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ABSTRACT: 3-Isobutyl-2-hydroxypyrazine (IBHP) is thought to be a key intermediate in both the biosynthesis and
degradation of the herbaceous smelling 3-isobutyl-2-methoxypyrazine (IBMP), but its behavior during the growing season is not
well understood. First, an improved method for IBHP quantification was developed. A deuterated IBHP standard was added to
samples prior to isolation by mixed-mode cation exchange solid phase extraction. Extracts were silylated prior to quantification by
GC-MS. A limit of detection of ca. 20 ng/L could be achieved for a 100 mL juice sample. This method was used to quantify
IBHP during the 2010 growing season in berries of two clones of Cabernet franc in the Finger Lakes region of New York and of
Merlot grown in the California Central Valley. For all three sources, IBHP was detectable at the earliest sampling point, and its
concentration per berry increased to a maximum around veraison, 208−477 pg/berry. On a per berry basis, IBHP peaked and
began to decline 1−2 weeks after IBMP, indicating that previous studies that sampled preveraison fruit have missed the true
maximum value of IBHP. The highest per berry concentration of IBHP observed was in the California Merlot. However, after
veraison, IBHP declined more rapidly in the California Merlot than in the New York Cabernet franc, such that the Merlot had
the lowest IBHP concentration at harvest. Thus, IBHP at harvest cannot be used as a proxy for IBMP at veraison as was
previously suggested.
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■ INTRODUCTION

The 3-alkyl-2-methoxypyrazines (MPs), including 3-isopropyl-
2-methoxypyrazine (IBMP), 3-isopropyl-3-methoxypyrazine
(IPMP), and 3-sec-butyl-2-methoxypyrazine (sBMP), contrib-
ute herbaceous and vegetative aromas to many plant-derived
foods. The MPs were first characterized in green bell peppers1

and were subsequently found in several other plants including
asparagus, lettuce, potatoes, green beans, peas, and wine grapes
(Vitis vinifera).1−3 MPs possess low sensory detection thresh-
olds of <10 ng/L in water or wine,4−6 and their concentrations
in vegetative tissue and unripe fruits can exceed 1000 ng/kg.3

The MPs, and particularly IBMP, are known to play an
important role in the flavor of some wines,5,7−10 including
varietals such as Sauvignon blanc, Cabernet Sauvignon, and
Cabernet franc.5,10,11 Whereas modest concentrations may
contribute positively to varietal character, IBMP concentrations
well above threshold may result in unacceptable green and
unripe aromas.5,10,11 The effects of several environmental
factors on IBMP accumulation and degradation have been
investigated, including cluster shading, water availability, and
nitrogen fertilization.12−16 However, interpretation of these
empirical results is often challenging. For example, several
authors have observed that preveraison cluster shading in the
vineyard results in increased accumulation of IBMP,15,17,18 but
a biochemical explanation for this phenomenon is not available.
Interpretation of these viticultural studies should be

facilitated by understanding the behavior of metabolic
intermediates of MPs. MP biosynthesis in plants is hypothe-
sized to begin with the condensation of NH3 with an amino

acid (e.g., leucine, valine) and glyoxal to form a 3-alkyl-2(1H)-
pyrazin-2-one and its tautomer, 3-alkyl-2-hydroxypyrazine
(HP).3,4 Subsequently, HPs are thought to be O-methylated
to form MPs.3,19 An S-adenosyl-L-methionine (SAM)-depend-
ent O-methyltransferase (OMT) capable of methylating HPs
into MPs has been identified and purified.20,21 More recently,
two genes (VvOMT1, VvOMT2) have been cloned and shown
to be capable of methylating HPs. Transcription analysis
revealed that these genes are expressed preveraison, corre-
sponding with the time of maximum IBMP accumulation
within grape berries.22 The degradation pathway of IBMP in
plants is not as well studied. A recent paper has suggested that
IBMP may be demethylated to re-form IBHP and then partially
glycosylated,23 similar to metabolism of IBMP observed in
rats.24

Because IBHP appears to be both the precursor and
degradation product of IBMP in grapes, characterizing the
relationship of IBMP and IBHP during the growing season
should assist in the interpretation of empirical viticultural
studies. For example, it is not known if the elevated IBMP
accumulation observed in shaded fruit results from increased
production of IBHP, decreased expression of VvOMT1 and
VvOMT2, or some other factors. However, only a couple of
reports on IBHP in grapes exist,21,23 and both consider only a
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limited number of time points. In part, this may reflect
analytical difficulties, because IBHP’s amphiphilic nature, low
volatility, and low concentration make its quantification
difficult.
In this study, we describe an improved method for IBHP

quantification. IBHP is extracted by mixed-mode solvent phase
extraction (SPE) in the presence of a deuterated standard,
silylated, and quantified by gas chromatography time-of-flight
mass spectrometry (GC-TOF-MS). We then present data on
the correlation of IBHP and IBMP concentrations during the
growing season across multiple sites.

■ MATERIALS AND METHODS
Chemical Reagents and Standards. 3-Isobutyl-2-hydroxypyr-

azine was purchased from Manchester Organics Ltd. (97%, Sutton
Weaver, UK). Synthesis of 2[H2]-3-isobutyl-2-hydroxypyrazine is
described in a subsequent paragraph. Sodium chloride (NaCl),
potassium carbonate, sodium hydroxide (NaOH), D-glucose, pyridine
(99%), hexamethyldisilane (HMDS), manganese sulfate, 3-isobutyl- 2-
methopyrazine (99%), molecular sieve UOP size 3A, glycol bis-
(sodium bisulfite), deuterium oxide (D2O, 99%), and L-leucinamide
hydrochloride (99%) were purchased from Sigma-Aldrich (Allentown,
PA, USA); ethylenediaminetetraacetic acid (EDTA), citric acid,
ascorbic acid, sodium chloride (NaCl), ethanol, and trimethylsilyl
chloride (TMCS) were purchased from Acros Organics NV (Geel,
Belgium); ethyl acetate and acetonitrile were obtained from VWR
International (West Chester, PA, USA); and dichloromethane,
ammonium hydroxide, calcium chloride, tartaric acid, hydrochloric
acid (37%), methanol, dichloromethane, magnesium sulfate, and D-
fructose were purchased from Fisher Chemical (Fair Lawn, NJ, USA).
YPD agar and YPD broth were purchased from B. D. Difco (Franklin
Lakes, NJ, USA). Deionized, distilled water was obtained from a Milli-
Q purification system Millipore (Billerica, MA, USA).

2[H2]-3-Isobutyl-2-hydroxypyrazine (2[H2]-IBHP) Synthesis.
2[H2]-IBHP synthesis was adapted from previous methods.25,26

Glyoxal bis(sodium bisulfite) (2.65 g) was refluxed with 10 mL of
D2O in a 50 mL round-bottom flask at 100 °C for 24 h to yield a white
crystalline solid, 2[H2]-glyoxal bis(sodium bisulfite)-O-2[H2],

25 which
was used in the next step without further purification. In a separate
round-bottom flask, leucinamide hydrochloride (0.17 g) was dissolved
in 2 mL of methanol and cooled to −35 °C. The 2[H2]-glyoxal
bis(sodium bisulfite)-O-2[H2] slurry (0.17 g) was added and stirred
vigorously. Aqueous NaOH (12 M, 200 μL) was added dropwise over
the course of 20 min. The solution was warmed to room temperature
and stirred continuously for 2 h. The mixture was cooled to 0 °C and
acidified with 200 μL of 12 M HCl followed by the addition of 0.2 g of
sodium carbonate. The mixture was filtered, and 2 mL of water was
added to the filtrate. The methanol was removed by evaporation under
reduced pressure, and the 2[H2]-IBHP was extracted from the aqueous
layer with 3 × 5 mL aliquots of dichloromethane. The EI-MS and 1H
NMR data were similar to data from Gerritsma et al.26 Following
silylation, the following GC-MS spectrum was observed [m/z (RI%)]:
153 (19), 169 (88), 184 (100), 211 (28), consistent with a 2 amu shift
as compared to the IBHP spectra presented in Hawksworth et al.24

Fruit Samples for Time Course Studies of IBMP and IBHP.
Studies on the concentration of IBHP and IBMP throughout the
growing season were performed over 2010 in both the Finger Lakes
region of New York State and the Central Valley region of California.

Information on the sites and cultivars used in the time course study
can be found in Table 1. For sampling, 1 kg of grape clusters was
selected at random from throughout a vineyard block and frozen at −4
°C prior to analysis. Samples were taken at either weekly or biweekly
intervals from fruit set until harvest when possible, although some
samples could not be collected at the expected interval because of
unplanned pesticide spraying. For recovery experiments, frozen
Cabernet franc clusters harvested in 2008 from experimental vineyards
in Geneva, NY, were used.

Grape Juice Preparation. Frozen grapes (400 g) were thawed,
manually destemmed, and homogenized with a Waring blender
(model 5011, Torrington, CT, USA) at low speed for 1 min in the
presence of 50 mg/kg ascorbic acid to prevent browning and potential
oxidative losses. The homogenate was pressed through cheesecloth
and the juice collected. Because we had previously observed that IBHP
is well extracted into the juice under these conditions,23 the insoluble
solid material was discarded. An aliquot of juice was separated for
measurements of TA and soluble solids. The filtered juice was loaded
into either 250 or 500 mL Nalgene polycarbonate centrifuge bottles
(VWR International) and centrifuged at 9000 rpm for 30 min at 4 °C
(Sorvall RC6+ centrifuge, Thermo Scientific, Waltham, MA, USA).
The supernatant was filtered through Whatman no. 4 filter paper, and
the resulting clarified juice was stored at −10 °C until needed.
Preparation of juice samples and subsequent preparation steps were
performed in duplicate for each sample.

Basic Juice Chemistry and Berry Weight Measurements.
Soluble solids were measured on extracted juice by a digital
refractometer (Leica Auto ABBE; AO Scientific Instruments, Buffalo,
NY, USA). The titratable acidity (TA) was measured with an
automatic titrator (Titrino Plus 848 Doser, 869 Autosampler,
Methrohm USA, Riverview, FL, USA) using an end point of pH
8.2. Subsamples of 100 berries were weighed to determine mean berry
weight.

IBHP Extraction via Cation-Exchange SPE. SPE of IBHP from
grape juice was performed on a Varian 24 cartridge positive pressure
manifold (Palo Alto, CA, USA), using 6 mL cartridges packed with
200 mg of Bond Elut Plexa PCX sorbent (Agilent, Santa Clara, CA).
Cartridges were conditioned with 5 mL of dichloromethane, 10 mL of
methanol, and 20 mL of water prior to sample loading. Juice samples
(100 mL) were spiked with 2[H2]-IBHP to yield a final concentration
of 500 ng/L and adjusted to pH 2 with HCl. Each sample was split
into two 50 mL subsamples and extracted in parallel on two identically
conditioned cartridges to expedite sample processing. The loaded
cartridges were washed with 6 mL of 5% v/v methanol solution
adjusted to pH 2 with HCl, and the cartridge was dried with N2 (25
psi) for 30 min. IBHP was eluted with 3 mL of 2% ammonium
hydroxide in ethyl acetate/dichloromethane (4:1 v/v). Subsample
extracts were recombined and evaporated to dryness under N2.

Derivatization of SPE Extracts. Silylation was adapted from the
methods of Hawksworth et al.24 and Sweeley et al.27 The dried extract
was reconstituted in 0.5 mL of dry pyridine, after which 100 μL of
HMDS and 50 μL of TMCS were added. A small amount of gas, likely
H2, was formed upon addition of the TMCS, and the reaction
immediately became cloudy, likely due to the precipitation of a
chloride salt.24 The solution was heated for 20 min at 65 °C, cooled,
and then analyzed by GC-TOF-MS without further extraction of the
reaction mixture. If sample extracts were not to be analyzed
immediately, the extracts were kept in a −20 °C freezer and analyzed
within 6 h of removal from the freezer to minimize hydrolysis of the
silylated derivative.

Table 1. Experimental Vineyard Sites Used in This Work

sample location cultivar veraison date training system and spacing year est soil type

CF4 Cayuga Lake, NY Cabernet franc Aug 15 VSP, 2.7 m × 1.8 m 2008 gravelly loam
Cl. 4

CF1 Cayuga Lake AVA, NY Cabernet franc Aug 15 VSP, 2.7 m × 1.8 m 2008 gravelly loam
Cl. 1

Merlot Central Valley, CA Merlot July 15 sprawl, 3.0 m × 1.8 m 1996 sandy loam
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Quantification of Derivatized IBHP Extracts by GC-TOF-MS.
The derivatized IBHP was quantified by GC-TOF-MS (Pegasus,
LECO Corp., St. Joseph, MI, USA). The GC system was a
comprehensive 2-D GC (GC×GC), operated in one-dimensional
mode by turning off the cryomodulator and setting the secondary oven
temperature to 20 °C as compared to the primary oven. The GC
column was a DB-FFAP (25 m × 0.25 mm × 0.25 μm, Agilent)
coupled to a DB-17 (2 m × 0.1 mm × 0.2 μm, Agilent) via an inert
glass press-tight connector. Three microliters was injected, splitless,
into an injector operated in pulsed splitless mode and held at 250 °C.
Helium was used as a carrier gas at a flow rate of 1 mL/min. The oven
was initially at 70 °C and held for 5 min, then ramped at 6.3 °C/min
to 240 °C with an 8 min final hold. The MS transfer line temperature
was 260 °C. The TOF-MS was operated in EI mode, with an
ionization energy of −70 eV. Data processing was carried out by
LECO ChromaTOF software. The qualifier ions for IBHP were m/z
151, 167, and 209, and the quantifier ion was m/z 182. The qualifier
ions for 2[H2]-IBHP were m/z 153, 169, and 211, and the quantifier
ion was m/z 184. Quantification was performed with respect to
appropriate calibration curves, described below. IBHP concentrations
(pg/g) were converted to units of picograms per berry by multiplying
the concentration by the mean berry weight.
Calibration Curve, Limits of Detection, and Recovery for

IBHP. Calibration curves for IBHP were prepared in model juice (10%
w/v fructose, 10% w/v glucose, 7.5% w/v tartaric acid, pH 3.5) at
concentrations of 0, 100, 250, 500, and 1000 ng/L. The limit of
detection (LOD) was defined as the minimum peak area necessary to
achieve a signal-to-noise ratio of 3:1 and was estimated from
calibration curves using Pallesen’s method.28 To determine if model
juice calibration curves were appropriate for real juice samples, a
recovery experiment was performed by the method of standard
addition. One hundred milliliters of Cabernet franc juice was either
spiked with 50 ng of IBHP or left unspiked. The spiked and unspiked
samples were extracted by using the SPE protocol described above.
Triplicates of both spiked juice and spiked reference samples were
analyzed. Recovery was calculated as the ratio of the observed
concentration to the expected concentration of IBHP in the spiked
samples.
Analysis of Total IBHP by Acid Hydrolysis. Time course

samples from Cabernet franc clone 4 were evaluated for acid-releasable
IBHP. Juice samples were acidified to pH 2 by the addition of HCl,
and [2H]2-IBHP was added to yield a final concentration of 500 ng/L.
The acidified juice was incubated in a water bath (100 °C, 1 h). IBHP
was then extracted from the hydrolyzed sample using the same
protocol as described for free IBHP.
Quantification of IBMP. IBMP in grape samples was quantified by

GC×GC-TOF-MS using a method described elsewhere.29 IBMP
concentrations (pg/g) were converted to units of picograms per berry
by multiplying the concentration by the mean berry weight.

Statistical Analysis. Statistical analysis was performed by JMP
version 8 (SAS Institute, Cary, NC, USA) using paired Student’s t test
and least-squares model fit.

■ RESULTS AND DISCUSSION
Synthesis of 2[H2]-IBHP Internal Standard. The protocol

used for synthesizing the 2[H2]-IBHP internal standard (Figure
1) was adapted from an earlier approach by Gerritsma et al.26 in
which 2[H2]-glyoxal was condensed with the HCl salt of
leucimanide (III) to generate 2[H2]-IBHP (IV). In the earlier
paper, the bisulfate salt of 2[H2]-glyoxal was synthesized by
reduction of diethyl oxalate with lithium aluminum deuteride.
In our current work, the prepared 2[H2]-glyoxal bis(sodium
bisulfite)-O-2[H2] (II) was synthesized by D/H exchange of
unlabeled glyoxal bis(sodium bisulfite) (I) as previously
described.25 The reaction of II and III then took place under
the previously recommended conditions.26 The EI-MS and
NMR data for 2[H2]-IBHP were consistent with the earlier
paper of Gerritsma et al.,26 with the EI-MS of the deuterated
standard showing a consistent 2 amu shift as compared to the
unlabeled standard. No undeuterated IBHP was detected by
either MS or NMR, but a small amount of monodeuterated
[H2]-IBHP was also observed and estimated to be 12% of the
2[H2]-IBHP signal by NMR. This was presumably due to
incomplete labeling of the glyoxal, but its presence did not
affect the use of the synthesized 2[H2]-IBHP as an internal
standard.

SPE Method. An optimized protocol was developed for
isolating the basic IBHP analyte by mixed-mode cation-
exchange Bond Elut Plexa PCX SPE columns. A similar
approach has been used for isolating MPs from wine and was
used as a starting point.30 In our work, the juice was initially
acidified with HCl to pH 2 prior to loading as opposed to the
H3PO4 used in the previous study, as the use of H3PO4 resulted
in a sizable trisilylphosphate interference following derivatiza-
tion (data not shown).
Previously, Lopez et al. had recommended 30% methanol as

a wash for mixed-mode SPE isolation of IBMP.30 However,
IBHP is expected to be more polar than IBMP, and in our own
work, we observed a 30−50% decrease in IBHP signal with
only 20% methanol in the wash step without a corresponding
improvement in interference removal (data not shown). For
this reason, we used 6 mL of 5% methanol/water (v/v), pH 2,
as the wash solvent. The optimal eluting solvent was 20% (v/v)
dichloromethane in ethyl acetate made basic by the addition of
2% NH4OH. Slightly higher recoveries could be achieved with

Figure 1. Synthesis scheme for 2[H2]-IBHP.
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lower dichloromethane concentrations, but this resulted in an
increase in interfering peaks (data not shown).
Derivatization Method. Earlier studies of IBHP in grapes

included GC-MS analyses on underivatized IBHP,21,23 but
these result in poor chromatographic behavior due to the
presence of multiple H-bonding sites on IBHP.23 We attempted
to derivatize IBHP with multiple reagents, including trifluoro-

acetic acid (TFAA), HMDS, and Sweeley’s reagent. TFAA and
HMDS alone resulted in incomplete derivatization of IBHP
(data not shown). Sweeley’s reagent, composed of HMDS and
TMCS in pyridine, has been previously recommended for
derivatization of IBHP.24 Following derivatization by Sweeley’s
reagent, direct injection of the reaction mixture showed a single
derivative and no evidence of the IBHP starting material. Figure

Figure 2. GC-TOF-MS mass spectra displaying qualifying ions of the derivatization products of (a) 500 pg/L IBHP and (b) 500 pg/L 2[H2]-IBHP.

Figure 3. GC-TOF-MS chromatograms displaying m/z 182 and 184 ions of derivatized (a) model juice spiked with 0 ng/L IBHP and 500 ng/L
2[H2]-IBHP, (b) 500 ng/L IBHP with 500 ng/L 2[H2]-IBHP, (c) 1000 ng/L IBHP and 500 ng/L 2[H2]-IBHP, and (d) Cabernet franc juice at
veraison spiked with 500 ng/L 2[H2]-IBHP.
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2 shows the spectra of the qualifying ions for derivatized IBHP
(top) and 2[H2]-IBHP (bottom). The top spectrum is
consistent with that of Hawksworth et al.24 The silylated
IBHP is unstable at room temperature, and no silylated peak
could be detected after derivatized samples had been stored for
12−24 h at 25 °C. However, it was possible to rederivatize
degraded samples without affecting accuracy (data not shown).
GC-TOF-MS chromatograms of the m/z 182 and 184

quantifying ions of silylated IBHP and its deuterated analogue
run on a DB-FFAP column are shown in Figure 3. Panels a, b,
and c of Figure 3 show chromatograms of model juice spiked
with 0, 500, and 1000 ng/L IBHP, respectively, following
extraction and derivatization. Figure 3d shows a veraison
sample of Cabernet franc, containing approximately 200 ng/L
of native IBHP. All samples contain 500 ng/L 2[H2]-IBHP
internal standard. Although the majority of samples were run
on an FFAP column, we observed an interference for several
late-season samples on the FFAP column. Therefore, samples
from some late-season sampling points were run on an RTX-50
column (50% phenyl) to avoid these interferences. Interest-
ingly, the silylated derivatives exhibited a normal isotope effect
on the FFAP column, in which the heavier deuterated
compound elutes after the undeuterated analogue. This was
not the case for the 50% phenyl column, which exhibited the
more common inverse isotope effect.
Figures of Merit: Recovery, Method Linearity, and

Limits of Detection. The method linearity was evaluated
using a five-point calibration curve (0, 100, 250, 500, and 1000
ng/L) prepared in model juice. Good linearity was observed
(R2 = 0.995, %RMSE = 5.7). Using Pallesen’s method, the
LOD for IBHP in model juice was calculated to be 35 ng/L.
However, in real juice samples, the signal size for the deuterated
standard was 2-fold higher than in model juice samples without
a corresponding increase in noise. This effect is demonstrated
in Figure 3. The loss of signal observed in model juices was
likely a result of active binding sites on the glassware or SPE
cartridge, a problem that is avoided with real juice samples. For
two different real juice samples (n = 4) with native IBHP
concentrations of 22 and 32 ng/L, we observed relative
standard deviations of 9 and 16%. On the basis of these results,
we estimate the limit of detection for IBHP in real juice
samples using the optimized methodology to be <20 ng/L.
To validate that the responses for IBHP in real juice were

comparable to that of model juice, a recovery experiment was
performed on a Cabernet franc juice sample containing 93 ± 9
ng/L IBHP. The juice was spiked with the equivalent of 500
ng/L in triplicate, which should have resulted in a final
concentration of 593 ng/L. We observed a final concentration
of 619 ± 17 ng/L, or a recovery of 105%, indicating the model
juice calibration curves were appropriate for use on real juice.
Peak areas for the deuterated m/z 184 signal were not
significantly different between the spiked and unspiked samples,
suggesting that recovery at lower IBHP concentrations in real
juice should be similar.
In summary, the use of mixed-mode cation-exchange SPE

followed by silylation and one-dimensional GC-TOF-MS for
quantification can achieve a LOD of 20 ng/L for 100 mL
sample sizes. This is a considerable improvement over the
earlier method described by our group, which required 1000
mL sample sizes and GC×GC-TOF-MS for quantification to
achieve a similar LOD.23

Behavior of IBHP during the Growing Season. IBHP in
berries was measured during the 2010 growing season in

California Merlot and two New York Cabernet franc clones
(CF1 and CF4). We attempted to sample at roughly 1−2 week
intervals, with more frequent sampling around veraison for the
Cabernet franc around harvest. However, some samples could
not be collected at the expected interval because of unplanned
pesticide spraying. Furthermore, some late-season samples had
unidentified coelutions on both GC-TOF-MS and GC×GC-
TOF-MS, which were recognizable by inappropriate qualifier
ion ratios. For some samples it was possible to avoid these
interferences by using a different column (RTX-50 vs FFAP),
but for a few samples this was not possible, and these samples
were not included.
A plot of IBHP concentration (pg/g) versus time for

California Merlot is shown in Figure 4 and for the Cabernet

franc samples in Supplementary Figure 1 of the Supporting
Information. IBMP concentrations (pg/g) versus time are
shown on the same plots. IBHP concentrations reach a
maximum around veraison in all three sites. However, changes
in w/w IBHP or IBMP concentration reflect both dilution of
existing IBHP due to increasing berry size and formation or loss
of IBHP in each berry.
To better appreciate the changes in IBHP occurring in the

berry, time course profiles of IBHP per berry versus time are
shown for all three sites in the top portion of Figure 5. Similar
behavior for IBHP was observed for all three experiments:
IBHP was detectable at the earliest sampling point (4 weeks
preveraison, or approximately 3 weeks postbloom), increased to
a maximum on a per-berry basis at 0−2 weeks postveraison,
and then decreased during further ripening. For example, CF4
(Figure 5, right) had 12 pg IBHP/berry (21 pg/g) at 30 days
preveraison, which increased to 178 pg/berry (254 pg/g) at
veraison and decreased significantly by 43 days postveraison to
96 pg/berry (77 pg/g).
The highest IBHP concentration across all time points and

experiments was observed in California Merlot (Figure 5, left)
which peaked at 477 pg/berry (636 pg/g) at 8 days
postveraison, or nearly double the maximum IBHP observed
on both a per-berry and concentration basis in the New York
Cabernet franc samples. IBHP decreased more rapidly in the
Merlot samples, too, such that differences in final IBHP
concentrations were lower. Due to the limited number of sites,
it is not clear if the greater IBHP accumulation and faster
degradation observed in California Merlot was due to the
cultivar, the site, or some other factor.

Figure 4. By-weight concentrations of IBMP and IBHP in California
Merlot during ripening. The error bars represent the standard
deviation of the biological duplicates. The X-axis represents date of
sampling with respect to veraison (days postveraison, dpv). Data for
CF1 and CF4 are shown in Supplementary Figure 1 of the Supporting
Information. ∗ indicates no duplicate available.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf302990m | J. Agric. Food Chem. 2012, 60, 11901−1190811905



This work represents the first detailed time course study on
IBHP during the growing season, as previous studies have
measured IBHP at only a single point before veraison and
either one or two points after veraison.21,23 In earlier work by
our group, the IBHP concentration of New York State
Cabernet franc at 11 days preveraison was 68 pg/mL of juice,
comparable to the values observed 9 days preveraison in CF1
(80 pg/g), assuming the density of juice was ∼1 g/mL.
However, concentrations of IBHP from the Merlot in our study
were over an order of magnitude lower than the 15 nmol/kg
(1824 pg/g) IBHP concentrations reported in Japanese Merlot
at 40 days postbloom, presumably 2−3 weeks preveraison.21

Both of these previous studies on early-season IBHP sampled
at 1−2 weeks preveraison were based on the expectation that
the maximum IBHP concentration would be at the same time
as the maximum IBMP concentration. An important observa-
tion from our current work is that it is evident that this
assumption is incorrect and that the IBHP maximum occurs 0−
2 weeks following veraison.
As a caveat, the samples analyzed in our current study, along

with early studies, utilized grapes that were frozen and
thoroughly macerated prior to analysis. The effects of tissue
disruption on grape HP and MP concentrations are not well
studied. Whereas the addition of deuterated standards during
processing would account for sample losses due to, for example,
enzymatic degradation, the methodology cannot detect if the
measured pyrazines were present in the intact fruit or formed
only following tissue disruption.
Behavior of IBMP during the Growing Season. Time

course studies for IBMP per berry versus time at the three
experimental sites are shown in Figure 5, top. Similar to
previous studies,6,15 IBMP increased early in the season,
reached a maximum 1−2 weeks preveraison, and then
decreased through harvest. The maximum concentration of
IBMP observed across experimental sites was for the California
Merlot and the Finger Lakes CF1, both of which peaked at 357
pg/berry. However, the Merlot had a higher concentration on a

by-weight basis (628 pg/g) due to its smaller berry size. Not
only is this concentration ca. 2-fold higher than the maximum
IBMP concentrations observed for the other two sites, it is also
higher than the maximum concentrations observed for
Bordeaux cultivars in other time course studies.6,15,18 This
observation is somewhat surprising because higher IBMP
concentrations are generally associated with cooler climates,31

but the Central Valley of California is considerably warmer than
both the Finger Lakes region of New York and other sites in
which IBMP has been characterized, for example, Bordeaux.
However, our observations are in agreement with the results
from a recent multisite study in New York state on factors
correlated with IBMP accumulation,16 which observed that
factors associated with growth, particularly high water
availability and high temperatures, were best correlated with
higher IBMP accumulation. The California Merlot used in our
experiment was grown in irrigated conditions with high water
availability (O. Kaye, Constellation Brands, personal commu-
nication).
At two of the sites (Merlot and CF1), the decrease in IBMP

on a per berry basis appeared to begin the week prior to
veraison, as is generally observed in the literature,6,15,18

although the precise time of the onset of degradation was
limited by the frequency of sampling. However, in CF4, no
significant decrease in IBMP was observed until 10 days after
veraison. It is unclear why this behavior occurred. Regardless, at
the final CF4 sampling point, the IBMP concentrations had
decreased to a range of concentrations, 32 pg/g or 40 pg/berry,
previously observed in Bordeaux type grapes or varietal wines.6

Relationship of IBHP and IBMP during the Growing
Season. IBHP is hypothesized to be both the precursor of
IBMP preveraison21 and a degradation product of IBMP
postveraison.23 We observed a preveraison increase in both
IBHP and IBMP at all experimental sites, which is compatible
with the hypothesis that IBHP is methylated by VvOMT1 to
form IBHP preveraison. The maximum IBHP per berry
occurred ∼2 weeks after the IBMP maximum. Dunlevy et al.

Figure 5. Per-berry concentrations of IBMP (top) and IBHP (bottom) during ripening over the 2010 growing season for CA Merlot (left), NY CF1
(middle), and NY CF4 (right). The X-axis represents date of sampling with respect to veraison (days postveraison, dpv). The error bars show the
standard deviation of the biological duplicates. ∗ indicates no duplicate available.
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had previously observed a decrease in VvOMT1 expression
between 8 and 10 weeks postflowering, correlating with a
decrease in IBMP during the same time.22 Thus, a potential
explanation for the increase in IBHP at veraison is that a
portion of the IBHP pool is no longer methylated to IBMP,
allowing it to accumulate. Another explanation, not mutually
exclusive, is that the increase in IBHP is due to demethylation
of IBMP, a behavior previously observed in rats24 and proposed
to occur in grapes.23

Regardless of the biochemical mechanism, the earlier
hypothesis that IBHP postveraison could be used as a proxy
for maximum preveraison IBMP23 is not valid because IBHP
concentrations decrease during ripening rather than remain
stable through ripening as previously hypothesized. A potential
explanation is that a portion of the IBHP formed postveraison
is glycosylated, as acid treatment of grape juice significantly
increased IBHP concentrations by 33% in previous work.23 To
evaluate this hypothesis, we performed acid hydrolysis on the
57 day CF1 sample. We observed a nonsignificant increase (p >
0.05) in IBHP following the hydrolysis treatment, with 186 pg
IBHP/berry observed initially and 210 pg IBHP/berry
observed following hydrolysis.
Finally, we observed the highest concentrations of

preveraison and maximum IBHP on a by-weight basis in the
Merlot grapes, which was also the experimental site with the
highest IBMP concentration (w/w). For example, at the earliest
time point (27−30 days preveraison), the concentration of
IBHP in Merlot was 81 pg/g, whereas the concentrations of
IBHP in CF1 and CF4 were 18 and 12 pg/g, respectively. This
suggests that differences in IBMP accumulation may be
governed at least in part by differences in IBHP accumulation.
However, differences in VvOMT activity could also explain
variation in IBMP concentrations,32 but this was not measured
in the current study.
In conclusion, we have developed an SPE-GC-TOF-MS

methodology for quantification of IBHP in grapes capable of 20
ng/L detection limits with a 100 mL sample size. IBHP
concentrations peak approximately 2 weeks after maximum
IBMP concentration and then decline during ripening. Because
IBHP decreases after veraison, it does not appear possible to
correlate IBHP at harvest with preveraison IBMP as previously
hypothesized. The highest free IBHP concentrations were
observed in grapes with the highest IBMP concentrations.
Potentially, this may be because maximum IBMP accumulation
is dependent on IBHP accumulation. Future studies that
concurrently measure IBHP and IBMP concentration and
OMT activity during the growing season across a range of sites
or growing practices will be important for determining if
variation in IBMP accumulation among sites or cultivars is
governed by differences in IBHP accumulation as well as rates
of IBHP methylation.
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