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Abstract

Plant pigments are special compounds synthesized by them for their growth and survival in challenging environs that may be physiological, geographical
and climatic. In addition, pigment molecules have a significant role in human life as natural colours and dyes, as well as in the management of health and
wellbeing. Plant pigments such as carotenoids, anthocyanins, chlorophyll, betalains, naphthoquinones, flavonoids etc. are in great demand in industries like
food, beverages, paper, textiles, cosmetics as well as in pharmaceuticals. This irresponsible harvesting of plant material from wild not only depletes natural
resources but also fails to meet the growing industrial demand. Thus, it is important to establish more sustainable and ecologically friendly processes for the
production of raw materials that can be used to extract pigments. In this context, scientific communities deployed plant cell and tissue culture technologies
to produce certain plant-based constituents successfully on industrial scale. A number of reports are available that demonstrated the use of in vitro plant
cultures as a sustainable method to get commercially valuable natural products (ginseng, berberin, rosmarinic acid, podophyllotoxins etc.) including pigments
like anthocyanins and betacyanins. In this article, publications reported deployment of plant cell and tissues-based system for natural pigments are discussed.
In addition, the information on strategies such as elicitation, precursor feeding, permeabilization, immobilization and two-phase cultivation system deployed
to maximize the productivity, especially under in vitro condition. Emphasis is also done on extraction of plant pigments from conventional as well as green
advanced techniques. It will not only eliminate the dependency on wild plants but will also help in meeting industrial demand and conservation of continuously

depleting natural resources.

INTRODUCTION

Natural is the consumer-preferred catchphrase, and
it is currently impacting not only dietary decisions, but
also stirring every aspect of life, including health, personal
care and lifestyle-related products. Specifically, the
natural ingredients are compounds that have an effect
on biological systems and can be derived from plants,
microorganisms, and other biological sources. Among
all these sources, plants based natural ingredients often
have a wider acceptance among consumers owing to their
pre-historic use, safety, potential health benefits and eco-
friendly characteristics. Often plants are known to contain
a variety of natural ingredients in the form of primary
and secondary metabolites that has application in food,
fibres, pigments, fatty oils, sugar, starches, pulp and paper,
rubber, gum, resins etc.

In addition, some of these plant molecules known as
pigments absorb different wavelengths of visible light,
giving plants vibrant colours e.g. anthocyanins absorb

blue and green light, reflecting red to purple hues.
Primarily, these compounds are essential to support
photosynthesis, protect against environmental stress,
and help in reproductive phase [1,2]. The attractive and
bioactive nature of pigment compounds also served
human civilization for centuries and cater their needs
in foods, textile and cosmetics. Besides application
as colourants, these molecules are an integral part of
traditional system of medicine and used as nutraceuticals,
additives and pharmaceuticals [3]. Specifically, the
carotenoids contribute to eye health and immune function,
while anthocyanins have potent antioxidant and anti-
inflammatory properties [4]. In present. The natural
pigments are being widely used in food and personal
care products, replacing synthetic dyes, with safer and
biologically active alternatives.

Unlike synthetic pigments, the plant-based ingredients
are non-toxic and biodegradable with no associated risk
to human health and environment. The rise in demand
for natural pigments surged due to growing consumer
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awareness for clean-label and sustainable alternatives, and
moreimportantly to the evidence based scientificvalidation
[5]- Traditionally, the natural pigments are extracted from
the material largely collected indiscriminately, which
are resource-intensive and non-sustainable methods. In
order to overcome these challenges, the biotechnological
advancements have introduced more sustainable
approaches such as plant cell & tissue cultures and
synthetic biology platforms that enables the heterologous
production of high value pigments [6]. These strategies
not only paving the way for sustainable and eco-friendly
production of natural pigments, but also enabling process
scalability and reducing dependency on seasonal and
geographical hurdles. Therefore, efforts are made in
this article to assess the ecologically sustainable and
environment friendly solutions available based on plant
cell and tissue culture to produce pigments that can meet
the growing public and industrial demand as well as able
to protect natural resources.

Key Plant Pigments

Plant pigments have several categories, each with
distinct colour and activities [Figure 1]. The common plant
pigments includes chlorophylls, carotenoids, anthocyanins,
flavonoids and betalains [7].

Market Potential of Natural Pigments

Plant pigments are used in every domain of human
life. The worldwide market for dyes and pigments was
estimated to be worth USD 38.2 billion in 2022, and
between 2023 and 2030, it is projected to grow at a
compound annual growth rate (CAGR) of 5.3% [8]. By
2026, it is anticipated that India will import nearly 4
million kilograms of pigment and export 39 million
kilograms of pigment. The estimated global market value
for food colour is USD 4.6 Billion in 2023 and expected to
reach USD 6.0 Billion @ 5.4% Cumulative Annual Growth
Rate (CAGR) by 2028 [9]. Alone, natural food colour
market is expected to reach USD 92.96 Million by 2027
with 3.90% CAGR [10]. Besides food, these pigments are
also in huge demand by cosmetic industries. With a CAGR
of almost 5.8% from 2022 to 2030, the market for cosmetic
pigments was anticipated to be worth USD 680.1 million
in 2021. By 2030, the market will have risen to around
USD 1,125.5 million. [11].The factors for this acceleration
are increased health awareness, changing life style and
demand for environment-friendly constituents across the
world. Because of qualities like good soaking, darker color,
and thinness, inorganic pigments achieved a larger market
share than organic pigments. But from 2023 to 2030, the
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Figure 1 Major classes of plant pigments
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organic pigments market is anticipated to expand at the
most-fastest rate, with a 5.7% CAGR in sales. Whereas, the
natural food colors market is predicted to reach USD 1.7
billion by 2034 with a CAGR of 8.32% from USD 1.57 billion
estimated in 2024 [12]. Globally, Asia pacific is forecasted
to be the largest market of herbal pigments with upmost
accelerated growth expected in India. Market reports are
also available on individual class of natural pigments used
in various industries. USD 2.9 billion by 2029 from USD 2.0
billion in 2024 for carotenoids [13], and USD 314.9 million
by 2035 from USD 114 million in 2025 with 10.7% CAGR
for lycopene [14].

The natural plant pigments are gaining prominence as
sustainable and safe alternatives to synthetic dyes. The
growth in this sector mainly driven by rising consumer
demand for clean products, regulatory framework and
environmental concerns. and natural ingredient-based
food, especially plant-based products. Swami and co-
authours provided a comprehensive report on plant
pigments, and discussed the challenges in stability,
scalability and sustainability that hinder their broader
industrial application [2]. Thus, there is an immediate
need for technological innovation and policy support
to unlock the full potential of natural pigment in global
market. In this regard, the success of Mitsui Petrochemical
Industries Ltd. during 1980s in producing red pigment i.e.
shikonin by using cell suspension culture of Lithospermum
erythrorhizon was the first milestone [15]. Japan Tobacco
Inc. produced ubiquinone-10 from Nicotiana tabacum
strains using cell cloning method [16]. Besides these,
there are numerous examples available that clearly
demonstrated the utilization of plant cell, tissue and organ
culture technology for production of phytochemicals such
as ginsenosides (Panax ginseng), caffeic acid derivatives
(Echinacea purpurea), total phenolics (Polygonum
multiflorum), hypericin (Hypericum perforatum) and
anthocyanins in large scale bioreactor system [17,18].

PLANT CELL AND TISSUE CULTURE TECHNOLOGY

Plant tissue culture technology is most reliable and well
-established system and widely used for micro propagation
of plants at large scale. Apart from plant propagation,
this technique has been efficiently used for production of
commercially important secondary metabolites. In recent
years, there are number of reports published that support
this notion, especially for successful growing plant cell
and organ cultures in industrial scale bioreactors [19].
Plant tissue culture technology holds immense potential
for monitored year-round synthesis and extraction of
useful phytochemicals independent of geographical
and environmental boundaries. Similar to fermentation

technology, factors such as optimum supply of nutrients,
medium pH, adequate temperature, humidity and light
affect the in vitro grown cell and tissue cultures. It is
pertinentto mention here thatthe plantcellsare more shear
sensitive owing to larger size than animal and microbial.
Hence, optimum agitation, adequate media volume and
precise gaseous composition of micro environment are
crucial for maximum productivity. Even the selection of
explant source i.e. mother plants as well as its specific parts
(leaves, stems, roots and meristems) is equally important
to get high growth and metabolite accumulation in cell or
organ culture lines. This system is emerging as a boon for
such plants, in which conventional propagation is difficult,
and plant grow slowly or take much time till its parts
such as leaves, shoot or roots become mature enough for
intended purpose [20]. The key advantages of plant tissue
culture technologies are tremendous as compared to field
cultivation as highlighted below [21]:

e Mass propagation of difficult to cultivate, slow
growing and long growth period plants

e Independent of sessional variations and

geographical boundaries
e Stable, reliable and predictable metabolic profile

e Phytochemicals extraction is efficient, fast and cost
effective without harming the natural resources

e Free from contamination and diseases
e Lessland and labour requirement, and
e Year-round production

Biotechnology provides an opportunity for the
maintenance of plant cells or tissue by growing them in vitro
aswellas in bioreactors for scaled-up production of specific
metabolites. The production of such phytoconstituents
using in vitro plant cultures has gained more attention
over past couple of years. A general flow-sheet for the
production of such highly valuable compounds including
pigments through in vitro plant cell and organ culture
technology is presented [Figure 2].

The various aspects important for plant tissue culture
technology are described in brief for the convenience of
readers here, under following subheads:

CULTURE ROOM AND ITS ENVIRONMENTAL
CONDITION

Culture room is a place where different types of
cultures can be maintained under high level of asepsis.
It must have media storage area, inoculation chamber
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Figure 1 Flow chart depicting pigment production using plant cell,
tissue and organ culture technology

or Laminar-Flow, working stools/chairs and incubation
racks. These rooms are quite similar to operation theatre
having double doors entry, tightly sealed windows and
ventilators with restricted access to avoid contamination.
In general, illumination (photosynthetic photon flux
density of 70 pumol m s* with a 16 hrs photoperiod) for
positively phototrophic cultures, temperature (25+22C)
and humidity (40-60%) are tightly regulated, probably
with auto control system.

Media and plant growth regulators

A number of plant tissue culture media are available
and in order to have optimum growth, appropriate
medium will be selected depending upon type of plant and
cultures to be developed. However, the basic components
of these media are carbon source, macro & microelements,
vitamins, amino acids and phytohormones. Commonly
used media are MS [22], B5 [23], WH [24], LS [25], Nitsch’s
[26], SH [27], and Woody Plant Medium [28]. Sucrose at
a concentration of 2-5% is commonly used as carbon and
energy source. Vitamins employed in plant tissue culture
media are thiamine, pyridoxine, nicotinic acid, meso-
inositoland glycine. Among plantgrowth regulators, auxins,
cytokinins, gibberellins, abscisic acid and polyamines
constitute the major groups broadly used in plant tissue
culture growth media at different proportions. In addition,
the medium pH plays crucial role in determining in vitro
development features of plant cells or tissues. Generally,
the optimum pH advocated for use in plant cultures is in
the range of 5.7-5.8.

Establishment of in vitro cultures

Totipotency- a term given for the capability of single
plant cell to produce whole plant. Plant tissue culture
technique is based on this property for large scale in vitro
propagation and to produce phytochemicals directly
(from plant parts) or indirectly (through callus culture).
There are various types of in vitro systems such as callus,
seed, anther, embryo, ovary, protoplast or organ (root,
shoot, leaves etc.) cultures used as per requirement and
cultivation choice. Depending upon the regeneration
capability of plant species, their different parts i.e. aerial
or underground, vegetative or reproductive are used as
‘explants’ to initiate in vitro cultures. For the induction
purpose, explants need to be thoroughly washed in running
tap water and then with deionized water containing 1-2
drops of surfactant like Tween-20. These are then surface
sterilized with antifungal and antimicrobial agents e.g.
bavistin and streptomycin for variable times (8-10 min),
followed by exposure of 70% ethanol only for few seconds.
If required, the explants were also treated with very low
concertation of mercuric chloride (0.1-0.5%) 1-2 min and
then washed thoroughly (3-4 times) with sterile distilled
water. The sterilized explants are inoculated in flasks/jars
or petri plates containing appropriate autoclaved (at 15
psi and 121°C for 20 min) media under aseptic condition.
Based on culture conditions, two types of mediua are used
in plant cell and tissue culture i.e. 1. Semisolid medium
(agar-agar (0.8-1.0%) or gelrite powder as gelling agent)
and 2. liquid medium (without use of gelling agent).
Establishment of in vitro cultures involves development
of adventitious organs or primordia either directly on
explant or through callus, an undifferentiated mass of cells.
In general, the production of pigment molecules is done by
forming either plant cell or organ suspension cultures, as is
easy for subsequent scale up in bioreactors. Here, we have
described about two types of cultures i.e. callus and organ
culture generally deployed for phytochemical production
at industrial scale.

Callus and cell suspension culture

Callus consists of actively dividing cells and may
develop into plantlets by redifferentiation. However, there
are chances of genetic variations occurrence owing to
mitotic level changes during cultivation. With subsequent
culturing, cell suspension cultures are raised through
inoculation of callus cultures in liquid medium kept on
incubated shakers. The rotation speed (50-150 rpm)
and inoculum density are two important variables for
establishing suspension culture successfully. Constant
shaking of cultures is required to facilitate dissociation
of cell clumps to single cells or smaller clumps comprised
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of few cells and also for aeration. On an appropriate
medium cell suspension cultures grow much faster and
needs to be sub cultured at regular intervals of 10-12
days. If sub culturing is delayed, the growth of the cells
started declining. Besides organogenetic response, such
cultures are used for scaling up studies in bioreactors for
the mass production of phytochemicals as well. Such type
of cultures, where suspended cells proliferate or divide
when continuously agitated in a liquid medium known as
suspension cultures. The homogeneity, high proliferation
and good reproducibility of suspended cells, make them
suitable to study complex physio-chemical processes at
the cellular and molecular levels [29].

There are various pigments which are produced by the
plantsinresponse to various types of stresses, these include
numerous polyphenolic compounds (naphthoquinones,
anthraquinones, anthocyanins and flavonoids) and now-a-
days many reports are available on the production of these
bioactive compounds by in vitro cultured plant tissues.

Organ culture

Organ culture can be categorized into two major classes
i.e., vegetative organ culture like root, shoot, leaf culture
and reproductive organ culture like ovary, embryo, ovule,
anther and pollen culture. The regeneration ability of these
explants depends upon the plant species and also the type
of medium constituents used for culture establishment.
In recent years a lot of emphasize given on adventitious
and/or hairy root cultures [18, 30]. In general, roots
of numerous plant species, especially medicinal and
aromatic, are the site for the accumulation of key bioactives
such as alkaloids, sesquiterpenes, monoterpenes and
naphthoquinones. Hairy roots are induced by infecting
the explant with Agrobacterium rhizogenes, which are
then separated and cultivated indefinitely under aseptic
environment. The phytochemical synthesis is stable in
these roots over succeeding generations owing to their
genetic stability. In contrast, adventitious roots are
induced from non-radicle plant parts by in vitro methods,
however, without any genetic transformation. These
roots also showed fast growth and vigorous secondary
metabolism [31]. Adventitious roots are natural, grown in
phytohormones containing medium and show tremendous
capability for the accumulation of secondary metabolites
[32,18]. These root cultures advocated to be a potential
ingredient with comparable or higher metabolites yield
within shorter time as compared to their field grown
counterpart. However, adventitious roots being induced
without any genetic alteration seems to have an edge over
hairy root cultures.

IN VITRO PIGMENT PRODUCTION

Numerous pigments such as naphthoquinones,
anthraquinones, anthocyanin and flavonoids are produced
by the plants in response to various types of stresses
naturally. The demand for such natural colorants is rising
continuously. However, wild resources or field cultivation
isnotsufficient to meet this growing demand and therefore,
biotechnological strategies like plant tissue and cell culture
can work as wonder to fulfil this demand. In vitro plant cell,
tissue and organ culture technique involves the following
steps for the production of desired metabolites [Figure 3].

Naphthoquinones

Naphthoquinones, a red- purple pigments reported
from plants of Boraginaceae family, includes different
species of Arnebia, Lithospermum, Alkanna, Echium and
Onosma. Commercially, shikonin and its derivatives are
the most important polyphenol class of naphthoquinone
pigments having wide range of pharmaceutical properties,
besides their main application as natural dyes for
colouring food, fibre, hairs as well as other cosmetics [33].
These compounds are extracted from the plant roots, as
accumulated in the outer surface. Chemical structure of
naphthoquinones is represented in Figure 4. In 1984, for
the first time, shikonin pigments were upscaled from cell
suspension cultures of Lithospermum erythrorhizon by
Mitsui Petrochemical Industries Ltd., Japan [16]. Callus
was induced from seedlings on LS basal (Linsmaier and
Skoog 1965) agar medium augmented with kinetin and
2,4-dichlorophenoxyacetic acid (2,4-D). However, with
subsequent sub culturing and cultivation of callus under
dark at 25°C in same medium containing indole-3-acetic
acid (IAA) led to production of red pigment i.e. shikonin
derivatives [34]. Repeated selection enabled screening of
‘M18’ high pigment yielding cell line (20-fold increase over
the original) from callus cultures of L. erythrorhizon [34].
In vitro condition as well as physical factors like carbon
source, light, temperature and extraction methods such as
low-energy ultrasound, and sonication were manipulated
to maximize the pigment yield [36]. Similarly, efforts were
made to produce naphthoquinone pigments using Arnebia
euchroma cell and tissue culture. Callus was induced on MS
medium supplemented with 6-benzylaminopurine (BAP)
and indole-3-butyric acid (IBA) from different explants
(leaf, root) of A. euchroma [37]. Induced callus was then
further multiplied in the same medium for the maintenance
of mother cultures/ stock. After that cell lines showing
potential for the production of pigment were screened and
used for the initiation of suspension culture. Generally, A.
euchroma engaged in a two-stage culture system in which
growth and production was achieved in two different
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Figure 3 Flow chart for pigment production under in vitro conditions from A. euchroma adventitious roots
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Figure 4 General structure of naphthoquinones

media i.e. growth and production media respectively.
Pigment production in these cultures was affected by
several factors like inoculum type (direct: liquid to liquid
orindirect: solid to liquid), phosphate sources, medium pH,
light, temperature, sucrose concentration and extraction
methods. Researchers found that direct inoculum (solid
to liquid) (19.53% yield), potassium phosphate source
(KHZPO4 and KZHPO4), 25°C temperature, 7.25-9.50
pH and 6% sucrose in medium favoured production of
pigment, however, light conditions completely inhibits
the naphthoquinone pigment production in A. euchroma
[38]. Similarly, production of napthoquinone were also
reported from shoot induced adventitious roots of A.
euchroma [39]. Production of naphthoquinones also
reported to be influenced by type of explant, donor plant
and growth regulators. It is reported that in vitro cultures
induced from the high pigment-yielding mother plants
had better efficiency for secondary compound production
[40]. Naphthoquinones were also found to be produced by

in vitro cultured Dionaea muscipula and Drosera species
grown on a hormone-free medium [41]. In another
study on Drosera spatulata, Chang et al., reported that in
commercial crude drugs the content of plumbagin was the
highest, then tissue culture hardened plants and in in vitro
shoots [42].

Anthraquinones

Anthraquinones are important and vital plant pigments
ranging from greenish yellow to bluish green in colour.
These pigments accumulate in roots, rhizomes, flowers
and fruits of the plants. Chemically anthraquinones has
three cyclic rings [Figure 5]. Members of family Rubiaceae
and Polygonaceae are reported for the presence of these
pigments which includes different species of Morinda,
Polygonum and Gynochthodes. Cell suspension culture of
Morinda citrifolia established in B5-medium containing
1-naphthaleneacetic acid (NAA) found to produce
anthraquinone pigments in exponential and the stationary
phase of the cultures [43]. In another study on adventitious

0

0

Figure 5 General structure of anthraquinones
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roots of M, citrifolia, maximum contents of anthraquinone
was reported in medium containing thidiazuron (TDZ)
and [BA [44]. In case of M. elliptica, sucrose concentration,
culture age, incubation temperature and illumination
largely affect anthraquinone formation in cell culture under
submerged condition [45]. However, in another study on M.
elliptica cell suspension culture, two novel anthraquinones
i.e.anthragallol-1,2- dimethyl ether and purpurin-1-methyl
ether were reported [46]. In Polygonum multiflorum cell
suspension culture established in MS medium augmented
with 2,4-D, TDZ and glutamine found to produce emodin
and physcion after 28 days of culture [47]. In M. royoc
root cultures, maximum anthraquinone accumulation was
favoured in IAA supplemented MS medium [48]. In Rubia
akane, hairy roots cultured in full strength of SH medium
with NAA yielded maximum alizarin and purpurin content
[49]. However, in P. multiflorum, hairy roots accumulated
2.55-fold higher content of rhein than that of mother plant
[50].

Anthocyanin

Anthocyanin pigments are found in many plant species,
expressly in flower petals and fruits. These pigments
serve as additives in food and beverage as well as have
anti-cancerous and hepato-protective properties [51,52].
Anthocyanins have C6-C3-C6 structure with two benzene
rings joined by third one [Figure 6], and their production
have already been reported in numerous plants by
tissue culture methods. Particularly, detailed studies
on anthocyanin production was done on Haplopappus
gracilis [53], Populus hybrid [54] and Daucus carota [55].
In Vitis, higher pigment producing cell lines with stable
metabolic profile was obtained by using anther explant
on MS medium having 2,4-D. Additionally, ammonium and
nitrate ratio, sucrose, inorganic nitrogen and phosphate
concentration, and light intensity largely affectanthocyanin
production in cells cultured in liquid medium [56]. In D.

5
Many group variants from 1-7

Figure 6 General structure of anthocyanins

carota, suspension culture, lower KH2P04 concentration
and NH,NO, to KNO, ratio cause 1.63-fold and 2.85-fold
rise in anthocyanin content respectively [57]. MS medium
with 2,4-D, NAA and 6-benzylaminopurine (BAP) was
used for the initiation and routinely maintenance of callus
culture in Angelica archangelica, however, LS medium was
responsible for the maximum accumulation (114%) of
anthocyanin [58]. Anthocyanin production from Bridelia
retusa callus cultures was reported to be influenced by
pH, light, temperature, irradiation and carbon source used
in the medium [59]. The adventitious roots of Raphanus
sativus were formed by culturing in vitro root segments
in 1/2 strength MS liquid medium fortified with IBA. The
anthocyanin production in these cultures under light
conditions was slightly higher (0.15% dry weight) than
that of the field-grown roots (0.11% dry weight) [60].

Flavonoids

Flavonoids are polyphenolic compounds thoroughly
distributed in foodstuffs of plant origin. Their systematic
intake in diet is linked with reduced risk of certain
illnesses including chronic, cancer, cardiovascular and
neurodegenerative disorder. Chemically, flavonoids
contains two benzene rings joined by an oxygen containing
heterocyclic ring. In plant tissue culture, production of
flavonoids is associated with optimization of various
physiochemical parameters including, medium and PGR’s
type, pH, temperature, sucrose concentration, inoculum
density etc. In Glycyrrhiza inflata cell suspension culture,
improved production of flavonoids was related with
optimization of inoculum densities, sucrose and nitrogen
concentrations. Additionally, authors have reported that,
productivity of flavonoid was higher in cells cultivated for
3 years as compared to the mother plant (3-year-old) [61].
Chemical investigation of cell extract via HPLC and TLC
methods, in Astragalus missouriensis led the isolation of
different flavonoids. However, authors have studied the
effect ofauxin, cytokinin, and sucrose, light/dark conditions
for the improved production of flavonoids [62]. In Ginkgo
biloba, MS medium supplemented with NAA and BAP
was liable for the establishment of callus culture as well
as for the production of flavonoids and terpene lactones
[63]. In Isatis tinctoria, LC-MS/MS examination inveterate
the occurrence of eight flavonoids (rutin, neohesperidin,
buddleoside, liquiritigenin, quercetin, isorhamnetin,
kaempferol and isoliquiritigenin) in hairy root cultures.
However, optimization of culture environment led to
higher total flavonoid production than mother plant roots
of 2-year-old [64]. In Hypericum perforatum adventitious
root cultures, ratio of NH,Cl and KNO, (as ammonium and
nitrate) largely influenced the accumulation of flavonoids
after 5 weeks of cultivation in dark [65] (Figure 7).

J Hum Nutr Food Sci 13(2): 1198 (2025)

7/18



@SCiMedCentrai

Devi J, et al. (2025)

Additionally, cell aggregates size and pH also influenced
the accumulation of biomass and flavonoids in Ficus
deltoidea cell suspension cultures. Authors have reported
that accumulation of flavonoids is in a direct relation with
cell aggregates size. However, acidic pH (5.75) results in
the highest flavonoid content in cell suspension culture
of F. deltoidea [66]. In F. esculentum, hairy roots were
induced by transforming leaf and stem explants with A4
strain of A. rhizogenes for the production of flavonoids
[67].

In recent years, a number of reports are published
that advocates the use of in vitro cultured plant tissues for
production of these compounds [Table 1].

Figure 7 General structure of flavonoids

Table 1: Plant pigment production using in vitro culture system

IMPROVEMENT OF PIGMENT PRODUCTION

Plant tissue culture technology holds great potential for
the production of useful pigments by utilizing cell and organ
cultures. However, production of these pigments is not
always satisfactory utilizing these cultures for commercial
exploitation with a few exceptions [73]. Therefore, efforts
have been engrossed to mend the production capabilities
of these cultures by employing various methods including
elicitation, precursor feeding, permeabilization and
immobilization, and two-phase culture system.

Elicitation

An elicitor is a substance or compound which when
imposed to the cultures in relatively small concentration,
either initiate or enhance the synthesis of bioactive
phytoconstituents [74]. These can be defined as biotic
elicitors from living origin like yeast extract and enzymes,
and abiotic elicitors from non-living origin like jasmonic
acid (JA), methyl jasmonate (M]) [18]. Usually, elicitors
are frequently used to boost the production of secondary
products in in vitro cultures. A number of biotic and abiotic
elicitors are reported under in vitro conditions to boosts
the metabolite production including cellulose, pectin and
chitin as bioticelicitorsand MJ, JA, salicylicacid (SA), copper
sulphate, sulphate, silver nitrate, sorbitol as abiotic elicitors

Pigment type Plant species Explant used Culture type Medium used References
Arnebia euchroma leaf, root Cell suspension MS+10.0 uM BAP +5.0 uM IBA 37
thhosperrrzum seedlings Cell suspension LS +10° M IAA+ 105 M Kinetin 34,35
Naphthoquinones erythrorhizon
Impatiens balsamina leaf root cultures Gamborg’s B5 40
Arnebia euchroma cotyledons Adventitious roots - 39
% MS + 0.55 uM myo-inositol, 0.31 pM thiamine-HCl,
Rudgea jasminoides ex vitro leaves cell suspension culture| 8 nM nicotinic acid+5 nM pyridoxine-HCI, 0.82 uM 68
cysteine, 5% coconut water and 87.6 pM sucrose
Anthraquinones cell suspension culture
Polygonum multiflorum | in vitro root explant P MS+1.0 mg/L 2,4-D+0.5 mg/L TDZ+100 uM L-glutamine 47
Gynochthodes umbellate | adventitious roots | cell suspension culture MS +2.0 mg/L IAA 69
Morinda royoc in vitro roots Root culture MS+5.7 uM of IAA 48
Morinda citrifolia in vitro leaf explant Adventitious roots MS+0.5 mg/L TDZ+ 5.0 mg/L IBA 44
cell suspension culture  MS+ 8.88 uM BAP + 5.37 uM NAA + 20.0 mM: 37.6 mM
Daucus carota leaf explants ) 57
NH,NO, to KNO, ratio
Anthraquinones tem ti d leaf 1 i It 59
Bridelia retusa stem tips andleal | cell suspension cutture MS+2.0 mg/L 2,4-D and 2.5 mg/L BAP
explants
taproot and .
Daucus carota hairy root culture 1%MS 70
hypocotyl
Raphanus sativus root segments adventitious roots %MS + 0.5 mg/l1 IBA 60
Astragalus missouriensis - cell suspension culture MS+ 1 mg/L NAA+ 2 mg/I kinetin+6% sucrose 62
Centella asiatica leaf explants callus culture MS+2.0 mg/L 2,4-D 71
Ginkgo biloba embryo callus culture MS+2.0 mg/L NAA + 1.0 mg/L BAP 63
: M B5vi i 2. L picl
Flavonoids Ficus deltoidea leaf explant cell suspension culture S+ Gamborg BS vltam1n§ * ,0 mg/L picloram + 66
1 mg/L kinetin
. adventitious root % MS medium + B5 vitamins+ 1.0 mg/L IBA+ 0.1 mg/L
Hypericum perforatum feaf culture kinetin, 3% sucrose+ 5:25 mM NH,*/NO~ 65
Genista tinctoria in vitro shoots hairy root culture SH 72
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[74]. In L. erythrorhizon endogenous polysaccharides
enhance shikonin derivative production in cell suspension
culture [76], however, enhanced production of the same
from A. euchroma was reported by use of fungal elicitor
Rhizopus oryzae and rare earth elements [77,78]. In cell
suspension cultures of Oldenlandia umbellata, Krishnan
and Siril reported the use of pectin for the enhancement
of anthraquinone [79]. In Vitis vinifera cell suspension
cultures, chitosan, pectin and alginate led to 2.5, 2.5,
and 2.6-fold increase in production of anthroquinone
respectively [80]. In M. citrifolia adventitious root cultures,
addition of chitosan on day 28" of cultures for 2 days
improves production of anthraquinone [81]. M] cause 2.7-
fold increase in flavonoid production in H. perforatum cell
suspension culture [82]. Similary, induction of Ipomoea
batatas cell suspension cultures with M] leads to significant
accumulation of anthocyanin pigments [83].

Precursor feeding

Precursor feeding is another successful strategy for
increasing the synthesis of secondary metabolites under
in vitro conditions. On the basis of information on the
biosynthetic pathways, exogenous applications of organic
composites to culture medium boost the synthesis of
desired compounds. The notion is that any compound
within the way of biosynthetic pathway, stances a chance
to enhance the final product formation [84]. In V. vinifera,
feeding of phenylalanine at the starting of the exponential
phase cause 6.1 -fold increases in anthocyanin production
[85]. However, feeding of the same in hairy root cultures
of Psoralea corylifolia resulted in 1.3 -fold increased
accumulation of daidzein and genistein [86]. Similarly,
phenylalanine incorporation causes 81% increase in
anthocyanin formation in strawberry cell suspension
cultures [87].

Permeabilization

Permeabilization of cells is a way of cell cracking. Most
of the times, plant secondary products accumulate inside
the vacuoles and secreted into the medium either naturally
or through artificial mode. Naturally, there secretion
involves either passive or active diffusion [88]. However,
efforts were done to secrete such intracellular compounds
into the medium. Cell permeabilization creates pore in
the membrane system, facilitating the easy entry and
exit of the molecules across the cells [89]. Permeabilizing
agents are not inhibitory to the growth of cells and have
the capability to expand the diameter of the pores [90]. By
using surfactant pluronic F-68 as permeabilizing agent,
Basetti et al, reported the release of anthraquinones
from cells of M. citrifolia in to the medium [91]. However,

dimethylsulfoxide dissolved chitosan cause increased
content of amaranthin in Chenopodium rubrum cell
cultures [91].

Immobilization

The process of immobilization allows plant cells
to remain motionless within or on top of a matrix or
supporting substance. The process is carried out using
various methods like entrapment, adsorption and covalent
coupling of the cells with supporting material or matrix.
The supporting material causes the entrapment of cells in
some kind of gels like agar, agarose or other chemicals like
calcium alginate, glass or polyurethane foam causing the
polymerization of cells around them [92]. Immobilization
of V. vinifera cell suspension cultures with polyurethane
foam matrices cause the enhancement of anthocyanins
content [93]. In another study on Rubia tinctorum,
immobilization of cell suspension cultures with sisal (a
lignocellulose) produced 2- to 2.5-fold higher alizarin and
purpurin content [95]. Cell cultures of Plumbago rosea
were embedded in calcium alginate ((C;2H14Ca0;2)n) and
calcium chloride (CaCl,) and cause increased production of
plumbagin [96].

Two-phase system

The two-phase cultivation method is also a useful in
vitro tactic to enhance the generation of phytochemicals
by plant tissue culture methods. In this system first phase
allow cells to grow, while the second one provide a sink
for the secondary products accumulation by reducing
feedback inhibition of the desired compound [97]. Two-
phase culture systems are designed on the notion that
a) avoid the snooping between product accretion and
growth of cells, b) product loss is due to interaction among
cells in suspension, enzymes released into the medium
and c) due to minimization of down-stream process for
product recovery [98]. Generally, the most important
area of research is to study the methods which cause
release of secondary products or extrusion from cells to
the surrounding from where products can be recovered
certainly. The most recognized example of two stage
culture system is industrial production of shikonin utilizing
L. erythrorhizon cell suspension culture adopted by a
Japanese Mitsui Petrochemical Company [99]. Fujita et al,,
reported enhanced content of shikonin derivatives from
L. erythrorhizon cell suspension culture in M-9 medium,
however the biomass yield was poor in the same medium
[100]. Therefore, this dual-phase culture system was opted
in next study by using MG-5 medium for growth of cells
and M-9 medium for production of shikonin derivatives
[101]. In A. euchroma cell cultures, this technique was
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also used due to unlinking between behaviour growth and
metabolites production [102]. In L. erythrorhizon, shikonin
yield was increased 2-3 -fold by adopting two phase system
which was treated with low energy ultrasound [36].

BIOREACTOR CULTIVATION OF
COLORANTS

NATURAL

‘Bioreactor’ is a type of vessel that is generally used for
growing cell or organ cultures at higher scale. Bioreactors
provide controlled environment e.g. temperature, pH,
dissolved oxygen, substrate etc. for the growth of cells
and tissues to maximize their biomass or metabolic
productivity. Over other cultivation systems, bioreactor
has advantage as it enables fast growth, uniform mixing
and absorption of nutrients, easy scalability as well as
reduced cost and cultivation period. Additionally, the
bioreactors cultivation allows a high degree of automation
under submerged environment [103]. Owing to the specific
morphology as well as physiology of in vitro cells or tissues,
the availability of nutrients is a crucial aspect swaying both
their growth and secondary metabolite production [104].
Different culture conditions like inoculum age and density,
sucrose concentration, medium strength and volume, pH,
temperature, light intensity, aeration and agitation in
liquid medium need to be optimized to reach bioreactor
level. The precise control of mass transfers for dissolved
oxygen and nutrients is critical factor for submerged
cultivation [103]. Besides the process parameters, the
mode of cultivation and bioreactor design also affect the
production of phytoconstituents.

Types of cultivation system

Similar to fermentation technology, mostly plant cell
and tissue culturist also deployed batch, fed batch and
continuous type of cultivation systems for the accumulation
of target compounds. In batch culture, sterilized medium
and aseptic cultures are inoculated at the beginning
and product is collected at the end of the culture period
[104]. However, in continuous process, freshly prepared
medium is continually added and product with spent
medium are extracted from the bioreactor at the same
rate. Fed-batch cultivation uses the combination of both
batch and continuous systems. Here, nutrients are added
continuously to the bioreactor to support the improved
yields and products are harvested after the completion of
the cycle [105] [Figure 8].

Types of bioreactors used in plant cell and tissue
culture

In plant tissue cultures, different types of bioreactors
have been used i.e. gas phase and liquid phase. In gas phase

bioreactors organ cultures experience exposure of sterile
air containing a mixture of gasses and nutrients in the form
of droplets. Among these kinds of reactors, mist bioreactor
was found more beneficial to get high azadirachtin content
in hairy roots of Azadirachta indica [106], and trickle-bed
bioreactors are reported to achieve high biomass yield
up to 14 L [107]. In liquid phase bioreactors, cultures
are suspended in liquid medium and includes rotating
drum, bubble column, stirrer tank and airlift [Figure 9],
bioreactors [108]. Nowadays, balloon type bioreactor has
been explored for the production of phytoconstituents
using in vitro cultures. Determining the suitable bioreactor
system generally depends on plant cell and tissue type and
itsrequirements with respect to shear sensitivity, dissolved
oxygen, foaming and mixing attributes. Besides shake
flask cultures, the pigment production is also reported

¢
Product
b
a

Time

Fresh Fresh

medium I medium
a b ¢
Harvest

Figure 8 Different modes of cultivation in bioreactor a) batch, b) fed
batch, c) continuous

Figure 9 Bioreactor in plant tissue culture a) pigment production in
stirred tank and b) biomass accumulation in airlift bioreactor.
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by deploying different kinds of bioreactor systems [Table
2], through cell and organ cultures. Jiao-wang et al., also
used A. euchroma cell suspension culture and obtained
14.26% (dry weight) total shikonin derivatives from 10 L
bioreactor [109]. In another study, scale up experiments
were performed in 2L periodically submerged airlift
bioreactor in which immobilized A. euchroma cell culture
was used for production of shikonin [110]. Similarly,
transgenic Nicotiana tabacum callus culture suspended
in liquid medium were also allowed to grow in 2L stirred
tank bioreactor for the production of anthocyanin with
optimum growth at 3% inoculum density with 14 days of
culture period [17]. Furthermore, Zhong et al., deployed
cell suspension cultures of Perilla frutescens in 2.6 L stirrer
bioreactor for production of anthocyanin and reported
the effect of irradiation, and oxygen supply on overall
productivity [111]. Subsequently, effect of shear forces
on these cultures was also studied in 5L rotating drum
reactor [112]. Furthermore, numerous investigations have
also been conducted to understand the impact of inoculum
density on growth as well as metabolic productivity during
bioreactor cultivation. Interestingly, higher inoculum
reported to have poor growth of cultures, probably due to
early nutritional deficit in cultivation medium. According
to some reports, plumbagin has been synthesized
and accumulated in a 2L air sparged bioreactor using
hairy root cultures of Plumbago rosea under optimized
condition [113]. Research carried out by Gangopadhyay
et al,, revealed the effect of elicitation with chitosan and
MeJA in elevating the plumbagin production in hairy roots
of Plumbago indica under bioreactor cultivation process
[114].

Pigment Extraction from Plants

After synthesis, to extract the pigments from tissues/
cells, fresh plant cultures harvested from the medium must
be dried to remove the excess water content in the tissues

Table 2: Types of bioreactors used for the production of plant derived pigments

by using blotting sheets. It is a preventative measure
to keep the sample free of microbiological activity and
extending its shelf life.

Key factors affecting pigment extraction

Followings are the key factors that affect extraction of
pigments from plant parts:

#+ Solvent type

+ Particle size of the raw material

#+ Physicochemical properties of the pigment

#+ Solid (sample) to liquid (solvent) ratio

#+ Extraction temperature and time period
Pigment extraction methods

As a matter of fact, plants, microbes, and insects are
the sources of the natural coloring agents or pigments
that are frequently used in food applications [121],
dominated by plant sources. Pigments are traditionally
extracted from plant residue using solvent extraction. The
downsides of solvent extraction are its adverse effects
on the environment and human health, long processing
time, limited extract yield, and high solvent consumption
[122]. Nowadays, advanced green extraction methods like
ultrasound, pulsed electric field, microwave, pressurized,
and supercritical fluid extraction have been used in several
studies on the extraction of various types of plant pigments
[123-127]. Figure 10 illustrates the classification of
pigment extraction methods into traditional and advanced
approaches.

Conventional pigment extraction methods

(a) Soxhlet extraction: This approach involves
pulverizing the sample thoroughly and placing it in a
permeable sack or “thimble” made of cellulose or filter

Bioreactor type Plant species In vitro system Pigment References
Stirred tank Arnebia euchroma cell suspension culture shikonin derivatives 33
Stirred tank Nicotiana tabacum cell suspension culture anthocyanins 17
Stirred tank Perilla frutescens cell suspension culture anthocyanins 112
Rotating drum Perilla frutescens cell suspension culture anthocyanins 113
Air sparged Plumbago rosea hairy root culture plumbagin 113
Air-lift Arnebia species cell suspension culture naphthoquinone 115
Stirred airlift Lithospermum erythrorhizon cell suspension culture shikonin 99
Periodically submerged, airlift Arnebia euchroma cell suspension culture shikonin 111
Nutrient sprinkle Schisandra chinensis microshoot cultures flavonoids 116
Balloon-type Bubble-bioreactor Gynura procumbens adventitious root flavonoid 117
Stirred tank Rubia cordifolia cell suspension culture anthraquinone 118
BTBB Morinda citrifolia adventitious root anthraquinones 119
Balloon type airlift bioreactor Morinda citrifolia cell suspension culture anthraquinones 120
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Figure 10 Classification of pigment extraction methods.

paper, which is subsequently put inside the thimble
chamber of the Soxhlet apparatus. Upon heating, the
solvent evaporates in the sample funnel, condense in
the condenser, and then flow backwards. The procedure
continues until the liquid content return into the bottom
vessel after it passes through the siphon arm [128]. When
it comes to solvent requirements, soxhlet extraction is less
demanding than maceration. But highly pure extraction
solvents are required in this system, which may raise
the cost. In comparison to more recent green extraction
techniques like supercritical fluid extraction, this process
does not appear to be beneficial to the environment and
could exacerbate the pollution issue [129].

(b) Pressing/ Maceration: A plant specimen is
ground up and blended with a solvent to obtain crude
pigments. The mixture is then put in a separator and
stirred or agitated periodically. After completion of the
procedure, the mixture is filtered, and the residue is either
centrifuged or compressed using an automated press to
continue the extraction process with a fresh diluent. The
process is complete once the solvent becomes colorless
[130].

Advanced pigment extraction methods

(a) Ultrasound-assisted extraction (UAE): The
recovery of natural pigments from plants can be improved
through ultrasound-assisted extraction (UAE). It is a
leading-edge environment friendly method that has
several advantages. [131]. UAE stands out as the most
efficient method due to its ease of use, requires minimal

energy, and is inexpensive to install and maintain. [132].
The application of ultrasonic waves (inaudible to human
hearing (20 KHz- 10 MHz)) hasten the extraction by
increasing the solvent- plant source’s cell matrix coupling
through periodic cavitation and rupture of bubbles [133].
The solvent can easily enter into the plant tissue and
dissolve the required component, owing to the acoustic
energy conveyed by pressure waves which results in
oscillatory motion of molecules in the solvent [134].
Pulsed ultrasonic application is far more effective than
continuous ultrasound treatment because it enhances
extract yield without degrading the bioactive chemicals
[135]. The cavitation phenomenon and the extract yield
are greatly impacted by the solvent selection along with
the parameters of the ultrasonic equipment [136].

(b) Microwave-Assisted Extraction: In order to
achieve an increased temperature and mass transfer
rate, microwave-assisted extraction primarily relies on
the thermodynamic impact of radiations. The extraction
efficiency is boosted by the faster heating and absorption of
microwave radiation occured by a higher solvent polarity.
The main benefits are specificity, homogeneous heating,
speed and efficacy. In a research, maximum amount of
betacyanin (17.12 mg/g dry mass) was extracted when
the microwave power is 800 W for 3 minutes [137].

(c) Enzyme-Assisted Extraction: As a biological
reaction catalyst, the enzyme breaks down the plant cell
wall and cell matrix, which promotes the extraction of
component into the solvent, speeds up the extraction
process, and boosts yield. Enzyme-assisted extraction
can use enzymes including cellulase, hemicellulase,
ligninase, pectinase, and amylase. High productivity,
gentle reaction conditions, great specificity, and quick
extraction times are considered the benefits of this
extraction technique. Zhao et al, looked into the best
circumstances to use cellulase and pectinase to extract
astaxanthin from Haematococcus pluvialis [138]. After six
hours at 45°C, pH 5.0, with 1.0% cellulase, the astaxanthin
content was found 67.15%. However, at pH 4.5 and 55°C,
the astaxanthin content was 75.30 % after the treatment of
0.08% pectinase.

(d) Supercritical Fluid Extraction: With this
technology, a component (extract) can be isolated from
its mixture (matrix) by using a supercritical fluid as an
extracting agent. The main classes of supercritical solvents
are alcohols, aromatics, hydrocarbons, and certain gases.
CO, is the most widely used supercritical fluid because
it is inexpensive, readily available, safe, and capable of
separating compounds that are susceptible to heat without
leaving any solvent residue after extraction. Polyphenols
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were extracted from white grape seeds at 40°C, using
various pressures, CO, tresses, and co-solvent proportions
[139].

Major factors in any developing technology’s success
are its cost effectiveness and sustainability. In case of plant
pigment extraction, the above mentioned green advanced
methods are more effective and sustainable. While the
aforementioned extraction techniques offer benefits, they
also have drawbacks, such as high equipment costs and
low equipment utilization. To address these drawbacks,
multiple-research employed a sequence of the aforesaid
extraction techniques. As a result, multiple procedures can
be used for pigment extraction rather than being restricted
to just one.

APPLICATIONS OF PLANT PIGMENTS IN VARIOUS
SECTORS

Role of plant derived pigments in pharmaceutics is
well known and reported by several researchers. Besides
this, these natural, safe and human- friendly colorants has
several other applications as stated below-

Plant pigments in food sector

When it comes to how consumers see, choose, and
accept different food items, color is a key factor. The
market is expanding at a rapid pace due to consumer
demand for organic and nutritious food products.
Consequently, the food industry plays a significant role in
the colorant industry’s trade [140]. Natural pigments are
becoming more and more popular among scientists as a
safer alternative to synthetic ones because of concerned
factors like biological safety, pharmacological benefits,
and the nutritional value of food colors [141]. In terms
of functioning and health, use of coloring agents for
plant based meat that come from natural sources is more
beneficial as compared to animal myoglobin. However, due
to their chemical unsteadiness, which is influenced by pH,
temperature, light, and oxygen, use of plant pigments may
not be as common in the industry. Therefore, using them
for various food products is highly challenging. Though
alternative methods have been investigated, encapsulation
serves as the most effective way to stabilize plant pigments
and boost their utilization in the food industry [142].

Plant pigments in cosmetics

Themajority of colorsemployedin skincare productsare
artificial dyes or colors. Azo dyes, xanthone, indigoid and
other synthetic dyes are some of the frequently used ones
in makeup. Subsequent research revealed that artificial
dyes had toxic and carcinogenic impact [143], and are also

discovered to be carbon emitting. Therefore, use of beauty
products containing natural pigments get started by people
[144]. Plant materials like stems, barks, leaves, fruits,
flowers, pollen and seeds are used to make natural colors.
Natural sources of color include henna, teak, annatto, spice
paprika, carrots and turmeric etc.

Plant pigments in textiles

Natural colorants are experiencing a faster rate of
growth globally than the overall color market [145]. One
of the best examples used as a colorant or biomordant in
textile dyeing is turmeric. Textiles made from cotton were
treated with turmeric powder and colored with black
carrot leaf extract. The textiles evaluated, shown greater
color intensity when treated with turmeric biomordant,
according to the findings presented by Batool etal. [146]. It
was best to employ two percent of the plant pigment to dye
cotton, silk, and wool, with different mordants for shades
of color [147]. In additional researches, cotton and silk
fibers dyed with annatto seed extract demonstrated good
durability characteristics.

Plant pigments in leather industry

Tanning is one of the most crucial steps in the leather
manufacturing process that turns this fragile material
into a durable one. For this purpose, synthetic tanning
substances comprising phenols or hydrocarbons are
widely employed. Plant-derived pigments may become
more significant now-a-days due to the pressing need to
lessen the negative effects of chemicals used in the tanning
and dying of leather fabrics. A lot of research is going to find
natural alternatives to synthetic and chemical compounds
that are not as good for the surroundings or human health.
Several examples of plant pigments as leather tanning
agents include the use of colorants derived from Coreopsis
tinctoria flower petals [148], enhanced dye affinity
between Terminalia chebula Retzius and leather through
the use of an enzymatic post-tanning procedure [149],
and both sweet potato and black chokeberry colorants
combined with silver nanoparticles [150,151].

Besides these applications, coloring paper for dfferent
purposes and in printing sector, pigments obtained
from plants are in high demand. Introduction of some
other advanced uses of natural pigments like fluroscent
cell imaging, coatings of different artifacts and plastic
accessories, painting (wall paints and canvas paints),
biosensors and dye sensitized solar cells etc. in the market
is also in progress. These new areas of applications are
making a strong demand for the production of plant
pigments from plant tissue culture techniques in less time
with maximum yield.
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FUTURE PERSPECTIVES

‘Plants’ are life-line of mankind, be it food, medicine
& personal care products, clothes, energy fuel and/or
construction material and serving the societies since
time immemorial. Nevertheless, we have to understand
that these are renewable bioresources, but not unlimited.
Renewable resources, because they can grow fast,
replaced through cultivation and their part specific
use may help in avoiding their complete destruction.
However, it doesn’t mean that plants are immortal. There
are number of factors i.e. habitat destruction owing to
urbanization, commercial gains led over-exploitation,
climate change, changing human life-style like demand
for natural, increasing population and natural calamities
like COVID-19 that reaffirmed the value of plants in
health and wellbeing. Furthermore, advances in evidence
based scientific validation of phytopharmaceuticals led
to unprecedented demand in plant-based products or
phytoconstituents. Hence, we have to develop sustainable
production system that not only can meet the demand
of plant-based industries but will also be able to cope
up with changing environments. In this regard, the
concept of phytofactories can be of immense importance,
where large scale cultivation can be done using lab scale
protocols developed by deploying plant cell and tissue
cultures. Like biochemical engineering aspects established
in fermentation technology, plant specific technologies
also needs to be developed rapidly. Modern molecular
biology techniques need to be used for understanding the
induction, proliferation and multiplication behaviour of cell
and tissue cultures. The translation of optimized lab scale
bioprocess at industrial level is also critical and the only
factor that can lead to a commercially feasible system. The
design and manufacturing of plant cell and tissue friendly
bioreactors, downstream processing and automation
based on engineering concepts in overall bioprocess will
further pave the way for development of phytofactories.
In addition, the establishment of pigment specific cell or
organ culture lines, patent regimes, IPR protection and
safety regulations needs to be strengthened at institutional
as well as government level to boost research.

CONCLUSION

Plant pigments are coloured organic compounds
playing important role in growth and development of
plants. Besides their use as colourants, these pigments are
also used in pharmaceutical formulations. Huge industrial
demand for such pigments led to overexploitation of
natural resources and therefore, immediate step needs
to be taken for the restoration of our plant bioresources.
In this regard, biotechnological approaches based on

plant cell and tissue culture demonstrated good potential
for large scale production. These phytofactories can be
a feasible and sustainable means for phytochemicals
production and meet the growing demand for naturals.
Using these non-destructive techniques, a large number
of phytopigments i.e. naphthoquinones, anthraquinones
and flavonoids are produced from in vitro cultures of L.
erythrorhizon and Arnebia species; P. multiflorum and
Ginkgo biloba, respectively. However, the plant/cell/
tissue specific factors like explant & genotype, medium
and hormones, culture environment and scale-up must
have to be standardized at lab scale before improving the
phytochemical productivities. In relation to optimization of
various physicochemical parameters, pigment extraction
methods also holds immense importance for maximizing
the harvest with minimum wastage. Green extraction
methods need refined solvent type, optimized extraction
time and temperature and a balanced ratio of solute to
solvent. Similar to fermentation technology, plant cell,
tissue and organ culture systems also needs a revolution
with support from disciplines like biochemical engineering,
molecular biology, bioinformatics and chemical technology
for commercial success.
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