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Advances in plant anthocyanin transport mechanism
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Abstract: Anthocyanin biosynthesis is one of the thoroughly studied enzymatic pathways in biology, but little is known

about the molecular mechanisms of its final stage: the transport of the anthocyanins into the vacuole. A clear picture of the

Received: October 9, 2013; Accepted: December 10, 2013

Supported by: National Natural Science Fundation of China (No. 31071823).

Corresponding author: Silan Dai. Tel: +86-82371556-8023; E-mail: silandai@sina.com
(No. 31071823)

2014-02-24 http://www.cnki.net/kems/doi/10.13345/j.cjb.130515.html



i S/EVMESETEEANARER

dynamic trafficking of flavonoids is only now beginning to emerge. So far four different models have been proposed to
explain the transport of anthocyanins from biosynthetic sites to the central vacuole, and four types of transporters have been
found associated with the transport of anthocyanins: glutathione S-transferase, multidrug resistance-associated protein,
multidrug and toxic compound extrusion, bilitranslocase-homologue. The functions of these proteins and related genes have
also been studied. Although different models have been proposed, cellular and subcellular information is still lacking for
reconciliation of different lines of evidence in various anthocyanin sequestration studies. According to the information
available, through sequence analysis, gene expression analysis, subcellular positioning and complementation experiments,
the function and location of these transporters can be explored, and the anthocyanin transport mechanism can be better

understood.

Keywords: anthocyanin, transport, transporter, membrane transport, vacuolar accumulation, glutathione S-transferase,

multidrug resistance- associated protein, multidrug and toxic compound extrusion
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Fig. 1 Anthocyanin skeleton and six common anthocyanins'®. Anthocyanin at the 3, 5, 7 position of A, C ring and 3,
4', 5" position of B ring often occur different degrees of hydroxylation. Anthocyanidins can be connected with a
single, two or more glycosyls to form a single-glucoside, diglucoside or more glycoside at 3, 5, 7 position of A, C
ring.
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Fig. 2 Biosynthesis of flavonoid pigments'*. The basic skeleton of all flavonoids consists of three aromatic rings
and is generated by the enzymes chalcone synthase (CHS) and chalcone isomerase (CHI). Oxidation of the central
ring by flavonoid 3-hydroxylase (F3H) yields a dihydroflavonol (dihydrokaempferol), which can be hydroxylated on
the 3’ or 5' position of the B-ring by flavonoid 3’-hydroxylase (F3'H) and/or flavonoid 3'5'hydroxylase (F3'5'H)
yielding precursors of orange (pelargonidin), red-magenta (cyanidin) and purple-mauve (delphinidin) anthocyanin
pigments. Some plant species (e.g. rose and carnation) cannot make purple colors because they lack F3'5'H and/ or
F3'H. Dihydroflavonols are converted by dihydroflavonol reductase (DFR), leucoanthocyanidin oxidase (LDOX) and
a 3-glucosyl transferase (3GT) to yield an anthocyanin 3-glucoside that can be further substituted by 5-glucosyl-
(5GTs), rthamnosyl-(RTs), acyl-(ATs) and/or methyltransferases (MTs), resulting in ‘decorated’ anthocyanins with
different colors. Transport of the end product to the vacuole requires a glutathione S-transferase (GST) and a specific

transporter localized in the vacuolar membrane.
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Table 1 Information about the GST family members associated with anthocyanin transport in different plants
Species Genes Gene length (bp) GenBank Accession No. References
Zea mays Bronze?2 2 948 (DNA) X81971.1 [18]
Petunia hybrida PhAN9 976 (mRNA) Y07721.1 [28]
1207 (DNA); AB111443.1
Arabidopsis thaliana AtTT19 751 (DNA); AB111443.1 [27]
1 009 (DNA) AB111445.1
Perilla frutescens PfGST1 735 (mRNA) AB362191.1 [31]
642 (mRNA) AY971515.1 [32]
Vitis vinifera VvGST4
642 (mRNA) NM_001280940.1 [33]
Cyclamen spp. CkmGST3 642 (mRNA) AB682678.1 [34]
Dianthus caryophyllus DcGSTF2 5590 (DNA) AB688111.1 [35]
Senecio cruentus ScGST3 639 (mRNA) [36]
1.1.2 MRP ZmMRP3
(Multidrug ZmMRP3
resistance-associated protein, MRP/ABCC) MRP
Rind [37]
ABC (ATP-binding cassette) Zhu ] OsMRP15
ABC ZmMRP3
ABCCl1
[38-39] ABC
3-0-
13 [44] 4
ABC 4 MDR (22)
MRP ( 2
MRP (15) PDR (13) AOH (1)
MRP
ABC 5 PMP
ABC
(2) WBC (29) ATH (16) ATM (3) TAP (2)
ABC 3
RLI (2) GCN (5) SMC (4) ATP
15 ABC
NAP 401 ATP
MRP
S-
S PR AtMRP1 AtMRP2 ATP
Goodman *! ATP ATP
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R2 TREMHPERTEHRIEE XM MRP IREKRIESR
Table 2 Information about the MRP subfamily members associated with anthocyanin transport in different
plants

Species Genes Gene length GenBank Accession No. References
AtMRP1; 5151 bp (mRNA) AF008124.1 [41]
Arabidopsis thaliana
AtMRP2 5574 bp (mRNA) AF014960.1 [42]
Zea mays ZmMrp3 7315 bp (DNA) AY609318.1 [25]
Oryza sativa OsMRP15 4 425 bp (mRNA) 0506206440 [43]
Vitis vinifera ABCC1 4 443 bp (mRNA) JX245004.1 [44]
(40451 ABC ( 3) MATE 56
4 2 TT12 MATE
(Transmembrane domain, TMD) 2 Debeaujon [
(Nucleotide binding domains, T-DNA TT12 7
NBD)H7 3) 507 12
TT12
il -
[19.47,49]
tt12
3 ABCHEEAM_REH
Fi [47] MATE -3
ig. 3 Secondary structure of ABC transporter- .
-3
12 MATE T SIS ZRHIEZEING MATE (511
1.2.2 H™-ATPase
: . . MATE (
(Multidrug and toxic compound extrusion, MATE) .
H )
H'/Na" ATP
+ +
MATE H'/Na* H -ATPase H
(3] H'-ATPase
[48-50]( 4 5) H'-ATPase
121 MATE (Transparent testa, tt)
MATE 1 p H'-ATPase
H V  H'-ATPase
(131 MATE (Vacuolar pyrophosphatase, V-PPase)
[29.48,51] H [13,52-53]
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Fig. 4 A model of the physiological functions and putative substrates of MATE transporters in plants”’.
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Fig. 5 Secondary structure of MATE transporter
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Table 3 Information about the MATE family members associated with anthocyanin transport in different

plants
Species Genes Gene length GenBank Accession No. References
Arabidopsis thaliana TT12 1 639 bp (mRNA) AJ294464.1 [48]
Vitis vinifera anthoMATE1 1 470 bp (mRNA) NM_001281108 [51]
Medicago truncatula MATE2 1 506 bp (mRNA) HM856605.1 [29]
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Fig. 6 Proposed models for vesicle-mediated transport of flavonoids'"’.
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Fig. 7 Schemes for anthocyanin transport"*!. Flavonoids are synthesized on the cytosolic face of the ER membranes by
the action of biosynthetic enzyme complexes. Flavonoid aglycones are then subjected to various modifications, such as
glycosylation and acylation. The vacuolar membrane MATE transporters TT12 from Arabidopsis and MATEI from
Medicago truncatula preferentially transport epicatechin 3’-O-glucoside (E3’G) into the vacuole for PA biosynthesis. The
grapevine MATE transporters AM1 and AM3 specifically transport p-coumaroyl modified anthocyanins, such as cyanidin
3-O-glucoside (Cy3G), into the vacuole. MATE transporters are driven by a proton gradient that is established by the
action of a V-ATPase (such as the petunia vacuolar H-ATPase PH5 and possibly Arabidopsis AHA10) or a V-PPase. By
contrast, the acidic vacuolar lumen can be neutralized by an H'/Na' exchanger (NHX). The maize vacuolar ABC
transporter MRP3 is involved in sequestration of anthocyanins into the vacuole, but its exact substrate is not yet known; it
might transport an anthocyanin—GST complex. Foreign flavonoids can also be detoxified by GSH conjugation and the
conjugates then transported into the vacuole by the MRP-type GS-X pump, as is the isoflavonoid phytoalexin medicarpin.
Isoflavonoid glucosides such as daidzin and genistin can be transported into the vacuole by an ABC transporter, and the
isoflavone aglycone genistein is transported into the soybean apoplast by another ABC-type transporter. Inset pictures
show (a) PA (blue staining) in the vacuoles in a cross-section of the Medicago seed coat; (b) Medicago MATE1 mutant
(matel) seeds with a TRANSPARENT TESTA phenotype as compared with wild-type (wt); and (c) leaves of nontransgenic
alfalfa (green) and transgenic alfalfa expressing the MtLAP1 MYB transcription factor (purple), thereby overproducing a
range of anthocyanins, including Cy3G. See main text for further details.
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Fig. 8 Hypothetical scheme of flavonoid transport pathways in grapevine!®. flavonoids could be conjugated with
glutathione (GSH) through a reaction catalysed by glutathione S-transferases (GSTs). The main transporters localized
in grapevine vacuole and plasma membrane are the ATP-binding cassette (ABC) proteins and the
bilitranslocase-homologue (BTL-homologue). The multidrug and toxic compound extrusion (MATE) protein, shown
to be involved in flavonoid transport in other plant species, has also been added. Transport mediated by vesicle
trafficking is indicated by circles (AVIs, anthocyanic vacuolar inclusions; ACPs, anthocyanoplasts). Question marks
indicate the lack of information or still hypothetical components and steps in the process.
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