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The ability of plants to accumulate specific metabolites in concentrations beyond their
solubility in both aqueous and lipid environments remains a key question in plant biology.
Natural Deep Eutectic Solvents (NADES) are mixtures of natural compounds in specific
molar ratios, which interact through hydrogen bonding. This results in a viscous liquid that
can solubilize high amounts of natural products while maintaining a negligible vapor
pressure to prevent release of volatile compounds. While all the components are
presents in plant cells, identifying experimental evidence for the occurrence of NADES
phases remains a challenging quest. Accumulation of anthocyanin flavonoids in highly
concentrated inclusions have been speculated to involve NADES as an inert solvent. The
inherent pigment properties of anthocyanins provide an ideal system for studying the
formation of NADES in a cellular environment. In this mini-review we discuss the
biosynthesis of modified anthocyanins that facilitate their organization in condensates,
their transport and storage as a specific type of phase separated inclusions in the vacuole,
and the presence of NADES constituents as a natural solution for storing high amounts of
flavonoids and other natural products. Finally, we highlight how the knowledge gathered
from studying the discussed processes could be used for specific applications within
synthetic biology to utilize NADES derived compartments for the production of valuable
compounds where the production is challenged by poor solubility, toxic intermediates or
unstable and volatile products.

Keywords: anthocyanic vacuolar inclusions, anthocyanins, natural deep eutectic solvents, anthocyanin transport,
anthocyanin storage, heterologous production

1 INTRODUCTION

Flavonoids are aromatic specialized metabolites derived from the phenylpropanoid pathway present
in plants. Anthocyanins are a subclass of flavonoids accumulating in the vacuole, giving rise to the
color of most fruits, vegetables and flowers, ranging from red to purple and blue, in order to attract
pollinators and seed dispersers to ensure plant reproduction (Winkel-Shirley, 2001). Additionally,
anthocyanins accumulate in plant vegetative tissue, acting as photo-protection, absorbing UV light,
and scavenging free radicals from PSII (Guo et al., 2008). Hence, anthocyanins and other flavonoids
are of high interest as food supplements due to their antioxidant qualities promoting numerous
health benefits (Konczak and Zhang, 2004; Davis et al., 2009). While their biosynthesis is well-
characterized, the cellular circumstances enabling accumulation of high concentrations of
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anthocyanins and specialized metabolites in general remain
elusive. Examples of high accumulation of specialized
metabolites in plants are dhurrin in Sorghum bicolor (30% of
dry mass) (Kojima et al., 1979; Halkier and Moller, 1989),
vanillin-glucoside in Vanilla planifolia (Brillouet et al., 2014;
Gallage et al., 2018) and anthocyanins in Lisianthus nigrescens
(up to 24% of dry mass) (Markham et al., 2004). In Catharanthus
roseus, flowers with Anthocyanic Vacuolar Inclusions (AVIs)
have an increased concentration of anthocyanin accumulation,
and exhibit a darker flower color (Markham et al., 2000; Deguchi
et al, 2020). The term AVI was coined by Markham et al.
(Markham et al., 2000) investigating the storage of acylated
anthocyanins as inclusions in  Lisianthus  (Eustoma
grandiflorum) and cyanidin and delphinidin 3,5-O-diglucosides
in carnation (Dyanthus caryophillus). Following this study,
presence and characteristics of AVIs were reported of in Vitis
vinifera (Conn et al., 2003; Mizuno et al., 2006; Conn et al., 2010),
rose (Gonnet, 2003), maize (Irani and Grotewold, 2005), apple
(Bae et al,, 2006), morning glory (Morita et al., 2005), eggplant
(Umeda et al., 2006), lisianthus (Zhang et al., 2006; Chanoca et al.,
2015; Kallam et al.,, 2017), carnation (Okamura et al., 2013),
Rhabdothamnus solandri (Zhang H. et al., 2014), Catharanthus
roseus (Deguchi et al., 2020), sweet potato (Zhu et al., 2018),
petunia (van der Krol et al.,, 1993; Qi et al., 2013) and black rice
(Mackon et al., 2021). Despite of the unifying AVI term, their
morphology differs dramatically per plant species. The unified
nature of AVIs is further challenged by the variety of
experimental setups using different types of microscopy,
presence of membranes around AVIs in some species, and the
specific types of anthocyanin-modifications accumulating in
AVIs being investigated. Moreover, few of these studies
propose an extensive mechanism for the aggregation process
resulting in AVIs. In this review, we summarize previously
identified factors involved in AVI formation and address how
the vacuolar environment and solvent characteristics have
remained underexposed in studies of AVIs. Additionally, we
propose a link between the formation of certain types of AVIs
and the existence of a NADES phase as third intracellular phase
facilitating accumulation of natural products in concentrations
beyond their solubility in water and oil. The existence of such a
NADES phase provides a plausible explanation for the
condensation of natural products. Finally, we explore how
findings on AVI formation and NADES mixtures could
provide an entire new engineering avenue for improved
heterologous production of flavonoids.

1.1 Biosynthesis of Decorated
Anthocyanins Involved in Formation of
Anthocyanic Vacuolar Inclusions

The sequential steps leading to the biosynthesis of anthocyanins
have been well described in the last 3 decades, and several studies
indicate that this pathway is well conserved among plant species
(Holton and Cornish, 1995; Winkel-Shirley, 2001; Liu et al., 2018;
Yonekura-Sakakibara et al., 2019). Anthocyanins are part of the
flavonoid branch derived from the core phenylpropanoid
pathway where the amino acid phenylalanine is the only
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precursor. A key branching point toward the flavonoid
pathway occurs in the conversion of coumaroyl-CoA into
chalcone and naringenin, mediated by chalcone synthase
(CHS) and chalcone isomerase (CHI Alternatively to
anthocyanins, naringenin can be converted into flavonols by
flavonol synthase (FLS) resulting in compounds such as
quercetin and kaempferol, which can function as co-pigments
of anthocyanins, or as floral UV-absorbing molecules attracting
nocturnal pollinators (Sheehan et al., 2016). Branching out
towards the anthocyanin biosynthetic pathway, flavanone-3-
hydroxylase (F3H) converts naringenin to dihydrokaempferol,
which is further hydroxylated in the B-ring by the action of
cytochrome P450s flavonoid 3'-hydroxylase (F3'H) and
flavonoid 3',5'-hydroxylase (F3'5'H) to yield dihydroquercetin
and dihydromyricetin. These three dihydroflavonols constitute
the precursors that enter the final steps for anthocyanin
biosynthesis. They are converted into anthocyanidins by
consequently  dihydroflavonol  4-reductase (DFR) and
anthocyanidin synthase (ANS) yielding pelargonidin, cyanidin
and delphinidin, depending on the hydroxylation of the B-ring,
which affects the color significantly (Figure 1). All naturally
synthesized anthocyanidins are glycosylated on the 3-position by
a cytosolic glycosyltransferase to increase stability, solubility and
facilitate transport to the vacuole (Zhang Y. et al., 2014; Alseekh
et al., 2020). Consequently, the compounds can be subjected to
various modifications on the hydroxyl groups of the backbone
structure (Figure 1), such as methylation, glycosylation, and
acylation. The complexity of anthocyanin decorations differs
widely among plant species from simple monoglucosides to
multiple substitutions of different sugars and acylations
(Provenzano et al, 2014). Additionally, the color of
anthocyanins is also influenced by post-biosynthetic factors.
These include the pH of the vacuole (Quattrocchio et al,
2006), molecular stacking through self-association or of other
co-pigments (rev. in (Zhang Y. et al, 2014; Houghton et al,
2021)), and interactions with metal ions and flavonoids or other
metabolites to form metal complexes, resulting in a blue color
(Yoshida et al., 2009; Schreiber et al., 2010; Schreiber et al., 2011;
Ito et al, 2019). There are no studies indicating that metal-
anthocyanin complexing is involved in the formation of AVIs.

Several studies have suggested a few decorations to be critical
for the condensation of anthocyanins in the vacuole. A pivotal
study proposed a model for molecular stacking of anthocyanins
by the folding of aromatic acyl groups over the C-ring of the
anthocyanin, favoring color stability and AVI formation (Kallam
et al.,, 2017; Houghton et al.,, 2021). This highlighted the role of
aromatic acylation in AVI formation. Constitutive expression of
two transcription factors from snapdragon in tobacco for
production of cyanidin 3-O-rutinoside, while consequent
expression of a p-coumaroyl coenzyme A (CoA)
acyltransferase from Arabidopsis (At3AT) resulted in AVI
formation. In-vitro, the extracted acylated anthocyanins
condensed into aggregated structures with solubility decreasing
under an increasing pH. The role of aromatic acylation was
supported by accumulation of AVIs in Delphinium Morning
Skies, containing anthocyanins with four benzoyl groups,
compared to the less-acylated anthocyanins in Delphinium
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FIGURE 1 | From anthocyanin biosynthesis to storage as AVls. Biosynthesis of anthocyanins occurs in the Endoplasmatic Reticulum (ER), where anthocyanidins

are later glycosylated to generate anthocyanins which are translocated to the vacuole. Anthocyanins are transported into the vacuole by tonoplast localized transport
proteins (MATE, ABC-transporters) potentially mediated by Glutathione-S-Transferase. Alternatively, anthocyanins are transported into the vacuole via vesicles from the
ER, Golgi or autophagy. Anthocyanin modification can occur in the cytosol or inside the vacuole. Formation of Anthocyanin Vacuolar Inclusions (AVIs) might be
mediated by the presence of Natural Deep Eutectic Solvents (NADES) composed by primary metabolites translocated to the vacuole. Box: Anthocyanidin backbone with
A, B and C ring, and six common sites for anthocyanin modifications marked with R.
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King Arthur which displayed a uniform vacuolar anthocyanin
distribution (Kallam et al., 2017). The importance of acylation is
further supported in grape, where enrichment of acylated
anthocyanins correlates with presence of AVIs (Conn et al,
2003; Mizuno et al,, 2006), and p-coumaroylated anthocyanins
in vesicle-like AVIs in Arabidopsis. However, AVIs do not only
accumulate when anthocyanins are aromatically acylated, as in
Carnation AVIs accumulate in mutants unable to malonylate
(Okamura et al.,, 2013), and in Rhabdothamnus solandri AVIs
contain simpler anthocyanin-3-O-glucoside species (Zhang H.
et al,, 2014). Additionally, a 5¢t mutant unable to glycosylate at
the 5-position exhibited an increased accumulation of AVIs
(Pourcel et al, 2010). An NMR study showed that purified
anthocyanin-3-O-glucosides and coumaroylated 3-O-glucoside
anthocyanins self-associate in-vitro (Fernandes et al., 2015)
which could be an indication why in different plant species
AVIs are enriched in these type of anthocyanins. Based on
thermodynamic analysis both methylation and hydroxylation
of the anthocyanin B-ring was suggested to favor condensation
(Leydet et al., 2012). However, overexpression of a F3'5'H from
petunia in the tobacco cells accumulating cyanidin 3-O-
rutinoside resulted in production of delphinidin 3-O-

rutinoside but no AVI formation (Kallam et al, 2017). In
contrast, hydroxylation of the anthocyanin B-ring in Petunia
by constitutive expression of F3'5'H from Phalaenopsis (orchid)
resulted in accumulation of delphinidin and formation of visible
AVIs (Qi et al, 2013). There is clear indication of aromatic
acylation playing an important role in AVI formation. However,
not in all AVIs, which allows for speculation on other factors
involved in AVI formation.

1.2 Molecular Environment Facilitating

Anthocyanic Vacuolar Inclusions Formation
When comparing the morphology of AVIs from different species
(Figure 2), it is remarkable to see that they tend to group into a
limited subset of structural determinants. Most AVIs are
described as vesicle-like structures, where others have a round
but more granular morphology. In Arabidopsis and Lisianthus,
vesicle-shaped AVIs were enveloped by a membrane (Figure 2
(Chanoca et al,, 2015)), making it likely similarly shaped AVIs
have a membrane as well. The absence of a membrane around
granular AVIs in Lisianthus and Tobacco indicates it may be
common for similarly shaped AVIs to be membrane-less
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FIGURE 2| Diversity of AVI morphology across plant species. (A) Confocal micrographs of membrane bound AVls in Arabidopsis (top, tt4) and Lisianthus (bottom),
membrane fluorescently marked with FM1-43 dye. (Chanoca et al., 2015). (B) AVIs found in Delphinium grandifiorium sepal cells (Kallam et al., 2017). (C) AVls in
carnation (Markham et al., 2000) (D) AVls in Lisianthus (Markham et al., 2000). (E) granular AVls in Catharanthus roseus (Deguchi et al., 2020). (F) Vesicle-shaped AVls
enriched in acylated anthocyanins visible in grapevine cells (Mizuno et al., 2006). (G) AVIs formation in tobacco after aromatic acylation of anthocyanins: top left and

right, AVIs visible in tobacco callus expressing Anthocyanin inducing transcription factors and acyl transferases from Arabidopsis and tomato (ATSAT and SISAT). Bottom
left, tobacco callus expressing anthocyanin inducing transcription factores and Petunia Flavonoid-3'5'-Hydroxylase and shows no AVls. Bottom right, tobacco callus
expressing anthocyanin inducing transcription factors, Arabidopsis acyl transferase and Petunia Flavonoid-3'5'-Hydroxylase accumulates AVls (Kallam et al., 2017).

(Markham et al., 2000; Kallam et al., 2017). Interestingly, the
morphology of AVIs in Delphinium grandiflorum is radically
different (Figure 2 (Kallam et al., 2017)), as they form a type of
filamentous crystalline shape. Moreover, confocal micrographs of
the AVIs and FM1-43 stained tissue seem to indicate an
additional membrane-less separation of the region containing
the AVI from the rest of the vacuole (Kallam et al., 2017). Besides
the actual flavonoid composition inside the vacuole, the
molecular environment facilitating anthocyanin condensation
remains unexplored.

1.2.1 Proteinaceous Membraneless Compartments

Protein guided liquid-liquid phase separation is known from a
variety of molecular processes providing membraneless sub-
compartments preventing bulk equilibria (Banani et al., 2017;
Zheng et al., 2021). The presence of disordered regions or entirely
unstructured peptides facilitate such phase separation processes
and may be a key driver for AVI formation. The presence of
proteins in or around AVIs has been reported in Lisianthus
(Markham et al., 2000) and sweet potato (Nozue et al., 1995;
Nozue et al., 1997; Xu et al., 2001; Nozue et al., 2003). Markham
et al. describe finding “proteinaceous” material in Lisianthus
inclusions, however, there have not been any follow-up
publications on the exact type of protein present in AVIs in
these flowers (Markham et al., 2000). In sweet potato, expression

of a vacuolar protein (VP24) correlated with the accumulation of
anthocyanins in vacuoles, and immunocytochemical detection
showed the protein co-localized with AVIs (Nozue et al., 1995). A
proteomics study underlined accumulation of VP24 in purple
sweet potato, and proposed the protein could be involved in the
degradation of anthocyanin-glutathione, although anthocyanin-
glutathione conjugates have never been observed. The authors
also propose that VCaB42 and VP24 together mediate
microautophagy resulting in anthocyanin transport and
membrane-bound AVI formation (Wang S. et al., 2016).

1.2.2 Natural Deep Eutectics Solvents and the
Vacuolar Environment of Anthocyanic Vacuolar
Inclusions

Beyond oil and water, Natural Deep Eutectic Solvents (NADES)
may provide a third intracellular phase composed of
stoichiometric mixtures of common general metabolites, such
as amino acids, organic acids, sugars, and choline (Choi et al,
2011). Inspired by nature, the high solubility of specialized
metabolites in NADES is being promoted as a “green”
alternative to commonly used organic solvents for extraction
of a broad diversity of specialized metabolites including the
flavonols quercetin and kaempferol, and anthocyanins (Dai
et al., 2013a; Dai et al.,, 2013b; Vanda et al., 2018). Moreover,
enzymes of the biosynthetic pathway of dhurrin were able to
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retain activity after incubation at various temperatures when
incubated in a NADES mixture of glucose and tartrate, as
opposed to glycerol or water (Knudsen et al, 2020).
Additionally, enzymes in NADES mixtures have shown
increased activity (Milano et al., 2017; Elgharbawy et al., 2018;
Elgharbawy et al., 2020; Pani¢ et al.,, 2021; Thomas and Kayser,
2022). The increased stability and activity of enzymes, high
solubility of specialized metabolites, and omnipresence of the
constituents of NADES mixtures in all types of organisms are
indications that these types of mixtures could constitute an
important aspect of the natural environment in cells. However,
in-vivo proof of NADES mediated liquid-liquid phase-separation
is still lacking. Although experimental proof is missing, the
tonoplast membrane surrounding the vacuole contains a
plethora of general metabolite transporters involved in the
homeostasis of the cytosol (rev. in (Martinoia et al, 2012)),
allowing vacuolar accumulation of general metabolites (Davies
et al., 2006). Therefore, common NADES constituents such as
organic acids and sugars can accumulate in high concentrations
in the vacuole (Schulze et al., 2002; Lecourieux et al., 2014). The
pioneering work proposing a biological function of a NADES
phase in plant cells was based on analyses of general metabolites
and the interaction between sucrose and malic acid into liquid
crystals using NMR (Kim et al., 2010; Choi et al., 2011). Similar
NMR methods could be applied on species accumulating high
concentrations of specialized metabolites to identify NADES
mixtures involved in their solubilization. The development of
mass spectrometry imaging with subcellular resolution (Cornett
et al., 2007; Bjarnholt et al., 2014) can provide a key approach to
experimentally validate the existence of NADES sub-
compartments. Such compartments could easily be co-
localized with anthocyanins based on the inherent pigment
properties. Additionally, micro-syringe or laser dissection to
harvest sub-compartments facilitated by NADES mixtures
could be an option to isolate and identify the metabolites
involved in the solubilization, as has been proposed in a
previous review on NADES and natural products (Moller and
Laursen, 2021).

1.3 The Anthocyanin Traffic Routes From
Biosynthesis to Anthocyanic Vacuolar

Inclusions

Although biosynthesis occurs at the ER, the last decorations of
anthocyanins and other specialized metabolites such as
glycosylation and acylation may actually occur in the vacuole,
using different types of acyl-sugars as donors (Matsuba et al.,
2010; Sasaki et al., 2014; Orme et al., 2019; Yonekura-Sakakibara
et al,, 2019). This indicates that specific “mature” anthocyanins
are selectively transported from the ER to the vacuole where the
final decorations may result in their condensation into AVIs.
Furthermore, this would provide a means to prevent aggregation
in the cytosol. Multiple studies have been published on
anthocyanin transport, yet still there is no consensus on the
exact mode of transport (Braidot et al., 2008; Grotewold and
Davies, 2008; Petrussa et al., 2013; Biala and Jasinski, 2018;
Pecenkova et al, 2018; Kaur et al, 2021). Most likely,
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anthocyanin transport may involve multiple routes depending
on the plant, tissue and developmental stage, and perhaps the
type of structural anthocyanin modification. One model proposes
anthocyanins to be transported in vesicles from the ER to the
vacuole, whereas the other model proposes a combined effort of
cytoplasmic and tonoplast localized transporter proteins
(Figure 1) (Zhao and Dixon, 2010). These models are not
mutually exclusive.

1.3.1 Selective Vacuolar Loading of Anthocyanins
Governed by Transport Mechanism
Two key transporters are involved in active transport of mature
anthocyanins across the tonoplast membrane. MATE-
transporter proteins belong to the multidrug/oligosaccharidyl-
lipid/polysaccharide (MOP) superfamily. These transporters
have been shown to transport acylated anthocyanins in grape
(Gomez et al,, 2011), and malonylated anthocyanins in legume
(Zhao et al., 2011). MATE-transporters use the electrochemical
gradient of protons formed by tonoplast localized V-ATPases and
a H'-pyrophosphatase for secondary active transport (Gaxiola
etal,, 2007; Gomez et al., 2009). ABC-transporters are involved in
the transportation of glycosylated anthocyanins to the vacuole
(Goodman et al., 2004; Francisco et al., 2013; Behrens et al., 2019).
These transporters are dependent on reduced glutathione (GSH)
provided by a glutathione-S-transferase (GST). Genes encoding
GSTs have been frequently linked to anthocyanin transport and
have been identified in many different plants such as Petunia
(ANY), Arabidopsis (TT19), and grape (V¥GSTI and VvGST4)
(Alfenito et al., 1998; Mueller et al., 2000; Kitamura et al., 2004;
Conn et al, 2010). Usually, GSTs form conjugates with their
substrate, to facilitate transport across the tonoplast; however,
anthocyanin-GSH conjugates have never been found (Mueller
etal., 2000). The GST is therefore hypothesized to simply bind the
anthocyanin and “escort” it to the transporter localized in the
tonoplast with GSH. However, in Arabidopsis grown under
conditions to induce anthocyanin accumulation (Poustka
et al., 2007; Pourcel et al., 2010; Chanoca et al., 2015), the
prevalence of AVIs increased when ABC-transporters were
inhibited, as well as under glutathione depletion (Poustka
et al, 2007). Additionally, #19 knock-out plants exhibited
cytoplasmic anthocyanin aggregates, as well as AVIs, but little
soluble vacuolar anthocyanins (Chanoca et al., 2015).
Alternative to active transport mediated by tonoplast localized
transporters, anthocyanins may enter the vacuole via vesicle
mediated transport (Zhang et al., 2006; Sun et al, 2012). In
this route, flavonoids synthesized on the cytosolic site of the ER
are transported to the lumen of the ER where they accumulate
into vesicle-like structures (Figure 1). These structures have been
observed to be associated with the formation of AVIs in the
vacuole (Zhang et al, 2006; Conn et al, 2010). While these
vesicles are visible by microscopy techniques, the evidence of
canonical vesicle transport proteins such as cargo, GTPases, VSRs
and SNARE:s are still lacking (Conn et al., 2010; Zhao and Dixon,
2010). Therefore, it is hypothesized the anthocyanin vesicles are
engulfed by autophagosomes and delivered to the vacuole by
autophagy (macro and microautophagy) and stored as membrane
surrounded AVIs (Figure 2) (Pourcel et al., 2010; Chanoca et al,,

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 913324


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Buhrman et al.

2015). An extensive study on AVI formation and trafficking
showed that AVIs formed after microautophagy, and that
anthocyanins in the ER did not aggregate (Chanoca et al,
2015). This may imply the importance of vacuole-localised
modifications of anthocyanins and their transport to the
vacuole for the formation of anthocyanin biocondensates,
which could be of value for successful heterologous synthesis
of flavonoids.

2 DISCUSSION

Like many biological systems, the formation of AVIs is highly
complex and may involve multiple processes ultimately leading to
a variety of morphological distinct anthocyanin condensates in
the vacuole. Here we highlight that hydroxylation of the B-ring, 3-
O-glycosylation and aromatic acylation may be key for molecular
stacking and condensation. The condensation process appears to
happen in the vacuole potentially driven by further modifications
catalyzed by vacuolar transferases. Some AVIs are membrane-less
and typically appear grainy in structure whereas a membrane
surrounds others, which display liquid droplet-like behavior such
as fusion and homogeneous distribution of the anthocyanins
(Figure 2). This morphology may be linked to the type of
transport (Figure 1). In previous studies on AVI formation,
the nature of the vacuolar environment of AVIs, and its role
in AVI formation has remained underexposed. Experimental
investigation of the vacuolar environment of AVIs is required
to characterize the molecular environment governing formation
of AVIs. Based on the in vitro effect of NADES mixture on
enzyme stability and productivity, and the extraordinary solvent
properties, we propose that NADES could provide the molecular
environment in (plant) cells allowing high catalytic efficiency of
enzymes, and high accumulation of specialized metabolites.

2.1 Synthetic Vacuolar Inclusions for
Heterologous Production of Complex

Flavonoids

Several flavonoids are in clinical trials as a potential treatment
against life-style and aging induced chronic inflammation
(Ginwala et al., 2019) and they are of interest as natural food
colorants to replace synthetic dyes (Oplatowska-Stachowiak
and Elliott, 2017). The bioactivity of these molecules depends
on highly specific decorations and they are typically present in
minute amounts in the natural plant sources. Synthesizing
flavonoids in a sustainable and cost-efficient way fits in an
agenda promoting a switch to sustainable circular synthesis of
natural products (Serensen et al., 2022), harnessing the ability of
plants, as exhibited in apple calli (Wang N. et al., 2016) and
tobacco cell culture (Appelhagen et al., 2018), and scaling it to a
larger scale. Plant cell culture (Appelhagen et al, 2018) or
microbial  micro-factories both  constitute = promising
sustainable ways of anthocyanin synthesis for commercial
purposes. Plant cell culture benefits from the native presence
of flavonoid and anthocyanin biosynthetic pathways in plants,
where the overexpression of specific transcription factors would
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lead to the activation of these pathways. (Appelhagen et al.,
2018). However, biosynthesis of more specific and modified
anthocyanins would require many more steps to be introduced,
which minimizes the initial benefit of a system activated by
transcription factors. On the other hand, while heterologous
synthesis of anthocyanins in microbes would require the
introduction of entire pathways, they are cheaper to use, and
have been heavily optimized for heterologous production of
highly complex plant natural products (Luo et al, 2019;
Srinivasan and Smolke, 2020) and therefore offer a system,
that is, easier to scale-up. Within the last decades, studies have
reported heterologous production of anthocyanins in both
Escherichia coli and Saccharomyces cerevisiae [rev. in (Sunil
and Shetty, 2022)]. A recurring problem during heterologous
expression of biosynthetic pathways in microbial cells is
secretion into the growth-media before the finalized product
is synthesized, resulting in a mixture of intermediates and
products. The knowledge gathered on biosynthesis, transport
and storage of anthocyanins in plants could prove essential for
the quest to engineer the next generation of micro factories for
heterologous production of flavonoids in the vacuole of, e.g.,
yeast cells. Condensation into Synthetic Vacuolar Inclusions
(SVIs) by targeted modifications in combination with directed
transport within the yeast cells would prevent auto-toxicity and
enable accumulation of molar concentrations of metabolites, as
demonstrated in plant cells for storage of vanillin (Brillouet
et al., 2014; Gallage et al., 2018), dhurrin (Kojima et al., 1979;
Halkier and Moller, 1989), and anthocyanins (Markham et al,,
2004). Like organisms from other kingdoms, yeast accumulates
general metabolites required for formation of a NADES phase
(Choi et al., 2011). Therefore, the in-vivo application of NADES
derived SVIs in yeast cells might simply be achieved by
introducing a transport system designed by plants for
selective transport of anthocyanins with proper decorations
required for condensation. Overall, this could present an
entirely new approach to avoid auto-toxicity, leakage of non-
decorated compounds and prevent cross-talk with native
pathways. In summary, the importance of NADES in AVI
formation remains a topic in need of further research which
may become an essential stepping stone for future production of
flavonoids in heterologous systems.

AUTHOR CONTRIBUTIONS

KB edited and finalized the manuscript. KB, JA-C, and TL
organized the manuscript. KB, JA-C, CR, and KH did the
literature research, and wrote parts of the manuscript. JA-C
designed Figure 1 and KB and JA-C made Figure 2. KB, JA-
C, and TL provided comments and helped writing the final
version.

FUNDING

This work was supported by a Sapere Aude Starting Grant from
the Independent Research Fund Denmark (7026-00041B) and a

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 913324


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Buhrman et al.

Novo Nordisk Foundation Emerging Investigator Grant
(NNF190C0055356) to TL The Amsterdam University Fund
and the Erasmus + programme co-funded KB’s exchange in
Copenhagen.

REFERENCES

Alfenito, M. R,, Souer, E., Goodman, C. D., Buell, R, Mol, ]., Koes, R, et al. (1998).
Functional Complementation of Anthocyanin Sequestration in the Vacuole by
Widely Divergent Glutathione S-Transferases. Plant Cell 10 (7), 1135-1149.
doi:10.2307/3870717

Alseekh, S., Perez de Souza, L., Benina, M., and Fernie, A. R. (2020). The Style and
Substance of Plant Flavonoid Decoration; towards Defining Both Structure and
Function. Phytochemistry 174, 112347. doi:10.1016/j.phytochem.2020.112347

Appelhagen, 1., Wulff-Vester, A. K., Wendell, M., Hvoslef-Eide, A.-K., Russell, J.,
Qertel, A., et al. (2018). Colour Bio-Factories: Towards Scale-Up Production of
Anthocyanins in Plant Cell Cultures. Metab. Eng. 48, 218-232. doi:10.1016/j.
ymben.2018.06.004

Bae, R.-N,, Kim, K.-W., Kim, T.-C., and Lee, S.-K. (2006). Anatomical
Observations of Anthocyanin Rich Cells in Apple Skins. HortSci 41 (3),
733-736. doi:10.21273/HORTSCI.41.3.733

Banani, S. F.,, Lee, H. O., Hyman, A. A, and Rosen, M. K. (2017). Biomolecular
Condensates: Organizers of Cellular Biochemistry. Nat. Rev. Mol. Cell Biol. 18
(5), 285-298. doi:10.1038/nrm.2017.7

Behrens, C. E., Smith, K. E., Iancu, C. V., Choe, J. Y., and Dean, J. V. (2019).
Transport of Anthocyanins and Other Flavonoids by the Arabidopsis ATP-
Binding Cassette Transporter AtABCC2. Sci. Rep. 9 (1), 437-515. doi:10.1038/
$41598-018-37504-8

Biala, W., and Jasiniski, M. (2018). The Phenylpropanoid Case-It is Transport that
Matters. Front. Plant Sci. 9, 1610. doi:10.3389/fpls.2018.01610

Bjarnholt, N., Li, B., D’Alvise, J., and Janfelt, C. (2014). Mass Spectrometry Imaging
of Plant Metabolites - Principles and Possibilities. Nat. Prod. Rep. 31 (6),
818-837. doi:10.1039/C3NP70100]

Braidot, E., Zancani, M., Petrussa, E., Peresson, C., Bertolini, A., Patui, S., et al.
(2008). Transport and Accumulation of Flavonoids in Grapevine (Vitis
viniferal.). Plant Signal. Behav. 3 (9), 626-632. d0i:10.4161/psb.3.9.6686

Brillouet, J.-M., Verdeil, J.-L., Odoux, E., Lartaud, M., Grisoni, M., and Conéjéro, G.
(2014). Phenol Homeostasis Is Ensured in Vanilla Fruit by Storage under Solid
Form in a New Chloroplast-Derived Organelle, the Phenyloplast. J. Exp. Bot. 65
(9), 2427-2435. doi:10.1093/jxb/erul 26

Chanoca, A., Kovinich, N., Burkel, B., Stecha, S., Bohorquez-Restrepo, A., Ueda, T.,
et al. (2015). Anthocyanin Vacuolar Inclusions Form by a Microautophagy
Mechanism. Plant Cell 27 (9), 2545-2559. doi:10.1105/tpc.15.00589

Choi, Y. H., van Spronsen, J., Dai, Y., Verberne, M., Hollmann, F., Arends, . W. C.
E., et al. (2011). Are Natural Deep Eutectic Solvents the Missing Link in
Understanding Cellular Metabolism and Physiology? Plant Physiol. 156 (4),
1701-1705. doi:10.1104/pp.111.178426

Conn, S., Zhang, W., and Franco, C. (2003). Anthocyanic Vacuolar Inclusions
(AVTs) Selectively Bind Acylated Anthocyanins in Vitis vinifera L. (Grapevine)
Suspension Culture. Biotechnol. Lett. 25 (11), 835-839. doi:10.1023/a:
1024028603089

Conn, S., Franco, C., and Zhang, W. (2010). Characterization of Anthocyanic
Vacuolar Inclusions in Vitis vinifera L. Cell Suspension Cultures. Planta 231
(6), 1343-1360. doi:10.1007/s00425-010-1139-4

Cornett, D. S., Reyzer, M. L., Chaurand, P., and Caprioli, R. M. (2007). MALDI
Imaging Mass Spectrometry: Molecular Snapshots of Biochemical Systems. Nat.
Methods 4 (10), 828-833. doi:10.1038/nmeth1094

Dai, Y., van Spronsen, J., Witkamp, G.-J., Verpoorte, R., and Choi, Y. H. (2013a).
Tonic Liquids and Deep Eutectic Solvents in Natural Products Research:
Mixtures of Solids as Extraction Solvents. J. Nat. Prod. 76 (11), 2162-2173.
doi:10.1021/np400051w

Dai, Y., van Spronsen, J., Witkamp, G.-J., Verpoorte, R., and Choi, Y. H. (2013b).
Natural Deep Eutectic Solvents as New Potential Media for Green Technology.
Anal. Chim. Acta 766, 61-68. doi:10.1016/j.aca.2012.12.019

Molecular Mechanisms of Anthocyanin Biocondensates

ACKNOWLEDGMENTS

The authors would like to thank Draw my Science (www.
drawmyscience.com) for assisting with figure design.

Davies, C., Shin, R, Liu, W., Thomas, M. R,, and Schachtman, D. P. (2006).
Transporters Expressed during Grape Berry (Vitis vinifera L.) Development
Are Associated with an Increase in Berry Size and Berry Potassium
Accumulation. J. Exp. Bot. 57 (12), 3209-3216. doi:10.1093/jxb/erl091

Davis, ]. M., Murphy, E. A, and Carmichael, M. D. (2009). Effects of the Dietary
Flavonoid Quercetin upon Performance and Health. Curr. sports Med. Rep. 8
(4), 206-213. doi:10.1249/jsr.0b013e3181ae8959

Deguchi, A., Tatsuzawa, F., and Miyoshi, K. (2020). A Blackish-Flowered Cultivar
of Catharanthus Roseus Accumulates High Concentrations of a Novel
Anthocyanin with a Unique Feature of Aggregation in Weak Acid
Solutions. Dyes Pigments 173, 108001. doi:10.1016/j.dyepig.2019.108001

Elgharbawy, A. A., Hayyan, A., Hayyan, M., Rashid, S. N., Nor, M. R. M., Zulkifli,
M. Y., etal. (2018). Shedding Light on Lipase Stability in Natural Deep Eutectic
Solvents. Chem. Biochem. Eng. Q. 32 (3), 359-370. doi:10.15255/cabeq.2018.
1335

Elgharbawy, A. A. M., Hayyan, M., Hayyan, A., Basirun, W. J., Salleh, H. M., and
Mirghani, M. E. S. (2020). A Grand Avenue to Integrate Deep Eutectic Solvents
into Biomass Processing. Biomass Bioenergy 137, 105550. doi:10.1016/j.
biombioe.2020.105550

Fernandes, A., Bras, N. F.,, Mateus, N., and Freitas, V. d. (2015). A Study of
Anthocyanin Self-Association by NMR Spectroscopy. New J. Chem. 39 (4),
2602-2611. doi:10.1039/C4NJ02339K

Francisco, R. M., Regalado, A., Ageorges, A., Burla, B. J., Bassin, B., Eisenach, C,,
et al. (2013). ABCC1, an ATP Binding Cassette Protein from Grape Berry,
Transports Anthocyanidin 3-O-Glucosides. Plant Cell 25 (5), 1840-1854.
doi:10.1105/tpc.112.102152

Gallage, N. J., Jargensen, K., Janfelt, C., Nielsen, A. J. Z., Naake, T., Dunski, E., et al.
(2018). The Intracellular Localization of the Vanillin Biosynthetic Machinery in
Pods of Vanilla Planifolia. Plant Cell Physiol. 59 (2), 304-318. doi:10.1093/pcp/
pcx185

Gaxiola, R. A, Palmgren, M. G., and Schumacher, K. (2007). Plant Proton Pumps.
FEBS Lett. 581 (12), 2204-2214. doi:10.1016/j.febslet.2007.03.050

Ginwala, R., Bhavsar, R., Chigbu, D. L, Jain, P., and Khan, Z. K. (2019). Potential
Role of Flavonoids in Treating Chronic Inflammatory Diseases with a Special
Focus on the Anti-inflammatory Activity of Apigenin. Antioxidants 8 (2), 35.
doi:10.3390/antiox8020035

Gomez, C., Terrier, N., Torregrosa, L., Vialet, S., Fournier-Level, A., Verries, C.,
et al. (2009). Grapevine MATE-type Proteins Act as Vacuolar H+-Dependent
Acylated Anthocyanin Transporters. Plant Physiol. 150 (1), 402-415. doi:10.
1104/pp.109.135624

Gomez, C., Conejero, G., Torregrosa, L., Cheynier, V., Terrier, N., and Ageorges, A.
(2011). In Vivo grapevine Anthocyanin Transport Involves Vesicle-Mediated
Trafficking and the Contribution of anthoMATE Transporters and GST. Plant
J. 67 (6), 960-970. doi:10.1111/j.1365-313x.2011.04648.x

Gonnet, J.-F. (2003). Origin of the Color of Cv. Rhapsody in Blue Rose and Some
Other So-Called "Blue" Roses. J. Agric. Food Chem. 51 (17), 4990-4994. doi:10.
1021/jf0343276

Goodman, C. D., Casati, P., and Walbot, V. (2004). A Multidrug Resistance-
Associated Protein Involved in Anthocyanin Transport in Zea mays. Plant Cell
16 (7), 1812-1826. doi:10.1105/tpc.022574

Grotewold, E., and Davies, K. (2008). Trafficking and Sequestration of
Anthocyanins. Nat. Product. Commun. 3 (8), 1934578X0800300. doi:10.
1177/1934578X0800300806

Guo, J., Han, W., and Wang, M. (2008). Ultraviolet and Environmental Stresses
Involved in the Induction and Regulation of Anthocyanin Biosynthesis: a
Review. Afr. J. Biotechnol. 7 (25), 4966-4972. doi:10.4314/AJB.V7125.59709

Halkier, B. A., and Meller, B. L. (1989). Biosynthesis of the Cyanogenic Glucoside
Dhurrin in Seedlings of Sorghum Bicolor (L.) Moench and Partial Purification
of the Enzyme System Involved. Plant Physiol. 90 (4), 1552-1559. doi:10.1104/
pp-90.4.1552

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 913324


http://www.drawmyscience.com
http://www.drawmyscience.com
https://doi.org/10.2307/3870717
https://doi.org/10.1016/j.phytochem.2020.112347
https://doi.org/10.1016/j.ymben.2018.06.004
https://doi.org/10.1016/j.ymben.2018.06.004
https://doi.org/10.21273/HORTSCI.41.3.733
https://doi.org/10.1038/nrm.2017.7
https://doi.org/10.1038/s41598-018-37504-8
https://doi.org/10.1038/s41598-018-37504-8
https://doi.org/10.3389/fpls.2018.01610
https://doi.org/10.1039/C3NP70100J
https://doi.org/10.4161/psb.3.9.6686
https://doi.org/10.1093/jxb/eru126
https://doi.org/10.1105/tpc.15.00589
https://doi.org/10.1104/pp.111.178426
https://doi.org/10.1023/a:1024028603089
https://doi.org/10.1023/a:1024028603089
https://doi.org/10.1007/s00425-010-1139-4
https://doi.org/10.1038/nmeth1094
https://doi.org/10.1021/np400051w
https://doi.org/10.1016/j.aca.2012.12.019
https://doi.org/10.1093/jxb/erl091
https://doi.org/10.1249/jsr.0b013e3181ae8959
https://doi.org/10.1016/j.dyepig.2019.108001
https://doi.org/10.15255/cabeq.2018.1335
https://doi.org/10.15255/cabeq.2018.1335
https://doi.org/10.1016/j.biombioe.2020.105550
https://doi.org/10.1016/j.biombioe.2020.105550
https://doi.org/10.1039/C4NJ02339K
https://doi.org/10.1105/tpc.112.102152
https://doi.org/10.1093/pcp/pcx185
https://doi.org/10.1093/pcp/pcx185
https://doi.org/10.1016/j.febslet.2007.03.050
https://doi.org/10.3390/antiox8020035
https://doi.org/10.1104/pp.109.135624
https://doi.org/10.1104/pp.109.135624
https://doi.org/10.1111/j.1365-313x.2011.04648.x
https://doi.org/10.1021/jf0343276
https://doi.org/10.1021/jf0343276
https://doi.org/10.1105/tpc.022574
https://doi.org/10.1177/1934578X0800300806
https://doi.org/10.1177/1934578X0800300806
https://doi.org/10.4314/AJB.V7I25.59709
https://doi.org/10.1104/pp.90.4.1552
https://doi.org/10.1104/pp.90.4.1552
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Buhrman et al.

Holton, T. A., and Cornish, E. C. (1995). Genetics and Biochemistry of
Anthocyanin Biosynthesis. Plant Cell 7 (7), 1071-1083. doi:10.1105/tpc.7.7.
1071

Houghton, A., Appelhagen, I, and Martin, C. (2021). Natural Blues: Structure
Meets Function in Anthocyanins. Plants 10 (4), 726. doi:10.3390/
plants10040726

Irani, N. G., and Grotewold, E. (2005). Light-induced Morphological Alteration in
Anthocyanin-Accumulating Vacuoles of Maize Cells. BMC Plant Biol. 5, 7.
doi:10.1186/1471-2229-5-7

Ito, T., Aoki, D., Fukushima, K., and Yoshida, K. (2019). Direct Mapping of
Hydrangea Blue-Complex in Sepal Tissues of Hydrangea Macrophylla. Sci. Rep.
9 (1), 5450. doi:10.1038/s41598-019-41968-7

Kallam, K., Appelhagen, L, Luo, J., Albert, N., Zhang, H., Deroles, S., et al. (2017).
Aromatic Decoration Determines the Formation of Anthocyanic Vacuolar
Inclusions. Curr. Biol. 27 (7), 945-957. doi:10.1016/j.cub.2017.02.027

Kaur, S., Sharma, N., Kapoor, P., Chunduri, V., Pandey, A. K., and Garg, M. (2021).
Spotlight on the Overlapping Routes and Partners for Anthocyanin Transport
in Plants. Physiol. Plant. 171 (4), 868-881. doi:10.1111/ppl.13378

Kim, H. K., Choi, Y. H., and Verpoorte, R. (2010). NMR-based Metabolomic
Analysis of Plants. Nat. Protoc. 5 (3), 536-549. doi:10.1038/nprot.2009.237

Kitamura, S., Shikazono, N., and Tanaka, A. (2004). TRANSPARENT TESTA 19 Is
Involved in the Accumulation of Both Anthocyanins and Proanthocyanidins in
Arabidopsis. Plant J. 37 (1), 104-114. doi:10.1046/j.1365-313x.2003.01943.x

Knudsen, C., Bavishi, K., Viborg, K. M., Drew, D. P., Simonsen, H. T., Motawia, M.
S., et al. (2020). Stabilization of Dhurrin Biosynthetic Enzymes from Sorghum
Bicolor Using a Natural Deep Eutectic Solvent. Phytochemistry 170, 112214.
doi:10.1016/j.phytochem.2019.112214

Kojima, M., Poulton, J. E.,, Thayer, S. S, and Conn, E. E. (1979). Tissue
Distributions of Dhurrin and of Enzymes Involved in its Metabolism in
Leaves of Sorghum Bicolor. Plant Physiol. 63 (6), 1022-1028. doi:10.1104/
Pp.63.6.1022

Konczak, I, and Zhang, W. (2004). Anthocyanins-More Than Nature’s Colours.
J. Biomed. Biotechnol. 2004 (5), 239-240. doi:10.1155/s1110724304407013

Lecourieux, F., Kappel, C., Lecourieux, D., Serrano, A., Torres, E., Arce-Johnson, P.,
etal. (2014). An Update on Sugar Transport and Signalling in Grapevine. J. Exp.
Bot. 65 (3), 821-832. doi:10.1093/jxb/ert394

Leydet, Y., Gavara, R,, Petrov, V., Diniz, A. M., Jorge Parola, A., Lima, J. C,, et al.
(2012). The Effect of Self-Aggregation on the Determination of the Kinetic and
Thermodynamic Constants of the Network of Chemical Reactions in 3-
glucoside ~Anthocyanins.  Phytochemistry 83, 125-135. doi:10.1016/j.
phytochem.2012.06.022

Liu, Y., Tikunov, Y., Schouten, R. E., Marcelis, L. F. M., Visser, R. G. F., and Bovy, A.
(2018). Anthocyanin Biosynthesis and Degradation Mechanisms in
Solanaceous Vegetables: A Review. Front. Chem. 6, 52. doi:10.3389/fchem.
2018.00052

Luo, X, Reiter, M. A, d’Espaux, L., Wong, J., Denby, C. M., Lechner, A., et al.
(2019). Complete Biosynthesis of Cannabinoids and Their Unnatural
Analogues in Yeast. Nature 567 (7746), 123-126. doi:10.1038/s41586-019-
0978-9

Mackon, E., Ma, Y., Jeazet Dongho Epse Mackon, G. C., Li, Q., Zhou, Q., and Liu, P.
(2021). Subcellular Localization and Vesicular Structures of Anthocyanin
Pigmentation by Fluorescence Imaging of Black Rice (Oryza Sativa L.)
Stigma Protoplast. Plants 10 (4), 685. doi:10.3390/plants10040685

Markham, K. R., Gould, K. S., Winefield, C. S., Mitchell, K. A., Bloor, S. J., and
Boase, M. R. (2000). Anthocyanic Vacuolar Inclusions - Their Nature and
Significance in Flower Colouration. Phytochemistry 55 (4), 327-336. doi:10.
1016/s0031-9422(00)00246-6

Markham, K. R,, Bloor, S. J., Nicholson, R., Rivera, R., Shemluck, M., Kevan, P. G.,
et al. (2004). Black Flower Coloration in Wild Lisianthius Nigrescens: Its
Chemistry and Ecological Consequences. Z Naturforsch C J. Biosci. 59 (9-
10), 625-630. doi:10.1515/znc-2004-9-1003

Martinoia, E., Meyer, S., De Angeli, A., and Nagy, R. (2012). Vacuolar Transporters
in Their Physiological Context. Annu. Rev. Plant Biol. 63 (1), 183-213. doi:10.
1146/annurev-arplant-042811-105608

Matsuba, Y., Sasaki, N., Tera, M., Okamura, M., Abe, Y., Okamoto, E., et al. (2010).
A Novel Glucosylation Reaction on Anthocyanins Catalyzed by Acyl-glucose-
dependent Glucosyltransferase in the Petals of Carnation and Delphinium.
Plant Cell 22 (10), 3374-3389. doi:10.1105/tpc.110.077487

Molecular Mechanisms of Anthocyanin Biocondensates

Milano, F., Giotta, L., Guascito, M. R., Agostiano, A., Sblendorio, S., Valli, L., et al.
(2017). Functional Enzymes in Nonaqueous Environment: the Case of
Photosynthetic Reaction Centers in Deep Eutectic Solvents. ACS Sustain.
Chem. Eng. 5 (9), 7768-7776. d0i:10.1021/acssuschemeng.7b01270

Mizuno, H., Hirano, K., and Okamoto, G. (2006). Effect of Anthocyanin
Composition in Grape Skin on Anthocyanic Vacuolar Inclusion
Development and Skin Coloration. Vitis 45 (4), 173-177. doi:10.5073/vitis.
2006.45.173-177

Moller, B. L., and Laursen, T. (2021). “Metabolons and Bio-Condensates: The
Essence of Plant Plasticity and the Key Elements in Development of Green
Production Systems,” in Advances in Botanical Research (Amsterdam,
Netherlands: Elsevier Publishing), 185-223.

Morita, Y., Hoshino, A., Kikuchi, Y., Okuhara, H., Ono, E., Tanaka, Y., et al. (2005).
Japanese Morning Glory Dusky Mutants Displaying Reddish-Brown or Purplish-
Gray Flowers Are Deficient in a Novel Glycosylation Enzyme for Anthocyanin
Biosynthesis, UDP-Glucose: Anthocyanidin 3-0-Glucoside-2"'-O-
Glucosyltransferase, Due to 4-bp Insertions in: A Novel Glucosyltransferase Gene
and its Mutants. Plant . 42 (3), 353-363. doi:10.1111/j.1365-313X.2005.02383.x

Mueller, L. A., Goodman, C. D,, Silady, R. A, and Walbot, V. (2000). AN9, a
Petunia Glutathione S-Transferase Required for Anthocyanin Sequestration, Is
a Flavonoid-Binding Protein. Plant physiol. 123 (4), 1561-1570. doi:10.1104/pp.
123.4.1561

Nozue, M., Kubo, H., Nishimura, M., and Yasuda, H. (1995). Detection and
Characterization of a Vacuolar Protein (VP24) in Anthocyanin-Producing
Cells of Sweet Potato in Suspension Culture. Plant Cell Physiol. 36 (5),
883-889. doi:10.1093/oxfordjournals.pcp.a078834

Nozue, M., Yamada, K., Nakamura, T., Kubo, H., Kondo, M., and Nishimura, M.
(1997). Expression of a Vacuolar Protein (VP24) in Anthocyanin-Producing
Cells of Sweet Potato in Suspension Culture. Plant Physiol. 115 (3), 1065-1072.
doi:10.1104/pp.115.3.1065

Nozue, M., Baba, S., Kitamura, Y., Xu, W., Kubo, H., Nogawa, M., et al. (2003).
VP24 Found in Anthocyanic Vacuolar Inclusions (AVIs) of Sweet Potato Cells
is a Member of a Metalloprotease Family. Biochem. Eng. ]. 14 (3), 199-205.
doi:10.1016/51369-703X(02)00223-1

Okamura, M., Nakayama, M., Umemoto, N., Cano, E. A, Hase, Y., Nishizaki, Y.,
etal. (2013). Crossbreeding of a Metallic Color Carnation and Diversification of
the Peculiar Coloration by Ion-Beam Irradiation. Euphytica 191 (1), 45-56.
doi:10.1007/s10681-012-0859-x

Oplatowska-Stachowiak, M., and Elliott, C. T. (2017). Food Colors: Existing and
Emerging Food Safety Concerns. Crit. Rev. Food Sci. Nutr. 57 (3), 524-548.
doi:10.1080/10408398.2014.889652

Orme, A., Louveau, T., Stephenson, M. J., Appelhagen, I., Melton, R., Cheema, J.,
et al. (2019). A Noncanonical Vacuolar Sugar Transferase Required for
Biosynthesis of Antimicrobial Defense Compounds in Oat. Proc. Natl. Acad.
Sci. U.S.A. 116 (52), 27105-27114. doi:10.1073/pnas.1914652116

Pani¢, M., Cvjetko Bubalo, M., and Radoj¢i¢ Redovnikovi¢, I. (2021). Designing a
Biocatalytic Process Involving Deep Eutectic Solvents. J. Chem. Technol.
Biotechnol. 96 (1), 14-30. doi:10.1002/jctb.6545

Pecenkovd, T., Markovi¢, V., Sabol, P., Kulich, I, and Zarsky, V. (2018). Exocyst
and Autophagy-Related Membrane Trafficking in Plants. J. Exp. Bot. 69 (1),
47-57. doi:10.1093/jxb/erx363

Petrussa, E., Braidot, E., Zancani, M., Peresson, C., Bertolini, A., Patui, S., et al.
(2013). Plant Flavonoids-Biosynthesis, Transport and Involvement in Stress
Responses. Int. J. Mol. Sci. 14 (7), 14950-14973. doi:10.3390/ijms140714950

Pourcel, L., Irani, N. G,, Lu, Y., Riedl, K., Schwartz, S., and Grotewold, E. (2010).
The Formation of Anthocyanic Vacuolar Inclusions in Arabidopsis thaliana
and Implications for the Sequestration of Anthocyanin Pigments. Mol. Plant 3
(1), 78-90. doi:10.1093/mp/ssp071

Poustka, F., Irani, N. G., Feller, A., Lu, Y., Pourcel, L., Frame, K, et al. (2007). A
Trafficking Pathway for Anthocyanins Overlaps with the Endoplasmic
Reticulum-To-Vacuole  Protein-Sorting Route in  Arabidopsis and
Contributes to the Formation of Vacuolar Inclusions. Plant Physiol. 145 (4),
1323-1335. doi:10.1104/pp.107.105064

Provenzano, S., Spelt, C., Hosokawa, S., Nakamura, N., Brugliera, F., Demelis, L.,
etal. (2014). Genetic Control and Evolution of Anthocyanin Methylation. Plant
Physiol. 165 (3), 962-977. doi:10.1104/pp.113.234526

Qi, Y., Lou, Q., Quan, Y., Liu, Y., and Wang, Y. (2013). Flower-specific Expression
of the Phalaenopsis Flavonoid 3', 5’-hydoxylase Modifies Flower Color

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 913324


https://doi.org/10.1105/tpc.7.7.1071
https://doi.org/10.1105/tpc.7.7.1071
https://doi.org/10.3390/plants10040726
https://doi.org/10.3390/plants10040726
https://doi.org/10.1186/1471-2229-5-7
https://doi.org/10.1038/s41598-019-41968-7
https://doi.org/10.1016/j.cub.2017.02.027
https://doi.org/10.1111/ppl.13378
https://doi.org/10.1038/nprot.2009.237
https://doi.org/10.1046/j.1365-313x.2003.01943.x
https://doi.org/10.1016/j.phytochem.2019.112214
https://doi.org/10.1104/pp.63.6.1022
https://doi.org/10.1104/pp.63.6.1022
https://doi.org/10.1155/s1110724304407013
https://doi.org/10.1093/jxb/ert394
https://doi.org/10.1016/j.phytochem.2012.06.022
https://doi.org/10.1016/j.phytochem.2012.06.022
https://doi.org/10.3389/fchem.2018.00052
https://doi.org/10.3389/fchem.2018.00052
https://doi.org/10.1038/s41586-019-0978-9
https://doi.org/10.1038/s41586-019-0978-9
https://doi.org/10.3390/plants10040685
https://doi.org/10.1016/s0031-9422(00)00246-6
https://doi.org/10.1016/s0031-9422(00)00246-6
https://doi.org/10.1515/znc-2004-9-1003
https://doi.org/10.1146/annurev-arplant-042811-105608
https://doi.org/10.1146/annurev-arplant-042811-105608
https://doi.org/10.1105/tpc.110.077487
https://doi.org/10.1021/acssuschemeng.7b01270
https://doi.org/10.5073/vitis.2006.45.173-177
https://doi.org/10.5073/vitis.2006.45.173-177
https://doi.org/10.1111/j.1365-313X.2005.02383.x
https://doi.org/10.1104/pp.123.4.1561
https://doi.org/10.1104/pp.123.4.1561
https://doi.org/10.1093/oxfordjournals.pcp.a078834
https://doi.org/10.1104/pp.115.3.1065
https://doi.org/10.1016/S1369-703X(02)00223-1
https://doi.org/10.1007/s10681-012-0859-x
https://doi.org/10.1080/10408398.2014.889652
https://doi.org/10.1073/pnas.1914652116
https://doi.org/10.1002/jctb.6545
https://doi.org/10.1093/jxb/erx363
https://doi.org/10.3390/ijms140714950
https://doi.org/10.1093/mp/ssp071
https://doi.org/10.1104/pp.107.105064
https://doi.org/10.1104/pp.113.234526
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Buhrman et al.

Pigmentation in Petunia and Lilium. Plant Cell Tiss. Organ Cult. 115 (2),
263-273. doi:10.1007/s11240-013-0359-2

Quattrocchio, F., Verweij, W., Kroon, A., Spelt, C., Mol, J., and Koes, R. (2006). PH4
of Petunia is an R2R3 MYB Protein that Activates Vacuolar Acidification through
Interactions with Basic-Helix-Loop-Helix Transcription Factors of the
Anthocyanin Pathway. Plant Cell 18 (5), 1274-1291. doi:10.1105/tpc.105.034041

Sasaki, N., Nishizaki, Y., Ozeki, Y., and Miyahara, T. (2014). The Role of Acyl-
Glucose in Anthocyanin Modifications. Molecules 19 (11), 18747-18766.
doi:10.3390/molecules191118747

Schreiber, H. D., Swink, A. M., and Godsey, T. D. (2010). The Chemical
Mechanism for Al3+ Complexing with Delphinidin: A Model for the Bluing
of Hydrangea Sepals. J. Inorg. Biochem. 104 (7), 732-739. doi:10.1016/j.
jinorgbio.2010.03.006

Schreiber, H. D., Jones, A. H., Lariviere, C. M., Mayhew, K. M., and Cain, J. B.
(2011). Role of Aluminum in Red-To-Blue Color Changes in Hydrangea
Macrophylla Sepals. Biometals 24 (6), 1005-1015. doi:10.1007/s10534-011-
9458-x

Schulze, J., Tesfaye, M., Litjens, R. H. M. G., Bucciarelli, B., Trepp, G., Miller, S.,
et al. (2002). Malate Plays a Central Role in Plant Nutrition. Plant Soil 247 (1),
133-139. doi:10.1007/978-94-017-2789-1_10

Sheehan, H., Moser, M., Klahre, U., Esfeld, K., Dell'Olivo, A., Mandel, T., et al.
(2016). MYB-FL Controls Gain and Loss of Floral UV Absorbance, a Key Trait
Affecting Pollinator Preference and Reproductive Isolation. Nat. Genet. 48 (2),
159-166. doi:10.1038/ng.3462

Serensen, M., Andersen-Ranberg, J., Hankamer, B., and Moller, B. L. (2022).
Circular Biomanufacturing through Harvesting Solar Energy and CO2. Trends
Plant Sci. 27, 655. doi:10.1016/j.tplants.2022.03.001

Srinivasan, P., and Smolke, C. D. (2020). Biosynthesis of Medicinal Tropane
Alkaloids in Yeast. Nature 585 (7826), 614-619. doi:10.1038/s41586-020-
2650-9

Sun, Y., Li, H,, and Huang, J. R. (2012). Arabidopsis TT19 Functions as a Carrier to
Transport Anthocyanin from the Cytosol to Tonoplasts. Mol. Plant 5 (2),
387-400. doi:10.1093/mp/ssr110

Sunil, L., and Shetty, N. P. (2022). Biosynthesis and Regulation of Anthocyanin
Pathway Genes. Appl. Microbiol. Biotechnol. 106, 1-16. doi:10.1007/s00253-
022-11835-z

Thomas, F., and Kayser, O. (2022). Natural Deep Eutectic Solvents Enhance
Cannabinoid Biotransformation. Biochem. Eng. J. 180, 108380. doi:10.1016/j.
bej.2022.108380

Umeda, T., Miyazaki, H., Yamamoto, A., Yatomi, M., Yamaguchi, M., and Matsuzoe,
N. (2006). Relation of Anthocyanin in Skin of Eggplant Fruits to Light
Environment. J. Sci. High. Tech. Agric. 18 (3), 193-199. doi:10.2525/shita.18.193

van der Krol, A. R, Brunelle, A., Tsuchimoto, S., and Chua, N. H. (1993).
Functional Analysis of Petunia Floral Homeotic MADS Box Gene pMADSI.
Genes Dev. 7 (7a), 1214-1228. doi:10.1101/gad.7.7a.1214

Vanda, H., Dai, Y., Wilson, E. G., Verpoorte, R., and Choi, Y. H. (2018). Green
Solvents from Ionic Liquids and Deep Eutectic Solvents to Natural Deep
Eutectic Solvents. Comptes Rendus Chim. 21 (6), 628-638. doi:10.1016/j.crci.
2018.04.002

Wang, N., Zhang, Z., Jiang, S., Xu, H., Wang, Y., Feng, S., et al. (2016a). Synergistic
Effects of Light and Temperature on Anthocyanin Biosynthesis in Callus
Cultures of Red-Fleshed Apple (Malus Sieversii F. Niedzwetzkyana). Plant
Cell Tiss. Organ Cult. 127 (1), 217-227. doi:10.1007/s11240-016-1044-z

Wang, S., Pan, D,, Lv, X,, Song, X., Qiu, Z., Huang, C,, et al. (2016b). Proteomic
Approach Reveals that Starch Degradation Contributes to Anthocyanin

Molecular Mechanisms of Anthocyanin Biocondensates

Accumulation in Tuberous Root of Purple Sweet Potato. J. Proteomics 143,
298-305. doi:10.1016/j.jprot.2016.03.010

Winkel-Shirley, B. (2001). Flavonoid Biosynthesis. A Colorful Model for Genetics,
Biochemistry, Cell Biology, and Biotechnology. Plant Physiol. 126 (2), 485-493.
doi:10.1104/pp.126.2.485

Xu, W., Shioiri, H., Kojima, M., and Nozue, M. (2001). Primary Structure and
Expression of a 24-kD Vacuolar Protein (VP24) Precursor in Anthocyanin-
Producing Cells of Sweet Potato in Suspension Culture. Plant Physiol. 125 (1),
447-455. doi:10.1104/pp.125.1.447

Yonekura-Sakakibara, K., Higashi, Y., and Nakabayashi, R. (2019). The Origin and
Evolution of Plant Flavonoid Metabolism. Front. Plant Sci. 10, 943. doi:10.3389/
1pls.2019.00943

Yoshida, K., Mori, M., and Kondo, T. (2009). Blue Flower Color Development by
Anthocyanins: from Chemical Structure to Cell Physiology. Nat. Prod. Rep. 26
(7), 884-915. doi:10.1039/b800165k

Zhang, H., Wang, L., Deroles, S., Bennett, R., and Davies, K. (2006). New Insight
into the Structures and Formation of Anthocyanic Vacuolar Inclusions in
Flower Petals. BMC Plant Biol. 6 (1), 29. do0i:10.1186/1471-2229-6-29

Zhang, H., Jordheim, M., Lewis, D. H., Arathoon, S., Andersen, @. M., and Davies,
K. M. (2014a). Anthocyanins and Their Differential Accumulation in the Floral
and Vegetative Tissues of a Shrub Species (Rhabdothamnus Solandri A. Cunn).
Sci. Hortic. 165, 29-35. doi:10.1016/j.scienta.2013.10.032

Zhang, Y., Butelli E., and Martin, C. (2014b). Engineering Anthocyanin
Biosynthesis in Plants. Curr. Opin. Plant Biol. 19, 81-90. doi:10.1016/j.pbi.
2014.05.011

Zhao, J., and Dixon, R. A. (2010). The ’ins’ and ’outs’ of Flavonoid Transport.
Trends Plant Sci. 15 (2), 72-80. doi:10.1016/j.tplants.2009.11.006

Zhao, J., Huhman, D., Shadle, G., He, X.-Z., Sumner, L. W,, Tang, Y., et al. (2011).
MATE2 Mediates Vacuolar Sequestration of Flavonoid Glycosides and
Glycoside Malonates in Medicago Truncatula. Plant Cell 23 (4), 1536-1555.
doi:10.1105/tpc.110.080804

Zheng, C., Xu, X, Zhang, L., and Lu, D. (2021). Liquid-Liquid Phase Separation
Phenomenon on Protein Sorting within Chloroplasts. Front. Physiol. 12, 2416.
doi:10.3389/fphys.2021.801212

Zhu, H. M,, Li, R,, Su, X. D., and Zhu, M. J. (2018). Morphology of Anthocyanin
Vacuolar Inclusions (AVIs) in Purple Sweet Potato. Eur. J. Hortic. Sci. 83,
364-373. doi:10.17660/eJHS.2018/83.6.4

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Buhrman, Aravena-Calvo, Ross Zaulich, Hinz and Laursen. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

June 2022 | Volume 10 | Article 913324


https://doi.org/10.1007/s11240-013-0359-2
https://doi.org/10.1105/tpc.105.034041
https://doi.org/10.3390/molecules191118747
https://doi.org/10.1016/j.jinorgbio.2010.03.006
https://doi.org/10.1016/j.jinorgbio.2010.03.006
https://doi.org/10.1007/s10534-011-9458-x
https://doi.org/10.1007/s10534-011-9458-x
https://doi.org/10.1007/978-94-017-2789-1_10
https://doi.org/10.1038/ng.3462
https://doi.org/10.1016/j.tplants.2022.03.001
https://doi.org/10.1038/s41586-020-2650-9
https://doi.org/10.1038/s41586-020-2650-9
https://doi.org/10.1093/mp/ssr110
https://doi.org/10.1007/s00253-022-11835-z
https://doi.org/10.1007/s00253-022-11835-z
https://doi.org/10.1016/j.bej.2022.108380
https://doi.org/10.1016/j.bej.2022.108380
https://doi.org/10.2525/shita.18.193
https://doi.org/10.1101/gad.7.7a.1214
https://doi.org/10.1016/j.crci.2018.04.002
https://doi.org/10.1016/j.crci.2018.04.002
https://doi.org/10.1007/s11240-016-1044-z
https://doi.org/10.1016/j.jprot.2016.03.010
https://doi.org/10.1104/pp.126.2.485
https://doi.org/10.1104/pp.125.1.447
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.3389/fpls.2019.00943
https://doi.org/10.1039/b800165k
https://doi.org/10.1186/1471-2229-6-29
https://doi.org/10.1016/j.scienta.2013.10.032
https://doi.org/10.1016/j.pbi.2014.05.011
https://doi.org/10.1016/j.pbi.2014.05.011
https://doi.org/10.1016/j.tplants.2009.11.006
https://doi.org/10.1105/tpc.110.080804
https://doi.org/10.3389/fphys.2021.801212
https://doi.org/10.17660/eJHS.2018/83.6.4
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Anthocyanic Vacuolar Inclusions: From Biosynthesis to Storage and Possible Applications
	1 Introduction
	1.1 Biosynthesis of Decorated Anthocyanins Involved in Formation of Anthocyanic Vacuolar Inclusions
	1.2 Molecular Environment Facilitating Anthocyanic Vacuolar Inclusions Formation
	1.2.1 Proteinaceous Membraneless Compartments
	1.2.2 Natural Deep Eutectics Solvents and the Vacuolar Environment of Anthocyanic Vacuolar Inclusions

	1.3 The Anthocyanin Traffic Routes From Biosynthesis to Anthocyanic Vacuolar Inclusions
	1.3.1 Selective Vacuolar Loading of Anthocyanins Governed by Transport Mechanism


	2 Discussion
	2.1 Synthetic Vacuolar Inclusions for Heterologous Production of Complex Flavonoids

	Author Contributions
	Funding
	Acknowledgments
	References


