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Abstract

BACKGROUND: Tigernut is a typical foodstuff from a specific region of Valencia (Spain) called ‘L'Horta Nord’, where it is com-
mercialized under a Protected Designation of Origin (PDO) as Chufa de Valencia (‘Valencia's tigernut’). PDO-recognized tiger-
nuts present unique characteristics associated with their particular production region. Increasing demand and the associated
expansion of its cultivation area has made necessary an exhaustive quality control to check the geographical origin and
quality seal.

RESULTS: In this work, a newmultivariate analytical method capable of authenticating the PDO quality seal of tigernut samples
was developed. Tigernut fat fraction was extracted under optimal conditions, applying the methodology of design of experi-
ments. The analytical method combined fingerprinting methodology and chemometric tools to observe the natural grouping
of samples using the exploratory analysis method and to develop classification models (partial least squares–discriminatory
analysis; PLS-DA) to discriminate between two sample categories: (i) PDO tigernuts; and (ii) NON-PDO tigernuts.

CONCLUSION: The built PLS-DAmodel demonstrated 100%accuracy, high sensitivity and specificity, revealing that the tigernut
fat fraction can be applied to authenticate the PDO quality seal.
© 2023 The Authors. Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.

Supporting information may be found in the online version of this article.
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INTRODUCTION
Tigernut (Cyperus esculentus L.) is a tuberous plant known by var-
ious names such as chufa, groundnut, rush nut and earth nut. It
has been reported to contain 27.44% fat, 13.35% fibre and
4.27% protein. It produces a food with high energetic and nutri-
tive properties. This tuber is consumed as a snack or in the form
of a plant-based drink, being the main ingredient of the world-
acclaimed Valencian ‘horchata de chufa’ drink.1-3

This foodstuff is mainly cultivated in Africa (Niger, Nigeria,
Ghana and Senegal), Spain and Turkey. In Spain, around 400 ha
are dedicated as a cultivation area of this product. The largest cul-
tivation area in Spain is located in a specific region of Valencia
called ‘L'Horta Nord’, where the tigernut is commercialized under
a Protected Designation of Origin (PDO) Chufa de Valencia (here-
after ‘Valencia’ PDO). It should be emphasized that one of the big-
gest problems currently facing the ‘Valencia’ PDO is themarketing
of African tigernuts with the ‘Valencia’ PDO seal. In 2017, the

documentary ‘Mousso Faso’, which uncovered this fraud, made
headlines.4 Since then, more cases of African tigernut fraud have
been published, including the sale of African tigernuts in Alboraia,
a relevant location of the PDO Chufa de Valencia.5

PDO is a legal and quality recognition granted by the European
Union (EU) to protect and promote traditional and regional food
products with specific characteristics. The PDO quality seal guar-
antees that a product is produced, processed and prepared in a
specific geographical region and possesses qualities or reputation
that is exclusively attributed to its geographical origin.6,7 It should
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be note that the concept of the geographical region of origin and
the specific quality of the product creates a unique identity for
these foodstuffs and thus adds further value. Most food products
are associated with the name of a production region in a particu-
lar geographical area. Moreover, marketing a food product under
a PDO provides advantages to both producers and consumers.
For producers, it signifies legal protection against imitation and
unfair competition, as well as the possibility to use a label that cer-
tifies the quality and authenticity of their product. For consumers,
the PDO is a guarantee of quality and origin, instilling confidence
in the authenticity and specific characteristics of the product they
are purchasing.
In the last years, the increasing demand for tigernut and the

expansion of its cultivation areas have made necessary the verifi-
cation of its geographical origin, in particular those marketed
under the PDO quality seal. Within this framework and to the best
of our knowledge, only two studies have been reported with the
goal of evaluating the differences among tigernuts produced in
diverse places. On the one hand, López-Cortés et al.8 applied
gas chromatography coupled to flame ionization detection to
determine and quantify the content of fatty acids, squalene, ste-
rols and tocopherols of tigernuts from four distinct geographical
origins (Spain, Egypt, Nigeria and South Africa). A principal com-
ponent analysis (PCA) was carried out to combine the results
obtained in the fatty acid profile, squalene, sterol and tocopherol
composition. It evidenced a natural grouping of the samples
according to their origin. Despite this, it is important to note that
this study employed an analytical method based on a target
approach to evaluate the tigernut's origin. This kind of approach
pre-established the specific components for analysis, which could
introduce a bias based on these prior assumptions. Building upon
this framework, Rubert et al.9 combined an advanced analytical
method-based untargeted approach and chemometrics tools to
determine fatty acids, tocopherols and sterols present in tiger-
nuts. This research applied liquid chromatography coupled to
high-resolutionmass spectrometry, which indicated that themain
differences among analysed tigernuts were found in the fat frac-
tion. In this context it should be noted that both studies applied
a univariate approach; that is, in order to find the differences
between tigernuts grown in different locations it was necessary
to determine and quantify different compounds or families of
compounds. In other words, a targeted approach was used to
assess quality in terms of geographical authenticity.
A foodmatrix is a complexmulti-compositional material system;

therefore, the verification of its authenticity (in the quality
scenario) should be carried out after the application of a non-
targeted approach, in which ‘the whole set’ of intrinsic character-
istics of the food is considered, but ‘what’ or ‘how much’ of these
characteristics are present is not identified.10

Therefore, in the food quality and authenticity scenario, the tar-
geted approach is not themost suitable approach to be applied as
it implies a waste of resources, use of reagents and solvents, and
waste generation; in short, it is not an environmentally sustain-
able/green approach. Therefore, the application of a non-targeted
approach would be the most appropriate for quality control and
the targeted approach should be used in the food safety scenario,
focused on the detection of chemical compounds that may cause
a problem for human health.
In this sense, fingerprinting is a multivariate analytical method-

ology based on a non-targeted approach, which briefly consists of
obtaining a non-specific but characteristic signal of the food con-
taining the information of interest and that, through the applica-
tion of data mining tools (chemometrics), allows us to extract the
chemical information of interest that permits authentication it in
an unequivocal way, without the need to quantify or identify
any compound.11-13

In this contextual framework, the goal of this current study is to
authenticate the geographic origin of different tigernut samples
applying the tandem ‘fingerprinting’ and ‘chemometrics’ for
developing a different multivariate analytical method. The study
was based on two steps: (i) The fat fraction of the tigernuts was
obtained using pressurized liquid extracts (PLE). For this purpose,
the design of experiments methodology (DoE) was applied in
order to optimize the extraction conditions. (ii) An ad hoc analysis
method was developed using liquid chromatography coupled
with an ultraviolet–visible detector in normal phase mode ((NP)
HPLC-UV) to acquire the instrumental fingerprint of the fat frac-
tion of each of the samples. Different chemometric tools were
then applied in order to develop the multivariate analytical
method with which to authenticate the quality seal of the tiger-
nuts. In all cases the models were evaluated by obtaining the
quality parameters, which were estimated following the study
published by Luis Cuadros et al.14

MATERIALS AND METHODS
Chemicals
The solvents used in the sample treatment stage were HPLC
grade. n-Hexane was supplied by Panreac AppliChem
(Barcelona, Spain) and isopropanol was provided by Honeywell
(Charlotte, NC, USA). The solvents used as chromatographic
mobile phase were HPLC grade. Acetonitrile were supplied by
Honeywell.

Samples and sample preparation
Thirty-five tigernut samples were used in this study. Fifteen of
them were provided by the ‘Valencia’ PDO Management Body
(in Spanish: ‘Consejo Regulador de la DOP Chufa de Valencia’).
The rest of the samples were obtained from local grocery markets
located in Granada and Valencia (Spain). A briefly description of
the geographical origin is given in Table 1.
Prior to chromatographic analysis, tigernuts were shredded

using a stainless steel grinder (Taurus, Oliana, Spain), dehydrated
by drying in a sterilization oven (JP Selecta, Barcelona, Spain) and
fat was extracted using a pressurized liquid extraction system
(ASE 100, Dionex Corporation, Sunnyvale, CA, USA), with 34 mL
steel extraction cells. The extraction procedure was optimized
using an experimental design with the Statgraphics Plus 5.1 soft-
ware (The Plains, VA, USA) package for statistical treatment and
interpretation of collected data.15 To remove the remaining sol-
vents after extraction a Büchi RE-124 rotatory evaporator

Table 1. Geographical origin of the collected tigernut samples

Origin Number of samples

‘Valencia’ PDO (L'Horta Nord) 18
‘Valencia’ NON-PDO (from Valencia) 7
Africa 10
Total 35

PDO, protected designation of origin.
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equipped with vacuum pump V700 (Büchi, Flawil, Switzerland)
was used.

Chromatography equipment and conditions
(NP)HPLC-UV analysis was performed using a Dionex UltiMate
3000 HPLC + Focused chromatography system (Thermo Scien-
tific, Waltham, MA, USA) equipped with an RS autosampler and
column compartment. Detection was performed with an RS vari-
able wavelength detector recording UV spectra at 218 nm. Chro-
meleon version 7.0 software used to visualize and export the
obtained data. A LiChrospher 100 CN instrument (250 × 4 mm, i.d.,
5 μm) at 30 °C was used for HPLC analysis. The composition of the
mobile phase was n-hexane–isopropanol (96:4, v/v) at flow rate of
1.2 mL min−1. The injection volume was 10 μL and run time was
10 min.

Multivariate data analysis: chemometrics
The raw data files from each chromatogram sample were
obtained as a CSV (comma-separated values) file, and then con-
verted toMATLAB format (R2013b version, Mathworks Inc., Natick,
MA, USA). An intensity data vector was obtained from each sam-
ple, which were merged into a single data matrix described by
35 samples × 1201 variables.
In order to extract useful signal information, the raw chromato-

gramswere submitted tomathematical transformation in order to
remove the variability and maximize the comprehensive interpre-
tation of chemical information extracted. This preprocessing was
carried out using a home-made MATLAB function named
‘MEDINA’ (version 07). This function used MATLAB Bioinformatics
Toolbox software and ‘icoshift’ algorithm (version 1.2) to improve
the quality of raw chromatographic data and to align the sig-
nals.16 The data preprocessing consisted of the following stages:
(i) grouping and overlaying of the chromatogram; (ii) selection
of the interval of interest in the chromatogram; (iii) de-noising
and smoothing the signal using a least-squares digital polynomial
filter; (iv) baseline correction using the ‘msbackadj’MATLAB func-
tion to eliminate the baseline variance from each signal. This var-
iance could be caused by various factors such as pressure or
temperature in the chromatogram detector; (v) mean-centring
of the dataset.
Once the chromatographic data preprocessing was carried out,

it was possible to use pattern recognitionmethods; principal com-
ponent analysis (PCA)17 was employed as unsupervised methods,
and partial least squares–discriminant analysis (PLS-DA)18 was
employed as supervised method. The pattern recognition
methods were explored using PLS_Toolbox (version 8.7, Eigen-
vector Research Inc., Wenatchee, WA, USA).
For multivariate method development purposes, the samples

were split into two subsets: (i) training set; and (ii) external valida-
tion set, considering the two classes PDO and NON-PDO. Approx-
imately 70% of the samples from each class were randomly
chosen for the training step and the remaining ones were
employed for the external validation step.

RESULTS AND DISCUSSION
Optimization of the fat extraction process
The instrumental and analytical variables set involved in the PLE
method should be optimized to ensure proper extraction of the
tigernut fat fraction. The instrumental variables were tempera-
ture, heating time, pressure, extraction time, flush volume, purge

time and number of extraction cycles; the analytical variables
were sample particle size, sample amount and extraction solvent.
Focusing on the analytical variables involved, the solvent extrac-

tion used was a mixture of n-hexane–isopropanol (3:3, v/v). This
mixture further demonstrated this solvent to be the most effec-
tive, confirming a previous study.15 ASE 100 extraction utilizes
steel cells of 10, 34, 66 or 100 mL and a 250 mL collection bottle.
For this case, the 34 mL cell was selected because it is suitable for
accommodating 2.5 g tigernut containing around 27% of fat. Each
sample was milled as a preliminary step to reduce its particle size,
thereby facilitating the subsequent extraction process.
With regard to instrumental variables, there are two significant

variables in the extraction procedure: the temperature and the
purge time, as pointed out in the earlier referenced study.15 The
optimal value of each was studied using response surface meth-
odology (RSM), based on the application of DoE. The values of
the remaining variables – instrumental and analytical – were cho-
sen according to the most favourable operation for the process.
The selected time statistic was 5 min, flush volume was 40%,
extraction time was 12 min, the number of extraction cycles was
1 and the heating period was 5 min.
A two-variable second-order polynomial model (six terms) was

selected as the response surface describing the extraction pro-
cess. In order to estimate the coefficients of the model, a rotating
central composite design (22 factorial plus star) with five central
points was used, resulting in a 13-run experimental matrix (see
Table 2). The experimental domain of the two studied variables
was selected around a central point corresponding to the opti-
mum values of temperature and purge time to the extraction
obtained in the above study.15 The response variable is the mea-
sured fat content expressed in grams of fat per 100 g in the dried
sample.
The effect of the variables was graphically evaluated by a

response surface plot (see Fig. 1). The estimated response surface
structure presents asymmetric ‘tile’ morphology. The maximum
stationary point is located near the centre of the experimental
domain (see Supporting Information, Fig. S1). In this scenario,
the most curved part of the ‘tile’ represents the maximum
response, meaning the highest percentage of extracted fat

Table 2. Experimental matrix and obtained fat content for each
experimental run (coded values in brackets)

Run

Variable
Fat content
(%, w/w)Temperature (°C) Purge time (s)

1 154 (−√2) 100 (0) 24.63

2 160 (−1) 150 (1) 25.18
3 160 (−1) 50 (−1) 17.46
4 175 (0) 170 (√2) 23.54

5 175 (0) 30 (−√2) 19.13

6 175 (0) 100 (0) 26.25
7 175 (0) 100 (0) 26.36
8 175 (0) 100 (0) 24.32
9 175 (0) 100 (0) 26.7
10 175 (0) 100 (0) 26.12
11 190 (+1) 150 (1) 25.96
12 190 (+1) 50 (−1) 14.04
13 196 (√2) 100 (0) 20.68

Innovative non-targeted liquid chromatography fingerprinting www.soci.org

J Sci Food Agric 2023 © 2023 The Authors.
Journal of The Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

wileyonlinelibrary.com/jsfa

3
 10970010, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/jsfa.13054 by R
eadcube (L

abtiva Inc.), W
iley O

nline L
ibrary on [29/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com/jsfa


content. Accordingly, the optimum values of purge time and tem-
perature was located at 126.8 s and 173.2 °C, respectively.

Chromatographic signals of tigernuts
As already mentioned, (NP)HPLC-UV was used to analyse the fatty
acid profile of tigernut. Figure 2 illustrates the raw chromato-
graphic signal at 218 nm of three types of tigernut samples:
(i) belonging to the ‘Valencia’ PDO; (ii) ‘Valencia’NON-PDO (grown
in the ‘Valencia’ region but not bearing the ‘Valencia’ PDO quality
seal); (iii) originating from an African country. These chromato-
grams are evidence of a possible different shape related to the
PDO category. Raw chromatogram data were submitted to data
preprocessing in order to extract the relevant chemical informa-
tion. The resulting data were used to build the different multivar-
iate models.

Unsupervised analysis
PCA was carried out to explore the natural grouping of the differ-
ent tigernut samples (see Supporting Information, Fig. S2). Using

three principal components (PCs), 93.11% of the total variance
was explained. The PC2 (14.02%) versus PC3 (5.61%) scores plot
(see Fig. 3) revealed a natural grouping of 100% of the ‘Valencia’
PDO samples. This means that the tigernut belonging to PDO
could be a differentiating feature between the studied samples.
Note that there are four tigernut samples of Valencia origin that

did not bear the ‘Valencia’ PDO quality seal (‘Valencia’ NON-PDO)
and were grouped with the ‘Valencia’ PDO samples. These four
samples originate from the Alboraya region (a municipality
located in L'Horta Nord). However, they lacked the PDO quality
seal, as probably they could not meet certain criteria stipulated
by the regulatory authority. This grouping may therefore be due
to the proximity of the cultivars. Although it is important to con-
sider that the quality seal is not solely determined by the region
where the food is grown, in addition to meeting this requirement
it must also meet the rest of the specifications of the designation
of origin.

Supervised analysis
Since PCA is an unsupervised technique, it is not powerful enough
to detect differences between ‘Valencia’ PDO and ‘Valencia’ NON-
PDO. However, this limitation is addressed by using classification
techniques (supervised techniques) such as PLS-DA, which was
applied in this study. PLS-DA allows a more comprehensive classi-
fication of the samples, enabling the identification of existing dif-
ferences between samples from ‘Valencia’ PDO and ‘Valencia’
NON-PDO.

Analytical multivariate model building
PLS-DA was carried out to establish suitable classification models
to the discrimination between two classes: PDO (target class 1)
and NON-PDO (alternative class 1). Note that NON-PDO class con-
tained both the African tigernut samples and those produced in
the geographical region of Valencia that were outside of the
PDO (‘Valencia’ NON-PDO).
A total of 23 samples having the two classes were selected to build

the training set. PLS-DA method was developed by selecting nine
latent variables (LVs), which explained 97.98% and 77.03% of the

Figure 1. Response surface plot from temperature and purge time vari-
ables to obtain fat content (see Table 2 for the meaning of the coded
values).

Figure 2. Superposed (NP)HPLC-UV chromatogram fingerprints recorded at 218 nmof three types of tigernut samples originating from: (i) ‘Valencia’ pro-
tected designation of origin (PDO); (ii) ‘Valencia’ NON-PDO; (iii) Africa.
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accumulative variances over the x-variable and the y-variable blocks,
respectively. Accordingly, the classification model was established
and the remaining samples were used for the external validation
model. Figure 4 shows the results of the classification model. 100%
of PDO and NON-PDO samples were classified correctly; that is, no
sample belonging to the PDOwas considered as a NON-PDO sample
and vice versa. Table 3 presents the quality performance metrics of
the classification method calculated from the contingency result.
The PLS-DA model obtained a value of 1.00 for all quality perfor-
mance metrics, proving its suitability correct right classification of
all the samples (see Supporting Information, Fig. S3).

Marker variables for of the PDO tigernut samples
In order to locate the portion of the chromatographic fingerprint
containing characteristic information relating to PDO samples, the
LV1–LV2 PLS-DA scores plot was evaluated, which gathered
87.75% on the overall variance (see Fig. 5). This clearly displays
the sample groupings according to their class.
Figure 5 reveals that themost of the NON-PDO tigernut samples

(Africa and ‘Valencia’ NON-PDO) have positive scores on both LV1

and LV2 axes. In addition, the PDO samples are in turn split into
two subgroups (circled in orange and green in Fig. 5); each sub-
group is related to the date of harvest. This shows that it is possi-
ble not only to differentiate between PDO and NON-PDO samples,

Figure 3. Scores plot of PC2 versus PC3 obtained using the chromato-
graphic fingerprints of all samples (protected designation of origin
(PDO), ‘Valencia’ NON-PDO and Africa). The red ellipse encloses the PDO
tigernut samples.

Figure 4. Classification of tigernut samples by the partial least squares–
discriminant analysis model, developed with two classes: protected desig-
nation of origin (PDO) and non-protected designation of origin (NON-PDO).

Table 3. Summary of classification performance metrics from the
PLS-DA model developed in this study

Classification performance metrics
Class

1 (PDO)
Class 2

(NON-PDO)

Sensitivity (SENS) 1.00 1.00
Specificity (SPEC) 1.00 1.00
False positive rate (FPR) 0.00 0.00
False negative rate (FNR) 0.00 0.00
Positive predictive value
(precision) (PPV)

1.00 1.00

Negative predictive value (NPV) 1.00 1.00
Youden index (YOUD) 1.00 1.00
Positive likelihood rate [LR (+)] — —

Negative likelihood rate [LR (−)] 0.00 0.00
Classification odds ratio (COR) — —

F-measure (F) 1.00 1.00
Discriminant power (DP) — —

Efficiency (or accuracy) (EFFIC) 1.00 1.00
Misclassification rate (MR) 0.00 0.00
AUC (correctly classified rate) 1.00 1.00
Gini coefficient (Gini) 1.00 1.00
G-mean (GM) 1.00 1.00
Matthew's correlation coefficient
(MCC)

1.00 1.00

Chance agreement rate (CAR) 0.50 0.50
Chance error rate (CER) 0.50 0.50
Kappa coefficient (KAPPA) 1.00 1.00

A dash (—) signifies that the performance feature cannot be deter-
mined, since it involves a division between zero.

Figure 5. Scores plot obtained from the partial least squares–
discriminant analysis (PLS-DA) model of protected designation of origin
(PDO)/non-protected designation of origin (NON-PDO) classification. Pur-
ple shading: NON-PDO samples; orange and green shading: PDO samples.
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but also between PDO samples from different harvests in 2021
and 2022. In a similar way, most of the tigernut samples harvested
in 2022 have positive scores on the LV1 axis and negative scores
on the LV2 one.
Accordingly, LV1 and LV2 positive loadings (purple shading at top

of Fig. 6) correspond to the interval between the variables 50 and
100, which in turn match the retention times between 3.15 and
3.40 min (purple shading at bottom of Fig. 6). Thus, this first chro-
matogram window could be considered as the discriminant region
between the two classes and specifically characteristic of the NON-
PDO samples. Similarly, the zone having LV1 positive and LV2 nega-
tive scores is located between variables 140 and 320 (green shading
at top of Fig. 6), which cover the retention times between 3.50 and
5.20 min (green shading at bottom of Fig. 6). Therefore, this second
windowcould be regarded as containing thediscriminating informa-
tion between PDO samples harvested in 2021 and 2022. Note that,

although discrimination by harvesting is not the subject of the study
presented here, it could be pursued as a future perspective. In fact,
this study could be of interest to detect possible fraud in themarket-
ing of tigernuts, which could be sold indicating a false harvesting
date. This could have an impact on the sensory and nutritional qual-
ities of other food products derived from tigernuts, for example,
tigernut milk (in Spanish, ‘horchata’).

CONCLUSIONS
The current research uncovers the optimal experimental condi-
tions for extracting the fat fraction of tigernuts using the PLE tech-
nique. Moreover, it has been demonstrated that this fat fraction
contains the relevant information for discriminating PDO and
NON-PDO tigernuts. For this, in this study a multivariate analytical
method has been developed ‘ad hoc’, utilizing the entire fat chro-
matographic fingerprint of the tigernuts jointly with chemometric
tools for discriminating tigernuts according with their quality seal.
It is important to stress that fingerprinting methodology presents
an enormous potential in quality and authenticity assessment, as
it has been demonstrated to be sufficiently robust, sensitive and
discriminatory in verifying the quality seal of tigernuts. In addition,
this strategy is less time consuming and is therefore more aligned
with EU principles regarding the development of more environ-
mentally sustainable analysis methodologies.
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