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ABSTRACT: We report the development of MagMet-W (magnetic resonance for metabolomics of wine), a software program that
can automatically determine the chemical composition of wine via 1H nuclear magnetic resonance (NMR) spectroscopy. MagMet-W
is an extension of MagMet developed for the automated metabolomic analysis of human serum by 1H NMR. We identified 70
compounds suitable for inclusion into MagMet-W. We then obtained 1D 1H NMR reference spectra of the pure compounds at 700
MHz and incorporated these spectra into the MagMet-W compound library. The processing of the wine NMR spectra and profiling
of the 70 wine compounds were then optimized based on manual 1H NMR analysis. MagMet-W can automatically identify 70 wine
compounds in most wine samples and can quantify them to 10−15% of the manually determined concentrations, and it can analyze
multiple spectra simultaneously, at 10 min per spectrum. The MagMet-W Web server is available at https://www.magmet.ca.
KEYWORDS: NMR, metabolomics, wine, mixture quantification, automation

■ INTRODUCTION
Wine is one of the oldest beverages in the world, with evidence
of its production first appearing in a village known as
Shulaveris Gora in the Eastern European country of Georgia
nearly 8000 years ago.1 Since its first appearance in the
neolithic period, wine has become increasingly integral to
many regional diets as well as religious, ceremonial, and
cultural activities around the world.2 Wine is also believed to
have a number of health benefits when consumed in
moderation (at most 1−2 glasses per day3) with protective
associations being noted for cardiovascular disease, athero-
sclerosis, hypertension, certain types of cancer, type 2 diabetes,
neurological disorders, and metabolic syndrome.2,4 Given its
long history, its widespread cultural or social importance, and
its potential health benefits, wine is now produced, sold, and
consumed in >180 countries, with more than 25 billion liters
produced per year.5 This corresponds to a global annual
market value of approximately USD $500 billion.6 Because of
wine’s high market value, it is important to have a detailed
picture of the chemicals contributing not only to its potential
health benefits but also to each wine’s unique flavor profiles,
origins, and details about specific wine faults, additives, or
contaminants in wines. Such measures will not only aid in
understanding which compounds contribute to a given wine’s
presumptive health benefits but also help improve wine
consistency, enhance quality assurance, offer better traceability,
provide improved fraud prevention, and support greater
consumer safety.

The chemical characterization of wine has been of interest to
not only vintners and oenologists but also to analytical
chemists for many decades.2,7,8 Hundreds of chemicals,
including both volatiles and nonvolatiles, are known to be in
wines (www.foodb.ca). These contribute to the flavor,

appearance, aroma, mouthfeel, sedative/stimulant properties,
or nutrient profile of a given wine.9−12 For instance, ethanol,
the second most abundant compound in wine (after water), is
responsible for not only the well-known stimulant/sedative
effects of alcohol consumption but also the mouthfeel,
bitterness, and mild burning sensation experienced when
drinking wine. The amount of sugar (e.g., fructose, glucose,
and sucrose) in wine is responsible for its dryness (low sugar)
or sweetness (high sugar). Wine flavors can also be moderated
by the abundance of certain amino acids (e.g., proline and
glutamate) which contribute to sweetness or food-like and
umami flavors. The tartness and acidity of wine are controlled
by its pH and the levels of organic acids (e.g., succinic, malate,
lactate, and galacturonate). Other alcohols in wine, such as
glycerol, contribute to the viscosity and body of wine, while
2,3-butanediol gives wine a creamy, buttery flavor and 2-
phenylethanol gives wine a rose or floral flavor. Certain esters
such as ethyl acetate give wine a cherry-like flavor, while ethyl
lactate gives wine a fruity flavor. Not all compounds found in
wine are beneficial or pleasant. Some can be toxic, such as
methanol, while others such as acetate, can give wine a cheesy/
sour taste (and may also indicate bacterial contamination), or
still others such as such as dimethylsulfone or dimethylamine
can be unpleasant and foul smelling.13−17 Some compounds
such as hydroxymethylfurfural have been used to indicate wine
storage time.18 Given their importance in wine quality and
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taste, the reliable measurement of these compounds gives
winemakers another tool to detect batch-to-batch variations in
taste, aroma, quality, or contaminant profiles and offer a more
consistent, fault-free product. Uncontrolled or undetected
batch-to-batch variations can have dire consequences for sales,
product valuation, consumer satisfaction, and human health.

To supplement current methods of assessing wine quality,
safety, and authenticity, as well as to determine wine varieties
or wine provenance, comprehensive, low-cost, high-throughput
methods to identify and quantify dozens to hundreds of wine
chemicals would be invaluable. A range of techniques can be
used to comprehensively characterize the chemical content of
wine, including liquid-chromatography mass spectrometry
(LC−MS), gas chromatography (GC) MS (GC−MS),
inductively coupled plasma (ICP)−MS, capillary electro-
phoresis (CE), high performance (HP) LC, atomic absorption
spectrometry (AAS), Fourier-transform infrared spectroscopy
(FT-IR), and NMR. Because of their high sensitivity and
widespread compound coverage, the most chemically
comprehensive wine analyses are typically MS-based.13,19−25

However, these MS approaches tend to be expensive and time-
consuming (in terms of sample preparation), not intrinsically
quantitative, and inherently destructive. More recently, NMR
has become a popular approach for characterizing wine.25−30

Despite being less sensitive and requiring larger sample
volumes than MS, NMR has several major advantages: it is
cheaper (on a per sample basis), it is far more automated and
automatable, it is intrinsically quantitative, it uses simpler
sample preparation protocols, and it is nondestructive. While
the cost of initially acquiring a high-resolution NMR
instrument is much higher than acquiring an LC−MS or
GC−MS system, this cost is generally offset by the far lower
instrument maintenance costs, the much longer operational
lifetime, the lower staffing costs, the higher sample throughput,
the ease of complete automation, the cheaper and faster sample
preparation, and the lower reagent costs associated with
absolute quantification by NMR.

Both targeted and untargeted 1D and 2D 1H- and 13C NMR
spectroscopy have been employed for wine profiling.25−27,29

Wine analysis has also been performed using solid state
NMR31 and benchtop NMR.32 To date, most in-house
approaches to wine analysis by NMR have been very manually

intensive with highly variable protocols and relatively
inconsistent outcomes.28 Indeed, manual spectral analyses by
NMR can be very time-consuming (30−60 min per spectrum)
and can introduce operator’s bias and inconsistency in
results.33,34 In an effort to reduce time and improve
consistency for NMR-based wine profiling, Bruker Biospin
introduced its commercial WineScreener system in 2015.35,36

The WineScreener system used a modified 400 MHz NMR
instrument that is specially adapted for push-button operation.
The WineScreener instrument uses a proprietary collection of
reference 1H NMR spectra (of both wines and individual wine
compounds) and proprietary software to enable the full
automation of wine analysis. More recently, Bruker has
adapted the WineScreener system to analyze juice, honey,
and olive oil so WineScreener is now sold as the FoodScreener.
While the Bruker system is highly automated, robust, and
intrinsically appealing, it also has its drawbacks. In particular,
the system methodology is closed source and confidential,
limited in its chemical coverage (due to the low NMR field
strength) and not transferable to other NMR instruments or
NMR field strengths.

In an effort to overcome these limitations, we developed a
fully automated wine analysis software package that is
transferrable to almost any existing NMR instrument at almost
any NMR field strength. Our approach involves modifying a
software package we previously developed called MagMet
(http://magmet.ca).37,38 MagMet is a web-based server
capable of completely automated detection and accurate
quantification of metabolites from 1D 1H NMR spectra of
complex chemical mixtures. We have demonstrated the
application of MagMet to the automated analysis of human
serum, plasma,38 and fecal samples.37 MagMet’s data
processing is robust and very efficient. It performs automatic
Fourier transformation, phase correction, baseline optimiza-
tion, chemical shift referencing, water signal removal, and peak
picking. The program then uses the peak position information
from its own standard reference library of 1H NMR spectra to
identify and quantify the metabolites via peak pattern matching
and spectral deconvolution.38

Here, we report further optimization of MagMet to extend
its support to wine testing and chemical profiling (called
MagMet-W). We have created a comprehensive 1D 1H NMR

Figure 1. Major metabolites detected in the 1D 1H NMR spectra of four wines (by percentage) automatically identified and quantified by MagMet-
W.
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spectral library (at 700 MHz) of chemicals that can be
detected by NMR in wine samples including alcohols, sugars,
amino acids, organic acids, esters, and adulterates (Figure 1).
Additionally, we have performed complete profiling of 70 wine
compounds on four different training wine samples (Sauvignon
Blanc, Cabernet Sauvignon, Shiraz, and Concord). We then
compared the MagMet-W automated results to manually
measured results performed using spectral profiling software
(Chenomx39). After optimization of the processing and fitting
protocols, we found an excellent correlation between the
manually identified/quantified compounds and the automati-
cally identified compounds with an overall mean absolute
percentage error (MAPE) of 14% and median absolute
percentage error of 9%. The processing time is 10 min per
spectrum. MagMet-W is available at www.magmet.ca.

■ MATERIALS AND METHODS
Materials. HPLC grade water, potassium phosphate monobasic

(≥99%), potassium phosphate dibasic (≥98%), deuterium dioxide
(D2O, 99.9%), deuterated 2,2-dimethyl-2-silapentane-5 sulfonate
(DSS-d6), potassium disulfite, and Amicon (0.5 mL) 3 kDa molecular
weight cutoff (MWCO) filtration units (Millipore, Burlington MA,
USA) were purchased from Sigma (Oakville, Canada). 2-Chloropyr-
imidine-5-carboxylic acid (CPCA, 98%), which is used as a spectral
phasing standard, was purchased from ArkPharm (Libertyville, USA).
The vendors of the stock compounds used to create the MagMet-W
spectral library are listed in Supporting Information Table S1. NMR
tubes (3 mm) were purchased from Bruker Ltd. (Milton, Canada).
The Chenomx NMR Suite (Version 8.0) NMR metabolomics
software, which was used for manual profiling, was purchased from
Chenomx Inc. (Edmonton, Canada).

Wine Sample Preparation. Four wine samples were used to
develop, refine, and test the MagMet-W algorithm: Oyster Bay
Sauvignon Blanc, Barefoot Cabernet Sauvignon, Yellow Tail Shiraz
and Manischewitz Concord (see Supporting Information, Table S2).
These wines were selected because they were made from different
grape varieties, covered a range of wine types (red, white, dessert),
and came from different growing regions around the world. Barefoot
Cabernet Sauvignon is a red wine made from Cabernet Sauvignon
grapes grown in California’s Napa Valley. Oyster Bay Sauvignon Blanc
is a white wine made from Sauvignon Blanc grapes grown in the
Marlborough region of New Zealand. Yellow Tail Shiraz is a red wine
made from Shiraz grapes grown in New South Wales, Australia.
Manischewitz Concord is a sweet kosher red wine made from
Concord grapes grown in the northeastern US. Each wine was
purchased locally in Edmonton, Alberta, Canada and stored at room
temperature until opened. To further validate the MagMet-W
profiling, an additional set of six different wine samples were
purchased, each representing a variety of wine types or wine-growing
regions and analyzed using the MagMet-W software (see Supporting
Information Table S3). Each wine sample was prepared for NMR
analysis following the standard procedures for MagMet.37,38 However,
for wine samples, some steps may be best performed with some minor
methodological alterations (detailed in the Results and Discussion
section). Initially, 0.5 mL of each sample was filtered through a
thoroughly prewashed Amicon 3 kDa MWCO centrifugal filter. Next,
200 μL of the filtrate was mixed with 50 μL of 5× NMR buffer (750
mM phosphate buffer pH 7, 5.0 mM DSS-d6, 5 mM CPCA, and 50%
v/v D2O). The samples were then centrifuged briefly for 5 min and
finally 200−250 μL of each sample were loaded into 3 mm SampleJet
NMR tubes.

Preparation of Metabolite Standard Solutions. To create the
MagMet-W spectral library, stocks of reference compound solutions
were prepared for each compound. In particular, 20−40 mM stock
solutions of each pure compound were prepared by dissolving it in
HPLC grade water (see Table S1). Standard concentrations were
determined by weight (as measured on a Sartorius CPA225D
microelectronic balance with a precision of 0.0001 g). NMR standard

samples were prepared by diluting stock solutions to 1−10 mM.
Additionally, to generate the reference sample of acetaldehyde
bisulfite, a 5-fold excess of potassium disulfite was added to an
acetaldehyde solution. To prepare the reference compounds for NMR
acquisition, 200 μL of each sample was transferred to a 1.5 mL
microcentrifuge tube and mixed with 50 μL of 5× NMR buffer.
Consequently, each NMR sample contained 150 mM phosphate
buffer, 1.0 mM DSS-d6, 1.0 mM CPCA, and 10% D2O. The pure
compound stock solutions were also used to spike samples of white
and red wine to assist in the identification of peaks in the NMR
spectra. For these spiking experiments, samples of wine in an NMR
buffer were prepared as described above, with the additional step of
spiking each wine sample with an appropriate amount of pure
compound solution. The compound spiking was performed after the
filtration step but before the addition of the NMR buffer. Comparison
of the peak intensities in the NMR spectra of wine samples with and
without compound spiking helped to identify the correct peak
positions for the spiked compound.

NMR Spectroscopy. All 1D 1H NMR spectra for the library
reference compounds and wine samples were acquired using a Bruker
AVANCE III 700 MHz spectrometer (Bruker Biospin, Rheinstetten,
Germany) equipped with a triple resonance 5 mm CryoProbe.
Samples in NMR tubes were centrifuged for 1 min at 800 × g to
remove bubbles and were stored in an NMR autosampler (SampleJet
Bruker) set at 4−10 °C. Each sample was prewarmed to 25 °C before
insertion into the spectrometer. All samples were locked using the
D2O signal, and the probe was matched and tuned. Each sample was
shimmed individually by using the automated routines available in the
TopSpin software (version 3.6.2). Shimming was performed to
achieve a symmetric DSS peak with a peak width of less than 1 Hz. All
1D 1H NMR spectra were obtained using a 1D 1H-NOESY
(noesypr1d) pulse sequence, with a 2 s recovery delay with low-
power presaturation for water suppression, a 50 ms mixing time with
water saturation, and a 4 s acquisition time. The transmitter frequency
was set to 4.7 ppm, and the sweep width was set to 12 ppm. The gain
and pulse widths were calibrated automatically for each sample by the
software. Eight dummy scans were used, after which 128 transients
were collected. The same parameters were used for all of the spectra.
Spectra were reacquired or the samples remade in case of poor line
shape quality or line width higher than 1 Hz.

For the comparative performance studies, NMR spectra acquired
for wine sample analysis (using the protocols described above) were
manually processed and profiled using the Chenomx NMR Suite
(Version 8, Chenomx, Inc., Alberta, Canada). Specifically, the 1D 1H-
NOESY spectra were processed using the Chenomx software. The
spectra were zero-filled to at least twice the original data size, and
exponential line broadening was applied such that the DSS peak width
was 1 Hz. In all cases, a manual baseline correction was applied. For
manual profiling, wine samples were quantified using a combination of
the Chenomx-provided 700 MHz compound library and an in-house
compound library acquired at 700 MHz. Concentrations reported in
this article (μmol/L) have been corrected for dilution with the NMR
buffer.

Developing the NMR Wine Spectral Library and the
MagMet-W Software. Individual 1D 1H NMR reference spectra
for each of the 70 identified wine compounds were obtained using the
NMR spectral collection parameters described above and as described
elsewhere.37,38 The concentrations of each metabolite were
determined via precision weighing. The spectra were processed
using TopSpin (version 4.0.6) and converted into XML formatted
files (using a specially developed in-house program called NMRLib)
to capture information about peak positions, cluster positions, peak
intensities, and peak widths for each compound. All reference NMR
spectra used in the MagMet-W spectral library had to meet certain
minimal standards (Lorentzian line shapes, line widths <1 Hz, flat
baseline, proper phasing, etc.), and if they failed, the spectra were
reacquired.

The algorithm, design and testing of the MagMet software was
described previously.37,38 MagMet is a 1D 1H NMR spectral
processing and spectral deconvolution program written in Python
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(version 3.11) that makes use of functions contained in the
NMRGlue40 package (version 0.9) to facilitate spectral processing.
Additional Python functions have been written to support automated
phasing, baseline correction, water removal, chemical shift referenc-
ing, and peak picking. Spectral deconvolution is performed through
comparisons and iterative fitting between the spectral peak list and the
compound peak lists in the MagMet-W spectral library. A web-based
interface to the MagMet-W profiling software was developed using the
Ruby on Rails web framework, which manages the submission and
queueing of the automatic processing and profiling. The Web site also
includes an in-house developed NMR spectrum viewer (called
JSpectraViewer41) which can be used to visualize and manually
adjust the results of the automated profiling by MagMet-W. After
construction and optimization of MagMet-W was completed, the new
version of the software was ported to the MagMet Web server, located
at https://www.magmet.ca.

■ RESULTS AND DISCUSSION
Wine Sample Preparation. Several different protocols for

preparing wine samples for NMR analysis have been described
or proposed including liquid−liquid extraction, solid-phase
extraction or drying/lyophilization (to remove ethanol).11,26,27

To ensure compatibility with our existing spectral library of
compounds for analyzing serum and fecal water, we followed
similar procedures for NMR sample preparation that we used
previously for MagMet.37,38 The first step in our standard
sample preparation process involves ultrafiltration of the
samples. This helps remove particulates such as tartaric acid
crystals or other precipitates as well as higher molecular weight
compounds such as proteins or lipids, which can affect the
overall quality of the NMR spectrum. While the samples used
in this study were filtered, we have since found that the
filtration step has minimal effect on the NMR spectra of wine
(Figure S1), and so the filtration step can likely be omitted for

Figure 2. 1D 1H NMR spectra of wine samples. Wine samples were prepared as described in Materials and Methods, with ultrafiltration, a strong
phosphate buffer at pH 7, and DSS and CPCA (singlets at 0.00, 9.04, and 8.75 ppm) used for referencing and automated processing of the spectra.
The aromatic region (A) is shown at a 100× higher scale compared to the aliphatic region (B). The samples represent from top to bottom:
Sauvignon Blanc (blue), Concord (orange), Shiraz (green), and Cabernet Sauvignon (red). The asterisk denotes a spectral artifact we observe in
our spectra.
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most wine samples. Some NMR protocols lyophilize wine
samples to remove ethanol,42−44 which dominates the
spectrum and prevents analysis of spectral peaks near the
ethanol peaks. Our sample preparation protocol did not use
lyophilization, since it can also remove important volatile
compounds.45 When a strong phosphate buffer was added to
our samples, the pH of the wine samples ranged between pH 6
and 7, as measured by a pH meter. This pH shift was also
independently confirmable by the chemical shift of the acetate
peak which, for these samples, ranges from ∼1.91 to 1.92 ppm
as expected for acetate in its basic form.46 The pH of wines
normally varies between 2 and 4 and is dependent on
numerous factors including grape quality, fermentation
conditions, and the quantity of acidic compounds present.
The use of a strong phosphate buffer helps to normalize the
pH of the samples, thereby reducing variation in the NMR
spectra from the movement of peaks that originate from pH-
sensitive compounds.

As shown in Figure S2, there are large chemical shift changes
(up to 0.4 ppm) between the NMR spectra of wines at pH 7
and those of wines at pH 3, which can be attributed to pH-
sensitive compounds (due to protonation). Other compounds
(sugars, alcohols) show little or no chemical shift change.
While the wine spectra cannot be perfectly superimposed after
the buffering step, the chemical shifts typically differ from their
reference values by a very small amount (<0.02 ppm) which is
sufficient for reliable identification of these compounds using
both Chenomx and MagMet-W. The neutral pH also allows us
to better match the standard Chenomx compound library and
our own custom library of standard compounds, which were
developed for human biofluids at a pH of 7.0−7.4.

For the compounds measured in this paper, the solubility
and stability do not appear to be different at pH 7 versus pH 3.
However, some compounds, such as glucose and acetaldehyde,
exist in a pH induced equilibrium between different forms in
solution. The interconversion between these forms and the
ratio between these forms is significantly influenced by pH.
Therefore, a consistent pH between the reference standards
and the wine samples is necessary for accurate quantification.
For other compounds, such as malate, the change in
protonation state with pH can influence this compound’s
ability to coordinate metal ions. This can lead to differences in
chemical shifts or line widths at different pH values, or
depending on the sample contents, between different samples.
Again, choosing a consistent sample preparation methodology
can help minimize these differences. MagMet-W’s quantifica-
tion algorithm assumes that compounds such as malate are not
coordinated. As discussed later, the MagMet-W interface offers
the ability to visually inspect the results and identify any issues
that may influence compound quantification. The buffer also
includes 1.0 mM DSS as an internal concentration and
chemical shift standard, as well as CPCA with a well-resolved
peak at 9.04 ppm, which is used as a phasing standard by
MagMet.

As noted earlier, all wine samples were centrifuged to bring
down any residual liquid on the sides of the sample containers
as well as to ensure that the samples were free of precipitates
(if any) before loading the samples into NMR tubes. We did
observe some precipitate, which we speculate could be due to
the formation of magnesium and calcium phosphates (which
do not affect the 1H NMR spectra). The potassium present in
our buffers may also cause the precipitation of tartarate, as
discussed later. Finally, we used 3 mm NMR tubes which

require smaller volumes (∼200−250 μL) and provide
increased sensitivity for samples of high iconic strength
(common for biological samples), particularly for cryprobes.47

However, the procedures outlined above and the MagMet
software are fully compatible with more common 5 mm tubes,
although 600−700 μL of total sample would be required.

The 1D 1H-NOESY pulse sequence was chosen for its
simplicity and for its good water suppression properties.48 It
was also chosen for consistency with our established library of
compounds (which were also obtained by using the same 1D
1H-NOESY experiment). Since the samples were run using our
NMR instrument’s full automation mode, every sample had
automated gradient shimming to ensure that the spectral
quality was sufficient for automated peak picking and fitting by
MagMet-W. It also ensured that the sample spectral quality
matched the spectral quality used for the reference library. The
1D 1H NMR spectra of the four wines used for training and
refining the MagMet-W algorithm are shown in Figure 2. As
expected, the ethanol signal was dominant in all spectra (at
1.18 and 3.65 ppm). The ethanol peak also created an artifact
at 6.10−6.15 ppm that appeared as a negatively phased
multiplet. This artifact appears to be correlated with the level
of the ethanol concentration in the NMR samples; lower
ethanol concentrations (such as in beer), do not exhibit this
spectral artifact. We speculate that this spectral aberration may
be a quadrature artifact, as it appears in a position opposite to
the ethanol CH2 signal. The internal CPCA standard gave a
well resolved singlet at 9.04 ppm and a second singlet from an
impurity at 8.75 ppm and the internal DSS standard yielded a
well-resolved singlet at 0.00 ppm.

Calibration, Referencing and Optimization for Mag-
Met-W. To create a MagMet-compatible spectral library for
wine analysis, three steps were taken. First, NMR detectable
chemicals in wine were identified through a review of the
literature11,28,30,36,45,49−61 and from prior NMR wine studies in
our lab. These previous studies identified wine chemicals
through manual profiling using Chenomx software and its
standard chemical library. Second, the Chenomx NMR Suite
8.0 library was manually expanded by collecting NMR
reference spectra for wine compounds not already in the
Chenomx standard library. This was done following protocols
described in the Chenomx software manual. The concen-
trations of the compounds in the reference spectra were
determined from the weight (if a solid) or volume (if a liquid)
of the compound that was used to prepare each of the stock
solutions. The ratio between the intensities of the compound
peaks and an internal standard were used to determine the
concentration in the wine samples with the same peaks, so long
as the spectra were acquired with the same pulse sequence
parameters.39 This procedure for quantification, which is used
for both Chenomx and MagMet-W, contrasts with “qNMR”
methods, where concentrations are determined directly by the
integration of the signals. However, qNMR requires that
spectra be acquired using long delays (30−60 s) and
consequently long acquisition times (1−2 h). Third, the
wine spectra for the four training wines were manually profiled
by using the expanded Chenomx library to determine which
compounds could be reliably identified and quantified. Spiking
experiments were performed for compounds that were difficult
to identify from the wine samples alone. These experiments
helped to reveal the correct position of the compound peaks,
allowing for their accurate identification. Several examples are
shown in Figure S3. Notably we found additional unexpected
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Table 1. Table of Wine Compounds and Their Concentrations in mg/L Determined by Automatic Spectral Profiling Using
MagMet-Wa

HMDB name median range literature refb

HMDB00108 ethanol 74,210 58,182−107610 71,010−102570 62
HMDB00131 glycerol 7074 3456−12007 7000−10000
HMDB00660 fructose 5226 117−69835 200−4000
HMDB00122 glucose 2884 94−52103 500−1000
HMDB00956 tartarate 1044 721−1608 2000−6000
HMDB00190 lactate 764 73−2055 0−3000
HMDB00254 succinate 710 216−1017 500−1000
HMDB03156 2,3-butanediol 619 278−1283 200−3000 65
HMDB02545 galacturonate 509 106−1935 100−1000
HMDB00162 proline 500 179−2692 0−4000
HMDB00156 malate 453 36−4003 2000−7000
HMDB00211 myo-inositol 380 173−817 220−730 66
HMDB00042 acetate 338 200−877 100−500
HMDB06007 isoamylalcohol 169 79−307 84−333
HMDB00646 arabinose 148 40−586 500−1000
HMDB00975 trehalose 116 53−444 5−250 67
HMDB01875 methanol 112 17−258 21−194
NA acetaldehyde (bisulfite) 88 6−214 30 ± 70 64
HMDB40735 ethyl lactate 86 4−320 5−50
HMDB00606 2-hydroxyglutarate 69 14−135
HMDB00098 xylose 67 14−314 4−41 67
HMDB00143 galactose 48 19−137 0−100
HMDB33944 phenylethanol 46 14−72 40−153
HMDB31527 2-methylbutanol 42 14−82 16−31
HMDB00112 4-aminobutyrate 31 0−56 0−580
HMDB00161 alanine 30 0−165 0−200 68
HMDB04284 tyrosol 29 11−39 20−60 69
HMDB00820 propanol 28 14−81 11−125 70
HMDB00097 choline 27 5−43 34−45 71
HMDB06006 isobutanol 27 12−65 25−87
HMDB03070 shikimate 26 0−74 3−36 72
HMDB00267 pyroglutamate 24 9−69 0−610 73
HMDB31217 ethyl acetate 20 1−86 5−63
HMDB05807 gallate 19 1−52 0−70
HMDB00208 oxoglutarate 18 10−101 0−74
HMDB00062 carnitine 17 1−48
HMDB00094 citrate 16 3−135 100−700
HMDB13680 caftarate 16 7−51 0−40
HMDB03243 acetoin 13 2−47 0−60
HMDB00191 Aspartate 13 0−20 19 ± 16 74
HMDB00149 ethanolamine 13 4−24 4−17 75
HMDB00687 leucine 11 0−39 0−32 68
HMDB00875 trigonelline 11 5−22 5−43 76
HMDB00159 phenylalanine 10 2−22 0−38 68
HMDB00158 tyrosine 8 0−16 0−30 68
HMDB00168 asparagine 7 1−27 0−42 68
HMDB02780 catechin 7 0−24 15−45
HMDB00243 pyruvate 6 0−28 0−25
HMDB00296 uridine 6 2−20
HMDB00043 betaine 6 0−11 10 77
HMDB00696 methionine 5 2−9 0−14 68
HMDB00214 ornithine 5 0−11 0−74 78
HMDB00671 indole-3-lactate 5 1−22
HMDB02085 syringate 5 0−12 7−590 79
HMDB00300 uracil 4 0−8
HMDB01871 epicatechin 4 0−26 10−65
NA 1,3-propanediol 3 0−7
HMDB00142 formate 3 1−6 20−90 80
HMDB01964 caffeate 3 0−15 0−2 81
HMDB02322 cadaverine 3 0−15 0−3 82
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changes to the NMR spectrum after spiking with acetaldehyde,
which appeared to be assignable to the bisulfite adduct of
acetaldehyde (Figure S3B−D).

In total, 70 compounds were identifiable in the four training
wine samples. The compounds, their median concentrations,
and ranges, along with their expected values from the literature,
are listed in Table 1. The pie chart in Figure 1 summarizes the
metabolites and metabolite classes present in these wines.
While most of the 70 compounds were common to all four
training wines, they were present in different amounts (Table
S2). As expected, the ethanol concentration dominated the
NMR spectra (Figure 1), with three of the wines having
ethanol concentrations in the ∼12−15% range (Table S2),
while the Concord wine contained a lower ethanol
concentration of ∼7%. Most of the wines are quite dry, with
low sugar (glucose plus fructose) concentrations in the 4−10
g/L range (Table S2), while the Manischewitz wine shows a
much higher sugar concentration (120 g/L) due to fortification
with high-fructose corn syrup. Amino acids, such as proline
and glutamate, which contribute to some of the more complex
flavors in wine, were detected in all wines. Organic acids such
as malate, tartarate, and succinate, responsible for tart or sour
taste of wine, were also identified in all four wines (Table 1).
We note that the tartarate concentrations in our samples
appear to be low (0.7−1.6 mg/L) compared to the typical
concentrations reported in wine (2−6 mg/L). Our protocol for
buffering wine samples uses a potassium phosphate buffer.
However, it is known that tartarate can precipitate in the
presence of potassium, which likely results in the lower-than-
expected concentrations observed here. The use of a sodium
phosphate buffer, instead of a potassium phosphate buffer as
used in this study, could reduce the degree of precipitation and
may provide more accurate tartarate concentrations. We also
identified sorbate, a common preservative, in Concord wine.
Several compounds that could potentially be a wine fault
including acetate and acetone were found in all four wines.
Hydroxymethylfurfural, an indicator of the time wine has spent
on the shelf,18 was also present in varying levels in all four
wines. We were also able to confirm the presence of the
bisulfite adduct of acetaldehyde in our samples, even when no
free acetaldehyde could be observed. Such sulfite adducts
result from the addition of potassium metabisulfite or SO2 gas
to wines as a preservative.62−64 Overall, these 70 compounds
accounted for 55% of the area of the aromatic region and 95%
of the area of the aliphatic region.

Optimization of MagMet for Wine Profiling. After
identifying 70 reliably measurable wine compounds through
manual profiling, we then determined if our earlier versions of

MagMet37,38 could correctly process the wine NMR spectra.
We found that the original MagMet could indeed process wine
spectra but needed slight modifications. MagMet normally uses
the peaks originating from the DSS and CPCA to determine
the correct phasing parameters for each 1H NMR spectrum.
However, small errors in the phasing of DSS and CPCA are
amplified in the much larger ethanol peaks found in wine,
which resulted in slightly out-of-phase peaks for ethanol. This
affected the baseline correction step. To correct this error, an
additional phasing step was added to the MagMet-W algorithm
to identify the large ethanol peaks and further refine the
phasing parameters using those out-of-phase peaks. This
ethanol phasing correction resulted in a much better-quality
NMR spectrum. The original version of MagMet would then
adjust the baseline by iteratively attempting to separate signal
and baseline regions and then fit the baseline regions to a
smooth curve. We found that we needed to specifically ignore a
negatively phased artifact at 6.10 ppm that appears to be
caused by the large ethanol signal (Figure 2A). For baseline
correction, MagMet-W assumes that all of the peaks are
positive, except for the water region (which is excluded during
baseline correction). MagMet-W does not handle negative
peaks. Therefore, this region was excluded from the baseline
correction algorithm.

The next step was to assemble the MagMet-W wine library
consisting of 1H NMR spectra for the 70 compounds identified
by manual profiling. Spectral library files for compounds that
were common to other biofluids in MagMet were reused, while
spectral library files for wine-specific compounds were
collected. Due to the high concentration of ethanol in wine,
the 13C satellite peaks were included in the ethanol spectral
library files.

The MagMet-W wine spectral library data and spectral
fitting parameters were then optimized to give the best visual
fit of the expected peak cluster positions and intensities for the
corresponding compounds. In general, the optimization
involved careful, manual adjustment of the chemical shift
ranges of peak clusters to properly identify the peak cluster
positions as well as the weighing of particular regions of the
NMR spectrum more than others to properly fit the observed
spectral intensities. Despite the normalization of sample pH
(to 7.0) and chemical shift referencing to DSS, we observed
variations in several peak positions in the wine spectra.
Notably, the sugar (glucose and fructose, Figure 3A) and
ethanol chemical shifts (Figure 3B) appeared to have a
dependence on sugar and/or ethanol concentration. We
speculate that these chemical shift changes are due to “matrix
effects” on the DSS molecule and various metabolites in the

Table 1. continued

HMDB name median range literature refb

HMDB00034 adenine 2 0−9
HMDB00060 acetoacetate 2 1−3
HMDB34355 5-hydroxymethyl-2-furancarboxaldehyde 1 0−29 1−74
HMDB29581 sorbate 1 0−175 0−200 83
HMDB00134 fumarate 1 0−2 0−600 84
HMDB01659 acetone 1 0−4
HMDB00056 beta-alanine 1 0−22
HMDB00258 sucrose 0 0−1410 0−200
HMDB00954 ferulate 0 0−6 0−2 85
HMDB00990 acetaldehyde (free) 0 0−2 1 ± 1 63

aExample ranges from the literature are also provided. bFrom ref 62 unless otherwise stated.
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sample. We suspect weak interactions between various
molecules and ions in different samples can cause subtle
sample-to-sample variations in the chemical shifts of the
measured molecules. Similar chemical shift changes are also
evident in the methyl region of most wines (Figure 3C).
However, as these shifts were small, careful adjustment or
expansion of the cluster chemical shift ranges in MagMet
enabled their proper identification without the need for any
additional spectrum or peak alignment.

After optimizing the spectral processing, MagMet-W spectral
library files, and fitting parameters for wine, we obtained an
excellent fit to the wine spectra for the given reference
compounds. An example fit from one of the wines (Sauvignon
Blanc) is shown in Figure 4. Figure 4A shows the fit of the
aromatic region, including amino acids such as phenylalanine
and tyrosine, phenolic compounds such as phenylethanol,
caftarate, and ferulate, and the aromatic precursor shikimate.
Figure 4B shows the anomeric region with the major reducing
sugars (glucose, xylose, trehalose, and galacturonate) identi-
fied. Figure 4C highlights the aliphatic region with glucose,
fructose, ethanol, and glycerol as well as tartarate and malate.
Figure 4D shows proline and a number of organic acids,
including malate, succinate, and acetate. Figure 4E shows the

methyl region of the NMR spectrum, containing the second
ethanol peak and various organic acids, amino acids, and
alcohols, with 2,3-butanediol being the most prominent. A
number of peaks, notably in the aromatic region, are as yet
unidentified. Further work is ongoing in our laboratory to
identify these peaks.

As a final step, the optimized wine spectral library along with
MagMet-W was added to our publicly available server at www.
magmet.ca, and the four wine spectra were uploaded for
automatic processing and profiling. The MagMet-W server
runs on an 8 × 1.8 GHz CPU and so is currently capable of
analyzing up to 8 spectra simultaneously. The analysis of the
wine spectra takes an average of 10 min per spectrum on the
server. This is significantly faster than the 30−60 min per
spectrum generally required for manual processing and
quantification. Additionally, MagMet-W can be set up to
analyze multiple spectra in parallel, resulting in a further
increase in the throughput.

Comparison of Manual Profiling with MagMet-W. To
assess the accuracy and correctness of the compounds
identified and concentrations obtained by MagMet-W, we
compared the MagMet-W results with the Chenomx manually
profiled results. A plot of the measured concentrations for the
four wine samples is shown in Figure 5. Overall, the correlation
is excellent, with an R2 value of 0.9997, an MAPE of 14%
(root-mean-square error or RMSE of 20%) and a median
absolute percent error of 9%. Using the Jaccard similarity
coefficient, which quantifies the average overlap between the
metabolites detected (or not detected), a score of 96%
between MagMet-W and Chenomx profiling was obtained
(using compounds with levels >10 μmol/L). Using sensitivity
and specificity scores, where the compounds identified via
manual profiling were considered the gold standard, an average
sensitivity of 97% and specificity of 94% were obtained. These
results suggest that MagMet-W is somewhat conservative in
compound identification, with a bias toward false negatives,
but few false positive identifications.

A closer examination of the spectra in Figure 4 and
concentrations in Figure 5 shows small discrepancies with the
concentrations in the experimental spectrum, the Chenomx
manually determined concentrations, and the MagMet-W
determined values. The MagMet-W fit (Figure 4) shows that
some simulated clusters are slightly misplaced, relative to the
true cluster position. This happens because MagMet-W is
unable to identify the peaks for a particular cluster because
other peaks overlap and obscure the peaks in that compound.
For example, around 3.75 ppm, the upfield CH2 satellite of
ethanol and the Hα peak of proline are partly obscured by
peaks from glycerol and fructose, respectively. However, their
concentrations are still correctly determined because other
sufficiently resolved peak clusters, for example, the Hγ and Hδ
peaks for proline at 2.0 ppm, can be used by MagMet-W for
quantification. Galactose is occasionally underestimated by
MagMet-W (Figure 5). Notably for the Concord wine, this
appears to be a result of a downfield shift of the anomeric
doublet around 5.25 ppm. This results in a misassignment by
MagMet-W of one of the two peaks in the doublet to a smaller
peak in the same region. For pyroglutamate, beta-alanine, and
asparagine, the differences appear to result from differences in
baseline correction between the two programs, with MagMet-
W having a preference for a slightly stronger baseline
correction. Differences in baseline correction between
MagMet-W and Chenomx and inconsistencies in baseline

Figure 3. Sample-dependent chemical shifts and line broadening
effects in the four wine samples: Sauvignon Blanc (blue), Concord
(orange), Shiraz (green), and Cabernet Sauvignon (red). Spectra are
normalized and referenced to the DSS peak at 0.00 ppm. (A)
Fructose, (B) ethanol, (c) isoamyl alcohol (doublet, ∼0.88−0.89
ppm), and other alcohol methyl groups.
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correction and profiling in Chenomx are likely the main source
of error in NMR-based quantification. We estimate these errors
contribute significantly to the median 9% error described
above. The errors in cadaverine and pyruvate concentrations
appear to be due to peak overlap. Cadaverine overlaps with 4-
aminobutyrate at 3.0 ppm. While 4-aminobutyrate can be
quantified using a well-resolved peak at 2.29 ppm, cadaverine
has no other well-resolved peaks that can reliably constrain the
concentration of cadaverine. Pyruvate yields a single peak
around 2.36 ppm. However, this peak in the Sauvignon Blanc
sample overlaps with the malate signal, forming a shoulder on
the low-ppm side of the malate peak. While this shoulder can
be easily fit manually using Chenomx, it is more difficult for
MagMet-W to automatically detect and fit such a doublet. In
other wine samples, the relative positions of malate and
pyruvate (perhaps due to concentration or pH differences
between the samples) result in well resolved or fully
overlapped peaks which were accurately fit by MagMet-W.
The MagMet-W Web site has an interactive spectral viewing/
editing interface that enables underfit or overfit peaks to be
quickly identified and manually adjusted.

To further validate the optimized MagMet-W profiling, we
acquired 1D 1H NMR spectra for an additional set of six wine
samples. These wine samples were not used in the original
software development and optimization process. The measured
compound concentrations are shown in Table S3, and a

comparison of the manual Chemomx results with the
automatic MagMet-W profiling results is shown in Figure S4.
Overall, the MAPE for these additional wine samples was 12%
(RMSE 18%, median 9%) with a R2 of 0.9980, similar to that
in the training set.

■ LIMITATIONS
As highlighted in our previous MagMet publications,37,38 and
in this paper, MagMet is not without some limitations in its
ability to profile serum, aqueous fecal extracts, and wine
spectra. To ensure consistency and reproducibility, specific and
consistent methods must be followed to prepare wine samples
and to acquire NMR data. While the wines were filtered for
this study, more recent work suggests that filtering is
unnecessary. All wine samples need to be buffered to pH ∼
7 to match the MagMet-W reference library. Due to possible
issues with precipitation of tartarate, we suggest using sodium
phosphate rather than potassium phosphate. Finally, wine
samples must be well shimmed, and the acquired NMR spectra
need to have good line shapes and sufficient signal-to-noise
ratios for the proper detection and identification of peaks.
While we have made every effort to optimize MagMet-W for
automatic analysis of a variety of wine samples, we recommend
manually inspecting the spectra for obvious misplaced or
poorly quantified peaks. The interactive spectral viewer (called
JSpectraView) included in the MagMet web interface enables

Figure 4. Example fit of a 1H NMR spectrum of a Sauvignon Blanc sample by MagMet-W’s automatic profiling algorithm. The observed spectrum
is shown in black, while the individual peak clusters identified by MagMet-W are shown in color and labeled. (A) Aromatic region. (B) Anomeric
region. (C,D) Aliphatic region. (E) Methyl region.
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users to easily and quickly check the automated profiling
results. It also allows users to manually adjust the peak
positions and the peak intensity of each compound. For
spectra submitted through the web interface, these changes are
saved. MagMet-W data can also be saved to a local computer
and visualized by dragging and dropping the file into the
viewer. Adjustments to local files are not saved, however. The
current version of MagMet-W only supports the analysis of 1H
NMR spectra from 700 MHz NMR spectrometers. Work on
expanding and optimizing the MagMet-W for other NMR
spectrometer frequencies is in progress.

In conclusion, we have successfully created, tested, and
validated a software package called MagMet-W that automati-
cally processes 700 MHz 1H NMR spectra of wine and
produces accurate, quantitative read-outs of a large number of
wine compounds. In particular, MagMet-W is able to identify
and quantify up to 70 compounds that are commonly found in
wine, with a quantification accuracy comparable to trained
experts. We believe that MagMet-W will be of value in NMR
studies and analysis of wine, as its automated nature makes it
suitable for high throughput applications for commercial wine
testing, wine quality control assessment, and wine evaluation.
We estimate that the costs of comprehensive wine analysis via
MagMet-W would be as little as USD $10 per sample and that
an NMR facility equipped with a standard autosampler could
easily process 80−90 wine samples a day. MagMet-W is
available at www.magmet.ca.
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■ ABBREVIATIONS USED
AAS atomic absorption spectrometry
CE capillary electrophoresis
CPCA 2-chloropyrimidine-5-carboxylic acid
DSS-d6 deuterated 2,2-dimethyl-2-silapentane-5 sulfonate
FT-IR Fourier-transform infrared spectroscopy
GC-MS gas chromatography mass spectrometry
HPLC high performance liquid-chromatography
ICP-MS inductively coupled plasma mass spectrometry
LC-MS liquid-chromatography mass spectrometry
MagMet-W Magnetic Resonance for Metabolomics of Wine
MAPE mean absolute percentage error
NMR nuclear magnetic resonance
RMSE root-mean-square error
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