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ABSTRACT: Grape berries were classified according to diameter and total soluble solids (TSS) to study the effect of light and
temperature on methoxypyrazines (MPs), glutathione (GSH), and hydroxycinnamates (HCAs) during the ripening of Sauvignon
blanc. The light exposure of the fruiting zone was modified within leaf and lateral removal at the phenological stage berry of
peppercorn size and no removal (control). In comparison to the control, the concentration of 3-isobutyl-2-methoxypyrazine
(IBMP) was below the limit of detection in leaf removal 2 weeks before harvest. Leaf removal had no significant influence on
GSH and HCAs in the grape juice at harvest. Berry diameter significantly influenced the concentration of IBMP in the grape juice
and did not influence the concentration of GSH and HCAs. At harvest, the concentrations of IBMP in grape juices of similar TSS
in the control were 12.6 and 5.2 ng/L in 15.5 and 13.5 mm berry diameter classes, respectively. Furthermore, the study showed
that berries of the same diameter were not at the same physiological ripening level (not the same TSS).

KEYWORDS: Sauvignon blanc, grape berry diameter, total soluble solids, light, temperature, methoxypyrazines, glutathione,
hydroxycinnamates

■ INTRODUCTION

Grape berry growth and maturity are characterized by
asynchrony between the berries within a bunch and between
bunches within the vine. Therefore, fruit classification methods
are implemented to minimize berry heterogeneity and provide
possible trends in the metabolism of major berry com-
pounds.1−4 Fruit classification according to the diameter and
total soluble solids (TTS) has already been utilized in several
studies, although mainly in relation to red cultivars. It has been
used to enhance the understanding of grapevine fruit growth
and the associated biochemical composition.4−6

The green aroma descriptors of Sauvignon blanc wines
originate from 3-alkyl-2-methoxypyrazines (MPs), whereas
volatile thiols are responsible for the tropical characteristics of
the wines.7−9 The most important MPs found in grapes and
wines are 3-isobutyl-2-methoxypyrazine (IBMP) and 3-
isopropyl-2-methoxypyrazine (IPMP). IBMP contributes to
the green pepper and asparagus aromas, whereas IPMP imparts
earthier aromas.10−13 The sensory detection threshold for
IBMP was found to be very low, around 2 ng/L in water, 8 ng/
L in Sauvignon blanc wines, and 15 ng/L in red Bordeaux
wines.10,13,14 High IBMP concentrations in grapes may have a
negative impact on the quality of the wine aroma.13

Abiotic factors such as light and temperature at the bunch
level, vine water status, and various viticulture practices can
influence the concentration of MPs in the berry and wine.15−17

It has been shown that grapes and wines from cooler climatic
regions contain higher concentrations of IBMP than grapes

produced in warm regions.18 In addition, pre-veŕaison bunch
exposure to sunlight can reduce IBMP concentrations in grapes
at harvest. However, bunch exposure after veŕaison is reported
to have little effect.16,17

Glutathione (GSH) and hydroxycinnamates (HCAs) are
important antioxidants that preserve freshness in white wines.19

GSH is a tripeptide composed of glutamic acid, cysteine, and
glycine, which exists in a reduced or oxidized form. Its
concentration ranges from 14 to 102 mg/L in grapes and up to
35 mg/L in wines.20,21

In grape berries, GSH synthesis starts with sugar
accumulation in the berry, whereas HCAs are synthesized as
early as berry formation begins. Adams and Liyanage have
shown that there is a close correlation between GSH and TSS
concentration until the berries reach 16 °Brix and that GSH
concentration increases on a per berry basis.22 During the
oxidation of white must, the caftaric acid O-quinone, included
in the browning of white wines, can be reduced by GSH (if
present), resulting in the production of colorless 2-S-
glutathionyl caftaric acid, also called grape reaction product
(GRP).23 Furthermore, GSH is required for the synthesis of
glutathione-3-mercaptohexan-1-ol, one of the precursors of the
prominent varietal thiol 3-mercaptohexan-1-ol (3MH). This
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compound imparts passion fruit aroma and plays a central role
in the aromatic typicity of Sauvignon blanc wines.24,25 GSH
preserves the aromatic potential of white wines, especially
varietal thiols and esters, and participates in the reversible redox
reaction of the thiol group.26,27

HCAs found in grapes are cis- and trans-forms of caftaric,
coutaric, and fertaric acids, which are tartaric esters of
hydroxycinnamic acids: caffeic, p-coumaric, and ferulic acids,
respectively. They are the major class of nonflavonoid phenolics
in white wines. The free forms of HCAs appear in wine due to
the hydrolytic activity of yeasts and/or grape enzymes or due to
acid hydrolysis in the wine.28 The concentration of HCAs in
wines ranges from 80 to 166 mg/L.28 Cultivars with high HCAs
but low GSH concentrations have increased browning potential
when exposed to oxygen.29,30

Internationally, including South Africa, Sauvignon blanc is an
important cultivar. Although numerous studies have been
conducted on this cultivar,13,24,31−33 there are still pending
questions regarding the physiology of ripening and the
metabolism of aromatic precursors and their preservatives.
The aim of this work was to study the influence of bunch

microclimate (light and temperature) on the evolution of MPs,
GSH, and HCAs in Sauvignon blanc grapes during ripening. To
understand the differences in grape berry quality within the
vineyard, grape berries were classified according to their
diameter and thereafter according to their TSS concentration.
Such classifications provided a novel approach for studying the
dynamics of MPs, GSH, and HCAs during the ripening of Vitis
vinifera L. Sauvignon blanc grape berries.

■ MATERIALS AND METHODS
Experimental Vineyard. A commercial vineyard located in the

Overberg region of the western coastal area, South Africa (E 19° 1′
68″, S 34° 9′ 52.76″), was used in this study. The experiment was
performed on Sauvignon blanc vines (V. vinifera L.), clone 316, grafted
onto rootstock 101.14. The row orientation was northwest−southeast
(2.5 m × 1.8 m) and the training system was vertical shoot positioning,
pruned within a double cordon with two buds per spur. Canopy
management was done by hedging the vines at a height of 1.4 m and
lateral shoot cutting to maintain the width of the canopy at 40 cm.
Irrigation was managed to avoid water constraints and was monitored
by using a pressure chamber and measuring the stem water
potential.34,35

The light exposure of the fruiting zone was modified within leaf and
lateral removal (leaf removal) and no removal (control). The
experimental design consisted of four rows with four replications of
leaf removal and four replications of control per row. Each replicate
consisted of four contiguous vines. Replicates were randomized in a
block layout. In the leaf removal treatment leaves and laterals were
completely removed from the bunch zone at a height of 40 cm from
the cordon on the morning (eastern) side of the canopy, which
resulted in 100% exposed bunches from the eastern side. Leaf and
lateral removal was performed on December 17, 2010, at berry
peppercorn size (E-L 29).36 Bunches in the leaf removal treatment
were 100% shaded from the afternoon (western) side of the canopy.
The control consisted of 100% shaded bunches from both sides of the
canopy, which was possible to realize due to the thickness of the
canopy at the bunch zone.
Sampling Protocol. For the control, one bunch per vine was

sampled randomly from the inside of the canopy. For the leaf removal
treatment, only fully exposed bunches were sampled. For each
sampling date, 40 bunches were collected per treatment. Three
developmental stages were analyzed, at veŕaison on January 25 (E-L
35), 4 weeks after veŕaison on February 21 (E-L 37), and at harvest on
March 1. Veŕaison was determined at the time when 50% of the berries
were soft.

Bunch samples were kept in a cooling box and transported to the
laboratory. To prevent oxidation, all berries from sampled bunches
were carefully cut at the torus with a pair of scissors. The total number
of berries in a sample of 40 bunches was counted, and it ranged
between 2033 and 2935. Berries were classified according to their
diameter using special Perspex plates. Each classification plate
contained holes of different diameters from 10.5 to 16.5 mm,
increasing at 1 mm intervals. Berry classification started with the
classification of the largest diameter and continued to the smallest to
obtain different berry size classes. Berries in each diameter class were
counted, and the distribution percentage was established.

For the second classification, according to TSS concentration, two
of the most representative diameter classes with at least 2 mm
difference were used. Berry TSS concentration was estimated by
flotation in sucrose solutions of different concentrations (from 80 to
260 g/L C12H22O11).

37 The difference in density of two consecutive
sucrose solutions was 10 g/L. Berries were classified, depending on the
sampling date, in five to eight TSS classes. Berries of the same
diameter were floated in the sucrose solution, starting with the least
dense. The floated berries were considered to have the same TSS
concentration as the solution. These berries were separated from the
others, rinsed with water, dried, and counted. The sunken berries were
collected and placed into the following, denser solution. The same
procedure was repeated for all sucrose solutions. For each of the most
representative berry diameter class, two classes of berries were selected
according to TSS classification, with a TSS concentration difference of
at least 2 °Brix. Grape berries belonging to each TSS class were
counted, and their distribution percentage was established. All of the
berries were inspected visually before analyses to exclude oxidation
and thereby influence GSH and HCAs concentrations. These sorting
methods, which were also used by other authors,1,2,4,37,38 strongly
reduce the biological heterogeneity between berry classes, which leads
to replicates not being obtained.

Photosynthetic Active Radiation, Vine Water Status, and
Temperature Measurements. Photosynthetic active radiation
(PAR) (μmol m−2 s−1) was measured with the Accupar PAR/LAI
ceptometer, model LP-80 (Decagon Devices Inc., Pullman, WA,
USA). The light sensor rod was placed parallel to the cordon to mimic
the light interception of the bunches. The vine water status (ΨSWP)
was measured using the stem water potential method.34,35 Light
intensity measurements were performed at 10 a.m., whereas stem
water potential was measured between 12 and 2 p.m., parallel with the
sampling dates. The temperature was monitored continuously inside
the canopy and at the bunch-berry levels using Gemini data loggers
TGP-4500 and TGP-4520, respectively (Chichester, UK).

The total soluble solids and L-malic acid concentration were
determined according to standard methods.39 A subsample of 200
berries was taken per class. Berries were weighed, transferred into a
plastic bag, and crushed by hand, and the juice was collected for
analyses. TSS was measured using a digital refractometer (Atago PAL-
1, Tokyo, Japan) with temperature correction. The L-malic content
was determined spectrophotometrically (Agilent 8453, Palo Alto, CA,
USA) using enzymatic kits (Megazyme, Ireland).

Determination of Methoxypyrazines. Preparation of Stand-
ards and Solvents. IBMP (Sigma-Aldrich, St. Louis, MO, USA) with a
purity of 99%, 2-isobutyl-3-methoxy-d3-pyrazine ([

2H3]-IBMP) (C/D/
N/Isotopes, Quebec, Canada) with a purity of 99%, and IPMP
(Sigma-Aldrich) with a purity of 99% were used for the preparation of
standards in solvent. Stock solutions of IBMP (250 mg/L), [2H3]-
IBMP (500 mg/L), and IPMP (280 mg/L) were prepared in methanol
(Sigma-Aldrich). Intermediate solutions (IBMP = 2.5 mg/L, [2H3]-
IBMP = 5.0 mg/L, and IPMP =2.8 mg/L) and working solutions
(IBMP = 2.5 μg/L, [2H3]-IBMP = 5.0 μg/L, and IPMP = 2.8 μg/L)
were prepared in methanol as well.

Preparation of Sugar Solution. Five hundred milliliters of water
purified by a Milli-Q system (Bedford, MA, USA) was placed in a 1000
mL volumetric flask. Ninety grams of fructose (Sigma-Aldrich), 90 g of
glucose (Sigma-Aldrich), and 1 g of tartaric acid (Merck, Darmstadt,
Germany) were added and dissolved. The volumetric flask was made
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up to volume with purified water, and the pH was adjusted to 3.2 with
NaOH.
Dearomatization of Grape Juice. Forty-five milliliters of Sauvignon

blanc juice was placed in the 50 mL tube and centrifuged for 5 minutes
at 5000 min−1. The liquid was then transferred to a 5 L flask; 3 L of
previously centrifuged Sauvignon blanc juice was evaporated under
reduced pressure to approximately 90% of the initial volume. The
evaporated liquid was replaced by purified water. Afterward, the juice
was transferred to a beaker and heated until it reached 80 °C to
evaporate or decompose the MPs still present in the juice.
Preparation of Alcoholic Solution. Five hundred milliliters of

purified water, 120 mL of absolute ethanol (Sigma-Aldrich), and 1 g of
tartaric acid were added to a 1000 mL volumetric flask. The volumetric
flask was then made up to volume with purified water, and the pH was
adjusted to 3.2 with NaOH.
Preparation of Calibration Standards. Calibration standards were

prepared in a sugar solution, an alcoholic solution, and a dearomatized
must using working solutions of IBMP, [2H3]-IBMP, and IPMP. Some
sugar solution, alcoholic solution, or dearomatized must was
transferred to a 25 mL volumetric flask, [2H3]-IBMP, IBMP, and
IPMP were added, and then the flask was made up to the volume to
reach the final concentration of 25 ng/L of [2H3]-IBMP and IBMP
and 28 ng/L of IPMP. NaCl was placed into a 20 mL SPME vial along
with a stir bar, followed by 1.6 mL of the prepared solution, 6.4 mL of
purified water, and 2 mL of 4 M NaOH. The vial was closed and
placed onto a magnetic stir plate to dissolve the NaCl.
Preparation of Sample. The grape juice sample was prepared by

hand-crushing undamaged berries in a plastic bag for 2 min. Some
strained grape juice was transferred to a 25 mL volumetric flask, 125
μL of [2H3]-IBMP (internal standard) was added with a concentration
of 5 μg/L, to reach the final concentration 25 ng/L of [2H3]-IBMP,
and the flask was made up to the volume with grape juice. NaCl was
placed into a 20 mL SPME vial along with a stir bar, followed by 1.6
mL of the prepared sample, 6.4 mL of purified water, and 2 mL of 4 M
NaOH. The vial was closed and placed onto a magnetic stir plate to
dissolve the NaCl.
Apparatus and Determination Procedure. The samples were

analyzed using a gas chromatograph (Agilent Technologies 7890A,
Shanghai, China) equipped with a Gerstel MPS2 multipurpose
sampler (Gerstel, Mülheim an der Ruhr, Germany) and two
successively connected columns, an HP 1 MS (Agilent Technologies,
30 m, 0.32 mm i.d., 0.25 μm film thickness) and an HP INNOWAX
(Agilent Technologies, 30 m, 0.32 mm i.d., 0.25 μm film thickness),
with a constant flow of helium at 1.5 mL/min. The vial was incubated
for 5 min at 40 °C. The extraction on fiber DVB/CAR/PDMS
(Supelco, Bellefonte, PA, USA) was performed for 40 min at 40 °C
with constant stirring at 250 min−1. The injector was held at 250 °C
for 3 min for the analytes to desorb from the fiber.
The GC oven was programmed as follows: 60 °C for 10 min, from

60 to 100 °C at 7 °C/min, held at 100 °C for 10 min, from 100 to 170
°C at 7 °C/min, from 170 to 230 °C at 40 °C/min, held at 230 °C for
20 min, from 230 to 60 °C at 40 °C/min, and held at 60 °C for 3 min.

For the determination of analytes, a mass spectrometer (Agilent
Technologies 5975C, upgraded with a triple-axis detector, Palo Alto,
CA, USA) was used. The temperature of the ion source was 230 °C,
the auxiliary temperature was 250 °C, and the quadrupole temperature
was 150 °C. For qualitative determination, retention time and mass
spectrum in selective ion monitoring mode (SIM) were used.

The mass channel was m/z 137 and 152 for IPMP, m/z 124 and
151 for IBMP, and m/z 127 and 154 for [2H3]-IBMP. Ions 137, 124,
and 127 were the target ions used for quantification, whereas 152, 151,
and 154 were used as qualifier ions. Calibration was performed with
calibration standards in sugar solution for must and in alcoholic
solution for wine. Linearity was verified by using spiked samples of
dearomatized must and alcoholic solutions for wine (four repetitions
for one concentration level, nine concentration levels for the
calibration curve). Linearity and range were determined by multiple
linear regressions, using the F test.

Calibration curves were derived using increasing amounts of IBMP
(1−196 ng/L) and IPMP (1−200 ng/L) spiked in a dearomatized
must, a sugar solution, and an alcohol solution. Good linearity was
obtained for both analytes: IBMP (R2 for dearomatized must was
0.9996; for sugar solution, 0.9991; and for alcohol solution, 0.9986)
and IPMP (R2 for dearomatized must was 0.9992; for sugar solution,
0.9981; and for alcohol solution, 0.9985).

The limit of detection (LD) and the limit of quantification (LQ)
were calculated from the calibration curve. For IBMP, the LD of the
dearomatized must was 0.6 ng/L, and for the alcohol solution it was
0.4 ng/L. The LQ for IBMP was 2.0 ng/L for the dearomatized must
and 1.2 ng/L for the alcohol solution. For IPMP the LD of the
dearomatized must was 0.6 ng/L, and for the alcohol solution it was
0.5 ng/L. The LQ for IPMP was 2.1 ng/L for the dearomatized must
and 1.6 ng/L for the alcohol solution.

For the determination of precision,40 that is, repeatability and
reproducibility, a spiked sample of dearomatized must and two
unspiked and two spiked samples of wine (Sauvignon blanc from
Slovenia and Sauvignon blanc from New Zealand) were analyzed.
Within a period of 10 days, two parallel samples of must and three of
wine were analyzed each day. The standard deviation of repeatability
(r) of the level and the standard deviation of reproducibility (R) of the
level were both calculated. The results are given in Table 1.

The uncertainty of repeatability and uncertainty of reproducibility
were calculated by multiplying the standard deviation of repeatability
and standard deviation of reproducibility by Student’s t factor for 9
degrees of freedom and a 95% confidence level (t95;9 = 2.262). The
results are presented in Table 1.

Trueness was verified by checking the recoveries. Recoveries were
calculated from concentrations of samples used for the precision and
uncertainty evaluation. The average of the recoveries was calculated.
The results are given in Table 2.

Determination of Glutathione. Intact grape berries (200 berries)
were carefully cut at the torus with scissors, transferred to a bag,
purged with nitrogen for 5 min to reduce oxidation, and crushed
manually. After crushing, the grape juice was immediately placed in

Table 1. Standard Deviation and Measurement Uncertainty of the Method for Determining Methoxypyrazines (ng/L)

dearomatized must Sauvignon blanc from Slovenia
Sauvignon blanc from New

Zealand

IBMP IPMP IBMP IBMP IPMP IBMP IBMP IPMP

spiking level 9.8 10.0 25.0 25.0 25.0 25.0
means of the levels 10.9 10.3 1.9 20.3 21.0 6.9 23.3 20.2
standard deviation of repeatability (sr) 0.6 0.4 0.1 0.5 0.5 0.3 0.6 0.7
relative standard deviation of repeatability (RSDr) (%) 5.6 3.5 6.6 2.5 2.4 4.3 2.7 3.5
standard deviation of reproducibility (sR) 1.5 0.7 0.5 1.3 1.1 1.0 1.6 1.7
relative standard deviation of reproducibility (RSDR) (%) 14.1 6.9 25.9 6.5 5.4 15.0 7.0 8.6
uncertainty of repeatability (Ur) 1.4 0.8 0.3 1.2 1.1 0.7 1.4 1.6
relative uncertainty of repeatability (%) 14.2 8.3 15.0 4.7 4.6 9.6 5.8 6.5
uncertainty of reproducibility (UR) 3.5 1.6 1.1 3.0 2.6 2.3 3.7 3.9
relative uncertainty of reproducibility (%) 35.5 16.2 58.7 11.9 10.3 33.9 14.7 15.6
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methanol (1:10), with N-acetyl-L-cysteine as the internal standard,
filtered through 0.45 μm Minisart RC 25 filters Sartorious
(Goettingen, Germany), diluted 1:1 with a 5 mM sodium acetate
buffer containing 0.1 mM EDTA, and immediately analyzed as
previously described.21 The concentration of GSH was determined by
an Agilent Technologies 1200 HPLC with fluorescence detection with
online precolumn derivatization, controlled by Agilent Chemstation
Rev. B.03.01 from Agilent Technologies (Palo Alto, CA, USA) as
previously described.21 Briefly, separation was performed at 25 °C
using a Synergi Fusion-RP 80A column (4 μm, 150 mm × 2.0 mm i.d.)
from Phenomenex (Torrance, CA, USA).
The mobile phase consisted of (A) 50 mM sodium acetate buffer,

pH 5.7, and (B) methanol, and the injection volume was 9 μL. The
wavelength for the excitation was 340 and 450 nm for the emission. A
nine-point calibration curve for standard GSH was linear over the
injected range (0.2−60 mg/L) with a correlation coefficient of 0.9984.
Determination of Hydroxycinnamates. Undamaged fresh berries

were cooled to 5 °C and crushed in the inert atmosphere, flushed with
nitrogen for 5 min. After hand pressing in an inert atmosphere, the
juice was collected, and 1000 ppm SO2 was added to inhibit enzymatic
activity. Grape juice was filtered through a 0.45 μm Millipore PVDF
filter (Bedford, MA, USA) into a HPLC vial and directly injected. An
Agilent Technologies 1100 HPLC with DAD connected to an Agilent
NDS ChemStation was used for the detection and quantification of
HCAs in grape juice as described previously.28 The method was
developed for monitoring cis- and trans-caftaric acid, coutaric acid, and
fertaric acid, respectively, together with caffeic, p-coumaric, and ferulic
acid and also a glutathione derivative of caftaric acid (GRP). Briefly,
separation was performed on a 250 × 2.1 mm, 5 mm, ODS Hypersil
C18 column connected to a 20 × 2.1 mm, 5 mm, ODS Hypersil guard
column (Thermo Scientific). The mobile phase consisted of (A) 0.5%
formic acid in water and (B) 2% formic acid in methanol, and gradient
was carried out as described, 28 only here the injection volume was 10
μL. Compounds were identified by their UV−vis spectra and retention
times. The quantification of compounds was based on peak areas at λ
= 320 nm, and the respective concentrations in samples were
expressed as trans-caftaric acid equivalents. A calibration curve was
prepared by injecting a standard of trans-caftaric acid in the range from
1.05 to 500 mg/L. It was linear over the injected range with a
correlation coefficient of 0.9999. The LD of trans-caftaric acid was 0.05
mg/L, whereas the LQ was 0.17 mg/L. To assess the repeatability of
the method, 121 mg/L of standard trans-caftaric acid solution and a
sample of grape juice were sequentially injected (both N = 10), and
the relative standard deviations of repeatability RSDr were 0.19 and
3.7%, respectively.
Data Analysis and Statistical Methods. Physiological and

morphological heterogeneity in the sample was largely diminished
by berry classification according to diameter and a second classification
according to TSS concentration. The measured sample was
homogeneous, containing berries of the same diameter and same
maturation level in terms of TSS concentration. Regressions and
correlations were performed with Origin 6.1 (OriginLab Corp.,
Northampton, MA, USA). The linearity and range of the method were
determined by linear regression, using the F test. Student’s t test was
used for the calculation of standard deviation of the reproducibility and
repeatability of the method, using Statgraphics Centurion XVI
(StatPoint Technologies, Warrenton, VA, USA).

■ RESULTS AND DISCUSSION
Photosynthetic Active Radiation, Vine Water Status,

and Temperature Measurements. The vine water measure-
ments showed that there were no water constraints during the
growing season, including during the ripening period. The stem
water potential values were invariably between −0.4 and −0.45
MPa.35,41 The mean PAR for the leaf removal was around 150
μmol m−2 s−1, and for the control it was around 50 μmol m−2

s−1. Therefore, the PAR at the bunch level in the leaf removal
was 3 times higher than in the control, with a mean ambient
PAR of 1000 μmol m−2 s−1. The evolution of daily mean
temperature during the ripening period (from January to March
2011) showed the highest temperature for bunches in the leaf
removal from 10 a.m. to 2 p.m. On a daily basis, from mid-day
onward the cooler wind from the Atlantic Ocean decreased the
temperature of the bunches in leaf removal through the sea
breeze effect (Figure 1).42 For both treatments the mean

temperature never exceeded 30 °C, which is the upper limit of
the optimal physiological response threshold.43 From 2 p.m.
until 7 a.m. the following day, the bunch temperature of the leaf
removal was slightly lower than that of the control. The coolest
temperatures for both treatments were seen at 6 a.m., around
sunrise, whereas the highest temperature was observed at 1 p.m.

Berry Classification. The distribution percentages of grape
berries in different diameter classes during maturation are
presented in Figure 2. The figure shows that the grape berries

Table 2. Recoveries of the Method for the Determination of
Methoxypyrazines

dearomatized
must

Sauvignon
blanc from
Slovenia

Sauvignon
blanc from
New Zealand

IBMP IPMP IBMP IPMP IBMP IPMP

spiking level (ng/L) 9.8 10.0 25.0 25.0 25.0 25.0
recovery (%) 111.3 103.2 81.2 84.2 93.3 80.7
RSD (%) 13.8 6.8 6.3 5.3 6.8 8.3

Figure 1. Mean hour temperature (°C) over the ripening period from
January to March, p < 0.05.

Figure 2. Distribution of Sauvignon blanc grape berries (%) in
different diameter classes for all sampling dates, for leaf removal (LR)
and control (C).
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were distributed evenly along a Gaussian bell-shape curve for all
three sampling dates, which confirmed the homogeneous
distribution of the berries across the three major berry classes.
These three major classes of berry diameter represented 80−
85% of the berry population. This indication of low berry
heterogeneity suggests that the vines did not experience any
abiotic or biotic constraints.
Total Soluble Solids. The average TSS concentrations at

harvest for the leaf removal and control treatments were 23.2
and 22.3 °Brix, respectively. A strong positive correlation was
found between berry diameter and TSS accumulation on a per
berry basis (R2 = 0.96), irrespective of sun exposure and berry
temperature (Figure 3). TSS accumulation per berry, in parallel

with an increase in berry diameter, was continuous during the
ripening period, which is related to the absence of vine water or
other abiotic constraints.41,44,45 Previous works have shown that
there is a positive relationship between berry dry mass
accumulation and °Brix increase up to a value of around 24
°Brix, varying on the basis of the cultivar and the production
region.1 In our study, a close correlation between berry
diameter and TSS concentration was observed until 20 °Brix
(data not shown). Berries of the same diameter had different
TSS concentrations, which was in concurrence with previous
results.35 This is consistent with the functional link between
berry sugar accumulation, fruit transpiration, and berry water
accumulation, in the context of the position of a specific berry
in a bunch and the related evaporative demand.3,46 Berry sugar
accumulation could also be controlled at the fruit level by the
functioning of sucrose and hexose transporters.47

Methoxypyrazines. The concentrations of IBMP and
IPMP were analyzed in grape juice from berries classified
according to diameter and TSS concentration. In the leaf
removal, the IPMP concentration was already below the LD at
veŕaison, whereas it ranged from 4.1 to 2.3 ng/L in the control
(data not shown). For the second and final sampling date,
IPMP was not detected in either treatment (LD = 0.6 ng/L).
IBMP was found in all of the berry diameter classes at veŕaison,
irrespective of the grape light exposure, with concentrations
ranging from 4.0 to 72.4 ng/L (data not shown). For the
second sampling date (4 weeks after veŕaison) in all of the berry
diameter classes, IBMP levels were under the LD in the berries
from the leaf removal treatment. IBMP concentrations in grape
juice from both treatments during ripening in the two most
representative diameter classes are shown in Figure 4. In

agreement with other studies, our results indicate that bunch
light exposure has a significant impact on IBMP concentrations
in berries.10,15,16 Berry diameter significantly influenced the
concentration of IBMP in grape juice. At harvest, the
concentrations of IBMP in grape juice of similar TSS in the
control were 12.6 and 5.2 ng/L in 15.5 and 13.5 mm berries,
respectively (Figure 4). Interestingly, at veŕaison the highest
concentration of IBMP (72.4 ng/L) was found in the grape
juice from berries of smaller diameter (10.5 mm) (Figure 4).
However, at veŕaison TSS concentrations for berries of 10.5
and 12.5 mm diameter were not the same, that is, 5.1 °Brix
compared to 8.6 °Brix. The IBMP concentration in grape juice
of the control was significantly influenced by TSS concentration
(Figure 5). At harvest the IBMP concentration in grape juice
was below the limit of detection in berries with higher TSS
concentration, whereas IBMP was still present in berries with
lower TSS concentration, at the same berry diameter (Figure

Figure 3. Relationship between sugar per berry (mg/berry) and
average berry fresh mass (g) for each maturity class. The regression
coefficient is calculated for all maturity classes. Regression coefficient
R2 = 0.96, p < 0.05.

Figure 4. Effect of berry diameter (mm) and light exposure on 3-
isobutyl-2-methoxypyrazine (IBMP) concentration (ng/L) in grape
juice for the sampling dates January 25 (veŕaison), February 21 (4
weeks after veŕaison), and March 1 (harvest). Where no bars are
shown, IBMP concentrations were below the LD. Error bars represent
tolerance values for IBMP ± 2RSDr (%). At each sampling date two of
the most representative diameter classes with 2 mm difference are
shown.

Figure 5. Effect of total soluble solids (TSS) (°Brix) on 3-isobutyl-2-
methoxypyrazine (IBMP) concentration (ng/L) in grape juice for the
control during the course of the ripening: January 25 (veŕaison),
February 21 (4 weeks after veŕaison), and March 1 (harvest). Where
no bars are shown, IBMP concentrations were below the LD. Error
bars represent tolerance values for IBMP ± 2RSDr (%). At each
sampling date two of the most representative diameter classes with 2
mm difference are shown.
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5). This indicates that the °Brix level in unison with berry
diameter strongly influences the IBMP concentration in grape
juice. In our study the IBMP concentration was below LD (0.6
ng/L) when berries reached 20.2 °Brix, irrespective of the
treatment.
Methoxypyrazines and L-Malic Acid. A good correlation

(R2 = 0.74) was observed between the breakdown of IBMP and
L-malic acid during ripening (data not shown), which is in
agreement with results found in Cabernet Sauvignon and
Merlot.10 The IBMP and L-malic acid concentrations in our
study were determined in grape juice, which can explain the
lower correlation compared to that of Roujou de Boubeé et al.,
who determined IBMP concentration in whole berries.10 These
results clearly demonstrate that IBMP is quickly extracted from
the skins into the grape juice.48 The evolution and response to
light and temperature exposure of IBMP and L-malic acid are
distinct.15 The IBMP concentration in grapes is related to light
and temperature,11 whereas the concentration of L-malic acid is
more related to temperature.49 The correlation between the
concentrations of L-malic acid and IBMP needs further
investigation; therefore, at this stage one compound could
not be used to predict the degradation of the other.
Glutathione. Leaf removal had no significant effect on GSH

concentration during ripening; as well, no significant effect of
berry diameter was found (Supporting Information, Figure S1).
A clear increase in GSH concentration in parallel with an
increase in TSS was observed at veŕaison, whereas the
concentration of GSH did not differ significantly between the
different berry TSS classes at harvest for most representative
diameters (Supporting Information, Figure S2). Studies of gene
expression at the beginning of grape maturation showed that
glutathione-S-transferase exhibits the same expression profile as
the enzymes responsible for anthocyanin accumulation, which
are strongly related to sugar accumulation.50 This might explain
the sudden increase in GSH concentration after veŕaison. A
strong positive correlation (R2 = 0.89) was observed between
GSH and °Brix from 5.1 to 25.4 °Brix (Figure 6), whereas other

studies observed a correlation between the concentration of
GSH and TSS, up to 16 °Brix.22 It should be noted that there
was a strong correlation (R2 = 0.95) between GSH content and
TSS on a per berry basis (Figure 7), which shows that the
increase in GSH on a per berry basis follows that of TSS.

Hydroxycinnamates. The HCAs concentration decreased
with increasing °Brix, as seen in Figure 8. A decrease in HCAs

concentration in grape juice occurred mainly due to the
decrease in the concentrations of caftaric and coutaric acid
(data not shown). A significant decrease in HCAs concen-
tration occurred between veŕaison and the second sampling
date (4 weeks after veŕaison) in both leaf removal and control,
whereas the changes were not significant later (Supporting
Information, Figure S3). This is in accordance with Singleton et
al., who showed that HCAs concentration did not change
significantly with grape maturation.51 With the exception of
sampling at veŕaison, later leaf removal had no significant effect
on HCAs concentration in grape juice; as well, no significant
effect of berry diameter was found in both treatments
(Supporting Information, Figure S3). It could be that leaf
removal in our study was not applied early enough to influence
the concentration of HCAs at the harvest. The obtained results
are in accordance with a study conducted on Pinot noir, in
which it was demonstrated that leaf removal at berry set was
very effective in enhancing the concentrations of caftaric and
coutaric acids throughout the maturation, whereas leaf removal
at veŕaison had no significant effect.52 Furthermore, with the
exception of sampling at veŕaison, there was as well no
significant effect of TSS on the HCAs concentration in grape
berry juice in both treatments (Supporting Information, Figure
S4). The HCAs concentration decreased with TSS accumu-
lation, whereas GSH concentration increased with increasing

Figure 6. Relationship between glutathione (GSH) concentration in
grape juice (mg/L) and total soluble solids (TSS) concentration
(°Brix). The regression coefficient is calculated for all maturity classes.
Regression coefficient R2 = 0.89, p < 0.05.

Figure 7. Relationship between glutathione (GSH) (mg/berry) and
sugar per berry (mg/berry). The regression coefficient is calculated for
all maturity classes. Regression coefficient R2 = 0.95, p < 0.05.

Figure 8. Relationship between concentration of total soluble solids
(TSS) (°Brix), hydroxycinnamates (HCAs) (mg/L of caftaric acid),
and glutathione (GSH) (mg/L) in grape juice, respectively.
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TSS (Figure 8). The ratio between HCAs and GSH
concentration varied from 2.0 to 11.4 at veŕaison and from
1.1 to 1.4 at harvest. A higher ratio at veŕaison could occur due
to the different timing of HCAs and GSH syntheses.
On the basis of these results, it appears that classifications

upon berry diameter and TSS allowed the study of the
asynchronous nature of grapevine fruit maturation. These two
types of successive classification provided a novel approach to
study the dynamics of secondary metabolites in V. vinifera L.
Sauvignon blanc grape berries during ripening. The classi-
fication reduced berry heterogeneity and showed relevant
trends in the evolution of MPs, GSH, and HCAs. Berries of the
same diameter were classified further to numerous TSS classes.
It was shown in the study that berries having the same diameter
can have different TSS concentrations, meaning that these
berries are not at the same level of physiological ripening, which
could have an impact on secondary metabolite concentrations.
MPs concentrations were the most influenced by berry
heterogeneity. Both diameter and TSS concentration signifi-
cantly influenced MPs during ripening and did not significantly
influence GSH and HCAs concentrations.
It seems that at a certain TSS concentration, berry

metabolism shifts toward an aging process. Berry sugar loading
seemed to be erratic from around 20 °Brix onward, meaning
that there is no longer a relationship between berry volume and
TSS concentration, although Garcia de Cortazar-Atauri et al.
showed that a relationship exists up to 24 °Brix.1 The most
significant effect of leaf removal in this experiment was
observed in the concentration of MPs, confirming that bunch
light exposure drastically decreases the concentration of MPs.
Leaf removal had no effect on GSH and HCAs concentrations.
Separating the effects of sunlight and temperature on grape
berry composition is complex and difficult, as many of the
biochemical pathways are affected by light and temperature.
The concentration of MPs is a relevant indicator of bunch light
exposure, due to a photochemical degradation reaction that
could be affected secondarily by the increase in temperature
related to sun exposure. The concentrations of HCAs were
negatively correlated with an increase in the TSS concentration,
whereas GSH was positively correlated. A correlation was
observed between GSH synthesis and TSS accumulation in the
berry as well as between the degradation of HCAs
concentration and an increase in °Brix. After the berries
reached a certain maturation level, there were no significant
changes in GSH and HCAs concentrations. When the grapes
reached 20.2 °Brix, MP concentration had already decreased
below the LD. Concentrations of GSH and HCAs were in the
same range as already found in the South African and Slovenian
grape juices and wines, which could have a potential positive
effect on the sensory characteristics of Sauvignon blanc
wines.20,28 Further investigations of the effect of berry diameter
and berry sugar content on the aromatic expression of
Sauvignon blanc grapes and the resulting wines are needed.
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