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Abstract

A homologue of the mammalian bilirubin transporter bilitranslocase (BTL) (TCDB 2.A.65.1.1), able to perform an
apparent secondary active transport of flavonoids, has previously been found in carnation petals and red grape
berries. In the present work, a BTL homologue was also shown in white berries from Vitis vinifera L. cv. Tocai/
Friulano, using anti-sequence antibodies specific for rat liver BTL. This transporter, similarly to what found in red
grape, was localized in the first layers of the epidermal tissue and in the vascular bundle cells of the mesocarp. In
addition, a strong immunochemical reaction was detected in the placental tissue and particularly in peripheral
integuments of the seed. The protein was expressed during the last maturation stages in both skin and pulp tissues
and exhibited an apparent molecular mass of c. 31 kDa. Furthermore, the transport activity of such a carrier,
measured as bromosulphophthalein (BSP) uptake, was detected in berry pulp microsomes, where it was inhibited by
specific anti-BTL antibodies. The BTL homologue activity exhibited higher values, for both K,,, and V,,,.x, than those
found in the red cultivar. Moreover, two non-pigmented flavonoids, such as quercetin (a flavonol) and eriodictyol (a
flavanone), inhibited the uptake of BSP in an uncompetitive manner. Such results strengthen the hypothesis that this
BTL homologue acts as a carrier involved also in the membrane transport of colourless flavonoids and demonstrate
the presence of such a carrier in different organs and tissues.
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Introduction

Flavonoids, among secondary metabolites, represent a note-
worthy source of antioxidants in grapevine (Vitis vinifera
L.) (Conde et al, 2007). These compounds include the
classes of anthocyanins, flavonols, and flavan-3-ols, which
subsequently polymerize to condensed tannins (or proan-
thocyanidins, PAs) (Adams, 2006).

Regarding flavonoid composition, red grape berry tissues
differ from the white ones in the presence of anthocyanins
and the hydroxylation pattern of flavonols and PAs. In fact,

white grape cultivars are unable to synthesize anthocyanins
and 3',4',5'-hydroxylated flavonoids, due to the absence of
a specific expression of genes encoding for the UDP
glucose:flavonoid 3-O-glucosyltransferase (UFGT) and the
flavonoid 3'5’-hydroxylase (F3'5'H) (Bogs et al., 2006). In
particular, pigmentation in red cultivars depends, exclu-
sively, on the last step of anthocyanin biosynthesis,
catalysed by UFGT, whose expression undergoes genetic
control exerted by MYB-type transcription factors (Boss
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et al., 1996; Walker et al, 2007; Matus et al, 2009).
Similarly, VvCytob5 is suggested to be a regulation factor
involved in flavonol and PA biosynthesis (Bogs et al., 2006),
by modulating the oxidative state of F3'5'H. These reg-
ulation mechanisms are correlated with the accumulation of
the hydroxylated flavonols and PAs, as well as anthocya-
nins, occurring at different berry developmental stages.
Regulation takes place early, before veraison in the case of
PAs and flavonols, while for anthocyanins it occurs at the
final maturation steps (Adams, 2006).

Grape berry flavonoids are mainly detected in the hypo-
dermal layers of the skin and in the outer integument of the
seed testa (Adams, 2006; Cadot et al, 2006). Moreover,
flavonoids are absent from the white berry pulp, which
contains only phenolic hydroxycinnamates (Adams, 2006).
In particular, anthocyanins are found only in the berry skin
of the red cultivars; genes responsible for colour variation
have been extensively studied and their expression related to
maturation stages or environmental conditions (Castellarin
et al., 2006, 2007; Ageorges et al, 2006; Cutanda-Perez
et al., 2009). Glycosylated flavonols are mainly accumulated
in the skin of both red and white varieties. The latter
contain a unique set of flavonol aglycone derivatives,
namely quercetin, kaempferol, and isorhamnetin (3'-methyl-
ether of quercetin), with quercetin derivatives being the most
representative (Mattivi et al., 2006). Conversely, they do not
have the delphinidin-like flavonols myricetin, laricitrin, and
syringetin, owing to, as mentioned above, the lack of
expression of F3'5'H (Bogs et al., 2006). Their presence is
cultivar-dependent and, therefore, the flavonol profile may
be used to distinguish different varieties (Masa et al., 2007).

Tannins are another class of flavonoids, whose subunit
composition changes in relation to seed or skin localization,
while their degree of polymerization increases throughout
the ripening process (He et al., 2008). The higher tannin
condensation of grape skin is responsible for its organolep-
tic properties, since astringency and bitterness of PAs are
known to be inversely correlated to the degree of polymer-
ization (Downey et al., 2003).

The subcellular compartmentation of flavonoids in red
berries has been demonstrated to involve the cell wall and
vacuole, while less attention has been paid to white cultivars.
Anthocyanins are known to be stored only in the vacuole as
spherical pigmented inclusions, named anthocyanic vacuolar
inclusions (AVIs) (Conn et al., 2003), whereas flavanols and
tannins are also located in the cell wall (Gény et al., 2003;
Gagné et al, 2006), where they exert a defensive role
(Grotewold, 2004; Mayer et al., 2008). At the subcellular
level, therefore, flavonoids are delivered from the cytoplasm,
the site of their synthesis, to the accumulation targets.

Similarly, at the organ level, a long-distance transport could
also be performed from ‘source’ to ‘sink’ tissues (Yazaki et al.,
2008). The translocation of secondary metabolites, like
flavonoids, across membranes has been suggested to occur by
active transport processes, although the specific transporters
involved have not yet been completely elucidated (Kutchan
et al, 2005; Braidot et al, 2008a). In particular, it has been
suggested that the flavonoid transfer from the cytoplasmic

face of the endoplasmic reticulum to the vacuole involves
primary and secondary active transporters (Kitamura, 2006).
The first kind of carrier belongs to the ATP-binding cassette
(ABC) protein family. These proteins, recently identified in
grape (Zhang et al, 2008), are responsible for vacuolar
sequestration or secretion of flavonoids, chlorophyll catabo-
lites, and xenobiotic molecules (Klein er al, 2006; Yazaki
et al., 2008). Conversely, secondary active transport (Law
et al, 2008) may be mediated by multi-drug and toxic
compound extrusion (MATE) proteins, as reported for PAs
in Arabidopsis (Debeaujon et al., 2001) and tomato (Mathews
et al., 2003), and for saponarin in barley (Marinova et al.,
2007). Recent evidence shows the presence of a MATE
transporter even in grape, as described by Cutanda-Perez
et al. (2009) and Gomez et al. (2009).

Another secondary active transporter, homologue to
mammalian bilitranslocase (BTL), has been described in
carnation petals (Passamonti et al., 2005) and, more recently,
in red grape berries (Braidot ez al., 2008b). In the latter, this
translocator is a membrane protein of ¢. 31 kDa located, at
the subcellular level, on the microsomal membranes, while,
at tissue level, it may be detected in teguments and vascular
bundles. Its expression varies during the developmental
stages (starting from veraison) and is strongly correlated
with spatial and temporal anthocyanin accumulation. In
addition, it is modulated by water deficit. Kinetic studies of
the transport activity in red berry pulp microsomes (Braidot
et al., 2008b) showed that this protein mediates an electro-
genic transport of bromosulphophthalein (BSP). In particu-
lar, the transporter exhibits a Michaelis—Menten constant
(Kn=2.39 uM) similar to that of the mammalian homo-
logue. Its activity is inhibited by an antibody raised against
a specific BTL sequence and by quercetin, a colourless
flavonol. These features, together with the protein localiza-
tion in the vascular tissue, suggest the participation of the
BTL homologue in the transport of colourless flavonoids
and precursors, besides pigmented anthocyanins.

Considering these findings related to red grape, the
present study aimed at demonstrating the presence of
the BTL homologue in a white berry cultivar, where the
synthesis and accumulation of some flavonoids (other than
anthocyanins) occur early in berry maturation. According
to this aim, BTL homologue transport activity and its
inhibition by flavonoids were also characterized. Moreover,
its expression was examined at different maturation stages,
in order to compare this pattern to that observed in the red
cultivar. Finally, immunohistochemical analysis was ex-
tended to seeds, to verify the presence of the BTL
homologue in an organ representing a major source of
tannins and PAs in grape.

Materials and methods
Plant material

Berries from Vitis vinifera L. cv. Tocai/Friulano were
collected during the 2006 and 2007 growing seasons from a



commercial vineyard ‘Tenuta Villanova di Farra d’Isonzo’,
Italy, at different developmental stages. Developmental
stages were: fruit set (27 d after anthesis); pre-veraison (40 d
after anthesis); veraison (55 d after anthesis); maturation
(74 d after anthesis); and harvest (95 d after anthesis).
Random samples of at least 40 bunches from about 20
different plants were collected. For immunological assays,
skin, pulp, and seed samples were obtained from grape
berries and immediately stored at —80 °C.

Fresh grape berries, at the harvest stage, were used for
transport assays.

Isolation of microsomes from berry skin and pulp

For immunoblot analysis, 50 g of grape berry skin and pulp
were blended in 150 ml of 20 mM HEPES-TRIS (pH 7.6),
0.4 M sucrose, 5 mM EDTA, 1 mM DTE, and 1 mM
phenylmethylsulphonyl fluoride at 4 °C. The homogeniza-
tion process was performed as described in Braidot et al
(2008b). The supernatant was collected and considered as
the cytosolic fraction, while the microsomal membrane
fraction was resuspended in 0.25 M sucrose and 20 mM
TRIS-HCI (pH 7.5).

For transport assays, 50 g of grape berry skin and pulp,
only at the harvest stage, were blended in 150 ml of 0.5 M
glucose (pH 8.2 with ascorbic acid), 80 mM PP;, 0.2% (w/v)
bovine serum albumin (BSA), 1% (w/v) defatted casein, 1%
(w/v) polyvinylpolypyrrolidone, 5 mM EDTA, 5 mM
dithioerythritol, 20 mM B-mercaptoethanol, and 1 mM
phenylmethylsulphonyl fluoride at 4 °C. The homogeniza-
tion was performed as described in Terrier ef al. (2001) and
the microsomal fraction was resuspended in 20% (v/v)
glycerol, 0.25 M sucrose, 20 mM HEPES-TRIS (pH 7.0)
and 0.025% (w/v) BSA.

Immunoblotting

Electrophoresis of 25 pg protein from cytosolic and
microsomal fractions isolated as previously described, for
each different developmental stage, was carried out in 12%
(w/v) polyacrylamide gel containing 0.1% (w/v) SDS. Gel
was layered onto a nitrocellulose membrane to transfer the
proteins by electroblotting. The nitrocellulose membrane
was incubated with anti-BTL antibody (0.66 pg ml IgG-1),
raised against a synthetic peptide corresponding to segment
235-246 of the primary structure of rat liver bilitranslocase
as described by Passamonti et al (2005). The immune
reaction was developed by the activity of alkaline phospha-
tase, conjugated to anti-rabbit IgG (dilution of 1/2500) and
densitometry analysis was carried out using the software
Quantity One®, version 4.2.3. (Bio-Rad, Hercules, CA,
USA). BTL levels are expressed relative to its homologue in
skin of red cv. Merlot sampled at the maturation stage and
processed as in Braidot ez al. (2008b). Four independent
immunoblots of different extracts were used for the
calculation of the mean average *SE. Incubation with
preimmune serum was used as a negative control. Further-
more, a serial dilution of microsomal and cytosolic protein
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was performed to ensure the specificity of the antibody and
a linear relationship between the amount of protein loaded
and densitometry results.

Measurement of PP-dependent proton gradient (ApH)

Acridine orange was used to monitor spectrofluorimetrically
(Perkin Elmer spectrofluorimeter, model LS50B, MA, USA)
proton-pumping in microsomal vesicles obtained from berry
skin and pulp (Braidot et al., 2008b).

Transport activity assay

Transport activity of the BTL homologue was assayed
spectrophotometrically by Agilent 1200 diode array and
multiple wavelength detector (Agilent, Santa Clara, CA,
USA). Microsomal protein (20 pg ml™'), obtained from
fresh berry pulp at the harvest stage, and BSP (from 2-48
uM) were added to a stirred cuvette containing 2 ml of
assay medium (0.2 M KCI, 20 mM HEPES-TRIS, pH 8.0).
The reaction was started by the addition of 60 pg of
valinomycin; the initial rate of the absorbance drop
(wavelength pair 580-514 nm) was calculated by Agilent
Instrument 1 software (Santa Clara, CA, USA) and referred
to as electrogenic BSP uptake. Upon the addition of
valinomycin, K" ions diffuse into the microsomal vesicles,
thus building up a membrane potential that provides the
driving force for the secondary active transport of anionic
BSP, as previously shown (Passamonti et al., 2005). Indeed,
in mammalian cells it has been demonstrated that BSP
uptake mediated by BTL is an uniport transport (Sottocasa
et al., 1982; Miccio et al, 1990), activated by the trans-
membrane electrical potential.

Inhibition of the electrogenic BSP uptake was examined
by adding 50 uM of different flavonoids (Extrasynthese,
Lyon Nord, Genay Cedex, France) to the assay medium.
Inhibition of the electrogenic BSP uptake by an anti-BTL
antibody was examined after preincubation of the micro-
somal vesicles with the antibody (240, 300, 360, and 480 ng)
at 25 °C for 5 min.

Data of the electrogenic BSP uptake and inhibition by
flavonoids or the anti-BTL antibody were expressed as
a mean value of independent experiments, performed on
four different microsomal preparations.

Microscopy analysis

Immunofluorescence microscopy analysis was carried out
on grape berries collected during the harvest stage. The
samples were processed as described in Braidot et al
(2008b). Sections were incubated with the primary anti-
BTL antibody (3.3 pg ml~' IgG), whereas control sections
were incubated with preimmune serum. The immune re-
action was shown under UV light by the activity of the
fluorescein isothiocyanate (FITC)-conjugated secondary
antibody (dilution of 1/2500).

Immunohistochemical microscopy analysis was carried
out on grape berries, collected at the pre-veraison, matura-
tion, and harvest stages, and on seeds, collected at the
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harvest stage. The samples were processed as described
in Braidot et al. (2008b). Sections were incubated with the
primary anti-BTL antibody (3.3 pg ml~' IgG), whereas
control sections were incubated with preimmune serum. The
immune reaction was developed by the activity of alkaline
phosphatase, conjugated to anti-rabbit IgG (dilution of 1/
2500).

Reagents and chemicals

All reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA), if not differently stated.

Results

Immunochemical analysis of the BTL homologue in
microsomal fractions isolated from skin and pulp during
the development of white grape berry

An immunoblot analysis of microsomal proteins, isolated
from both skin and pulp of grape berries of V. vinifera cv.
Tocai/Friulano, was carried out to detect the BTL homo-
logue and to estimate its expression at different berry
developmental stages. The antibody used was an affinity-
purified polyclonal antibody raised against the segment
235-246 of the amino-acidic sequence of rat liver BTL
(Passamonti et al., 2005).

The results showed a cross-reactivity, involving a protein
of ¢. 31 kDa, in the microsomal fraction isolated from
both skin (Fig. 1A) and pulp (Fig. 1B) tissues. As previously
reported by Braidot er al (2008b), two very close bands
were detected. The specificity of the antibody was also
tested in both the microsomal and cytosolic fractions
(Fig. 1C). This assay allowed the absence of other
immunoreactive bands to be demonstrated and confirmed
that the BTL homologue is localized only in the membrane
fractions. Moreover, BTL homologue expression was un-
detectable in the negative controls (results not shown). BTL
homologue expression began from the maturation stage
until harvest. The densitometric analysis of the immunoblot
staining (Fig. 1D) showed that its expression increased
throughout the last two developmental stages in both skin
and pulp. However, the signal associated with the micro-
somal fraction of the epicarp (black bars) was stronger than
that of the mesocarp (white bars), particularly during the
maturation stage. The accuracy of this approach was
confirmed by the linear relationship among the amounts of
the microsomal protein and the densitometry measurements
detected in the pulp at the harvest stage (inset of Fig. 1D).

Characterization of BTL homologue transport activity

In the plant tissues so far investigated, the BTL antibody,
used in the above immunoblot, had been shown to inhibit
the activity of a membrane transporter catalysing electro-
genic BSP transport into microsomal vesicles (Passamonti
et al., 2005; Braidot et al., 2008b).
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Fig. 1. Immunoblotting of the BTL homologue carrier, during
different developmental stages of grape berries. Proteins of
microsomal fractions, obtained from skin (A) and pulp (B) of grape
fruits, were probed against the anti-BTL antibody. Different
amounts of microsomal and cytosolic proteins isolated from pulp
at the maturation stage (C) were also probed against the same
antibody. The value on the left represents the apparent molecular
mass. (D) Densitometric analysis of the immunoblot. Data (h=4)
are mean values *£SE, calculated from immunoblotting experi-
ments performed on four independent microsomal preparations.
Vertical bars represent: black, skin; white, pulp. Inset: correlation
among increasing amounts of pulp microsomal protein from grape
berries, collected at the harvest stage, and densitometry records.

With the aim of investigating such specific transport
activity in microsomal vesicles isolated from both skin and
pulp of fresh berry at the harvest stage, preliminary tests of
PP;-dependent H'-pumping were carried out in order to
assess their compartmental intactness, a prerequisite for
detecting any transport activity. The assay was identical to
that described earlier by Braidot et al (2008b) and the
results were similar. Despite the higher expression of the
BTL homologue protein found in berry skin, microsomal
vesicles isolated from this tissue were not able to generate
and maintain a membrane H* gradient and to catalyse



an electrogenic BSP transport (results not shown). There-
fore, only vesicles obtained from berry pulp were used for
the enzymatic characterization. As described previously
(Passamonti et al., 2005; Braidot et al., 2008b), the trans-
port assay is based on the generation of a K™ diffusion into
the vesicles, as a consequence of the addition of valinomy-
cin. The electrogenic potassium flux generates a transmem-
brane gradient. Such a gradient induces the movement of
BSP (a pH-indicator phthalein substrate) from the assay
medium to the vesicles, mediated by the BTL homologue.
As shown in Fig. 2A (closed circles), the transport activity,
measured as a decrease of BSP absorbance, was detected in
pulp microsomes. In order to evaluate the kinetic properties
of this transport activity, the effects of compounds belong-
ing to different flavonoid classes, such as eriodictyol (a
flavanone) and quercetin (a flavonol), on BSP uptake were
tested. In both cases, the initial rate of the BSP uptake
differed in comparison to the control (Fig. 2A, closed
squares and open triangles, respectively). These inhibitory
effects were further investigated under increasing BSP
concentrations (Fig. 2B). The initial rate values could fit
the Michaelis—Menten equation, whose parameters were
Vinax=0.70+0.05 pmol BSP min~" mg*] protein and
K,=11.12+2.35 uM BSP in the control assay (closed
circles); Vimax=0.32%0.03 pmol BSP min~! mg™' protein
and apparent K, (K, App)=7.35x2.22 uM BSP in the
presence of quercetin (closed squares); V,.x=0.44+0.02
pumol BSP min~' mg~! protein and K,, App=6.70+1.33
uM BSP in the presence of eriodictyol (open triangles). The
flavonoids, by decreasing the values of both K, and Viax,
exerted an uncompetitive inhibition on electrogenic BSP
uptake. Inhibition constants, calculated as K=[I]/(at'—1),
where o' =K,/K,, App was 97.48 uM and 75.76 pM for
quercetin and eriodictyol, respectively.

Inhibition of electrogenic BSP uptake by anti-sequence
BTL antibodies

To test whether electrogenic BSP uptake into berry pulp
microsomal vesicles was mediated by the protein identified
in the above immunoblot, microsomes were preincubated
with the same antibody and then assayed for electrogenic
BSP uptake activity. Figure 3 shows the dependence of
electrogenic BSP uptake upon increasing concentration of
the antibody; the residual activity was about 30%, a value
similar to that observed previously (Passamonti et al., 2005;
Braidot et al., 2008b). Moreover, the transport activity was
unaffected by bovine IgG or IgG purified from the rabbit
preimmune serum (data not shown).

Immunohistochemical analysis of the BTL homologue in
white grape berries and seeds at the harvest stage

The above-described immunochemical results corroborate
the use of this antibody specifically to localize the BTL
homologue, by immunohistochemistry, in intact white
berries at the harvest stage. Sections of the berry with seeds
(Fig. 4A) showed that the BTL homologue was expressed
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Fig. 2. Electrogenic BSP uptake into grape pulp microsomes and
effect of two flavonoids. (A) Continuous spectrophotometric re-
cording of electrogenic BSP uptake into microsomes. Each test
was carried out by the addition of 60 pg valinomycin to a stirred
cuvette containing 20 ug mi~' microsomal protein in 2 ml of
transport medium supplemented with 20 pM BSP without (closed
circles) or with 50 uM of quercetin (closed squares) or eriodictyol
(open triangles). Change of Asgo_514=0.005 corresponds to 1.04
nmol BSP. Traces are representative of experiments performed on
four independent microsomal preparations. Other details are
described in the Materials and methods. (B) Dependence of the
initial rate of electrogenic BSP uptake on BSP concentration and
the effect of two flavonoids. The assay was carried out as
described in the Materials and methods, without (closed circles)
and with 50 uM of either quercetin (closed squares) or eriodictyol
(open triangles). Data (n=4) are means *=SE of the initial rate, fitted
to the equation V=V, [BSP)/(Kmn+[BSP)).

not only in the epicarp and hypodermal layers, but also in
seeds. Higher magnification images of the mesocarp showed
a cross-reaction, indicated by violet staining, corresponding
to the vascular bundle cells (Fig. 4C), especially in the
phloem, and also in the placental tissue (Fig. 4E), localized
in the centre of the berry. Furthermore, the distribution of
the BTL homologue in seed tissues was investigated. In
particular, the immunohistochemical analysis of the seed
section exhibited a higher cross-reaction in some peripheral
zones of the testa, namely the epidermis and palisade layer
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Fig. 3. Effect of different amounts of anti-BTL antibody on BSP
uptake in grape pulp microsomes. Each experiment was per-
formed by preincubating 40 pg microsomal protein at 25 °C for 5
min with different amounts of anti-BTL antibody. BSP uptake was
then measured as described in the Materials and methods. Data
(h=4) are means *=SE of the initial rate expressed as a percentage
with respect to the control (without anti-BTL antibody). Data were
fitted to the sigmoid, four parameter equation y=y0+a/1+e &>V
where y is relative transport activity, y0 is the residual relative
transport activity (bottom level), a is the fraction of relative transport
activity that is amenable to inhibition by the antibody, e=2.7183,

X is the IgG dose, x0 is the IgG dose causing half-maximal
inhibition, and b is the difference between the x values at 75%
and 25% of the inhibition amplitude. The parameters found were:
a=0.74+0.01; b=-65.3%1.6 ng; x0=350.5*+1.9 ng;
y0=0.36=0.01; =0.999.

(Fig. 4G). The specificity of the cross-reaction in these
experiments was confirmed probing the corresponding
controls with preimmune serum (Fig. 4B, D, F, H).

Immunohistochemical analysis of the BTL homologue
during development of white grape berry

To characterize the localization of the BTL homologue in
grape fruit better, an immunohistochemical analysis was
performed in the peripheral tissues during berry develop-
ment. Sections of grape berries, sampled at the maturation
stage and examined in detail at the level of the pericarp,
showed, under visible light, the typical parenchymatic and
epidermal tissues (Fig. 5A). Under UV light, in the presence
of the BTL antibody, a strong fluorescence signal was
observed, mainly localized in the first layers of the
epidermal tissue (Fig. 5B). In addition, the omission of the
primary antibody (not shown) or the presence of preim-
mune serum (Fig. 5C), caused only a weak fluorescence
signal, probably due to waxes localized in the epicuticular
tissue.

The expression of the BTL homologue, during different
developmental stages, was further studied under visible

light, using an alkaline phosphatase-catalysed colorimetric
reaction. At the pre-veraison stage (Fig. 5D), the immuno-
reaction (violet staining) showed a faint signal. However,
starting from maturation (Fig. 5E) up to harvest (Fig. 5F),
the staining was clearly detectable, and the BTL homologue
was localized in both the epicarp and the hypodermal
layers. The highest cross-reactivity was associated with the
harvest stage, consistently with the immunoblot data shown
above (Fig. 1). The absence of unspecific reactions was
confirmed by analysing the corresponding controls (with
preimmune serum) at the pre-veraison, maturation and
harvest stages, respectively (Fig. 5G-1).

Discussion

The flavonoid end-product transport in plant cells, from
their site of biosynthesis towards vacuolar and other
subcellular compartments, cannot be explained by a single
model or mechanism. Much evidence shows, mainly by
a genetic approach, that various carriers can mediate the
transport of the most important flavonoids in plant cells.
On the contrary, in grapevine, few reports, if any, have
studied the transporters involved in flavonoid uptake at
a subcellular level, by measuring transport activity. Never-
theless, some recent work has shown an overexpression of
the MATE gene in relation to the synthesis of anthocyanins
in the fruit (Cutanda-Perez et al., 2009; Gomez et al., 2009).

Recently, a BTL homologue has been identified in
carnation petal teguments by immunohistochemical analy-
sis, and a role for this carrier as a potential flavonoid
transporter has been suggested by studying its transport
activity in plasma membrane and tonoplast fractions
(Passamonti et al., 2005). These results were then extended
to red grape berry, where it has been demonstrated that the
BTL homologue is responsible for an ATP-independent
transport, which is inhibited by an anti-BTL antibody and
by a colourless flavonol, quercetin (Braidot et al, 2008b).
This protein is mainly present in tegumental cells, while,
in the mesocarp, it is limited to the vascular tissues. In
addition, its expression depends on the developmental
stages of berry ripening.

Evidence is now supplied on the presence of the BTL
homologue in a white grape berry (cv. Tocai/Friulano), in
agreement with the above reported findings obtained in red
grape berry (cv. Merlot). Although this cultivar, as well as
the other white grapes, does not accumulate anthocyanins
in the skin, the expression of the BTL homologue was
similar to that shown in cv. Merlot. Immunofluorescence
analysis on sections of grape berry, at the maturation stage,
showed that the BTL homologue was mainly expressed in
the hypodermal layers of the berry (Fig. 5B). The peripheral
location of the homologue overlapped with the well-known
pattern of flavonol and PAs accumulation in the skin of
white varieties (Adams, 2006, Mattivi et al, 2006). In
parallel, immunolabelling with alkaline phosphatase
allowed BTL homologue expression during the develop-
ment of berry fruit to be characterized better (Fig. SD-F).
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Fig. 4. Immunohistochemical microscopy analysis of the BTL homologue in grape berry and seed. Sections of grape fruits, collected
during the maturation stage, were fixed and incubated with anti-BTL Ab (A, C, E, G) or preimmune serum (B, D, F, H) as described in the
Materials and methods. The immune reaction was visualized under visible light with BCIP/NBT. Fruit berry with seeds (A, B; scale
bar=2 mm); vascular bundles of the berry mesocarp (C, D; scale bar=100 um); seed and maternal tissue of the berry (E, F; scale
bar=1 mm); seed peripheral integuments (G, H; scale bar=25 um). Arrow: cross-reaction in placenta tissue.

Similarly to what found in the red grape berry, the presence
of the BTL homologue in the skin tissues was larger in the
berries sampled during the final period of maturation. This
observation was confirmed by immunochemical analysis,
which allowed a cross-reacting microsomal protein to be
identified in both skin and pulp only from ripened grape
berries (Fig. 1). The molecular size of the protein, reacting
with the anti-BTL antibody, was also similar to that found
in red grape (c. 31 kDa). Nevertheless, the BTL homologue
expression in cv. Tocai/Friulano showed some peculiarities.
The protein was expressed to a lesser extent in both skin

and pulp, if compared to the strong signal found in red
grape (Braidot et al., 2008b); its presence was confined just
to the last two developmental stages (maturation and
harvest), whereas in cv. Merlot it increased throughout the
maturation process. A physiological explanation for this
different behaviour could be the absence of anthocyanin
accumulation in the white skin of cv. Tocai/Friulano.
Conversely, even if flavonol synthesis in the skin of white
varieties occurs early during maturation, a second period of
accumulation of these compounds takes place from veraison
until the final stages of berry maturation (Downey et al.,
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Fig. 5. Immunofluorescence and immunohistochemical microscopy analysis of the BTL homologue during development of grape berry.
Sections of grape fruits, collected during the harvest stage, were fixed and incubated with the anti-BTL antibody (A, B) or preimmune
serum (C). Sections were observed under visible light (A) or visualized with FITC under UV light (B, C). Sections of grape fruits, collected
during pre-veraison (D, G), maturation (E, H), and harvest stage (F, ), were fixed and incubated with anti-BTL antibody (D, E, F) or
preimmune serum (G, H, I). The immune reaction was visualized under visible light with BCIP/NBT. Scale bar=100 um. Abbreviations:
ep, epicarp; me, mesocarp; hy, hypodermal layers. Arrow: cuticular layer, unspecific reaction.

2006). Consequently, it could be suggested that the BTL
homologue might function in the intracellular transport of
colourless flavonoids, besides anthocyanins in red varieties,
and that its contribution might be predominant only in late
berry maturation.

The presence of the BTL homologue in microsomal
membranes isolated from grape pulp was further con-
firmed by immunohistochemical microscope observations
(Fig. 4C), showing that the BTL homologue localized in
the phloem cells in the vascular bundles. These observa-
tions, already reported for red grape berry, suggest that
this transporter could also be involved in the intercellular
phloem translocation of secondary metabolites, such as
colourless flavonoids and their precursors, towards the
sites of accumulation in the berry, by analogy to similar

pathways already proposed by Yazaki et al (2008). In-
terestingly, recent work in transgenic tomatoes expressing
the AtMYB75 gene showed anthocyanin production in
different organs (leaves, stems, roots, flowers, and fruits)
and also accumulation in cells close to the vascular bundles
(Zuluaga et al., 2008).

This assumption could be justified by the observation
that, during the last developmental stages of the berry,
a shift from xylem (Wada et al, 2008) to phloem trans-
location occurs (Bondada et al, 2005). Thus, transport
along the phloem tissue seems to be the preferential
pathway after grape berry veraison. Furthermore, another
change during the late maturation stages has been observed
concerning phloem unloading, which is no longer sym-
plastic but apoplastic (Zhang et al., 2006); this behaviour



could be a general feature, since it has also been observed in
apple fruit (Zhang et al., 2004).

The study of BTL homologue localization was extended
to seeds, where flavonoids are accumulated in the outer
integuments of the testa (Fig. 4E, G). Interestingly,
immunohistochemical observations, performed on sections
of the whole berry at the maturation stage, showed that the
BTL homologue was also present in the maternal tissues
in the proximity of the seeds. This finding leads to the
supposition that this translocator could be implicated in the
import of flavonoid precursors into developing seeds, which
represent strong sink compartments during berry ripening.
At the same time, some species possess modified uptake
seed cells, enriched in plasmodesmata, supporting the
symplasmic transfer of nutrients and/or secondary metabo-
lites (Patrick and Offler, 2001). This mechanism also
appears to be shared by grape seed, which exhibits this type
of transfer cells in the palisade layer of the seed coat (the
inner layer of the outer integument) (Walker et al., 1999).
Different from berry skin, the immunoreactive signal in
grape seed of cv. Tocai/Friulano was found in these layers,
while it was absent from the layers, where a major accu-
mulation of flavonoids occurs, as reported by Cadot et al.
(2006). This result therefore supports a putative role of the
BTL homologue, at least in white grapes, in delivering PA
precursors from the external placenta to the seed coat layers
devoted to their final accumulation.

The putative involvement of the BTL homologue in the
transport of flavonoid precursors into the seeds, as well as
its participation in phloematic transport, requires additional
studies. In particular, it would be interesting to confirm the
presence of the carrier in the seeds of red cultivar or
teinturier varieties and to verify its localization in the
phloem tissues of stalk or other organs.

To confirm further that the BTL homologue, identified
by immunochemical analysis, could function as a flavonoid
carrier, BSP uptake was followed in microsomal vesicles
isolated from fresh grape pulp (Fig. 2). The unexpected lack
of competence in skin microsomes and the consequent
failure to detect BSP uptake, may be justified by the
complex organic composition of this tissue (presence of
cutin, waxes, and tannins), which might prevent the
formation of sealed vesicles during the isolation procedure.
In addition, in this tissue, the transporter might be lesser
active owing to membrane leakage, which may be expected
in senescing tissues (Thompson, 1988; Braidot et al., 1993).

BSP uptake was specifically inhibited by the anti-BTL
antibody (Fig. 3). By analogy with red grape, the existence
of a secondary active transport of this phthalein, which
possesses similarity in its molecular structure with flavonoid
compounds, was confirmed. This transport was mediated by
a carrier-like enzyme, as shown by the curve obtained by
plotting BSP uptake rate as a function of the substrate, and
by calculation of its specific kinetic parameters, V., and
K,,. These values, compared with those measured in the red
variety, show a lower affinity of the carrier for the transport
substrate BSP, whereas the V., of electrogenic BSP trans-
port is slightly higher.
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The effect of non-pigmented flavonoids, such as quercetin
(a flavonol) and eriodictyol (a flavanone), on the BSP
electrogenic transport (Fig. 2) was assayed. Different from
red grape, where it displayed a competitive inhibition
(K;=4.2 uM, Braidot et al., 2008b), quercetin, the more
representative flavonol in white berries, showed a much
lower affinity for the carrier. The same considerations are
true for eriodictyol. The different affinity displayed by the
two BTL homologues for artificial and natural substrates
could be related to the different composition of the
transported secondary metabolites present in the two
cultivars studied.

Both flavonoids had K; values for the BTL homologue
larger by one order of magnitude and induced uncompetitive
inhibition. Hence, the inhibitor binding site appears to be
different from the active site for BSP and flavonoids seem to
be able to bind only to the enzyme-substrate complex.
Consequently, these observations suggest the existence in the
BTL homologue of multiple binding sites for different kinds
of secondary metabolites. These results are in agreement with
observations reporting that flavonoids act as uncompetitive
inhibitors of the carriers/enzymes involved in both transport
and detoxification of several metabolites or xenobiotics
(Hayeshi et al, 2007; Wang et al., 2008). Nevertheless, it
should also be considered that the electrogenic BSP transport
assay conditions do not exactly reflect the physiological
intracellular conditions. The in vitro conditions might induce
some unusual conformational change in the carrier, so that
a competitive inhibitor, under physiological conditions,
might act as an uncompetitive one under different milicu
conditions. A temperature shift from 27 °C to 37 °C
was shown to be enough for such a change on inhibition
modality (Ajloo et al, 2007). Such distinctive features
are also shared by mammalian BTL, whose ability to
transport several metabolites is well-known, ranging from
biline pigments to flavonoids (Karawajczyk et al, 2007,
Passamonti et al, 2009) and possessing a minimal common
structure (that of nicotinic acid). In a previous work, dealing
with carnation, it has been shown that the plant homologue
also exhibits multiple surface-accessible binding sites, specific
for the various substrates and distinct from the catalytic
(transport) site (Passamonti et al., 2005).

On the basis of the results presented above, it is suggested
that white grape berries could represent a suitable model to
investigate the secondary transport of colourless flavonoids,
avoiding any interference due to high pigment concentra-
tion as happens in the red cultivar. Further research on the
expression and function of the BTL homologue could
involve other grape varieties, to confirm that only fine
functional differences (kinetics and temporal pattern of
expression) of the BTL homologues occur across the red/
white cultivar division.
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