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Role of Anthocyanidin Reductase,
Encoded by BANYULS in Plant
Flavonoid Biosynthesis

De-Yu Xie," Shashi B. Sharma,’ Nancy L. Paiva,’ Daneel Ferreira,?
Richard A. Dixon™*

Condensed tannins (CTs) are flavonoid oligomers, many of which have bene-
ficial effects on animal and human health. The flavanol (-)-epicatechin is a
component of many CTs and contributes to flavor and astringency in tea and
wine. We show that the BANYULS (BAN) genes from Arabidopsis thaliana and
Medicago truncatula encode anthocyanidin reductase, which converts antho-
cyanidins to their corresponding 2,3-cis-flavan-3-ols. Ectopic expression of BAN
in tobacco flower petals and Arabidopsis leaves results in loss of anthocyanins

and accumulation of CTs.

The presence of condensed tannins (CTs, also
known as proanthocyanidins) in the leaves of
forage plants protects ruminant animals
against pasture bloat (/, 2) and improves their
nitrogen nutrition by increasing the amount
of bypass protein (dietary protein exiting the
rumen) (1, 3, 4). CTs are also powerful an-
tioxidants with beneficial effects on human
cardiac health (5) and immunity (6), and
particular interest is being shown in the CTs
from fruits such as cranberry and grape (7, 8).
Although CTs occur in the fruits and seeds of
many plants (9), they are absent from the
leaves of certain forage crops such as alfalfa
(Medicago sativa) (9).

CTs are synthesized by a branch of the
flavonoid pathway (Fig. 1). In Arabidopsis
thaliana, mutations in the BANYULS (BAN)
gene (named after a French red wine) result in
a transparent testa (tt) that is associated with
precocious accumulation of red anthocyanins
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and loss of CTs in the seed coat (/0). On the
basis of this and of the amino acid sequence
similarity of BAN to dihydroflavonol reductase
(DFR), it has been suggested that BAN encodes
leucoanthocyanidin reductase (LAR) (10), an
enzyme proposed to convert flavan-3,4-diols
(leucoanthocyanidins) to 2,3-trans-flavan-3-ols
such as (+)-catechin (/7), a “starter unit” for
tannin condensation (77, 12) (Fig. 1). However,
no biochemical evidence exists to support this
hypothesis, and BAN therefore represents the
only flavonoid pathway gene currently known
for which no function has been proven.

Random sequencing of a cDNA library (/3)
from young developing seeds of the legume
Medicago truncatula led to the identification of
a full-length 1.164-kb ¢cDNA (MtBAN, Gen-
Bank accession number AY184243) with 59%
amino acid sequence identity to Arabidopsis
BAN (AtBAN, GenBank accession number
AF092912) (10) (fig. S1A) and 38% identity to
A. thaliana DFR (GenBank accession number
NM_123645). MtBAN was strongly expressed
in young seeds, weakly expressed in open flow-
ers and flower buds, and very weakly expressed
in leaf tissues of M. truncatula (fig. S1B). BAN
exists as a single copy in the M. fruncatula
genome (fig. S2).

AtBAN and MtBAN were expressed in
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Escherichia coli, yielding high levels of sol-
uble 38-kD BAN protein. Lysates were as-
sayed either directly, with H-leucocyanidin
as the substrate, or indirectly, in coupled
reactions with recombinant M. truncatula
DFR and the dihydroflavonol dihydroquerce-
tin (Fig. 1) as the substrate, for LAR activity
dependent on the reduced forms of nicotin-
amide adenine dinucleotide (NADH) or nic-
otinamide adenine dinucleotide phosphate
(NADPH). In all cases, no formation of (+)-
catechin, or any other product, was shown.
To functionally characterize BAN, we
generated transgenic plants of tobacco
(Nicotiana tabacum) (36 independent lines)
and Arabidopsis (20 independent lines) that
constitutively expressed MtBAN or At-
BAN, respectively, under control of the
cauliflower mosaic virus 35S promoter (fig.
S3, A and B). Several lines exhibited high
levels of ectopic BAN transcript expression
in leaves (Fig. 2, A and B). Tobacco lines
expressing MtBAN lost the pink flower
pigmentation characteristic of wild-type
and empty vector control plants (Fig. 2C).
Extraction of petals in ethanolic HCI fol-

Flavanone
F3Hl
Dihydroflavonol
DFR
Leucoanthocyanidin
A‘Ny \3‘AN or LAR
Anthocyanidin Flavan-3-ol
3GTl 2 lcon

Anthocyanins  Condensed tannins

Fig. 1. Proposed relation between the biosyn-
thesis of anthocyanins and CTs. Enzymes are
flavanone 3-hydroxylase (F3H), DFR, ANS, LAR,
anthocyanidin ~ 3-glucosyltransferase  (3GT),
and an unknown condensing enzyme(s) (CON).
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lowed by spectrophotometric determination
at 528 nm confirmed a reduction in antho-
cyanin pigmentation in plants expressing
MtBAN (Fig. 2D). Staining of transgenic
tobacco petals with dimethylaminocinna-
maldehyde (DMACA) reagent resulted in a
blue coloration in BAN-expressing lines,
indicative of the presence of CTs (/2) (Fig.
2E). Light microscopy revealed individual

Fig. 2. Ectopic expres-
sion of BAN leads to
reduction in anthocya-
nin levels and accumu-
lation of CTs. (A) RNA
gel blot analysis of to-
tal RNA from leaves of
wild-type (WT) and
transgenic tobacco ex-
pressing MtBAN (four
independent lines). (B)
Analysis by reverse
transcriptase—polymer-
ase chain reaction of
AtBAN and actin (inter-
nal control) transcripts
in total RNA from
leaves of an empty vec-
tor control (con) and
from transgenic Arabi-
dopsis ectopically ex-

A
B-13-B

B-13-B

o

B-19-A

AtBAN
o~ - - Akt

blue epidermal cells (Fig. 2F). No blue
coloration was observed when we stained
petals from wild-type or empty vector con-
trol plants. Extraction with butanol-HCI re-
agent (/4) confirmed the presence of CTs
in tobacco petals, at levels of 7.7 to 42.7 pg
of cyanidin equivalents per g of fresh
weight, whereas CTs were absent from con-
trol petals (Fig. 2G; fig. S4, A to C). Sim-

B-19-C con

B-21-B

B-19-A B-19-C B-21-B

pressing AtBAN. (C)
Pigmentation of flower
petals from MtBAN
transgenic (B designa-
tions), WT (C4 and C5),
and empty vector con-
trol (121-1-B and 121-
4-B) tobacco plants. (D)
Anthocyanin levels in
flower petals of the
plants shown in (C). (E)
DMACA staining of pet-
als from empty vector
control (121-1-B and
121-4-B), BAN trans-
genic (B-13-Band B-21-
B), and WT (C4 and C5)
tobacco. (F) DMACA
staining showing CT lo-
calization in petal epi-
dermal cells of MtBAN
transgenic B-13-B,
compared with staining
of WT control C-5.
Scale bar, 25 pm. (G)
CT levels in flower pet-
als of the same tobacco
lines analyzed in (C) and
(D). FW, fresh weight.
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ilarly, Arabidopsis leaves constitutively ex-
pressing high levels of BAN contained 12.9
to 44.3 pg cyanidin equivalents of CTs per
g of fresh weight (Fig. 2H), similar to
levels in the tannin-accumulating leaves of
the forage legume Lotus corniculatus.

In the pathway shown in Fig. 1, BAN
competes with anthocyanidin  synthase
(ANS), a 2-oxoglutarate—dependent dioxyge-
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Fig. 3. BAN encodes
anthocyanidin  reduc-
tase. (A) Pathway for
CT biosynthesis plac-
ing BAN immediately
downstream of ANS.
(B) HPLC analysis of
products from (a) the
incubation of recombi-
nant MtBAN with cya-
nidin and NADPH and
from control incuba-
tions with (b) active
BAN in the absence of
NADPH or (c) extract
from an empty vector
control plus NADPH.
Panels (d) and (e) show
chromatography of au-
thentic (=)-catechin (C)
and (-)-epicatechin
(EC), respectively. mAU,
milli-absorption units.
(C) HPLC analysis of
products from the incu-
bation of pelargonidin
and NADPH with (a) re-
combinant MtBAN and
(b) boiled enzyme. (D)
HPLC-MS of products
formed from pelar-
gonidin (P-P1 and P-P2).
Panel (a) shows total
ion chromatogram, and
panels (b) and (c) show
the mass spectra of
P-P1 and P-P2, respec-
tively. (E) CD spectrum
of 2,3-cis-(2R,3R)-(-)-
epiafzelechin  (P-P1)
formed from pelar-
gonidin by the action of B
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nase (135), for the pool of flavan-3,4-diol (10).
An alternative model consistent with the bio-
chemical and genetic data places BAN imme-
diately downstream of ANS to convert antho-
cyanidin to flavan-3-ol (Fig. 3A). To test
this model, recombinant M. truncatula and
Arabidopsis BAN proteins were incubated with
anthocyanidins (cyanidin, pelargonidin, or del-
phinidin) and either NADPH or NADH. Incu-
bation of BAN protein from either plant with
cyanidin and NADPH resulted in efficient
formation of a product (cyanidin product 1, or
Cy-P1) identified as epicatechin by high-perfor-
mance liquid chromatography (HPLC) reten-
tion time (Fig. 3B), ultraviolet (UV)-visible
spectrophotometry, HPLC—mass spectrometry
(HPLC-MS), and gas chromatography—mass
spectrometry (GC-MS) after derivatization
(figs. S5A and S6). A minor second product
(Cy-P2) with a similar HPLC retention time
and UV spectrum to (=*)-catechin (and there-
fore possible epimerization product) was also
formed (Fig. 3B). Likewise, recombinant BAN
converted pelargonidin to a compound (pelar-
gonidin product 1, P-P1) with an identical UV-
visible spectrum to its corresponding flavan-3-
ol, epiafzelechin (Fig. 3, A and C), and convert-
ed delphinidin to a compound (delphinidin
product 1, D-P1) putatively identified as epigal-
locatechin. In both cases, minor potential
epimerization products (P-P2 and D-P2) were
also formed (Fig. 3C, fig. SSB). HPLC-MS
provided molecular mass data supporting the
assignment of the structures of epiafzelechin
(16 mass units lighter than the catechin stan-
dard, Fig. 3D), epigallocatechin, and the tenta-
tive epimerization products (fig. S5B).

P-P1 showed a specific rotation of —59°,
whereas the 'H nuclear magnetic resonance
spectrum in acetone-d, as solvent was iden-
tical to literature data (/6) and showed the
typical spin systems of a 4',5,7-trihydroxy-
flavan-3-ol framework, i.e., a two-spin AB-
system for the A-ring, a four-spin AA'BB!-
system for the B-ring, and a four-spin
AMXY-system for the protons of the het-
erocyclic ring. The 2,3-cis relative config-
uration was evident from the *J, ; value of
~1.0 Hz for the broadened 2-H resonance
at 8 4.91. The circular dichroism (CD)
spectrum in methanol exhibited a high-am-
plitude negative Cotton effect at 274.5 nm
for the 'L transition and a positive Cotton
effect at 242.5 nm for the 'L, transition
(Fig. 3E), hence unequivocally indicating a
2R,3R absolute configuration (/6—18) and
confirming the structure of P-P1 as (-)-
epiafzelechin (Fig. 3A). The CD spectra of
the minor products Cy-P2, D-P2, and P-P2
exhibited positive Cotton effects near 280
nm for the 'L, transition, reminiscent of 2.5
absolute configuration. These compounds
are thus ent-catechin, ent-gallocatechin,
and ent-afzelechin, respectively, and most
likely represent artifacts arising from

www.sciencemag.org SCIENCE VOL 299

epimerization at C-2 of the thermodynam-
ically less stable 2,3-cis diastereoisomers to
give the thermodynamically more stable
2,3-trans ent forms (19).

Identical products were obtained with ei-
ther MtBAN or AtBAN. BAN was active
both with NADPH and NADH, and no activ-
ity was observed with boiled enzyme or with
non-denatured protein extracts from E. coli
harboring empty vector (Fig. 3, B and C).
Thus, BAN is an anthocyanidin reductase
(ANR) involved in CT biosynthesis. This
explains why mutations in ANS lead to a
transparent seed testa (20). Staining of the
ANS mutant /8 with DMACA indicated
greatly reduced levels of CTs (Fig. 3F).

The CT from Medicago seed coat consists
of 4 — 8§ linked (—)-epicatechin residues with
a (+)-catechin residue as “starter” (2/), a
common structure among CTs (/2). Bio-
chemical origins of the 2,3-cis stereochemis-
try of the (—)-epicatechin units have been
hypothesized (/7) but have lacked supporting
biochemical data. The discovery of ANR and
confirmation of its reaction product now pro-
vide a biochemical explanation for the forma-
tion of 2,3-cis-flavan-3-ols from the corre-
sponding nonchiral anthocyanidins, with
LAR a potential step in the formation of
(+)-catechin. LAR activity has been demon-
strated in crude extracts of Douglas fir (22)
and ginkgo (23) cell cultures, in leaves of the
forage legume sanfoin (21, 24), and in devel-
oping barley grains (24, 25).

On the basis of chemical models, it has
been proposed that the (—)-epicatechin resi-
dues in CTs arise from polymerization of
carbocation or quinone methide derivatives
of flavan-3,4-diol, rather than flavan-3-ol,
units with the growing chain (26). Our data
suggest that other mechanisms of polymer-
ization may operate.

Genetic evidence implicates BAN, sev-
eral transcription factors (27-29), and
TT12 (a multidrug transporter—like protein)
(30) as necessary for correct CT accumula-
tion in Arabidopsis seeds (10, 31). Perhaps
the extra factors are necessary for correct
temporal and spatial expression of CTs dur-
ing seed development, when BAN is ex-
pressed in the endothelium at the onset of
fertilization and persists only up to the
preglobular embryo stage (/0), but are not
required in petals or leaves. Correct bio-
chemical functioning of BAN in vegetative
tissues with a supply of flavonoid substrate
may make genetic engineering of CTs eas-
ier than originally foreseen. Likely prod-
ucts of this technology in agriculture will
include bloat-safe alfalfa (32), which will
substantially reduce greenhouse gas emis-
sions from cattle (33), have better silage
quality (34), and increase the efficiency of
alfalfa protein utilization by dairy cows,
leading to reduced urine-N losses to the

REPORTS

environment and a decreased requirement
for feeding of supplemental protein (335).
Further uses of the BAN gene for the gen-
eration of fruits and vegetables with health-
beneficial properties for humans, or for
modification of flavor and astringency in
plant products such as tea and wine, can
also be envisaged.
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