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Abstract

Plants display an amazing ability to synthesize a vast array of secondary metabolites that are an inexhaustible source of
phytochemicals, bioactive molecules some of which impact the human health. Phytochemicals present in medicinal herbs
and spices have long been used as natural remedies against illness. Plant tissue culture represents an alternative to whole
plants as a source of phytochemicals. This approach spares agricultural land that can be used for producing food and other
raw materials, thus favoring standardized phytochemical production regardless of climatic adversities and political events.
Over the past 20 years, different strategies have been developed to increase the synthesis and the extraction of phytochemicals
from tissue culture often obtaining remarkable results. Moreover, the availability of genomics and metabolomics tools, along
with improved recombinant methods related to the ability to overexpress, silence or disrupt one or more genes of the pathway
of interest promise to open new exciting possibilities of metabolic engineering. This review provides a general framework
of the cellular and molecular tools developed so far to enhance the yield of phytochemicals. Additionally, some emerging
topics such as the culture of cambial meristemoid cells, the selection of plant cell following the expression of genes encod-
ing human target proteins, and the bioextraction of phytochemicals from plant material have been addressed. Altogether,
the herein described techniques and results are expected to improve metabolic engineering tools aiming at improving the
production of phytochemicals of pharmaceutical and nutraceutical interest.

Keywords Plant biotechnology - Phytochemicals - Plant tissue culture - Metabolic engineering - Ectopic gene expression -
Genome editing

Introduction present in all plant organisms, secondary metabolites, com-

monly named “phytochemicals”, are present only in some

Secondary metabolites of plants: chemical classes
and physiological roles played in planta

Due to their mode of life, plants display a remarkable genetic
complexity that underline their ability to synthesize a vast
array of natural organic substances, known also as secondary
metabolites, some of which are bioactive molecules able to
influence human metabolism and health. Contrarily to pri-
mary metabolites, such as amino acids, nucleotides, organic
acids, phytosterols, photosynthetic pigments, which are

Communicated by Neal Stewart.

P4 Erik Nielsen
erik.nielsen @unipv.it

Department of Biology and Biotechnology, University
of Pavia, Via Ferrata 9, 27100 Pavia, Italy

taxonomic groups and are not essential for plant growth and
development. Nevertheless, they exert a crucial function in
the defense of plants from biotic stress caused by phytopha-
gous organisms (herbivores and insects), microbial patho-
gens, the competition with other plants (allelopathy) and, in
a few cases, the defense of plants from some types of abiotic
stresses such as UV stress, sunlight excess, water stress and
oxidative stress. They are usually present at low concen-
trations, chiefly in vacuoles. Phytochemicals often display
pharmacological or nutraceutical effects and, depending on
the dosage, they impact man’s health. Their pharmaceutical
or nutraceutical value is “fortuitous”, due to their capabil-
ity of interfering with target proteins in herbivores or phy-
topathogenic organisms as well with homologous targets in
man (see next chapter).

There are three main classes of plant secondary metab-
olites: terpenes and terpenoids, nitrogen-containing
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compounds, phenolic compounds. The first category
includes molecules that allow plants to fight the attacks of
phytophagous organisms. They are often endowed with pun-
gent smells or aromas (essential oils), but some also with
various pharmacological activities (for instance cardenolides
and the antimalarial drug artemisinin), or nutraceutical
action (for example lutein and lycopene). The second con-
sists of different classes of nitrogen-containing molecules,
the most abundant of which are the alkaloids that deter her-
bivores from predatory activity onto plant organs. Some
alkaloids act on the human nervous system as stimulant
(nicotine, caffeine), or as drugs (scopolamine, morphine,
codeine, etc.). The third category, phenolic compounds,
encompasses many substances exerting both ecological and
defensive roles and mostly possessing a wide range of nutra-
ceutical actions often supported by their relevant antioxidant
activity. The examples of phenolic nutraceuticals are numer-
ous, especially among flavonoids, ranging from many fla-
vones to anthocyanins and proanthocyanidins (Caleja et al.
2017).

Properties and pharmaceutical or nutraceutical
properties of phytochemicals

Since ancient times, medicinal herbs and spices have been
used as natural remedies against morbid conditions in the
form of teas, infusions and decoctions. With the develop-
ment of highly sensitive analytical methods, it has been pos-
sible to identify and characterize a great variety of these
substances. Meanwhile, an increasing number of epidemio-
logical data have been demonstrating the beneficial action
on human health of many phytochemicals.

Based on their effect, phytochemicals may belong to two
distinct categories: drugs and nutraceuticals.

The first have pharmacological activity and, when
assumed in appropriate amount, cure specific diseases;
indeed, even today many commonly used drugs derive,
directly or indirectly, from phytochemicals. In the early
twentieth century, progress in the chemical synthesis of
drugs and antibiotics led to a decline in the use of plant
extracts and, consequently, a reduction in the interest of
scientists. In the past 20 years, some side effects of syn-
thetic active chemicals on human health made the interest
in phytochemistry, phytopharmacology, phytomedicine and
phytotherapy resurface.

Biochemical, physiological and epidemiological studies
showed that nutraceutical molecules, even if do not cure dis-
eases, are able to prevent some of them. In fact, it has been
reported that many enzymes, receptors, transcription factors,
ion channels, transporters, or cytoskeletal proteins involved
in various cell functions may be directly or indirectly influ-
enced, altered, inactivated, inhibited or stimulated through
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the interaction with nutraceuticals countering specific dis-
eases or health disorders (Wink 2015).

Even if there is not yet clarity about the meaning of the
word nutraceutical (Aronson 2017), a “nutraceutical sub-
stance” might be defined as a bioactive natural substance
present in the tissues of many plant species, including seeds,
fruit, leaves and other edible plant organs, which is useful
to prevent (more rarely to treat) human diseases. Therefore,
in the past two decades it became clear that food not only
provides nutrients but is also a source of molecules that
positively influence human health. Some phytochemicals of
medical interest are present in fruits and vegetables at high
concentrations (e.g. polyphenols), whereas others are present
only in trace amount.

Both drugs and nutraceutical molecules can be extracted
and used as pharmaceutical preparations of various kind
or, in the case of nutraceuticals, in the form of concentrate,
such as “integrators”, i.e. pills, capsules or tablets, providing
doses higher than those introduced with the diet. In recent
years, the use of extracts containing phytochemicals is con-
stantly increasing also in the cosmetic field. These so-called
“cosmeceuticals” are directed to the care of skin and hair or
in the formulation of makeup products (https://www.medic
inenet.com/script/main/art.asp?articlekey=25353).

Table 1 shows a few examples of phytochemicals of phar-
maceutical, nutraceutical or cosmetic interest.

About 30 out of 252 drugs that WHO declares essen-
tial for human health derives from plants (Rates 2001) and
most of them cannot be chemically synthesized or replaced
by synthetic analogues. With regard to nutraceuticals, there
is a growing demand for bioactive ingredients for integra-
tors and functional foods driven by various health concerns
(Ochoa-Villarreal et al. 2016). However, their mode of action
is less specific, since most promote health due to antioxidant
activity and/or anti-inflammatory properties. This explains
their preventing role since it is now widely recognized that
oxidative stress and inflammation create the conditions for
the development of the majority of chronic-degenerative
diseases such as diabetes, atherosclerosis and cancer (Costa
et al. 2017).

Some phytochemicals of medical interest cited above
are present in fruits and vegetables at high concentrations
(e.g. polyphenols), whereas others are present only in trace
amount; in the latter case, processing of a large amount of
plant material is necessary to obtain a significant yield. In
other cases, the effects are more “direct”, being attributable
to mild anti-microbial or immunostimulant activity, hypoco-
lesterolemic or anti-hypertensive action (Chen et al. 2008),
hypolipidemic action (Chen et al. 2014a, b) or for demon-
strated capacity of preventing cancer and Alzheimer’s dis-
ease (Sadhukhan et al. 2018).

An alternative source of high added value phytochemicals
is represented by agro-industrial wastes, which are abundant,
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Table 1 Examples of phytochemicals of pharmaceutical, nutraceutical or cosmeceutic interest present in edible parts and wastes of cultivated

plant or in medicinal and other “no crops” wild plants

Phytochemical Interest Biological activity

References

Phytochemicals present in edible parts and wastes of cultivated plants

He and Giusti (2010)

Anthocyanins Nutraceutical ~ Anti-inflammatory, anti-carcinogenic activity, cardiovascular dis-
ease prevention, obesity control, diabetes alleviation properties
Crocetin Nutraceutical ~ Positive effects in cardiovascular diseases

Glucosinolates ~ Nutraceutical

Lycopene Nutraceutical ~ Antioxidant, anticancer

Resveratrol Nutraceutical Anticancer activities

Phytochemicals present in “medicinal” and other “no crops” wild plants

Anabasine Cosmeceutical Antibacterial

Artemisine Pharmaceutical Anticancer activities

Berberine Pharmaceutical Anticancer activities

Coumarin Cosmeceutical

Ginsenoside Cosmeceutical Positive effects in cardiovascular diseases
Paclitaxel Pharmaceutical Anticancer activities

Rosmarinic acid Pharmaceutical Antioxidant
Sanguinarine Pharmaceutical Anticancer activities

Vincristine Pharmaceutical Mitotic inhibitor, anticancer

Anti-microbial, anti-fungicidal, anti-bacterial

Alavizadeh and Hosseinzadeh (2014)
Sanchez-Pujante et al. (2017)
Gajowik and Dobrzynska (2014)
Yang et al. (2015)

Baikenova et al. (2004)
Nakase et al. (2008)
Sun et al. (2009)

Anti-inflammatory, anticoagulant, antibacterial, antifungal, antiviral Venugopala et al. (2013)

Lee and Kim (2014)
Marupudi et al. (2007)
Suhaj (2006)

Kumar and Hazra (2014)
Mitsunaga et al. (2000)

renewable, inexpensive and not in competition with the food
chain, is been considered: currently, research is focused on
lowering processing costs and increasing recovery yields
while preserving the quality of phytochemicals (Baiano
2014).

Finally, it is worth mentioning that many plant secondary
metabolites, besides being used as drugs and nutraceuticals,
can be profitably employed as agrochemicals (biopesticides:
insecticides and fungicides), essences, fragrances and natu-
ral pigments.

Cell, tissue and organ culture as tools
to produce high amount of bioactive
phytochemicals

Why to use biotechnological tools for producing
phytochemicals?

Several goals are being pursued in both public and private
research laboratories concerning the identification and char-
acterization of novel plant molecules of pharmaceutical or
nutraceutical interest aiming at increasing their amount. The
rapid increase in the world population exerts a strong pres-
sure on the demand for agricultural land used for producing
food and other plant raw materials. It is therefore easy to
foresee land shortage for growing medicinal plants. There is
also the need to protect wild medicinal plants that may risk
extinction because of the reduction of natural environment
due to the agriculture expansion.

As mentioned above, some of the most desirable phyto-
chemicals are found only in small amounts in specific plant
tissues. For example, saffron spice compounds are present
only in the stigmas of crocus flowers (Sharma and Piqueras
2010), thus outstandingly increasing the cost of spice har-
vest. Additional problems may arise when phytochemical
production depends on wild plants growing in underdevel-
oped countries unable to warrant a constant provision of
good quality plant material.

For these reasons, if a chemical synthesis strategy is
not possible or economically sustainable, it is necessary to
develop biotechnological solutions allowing large-scale pro-
duction of those secondary metabolites of industrial interest
that are present in low amounts in producer plants. The same
is true in the case of phytochemicals produced by species
difficult to cultivate.

Moreover, plant cells can make stereo- and regio-specific
biotransformation reactions to obtain new valuable com-
pounds from low-cost precursors (Hidalgo et al. 2018).

A biotechnological production system must meet two
conditions: (1) constant and economically sustainable pro-
duction of substances with uniform quality; (2) fast produc-
tion and efficient recovery of the product.

In synthesis, two main approaches can be used to increase
or ameliorate in producing species the biosynthesis of phy-
tochemicals of interest: in vitro tissue or organ culture and
genetic engineering manipulations (Fig. 1). The choice
between these two approaches depends primarily on the
capital investments required for research and development
and on the final yield.
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Fig. 1 Generic scheme of the
main steps for in vitro culturing
plant cells aiming at producing
phytochemicals of interest
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Here we shall highlight the general features and the cur-
rent limitations of both technologies.

Use of plants cell, tissue and organ cultures
for phytochemicals production

Although genetic engineering can be considered a more
direct and straightforward strategy, the present social oppo-
sition to the GMOs decreases its applicability in favor of a
more traditional approach based on plant cell or tissue or
organ cultures. In the literature, it is possible to find many
articles reporting examples of phytochemicals that, follow-
ing effective and often complex approaches of either cel-
lular or molecular plant biotechnology, have been produced
on a laboratory scale. However, few examples of success-
ful exploitation at the industrial level have been reported
(Knockaert et al. 2015). For obvious secrecy reasons, lit-
tle information is available on the technologies used at an
industrial scale for the production, extraction and purifi-
cation of pharmaceuticals obtained by plant cell cultures
among which Shikonine, anti-inflammatory and antitumor
agent of Lithospermum erythrorhizon (Hu 2004), Berberine,
antimicrobial agent of Coptis japonica and Coscinium fenes-
tratum (Nair et al. 1992), Rosmarinic acid, antioxidant, anti-
inflammatory agent, antimicrobial agent of Coleus blumeii
(Bauer et al. 2015), Sanguinarine, anti-inflammatory agent
of Eschscholzia californica (BalaZova et al. 2018), Pacli-
taxel, a taxoid compound found in Taxus brevifolia partially
produced in suspension cultured cells (Wickremesinhe and
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Arteca 1994), Vincristine, antitumoral of Catharanthus
roseus (Lee-Parsons and Royce 2006).

By definition, plant cells grown in vitro are in the form
of calli or of suspension cells, in both cases in an undiffer-
entiated or semi-differentiated state. Conversely, secondary
metabolite pathways are usually activated in tissues of plant
organs. Nonetheless, in some cases even undifferentiated
calli or suspension cells produce phytochemicals of inter-
est. For example, Papaver somniferum (Verma et al. 2018)
and Lithospermum erythrorhizon (Hu 2004) cell suspen-
sions produce, respectively, Sanguinarine and Shikonin at
an amount higher than that of the entire plant. Consequently,
since many years these phytochemicals are produced indus-
trially in this way.

In other cases, to induce secondary metabolites synthesis,
it is necessary to repeatedly select clones that maintain a
suitable pattern of partial differentiation even in in vitro con-
ditions (Hussain et al. 2012). This latter case often occurs
mostly when the phytochemical of interest is produced in
specialized plant tissues or glands.

A strategy to bypass the limits imposed by the undiffer-
entiated state of cell suspensions and calli relies on growing
in vitro organs such as roots or buds. In particular, isolated
roots of several medicinal plants have been cultured in vitro
in the past 3040 years to produce a few drugs, for instance
tropane alkaloids and Hyoscyamine. (Veerport et al. 2002;
Ochoa-Villarreal et al. 2016). Morever, there is a lot of inter-
est on trichomes, many of which perform a glandular func-
tion (Huchelmann et al. 2017).
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Since roots are characterized by slow growth when cul-
tured in vitro, an alternative approach based on “hairy-roots”
is often used. This system has been made available following
the discovery of the ability of the two species of the genus
Agrobacterium to infect plants and transfer specific genes
forcing them to produce phytormones. In the case of Agro-
bacterium rhizogenes containing Ri plasmids, the transferred
genes tms1 and tms2 induce the synthesis of auxin that in
turn stimulates the production of adventitious roots (hairy
roots) in infected plants (White et al. 1985). Excised hairy
roots grow rapidly and are genetically more stable than cul-
tured cells. So, it is not surprising that the number of papers
reporting the use of hairy roots to produce various phyto-
chemicals has been remarkably increasing in recent years
(Tian 2015). However, this approach cannot be applied to
phytochemicals that are produced in the aerial part of the
organism.

Independently of the be differentiation state of the cul-
tured tissue, it is not always easy to obtain a phytochemical
yield high enough to be remunerative and it is frequently
necessary to enhance phytochemical production by means
of a number of strategies employing experimental tricks and
genetic manipulations. Furthermore, in particular cases, pro-
duction of phytochemicals in undifferentiated plant cultures
is problematic or even impossible because of their intrinsic
toxicity, a problem that in planta is avoided by sequestrating
the molecules into toxicity-resistant differentiated cells such
as trichomes. This is the case of cannabinoids produced by
Cannabis sativa (Schachtsiek et al. 2018).

Already about 30 years ago, Zenk (1991) proposed a
number of general rules for improving by plant cell cultures
the production of phytochemicals of interest. These “guide-
lines” have been followed by several researchers and basi-
cally are still valid. In the following paragraphs the different
steps leading to achievement of the objective (production
yield increase) will be updated and illustrated in more detail
with the help of examples and comments about merits and
limits of each operational step.

1. Identification of the starting material (individual plant,
organ or plant tissue) containing the largest amount
of the secondary metabolite to be extracted and thus
theoretically susceptible to give origin to more produc-
tive in vitro cultures. Once the best starting experimen-
tal material has been identified and/or selected, vari-
ous explants (leaf-disks, stem segments, roots, seeds,
etc.) can be sterilized and grown on semi-solid culture
medium.

2. Identification of culture medium and of experimen-
tal conditions favoring optimal growth and secondary
metabolite synthesis. Most of the components of a
culture medium (micro- and macronutrients, source of
carbon nitrogen, vitamins and growth regulators) and

growing conditions (light, temperature, oxygen) influ-
ence biomass growth rate and level of accumulation of
secondary metabolites. Nitrogen concentration obvi-
ously influences the amount of amino acid and protein
in cultured calli or suspension cells. Plant tissue culture
media contain both ammonium and nitrate as sources
of nitrogen and their ratio can be modified to enhance
phytochemical production (Efferth 2018). The phos-
phate concentration in the medium has a major effect
on the production of secondary metabolites in plant
cell cultures. In the case of Solanum laciniatum, high
phosphate levels enhanced cell growth, but negatively
affected the production of secondary metabolites (Chan-
dler and Dodds 1983). However, there are exceptions
to this rule: for instance, an increased phosphate level
was shown to stimulate the synthesis of Digitoxin in
Digitalis purpurea (Corchete et al. 1990) and of Beta-
cyanin in Chenopodium rubrum (Berlin et al. 1986).
Conversely, reduced phosphate levels induced produc-
tion of Ajmalicine and phenolics in Catharantus roseus
(Balathandayutham et al. 2008), of Caffeoyl Putrescines
in Nicotiana tabacum (Schiel et al. 1984) and of Harman
alkaloids in Peganum harmala (Sasse et al. 1982).

In addition, the concentrations of auxins (IAA, 2,4-D,
NAA, etc.) and citokynines (6-BAP, Kinetin, Zeatin), the
hormones which stimulate cell expansion and division, are
obviously crucial factors for the success of in vitro culture
of plant cells and, therefore, they should be established for
each plant since different species may behave differently
(Efferth 2018).

Similarly, the ratio between these two hormones is
very important in determining whether cells will remain
in a completely undifferentiated state or will tend to dif-
ferentiate leaf primordia or roots. Therefore, preliminary
experiments are required to define the hormonal conditions
favoring the highest yield of phytochemical accumulation.
For example, the in vitro production of phenylpropanoids
by blueberries (Vaccinum corymbosum) cells in temporary
immersion bioreactors (TIBs) was optimized by adjusting
hormonal conditions and reducing the amount of sugar to
obtain photomixotrophic growth and partial differentiation.
(Arencibia et al. 2018). Likewise, photomixotrophic growth
of sunflower (Heliantus annuus) suspension cultures was
obtained modulating light intensity, sugar concentration and
age of culture. Under these conditions, the accumulation of
a-tocopherol increased up to 230% that of heterotrophic cell
cultures (Geipel et al. 2014).

The production of secondary metabolites was also
found to be influenced by light, temperature, pH and oxy-
gen concentration. However, it is difficult to predict how
variations of the the first parameter affect phytochemical
synthesis in different plant species. For instance, it was
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found that light influenced positively the accumulation of
anthocyanins and sesquiterpenes in, respectively, carrot
suspension cultures (Dougall et al. 1980) and Matricaria
chamomilla (Tatli 2012). On the contrary, dark conditions
stimulate the production of the sesquiterpenoid Zerum-
bone in Zingiber sp. cell cultures Rajkumpari and Sana-
tombi 2018).

Temperatures ranging from 17 °C to 25 °C were also
found to stimulate or inhibit the production of secondary
metabolites in cultures of different species. Low tempera-
tures favored the production of alkaloids in C. roseus cell
cultures (Courtois and Guern 1980), while high temperatures
favored the formation of Ubiquinone in tobacco cell cultures
(Ikeda et al. 1977).

Finally, oxygen concentration and stirring, as well as
gaseous composition, are particularly crucial for large-scale
production. For example, a dissolved oxygen level of 50%
allowed a production of alkaloids of about 3 g/l of culture
(Courtois and Guern 1980), while carbon dioxide stimu-
lated the synthesis of monoterpenes in grape cell cultures
(Ambid and Fallot 1981), prevented the browning of cells
and supported the production of Berberine in Thalictrum
minus (Kobayashi et al. 1991).

3. Addition to in vitro cultures of precursors, intermediates,
inhibitors or of other means that can drive and speed
up the metabolic flow leading to the phytochemical of
interest. A well-known case of this notion is the addition
of Phenylalanine, a precursor of phenolic compounds, to
suspension cultures of Coleus blumei and Salvia offici-
nalis in order to increase the production of rosmarinic
acid (Koca and Karaman 2015), and to suspension cul-
tures of Taxus cuspidata to enhance the synthesis of
N-benzoilphenylisoserine, an intermediate in the syn-
thesis of paclitaxel (Fett-Neto et al. 1994).

Another example of “precursor feeding” regards the pro-
duction of Vanillin, an aroma molecule of relevant economic
interest: it has indeed been reported that the addition of
Ferulic acid to cultures of Vanilla planifolia boosts Vanillin
accumulation (Romagnoli and Knorr 2009).

An “indirect” way to increase the synthesis of phytochem-
icals was reported in the case of Artemisinin, a sesquiter-
pene endowed with effective antimalarial activity. Artemisia
annua L. cell suspension cultures were added with Micona-
zole (200 mM), an inhibitor of sterol biosynthesis, a path-
way competing with that of sesquiterpenes. HPLC analysis
showed that after a 24 h treatment, the level of Artemisinin
was 2.5 times higher than that of untreated cultures. Moreo-
ver, the addition of Miconazole was found to induce (after
30 min) the expression of CPR gene encoding cytochrome
P450 reductase and (after 4 h) that of DBR2 gene encoding
artemisinic aldehyde reductase (Caretto et al. 2011).
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Failure to accumulate the metabolite of interest in cul-
tured cells may be due either to feedback-inhibition of key
biosynthetic enzymes or to non-enzymatic degradation of
the product in the culture medium. In this regard, it has been
observed that the addition to the culture medium of a solid
or liquid phase that adsorbs and/or sequestrates the product
of interest increases its production by creating an artificial
“accumulation compartment”. For example, the addition of
activated carbon to Matricaria chamomilla cultures allowed
a 20- to 60-fold increase in the amount of Coniferic aldehyde
(Beiderbeck and Knoop 1984). The use of XAD-7 amber-
lite resin also allowed a 15-fold increase in Anthraquinone
production by Cinchona ledyeriana cell cultures (Robins
and Rhodes 1986).

4. Addition of elicitors of secondary metabolite synthesis.
Elicitors are molecules of various origin and structure
that are formed following the interactions between plant
cells and biotic or abiotic stresses. These molecular sig-
nals are recognized by plant cells leading them to react
with the synthesis of secondary metabolites that allevi-
ate the stress and, in some cases, possesse pharmaceuti-
cal or nutraceutical properties (Ramirez-Estrada et al.
2016).

The addition to the culture medium of elicitors of fun-
gal and bacterial origin or of heavy metal salts stimulates
the production of various plant secondary metabolites. For
example, the addition of Botrytis homogenate to cell sus-
pensions of Papaver somniferum increases the content of
Sanguinarine up to 3% of the dry cell weight (Bobak et al.
1995). In the case of transformed root cultures of Datura
stramonium, it was observed that heavy metals (copper and
cadmium) caused an increase of defense sesquiterpenoids
(Furze et al. 1991).

Jasmonic acid or its derivative methyl-jasmonate repre-
sent another kind of elicitors. These regulatory molecules
stimulate secondary metabolism, thus adapting plants to
environmental changes by the action of newly synthesized
phytochemicals that increase the fitness of the species. This
approach was used with cell cultures of Artemisia annua L
that were challenged with 22 uM Methyl Jasmonate eliciting
a threefold increase of the Artemisinin content after 30 min
and a simulatneous sevenfold increase in the expression of
CYP71AV1 gene (cytochrome P 450) (Caretto et al. 2011).

5. Selection of the most productive lines. Mutation strat-
egies have been adopted to obtain highly productive
cell lines. The use of selective agents is an alternative
approach to select lines characterized by a high content
of a given secondary metabolite by exposing a cell popu-
lation to an inhibitor or to an environmental stress the
cytotoxic effects of which are lessened by the presence
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of the metabolite. In these conditions, only cells that
resist the selection procedure by producing the desired
metabolites at a higher rate will survive and grow. For
instance, mutations that lead to phenylalanine overpro-
duction avoids the incorporation of the analog P-fluo-
rophenylalanine (PFP) into cell protein thus averting
cell death. Such overproduction depends on increased
amount and activity of Phenylalanine ammonia lyase,
the key enzyme of phenolic metabolism that stimulates
the metabolic flux towards phenolic compounds among
which many flavonoids of pharmaceutical or nutraceu-
tical interest (Howles et al. 1994). Therefore, PFP has
been widely used to select mutant cell lines showing a
high-production rate of the above cited classes of pheno-
lics. For example, it has been reported that the selection
of Capsicum annuum cell lines resistant to PFP allowed
to remarkably increase the production of Capsaicin (Sal-
gado-Garciglia and Ochoa-Alcjo 1990).

6. Cell immobilization. In some cases, it is convenient to
resort to cell immobilization in gels (mostly sodium
or calcium alginate), entrapping the cells at high den-
sity and thus favoring an increased synthesis of phy-
tochemicals. This approach avoids cell damage due to
mechanical agitation of the culture and allows regular
withdrawal of an aliquot of the culture medium permit-
ting the removal of products as well as inhibitors. The
above described strategy has been employed, although
not at industrial level, for producing Vanillin, Ajmalicine
and Capsaicin (Rao and Ravishankar 2002).

7. Cell permeabilization. In most cases the secondary
metabolites are stored in the vacuole and, therefore,
a permeabilization step may be applied to facilitate
their release and subsequent recovery from the culture
medium without cell disruption. This step consists in
the transient formation of pores in the membranes (tono-
plast and plasmalemma), thus facilitating the release of
phyochemicals in the culture medium. A series of agents
(Chitosan and surfactants such as Tween, Triton, SDS)
or physical methods (ultrasonication, electroporation
and iontophoresis) can be used to this end (Zhao et al.
2014).

8. Scale-up through the use of appropriate bioreactors. On
a large scale, the growth of biomass and the production
of secondary metabolites depend also on additional fac-
tors such as the dimension of the inoculum and most
of all aeration and agitation rate that may influence the
scale up success. In the case of suspension cultured plant
cells, special bioreactors are used, most of which are
stirred tank reactors and gas sparged reactors (Weath-
ers et al. 2010; Steingroewer et al. 2013). Since pur-
chase and operating costs of bioreactors are central in
the large-scale production of phytochemicals, the choice
of the bioreactor is crucial for economic profitability.

Therefore, in attempts to maximize production at a
reduced cost, different types of bioreactors have been
designed including mechanical bioreactors, air/bubble
bridge, fixed bed, mixed devices and single-use biore-
actors (Eibl and Eibl 2008). The choice of the produc-
tion process is further influenced by the type of cul-
ture (cell suspension vs. hairy roots), by the possible
requirement of lighting devices and also by the mode
of product accumulation. In fact, as already mentioned,
many secondary metabolites accumulate in the vacuole,
making it necessary to extract the molecules contained
in the vacuole with various solvents. For these phyto-
chemicals, a “batch” culture process is advisable, i.e.
the cells are grown in suitable bioreactors in the envi-
ronmental conditions previously set up at a laboratory
scale to maximize the synthesis and accumulation of
the product of interest, then are collected and mechani-
cally broken in order to extract with various solvents
the molecules contained in the vacuole. In the case of
compounds that are secreted in the culture medium,
a continuous growth process can be used by which a
suitable amount of medium is withdrawn and filtered at
intervals and replaced with an equal quantity of “fresh”
culture medium. Consequently, no extraction is required:
the metabolite of interest can be directly purified from
the spent medium while the culture is maintained in sta-
ble and productive growth phase (Chattopadhyay et al.
2004).

As concerns hairy root cultures, in order to be grown
in large amount, they necessitate of peculiar bioreac-
tions designed to alleviate the mechanical stress produced
by stirring and aerating the massive cultures. Indeed, while
suspension cultured cells generally tolerate this mechanical
stress, roots are more susceptible, and growth is impaired.
Moreover, because of their branched mass, some measures
are necessary to avoid the blockage of the rotating parts.
So, mist reactor (in which hairy roots are hung on a support
and grow immersed not in the liquid, but in a mist gener-
ated from the liquid medium) and roller drum reactor have
been employed successfully, as reported and illustrated in
the review by Georgiev et al. (2013).

Emerging topics
Cambial meristemoid cells

The isolation of cambial meristemoid cells (CMCs) from
the cells of the procambium has recently been achieved with
various plants such as Taxus cuspidata, Ginseng panax,
Ginkgo biloba and Solanum lycopersicum (Lee et al. 2010).
These cells, which are naturally undifferentiated, grow indef-
initely and function as “plant stem cells” (Ochoa-Villarreal
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et al. 2015; Lee and Kim 2014). Therefore, they have the
potential to elude many of the current drawbacks of dedif-
ferentiated cultured cells and hairy roots. Moreover, CMCs
can stably carry out the synthesis of secondary metabolites.
Further useful traits of CMCs are the reduced size of cell
aggregates (2-3 cells/cluster) that facilitates the response
to various elicitors, high tolerance to the mechanical stress
endured in bioreactor and, above all, the ability to release
phytochemicals in the culture medium. This facilitates prod-
uct recovery and avoids feedback inhibition of the meta-
bolic pathway involved. CMCs of Catharanthus roseus have
been recently used to produce vindoline, catharanthine and
ajmalicine (Moon et al. 2015; Zhou et al. 2015) while CMCs
of P. ginseng were successfully used to produce ginsenosides
at an industrial level (Ochoa-Villarreal et al. 2015; Lee et al.
2010).

Mutants selected by expressing in plant cell genes
encoding human target proteins

This emerging topic has been recently explored by Brown
et al. (2016), who described a novel experimental system
aiming at manipulating plant cells to re-direct their metabo-
lism towards producing metabolites that interact with human
target proteins. This can be achieved by producing in plant
cells human target proteins whose inhibition may be of
“therapeutic” interest, followed by the selection of mutant
cells whose altered metabolome allows to overcome the
inhibiting action of the inhibitory target protein. Applying
this strategy to cultured hairy roots of a Lobelia species,
Brown and colleagues selected mutants capable of increased
biosynthesis of a metabolite that inhibits the human dopa-
mine transporter. Many of the selected mutants were shown
to produce an excess of the active metabolite found in the
wild plant, but others overproduced novel active metabo-
lites not readily detectable in control cells. This technology
can probe the entire genomic capacity of a plant species
and exploit its potential to synthesize secondary metabo-
lites interfering with a specific target of therapeutic interest.
Therefore, it has a potential for the identification of plant
pharmaceuticals, or to optimize the therapeutic value of
medicinal plant extracts.

Eco-friendly bioextraction of phytochemicals from plants
and in vitro tissue cultures

A major challenge is the identification of the best extrac-
tion conditions, i.e. the conditions that can overcome the
problems relative to the release of phytochemicals from
a vegetable matrix. Conventional methods commonly
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described in the literature are based on the use of lig-
uid-liquid or solid—liquid extraction processes primarily
using organic solvents the manipulation of which might be
economically and environmentally unsustainable (Prado
et al. 2015). A recent trend is indeed focused on finding
solutions that minimize the use of organic solvents. The
efficiency of extraction is a key issue since it can influ-
ence the yield and consequently, the economic sustain-
ability of the process (Smith 2003). Much work has been
dedicated to the improvement of extraction processes
based on technologically advanced but costly and energy-
demanding equipments. These methods include subcritical
water extraction (Luque-Rodriguez et al. 2006), supercriti-
cal fluid extraction (SFE) (Wang et al. 2008), ultrasound-
assisted extraction (Chukwumabh et al. 2009), microwave-
assisted extraction (Moreira et al. 2012), pulsed electric
field extraction (Segovia et al. 2015), pressurized fluid
extraction (Herrero et al. 2015), counter-current extraction
(Solana et al. 2016). In addition, combinations of different
extraction technologies are under investigation (Loyola-
Vargas and Ochoa-Alejo 2018). These ongoing studies will
surely contribute to extract phytochemicals from fruit and
vegetable wastes, thereby attaining fundamental goals of
the circular economy.

Compared to the above mentioned techniques, “enzyme
assisted extraction” is an emerging eco-friendly alterna-
tive to conventional solvent-based and complex physical
methods, since it offers several benefits: rapidity, maximal
yield, minimal solvent and energy consumption (Wijes-
ingh and Jeon 2012; Chandini et al. 2011; Khandare et al.
2011).

The principle of this methods is based on the fact that
plant cells are surrounded by a resistant cell wall made
of complex biopolymers such as cellulose, hemicellulose,
pectin and lignin that are rather recalcitrant to the attack
of solvents of any type, thus hindering the leakage of phy-
tochemicals. In fact, the treatment of plant materials with
enzymatic mixtures, containing cellulases, hemicellulases
and pectinases produced industrially by growing ligno-
cellulosytic microorganisms promotes the hydrolytic deg-
radation of cell wall polymers (Khandare et al. 2011; Puri
et al. 2012). The use of cell wall degrading enzymes does
not pose any environmental issue or require sophisticated
equipment; nevertheless, it loads the extraction process
with additional costs. Therefore, research is underway to
discover less expensive methods, for instance the usage of
engineered bacterial strains over-producing plant-degrada-
tive enzymes directly inside the plant biomass used as a
bacterial feedstock, or from which it is possible to extract
the overproduced enzymes at low cost.
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Genetic engineering aimed
at enhancing or improving the synthesis
of phytochemicals

The genetic manipulation strategy is also rather multifac-
eted. Progresses in the field of in vitro culture of plant
cells and organs and of the ability to introduce and modify
genes in plants has opened the possibility to use success-
fully this approach to produce metabolites of interest thus
further widening the possibility of increasing and improv-
ing the production of nutraceutical and therapeutic mol-
ecules both in planta and in vitro. This strategy is particu-
larly important whenever there are difficulties in obtaining
the plant material containing the compounds of interest or
in obtaining them by chemical synthesis.

The demonstration of the feasibility of plant trans-
formation occurred over three decades and half ago
(Herrera-Estrella et al. 1983), opening the way to plant
genetic engineering techniques allowing the modifica-
tion of agronomic and qualitative traits leading to the

cultivation in many Countries of transgenic crops (https
://www.isaaa.org/inbrief/pdf/isaaa-brochure.pdf). In par-
allel, the increasing knowledge of metabolic pathways
and their regulation along with genomic, transcriptomic
and metabolomics approaches have paved the way to the
planning of biotechnological modifications aimed at both
quantitative and qualitative improvements of the synthesis
of the phytochemicals of interest and of their production
at the industrial level.

Figure 2 schematizes the main strategies adopted to
alter metabolic pathways and improve phytochemical pro-
duction. (Oksman-Caldentey and Inzé 2004):

e gain-of-function of a gene of the pathway;

e loss-of-function of a gene of the pathway;

e ectopic expression of transcription factors (TFs) respon-
sible for expressing all or most pathway genes;

e over-expression of a single gene encoding a rate-limiting
enzyme.

Fig.2 Strategies developed to alter metabolic pathways and improve
phytochemical production. PM primary metabolite, P phytochemical
of interest, A, B, C, intermediate pathway metabolites, ¥ new metabo-
lite, Z unwanted product of a pathway branch, nE foreign recombi-
nant enzyme. The production of the desired phytochemicals, P or Y
can be obtained using the following strategies: (1) gene insertion (GI)
by nuclear transformation of genes encoding either novel or modified
enzymes, or of a transcription factor; (2) gene insertion by genome
editing (GEi); (3) introduction of a gene-silencing construct (GS);
(4) gene disruption by genome editing (GEd); (5) increased accu-
mulation of a pathway enzyme due to overexpression of the relevant

gene (SGUE); (6) increased accumulation of a transcription factor
as a result of ectopic overexpression of the relevant gene (TFOF) an
event that can contribute to augment to content of most or all pathway
enzymes; (7) production of a new phytochemical Y due to the accu-
mulation of a recombinant enzyme that uses the pathway intermediate
B as substrate (nE). This can be obtained either by GI or GEi; (8)
reduced content of an enzyme that diverts a pathway intermediate to
phytochemical Z, thus reducing the accumulation of the final product
P. This result can be obtained by gene silencing (GS) or gene disrup-
tion by genome editing (GEd). The red arrow indicates the increase in
final product concentration
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The latter strategy, however, has not been always success-
ful since in a complex pathway it is difficult to single out an
enzyme responsible of the metabolic flux, which rather is the
consequence of the interaction of different components and
for this reason the use of TFs has been studied (Grotewold
2008).

There are several early reports of successful examples of
these approaches that have been extensively reviewed over
the years (Dixon and Steele 1999; Forkmann and Stefan
Martens 2001; Verpoorte and Memeling 2002; Hashimoto
and Yamada 2003; Ncube and Van Staden 2015; Tatsis and
O’Connor 2016). Consequently, only selected examples
will be reported in this review. For instance, the introduc-
tion in Atropa belladonna of a gene encoding hyoscyamine
6p-hydroxylase from Hyoscyamus niger under the control
of a constitutive promoter (pCaMV-35S) caused the almost
complete conversion of hyoscyamine into scopolamine,
which is a more valuable drug (Yun et al. 1992). Likewise,
when the same gene was expressed constitutively in H.
muticus (Egyptian henbane) a remarkable increase of tro-
pane alkaloids was observed in transformed clones with a
scopolamine content up to 100 times higher than that of
controls. Interestingly, in the hairy root clones the extent of
conversion of hyoscyamine to scopolamine was proportional
to the expression of the transgene (Jouhikainen et al. 1999).

A biolistic approach was used for the constitutive expres-
sion in Nicotiana tabacum of two H. niger cDNA sequences
encoding tropinone reductase and hyoscyamine-6b-hydrox-
ylase. Besides the expected products, the detached leaves of
regenerated plants produced acetylated tropine. An increased
content of nicotine was also observed along with nicotine-
related compounds (anatabine, nornicotine, bipyridine, ana-
basine and myosmine) which are undetectable in untrans-
formed control plants (Rocha et al. 2002). The alteration of
the nicotine biosynthetic pathway following the introduction
of foreign genes producing metabolic alteration is reminis-
cent of the combinatorial biochemistry effect described by
Laurila et al. (1996). These authors observed that somatic
hybrids between Solanum tuberosum and S. brevidens pro-
duced a novel glycoalkaloid, Demissidine, which was not
present in the parental species, possibly due to the activity
of the hydrogenase contributed by S. brevidens on Solani-
dine molecules synthesized by S. tuberosum. In the case of
N. tabacum (Rocha et al. 2002), the notable difference is
that the two enzymes were produced by genetic engineering
rather than by complementation of pre-existing ones.

Once more, a H. niger gene encoding hyoscyamine-6
B-hydroxylase was expressed in hairy roots of N. tabacum
and H. muticus. These species differ with respect to the syn-
thesis of hyoscyamine, which is produced in H. muticus, but
not in tobacco. Interestingly, it was observed that tobacco
hairy roots were far more efficient in bio-transforming and
releasing scopolamine and other alkaloids in the culture
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medium when hyoscyamine was exogenously supplied (Hék-
kinen et al. 2005).

Although biofortification is out of the scope of this
review, it is of interest to analyze some of the results
obtained by genetic engineering of metabolic pathways
that can be considered paradigmatic. A milestone in the
development of biofortified food by metabolic engineer-
ing was established by Potrykus’ and Beyer’s groups with
the development of Golden Rice that is characterized by
the production of B-carotene in the endosperm through the
ectopic expression of foreign genes encoding enzymes of
the pathway (phytoene synthase, phytoene desaturase and
lycopene cyclase) under the control of endosperm-specific
and constitutive promoters (Ye et al. 2000). A follow-up of
this approach was the development of Golden Rice 2 where
the gene of Narcissus pseudonarcissus encoding phytoene
synthase, which was found to be responsible for the poor
accumulation of p-carotene, was substituted with a maize
orthologue gene that allowed to increase up to 23-fold the
content of pro-vitamin A (Paine et al. 2005).

Similarly, in order to obtain biofortified potato tubers,
three bacterial genes encoding phytoene synthase, phytoene
desaturase and lycopene p-cyclase were expressed under the
control of tuber-specific promoters. The resulting Golden
tubers, which were deep yellow, featured a dramatic increase
of B-carotene (Diretto et al. 2007). The analysis of the com-
plex relationship between levels of expression of foreign and
endogenous genes of the carotenoid pathway and carotenoid
accumulations in transgenic leaves and tubers was analyzed
in a subsequent paper using a hierarchical clustering and
pairwise correlation analysis along with a novel network
correlation tool (Diretto et al. 2010). Results of this study
point out the complex regulation of metabolic pathways and
the uncertain outcome of attempts aiming at increasing the
content of phytochemicals of interest by altering the expres-
sion of only one or few genes of the pathway, an issue that
will be addressed below when analyzing the overexpression
of transcription factor genes.

Downregulation of the activity of the gene encoding
putrescine N-methyltransferase (PMT) was used to alter the
content of pyridine alkaloid of N. tabacum (Chintapakorn
and Hamill 2011). In untransformed lines, nicotine is preva-
lent while anatabine, which is used as an anti-inflammatory
and against nicotine addiction, is present at low levels. The
transformed root lines showing a drastic reduced PMT activ-
ity were similarly characterized by a reduced nicotine con-
tent and a considerable increase of anatabine. According
to authors, the reduced PMT activity favors the accumula-
tion of nicotinic acid which is then directly transformed in
anatabine.

The role played by miRNAs in the regulation of eukary-
otic gene expression has been proven in recent years and this
recognition has stimulated the analysis of their role also in
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the biosynthesis of phytochemicals. In the case of Papaver
somniferum, the role of miRNAs in the synthesis of ben-
zylisoquinoline alkaloids (BIA) (Boke et al. 2015) has been
analyzed in depth using molecular tools (second-generation
sequencing and direct cloning). Out of 327 miRNAs present
in opium poppy, among which 11 novel ones, this study has
identified three miRNAs possibly involved in BIA synthesis
and three additional putative ones. The issue concerning the
identification of miRNAs and of the role that they play in the
biosynthesis of phytochemicals has been recently addressed
(Gupta et al. 2017). In this review, authors discuss the pos-
sible use of this approach for improving the production of
plant secondary metabolites.

Virus-induced gene silencing (VIG) is a molecular tool
that uses engineered viral genomes to target specific plant
host genes (Lu et al. 2003). In the past 15 years this mecha-
nism has been widely used as a functional genomics tool
to understand the role of host genes in abiotic and biotic
stresses (Ramegowda et al. 2014; Zhang et al. 2016). VIG
was used to silence the expression of a gene for ornithine
decarboxylase (ODC) of N. tabacum using both Agrobac-
terium rhyzogenes and A. tumefaciens transformation sys-
tems. ODC-silenced hairy roots showed an increased anat-
abine content and a reduced level of nicotine (DeBoer et al.
2011). A similar alteration of the pyridine alkaloid profile
was observed in regenerated tobacco plants. Notably, treat-
ments that stimulate nicotine synthesis in untransformed
plants such as the addition of methyl jasmonate to hairy
roots or decapitation of transgenic plants resulted in a sig-
nificant increase of anabatine content.

A virus-induced gene silencing approach was used to
analyze the actual role of six genes of Papaver somniferum
whose relevant products were supposedly involved in the
biosynthesis of papaverine. Only the genes encoding coclau-
rine N-methyltransferase, (S)-3'hydroxy-N-methylcoclaurine
4-O-methyltransferase and norreticuline 7-O-methyltrans-
ferase were shown to be involved in papaverine biosyn-
thesis. This can be regarded as a significant achievement
since biochemical studies had failed to provide conclusive
evidence concerning the pathway. Remarkably, the papa-
verine content was found to increase following the silencing
of the first gene while decreased following the silencing of
the other two. Interestingly, this silencing approach enabled
to establish that papaverine biosynthesis does not involve
(S)-reticuline but implicates N-desmethylated compounds
(Desagagné-Penix and Facchini 2012). The importance of a
combined use of biochemical, molecular genetics and func-
tional genomic tools to better understand the biosynthesis
of benzylisoquinoline alkaloid in opium poppy was com-
prehensively discussed by Beaudoin and Facchini (2014).

A breakthrough in the development of metabolic engi-
neering aimed at the alteration of the biosynthesis of phy-
tochemicals has been the ectopic overexpression of genes

encoding transcription factors, which can activate all at once
several genes of the metabolic pathway instead of varying
the expression of one only. Indeed, transcription factors have
shown to be new molecular tools for plant metabolic engi-
neering, in particular when aiming at increasing the produc-
tion of valuable compounds (Gantet and Memelink 2002).

One of the first successful attempts was the overex-
pression of ORCA3 gene from Catharanthus roseus, an
APETALA2-domain transcription factor responsive to
jasmonate, which was identified by activation tagging as a
master regulator of terpenoid indole alkaloids. The overex-
pression of this gene in the tagged cell line resulted in an
augmented level of these alkaloids thanks to the enhanced
expression of several genes of the pathway (Van der Fits and
Memelink 2000).

An increased content of flavanols in tomato fruits was
achieved by engineering tomato plants with transcription
factor (LC and C1) genes from maize. The ectopic expres-
sion of these two genes allowed the upregulation of flavo-
noid pathway genes and the accumulation in berry flesh of
these antioxidant compounds (Bovy et al. 2002).

Another notable example was the engineering of the
“purple” tomato that is characterized by the accumulation
of anthocyanins in berry cells (Butelli et al. 2008). This was
achieved by expressing two genes of Antirrhinum majus
encoding the transcription factors Delila and Roseal. The
purple color of the berries resulted from an increased con-
tent of hydrophilic anthocyanins that caused a threefold
increase of their antioxidant capacity. Remarkably, when
knockout mice with a reduce content of p53, which develop
tumors precociously, were subjected to a diet supplemented
with purple tomatoes powder, their life expectancy increased
significantly.

These encouraging results have emphasized the need for
the identification of transcription factors genes controlling
secondary metabolic pathways. In the case of Chenopo-
dium quinoa, a genome sequencing approach contributed
to the identification of master genes allegedly controlling
the production of triterpenoid saponins that accumulate
in seeds and act as anti-nutritional compounds, a piece of
information useful to improve the nutritional value of this
crop (Jarvis et al. 2017). In addition to widening the general
knowledge of plant genetic complexity and species phylo-
genesis, genomics can contribute to improve the production
of phytochemicals. For instance, genome sequencing and
transcriptomic analysis of Capsicum hot pepper indicates
how the neofunctionalization of capsaicin synthase has influ-
enced the biosynthesis of capsaicinoids (Kim et al. 2014).
Additional examples of the effectiveness of this approach for
understanding the evolution of phytochemical biosynthetic
pathways have been reported for other species such as Coffea
canephora and Olea europea (Denoeud et al. 2014; Unver
et al. 2017). In the case of C. canephora, it was observed
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that several gene families—among which those encoding
N-methytransferases and alkaloid and flavomoid enzymes,
underwent gene expansion to produce the present second-
ary metabolism. Similarly, genome annotation of wild olive
revealed that events of duplication, expansion and neofunc-
tionalization of gene and gene families involved in oil bio-
synthesis accounts for the increased content of unsaturated
fatty acids (oleic and linoleic acids) compared to sesame.
Although these reports are not strictly related to the produc-
tion of the recognized phytochemical classes, they empha-
size the need of a broader genomic knowledge to modify the
secondary metabolic pathways of interest.

Recently, genome editing technologies based on zinc
finger nucleases (ZFNs), transcription activator-like endo-
nucleases (TALENSs) and clustered regularly interspaced
short palindromic repeats along with protein 9 endonucle-
ase (CRISPR/Cas9) have been extended to plants (Petolino
2015; Chen et al. 2014a, b; Doudna and Charpentier 2014;
Bortesi and Fischer 2014; Norman et al. 2016; Belhaj et al.
2016) and used successfully for modifying agronomic traits
of some crop species (Pennisi 2016). Besides the remarkable
site-specificity of DNA modification, an important advan-
tage of this approach derives from the fact that, when editing
is limited only to gene disruption, edited plants may not be
subjected to the strict and costly procedure required by cur-
rent regulatory standards for transgenic plants.

As foreseeable, genome editing has been used for engi-
neering secondary metabolic pathways. The knocking out
of 3'-hydroxyl-N-methylcoclaurine 4'-O-methyltransferase
(4" OMT?2) of Papaver somniferum was obtained by non-
homologous end-joining by using a CRISPR/SpCas9 type
II approach. Edited plants were characterized by a reduced
content of morphine and thebaine and the appearance of a
novel benzylisoquinoline alkaloid (Alagoz et al. 2016).

A multiplex pYLCRISPR/Cas9 system, which allows
to generate multiple DNA breaks thus targeting several
genes at once, was used to increase the tomato content of
y-aminobutyric acid (GABA), molecule that has received
most attention due to its properties as a nutraceutical and as
a neurotransmitter inhibitor (Li et al. 2018). When five genes
of GABA metabolism were targeted, genome-edited plants
were found to have up to four mutated genes. Remarkably,
the GABA level in leaves of quadruple mutants was 19-fold
higher than that of control plants. These results indicate
that multiplex CRISPR/Cas9 genome editing represents a
promising method to modify plant secondary metabolite
pathways.

It has been anticipated that the use of synthetic biology
for engineering microbial metabolic pathways might meet
the increasing request of phytochemicals independently of
environmental and seasonal conditions that could limit the
growth of crop species. With the respect to the produc-
tion of polyphenols, this approach has been envisaged as an
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alternative to phytochemical extraction from native plants.
Yet, it was recently reported that this strategy has not fully
met the expectations for phytochemical production (Chou-
han et al. 2017).

However, not all scientists are convinced that microbial
engineering might be an alternative for producing phyto-
chemicals and that new approaches to engineer plant meta-
bolic pathways could provide better results. In a recent
review Fu et al. (2018) consider an ancient, ingenious and
self-regulating Chinese irrigation system built over 22 cen-
turies ago on the Minjang river as a paradigm for developing
new metabolic engineering strategies. The three components
of the irrigation system that influence flow and distribution
of waters are considered similar to those acting in a meta-
bolic pathway. Based on these considerations, it is foreseen
that an improved production of the desired metabolites will
be obtained developing new strategies by carefully playing
with the various components of the system: introgression
of biosynthetic genes, appropriate choice of promoters and
transcription factors and elimination of branching pathways
along with the modification of biochemical conditions with
respect to energy and reducing power.

Conclusions

Plants can be regarded as natural chemical factories due to
their extraordinary ability to react to environmental cues
by synthesizing a large variety of secondary metabolites,
many of which are endowed with biological activities of
pharmaceutical, nutraceutical or cosmeceutical interest and
can be successfully used to protect human health and well-
being. For several reasons, among which the need to spare
agricultural soil for edible crops and avoid the risk of extinc-
tion of rare medicinal plants, in the past years attempts have
been made to use in vitro culture as an alternative to plants
for phytochemical production. This effort has stimulated the
development of new cell and tissue culture methods required
for the industrial production of the phytochemicals of inter-
est. Nevertheless, a more advanced knowledge of physiologi-
cal, biochemical and environmental factors controlling the
synthesis and accumulation of the desired phytochemicals in
plants and in in vitro cultures is needed. For example, plant
stem cells can be very useful to bypass many of the limita-
tions associated with the use of dedifferentiated cell cultures
and hairy roots for secondary metabolites’ production. It
is expected that these undifferentiated cells following the
treatment with suitable elicitors, the application of meta-
bolic precursors or of appropriate stressful environmental
conditions, might improve significantly the production of
the phytochemicals of interest.

In addition, the progress made with regards to phyto-
chemical extraction methods such as permeabilization,
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cellular immobilization and improved bioreactor designs
will contribute to increase the phytochemical production
yield.

Moreover, the remarkable advancements made in the past
years in functional genomics and metabolomics along with
the availability of valid transformation protocols as well as
silencing and genome-editing methods, suggest that sig-
nificant advances will allow the modification of metabolic
pathways of cultured plant cell and organs resulting in an
enhanced production of drugs and nutraceuticals. This will
contribute to an increasingly standardized production of spe-
cific, valuable and new phytochemicals meanwhile avoiding
the risk of extinction of rare medicinal plants that represent
an invaluable biological resource.
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