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Abstract

Carob fruit samples (Ceratonia siliqua L.) harvested from eight different regions of
Morocco (Tafraout, Tiznit, Imintanoute, Ourika, El Ksiba, Imouzzer Kandar, Al
Hoceima, and Chefchaouen) were subjected to qualitative analysis employing
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (FTIR-ATR) in
the mid-infrared region combined with Principal Component Analysis (ACP). FTIR-
ATR disclosed the major functional groups and their modes of vibration in the pulp,
seed, and endosperm of each region. The peaks of the sugar region are stronger in pulp
samples. However, peaks of protein region are stronger in seed and endosperm. Pulp and
endosperm samples were discriminated by the ACP, while seed intersected with them.
Finally, a geographical classification was carried out for each part of the carob fruit.
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1. Introduction

Ceratonia siliqua L. is the scientific name of the carob tree, which is a thermophilous and
dioecious evergreen species. It is well grown in subtropical and warm areas, and it tolerates the
humidity of coastal areas and soils that are dry and poor [1]. Its origin according to Vavilov (1951) and
De Candolle (1883) was in the eastern Mediterranean region (Turkey and Syria). Later on, it was spread
to other regions in the Mediterranean basin and Mediterranean-like regions such as California, Arizona,
Mexico, Chile, and Argentina [2]. In 2020, the world production of carob fruit was approximately 50
thousand tons. For the last decade, Morocco has been in the top three producers, and both its production
and area harvested have increased to over 21 thousand tons and 10 thousand hectares, respectively
(FAO, 2020).

The carob fruit ripens and gets dry and brown in July-August. It is a pod of 10-30 cm long and
1,5-3,5 cm wide. It is composed of 80-92 % pulp and 8-20 % seeds. Carob pulp is rich in fibers, sugars,
antioxidants [3], and total polyphenols [4]. Seeds may be oval, round, or elliptic, having a smooth or
rough surface. They contain antioxidants, comparatively more protein (especially arginine, aspartic
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acid, and glutamic acid) than the pulp, and less sugars [1,5]. 23-25 % of the seed is the germ, 30-33%
is the husk, and 42- 46% is the endosperm. This last one is rich in a polysaccharide of mannose and
galactose (~4:1), known as carob bean gum (CBG) or locust bean gum (LBG) [1]. Carob fruit is widely
used in the food industry as functional foods [6]. The carob flour can be used in the preparation of
gluten-free macaron [7], roasted and used as a cocoa substitute [8], or even soaked in water to make
beverages and syrup [9], and thanks to the high viscosity and gelling effect of the CBG; it is used as a
food additive (stabilizer and thickener) [10].

Infrared spectroscopy (IR) is a vibrational spectroscopy based on the interaction of the sample
with infrared light, which excites vibrational transitions in the molecules [11]. Fourier transform
infrared spectroscopy (FTIR) uses the complete source spectrum, by dint of an interferometer that splits
the radiation with a beam splitter and reflects it with two mirrors [12]. In the attenuated total reflection
(ATR), the radiations reflect inside a crystal, forming evanescent waves which reach the sample on the
surface [11]. The FTIR-ATR is a universal, sensitive, non-destructive, fast, and easy technique. It does
not require large sample quantities or preparations [13]. Multivariate analyses are statistical techniques
used to analyze a data set having multiple variables. These techniques are numerous, examples include
correspondence analysis (CA), multiple correspondence analysis (MCA), multiple linear regression
analysis (MLR), partial least square (PLS), discriminant analysis (DA), multiple factor analysis (MFA),
and principal component analysis (PCA) [14]. This last one is the most adaptable and the oldest. It
generates new uncorrelated variables resulting in maximizing the variance. Thus, with minimal
information loss, the dimensionality of the data set will be reduced and the interpretability will be
increased [15].

FTIR-ATR was combined with multivariate analysis for multiple purposes, such as
identification and categorization of products [16,17], differentiation [18], quantification [19-22],
detection of adulteration and contamination [22—24], authentication and quality assessment [25,26],
qualification [21,27,28], origin identification [29], and classification and discrimination [30-32].
Alabdi et al. used the FTIR and chemometrics in 2011 to classify the seed and pod of the carob from
four Moroccan regions (Essaouira, Tafraout, Fes, and Agadir) [33]. Besides, Christou et al. have
adopted the same methodology to classify also the seed and pulp of carob, but from seven different
countries (Palestine, Greece, Turkey, Spain, Italy, Jordan, and Cyprus) [34]. However, the carob
endosperm and some other Moroccan regions had never been studied with this methodology.

In the present study, we worked on the carob pulp, seed, and endosperm harvested from eight
different regions of Morocco. Aiming to analyze qualitatively its major functional groups by FTIR-
ATR, and then apply the PCA to discriminate the samples regarding the part of the carob analyzed and
the origin. To the best of our knowledge, the carob endosperm and some of the regions analyzed in this
work were subjected -for the first time- to the FTIR-ATR spectroscopy combined with the multivariate
analysis.

2. Methodology
2.1. Sample preparation

Samples of carob fruit were collected from eight different locations (Table 1) in Morocco:
Tafraout in the central part of the Anti-Atlas, Tiznit on the southwest coast, Imintanoute and Ourika
from the High-Atlas, El Ksiba and Imouzzer Kandar from the Middle-Atlas, and lastly, Al Hoceima
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and Chefchaouen from the Rif’s mountains in the north of the country. The rainfall data were obtained
from the NASA Langley Research Center POWER [35].

For each location, samples of ten representative trees were mixed to make a representative
sample of the region. The carob pods were cleaned, deseeded, and kibbled. A thermo-mechanical
process separated the constituents (germ- endosperm- coat) of the seeds. Lastly, pulp, seeds, and
endosperm of the carob of each location were milled and sieved to a particle size of 800 pm.

Table 1. Geographic coordinates and rainfall of the carob samples locations

Location Code Latitude N Longitude W Altitude (m)  Rainfall (mm)*
Tafraout Taf 29°52° 9°23° 1245 214
Tiznit Tiz 29°71° 9°72° 233 207
Imintanoute Imi 31°1r 8°85° 1050 277
Ourika Our 31°37° 7°80° 889 244
El Ksiba Elk 32°58° 5°99° 1046 419
Imouzzer Kandar Imz 33°77 4°99° 1074 635
Al Hoceima Alh 34°93° 3°83° 382 432
Chefchaouen Chef 35°17 5927 531 791

* Average of the last ten years

2.2. FTIR-ATR analyses of carob samples

FTIR-ATR spectra were obtained using the Perkin Elmer Spectrum Two spectrometer
(PerkinElmer Inc., Waltham, Massachusetts, USA), equipped with a Lithium Tantalite (LiTaO3) MIR
detector and a diamond crystal cell for the attenuated total reflection (ATR). The powder of each
sample was placed onto the crystal cell, at room temperature. Spectra were recorded with a resolution
of 4 cm’!, at 32 scans per spectrum in the range of 4000-450 cm!. The cleaning of the crystal with a
tissue and isopropanol and the background collection were performed before each measurement. The
average of three replicates was saved using Spectrum Software (version 10.4.2.279, PerkinElmer, Inc.).

2.3. Spectra preprocessing

Before the qualitative and multivariate analysis, some preprocessing steps were executed on the
raw spectra, for the purpose of removing the noise from the random deviations of the manipulation and
the systematic variations in the samples [36]. The software used was OriginPro, Version 2021
(OriginLab Corporation, Northampton, MA, USA). The first step was baseline correction using the
second derivative method, which fits the bottom of the spectrum curve to the horizontal axis [37]. Then,
smoothing by the Savitzky-Golay method, with 11 points of window and one order polynomial, in
order to remove the noise signal [21]. Lastly, the spectra obtained were normalized to 0 to 100, this
technique belongs to the scatter-correction methods, which aim to reduce the variability between
samples [38].

2.4. Spectra qualitative analysis
The main bands of each spectrum were assigned to the major functional groups and their
molecular vibration (torsion, bending, and stretching). This attribution is based on the band position,
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and the comparison with the literature [10, 33]. 1500-450 cm! is called the fingerprint region since it
is unique for every chemical structure [16]. This region contains a lot of information, however, as it is
complex, it is difficult to be analyzed [13].

2.5. Multivariate analysis: principal component analysis

Principal Component Analysis (PCA) is an inferential method that evaluates the eigenvalue
decomposition of the covariance matrix to reduce the dimensionality of the data set [27]. This method
aims to classify and discriminate the spectra [30]. The PCA was performed on the preprocessed spectra
using the PCA for spectroscopy app in the OriginPro software. The choice of the number of principal
components depends on their percentage of variance and the position of the “elbow” or the “gap” in
the scree plot [40]. The score plot represents the data in terms of the principal components [14].

3. Results and discussion
3.1. Spectra qualitative analysis

FTIR-ATR spectra (Figures 1,2,3) of the three parts of the carob fruit, harvested in eight
different locations in Morocco, showed numerous peaks that could be assigned to different functional
groups. Broad peaks at 3374-3208 cm™! correspond to NH and OH stretching vibrations originated from
carbohydrates and phenolic compounds [41]. Bands at 2927-2855 cm’! reveal both the symmetrical
and the asymmetrical stretching of CH,. The region 1748-1608 cm'! is assigned to C=0, and the 1730-
1700 cm! peaks are attributed to its saturated stretching. Bands at 1440-1395 cm™! and 960-900 ¢cm'!
refer to OH in-plane and out-of-plane bandings, respectively. The 1230-1100 ¢cm™! region is assigned
to the saturated C-C-C stretch. The transmission measurements observed at <1000 cm™' may be due to
C=C or to benzene rings [13]. The fingerprint region 1500-400 cm™ provides numerous peaks
attributed to bending, scissoring, stretching, torsing, and rocking vibrations [39]. This region is related
to C-O and C-C stretching vibrations of carbohydrates and major sugars [23].
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Figure 1. FTIR-ATR spectra of carob pulp samples in the mid-infrared region (4000-450 cm™)

The strongest peaks in the spectra of carob pulp are around 1029-1027 cm’! (Figure 1).
According to many researchers, this region is attributed to glucose [18, 19]. This finding is in
accordance with the results of Li et al. who reported that peaks at wavenumbers from 1200 to 1000
cm! indicate the ether bond vibrations of the pyranose rings in sugars [42]. Peaks of this region are
less broad in the spectra of the seed and weak in the endosperm spectra (Figures 2 and 3).
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In seed spectra (Figure 2), bands at 2962+10 cm™ and at 2872+10 cm™' are assigned to
asymmetric and symmetric stretches of CH3, respectively. The strong peaks at 1570-1516 cm’!
correspond to NH in-plane bending [13]. Only Imintanoute, Ourika, and Al Hoceima had peaks at 3673
cm!, which corresponds to the OH vibration of alcohols and phenols [39].
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Figure 2. FTIR-ATR spectra of carob seed samples in the mid-infrared region (4000-450 cm™)

The region 1641-1560 cm! in the endosperm spectra (Figure 3) contains strong and broad
peaks. This region refers to the NH vibrations of primary amines and proteins [28, 33]. 1700-1600
cm! and 1531 cm! are attributed to the amide-amide-II, respectively and 1. The diagnostic of the
secondary structure is performed the most in the Amide-I region [43]. Surewicz et al. noticed bands at
1674, 1653, 1646, and 1631-1625 cm™ revealing B-turn, a-helix, unordered, and B-sheet conformations,
respectively [44]. The carob seed germ was found to have a less proportion of a-helix than B-sheet
[45]. In this study, seed spectra had also strong peaks in this region (Figure 2); however, pulp spectra
had only weak peaks (Figure 1).
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Figure 3. FTIR-ATR spectra of carob endosperm samples in the mid-infrared region (4000-450 cm™)

These findings indicated that the pulp had more sugars content and less protein than the seed
and the endosperm. This is consistent with results reported in the literature on the composition of carob
pulp and seed [1,5]. Despite the similarities in the spectra of the eight locations, significant differences
in the relative intensities were observed especially in the “fingerprint” region. Visual inspection of the

spectra is not sufficient to distinguish the samples, thus, multivariate data analysis was used for better
discrimination.
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3.2. Multivariate analysis: principal component analysis

The principal component analysis on parts of the spectra did not present any better results, so it
was performed on the full spectra (450-4000 cm™!) (Figure 4). The first two components explain 85.11,
82.14, 87.07, and 97.75% of the variance for the total carob samples, pulp, seed, and the endosperm
spectra, respectively. The FTIR-ATR PCA model showed that the pulp (P) and the endosperm (E)
samples are easily distinguished (Figure 4 (A)), while the seed (S) samples intersect with the rest of
the samples. In the score plot of pulp samples (Figure 4 (B)), no geographical location classification
according to both PCs was observed. Nonetheless, referring to PC1 Imintanoute and Chefchaouen
appear close to each other, the same observation was made for both Ourika and Tafraout, and El Ksiba
and Imouzzer Kandar. To PC2, Imintanoute. Tafraout and Chefchaouen were grouped in one group,
and Imouzzer Kandar, El Ksiba, Ourika, and Al Hoceima were gathered in a second group. Three
separate groups were noticed for seed samples (Figure 4 (C)), Tafraout, Tiznit, and Imouzzer Kandar
in the first group. Al Hoceima, Ourika, and Imintanoute in the second. Then, Chefchaouen and El Ksiba
in the third. Only one large group was observed concerning the endosperm samples (Figure 4 (D)),
this group comprises Chefchaouen, El Ksiba, Tafraout, Imouzzer Kandar, Al Hoceima, and Tiznit.
However, Imintanoute and Ourika were clearly separated from the rest of the origins.

A ® Endosperm @ Pulp @ Seed 200 .
, , B '
1000 :
S-Taf T?Z
S-Tizg ®
S-lmz. & = 100 A 4
72 500 E-Our = 1 X
BN S-Alh  S-Our <849 el .
& . Sl " @ Alh
= S-Imi E-Tiz. .A" m nd: I Our
mz
S & = Edmi ® % E-Elk = o
L]
~ E E-Chef @) Elk
o Cli [-W Imi
- o, PEkk o
P-Alh ®e S
-500 - P-Tiz -Imz o
-100 Taf o 4
. .S—(‘hcf Chef
S-Elk : :
-1000 T T J
-1000 0 1000 200 ; <00
PC1 (64.5%) PC1 (66.6%)
T T T T
C D 400 1
. Imi
500 4 Tiz .Taf
Imz
7N ~
J e 200
BN =
= Chef w;
puy Y w
S Rl
. Alh
~ Elk ~N o i
&) &) Chefg Taf -
~ Alh A °® Our
g Elk Imz PTiz
500 4 Our -
® Imi
T
-5‘00 0 5(‘)0 1(;00 1500 -500 0 500 1000

PC1 (65.5%)

PC1 (82.3%)

Figure 4. PCA score plots of FTIR-ATR spectra (4000-450 cm™) of (A) the total of carob samples, (B) carob
pulp samples, (C) carob seed samples, and (D) carob endosperm samples
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In a similar work by Christou et al., FTIR combined with PCA discriminated carob pulp and
seed samples, which were originated from different countries. In the spectral range of 2500-4000
cm!, samples were classified according to their type, then the origins were separated into four groups;
Cyprus, Spain, Greece, and the fourth comprised Italy, Jordan and Palestine [34].

Conclusion

In this paper, a qualitative analysis was fulfilled on three parts of carob (pulp, seed, and
endosperm) harvested from eight different regions of Morocco. The FTIR-ATR spectroscopy revealed
the principal functional groups in each sample. Seed and endosperm had stronger peaks than the pulp
in the region of proteins, while pulp had stronger peaks in the sugars region. PCA showed that although
seed intersected with other samples, pulp and endosperm samples were effortlessly separated. Lastly,
a geographical differentiation was possible only on one PC at a time for pulp samples. Whereas, for
the seed and the endosperm, distinct groups were distinguished on both the PCs. Consequently, we
were able to analyze qualitatively and to classify both the carob endosperm and the carob collected
from some Moroccan regions for the first time. As a perspective, FTIR spectroscopy might also be
combined with chemometrics for the quality control and the detection of possible falsification or
adulteration of carob.

Disclosure statement: Conflict of Interest: The authors have no conflicts of interest to disclose.
Compliance with Ethical Standards: No human or animal subjects were involved in this work.
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