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Identification and Characterization of a Fruit-Specific,
Thaumatin-Like Protein That Accumulates at Very High
Levels in Conjunction with the Onset of Sugar
Accumulation and Berry Softening in Grapes'
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The protein composition of the grape (Vitis vinifera cv Muscat of
Alexandria) berry was examined from flowering to ripeness by gel
electrophoresis. A protein with an apparent molecular mass of 24
kD, which was one of the most abundant proteins in extracts of
mature berries, was purified and identified by amino acid sequence
to be a thaumatin-like protein. Combined cDNA sequence analysis
and electrospray mass spectrometry revealed that this protein,
VVTLT1 (for V. vinifera thaumatin-like protein 1), is synthesized with
a transient signal peptide as seen for apoplastic preproteins. Apart
from the removal of the targeting signal and the formation of eight
disulfide bonds, VVTL1 undergoes no other posttranslational mod-
ification. Southern, northern, and western analyses revealed that
VVTL1 is found in the berry only and is encoded by a single gene
that is expressed in conjunction with the onset of sugar accumula-
tion and softening. The exact role of VVTL1 is unknown, but the
timing of its accumulation correlates with the inability of the fungal
pathogen powdery mildew (Uncinula necator) to initiate new in-
fections of the berry. Western analysis revealed that the presence of
thaumatin-like proteins in ripening fruit might be a widespread
phenomenon.

Because of the widespread demand for wine, table grapes,
and dried fruit, the common grape, Vitis vinifera L., is one of
the most economically important fruit crops in the world.
Like a small number of other fruits, the ripening of grapes is
nonclimacteric and its growth pattern follows a double-
sigmoid curve encompassing three stages (Coombe, 1976).
Stage I, immediately following flowering, is characterized
by a short period of rapid cell division, followed by marked
cell enlargement (Nakagawa and Nanjo, 1965; Considine
and Knox, 1979) concomitant with high rates of metabolism
and rapid accumulation of acid (Kliewer, 1965). Stage Il is a
lag phase, ‘approximately 7 to 10 weeks postflowering,
which constitutes a short period of slow, or no, growth
{Coombe, 1973). Toward the end of this period, the berries
lose chlorophyll and acidity reaches a maximum. Berry soft-
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ening, together with the rapid accumulation of sugars and
amino acids (for review, see Kanellis and Roubelakis-
Angelakis [1993]), signals entry into stage III, in which cell
expansion rather than cell division is chiefly responsible for
the continued growth in berry size and weight (Nakagawa
and Nanjo, 1965; Considine and Knox, 1979). Viticulturists
use the term veraison (from the French véraison) to de-
scribe the entry into stage III and, therefore, the inception
of ripening.

Although a great deal is known about some of the chem-
ical constituents of grape berries and the changes that occur
through the three stages of berry growth, little is known
about their protein composition and associated ripening
physiology. The profile of soluble proteins found in the
juice of ripe grapes often appears surprisingly simple, with
a predominance of a few low-molecular-weight proteins
(Hsu and Heatherbell, 1987; Murphey et al., 1989; Yokot-
suka et al., 1991; Pueyo et al., 1993). The simplicity of this
profile suggests an incomplete extraction of total cellular
protein. To better understand changes in protein profiles
during the development of the grape berry and other fruits,
a systematic sampling throughout stages I, II, and III was
performed and combined with an effective extraction pro-
cedure. Using such a strategy, we now show that one of the
most abundant proteins in ripe grapes starts accumulating
at the onset of berry softening.

Isolation of this protein, cloning of the corresponding
c¢DNA, and northern, Southern, and western analyses re-
veal that the protein in question, VVTL1 (for V. vinifera TL
protein 1), is a TL member of the PR-5 protein family and
is encoded by a single V. vinifera gene, which is expressed
in a berry- and ripening-specific manner. As opposed to the
vast majority of other berry proteins, VVTL1 appears to be
soluble in grape juice extracts, which is consistent with the
recent finding by Waters et al. (1996) that the predominant
proteins in white wines are chitinases and TL proteins. It is
tempting to speculate that the accumulation of PR proteins
in the softening and intensely sweet grape berry serves an

Abbreviations: °Brix, refractive index measure of total soluble
solids; PR, pathogenesis-related; RACE, rapid amplification of
¢DNA ends; SAR, systemic acquired resistance; TFA, trifluoroace-
tic acid; TL, thaumatin-like.
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antifungal role; however, it is interesting to note that oth-
erwise ubiquitous members of the PR-2 protein family, the
1,3-B-glucanases, have not yet been detected in the grape
berry. Whatever the reason for the prominent accumula-
tion of VVTLI, the present results indicate a common trig-
ger for the onset of ripening and PR protein synthesis—a
phenomenon that has recently also-been suggested for the
cherry, another example of a nonclimacteric fruit (Fils-
Lycaon et al., 1996).

MATERIALS AND METHODS

All procedures were carried out at room temperature
unless noted otherwise.

Berry Sampling

Berries were harvested from 26 Vitis vinifera cv Muscat of
Alexandria vines planted in 1981 at the Alverstoke vine-
yard (Adelaide, South Australia). Synchronously flowering
bunches were tagged and their development was followed
to maturity. Ten bunches were taken from the vines every
1 to 2 weeks. No more than 10% of a particular vine’s
bunches were harvested. A 50-berry sample, consisting of
five berries taken from the top, middle, and bottom of each
bunch, was subjected to berry weight and deformability
measurements as previously described by Coombe and
Bishop (1980). The remaining berries were frozen in liquid
N, and powdered in a blender (Waring) before storage at
—70°C. Subsamples of the frozen berries (2-5 g} from dif-
ferent developmental stages were used for protein, RNA,
and “free-run” juice extraction. Free-run juice was obtained
by thawing powdered berries and centrifuging at 12,000¢
for 5 min. °Brix was measured with a digital refractometer
(Erma, Tokyo, Japan). The pH of the juice was also mea-
sured. '

Tissue Sampling and Protein Extraction

All grapevine tissues were obtained from the same vines
used for berry sampling except for the roots, which were
obtained from a potted vine of the same cultivar grown
under shadehouse conditions. Skin, pulp, and seed tissue
were obtained from mature berries harvested 17 weeks
postflowering. Skin was removed from frozen berries and
washed extensively in distilled water prior to protein ex-
traction. Tissue (2-5 g) was frozen in liquid N, and ground
to a fine powder using a mortar and pestle. Protein was
extracted by the addition of 2 mL of buffer (500 mm Tris-
HCl, pH 8.0, 5% [w/v] SDS, 10 mm DTT, and 10 mm
sodium diethyldithiocarbamate) to 1 g of powdered tissue,
incubated at 95°C for 5 min, and then centrifuged at
12,000g for 5 min. Protein was concentrated by precipita-
tion with ice-cold TCA at a final concentration of 10%
(w/v). After a 15-min incubation on ice the precipitated
protein was collected by centrifugation for 15 min at
12,000g and the resulting pellet was washed twice with
ice-cold ethanol:ethyl acetate (2:1, v/v). Following a brief
drying, proteins were resuspended in 20 mm Tris-HCl, pH
8.0, before analysis by SDS-PAGE and immunoblotting.
Juice from various fruits, which were purchased from a
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local fruit shop, was obtained by squeezing the pulp gently
and then centrifuging at 12,000¢ for 5 min. For the mea-
surement of 1,3-B-p-glucan endohydrolase activity, berry
proteins were extracted in 50 mm sodium acetate, pH 5.0,
and 2 mM DTT and assayed as described previously (Chen
et al., 1993).

VVTL1 Purification

Approximately 1.2 L of commercial grape juice from cv
Muscat of Alexandria berries was subjected to (NH,),50,
fractionation. (NH,),SO, was added to 80% saturation and
stirred overnight at 4°C. The pellet obtained after centrif-
ugation at 10,000g for 30 min at 4°C was extensively dia-
lyzed at 4°C against 20 mm Tris-HCl, pH 8.0, before load-
ing onto a 1.5- X 16-cm Q-Sepharose column (Pharmacia)
equilibrated with the above buffer. Proteins were eluted
with a linear 0 to 0.35 m NaCl gradient (in equilibration
buffer) over 33.3 h at a flow rate of 30 mL h™"'. Fractions of
8 mL were collected and those containing a prominent
24-kD component (VVTL1) as judged by SDS-PAGE were
pooled, concentrated to 4 mL by ultrafiltration using a YM
10 membrane (Diaflo, Amicon, Beverly, MA), and then
loaded onto a Superdex 200 26/60 column (Hiload, Phar-
macia) equilibrated in 50 mm Tris-HCI, pH 8.0, and 150 mm
NaCl. Proteins were chromatographed using a flow rate of
150 mL h™', and 4-mL fractions containing VVTL1 were
identified, pooled, and concentrated as described above.
The yield of essentially pure VVTL1 was about 30 mg. For
antibody production VVTL1 was further purified by
reverse-phase HPLC on a Cg column (4.6 X 250 mm; Vy-
dac, Hesperia, CA) equilibrated in buffer A (0.1% TFA) and
operated with a flow rate of 0.6 mL min™!. The column was
washed for 5 min with buffer A, followed by a linear
gradient of 0 to 100% buffer B (80% [v/v] CH,CN, and
0.085% [v/v] TFA) developed over 60 min. VVTL1 eluting
at 45% (v/v) CH;CN was collected, freeze-dried, and re-
suspended in PBS.

VVTL1 Digestion, Protein Sequence Analysis, and MS

TCA-precipitated VVTL1 (approximately 400 pg) was
resuspended in 50 uL of 6 M urea, 50 mm Tris-HC], pH 8.0,
and 5 mmMm DTT, incubated at 60°C for 30 min, and then
diluted with 3 volumes of 25 mm Tris-HCI, pH 7.7, and 1
mM Na,EDTA. Endoproteinase Glu-C (Promega) and en-
doproteinase Lys-C (Promega) digestions were performed
at 37°C for 42 h. Prior to acid hydrolysis, purified VVTL1
was reductively alkylated as described by Hej et al. (1987).
Acid hydrolysis in 70% (v/v) TFA (HPLC grade, Pierce) at
40°C was performed for 20 h and terminated by the addi-
tion of 10 volumes of water before vacuum concentration.
Peptides generated by endoproteinase digestion and acid
hydrolysis were purified by reverse-phase HPLC essen-
tially as described by Chen et al. (1993) and sequenced
using a protein sequencer (model G1000A, Hewlett-
Packard). The mass of VVTL1 was determined on an elec-
trospray ionization-triple quadrupole mass spectrometer
(model API300, Perkin-Elmer) essentially as described by
Hgj et al. (1992).
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SDS-PAGE and Western Transfer

Proteins were resolved by SDS-PAGE in 12% (w/v) Tris-
Gly gels (Fling and Gregerson, 1986). Gels were stained
with Coomassie brilliant blue R-250 or blotted onto nitro-
cellulose membranes (MSI Laboratories, Westboro, MA)
using a semidry transfer unit (LKB, Broma, Sweden) as
described by Harlow and Lane (1988).

Western Analyses

Rabbit antibodies were produced by the Institute of
Medical and Veterinary Science (Adelaide, Australia).
VVTL1 (approximately 100 ug in PBS) was mixed with an
equal volume of Freund’s complete adjuvant and injected
intramuscularly. The rabbit was given two more booster
injections (approximately 100 ug of VVTLI1 in Freund’s in-
complete adjuvant) at 3-week intervals before blood samples
were obtained. The IgG fraction was purified on a protein A
column and stored in 30% (v/v) glycerol containing 0.02%
(v/v) sodium azide at 4°C. A dilution of 1:10,000 was used
for immunoblotting experiments. Immunoblots were
probed with anti-VVTL1 antibodies and horseradish
peroxidase-coupled anti-rabbit antibodies (Promega) before
detection using ECL reagents (Amersham) and subsequent
exposure to Hyperfilm-MP (Amersham).

RNA Isolation, cDNA Synthesis, and Cloning

Total RNA was extracted from grapevine tissues essen-
tially as described by Levi et al. (1992), except that the
extraction buffer contained 500 mm Tris-HCI, pH 8.0, and
thiourea and aurintricarboxylic acid were excluded. Fresh
or frozen tissue (—70°C) was ground to a powder in liquid
N, before buffer was added (2 mL of buffer to 1 g of tissue).
RNA concentrations and purity were determined by scan-
ning UV spectroscopy.

The total cDNA sequence for VVTL1 was obtained by
combination of the information contained in an “internal”
c¢DNA, a 5" RACE product, and a 3' RACE product. First-
strand ¢cDNAs were generated with RNase H™ reverse
transcriptase (Superscript II, GIBCO-BRL) according to the
manufacturer’s instructions in a volume of 20 uL, using 2
pg of post-veraison RNA as a template and 150 pmol of
primer. A (dT),5; primer was used in the preparation of
first-strand cDNA for cloning of the internal cDNA (nucle-
otides 154-738, Fig. 4) and the 3’ RACE-PCR product (nu-
cleotides 610-954, Fig. 4), and the primer TL no. 6 (de-
scribed below) was used to prepare the first-strand cDNA
used to generate the 5" RACE-PCR products (nucleotides
1-254, Fig. 4).

Internal cDNA

Based on amino acid sequences obtained from VVTLI,
degenerate oligonucleotides representing all possible codon
usages were synthesized. The oligonucleotides and corre-
sponding amino acid sequences are as follows: TL no. 1, 5’-
TT(C/DGAC/T)ATA/T/CUC/TITIAAC/T)AAA/G)TG-
(T/CQ)ACITA-3" (FDILNKCT); TL reverse transcription no. 2,
5'-(A/G)ICA(A/G)AAIGTIAC(C/DTT(A/G)TA(A/G)TT-3'

(NYKVTFC). Reaction mixtures typically contained 1 unit of
Tag polymerase (GIBCO-BRL), 50 pmol of each primer, and
2 uL of the first-strand ¢cDNA product as a template in a final
volume of 25 pL, buffered according to the manufacturer’s
instructions. Following incubation at 94°C for 2 min, a total
of 37 cycles were performed (cycles 1 and 2: 94°C for 1 min,
37°C for 2 min, and 72°C for 1 min 30 s; cycles 3-37: 94°C
for 1 min, 55°C for 2 min, and 72°C for 1 min 30 s). The
reaction was then terminated by a final extension reaction

at 72°C for 7 min.

RACE Products

RACE-PCR, performed essentially as described by
Frohman et al. (1988), was used to obtain the 5" and 3’ ends
of the final cDNA (Fig. 4). Oligonucleotides described by
Frohman et al. (1988) were used in conjunction with TL no.
5, 5-TTGACGGTGATTGTCCAGGACTG-3' (nucleotides
232-254, Fig. 4), and TL no. 6, 5-CATTGGCGTCGAAGG
TGC-ATGAG-3' (nucleotides 291-313, Fig. 4) to generate the
5" RACE-PCR product. The oligonucleotides and primers TL
no. 3, 5'-AA(C/T)AA(C/T)C/TTIGAC/TTAC/T)ATIG-
A(C/T)AT-3' (nucleotides 415437, Fig, 4), and TL no. 7,
5'-AGCTGTGGTCCGACCACATACTC-3' (nucleotides 610-
632, Fig. 4; Frohman et al., 1988), were used to generate the
3’ RACE-PCR product.

PCR products were purified from buffered (40 mm Tris-
acetate, pH 8.0, and 1 mm Na,EDTA) agarose gels using a
DNA purification system (Wizard, Promega), ligated into
the pGEM-T vector (Promega), and transformed into either
Escherichia coli XL1 blue (Stratagene) or JM109 (Promega)
cells. Double-stranded plasmid templates were sequenced
using the dideoxynucleotide chain termination method
(Sanger et al., 1977).

Southern and Northern Analyses

For Southern analysis DNA was extracted from grape
leaves by the method of Steenkamp et al. (1994). DNA (4 pg)
was digested to completion with the respective restriction
enzymes (Promega), resolved in a buffered (40 mm Tris-
acetate, pH 8.0, and 1 mmM Na,EDTA) 0.8% (w/v) agarose
gel, blotted onto a Hybond N™ membrane (Amersham) ac-
cording to the manufacturer’s instructions, and then fixed
with 0.4 M NaOH for 15 min. The blot was incubated at 65°C
for 1 h in prehybridization solution (5X SSC, 0.5% [v/v]
SDS, 5X Denhardt’s reagent [Sambrook et al., 1989], and 100
pug mL™" denatured and sheared salmon-sperm DNA) be-
fore the addition of a denatured DNA probe (nucleotides
154-738, Fig. 4), which was **P-labeled using a DNA-
labeling system (Megaprime, Amersham) according to the
manufacturer’s instructions. For high-stringency screening
(the Tm of the probe in 0.1 SSC was 75.2°C [Meinkoth and
Wahl, 1984]), hybridization for 16 h at 65°C was followed by
washes of the membrane at 65°C in 2X SSC and 0.1% (w/v)
SDS for 2 X 10 min, 1X SSC and 0.1% (w/v) SDS for 15 min,
and then 0.1X SSC and 0.1% (w/v) SDS for 15 min.

Labeled DNA was detected with a phospor imaging
screen (Kodak) and analyzed using a phosphor imager
(Storm 860, Molecular Dynamics, Sunnyvale, CA) and Im-
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ageQuant software (Molecular Dynamics) before printing
on Epson 720-dpi paper. Screenings at lower stringency, in
which targets of greater than about 70% identity are de-
tected (the Tm of the probe in 2X SSC was 96.8°C
[Meinkoth and Wahl, 1984]), were performed exactly as for
the high-stringency screens except that filters were washed
only in 2X SSC at 65°C for 3 X 10 min.

For northern analysis, total RNA (10 ug) was denatured
and resolved by electrophoresis through a 1.25% (w/v)
agarose gel containing 6% (v/v) formaldehyde in Mops

buffer, pH 7.0 (Sambrook et al., 1989). The gel was then

blotted onto a Hybond N* membrane (Amersham), RNA
was fixed with 0.04 m NaOH, hybridized, washed, and the
labeled DNA was detected as described for Southern anal-
yses under stringent conditions.

Preparation of Figures

Western blot images (Hyperfilm-MP, Amersham) and
Coomassie brilliant blue-stained gels were scanned and
printed on Epson 720-dpi paper without any visible loss of
detail from the originals.

RESULTS

Polypeptide Pattern of Developing Grape Berries

Little is known about the changes in protein composition
during development and ripening of fruits in general and
in nonclimacteric berries of V. vinifera in particular. To gain
insight into such a process in a woody perennial, develop-
ment of fruit on 26 vines of cv Muscat of Alexandria was
followed from flowering to berry maturity. Values ob-
tained for berry weight, deformability, °Brix, and pH are
shown in Figure 1. A double-sigmoid growth curve typical
of grape berries (Coombe, 1976) was observed. The onset of
veraison, signaled by the sudden increase in berry deform-
ability and the onset of rapid accumulation of soluble
solids, was clearly observed 9 weeks postflowering, shortly
before the resumption of rapid berry growth.
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Figure 1. Physical and chemical changes in grape berries from flow-
ering to ripeness. Berries were sampled from 2 to 17 weeks postflow-
ering. Weight (A) and deformability (B) measurements were per-
formed on whole berries, and pH (C) and °Brix (D) measurements
were performed on free-run juice. The approximate time of veraison
is indicated by a dashed line (at 9 weeks postflowering).
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Figure 2. Protein profiles of grape berries at different stages of de-
velopment. Protein extracted from whole berries (2-17 weeks post-
flowering) was resolved by SDS-PAGE and stained with Coomassie
brilliant blue. Each lane contained protein extracted from approxi-
mately 50 mg fresh weight of tissue. The arrow indicates the position
in the gel of a protein that was the subject of further study. MW,
Molecular mass standard.

Extraction of berry proteins in a 5% (w/v) SDS-based
buffer followed by electrophoresis revealed a relatively
complex polypeptide pattern with few obvious changes
during development, other than a general increase in the
amount of extractable protein (Fig. 2). The most distinct
feature was the continuous accumulation of two proteins
with apparent masses of 24 and 32 kD, clearly distinguish-
able at and after 13 weeks postflowering. The apparent
masses of these proteins are very similar to those of the
major haze-forming proteins recently identified in a com-
mercial white wine (Waters et al., 1996). Indeed, when
clarified free-run juice, the material used for winemaking,
was extracted from the same berry samples without any
protective buffering agents, a very simple polypeptide pat-
tern consisting almost exclusively of the 24- and 32-kD
components was observed (data not shown). Because of the
relative abundance of these proteins in juice, we decided to
purify the 24-kD component from a commercial prepara-
tion of grape juice. Comparison of lanes a and b in Figure
3 clearly shows how the preparation of free-run juice con-
stitutes a selective extraction procedure.
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Figure 3. Purification of VVTL1 from grape juice. SDS-PAGE analysis
of SDS-extracted whole berry protein (lane a), (NH,),SO,-
precipitated juice protein (lane b), and purified VVTL1 (lane c). MW,
Molecular mass standard.
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Figure 4. Nucleotide and deduced amino acid sequence of VVTL1
cDNA. Peptide sequences obtained from purified VVTL1 are high-
lighted, a cleavable presequence is underlined, and a putative poly-
adenylation signal is boxed. Nucleotides are numbered on the right
side and amino acids are numbered on the left, with the first residue
of the mature protein designated +1. The translational stop codon is
denoted by an asterisk (*) and an in-frame stop codon upstream of the
initiation codon is shaded black. This sequence was compiled from
an internal cDNA (154-738), a 5' RACE product (1-254), and a 3’
RACE product (610-954). No sequence discrepancies were noted in
the overlaps.

Identification of a Major Berry Protein as a TL Protein and
Cloning of a Corresponding cDNA

Purification to apparent homogeneity of the 24-kD
polypeptide from commercial grape juice (Fig. 3, lane c)
was readily achieved by (NH,),50, precipitation followed
by ion-exchange and gel-filtration chromatographies and
HPLC. Determination of the N-terminal sequence (,HN-
ATFDILNKCT-) of the purified protein revealed that it is a
TL protein identical to that isolated by Waters et al. (1996)
from commercial wine. We called this protein VVTL1. To
further characterize this protein, proteolytic digestion and
sequencing of purified peptides were undertaken. Deter-
mination of the sequence of a number of peptides enabled
the cloning of the corresponding cDNA by a combination
of reverse transcription- and RACE-PCR. The sequence of
the TL-encoding cDNA and the deduced amino acid se-
quence is shown in Figure 4.

Comparison of the deduced amino acid sequence and the
N-terminal sequence data for the purified protein suggests
that VVTLI is synthesized as a precursor protein with a
typical transient presequence (Chrispeels, 1991) of 24 resi-
dues preceding Ala-"1 of the mature protein. The prese-

quence, which is necessary for transport in the secretory
system (Chrispeels, 1991), suggests that VVTLI1 is an apo-
plastic protein, because it is not synthesized with a
C-terminal propeptide, which may act as a vacuole-
targeting signal (Melchers et al., 1993). The predicted mass
of the mature protein is 21,286.45 D, whereas that obtained
by MS is 21,272.90 + 1.88 D. The discrepancy of 16 D is
accounted for by the formation of eight disulfide bonds, as
seen in crystallized thaumatin (Ogata et al., 1992). Thus, we
conclude not only that the cDNA sequence (Fig. 4) exactly
specifies the purified VVTLI but also that the protein un-
dergoes no posttranslational modification other than the
removal of the presequence and the formation of intramo-
lecular disulfide bonds. The predicted pl (4.6) is consistent
with the protein’s behavior during anion-exchange chro-
matography. Gel-filtration chromatography further re-
vealed that the protein exists as a monomer in solution
(data not shown).

VVTL1 Is Encoded by a Single Gene Induced at the
Onset of Berry Softening and the Accumulation of Sugars

The availability of the cDNA encoding VVTLI1 allows us
to determine exactly when and in which tissue expression
of the gene encoding TL is induced. In preparation for such
studies it is useful to ascertain how many closely related
VVTL1-encoding genes are contained in the genome of V.
vinifera. Southern analysis of restriction endonuclease-
digested genomic DNA under highly stringent conditions
(0.1x SSC, 65°C), in which only targets of greater than
about 90% identity will be detected, revealed that VVTL1 is
encoded by a single gene (Fig. 5A). Hybridization under
less-stringent conditions (2X SSC, 65°C), in which only
targets of greater than about 70% identity will be detected,
revealed additional hybridizing DNA fragments (Fig. 5B).
Therefore, other genes encoding distinct proteins with

Sacll
Xba
Hindlll
Sacl
Ncol

| Sacll
Xbal
Hindlll
Sacl
Ncol

Figure 5. Genomic Southern analysis of grape DNA indicates that
VVTL1 is encoded by a single gene and that related genes exist.
Grape DNA was digested with the restriction enzymes Sacll, Xbal,
Hindlll, Sacl, and Ncol, blotted onto a nylon membrane, and probed
with VVTL1 cDNA. Membranes were then screened under high-
stringency (A) and low-stringency (B) conditions, as detailed in “Ma-
terials and Methods.” Note: Sacll and Ncol cut the VVTL1-encoding
cDNA.
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some degree of sequence similarity to VVTL] may exist
within the grape genome. Indeed, Waters et al. (1996)
detected a minor protein component in wine with homol-
ogy to VVTL1. However, under stringent conditions of
hybridization these would clearly not interfere with the
analysis of VVTLI gene expression.

When equal amounts of RNA extracted from fruits at
different stages of development were subjected to northern
analysis (Fig. 6), a correlation between the onset of veraison
at 9 weeks postflowering and substantial accumulation of
the VVTL1 message was observed. Despite the very high
levels of VVTL1 mRNA found in berry homogenates, very
low levels or no VVTL1 message is present in either flowers
or leaves, suggesting a highly tissue-specific pattern of
expression of the VVTL1 gene.

VVTL1 Is Specific to Ripening Fruit of V. vinifera

The data described above suggest a tight temporal and
site-specific control on the expression of the gene encoding
VVTLI, indicating that the berry may be the sole site of
VVTL1 accumulation. To investigate this aspect further,
polyclonal antibodies were raised to VVTLI1 purified from
juice, and western analysis was performed. Western anal-
ysis of total berry protein extracts (Fig. 7) and of free-run
juice samples (data not shown) clearly identified the 24-kD
protein accumulating in ripening fruit as a TL protein.
High levels of the VVTLI message appeared 10 weeks
postflowering and remained high throughout stage III of
ripening. VVTL1 was readily detectable 11 weeks postflow-
ering and, although its level appeared to increase through-
out ripening, the relatively slow rate of accumulation from
weeks 13 to 17 postflowering could, given the high mRNA
levels, indicate that some protein turnover or posttran-
scriptional control is taking place, as was previously ob-
served for a tobacco osmotin (LaRosa et al., 1992).

The availability of the highly specific antibodies also
allowed us to search for TL protein in other tissues of the
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Figure 6. Northern analysis of RNA extracted from young grape
leaves, flowers, and berries indicates an increasing level of VVTL1
mRNA during berry ripening. A, Total RNA (10 pug) was loaded in
each lane, blotted onto a nylon membrane, and probed with VVTL1
cDNA. B, To demonstrate that similar amounts of RNA were loaded
in each lane of the northern blot, a replica gel was run and stained
with ethidium bromide.
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Figure 7. VVTL1 accumulates as the grape matures. A, Proteins in a
replica gel to that shown in Figure 2 were transferred to a nitrocel-
lulose membrane and probed with rabbit anti-VVTL1 antibodies and
a horseradish peroxidase-conjugated secondary antibody. B, A
longer exposure of the immunoblot shown in A.

grapevine. Equal amounts of protein extracted from berry
skins, berry pulp, seeds, roots, flowers, tendrils, and young
and mature leaves were electrophoresed and subjected to
western analysis. We repeatedly found that only the berry
pulp and skin extracts contained detectable amounts of
VVTL1 (Fig. 8). The level of VVTLI in the pulp extract
prepared as described here was many times higher than the
levels found in the skin. Indeed, we cannot rule out that the
low amount of VVTLI1 detected in the skin extract is de-
rived from small amounts of pulp adhering to the skin
preparation. Conversely, we cannot rule out that VVTL1
was lost from the skin during its preparation, which in-
cluded washing in distilled water to remove the majority of
adhering pulp.

TL Proteins Are Major Protein Species in a Range of Fruits

The muscat family of grapes is renowned in the wine
industry for the high levels of protein that may be found in
the wines prepared from them, with concomitant problems
of precipitation during product storage and so-called haze
formation. However, extraction of free-run juice from the
ripe berries of six different grape cultivars shows that the
accumulation of a TL protein as a major protein is wide-
spread (Fig. 9). The highly conserved accumulation of
VVTLI in the fruits of V. vinifera raises the question of how
ubiquitous this phenomenon is. To address this question a
variety of commercially available fruits with no apparent
disease symptoms were obtained, and the presence of
VVTL1 homologs in their juice was determined by western
analysis (Fig. 10). In some fruits (banana and kiwifruit)
large amounts of TL proteins accumulated, whereas others
appeared to contain little or no TL protein. Thus, the accu-
mulation of TL proteins in fruits may be widespread but is
possibly not universal. The antibodies raised against
VVTL1 may not recognize TL homologs from all species,
since significant sequence diversity may exist. For example,
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Figure 8. VVTL1 is specific to the grape berry and is present in high
levels in the pulp. A, Protein extracted from inflorescences (IN),
flowers (FL), tendrils (TE), roots (RO), immature leaves (IL), mature
leaves (ML), seeds (SE), skins (SK), and berry pulp (PU) were resolved
by SDS-PAGE and stained with Coomassie brilliant blue. The arrow
indicates the position in the gel of VVTL1. B, As for A except proteins
were transferred to a nitrocellulose membrane and VVTL1 was de-
tected by western analysis. C, A longer exposure of the immunaoblot
shown in B. MW, Molecular mass standard.

a TL protein purified from cherry exhibits only 45% posi-
tional identity with VVTL1, whereas a tobacco TL protein
exhibits 86% positional identity with VVTL1 (Fig. 11).
Whether the onset of TL protein synthesis in banana and
kiwifruit is tightly coupled to ripening is yet to be estab-
lished, as is the nature of the regulatory signals controlling
the promoters of these highly inducible genes.

DISCUSSION

Fruit ripening in climacteric fruit has been studied ex-
tensively and is recognized as a highly regulated develop-
mental process in which activation of specific genes takes
place (Picton et al., 1995). By contrast, relatively little is
known about the triggers of ripening in nonclimacteric
fruits such as grapes. To gain insight into the ripening
process in grapes, we attempted to describe changes in
berry protein profiles during berry development, with em-
phasis on the identification of proteins, the synthesis of

which coincides with the onset of veraison in the grape cv
Muscat of Alexandria. VVTL1, which constitutes a moder-
ate amount of the total protein in extracts and an over-
whelming part of the free-run juice of grapes, was purified
and identified as a TL protein. Southern and western anal-
yses revealed that the protein is encoded by a single gene
in grape and that it accumulates exclusively in the ripening
berry. Somewhat surprisingly in view of studies of other
plant species (Cornelissen et al., 1986; Vigers et al., 1991),
no VVTLI or close homolog thereof was detected in leaf
tissue or seeds.

Thaumatin was originally found in the arils of ripe fruits
from Thaumatococcus daniellii (van der Wel and Loeve, 1972)
and, subsequently, a TL protein was found at very low
levels in persimmon (Diospyros texana; Vu and Huynh,
1994). More recently, the presence of a TL protein has also
been noted in ripe cherries, but its organ specificity and
exact timing of onset of accumulation were not established
(Fils-Lycaon, 1996). In this study we monitored carefully
the ripening sequence pattern of grape berry samples.
Northern analysis of samples taken throughout the grow-
ing season revealed that accumulation of the VVTLI tran-
script and, potentially, transcriptional activation of the cor-
responding gene coincide with the transition of berries
from the stage II lag phase, leading to the onset of sugar
accumulation and the initialization of berry softening (ve-
raison). Future isolation and characterization of the VVTL1
gene may therefore assist in elucidation of some of the
factors triggering the onset of ripening.

The trigger at veraison for the onset of VVTL1 synthesis
and its accumulation throughout the remainder of matura-
tion is unknown. In a variety of plants a number of other
TL proteins, like the majority of PR proteins, are induced in
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Figure 9. VVTL1 homologs are present in the free-run juice of sev-
eral grape cultivars. A, Proteins from the juices (°Brix in parentheses)
of the following cultivars were subjected to SDS-PAGE and the gel
was stained with Coomassie brilliant blue: Lane a, Chardonnay
(23.8); lane b, Pinot noir (27.8); lane ¢, Palomino (18.5); lane d,
Shiraz (23.4); lane e, Semillon (26.3); and lane f, Sultana (also known
as Thompson seedless, 21.7). The arrow represents the position of
VVTL1 homologs. B, Proteins in a replica gel to that shown in A were
subjected to western analysis using VVTL1 antibodies. MW, Molec-
ular mass standard.
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Figure 10. VVTL1 homologs are present in the juices of other fleshy
fruit. juice (20 pl) from the indicated plants was resolved by SDS-PAGE
and the protein was transferred to a nitrocellulose membrane. The blot
was probed with rabbit anti-VVTL1 antibodies and a horseradish
peroxidase-conjugated secondary antibody. The fruits (°Brix of juices in
parentheses) are as follows: tomato (4.1), apple (12.9), mandarin (13.4),
apricot (18.3), banana (20.9), kiwifruit (14.1), and grapes (22.2).

response to a suite of signals including pathogen attack,
wounding, and signaling molecules such as salicylic acid
and ABA (van de Rhee et al., 1994). It is tempting to
speculate that the accumulation of VVTL1 occurred in the
berries sampled as a result of pathogen attack. However,
the absence of any B-glucanase activity in our extracts,
coupled with the ubiquitous presence of VVTLI in appar-
ently healthy grape samples from different varieties (Fig. 9)
and other ripe, fleshy fruits (Fig. 10), is evidence against
this notion.

Homologs of TL proteins include the osmotins, a group
of proteins that was originally purified from salt-stressed
tobacco cells (Singh et al., 1987) and accumulate at levels
directly related to the degree of osmotic stress. Lowering of
osmotic potential is expected to occur very rapidly in the
ripening berry at the beginning of stage III as the total
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soluble solids increase from about 5% of fresh weight at 8
weeks postflowering to about 22% of fresh weight at 17
weeks postflowering. The majority of these solutes are
contributed by Fru and Glc, which each accumulate to near
molar levels in grape juice (Kliewer, 1965). Such levels of
free hexoses have now been shown to repress the synthesis
of chlorophyll a/b-binding proteins (Sheen, 1990) and in-
duce the synthesis of a number of defense-related genes
such as proteinase inhibitor II (Johnson and Ryan, 1990),
chalcone synthase (Tsukaya et al., 1991), and four PR pro-
teins (PAR-1, PR-1b, PR-Q, and SAR 8.2) in the leaves of
transgenic tobacco plants (Herbers et al., 1995).

Such photoassimilate-induced gene expression occurs
only above a certain threshold of hexose concentration, and
the situation is therefore reminiscent of that seen when the
onset of stage III (veraison) occurs. We therefore suspect
that the temporally and spatially defined induction of not
only VVTLI, but perhaps a majority of ripening-related
genes as well, is directly or indirectly caused by the onset
of sugar accumulation, possibly due to the presence of
regulatory “sugar boxes” within the promoters of these
genes (Tsukaya et al., 1991). The mechanism by which such
hypothetical “sugar sensing” and intermediate signals op-
erate remains unclear. It has recently been demonstrated
that vacuolar but not cytosolic expression of invertase in
tobacco leaves leads to an SAR effect (Herbers et al., 1996a)
and that hexose sensing therefore appears to take place in
the secretory pathway. In this context it is important to
note that vacuolar grape invertases are synthesized well in
advance of veraison (Davies and Robinson, 1996), with no
apparent VVTL1 gene expression as a result, possibly be-
cause the free hexoses generated do not reach critical
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Figure 11. Multiple amino acid sequence alignments of some PR-5 protein family members using the PILEUP program
(Genetics Computer Group, Madison, WI). Residues that are identical in at least five of the eight sequences are highlighted.
Actual or deduced mature amino acid sequences were obtained from the following sources: TobaccoOS (cDNA isolated
from NaCl-stressed tobacco culture cells encoding an osmotin [Singh et al., 1989]), tomatoP23 (citrus exocortis viroid-
induced cDNA from tomato leaves encoding the vacuolar PR protein P23 [Rodrigo et al., 1993]), tobaccoPRR (cDNA
encoding PR protein R [major form]) isolated from tobacco leaves infected with tobacco mosaic virus [Payne et al., 1988]),
soybeanP21 (protein purified from healthy soybean leaves [Graham et al., 1992]), maizeINHIB (a-amylase/trypsin inhibitor
protein purified from maize seed [Richardson et al., 1987]), thaumatinll (cDNA encoding for thaumatin, an intensely sweet
protein from the seed arils of the West African shrub T. daniellii [Edens et al., 1982]), and cherryTL (cDNA encoding a
protein purified from ripe cherry fruit [Fils-Lycaon et al., 1996]). Amino-terminal presequences and transient carboxy-

terminal propeptides are not included.
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threshold levels at early stages of berry development due
to a multitude of competing metabolic demands.

A final consideration in regard to what triggers VVTLI
gene expression at veraison is the role of phytohormones.
Salicylic acid is a product of the phenylpropanoid path-
way (Yalpani et al., 1993) that is induced in grape berries
at veraison (Boss et al., 1996). The concentration of sali-
cylic acid during berry ripening remains unknown, al-
though the absence of any detectable PR-2 protein (1,3-8-
glucanase) synthesis suggests that it does not accumulate
to significant levels. Therefore, other salicylic acid-
independent mechanisms for the induction of TL proteins
must be considered. Indeed, it has now been demon-
strated that the sugar-dependent induction of PR proteins
discussed previously can occur independently of salicylic
acid (Herbers et al., 1996b). Also, other members of the
PR-5 protein family have been shown to be induced by
ABA (for review, see van de Rhee et al. [1994]), a hormone
that accumulates to high levels during grape berry ripen-
ing (Coombe, 1976). ‘

Whatever the exact mechanism for the berry-specific ac-
cumulation of VVTL]1, our findings have implications for
the interpretation of previous research on the effect of fruit
maturity on the ability of powdery mildew (Uncinula neca-
tor) to establish an infection. Delp (1954) noted that new
powdery mildew infections had never been observed on
ripe grape berries in the field and further established that
they do not occur on berries from the varieties Muscat of
Alexandria, Tokay, Sultana (also known as Thompson
seedless), and Carignane at a level of maturity greater than
about 8 °Brix. In contrast, berries at a more immature stage,
at or below 6 °Brix, were consistently susceptible. A more
recent study (Chellemi and Marois, 1992) confirmed these
observations and demonstrated that grape berries become
resistant to new infections of powdery mildew above 7
°Brix.

The concentration of soluble solids at which berries are
resistant or susceptible to new infections correlates well
with the presence or absence, respectively, of VVTL1 gene
expression, suggesting that VVTL1 may play a role in the
phenomena observed by Delp (1954) and Chellemi and
Marois (1992). TL proteins and the related osmotins, like
many other proteins, have been demonstrated to have an-
tifungal properties (Roberts and Selitrennikoff, 1990;
Vigers et al., 1991; Hejgaard et al.,, 1991; Woloshuk et al.,
1991). It is interesting to note that the disease susceptibility
of plants for decades has been recognized to be correlated
with the sugar status in leaves (for review, see Vander-
planck [1984]). From this the concept of “low-" and “high-
sugar diseases” was developed (low-sugar diseases, for
example, are those in which resistance is increased as leaf
sugar content increases). Our results suggest a link among
high sugar concentration, PR protein expression, and dis-
ease resistance in grape berries. In view of the demon-
strated expression of TL proteins in other fruits at maturity,
it would be interesting to examine the relative resistance or
susceptibility of these fruits to new infections of known
pathogens throughout their maturation to determine how
universal this link may be. In this respect, it is interesting to

note that Botrytis cinerea, a fungus that readily infects a
number of fruits, including grape berries at maturity, has
been found to be relatively insensitive to TL proteins when
challenged in vitro (Abad et al., 1996; Fils-Lycaon et al.,
1996).

Although it is tempting to speculate that a TL protein is
present in ripening berries for protective reasons, it cannot
be ruled out that it serves other functions. Despite their wide
distribution in plants and their general classification as PR
proteins (van de Rhee et al., 1994), the exact functions of the
TL proteins remain unclear. Zeamatin, a TL protein from
maize seeds, and tobacco osmotin are believed to exert
antifungal action through a membrane-permeabilizing ac-
tivity (Roberts and Selitrennikoff, 1990; Abad et al., 1996);
however, a recent study in which radiographic crystallogra-
phy of zeamatin was used (Batalia et al.,, 1996) does not offer
any clues as to how it may exert such an effect. Progress in
this area is likely to require several lines of research. With
the discovery that a TL protein is synthesized at a specific
time of fruit development, and with the recent development
of transformation systems for grape (Mauro et al., 1995; Perl
et al., 1996; Scorza et al., 1996), important clues to the func-
tions of VVTL1 may now be gained from attenuation of its
expression in grapes with parallel studies in other ripening
fruits in which TL proteins have been shown to accumulate
to high levels.

ACKNOWLEDGMENTS

We thank Yoji Hayasaka for mass spectrometric analysis, Neil
Shirley and Jelle Lanstein for amino acid sequence analysis, Anna
Stines for help with berry sampling and northern analysis, and
Brenton Fenwick for care of our vineyard. Bryan Coombe, Chris
Ford, Simon Robinson, Elizabeth Waters, and Pat Williams are all
thanked for valuable discussions.

Received December 27, 1996; accepted April 8, 1997.
Copyright Clearance Center: 0032-0889/97/114/0759/11.

LITERATURE CITED

Abad LR, D’Urza MP, Liu D, Narasimhan ML, Reuveni M, Zhu
JK, Niu X, Singh NK, Hasegawa PM, Bressan RA (1996) Anti-
fungal activity of tobacco osmotin has specificity and involves
plasma membrane permeabilization. Plant Sci 118: 11-23

Batalia MA, Ernst S, Roberts W, Robertus JD (1996) The crystal
structure of the antifungal protein zeamatin, a member of the
thaumatin-like, PR-5 family. Nat Struct Biol 3: 19-23

Boss PK, Davies C, Robinson SR (1996) Analysis of the expression
of anthocyanin pathway genes in developing Vitis vinifera L. cv
Shiraz grape berries and the implications for pathway regula-
tion. Plant Physiol 111: 1059-1066

Chellemi DO, Marois JJ (1992) Influence of leaf removal, fungi-
cide applications, and fruit maturity on incidence and severity of
grape powdery mildew. Am J Enol Vitic 43: 53-57

Chen L, Fincher GB, Hej PB (1993) Evolution of polysaccharide
hydrolase substrate specificity: catalytic amino acids are con-
served in 1,3-, 1,4-, and 1,3-B-glucanases. ] Biol Chem 268:
13318-13326

Chrispeels MJ (1991) Sorting of proteins in the secretory system.
Annu Rev Plant Physiol Plant Mol Biol 42: 21-53

Considine JA, Knox RB (1979) Development and histochemistry
of the cells, cell walls, and cuticle of the dermal system of fruit
of the grape, Vitis vinifera L. Protoplasma 99: 347-365



768 Tattersall et al.

Coombe BG (1976) The development of fleshy fruits. Annu Rev
Plant Physiol 27: 507-528

Coombe BG, Bishop GR (1980) Development of the grape berry.
II. Changes in the diameter and deformability during véraison.
Aust J Agric Res 31: 499-509

Coombe BG, Hale CR (1973) The hormone content of ripening
grape berries and the effects of growth substance treatments.
Plant Physiol 51: 629-634

Cornelissen BJC, Hooft van Huijsduijnen RAM, Bol JF (1986) A
tobacco mosaic virus-induced tobacco protein is homologous to
the sweet tasting protein thaumatin. Nature 321: 531-532

Davies C, Robinson SP (1996) Sugar accumulation in grape ber-
ries. Cloning of two putative vacuolar invertase cDNAs and
their expression in grapevine tissues. Plant Physiol 111: 275-283

Delp CJ (1954) Effect of temperature and humidity on the grape
powdery mildew fungus. Phytopathology 44: 615-626

Edens L, Heslinga L, Klok R, Ledeboer AM, Maat J, Toonen MY,
Visser C, Verrips C (1982) Cloning of ¢cDNA encoding the
sweet-tasting plant protein thaumatin and its expression in Esch-
erichia coli. Gene 18: 1-2

Fils-Lycaon BR, Wiersma PA, Eastwell KC, Sautiere P (1996) A
cherry protein and its gene, abundantly expressed in ripening
fruit, have been identified as thaumatin-like. Plant Physiol 111:
269-271

Fling SP, Gregerson DS (1986) Peptide and protein molecular
weight determination by electrophoresis using high-molarity
Tris buffer system without urea. Anal Biochem 155: 83-88

Frohman MA, Dush MK Martin GR (1988) Rapid production of
full-length ¢cDNAs from rare transcripts: amplification using a
single gene-specific oligonucleotide primer. Proc Natl Acad Sci
USA 85: 8998-9002

Graham JS, Burkhart W, Xiong J, Gillikin JW (1992) Complete
amino acid sequence of soybean leaf P21. Plant Physiol 98: 163-165

Harlow E, Lane D (1988) Antibodies: A Laboratory Manual. Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY

Hejgaard J, Jacobsen S, Svendsen S (1991) Two antifungal
thaumatin-like proteins from barley grain. FEBS Lett 291: 127-131

Herbers K, Meuwly P, Frommer WB, Métraux JP, Sonnewald U
(1996a) Systemic acquired resistance mediated by the ectopic
expression of invertase: possible hexose sensing in the secretory
pathway. Plant Cell 8: 793-803

Herbers K, Meuwly P, Métraux JP, Sonnewald U (1996b) Salicylic
acid-independent induction of pathogenesis-related protein
transcripts by sugar is dependent on leaf developmental stage.
FEBS Lett 397: 239-244

Herbers K, Ménke G, Badur R, Sonnewald U (1995) A simplified
procedure for the subtractive cDNA cloning of photoassimilate-
responding genes: isolation of cDNAs encoding a new class of
pathogenesis-related proteins. Plant Mol Biol 29: 1027-1038

Hej PB, Condron R, Traeger JC, McAuliffe JC, Stone B (1992)
Identification of glutamic acid 105 at the active site of Bacillus
amyloliquefaciens 1,3-1,4-B-p-glucan 4-glucanohydrolase using
epoxide-based inhibitors. ] Biol Chem 267: 2505925066

Hgej PB, Svendsen I, Scheller HV, Mgller BL (1987) Identification
of a chloroplast-encoded 9-kDa polypeptide as a 2[4Fe-4S] pro-
tein carrying centers A and B of photosystem I. J Biol Chem 262:
12676-12684

Hsu JC, Heatherbell DA (1987) Isolation and characterisation of
soluble proteins in grapes, grape juice, and wine. Am J Enol Vitic
38: 6-10 .

Johnson R, Ryan CA (1990) Wound-inducible potato inhibitor II
genes: enhancement of expression by sucrose. Plant Mol Biol 14:
527-536

Kanellis AK, Roubelakis-Angelakis KA (1993) Grape. In GB Sey-
mour, JE Taylor, GA Tucker, eds, Biochemistry of Fruit Ripen-
ing, Ed 1. Chapman & Hall, Cambridge UK, pp 189-234

Kliewer WM (1965) Changes in the concentration of malates,
tartrates, and total free acids in flowers and berries of Vitis
vinifera. Am J Enol Vitic 16: 92-100

LaRosa PC, Chen Z, Nelson DE, Singh NK, Hasegawa PM,
Bressan RA (1992) Osmotin gene expression is posttranscrip-
tionally regulated. Plant Physiol 100: 409415

Plant Physiol. Vol. 114, 1997

Levi A, Galau GA, Wetzstein HY (1992) A rapid procedure for the
isolation of RNA from high-phenolic-containing tissues of pe-
can. Hortscience 27: 1316-1318

Mauro MC, Toutain S, Walter B, Pinck L, Otten L, Coutos-
Thevenot P, Deloire A, Barbier P (1995) High efficiency regen-
eration of grapevine plants transformed with the GFLV coat
protein gene. Plant Sci 112: 97-106

Meinkoth J, Wahl G (1984) Hybridisation of nucleic acids immo-
bilised on solid supports. Anal Biochem 138: 267-284

Melchers LS, Sela-Buurlage MB, Vloemans SA, Woloshuk CP,
van Roekel JSC, Pen J, van der Eizen PJM, Cornelissen BjC
(1993) Extracellular targeting of the vacuolar tobacco proteins
AP24, chitinase and B-1,3-glucanase in transgenic plants. Plant
Mol Biol 21: 583-593

Murphey JM, Spayd SE, Powers JR (1989) Effect of grape matu-
ration on soluble protein characteristics of Gewiirztraminer and
White Riesling juice and wine. Am J Enol Vitic 40: 199-207

Nakagawa S, Nanjo Y (1965) A morphological study of Delaware
grape berries. ] Jpn Soc Hortic Sci 34: 85-95

Ogata C, Gordon PF, de Vos A, Kim SH (1992) Crystal structure
of a sweet tasting protein, thaumatin I, at 1.65 X resolution. J
Mol Biol 228: 893-908

Payne G, Middlesteadt W, Williams S, Desai N, Parks TD,
Dincher S, Carnes M, Ryals J (1988) Isolation and nucleotide
sequence of a novel cDNA clone encoding the major form of
pathogenesis-related protein R. Plant Mol Biol 11: 223-224

Perl A, Lotan O, Abu-Abied M, Holland D (1996) Establishment
of an Agrobacterium-mediated transformation system for grape
(Vitis vinifera L.): the role of antioxidants during grape-
Agrobacterium interactions, Nature Biotech 14: 624-628

Picton S, Gray JE, Grierson D (1995) Ethylene genes and fruit
ripening. In P] Davies, ed, Plant Hormones: Physiology, Bio-
chemistry and Molecular Biology, Ed 2. Kluwer Academic, Dor-
drecht, The Netherlands, pp 372-394

Pueyo E, Dizy M, Polo C (1993} Varietal differentiation of must
and wines by means of protein fraction. Am J Enol Vitic 44:
255-260

Richardson M, Valdes-Rodriguez S, Blanco-Labra A (1987) A pos-
sible function for thaumatin and a TMV-induced protein sug-
gested by homology to a maize inhibitor. Nature 374: 432-434

Roberts WK, Selitrennikoff CP (1990) Zeamatin, an antifungal
protein from maize with membrane-permeabilizing activity.
] Gen Microbiol 136: 1771-1778

Rodrigo I, Vera P, Tornero P, Herndndez-Yago J, Conejero V
(1993) cDNA cloning of viroid-induced tomato pathogenesis-
related protein P23. Plant Physiol 102: 939-945

Sambrook ], Fritsch EF, Maniatis T (1989) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Sanger F, Nicklen S, Coulson AR (1977) DNA sequence analysis
with chain terminating inhibitors. Proc Natl Acad Sci USA 74:
5463-5467

Scorza R, Cordts JM, Gray DJ, Gonsalves D, Emershad RL,
Ramming DW (1996) Producing transgenic ‘Thompson Seed-
less” grape (Vitis vinifera L.) plants. ] Am Soc Hort Sci 121:
616-619

Sheen J (1990) Metabolic repression of transcription in higher
plants. Plant Cell 2: 1027-1038

Singh NK, Bracker CA, Hasegawa PM, Handa AK, Bukel S,
Hermodson MA, Pfankoch E, Regnier FE, Bressan RA (1987)
Characterization of osmotin. A thaumatin-like protein associ-
ated with osmotic adaption in plant cells. Plant Physiol 85:
529-536

Singh NK, Nelson DE, Kuhn D, Hasegawa PM, Bressan RA
(1989) Molecular cloning of osmotin and regulation of its ex-
pression by ABA and adaption to low water potential. Plant
Physiol 90: 1096-1101

Steenkamp J, Wiid I, Lourens A, van Helden P (1994) Improved
method for DNA extraction from Vitis vinifera. Am J Enol Vitic
45: 102-106

Tsukaya H, Ohshima T, Naito S, Chino M, Komeda Y (1991)
Sugar-dependent expression of the CHS-A gene for chalcone



Fruit-Specific and Ripening-Induced PR-5 Protein in Grapes - 769

synthase from petunia in transgenic Arabidopsis. Plant Physiol
97: 1414-1421

van de Rhee MD, Linthorst HJM, Bol JF (1994) Pathogen-induced
gene expression. In AS Basra, ed, Stress-Induced Gene Expression
in Plants. Harwood Academic, Chur, Switzerland, pp 249-284

Vanderplank JE (1984) Sink-induced loss of disease resistance and
high-sugar disease processes and biotrophy. In JE Vanderplank,
ed, Disease Resistance in Plants, Ed 2. Academic Press, Orlando,
FL, pp 107-116

van der Wel H, Loeve K (1972) Isolation and characterization of
thaumatin I and II, the sweet-tasting proteins from Thaumatococ-
cus danielii Benth. Eur | Biochem 31: 221-225

Vigers AJ, Roberts WK, Selitrennikoff CP (1991) A new family of
plant antifungal proteins. Mol Plant-Microbe Interact 4: 315-323

Vu L, Huynh QK (1994) Isolation and characterization of a 27 kDa

antifungal protein from the fruits of Diospyros texana. Biochem
Biophys Res Commun 202: 666672

Waters EJ, Shirley NJ, Williams PJ (1996) Nuisance proteins of
wine are grape pathogenesis-related proteins. | Agric Food
Chem 44: 3-5

Woloshuk CP, Meulenhoff JS, Sela-Buurlage M, van den Elzen
PJM, Cornelissen BJC (1991) Pathogen-induced proteins with
inhibitory activity toward Phytophthora infestans. Plant Cell 3:
619-628

Yalpani N, Leon J, Lawton M, Raskin I (1993) Pathway of salicylic
acid biosynthesis in healthy and virus-inoculated tobacco. Plant
Physiol 103: 315-321 '

Yokotsuka K, Ebihara T, Sato T (1991) Comparison of soluble
proteins in juice and wine from Koshu juice. ] Ferment Bioeng
71: 248-253





