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ABSTRACT: NMR-based metabolic analysis of foods has been widely applied in food science. In this study, we performed
discrimination of five different mango cultivars, Awin, Carabao, Keitt, Kent, and Nam Dok Mai, using metabolic analysis with
band-selective excitation NMR spectra. A combination of unsupervised principal component analysis (PCA) with low-field
region 'H NMR spectra obtained by band-selective excitation provided a good discriminant model of the five mango cultivars.
Using F,-selective 2D NMR spectra, we also identified various minor components in the mango juice. Signal assignment of the
minor components facilitated the interpretation of the loading plot, and it was found that arginine, histidine, phenylalanine,
glutamine, shikimic acid, and trigonelline were important for classification of the five mango cultivars.
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B INTRODUCTION

Verification of food authenticity (e.g., verification of the coun-
try of origin, botanical origin, and adulteration of foods) is
important for food safety and has become more important due
to the globalization of markets. Therefore, numerous analytical
methods have been proposed for and applied to the
determination of food authenticity. The most widely used
methods for food authenticity are DNA analysis," trace element
analysis,” stable isotope analysis,”> and metabolic analysis.*”®
Metabolic analysis can be applied to various foodstuffs,
including processed foods, and has also been applied to the
study of food processing or food microbiology, as well as to
food science in general.” For metabolic analysis, various
methods of component analysis are employed, including gas
chromatography (GC), liquid chromatography—mass spec-
trometry (LC-MS), capillary electrophoresis—time-of-flight
mass spectrometry (CE-TOF-MS), and nuclear magnetic
resonance (NMR) spectroscopy. Among them, NMR has two
primary advantages: (i) the sample preparation is simple and
easy, which minimizes the change in the chemical composition
and the loss of minor components during sample preparation;
and (ii) various organic chemical species (e.g., sugars, lipids,
amino acids, and organic acids) are detected simultaneously.
Therefore, many NMR-based metabolic analyses have been
performed.*"'° In addition, metabolic profiling with "H NMR
spectra has potential for efficient screening in high-throughput.

Minor components in food frequently play an important role
in the food characterization. For example, minor components in
olive oil are used for identifying geographical origin;'' minor
components in honey are used for identifying botanical
origin;n’13 and minor sugars are used for detecting adulteration
of syrup."* However, many foodstuffs contain dominant major
components (e.g., sugars, lipids, ethanol, and acetic acid). The
signals of these major components frequently obscure those of
the minor components, or make it difficult to detect the minor
components due to the problem of dynamic range. Therefore,
solvent extraction or separation is frequently performed to
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remove major components from the sample preparation. On
the other hand, band-selective excitation is one of the most
efficient methods to detect minor components sensitively
without separation. Band-selective excitation for the analysis of
minor components in foods has been performed using selective
1D NMR spectroscopy, and the effectiveness of this technique
has been demonstrated.">'® However, conventional F,-selective
2D NMR spectroscopy'’ frequently generates undesired t,
noises from major components, which obscure the signals in
the 2D NMR spectra and limit the receiver gain, making the
analysis of minor components difficult. Therefore, we recently
developed F,-selective two-dimensional (2D) NMR spectros-
copy to obtain high-quality 2D spectra of minor components in
foods without separation for food analysis.'® F,-selective 2D
NMR spectroscopy, which excites along the F,-axis, can
suppress undesired t; noises and provide high-quality 2D
NMR spectra.

In this study, we measured band-selective NMR spectra of
minor components in the mango juices from five cultivars
(Awin, Carabao, Keitte, Kent, and Nam Dok Mai) to discriminate
them. Among the many mango fruits and juices that are
imported to Japan, these five mango cultivars are accessible, and
cultivar Carabao is less expensive than the other cultivars.
When analyzing a whole fruit, it is relatively easy to discriminate
what the cultivar is. In juice, on the other hand, it can be
difficult to discriminate what cultivar was used; further-
more, juice has the possibility of adulteration. Therefore, a
discrimination method of mango cultivars is important for
assessing food authenticity. Since all mango juices contain
mainly water and sugars, it seems that the minor components
are most important for the discrimination of the cultivars. Low-
field region (6—10 ppm) 'H NMR spectra have not been used
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ordinarily very much due to the weakness of the signal inten-
sity, but those obtained by the band-selective excitation are ex-
pected to provide useful information about minor components
in the mango juice rapidly. As a result, the band-selective
excitation provided high-quality "H NMR spectra of minor
components in the low-field region, and the combination of the
low-field region NMR spectra and an unsupervised principal
component analysis (PCA) provided a good classification
model for the five mango cultivars. Fj-selective 2D NMR
spectra provided high-quality signals of minor components con-
taining exchangeable amine protons, and more than 30 dif-
ferent metabolites were identified, facilitating interpretation of
the PCA.

B MATERIALS AND METHODS

Materials and Sample Preparation. Five cultivars of 11 mango
fruits, for a total of S5 fruits, were used in this study. Fruits of the
mango cultivars Awin (origin Taiwan), Carabao (origin Philippines),
Keitt (origin USA, California), Kent (origin Mexico), and Nam Dok
Mai (origin Thailand) were obtained from a local market. Because all
the fruits did not ripen at the time of purchase, the fruits were left to
ripen sufficiently at room temperature. After ripening (based on smell
and appearance), each mango was ground into a pulp and then
centrifuged at 26 000 X g for 10 min at 4 °C. The supernatant was
used as mango juice. The mango juices were stored at —20 °C until
NMR analysis.

For the signal assignment, D,O (99.9%, 70 uL; Shoko Co., Ltd,,
Tokyo, Japan) was added to the mango juice (630 uL), and then the
sample (700 uL) was mixed and transferred to a S mm NMR tube.
A very small amount of 2,2-dimethyl-2-silapentane-S-sulfonate sodium
salt (DSS; Wako Pure Chemical Industries, Ltd., Osaka, Japan) was
added to the sample as a chemical shift reference.

For the multivariate analysis, the pH value was adjusted using
oxalate buffer to minimize chemical shift changes. The sample
preparation was as follows: the mango juice (S mL) was transferred
into a 15 mL centrifuge tube, and the pH value was adjusted to ~4.2
using 6 M HCI or 4 M NaOH. Oxalate buffer (300 mM, pH 4.20,
210 uL) and D,O (containing 0.25 mM DSS and 0.25 mM histidine as
chemical shift references, 70 uL) were then added to the mango juice
(420 uL). The sample (700 pL) was mixed and transferred to a S mm
NMR tube.

In determining a rapid and accurate pH adjustment method for
practical use, we found that pH adjustment with buffer only was
favorable for dealing with many samples, but a 7-fold greater volume of
buffer than sample was needed to make an accurate pH adjustment;
this volume made it difficult to detect minor components. On the
other hand, accurate pH adjustment using HCI or NaOH was time-
consuming. Consequently, the most efficient pH adjustment method
was a combination of rough pH adjustment with HCI or NaOH and
subsequent addition of the oxalate buffer.

NMR Spectroscopy. All NMR spectra were obtained at 20 °C
on a Varian Unity INOVA-500 spectrometer. The water signal was
suppressed by a presaturation method.

The selective excitation was achieved using a double pulse field gra-
dient spin echo (DPFGSE)" approach and a refocusing band-selective
180° pulse with uniform response and phase (Re-Burp).”® The pulse
lengths of Re-Burp covering 6.0—10.5 ppm, 6.3—10.5 ppm, and —0.2
to 3.1 ppm were 2.0 (yH,/27 = 3.2 kHz), 2.1 (yH,/27 = 3.1 kHz), and
2.9 (yH,/2m = 2.4 kHz) ms, respectively. The F,-selective 2D NMR
spectra were observed according to the previously described method,'”
with the excitation along the F,-axis. The DPFGSE was incorporated
just before free induction decay (FID).

The acquisition parameters of the 'H NMR spectra were as follows:
spectral width, 8 000 Hz; number of data points, 32 k; acquisition time,
2.048 s; and delay time, 2.0 s. For multivariate analysis, the receiver
gain was set at 16 dB (nonselective excitation) or 52 dB (selective
excitation), and the number of scans was 128 (nonselective excitation)
or 256 (selective excitation), respectively. The acquisition parameters
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of total correlation spectroscopy (TOCSY) were as follows: spectral
width, 6 000 Hz; number of t, data points, 2 048; number of ¢, data
points, 512; number of scans, 16; acquisition time, 0.341 s; delay time,
2.0 s; field strength of MLEV-17 spin-lock pulse, 7.1 kHz; length of
trim pulse, 2 ms; and mixing time, 80 ms. The acquisition parameters
of double-quantum filtered correlation spectroscopy (DQF-COSY)
were as follows: spectral width, 6 000 Hz; number of ¢, data points,
2 048; number of ¢; data points, 512; number of scans, 16; acquisition
time, 0.341 s; and delay time, 2.0 s. The acquisition parameters of
nuclear Overhauser effect spectroscopy (NOESY) were as follows:
spectral width, 6 000 Hz; number of ¢, data points, 2 048; number of ¢,
data points, $12; number of scans, 16; acquisition time, 0.341 s; delay
time, 2.0 s; and mixing time, 800 ms. The acquisition parameters of
"H-'3C heteronuclear single-quantum correlation spectroscopy
(HSQC) were as follows: spectral width, 6000 Hz for 'H, 20742
Hz for 3C; number of t, data points, 2 048; number of ¢; data points,
512; number of scans, 256; acquisition time, 0.341 s; and delay time,
2.0 s. The acquisition parameters of "H—"3C constant-time hetero-
nuclear multiple-bond correlation spectroscopy (CT-HMBC)>' were
as follows: spectral width, 6 000 Hz for 'H, 28 902 Hz for '*C; number
of t, data points, 2 048; number of ¢, data points, 256; number of
scans, 416; acquisition time, 0.341 s; and delay time, 2.0 s.

NMR Data Processing and Multivariate Analysis. Five cultivars
of 11 mango fruits, for a total of S5 fruits, were used in the multivariate
analysis. All '"H NMR spectra were manually phased, baseline cor-
rected, and referenced to DSS at 0.00 ppm (in nonselective excitation
experiments) or histidine (C2H) at 8.64 ppm (in selective excitation
experiments, pH 4.20). All of the 1D NMR spectra used for the multi-
variate analysis are without any spectral problem. For nonselective
excitation, each "H NMR spectrum was divided into regions having an
equal bin size of 0.01 ppm in the range from 0.1 to 10.0 ppm
(excluding the region around the water signal, 4.5—6.0 ppm), and the
regions within each bin were integrated. For selective excitation, each
"H NMR spectrum was divided into regions having an equal bin size of
0.01 ppm in the range from 6.3 to 10.0 ppm, and the area within each
bin was integrated.

These NMR data were imported into SIMCA-P+ version 11.0 for
multivariate analysis. Unsupervised principal component analysis
(PCA) was carried out to classify different mango cultivars and to
evaluate the multivariate analysis data using selective 'H NMR
spectra.

NMR Signal Assignment of Mango Juice. The signals observed
in 1D and 2D NMR spectra were compared with the data given in
several online databases for metabolomics, such as BMRB,*
HMDB,** and MMCD,** and in papers on mango juice,zs_27 and
several candidate components were picked out. Finally, signal
assignment was accomplished by spiking authentic standard
compounds (special grade; Wako Pure Chemical Industries, Ltd.,
Osaka, Japan, or Nacalai Tesque Inc., Tokyo, Japan) into the mango
juice and comparing the spectra of the resulting mixtures with those
of plain mango juice.

B RESULTS AND DISCUSSION

"H NMR Spectra of Mango Juice and Signal Assign-
ment. Figure la shows the nonselective 'H NMR spectrum of
the mango juice (cultivar Nam Doku Mai). The spectrum is
dominated by the sucrose, fructose, and glucose, which are
observed in the range of 3.0—5.5 ppm. In the high-field region
(0.5—3.0 ppm), many peaks that were thought to be due to
amino acids or organic acids were observed. In contrast, only a
few peaks were observed in the low-field region (6.0—10.0 ppm).
To assign these signals, we performed various 2D NMR
experiments (DQF-COSY, TOCSY, NOESY, '"H-"*C HSQC,
'"H-"C CT-HMBC). As a result, various minor components
[amino acids (isoleucine, leucine, valine, alanine, arginine,
glutamine, and y-aminobutyric acid (GABA)), organic acids
(quinic acid, shikimic acid, malic acid, and citric acid), fucose,
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Figure 1. "H NMR signals of the mango juice (cultivar Nam Dok Mai). All the "H NMR spectra in this figure were obtained from the same sample.
(a) Full nonselective '"H NMR spectrum with a vertical expansion, (b) full selective 'H NMR spectrum (range of excitation = —0.2 to 3.1 ppm),
(c) expansion of the selective "H NMR spectrum from 0.5 to 3.2 ppm as observed by the selective excitation method, (d) full selective 'H NMR
spectrum (range of excitation = 6.0—10.5 ppm), and (e) expansion of the selective "H NMR spectrum from 5.9 to 10.0 ppm as observed by the

selective excitation method.

ethanol, and choline] were identified in the high-field region
(Figure 2a, Table 1).

Much as for the nonselective '"H NMR spectrum, only a few
peaks were observed in the nonselective 2D NMR spectrum in
the low-field region. One of the reasons for the observation of
few signals in the low-field region was considered to be the
problem of dynamic range caused by the strong signals of the
sugars. Namely, when most of the range is used to digitize the
strong signals, the weak signals may be lost or distorted. To
remove the dominant signals from sugars and improve the
problem of the dynamic range, we used band-selective exci-
tation and measured the spectra in the low-field region (6.0—
10.0 ppm). As a result, the receiver gain increased from 18 dB
to the maximum gain of 60 dB, and many minor component
signals that were not detected with the nonselective experiments
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were newly detected (Figure 1, parts d and e). The results
indicate that band-selective excitation can remove the strong
signals and allows an increase in the receiver gain.16 For the
high-field region (0.0—3.1 ppm), band-selective excitation also
allowed an increase of the receiver gain (18—42 dB). Although
the signal-to-noise (S/N) ratio of the signals was improved,
new peaks were not observed. The signal intensities of the high-
field region were much higher (>10 times higher) than those of
the low-field region, as shown in Figure la. Therefore, the
signals in the high-field region were digitized with nonselective
excitation in the mango juice. Thus, band-selective excitation
may allow detection of the minor components without any
solvent extraction or separation and improves the S/N ratio
of the signals, which helps to reduce the experimental
time.
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Figure 2. Assignment of "H NMR signals of the mango juice (cultivar
Nam Dok Mai). (a) Expansion of the nonselective '"H NMR spectrum
from 0.5 to 3.2 ppm and (b) expansion of the selective 'H NMR

spectrum from 5.9 to 10.1 ppm as observed by the selective excitation
method.

In addition, the suppression method is also effective for
detecting minor components in food nondestructively. It was
recently shown that simultaneous suppression of eight fre-
quencies in the NMR spectrum is possible.”® It was considered
that the two methods have different advantages. The
suppression method can measure several regions in one
experiment. For example, in alcoholic beverages, the
suppression of water and ethanol signals provides the spectra
of minor components in the high- and low-field regions
simultaneously. In contrast, band-selective excitation requires
more than two experiments. Furthermore, band-selective
excitation is a weak method for the measurement of narrow
regions between strong signals. On the other hand, band-
selective excitation is a simple and easy method for the
measurement of a single specific region (e.g.,, measurement of
the low-field region only). Moreover, band-selective excitation
has another advantage for 2D NMR spectroscopy. For
example, in alcoholic beverages, the suppression method
may also suppress the minor component signals overlapped
with ethanol, causing loss of the information on the minor
components. In addition, the suppression method may lose
cross-peaks between ethanol and minor components in the
NOESY spectra. In contrast, band-selective excitation,
especially F,-selective NOESY, can provide these cross-
peaks. For these reasons, it may be important to use the
most suitable method depending on the situation.

Signal Assignment of Minor Components Using F,-
Selective 2D NMR Spectroscopy. Figure 3a shows the F,-
selective TOCSY spectrum of the mango juice. A high-quality
selective 2D TOCSY spectrum of minor components was
obtained, and the signals overlapping in the 1D NMR spectrum
were separated. Using these F,-selective 2D NMR spectra
(TOCSY, DQF-COSY, and NOESY), the signal assignment of
minor components was efficiently carried out (Table 1). For
example, the cross-peaks at F,/F, = 8.08/8.83 and 9.12/8.83
ppm may have been due to a nicotinic acid derivative, and the

cross-peaks at F,/F, = 8.29/8.99, 9.28/8.99, and 9.46/9.28 ppm
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Table 1. "H NMR Chemical Shifts of the Mango Juice
Metabolites (Cultivar Nam Dok Mai, 10% D,O, pH 4.3)
Identified by Authentic Standards and Using 500 MHz 1D
and 2D NMR Spectra

compound chemical shift (ppm)

acetaldehyde 2.24 (CH,), 9.66 (CHO)

adenosine 4.29 (C4'H), 443 (C3'H), 4.78 (C2H), 6.08 (C1'H),
8.29 (C8H), 8.38 (C2H)

alanine 1.47 (fCH,), 3.78 (aCH), 7.72 (aNH,)

y-aminobutyric 191 (CH,), 2.37(aCH,), 3.02 (yCH,), 7.60(yNH,)

acid (GABA)

arginine 1.69 (yCH;), 1.90 (ACH,), 3.23(6CH,), 3.75 (aCH),
7.25 (SNH

choline 3.18 (N(CH3)3)

citric acid
ethanol

P-fructofuranose

P-fructopyranose

2.74 (CH,), 2.85 (CH,)
1.17 (CH,), 3.65 (CH,)

3.54 (C1H,), 3.58 (C1H,), 3.66 (C6H,), 3.78 (C6H,),
3.81 (CSH), 4.10 (C3H), 4.10 (C4H)

3.55 (C1H,), 3.69 (C6H,), 3.70(C1H,), 3.78 (C3H),
3.89 (C4H), 3.99 (CSH), 4.01 (C6H,)

fucose 1.19 (aC6H,), 1.23 (BC6H,), 3.79 (BCSH), 4.19
(aCSH)
a-glucose 340 (C4H), 3.52 (C2H), 3.70 (C3H), 3.75 (C6H,),
3.82 (CSH), 3.83 (C6H,), 5.22 (CIH)
B-glucose 323 (C2H), 3.39 (C4H), 3.45 (CSH), 3.48 (C3H), 3.71
(C6H,), 3.89 (C6H,), 4.63 (C1H)
glutamine 2.13 (fCH,), 2.45(yCH,), 3.77 (aCH), 6.89 (NH,—
CO-), 7.61 (NH,—CO-)
glutathione 2.97 (Cys, CH,), 3.30 (Cys, CH,), 3.81 (Gly, CH,), 4.75
(oxidized) (Cys, CH), 8.35 (Gly, NH), 8.59 (Cys, NH)
glutathione 2.95 (Cys, CH,), 3.82 (Gly, CH,), 4.57 (Cys, CH), 8.30
(reduced) (Gly, NH), 8.47 (Cys, NH),
histidine 7.38 (C4H, ring), 8.64 (C2H, ring)
isoleucine 0.93 (5CH;), 1.00 (y'CH,), 1.24 (yCH,), 1.46 (yCH,),
1.97 (fCH), 3.67 (aCH)
leucine 0.95 (6CH,;), 1.70 (yCH, fCH,)
malic acid 2.62 (CH,), 2.81 (CH,), 4.38 (CH)
methanol 3.35 (CH,)

myo-inositol

3.26 (CSH), 3.52 (C1H, C3H), 3.61 (C4H, C6H), 4.06
(C2H)

nicotineamide 8.29 (CSH), 8.99 (C6H), 9.28(C4H), 9.46 (C2H)
mononucleotide
(NMN)

phenylalanine 7.31 (C2H, C6H, ring), 7.36 (C4H, ring), 7.40 (C3H,

quinic acid
shikimic acid

sucrose

CSH, ring)

1.87 (C2H,), 1.97 (C6H,), 2.06 (C6H,), 2.07 (C2H,),
3.55 (C4H), 4.01 (C3H), 4.14 (CSH)

2.20 (C6H,), 2.76 (C6H,), 3.74 (C4H), 4.00 (CSH),
442 (C3H), 6.59 (C2H)

3.46 (Glu C4H), 3.54 (Glu C2H), 3.67 (Fru C1H,),
3.75 (Glu C3H), 3.81 (Glu C6H,), 3.81 (Fru C6H,),
3.83 (Glu C5H), 3.87 (Fru C5H), 4.04 (Fru C4H),
420 (Fru C3H), 5.39 (Glu C1H)

threonine 1.32 (yCH,), 3.58 (aCH), 4.26 (fCH)
trigonelline 8.08 (CSH), 8.83 (C4H, C6H), 9.12 (C2H)
tyrosine 6.89 (C3H, CSH, ring), 7.18 (C2H, C6H, ring)
UDP-glucose 5.94 (CSH, ring), 7.93 (C6H, ring)
uridine 5.90 (CSH, ring), 7.86 (C6H, ring)
uridine mono 5.93 (CSH, ring), 7.94 (C6H, ring)
phosphate
(UMP)
valine 0.98 (y'CH;), 1.03 (yCH,), 2.26 (BCH,), 3.60 (aCH)

were suggested to be due to a nicotinamide derivative (Figure 3b).
Finally, these signals were assigned to trigonelline and
nicotinamide mononucleotide (NMN) by spiking experiments.
The two singlet peaks at 7.07 and 7.25 ppm were not assigned
with these F,-selective 2D NMR spectra. However, the CT-HMBC
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Figure 3. (a) Expansion of the F,-selective TOCSY spectrum (F;

—0.2 ti 10.0 ppm, F, = 6.0—10.0 ppm) and (b) expansion of the F,-selective

TOCSY spectrum (F, = 8.0—10.0 ppm, F, = 8.0—10.0 ppm) of the mango juice (cultivar Nam Dok Mai, 10% D,0O, pH 4.3). The range of excitation

and the number of scans were 6.0—10.5 ppm and 16, respectively.

spectrum indicated that these peaks may arise from a galloyl group;
therefore, these peaks were presumed to arise from p-digallic acid
by referring to the former reports.””>°

In the F,-selective 2D NMR spectra, amine protons were
observed with high sensitivity (Figure 2b, 3a). Because amine
protons are exchangeable, they are difficult to detect in a deu-
terated solvent. However, under sufficient light water
conditions (e.g., the addition of only 10% heavy water for the
field lock), amine proton signals may be observed at approx-
imately 7—9 ppm. The two broader singlets at 6.89 and
7.61 ppm were assigned to the amine protons (NH,—CO—) of
glutamine. These signals had no cross-peak in the F,-selective
TOCSY and DQF-COSY spectra (except the cross-peaks
between 6.89 and 7.61 ppm in the F,-selective TOCSY), but
the F,-selective NOESY spectrum showed cross-peaks at 2.45 ppm,
which implied it may be glutamine. Its presence was also
confirmed by spiking experiments. Amine protons (NH,—
CO-) of glutamine and asparagine had similar chemical shifts
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in the 'H NMR spectra, but glutamine and asparagine were
clearly distinguished by the F,-selective NOESY spectra.
The signal of 6NH of arginine was detected at 7.25 ppm.
The cross-peaks of the F)-selective TOCSY spectrum at 7.25/
1.69, 7.25/1.90, and 7.25/3.23 ppm suggested that it may be
due to an arginine, and subsequent addition of the authentic
standard indicated that these cross-peaks indeed arose from
arginine. The cross-peak at 7.25/3.23 ppm of the F,-selective
DQEF-COSY spectrum indicated that the signal at 7.25 ppm
arose from ONH of arginine. GABA and alanine were detected
at 7.60 and 7.72 ppm, respectively. These signals were weak and
broad, and they were difficult to detect in the 1D NMR spectra
due to the overlap with the broader signal of glutamine at
7.61 ppm. However, the F,-selective TOCSY spectrum was able
to detect these weak signals. Amine protons of reduced gluta-
thione (Gly NH = 830 ppm; Cys NH = 847 ppm) and
oxidized glutathione (Gly NH = 8.35 ppm; Cys NH = 8.59 ppm)
were detected. The signals of the reduced glutathione at 8.47 ppm

dx.doi.org/10.1021/jf2041438 | J. Agric.Food Chem. 2012, 60, 1158—1166
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and the oxidized glutathione at 8.59 ppm were sharp and not
overlapped in the 1D NMR spectra (Figure 2b), and it was
thought that these peaks may be available for measuring the
amount of glutathione or the ratio of reduced/oxidized
glutathione in the mango juice nondestructively. Since
Goémez et al. reported that the concentration of glutathione
increased during the ripening process or cold storage in tomato
fruit,®' the band-selective excitation technique may be useful for
quality control to evaluate glutathione levels rapidly or exactly.
Although only limited chemical shift data on amine protons are
available in the existing databases and literature, the assignment
of amine protons was facilitated by F,-selective 2D NMR
spectra. Figure 4 shows a comparison of the F;- and F,-selective
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Figure 4. Comparison of (a) F;- and (b) F,-selective TOCSY spectra
of arginine (100 mM) and y-aminobutyric acid (100 mM).

TOCSY spectra of the aqueous solution containing 100 mM
each of arginine and GABA. These spectra were measured
with the same sample and the same receiver gain value. Cross-
peaks arising from the arginine (SNH and @wNH) were
detected in both the F,- and F,-selective TOCSY spectra, but
the F,-selective TOCSY provided the more sensitive
spectrum. In contrast, cross-peaks due to GABA were
detected only in the F,-selective TOCSY spectrum. These
results demonstrated that F,-selective TOCSY was superior to
conventional F;-selective TOCSY for detecting amine protons
in a complex mixture.

In addition, threonine was newly identified at 1.32 ppm with
the F,-selective TOCSY spectrum of the high-field region (data
not shown).

Multivariate Analysis Using Band-Selective Excitation.
We explored the metabolic profiling of five mango cultivars
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(Awin, Carabao, Keitt, Kent, and Nam Dok Mai) using four
different regions: a nonselective, full spectra region (0.0—10.0 ppm);
a nonselective, high-field region (0.0-3.1 ppm); a non-
selective, low-field region (6.3—10.0 ppm); and a selective,
low-field region (6.3—10.0 ppm). Because the high-field region
spectra obtained by nonselective and selective excitation
showed the same spectrum pattern, PCA with high-field region
spectra was performed with the spectra obtained by non-
selective excitation.

Figure S shows the band-selective low-field regions of 'H
NMR spectra of mango juices from the five cultivars.

Nam Dok Mai l /\ I l H

Kent N l l
MWM
Carabao l l H .

Awin I AH F‘ I

10.0 9.5 9.0 8.5 8.0 75 7.0 6.5

™
6.0
ppm

Figure 5. Low-field region of the band-selective "H NMR spectra of
mango juices of five cultivars.

Although a few signals were observed in the nonselective,
low-field region of the spectra, the band-selective, low-field
region of the spectra exhibited definite differences among
mango cultivars. From this result, it was expected that the
band-selective, low-field region of the spectra may be
available for the discrimination of mango cultivars. To assess
the usefulness of the band-selective, low-field region of the
spectra, we performed an unsupervised PCA and compared
the results with the score plots obtained by non-
selective and band-selective spectra. Figure 6 shows the
PCA score plots using the four different regions. The PCA
score plot using nonselective spectra could not separate the
mango cultivars because of the complex overlap (Figure 6,
parts a—c). In contrast, the PCA score plot using the band-
selective, low-field region of the spectra provided a good
discriminant model of the five mango cultivars (Figure 6d).
Although Carabao and Nam Dok Mai overlapped in the score
plot with PC1 and PC2 (Figure 6d), the use of PC3 separated
these two cultivars (Figure 7a). The loading plot of PC1
(Figure 7b) indicated that the amounts of arginine, histidine,
and acetaldehyde were higher in the cultivar Keitt, whereas
the amount of shikimic acid was lower than the others.
Although histidine was added to the mango juices as a
chemical shift reference, the mango juices contain histidine
originally (Figure 2b). Therefore, in the '"H NMR spectra, the
signal intensity of histidine varied according to the original
amount in the mango juices. In fact, the signal intensity of
histidine was obviously strong in the cultivar Keitt. Figure 7¢
shows the loading plot of PC2. The amount of phenylalanine
was found to be higher in the cultivar Awin, and the amounts
of glutamine and shikimic acid were higher in the cultivars
Carabao and Nam Dok Mai. The cultivars Carabao and Nam
Dok Mai were separated along the PC3 axis. The loading plot
of PC3 indicated that the amount of trigonelline was higher in
the cultivars Carabao and Kent (data not shown). These
results suggested that PCA with the low-field region spectra
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Figure 6. PCA score plots derived from the "H NMR spectra of the mango juices using PC1 and PC2: (a) nonselective full spectra (0.0—10.0 ppm),
(b) nonselective, high-field region (0.0-3.1 ppm), (c) nonselective, low-field region (6.3—10.0 ppm), and (d) selective, low-field region

(6.3—10.0 ppm).

obtained by selective excitation may be useful for the
discrimination of mango cultivars. The PCA loading plot and
score plot may be improved by preprocessing of raw NMR
spectra (such as spectral alignment and normalization). In
addition, it was thought that the PCA using both band-selective,
low-field and nonselective, high-field regions of spectra may
separate Carabao and Nam DokMai more clearly, but the score
plots were not improved, and the obtained score plots were
similar to that obtained using low-field region spectra only.

For the PCA with nonselective spectra, it was difficult to
classify the mango cultivars except Keitt, because the plot of
different cultivars overlapped (Figure 6, parts a—c). For the
nonselective full spectra, the mango juices of all the cultivars
were dominated by sugars; therefore, it was inferred that
differences in sugar concentrations in the individual fruits
strongly affected the PCA score plot and caused the complex
overlap. To improve the PCA score plot, we attempted to
perform PCA on weighted NMR spectra (weighted range
3.2—4.4 ppm), but the score plot was not improved for our
samples. The obtained score plots were similar to that obtained
using the high-field region. Because the signals from various
amino acids and other organic acids appear in the high-field
region, the high-field region can be considered informative for
metabolic profiling. However, the nonselective, high-field
region of spectra did not provide a good discriminant model
in the study. Because the contents of organic acids and amino
acids change along the ripening process,”**® this complex
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overlap may have been caused by the nonuniform ripening
condition of the samples. In addition, according to the loading
plot, the amount of ethanol was higher in the cultivar Keitt. The
content of ethanol was probably increased by fermentation
during ripening (we confirmed that the sample composition
had not changed during sample storage at —20 °C); therefore,
it seemed that the high-content of ethanol of the Keitt cultivar
may have been due to not only the cultivar difference but also
the ripening conditions. These results suggest that the PCA
using band-selective, low-field region spectra may have
robustness for individual differences or a ripening condition
difference and may be favorable for practical use.

In conclusion, we performed a discriminant analysis of
mango juices using band-selective 1D and 2D NMR spectra.
These spectra allowed identification of various minor
components in the mango juice nondestructively. The low-
field region contained several signals from exchangeable amine
protons, and these signals were efficiently assigned by F,-
selective 2D NMR spectra. A combination of unsupervised
PCA with the low-field region of 'H NMR spectra obtained by
band-selective excitation provided a good discriminant model
of the mango cultivars. The signal assignment obtained by the
F,-selective 2D NMR spectra led to easy interpretation of the
loading plot, and it was found that the amounts of arginine,
histidine, phenylalanine, glutamine, shikimic acid, and trigonel-
line were important for classification of the five mango cultivars.
The band-selective excitation method, which allows the analysis

dx.doi.org/10.1021/jf2041438 | J. Agric.Food Chem. 2012, 60, 1158—1166
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of minor components without solvent extraction or separation,
is expected to become more important for NMR-based
metabolic analysis.
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