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Abstract: Anthocyanins are a group of polyphenolic water-soluble pigments, largely distributed in the
plant kingdom. Being natural pigments with a health-promoting bioactivity, there is an increasing inter-
est for their application in food and drugs industry. The increasing in anthocyanins production is an
enticing achievement of industries. In the first part of this review, we highlight key concepts related to
the biochemistry, biological function and genetics of these important pigments in the potato. We chose
this crop because it displays a valuable anthocyanin chemical diversity and it is also highly amenable to
various biotechnological applications. In this latter regard, we present and briefly discuss the potential
of cell cultures as a suitable method for the production of highly decorated anthocyanins. The final mes-
sage of this review is to underline the impact of bio-factories as a customizable and sustainable strategy
for anthocyanin production and their high potential in industrial and medical applications.

Keywords: Metabolic engineering, plant cell cultures, MYB transcription factors, flavonoids biosynthe-
sis, Solanum tuberosum.

1. Anthocyanins: an overture on the biotechnological methods for their production

Plant secondary metabolites are a large group of chemical compounds which are distributed in
almost all plant organs. Despite their definition as “secondary”, these molecules play a fundamental role
in plant development, propagation and survival. For example, the coloration of flowers and fruits helps
to attract pollinators and seed dispersers and is crucial for plant reproduction under natural conditions
(Davies et al., 2012; Landi et al., 2015). For their important role in plant physiology today the term
“specialized” is preferred over secondary metabolites (Pichersky et al., 2011). Among specialized
metabolites, anthocyanins (from Greek avB0og (anthos) ‘= flower and kvavdg (kyanos) ‘= blue), belong-
ing to flavonoids family, are intensely studied for their antimicrobial, antioxidant, and free radical scav-
enging properties that have applications in food technology, human health and plant protection
(D’Amelia et al., 2018). They accumulate in a wide array of plant families including Rosaceae (e.g.
Fragaria vesca and Rubus fruticosus), Moraceae (e.g. Ficus carica and Morus nigra), Brassicaceae
(e.g. Brassica oleracea and Raphanus sativus), Poaceae (e.g. Oryza sativa and Zea mays), Solanaceae
(e.g. Solanum melongena, Capsicum annuum, and Solanum tuberosum). As anthocyanins are found in a
large variety of plant tissues, it stands to reason that one of the main approaches used for their produc-
tion is through extraction and isolation from fresh matrices or from food industry by-products (Silva et
al., 2017). However, many factors as seasonality, unstableness due to environmental conditions, and
large space requirements for cropping often negatively impact the production of these metabolites. In
this scenario, biotechnologies may help to overcome limits and constraints, providing reliable ways to
efficiently and effectively produce and extract anthocyanins. For example, microbial production by
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engineered microorganisms is an alternative strategy that has been described in detail by Marienhagen
and Bott (2013), Cress et al. (2017) ‘and Levisson et al. (2018). It combines fast growth and easy culti-
vation with a trouble-free manipulation technique (Zha et al., 2020). However, microorganisms used for
this purpose, mainly yeasts (as Saccharomyces cerevisiae) ‘and Escherichia coli, require the expression
of at least 11 transgenes to produce the simplest anthocyanin molecule, the pelargonidin 3-O-glucoside,
starting from phenylalanine (Dudnik et al., 2018). The number of transgenes required increases with the
level of decorations for the target anthocyanins; for example, more than 20 transgenes are required for
acetylated anthocyanins with a blue tint (Appelhagen et al., 2018). An oldie but goodie strategy that
overcomes these limits is the use of plant cell platforms. Indeed, unlike microbial cells, plant cells con-
tain all the genetic information required to produce and store anthocyanins at the vacuole level. In the
last few years, several European biotech companies as Arterra Biosciences (www.arterrabio.it) ‘and
Mibelle Biochemistry (www.mibellebiochemistry.com) ‘developed robust plant cell cultures, obtaining
a consistent amount of anthocyanins used as additives in cosmetic products. Further plant cell culture
technology-derived active cosmetic ingredients, currently available on the market are reviewed by
Georgiev et al., 2017.

Plant cells culture technologies have been explored also to produce anthocyanin with pharmaceuti-
cal and clinical interest. Appelhagen et al. (2018) ‘suggested that cell cultures in stir tank bioreactors
can be a suitable system for the production of '*C-labelled anthocyanins, which are required for human
stable-isotope tracer and bioavailability studies. Recent findings on anthocyanins and the potential and
limits of biotechnological strategies or new applications in crop breeding and management are reviewed
by Kallscheuer et al., 2019; Bhaskar et al., 2020; Marone et al., 2022. The main objective of this paper
is not to review recent findings on anthocyanin characterization and applications, but rather to focus on
the exploitation of the different hues enhancing their production using molecular farming. Based on this,
with the potato as a model crop and cell culture as a valuable strategy, we first report the current state of
art on anthocyanin biosynthesis and their relevance in food technology and human nutrition. Then, we
discuss potential biotechnological strategies focusing on anthocyanin production through potato cell cul-
ture platforms.

2. Anthocyanin exploitation: potato as a research case study

As the third crop of worldwide importance for human consumption, the cultivated potato S. tubero-
sum has long been a central concern for research on anthocyanin diversity due to the presence of a large
germplasm showing tubers with contrasting colors (De Jong et al., 2014; Liu et al., 2015; Oertel et al.,
2017). Among Solanaceae crops, the potato is probably the richest source of anthocyanins in terms of
quality and quantity. Potato also possesses the largest anthocyanin chemical diversity and, what is more,
its anthocyanins are highly glycosyl acylated (Zhao et al., 2017). This last characteristic enhances the
resistance of its anthocyanins to physiochemical and biochemical stressors (e.g. temperature and light,
ROS, pH variations, digestive enzymes) ‘(Khoo et al., 2017). Moreover, the potato offers unique oppor-
tunities for genetics studies and biotechnological applications to investigate anthocyanin regulatory
mechanisms and to design strategies for anthocyanin production. Some of the advantages in using potato
for basic research and more applicative studies on anthocyanins are reported hereafter. The genome
sequence of the cultivated potato (Potato Genome Sequencing Consortium, 2011), as well as that of
some tuber-bearing wild potato species (Aversano et al., 2015; Leisner et al., 2018), is available. Several
tetraploid potato RNA-Seq datasets have been deposited to public repositories and are a useful instru-
ment for de novo transcriptome assembly (Ramsak et al., 2021). Potato stands out among all other crops
also for the value of its germplasm, characterized by high genetic diversity, availability, and utility; six
genebanks hold 41% of the global potato accessions, i.e. The French National Institute for Agricultural
Research (INRA) ‘in France (11%), Vavilov Institute in Russia (9%), The International Potato Center
(CIP) ‘in Peru (8%), The Leibniz Institute of Plant Genetics and Crop Plant Research (IPK) ‘in
Germany (5%), USDA-ARS in the USA (5%), and The National Institute of Agrobiological Sciences
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(NIAS) ‘in Japan (3%) ‘(Peralta et al., 2021). Methods for stable and transient expression of noteworthy
genes are also well developed (Ma et al., 2017; Dangol et al., 2019; Hofvander et al., 2021). Further,
CRISPR/Cas technologies have opened new avenues in genome editing of the potato, reducing potential
off-targets and obtaining stably inherited transgene-free plants after genetic segregation. The potato is
also highly amenable to cell culture, reacting in a “textbook manner”. Indeed, several studies reported
the employment of embryo culture, somatic hybridization via protoplast cultures, and somatic cell selec-
tion to circumvent interspecific incompatibility and to select resistance to several biotic and abiotic
stresses (Barrell et al., 2013; Tiwari et al., 2019). Potato cell cultures provide a valuable platform to
deepen the molecular mechanisms behind the regulation of specialized metabolites and to produce bio-
logically important molecules (Davies and Deroles, 2014). Through the orchestrated applications of
these innovative techniques, potato has not only the potential to provide an additional proportion of the
food intake for the increasing global population, but it can also be an interesting resource for pharma-
ceutical and food industries that are interested in using plant-derived molecules with important bioactive
properties.

3. Anthocyanin biochemistry and genetic regulation in Solanum tuberosum
3.1. Structural variation and classification of anthocyanins

More than 600 anthocyanins have been identified in nature (Andersen et al., 2005). They derive
from six main anthocyanidins, namely pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and
malvidin (Liu et al., 2018). Among them, the primary anthocyanidins are: pelargonidin, which produces
the colors orange, pink and red; delphinidin, which produces the colors purple, blue, or dark blue; and
cyanidin, which produces red or mauve colors and it is found mainly in fruits. Anthocyanins consist of a
molecule of benzene fused with a molecule of pyran, connected in turn to a phenolic group, which can
have different substituent groups: hydroxylic (-OH) ‘or methylic (-CH3). This complex molecule takes
the name of “flavylium cation” and it is the basic structure of all anthocyanins. In addition to the differ-
ent structures of the anthocyanidins, the molecule can be conjugated to different sugar moieties which
transform anthocyanidins in anthocyanins. Finally, the hydroxylic group (-OH) ‘of the glycosyl sub-
stituents can be acylated with organic acids (as p-coumaric, caffeic, and ferulic acids) ‘via ester bonds,
thus obtaining acylated anthocyanins. This aspect is important as some decorations (as acylation, glyco-
sylation and methylation) ‘to the anthocyanin aglycone provide specific functions that can overcome
important functions and drawbacks that anthocyanins can have. Indeed, several studies have confirmed
that glycosyl acylations increase the ability of anthocyanins to tolerate various physicochemical (light,
heat, pH changes) ‘and biochemical (digestive enzymes) ‘factors, contributing to greater stability in the
coloring potential of these pigments (Zhao et al., 2017; Carrillo et al., 2020; Fei et al., 2021; Vidana
Gamage et al., 2021). In potato, all six most common anthocyanidins have been found in the tubers, giv-
ing them a large complexity of colors and nuances (Figure 1).

3.2. Genetic regulation of anthocyanin biosynthesis

The biosynthetic pathway of anthocyanins is well characterized and conserved in many plant
species, including S. tuberosum and its wild relatives (D’ Amelia et al., 2018; Strygina et al., 2019). The
enzymes involved in the biosynthesis of anthocyanidins are mainly localized in the endoplasmic reticu-
lum, organized into a multi-enzyme complex named flavonoid metabolon (Fujino et al., 2018). The
biosynthetic pathway can be divided into two sections, the basic flavonoid upstream pathway, which
includes early biosynthetic genes (EBGs), and the specific anthocyanin downstream branch, which
includes late biosynthetic genes (LBGs) ‘(Lachman et al., 2009). It begins with the synthesis of narin-
genin chalcone starting from 4-coumaroyl-CoA and malonyl-CoA mediated by the enzyme chalcone
synthase (CHS) ‘(Figure 2). Naringenin chalcone is then isomerized by chalcone isomerase (CHI) ‘into
naringenin. Flavanone 3-hydroxylase (FH3) ‘enzyme converts naringenin into dihydrokaempferol
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Figure 1. Representative image of the principal anthocyanidin patterns in red and blue pigmented pota-
toes. The presence of all six most common anthocyanidins gives to potato tubers a unique and wide
range of colors characteristic of both skin and flesh (Lachman et al., 2009; Burmeister et al., 2011; De
Masi et al., 2020).

which can be hydroxylated by flavonoid 3’-hydroxylase (F3’H) ‘or flavonoid 3’-5’-hydroxylase
(F3’5°H) ‘in others two dihydroflavonols, respectively dihydroquercetin or dihydromyricetin.
Subsequently, the three dihydroflavonols are converted to colorless leukoanthocyanidins by dihy-
droflavonol 4-reductase (DFR) ‘and later to anthocyanidins colored by anthocyanidin synthase (ANS).
Finally, the sugar moieties are attached to anthocyanidins by various members of the glycosyltransferase
family, such as the flavonoid 3-O-glucosyltransferase (UFGT), and can be further acetylated with acyl-
aromatic groups by the acyltransferases. CHS is therefore the initial key enzyme for the biosynthesis of
flavonoids. F3’H and F3°5°H are the main enzymes responsible for the diversification of anthocyanins,
determined by the hydroxylation of the catechol, with consequent variation in color (Liu et al., 2018). A
positive correlation between LBG expression levels and anthocyanin content has been observed (André
et al., 2009, Tengkun et al., 2019). In fact, in potato peel with high anthocyanin pigmentation, the genes
StF3’H, StF3°5°H, StDRF, StANS, and StUFGT were highly expressed (Jung et al., 2009; Andr¢ et al.,
2009; Tengkun et al., 2019). Furthermore, StDFR was found to be highly expressed in the pulp of red
and purple cultivars Colorado Rose, Mountain Rose, Purple Majesty, and Russet Nugget, indicating a
strong correlation between this gene and pigmentation (Stushnoff et al., 2010).

The structural genes of the anthocyanin biosynthetic pathway are under the control of a regulatory
complex, called MYB-bHLH-WD40 (MBW). The expression of the MYB genes, mainly belonging to
the R2R3-MYB subfamily, and of the basic helix loop helix bHLH genes, belonging to subdivision IIIf
(Heim et al., 2003), is largely specific for pigmented tissues. By contrast, the expression of the genes
encoding the WD40 factors, involved in the stabilization of MBW complexes, is similar between pig-
mented and non-pigmented tissues (Koes et al., 2005). The R2R3-MYB transcription factors consist of a
conserved domain (R2R3) ‘binding DNA and are the key element for the tissue-specific accumulation
of anthocyanins. In potatoes, the gene that codes for an activator of anthocyanins of the R2R3-MYB
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Figure 2. Schematic representation of the anthocyanin biosynthetic pathway. In red are the structural
genes regulating each step of the pathway: CHS, chalcone synthase; CHI, chalcone isomerase; F3H, fla-
vanone 3-hydroxylase; F3'H, flavonoid 3'-hydroxylase; F3'5'H, flavonoid 3',5'-hydroxylase; DFR, dihy-
droflavonol 4-reductase; ANS, anthocyanidin synthase; 3 'UFGT, flavonoid 3-O-glucosyltransferase.
Modified from Mekapogu et al., 2020.
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class is called StAN1 (Jung et al., 2009). Among the differently pigmented varieties, there is a variation
in the number of repeats in a 10 amino acid motif at the C-terminus of StAN/ (Strygina et al. 2019).
BHLH proteins are the second largest class of transcription factors (Duan et al., 2021). Generally, the
first 200 amino acids of this protein interact with the MYB factors, while the next 200 amino acids
interact with the WD40 protein (D’Amelia et al., 2014). The bHLH domains are involved in the forma-
tion of homo- or heterodimers with other bHLH proteins; this appears to be a prerequisite for the recog-
nition of binding sites on DNA, contributing to binding specificity (Montefiori et al., 2015). In
Solanaceae, there are two main clades involved in the regulation of anthocyanin biosynthesis, which are
orthologues of the PhANI and PhJAFI3 genes identified in Petunia. In potato, the StbHLHI gene,
ortholog of PhANI, is widely expressed in red and purple tubers (Payyavula et al., 2013). SthbHLH1
expression alone is not associated with anthocyanin biosynthesis in the tuber and co-expression of the
StANI gene is required (Liu et al., 2015). WD40 proteins provide a stable platform for bHLH and MYB
proteins during the establishment of the MBW complex. In Solanaceae, in addition to these transcrip-
tional factors activating anthocyanins, MYB repressors are present, which reduce the biosynthesis of
anthocyanins (Figure 3). These repressors are divided into two categories: R2ZR3-MYB repressors, con-
taining a typical motif at the C-terminus, change the function of the MBW complex from activator to
repressor of downstream gene transcription; R3-MYB repressors, on the other hand, do not have a
repressor motif and are unable to act directly on the target genes (Liu et al., 2018). They show “passive
suppression”, which means that they compete with MYB activators for interaction with bHLH, thus
reducing the pool of MBW complexes that are able to bind the promoters of genes for anthocyanin
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biosynthesis. An R3-MYB repressor, named SIMYBATYV, has been identified in potatoes (D’ Amelia et
al., 2020).

Figure 3. A simplified model outlining the regulatory mechanism of potato transcription factors
involved in the MBW complex, MYB, bHLH, and WD40. They modulate the expression of structural
genes of the anthocyanin biosynthetic pathway. (A) ‘Active regulation of anthocyanin biosynthesis. (B)
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‘Repressive regulation of anthocyanin biosynthesis. MYB repressors compete with MYB activators for
StbHLH1/StJAF13. “— ” means activation and “—X”” means repression.
4. Anthocyanins: an important resource for food and drugs industry

Due to their role in human health, plant researchers are becoming more addressed into both the
identification of health-promoting anthocyanins among the most worldwide cultivated crops (such as Z.
mays, S. tuberosum, and Ipomea batatas) ‘and the validation of their functional activity against several
non-communicable human diseases (Speer et al., 2020). Numerous studies tested the biological and
pharmacological properties of anthocyanins, including antioxidant, anticancer, antidiabetic, antimicro-
bial, antiatherosclerotic, and neuroprotective activity (Swallah et al., 2020). Further, their intake through
the consumption of foods rich in flavonoids inhibits pro-inflammatory cytokines induced by hydrogen
peroxide, enhances antioxidant enzyme activities and improves the redox balance thanks to their high
scavenging activities (Zhang et al., 2016; Pekas et al., 2021). Given that the potato is one of the most
consumed vegetables worldwide and that its anthocyanins show post-biosynthetic decorations (e.g. acy-
lations), the validation of their antioxidative and anti-tumoral activities is very impactful. In a recent
paper by De Masi et al. (2020), phenolic compounds extracted from anthocyanin-rich potato varieties
showed antiproliferative and apoptotic effects in hematological cancer cell lines. Similarly, the results
offered by Charepalli et al. (2015) ‘suggested that treatment with anthocyanin-rich extracts from potato
tubers of the cultivar Purple Majesty had protective effect against colon tumorigenesis. The beneficial
activities of anthocyanins are also widely employed in animal feed as dietary supplementation (Hosoda
etal. 2012; Choi et al., 2013).

Anthocyanins are also valuable compounds as antioxidants and antimicrobial for food storage and
industry. Indeed, they play an important role in extending postharvest shelf-life (Zhang et al., 2015;
Petric et al., 2018; Chen et al., 2020). What is more, there is a growing demand for the use of preserva-
tives derived from natural products. The preservative property of anthocyanins is mainly due to their
antioxidant potential which can positively boost food storage with different model of action. For exam-
ple, anthocyanins reduce lipid autoxidation, which is a major cause of shelf-life decreasing and rotting
(Shahidi and Ambigaipalan 2015). For this reason, anthocyanins extracts are attractive for use in meat
products because they are compatible in terms of solubility and they delay lipid and/or protein oxida-
tion, and reduce discoloration (Prommachart et al, 2020; Aksu and Turan, 2021). The antioxidant action
of anthocyanins to extend shelf-life is also related to their ability to reduce the susceptibility of fresh
fruits and vegetables to specific postharvest pathogens. As illustrated by Zhang et al. (2015), high
hydroxylated anthocyanins are able to block the development of grey mold (caused by Botrytis cinerea)
‘perturbing the dynamics of the ROS burst during infection in tomato fruits. Potato anthocyanin-rich
aqueous extracts are effective fungicide against different micromycetes and they could be applied in soft
drink formulation, showing suitable profiles in the sensory and shelf-life assessments (Sampaio et al.,
2021). Anthocyanins can also provide antimicrobial activity against several microorganisms since they
can bind and inactivate proteins and may complex with bacterial cell walls (Hintz et al. 2015).
Anthocyanin pigments undergo reversible structural transformations with a change in pH manifested by
a colour change and different absorbance spectra. The red colored oxonium form predominates at pH
1.0, the colorless hemiketal form at pH 4.5 and at pH>8 the colour change from blue to yellow, indicat-
ing that the anthocyanin structure is in the form of yellow chalcone under alkaline conditions
(Castafieda-Ovando et al., 2009). For this reason, anthocyanins can be used in monitoring food quality
with intelligent packaging. Indeed, pH indicator and antimicrobial cellulose nanofibre packaging film
has been developed based on cellulose nanofibres as film matrix and anthocyanins from purple potato as
a natural dye and as an antimicrobial agent (Chen et al., 2020). Anthocyanins are also used as food col-
orants. Food additive E163 is one of the commercial additives derived from fruit anthocyanin such as
grape skin, and it is used in purple-colored jam, confectionaries, and beverages (Khoo et al., 2017). The
application of anthocyanins as a natural colorant is not widely spread because its production is strictly
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dependent on the seasonality of the primary source, and because anthocyanins showed low stability and
weak tinctorial strength. Since high levels of glycosylation and acylation may enhance the stability and
antioxidant properties, sources of more complex forms of anthocyanins are being identified. In this
regard, genetic studies and innovative biotechnological applications are expected to play a key role to
both identifying and enhancing anthocyanin variability, as reported in Table 1.

Species Tissue type Type of approach References
Dendobrium Sabin Blue ~ Protocorm-like bodies (PBLs) Treatment with yeast extract Chin et al., 2021
Raphanus sativus Adventitious root culture Supplement of auxins Betsui et al., 2004
Rosa hybrida Embryogenic calli Heterologous expression of F3'5'H Katsumoto et al., 2008
Solanum nigrum Shoot culture Overexpression of AtPAPI Chhon et al., 2020
Ipomea batatas Calli culture Overexpression of [bMYB1 TF Mano et al., 2007

Vitis vinifera Cell suspension culture Treatment with Methyl Jasmonate Quetal., 2011

Ginkgo biloba Cell suspension culture Treatment with fungal endophytes Hao et al., 2010
Antirrhinum majus Hairy root culture Ectopic expression of AmRoseal Piao et al., 2021
Melissa officinalis Shoot cultures Treatment with ozone Tonelli et al., 2015

Table 1. Promising biotechnological strategies used for the improvement of anthocyanins quality and
quantity in plant cell and organ cultures.

5. Plant biofactories for anthocyanin production and the advantages of molecular farming in
potato cell cultures

The global anthocyanin market size was worth USD 318 million in 2020 and is expected to grow at
a compound annual rate of 4.6%, to reach USD 388 million in 2026 (Market Data Forecast, 2021). The
large-scale production of anthocyanin pigments is mainly based on the extraction from food industry
waste, such as grape skin, red cabbage, sweet potato, and berries (Rodriguez-Amaya, 2016). The com-
position of anthocyanins from these natural resources varies qualitatively and quantitatively, according
to the genetic background, the region of origin, and the growing season of the plant (Timmers et al.,
2017). This has prompted manufacturers to identify alternative sources of food colors and natural com-
pounds with cosmetic and medicinal properties. The production of these natural compounds could be
carried out economically, effectively, and sustainably through the strategic application of biotechnolo-
gies. The use of plant cell cultures in bioreactors may provide an affordable and versatile strategy for
anthocyanin production. They have already been successfully used for the production of alkaloids,
flavonoids, and terpenes (Simdes et al., 2012). Our unpublished results provided evidence that antho-
cyanin content in potato cell cultures (variety Blue Star) ‘is much higher than that of tubers of other
polyphenol-rich potato varieties (Figure 4). Based on a simple calculation considering the average con-
centration of anthocyanin-rich cultivars, it is important to underly that the average yield of Andean cul-
tivar is approximately 44 t/ha (Pazdera et al., 2015), therefore the total anthocyanin concentration in
purple potatoes is approximately 44-66 kg/ha. This production has severe limitations, such as the single
harvest per year and the massive exploitation of productive farmland, while bioreactor systems with
suspension cell cultures, besides the higher yield in anthocyanin content, are cost-effective, time- and
space-saving.

Suspension cell cultures are an in vitro cultivation system that uses a friable callus inoculum, char-
acterized by disorganized parenchymal tissues, to obtain single cells or small aggregates. The interest in
this system arises from various advantages, such as independence from the environment and climatic
conditions and the guarantee of continuous supplies, in terms of quantity and quality, of specialized
metabolites. Also, potato cell cultures offer a controllable model system that allows to prevent physio-
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Figure 4. Monomeric anthocyanin content (cyanidin-3-O-glucoside) in extracts from color-fleshed
potato varieties and cell culture of Blue Star. Values are the means of three replicates; bars with differ-
ent letters indicate significant differences according to Tukey’s test at P < 0.001.
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logical and biochemical processes caused by stress factors, as enzymatic browning reactions
(Dornenburg et al., 1997). Cell cultures are maintained in a suspension state thanks to the use of plant
growth regulators, such as auxins and cytokines. In potato, several protocols have been developed for
cell cultures with different hormone combinations (Table 2). Callus can be initiated from almost any
part of the potato plant, as tubers, leaf sections and internodes. Once the callus has been induced, it is
necessary to transfer it to a stirred liquid substrate, usually dispensed in flasks placed on orbital moving
platforms and subsequently in reactors. The liquid state of the substrate facilitates the gaseous and nutri-
tional exchanges between the cells and the culture medium, while the agitation allows the aeration and
prevents the phenomena of cell aggregation (Mustafa et al., 2011). Nutrient and precursor feeding are
used to improve the yield of secondary metabolites production, since cultivated cells have the capacity
for biotransformation of supplied compounds into high-value compounds. This can occur through dif-
ferent reactions as hydroxylation, methylation, oxidation of hydroxyl group, glycosyl conjugation, acy-
lation, and hydrolysis, catalyzed by plant enzymes (Murthy et al., 2014). Elicitors may be key factors
for the stimulation of biosynthesis of specialized metabolites during in vitro culture conditions. At the
bioreactor scale, elicitors must be chosen very precisely in terms of optimum concentration and combi-
nation for gaining maximum anthocyanin content and yield, requiring a long preliminary process
(D’Amelia et al., 2021). Among elicitors, abiotic stresses, such as UV-irradiation, drought, wounding,
nutrient deficiencies, and low temperatures, often increase the accumulation of anthocyanins
(Ramakrishna et al., 2011; Cirillo et al., 2021). Biotic elicitors such as chitosan, chitin, polysaccharides,
and oligosaccharides are also reported to trigger the anthocyanin biosynthetic pathway. They alter bio-
chemical and physiological processes because they induce plant defense responses similar to pathogen
invasion (Chandran et al., 2020). Previous publications showed that potato cell cultures can be gradually
acclimated to various abiotic elicitors such as salt stress (Sabbah et al., 1990) ‘and frost (Van Swaaij et
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al., 1987). However, to the authors’ knowledge, the use of elicitors in potato has been scarcely investi-
gated for the production of anthocyanins in cell cultures. Previous research focusing on in planta antho-
cyanin production after cold (D’Amelia et al., 2018), in response to Streptomyces scabiei infection (Tai
et al., 2013), and after the use of inorganic elicitors as sodium selenite (Lei et al., 2014) ‘may be the
starting point for further studies on massive anthocyanin production in potato cell cultures. Currently,
the production of anthocyanins in in vitro cultures has been reported from various plant species, includ-
ing Daucus carota, Rosa hybrida, and Vitis vinifera (Belwal et al., 2020).

Explant Medium Auxin Cytokinin Reference
Leaf MS Smg LT NAA Van Swaaij et al., 1987
MS 3mgL'24-D I mgL'K Sapko et al., 2011
MS 2mgL'24D 0.25mg LK Leone et al., 1994
Leaf rachis MS S5mglL124D 0.5mgL'K Sabbah et al., 1990
Tubers MS 1 mgL'24-D Dérnerburg et al., 1997

Table 2. Explant sources and media used to initiate suspension cultures of potato.

6. Conclusions and future perspectives

Apart from the extraction of anthocyanins directly from natural sources, in vitro cultures represent a
smart and gainful alternative for anthocyanin production. In this scenario, the application of novel tech-
niques as genome editing represents an innovative strategy for the targeted and punctual modifications
of cell genes and regulators. Among the different genome editing tools, CRISPR/Cas9 (Clustered regu-
larly interspaced short palindromic repeats-associated protein 9) ‘has a huge potential and could provide
tailor-made anthocyanins-rich cells, enhancing the quantity as well as the antioxidant capacity. Along
with genome editing approaches, the advancement in sequencing technologies (Next-Generation
Sequencing) ‘can be fruitful in the identification of novel gene variants of the anthocyanin biosynthetic
pathway.
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