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ABSTRACT: Distortionless enhancement by polarization
transfer (DEPT) pulse sequence was used to set up a quantita-
tive high-resolution '3C nuclear magnetic resonance (NMR)
method to discriminate olive oils by cultivars and geographical
origin. DEPT pulse sequence enhances the intensity of NMR sig-
nals from nuclei of low magnetogyric ratio. The nuclear spin
polarization is transferred from spins with large Boltzmann pop-
ulation differences (usually protons) to nuclear species charac-
terized by low Boltzmann factors, e.g., '>C. The signal enhance-
ment of '3C spectra ensures the accuracy of resonance integra-
tion, which is a major task when the resonance intensities of
different spectra must be compared. The resonances of triglyc-
eride acyl chains C,,, C,4.1, Ci4.0, and C,g.5, were also as-
signed. Multivariate analysis was carried out on the 35 carbon
signals obtained. By using variable reduction techniques, cou-
pled with standard statistical methods—partial least squares and
principal components analysis—it was largely possible to sepa-
rate the samples according to their variety and region of origin.
With one problem variety removed, 100% prediction of the
three remaining varieties was achieved. Similarly, by using the
three regions with greatest representation in the data, all but one
of a test set of 34 samples were correctly predicted. Thus, the
composition of olive oils from different cultivars and of different
geographical origin were compared and successfully studied by
multivariate analysis. These considerations in conjunction with
the structural elucidations of triglyceride molecules demon-
strated that '3C NMR is among the most powerful techniques
yet described for analysis of olive oils.
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Spectroscopic methods of analysis—vibrational, infrared
(IR), and Raman spectroscopy, including mass spectrome-
try—coupled with chemometrics (including methods of su-
pervised and unsupervised pattern recognition) are becoming
accepted methods of detection of adulteration and of classifi-
cation by variety and geographic origin of natural triacylglyc-
erol mixtures such as olive oils (1-10). The methods are
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based on the use of spectroscopic data, e.g., the intensities of
IR or Raman bands, which are interpreted by employing
chemometrics to extract relevant information for oil classifi-
cation (authenticity, cultivar, and geographic origin).

Quantitative 13C nuclear magnetic resonance (NMR) spec-
troscopy has been widely used in analyzing natural triglyc-
eride mixtures. It has proven useful in determining acyl chain
compositions and their distribution among the sn-1(3) and
sn-2 glycerol positions in different edible oils (11), and the
technique was tentatively employed in the stereospecific
analysis of olive oil triacylglycerides (12). Conventional 3¢
NMR quantitative spectroscopy coupled with statistical meth-
ods, including principal components analysis (PCA) and par-
tial least squares (PLS), to interpret spectral data has been
used in the classification of extra-virgin olive oil by cultivars
and by geographical origins (13,14).

The precautions adopted for running conventional 3¢
NMR spectra demanding accurate intensity comparisons in-
clude the use of relaxation delays between pulses that are long
enough to recover all the magnetization before the next pulse
is applied, in order to avoid signal saturation. Furthermore,
since the intensities of '3C resonances can be distorted by nu-
clear Overhauser effect (NOE), which is observed during pro-
ton decoupling, the spectra were measured by NOE sup-
pressed by using an inverse-gated sequence (15).

These precautions, along with the poor sensitivity of the
3C nucleus owing to its low natural isotopic abundance
(1.1%) and low gyromagnetic ratio, reduce substantially the
signal-to-noise ratio of 3¢ spectra and integration accuracy.

The polarization transfer pulse sequences INEPT (insensi-
tive nuclei enhanced by polarization transfer) and DEPT (dis-
tortionless enhancement by polarization transfer) are widely
used in 13C spectroscopy to detect carbon multiplicity (16).
However, their property of transferring the magnetization cre-
ated originally on the abundant 'H spins to the dilute 3¢
spins with which they are coupled brings with it the powerful
advantage of sensitivity enhancement of 13C nuclei. As a re-
sult, the signal intensities are enhanced by a factor propor-
tional to Yy/Y-, where yy; and v are the gyromagnetic ratios
of proton and 13C nuclei, respectively. Moreover, the experi-
ment repetition rate in the polarization transfer experiments
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is determined by the longitudinal relaxation times (T1) of 'H
nuclei, which are considerably shorter than those of 13C nu-
clei. Consequently, the pulse delay, which has to be five times
the longest T1 in order to avoid signal saturation, becomes
significantly shorter, thus lowering spectrum acquisition time.

INEPT pulse sequence gives signal enhancements equiva-
lent to those of the DEPT sequence. Nevertheless, DEPT has
been the experiment of choice to optimize quantitative meth-
odology. Because it contains fewer pulses, along with a lower
dependence of signal intensities on single-bond C-H cou-
plings, error sources are reduced, thus providing reliable
quantitative results (17) .

The aim of this research was to improve quantitative B3¢
NMR methodology by using the DEPT pulse sequence to en-
sure signal-to-noise ratios high enough to enable integration
accuracy in a shorter time than that used in conventional Bc
NMR methodology, i.e., 100 min (14). The methodology was
also used to check the actual reliability of 13C NMR and
chemometrics in discriminating olive oils by cultivars and ge-
ographical origin.

EXPERIMENTAL PROCEDURES

Olive oil sample. Olive fruit samples of Leccino (n = 28),
Moraiolo (n = 8), and I-77 (n = 8) cultivars were sampled in
different Italian regions; the Dritta (n = 12) cultivar was sam-
pled only in the Abruzzo region. Crushing and pressing of
samples in the micro oil mill of the Institute within 24 h har-
vesting provided the samples with which we worked. The oil
samples were stored at 255 K until they were analyzed by
NMR spectroscopy. They were prepared for 13C NMR analy-
sis by diluting 200 mg of olive oil with deuterated chloroform
(0.5 mL CDCl,). Two replicate measurements were made on
all the olive oil samples.

NMR spectroscopy. Spectra were measured using a 300
MHz Bruker spectrometer (Karlsruhe, Germany) equipped
with a 5-mm proton/carbon dual probe at 298 K. The DEPT
spectra were obtained by using the pulse sequence “DEPT po-
larization transfer from "H to X nuclei for refocussed decou-
pled spectra” as encoded by Bruker:

'H:  DI1-90-D2-180-D2-P0-D2 - BB DECOUPLE
X (Bc): 90 180 FID

Free induction decays (FID) were acquired at a 3.3-s acquisi-
tion time, using 64k points and a spectral width encompass-
ing the olefinic, glyceridic, and aliphatic carbon resonances.
The carbonyl carbons are not detected by DEPT pulse se-
quence since polarization transfer to quaternary carbons is in-
efficient, the long-range C-H couplings being small com-
pared with ]JC_H couplings (15). The spectrum, which was
the result of 256 scans, required a total accumulation time of
50 min. The experiment time was therefore reduced by 50%
as compared with the time needed to run 256 scans by con-
ventional '3C NMR quantitative methodology that used in-
verse-gated sequence.

The FID were zero-filled to 128k points, and resolution
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was enhanced before Fourier transformation. The Gaussian
multiplication function was applied by entering the parame-
ters —0.12 Lorentzian narrowing and 0.08 Gaussian broaden-
ing, which provided the desired improvement in resolution
and sensitivity.

PO proton pulse, depending on the sought multiplicity se-
lection, was set at 45 degrees to give positive methine, meth-
ylene, and methyl carbon signals.

The D1 relaxation delay was optimized, on the basis of T1
longitudinal relaxation times of proton nuclei, to 8 s in order
to avoid saturation of the 'H population.

The delay for polarization transfer D2, defined by 1/2
Je g Was optimized to Jou= 144 Hz, which was obtained
by averaging C—H couplings experimentally determined by
INEPT pulse sequence.

T1 longitudinal relaxation times of 'H nuclei were mea-
sured by means of the inversion—recovery pulse sequence.

Data analysis. PCA was performed using the program
SCAN (Minitab Inc., State College, PA) on a PC under Mi-
crosoft MS-DOS 6.2 (Redmond, WA). Further data analysis
was performed using Microsoft Excel 5 macros written
specifically for the purpose of carrying out variable selection,
PLS, principal components regression (PCR), PCA (18) and
Neural Nets (14). The macros made use of statistical software
written in C++, and were run on a PC under Microsoft Win-
dows NT 3.51.

RESULTS AND DISCUSSION

High-resolution '3C spectrum assignment. The aim of this re-
search was to measure the intensities of '>C resonances of
triglyceride molecules, which constitute the major portion
(98%) of olive oil matrix. As far as the fatty acid profile
of triglyceride is concerned, olive oil is rated a “high oleic
acid” oil (55.0-83.0%) but containing minor components
such as palmitic (7.5-20.0%), stearic (0.5-5.0%), linoleic
(3.5-21.0%), and linolenic (<0.9%) acids as well (19). 13C sig-
nals of saturated (no chain differentiation on the basis of chain
length is achievable by NMR), oleyl, linoleyl, and linolenyl
chains were assigned by using a soybean oil spectrum because
this oil, which differs from olive oil in quantitative chain com-
position rather than in qualitative acid profile, enabled the de-
tection of linolenyl chain. Thus, the DEPT spectrum of the
triglyceride fraction of soybean oil provided evidence that '3C
resonances were grouped into three well-defined spectral re-
gions: unsaturated carbons ranging from 132.1 to 126.8 ppm;
glycerol carbons ranging from 69.1 to 61.6 ppm; and aliphatic
carbons ranging from 34.5 to 13.9 ppm. The chemical shifts
of 13C resonances for the major acyl chains, i.e., saturated
(C,.0)> oleyl (Cyq.)), linoleyl (C¢.,) and linolenyl (C,;.5)
chains, are reported in Table 1. Double-bond carbons of oleyl,
linoleyl, and linolenyl chains were assigned according to
chemical shifts previously reported (11).

Double-bond carbon resonances, which were resolved
both according to the degree of chain unsaturation and to the
chain position on glycerol backbone, evidenced a remarkable
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TABLE 1
13C Nuclear Magnetic Resonance Chemical Shifts of Acyl Chains of Soybean Oil Triglycerides
Acyl chain Chemical Acyl chain Chemical
Resonance carbon®? shift (ppm) Resonance carbon shift (ppm)
R 24 1200+ 29.76

R1 16Lno+p 131.84 R 25 Unresolved peaks 29.68°¢
R 2 9Lna 130.13 R 26 Unknown 29.66
R3 13Lo+B;9LnP 130.10 R27 Unresolved peaks 29.61¢
R 4 1008 129.95 R 28 1400+p 29.53
R5 100« 129.94 R 29 6Sa 29.47
R 6 9La 129.90 R 30 15Sa 29.37
R7 9L 129.88 R 31 15Lo+P 29.34
R 8 90 129.65 R 32 13+150 0+ 29.32
R9 908 129.62 R33 55a 29.27
R 10 13Lno+p 128.22 R 34 50+L+LnB 29.18
R 11 12 Ln o 128.18 R 35 50+L+Llna 29.16
R12 12 Ln B 128.17 R 36 Unresolved peaks 29.10¢
R13 10LB 128.06 R 37 40+L+Llna 29.06
R 14 10La 128.04 R 38 40+L+LnB 29.03
R 15 12L o 127.88 R 39 8+11 00+ 27.17°¢
R16 12LB 127.87 8+14La+B
R17 10Ln B 127.74 8 Ln o+
R18 10 Ln o 127.73 R 40 ML+Llna+P 25.56¢
R 19 15Lno+p 127.10 14Llno+ P 25.51
R 20 B-Glycerol 68.89 R 41 30+L+Lnp 24.85
R 21 o-(o) Glycerol 62.05 3S5+0+L+Llna 24.82
R 22 20+L+LnP 34.14 R 42 17S o 22.68

2Sa 34.00 17700+ 22.67

20+L+Llna 33.98 177Lo+ P 22.57
R 23 16 Sa 31.93 17Lno+ B 20.54

1600+f 31.91 R 43 18Lno+f 14.25

16La+p 31.52 18Sa180 a+p 14.08

18Loa+ P 14.04

#1(3)- and 2-positions of glycerol are designated by the Greek symbols o and B, respectively.
bLabeling of acyl chains: S, saturated; O, oleyl; L, linoleyl; Ln, linolenyl chain.
“Chemical shifts not definitely assigned; they represent the middle frequency of the multiplets.

pattern. The logarithm of shift differences of double-bond
carbons in monoenoic (Cg.;) and nonconjugated polyenoic
(Cig.0» Cyg.3) glycerides were linearly correlated with the
number of C—C bonds separating them from the ester group.
This relationship was explained by a 6-inductive mechanism
of transmission of dipole effects of the ester moiety and mul-
tiple bonds through saturated C—C bonds of polymethylene
chains (20,21). The chemical shifts of double-bond carbons
that were predicted by the c-inductive theory were in good
agreement with the shift values experimentally determined.
The resonances of unsaturated carbons of oleyl, linoleyl,
and linolenyl chains were baseline-resolved, except for C-9
of the linolenyl chain and C-13 of the linoleyl chain, which
overlapped. Moreover, the C-9 and C-10 signals of all chains
and the C-12 resonances of linoleyl and linolenyl chains were
split according to the chain 1(3)- and 2-position on the glyc-
erol backbone, whereas no splittings were detected for C-13
of linoleyl and linolenyl chains, and for C-15 and C-16 of
linolenyl chain. In particular, in 2-position chains, the carbon
of a double-bond pair closer to carbonyl carbon C1 was
shifted to a lower frequency compared with that of 1(3)-
chains, whereas the double bond carbon further from C1 res-
onated at a higher frequency than that of 1(3)-chains. More-

over, for a double-bond carbon, the shift differences between
the resonances of 1(3)- and 2-position chains become smaller
moving away from the ester group toward the methyl end.
Thus, the shift separations between C-9 lines at 1(3)- and 2-
glycerol positions for oleyl and linoleyl chains were +0.03
and +0.02 ppm, respectively, whereas those of C-10 lines of
oleyl, linoleyl, and linolenyl chains, were lower and opposite
in sign, i.e., —0.01, —0.02, and —0.01 ppm, respectively. The
shift differences of C-12 resonances at the 1(3)- and 2-posi-
tions for linoleyl and linolenyl chains were +0.01 ppm, but
no shift difference was detected for C-13, C-15, and C-16 of
the linolenyl chain.

The appearance of 68.89 and 62.05 ppm signals, which
were assigned to C-2 and C-1(3) of glycerol in triglyceride
molecules, respectively, confirmed that mono- and diglyc-
eride species were absent in the oils examined, as was ex-
pected for high-quality olive oils (22).

C-2 and C-3 signals were resolved according to the chain
position on the glycerol backbone whereas no chain differen-
tiation was attainable. C-2 of oleyl, linoleyl, and linolenyl
chains at 2- and 1,3-positions resonated as single peaks at
34.14 and 33.98 ppm, respectively. C-2 of saturated fatty
acids in 1,3-positions appeared at 34.00 ppm. No signal was
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detected for these chains at the 2-glycerol position, of which
the maximal acceptable level for high-quality olive oils is
<1.5% (19).

C-3 resonances of 2-position chains were shifted to a
higher frequency (24.85 ppm) from 1,3-chains (24.82 ppm),
thus confirming the pattern of C-2 resonances. The assign-
ments of C-2 and C-3 resonances were based on the T1
longitudinal relaxation times, which were found to be slightly
shorter for 2-chains, than for 1,3-chains because of their
lower mobility and as a consequence a more efficient relax-
ation process (23).

C-16, C-17, and C-18 carbons appeared as three sets of
resonances centered at 31.73, 22.63, and 14.06 ppm, respec-
tively. Within each group of signals, saturated, oleyl, and
linoleyl chains resonated from higher to lower frequency, in
that order.

The carbons C-16 to C-18 and C-4 to C-15 were assigned
by means of T1 longitudinal relaxation times of '3C nuclei
which, in fatty acids, were found to increase regularly toward
the methyl end of alkyl chains (24).

C-17 and C-18 of linolenyl chain were shifted to higher
frequencies from the corresponding signals of the other
chains, at 20.54 and 14.26, respectively; they were assigned
according to literature data (25). C-17 of the linolenyl chain,
in spite of being allylic to the C-15,16 double bond with a
shift predicted close to =27 ppm, showed a resonance fre-
quency (20.54 ppm) that seemed to be highly influenced by
the chain-end methyl group according to chemical shift data
for linear alkanes (26).

The chemical shifts of allylic carbons C-8 and C-11 in the
oleyl chain, C-8 and C-14 in the linoleyl chain, and C-8 in the
linolenyl chain centered at 27.17 ppm, confirmed the cis con-
figuration of C-9,10 and C-12,13 double bonds . The low fre-
quency shift by =2 ppm (=27 ppm) from the central methyl-
ene shifts (=29 ppm, unperturbed shift value) which is regis-
tered in a cis-chain, was produced by a strong y-gauche
interaction occurring between the two allylic carbons (27).
The bis-allylic carbons C-11 of linoleyl and linolenyl chains
and C-14 of linolenyl chain were further shifted at lower fre-
quency, 25.56 and 25.51 ppm (25), respectively, because a
bis-allylic carbon has two y-gauche interactions with two
other carbons which are both allylic to the double bonds.

Quantitative '>C NMR spectra. The success of °C NMR
spectroscopy coupled with statistical methods of multivariate
analysis in discriminating olive oils by cultivars and geo-
graphical origin is determined by '*C spectra, which have to
be quantitative, and by the technique of signal integration.

Quantitative '>C spectra require that all the resonance in-
tensities be rigorously comparable in all the olive oil samples.
This means measuring spectra where no signal saturation is
allowed to occur, by using relaxation delay of the order of five
times the longest T1 of 'H nuclei (15). To fulfill this require-
ment, we determined IHTI longitudinal relaxation times of
acyl chains of olive oil triglycerides by the inversion-recov-
ery pulse sequence. They are reported in Table 2. The 'H nu-
clei relaxed increasingly slowly going from the central glyc-
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TABLE 2
T1 Longitudinal Relaxation Times of "H Nuclei of Acyl Chains
of Olive Oil Triglycerides

Chemical shift T1
"H resonances (ppm) (s)
Glyceryl residue
1) 4.30 0.42
173" 4.15 0.44
2 5.26 0.79
Acyl residues
2 2.30 0.53
3 1.57 0.73
47 1.25 0.86
8 2.00 1.06
9,10 5.34 1.26
11 2.76 1.30
18 0.87 1.51

erol group to the methyl ends of the fatty acids as the mobil-
ity became higher and higher from the glycerol skeleton and
proceeding along the methylene chain (28).

Polarization transfer from protons to '3C depends on the
D2 delay which is based on the value of C—H coupling con-
stant according to the relationship D2 = 1/2 J._;. The BcH
coupling constants of carbons, which were representative of
sp? and sp> hybridization, were experimentally determined
on an olive oil sample by means of INEPT pulse sequence,
without refocusing and decoupling. The spectrum, except for
the crowded region of the methylene envelope (20—40 ppm),
showed the methyl group resonating as a quartet according to
the —1:-1:1:1 intensity pattern (J_;; = 124 Hz), the glycerol
C-2 as a doublet with an antiphase pair of lines (J_j; = 149
Hz), and the glycerol C-1(3) as a triplet with —1:0:1 structure
(g = 149 Hz).

The =C-H coupling of C-9 was determined by the an-
tiphase pair of lines of the corresponding doublet (J_j; = 152
Hz). The 1JC_H coupling values are reported in Table 3. Since
the resonance intensities of all the '*C nuclei have to be used
for the quantitative purposes of this research, and considering
that the 1JC_H values ranged from 124 to 152 Hz, the D2 delay
was optimized by adopting the compromise of setting J_; =
144 Hz, that is, the average coupling constant C—H.

The intensities, i.e., areas, of 13C resonances of olive oil
spectra were determined by integration using the software
provided with the spectrometer. Any slope or roll in the base-

TABLE 3
13C-"H Coupling Constants of Acyl Chain Carbons
of Olive Oil Triglycerides

Chemical shift Jisc g
13C resonances (ppm) (H2)
Glyceryl residue

1, 3- 62.05 149 (9

2. 68.89 149 (d)
Acyl residue

9 129.63 152 (d)

18 14.06 124 (g




13C NMR DEPT MULTIVARIATE ANALYSIS OLIVE OIL

line was removed prior to integration since integrals are ex-
tremely sensitive to small changes in the baseline. The phase,
which represents the actual difficulty in achieving integration
accuracy, was carefully set to the absorption-mode signal.

The accuracy of the integral increases with the number of
data points defining the peak (16); therefore, the number of
data points used during the Fourier transformation was dou-
bled by the technique of zero-fill. This improved the reso-
nance definition by reducing the frequency spacing between
the points, i.e., digital resolution, from 0.3 to 0.15 Hz. The
13C resonances of triglyceride acyl chains have linewidths of
approximately 1.0 Hz, so 0.15 Hz/point appeared to be a suit-
able digitization to define the lines properly and ensure inte-
gration accuracy.

Whenever a group of resonances was poorly resolved and
included peaks with low signal-to-noise ratios, the resonances
were integrated as a whole rather than measuring the areas of
single lines in order to minimize integration errors. This strat-
egy was adopted for the resonances labeled R3, R22, R23, R25,
R27, R36, R39-R43, whose components are reported in detail
in Table 1. In considering that in all olive oil samples the
linolenyl chain was not detected under the signal-to-noise ratio
values adopted, 35 intensities of 13C nuclei were measured res-
onating at the same chemical shifts in all the spectra examined.

Multivariate statistical analysis. The optimal number of
variables for the formation of statistical models is often not
the total number of variables available (14,29-35) because
many variables contain noise, whereas others are collinear and
essentially contain the same information. The principle of par-
simony (36) in particular bears this out in statistical theory.
This principle states that if a simpler model is equally as good
as a more complex model for a given set of data (training set),
then it will tend to be better when applied to a previously un-
seen set of data (test set). For this reason, it is important to find
the best variables for prediction before proceeding.

PLS was carried out using the macros (described in more
detail in Ref. 14), which encode targets as 1 and 0. For exam-
ple, a simple PLS?2 target prediction (Y) matrix may look as
shown in Scheme 1. A prediction is taken to be for a particu-
lar target type (variety in this case) if it is the highest number
in the row, so that an output matrix may look like Scheme 2.

1227
Prediction
Dritta Leccino  Moraiolo Identified as
Dr1 0.623 0.42 0.012 Dritta
Sample Dr2 0.978 0.014 0.001 Dritta
Index Lel 0.024 0.859 0.001 Leccino
Le2 0.287 0.325 0.337 Moraiolo
SCHEME 2

Test and training sets were chosen in such a way that the train-
ing set encompassed the test set as far as possible. That is, ex-
treme objects were placed in the training set. Half of the ob-
jects (or half + 1, where the number of total objects is odd)
for each class (variety or region) were placed in the training
set. This was achieved by using a program written by Dr.
Alun Jones, called MultiPlex, an in-house extension of the
Duplex method (37). For a PLS2 prediction, using weighted
characteristicity w variable selection (14) (essentially the ratio
of the inner variance to the outer variance of the object
classes—in this case varieties—see Ref. 38), the best predic-
tion is obtained with just 15 of the variables, using 8 PLS fac-
tors (Fig. 1).

Figure 1 was produced by using results from the test set
only. The test set was previously unseen to the model, except
that it was used, along with the training set, in determining
the optimal number of factors for prediction.

A three-dimensional PCA scores plot at this point (Fig. 2)
showed that all the oils of variety Dritta cluster very tightly.
The oils of variety I-77 were well distinguished in the lower
right, whereas the Leccino oils were spread around, and bi-
sected with a line of Moraiolo oils. Our previous studies indi-
cated that the variety Leccino is more difficult to predict, a fact
associated with the effect of age in this particular variety. It is
the most rustic of Italian varieties, and cannot self-pollinate
(39). It is also widespread throughout Italy; consequently, it is
likely that there is considerable genetic variation.

A similar pattern can be seen in the PLS2 scores plots for
the 15 best variables (Fig. 3). Closer analysis of these PLS2
results yields a confusion matrix (Scheme 3). This shows a
total of 8 incorrectly identified oils from a test set of 56 oils,
or a correct prediction of 85.7%.

Encoding Examination of the scores plots suggested that linear sepa-
Dritta Leccino Moraiolo 1tion of the varieties would be possible if the samples of va-
(Dr) (Le) (Mo)
Dr1 1 0 0
Dr2 1 0 0 Identified as
Sample Dr3 1 0 0 Confusion Dritta 1-77 Leccino Moraiolo
Index Lel 0 1 0 Dritta 10 0 2 0
Le2 0 1 0 Actual 1-77 0 7 1 0
Mol 0 0 1 Leccino 1 0 27 0
Mo2 0 0 1 Moraiolo 1 0 3 4
SCHEME 1 SCHEME 3

JAOCS, Vol. 76, no. 10 (1999)



1228

G. VLAHOV ET AL.

Percentage Correct

1 6 11 16

21 26 31

Variables used, weighted characteristicity w selected

FIG. 1. Partial least squares 2 (PLS2) prediction of variety of olive oil. Percentage correct for test set only for models
from the best 1 to all 35 variables. Graph shows that optimal prediction is achieved using the best 15 variables.

riety Leccino were removed from the data, and this was in-
deed found to be the case. The 15 best variables without this
variety provided a 100% prediction for all three varieties. The
scores plot (18) is shown in Figure 4.

For any kind of discrimination, it is necessary to have a
reasonable representation from each object type in order to

LL

form a good model. In this investigation, where regional dis-
crimination is involved, this means using the largest three re-
gions (i.e., Toscana, Abruzzo, and Puglia). These three re-
gions are geographically separated, and so the oils from these
regions would be expected to be well-differentiated. Among
these three regions, there are two I-77 representatives, and be-

Factor 1

FIG. 2. Principal components analysis three-dimensional scores plot of olive varieties. Fifteen
best variables, as selected by characteristicity w weighted in favor of the larger varieties. Graph
shows elements of factors 1, 2, and 3. Dritta (D) variety clusters very tightly, I-77 (1) is distin-
guishable, and Leccino (L) is diffuse. Moraiolo (M) oils intersect the Leccino oils.
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FIG. 3. PLS2 scores plot of olive varieties. Fifteen best variables, as selected by characteristic-
ity w weighted in favor of the larger varieties. For abbreviation see Figure 1.

tween 8 and 12 Leccino representatives from each region. The
variety Moraiolo is found only in Tuscany, and Dritta only in

Abruzzo in these data.

The results show that, like the 13C NMR data presented be-
fore (14), olive oils from different regions are not so easy to
predict as varieties. Figure 5 shows that a PLS2 model with
these three regions is able to achieve an all-but-one prediction.

The models at the 31 and 32 best variables both selected

five factors as being optimal. In both instances the wrong
sample was an Abruzzo which was falsely identified as a

Toscana. The training set also showed two samples incor-

rectly identified; one, another Abruzzo identified as a
Toscana, the other a Puglia identified as an Abruzzo. In the
scores chart in Figure 6 these three samples are identified by
an arrow. The two Abruzzo oils incorrectly identified were
the only two from that region of variety I-77 (the remainder
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tion see Figure 1.
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Thirty-one best variables, as selected by characteristicity w unweighted. Three samples incor-
rectly identified are indicated with arrows. For abbreviation see Figure 1.

being all Dritta and Leccino oils). The incorrect Puglia oil
was a Leccino, for which there is no easy explanation beyond
the known variability of that variety.

These results compare very favorably with our previous
13 NMR results, despite the fact that DEPT NMR is unable
to give signals from the carbonyl region, which were found
to be very important in our previous work (13,14). These find-
ings confirm that Fourier transform NMR can be used as a
quantitative technique. The repeatability of the methodology,
i.e., within-run (short term) precision, and the reproducibility,
i.e., between-run (very long term) precision, enable rigorous
quantitative analyses of olive oils.
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