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ABSTRACT

Proanthocyanidins (PAs) are natural flavan-3-ol polymers that contribute protection to plants under biotic

and abiotic stress, benefits to human health, and bitterness and astringency to food products. They are also

potential targets for carbon sequestration for climate mitigation. In recent years, from model species to

commercial crops, research has moved closer to elucidating the flux control and channeling, subunit

biosynthesis and polymerization, transport mechanisms, and regulatory networks involved in plant PA

metabolism. This review extends the conventional understanding with recent findings that provide new

insights to address lingering questions and focus strategies for manipulating PA traits in plants.

Key words: condensed tannin, proanthocyanidin, carbocation chemistry, metabolic channeling, non-enzymatic

polymerization

YuK., SongY., Lin J., andDixonR.A. (2023). The complexities of proanthocyanidin biosynthesis and its regulation
in plants. Plant Comm. 4, 100498.
Published by the Plant Communications Shanghai Editorial Office in

association with Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and

CEMPS, CAS.
INTRODUCTION

Proanthocyanidins (PAs), also called condensed tannins, are poly-

meric flavan-3-ols that probably constitute the secondmost abun-

dant class of polyphenols in the plant kingdom after lignin. Flavan-

3-ols possess the characteristic ‘‘three-ring system’’ of flavonoids,

with the C2 position of a benzopyran (A and C rings) linked with

another aromatic ring (B ring) (Figure 1). The gallate modification

of the hydroxyl group at the C3 position, the number of hydroxyl

groups on the B ring, and the cis/trans configuration at C2 and

C3 contribute to the diversity of flavan-3-ols (Figure 1).

(+)-Catechin and (�)-epicatechin represent the basic common PA

building blocks with 2,3-trans and 2,3-cis stereochemistry,

respectively (Gu et al., 2003; Xie and Dixon, 2005). The adjacent

subunits of PAs are usually connected via C4-C8 or, less

commonly,C4-C6bonds.Thesemoleculesarecollectively referred

to as B-type PAs and are present in commonly studied species

such as Arabidopsis thaliana,Medicago truncatula, and grapevine

(Vitis vinifera) (Lepiniec et al., 2006; Huang et al., 2012; Jun et al.,

2018). Besides the C4-C8 linkage, in some cases the upper unit

C2 can also link with the hydroxyl group on the A ring of the lower

unit (Figure 1), forming A-type PAs in species such as cranberry

(Vaccinium macrocarpon) and peanut (Arachis hypogaea) (Lou

et al., 1999; Howell et al., 2005).

PAs are widely present in fruits, bark, leaves, and seeds and

play important roles in resistance to biotic and abiotic stress
Plant Com
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(Dixon et al., 2005). Depending on their ability to chelate metal

ions, PAs reduce the activity of iron-, copper-, or zinc-

dependent enzymes in pathogens, inhibiting their infestation or

reproduction (Scalbert, 1991; Dixon et al., 2005; Yuan et al.,

2012). Induced by environmental stress (e.g., high light and

strong ultraviolet B light), PAs can protect plants by

scavenging harmful reactive oxygen species (Mellway et al.,

2009; Gourlay et al., 2020). The antioxidant properties of PAs

also benefit neurological and cardiovascular health in humans

(Middleton et al., 2000; Cos et al., 2004). With their protein-

binding activity, PAs help protect plants against feeding insects

by binding to digestive proteins and causing mid-gut lesions

(War et al., 2012). This protein binding also helps maintain

ruminal protein nitrogen and prevent lethal pasture bloat in

ruminant animals and affects the feeding behavior of livestock

and birds (Li et al., 1996; Xie et al., 2019; Xie and Xu, 2019).

Plant-derived PAs contribute bitterness and astringency to

food products, including red wine and tea (Pang et al., 2013;

Ma et al., 2014). A high PA content leads to unwanted drying

and puckering in some fruits, such as persimmon (Diospyros

kaki) and pomegranate (Punica granatum), and de-astringency

processing is needed before marketing (Wu et al., 2022).
munications 4, 100498, March 13 2023 ª 2022 The Author(s).
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Figure 1. Structures of flavan-3-ol monomers and B-type and A-type PAs.
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The bitter and astringent intensities of PAs are influenced

by the content, degree of polymerization, 2,3-trans/cis

stereochemistry, extent of galloylation, and number of

hydroxyl groups on the PA molecules (Thorngate and Noble,

1995; Peleg et al., 1999; Vidal et al., 2003; Suzuki et al., 2005;

Hufnagel and Hofmann, 2008; Ma et al., 2014). PAs enhance

color stabilization during red wine aging via co-pigmentation

and condensation with anthocyanins (Zhang et al., 2022b) and

through interactions with proteins and cause hazing in fruit

juice, wine, and beer (e.g., Collin et al., 2013). Oxidized PAs

possess a brown color and are the major pigment in natural-

colored cotton (Gossypium arboretum) fibers, which are an

eco-friendly raw material in the textile industry because less

dyeing and disposal of toxic waste are needed (Feng et al.,

2014). In the terrestrial ecosystem, PA accumulation above

ground in plants was recently proposed as a promising

carbon sink for greenhouse gases (Dixon and Sarnala, 2020),

and PAs from leaf litter and roots contribute to carbon

sequestration in soil by forming complexes with necromass

and shaping communities and metabolism of rhizosphere

microbiomes below ground (Adamczyk et al., 2019a, 2019b,

2020; Zak et al., 2019; McGivern et al., 2021; Ward et al., 2022).

Despite the rapid development of genome editing technology and

synthetic genetic circuit design (Gao, 2021; Brophy et al., 2022),

deployment of PA-related traits has been limited by the lack of a

comprehensive understanding of PA biosynthesis, transport, and

regulation. Here we review recent advances in the field that may

facilitate precise manipulation of PA traits in commercial crops

and exploration of bio-strategies for mitigating global climate

change.
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CHANNELING THE PRODUCTS
UPSTREAM OF THE PA PATHWAY: A
MATTER OF PROTEIN-PROTEIN
INTERACTIONS?

Biosynthesis of PAs is a branch of the flavonoid pathway,

located downstream of the core phenylpropanoid metabolic

route (Vogt, 2010; Figure 2). L-phenylalanine ammonia-

lyase (PAL) is the entry enzyme of the phenylpropanoid

pathway, producing cinnamate through deamination of

L-phenylalanine (Rasmussen and Dixon, 1999). 4-Coumarate

and 4-coumaroyl-coenzyme A (CoA) are sequentially generated

from L-phenylalanine in two successive steps catalyzed by

cinnamate 4-hydroxylase (C4H) and 4-coumarate CoA-

ligase (Schilmiller et al., 2009). Chalcone synthase (CHS) then

catalyzes condensation of one molecule of 4-coumaroyl-CoA

and three molecules of malonyl-CoA to generate one molecule

of chalcone (Hrazdina et al., 1986), resulting in the C6-C3-C6

skeleton of flavonoids (Figure 2). Because malonyl-CoA is also

an essential precursor for fatty acid biosynthesis, enhanced

flow of carbon to fatty acids and their derived volatile

compounds has been observed when the flavonoid pathway

is downregulated (Li et al., 2018; Xuan et al., 2018;

Xie et al., 2019; Figure 2). At the same time, 4-coumarate

and 4-coumaroyl-CoA are both substrates in the lignin

pathway. 4-Coumaroyl-CoA can be converted to the lignin

monomer 4-coumaryl alcohol (H unit) through successive reduc-

tions by cinnamoyl-CoA reductase and cinnamyl alcohol

dehydrogenase or channeled via 4-hydroxycinnamoyl CoA:

shikimate hydroxycinnamoyltransferase or (as the free acid)
thor(s).
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Figure 2. Upstream pathway of PA biosyn-
thesis and the interaction network among
the enzymes.
PAL, L-phenylalanine ammonia-lyase; C4H, cin-

namate 4-hydroxylase; 4CL, 4-coumarate CoA-

ligase; CHS, chalcone synthase; CHI, chalcone

isomerase; CHIL, CHI-like protein; F3H/F30H/
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flavonol synthase; FNS II, flavone synthase II; DFR,

dihydroflavonol 4-reductase. Red dashed lines

indicate a direct interaction between enzymes, and

blue dashed lines indicate that FLS competes with

DFR to bind CHS. Dotted arrows indicate multiple

reactions.
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4-coumarate-3-hydroxylase to generate other forms of lignin

monomers (C/G/5H/S units) (Barros et al., 2019). Chalcone

isomerase (CHI) catalyzes intramolecular cyclization of

chalcone to naringenin (flavanone) (Moustafa and Wong,

1967), with the benzopyran structure and 2R stereochemistry

shared by PA building blocks. Accepting naringenin as the

substrate, flavanone 3/30/3050-hydroxylases add hydroxyl

groups to the C-3, C-30, and C-50 of the C6-C3-C6 backbone

to generate various substituted flavanols and dihydroflavonols

(Forkmann et al., 1980; Britsch and Grisebach, 1986; Menting

et al., 1994). It is because of the existence of F3H that

dihydroflavonols possess a 2R,3S configuration. Through the

activity of dihydroflavonol 4-reductase (DFR), the carbonyl

group at the C4 position is reduced to a hydroxyl group, result-

ing in 2R,3S,4S-leucoanthocyanidins (flavan-3,4-diols) (Fischer

et al., 1988).

It is believed that the formation of enzyme complexes

concentrates substrates and accelerates the exchange of inter-

mediates between adjacent enzymes, thereby enhancing

catalytic efficiency (Winkel-Shirley, 1999). In tobacco (Nicotiana

tabacum), PAL is closely associated with C4H, although

the interaction strength is weak, as shown by fluorescence

energy resonance transfer (FRET) studies (Achnine et al., 2004).

Yeast two-hybrid (Y2H) studies revealed the three interacting

protein pairs CHS-CHI, CHS-DFR, and CHI-DFR in Arabidopsis,

and affinity chromatography and immunoprecipitation assays

demonstrated interactions betweenCHS, CHI, and F3H in lysates
Plant Communications 4, 1004
from 3-day-old Arabidopsis seedlings

(Burbulis and Winkel-Shirley, 1999). Among

six flavonol synthase (FLS) isoforms of

Arabidopsis, FLS1 plays a central role

in converting dihydroflavonol to flavonol and

interacts with CHS, F3H, and DFR, as

shown by Y2H analysis (Owens et al., 2008).

FRET detected by fluorescence lifetime

imaging microscopy provided in vivo

evidence showing that DFR competed

with FLS in physically binding to CHS

inArabidopsis, suggesting potentially distinct

channels to the flavonol and PA/anthocyanin

branches (Crosby et al., 2011). Using

bimolecular fluorescence complementation

and co-immunoprecipitation approaches,
it was shown that soybean (Glycine max) isoflavone

synthase interacted with CHS, CHI, and C4H, suggesting

the formation of an isoflavone biosynthesis metabolon

(Dastmalchi et al., 2016). Y2H and bimolecular fluorescence

complementation assays revealed that snapdragon

(Antirrhinum majus) flavone synthase II (FNS II) interacted

with CHS, CHI, and DFR and that CHI was the shared

interaction partner of DFR and F30H (Fujino et al., 2018). By

contrast, similar approaches failed to verify interaction

between FNS II and CHS in torenia (Torenia hybrida),

and an FNS II–F3H interaction was identified instead

(Fujino et al., 2018). In rice (Oryza sativa), a complex has

been shown between CHS, F3H, F30H, DFR, and

anthocyanidin synthase (ANS) (Shih et al., 2008). C4H,

F30H, and FNS II, as endoplasmic reticulum membrane-

localized proteins, are thought to anchor the phenylpropa-

noid/flavonoid enzyme complex to the cytosolic side of the

endoplasmic reticulum (Winkel-Shirley, 1999, 2001; Fujino

et al., 2018).

In addition to forming metabolons, protein-protein inter-

actions can also increase the specific activity of enzymes.

Recent studies found that the conserved CHI-like

protein could rectify CHS activity to produce chalcone rather

than derailment polyketides through protein-protein interac-

tions, facilitating influx of substrates from the phenylpropanoid

pathway to the flavonoid pathway (Jiang et al., 2015; Waki

et al., 2020; Figure 2).
98, March 13 2023 ª 2022 The Author(s). 3
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BIOSYNTHESIS AND POLYMERIZATION
OF PA BUILDING BLOCKS: A COMPLEX,
NON-CONSERVED NETWORK

Nearly two decades ago, ANS and leucoanthocyanidin reductase

(LAR) were found to use 2R,3S,4S-leucoanthocyanidins as

substrates to produce anthocyanidins and 2,3-trans flavan-3-ol

monomers (e.g., (+)-catechin), respectively (Tanner and

Kristiansen, 1993; Saito et al., 1999; Tanner et al., 2003), and

anthocyanidin reductase (ANR) was found to act downstream

of ANS to convert anthocyanidins to 2,3-cis flavan-3-ol mono-

mers (e.g., (�)-epicatechin) (Xie et al., 2003; Figure 3). Although

publications have stated that flavan-3-ol monomers alone can

be polymerized non-enzymatically or through catalysis by lac-

cases, the resulting products are oligomers that are not usually

present in nature (Pourcel et al., 2005). Instead, in vitro studies

support a more plausible non-enzymatic mechanism of PA poly-

merization in which flavan-3-ol monomers serve as the

starter units for sequential trapping of flavan-3-ol carbocations

(extension units) via nucleophilic attack (Wang et al., 2020).

2R,3S,4S-Leucoanthocyanidin was first described as a 2,3-

trans extension unit precursor for PA polymerization in vitro in

the 1980s (Delcour et al., 1983), whereas the likely precursors

of 2,3-cis extension units, 2R,3R,4R-leucocyanidin and 4b-(S-

cysteinyl)-(�)-epicatechin (Cys-EC), were only found recently

(Liu et al., 2016; Jun et al., 2021). In the past 6 years, new

enzymes, novel functions of known enzymes, and new

intermediates of the PA pathway have been discovered,

providing explanations for the previously contradictory

observations concerning in vivo versus in vitro enzyme activity,

how PA chain length is regulated, the mechanism of flux

channeling into 2,3-trans and 2,3-cis PA subunits, sequential

assembly of PA building blocks, and how galloylated PA

subunits are produced, as discussed below.
New insights into the in vivo roles of ANS

ANS exists in all PA-producing plants. In the presence of

2-oxoglutarate, ferrous ion, and ascorbate (AsA), recombinant

ANSs of beefsteak plant (Perellia frutescens), snapdragon, maize

(Zea mays), and torenia were shown to convert 2R,3S,4S-leu-

coanthocyanidins to corresponding anthocyanidins, with loss of

the stereochemistry at C2 and C3 (Saito et al., 1999; Nakajima

et al., 2001). On the basis of what was believed to be its

primary substrate, ANS is also often called leucoanthocyanidin

dioxygenase (LDOX). However, a series of follow-up studies

questioned ANS-catalyzed transformation of leucoanthocyani-

dins as a major source of anthocyanidins. Incubation of Arabi-

dopsis ANS with leucocyanidin substrate gave quercetin as the

major product, with small amounts of dihydroquercetin and cya-

nidin as theminor products (Turnbull et al., 2000, 2003). ANS from

grapevine could only produce quercetin using 2R,3S,4S-

leucocyanidin as the substrate in vitro (Zhang et al., 2019).

ANSs from Arabidopsis, grapevine, and Ginkgo biloba have

also been observed to possess FLS activity (conversion of

dihydroquercetin to quercetin) in vitro (Turnbull et al., 2000; Xu

et al., 2008; Zhang et al., 2022a). Thus, ANS-catalyzed

reactions in plants remain to be clarified.

The phenotypes of Arabidopsis tds4 (ans) mutants provide in-

sights into the substrate and products of ANS in vivo. Loss of
4 Plant Communications 4, 100498, March 13 2023 ª 2022 The Au
function of ANS in Arabidopsis results in deficiency of PAs and

anthocyanins (Abrahams et al., 2003), supporting the idea that

ANS is a part of the PA and anthocyanin pathways. Quercetin

and kaempferol levels were the same in 5-day-old seedlings of

the Arabidopsis tds4 (ans) mutant and the wild type (Bowerman

et al., 2012). 2R,3S,4S-Leucocyanidin does not accumulate in

wild-type Arabidopsis but is detectable in Arabidopsis tds4

(ans) mutant seeds (Jun et al., 2021). This evidence suggests

that 2R,3S,4S-leucocyanidin is an in vivo substrate forANS but

does not participate significantly in flavonol production, at least

in Arabidopsis.

Recently, Zhang et al. (2019) trapped 2R,4S-flavan-3,3,4-triol as

the initial product of VvANS from grapevine using 2R,3S,4S-leuco-

cyanidin as the substrate, supporting the idea that the generic

function of ANS is to catalyze C3-hydroxylation of the flavonoid

C-ring (Welford et al., 2001; Wilmouth et al., 2002). In contrast to

the full in vitro reaction of VvANS to generate only quercetin from

2R,3S,4S-leucocyanidin, the non-enzymatic degradation products

of the purified 2R,4S-flavan-3,3,4-triol included significant

amounts of dihydroquercetin and cyanidin but only trace amounts

of quercetin (Zhang et al., 2019). 2R-Flav-3-en-3,4-diol and 4S-

flav-2-en-3,4-diol are expected tobe immediate dehydration prod-

ucts from the unstable 2R,4S-flavan-3,3,4-triol (Welford et al.,

2001; Nakajima et al., 2006; Zhang et al., 2019; Figure 3). It is

proposed that cyanidin can be obtained via non-enzymatic dehy-

dration of 4S-flav-2-en-3,4-diol (Figure 3) and that the subsequent

tautomerization of 2R-flav-3-en-3,4-diol will give dihydroquercetin,

which can be further oxidized to quercetin in the presence of ANS

in vitro (Wilmouth et al., 2002). On the basis of density functional

theory using a molecular dynamics simulation of Arabidopsis

ANS under physiological conditions, it was concluded that 4S-

flav-2-en-3,4-diol is also likely to be the intermediate for anthocy-

anin formation via glucosylation and quercetin formation

via another catalytic cycle (Nakajima et al., 2006; Figure 3).

We therefore reason that, to produce significant levels of

anthocyanin and PA in vivo, it is necessary to rapidly separate

2R-flav-3-en-3,4-diol and 4S-flav-2-en-3,4-diol from ANS to avoid

the second cycle of enzymatic oxidation. Such a separationmech-

anismmight include glycosylation by flavonoid 3-O-glucosyltrans-

ferase, binding with a transporter, or reduction by ANR involving

substrate channeling between closely arranged enzymes to pre-

vent back-reaction with ANS (Figure 3).

Apart from participating in the PA and anthocyanin pathways,

ANS is also somehow involved in vacuole development; the

endothelial cells of two independent Arabidopsis tds4 (ans) mu-

tants failed to form the large central vacuole observed in the

wild type, but contained multiple small vacuoles instead

(Abrahams et al., 2003). More work is needed to determine

whether and how biosynthesis of PAs or anthocyanin is

mechanistically linked to formation of the central vacuole.
Models for generating (�)-epicatechin-derived PAs

The downstream PA pathways in Medicago and Arabidopsis have

been well characterized by genetic and biochemical approaches,

providing the basis for studying PA biosynthesis in non-model

crops. Arabidopsis possesses exclusively (�)-epicatechin-type

PAs,andANR,encodedbytheBANYLUSgene inArabidopsis, con-

verts cyanidin to the (�)-epicatechin monomer (Xie et al., 2003;
thor(s).
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Figure 3).KnockoutofANR inArabidopsis results ina red–gray seed

coat with negative p-dimethylaminocinnamaldehyde staining as a

result of loss of PAs and over-accumulation of anthocyanins

(Appelhagen et al., 2014). Conversely, ectopic expression of

AtANR leads to reduction of anthocyanin levels and accumulation

of PAs in tobacco (N. tabacum) petals (Xie et al., 2003). Because

of these clearly visible phenotypes, the Arabidopsis banyuls (anr)

mutant and tobacco petals have become commonly used

systems for testing the biochemical functions of ANRs from non-

model species.

Compared with Arabidopsis, Medicago also possesses an

LAR that has been found to convert 2R,3S,4S-leucocyanidin to

(+)-catechin (Pang et al., 2007; Jun et al., 2018). However,

although LAR is expressed at high levels in Medicago pods and

seeds, only small amounts of (+)-catechin-based PAs are

present in these organs during the immature stage (Pang et al.,

2007). Liu et al. (2016) found that Medicago accumulates

Cys-EC, an alternative substrate for MtLAR, producing

(�)-epicatechin (Liu et al., 2016). Jun et al. (2018) identified a

homolog of ANS (LDOX) in Medicago that converted

(+)-catechin to the intermediate flav-2-en-3-ol, which is subse-

quently oxidized to cyanidin, especially under acidic conditions.

Time-course enzymatic studies showed that flav-2-en-3-ol, rather

than cyanidin, was the preferred substrate of Medicago ANR for

synthesis of the (�)-epicatechin monomer (Jun et al., 2021).

Using MtDFR–MtANS–ANR-coupled reactions in vitro, it was

shown that dicot, but not monocot, ANRs accept 2R-flav-3-en-

3,4-diol (a proposed intermediate product of ANS) to produce

2R,3R,4R-leucocyanidin (Jun et al., 2021; Figure 3). Cys-EC and

2R,3R,4R-leucocyanidin could auto-polymerize with flavan-3-ol

monomers at neutral pH to yield natural procyanidinswith (�)-epi-

catechin extension units, suggesting that these two newly identi-

fied compounds could provide the (�)-epicatechin carbocation to

attack the flavan-3-ol monomer (the starter unit) for non-

enzymatic PA chain elongation (Liu et al., 2016; Jun et al., 2021;

Figure 3). Cys-EC can be formed by a non-enzymatic reaction

between Cys and 2R,3R,4R-leucocyanidin in vitro (Jun et al.,

2021; Figure 3), consistent with loss of Cys-EC in the Medicago

anr mutant (Liu et al., 2016). These findings provide a

reasonable explanation for why (�)-epicatechin PA extension

units are derived from theANS–ANRpathway and (�)-epicatechin

PA starter units are synthesized by the LAR–LDOX–ANRpathway,

as supported by genetic studies with Medicago mutants (Jun

et al., 2018). It has been suggested that separation of the starter

and extension unit biosynthetic pathways may be the result of

protein complex formation (Lu et al., 2022), but more evidence

needs to be provided. Loss of function of LAR in Medicago

results in decreased levels of soluble PAs but increased levels

of high-molecular-weight, insoluble PAs (Liu et al., 2016). Based

on the current non-enzymatic PA polymerization model, LAR is

a key enzyme in regulating the ratio of starter and extension units

(Liu et al., 2016). However, no flavan-3-olmonomer or starter units

but only (�)-epicatechin extension units are detected after phlor-

oglucinolysis (a technique that reveals the nature and proportions

of PA starter and extension units) of PA extracts from the Medi-
transporters that do not exist or are not functionally conserved in all plants. Blac

DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; LDOX, leuc

anthocyanidin reductase; 3GT, 3-O-glucosyl-transferase; SCPL, serine carb

4b-(S-cysteinyl)-(�)-epicatechin; AsA-[C]n, ascorbate conjugates of (+)-catec
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cago lar mutant (Jun et al., 2021). Perhaps alternative non-

conventional starter units exist to initiate PA oligomerization (Yu

et al., 2022).

How PA chain length is regulated in plants with no LAR remains to

be resolved. A possible mechanism for generating (�)-epicatechin

starter and extension units in Arabidopsis, which lacks the LAR–

LDOX route, is that AtANR uses cyanidin to generate the (�)-epica-

techin monomer or, like MtANR, accepts flav-3-en-3,4-diol to syn-

thesize 2R,3R,4R-leucocyanidin (Jun et al., 2018). It has also been

reported that recombinant ANR from the tea plant (Camellia

sinensis) can convert cyanidin to (�)-epicatechin, a flav-en-3-ol-

like compound, and (�)-epicatechin carbocation (Pang et al.,

2013; Wang et al., 2020), suggesting another possible route for

(�)-epicatechin starter and extension unit synthesis for plants

that do not possess LDOX.
The central role of 2R,3S,4S-leucocyanidin in generating
(+)-catechin-derived PAs

Many crops that possess LAR, including grapevine, tea,

persimmon, and cacao (Theobroma cacao), produce significant

levels of (+)-catechin-derived PAs (Suzuki et al., 2005; Huang

et al., 2012; Liu et al., 2013; Wang et al., 2018), regardless of

whether homologs of MtLDOX are present or functional in these

species. It has been shown repeatedly that reconstruction of the

(+)-catechin pathway by overexpression of LARs in wild-type

Arabidopsis is not possible; (�)-epicatechin is formed, and

(+)-catechin is never observed in the seeds (Ferraro et al.,

2014; Zhang et al., 2020b). By contrast, introduction of LARs

from cacao or tea into the Arabidopsis tds4 (ans) mutant did

lead to accumulation of (+)-catechin-derived PAs (Liu et al.,

2013; Zhang et al., 2020b). Mass spectrometry analysis

showed that the known PA precursors in wild-type Arabidopsis

were only Cys-EC and 2R,3R,4R-leucocyanidin (with the (�)-ep-

icatechin 2,3-cis stereochemistry), whereas the Arabidopsis

tds4 (ans) mutant lost the (�)-epicatechin PA precursor and

instead accumulated 2R,3S,4S-leucocyanidin, 4b-(S-cysteinyl)-

(+)-catechin (Cys-C, the 2,3-trans isomer of Cys-EC) and AsA

conjugates of (+)-catechin (AsA-[C]n with a (+)-catechin back-

bone) (Yu et al., 2019, 2022; Wang et al., 2020; Jun et al.,

2021). 2R,3S,4S -Leucocyanidin is a known (+)-catechin

extension unit for non-enzymatic PA polymerization in vitro

(Delcour et al., 1983). Both derived from 2R,3S,4S

-leucocyanidin, Cys-C and AsA-[C]n co-exist with Cys-EC in

grape berries and provide (+)-catechin extension units for non-

enzymatic PA polymerization in vitro (Figure 3; Jun et al.,

2018; Yu et al., 2019, 2022). Besides accepting Cys-EC

and 2R,3S,4S-leucocyanidin to produce (�)-epicatechin and

(+)-catechin, respectively, two grapevine LARs (VvLAR1 and

VvLAR2) convert Cys-C to (+)-catechin much more efficiently

than they convert Cys-EC to (�)-epicatechin, presumably

because of steric hindrance of the 2,3-cis conformation of

Cys-EC in the VvLAR active sites (Yu et al., 2019). It can

therefore be concluded that (+)-catechin starter and extension

units are derived from 2R,3S,4S-leucocyanidin via direct
k dots indicate the less preferred activities of the corresponding enzymes.

oanthocyanidin dioxygenase; LAR, leucoanthocyanidin reductase; ANR,

oxypeptidase-like protein; Cys-C, 4b-(S-cysteinyl)-(+)-catechin; Cys-EC,

hin. ‘‘R’’ at C3 of the PA structure represents a hydroxyl or galloyl group.

thor(s).
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catalysis by LAR or conversion of Cys-C, respectively. As a

result, the phenotype observed upon expression of LAR in

wild-type Arabidopsis is due to lack of available 2R,3S,4S-leu-

cocyanidin and its derived Cys-C so that the only substrate

for the introduced LAR is the less preferred (�)-epicatechin

precursor (e.g., Cys-EC) to generate (�)-epicatechin. Such

prevention of (+)-catechin precursor accumulation in Arabidop-

sis may result from strict co-expression of DFR and ANS

during seed coat development (Dean et al., 2011) or metabolic

channeling analogous to the CHS1–F3H–F30H–DFR–ANS
complex formation observed in rice (Shih et al., 2008). Based

on these considerations, it is clear that release of

2R,3S,4S-leucocyanidin from the coupled DFR-ANS flux is a

prerequisite for attempts to engineer (+)-catechin-derived PAs.

To assess its availability, 2R,3S,4S-leucocyanidin must be

measured immediately after metabolite extraction from plant

materials because it is highly reactive. Alternative ways to eval-

uate 2R,3S,4S-leucocyanidin levels in planta are to trap its

derived and more stable Cys-C or AsA-C conjugates (Yu

et al., 2019, 2022; Jun et al., 2021) or to use acidified

methanol/water solution to extract the metabolites and

analyze the (+)-catechin-4-O-methyl ether conjugates as

the carbocation indicator (Wang et al., 2020). Inability to

detect the presence of free 2R,3S,4S-leucocyanidin would

suggest that it may be necessary to somehow prevent the

coupling between DFR and ANS to allow 2R,3S,4S-

leucocyanidin to serve as a substrate for (+)-catechin-derived

PA biosynthesis.
Sequential assembly of PAs

Exactly how PA blocks are polymerized in vivo still remains un-

clear. Given that no evidence to date supports the presence

of an enzyme involved in PA polymerization, the nucleophilic/

electrophilic attack between flavan-3-ol (starter unit) and its car-

bocation (extension unit) is the most likely mechanism for the

last step of PA block assembly (Wang et al., 2020). By

summarizing the results from in vitro auto-polymerization as-

says, possible donors of flavan-3-ol carbocations have been

identified, including leucoanthocyanidins (e.g., 2R,3S,4S/

2R,3R,4R-leucocyanidin) (Delcour et al., 1983; Jun et al.,

2021) and their derived conjugates with chalcogens between

AsA/Cys moieties and C4 of flavan-3-ols (e.g., Cys-C, Cys-

EC, and AsA-[C]n) (Liu et al., 2016; Jun et al., 2018; Yu et al.,

2019, 2022). Unlike other known monomeric PA extension unit

precursors, AsA-[C]n can provide oligomeric extension units

for PA polymerization in vitro, suggesting that the starter unit

to initiate PA oligomerization does not have to be the flavan-

3-ol monomer and that PA elongation does not necessarily pro-

ceed by sequential addition of a single extension unit (Yu et al.,

2022). It is believed that the reactive leucocyanidins may auto-

oxidize to p-quinone methides, which could then transform

into (+)-catechin or (�)-epicatechin carbocations, whereas for-

mation of carbocations from the more stable flavan-3-ol conju-

gates depends on dissociation of the C4-O or C4-S bonds at

neutral pH (Liu et al., 2016; Jun et al., 2021; Yu et al., 2022;

Figure 3). Considering their reactivity and biosynthetic route,

leucoanthocyanidins are more likely to be direct PA extension

unit donors than AsA or Cys conjugates of flavan-3-ols.

The flavan-3-ol conjugates may function as buffer pools of

excess leucoanthocyanidin-derived carbocations for stabiliza-
Plant Com
tion before participating in PA polymerization (Dixon and

Sarnala, 2020; Lu et al., 2022; Yu et al., 2022).

Among plants that possess (�)-epicatechin PA building blocks,

Cys-EC is present in Medicago, Arabidopsis, and grapevine, but

it is rarely found in the tea plant (Liu et al., 2016; Yu et al., 2019;

Zhang et al., 2020b). This indicates that assembly of 2R,3R,4R-

leucocyanidin-derived extension units may bypass biosynthesis

of Cys-EC in some cases or that nucleophiles other than Cys

possibly exist to conjugate with (�)-epicatechin carbocation. As

for AsA conjugates of flavan-3-ols, although AsA can trap (�)-epi-

catechin carbocation in vitro, only AsA-[C]n, but not AsA-[EC]n, is

detected in plants (Yu et al., 2022). One possible reason is that

AsA may not co-localize with 2R,3R,4R-leucocyanidin or its

(�)-epicatechin carbocation in vivo. This implies that the subcellu-

lar compartments for storage of (+)-catechin and (�)-epicatechin

PA extension units may be separated in plant cells. To incorporate

(+)-catechin and (�)-epicatechin subunits into the PA molecules

commonly present in crops, the corresponding extension units

must reach the same polymerization site as the starter units.

Thus, unless there is very tight channeling into the site of polymer-

ization, the relatively stable flavan-3-ol conjugates are more likely

candidates for transport than the reactive leucoanthocyanidins

or carbocations. To date, the functions of the proposed PA exten-

sion unit precursors have only been inferred by in vitro assays

and on the basis of their accumulation patterns in PA-producing

tissues from a series of developmental stages (Delcour et al.,

1983; Liu et al., 2016; Wang et al., 2020; Jun et al., 2021; Yu

et al., 2022). Whether these precursors truly participate

in PA extension in vivo needs to be addressed. Feeding reactive

PA intermediates to plant tissues can be confounded

by poor uptake, and there are no criteria for assessing

whether these exogenous substrates successfully reach the

correct compartment for polymerization or are channeled to

detoxification pathways. To overcome these difficulties, the

design of specific probes for labeling PAs and their precursors

in situ and the development of suitable single-particle tracking

methods using high-resolution microscopy technology are

possible strategies for monitoring the trafficking and derivation

of PA compounds in living cells to provide insights into assembly

of PA building blocks (Cui et al., 2018; Hu et al., 2018).
Galloyl decoration of PA building blocks

Galloylationof the3-hydroxyl groupof (�)-epi(gallo)catechinstarter

and extension units is common in several species, including tea,

grapevine, and persimmon, although galloylated (+)-catechin is

rarely seen. Although the effects of the galloyl substituent have

long been studiedwith respect to the antioxidant and antimicrobial

properties of epigallocatechin gallate (e.g., Taylor et al., 2005), the

in planta functions of the galloyl groups on PA oligomers and

polymers remain to be determined. The enzymology of the

galloylation reaction has proven to be quite complex.

Enzymatic reactions using proteins purified from tea leaves

revealed a two-step reaction for (�)-epicatechin galloylation:

uridine diphosphate glucose (UDP)-glucose:galloyl-1-O-D-

glucosyltransferase first glucosylates gallic acid using UDP-

glucose as a glucose donor to generate b-glucogallin (ether-linked

gallic acid and glucose), and (�)-epicatechin:1-O-galloyl-D-gluco-

se-O-galloyltransferase (ECGT) then uses b-glucogallin and
munications 4, 100498, March 13 2023 ª 2022 The Author(s). 7
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(�)-epi(gallo)catechin to produce galloylated (�)-epi(gallo)cate-

chins (Liu et al., 2012).

Members of the UGT84A subfamily are responsible for glucosyla-

tion of gallic acid (Figure 3). Three genes encoding UGT84A

proteins (VvgGT1/2/3) have been identified as the targets of PA-

specific activities in grapevine, and these three enzymes individu-

ally catalyze formation of b-glucogallin from gallic acid and UDP-

glucose in vitro (Khater et al., 2012). Similar biochemical activities

have been observed for UGT84A13 from English oak (Quercus ro-

bur), UGT84A25/26 from red gum (Eucalyptus camaldulensis), and

UGT84A22 from tea (Mittasch et al., 2014; Cui et al., 2016; Tahara

et al., 2018). Although UGT84A23/24 of pomegranate (Punica

granatum) could also generate b-glucogallin in vitro, simultaneous

knockout of the corresponding genes resulted in increased b-

glucogallin levels in plants, suggesting that additional enzymes

may be responsible for gallic acid glycosylation in this species

(Ono et al., 2016).

Enzymatic and SDS-PAGE analysis revealed that ECGT in tea leaf

extracts exists in monomeric, dimeric, trimeric, and tetrameric

forms, and mass spectrometry suggested that ECGT is a serine

carboxypeptidase-like (SCPL) protein (Liu et al., 2012)

(Figure 3). Other studies have shown that five SCPLs (SCPL4/5/

11/13/14) were involved in transacylation of (-)-epi(gallo)catechin

with gallic acid ester in tea (Ahmad et al., 2020; Yao et al., 2022).

Recombinant CsSCPL11/13/14 purified from Escherichia coli

could generate galloylated epi(gallo)catechin using 1,2,3,4,6-

pentagalloylglucose rather than b-glucogallin as an acyl donor,

although 1,2,3,4,6-pentagalloylglucose is not commonly found

in tea (Ahmad et al., 2020). In a tobacco leaf transient

expression system, neither CsSCPL4 nor CsSCPL5 alone could

catalyze galloylation of (-)-epi(gallo)catechin, which required co-

expression of both proteins; CsSCPL4 plays the role of acyltrans-

ferase, whereas CsSCPL5 is a pseudo-enzyme that interacts with

CsSCPL4 as a molecular chaperone (Yao et al., 2022). DkSCPL1

and DkSCPL2 are downregulated in PA-deficient persimmon

varieties (Ikegami et al., 2007; Akagi et al., 2011), and the

acyltransferase activity also relies on co-existence of the two

DkSCPLs (Yao et al., 2022). It is believed that the N-terminal

signal peptide in SCPLs is essential for post-translational modifi-

cations and targeting to the vacuole (Bontpart et al., 2015),

consistent with the observation that galloylated (-)-epi(gallo)

catechin is localized in the vacuole, as determined by

immunohistochemistry (Xu et al., 2016).

VvGAT1 and VvGAT2 (encoding SCPLs) have repeatedly been re-

ported to be co-regulated with PA-related genes in grapevine

(Terrier et al., 2008; Carrier et al., 2013; Koyama et al., 2014),

but the two VvGATs co-purified from the tobacco leaf expression

system could not catalyze formation of galloylated (-)-epigalloca-

techin from (-)-epigallocatechin and b-glucogallin unless their

N-terminal signal peptides were replaced with those from

CsSCPL4 and CsSCPL5, respectively (Yao et al., 2022).

Because grapevine also possesses significant levels of

digalloylglucose (Narduzzi et al., 2015), whether native VvGATs

accept digalloylglucose but not b-glucogallin as an acyl donor re-

mains to be tested.

These findings highlight the complexities underlying the biosyn-

thesis of galloylated (-)-epi(gallo)catechin monomer or PA starter
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units. However, how galloyl decoration proceeds on the PA exten-

sion units still remains unclear. A major question is whether galloy-

lation occurs on the (-)-epi(gallo)catechin conjugates or carboca-

tions before their polymerization or on the subsequent PA

polymers.
FUNCTIONS OF PA TRANSPORTERS
ACROSS PLANT SPECIES

In addition to the complexities of the biosynthetic pathways them-

selves, there are even more uncertainties regarding the mecha-

nisms whereby the PAs arrive at their final destinations in the cell.

Vanillin staining of developing wild-type Arabidopsis seeds sug-

gests that PAs are stored in the central vacuole (Debeaujon et al.,

2003; Figure 3). It has been proposed that a Phi-family

glutathione S-transferase (GST/GSTF/TT19), a tonoplastic multi-

drug and toxic compound extrusion (MATE/TT12) transporter,

and a tonoplast P-type H+-ATPase (AHA10/TT13) form a

transporter-mediated pathway for vacuolar loading of PAs or PA

precursors from their sites of synthesis in the cytosol (Figure 3).

Golgi apparatus-derived TT9 (a peripheral membrane protein

localized at the Golgi apparatus) and ECHIDNA on the trans-Golgi

network are involved not only in vesicle trafficking of overall flavo-

noids but also in vacuolar biogenesis and plant growth (Ichino

et al., 2014, 2020). Although loss of function of TT19 (GST), TT12

(MATE), or TT13 (AHA10) also disturbs vacuolar integrity, the

corresponding effects on plant development are not as significant

as those seen in tt9 (gfs9) and echidna mutants (Debeaujon et al.,

2001; Kitamura et al., 2004, 2010; Appelhagen et al., 2015).

TheArabidopsis tt19 (gst)-null mutant has lost anthocyanidin accu-

mulation and the brown seed coat color (mainly contributed by

oxidized PAs) (Kitamura et al., 2004). Acid butanolysis assays

showed that the tt19 (gst) mutant possesses lower levels of

soluble PAs but higher levels of insoluble PAs than the wild type

(Kitamura et al., 2010). In immature tt19 (gst) seeds, vanillin

staining showed that PAs or their derivatives are accumulated in

small vacuolar-like structures (Kitamura et al., 2010). A recent

study showed that the tt19 (gst) mutant is not affected in the level

of Cys-EC extension units but accumulates only trace amounts of

the (�)-epicatechin monomer, indicating that TT19 GST is neces-

sary for maintenance of starter units (Lu et al., 2022). Because

TT19 GST is localized in the cytosol (Kitamura et al., 2010; Sun

et al., 2012), it is still a mystery how its loss of function, like that of

ANS, interferes with formation of the large central vacuole.

In Medicago, the glucosyltransferase UGT72L1 is co-regulated

with PA biosynthesis and specifically glucosylates epicatechin at

the 30-O- position (Pang et al., 2008). However, whether this

enzyme is critical for PA biosynthesis or is instead involved in

detoxification of excess epicatechin is still unresolved. In

Arabidopsis, the TT12 MATE transporter binds to and transports

epicatechin-30-O-glucoside to vacuoles, dependent on a proton

gradient generated by TT13 (AHA10) (Zhao and Dixon, 2009;

Aprile et al., 2011; Appelhagen et al., 2015). The tt13 (aha10)

mutant phenocopies the tt12 (mate) mutant, and neither is

significantly affected in anthocyanin accumulation (Debeaujon

et al., 2001; Appelhagen et al., 2015), consistent with the

observation that cyanidin-3-O-glucoside is not a preferred ligand

for TT12 MATE (Zhao and Dixon, 2009). Compared with the wild
thor(s).
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type, tt12 (mate) mutant seeds contain higher levels of

(�)-epicatechin-30-O-glucoside (Kitamura et al., 2010). Because

epicatechin-30-O-glucoside is rarely seen as a PA starter unit, and

its levels are not as high as those of (�)-epicatechin monomers, a

specific glucosidase may exist to hydrolyze (�)-epicatechin-30-O-
glucoside to (�)-epicatechin after transport into the vacuole

(Figure 3). Thus, (�)-epicatechin-30-O-glucoside in the tt12 (mate)

mutant might mainly remain in the cytosol in the detoxified

conjugate form. The levels of soluble PAs, insoluble PAs, and

flavonols are dramatically decreased in immature tt12 (mate)

mutant seeds (Debeaujon et al., 2001; Kitamura et al., 2010),

indicating that TT12 may have a feedback effect on the upstream

flavonoid pathway besides being a functional transporter. Vanillin

and toluidine blue O staining assays show that PAs or PA

derivatives are at the peripheral regions of vacuoles in tt12 (mate)

singlemutants and restricted outside the small vacuolar-like struc-

tures in tt12 (mate):tt19 (gst) doublemutants (Kitamura et al., 2010).

ThesePA-containing small vacuolar-like structures can beoutlined

with TT12 (MATE) fused with green fluorescent protein in the tt19

(gst) mutant (Kitamura et al., 2010). Thus, TT12 is required to

pump PAs or their precursors into vacuolar-like structures in tt19

(gst) and into the central vacuole in the wild-type Arabidopsis

seed coat. This is consistent with the hypothesis that PAs are poly-

merized in pre-vacuolar vesicles that are subsequently fused into

the central vacuole (Dixon and Sarnala, 2020) (Figure 3); whether

these are truly analogous to pre-vacuolar structures in wild-type

tissues is not clear.

In grapevine, VvMATE1 and VvMATE2 are proposed to be the two

putative seed-specific TT12-like transporters based on gene

co-expression analysis and localization in the tonoplast andGolgi

complex, respectively, but their roles in vivo remain to be deci-

phered (Pérez-Dı́az et al., 2014). MdMATE1 and MdMATE2

from apple (Malus 3 domestica) complement the Arabidopsis

tt12 (mate) PA phenotype, and their genes are differentially ex-

pressed in fruit flesh, fruit skin, and leaves (Frank et al., 2011).

In rapeseed (Brassica napus), the absence of BnTT12-2 (MATE)

expression in developing seeds is linked with the L2-type

yellow-seed stocks (with reduced seed coat pigmentation levels

and increased seed oil content) (Chai et al., 2009). Similarly,

significant differential expression of GhTT12 (MATE) is also

observed between brown and white cotton. Using a virus-

induced gene silencing approach, FaTT12-1 (MATE) was shown

to be responsible for PA but not anthocyanin accumulation in

strawberry (Fragaria 3 ananassa) fruit (Chen et al., 2018).

Persimmon DkMATE1 complemented the Arabidopsis tt12

(mate) mutant phenotype, and transient overexpression or

silencing of DkMATE1 in persimmon leaves led to an increase

or decrease in PA content, respectively (Yang et al., 2016).

These findings suggest that TT12 (MATE) represents a

conserved feature of PA transport among plants.

TT19 (GST) homologs from a large number of species are associ-

ated with anthocyanin accumulation but do not always comple-

ment the PA phenotype of Arabidopsis tt19 (gst) mutants. Among

the three TT19 GST-like proteins (VvGST1/3/4) in grapevine,

VvGST3/4 specifically complement the Arabidopsis tt19 (gst)

PA phenotype, whereas VvGST4 complements PA and anthocy-

anin accumulation (Pérez-Dı́az et al., 2016). Such dual function is

also observed for AcGST1 from kiwifruit (Actinidia chinensis) and

CMGSTF12 from the Brassicaceae (Camelina sativa) (Wang et al.,
Plant Com
2012; Liu et al., 2019). Rather than restoring the natural B-type

PAs, overexpression of pear (Pyrus communis) PcGSTF12 gives

rise to A-type PAs in the Arabidopsis tt19 (gst) mutant (Zhang

et al., 2020a), the mechanism of which remains unclear.

However, litchi (Litchi chinensis) LcGST4, Medicago MtGSTF7,

cineraria (Senecio cruentus) ScGST3, cotton GhGSTF12, straw-

berry Reduced Anthocyanin in PetiolesRAP/GST, tea plant

CsGSTF1, peach (Prunus persica) PpGST1, and apple

MdGST1/6 can only rescue loss of anthocyanin but not PA in

the Arabidopsis tt19 (gst) mutant (Hu et al., 2016; Han et al.,

2018; Luo et al., 2018; Jiang et al., 2019; Wei et al., 2019; Zhao

et al., 2020; Cui et al., 2021; Shao et al., 2021; Wang et al.,

2022). Considering this, it is possible that TT19 GST proteins

are not necessarily required for PA transport but are crucial

for anthocyanin production through stabilization/protection of

anthocyanidins in all plants. However, because the functions of

TT19 homologs have mainly been assessed in the Arabidopsis

model system, we cannot rule out the possibility that they are

functional in the PA pathway in their species of origin. Li et al.

(2011) reported that the Trp-to-Leu transition at amino acid 205

of TT19 GST in Arabidopsis disturbs accumulation of PA but

not that of anthocyanin, suggesting that the non-conserved

C-terminal region is important for PA substrate binding. A better

understanding of the function and evolution of the C terminus of

TT19 homologs might be helpful for engineering the ratio be-

tween soluble and insoluble PAs via rational protein design.
INSIGHTS INTO REGULATING PA
CONTENT IN PLANTS

Regulators targeting the MYB–bHLH–WD40 complex

PA pathway transcription factors, including MYB, basic helix-

loop-helix (bHLH)/MYC, WD40, WRKY, MADS-box, and WIP

domain-containingzinc finger family proteins, have been inten-

sively studied across species (He et al., 2008; Yu et al., 2020;

Wei et al., 2021; Mora et al., 2022). First discovered

in Arabidopsis, the MYB–bHLH–WD40 (MBW) complex,

composed of TT2 (MYB123), TT8 (bHLH42), and TTG1 (WD40

family), plays a major role in activating the expression of PA

pathway genes, including DFR, ANS, ANR, TT12 (MATE), TT13

(AHA10), and TT19 (GST) (Baudry et al., 2004). Evidence, albeit

largely from in vitro experiments, has shown that TT2 and TT8

are mainly responsible for binding downstream target

promoters, whereas TTG1 is crucial for maintaining MBW

complex activity, possibly via a stabilization effect (Baudry

et al., 2004; Xu et al., 2015). TTG1 can also form ternary

complexes with coupled MYB5–TT8 and TT2-GLABRA3/

ENHANCER OF GLABRA3 to regulate the pathway shared by

PA and anthocyanin biosynthesis to a lesser extent (Xu et al.,

2014). Apart from its role in regulation of the flavonoid pathway,

TTG1 is also involved in regulation of mucilage biosynthesis,

trichome and root hair development, storage protein and fatty

acid accumulation in seeds, and regulation of the circadian

clock (Airoldi et al., 2019; Tian and Wang, 2020).

In sorghum (Sorghum bicolor), mutation of Tannin1 (encoding the

homolog of TTG1) results inmuch lower levels of PAs and anthocy-

anins but increased levels of fatty acid-derived volatiles, affecting

bird feeding behavior in sorghum field production (Xie et al.,

2019). Transcription of the Medicago TTG1 homolog MtWD40-1
munications 4, 100498, March 13 2023 ª 2022 The Author(s). 9
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can be activated by three MYB proteins (MtPAR, MtMYB5, and

MtMYB14), of which MtMYB5 and MtMYB14 synergistically pro-

mote PA biosynthesis in the presence of MtTT8 and MtWD40

(Verdier et al., 2012; Liu et al., 2014). At the post-transcriptional

level, Arabidopsis TTG1 can be phosphorylated by SHAGGY-like

kinases 11/12 (SK11/12), which abolishes the interaction of TTG1

with TT2 and compromises activation of downstream GLABRA2

(a negative regulator of fatty acid production), mediating carbon

partitioning from flavonoids to fatty acids (Li et al., 2018). When

serving as a substrate of the GSK3-like kinase BIN2, phosphory-

lated TTG1 inhibits the activity of the WEREWOLF-GLABRA3-

TTG1 complex to affect root hair development (Cheng et al.,

2014). Whether BIN2-mediated phosphorylation of TTG1 is

involved in PA regulation remains unknown.Kinases can also regu-

lateMBW complex formation by indirectly targeting the bHLH pro-

tein. In apple, the TT8 homolog MdbHLH3 is prevented from form-

ing a complex with MdMYB1/9/11 and MdTTG1 by several

jasmonate-zim-domain proteins via direct protein-protein interac-

tion (An et al., 2015; Liu et al., 2017). An SNF1-related kinase

(MdSnRK1.1)phosphorylatesMdJAZ18 to facilitate itsdegradation

through the 26S proteasome, rendering the released MdbHLH3

functional in activation of the PA and anthocyanin pathways (Liu

et al., 2017). More directly, an apple bric-à-brac, tramtrack, and

broadcomplexprotein,MdBT2, interactswithMdMYB9tomediate

degradationof the targetby the26Sproteasome, reducingproduc-

tion of PAs and anthocyanins (An et al., 2018). Activated by

anthocyanin- and PA-related MYB activators, Medicago MtMYB2

and peachPpMYB18 encodeR2R3MYB repressors that compete

with MYB activators for binding bHLHs, defining the temporal and

spatial patternof anthocyanin andPAaccumulationandpreventing

over-synthesis of related metabolites (Jun et al., 2015; Zhou et al.,

2019). This suggests that the previously characterized PA/

anthocyanin repressors VvMYBC2-L1/3 from grapevine (phyloge-

netically clustered withMtMYB2 and PpMYB18) might also partic-

ipate in the feedback loop to regulate MBW complex activity in the

flavonoid pathway (Huang et al., 2014; Cavallini et al., 2015; Zhou

et al., 2019).
Tuning the flux between PA and anthocyanin branches

As indicated above, PA and anthocyanin genes are generally

co-regulated through the core MBW regulatory complex, some-

what diminishing the flexibility for balancing levels of PAs and

anthocyanins. Without shifting toward lignin, anthocyanin, or

flavonol production, VvMYBPA1 and VvMYBPA2 were shown

to be positive regulators specific to the PA pathway, activating

VvDFR, VvANS, VvANR, and VvLAR1 but not VvLAR2 in trans-

genic grape tissues (Bogs et al., 2007; Terrier et al., 2008).

Similarly, overexpression of persimmon DkMYB4 (encoding the

homolog of VvMYBPA1 and VvMYBPA2) promotes PA but not

anthocyanin production in kiwifruit, and a reduced PA level is

observed in DkMYB4-silenced persimmon callus (Akagi et al.,

2009). Ectopic expression of MtPAR in Medicago hairy roots

activates PA genes and represses isoflavone genes but has no

effect on anthocyanin gene expression, resulting in increased

PA levels but decreased anthocyanin levels through redirecting

flux (Li et al., 2016). Recently, grape VvMYB86was found to regu-

late PA and anthocyanin biosynthesis in different directions by

activating PA genes and positive regulators but downregulating

anthocyanin genes (Cheng et al., 2021). At the post-

transcriptional level, the peptide miPEP164c, encoded by a
10 Plant Communications 4, 100498, March 13 2023 ª 2022 The Au
pre-processedmicroRNA (miRNA) primary transcript, was shown

to target VvMYBPA1 to inhibit PA production and stimulate

anthocyanin accumulation in grape (Vale et al., 2021). Under

light stress and induced by the B-box protein MdBBX22, the

miRNA miR858 targets three PA-positive regulatory genes,

MdMYB9/11/12, to downregulate the PA pathway and enhance

anthocyanin synthesis in apple peel (Zhang et al., 2022c).

Understanding the cross-talk between PA biosynthesis and fruit

coloration in the field can suggest optimal conditions for harvest

depending on the desired composition of the fruit berries.
Regulators responsible for PA insolubilization

Soluble PAsmakemore important contributions to bitterness and

astringent mouth feel than insoluble PAs, which are believed to be

tightly crosslinked with the cell wall complex in raw plant mate-

rials (Mattivi et al., 2009; Bordiga et al., 2011). The mechanism

for PA insolubilization during plant development has not been

fully resolved and may differ among plant species. As indicated

in the Arabidopsis tt19 (gst) and Medicago lar mutants, the

remarkable shift from soluble PAs to insoluble PAs in the seed

coat might be primarily due to the increased ratio between

extension and starter units, yielding excess high-molecular-

weight PAs with low solubility via non-enzymatic polymerization

(Liu et al., 2016; Lu et al., 2022). In Arabidopsis, loss of function

of TT10 (encoding a laccase-like polyphenol oxidase) results in

more (�)-epicatechin monomers and soluble PAs in seeds

compared with the wild type (Pourcel et al., 2005). Given that

the major product of TT10 with (�)-epicatechin as a substrate is

unnatural dehydrodiepicatechin A (Pourcel et al., 2005), TT10 is

more likely to be involved in oxidative polymerization of PAs for

insolubilization rather than initial oligomerization.

In the persimmon industry, to remove the unpleasant astringency in

fruit flesh, warm water, ethanol, and high-concentration CO2

treatments are widely used to promote accumulation of endoge-

nous acetaldehyde, which can chemically bridge soluble PA

oligomers to form insoluble gel-like complexes (Matsuo and

Itoo, 1982; Tanaka et al., 1994; Fang et al., 2016). The

astringency of Chinese-pollination-constant non-astringent

(C-PCNA) persimmon, which naturally diminishes during fruit

development on the tree, is regulated at multiple levels. In

C-PCNA, the expression patterns ofDkLAC1 (encoding a TT10 ho-

molog) are linked with a reduction in soluble PAs during fruit

ripening (Hu et al., 2013). Two pyruvate kinases (DkPK7/8)

upregulate expression of pyruvate decarboxylase and alcohol

dehydrogenase genes (DkPDC and DkADH) in acetaldehyde

metabolism, resulting in conversion of soluble PAs to insoluble

PAs (Guan et al., 2017). More recently, C-PCNA DkMYB14 was

found to be a bifunctional transcription factor that suppresses PA

pathway genes and activates acetaldehyde biosynthesis to pro-

mote insolubilization of soluble PAs (Chen et al., 2021), providing

a new strategy for flexible regulation of soluble and insoluble PA

content.
CONCLUDING REMARKS

Biosynthesis of (+)-catechin and (�)-epicatechin PA subunits is

mostly understood, but several aspects still need to be ad-

dressed, including exactly how and where PAs are polymerized

in vivo, how galloyl decoration of PA extension units is
thor(s).
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processed, and how PAs are transported from their site(s) of

synthesis to the vacuole. For PA engineering, although knockout

of key enzymes in the PA pathway can lead to PA compositional

changes in some species (Liu et al., 2016; Jun et al., 2018;

Robinson et al., 2021), this approach is limited to PA-producing

tissues. For broader applications, the currently preferred strategy

for engineering PAs in plants is to overexpress transcription fac-

tors. However, this often leads to negative growth phenotypes,

possibly because of off-target effects or toxicity of ectopically ex-

pressed phenolic compounds such as PAs and their chemically

active precursors (Lu et al., 2022). Although reactive PA

extension units are proposed to be toxic to plant cells, mutants

(e.g., Medicago lar and lar:ans; Arabidopsis tds4 [ans]), that

over-accumulate PA extension units do not exhibit significant

growth inhibition (Liu et al., 2016; Jun et al., 2018; Yu et al.,

2022). By contrast, an increased level of stable (+)-catechin can

be problematic for seed development, as shown in the

Medicago ldox mutant (Jun et al., 2018). The recent discovery

of AsA-[C]n in the Arabidopsis tds4 (ans) mutant suggests that

initiation of PA oligomerization does not necessarily require

(+)-catechin or (�)-epicatechin as the starter unit (Yu et al.,

2022), inspiring future attempts to introduce PA-like molecules

instead of classic PAs into plants to avoid negative effects on

growth. Besides targeting the core MBW complex in the general

flavonoid pathway, precise regulation of PA content can also be

achieved by tuning the flux between anthocyanin and PA

branches or by balancing the portion of soluble and insoluble

PAs by manipulating bifunctional transcription factors (e.g.,

MtPAR, VvMYB86, and DkMYB14). Apart from transcription

factors, the kinases, miRNAs, and small peptides that regulate

PA pathway activity at the post-transcriptional level are candi-

dates for tailoring PA compositions in crops. Selecting and

benchmarking native or synthetic promoters can also facilitate

tissue-specific PA engineering (Cui et al., 2022). Root-specific

expression will prove to be increasingly important for enhancing

belowground PA generation for carbon sequestration and green-

house gas amelioration.
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