondary metabolite that is greatly influenced by the param-
eters that control the growth and multiplication of cultured cells/organs,
whereas the second stage is represented by the concentration of the metab-
olite in cells/organs, which is controlled by the parameters that influence
secondary metabolites pathways (Halder et al. 2018).

3.7 BIOTECHNOLOGICAL INTERVENTIONS TO IMPROVE
METABOLITE PRODUCTION IN HAIRY ROOTS

Several strategies have been employed to make hairy root-based technol-
ogy viable to produce therapeutic molecules on a large scale; these include
medium optimization, precursor feeding, elicitation, and metabolic engi-
neering (Srivastava et al. 2017). There are two types of elicitors, depending
upon their origin, namely abiotic and biotic.

Abiotic elicitors mainly include inorganic compounds and physical
factors, while biotic elicitors comprise compounds of biological origin.
Biotic elicitors include plant signaling molecules (such as methyl jas-
monate (M]), salicylic acid (SA), and the ethylene-releasing compound
ethephon), molecules derived from microorganisms (chitosan, polysac-
charide fractions of yeast and bacterial extracts, mycelial extracts, gly-

cans, and culture filtrates of root endophytic fungus) and precursors of
important metabolites such as phenylalanine and cysteine (Dhiman et
al. 2018). Kochan et al. (2020) reported M]J elicitation of hairy root lines
of P. quinquefolium, concluding that extracts from elicited lines exhibit a
stronger inhibitory effect on cellular metabolic activity of a Caco-2 human
adenocarcinoma cell line than non-elicited hairy root lines. In hairy root
lines of Valeriana jatamansi, different concentrations of three elicitors, i.e.
MJ, jasmonic acid (JA), and SA were tested on growth rate and valtrate
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concentration. Valtrate accumulation was increased by the addition of
100 mg/L MJ (3.63 times higher than the control), whereas SA was not
an effective elicitor. These results demonstrated that different biotic elici-
tors have varied inductive effects, depending on the plant species and the
type of bioactive compounds (Zhao and Tang 2020). In order to enhance
the production of trans-resveratrol, trans-arachidin-1, and trans-arachi-
din-3, Eungsuwan et al. (2021) reported the use of an elicitation strategy
consisting of a pretreatment with paraquat, followed by MJ, and cyclo-
dextrin to Arachis hypogaea hairy root cultures, concluding that elicita-
tion treatment increased antioxidant activity, and antimicrobial effect
against Staphylococcus aureus, Salmonella typhimurium, and Escherichia
coli. The establishment of Lepechinia caulescens hairy root cultures has
been reported by Vergara-Martinez et al. (2021); these cultures accumu-
late pharmaceutically important concentrations of ursolic (UA), oleanolic
(OA), and rosmarinic (RA) acids, representing an alternative to produc-
ing these bioactive metabolites. Different sucrose concentrations (15, 30,
45, or 60 g/L) in the culture medium were evaluated; hairy roots grown
in MS/B5 medium, containing MS salts (Murashige and Skoog 1962), B5
vitamins (Gamborg, Miller and Ojima 1968) supplemented with 45 g/L
sucrose, accumulate significantly higher UA, OA, and RA concentrations
than the wild plant. The authors also reported that the accumulation of
these bioactive metabolites was dependent on the MeJA concentrations,
and the duration of exposure to the elicitor. Alsoufi et al. (2021) reported
the effect of auxins and cytokinins on hairy root cultures of Calendula
officinalis. The saponin concentration in hairy root cultures and their
release into the culture medium were increased by BAP which might indi-
cate that this phytohormone can be used as an elicitor for this system;
the auxins tested showed the opposite effect, and the accumulation and
release of saponins decreased, whereas the production of phytosterols was
mainly increased by kinetin.

3.8 SYNTHETIC SEEDS FOR HAIRY ROOT LINES STORAGE

Artificial seeds are also known as “synseeds” (Murashige 1977). Synthetic or
artificial seeds are encapsulated plant tissues such as shoot buds, axillary buds,
somatic embryos, shoot tips, cell aggregates, or any other tissues that can be
cultured and grown to generate a complete plant under either in vitro or ex
vitro conditions and have the potential to retain their viability after cold stor-
age (Qahtan et al. 2019). Artificial seeds are also valuable in terms of their role
in providing protective coating, increasing the level of the micropropagules’
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success in the field. These micropropagules need a protective coating to
increase successful establishment in the field, because of the sensitivity of
uncovered micropropagules to drought and pathogens under natural envi-
ronmental conditions. Furthermore, artificial seeds are more durable with
respect to handling, transportation, and storage; their production is also
a useful technique as a clonal propagation system in terms of the preserva-
tion of the genetic uniformity of plants, delivery to the field, low cost, and fast
propagation of plants (Rihan et al. 2017). Synthetic seeds are mainly divided
into two groups either desiccated or hydrated encapsulated synthetic seeds.
The desiccated synthetic seeds are produced by the desiccation of somatic
embryos, either naked or encapsulated in polyethylene glycol. Hydrated syn-
thetic seeds are produced by encapsulating somatic embryos or other propa-
gules into hydrogel capsules (Kocak et al. 2019). Gangopadhyay et al. (2011)
described the role of different exogenous hormones on the morphology and
plumbagin production in Plumbago indica hairy roots and encapsulated hairy
roots. Hairy roots were treated with a single hormone or a combination of dif-
ferent phytohormones; IAA, IBA, 2,4-D, NAA, BAP, GA,, and ABA. Cultures
incubated with GA, (0.5 mg/L) yielded the highest root growth due to the
formation of profuse lateral branching whereas NAA (0.5 mg/L) treatment
caused the highest plumbagin accumulation. In a combinatorial study, GA; +
NAA (0.5 mg/L each) was found to be optimum for root biomass and plumba-
gin production at an earlier stage of culture. Based on the effect of exogenous
hormones, hairy root culture treated with GA, was selected and encapsulated
with a sodium alginate matrix. Uniform-shaped alginate-coated synthetic
seeds were conserved for up to six months and exhibited high regeneration
potential without disturbing plumbagin content.

Rawat et al. (2013) reported the first induction of Picrorhiza kurrooa
hairy roots, through infection with A. rhizogenes A4 strain, and focused
on genetic fidelity and phytochemical profile of conserved tissues fol-
lowing their conversion from encapsulated hairy roots. Among five P.
kurrooa hairy root lines established, hairy root line H7 was selected for
encapsulation due to its high accumulation of picrotin and picrotoxinin.
The phytochemical analysis also showed that picrotin and picrotoxinin
concentrations (8.3 and 47.6 ug/g DW, respectively) were similar in the
hairy root line and its regenerates. Re-growth of encapsulated roots
induced the formation of adventitious shoots with 73% frequency on MS
medium supplemented with 0.1 mM 6-benzylaminopurine (BAP), follow-
ing six months of storage at 25 °C. After two months, 85% of regenerated
plantlets survived. Genetic fidelity analysis of transformed plants, using



Production of Secondary Metabolites by Hairy Root Cultures m 69

RAPD or ISSR, revealed 5.2% or 3.6% polymorphism, respectively. The
phytochemical analysis also showed that picrotin and picrotoxinin con-
centrations were similar in the hairy root line and its regenerants.

3.9 LARGE-SCALE PRODUCTION OF HAIRY ROOTS.

Hairy roots grow in a suitable medium without any plant growth regula-
tor. The aim of hairy root cultures is the production of secondary metabo-
lites at an industrial level (Rawat et al. 2019). Bioreactors for plant cells
and hairy roots have operating conditions like microbial bioreactors,
with modified features to achieve efficient growth. Plant cell cultures
require aerobic bioreactors with low shear and good mixing. The plant
cells are bigger than microbial cells and form aggregates, either cell or
organ cultures in suspension, like hairy roots, which makes the sam-
pling of biomass from the bioreactor at constant intervals rather difficult.
Measurement of the medium conductivity is an indirect way of estimat-
ing the biomass growth in the bioreactor (Srikantan and Srivastava 2018).
Normally, a typical scale-up that starts in a laboratory includes jars or
shake flasks of 50-250 mL volume, which further rises to a 500 mL-10
L small-scale bioreactor. However, for large or industrial scale, stainless
steel vessels of varying sizes (>10 L) are required. Several physical and
chemical aspects need to be minutely attended to during the scaling-up
of hairy root cultures (Mehrotra et al. 2018). Hairy root bioreactors can
generally be divided into gas or liquid phases. In liquid-phase bioreac-
tors, roots are always placed in the medium; as a result, they are called
submerged reactors. On the other hand, in gas-phase reactors, the roots
are almost exposed to air or another gas mixture (Vaghari et al. 2017).
Researchers have scaled up the production of valuable secondary metabo-
lites and/or hairy roots of medicinally important plants in various types
of bioreactors like the conventional airlift, bubble column, stirred tank,
airlift balloon, and nutrient mist bioreactors (Dhiman et al. 2018). The
design of the reactor also depends on whether the product is intracellular
or extracellular (Vaghari et al. 2017). Vinterhalter et al. (2021) evaluated
the biomass production and xanthone concentration in Gentiana dinarica
hairy root cultures in three simple bioreactors, such as temporary immer-
sion systems RITA® (TIS RITA®), bubble column bioreactors (BCB), and
Erlenmeyer flasks (EF); the authors reported that TIS RITA® and BCB
containing ¥2-strength MS medium with 4% sucrose produced higher bio-
mass accumulation, and production of the xanthones norswertianin-1-O-
primeveroside (nor-1-O-prim) and norswertianin than those cultivated in
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TABLE 3.3 Synthetic Seeds of Medicinal Plants

Plant Species

Bacopa
monnieri

Solanum
trilobatum

Crinum
malabaricum

Hedychium
coronarium

Plectranthus
amboinicus

Althaea
officinalis

Capparis
decidua

Salix
tetrasperma

Picrorhiza
kurrooa

Centaurium
erythraea

Plumbago indica

Propagule

Shoot tips

Nodal
segments

Somatic
embryos

Shoot
segments

Shoot tips

Nodal
segments

Nodal
segment

Shoot tips,

nodal
segments

Nodal

segments

Hairy roots

Hairy roots

Hairy roots

Matrix

Sodium alginate
(2.5%) MS
CaCl, (75 mM)
Sodium alginate
(3%) MS
CaCl, (80 mM)
Sodium alginate
(2%) MS
CaCl, (100 mM)
Sodium alginate
(3%) MS
CaCl, (100 mM)
Sodium alginate
(3%) MS
CaCl, (100 mM)
Sodium alginate
(3%) MS
CaCl, (100 mM)
Sodium alginate
(3%) MS
CaCl, (100 mM)
Sodium alginate
(3%) WPM
CaCl, (75 mM)
Sodium alginate
(3%) MS
CaCl, (3%)
Sodium alginate
(3%)

MS and WPM
CaCl, (50 mM)
Sodium alginate
(2%) MS
CaCl, (100 mM)

Regeneration
(%)

100

98.4

92.5

90

63.3

66

61-91.6

71

73

56-86

80-90

References

Pramanik et al.
2021

Shilpha et al.
2021

Priyadharshini
etal. 2020

Behera et al.
2020

Arumugam
etal. 2019

Naz et al. 2018

Ahlawat et al.
2018

Khan et al.
2018

Rawat et al.
2013

Piatczak and
Wysokiriska
2013

Gangopadhyay
etal. 2011

MS: Murashige and Skoog (1962), WPM: Woody Plant Media (McCown and Lloyd 1981)

EF. The optimal culture conditions for the G. dinarica hairy root clones
were highly aerated TIS RITA® and BCB systems.

3.10 CONCLUSIONS

The hairy root culture as a biotechnological tool to produce second-

ary metabolites has been studied over recent decades. Several plant
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metabolites have been used for the treatment of various diseases and con-
ditions for centuries. The analysis of many plant extracts used in tradi-
tional medicine has reported biological activities, such as cytotoxicity of
cancer cell lines, antibacterial, fungicidal, anti-inflammatory, or antivi-
ral activities. However, secondary metabolites are often accumulated in
specific tissues and at particular stages of development, which make the
appropriate extracts difficult to obtain. The hairy root culture is an inter-
esting option to produce metabolites that are naturally synthesized and
accumulated in medicinal plants and allows the possibility of having a
constant source of rapidly growing biomass containing high concentra-
tions of specific metabolites under controlled conditions independent of
both plant growth regulators and environmental conditions. Moreover,
because of the specific transformation via A. rizhogenes, it could be pos-
sible to achieve the biosynthesis of new secondary metabolites that are not
detected in non-transformed tissues, given that numerous and different
transformed hairy root lines can be generated. The yield in the extraction
of valuable chemical compounds could be like those of wild-type plants
or could exhibit an improved chemical profile, through the application
of appropriate molecular techniques such as elicitors. Hairy root culture
offers the opportunity to obtain plants regenerated from hairy root tissue,
because of specific plant morphological characteristics, such as decreased
apical dominance, dwarfing, increased branching, wrinkled leaves, among
others; such phenotypic changes could pique the interest of the ornamen-
tal plant industry. Unfortunately, hairy root culture has not generated a
successful biotechnological process that can be used at an industrial level
due to several problems: the required design of an appropriate bioreactor,
low yields, and complications in scaling up the processes, among others.
However, this is an interesting technique to produce metabolites specifi-
cally biosynthesized in plant roots and even plausible in other tissues,
especially for medicinal plants. Many plant species require at least 10-15
years to reach the stage at which to accumulate the valuable metabolites,
which can be reduced to months through the application of hairy culture.
Finally, this technology is very attractive for the production of valuable
metabolites for the pharmaceutical, agronomic, and food industries. It is
necessary to carry out several studies about the scaling-up of hairy roots
culture, regulation of biosynthesis pathways, and the factors affecting the
accumulation of bioactive molecules, to produce valuable chemical com-
pounds. Thus, hairy root cultures are expected to be present in commer-
cial applications in the not-too-distant future.
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4.1 INTRODUCTION

It has been a long time since humans realized that some plants could pro-
vide relief of illness or act as a poison for enemies. There are molecules
within plants which exhibit such desired bioactivities. Usually, these bio-
active molecules comprise less than 1% of the total plant carbon and are
therefore called secondary metabolites in contrast to the most abundant
primary or principal metabolites. Even today, there is not a universal defi-
nition of secondary metabolite, so that the concept within plant cell sci-
ences varies among authors. For instance, secondary metabolites have been
defined (Verpoorte and Alfermann 2000) as molecules that are not neces-
sary for plant survival but which play a critical role in plant interactions

with their environment. Moreover, such molecules are usually restricted to
particular organs, tissues, or cells within the plants. Accordingly, there is a
vast chemical diversity of secondary metabolites, with biological functions
according to the physiological needs of the plants.

Modern identification of secondary metabolites with therapeutic effects
comprises a long process requiring several years of intensive research.
Perfect examples are the identification of anticancer molecules, such as
paclitaxel in Taxus plants or vincristine and vinblastine in Catharanthus
herbs. For instance, the path to the discovery of paclitaxel began in the
1950s in the United States (Suffness 1995). In 1955, the US Congress com-
missioned the National Cancer Institute (NCI) to organize a program for
the collection and identification of therapeutic agents from plants through
an agreement with the US Department of Agriculture (USDA). This pro-
gram resulted in the analysis of Taxus brevifolia (Pacific yew) samples,
which showed cytotoxic activity toward the KB cell line, from an epi-
dermal mouth carcinoma. In vivo antineoplastic activity was also found
against a class of leukemia cells, Walker 526 carcinosarcoma, among
others. Later, a pseudo-alkaloid was identified as the active principle of
the crude extract of the Pacific yew bark and called paclitaxel (Shao et al.
2021). The development of paclitaxel as a medicine required cooperation
between the NCI and Bristol-Myers Squibb (BMS) in the 1980s. Finally,
BMS received approval from the US Food and Drug Administration
(USFDA) for paclitaxel to be used in the treatment of ovarian cancer in
1992, and later for treatment of other types of cancer. Catharanthus roseus
plants, used in traditional medicines, acquired relevance during screening
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for molecules with pharmaceutical potential, and the development of vin-
cristine and vinblastine as bioactive molecules against cancer started in
the 1950s (Noble 1990).

The former examples depict the hard work necessary for a metabolite to
be approved by medicine regulatory agencies. Nowadays, there is a large
and increasing list of natural plant secondary metabolites with pharma-
cological potential. Moreover, the design of new semi-synthetic metabo-
lites is an exciting domain to produce molecules with novel or enhanced
pharmacological properties; however, there remain limitations of supply
as concentrations in plants are low. As a consequence, new supply alterna-
tives have emerged. In this chapter, the current state of such alternatives is
described, with a focus on plant cell suspension cultures as a strategy with
promising potential for industrial scale-up.

Once the activity of a metabolite is shown to be promising for ther-
apeutic purposes, it must be accordingly supplied for the clinical trials.
Provided that the molecule receives the approval from medicine regu-
latory agencies, large-scale supply must be guaranteed for commercial
issues. However, this is a challenging task for secondary metabolites. For
instance, the concentration in planta of paclitaxel can be aslow as 0.01% of
the bark dry weight (Shao et al. 2021) in Taxus trees. Moreover, Taxus trees
are slow-growing and require around 100 years for the bark to accumulate
the paclitaxel within. If the bark is harvested from 100-year-old trees, the
viability of the harvested trees is compromised. Therefore, novel alterna-
tives must be considered to fulfill the commercial demands. Currently,
there are different technological approaches for the large-scale production
of secondary metabolites: extraction from plant material, semi-synthesis,
chemical synthesis, cell culture-derived processes, and microbial pro-
cesses (Flores-Bustamante et al. 2010). The use of a particular approach
depends on technical and economic aspects; in this chapter, both issues
are addressed for each technological approach, using case analysis. Then,
the focus is placed on plant cell culture to produce secondary metabolites.
Novel approaches are analyzed and discussed to surpass the current limi-
tations of such technology for the industrial production of plant second-
ary metabolites.

4.2 EXTRACTION FROM PLANT MATERIAL: CHALLENGING
PURIFICATIONS AND LIMITED PROFITS

Extraction of metabolites from plant material is generally the
first step for large-scale production. The complex and expensive
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purification process and the low concentration of metabolites are the
major challenges for industrial success. For instance, in March 2019,
TEVA Pharmaceuticals informed the US FDA (US Food and Drug
Administration) of the decision to discontinue the production of
generic vincristine, a pediatric oncological without a proper substitute.
TEVA claimed that its decision to leave the market was motivated by
low profits in generic vincristine (Palmer 2019a) and the need of the
company to increase margins (Palmer 2019b). Later, in 2019 and 2020,
there were vincristine shortages in North America (Barrett 2019). This
fact pointed out the need for novel biotechnological processes for the
production of such important plant antileukemics. For instance, pacli-
taxel is currently produced by biotechnological platforms to replace
production from Taxus foliage (Ganem and Franke 2007); it seems
likely that new processes will emerge to substitute production by
extraction from plant tissues for many other plant molecules.

4.3 SEMI-SYNTHESIS: CHEMICAL AND
BIOLOGICAL APPROACHES

Semi-synthesis is the chemical synthesis that uses molecules (precur-
sors or structurally similar molecules) isolated from natural sources

(particularly foliage, cell cultures, among others) as the starting mate-
rials to produce the molecule of interest. Currently, semi-synthesis is
the preferred option for extremely complex molecules such as pacli-
taxel or vincristine. For instance, the major production of paclitaxel is
performed by semi-synthesis from primary taxanes such as baccatin
III, 10-deacetylbaccatine III, among others, isolated from yew foliage
(Ganem and Franke 2007). On the other hand, due to the molecular
complexity and scarcity of vincristine and vinblastine within plants
(~0.00015% DW), large-scale production is mainly carried out from
the coupling of the main precursors (catharanthine and vindoline)
(Alam et al. 2017). Dependence on climatic conditions could compro-
mise the production of Active Pharmaceutical Ingredients (APIs) pro-
duction via semi-synthesis, as has been the case for vincristine and
vinblastine from Catharantus plants (Alam et al. 2017). Another out-
standing example of semi-synthesis for large-scale production was the
case of Syntex, located in Mexico during the 1940s-1970s, which pro-
duced steroid hormones (i.e., progesterone for pregnancy control ther-
apies, among others) from plant precursors; this technology became
obsolete as new production techniques emerged (Di Renzo et al. 2020).
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4.3.1 Biological Synthesis: Microorganisms

Nowadays, the use of microorganisms is an attractive alternative strategy
to produce plant molecules. Several reports demonstrate that some fungi
or bacteria are capable of producing medicinal plant secondary metabo-
lites or key intermediates (Kaur et al. 2021). Processes based on micro-
organisms have several advantages over plant cell cultures, for instance,
shorter doubling times and greater tolerance of hydrodynamic stress,
among others; therefore, they are more easily cultured in large-scale pro-
cesses. For vincristine and vinblastine production, it has been reported
that endophytic fungi isolated from Catharanthus roseus can produce vin-
cristine and vinblastine with titers of vincristine (67 pg/L) and vinblastine
(70 pg/L) in the culture broth (Palem et al. 2015). Eutypella fungus has
been also reported as a vincristine producer, with titers of around 53 pg/L
(Kuriakose et al. 2016). Though there are promising results of the produc-
tion of plant metabolites by endophytes, this technology is not practical
for large-scale production. Indeed, there are examples where more com-
plex cell cultures are preferred. For instance, paclitaxel is currently pro-
duced by plant cell culture technology in Germany and South Korea, and,
as far as can be ascertained, there is not a prospect of an endophyte-based
process soon (Blanco Carcache et al. 2021).

Moreover, for paclitaxel production by endophytes, some authors (e.g.,
McElroy and Jennewein 2018) have claimed that it is unclear whether some
microorganisms reported as taxane producers can actually produce tax-
anes. Indeed, they believe that the detected compounds were more likely
artifacts of laboratory culture methods, or compounds misidentified by
the analytical methods deployed in the original studies.

4.4 PLANT SUSPENSION CULTURES: CLASSIC
AND INNOVATIVE PERSPECTIVES

Some molecules derived from plants are essential for the treatment of sev-
eral human diseases. Such molecules are often molecularly complex and

total chemical synthesis is not an affordable option due to low yields. On
the other hand, as biosynthesis is extremely complex, requiring transloca-
tion of intermediates between organelles, cells, and tissues, bioavailability
in plants is often low. Over the past decades, several works have focused
on the enhancement of bioavailability using cell culture technology, par-
ticularly suspension cultures. In the remaining parts of this chapter, the
basics of suspension culture as well as classic production approaches are
summarized with a focus on the challenges limiting the expansion of
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such processes. Briefly, the production of secondary metabolites in vivo
is restricted to specialized organs, tissues, or cells, which are likely absent
in suspension cultures. Thus, a new perspective is introduced seeking to
overcome the “restricted” secondary metabolism in suspension cultures,
while also providing fundamental concepts to properly address innovative
production processes.

4.4.1 Basics of Suspension Culture Processes

In brief, plant cell suspension culture is the culture of “single” plant cells
in liquid medium. However, it is only a euphemism since processes based
on single cells within the culture medium are scarcely achieved. Indeed,
plant cell suspension cultures are suspensions of aggregates composed of
several cells attached to one another. Although this proliferation nature
imposes particular challenges (aggregate sedimentation, large gradients,
among others), this way of culture permits mimicking of microorganism
processes to some extent. Therefore, mechanical agitation under controlled
conditions in stainless steel bioreactors could be used on a large scale. The
first step for the establishment of large-scale suspension cultures is the
generation of a plant cell line as callus (Figure 4.1A). Propagation of callus
is carried out by several rounds of subcultures (Figure 4.1B). Then, a por-
tion of actively growing callus is transferred into liquid culture medium
under agitation for the induction of callus disaggregation into small clus-
ters, preferably, single cells. Then, only cells in small aggregates or single
cells are suspended in the culture medium (Figure 4.1C). This process can
be repeated several times through subculture until scaling up in bioreac-
tors (Figure 4.1D).

FIGURE 4.1 Different stages of in vitro cultures of Taxus globosa. Callus induc-
tion from stem chunk (A); well-established callus cultures (B); initiation of sus-
pension culture in flask (C); perfusion culture in 3 L bioreactor coupled to a
Near-Infrared probe (light-emitting tube) (D).



Differentiated Cell Suspension Cultures and Secondary Metabolites m 87

4.5 HOW TO SUCCEED IN INDUSTRY: EXAMPLES AND
LIMITING CHALLENGES OF IN VITRO CULTURES

Establishment of industrial processes based on plant cell suspension cul-
tures requires the convergence of economic, technical, and regulatory
issues. Consequently, the sale price during the life cycle of the product
must sufficiently surpass the initial R&D investment, the production
costs, and the medicines approval process, among others, so that investors
earn some profits. For large companies in the drug industry, average prof-
its between 15% and 20% are common (US Government Accountability
Office (GAO) 2017). In contrast, profits from biopharmaceutical compa-
nies are usually higher (Manning and Karki 2019). As a result, the produc-
tion process must be as competitive as possible. Only high-value molecules
in terms of price and demand can yield the proper economic balance for
their production by suspension cultures. Generally, such molecules must
be scarce in nature, unaffordable by chemical synthesis, and yet prohibi-
tively expensive for production by genetically modified microorganisms.
Therefore, an optimized suspension culture process must be developed.
However, there can be the case that even a high-yielding cell suspension
culture process is insufficient to achieve long-term establishment even
if production costs are lower than other production alternatives. For
instance, the Mitsui company developed a high-yielding Lithospermum
erythrorhizon cell suspension culture process to produce shikonin with
productions costs (~ 4000 USD kg?') slightly below the cost of the mol-
ecule extracted from the intact plant (Neumann et al. 2020). Then, suspen-
sion culture-derived shikonin was launched to market. However, it was
soon withdrawn as the low profits could not amortize the costs associated
with suspension culture process development (Neumann et al. 2020).

The perfect example of success is the production of paclitaxel using sus-
pension cultures of Taxus chinensis in large-scale bioreactors by Phyton
Biotech Inc. and Samyang Biopharm in Germany and South Korea, respec-
tively (McElroy and Jennewein 2018). Moreover, there is also a new plant
suspension culture process to be launched soon to produce 10-deacetyl-
baccatin III by Hokkaido Mitsui Chemicals. Currently, there have only
been a few successful industrial processes based on plant suspension
cultures to produce plant secondary metabolites used in pharmacy, cos-
metics, or food industries. For instance, with respect to pharmaceutical
products (Lange 2018; Wilson and Roberts 2012), the Mitsui Chemicals
Inc portfolio has included the use of plant suspension cultures to produce
arbutin from C. roseus, berberines from Coptis japonica and Thalictrum
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minus (Fujita 2007), geraniol from Geraminea spp., and shikonin from
Lithospermum erythrorhizon; the Nippon Oil portfolio comprises antho-
cyanins from Euphorbia milii and Aralia cordata, betacyanins from
Beta vulgaris, and podophyllotoxin from Podophyllium spp.; ginseng is
also produced by Nitto Denko Corporation and Unhwa Biotech Corp.,
using Panax ginseng, with rosmarinic acid produced from Coleus blumei
by Nattermann & Cie, and scopolamine from Duboisia spp. by Sumito
Chemical Co., Ltd. Perhaps the most extended use of plant suspension
cultures has been in the foods and cosmetics industries, where more than
22 processes have been reported (Eibl et al. 2018).

4.6 CLASSIC APPROACH: SECONDARY METABOLISM

In this chapter, an analysis of secondary metabolite definitions is needed.
However, caution must be paid since different perspectives are preferred
within different disciplines. For instance, in in vivo studies, definitions
related to ecology and the restricted occurrence in specialized tissues or
cells (Verpoorte and Alfermann 2000) are preferred. However, as the term
“ecology” in in vitro cultures is considered less important, particularly in
axenic cultures, secondary metabolites are defined simply as the results

of secondary metabolism. Interestingly, secondary metabolism is usually
defined as involving the metabolites that are produced by biochemical
pathways not directly involved in the growth, development, or reproduc-
tion of the cells (Carvalho et al. 2019). Indeed, the latter definition not
only disparages the term ecology, but also avoids the implications of the
restricted occurrence. Restricted occurrence can imply time, location, and
nature issues, such as stress events, accumulation in particular organelles,
such as vacuoles, or restriction to some differentiated tissue or cells. In in
vitro techniques of axenic cultures considered to be likely homogeneous, a
restricted occurrence is therefore commonly linked only to a cell culture
state when cell growth is not present or to stress events such as in elicita-
tion procedures. The production of secondary metabolites is often pro-
duced in two-phase cultures, the first phase supporting cell growth, and
the second acting as a metabolic sink for the accumulation of the second-
ary metabolites in question (Andrews and Roberts 2017).

Perhaps the most important factor influencing the production of sec-
ondary metabolites in plants is morphological cell differentiation, which
results in the generation of tissues and organs with differentiated cells
in terms of metabolic activity and structural organization. Indeed, sec-
ondary metabolites are often found in specialized tissues such as flowers,
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roots, bark, leaves, resin canals, and, in particular, cells within tissues
such as laticifers. Because cell differentiation is greatly restricted (and
therefore usually considered absent) in suspension cultures, only a limited
number of these cultures can produce the required secondary metabolites,
even though the plant from which the cell line was generated is able to
produce these metabolites. For instance, in vivo synthesis of vincristine
and vinblastine requires a complex process involving several organelles in
specialized cells of aerial tissues (Murata and Luca 2005). Therefore, it has
been widely believed that in vitro cultures are unable to produce vincris-
tine and vinblastine (Verpoorte et al. 1993). More recently, several studies
have refuted the former idea by achieving production in calli with early
differentiation (Taha et al. 2014; Ataei-Azimi et al. 2018). Unfortunately,
analysis of the role of cell differentiation required for secondary metabo-
lite production has received little attention. Furthermore, suspension cul-
tures producing vincristine and vinblastine have also been reported (Taha
et al. 2014), although no explication was given. It is reported that in vitro
synthesis of the precursor vindoline is the main challenge to overcome
since in vivo synthesis occurs within the thylakoids of autotrophic cells.
Indeed, it has been reported that cell lines derived from cambial meristem
cells can synthesize vincristine and vinblastine from vindoline, though
supplementation of vindoline is required (Zhang et al. 2015). On the other
hand, there have been reports of vindoline-producing cultures (Scott et al.
1980; Naaranlahti et al. 1989). Hence, it is possible that there may be alter-
native metabolic pathways active in cells lacking autotrophic metabolism,
which could be active in suspension cultures (Zavala-Ortiz et al. 2021).

4.7 INNOVATIVE APPROACH: CELL DIFFERENTIATION

Suspension cultures are generally initiated from undifferentiated callus.
Resulting cell lines are usually thought to be composed of “undifferen-
tiated” cells, lacking specialized secondary metabolism, as cell differen-
tiation is absent or negligible, even if the cell lines were generated from
specialized in vivo tissues producing the secondary metabolites (Servet
Kefi 2018). It must be clearly stated that the absence of a secondary metab-
olite implies null expression of its biosynthetic pathway rather than the
absence of the related genes. The gene activation during cell differentiation
in suspension cultures, could be the key for the establishment of innova-
tive plant metabolites production processes using bioreactors and other
techniques of genetic and metabolic engineering to regulate metabolic
pathways (Servet Kefi 2018).
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Suspension cultures are described as “undifferentiated cultures” largely
(and likely dogmatically) in the literature, whereas we hold the view that
cell differentiation can be achieved within aggregates of suspension cul-
tures. So, can suspension cultures be composed of differentiated cells
or not? There has been some hesitation about the formality of the term
“cell differentiation” used in suspension cultures. Therefore, analysis of
terms like “undifferentiated cell” and “cell differentiation” must firstly be
addressed.

In vivo, cell differentiation is usually considered to be a discrete charac-
teristic depending on the presence of intracellular structures. For instance,
depending on the nature of the cell wall, a cell can be classified as a paren-
chyma, collenchyma, or sclerenchyma cell, such cell types being differ-
ent in terms of cell wall characteristics, and thus there is differentiation
between them (Mauseth 2017). However, the term “cell differentiation” is
rarely used in in vitro studies and the terms “undifferentiated” or “dedif-
ferentiated” cells are preferred. The terms “undifferentiation” or “dediffer-
entiation”, have received many definitions since the early 1940s, describing
a process where cells lose their specialization (Bloch 1941). More recently,
the term has been associated with totipotency and therefore defined as
the loss of the cell’s differentiated state to become a stem-cell-like state,
conferring pluripotency (Grafi 2004). Consequently, an undifferentiated
cell should likely be a stem cell. However, not all in vitro cultures are plu-
ripotent, so the generic use of “dedifferentiated cells” seems inappropriate.

Nowadays, cell dedifferentiation is increasingly referred to as the
increase in the developmental potency of cells (Fehér 2019) rather than
lack of difference between cells in a biological unit, which has been
associated in vivo with cell differentiation. Though we partially agree
with the former definition, for in vitro cultures, cell differentiation
should be defined as the process whereby cells become different (inde-
pendent of its impact on cell pluripotency) from adjacent cells in terms
of their structure (shape, content) and physiological state (expression
of particular genes, metabolic rates), among others. Then, in our own
definition, a “dedifferentiated cell” is a cell that became similar to
adjacent cells and could only exist in a homogeneous population where
all cells perform in the same way. In brief, the process of “dedifferen-
tiation” is not linked to totipotency or specialization. In addition, that
“dedifferentiation” is unlikely to happen, with exceptions, such as in
relatively homogeneous synchronous cell culture using a membrane-
elution method (Cooper 2002), a “baby plant cell machine” which has
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not been reported yet. The homogeneous synchronous culture is com-
posed of cells with, statistically speaking, the same structure (DNA,
compartmentalization, size, and shape), physiological state (DNA
expression state, energetic level), and biological state (all cells being
viable, same cell age) (Cooper 2002). Thus, no significant difference
between cells is expected in this ideal case.

Cell differentiation, as defined by us, could then lead to the possibility
of cell differentiation occurring even in suspension cultures of single cells,
provided that significant differences exist between cells. So, what is a sig-
nificant difference? Cell differences in suspension cultures must be related
to all processes by which cells become significantly different from each
other through unequal expression of the same genetic material for the
synthesis of secondary metabolites (Luckner et al. 1977). This concept is
extremely broad as it can imply dynamics of intra-, extra-, and inter-cellu-
lar mechanisms of differential gene expression, including the description
of the origin of morphological and physiological changes between cells
(Stange 1965). Consequently, most works have focused only on the detec-
tion of direct cell differences rather than on the mechanisms explaining
such differences as reviewed in the following sections.

Detection of significant differences between cells within a single culture
can become a challenging task, depending on the measured difference. It
has been previously mentioned that there can be suspension cultures pro-
ducing secondary metabolites with no obvious cell differentiation (Taha
et al. 2014). These processes are often grouped under the “produced when
cell growth is arrested” perspective rather than by the “produced by spe-
cialized cells” perspective. However, the two approaches are not mutually
exclusive but complementary. There could be cells with different physi-
ological states producing secondary metabolites and “hiding” in the whole
cell population as no proper analysis is usually performed to detect such
cell differences at the single-cell level. For instance, it was recently discov-
ered that approximately 65% of Taxus cuspidata cells are non-cycling dur-
ing batch culture. These non-cycling cells probably appear similar under
the light microscope and it needed the bromodeoxyuridine test and a
flow-cytometer for the detection of subpopulations with different cycling
capacities (Naill and Roberts 2005). This example demonstrated that even
cells similar in terms of size and shape can be extremely different in bio-
chemical terms, namely the physiological state of cells (gene expression,
energetic level, metabolic rates, among others). Thus, orthogonal analysis
of cell differentiation is required to detect any possible cell differences,
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particularly at the single-cell level using flow cytometry and cell sorting
(Naill and Roberts 2005).

As far as can be ascertained, no consensus has been achieved for the
convincing identification of cells with different states or specialization
in suspension cultures, though it has been widely stated that cell dif-
ferentiation is favorable for the production of metabolites of interest
(Ratnadewi 2017). Differences in the size and form of cells have been
related to different alkaloid synthesis capacities in Catharanthus suspen-
sion cultures (Deus-Neumann and Zenk 1984), particularly associated
with the loss of alkaloid production. Then, the relationship between the
morphology of cells and alkaloid synthesis in suspension cultures was
investigated. Through the analysis of 11 cell lines, it was discovered that
there were two main cell morphologies, either spherical or cylindrical.
These shapes were characterized by the aspect cell ratio (major cell axis/
minor cell axis). Analysis of the indole alkaloid content of these cells
revealed that alkaloid synthesis, particularly of ajmalicine and catharan-
thine, was significantly higher when the cell aspect ratio (width/length)
was greater than 2.8 (Kim et al. 1994). Efforts to identify the sources of
these different cell states were performed. The effects of auxins or cyto-
kinins were evaluated, but the plant growth regulators did not affect cell
differentiation in terms of cell shape. Finally, cell differentiation was
inferred to be “internally determined”. Some few reports of cell differ-
entiation in suspension cultures have shown the presence of cells with
different cell wall composition (Zavala-Ortiz et al. 2021; Oda et al. 2005;
Ogita et al. 2012; Twumasi et al. 2009; Ménard et al. 2017), particularly
to study xylogenesis. For instance, in suspension cultures of Cinchona
ledgeriana, tracheary elements (sclerenchyma-like cells) were observed
at the periphery of cell aggregates containing more than 90% of the total
alkaloids in the cell culture (Hoekstra et al. 1990). More recently, in pre-
liminary studies, it has been shown that there can be several types of
cells within cell aggregates of suspension cultures (Figure 4.2), where
tracheary elements (Figure 4.2F) were likely related to alkaloid accumu-
lation in suspension cultures of Catharanthus (Zavala-Ortiz et al. 2021).
Unfortunately, sclerenchyma differentiation in suspension cultures,
particularly into tracheary elements, have mainly focused on ligneous
issues and little is known about alkaloid production.

Other reports have used biochemical properties of cells to depict a cell
differentiation state, such as variations in vacuole pH, and vacuole color
due to the presence of pigments, alkaloids or other secondary metabolites.
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FIGURE 4.2 Cell differentiation occurring in suspension cultures of
Catharanthus roseus. Suspension culture in 250 mL flask (A). Start of cell dif-
ferentiation into sclerenchyma-like cell (lignin fibers developing in the primary
cell wall) (B). Advanced process of cell differentiation into sclerenchyma-like cell
with obvious formation of secondary walls (C). Aggregate of sclerenchyma-like
cells (tracheary elements) (D). Typical aggregate containing parenchyma-like
cells (white arrows), collenchyma-like cells (dark arrow), and sclerenchyma-like
cells (triangles) (E). A sclerenchyma-like cell (arrow) positive for alkaloid content
detected with Wagner’s reagent and parenchyma-like cells negative for alkaloids
(colorless) (F).

For instance, in suspension cultures of Catharanthus, it has been reported
that there exists a marked heterogeneity of cell subpopulations related to
the accumulation of anthocyanins and serpentine (Knobloch et al. 1982).
Cell differences were obvious, using light microscopy for the identification
of red cells containing anthocyanins and using fluorescence microscopy
for the detection of cells containing serpentine. These two types repre-
sented approximately 10% of the entire cell population. In this research,
some evidence was presented about the factors inducing anthocyanin and
serpentine accumulation in different cells. Light exposure, low phosphate
and nitrogen availability, and high sucrose concentration were shown to
be beneficial for alkaloid accumulation. Unfortunately, no data were pro-
vided showing the dynamics of cell differentiation and the eventual need
for other types of cells for the accumulation of alkaloids.
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In Catharanthus suspension cultures, cells with different states were
identified by different pH values within their vacuoles (Neumann et al.
1983). By using fluorescence and electron microscopy, it was discovered
that alkaloid accumulation occurred inside the vacuoles of particular
cells. These alkaloid-accumulating cells exhibited a vacuolar pH of 3,
whereas most cells had a vacuolar pH of about 5. Moreover, it seemed that
the presence of such alkaloid-accumulating cells was a prerequisite for the
accumulation of alkaloids in the suspension cultures. The differentiation
into these alkaloid-accumulating cells depended on the culture condi-
tions and the cell line. The identification of cell differentiation through
biochemical differences must be considered as cells with these differenti-
ated states (different vacuolar pH) showed similar morphology. Indeed,
the great majority of images presented in publications of plant suspension
cultures tends to show relatively homogeneous cell populations in terms
of cell morphology (Zavala-Ortiz et al. 2021). Therefore, the identification
of cell differentiation should consider several and orthogonal analyses for
the identification of cell subpopulations with particular specializations
related to secondary metabolite synthesis.

4.8 IMPLEMENTATION: MANAGEMENT
OF CELL DIFFERENTIATION

It has been reviewed that cell differentiation can be important to produce
some secondary metabolites. Secondary metabolites titers in suspension
cultures are likely enhanced by the presence of cells with different charac-
teristics and interactions between these different cell types. Therefore, it is
of great importance to explore the feasibility of novel processes based on
the management of cell differentiation. It is likely that control of culture
heterogeneities (i.e., cell aggregate size and gradients, among others) induc-
ing significant differences among cells could determine secondary metabo-
lite production to some extent. Such novel processes would require a deep
understanding of what is happening in every single cell or cell subpopu-
lation in response to the cell environment, namely the culture conditions
of the bioreactor (Craven and Whelan 2015). However, it is not yet clearly
understood how cell differentiation could be controlled for the manage-
ment and optimization of suspension culture performance (Zavala-Ortiz et
al. 2020). Consequently, efforts must firstly be carried out to understand the
cell differentiation process and its link to secondary metabolite synthesis in
suspension cultures. Then, enhanced production approaches, based on the

real time control of cell differentiation, could be launched.
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There exist three main challenges for the proper monitoring and control
of plant cell suspension cultures: 1) The diverse possible critical variables
of a physical, chemical, and biological nature that affect cell differentia-
tion; 2) the inherent challenges for their monitoring, such as the instru-
mentation and calibration of the monitoring procedures; and 3) the need
for a deep process understanding of control strategies.

Currently, the most advanced cell culture processes are supported by
automatic control strategies using Process Analytical Technology (PAT)
for the continuous measurement and control of critical process param-
eters (CPP) to ensure final process specifications. The core of these appli-
cations is the use of in-line probes (Figure 4.1D) for the measurement of
the CPP. There exist several types of in-line cell analyzers based on differ-
ent fundamental phenomena that could serve to monitor particular prop-
erties of the cell culture or cells. For instance, capacitance, also referred
to as dielectric permittivity, can serve to monitor the capacity of vesicles
(i.e., cells) to store charges. On the other hand, in-line analyzers based on
vibrational spectroscopy, such as Raman or Near-Infrared Spectroscopy
(NIRS), could provide information about the presence of functional
chemical groups or the size of particles within the culture medium. All
these analyzers provide spectra that must be used, in a predictive manner,
to estimate the content of particular characteristics of the plant suspen-
sion culture process. In the context of the innovative processes based on
differentiated cells, in-line analyzers providing information on cell sub-
populations must first be developed. Then, control actions can be executed
for building retro-control procedures (Zavala-Ortiz et al. 2022) in the new
proposed processes of differentiated cells.

Although cell cultures are nowadays monitored in terms of sev-
eral critical variables, using in-line probes (ClaBen et al. 2017), they
are mostly restricted to physical parameters (i.e., temperature, redox
potential, dissolved gases, turbidity). Processes can be enhanced if
novel critical variables reflecting the presence of cell subpopulations,
namely differentiated cells, are monitored (Clementschitsch and Bayer
2006). Flow cytometry is the standard technique used to analyze cell
subpopulations. However, the cost of equipment and the labor-inten-
sive sample preprocessing necessary for analysis prevents cell cytom-
etry from currently being a serious alternative for in-line approaches
in plant suspension cultures. Dielectric analyzers are good options for
in-line monitoring of cells in terms of size, volume, and shape. Recently,
monitoring procedures based on permittivity spectroscopy have been
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successfully established to monitor plant cell biomass in-line as packed
cell volume (PCV) and cell dry weight (DW) (Matanguihan et al. 1994;
Holland et al. 2013). Unfortunately, these monitoring procedures still
provided a “mean value” of the whole cell population rather than a
description of subpopulations within the culture.

New developments, such as micro chips, have combined the advantages
of cell cytometry for subpopulation analysis with impedance spectros-
copy for providing data from such subpopulations in terms of cell size,
membrane capacitance, and cytoplasm conductivity (Cheung et al. 2005).
Though this novel approach could be extremely useful, it is currently avail-
able only for animal cell cultures without cell aggregation. New develop-
ments must then be developed for plant suspension cultures. Furthermore,
other strategies must be generated for providing data on subpopulation
dynamics throughout the plant suspension culture processes.

More recently, NIRS has proven to be a promising technique for the
monitoring of cell subpopulations based on different cell wall composi-
tions (Zavala-Ortiz et al. 2020). In this work, off-line measurements of
different cells, classified as parenchyma-, collenchyma-, and scleren-
chyma-like cells, and in-line NIR spectra captured in 3 L bioreactor cul-
tures were used to generate monitoring procedures based on Partial Least
Squares Regression (PLSR). Then, the models were used to generate in-line
estimates of the subpopulation distributions. Though this work pointed
out that in situ NIR spectroscopy is a promising PAT tool to monitor cells
with respect to different cell wall compositions, it is preliminary and issues
remain to be clarified.

There are several options for the real-monitoring of cells in cell cul-
tures, although their feasibility in plant suspension cultures has received
only limited attention. Raman spectroscopy is attracting interest in mam-
malian cell cultures due to limited interference from water molecules. It
has been used for in-line glycosylation analysis of proteins and CPP as
culture medium compounds (Li et al. 2018). However, as far as can be
ascertained, its use for the monitoring of different plant cells in suspen-
sion cultures has not been performed. There are promising results that
could imply that Raman spectroscopy could distinguish different cells in
suspension cultures. For instance, an off-line Raman procedure has suc-
cessfully been employed for the detection of five types of leukocytes in
human blood samples (Li et al. 2020). Perhaps, in a few years, such tech-
nology could be employed in situ for the detection of plant cells with dif-
ferent characteristics.
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Previous studies have shown the potential of in situ probes for the
monitoring of different types of cells, depending on their composition, as
terms of size, shape, and type of cell wall. However, the identification of
cell subpopulations in terms of physiological state and biochemical char-
acteristics is more challenging as it needs to monitor the concentration
of key compounds inside single cells. In this context, fluorescence probes
could be used to detect emissions at defined wavelengths for the key com-
pounds. For instance, fluorescence probes have been used for in situ mon-
itoring of Eschscholtzia californica, Catharanthus (Hisiger and Jolicoeur
2008), and Azadirachta indica (Srivastava, Harsh, and Srivastava 2008)
suspension cultures by the detection of endogenous fluorophores such as
NAD(P)H, riboflavins, tryptamine, tryptophan, and fluorescent second-
ary metabolites. Detection of such metabolites provided information on
the biochemical nature of cells as a mean value, though no information on
subpopulations could be provided.

In brief, most research has been focused on the monitoring of several
parameters in the form of mean values, namely of the entire cell popu-
lation. Novel alternatives, such as in-line micro-flow cytometers, are
emerging (Cheung et al. 2005), then probes could be used to analyze cells
individually. However, it seems unlike that such approaches will become
available soon or be feasible for plant cells. On the other hand, the use
of several and orthogonal monitoring approaches seems to be the most
feasible technology. For instance, the use of a dual strategy, based in NIRS
and dielectric spectroscopies, was successfully applied for the real-time
monitoring of viable, dead, and lysed cell subpopulations in real time
during Chinese Hamster Ovary (CHO) cell cultures (Courtes et al. 2016).
Multivariate analysis of several orthogonal analyzers could then reveal
complex relationships to infer the distribution of several cell subpopula-
tions with some certainty. We think this approach will be a viable alter-
native for the monitoring and control of plant cell suspension cultures in
the future. Then, cell subpopulation dynamics could be real-time moni-
tored and controlled through the proper management of the sources of
cell heterogeneities.

4.9 CONCLUSIONS

In this chapter, the production of secondary metabolites has been reviewed
from a technical perspective. Suspension cultures seem ideal for large-
scale supply in major cases although there are technological limitations,
mainly because suspension cultures cannot produce important secondary
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metabolites which require the presence of different specialized cells in
plants. Until now, there have been only a few studies showing that cell
differentiation could be achieved in suspension cultures to some extent,
opening the path for novel processes for secondary metabolite production
based on the control of cell differentiation. However, most of such research
has been descriptive in nature and there remains limited process under-
standing. Therefore, more effort must be carried out to achieve a deeper
comprehension of cell differentiation and its management as the base of
process control strategies. Management of cell differentiation will require
real-time monitoring procedures of cell subpopulations, which will likely
be developed using PAT analyzers. Finally, such a combination of pro-
cess knowledge and control of cell differentiation will lead to innovative
production processes for a sufficient supply of plant-derived molecules at
affordable prices over the next decades.
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5.1 INTRODUCTION

Since ancient times, plants have been used as medicines, and, currently,
around ten percent of the 350,000 species described are used for this pur-
pose (Salmeron-Manzano et al. 2020). Moreover, about one-third of the
world’s best-selling drugs are obtained from plant natural compounds
or their derivatives (Dehelean et al. 2021). In the post-Neolithic period,
about 60% of plants were used as medicines; nowadays, people collect
wild and cultivated plants for medicinal use, as an indispensable part of
human civilization (Hao and Xiao 2015). According to the World Health
Organization (WHO), more than 80% of the world’s population routinely
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uses traditional medicines to meet their primary healthcare needs (Wang
etal. 2020). Plants are necessary for the everyday diet and their nutritional
values have been intensively studied for decades. In addition, the synthesis
of a wide range of secondary metabolites, such as alkaloids, flavonoids,
quinones, lignans, steroids, and terpenoids, have been used by humans as
pharmaceuticals, agrochemicals, flavors, fragrances, colors, biopesticides,
and food additives (Thakur et al. 2019, Leyva-Padron et al. 2020), repre-
senting a huge market for industrial production. Plant secondary metab-
olites also include a wide variety of elements, such as nitrogen, sulfur,
phosphorus, etc. (Leyva-Padrén et al. 2020, Ghassemi et al, 2021). Many of
these compounds play an important role in defense mechanisms against
bacteria, fungi, viruses, and insects (Reddy et al. 2020, Reyes-Vaquero
et al. 2021) (Seca and Pinto 2018, Reddy et al. 2020, Reyes-Vaquero et al.
2021) Research on plant secondary metabolites has increased over the past
50 years, due to their significance in daily life, such as human health care
(Jamwal et al. 2018).

Analysis of secondary plant metabolites is particularly important for
the understanding of plant physiology, including plant growth, develop-
ment, and defense mechanisms. However, in the case of herbal medici-
nal plants (Chua 2016), it is important to study the metabolic interactions
when plants or metabolites are used to treat important diseases (Urquiza-
Lépez et al. 2021). The production and accumulation of plant metabolites
depend on several factors, and it has been proposed that plants assign a
huge part of their genomes to regulate, biosynthesize, and store many
chemical compounds. These chemicals play a crucial role in the interac-
tion of plants with the environment, and these compounds are known as
“specialized metabolites” (Yuan and Grotewold 2020). Secondary metabo-
lite accumulation often occurs in plants in response to different stimuli,
such as osmotic stress, temperature, humidity, drought, bacterial, yeast, or
fungal extracts, salicylic acid, or physical injury, among others, which are
biotic or abiotic elicitors (Naik and Al-Khayri 2016).

Recently, novel studies into the general processes of living systems
have developed using omics data (Figure 5.1). These consist of the abun-
dance measurements and structural characterization of a large range of
molecules, using different methodologies (Gorrochategui et al. 2016). The
chemical structures are involved in important biological processes, and the
study of the metabolic pathways includes several omics phases, as follows:
genomics, which looks at the DNA to investigate the presence/absence of
certain genes; transcriptomics, studying the transcribed genetic material,
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examining the genes which are actively expressed; and proteomics, which
helps in characterizing the information flow happening within the cell
and the organism, about the functionality of proteins and metabolomics,
to provide an invaluable amount of information on the complex network
of metabolites in biological systems (Reel et al. 2021).

Metabolomics research is the study of the chemical and biochemical
processes of biological systems, assisted by databases. It makes it possi-
ble to understand the metabolic processes and reveal the key pathways
or mechanisms used in pharmaceutical research and drug treatments.
It is part of the complex analysis necessary to reach important conclu-
sions regarding biological systems. This is a journey that describes the new
vision that metabolomics offers and explains recent associated advances to
successfully exploit plants of pharmaceutical interest.

5.2 METABOLOME AND PLANT METABOLOMICS

The metabolome is complex and dynamic because different chemical reac-
tions are continuously occurring in the cell, resulting in the formation of
hundreds of low-molecular-weight metabolites, present within a biological
system. It includes different compounds, like amino acids, fatty acids, car-
bohydrates, vitamins, and lipids among others; the diversity of molecules
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within the metabolome is specific to the organism studied (Viant et al.
2017, Urquiza-Lopez et al. 2021). Analysis of the plant metabolome is par-
ticularly challenging as the complexity of biological systems increases due
to the chemical diversity of primary and secondary metabolites. In plants,
the metabolome has been estimated to contain approximately 200,000
metabolites (Heyman and Dubery 2016), and comprehensive analysis has
been performed by metabolomic technologies (Bingol 2018). These include
a multidisciplinary approach combining analytical chemistry, biochemis-
try, informatics, and biostatistics for analyzing the set of metabolites con-
tained in biological organisms (Fenaille et al. 2017).

Metabolomics is a relatively young discipline compared with other well-
established "omics" such as genomics, transcriptomics, and proteomics (Li
et al. 2017). It is a valuable tool in different disciplines, allowing the dis-
covery of new medicines, finding biomarkers, studying diseases, identify-
ing metabolic pathways, and conducting comparative statistical analysis
between two or more conditions that can be applied in clinical, toxicologi-
cal, and pharmacological trials (Steuer et al. 2019). Metabolomics applied
to agriculture, including food and medicinal production, is a powerful tool
for evaluating the natural variation of the metabolite content among differ-
ent plant species. Metabolite accumulation can be studied during growth
and plant development and used to characterize the metabolic response
to different biotic or abiotic stresses (Li et al. 2018). However, this technol-
ogy represents a significant analytical challenge, unlike genomic and pro-
teomic methods, since the studied molecules are variable and with specific
physicochemical properties, such as different polarities, from water-solu-
ble organic acids to nonpolar lipids (Clish 2015). Different chemical species
can be found in highly variable concentrations, from individual molecules
to high molar fractions (Keppler et al. 2018). Recent advances in analytical
methods and data analysis have resulted in increased sensitivity, precision,
and capacity, allowing the analysis of several hundred or even thousands
of compounds within a sample; thereby, metabolomics continues evolving
and improving (Clish 2015, Tenenboim and Brotman 2016).

The metabolome is the complete set of cellular metabolites included in
an extract from a biological sample. The metabolome reflects the response
of an organism to multiple environmental factors, and includes both the
endometabolome and exometabolome (Seenivasan et al. 2020). It can be
divided into two categories: non-directed metabolomics and targeted
metabolomics, the latter including metabolite fingerprinting and meta-
bolic footprinting. It is necessary to take care of a) sample handling, b) the
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external variables that should influence the metabolome from samples,
and c) the analysis and interpretation of the data. The correct transforma-
tion of the data and the use of online platforms will not only reveal the
possible differences but also reduce the time of analysis. In conclusion,
metabolomics is a multidisciplinary science where the metabolic conclu-
sion obtained will depend on the synergy of an appropriate chemical and
instrumental analysis, a data transformation, and a biological interpre-
tation appropriate to the nature of the sample or the biological system
analyzed.

The non-directed metabolomics, or “untargeted metabolomics”, pre-
tends to profile endogenous metabolites without preferences (Beger et al.
2019). This untargeted approach includes the comprehensive analysis of all
measurable analytes in a sample, including uncharacterized metabolites
(Gorrochategui et al. 2016, Rochat 2016). The main outstanding feature of
untargeted metabolomics is the discovery of novel metabolites related to
the background research. The detection and identification of metabolites
are usually carried out with mass spectrometry (MS) and nuclear mag-
netic resonance (NMR) (Wang et al. 2019, Bingol 2018, Emwas et al. 2019).
Untargeted metabolomic methods are global in scope and have the aim of
simultaneously measuring as many metabolites as possible from biologi-
cal samples without bias, whereas targeted metabolomic approaches are
commonly driven by a specific biochemical question or hypothesis that
motivates the investigation of a particular pathway (Cai et al. 2015).

Targeted metabolomics focuses on the analysis of a predefined combi-
nation of molecules, with preexisting information (Beger et al. 2019). Data
analysis in targeted metabolomics aims to process datasets coming from a
predefined group of metabolites, chemically characterized and biochemi-
cally identified and contained in referential databases (Gorrochategui et
al. 2016). Even though this is still a research analysis, it has true potential
for clinical applications and routine analysis (Rochat 2016). In targeted
analyses, a small number of predefined metabolites, typically fewer than
20 metabolites are analyzed in the samples of interest. It supplies a high
level of sensitivity, precision, and accuracy (Hasanpour et al. 2020).

“Metabolite fingerprinting” determines endogenous cellular mark-
ers and evaluates the most representative metabolites to find differ-
ences between groups and treatments (Keppler et al. 2018). It provides
a comprehensive set of features ideally corresponding to all chemical
constituents and aims to extract the non-evident chemical information
included among the entire set of signals acquired through an analytical
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instrumental technique (Stilo et al. 2021). This is a powerful approach
for the characterization of phenotypes and the differentiation of spe-
cific metabolic conditions due to environmental factors (Liang et al.
2015, Urquiza-Lopez et al. 2021).

Currently, fingerprinting has been applied to specific areas of study,
such as food (Cifuentes 2017), agriculture (Sherriff et al. 2018), nutri-
tion (Ghanbari et al. 2019), and medicinal plants (Pérez-Mendoza et al.
2020), among others, and the development of specific analytical tech-
niques and informative multidimensional platforms, which are readily
available, will offer further possibilities to continue developing this
concept (Stilo et al. 2021).

Finally, the exometabolome “metabolic footprinting” focuses on the
analysis of the low-molecular-weight metabolites that are excreted by the
cells (Bingol 2018). Basically, this is a strategy for analyzing the properties
of cells or tissues by looking in a high-throughput manner at the metab-
olites that are excreted or fail to be taken up from their surroundings.
Metabolic footprinting analysis is the qualitative study of extracellular
metabolites (exometabolites) and is another promising technique in met-
abolic engineering. The results from this technique reflect the influence
of environmental conditions on intracellular metabolism, which may be
studied by simply probing exometabolites.

In summary, metabolic fingerprinting relies on the measurement of
intracellular metabolites, whereas metabolic footprinting depends on the
monitoring of metabolites consumed from, and secreted into, the growth
medium (Seenivasan et al. 2020).

5.3 ANALYTICAL TECHNIQUES AND BIOINFORMATIC
TOOLS FOR METABOLOMIC ANALYSIS

The most common platforms used for metabolomics include liquid chro-

matograph-mass spectrometry (LC-MS), gas chromatography-mass
spectrometry (GC-MS), and nuclear magnetic resonance (NMR) (Zhao
et al. 2018).

Mass spectrometry (MS) is currently the most popular technique for
metabolite detection and identification due to its ability to be combined
with gas chromatography (GC-MS), liquid chromatography (LC-MS),
and capillary electrophoresis (CE-MS), and to perform tandem experi-
ments (MS/MS), to enhance sensitivity (Rathahao-Paris et al. 2016, Chen
et al. 2018). LC-MS currently stands as the most versatile and commonly
used platform for profiling extracts (Allard et al. 2017). Diverse types of
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MS have been hyphenated with LC systems, which can be divided into
low-resolution (LR) MS (like quadrupole (Q), triple quadrupole (QQQ)
and ion trap (IT)) and high-resolution (HR) MS (like time-of-flight (TOF),
Q-TOF and Orbitrap) (Yan and Xu 2018).

Various chemical changes can be performed on an analyte in order to
make it suitable for a specific method of analysis, the most common being
derivatization (Moldoveanu and David 2019). Derivatization is based on
converting compounds into a derivative that can be better be analyzed;
usually, this conversion is specific for a functional group or a class of
functional groups (Holldnder 2017). Active hydrogens in the functional
groups of molecules containing carboxylic acids (-COOH), alcohols
(-OH), amines (-NH,), and thiols (-SH) can be derivatized by alkylation,
acylation, or silylation (Beale et al. 2018).

Metabolomic profiling by NMR has often been performed by one-
dimensional (1D) '"H-NMR experiments. The advantage of 1D 'H-NMR
is the short acquisition time, which is typically less than one hour/sample,
and high sensitivity; it can detect metabolites down to single-digit uM
concentrations (Bingol 2018).

Metabolite identification is one of the most difficult challenges in
metabolomics, for which spectral knowledge databases are essential.
There are databases for the identification of metabolites, databases
for the analysis of the biosynthetic pathway, and tools for the spec-
tral process and data analysis (Arnald et al. 2015). These databases
are METLIN, Kyoto Encyclopedia of Genes and Genomes (KEGG),
Metabolic Pathway Database (MetaCyc), BioCyc Database Collection,
MetaboAnalyst, Metabox, OmicsNet, MetScape3, and MetExplore
(Table 5.1).

METLIN (https://metlin.scripps.edu/landing_page.php?pgcontent
=mainPage), a freely accessible cloud-based technology platform and
metabolite database, has grown from a small collection of MS/MS spectra
(Guijas et al. 2018). The database contains over 240,000 compounds, which
include endogenous metabolites from different organisms and exogenous
compounds such as pharmaceutical drugs and other synthetic organic
compounds (Levin et al. 2016). METLIN data are broadly useful across
multiple tandem mass spectrometry instrument types, with the data col-
lected in both positive and negative ionization modes at multiple colli-
sion energies, supplying high-resolution spectra, systematically bought,
and manually curated directly from standards and their stable isotope
analogs. These data complement the information from other databases,
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TABLE 5.1 Databases for the Identification of Metabolites, Analysis of the Biosynthesis
Pathway, and Tools for Spectral Process and Data Analysis

Database Website Reference

Identification of metabolites
METLIN https://metlin.scripps.edu Guijas et al. (2018)
Analysis of pathways and biosynthesis

Kyoto Encyclopedia https://www.genome.jp/kegg/ Kanehisa et al. (2017)
of Genes and
Genomes (KEGG)

Metabolic Pathway https://metacyc.org/ Caspi et al. (2018)
Database (MetaCyc)

BioCyc https://biocyc.org/ Karp et al. (2019)

Database Collection
Data analysis, interpretation, and integration with other omics data

MetaboAnalyst https://www.metaboanalyst.ca/ Chong and Xia (2018)
Metabox http://kwanjeeraw.github.io/metabox/ ~ Wanichthanarak et al.
(2017)
Omicsnet https://www.omicsnet.ca/home.xhtml ~ Zhou and Xia (2018)
MetExplore https://metexplore.toulouse.inrae.fr/ Cottret et al. (2018)
index.html/

which have been collected for electron impact (EI) or nuclear magnetic
resonance (NMR) instrumentation (Guijas et al. 2018).

KEGG consists of four databases of pathways, genes, compounds, and
enzymes. KEGG (https://www.genome.jp/kegg/) is an integrated database
resource consisting of fifteen manually verified databases and a compu-
tationally generated database in four categories: Systems Information,
Genomic Information, Chemical Information, and Health Information
(Kanehisa et al. 2017).

MetaCyc (https://metacyc.org/) is a highly supervised database for over
20 years reference to metabolism from all domains of life. It has data about
chemical compounds, reactions, enzymes, and metabolic pathways that
have been experimentally confirmed and reported in the scientific litera-
ture (Caspi et al. 2018).

BioCyc (https://biocyc.org/) is a microbial genome web portal that
combines thousands of genomes, with other information inferred by
computer programs, imported from other databases (DBs), and validated
from the biomedical literature by biologist curators. BioCyc also supplies
an extensive range of query tools, visualization services, and analysis soft-
ware (Karp et al. 2019).
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MetaboAnalyst (https://www.metaboanalyst.ca/) is an easy-to-use web-
based tool suitable that allows users to perform a wide variety of metabo-
lomic data analysis tasks. The current release (v4.0) holds twelve modules
that can be placed into four categories: exploratory statistical analysis,
functional analysis, data integration, and data processing (Chong and Xia
2018).

Metabox (http://kwanjeeraw.github.io/metabox/) is a bioinformat-
ics toolbox for deep phenotyping analytics that combines data process-
ing, statistical analysis, functional analysis, and integrative exploration
of metabolomic data within proteomic and transcriptomic contexts
(Wanichthanarak et al. 2017).

OmicsNet, (https://www.omicsnet.ca/) is a novel tool that allows users
to easily create distinct types of molecular interaction networks and visu-
ally explore them in a three-dimensional (3D) space. Users can upload
one or multiple lists of molecules of interest (genes/proteins, microRNAs,
transcription factors, or metabolites), to create and merge several types of
biological networks (Zhou and Xia 2018).

MetScape3 (http://metscape.ncibi.org/) and MetExplore (https://met-
explore.toulouse.inrae.fr/index.html/) offer an all-in-one online solution
composed of interactive tools for metabolic network curation, network
exploration, and omics data analysis (Cottret et al. 2018).

5.4 METABOLOMICS APPLIED TO MEDICINAL PLANTS

Medicinal plants are a huge source of natural organic compounds with
promising prospects for pharmaceutical applications. Compared with

animals and microorganisms, plants can produce far more bioactive
metabolites, such as alkaloids, flavonoids, quinines, and terpenoids, and
many of them have been confirmed to possess medicinal value (Ma et al.
2019, Leyva-Padrén et al. 2021, Urquiza-Lopez et al. 2021). Atanas et al.
(2015) summarized some plant-derived natural products approved for
therapeutic use in the period 1984-2014. These products have a diverse
range of molecular targets and have been used for the treatment of diverse
diseases. Metabolomics has been important for the characterization of
extracts; this strategy, accompanied by complementary tests, has allowed
proposing the chemical compounds responsible for biological activity.
Some examples, such as Capsicum annuum, is used externally to treat
rheumatism, lumbago, and neuralgia (Srinivasan 2016). Capsaicin, the
main metabolite from C. annuum fruits, has been studied clinically as a
topical treatment for the pain of rheumatoid and osteoarthritis (Persson
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et al. 2018), psoriasis, diabetic neuropathy, and postherpetic neuralgia
(Srinivasan 2016, Hernandez-Perez et al. 2020).

In Cannabis sativa, some 100 cannabinoids have been identified so
far. The main types of natural cannabinoids belong to the families of the
cannabigerol, cannabichromene, cannabidiol, cannabinodiol, tetrahydro-
cannabinol, cannabinol, cannabitriol, cannabielsoin, isocannabinoids,
cannabicyclol, cannabicitran, and cannabichromanone types. The most
abundant is trans-A-9-tetrahydrocannabinol (THC), which has been used
as an anti vomiting drug in cancer chemotherapy and as an appetite stim-
ulant, especially for AIDS patients. Cannabidiol (CBD) and cannabinol
(CBN), with no psychotropic effect, cannabichromene and related com-
pounds possess anti-inflammatory, anti fungal, and anti microbial activi-
ties (Gongalves et al. 2019). Galanthus caucasicus and Galanthus nivalis
produce galanthamine, a morphine-like alkaloid. It has been used as a pos-
sible therapeutic agent in Alzheimer's disease because of its central cholin-
ergic effects (Tsakadze et al. 1969, Khonakdari et al. 2018). Metabolomic
studies can also help to investigate the pharmacological effects and the
action mechanism of a range of herbs (Hasanpour et al. 2020).

Metabolites in medicinal plant research results in thousands of sci-
entific papers yearly. The last five years have been influenced mainly by
studies generated by China and India, with 800-1,100 publications per
year (Salmonerén-Manzano et al. 2020). In a recent bibliometric study,
Salmonerén-Manzano et al. (2020) mentioned that Artemisia annua,
Aloe vera, Panax ginseng, Punica granatum, Apocynum cannabinum, and
Andrographis paniculate are the most studied medicinal plants. Table 5.2
summarizes some papers that include the development of metabolomic
research strategies in several locations of the world; this is the case for
Rosmarinus officinalis, Camellia sinensis, Valeriana officinalis, Melissa
officinalis, and Salvia officinalis commonly used in Asia and the Americas
for multiple diseases. Asian medicinal plants recorded in recent years in
databases include metabolomic approaches to medicinal plants associated
with skin care, management of diabetes, cancer treatments, and cardio-
vascular diseases (Salmonerén-Manzano et al. 2020).

5.5 WORLD TRENDS ON METABOLOMICS

IN MEDICINAL PLANTS
People in different parts of the world use, commercialize, and explore
diverse plants for medicinal issues, and there has been an increase in inves-
tigations that now include metabolomic techniques in specific subjects.
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TABLE 5.2 Metabolomics of Popular Medicinal Plants, Medicinal Action, and the
Analytical Platform Used Since 2020

Medicinal Plant

Lupinus albus L.

Muntingia calabura L.

Salvia officinalis L

Cannabis sativa L.

Peganum harmala L.
Zygophyllum album L.f.
Anacyclus valentinus L.
Ammodaucus leucotrichus
Coss. & Durand
Lupinus albus L.
Marrubium vulgare L.

Lonicerae japonicae Thunb.

Ocimum sanctum L.
Ocimum gratissimum (L.)
Ocimum

kilimandscharicum Giirke

Cinnamomum camphora
(L.) J.Presl

Salvia officinalis L.

Burkea africana Hook

Catharanthus roseus (L.)
G.Don

Rosmarinus officinalis L.

Lavandula officinalis L.

Matricaria chamomilla L.

Camellia sinensis (L.)
Kuntze

Pelargonium graveolens
LHér.

Major Analytical

Platform

('H-NMR)!
UHPLC-
ESI-MS/MS?

((H-NMR)
LC-ESl/
LTQ-
Orbitrap/MS?
GC-MS*

("H-NMR)

LC-QTOF/
MS®
GC-MS

LC-QTOF/MS

LC-QTOF/MS

('H-NMR)

UHPLC-MS/
MS¢

UPLC-HR-
ESI-MS/MS”

Potential Medicinal

Action

Diabetes

Gastroprotection

Inflammatory
diseases

Cancer
Arthritis

Antidiabetic

Anti-
inflammatory
Hypoglycemic
effect

Sedative
Antispasmodic
Diaphoretic
Anthelmintic
Antiseptic
Anti-
inflammatory
Cancer

Leukemia
Hodgkin's
lymphoma
Anti-aging
Skin protective

Reference

Hellal et al.
(2021)

Zolkeflee et al.
(2021)

Samani et al.
(2021)

Rashid et al.
(2021)

Hellal et al.
(2020)

Cai et al. (2020)

Rastogi et al.
(2020)

Yang et al.
(2020)

Sharma et al.
(2020)

Nemadodzi et
al. (2020)

Fraser et al.
(2020)

Salem et al.
(2020)

(Continued)
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TABLE 5.2 (CONTINUED) Metabolomics of Popular Medicinal Plants, Medicinal
Action, and the Analytical Platform Used Since 2020

Major Analytical Potential Medicinal

Medicinal Plant Platform Action Reference
Valeriana officinalis L. GC-MS o Sedative Gonulalan et
Melissa officinalis L. LC-QTOF/MS  « Anxiolytic al. (2020)
Hypericum perforatum L. « Sleep disorders

Passiflora incarnata L.

! Proton nuclear magnetic resonance spectroscopy

2 Ultrahigh-performance-liquid chromatography-electrospray ionization tandem mass
spectrometry

*  Liquid Chromatography coupled with high-resolution mass spectrometry

4 Gas chromatography-mass spectrometry (GC-MS)

5 Ultrahigh-performance-liquid chromatography-Quadrupole Time of Flight-mass
spectrometry.

¢ Ultra-performance liquid chromatography-tandem mass spectrometry

The world trends with bibliographic databases and bibliometric tools,
using the words “metabolomics studies” in “medicinal plants” (TITLE-
ABS-KEY (medicinal AND plants AND metabolomics)). According to
the SCOPUS database, until March 2021, has shown different conclusions.
Moreover, the number of publications in indexed journals between 2013
and 2020 has increased. China is the leading country of research on the
metabolomics of medicinal plants, followed by the United States, India,
and Germany. When we focus on the analysis of metabolomics applied to
medicinal plants, the nodes network is generated according to keywords
co-occurrence (Figure 5.2, graph realized in VOSviewer version 1.6.16)
(Perianes-Rodriguez et al. 2016) and allows the differentiation of four
nodes that match the main themes studied under this topic. The first node,
in red, at left is associated with the metabolomic analysis of the effects of
metabolites from plants on animals or human beings. The second node,
in green at the upperside, is related to papers that associate metabolo-
mics with genomics, proteomics, production of medicines, and analysis
of metabolites of special traits as flavonoids or alkaloids. The third node,
in blue at the downside, is based on analytical platforms used for metabo-
lomics in medicinal plants and statistical methodologies for data analy-
sis and interpretation. This approach is also highlighted by Okada et al.
(2010). These authors affirmed that score plot, loading plot analyses, and
discriminant map analyses are useful for the reduction of a metabolite
fingerprint and the classification of analyzed samples. Finally, the fourth
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FIGURE5.2 Bibliometric trends of research in metabolomics in medicinal plants
according to SCOPUS exploration. Node network is based on co-occurrences
of keywords medicinal (using medicinal AND plants AND metabolomics) of
papers available in SCOPUS database.

node, in yellow in the center, is for connection to metabolomics in medici-
nal plants and Chinese herbal uses.

Metabolomic studies are applied worldwide by the scientific commu-
nity to explore the chemical profiles and metabolic pathways of various
biofluids/herbal extracts (Mumtaz et al. 2017). In synthesis, the revolu-
tion of metabolomic approaches to medicinal plants was prompted by the
development of analytical platforms, and obviously by the continuous
improvement of databases and bioinformatics tools that help researchers
to analyze more information in less time.

Different analytical platforms and, in some cases, combinations of
techniques are often used as tools for different aims in plant metabolo-
mics. Applying targeted metabolomics, the analysis of specific metabolites
in some species or samples is usually combined with enzymatic activ-
ity assays. Hussin et al. (2019) used 'H-NMR for analyzing some plants
with anti aging effects, such as Curcuma longa, Oenanthe javanica, Vitex
negundo, Pluchea indica, Cosmos caudatus, and Persicaria minus, coupled
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with multivariate data analysis (MVDA) and the free radical scavenging
activity of the extract. The results showed the presence of higher levels
of metabolites in P. minus, such as quercetin, quercetin-3-O-rhamnoside
(quercitrin), myricetin derivatives, catechin, isorhamnetin, astragalin, and
apigenin, having the highest radical scavenging activities and anti-aging
properties. Murugesu et al. (2019) reported the metabolomics approach
supporting a metabolite profiling to characterize a-glucosidase inhibitors
from Clinacanthus nutans through LC-MS-QTOF and the partial least
square (PLS) statistical model. Four a-glucosidase inhibitors were profiled:
(1) 4,6,8-megastigmatrien-3-one; (2) N-isobutyl-2-nonen-6,8-diynamide;
(3) 1,2'-bis(acetyloxy)-3',4’-didehydro-2’-hydro-p, y-carotene; and (4)
22-acetate-3-hydroxy-21-(6-methyl-2,4-octadienoate)-olean-12-en-28-oic
acid. In addition, molecular docking was used to explain the mechanisms
of the interactions involved between the inhibitors and enzymes for anti-
a-glucosidase action. Khoo et al. (2015) used 'H-NMR and UHPLC-MS/
MS, coupled with PLS statistical modeling, for an untargeted analysis in
leaves and stems of Clinacanthus nutans. In this study, the metabolite
profile was correlated with the total phenolic content (TPC), antioxidant,
and a-glucosidase inhibitory activities. Authors reported several new
compounds in this plant, including gendarucin A, a gendarucin A iso-
mer, 3,3-di-O-methylellagic acid, ascorbic acid, and two isomeric oxopro-
linates. The metabolomic analysis also showed that air-dried leaf extracts
showed more antioxidant capacity and a-glucosidase inhibitory activities
than the stem extracts.

Biomarkers are substances produced by a biological system under spe-
cific conditions. Specific molecules can be determined to reflect normal
biological processes, pathogenic processes, or as a response to a stimulus
or specific treatment (Calift 2018). Particularly in plants, it is useful to ana-
lyze the abundance of chemical compounds at different stages of develop-
ment. Javadi et al. (2015) reported an untargeted study, to investigate the
metabolomic changes and the identification of biomarkers during post-
harvest storage of Cosmos caudatus. The metabolites were identified by
gas chromatography-mass spectrometry (GC-MS). Metabolites such as
a-tocopherol, catechin, cyclohexen-1-carboxylic acid, benzoic acid, myo-
inositol, stigmasterol, and lycopene were found at early storage stages;
however, sugars such as sucrose, a-D-galactopyranose, and furanose were
detected as biomarkers at late storage stages.

Diseases such as diabetes, cancer, cardiovascular diseases, and anti-
inflammatory processes have been considered in metabolomics papers
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related to medicinal plants. Diabetes is a condition attracting worldwide
attention. Hasanpour et al. (2020) summarized the metabolomics find-
ings of this condition, suggesting potential biomarkers and characterizing
the metabolic disturbances associated with diabetes development. Guo et
al. (2019) reviewed studies on metabolism-targeting anticancer therapies
based on metabolomics, with emphasis on the potential of a treatment
with pure compounds, herb extracts, and formulations from Chinese
medicines, including several metabolites as promising candidates as effec-
tive neoadjuvants for cancer treatment. Mir et al. (2020), in parallel, high-
lighted the importance of research in cancer treatment and medicinal
plants, supplying an alternative to existing approaches.

Currently, COVID-19 is a disease caused by a coronavirus-type virus
that has been declared the cause of a world pandemic, resulting in an
alarming number of deaths, especially among vulnerable citizens around
the world. Although several therapeutic molecules are being tested and
vaccination is in process, some countries have a long delay before wide-
spread vaccination can be carried out and so need to apply different strat-
egies to attenuate the symptoms. The bioavailability of natural products
with putative anti-SARS-CoV-2 effects, such as tannins, should be con-
sidered, along with the need for clinical validation of their usefulness
and safety (Bernaba et al. 2020). Some studies are suggesting the use of
medicinal plants or natural products, either used alone or in combina-
tion, as alternative medicines to treat/prevent COVID-19 infection. In
China, the use of “Lianhuaqingwen” (LHQW) is used to treat respiratory
tract infectious diseases, viral infections, inflammations, and fever, as an
herbal mixture of more than ten plants. This mixture (LHQW) could help
to treat influenza A infection by improving pathologic alterations, reduc-
ing virus replication and lung lesions, as well as inflammation (Runfeng
et al. 2020). Through metabolomic analysis of treated serum from mice,
two important metabolites were identified, prostaglandin F2a and arachi-
donic acid, as vital indicators of LHQW in treating influenza (Gao et al.
2020). Jia et al. (2015), using Ultra-Performance Liquid Chromatography
method coupled to Diode Array Detection and Quadrupole Time-Of-
Flight Mass Spectrometry (UPLC-DAD-QTOEF-MS) to analyze the major
constituents of LHQW capsules, showed 12 representative compounds as
chemical markers, namely salidroside, chlorogenic acid, forsythoside E,
cryptochlorogenic acid, amygdalin, sweroside, hyperin, rutin, forsytho-
side A, phillyrin, rhein, and glycyrrhizic acid. More than sixty natural
molecules, originating from 15 medicinal plant species, were evaluated
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regarding their inhibitory activity toward SARS-CoV helicase (Bernaba et
al. 2020). These included myricetin and scutellarein, suggested as promis-
ing future anti-SARS drugs (Yu et al. 2012). Qamar et al. (2020), analyzed
the 3CLpro (viral 3-chymotrypsin-like cysteine protease) sequence, which
controls coronavirus replication and is essential for its life cycle. The 3D
homology model was constructed and screened against a medicinal plant
library containing 32,297 potential antiviral phytochemicals/traditional
Chinese medicinal compounds. These analyses revealed that the top nine
hits might serve as potential anti-SARS-CoV-2 lead molecules for fur-
ther optimization and drug development processes to combat COVID-
19. Tripathi et al. (2020) evaluated the potential of 40 natural chemical
constituents of Withania somnifera to identify a possible inhibitor against
the main SARS-CoV-2 protease by a computational approach. The dock-
ing study revealed that four constituents of W. somnifera, withanoside II,
withanoside IV, withanoside V, and sitoindoside IX, exhibited the highest
docking energy among the selected natural constituents. Furthermore, a
molecular dynamics simulation study of 100 ns predicted that withano-
side V may have strong binding affinity and hydrogen-bonding interac-
tions with the protease active site. The putative stability of the active site
and their study suggested that withanoside V of W. somnifera could be
a potential inhibitor against Mpro of SARS-CoV-2 to combat COVID-19
and may have an antiviral effect on novel coronavirus strains. Chikhale et
al. (2020) evaluated W. somnifera, a plant well known as having antiviral,
immunomodulatory, anti-inflammatory, and antioxidant activities, by
using molecular docking and dynamics studies. Two different proteins of
SARS-CoV-2, namely NSP15 endoribonuclease and the receptor-binding
domain of the prefusion spike protein from SARS-CoV-2, were targeted.
Molecular docking studies suggested that withanoside X and quercetin
glucoside from W. somnifera had favorable interactions at the binding site
of the selected proteins. The top-ranked phytochemicals from docking
studies, subjected to 100 ns molecular dynamics, proposed withanoside
X with the highest binding free energy as the most promising inhibitor.
The analysis of a mixture of compounds in plant extracts seems quite
promising and the development of metabolomics methods based on a
small amount of plant material allows the generation of data on the entire
spectrum of substances in the sample under study, containing several
compounds with antiviral activity (Matveeva et al. 2020). In general, the
studies around this disease have been focused on several points, including
the angiotensin-converting enzyme II (ACE2), which was found to be a key
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functional receptor for the SARS-CoV-2, allowing attachment to human
and bat cells, and therefore promoting virus replication (Bernaba et al.
2020). Patten et al. (2016) reported 141 medicinal plants and 49 purified
natural compounds with documented ACE inhibitory potential. Extracts
of Berberis integerrima, Crataegus laevigata., Onopordum acanthium, and
Quercus infectoria were evaluated; the last one was found to achieve 94%
inhibition of ACE (Sharifh et al. 2013). Finally, and using metabolomic
techniques, a natural product named emodin (1,3,8-trihydroxy-6-methyl-
anthraquinone) was proposed to inhibit the SARS-CoV - ACE2 interac-
tion (Bernaba et al. 2020). This compound is found in species belonging
to the plant families Polygonaceae, Labiatae, Oleaceae, Magnoliaceae,
Lauraceae, and Nelumbonaceae, and is produced at high concentrations
in the genera Rheum and Polygonum (Dong et al. 2016).

5.6 PERSPECTIVES

The treatment for or cure of various important diseases or conditions for
humanity is still strongly associated with plants of medicinal interest. So,
analysis of the entire plant, leaves, roots, stems, flowers, extracts, or of iso-
lated metabolites, is a topic that will always be discussed. Today, research
into medicinal and pharmaceutical plants is a topic that demands an inter-
est in national and international journals worldwide, treating different fields
on omics with a significant scientific output. In the topic of this chapter,
comparative metabolomic platforms are evolving into novel technologies
for assessing drug metabolism, illness development, and docking molecu-
lar and chemical toxicology. Papers on metabolomics of medicinal plants
have shown rapid expansion in the past few years, with a peak occurring
in 2020; this has led to the broadening of the vision of plants, in terms of
bioprospecting and biotechnology, and generating a complete perspective
supported by metabolomic techniques as a multidisciplinary science.
Although metabolomics in medicinal plants is led by China, the USA,
and Germany, a great global research potential is still found. In addition,
the challenge in the coming years may be to strengthen the links between
research and training centers that own technology and have access to
high-quality analytical platforms, and with additional research centers in
tropical countries to focus on the study of important and interesting local
flora. New research must also be linked to promoting sustainability and
conservation issues. As stated very clearly by the United Nations (UN), in
the short to long term, advances in science, social progress, environmental
balance, and economic growth must always progress hand in hand.
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6.1 INTRODUCTION

The Annonaceae family members are angiosperms and are distrib-
uted mainly in the tropical and subtropical regions of Central and South
America, Africa, Asia, and Australia. The height of the trees is 3-8 m with
reddish and hairless trunks, branches, and stem barks. Lenticels on the
trunk are numerous, cylindrical, and rough. Leaves are oblong-lanceolate,
dark green, and 5-15 cm long. Flowers are paired, axillary or supra-axillary,
appearing on trunks or branches, are unisexual, often with a single adaxial
bract. Fruits reach maturity in 12-17 weeks, depending on Annona species,
with an average weight from 100 g to 2.9 kg. Peels are thin, green to dark
green, and covered with soft spines. Pulp is white, relatively fibrous, and very
aromatic. Seeds (170-250 per fruit) are obovoid, flattened, and 15-20 mm
long with dark testa (Rodriguez-Nufiez et al. 2021). A. muricata (soursop),
A. cherimola, and A. squamosa plants are native to Mesoamerica and West
Indies. They are the fruits which are mainly grown (Coria-Téllez et al. 2017;
Anaya-Esparza et al. 2020; Rodriguez-Nuiiez et al. 2021). The consumption
and commercialization of Annona fruits have attracted attention due to
their exotic taste and flavor. Moreover, infusion or decoction of leaves, stem
bark, and roots of these species have been used for different ailments (Coria-
Téllez et al. 2018; Anaya-Esparza et al. 2020). Therefore, diverse studies have
been focused on the extraction and encapsulation of bioactive compounds
from these plants, and to investigate their biological activity (Jordan-Suérez
et al. 2018; Aguilar-Hernandez et al. 2019, 2020a).
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Studies on the extraction of bioactive compounds from the three species
have increased in recent years (Aguilar-Hernandez et al. 2020b) due to their
biological activities, such as antioxidant, anti-tumoral, anti-inflammatory,
and anti-hyperglycemic activities, among others (Coria-Téllez et al. 2018;
Anaya-Esparza et al. 2020). Some extraction technologies, namely macer-
ation, heat reflux, and ultrasound, have been proposed to obtain extracts.
Moreover, different encapsulation methods have been used to protect the
chemical structures of bioactive compounds, guaranteeing health-related
benefits (Aguilar-Herndndez et al. 2019, 2020a).

This chapter aimed to summarize the current scientific advances on
phenolic compounds, alkaloids, and acetogenins from A. muricata, A.
cherimola, and A. squamosa, taking into account the main extraction and
encapsulation technologies, the in vitro and in vivo biological activities, as
well as the potential applications.

6.2 TRADITIONAL USES OF ANNONA GENUS

The Annona genus comprises >70 species, of which those being studied
in this chapter are highlighted as the species which are commercially
cultivated for their fruits worldwide. They are used for human consump-
tion and as medicines (Coria-Tellez et al. 2017; Anaya-Esparza et al. 2020;
Rodriguez-Nuiiez et al. 2021). In this context, the Annona fruits have a
subacid taste and have juicy, sweet, creamy, and fragrant pulps, which are
typically consumed fresh or frozen. Furthermore, Annona fruits are used
as functional ingredients to elaborate beverages and food products such as
nectars, juices, purées, yogurts, milkshakes, and ice cream, among others
(Anaya-Esparza et al. 2020).

Additionally, Annona species are used as decoctions or infusions from
leaves, stem bark, and roots due to their medicinal properties. Extracts
have been shown to treat diverse illnesses, such as fever, cold, flu, asthma,
diarrhea, urethritis, and dysentery, among others (Coria-Telléz et al.
2018). The traditional uses are associated with the biological activities of
the already known secondary metabolites such as phenolic compounds,
alkaloids, and acetogenins (Anaya-Esparza et al. 2020).

6.3 PHENOLIC COMPOUNDS, ALKALOIDS, AND
ACETOGENINS FROM ANNONA SPECIES

Phenolic compounds are biosynthesized by the shikimic acid and

“polyketide” acetate pathways. The general chemical structure is rep-

resented by one or more phenolic rings (Figure 6.1). Forty-five types of
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FIGURE 6.1 General chemical structures of representative phenolic compounds
(Pubchem ID: 5280343), alkaloids (Pubchem ID: 160597), and acetogenins
(Pubchem ID: 354398) identified in A. muricata, A. cherimola, and A. squamosa
(Figures created with Chem Sketch v.2).

phenolic compounds have been reported in A. muricata, A. cherimola, and
A. squamosa, the main functions of which in plants are as antioxidants,
antimicrobial agents, and pollinator attractants (Aguilar-Hernandez et al.
2019; Mannino et al. 2020; Shehata et al. 2021). On the other hand, alka-
loids are heterocyclic nitrogenous compounds derived mainly from lysine,
tyrosine, tryptophan, and ornithine (Figure 6.1). In the reviewed Annona
species, more than 27 reported benzylisoquinoline alkaloids have been
reported, which are of type aporphine, protoberberines, benzyloquinole-
ins, and bisbenzylisoquinolein dimers. Meanwhile, acetogenins are sec-
ondary metabolites exclusive to the Annonaceae, which are biosynthesized
by the polyketide pathway. Acetogenins are molecules of a long aliphatic
chain of 35 to 37 carbon atoms with one, two, or three tetrahydrofuran or
tetrahydropyran rings in the central region (Figure 6.1). Annonacin and
bullatacin are present at the highest concentrations of more than 120 ace-
togenins identified. These secondary metabolites have been isolated from
different organs and tissues of adult plants, and are used as insecticides
and antimicrobial agents (Pinto et al. 2017; Galarce-Bustos et al. 2020; Lee
et al. 2021; Nugraha et al. 2021). In addition, they are important from a
pharmaceutical point of view because several beneficial activities have
been demonstrated for different illnesses.
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6.4 EXTRACTION AND ENCAPSULATION METHODS
OF PHENOLIC COMPOUNDS, ALKALOIDS, AND
ACETOGENINS FROM ANNONA SPECIES

Figure 6.2 shows that, from by-products, fruits, leaves, stem bark, and
roots of A. muricata, A. cherimola, and A. squamosa, phenolic com-
pounds, alkaloids, and acetogenins have been extracted using maceration,

the Soxhlet method, or ultrasound-assisted extraction. Furthermore, vari-
ous efforts have been made to protect these secondary metabolites from
environmental factors, using encapsulation methods to increase bioac-
tivity, bioavailability, and effectiveness (Aguilar-Hernandez et al. 2019;
2020a, b; Aguilar-Villalva et al. 2021).

The yield of secondary metabolites achieved by each extraction method
depends on thermostability, solvent polarity, mass transfer, and raw mate-
rial. In this context, maceration and Soxhlet methods are conventional
techniques to extract bioactive compounds. However, ultrasound-assisted
extraction is considered to be an emerging, viable, and eco-friendly

Anonnaceae
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FIGURE 6.2 Identification, extraction, and protection of bioactive compounds
from different tree parts, fruits, and by-products of some Annona species.
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technology to extract bioactive compounds (Aguilar-Hernandez et al.
2019; Aguilar-Villalva et al. 2021).

Maceration is a conventional and inexpensive method that uses organic
solvents and long extraction times to recover bioactive compounds from
plant materials (Ibrahim et al. 2020). This extraction method has been
used to extract phenolic compounds, alkaloids, and acetogenins from
fruits, seeds, peels, stem bark, and leaves of A. muricata, A. cherimola,
and A. squamosa (Benarba et al. 2018; Ibrahim et al. 2020). Alkaloids, fla-
vonoids, saponins, and tannins from A. muricata leaf powder have been
extracted by aqueous, ethanolic, and methanolic maceration for 24 h
(Syed-Najmuddin et al. 2017; Ibrahim et al. 2020), whereas acetogenins
have been extracted using methanolic, hexanic, chloroformic, and ethyl
acetate solutions for seven days (Ismail et al. 2018).

The Soxhlet method is widely used to extract analytes from solid sam-
ples. This method has been used to obtain crude extracts (hydrophilic
and hydrophobic) from Annona leaves, stem bark, roots, fruits, and by-
products. The solvents utilized to obtain polyphenols or alkaloids from
Annona species are water, ethanol, or methanol, while acetogenins are
extracted with ethanol, methanol, hexane, dichloromethane, ethyl acetate,
or chloroform (Chen et al. 2016; Veerakumar et al. 2016). However, the
maceration and Soxhlet methods main limitations are the large volumes
of organic solvents used, long extraction times, and low yields obtained
(Le6én-Fernandez et al. 2017).

Ultrasound-assisted extraction is an emerging method based on
acoustic cavitation, and is widely used to obtain bioactive compounds
from plant materials in shorter times than are needed with conventional
methods (Aguilar-Villalva et al. 2021). Aguilar-Hernandez et al. (2019)
reported that ultrasound-assisted extraction was a technological alterna-
tive for obtaining phenolic compounds from A. muricata peel using water-
methanolic solutions during 15-30 min extractions, achieving a higher
yield (37.51%) than that obtained under conventional aqueous-organic
extraction (16.68%). Moreover, similar trends were reported in the alka-
loid yields from A. muricata peel using methanol and acetogenins from A.
muricata seeds using chloroform, obtaining 56.31 times more alkaloids
and 9.93 times more acetogenins using ultrasound than with maceration
(Aguilar-Hernandez et al. 2020a, b).

Additionally, ultrasound-assisted extraction has been used to extract
polyphenols from A. cherimola leaves, significantly reducing the extrac-
tion time to 15 min compared to 48 h for the Soxhlet method and seven
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days for maceration (Aguilar-Villalva et al. 2021). Furthermore, ultra-
sound-assisted extraction has been employed to obtain the highest yield
of polyphenols (2.68%) from A. squamosa peel in comparison with the
Soxhlet method (1.96%) and maceration (2.07%) (Deng et al. 2015). In
this context, ultrasound-assisted extraction is, therefore, a viable technol-
ogy to extract bioactive compounds from Annona peel, seeds, and leaves,
although the yield depends on the raw materials.

As mentioned in previous sections, phenolic compounds, alkaloids,
and acetogenins extracted from A. muricata, A. cherimola, and A. squa-
mosa are traditionally used in ethnomedicine. However, polyphenols and
alkaloids could be degraded after extraction because they are sensitive to
light, oxygen, and high temperatures. Therefore, some strategies, such as
encapsulation through emulsification and the use of other carriers in the
form of nanoparticles, have been studied to preserve the chemical compo-
sition, solubility, bioavailability, and further pharmaceutical applications
of these bioactives. Encapsulation is one of the most common methods
for preserving bioactive compounds. This technique covers bioactive com-
pounds with a homogeneous or heterogeneous polymeric matrix to create
macro, micro, or nanocapsules (Gutiérrez et al. 2020). Jordan-Suarez et al.
(2018) prepared spherical capsules loaded with an extract from A. muri-
cata leaves by the spray-drying method. The authors used maltodextrin
as an encapsulating agent. These capsules exhibited up to 98% solubility
of bioactive compounds in a concentration-dependent manner and with
suitable characteristics for pharmaceutical applications. Recently, it has
been reported that encapsulation by spray-drying is a viable alternative to
preserve the antioxidant properties of an extract from A. muricata leaves
(Jordan-Suérez et al. 2021) and fresh juice pulp (Neta et al. 2019).

A. muricata fruit pulp was encapsulated in calcium alginate hydrogels.
Micrographs obtained by scanning electron microscopy showed that the
incorporation of 20% soursop pulp preserved the capsule morphology. The
authors concluded that calcium alginate capsules loaded with soursop pulp
could be useful as healthy food ingredients (Lopez-Coérdoba et al. 2016).
Similarly, Cornelia et al. (2019) encapsulated polyphenols extracted from
A. muricata leaves, using Aloe vera mucilage as an encapsulating agent.
The authors demonstrated the highest encapsulation efficiency under these
conditions (88-91%) and concluded that capsules prolong the antioxidant
activity of biomolecules. Furthermore, freeze-dried chitosan matrices are
an alternative for the slow release of acetogenins obtained from A. muricata
during in vitro gastrointestinal digestion (Mulia et al. 2019).
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Another technological strategy is the incorporation of bioactive com-
pounds in lipidic phases via emulsification to preserve stability (Abd-
Elghany and Mohamad 2020). Mancini et al. (2018) developed phytosomes
(emulsions of phosphatidylcholine and plant extracts) functionalized with
phenolic compounds extracted from A. muricata leaves. Phytosomes pro-
tected the phenolic compounds during passage through the digestive tract,
preventing biotransformation and increasing the permeability capacity of
the blood-brain barrier. Furthermore, by electroporation, Abd-Elghany
and Mohamad (2020) formulated an A. squamosa leaf extract entrapped in
niosomes (vesicle carriers formed by nonionic surfactants). The bioavail-
ability of A. squamosa compounds significantly increased because loaded
niosomes passed through the dermal/transdermal skin. The increase in
permeability started from 15 min to 45 min after skin electroporation.
Gutiérrez et al. (2020) developed supramolecular polymer micelles that
were loaded with annonacin (SPMA) isolated from A. cherimola leaves.
They had an encapsulation efficiency of 35%. Micelles increased the cyto-
toxic activity of annonacin (100 uM, 24 h, 94.2% of dead cells) compared
with non-encapsulated annonacin (100 uM, 24 h, 92% of living cells).

In general, these technologies are an alternative to preserve, enhance
the administration, and application of isolated compounds or raw extracts;
however, more investigations on encapsulation methods or carriers of
bioactive compounds from Annona species are necessary due to limited
research reports.

6.5 BIOLOGICAL ACTIVITIES FROM EXTRACTS OF
A. MURICATA, A. CHERIMOLA, AND A. SQUAMOSA

This section discusses the bioactive compounds and the biological activi-
ties reported from Annona species (A. muricata, A. cherimola, and A.
squamosa) mainly associated with the presence of polyphenols, alkaloids,
and acetogenins.

6.5.1 Antioxidant Capacities of Extracts of A. muricata,
A. cherimola, and A. squamosa

Antioxidant capacity is the capability of a substance to inhibit oxida-
tive degradation (lipid peroxidation, for instance). Antioxidants, called
chain terminator antioxidants, act with free radicals (George et al. 2015).
Therefore, the interest in obtaining natural antioxidant compounds from
Annona species has increased in recent years, associated with protective
effects against various non-communicable diseases (Coria-Tellez et al.
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2018). Diverse studies have demonstrated that aqueous, ethanolic, metha-
nolic, and acetonic extracts from leaves, seeds, pulp, and stem bark of A.
muricata, A. cherimola, and A. squamosa exhibited antioxidant capacity.
According to these reports, the in vitro antioxidant capacity is depen-
dent on Annona species, doses, type, and concentration of phenolic com-
pounds and other antioxidants present, such as cyclopeptides, terpenes,
and ascorbic acid content (Ojezele et al. 2016; Nguyen et al. 2020; Aguilar-
Villalva et al. 2021).

In vitro, the antioxidant capacity of Annona extracts or pulps indi-
cates that, when humans consume them, they act as antioxidants suitable
for use as exogenous antioxidant supplements to increase detoxification
mechanisms. Therefore, Annona antioxidants are another alternative to
prevent or counteract a high level of oxidative stress, mainly in people that
suffer from chronic degenerative diseases (Shehata et al. 2021).

6.5.2 Cytotoxic Activity from Extracts or Isolated Acetogenins
of A. muricata, A. cherimola, and A. squamosa

Cytotoxic activity has been demonstrated from A. muricata, A. cherimola,
and A. squamosa extracts or isolated acetogenins (Table 6.1). It has been
reported that different types of acetogenins or extracts obtained from
A. muricata exhibited potent cytotoxic effects against various cancer
cell lines (liver, breast, colon, lung, prostate, and leukemia) in a dose-
dependent response (Coria-Tellez et al. 2018).

The cytotoxic effect of annomuricin E or n-butanolic extracts obtained
from A. muricata leaves was observed in lung and prostate cancer cell lines
(George et al. 2015; Zorofchian-Moghadamtousi et al. 2015). Annonacin
from A. muricata leaves exhibited a potent cytotoxic effect through the
in vitro MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay, reporting a half-maximal inhibitory concentration (ICj)
with a value of 2.9 + 1.3 uM (Roduan et al. 2019).

Hadisaputri et al. (2021) evaluated the cytotoxic potential of A. muricata
leaf extracts (with ethanol, ethyl acetate, n-hexane, or water solvents) on
a cell line of human breast adenocarcinoma line MCF-7; extracts showed
high cytotoxic activity with IC,, values of 5.3, 2.86, 3.08, and 48.31 ug/mL,
respectively. Furthermore, the authors reported changes in the morphol-
ogy of the cancer cells 6 h after application of the extracts. It is inferred
that the cytotoxic activity is due to the decrease in the abundance of Bcl-
2 mRNA and an increase in the abundance of caspase-9 and caspase-3
mRNAs, causing cell rupture and loss of nuclei.
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On the other hand, silver nanoparticles with extracts of A. muricata
leaves have been formulated. These nanoparticles presented different bio-
logical activities, one of these being cytotoxic activity, which was assayed
in the human keratinocyte cell line HaCaT. The positive controls used
were tamoxifen and cisplatin for 24 h. The IC,, cytotoxicity value was
57.37 pg/mL for nanoparticles, 3.12 pg/mL for cisplatin, and 22.00 pg/mL
of tamoxifen. The cytotoxic effect was attributed to the active interaction
between phytoconstituents and silver atoms with the functional groups
of intracellular proteins, nitrogenous bases, and phosphate groups of the
DNA. In addition, the cytotoxic effect can also be ascribed to cellular
damage, induction of a cascade of immunological effects, and electrostatic
attraction between cells and nanoparticles (Badmus et al. 2020).

Similar results were found in solid lipid nanoparticles using ethano-
lic extracts from A. muricata pulp, with lecithin as a surfactant, and ste-
reoacetic acid as a lipid matrix. The cytotoxicity was determined in the
MCF7 cell line (human breast adenocarcinoma). Higher cytotoxic activity
of nanoparticles loaded with extracts (IC,, 12.1 g/mL) was observed than
with the free extract (IC,, 30.1 g/mL). This increase may be due to the
high permeability of nanoparticles into the cellular matrix of cancer cells,
which is related to the nanometric size of encapsulates. In addition to the
composition of these nanoparticles, it has been reported that the lecithin
used as a surfactant contributes to improving the permeability charac-
teristics. Based on these results, lipid nanoparticles loaded with bioactive
compounds from A. muricata extracts have been proposed as an alterna-
tive to oral and intravenous administration (Sabapati et al. 2019).

Fuel et al. (2021) reported that ethanolic extracts from A. cherimola
seeds showed a selective cytotoxic effect against the colorectal cancer cell
lines, T84 and HCT-15, with the IC;, values being 23.2 pg/mL and 30.9 pg/
mlL, respectively. Likewise, proapoptotic results have also been reported
in acute myeloid leukemia cell lines KG-1, Monomac-1, and U937, reveal-
ing IC;, values of 57, 107, and 100 ug/mL, respectively (Haykal et al. 2019).
Recently, Foster et al. (2020) reported that ethyl acetate extract or annona-
cin from A. cherimola stem bark showed selective and potent cytotoxicity
against prostate carcinoma cells.

In addition, ethanolic and methanolic extracts of A. squamosa leaves
and seeds showed potent cytotoxic effects against both colon and breast
cancer cell lines (Pinto et al. 2017; Fadholly et al. 2019). Similar trends
were reported in colon, prostate, liver, and breast cancer cell lines after
being treated with aqueous extracts from seeds, pulp, and peel of A.
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squamosa, and the effect was due to a dose-dependent response (Shehata
et al. 2021).

In general, acetogenins could be potential alternatives for treating can-
cer. These compounds reduce ATP production by inhibiting the mitochon-
drial nicotinamide adenine dinucleotide ubiquinone oxidase reductase
(NADH oxidase reductase) of complex I of the respiratory chain, and pro-
moting apoptosis (Coria-Telléz et al. 2018).

6.5.3 Anti-Inflammatory Activity from Extracts of A. muricata,
A. cherimola, and A. squamosa

The anti-inflammatory activity of diverse extracts from A. muricata,
A. cherimola, and A. squamosa has been extensively investigated (Table 6.2).

Oyekachukwu et al. (2017) investigated the anti-inflammatory effect of
a chloroform extract of A. muricata leaves on the in vitro activity of phos-
pholipase A, and prostaglandin synthase, as well as on membrane stabi-
lization. These authors reported an inhibition of between 23.9 and 43.5%
of the enzyme activity of phospholipase A, when 0.2-0.6 mg/mL of chlo-
roform extract was used. A dose of 0.5 mg/mL showed 87.5% of inhibi-
tion of prostaglandin synthase activity compared with indomethacin (1.0
mg/mL), which is used as an anti-inflammatory. On the other hand, the
extract at 0.4 mg/mL inhibited the heat-induced hemolysis of human red
blood cells by 53.0%, with the highest inhibition of hypotonicity-induced
hemolysis (77.9%) occurring at a concentration of 0.8 mg/mL. This study
shows that the mechanism of action of the chloroform extract is due to
the high concentration of phytoconstituents such as soluble phenolics and
flavonoids, acting via inhibition of the synthesis of inflammatory media-
tors. Phenolic compounds can inhibit the enzymes by binding to active
sites; the hydroxyl groups (-OH) or acylated sugar could bind to the polar
charges of the erythrocyte membranes with consequent protection, avoid-
ing degradation (Ruiz-Ruiz et al. 2017). The inhibition of phospholipase
A, activity suppressed the release of free fatty acids from the membrane
with the consequent loss of cyclooxygenase and lipoxygenase precursors
for the synthesis of inflammatory mediators, limiting effects such as vaso-
dilatation, vascular permeability, chemotaxis, and pain, thus preventing
inflammation. Therefore, the active agent might serve as an adjuvant for
conventional drugs.

According to Bitar et al. (2019), the aqueous extract of A. muricata
leaves at 100 mg/kg of body weight may reduce the inflammation pro-
cess by decreasing pro-inflammatory cytokine expression promoted by
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Escherichia fergusonii in a challenged rat model. On the other hand, a
study using the albumin denaturation inhibition method demonstrated
that the anti-inflammatory effect of an A. muricata ethanolic extract was
similar to those obtained using commercial anti-inflammatory drugs like
diclofenac sodium (Amaud et al. 2020). Nonetheless, extracts from A.
muricata leaves improve venous tone and hemorrhoidal anti-inflamma-
tion in a dose-dependent response. Ayun and Elya (2020) reported the
anti-inflammatory effect of the ethanolic extract of A. muricata leaves
against hemorrhoids in mice induced by croton oil. The ethanolic extract,
dosed orally for seven days at doses of 100, 200, or 400 mg/kg body weight,
resulted in different levels of inflammation, necrosis, and vasodilation in
the histopathology of rectoanal mice tissue. Also, 200 and 400 mg/kg
doses significantly decreased the cyclooxygenase (COX-2) activity. In con-
trast, all doses decreased the concentration of the tumor necrosis factor
TNF-a, indicating that the extract can reduce inflammation and poten-
tially be a natural remedy for hemorrhoids.

Additionally, do Nascimento-Silva et al. (2017) reported that the etha-
nolic extract from leaves of “Atemoya”, a hybrid between A. cherimola and
A. squamosa, at a dose of 100 mg/kg body weight, exhibited a significant
anti-inflammatory effect on carrageenan-induced peritonitis on rats. In
the anti-inflammatory model, the extract caused 63.85% inhibition of
the migration of leukocytes in the peritoneal cavity. Dahiya and Dahiya
(2021) reported the inhibitory effect of a cherimolacyclopeptide B analog
extracted from A. cherimola seeds on the production of pro-inflamma-
tory cytokines induced by lipopolysaccharide (LPS) in the macrophage
J774A.1 cell line. The substitution of methionine and glycine of cheri-
molacyclopeptide B with alanine resulted in novel peptide analogs that
showed significant anti-inflammatory activity by suppressing the secre-
tion of interleukin (IL-6) and tumor necrosis factor (TNF-a). Ibrahim et
al. (2015) evaluated the anti-inflammatory activity of an aqueous extract
from A. squamosa leaves against rats exhibiting acetic acid-induced colitis.
Results showed that a dose of 300 mg/kg body weight for 4 weeks counter-
acted the induced ulcerative colitis by decreasing malondialdehyde accu-
mulation and increasing the activities of antioxidant enzymes catalase,
glutathione, and glutathione peroxidase in the colonic tissue. Thus, the
A. squamosa extract can be considered to be an agent for alleviating coli-
tis. Phan et al. (2021) reported that oral administration of an ethanolic
extract of A. squamosa peel at 400 mg/kg body weight/day exhibited anti-
inflammatory activity in rheumatoid arthritis-induced rats. Moreover,
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ethanolic and aqueous extracts from A. squamosa leaves administered at
300 mg/kg body weight reduced brain inflammation in aluminum chlo-
ride-induced neuroinflammation rats (Hendawy et al. 2019).

According to the data, the anti-inflammatory property of Annona
extracts is attributed to diverse bioactive compounds in extracts, including
phenolic compounds, kaurenes or sesquiterpenes, and alkaloids, which
can inhibit inflammatory mediators like cyclooxygenases (COX-1 and
COX-2), lipoxygenases, and central nociceptors associated with opioid
properties, inhibiting the serotonin and histamine release (Oyekachukwu
et al. 2017).

6.5.4 Anti-Hyperglycemic Activity from Extracts of
A. muricata, A. cherimola, and A. squamosa

The in vitro and in vivo anti-hyperglycemic activities of leaves, roots,
peel, and pulp extracts from A. muricata, A. cherimola, and A. squa-
mosa have also been investigated, although most of the reported stud-
ies are focused on extracts from leaves (Table 6.2). Diverse in vitro
studies have demonstrated that the anti diabetic activity of aqueous
extracts of A. muricata leaves is achieved by inhibiting some enzymes
such as a-glucosidase (Hardoko et al. 2015) and a-amylase using eth-
anolic extract (Justino et al. 2018). The a-glucosidase enzyme plays a
role in starch and glycogen metabolism, so that reducing the activity
of this enzyme could decrease the hydrolysis of carbohydrates. In this
context, Hardoko et al. (2015) elaborated an infusion from A. muricata
leaves (incubated at 100 °C for 30 min) that contained phenols (205.37
mg/L), tannins (100.33 mg/L), and flavonoids (99.97 mg/L). The infu-
sion inhibited the a-glucosidase enzyme, achieving the lowest IC;, value
(396 mg/L). The authors concluded that the infusion from A. muricata
leaves has potential as an anti diabetic functional drink. On the other
hand, Justino et al. (2018) obtained phenolic-enriched fractions (ethyl
acetate and n-butanol) from an ethanolic extract of A. muricata leaves,
which were used in enzymatic assays to evaluate their inhibitory poten-
tial against a-amylase, a-glucosidase, and lipase. The ethyl acetate and
n-butanol fractions were a rich source of chlorogenic and caffeic acids,
procyanidins B2 and Cl1, epicatechin, quercetin, quercetin-hexoside,
and kaempferol. The ethyl acetate and n-butanol fractions showed
inhibitory capacities of a-amylase (IC,, 9.2 and 6.1 pg/mL, respectively),
a-glucosidase (IC,, 413.1 and 817.4 pg /mL, respectively) and lipase (IC,,
74.2 and 120.3 pg/mL, respectively) (Justino et al. 2018).
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A similar trend has been reported in alloxan-induced hyperglycemic
rats after administration of a methanolic extract from A. muricata seeds
at doses of 200 to 600 mg/kg body weight. Moreover, 100 g of soursop
(A. muricata) pulp consumption reduced the glycemic index in healthy
subjects from 150 to 90 mg/dL of glucose. This effect was attributed to the
polyphenolic content (Passos et al. 2015).

In terms of A. cherimola, the ethanolic extract (Calzada et al. 2017) or
aqueous infusion (Vasarri et al. 2020; Martinez-Solis et al. 2021) of leaves
exhibited anti diabetic properties in streptozotocin-induced hypergly-
cemic rats at a dose of 300 mg/kg body weight. In general, the extract
significantly reduced the blood glucose levels with improved function
on glycosylated hemoglobin, cholesterol, triglycerides, and high-density
lipoprotein content without modification of the urine profile after treat-
ment of hyperglycemic rats (Martinez-Solis et al. 2021). Nonetheless, the
consumption of 100 g/day of A. cherimola pulp did not contribute to an
increase in postprandial glycemia in either healthy or diabetic subjects
(Vasarri et al. 2020).

In addition, it has been reported that aqueous (Sahu et al. 2016) and
methanolic (Kumar, Chandra and Gajera 2019) extracts of A. squamosa
leaves improved the glucose tolerance and decreased glycemia, with an
increase in insulin tolerance of streptozotocin-induced and alloxan-
induced diabetic rats in a dose-dependent response from 100 to 500 mg/
kg body weight. Also, El-Baz et al. (2019) reported the effect of ethanolic
and aqueous extracts of A. squamosa leaves on alloxan-induced hypergly-
cemia rats. Results showed that 300 mg/kg body weight/day significantly
decreased the concentration of fasting blood sugar, serum cholesterol, tri-
glycerides, low-density lipoprotein, liver enzymes, serum urea, and creati-
nine, and the mixture of ethanol and aqueous extracts had a greater effect
than individual extracts.

Aqueous extracts from A. squamosa peel and leaves were adminis-
trated at a dose of 250 mg/kg body weight to streptozotocin-induced
hyperglycemic rats. The leaf extract caused significant improvements
in plasma glucose, triglycerides, total cholesterol, glucose utilization,
and insulin tolerance activity of blood compared with the peel extract
(Sahu et al. 2016). Likewise, an in vitro study demonstrated that an eth-
anolic extract of A. squamosa peel exhibited an a-amylase inhibitory
effect (Roy and Sasikala 2016). In this study, before ethanolic extrac-
tion, the peel was treated with steam blanching to evaluate secondary
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metabolites. There was a reduction in alkaloids, tannins, and saponins
when the blanching time increased. In contrast, flavonoids increased
in response to three to five minutes of blanching, and, subsequently,
a-amylase inhibition decreased in these samples with IC;, values from
3.31 to 5.53 pg/mL (Roy and Sasikala 2016).

In general, the reduction of blood glucose levels is associated with pheno-
lic compounds from Annona extracts that mitigate diabetes-induced oxi-
dative stress (Justino et al. 2018). In this regard, phenolic compounds can
activate antioxidant enzymatic systems, such as glutathione-S-transferase,
catalase, glutathione reductase, superoxide dismutase, and non-enzymatic
antioxidant systems, like glutathione (Kumar et al. 2017). Moreover, these
extracts increased insulin secretion, modulated the digestion of the car-
bohydrates, and inhibited intestinal glucose absorption (Sahu et al. 2016).
These results reinforced the traditional use of Annona extracts against
diabetes mellitus.

6.6 CONCLUSION

Significant evidence indicates that A. muricata, A. cherimola, and A. squa-
mosa contain biologically active compounds such as polyphenols, alka-
loids, and acetogenins. Ultrasound-assisted extraction is a method that
extracts the highest yield of these compounds and is a sustainable technol-
ogy that can be scaled up to obtain Annona bioactive compounds at the
industrial scale. Phenolic compounds, alkaloids, and acetogenins can be
used in diverse pharmaceutical applications due to their antioxidant, cyto-
toxic, anti-inflammatory, and anti-hyperglycemic properties. The reported

information supports the widespread importance of natural extracts of
these Annona species in traditional medicine. Additionally, isolated bio-
active compounds obtained from Annona species can be encapsulated to
preserve stability and enhance their biological effects. In this context, the
extraction, characterization, and preservation of bioactive compounds
of different Annona species is an active research area. However, further
studies are needed to understand the mechanism of action of the many
secondary metabolites to guarantee safe use and increase their yield in
industrial production.
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7.1 INTRODUCTION

Crop production is the primary source for obtaining human food; how-
ever, large numbers of fungi, bacteria, nematodes, viruses, and insect pests
infectimportant crops, reducing yields and crop survival. Phytopathogenic
microorganisms can cause diseases in various plant tissues or organs, such
as the leaves, stems, roots, vascular system, and fruits. Plant pathogens use
different mechanisms to attack the host, giving rise to specific symptoms
(Tawfeeq and Furtado 2020).

During production and storage, plant diseases caused by phytopatho-
genic microorganisms represent a worldwide economic loss estimated at

$220 billion per year (International Plant Protection Convention 2021).
Consequently, the use of pesticides has increased; however, this practice
pollutes the environment and risks human health. For this reason, bio-
logical control strategies are an important research area (He et al. 2019).

Biofungicides are products derived from beneficial microorganisms like
bacteria and fungi that inhibit fungal pathogens of crop plants, thereby
controlling the diseases normally caused. The activity of biofungicides
depends on the mechanism used by the biological organism. For example,
they can compete for space in the rhizosphere, act as parasites, generate
antibiotics, or produce metabolites which can antagonize the growth of
the pathogen or induce defense pathways in the host plant (Bhattacharyya
et al. 2016).

Viruses are also causal agents of plant infections, affecting the ecosys-
tems in which they are established. Some, though not all, viruses need an
insect vector to move from one plant to another, so control of the vector
can help control the virus (Jackson and Chen-Charpentier 2018).

Biopesticides (biochemical pesticides) are derived from natural
products, including potassium bicarbonate, plant extracts, and essen-
tial oils. Notably, plant extracts, containing secondary metabolites,
could be an excellent option for developing biopesticides against phy-
topathogens because they are affordable, have ecological and sustain-
able potential for their use in plant and crop protection, and use several
processes focused on the efficient extraction of specific chemical com-
pounds (Marrone 2019).

In addition, plant extracts have specific toxicity to control microorgan-
isms and pests without destroying beneficial organisms. This is because
secondary metabolites act like the defenses used by the plant to protect
against attack by external agents; hence, their biosynthesis is increased
only under conditions of stress. This chapter will provide an analysis of
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plant secondary metabolites with biological activity toward phytopatho-
genic microorganisms that affect crops of commercial importance.

7.2 SECONDARY METABOLITES DERIVED FROM PLANTS

Secondary metabolites (SMs) are a broad group of chemical compounds
of low molecular weight, derived from the primary metabolism of plants
(Chiocchio et al. 2021). The biosynthesis and accumulation of SMs depend
on environmental conditions and the phenotype and genotype of plants.
Thus, changes in SMs are observed even within the same species growing
under different environmental conditions. Furthermore, SMs accumu-
late in different plant tissues and have several functions, such as defense
against herbivores, fungi, and bacteria (Khare et al. 2020).

According to their biosynthetic pathways and chemical structures, SMs
are classified into three main groups: phenolics compounds, terpenes, and
alkaloids. Phenolic compounds are precursors of aromatic molecules pro-
duced in plants by the shikimic acid and malonic acid pathways. These are
classified as simple phenols, phenolic acids, flavonoids, or tannins, based
on the number of aromatic rings, carbon atoms, and hydroxyl groups
(Chiocchio et al. 2021). The shikimate pathway is the primary source of
phenylpropanoids and other aromatic compounds, and the intermediate
p-coumaroyl-CoA is the precursor of coumarins, flavonoids, lignans, stil-
benes, and catechins (Chandran et al. 2020).

On the other hand, the mevalonic acid (MVA) and the
2-C-methylerythritol 4-phosphate (MEP) pathways in the cytosol and
plastids, respectively, of plant cells are precursors of terpenes. Through
the MVA pathway, compounds such as brassinosteroids, sesquiterpenoids,
phytosterols, triterpenoids, and polyprenols are synthesized. In contrast,
the MEP pathway gives rise to monoterpenoids, diterpenoids, sesquiterpe-
noids, tocopherols, and plastoquinones (Chandran et al. 2020); terpenoids
are classified according to the number of isoprene units in their molecule
(Khare et al. 2020). Other precursors of terpenoids are pyruvate and glycer-
aldehyde-3-phosphate responsible for isopentenyl pyrophosphate (IPP) and
dimethylallyl pyrophosphate (DM APP) biosynthesis. Finally, alkaloids are
molecules with atoms of nitrogen in their structure and are derived from
amino acids such as lysine, tyrosine, and tryptophan. They are grouped
as monoterpenoid indole, benzylisoquinoline, tropane, purine, acridone,
furoquinolines, and pyrrolizidine alkaloids (Khare et al. 2020).

In addition, SMs have diverse mechanisms of action against phyto-
pathogenic agents, including fungi, bacteria, nematodes, and host plant
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cells infected by a virus. The response includes inhibition or denaturation
of proteins, inhibition of protein or DNA synthesis of egg hatching, spore
germination, disruption of cellular components, mortality, and hyphal
modifications. These responses and other effects depend on the type of
botanical compound and phytopathogen involved (Lengai et al. 2020).

Plants synthesize diverse SMs, protecting them against predators and
pathogenic microorganisms (Fig. 7.1). Zaynab et al. (2018) reported that
metabolites such as limonene, thymol, citronellal, gossypol, and demiss-
ine showed larvicidal activity against pests such as Spodoptera litura, Atta
cephalotes, Heliothis virescens, Heliothis zea, and Leptinotarsa decemlin-
eata. On the other hand, it has been reported that metabolites such as
carvacrol, thymol, or citral inhibit the growth of fungi such as Botrytis
cinerea, Rhizoctonia solani, Fusarium moniliforme, Sclerotinia sclerotio-
rum, and Penicillium italicum (Poveda et al. 2020). SMs with antifungal
activity include phenolic compounds, terpenes, saponins, and alkaloids
(Lengai et al. 2020).

This wide diversity of chemical structures that characterize the SMs
derived from plants makes them interesting compounds for various
industrial sectors. However, the extraction of these compounds is limited
by the availability of plant material, the nature and concentration of these
compounds, and the effect of abiotic factors on their extraction process,
with in vitro culture offering an alternative form of production (Espinosa-
Leal et al. 2018).

7.3 EXTRACTION OF SECONDARY METABOLITES
FROM PLANTS

SMs are extracted from plants by different chemical procedures based on
the chemistry of the SM and the polarity of the solvent, and sometimes
heat is needed (Lefebvre et al. 2021). Basically, the preparation of extracts to
obtain the SM starts by drying and milling the plant material. Thereafter,
non-polar, medium-polar, and high-polar solvents are used to assure com-
plete extraction, this being one of the most used techniques because it pre-
serves the anti microbial properties in the extracts (Lefebvre et al. 2021).
Tembo et al. (2018) reported that extracts of Bidens pilosa, Lantana camara,
Lippia javanica, Tephrosia vogelii, Tithonia diversifolia, and Vernonia
amygdalina had pesticidal activity against the adults and larvae of spiders,
ladybeetles, and adults of hoverflies. To prepare the extracts, the authors
blended 1 kg of powdered dry tissue of each plant species with 10 L of
water and kept them at room temperature (20+5 °C) for 24 h. To increase
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FIGURE 7.1 Example of plant secondary metabolites with biological activity
against plant-pathogenic microorganisms.

the efficiency of extracting non-polar compounds, 0.1% of detergent was
included. Finally, the suspension was filtered, and the plant material was
discarded. The extract was used directly on the test plants.

Some reports find that camphor is the major component with insec-
ticidal activity in L. javanica, while caryophyllene, camphene, cymene,
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eucalyptol, linalool, thymol, a-pinene, Z- and E-a-terpineol, 2-carene, and
a-cubebene are the minor components (Tembo et al. 2018). From T. vogelii,
deguelin, tephrosin and rotenone were identified previously, whereas
germacrene D, limonene, a-phellandrene, f-caryophyllene, and 1,8-cin-
eole were identified in L. camara. p-caryophyllene has been reported to
have antifungal activity. Finally, the main insect repellent components of
V. amygdalina identified were vernodalin, 11,13-dihydrovernodalin, and
several vernoniosides. The authors found that pesticides extracted from
plants can successfully control pests in legume crops, achieving yields
similar to those obtained using synthetic pesticides (Tembo et al. 2018).

In another case study, 17 plants were assayed against phytopatho-
genic microorganisms including Alternaria alternata, Aspergillus fla-
vus, Aspergillus niger, B. cinerea, Bipolaris oryzae, Curvularia lunata,
Curvularia oryzae, Fusarium solani, F. oxysporum, Macrophomina sp.,
and Trichoderma sp. Sequential extraction using hexane, chloroform, and
ethanol was performed on each plant species. The extracts obtained of
17 plants, the hexane extract of Blumea mollis was the only one which
had activity against the tested fungi. Twenty-seven compounds in the
hexane extract from B. mollis were detected by gas chromatography-
mass spectrometry (GC-MS) the relative abundance of main compounds
were: 4-methylene-1-methyl-2-(2-methyl-1-propen-1-yl)-1-vinyl (34.21%),
caryophyllene oxide (26.73%) and bicyclo[7.2.0Jundec-4-ene, 4,11,11-tri-
methyl-8-methylene-[1R-(1R*4Z,95%)] (18.24%); it was suggested that
such compounds in the hexane extract from B. mollis are responsible for
antifungal activity (Sivanandhan et al. 2018).

Extracts from the leaves of Artocarpus heterophyllus were tested as an
antifungal agent against Colletotrichum gloeosporioides and Penicillium
italicum and extracted by each of three different methods: microwave
(MAE), high hydrostatic pressure (HHP), and ultrasonic-assisted extrac-
tion (UAE). The authors found that 2 mg/mL of methanolic extract
obtained by HHP inhibited 83.78% of mycelial growth of C. gloeosporioi-
des; phenolic compounds such as 3, 5-dicaffeoylquinic acid and 1-isoleuci
ne-pentafluoropropionic-pentadecyl ester have been reported that could
be responsible for this antifungal activity (Vazquez-Gonzalez et al. 2020).

Aguilar-Veloz et al. (2021) reported that a hydroalcoholic (4:1)
extract obtained by MAE recovered phenolic compounds such
as apigenin C-glycosides, apigenin-6,8-C-diglucoside, apigenin
8-C-xyloside-6-C-glucoside, chlorogenic, isoschaftoside, isorhamnetin
glycoside, quercetin glucoside-O-rutinoside, 3,5-dicaffeoylquinic and
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cis-5-O-p-coumaroylquinic acids from A. heterophyllus leaves. This
extract reduced Alternaria sp. growth.

7.4 DISEASES CAUSED BY PHYTOPATHOGENIC
MICROORGANISMS IN HIGH-VALUE-ADDED CROPS

A plant pathogen is any microbial agent that prevents a plant from
performing to its maximum potential and, in general, is caused by nema-

todes, fungi, bacteria, or viruses; insects, on the other hand, act as crop
pests. Plant pathogens can infect various types of organs and tissues such
as leaves, roots, stems, shoots, seeds, fruits, or vascular tissues (Kaur et al.
2019).

A plant-parasitic nematode genus, such as Pratylenchus, Radopholus,
Hirschmanniella, Anguina, Bursaphelenchus, Ditylenchus, Heterodera,
Globodera, Meloidogyne, and Aphelenchus, can cause damage to plants
that encourages other organisms such as fungi, bacteria and viruses
to penetrate the plant and cause various diseases (Smant et al. 2018).
Nematode damage results in about $100 billion crop losses worldwide
(Ghareeb et al. 2020). Nematodes can affect any agricultural crop, includ-
ing bananas, coconuts, cereals, legumes, potatoes, sugarcane, sugar beet
and sweet potatoes, among others (Table 7.1). For this reason, the pro-
duction and quality of crops are affected, causing economic losses. In
addition, one more problem is added, since nematodes act as vectors for
the transmission of viral diseases (Mesa-Valle et al. 2020). An example
of nematodes is the root-knot nematode (Meloidogyne spp.) which is one
of the most damaging plant-parasitic nematode genera for crops, caus-
ing great economic losses (Rashid et al. 2021). Cyst nematodes (Globodera
spp. and Heterodera spp.) cause losses of up to 30% in the yield of wheat,
barley, and oat crops. Similarly, Nacobbus aberrans reduces crop yield in
tomatoes, potatoes, beans, and sugar beets in countries such as Argentina,
Bolivia, Chile, Ecuador, Mexico, Peru, and the USA. (Velasco-Azorsa et al.
2021). Finally, Aphelenchus is a genus of plant-parasitic foliar nematodes
that mainly affects chrysanthemum (Mandal et al. 2021).

Another critical group of microorganisms in plants are fungi.
Phytopathogenic fungi are responsible for nearly 30% of all crop diseases,
affecting both pre- and postharvest stages (Raveau et al. 2020). Depending
on the mechanism of infection, fungi can be grouped into biotrophs,
necrotrophs, and hemibiotrophs (Shuping and Eloff 2017). Some of the
most economically devastating fungi are Magnaporthe oryzae, affecting
rice and wheat, B. cinerea, Colletotrichum spp. and Fusarium spp., which
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all have a broad host range, and Puccinia spp. affecting wheat (Almeida et
al. 2019).

Kaur et al. (2019) reported that some fungal diseases cause mold, rust,
mildew, rot, canker, spot, anthracnose, and wilt. These diseases affect
crops of commercial interest, such as cotton, groundnut, citrus, and oil
palm, vegetables, such as chili, cucumbers, and tomato, grains, such as
corn, rice, soybean, bean, pea, and wheat, among others (Table 7.1).

Fungal diseases manifest themselves through different symptoms and
as generalists or specialists on particular hosts; for example, B. cinerea is
the causal agent of gray mold, affecting 586 plant genera. The main prob-
lem caused by B. cinerea is the infection of flowers and fruits after harvest,
producing fruit rot in strawberry and stem canker in cucumber, pepper,
and eggplant, whereas, in rose and gerbera, the petals are infected (Bardin
and Gullino 2020). The genus Alternaria is a fungus that is a causal agent
of leaf spots and infects vegetables, cereals, and fruit during production
and storage (Freire et al. 2017). Another disease caused by this genus is
early blight, affecting crops like tomatoes and potatoes (Jain et al. 2019).

Sclerotinia sclerotiorum is a necrotrophic fungal pathogen that causes
Sclerotinia stem rot (SSR) in the oilseed crop Brassica napus. On the other
hand, Rhizoctonia solani is considered one of the most destructive fungal
pathogens of rice, leading to a loss in crop yield that ranges between 20%
and 40% (Pradhan et al. 2020). F. oxysporum elicits a severe vascular wilt
disease in crops such as potato, tomato, and other Solanaceae members
(Jain et al. 2019). Fungi causing rusts, like Uromyces dianthi, Phragmidium
mucronatum, Phragmidium tuberculatum, and Puccinia horiana, affect
ornamental crops, such as carnation, rose and chrysanthemum (Bardin
and Gullino 2020). Anthracnose is the most common name given to dis-
eases caused by Colletotrichum spp., which affects fruit crops, strawberries,
peaches, apples, grapes, blueberries, and cranberries (Dowling et al. 2020).

After harvesting, fruits and vegetables are susceptible to spoilage and
contamination as a result of inappropriate handling and the growth of
microbes, such as fungi and bacteria (Kumar and Igbal 2020). Microbial
growth can occur during production, harvest, handling, storage, pack-
aging, marketing, and after purchase by the consumer. Fungi such as
B. cinerea, Penicillium spp., Fusarium, Geotrichum, Colletotrichum, and
Aspergillus are causal agents for the decay of fruit and vegetables in the
postharvest stage (Shuping and Eloft 2017).

On the other hand, bacteria penetrate the plant surface through natu-
ral openings and wounds, causing diseases like soft rots, spots and wilts
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in different crops (Kaur et al. 2019; Catara and Bella 2020). Dickeya and
Pectobacterium cause bacterial soft rot, which is characterized by the dis-
solution of host tissues. It causes severe damage in vegetable or ornamental
plant production, such as potatoes, sugar beets, broccoli, and cauliflower.
Also, these bacteria cause blackleg of potatoes, foot rot in rice, and bleed-
ing canker of pear (Charkowski 2018). Bacterial wilt affects the produc-
tion of up to 250 plant species worldwide, such as tobacco, tomato, potato,
banana, eggplant, pepper, sunflower, and other solanaceous plants (Jiang
et al. 2017; Catara and Bella 2020). The bacterial wilt in the Cucurbitaceae
is caused by Erwinia tracheiphila and aftects Cucumis spp. (cucumber and
muskmelon) and Cucurbita spp. (pumpkin, squash, and yellow-flowered
gourds) as reported by Catara and Bella (2020).

Tomato bacterial canker is one of the most severe tomato diseases, and
it is caused by Clavibacter michiganensis (Catara and Bella 2020). Another
disease that affects members of the Cucurbitaceae is bacterial fruit blotch.
This disease affects leaves and fruits and is caused by Acidovorax citrulli
(Zivanovic and Walcott 2017).

Bacterial spot is a disease caused by Xanthomonas lineages, such as X.
euvesicatoria pv. Euvesicatoria, X. euvesicatoria pv. Perforans, X. hortorum
pv. Gardneri, and X. vesicatoria, affecting tomato and pepper crops; for
example, the heaviest crop losses on pepper result from the shedding of
blossoms and young developing fruits (Catara and Bella 2020).

According to Moriones and Verdin (2020), infections and diseases
caused by viruses in plants lead to significant yield loss and threaten crop
production. Some viral diseases are mottling, distortion, and dwarfing
(Kaur et al. 2019). The plant-pathogenic viruses need vectors to reach
their hosts, mainly insects. Solanaceae crops, such as pepper, tomato,
and potato, are affected by potyvirus, cucumovirus, alfamovirus, faba-
virus, polerovirus, orthophotovirus, begomovirus, crinivirus, tobamovi-
rus, and ilarvirus. These viruses are transmitted by aphids and whiteflies
(Moriones and Verdin 2020).

On the other hand, insect pests cause crop losses worldwide through
direct damage and plants diseases. The chewing insects feed on the plant’s
surface, causing damage to different parts of the plants. The larvae of some
chewing insect species live within the plant tissues and may bore their
way into the plant; these groups include the leaf miners, stem borers, and
root borers (Douglas 2018). Some examples of pests in commercial crops
are the carrot psyllid (Trioza apicalis) and the carrot rust fly (Psila rosae)
(Cotes et al. 2018).
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The American serpentine leafminer, Liriomyza trifolii, affects vegeta-
ble crops such as tomato and pepper in Europe. The peach-potato aphid,
Myzus persicae, the cabbage aphid, Brevicoryne brassicae, and the silver
leaf whitefly, Bemisia tabaci, are important pests of vegetable crops, caus-
ing severe direct and indirect damage. The onion thrips, Thrips tabaci, and
the western flower thrips, Frankliniella occidentalis, are significant pests of
several vegetable and ornamental crops worldwide, and these species are
also vectors of significant viruses, such as the tomato spotted wilt virus
(Karkanis and Athanassiou 2020).

In potato, eggplant, and tomato crops, the Colorado potato beetle,
Leptinotarsa decemlineata, is one of the most destructive pests (Tajmiri et
al. 2017). As can be seen, the number of microorganisms that affect crops
of interest are many and varied, so strategies are required for their inte-
grated management.

7.5 SECONDARY METABOLITES USED FOR THE
PROTECTION OF CROPS OF COMMERCIAL INTEREST
Pests and diseases of crops are responsible for losses of 40% in crop
production worldwide (International Plant Protection Convention,
2021). The strategy for conventional disease management is based on

the use of synthetic chemical pesticides. However, the excessive use of
these products has become less effective and more restricted due to the
emergence of resistant pathogens and the adverse environmental effects
resulting from the inappropriate use of these chemicals (Abubakar et
al. 2020); in addition, the use of synthetic pesticides negatively affects
beneficial microorganisms (Tembo et al. 2018). Thus, alternatives are
being sought among plant extracts for managing nematodes, fungi,
bacteria, and pest insects since plant extracts contain more than one
compound with biological activity against phytopathogenic organisms
(Shuping and Eloff 2017).

Metabolites with activity against important crop pests are found
in plants of the families Myrtaceae, Lauraceae, Rutaceae, Lamiaceae,
Asteraceae, Apiaceae, Cupressaceae, Poaceae, Zingiberaceae, Piperaceae,
Liliaceae, Apocynaceae, Solanaceae, Caesalpinaceae, and Sapotaceae
(Lengai et al. 2020). For instance, sesquiterpenes are found in the fam-
ily Solanaceae, stilbenes in the Vitaceae, isoflavones in the Fabaceae,
sulfur-based glucosinolates and the associated enzyme myrosinase in the
Brassicaceae, limonoids among members of the Meliaceae family, and
furanocoumarins in the Rutaceae (Cluzet et al. 2020).
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Extracts from various plants have been reported to have nematicidal,
nematostatic and egg hatching inhibition activity against plant-patho-
genic nematodes. Vazquez-Sinchez et al. (2018) reported that extracts
of Verbesina sphaerocephala, Cosmos sulphureus, and Senecio salignus
showed nematostatic activity against Nacobbus aberrans, whereas extracts
of Witheringia stramoniifolia, Tagetes lunulata, S. salignus, and Lantana
camara caused 73% mortality against N. abberrans.

There are other plants that have nematicidal and nematostatic activ-
ity against N. aberrans; for example, extracts of Galium mexicanum and
Alloispermum integrifolium caused a paralysis effect, and extracts of
Adenophyllum aurantium, A. integrifolium, Acalypha subviscida, G. mexi-
canum, and Heliocarpus terebinthinaceus resulted in 90% mortality. The
nematostatic and nematicide activity of Adenophyllum aurantium is due
to metabolites like stigmasterol, p-sitosterol, and a-terthienyl (Velasco-
Azorsa et al. 2021).

Sithole et al. (2021) evaluated the effect of crude extracts of Cucurbita
maxima, Prunus africana, Pelargonium sidoides, Croton sylvaticus,
Solanum aculeastrum, Vernonia colorata, Searsia lancea, and Merwilla
plumbea on egg hatching inhibition of M. incognita. The authors reported
that the extract of C. maxima inhibited the egg mass hatching by 77-96%
and % inhibition was inversely proportional to the concentration and
exposure time.

Rashid et al. (2021) evaluated different fractions of root extracts from
Curcuma longa against M. incognita and reported that the chloroform
fraction showed mortality of 25%, whereas extracts obtained by sonica-
tion have shown mycelial growth inhibition of between 30% and 78%
against plant-pathogenic fungi like Sclerotinia sclerotiorum, F. oxysporum,
F. graminearum, Fusarium chlamydosporum, Fusarium tricinctum, F. cul-
morum, Rhizopus oryzae, Cladosporium cladosporioides, A. alternata,
B. cinerea, and Colletotrichum higginsianumi (Chen et al. 2018). The anti-
tungal effects of extracts from C. longa were related to the disruption of
fungal cell membrane systems and the inhibition of ergosterol synthesis
and the respiratory chain; this activity is due to metabolites, such as cur-
dione, curcumin, isocurcumenol, curcumenol, curzerene, f-elemene, ger-
macrone, and curcumol present in the extract (Chen et al. 2018).

Other studies have reported the biological activity of metabolites from
plants against plant-pathogenic fungi. Sivanandhan et al. (2018) reported
that a hexane extract of leaves from Blumea mollis showed maximum zone
growth inhibition against A. flavus, A. niger, B. cinerea, Curvularia oryzae,
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C. lunata, Fusarium solani, and F. oxysporum. The authors identified the
main metabolites as cycloheptane, 4-methylene-1-methyl-2-(2-methyl-1-
propen-1-yl)-1-vinyl, caryophyllene oxide, and isocaryophyllene.

Bayar and Yilar (2019) evaluated the antifungal activity of metha-
nolic and hexanic extracts of Salvia virgata against R. solani, A. solani,
Fusarium oxysporum sp. radices-lycopersici, and Verticillium dahliae. The
authors reported that the methanol extract inhibited the mycelial growth
on V. dahliae and F. oxysporum sp. radices-lycopersici at rates of 38.77%
and 28.17%, respectively, but had no effect on the mycelial growth of
A. solani and R. solani. In contrast, the hexane extract inhibited the myce-
lial growth of R. solani, A. solani, F. oxysporum sp. radicis-lycopersici, and
V. dahliae at the rates of 72.22%, 37.01%, 36.04% and 2.43%, respectively.

Daradka et al. (2021) reported the fungicidal activity in ethanolic
extracts of leaves from ten plants, namely Bupleurum falcatum, Citrullus
colocynthis, Dodonaea viscosa, Ficus palmata, Olea chrysophylla, Otostegia
fructicosa, Psiadia arabica, Pulicaria crispa, Rumex vesicarius, and
Zygophyllum simplex, against A. alternata and F. oxysporum. The authors
identified compounds in the plant extracts such as alkaloids, flavonoids,
saponins, tannins, and terpenoids, and reported that extracts from
Pulicaria crispa and Olea chrysophylla were the most effective in inhibit-
ing mycelial growth, ranging from the maximum zone of inhibition of 10
to 29 mm against A. alternata and 12 to 31 mm for F. oxysporum.

Reyes-Vaquero et al. (2021) reported that leaf and root ethanolic
extracts of Ruta graveolens obtained by the sonication method inhibited
69% to 73% growth of F. oxysporum, F. proliferatum and Stemphylium
vesicarium. Fatty acids, alkaloids, and terpenes were the most abundant
metabolites in leaves, and alkaloids in roots. Specifically, the antifungal
activity correlated with the presence of compounds such as skimmianine,
campesterol, phytol, linolenic acid, oleic acid, palmitic acid, linoleic acid,
dodecanoic acid, isopimpinelline, rutacridone, 1-hydroxy-10-methyl-9
(10H)-acridinone, and xanthotoxin identified in the extracts of the aerial
parts and roots.

Pham et al. (2017) reported that ethyl acetate and dichloromethane
extracts of Rheum tanguticum rhizomes showed potent efficacy to con-
trol plant fungal diseases caused by Magnaporthe oryzae, Phytophthora
infestans, Puccinia recondita, Blumeria graminis f. sp., and Colletotrichum
coccodes, and inhibited growth of the bacteria Burkholderia glumae,
Clavibacter michiganensis subsp. michiganensis, Pseudomonas syringae
pv. lachrymans, and Ralstonia solanacearum. They also reported that
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metabolites, such as physcion, inhibited the development of barley pow-
dery mildew by 80%, whereas chrysophanol showed greater efficacy, with
values of 95%.

On the other hand, there are several studies on plant extracts against
plant-pathogenic bacteria. For example, El-Hefny et al. (2017) reported
that n-butanol extracts of Callistemon viminalis flowers and Eucalyptus
camaldulenses bark showed the maximum inhibition zones against colony
growth of Ralstonia solanacearum (18 mm and 20 mm, respectively) and
Pectobacterium carotovorum subsp. carotovorum (16 mm for both plant
samples).

Mori et al. (2019) reported that Erwinia chrysanthemi growth was
inhibited by ethanol extracts of Phyllostachys heterocycla. This extract
also exhibited an inhibitory effect on the growth of fungal phytopatho-
gens such as B. cinerea, Glomerella cingulata, Trichoderma harzianum,
and Hypocrea lactea.

Shaheena and Issa (2020) evaluated the total alkaloid extract of
Peganum harmala seeds against Ralstonia solanacearum Phylotype II,
Erwinia amylovora, Pectobacterium carotovorum subsp. carotovorum, and
Burkholderia gladioli. The results showed that P. harmala seeds contained
alkaloids, including egamine, harmol and harmine, which inhibited the
in vitro growth of R. solanacearum, E. amylovora, P. carotovorum subsp.
carotovorum, and B. gladioli, and has the ability to reduce brown rot dis-
ease caused by R. solanacearum in tubers of potato plants in vivo by 50%.

As can be seen, some plants contain metabolites, such as alkaloids and
terpenes, that can be used to control plant diseases caused by fungi and
bacteria.

Some research has also been published regarding the use of plant
extracts to control crop pests. Reyes-Vaquero et al. (2016) reported that
methanolic extracts obtained by maceration of leaves from Bougainvillea
glabra “Variegata” killed 85% of fall armyworm larvae, causing incomplete
ecdysis and malformation in larvae and pupae, with no adults emerging.
Furthermore, Evangelista-Lozano et al. (2018) reported that D-pinitol
was the main active metabolite identified in the methanolic extracts and
was also responsible for larvicidal activity against second instar larvae of
Spodoptera frugiperda, reducing larvae weight, causing the death of larvae,
and preventing pupal development.

Khan et al. (2017) evaluated the insecticidal activity of Daphne mucro-
nata, Tagetes minuta, Calotropis procera, Boenninghausenia albiflora,
Eucalyptus sideroxylon, Cinnamomum camphora, and Isodon rugosus



Plant Secondary Metabolites with Activity m 179

extracts against pea aphids, fruit flies, red flour beetles, and armyworms,
which are significant agricultural pest insects, and reported that all the
plant extracts tested caused 100% mortality of pea aphids.

Tembo et al. (2018) evaluated the effect of aqueous extracts of fresh
leaves from six plant species, Tephrosia vogelii, Vernonia amigdalina,
Lippia javanica, Tithonia diversifolia, Bidens pilosa, and Lantana camara,
on reducing pest insect abundance on bean, cowpea, and pigeon pea crops.
The extracts of L. javanica, T. vogelii, and T. diversifolia reduced pest insect
numbers, and had similar effects to synthetic pesticides; additionally, the
extracts did not affect beneficial insects.

Furthermore, ethanolic extracts of leaves from Ocimum gratissimum
elicited chronic mortality of S. littoralis larvae, and the mortality increased
over time and with increasing extract concentration, as reported by Benelli
et al. (2019). Carvacrol, thymol, and rosmarinic acid were the metabolites
responsible for these properties.

As mentioned before, some studies have evaluated the biological activ-
ity of plant extracts against phytopathogenic microorganisms in vitro;
however, there are few works where it is evaluated in vivo, mainly in fruit
postharvest storage. Xu et al. (2018) reported that phenolic compounds
inhibited growth in vitro of B. cinerea, and treatment of grape berries with
pterostilbene and piceatannol significantly reduced the disease incidence
and severity.

Tanapichatsakul (2020) evaluated the volatile compounds of Cuminum
cyminum on the mycelial growth of Alternaria aculeatus on grape berries
and reported a reduced incidence and severity after ten days for storage at
room temperature.

As we can see, these are just a few examples of the use of plant extracts
for the control and management of plant-pathogenic microorganisms.
Using plant extracts has several advantages in preventing the development
of resistance, due to the usual presence of several bioactive compounds,
low persistence in the environment, and the generally low cost of use.

7.6 SECONDARY METABOLITES WITH BIOLOGICAL
ACTIVITY AGAINST PHYTOPATHOGENS:
IN VITRO PRODUCTION

The in vitro culture of differentiated cells is one strategy for producing
bioactive secondary metabolites (Choudhary et al. 2021). This alternative

strategy eliminates the need to rely on wild-harvested plants (Espinosa-
Leal et al. 2018).
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A few studies have focused on the use of in vitro culture to produce
secondary metabolites with biopesticide activity.

In this regard, one of the most studied systems in vitro is the culture of
neem plants (Azadirachta indica) as the extracts have been used as a natu-
ral pesticide. Ashokhan et al. (2020) evaluated the effect of plant growth
regulators (PGRs), thiadiazuron (TDZ) and 2,4-dichlorophenoxyacetic
acid (2,4-D), on the induction of colored callus and the accumulation of
azadirachtin (AZA). The authors reported that, through the use of PGRs,
green-, brown-, or cream-colored callus were obtained, and that green cal-
lus extract contained the highest level of AZA (214.53 + 33.63 mg/g DW)
compared to brown- or cream-colored callus.

Another interesting research study involves the design, exploration,
and analysis of a bioprocess plant that would produce a biopesticide from
A. indica cell culture in a 10 m? bioreactor. The main botanical biopesti-
cide compounds identified from neem culture were limonoids which act
against almost 600 species of insects, mites, and nematodes (Martinez-
Mira et al. 2020).

On the other hand, it has been reported that the aqueous extract and
essential oil of the genus Artemisia have antibacterial, antifungal, repel-
lent, insecticidal, nematicidal, and phytotoxic properties (Ivanescu et
al. 2021). In the same way, Mohiuddin et al. (2018) designed an in vitro
culture experiment to produce callus from Artemisia absinthium, using
various PGRs, singly or in combination. The authors found that 0.75 mg/L
NAA, 0.5 mg/L NAA, 0.5 mg/L 2,4-D + 0.5 mg/L NAA and 1 mg/L 2,4-D
+ 0.5 mg/L NAA induced the maximum callogenic response (100%) in
the explants from leaves; in Artemisia pallens, of the growth regulators
employed, the maximum callogenic response of 92% was observed at 2
mg/L kinetin from leaf explants. Phytochemical screening from the crude
extracts showed the presence of glycosides, terpenoids, steroids, alkaloids,
phenols, and tannins.

Koo et al. (2022) established in vitro culture conditions for the induc-
tion and proliferation of Pinus strobus callus from zygotic embryo cul-
tures; various PGR concentrations were tested to assess the optimal
concentration of 2,4-D. The authors reported that combined treatment
with benzyladenine (BA) and 2,4-D stimulated the growth of callus (fresh
weight) compared to 2,4-D alone. The accumulation of two pinosylvin
stilbene compounds increased with the aging of the callus (after two or
three months). Finally, the nematicidal activity of crude ethanolic extracts
of callus were evaluated and only one of these compounds was effective
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for the immobilization of pine wood nematodes (PWNs: Bursaphelenchus
xylophilus), reaching 67% immobilization after 24 h.

Thymus vulgaris and Ocimum basilicum are other species that have
been investigated regarding the volatile constituents produced from cell
suspensions and their role as insecticides against Rhynchophorus ferrugin-
eus, which is a dangerous polyphagous insect, one of the most important
pests of several palm species. In this research, the maximum cell suspen-
sion weights were obtained after 40 days. From the insecticidal test, the
volatile extract of T. vulgaris was the most active, causing feeding inhibi-
tion against R. ferrugineus larvae (Darrag et al. 2021).

As can be seen, in vitro culture is a good alternative to wild-harvested
plant tissue for producing metabolites of agricultural and pharmaceutical
importance.

7.7 CONCLUSIONS AND FUTURE PROSPECTS

Throughout the world, food security, and the yield of cereals, fruits and vege-
tables are affected by fungi, bacteria, nematodes, insect pests, and viruses. The
use of synthetic pesticidal chemical compounds for the control of plant phy-
topathogenic microorganisms has generated significant problems, including
selection for pesticide resistance. Due to the above, environmentally friendly
alternatives are necessary for management and control. Research evidence
has shown that extracts obtained from plants protect against plant-pathogenic
microorganisms and insect pests. However, these studies have been conducted
at the laboratory level and plants were obtained from the wild. Therefore, it
is necessary to research the optimal extraction method and its management
on a commercial scale to achieve a sustainable approach. It is necessary to
consider that the biosynthesis of metabolites is different at each stage of plant
development and that environmental factors may also influence the process,
with in vitro culture being an alternative.
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8.1 INTRODUCTION

Plants have been used as a source of compounds with healing properties

since ancient times (Harvey et al. 2015). In this sense, scientific research
has demonstrated that these healing properties are mainly due to plant
secondary metabolites, which have been demonstrated to exhibit bioactive
properties (Augustin and Sanguansri 2012). However, these compounds
have low stability and are susceptible to degradation (Dima et al. 2015).
Since these compounds exhibit a wide range of natural biological func-
tions, significant activity against pathogens, and with minimal or no side
effects, it is of great importance to ensure the protection and improve the
bioavailability of these metabolites. Therefore, the development of encap-
sulation systems is an important strategy for the protection, controlled
release, and delivery of the compound. In addition, their encapsulation
facilitates their handling and storage (Cruz-Salas et al. 2019).

In recent years, the bioactive properties of secondary metabolites have
attracted considerable interest from the pharmaceutical and food indus-
try, which are promoting the study of new sources, novel extraction, puri-
fication, and encapsulation processes, as well as alternative administration
routes for the benefit of human health. The objective of this chapter is to
present the innovations in extraction and protection processes for second-
ary metabolites and their importance in the food and health industry.

8.2 OVERVIEW OF SECONDARY METABOLITES

Secondary metabolites can be defined as organic compounds produced

by an organism, which do not directly intervene in their metabolism,
but are used as a defense mechanism, or to attract pollinators (Ahmed
et al. 2017). Most of the secondary metabolites are of plant origin; how-
ever, some of them are of microbial or animal origin, such as the -3 fatty
acids from fish (Santana-Galvez et al. 2019), hydrolyzed meat peptides
(Pogorzelska-Nowicka et al. 2018), and indolocarbazole from the blue
shrimp, Litopenaeus stylirostris (Garcia-Romo et al. 2020), among others.

8.2.1 Plant Sources of Secondary Metabolites

Secondary metabolites of plant origin are mainly found in leaves, stems,
flowers, roots, barks, seeds, or fruits. In this regard, metabolites in plants
come from photosynthetic metabolic routes, such as the shikimate path-
way of phenylpropanoids synthesis and the mevalonate pathway of ter-
penoid (e.g., squalene) synthesis (Azmir et al. 2013; Embuscado 2015).
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According to Singh and Shukla (2015), secondary metabolites are chemi-
cally classified as terpenoids, alkaloids, steroids, phenolic compounds,
carbohydrate derivatives, fatty acids/lipids, and amino acid derivatives.
These compounds have been demonstrated to have great potential and a
positive influence on human health.

8.3 IMPORTANCE OF SECONDARY

METABOLITES IN HUMAN HEALTH
Regarding the use of secondary metabolites in the biomedical area, these
phytochemicals can be considered compounds able to strengthen the
immune system, inhibit viral replication processes, or carry out signaling

processes to activate the defense mechanisms against diseases. Since these
compounds exhibit a wide range of natural biological functions, and min-
imal or no side effects, they are interesting candidates for pharmaceutical
research (Gandhi et al. 2015; Gorlenko et al. 2020; Li et al. 2020).

Some of the beneficial properties reported for phenolic compounds
are related to the reduction of the risk of chronic degenerative diseases,
the prevention of cardiovascular diseases and diabetes, and the improve-
ment of visual acuity due to the antioxidant, antimicrobial, anticancer,
anti-inflammatory, and chemoprotective properties of these compounds
(Xuetal. 2017). These properties are related to the high electron-donating
capacity of the hydroxyl groups present in these molecules. However, the
beneficial effects of polyphenols may be due not only to their antioxidant
capacity, but also to their impact on enzymes, cell signaling pathways,
and effects on gene expression (Wangensteen et al. 2015). Furthermore,
polyphenols, together with flavonoids, coumarins, terpenoids, and other
substances, represent the antiplatelet effect. These compounds correct
platelet abnormalities by interfering with different signaling pathways,
including inhibition of the adenosine diphosphate (ADP) pathway, sup-
pression of thromboxane (TXA,) formation, reduction of the intracellu-
lar mobilization of Ca?*, and degradation of phosphoinositides (Haouari
and Rosado 2016).

Alkaloids are another interesting group of active metabolites since
they possess potential therapeutic effects against several neurodegen-
erative diseases. This group of bioactive compounds includes neuroac-
tive molecules, such as caffeine and nicotine as well as important active
pharmaceutical ingredients, including emetine, used to combat oral poi-
soning, and the antitumor drugs vincristine and vinblastine (Matsuura
and Fett-Neto 2015). As well, this group of bioactive compounds includes
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other molecules such as isoquinoline, indole, pyrroloindole, oxindole,
piperidine, pyridine, aporphine, vinca, -carboline, methylxanthine, and
erythrine.

Alkaloids function as substances that bind to a receptor on a cell,
known as muscarinic or adenosine receptor agonists, but also as anti-
oxidants, anti-amyloids, monoamine oxidase inhibitors, acetylcholin-
esterase and butyrylcholinesterase inhibitors, and dopaminergic and
nicotine agonists (Hussain et al. 2018). The action of alkaloids and
amines often occurs on neuroreceptors, modulating the transduction
of neuronal signals, including ion channels or enzymes, which capture
or metabolize neurotransmitters or second messengers. Also, it has
been reported that some alkaloids interfere with the biosynthesis of
DNA, telomeres, telomerase, topoisomerase, cytoskeleton, or proteins,
and they can induce apoptosis (Wink 2015).

Terpenes constitute another important group, which, as a result of
their biological properties, have been used by the pharmaceutical and bio-
technology industries to guide the synthesis of drugs (Habib et al. 2020).
Within this chemical group, pentacyclic triterpenes have gained atten-
tion due to their anti-inflammatory, antibacterial, antioxidant, antitumor,
anti-HIV, hepatoprotective, and immuno-adjuvant properties (Xu et al.
2018). The presence of pentacyclic triterpenes, such as lupeol and a-and
B-amyrin, has been reported in various plant species; however, Coccoloba
uvifera, also known as sea grape, stands out among the species studied
for its high content of these compounds (Ramos-Herndndez et al. 2018a).
The use of @ and B-amyrin has been indicated in the preventive or thera-
peutic treatment of colitis. Moreover, a-and B-amyrin decrease colon
pro-inflammatory mediators, tumor necrosis factor (TNF) -a, interleukin
(IL) -1B, and keratinocyte-derived chemokine (CXCL1/KC), and they also
regulate IL-4 levels (Matos et al. 2013). Another compound of terpenic
origin is lupeol acetate, which is associated with the control of the symp-
toms of rheumatoid arthritis by regulating the expressions of inflamma-
tory cytokines and osteoclastogenesis (Wang et al. 2016). Oleanolic and
ursolic acids are compounds that have been evaluated for ophthalmic
administration with favorable corneal permeation and release results
(Alvarado et al. 2015). Another reported example is the successful use of
the terpene-rich extract of the leaves of Lantana camara for the develop-
ment of drugs against Mycobacterium tuberculosis (Patil and Kumbhar
2018). This extract presents a high concentration of p-caryophyllene that
can be used to suppress the growth of M. tuberculosis (H37Ra).
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With regard to carotenoids, compounds such as 3-carotene, lutein, lyco-
pene, and cryptoxanthin have been reported for their antimutagenic and
antiproliferative potential (Ruiz-Montafiez et al. 2015; Rivera-Aguilar et
al. 2020). Plant species, such as jackfruit (Artocarpus heterophyllus), have
been demonstrated to be rich sources of these compounds, which could be
considered for use in the treatment of diseases associated with oxidative
stress (Ruiz-Montaifiez et al. 2015). In addition, jackfruit contains metab-
olites with important antioxidant, antimutagenic, and antiproliferative
activities observed during ripening and consumption (Kumar et al. 2021;
Ruiz-Montaiiez et al. 2019). Rivera-Aguilar et al. (2020) and Hosen et al.
(2022) reported the presence in jackfruit of compounds such as apigenin,
artocarpine, quadraflavone C, moracin C, and B-carotene. Some of these
compounds have shown biological activity against the carcinogenesis pro-
cess at different phases.

Another important factor in the treatment of some chronic diseases
is the control of inflammatory processes. In this sense, the nuclear fac-
tors kappaB (NF-kB) and STAT3 have emerged as important regulators of
inflammation, cell transformation, and survival, proliferation, invasion,
angiogenesis, and metastasis of tumor cells. Thus, secondary metabolites
that can inhibit the activation pathways of NF-kB and STAT3 have the
potential to prevent and treat cancer. For instance, triterpenes have been
considered as interesting compounds for their ability to suppress inflam-
matory pathways related to tumorigenesis (Chairez-Ramirez et al. 2015;
Liu et al. 2021).

However, despite the interesting bioactive properties shown by these
compounds, their potential health benefits depend on the absorption and
metabolism which, in turn, are determined by the structure, molecular
size, solubility, and stability of these molecules. In this sense, the extrac-
tion, purification, and encapsulation of these compounds will help to
maintain their bioactive properties.

8.4 SECONDARY METABOLITES ISOLATION TECHNIQUES

Solvent extraction, known as maceration, is the most widely used method
for the recovery of secondary metabolites from a wide range of matrices of
plant origin. The objective of this process is to separate compounds from a
solid matrix, based on the principle of solubility. The solvent diftfuses into
the matrix and dissolves the related compounds (Strati and Oreopoulou
2014). The polarity of the target metabolite is the most important factor
in the choice of solvent since the success of this operation depends on the
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molecular affinity between the solvent and the solute (Ramos-Herndndez
et al. 2021). The main solvents used are water, methanol, ethanol, acetone,
ethyl acetate, chloroform, hexane, and petroleum ether, as well as mixtures
of polar and non-polar solvents in different ratios. The main parameters
to be considered in an extraction process are the kind of solvent, type of
sample, extraction temperature, and extraction time (Ramos-Hernandez
et al. 2018a; Vazquez-Gonzalez et al. 2020).

The main disadvantages of this method are the heavy consumption of
organic solvents, thelong extraction periods, and the lowyields of extracted
metabolites (Ramos-Herndndez et al. 2018a). In order to improve the
extraction yields, it is necessary to review and evaluate non-conventional,
environmentally safe techniques for the recovery of metabolites. In this
context, the most reported techniques are ultrasound-assisted extraction
(UAE), microwave-assisted extraction (MAE), high hydrostatic pressure
extraction (HHPE), enzyme-assisted extraction (EAE), and supercritical
fluid-assisted extraction (SFAE).

UAE is mainly based on acoustic cavitation caused by the interac-
tion between the ultrasonic waves, the liquid, and the dissolved gas. This
phenomenon breaks the cell walls and favors the release of compounds.
These waves, at certain frequencies and amplitudes, create cavitation
bubbles which, when they reach a non-stable point, release high tempera-
ture and high pressure by imploding (Lefebvre, Destandau, and Lesellier
2021). UAE is an effective technique for the extraction of plant secondary
metabolites. Ramos-Herndndez et al. (2018a) showed that UAE is more
effective than maceration in obtaining lupeol from leaves of C. uvifera,
reporting 5.61 mg/g d.b. (dried base) compared to 1.11 mg/g d.b. obtained
by maceration.

MAE uses microwave technology in order to heat a solid and liquid
mixture. Heating is induced by microwave irradiation absorbed by mol-
ecules depending on their dielectric constant. Polar molecules with a high
dielectric constant are able to absorb this energy and re-emit it, causing
the heating of the system. Therefore, the energy absorption by the solvent
mixture increases, leading to an easier release of compounds (Lefebvre et
al. 2021). Lerma-Torres et al. (2019) reported that MAE allows a higher
concentration of hexane extract (0.25 mg/g d.b.) to be achieved from
Mangifera indica leaves, including mangiferin and lupeol, compared with
maceration or heat (< 0.2 mg/g d.b.).

HHPE is a non-thermal technology that has been identified as being
environmentally friendly. HHPE is conducted in the pressure range from
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100 to 800 MPa. The extraction stage is usually applied through a three-
stage process: pressurizing stage, pressure maintenance stage, and pres-
sure relief stage (Giacometti et al. 2018). In the first stage, the disruption
of plant tissue, the cell wall and the membrane enhances the mass transfer
of the soluble constituents to the solvent. During the second stage, the
pressure inside and outside the cells is balanced, so that solvent permeates
the cells rapidly and contacts the cellular contents, dissolving the active
component in a shorter period with respect to other conventional tech-
niques. Finally, in the third stage, the pressure is relieved in a few seconds,
during which time pressure within cells rapidly decreases with the altera-
tion of the non-covalent bonds. This causes cells to expand, resulting in
subsequent increases in permeability and decreased resistance to diffu-
sion and permeation. After pressure release, the resulting mixture should
be separated and purified (Ferrentino et al. 2018; Giacometti et al. 2018).
Véazquez-Gonzalez et al. (2020) obtained phenols (> 155 mg gallic acid-
equivalents, GAE/g d.b.) from the jackfruit leaf by HHPE at 200 and 150
MPa for 15 min, whereas less than 40 mg GAE/g d.b. were obtained using
conventional extraction methods for 24 h.

EAE is an unconventional technique based on the hydrolysis of the cell
walls by specific enzymes, such as cellulases, pectinases, and hemicellu-
lases, allowing the efficient release and extraction of secondary metabo-
lites within the cells. Enzymes hydrolyze the cell wall components and
alter the structural integrity of the plant cell wall. Consequently, they
increase the permeability of the solvent to the cell wall, and thus, higher
extraction yields of SM are achieved (Tomaz et al. 2016). Catalkaya and
Kahveci (2019) obtained lycopene from tomato (11.5 mg/g) and conclude
that EAE is an effective technique.

Finally, supercritical fluids represent a new generation of green sol-
vents. In particular, supercritical CO, is non-toxic, non-flammable, rela-
tively cheap, has mild critical conditions (T = 304 K and P = 7.4 MPa),
and can be recovered and recycled after use (Prieto et al. 2017). The pro-
cess takes place at reduced temperature in the absence of light, and it is
easy to separate the solvent and extracts. In addition, specific fractions
can be collected by altering the extraction parameters, such as pressure
and temperature (Giacometti et al. 2018). In this way, SFAE is based on
the modulation of these fluids’ properties (density, diffusivity, dielectric
constant, and viscosity) with pressure and temperature variations, allow-
ing the extraction and recovery of the bioactive components of the sample.
Zekovic et al. (2015) used SFAE to extract essential oils (EO) from sweet
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basil (Ocimum basilicum), obtaining an extraction yield of 0.56 % (v/w),
with the major compounds being linalool (10.14 to 49.79%, w/w), eugenol
(3.74 t0 9.78%) and &-cardinene (3.94 to 8.07%).

8.5 ENCAPSULATION OF SECONDARY METABOLITES
TO PROTECT THEIR BIOLOGICAL ACTIVITY

The secondary metabolites obtained from advanced extraction techniques
are of great interest, but they have low stability and are susceptible to
decomposition caused by environmental factors such as oxygen, ultravio-
let light, temperature, and humidity (Ramos-Herndndez et al. 2020). In
addition, most of the secondary metabolites, when administered orally,
can decrease or lose their functional activity due to factors such as the
acidic pH of the stomach, the alkaline pH of the intestine, or enzymatic
activity (Braithwaite et al. 2014).

Likewise, a variation in the physical and/or chemical properties of
the extracted secondary metabolites affects their bioactive properties
and their bioavailability. In this sense, hydrophobic metabolites, such as
curcumin, have low solubility in water, so the bioavailability is also low,
which also limits the biological activity of these molecules (Zhang et al.
2020). Similarly, pentacyclic triterpenes such as lupeol, a-, and f-amyrin
have a hydrophobic structure (Ramos-Herndndez et al. 2018a), limiting
their solubility in water. Some secondary metabolites such as polyphenols
are unstable and are easily oxidized during storage (Gonzalez-Cruz et al.
2020). Similarly, f-carotene is an unstable molecule in response to ultra-
violet light and oxygen, factors that cause the decrease or loss of its bio-
logical activity (Ramos-Hernandez et al. 2018b). Other compounds, such
as saponins, have a poor taste and texture, which limit their role by oral
administration (Dawid and Hofmann 2014).

To produce effective responses, metabolites must maintain their bioac-
tive properties and they must be successfully delivered to tissue or organs
at a safe and effective dose level. Therefore, it is of great importance to
ensure their oxidative stability and increase their water solubility and pH
resistance (Zhang et al. 2020). In this sense, the administration systems
based on encapsulation have exhibited excellent yields in the protection,
controlled release, and targeted delivery of secondary metabolites to the
specific site (Kotta et al. 2012).

During the encapsulation process, the bioactive compound is trapped
inside an inert matrix, which isolates and protects it from the external
environment. Moreover, encapsulation can also serve to achieve controlled
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release, mask undesired organoleptic properties, prevent adverse effects,
increase shelf-life, or provide easier handling (Weiss et al. 2006). The effec-
tiveness of the encapsulation process will depend on the type of encapsu-
lating matrix selected and the encapsulation process chosen.

Materials commonly used as encapsulation matrices are polysaccha-
rides, such as chitosan, alginates, celluloses, starches, or malto- and cyclo-
dextrins. In addition, natural hydrocolloids, such as whey protein isolate
(WPI), whey protein concentrate (WPC), collagen, and gelatin (Echegoyen
et al. 2017) have also been used for encapsulation purposes. Biopolymers
are preferably used because they are biocompatible, biodegradable, and
have a high potential for modification to achieve the required properties
(Esfanjani and Jafari 2016). Furthermore, encapsulating materials can
have significant stabilizing effects on the texture of foods (Alehosseini
et al. 2018). The most promising technologies for encapsulating SMs are
nanoemulsions, spray drying, and electrohydrodynamic processes (elec-
trospraying, electrospinning, and coaxial electrohydrodynamic process).

8.5.1 Encapsulation of Secondary Metabolites by Nanoemulsion

Emulsions can be defined as a colloidal dispersion, made up of two immis-
cible liquids, which is obtained by dispersing very fine drops of one lig-
uid (called the dispersed or internal phase) within another one (called the
continuous or external phase) (Akhavan et al. 2018). Nanoemulsions are
defined as stable ultrafine dispersions, composed of two immiscible liq-
uids, either oil in water (O/W) or water in oil (W/O), with a mean droplet
diameter of 20 to 500 nm (Singh et al. 2017; Karami et al. 2019; Sharma et
al. 2019). Nanoemulsions are made up of at least three essential compo-
nents: oil phase, aqueous phase, and surfactants/co-surfactants (Karami et
al. 2019). The oils commonly used in the formulation of nanoemulsions are
sesame oil, peanut oil, corn oil, lanolin, jojoba oil, Capryol 90, isopropyl
palmitate, palm oil esters, miglyol, castor oil, olive oil, soybean oil, oleic
acid, pine nut oil, or coconut oil, among others (Shah et al. 2017; Singh et
al. 2017). To maintain stability and reduce interfacial tension, surfactants
such as hydrophilic colloids, Span 80, Tween 20, Tween 80, powdered soy
lecithin, sodium caseinate, egg lecithin, and sulfosuccinate have been used
so far (Sharma et al. 2019).

Nanoemulsions are made primarily by two processes, including the
high-energy emulsification method (input energy 108-10'° W/kg) and the
low-energy emulsification method (input energy ~ 10°~10° W/kg) (Sharma
et al. 2019). In high-energy methods, large disruptive forces are provided
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through the use of mechanical devices, including ultrasonic emulsifica-
tion, high-pressure homogenization, high-energy agitation, and microflu-
idization, to break the macroemulsion droplets into smaller droplets (Shah
etal. 2017). Low-energy methods use the intrinsic physiological properties
of the system for the production of nanoemulsions. These methods include
phase inversion temperature, emulsion inversion point, solvent displace-
ment, and self-emulsification (Aswathanarayan and Vittal 2019; Karamiet
al. 2019; Jiang et al. 2020).

Some examples are cinnamon oil nanoemulsions, vitamin E and vita-
min D acetate nanoemulsions, fish oil, and cinnamaldehyde nanoemul-
sions (Aswathanarayan and Vittal 2019).

Nanoemulsions are widely regarded as one of the most popular deliv-
ery systems for a wide range of secondary metabolites with a lipophilic,
hydrophilic, and amphiphilic nature (Lu et al. 2016). Oil-in-water nano-
emulsions have been used to deliver vitamins, flavors, antioxidants, pre-
servatives, or nutraceuticals (Acevedo-Fani et al. 2017), as summarized in
Table 8.1.

In other studies, phenolics, essential oils, and flavonoids administered
as nanoemulsions have exhibited biological activities greater than the pure
free molecules; examples are the nanoemulsion of curcumin composed of
medium-chain triglycerides and phospholipids, which proved to be efhi-
cient as a photosensitizing agent with great potential for using in breast
cancer treatment (Machado et al. 2019). The oregano oil nanoemulsion,
made with sunflower oil, castor oil, and Span 80 by the phase inversion
temperature method, was suitable for incorporation into food formula-
tions to prevent and control microbial growth (Moraes-Lovison et al.
2017). In addition, the luteolin nanoemulsion, made with lipoid lecithin
and almond oil using phase inversion and sonication methods, promoted
hair growth at a level similar to that of commercially available minoxidil
(Shin et al. 2018).

In the pharmaceutical industry, nanoemulsions can be used in lig-
uids, creams, aerosols, gels, or foams, and can be administered by dif-
ferent routes, such as topical, oral, intravenous, intranasal, pulmonary,
and ocular (Singh et al. 2017). In this way, nanoemulsions trapped in
structured organogels have been developed to increase the oral bioavail-
ability of curcumin. In addition, nanoemulsions have been explored for
the topical uptake of drugs; they provide a combination of penetration
enhancement (by altering lipid bilayers) and a concentration gradient
by acting as tiny reservoirs of drugs. W/O nanoemulsions have been



Encapsulation of Plant Secondary Metabolites m 199

(panunuo))
‘[rprxourwu
J[qe[reAe A[[eIdIoWTIOD
94} JO 1By} O} JR[IWIS [dA3]

(8107 ‘T8 12 UIYs) ® Je yimors arey pajowroxd

“)moi3 [erqororw
[omyuod pue juasaid o3 ‘9jed
UD[IIYD Se YoNSs ‘SUOTJR[NULIO]
(L1028 pooj ojur pajerodioour
19 UOSTAOT-S9BIOIA) 2q 0} 9[qeIINS Sem I
“190UeD JSBIq
JO JUSWIILT) Y} UI 2SN IOJ
Tenuajod 18218 Ym ‘sapads
uad£xo aa1}oeal Jo wononpoxd
3y} paje[nwns pue Ss[[0
L-dDI Jo uonexdjrjoxd
paseardap ‘s30apa orxojojoyd
(6102 pey 9uade Surznsussojoyd
Te 32 opeyoeA) © SB JUaDILJD 2q 03 pasoid I

ERLICRE) EN Ansnpuy ay) ur vonesriddy

uorsmnuaoueN

“UOTJBITUOS
ad£3-aqoid 4q

pamorjoy ‘uonisodwod
UOTSIOAUT 3SRy

arnjerodwa)

UOISIoAUT 9Seyd

uornedygisiniuaoueu

snoauejuodg

poyIdIN uonensdesuyg

“[to puouuye
199MS ‘¢-6/d
urgd] prodry
‘(08 ueds)
ajeaT00UOUT
ue)IqIos
10 10358
pare[dxo1pAy
07-54dd

[0 TomMOpuNg

881 1ourexood
que)deyINs
sruotuy
spidijoydsoyd
£os [eanjeu
‘SopLIDA[S1I)
-UTeYD-WNIPIJA

[eLIe
uonensdesusy

(saaea[

/1 vuvnsin.
winpydasodvi(J)
urony

(yuerd ouedairo/ T
24v3na wnuvdiQ)
[1o oueSa10

(SowoZIy1 paLIp
/1 v3uo] vuunainy)
uTmmnoIny)

(921n0g)
31[0qeIdIA ATepuodag

SALNSNpU] [edTINAJRULIRYJ PUe pooy] oy} ur uonedrddy yim sajjoqela]y LA1epuodag pajensdeouq jo sarpmyg Juaday jo sojdwrexy  |'Q 379VL



200 = Advances in Plant Biotechnology

(panunuo))
"PAOUIPIAD sem daTeATasaId
pooj [enjeu e se uorjesrdde
§)1 10§ [enuajod YT, ‘nys
U1 1109 DIYILIAYIST PUE SULIOJI0D
SJURIS[O]OWISY) Jsurede
PUe 0.4 ut Pa)Sa) wintimuiydAy
vjjpuowps pue sauagojdrouou
DLI2ISIT 40 DIYILIIYIST
Snauny s122000]Aydig

jsurede L)IAT)o® [eIqoIOTITIUR ULIIXpoj[ewr (yuerd
PUE JUBPIXOTJUB POMOYS pue swikyy/ T suvdna
(e0z0T Te 10 Zunpey)  [10 [eNuUasss swAt pajensdeouy Urased WNIpog snuidy]) 10 SWAyT,
“Ansnpur
pooj pue [eonnaseurreyd oy (spaas
ur uoryeorjdde 105 sanzadoad /1 vorpur vi2fISUDAT)
pamoys spunoduwrod spunoduod
(020T Te 12 T00P1S) orouayd pajensdesuy ULI)X2POI[eIA ST[oudY
"A1ysnpur yi[eay pue pooy
a1} J0J suonje[nuLIoy 1pmod
J10 S)UBIO[OD Sk 3sn [enuajod
aaey Aewr sansdesororur
QIOULIdY}IN] [oPOW (oye30d pajeAn MO
uonsadip [eunsajurosesd paysay-ordind; 1
04314 11 3Y) UTIIM pue a5e10)s Wnso.4aqn] Wnuvjos)
(0207 T 30 exediop) Surmp £111qe)s pamoys Ay, sonsdeooory ULI)XIPOJ[eIA suruef>oyuy
DUIY Ansnpuy ay) ur vonesriddy poydN uonensdesusy [eLIdIe N (321m0G)
uonensdesuyy AI[OqeIIN ATePU0IdS
satmsnpuy

[eoninadeuLIRyJ PUR poog o) ut uonedriddy yiim sajrjoqelay ATepuodag pajensdeousy Jo sarpnig Juaday jo sojdurexy

(AINNILNOD) 1’8 319vL



Encapsulation of Plant Secondary Metabolites m 201

(panunuo))

‘syonpoid pooy
ur (1addexm a1qrpa 10 Sury) (ymay uopowr
JuaTpaIdur Ue se Jo syonpoid IoNIq/ "] vLUDIDYD
juswaddns [eonnaoennu DIIPLOULOIN)
(810C QUOTR-pUR)S S pasn sjuepIxonue
Te 30 TURUIRYIO0],) 2q 0} [enjuajod pamoys £y, s19q1y  Suruurdsondafo [erxeo)) ‘unees Uy osrjouayd4joq
‘sreonnadewreyd ur
(0z0T SWA)SAS AIGAI[OpPOURU SB puE (Jea] SAI[O/UOISSTIA
modpessy pue  uononpoid pooj [euonounjoiq "A> padoina
‘LIeJe( TRJTUBWIS[OS) 105 parjdde aq ueo Loy, Surfexdsonoarg DdM v2]0) s[ouayq

"sdoys wonsadip o4g1a uz oy
19y3e souaydA4jod jo souasard
3} UT 9SBAIOUT Ue PaJedIpUl
SaTpN3s A[IqISsadoeolg

(Do 081) Supyeq pue (D, 121)

uonezI[LIa)s 1a)ye sjousaydLjod (ynag rede/1reN
(610¢ g rede Jo AJiiqels p2ov.2]0 2d121ng)
‘e 32 o[used1(]) [ewrIay) Jo Juawraroxdwr L3y, Surferdsonyoary uy sjouayd4jog
(s1010Q
*S[[o0 Iourn)-uou 1[02001q/21|p]1 "TeA
0} £J101X0) JNOYIIM S[[9D Jown) ] D2ID.42]0 VIISSVAY)
TeryS 1sureSe 100350 TowMnUE spunodwoo
2AT)O370s 3U0IS PaMOTYS srjouayd
(90707 ‘T8 10 Zunpey) 1oe1X0 pajensdeous ayJ, sa[nsden Surferdsonoarg ureyz pue $3)e[OUTS0IN]D)
ERLICREIEN Ansnpuy 2y ur vonesrddy wd)s4g poyIdy uonensdesusy el e (921n0g)
ﬂcmuﬁ—ﬁmmﬁuﬁm IM[OqeIdN %Hﬁﬁvﬁouvw
sarmsnpuy

[eonnaoeuLIeyJ pue pooyg o) ur uonjestddy yim sajrjoqela]y A1epuodag pajensdesuq jo sarpmyg juasay jo sajdurexy  (QINNILNOD) 1'8 3119VL



202 = Advances in Plant Biotechnology

‘sanjzadoad
K1osuas uo yedur aaneSou
JNOYIIM JBIUT UIIYD JO (yuerd swyy
(8102 uonjearasaid oy ur Joadsoxd /1 stvdna snudyr)
my pue ‘nyyz ury) Surstwod e a1om Loy, Suruurdsonoarg unepPo [T0 [eTJUAssd JWAYT,
"sagexoed pooj
JUEPIXONJUE PUE [eIqOITWIU.
UT 9]OIYA ISBI[AT [0IOBATED (yurerd awdyy
® se uorjeorjdde 105 serrojeur yoIes /1 s1vdma snudyr)
(6T0T T 32 8I2SUO,) Surstwroad axe sarnjonas Ay, Suruurdsonoarg oyejod 9[qnjog [0I10eATRD)
DUIIY Ansnpuj 2y ur vonesrddy wd)s4g PoyIdN uonensdesuy LIy (32an0g)
ﬂcmuﬁ—zmmﬁuﬁm IJ[OqeIdN %Hﬁﬁvﬁouvw
sarnsnpuy

[eonnaoeuLIeyJ pue pooyg o) ur uonjestddy yim sajrjoqelay A1epuodag pajensdeous Jo sarpnig Juaday jo sajdurexy

(AINNILNOD) 1’8 319vL



Encapsulation of Plant Secondary Metabolites m 203

used to deliver proteins or plasmids via the transepidermal route. Their
oil component is compatible with sebum present in follicular openings
which act as entry points. This opens up the possibility of directing and
confining potentially therapeutic transgenics to clinically active skin
lesions. On the other hand, ocular administration of O/W nanoemul-
sions has been attempted to deliver water-incompatible, environmen-
tally sensitive, poorly absorbed (via the trans-corneal route), or poorly
retained drugs (Singh et al. 2017).

However, the stability of nanoemulsions depends on the storage tem-
perature, pH, and ionic strength. To obtain a stable nanoemulsion and
prevent coalescence, cremation, flocculation, and sedimentation, the opti-
mization of preparation conditions and the composition of nanoemul-
sions are required (Singh et al. 2017; Sharma et al. 2019). On the other
hand, they present advantages, such as the delivery of metabolites to a
specific site and the improvement of absorption through cells. The lipids
used are biocompatible, biodegradable, and non-mutagenic, so nanoemul-
sions are safe for human health. On the other hand, there is a perception
in the food industry that, in the manufacture of nanoemulsions, the use of
high concentrations of emulsifiers makes them expensive products, as well
as the fact that they are labile at low pH values, while the controlled release
process does not take place due to their small size and the liquid nature
of the vehicle. Nevertheless, the pharmaceutical and food industries have
already launched nanoemulsions on the market and, with the arrival of
new instruments and competition between leading companies, the cost of
preparing the nanoemulsion will decline and will probably reach the price
of regular macroemulsions (Akhavan et al. 2018).

8.5.2 Encapsulation of Secondary Metabolites by Spray Drying

Spray drying is a well-established microencapsulation technique com-
monly used in the food and pharmaceutical industries. The spray-drying
process is inexpensive and can preserve the natural properties by trap-
ping the active ingredient within a coating (Ruiz-Montafiez et al. 2015),
which can be a polysaccharide, such as gum arabic, maltodextrin, modi-
fied starch, sodium alginate, guar gum, chitosan, inulin, or proteins such
as whey protein, soy protein, or sodium caseinate (Drosou et al., 212017;
Flores and Kong 2017). Spray drying results in powders of good quality,
with low water activity, which are easy to handle and store, and with pro-
tective effects on bioactive materials. Additionally, spray drying is a con-
tinuous, simple, and fast process (Ruiz-Montafez et al. 2015).
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This process is based on the principle of dissolving or dispersing the
active ingredients in a biopolymer solution (Bor et al. 2016). The dispersion
is atomized in a drying chamber with a nozzle that makes the droplets as
small as possible (Muhamad et al. 2017). These droplets come into con-
tact with the hot drying air and their large surface area facilitates the heat
transfer from the drying air to the atomized particles, leading to the rapid
evaporation of the solvent that is available on the surface of the droplet (Ho
et al. 2017). During this step, the mass of the droplet decreases while the
temperature remains constant at the wet-bulb temperature of the solvent
(Ziaee et al. 2019). A solid outer crust forms on the surface of the droplet,
the concentration of ingredients in the drying droplet increases, while the
smaller water molecules diffuse outwards until generating a dry particle
that consists of the active ingredient embedded in the wall material. Finally,
the particles fall to the bottom of the drying chamber, being separated from
the hot air in the cyclone, where they are collected (Ho et al. 2017; Ziaee et
al. 2019). Final powder properties can be altered by varying the formulation
and process parameters (Ziaee et al. 2019), such as core and wall material
properties, solution viscosity, and spray-drying parameters, such as flow,
inlet/outlet temperature, and humidity (Talegaonkar et al. 2016).

Spray drying has been used in the dehydration of products to preserve
them and facilitate their transport and storage (Ho et al. 2017; Jimenez-
Sanchez et al. 2020). Recently, this technology has been used in the
encapsulation of secondary metabolites (Table 8.1), including anthocya-
nins, mango fruit phenolic compounds, and essential oils. Maltodextrin
was used as a wall material for the encapsulation of anthocyanins, and
the obtained microcapsules showed a potential use as colorants or pow-
dered ingredients for the food and health industry (Vergara et al. 2020).
In another study, reported by Siacor et al. (2020), an extract of phenolic
compounds from mango seed was encapsulated by spray drying. The total
polyphenol content of the powders ranged between 50.62 and 96.14 mg
of GAE per g of dry powder, with potential use in pharmaceutical and
food applications. Spray drying has also been used in the encapsulation of
essential oils, such as thyme oil. Radiinz et al. (2020a) reported capsules
with high encapsulation efficiency, excellent thermal stability, and regu-
lar morphology, with high antioxidant and antimicrobial activity, and the
potential to act as a preservative in hamburgers (Table 8.1). In addition,
some microorganisms such as Lactobacillus acidophilus (Arepally et al.
2020) and Meyerozyma caribbica (Aguirre-Giiitron et al. 2018), proteins
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(casein, immunoglobulin, bovine serum albumin) (Sarabandi et al. 2020),
caffeine, vitamins (Flores and Kong 2017), minerals, dyes, enzymes, and
oleoresins (Gupta et al. 2016) have been encapsulated. Among the encap-
sulating materials available, gum arabic, maltodextrin, modified starch,
and zein have been reported as being used for the encapsulation of oleo-
resins, avoiding volatile losses and increasing their useful life (Drosou,
Krokida, and Biliaderis 2017).

The dairy and food processing industries were the first to industrially
use spray-drying technology, followed thereafter by the pharmaceutical
and ceramic industries. Nowadays, spray drying is applied in the biophar-
maceutical industry and it has been used for engineering specific particle
sizes for pulmonary delivery applications e.g., insulin for the treatment of
diabetes and vaccines with excipients (Ziaee et al. 2019). In the food indus-
try, this encapsulation technique is highly focused on the encapsulation of
flavors, spices, and colorants.

Spray drying is one of the most widely applied technologies because
it is a low-cost, reproducible method of continuous large-scale produc-
tion, easy to operate, and scalable (Aguirre-Giiitrén et al. 2018). It provides
relative control on the particle size distribution and high encapsulation
efficiencies (Jimenez-Sanchez et al. 2020) at the same time as helping to
preserve natural properties.

However, this process has some drawbacks. Aromas can be partially
lost and oxidized during the drying process due to the high processing
temperatures. In addition, some bioactive components can be surface
exposed in the microparticles; for this reason, it is also considered an
immobilization method (Gupta et al. 2016). Likewise, there may be other
drawbacks, such as reduced yield due to the deposition of powder on the
wall of the drying chamber because of the problem of stickiness, low effi-
ciency of the separation cyclone, and the difficulty of obtaining stable,
free-flowing amorphous products with coating materials exhibiting low
glass transition temperatures (Ho et al. 2017).

8.5.3 Encapsulation of Secondary Metabolites by
Electrohydrodynamic Processes

Electrohydrodynamic processes allow a polymer solution to be spun or

pulverized by applying a high-potential electric field. Electrospinning

and electrospraying are aimed at obtaining nanofibers and nanospheres,

respectively. The equipment configuration consists of a high-voltage source
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(1-30 kV), a stainless-steel injector, a syringe pump, and a grounded col-
lector, which can be a flat plate or a rotating drum (Wen et al. 2017).

The principle of the electrospray technique is based on the fact that a
liquid flowing from a capillary nozzle is subjected to electrical forces due
to a strong electric field generated near the nozzle. Driven by the electric
field, the electric charges move within the liquid and are distributed in
such a way that the positive charge is enriched on the surface of the liquid
located at the capillary tip, whereas the negative charge is directed towards
the interior of the capillary (Alehosseini et al. 2018). The electric charge
generates an electrostatic force that competes with the surface tension of
the droplet, forming the Taylor cone. This cone results from an effect of the
balance between surface tension and electrical and gravitational forces.
When the electrical charge accumulated at the vertex of the cone exceeds
the surface tension of the liquid, a jet of charged liquid is expelled from
the tip of the Taylor cone and fragmented into droplets due to the elec-
trical repulsion of the charges placed on its surface (Esfanjani and Jafari
2016). Subsequently, the excess charge must be dissipated, which causes
the explosion of the primary droplet, generating smaller droplets on the
micro- or nanoscale. Due to the repulsion of charges, the droplets disperse
and do not agglomerate on their way to the collector, during which the
solvent evaporates from the charged droplets. Finally, the solid polymeric
particles settle down in the collector (Esfanjani and Jafari 2016).

In electrospinning, the main electrostatic forces, such as the electro-
static repulsion of similar charges and the Coulomb repulsion of the exter-
nal electric field, cause the hemispherical surface of the droplet to distort,
forming the Taylor cone (Drosou etal. 2017; Wen et al. 2017). As the voltage
increases, the surface tension and the viscoelastic forces balance, allow-
ing the formation of a straight and stable jet (Lasprilla-Botero et al. 2018).
As the jet is directed towards the collector, unevenly distributed electrical
charges cause bending movements in the jet, resulting in the elongation
of the jet and favoring the rapid evaporation of the solvent. Subsequently,
an ultrafine and solid fiber is deposited on the collector (Wen et al. 2017).

The spheres and fibers obtained by these processes have structural and
functional advantages. They can have adaptable size and morphology,
structures on a micro-, submicron-, or nanoscale, a high ratio of surface
area to volume, a highly porous structure (Jafari 2017; Wen et al. 2017), as
well as provide controlled release of the encapsulated material and high
encapsulation efficiency (Ramos-Hernandez et al. 2020). Furthermore,
the secondary metabolites have greater stability and functionality since
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they do not require severe conditions of pressure, aggressive chemicals, or
temperature (Echegoyen et al. 2017; Wen et al. 2017). In electrospraying,
the use of food-grade biopolymers guarantees its application in a food or
pharmaceutical product (Cruz-Salas et al. 2019). Moreover, there is a high
level of control over the particle size distribution, with the ability to pro-
duce quasi-monodisperse particles. However, more studies are required to
expand their range of applications in the food and pharmaceutical indus-
tries (Drosou, Krokida, and Biliaderis 2017). The electrospinning process
depends at the same time on a considerable number of interrelated vari-
ables, so defining the set of conditions that work for specific polymer/sol-
vent systems sometimes requires investing time in optimizing the process
(Lasprilla-Botero et al. 2018).

Based on these advantages, electrohydrodynamic processes show
a high application potential. Electrospraying has been used for the sta-
bilization of nutraceuticals, production of pharmaceutical particles,
improvement of the viability of probiotic substances, delivery systems for
controlled release, and micro-nano-encapsulation of secondary metabo-
lites (Alehosseini et al. 2018). Electrospinning, on the other hand, has
been used to encapsulate bioactive compounds, prepare nano-biosensors,
immobilize enzymes, controlled release delivery systems, for preparation
of edible films and packaging materials, and the production of nanostruc-
tured layers for food packaging (Wen et al. 2017).

Regarding micro-nano-encapsulation of secondary metabolites, previ-
ous research has revealed that, through electrohydrodynamic processes,
the stability and bioavailability (Fonseca et al. 2019; Soleimanifar et al.
2020), as well as the thermal stability (Dicastillo et al. 2019) of the metabo-
lites can be improved to be used as independent nutraceutical complemen-
tary products or as ingredients in food products (Torkamani et al. 2018).

Electrohydrodynamic technology is highly versatile in terms of encap-
sulating materials. Previous research has reported the use of proteins,
carbohydrates, or synthetic polymers. The encapsulating materials based
on proteins which are commonly used in these processes are whey pro-
tein isolate (WPI), amaranth, zein (Alehosseini et al. 2018), whey protein
concentrate (WPC), soy protein isolate (Basar et al. 2020), as well as egg
albumen, collagen, gelatin, and casein. Carbohydrate-based biopoly-
mers include B-cyclodextrin, chitosan, pullulan (Drosou et al. 2017; Wen
et al. 2017), and, recently, high-polymerization agave fructans have also
been included (Ramos-Hernandez et al. 2018b; Cruz-Salas et al. 2019).
Furthermore, other polymers, such as polyacrylonitrile, polyethylene
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oxide, polyvinyl alcohol, and poly (3-hydroxybutyrate), have been used
(Lasprilla-Botero et al. 2018). These biopolymers showed a clear and strong
potential to develop spheres and fibers with high encapsulation yield and
excellent loading capacity to improve the delivery of secondary metabo-
lites (Alehosseini et al. 2018).

Some examples of secondary metabolites encapsulated by electrospray-
ing with application in the food and pharmaceutical industries are shown
in Table 8.1. Glucosinolates and phenolic compounds were encapsulated
in zein, presenting a selective antitumor effect against glial tumor cells
(Radiinz et al. 2020b). Another study demonstrated that the thermal sta-
bility was improved in zein-encapsulated agai fruit polyphenols after in
vitro digestion stages (Dicastillo et al. 2019). In a recent study, phenols of
the olive leaf were encapsulated by electrospraying with WPC, showing
that the nanoparticles have the potential for use in biofunctional foods
and as nanodelivery systems in pharmaceutical products (Soleimanifar et
al. 2020). Some examples of secondary metabolites encapsulated by elec-
trospinning are presented in Table 8.1. Starch nanofibers encapsulating
carvacrol are promising materials for their use as carvacrol release vehi-
cles in food packaging (Fonseca et al. 2019). On the other hand, thyme
essential oil was encapsulated within gelatin nanofibers, and it was con-
sidered to be a promising prospect for the preservation of chicken meat
without affecting the sensory properties (Lin et al. 2018).

In general, the main disadvantage of the electrohydrodynamic processes
is their low productivity, normally with a processing throughput of a few
milliliters per hour per single emitter, which has limited their widespread
use for industrial applications (Prieto and Lagaron 2020). In this context,
companies like Bioinicia S. L. (Paterna, Spain) have developed electrohy-
drodynamic plants for manufacturing fibers or particles on an industrial
scale. As well, Bioinicia, together with the research group of Lagaron, have
developed an innovative encapsulation technique based on the combi-
nation of electrospraying with the pneumatic atomization process. This
novel high-throughput technology, termed electrospraying assisted by
pressurized gas (EAPQ), is based on the atomization of the polymer solu-
tion by a pneumatic injector using compressed air that nebulizes within a
high electric field. During this process, the solvent is evaporated at room
temperature in an evaporation chamber and the encapsulated material is
then collected as a free-flowing powder in a cyclone (Prieto and Lagaron
2020). By means of this technology, it is possible to reach the production
yields required by the pharmaceutical and food industries. The potential
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of this novel technology has recently been proven for the encapsulation of
omega-3 oils (Prieto and Lagaron 2020).

8.5.3.1 Encapsulation of Secondary Metabolites by Coaxial Electrospray
This process involves the use of two concentrically arranged needles con-
nected to two tanks containing different solutions, one with the polymeric
matrix and the other with the core material. This strategy serves to over-
come the disadvantage of component immiscibility (Drosou et al. 2017;
Echegoyen et al. 2017).

The coaxial method allows the production of core-shell particles or
fibers containing the secondary metabolite in the inner injector and the
wall material in the outer injector (Puppi and Chiellini 2018). Advantages
of coaxial electrospraying include high encapsulation efficiency, effective
protection of the properties/functionality of the encapsulated metabolite,
as well as a uniform particle size distribution (Rathore and Schiffman
2021). Moreover, to ensure that the secondary metabolites have minimal
contact with the organic solvent of the polymer solution, the three-needle
coaxial devices can allow more types of drugs to be loaded into separate
capsule layers for sequential and multiple releases (Gomez-Mascaraque et
al. 2019). This approach can facilitate the production of multi-axial nanofi-
ber designs that exhibit three (or more) distinct layers on individual fibers,
so that compounds can be loaded into any or all of the layers to produce
systems with highly specific and effective uses (Wen et al. 2017).

In this regard, the potential of coaxial processes to produce multilayer
encapsulation structures has been demonstrated in food, pharmaceuti-
cal, and biomedical applications (Gémez-Mascaraque et al. 2019). These
processes have been used for the encapsulation of liquid compounds with
self-healing applications (Cuvellier et al. 2018) and in the encapsulation of
growth factors, DNA, living organisms, enzymes, and secondary metabo-
lites (Puppi and Chiellini 2018). As shown in Table 8.1, one example of the
encapsulation of these metabolites by coaxial electrospinning is polyphe-
nolic antioxidants, in which the fibers showed potential uses as nutraceu-
tical complementary products or as an edible filler or wrap ingredient in
food products (Torkamani et al. 2018).

8.6 CONCLUSIONS

Plant secondary metabolites possess a wide range of functional proper-

ties related to human health. However, they also represent an important
challenge in the development of new technologies, as well as how to take
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advantage of their mechanisms of action for food and human health ben-
efit with the aim of being used more efficiently.

Extraction and isolation depend mainly on the methods used and
their subsequent applications. In this sense, operating parameters must
be optimized to maximize extraction performance. Among the avail-
able techniques, ultrasound-assisted extraction has demonstrated high
efficiency and high yields in short process times compared with con-
ventional techniques. Regarding encapsulation, electrohydrodynamic
processes stand out because of their high encapsulation efficiency,
flexibility, and their ability to better conserve metabolites sensitive to
heat and oxidation.

However, more research is still needed to deepen our knowledge of
the mechanisms of action of secondary metabolites, to obtain enhanced
plant extracts with improved bioactive properties, and to obtain superior
encapsulates with enhanced stability and bioavailability.
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9.1 INTRODUCTION

Plant secondary metabolites are compounds of considerable interest due
to their natural protective functions in the plant and their nutraceutical
effect on the human body. There is a great diversity of plant secondary
metabolites, grouped as phenolic compounds (simple phenols, stilbenes,
flavonoids, polyphenols, furanocoumarins, isoflavonoids), terpenes
(monoterpenes, sesquiterpenes, diterpenes, triterpenes, among others),
and nitrogen- and sulfur-containing compounds (alkaloids, cyanogenic
glucosides, phytochelatins, and glucosinolates) (Badyal et al. 2020). Chief
among the plant secondary metabolites of health interest are the pheno-
lic compounds, which are a diverse group of phytochemicals with anti-
oxidant activity and a positive impact on the prevention of numerous
chronic diseases, such as diabetes, obesity, cardiovascular diseases, and
neurodegenerative disorders. Additionally, phenolic compounds play an
important role in the sensory quality of food, both natural and processed
products.

The absorption of the plant secondary metabolites in the human body
depends on their bioaccessibility, which can be assessed by in vitro and
in vivo methods, the most frequently used methods being simulations
of the human digestive process (Alminger et al. 2014). The in vitro pro-
duction of these metabolites has been studied due to some production
advantages, such as reliability and predictability, while the bioaccessibil-
ity of the selected compound can be higher than its original plant matrix
as potential interferences derived from the plant matrix are eliminated
(Karuppusamy 2009). The plant secondary metabolites are easily isolated
and purified from the plant cells and tissue cultures using controlled con-
ditions. Isolation and purification of plant secondary metabolites cause
the exposure of its chemical structures to oxidation-promoting factors.
The factors that have been reported to increase the oxidation of second-
ary metabolites are light, temperature, pH, moisture, and reactions of
the compounds of interest with other molecules present in a natural or
processed product. Purified plant secondary metabolites can be used as
ingredients or bioactive compounds in food and pharmaceutical prod-
ucts, where they can interact with other matrix compounds resulting in
different bioaccessibility levels. Due to their instability and low bioacces-
sibility, plant secondary metabolites have been extracted and combined
within several macro-, micro-, and nano-encapsulation methods to guar-

antee their bioactivity in targeted organs of the consumer.
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Bioaccessibility has been defined as the amount of an ingested com-
pound released from a food or pharmaceutical matrix in the gastrointes-
tinal lumen which is available for intestinal absorption (Dima et al. 2020).
Additionally, bioaccessibility includes the chemical changes by digestive
enzymes into compounds ready for absorption into intestinal epithelium.

The bioaccessibility and stability of plant secondary metabolites
depend on their physicochemical characteristics, affecting their chemi-
cal or physical interaction with other components in a food or pharma-
ceutical matrix. Additionally, the processing conditions can positively or
negatively affect both bioaccessibility and stability due to unit operations
involving temperature, pH changes, light exposure of the raw materials,
and even chemical reactions. The extraction and processing techniques
disrupting plant tissues and achieving denaturation of plant secondary
metabolites complexes with other matrix components increases the bioac-
cessible fraction. However, thermal treatments can cause isomerization or
other non-desirable chemical changes (Alminger et al. 2014).

Shahidi and Pan (2021) reviewed the influence of food matrix and food
processing on the chemical interaction and bioaccessibility of dietary
phytochemicals, indicating that the presence of components, such as
proteins, carbohydrates, lipids, or even water from food or pharmaceuti-
cal matrices, can react with plant secondary metabolites, affecting their
bioaccessibility.

The food and pharmaceutical matrices can be mainly liquid, solid, or
an emulsion, presented as a foam, suspension, or a gel, among other physi-
cal structures, with multiple components that may interact by physical,
chemical or both processing factors with these metabolites, causing vari-
ations in their bioaccessibility and stability (Parada and Aguilera 2007;
Scholz and Williamson 2007; Yang et al. 2011). For instance, the presence
of sugars in the food or pharmaceutical matrix can improve the bioacces-
sibility of metabolites, such as carotenoids (pB-carotene), which exhibit a
high bioaccessibility value in the presence of sucrose > glucose or fructose
(Liu et al. 2020). Similarly, the flavan-3-ols from tea are absorbed faster in
the gut after ingestion of a sugary drink, reducing the rate of gastric empty-
ing (Borges et al. 2010). The bioaccessibility of bioactive cocoa flavan-3-ols
can vary significantly depending on whether consumed in a matrix con-
taining sugar or milk (Schramm et al. 2003; Neilson et al. 2010). Dietary
fiber can affect the bioaccessibility of bioactive molecules through a series
of mechanisms, including its reduced release from the cellular and tissue
location inside the plant that contains them. The reduction of metabolite
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release is caused by their trapping by dietary fiber during their passage
through the intestinal lumen or polysaccharide binding, requiring subse-
quent hydrolysis to be absorbed (Palafox-Carlos et al. 2011).

This chapter presents a review of the bioaccessibility and stability of
plant secondary metabolites focused on the methods reported in the lit-
erature regarding food and pharmaceutical matrices.

9.2 DEFINITIONS AND METHODS TO TEST
BIOACCESSIBILITY AND STABILITY OF
PLANT SECONDARY METABOLITES

The definition of bioaccessibility has been extensively covered in recent

years and involves the ability of particular metabolites to separate from
the food or pharmaceutical matrix and be transported within the gastro-
intestinal fluids in a suitable form to be further absorbed (McClements
2020). Although the classical definition of bioaccessibility is as a property
of metabolites generated during digestion, recently McClements and Peng
(2020) suggested that bioaccessibility (B) is part of bioavailability (BA) in
an equation as follows:

BA=BXAXDXxMXE 9.1)

where BA indicates bioavailability, A refers to absorption, D is the distri-
bution of the metabolite, M is the metabolism of the metabolite, and E is
its excretion. Bioavailability is usually defined as the metabolite fraction
that is absorbed and available for its utilization in physiological functions
and storage, although bioavailability does not necessarily indicate whether
the substance is bioactive (Rousseau et al. 2020). Absorption considers the
fraction of the bioaccessible form that is absorbed within the organism;
distribution is the fraction of the metabolite at the site of action that has
been distributed between several tissues in the human body; metabolism
denotes the fraction that remains in an active form even after the physi-
ological impact of enzymes or chemical components; and excretion of the
substance depends on the way the substance is removed from the organism
in the form of urine or feces. In this sense, bioaccessibility is a critical step
for further evaluating bioavailability and the ADME parameters. Notably,
most of these parameters critically depend on the initial substance concen-
tration, the residence time, and chemical-biological interactions between
the metabolites and physiological factors, such as temperature, pH, and
enzyme activity, among other parameters (Luzardo-Ocampo et al. 2017).
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Some of the most studied plant secondary metabolites, namely phenolic
compounds, display chemical properties which greatly influence their
bioaccessibility. For instance, several flavonoids are originally glycosyl-
ated, forming polymeric forms that require their proper deglycosylation
to be absorbed. At the same time, other kinds of phenolics (e.g., conju-
gated flavonoids) cannot be degraded by human gastrointestinal enzymes
and potentially undergo microbial fermentation, producing important
metabolites with a wide range of biological properties (Ribas-Agusti et al.
2018). It has been reported that most plant secondary metabolites could
be retained in the non-digestible fraction, reaching the colon to produce
fermentation-derived metabolites such as short-chain fatty acids (SCFAs)
or SCFA-derivatives, among other components, depending on the original
composition of the food or pharmaceutical matrix (Luzardo-Ocampo et
al. 2020b) (Luzardo-Ocampo et al., 2020a).

Bioaccessibility supports the health-associated functionality of plant
secondary metabolites as it partially ensures their ability to potentially
cross the gastric or intestinal barrier to further exert their biologically
active properties (Caicedo-Lopez et al. 2019). The ability of substances to
cross the intestinal barrier can be quantified under several direct or indi-
rect in vitro and in vivo approaches, defining their intestinal permeability.

Gastrointestinal models have been used to assess bioaccessibility and
can be static or dynamic. The static methods are quick and low-cost meth-
ods, but the principal disadvantage is that they do not consider transport
steps in the gastrointestinal tract. The dynamic methods require a high-
tech system that should simulate all the digestion steps, which implies
accurately simulating the effects of the mastication process, digestive
fluids, and pH, among other conditions (Angelino et al. 2017). Alminger
et al. (2014) reviewed the in vitro models for studying the digestion and
bioaccessibility of plant secondary metabolites and reported that these
models should simulate the oral phase, gastric phase, and small and large
intestine steps, as these metabolites could be affected by physiological con-
ditions, such as the presence of digestive enzymes and low pH values (gas-
tric phase, pH 2-3.5). Other reviews have been focused on in vitro models
to test the bioaccessibility of plant secondary metabolites (Etcheverry et al.
2012; Rein et al. 2013; Angelino et al. 2017; Furtado et al. 2017; Dima et al.
2020; Istuk et al. 2020; Camara et al. 2021).

Bioaccessibility is an exclusively in vitro parameter, whereas bioavail-
ability requires in vivo approaches. There have been some attempts to cal-
culate potential bioavailability (Ariza et al. 2018; Celep et al. 2018), but,
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based on the nature of the proposed assays, bioavailability was not mea-
sured, rather than the relationship between those compounds contained
in selected intestinal fractions was determined. Proposals for calculating
potential bioavailability at several steps of the in vitro gastrointestinal
digestion are shown in Table 9.1

Bioaccessibility quantifications need proper intestinal digestion simu-
lations or experimental procedures, but some authors have done quanti-
fication by using centrifugation or mechanical separation of compounds
(Tian et al. 2021), which is highly questionable as no permeation barrier
was used. Rather than the amount of compounds at the basolateral or api-
cal sides of the small intestine, bioavailability refers to the ability of those
compounds to reach the systemic circulation with a potential to exert a
biological effect, considering the ADME pharmacokinetic stages (Shahidi
and Peng 2018).

There are several proposals for calculating bioaccessibility. Some
authors have suggested that bioaccessibility (B) is the ratio between the
amount of particular components at a specific gastrointestinal stage
and the number of compounds from the original undigested matrix
(D’Antuono et al. 2015):

B (%) = (C/C,) X 100 9.2)

TABLE 9.1 Bioaccessibility and Potential Bioavailability Calculations During in vitro
Gastrointestinal Digestion

Equation Variables
GF,, +GF, BG: Gastric bioaccessibility; GF,,: amount of compound
Bg= cI -100% outside of the gastric membrane; GF,,: amount of

compound inside the gastric membrane; CI: Initial
concentration of the compound in the original extract.

E,,. +IF, BI: Intestinal bioaccessibility; IF,,: amount of compound
B = “a 100% outside the intestinal membrane; IF,: amount of compound
inside the intestinal membrane; CI: Initial concentration of
the compound in the original extract.
GF BP;: gastric potential bioavailability.

BP, =—-2.100%
CI

IF. BP;: Intestinal potential bioavailability.
BP = E -100%

Adapted from Ariza et al. (2018).
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where C; refers to the amount of compound at the digestion stage
(oral, gastric, or intestinal), and C, is the initial amount from the original
matrix. Although simple, this formula can be controversial since the num-
ber of released compounds (C;) could exceed the quantified compounds
from the undigested sample (C,). Hence, an alternative formula has been
proposed as follows (Luzardo-Ocampo et al. 2017):

B (%) = (C~C,/C,) X 100 9.3)

However, particularly for encapsulation systems, McClements and
Peng (2020) suggested re-formulating the calculation of bioaccessibility,
expressing the amount of digested compound relative to the encapsula-
tion efficiency as not all the bioactive compounds from a matrix are fully
digested. In addition, using the original formula may lead to bioaccessibil-
ities greater than 100%, depending on the type of compounds being quan-
tified and the methods used for their quantification. For instance, total
polyphenols are usually quantified using the Folin-Ciocalteu method, but
not all the extractable polyphenols can be detected under this procedure,
and the concentration of the released compounds at the gastrointestinal
system can easily exceed 100% (Caicedo-Lopez et al. 2019). However, since
the Folin-Ciocalteu procedure is a spectrophotometric method highly
susceptible to being affected by optic interferences, quantification of these
compounds should use chromatographic systems, such as high-perfor-
mance liquid chromatography (HPLC), that might be coupled to diode
array detection (DAD) or mass spectrometry (MS) (Sanchez-Rangel et al.
2013).

Bioaccessibility is closely associated with the rate at which compounds
cross the epithelial barrier, known as intestinal permeability (Artursson et
al. 2001); this latter parameter can be measured indirectly through several
in vitro or in vivo methods. Independently of the method, the most com-
mon way to quantify intestinal permeability was proposed by Lassoued et
al. (2011) for drugs, calculating the apparent permeability coefficient (P
cm/s):

app’

P, ,= (AQ/O[1/(AC,)] (9.4)

where dQ/dt (mg/s) is the rate of transport of the drug or metabolite across
the membrane, A (cm?) is the surface area available for permeation, and
C, (mg/mlL) is the initial concentration of the drug outside the sac. As
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this equation is intended for dialysis membranes, ex-vivo adaptations can
be conducted using everted rat sacs from several strains such as Wistar
(Herrera-Cazares et al. 2021) or Sprague-Dawley (Vega-Rojas et al. 2021)
rats, coupled to in vitro gastrointestinal methodologies (Campos-Vega et
al. 2015). Recently, Mateer et al. (2016) used an ex-vivo method to assess
the intestinal permeability of several drug models (dextran sodium sulfate
or DSS, fluorescein isothiocyanate or FITC, and dexamethasone, among
others), using sectioned everted small intestine from C57BL/6 mice into
the jejunum, ileum, and colon, showing regional differences in the P,
values. For instance, a commonly used chemical substance to induce
intestinal inflammation, dextran sodium sulfate (DSS), displayed values
up to 2.5 x 10~ cm/s at the jejunum, ~1.8-2.4 x 10~ cm/s at the ileum, and
up to ~1.3 x 10> cm/s at the colon. The same authors also evaluated the
P, values as indicated by Lassoued et al. (2011) but suggested the calcula-
tion of the cumulative concentration Q, to be used in the dQ/dt factor as
indicated:

Q= (Ct X Vr) + (Qt sum x Vs) 9.5

where C, is the concentration of the compound at the time ¢, V, is the vol-
ume at the receiver side (basolateral side of the everted gut sac), Q, ., is
the sum of all previous Q, values at a specific time, and V, is the volume
sampled. Like P, , the trans-electrical epithelial resistance (TEER) from
ex-vivo tissues or cell cultures is also an assessed parameter to indirectly
show the impact of drug or food matrices on the intestinal permeability
(Nunes et al. 2016). The polarized human Caco-2 colon adenocarcinoma
cell line has been widely used to evaluate TEER, considering that growing
these cells for up to 21-24 days can change their phenotype to epithe-
lial cells, serving as a model barrier in proper cell culture systems, such
as Transwell® inserts (Luzardo-Ocampo et al. 2020). For this, a simple
equation calculation, transforming the voltage values to V - cm?, gives
information about the extent to which compounds can disrupt the bar-
rier, resulting in a decreasing permeability.

The stability of a product containing plant secondary metabolites
should be tested for both physical and chemical stability. The physical sta-
bility of the compounds can be estimated from integral entropy change
during the shelf-life studies of a pharmaceutical or food matrix (Hoyos-
Leyva et al. 2018b). The integral entropy can be calculated from the sorp-
tion isotherms of the product containing the plant secondary metabolites,
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implying an experimental run at different temperatures, generally under
65 °C (Hoyos-Leyva et al. 2018). The physical stability of ascorbic acid and
almond oil encapsulated into taro starch spherical aggregates was assessed
by thermodynamic analysis (Hoyos-Leyva et al. 2018a). The physical sta-
bility of microencapsulated compounds was related to their interaction
with the wall material. The thermodynamic analysis allows the determina-
tion of the storage conditions such as temperature, relative humidity, and
water activity in the product, resulting in prolonged stability of the plant
secondary metabolites (Hoyos-Leyva et al. 2018b). Most stability studies
of plant secondary metabolites are associated with shelf-life tests, imply-
ing the determination of the bioactivity and the physical changes during
storage. Accelerated storage has been a widely used method to assess the
shelf-life of foods and pharmaceuticals (Corradini and Peleg 2007), which
consists of storing the product under extreme conditions of temperature,
moisture, light, and gas concentrations.

The study of the stability of plant secondary metabolites, using anti-
oxidant capacity methods as secondary indicators, commonly implies the
measure from total phenolic content, the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging activity, 2,2’-azino-bis (3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) scavenging activity, and the measure of the compound
interest concentration before and after the product storage under desirable
conditions. The stability is directly related to the bioactivity of the com-
pound because it involves the desirable specific effect after exposure of the
compound (Karas et al. 2017).

9.3 BIOACCESSIBILITY AND STABILITY OF SECONDARY
METABOLITES IN PHARMACEUTICAL MATRICES

Bioaccessibility of plant secondary metabolites depends on the pharma-
ceutical matrix and the mechanism of its degradation. These factors are
related to the mechanism of the metabolite release. The release can be by
mastication pressure on the capsule or the digestive conditions, induc-
ing the release of bioactives from the matrix. Generally, the pharmaceuti-

cal matrices are composed of the bioactive plant secondary metabolite, a
releasing controlling agent, the matrix former, matrix modifier, solubi-
lizers and pH modifiers, lubricant and flow aids, supplementary coating
to extend the lag time, and density modifiers. Due to the mixture of the
compounds in the pharmaceutical matrix, bioaccessibility is critical to
guarantee the biological properties of matrices, particularly pharmaceu-
tical-like components, in order to deliver a health benefit. Table 9.2 shows
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some examples of the matrix type (solid, liquid, solid/gel) and the plant
secondary metabolites of pharmaceutical interest, and the method used to
measure its bioaccessibility. Huang et al. (2021) reported the bioaccessibil-
ity of plant secondary metabolites from fermented Psidium guajava leaves.
The leaves were fermented using a Bacillus sp. BS2 culture medium mixed
with Monascus anka seed culture and the product obtained was dried,
sieved, and extracted with 70% ethanol under ultrasonic treatment. Total
phenolic compounds were more bioaccessible than total flavonoids (51.2%
vs. 16.6%, respectively), and the low hydrophobicity of the total flavonoids
was linked to their low bioaccessibility. Ellagic acid was found to be the
most bioaccessible phenolic, followed by isoquercitrin and quercetin-3-
O-B-D-xylopyranoside. An acute toxicity study showed no toxic effects on
male ICR mice.

Most applications of the bioaccessibility of plant secondary metabo-
lites in pharmaceutical matrices focus on encapsulation methods to bring
these compounds to targeted gastrointestinal sites, producing a benefi-
cial health effect. For instance, Ferreira-Santos et al. (2021) reported the
bioaccessibility and bioactivity of an encapsulated pine bark polyphe-
nolic extract for antimicrobial effect and prevention of oxidative stress
against Listeria innocua, a harmless microorganism used as a surrogate
for Listeria monocytogenes. The encapsulation process was conducted
through spray drying, using maltodextrin as the wall material, whereas
the extract was prepared with a water/methanol solvent (30:70 v/v).
Although uniform capsules could not be obtained, the bioaccessibility
displayed by total phenolic compounds was higher (p<0.05) compared
with the non-encapsulated material (quantified mean + standard error
differences between the encapsulated material and the non-encapsulated
material at different stages were oral: 15.04 + 0.53%; gastric: 35.39 +
0.68%; and intestinal: 34.78 + 7.55% stages). The high bioaccessibility
obtained as a result of the encapsulation process reflected high encapsu-
lation efficiencies of selected components and derived properties such as
total phenolic compounds (TPC): 67%; antioxidant capacity measure by
ABTS: 98%; ferric-reducing antioxidant capacity (FRAP): 99%. In addi-
tion, TPC reached up to 200 mg GAE per g dry weight at the oral stage.
Antisolvent precipitation is a method to produce composites, which
improve the low bioaccessibility and water solubility of some plant sec-
ondary metabolites. Resveratrol-dietary fiber (DF) composites produce
a better resveratrol bioaccessibility (300% higher) than the resveratrol
used on its own (Ji et al. 2020).
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Despite no membrane being used for intestinal digestion, Qi et al.
(2020) reported the bioaccessibility of encapsulated B-carotene in oleogel-
in-water Pickering emulsions (OPE), aiming to potentially increase the
bioaccessibility of this carotenoid due to its health benefits. For this, cel-
lulose nanocrystals were prepared as emulsifiers and mixed with 1 mg/
mL fB-carotene previously dissolved in soybean oil as a carrier. Two OPE
systems (OPE-1 and OPE-2) used for encapsulation purposes were fur-
ther evaluated at the digestion simulation. Bioaccessibility was calculated
from the amount of B-carotene from the micelles at each stage of the gas-
trointestinal digestion vs. the initial amount from the undigested matrix.
Results showed high p-carotene chemical stability, reaching > 80% of
retention during up to five days of storage (and 60-70 % stability after 15
days). The two encapsulation processes displayed about 60 and 80% bioac-
cessibilities for OPE-1 and OPE-2, respectively.

A different B-carotene encapsulation procedure was assayed by Liu et
al. (2018) to enhance its bioaccessibility. For this, both -carotene-loaded
emulsions (sodium caseinate) and microparticles (2% sodium caseinate
and 2% alginate) were subjected to a simulated gastrointestinal digestion
model without using membranes for the intestinal step. With the tradi-
tional calculation of bioaccessibility using the initial concentration of
[-carotene in the samples (referred to as effective bioaccessibility), bioac-
cessibility was calculated using the remaining f-carotene in the digestive
steps. As a result, higher p-carotene retention (80% vs. 70%) and bioac-
cessibility (>80%) were obtained from microparticles, compared with the
emulsions.

The dialysis method was used to measure the release of the genistein (an
isoflavonoid with potential antitumor efficacy) from poly (e-caprolactone)
(PCL) and a copolymer was synthesized from e-caprolactone initiated
by D-a-tocopheryl polyethylene glycol 1000 succinate (TPGS-B-PCL)
nanoparticles (Zhang et al. 2015), which are involved in the measure of
the in vitro release of the compound from the matrix. To produce that, the
sample was resuspended in a releasing buffer (phosphate-buffered saline
containing Tween 80). The release of the genistein was higher from TPGS-
B-PCL (58%) than from PCL (48.9%) for 15 days. These authors concluded
that the copolymer TPGS-B-PCL had a greater water permeability because
of its hydrophilic characteristics.

Gold nanoparticles have been developed to improve the solubility,
bioaccessibility, and bioavailability of hesperetin (5, 7, 3’-trihydroxy-4’
methoxy flavanone) (Krishnan et al. 2017), a flavonoid of citrus fruits
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which occurs in its glycoside form hesperidin in nature. Hesperitin is rec-
ognized in Chinese traditional medicine for its antitumor effect. The in
vitro release test showed that hesperitin can be up to 80 % bioaccessible in
10 h from the gold nanoparticles and up to 99 % at 60 h, demonstrating
that the drug-loaded nanoparticles are a suitable carrier with a sustained
release behavior.

9.4 BIOACCESSIBILITY AND STABILITY OF SECONDARY
METABOLITES IN FOOD MATRICES

After consuming food containing plant secondary metabolites, chemi-
cal modifications occur due to the action of digestive enzymes, affecting
the physicochemical properties of such metabolites in the digestive tract.
There are soluble phenolic compounds in free and conjugated form, whose
bioaccessibility will depend on their stability during the digestion process
(Putnik et al. 2019). These compounds are well known for their poor bio-
availability. For instance, only 5-10 % of these phenolics are absorbed, and
the remaining 90-95%, pass toward the colon to be subjected to micro-
bial metabolism and degradation by intestinal microbiota (Zhang et al.
2020). The bioaccessibility of the phenolic compounds can be improved
by chemical and physical processes during food production. Ribeiro et
al. (2019) found that the biosorption of plant secondary metabolites in
Saccharomyces cerevisiae increases (up to 200% improvement of bioacces-
sibility) due to chemical modifications carried out by the microorganism.

Extensive research has been carried out testing the bioaccessibility and
the bioavailability of plant secondary metabolites in food matrices using
in vitro and in vivo models (Table 9.3). These methods facilitate the study
of the impact of the digestion process on the chemical structure of food
components. For example, Jagadeesan et al. (2022) reported the bioacces-
sibility of polyphenols from Allmania nodiflora leaves. Several extracts
were obtained after conducting an in vitro gastrointestinal digestion with-
out using an intestinal membrane. Different metabolites were identified,
such as saponins, amino acids, hydroxyl acids, flavonoids, and phenolic
compounds. TPC exhibited a 97.6% bioaccessibility, followed by tannins
(88.1%), and saponins (70.7%). Also, a considerable inhibition of x-amylase
and a-glucosidase, > 50% activity, was noted. Hence, the presence of rutin,
caffeic acid, chlorogenic acid, saikosaponin, and catechin in A. nodiflora
leaves might play a key role in managing hyperglycemia; inhibition of
starch digestion enzymes is related to controlled postprandial hypergly-
cemia. Research conducted on the baobab (Adansonia digitata) fruit, rich
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in polyphenols with high antioxidant capacity, by in vitro digestion and
extraction from both pulp and skin, found that compounds such as fla-
vonoids, particularly quercetin, proanthocyanidin, proanthocyanidins Bl
and B2, were highly bioaccessible (Ismail et al. 2021). Similarly, Tomas
et al. (2021) analyzed the metabolome composition before and after in
vitro gastrointestinal digestion of four brassicaceous vegetables (kale, red
cabbage, kohlrabi, and radish). A significant diversity (470 compounds)
of secondary metabolites was found. It was reported that, among poly-
phenols, flavonoids were the most representative ones (180 compounds,
which included anthocyanins, flavones, flavonols, and other flavonoids),
followed by phenolic acids (68 compounds, mainly hydroxycinnamic and
hydroxybenzoic acids), compounds whose structure was based on pheno-
lic acid or non-flavonoids (i.e., alkyl-phenols and alkyl methoxy-phenols
and derivatives of tyrosol), and lignans. Twenty-two glucosinolates were
registered, including gluconapine, glucoraphanin, glucobrassicin, and
4-hydroxyglucobrassicin. Lignans exhibited the highest bioaccessibility
(14%), followed by tyrosol and flavonoid derivatives (on average, 9 and 8%,
respectively). Differences might be attributable to the plant species, where
comparatively lower bioaccessibility values were found in red cabbage
regardless of the chemical class of the compound.

Other plant species, such as cactus berry (Myrtillocactus geometrizans),
have been studied. Montiel-Sanchez et al. (2021) evaluated the cactus
berry fruits and identified 43 metabolites by High-performance liquid
chromatography coupled to diode array detection, electrospray ionization
and quadrupole time-of-flight (HPLC-DAD-ESI-QTOF) (including eight
betaxanthins, eight betacyanins, 13 flavonoids, and six phenolic acids).
Phylocactin and isorhamnetin rhamnosyl-rutinoside were the most abun-
dant metabolites (5876 and 396 ug/g dry weight), showing a bioaccessibil-
ity of 16 and 21%, respectively. Likewise, the fruit pulp exhibited greater
antioxidant activity than the other fruit parts because of the absorbance
capacity of oxygen radicals (27 mM Trolox equivalents). On the other
hand, the antihyperglycemic activity was higher in the skin and pulp tis-
sues (85% inhibition of a-glucosidase and 8% of a-amylase activities).

Many processing techniques have been investigated to protect plant sec-
ondary metabolites during gastrointestinal digestion. Carrasco-Sandoval
etal. (2021) studied nanoparticles based on zein (ZN) and zein/polysaccha-
rides (ZNP) to co-encapsulate different types of phenolic compounds and
evaluate the effect on their bioaccessibility. Two phenolic acids, two gly-
cosylated flavonoids, and three aglycone flavonoids were co-encapsulated.
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The encapsulation efficiency of phenolic compounds loaded in ZN was in
the range from 95.3 to 98.5 %. On the other hand, the ZNP-based sam-
ples significantly increased the encapsulation efficiency of phenolic acids
and glycosylated flavonoids. The bioaccessibility of phenolic compounds
loaded in ZN increased by at least 50.2%. The improved bioaccessibility
of glycosylated phenolic acids and flavonoids was observed when coated
with alginate, although the highest bioaccessibility of polyphenols was
observed when loaded in ZNP (> 65.8%).

Another encapsulation technique commonly used in the food industry
is the spray-drying process. Szabo et al. (2021) carried out qualitative and
quantitative analysis by high-performance liquid chromatography (HPLC)
of carotenoid compounds from tomatoes and tomato compounds micro-
encapsulated by spray drying into an oil-in-water emulsion to encapsulate
carotenoids with linseed oil as a vehicle and a binary mixture of gum ara-
bic and maltodextrin (1:1 w/w) as the wall materials. The microcapsules
were subjected to an in vitro simulated gastrointestinal digestion process
to assess the bioaccessibility of the carotenoids. The results showed con-
siderable degradation of lycopene during the spray-drying process and
constant degradation of f-carotene throughout the gastric phase of sim-
ulated digestion. Bioaccessibility depends on the digestive step that has
been simulated. Total phenolics acids, flavonoids, and polyphenols are less
bioaccessible in the intestinal phase than in the gastric phase (Ovando-
Martinez et al. 2018).

Once the metabolites have been obtained by different techniques, it is
necessary to evaluate the stability over time and the effect that different stor-
age and processing conditions may exert on them. An example of that was
reported by Cassani et al. (2020), who explored algae as promising matri-
ces to generate added value by incorporating them into food, as a func-
tional alternative as a result of their secondary metabolite composition. The
authors suggest that the pre-processing operations, extraction processes,
and long-term storage play an important role in any increase or decrease
of the phlorotannin content. This research highlighted that phlorotannins
are exposed to the human gastrointestinal tract, where the physiological pH
and digestive enzymes can significantly affect their stability and biologi-
cal activity. In addition, compounds such as tannins have been associated
with astringency and bitter taste, so effective doses of phlorotannins can
adversely affect the sensory attributes of food products, limiting their use.
Due to this series of drawbacks, it is necessary to apply intelligent strate-
gies to develop products that provide the necessary protective mechanisms



238 m Advances in Plant Biotechnology

to maintain the active molecular form of the metabolites of interest from
product fabrication to consumption, which control their release upon
arrival at the intestine. Temperature is a factor of critical importance during
the processing of foods, as high temperatures can induce metabolite deg-
radation. Zorenc et al. (2017) studied the impact of different temperatures
(4 °C, room temperature, 50, 75, and 100 °C) on the stability of blueberry
purées. TPC decreased between 11 and 32% at the highest temperature. On
the other hand, Perestrelo et al. (2017) analyzed the effect of temperature,
storage period, and glucose content on the formation of furan derivatives
(FD) in fortified Madeira wines by means of headspace solid-phase micro-
extraction (HS-SPME) combined with gas chromatography and quadrupole
mass spectrometry (GC-qMS), and tandem packed sorbent microextrac-
tion (MEPS) with ultra-high pressure liquid chromatography coupled to
photodiode array detection (UPLC-PDA). MEPS/UPLC-PDA showed a
more effective extraction of FD compared with HS-SPME/GC-qMS. The
MEPS/UPLC-PDA extraction caused an increase in the concentration of
FD during storage, regardless of the storage temperature. The increase in
FD could be favored by increases in temperature, being more significant at
55 °C. Chen et al. (2020) compared the degradation kinetics of red raspberry
anthocyanins in both fresh fruit and juice extract during storage at 37 °C.
The two main anthocyanins, cyanidin-3-glucoside (Cy-3-glc) and cyanidin-
3-soporoside (Cy-3-soph), degraded faster in the juice than in the fresh fruit,
and the authors attributed this effect to the components co-existing in the
juice. However, these intrinsic factors did not alter the main degradation
pathways of anthocyanins. It was hypothesized that anthocyanins in the
juice system follow similar degradation pathways in fresh fruit. The degra-
dation of anthocyanins into small colorless molecular components led to
loss of original color in red raspberry juice and loss of antioxidant activity.
The antioxidant activity of the low-molecular-weight compounds was lower
than the antioxidant activity of the fresh fruit. Kuck et al. (2017) assessed
the stability of the microparticles of an aqueous extract isolated from the
skin of Bordo grapefruit produced by atomization and lyophilization with
polydextrose (5%) and partially hydrolyzed guar gum (5%), analyzed under
conditions of accelerated shelf-life (75 and 90% relative humidity, at 35, 45
and 55 °C for 35 days) and simulated gastrointestinal digestion. The temper-
ature had a significant effect on the decrease in phenol content, with reten-
tions that varied from 82.5 % to 93.5 %. The retention of total monomeric
anthocyanins ranged from 3.9 % to 42.3 %. The antioxidant capacity exhib-
ited a final retention of 38.5 % to 59.5 %. In the simulated gastrointestinal
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digestion, the authors observed a maximum release of phenolic compounds
in the intestinal phase (90.6 and 94.9 % from spray-dried and lyophilized
powders, respectively), which agreed with the highest antioxidant capac-
ity values (69.4 % and 67.8 % from spray-dried and lyophilized powders,
respectively).

9.5 CONCLUSION

Bioaccessibility and stability of plant secondary metabolites are criti-
cal parameters to be considered in the bioproducts design, including
food and pharmaceutical matrices; the major metabolites of interest in
the food products are the phenolic compounds due to their antioxidant
activity and their functional properties, such as color, taste, and fragrance
modification. Studies about bioaccessibility and stability focus on the in
vitro simulation of gastrointestinal digestion, including the oral phase.
The pharmaceutical bioproducts are tested by in vitro release methods.
Quantification of the bioaccessibility of secondary metabolites relates to
the concentration of the compound at any digestive stage relative to the
initial concentration, which implies improvement of the techniques to
isolate the compounds from complex matrices and their quantification
before the digestion analysis. Research into the stability of plant second-
ary metabolites is directly related to bioaccessibility and bioavailability
due to the importance of the preservation of the compounds’ bioactivity.
The scientific challenge for the future, among other factors, is related to
the improvement of the latter three key characteristics.
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