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Comparative Study of Volatile Compounds and Sensory Characteristics of Dalmatian
Monovarietal Virgin Olive Oils
Reprinted from: Plants 2021, 10, 1995, doi:10.3390/plants10101995 . . . . . . . . . . . . . . . . . . 117

v





Citation: Amir, M.; Zafar, A.; Ahmad,

R.; Ahmad, W.; Sarafroz, M.; Khalid,

M.; Ghoneim, M.M.; Alshehri, S.;

Wahab, S.; Ahmad, S.; et al. Quality

Control Standardization,

Contaminant Detection and In Vitro

Antioxidant Activity of Prunus

domestica Linn. Fruit. Plants 2022, 11,

706. https://doi.org/10.3390/

plants11050706

Academic Editor: Ivo Vaz de Oliveira

Received: 12 February 2022

Accepted: 28 February 2022

Published: 6 March 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

plants

Article

Quality Control Standardization, Contaminant Detection and
In Vitro Antioxidant Activity of Prunus domestica Linn. Fruit

Mohd Amir 1, Ameeduzzafar Zafar 2 , Rizwan Ahmad 1 , Wasim Ahmad 3 , Mohammad Sarafroz 4,
Mohammad Khalid 5, Mohammed M. Ghoneim 6 , Sultan Alshehri 7 , Shadma Wahab 8 , Sayeed Ahmad 9

and Mohd Mujeeb 9,*

1 Department of Natural Products and Alternative Medicine, College of Clinical Pharmacy,
Imam Abdulrahman Bin Faisal University, Dammam 31441, Saudi Arabia; matahmad@iau.edu.sa (M.A.);
rareiyadh@iau.edu.sa (R.A.)

2 Department of Pharmaceutics, College of Pharmacy, Jouf University, Sakaka 72341, Al-Jouf, Saudi Arabia;
azafar@ju.edu.sa

3 Department of Pharmacy, Mohammed Al-Mana College for Medical Sciences, Safaa,
Dammam 34222, Saudi Arabia; wasimahmadansari@yahoo.com

4 Department of Pharmaceutical Chemistry, College of Clinical Pharmacy, Imam Abdulrahman Bin Faisal
University, Dammam 34212, Saudi Arabia; mskausar@iau.edu.sa

5 Department of Pharmacognosy, College of Pharmacy, Prince Sattam Bin Abdulaziz University,
P.O. Box 173, Al-Kharj 11942, Saudi Arabia; drkhalid8811@gmail.com

6 Department of Pharmacy Practice, College of Pharmacy, AlMaarefa University,
Ad Diriyah 13713, Saudi Arabia; mghoneim@mcst.edu.sa

7 Department of Pharmaceutics, College of Pharmacy, King Saud University, Riyadh 11451, Saudi Arabia;
salshehri1@ksu.edu.sa

8 Department of Pharmacognosy, College of Pharmacy, King Khalid University, Abha 61421, Saudi Arabia;
Shad.nnp@gmail.com

9 Department of Pharmacognosy and Phytochemistry, School of Pharmaceutical Education and Research,
Jamia Hamdard, New Delhi 110062, India; sahmad_jh@yahoo.co.in

* Correspondence: drmmujeeb12@gmail.com

Abstract: The increase in the use of herbal medicines has led to the implementation of more stern
regulations in terms of quality variation and standardization. As medicinal plants are prone to quality
variation acquired due to differences in geographical origin, collection, storage, and processing, it
is essential to ensure the quality, efficacy, and biological activity of medicinal plants. This study
aims to standardize the widely used fruit, i.e., Prunus domestica Linn., using evaluation techniques
(microscopic, macroscopic, and physicochemical analyses), advanced instrumental (HPLC, HPTLC,
and GC–MS for phytochemical, aflatoxins, pesticides, and heavy metals), biological, and toxicological
techniques (microbial load and antioxidant activities). The results revealed a 6–8 cm fruit with smooth
surface, delicious odor, and acidic taste (macroscopy), thin-walled epidermis devoid of cuticle and
any kind of excrescences with the existence of xylem and phloem (microscopy), LOD (15.46 ± 2.24%),
moisture content (13.27 ± 1.75%), the high extractive value of 24.71 ± 4.94% in water:methanol
(1:1; v/v) and with ash values in the allowed limits (physicochemical properties), and the presence of
numerous phytochemical classes such as alkaloids, flavonoids, carbohydrates, glycosides, saponins,
etc. (phytochemical screening). Furthermore, no heavy metals (Pb, Hg, Cd, Ar), pesticides, ad micro-
bial limits were detected beyond the permissible limits specified, as determined with AAS, GC–MS
analysis, and microbial tests. The HPTLC was developed to characterize a complete phytochemical
behavior for the components present in P. domestica fruit extract. The parameters utilized with the
method used and the results observed for the prunus herein may render this method an effective tool
for quality evaluation, standardization, and quality control of P. domestica fruit in research, industries,
and market available food products of prunus.

Keywords: Prunus domestica; standardization; GC–MS; antioxidant; HPLC; microbial limits
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1. Introduction

The role of natural products in pharmaceutical biology is well established. Plants have
been the primary source of medicine since ancient times. As per World Health Organi-
zation (WHO), >80% of the world’s population of traditional medicines and used for the
treatment of disease. Many drugs nowadays are either biomimetics of naturally occurring
molecules or have structures derived in whole or in part from natural patterns [1]. The
promotion of alternative medicine use in developed countries has been hampered by the
absence of evidence of documentation and strict quality control assessments. Data of all
research conducted on traditional drugs must be kept and documented as well. With this
particular issue, it is essential to ensure that the herbal crude drugs and their parts used
as medicine are properly standardized. There are a variety of methods and techniques
that can be used in process standardization, such as pharmacognostic, phytochemical,
and contaminant analyses. It is possible to identify and standardize plant material using
these methods and procedures. Characterization and proper quality assurance are im-
portant steps in ensuring the quality of herbal medicine, which aids in rationalizing its
safety and effectiveness [2]. Active constituents and biomarkers can be determined with
reasonable precision and reliability using the HPTLC method [3]. The WHO explained
conventional medicines as containing various health practices, concepts, awareness, and
theories integrating herbal, mineral, and/or animal-based remedies, spiritual medication,
and physical exercises performed either individually or collectively to promote health or to
cure, diagnose, or prevent diseases. Some terms related to natural medicines have been
provided by the WHO, according to their definitions [4].

Prunus domestica Linn. fruit, usually known as aloo Bukhara, belongs to the Rosaceae
family. It is a shrubby and small deciduous tree found in Europe, Egypt, India, and
Pakistan’s high-altitude hilly regions of Kashmir and Swat [5]. Fresh, dried, or processed
fruits from P. domestica have been known and consumed by humans since the ancient period.
The fruit of P. domestica have carbohydrate, acid, and cellulose content similar to nectarines
and peaches, and they all belong to the energy fruit foods [6]. Various antioxidants found
in dried fruit have been shown to have anti-aging properties. Fever reducers are made from
the bark of plants. Roots of P. domestica have astringent properties. Fatty oil from its seeds
can be substituted for almond oil in many recipes [7]. P. domestica extract prevents fibroblast
yield, enhances adrenal androgen production, and revives the secretory action of prostate
and bulbourethral epithelium. There are various chemical ingredients found in P. domestica,
i.e., flavonoids, flavonoid glycosides, abscisic acid, lignans carotenoid pigments, quinic
acid, bipyrrole, and carbohydrates [8–10].

There are no previous reports available for the evaluation and standardization of
P. domestica fruit. In the present research, the P. domestica fruit is subjected to various
quality evaluation parameters ranging from microscopy to physicochemical, phytochemical,
pharmacological, as well as toxicological analysis, in order to standardize the fruit as per the
WHO guidelines. The quality evaluation may be very useful for herbal or p-pharmaceutical
manufacturers and end consumers to utilize the established parameters for identification,
quantification, selection, and usage of the best-quality prunus fruit.

2. Material and Methods
2.1. Reagents

Analytical grade chemicals and reagents were purchased from SD Fine Chemicals Ltd.,
Mumbai, India. Cadmium (Cd), lead (Pb), arsenic (As), and mercury (Hg) were obtained
from Sigma Aldrich (St. Louis, MO, USA).

2.2. Collection and Authentication of the Drug Sample

The fruit of P. domestica was procured from the local market (New Delhi, India) and
authenticated by a taxonomist from the Faculty of Science, Jamia Hamdard (New Delhi,
India). The voucher specimen (Ref. PD/FP-369) was deposited into Herbarium and
Museum, at Jamia Hamdard, New Delhi, India.
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2.3. Macroscopic Evaluation

The macroscopical studies for the P. domestica were carried out visually through which
the shape, color, taste, and odor were determined [11].

2.4. Microscopic Evaluation

For microscopic evaluation, a thin transverse section (TS) of the fruit was taken, stained
with safranin (for lignification), and mounted to the microscopic slide. The sections were
visualized and marked for the distinctive parts of the fruit by using a microscope.

2.5. Physicochemical Evaluation

The physicochemical parameters of domestica fruit powder—namely, loss on drying,
moisture content, total water-soluble content, acid insoluble content, and extractive value,
were determined. The loss on drying was analyzed at 120 ◦C using a hot air oven (Ther-
mofisher, Mumbai, India), and moisture content was analyzed by Karl Fisher’s titration
method. The extractive value was determined by using various solvents—namely, chlo-
roform, methanol, water: alcohol (1:1; v/v), and water, using the Soxhlet technique. The
values were determined as per the WHO guidelines [4].

2.6. Phytochemical Tests (Chemical Classes Screening)

The extract of P. domestica fruit was subjected to different types of chemical tests to
identify the presence of various natural compounds and chemical classes thereof. The
phytochemical study was performed as per previously reported procedures [12].

2.7. Total Phenolics Content

Folin–Ciocalteu reagent method was employed for estimation of total phenolic content
in P. domestica fruit [13]. Briefly, a dilute extract of the fruit (0.5 mL of 10 mg/mL) was
mixed with Folin–Ciocalteu reagent (5 mL, 1:10 diluted with distilled water) and aqueous
Na2CO3 (1 M, 4 mL). The mixture was kept for 15 min and total phenolic content was
determined colorimetry at 765 nm (Shimadzu UV–Vis 1601, Tokyo, Japan) using gallic acid
as standard.

2.8. Total Flavonoid Content

The flavonoid content of the P. domestica fruit was estimated by the aluminum chloride
colorimetric method [13]. Briefly, the methanolic diluted extract of the fruit (0.5 mL of
10 mg/mL) was mixed with 1.5 mL of methanol, 0.1 mL of 10% aluminum chloride, 0.1 mL
of 1 M potassium acetate, and 2.8 mL of distilled water. The mixture was left standing
for 30 min at 25 ◦C, and absorbance was measurement with a UV spectrophotometer at
415 nm (Shimadzu UV–Vis 1601, Tokyo, Japan). Rutin was used as a standard for flavonoid
content determination.

2.9. Atomic Absorption Spectrometer (AAS) Study for Evaluation of Heavy Metals

An atomic absorption spectrometer was used for determination of heavy metals such
as lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (Ar) in fruit powder. The instrument
condition used for AAS (Model # AA-240-FS); Cd (cadmium-EDL lamp, λ = 228.80 nm,
fuel gas = acetylene at 2.5 L/min, support gas = air at 15.0 L/min), Pb (lead-EDL lamp,
λ = 283.31 nm, fuel gas = acetylene at 2.5 L/min, support gas = air at 15.0 L/min), As
(arsenic-EDL lamp, λ = 193.70 nm, fuel gas = argon at 5.5 L/min, support gas = air at
15.0 L/min), and Hg (mercury-EDL lamp, λ = 253.65 nm, fuel gas = argon at 5.5 L/min,
support gas = air at 15.0 L/min).

2.9.1. Selection of Processing Parameters

The combination of fuel gas (acetylene) with subsidiary gas (air) in a mixture of
2.5: 15.0 L/min was used for the most effective separating of lead and cadmium. The
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mixture of 5.5:15.0 L/min of fuel gas (argon) with subsidiary gas (air) was employed as the
most effective method for separating arsenic and mercury.

2.9.2. Optimization of the Atomic Absorption Spectra

For sharp and sensitive signals, the positive ionization mode was used for atomic
absorption spectrometry detection. A standard linear calibration curve (response vs.
concentration) at three different concentrations, i.e., 0.50, 1.00, and 1.50 ppm was used
for optimization.

2.10. HPLC Determination of Aflatoxins Concentrations

2.10.1. Sample Preparation

The developed methodology of association of analytical chemistry (AOAC) was used
for the assessment of aflatoxins [14]. The acidic methanolic extract of P. domestica was
neutralized with sodium chloride (NaCl) in n-hexane solution, followed by washing
with dichloromethane solvent. The method was repeated 2 to 3 times to accumulate
the dichloromethane layer, which was evaporated successively (2/3 mL). The resultant
solvent was passed by silica gel column, followed by cleaning the column with the com-
bination of benzene:acetic acid (9:1; v/v) and ether:hexane (3:1; v/v). The aflatoxins were
eluted with 100 mL of dichloromethane:acetone (9:1; v/v), concentrated up to 5 mL, and
desiccated with the help of inert nitrogen gas.

2.10.2. Derivatization of Samples (Extract) and Standards

For the derivatization of the test samples, the dried extract was dissolved in a mixture
of n-hexane (200 µL) and trifluoroacetic acid (50 µL), vortexed (30 s), and left standing for
5 min. Finally, a 1.95 mL solvent system (water:acetonitrile 9:1; v/v) was added to the above
mixture for completion of the derivatization process.

For derivatization of the standards, known concentrations (20, 40, and 80 ppb) of
standard aflatoxins (B1, B2, G1, and G2) were taken and derivatized using the same
aforementioned procedure for test sample derivatization.

2.10.3. High-Performance Liquid Chromatography (HPLC–Fluorescence) Analysis

Waters Alliance e2695 separating module (Waters, Milford, MA, USA) with C-18
column (15 cm × 4.6 mm) was applied for determination of aflatoxins. Briefly, 20 µL of
the derivatized samples (standards and test samples) were injected at 1 mL/min flow rate
using water:acetonitrile:methanol (70:17:17; v/v/v) mobile phase. A fluorescent detector was
used for recording the chromatogram. For quantitative analysis, peaks of the aflatoxins
were compared with standard aflatoxins peaks (B1, G1, B2, and G2).

2.11. GC–MS Analysis for Pesticides

The AOAC official method (AOAC970.52/EPA525.5) was used for the determination
of pesticides using GC–MS (Agilent 7890A GC system, Santa Clara, CA USA) [14]. GC–MS
equipment was used (Agilent 7890A GC system, USA), and the AOAC970.52/EPA525.5
method was utilized for estimation of the pesticides. In detail, 50 mg of the sample was
dissolved in methanol, followed by the addition of 50 mL of diethyl ether (added with
1 g of Na-oxalate) and petroleum ether. The mixture thus formed was vortexed for 1 min,
and the organic layer was transferred into a separating funnel and added with 600 mL
of water (saturated with NaCl). The aqueous layer was discarded, and this method was
repeated 2 to 3 times. The resultant organic layer was mixed with sodium sulfate solution,
collected, and evaporated (2–5 mL). This concentrated solution was mixed again with
acetonitrile (30 mL) and petroleum ether (30 mL), passed through the column, and eluted
with the help of diethyl ether. The solution obtained was concentrated (5 mL) using a
rotavapor (Buchi, R-215, Flawil, Switzerland) and analyzed with the help of GC–MS.

4
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2.12. HPTLC Finger Printing

For HPTLC analysis, CAMAG Linomat V (CAMAG) applicator with precoated silica
gel F254 TLC-plates (Merck, Darmstadt, Germany) was used. The extracts of P. domestica
fruit in different solvents (chloroform, methanol, water:alcohol (1:1; v/v) and water) were
concentrated using a rotary evaporator and dried under reduced pressure using N2 gas
inert condition. Finally, 5 mg/mL stock solution of each extract was prepared and spot-
ted on TLC plates. For analysis, properly diluted stock solution was spotted via TLC
plates, followed by the development of TLC plates in toluene:ethyl acetate:formic acid
(5:4:0.5; v/v/v) solvent system for chloroform, methanol, aqueous:alcohol (1:1; v/v) extracts,
whereas butanol:acetic acid:water (8:2:2; v/v/v) solvent system was used for aqueous extract
TLC plate development. TLC plates were scanned by CAMAG scanner-3 at 366 nm, and
photographs of the chromatograms were saved [15].

2.13. Microbial Contamination

The standard method as per the WHO guidelines was used for the determination of
microbial load in the samples. The analysis included total fungal count, bacterial count
(Staphylococcus aureus, Salmonella ebony, Escherichia coli, and Pseudomonas aeruginosa), as well
other pathogen pathogens [16].

2.14. HPLC/DAD–DPPH Method for In Vitro Antioxidant Activity

The HPLC (Shimadzu, Kyoto, Japan) instrument, consisting of a pump (LC-10 Ai,
Kyoto, Japan), a system controller (SCL-10AVP), and a diode array detector (DAD-M10
AVP), was applied for analysis of in vitro antioxidant activity of all types of extract. RP-18
column (LiChrospher®, 250 mm × 4 mm, 5 µM) (Merck, Darmstadt, Germany) was used
for chromatographic separation. Methanol/water (80:20, v/v) used as mobile phase at
1 mL/min flow rate in isocratic elution. For data acquisition and processing, LC10 software
(Version 1.6) was used.

A procedure explained by Yen and Chen was used to estimate the antioxidant potential
of the samples by measuring the radical-scavenging effect of 2, 2-diphenyl-1-picrylhydrazyl
(DPPH) [17]. The DPPH (100 µM) was prepared in distilled water. Briefly, DPPH solution
(1 mL) was added to fruit extract sample (1 mL) and standard (ascorbic acid) of different
degrees of dilution (5–100 µg/mL) in each test tube with 3 mL of distilled water, vortexed
vigorously, and kept at room temperature in dark light for 10 min. The samples were
filtered via a nylon membrane filter (0.2 µM), and 20 µL aliquot samples were injected for
HPLC analysis. For results interpretation, the decrease in the peak area of the samples
was detected at 517 nm for 10 min of run time. The differences in the decline in peak
area between the control and the samples were used for calculating the % inhibition. The
following formula was applied to assess the % inhibition:

% inhibition =
(PAC − PAS)

PA C
× 100

PAC = peak area of control, PAS = peak area of samples.

3. Results and Discussion
3.1. Macroscopical Observations

Establishing the authenticity, identity, and purity of a medicinal plant can start with
an organoleptic evaluation and should be tested prior to any in-depth assessment to verify
the authenticity of the samples. The fruit’s color, shape, odor, and taste were found to be
the most important characteristics for identifying the plant in a macroscopic study. The
macroscopic observations for P. domestica revealed the fruit to have a blackish-brown color
and an oval shape. The size of the fruit ranges from 6–8 cm in diameter and the surface is
smooth (Figure 1). The odor of the fruit is delicious, and the taste is sweet to acidic.

5



Plants 2022, 11, 706

Figure 1. The macroscopy observation for P. domestica fruit sample.

3.2. Microscopic Observations

The transverse section of the fruit revealed an abundance of the rectangular-shaped
parenchymatous cells in its ground tissue, thin-walled epidermis devoid of cuticle and
any kind of excrescences, and uniformly distributed coloring matter possessing vascular
bundles of xylem and phloem. The presence of crystals or any other orgastic content
was not clear in the section (Figure 2). These specific characteristics are useful for the
standardization of the fruit and may be used for the preparation of plant monographs in
order to reduce the possibilities of adulteration.

Figure 2. The microscopy observation for P. domestica fruit sample.
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3.3. Physiochemical Analysis

The results for various physiochemical tests are presented in Table 1. The assessment
of the moisture content is an essential parameter for detecting inappropriate storage and
handling of a sample. Herein, the moisture content of the drug as determined with the
help of loss on drying (LOD) was revealed to be within the limits specified. The total ash
is required for analysis of the purity of samples, i.e., the presence or absence of foreign
inorganic matter (silica, metallic salts, etc.). It is a well-known fact that the total ash
value may not be enough to determine the quality of a sample or herbal drugs, as the
plant materials generally have major amounts of physiological ash (calcium oxalate and
earthy matters in particular). Hence, acid insoluble ash value is more appropriate to
determine the quality of herbal drugs in cases in which the evaluation for silica and earthy
matter is desirable. The water-soluble ash consists of a water-soluble part of the total ash
used to determine the amount of inorganic material observed in the herbal drugs [18–20].
A previous physiochemical study of this plant was compared and found to have very
satisfactory results, but the previous study was on seeds of the plant, whereas the present
study is on fruit [21].

Table 1. Summary of physicochemical parameters of P. domestica fruit (n = 5).

Parameters
% w/w

(Mean ± SD)

LOD 15.46 ± 2.24%

Moisture content 13.27 ± 1.75%

Ash value

Total ash 3.66 ± 0.257%

Acid insoluble ash 0.36 ± 0.082%

Water-soluble ash 2.83 ± 0.817%

Successive extraction values

Petroleum ether 1.50 ± 0.13%

Chloroform 1.8 ± 0.35%

Methanol 15.21 ± 2.43%

Water:alcohol (1:1; v/v) 24.71 ± 4.94%

Water 20.80 ± 4.41%

The amount of an extract (extractive yield) in a particular solvent is mostly an approxi-
mation of the number of specific compounds that the drug contains. The drug should be
extracted using a variety of solvents in order of their increasing polarity to obtain reliable
and accurate values. Generally, petroleum ether, chloroform, methanol, water:alcohol
(1:1; v/v), and water extractives are taken into account for finalizing the standards of a drug.
The petroleum ether extract contains fixed oils, resins, and volatile materials. Although
heating the extract (105 ◦C until constant weight) may evaporate the volatile oils, resins,
coloring matters, and fixed oil still remain. Though alcohol solvents may dissolve almost all
active compounds, they are usually used for analyzing the extractive index of the samples
containing alkaloids, glycosides, resin, etc. Water is used for drug samples containing
aqueous soluble materials as their major compounds.

The results for physicochemical analysis (LOD, ash values, and extractive values) were
found within the limits and comparable with pharmacopoeial standards.

7
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3.4. Phytochemical Analysis

Preliminary phytochemical screening (color reactions) of P. domestica fruit extract
revealed numerous phytoconstituents classes, including alkaloids, terpenes, carbohydrate,
phenolic compounds, flavonoids, and glycosides (Table 2).

Table 2. Phytochemical tests for detection of chemical classes in P. domestica fruit.

S. No. Phytochemical Tests Chloroform Extract Alcoholic Extract Aqueous Extract

1 Alkaloid + + +

2 Sterols + + +

3 Carbohydrate − + +

4 Phenolic compound + + +

5 Flavonoid + + +

6 Amino acids − + +

7 Saponin − + +

8 Mucilage − − −

9 Glycoside − + +

10 Terpenes + + −
+, present, −, absent.

3.5. Total Phenolic Content

In the plant kingdom, phenolics are the most common secondary metabolite. All of
these different groups of constituents have received considerable attention as potential
natural antioxidants because of their capability to act both as effective radical scavengers
and metal chelators. Scientific evidence confirms that the antioxidant activity of phenol
is attributed primarily to its redox properties, singlet oxygen quenchers, and hydrogen
donor ability [22]. The total phenolic content in P. domestica extract was determined using
the modified Folin–Ciocalteu method and found to be 1.98 ± 0.263% w/w.

3.6. Total Flavonoid Content

Similar to phenolics, flavonoids also possess significant antioxidant activity with con-
siderable effects on human nourishment and health. Flavonoids work by either scavenging
or chelating free radicals in the body [23]. The total flavonoid content in extract samples
was assessed using the aluminum chloride colorimetric method, and the content was found
to be 1.18 ± 0.484% w/w for P. domestica fruit.

3.7. Heavy Metals Determination via AAS

Due to their toxicity, persistence, and bioaccumulative nature, heavy metal contamina-
tion of traditional medicines and herbal samples is still a serious concern [24]. Heavy metals
are well known for their side effects on several organs of the human body. For instance,
continuing contact with lead may cause disturbance in the functioning of the nervous
system, in addition to affecting kidney clearance [25]. The major sources of contamination
with heavy metals such as cadmium, mercury, lead, and arsenic may be attributed to
a contaminated environment during harvest or growth. The detection of contaminants
(Pb, Cd, Hg, Ar) for P. domestica fruit sample in the linearity range of (0.5000–1.5000 ppm)
revealed no resultant spectral peaks for any of the contaminants, as observed with AAS
spectra (Table 3).

8
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Table 3. Heavy metal analysis of P. domestica fruit (n = 5).

Mean ± SD
(ppm)

Limit (Safe Up to)
(ppm)

Lead 0.56301 ± 0.0089 10

Cadmium 0.00453 ± 0.0002 0.30

Mercury 0.441 ± 0.0246 0.50

Arsenic 1.182 ± 0.0203 3.0

3.8. Aflatoxins Determination via HPLC

Aspergillus genus fungi produce aflatoxins, which are mycotoxins that can grow on a
variety of food materials, spices, and herbal drugs. The main classification of aflatoxins
includes B1, B2, G1, and G2; in this classification, B1 and G1 aflatoxins are considered
more toxic than B2 and G2 because of the presence of extra double bond, which leads to
the making of an electrophilic reactive epoxide in hepatic metabolism. Acute structural
and functional injury to essential organs of the human body can occur because of this
mechanism in action. It was considered that aflatoxin B1 can be a risk factor in the etiology
of hepatocellular cancer in humans [26,27]. Environmental conditions such as temperature
and high moisture during the cultivation and storage of herbal drugs support the growth
and contamination of aflatoxins by the aspergillus genus. Herein, aflatoxins were analyzed
by the HPLC method, and the results obtained revealed a lack of any such aflatoxins in the
P. domestica fruit sample.

3.9. Pesticides Determination via GC–MS

The ever-increasing demands for herbal drugs urge cultivation of the medicinal plants
on a larger scale where the application of pesticides is also witnessed at an excessive
level. Particular attention has been given to the impurity of organochlorine pesticides
(OCPs) due to their toxicity and perseverance in the atmosphere and contamination by
common pesticides [28,29]. The pesticides were evaluated by the GC–MS method, which
revealed a pesticide-free sample of P. domestica. The pesticides analyzed in this study are
listed in Table 4.

Table 4. Different types of pesticides screened by AOAC method in selected fruit.

S. No. Pesticide Test Method

1 α-BHC AOAC970.52/EPA525.5

2 β-BHC AOAC970.52/EPA525.5

3 γ-BHC(Lindanee) AOAC970.52/EPA525.5

4 δ-BHC AOAC970.52/EPA525.5

5 Heptachlor AOAC970.52/EPA525.5

6 Heptachlor_Epoxide AOAC970.52/EPA525.5

7 α-Chlordane AOAC970.52/EPA525.5

8 α-Endoulfan AOAC970.52/EPA525.5

9 β-Chlordane AOAC970.52/EPA525.5

10 Endrin AOAC970.52/EPA525.5

11 Total DDE AOAC970.52/EPA525.5

12 Total DDD AOAC970.52/EPA525.5

13 Total DDT AOAC970.52/EPA525.5

14 β-Endoulfan AOAC970.52/EPA525.5

15 Endrin_Aldehyde AOAC970.52/EPA525.5
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Table 4. Cont.

S. No. Pesticide Test Method

16 Endoulfan_sulfate AOAC970.52/EPA525.5

17 Aldrin AOAC970.52/EPA525.5

18 Endrin_Ketone AOAC970.52/EPA525.5

19 Methoxychlor AOAC970.52/EPA525.5

20 Dieldrin AOAC970.52/EPA525.5

21 Alachlor AOAC970.52/EPA525.5

22 Butachlor AOAC970.52/EPA525.5

23 Monochlorphos AOAC970.52/EPA525.5

24 Phorate AOAC970.52/EPA525.5

25 Mevinphos AOAC970.52/EPA525.5

26 Dimethoate AOAC970.52/EPA525.5

27 Malathion AOAC970.52/EPA525.5

28 Methyl-parathion AOAC970.52/EPA525.5

29 Chlorpyrifos AOAC970.52/EPA525.5

30 Ethion AOAC970.52/EPA525.5

31 Atrazine AOAC970.52/EPA525.5

32 Simazine AOAC970.52/EPA525.5

33 Diazinone AOAC970.52/EPA525.5

34 Phosphamidon AOAC970.52/EPA525.5

35 Fenitrothion AOAC970.52/EPA525.5

36 Fenthion AOAC970.52/EPA525.5

37 Phosalone AOAC970.52/EPA525.5

38 Quinaphos AOAC970.52/EPA525.5

40 Malaoxon AOAC970.52/EPA525.5

41 Dichlorvos AOAC970.52/EPA525.5

42 2,4-D AOAC970.52/EPA525.5

3.10. HPTLC Finger Printing

The technique of HPTLC is considered a mainstream approach to determine the quality
of a sample with the help of fingerprint of plant standard chemicals. HPTLC has a high
degree of sensitivity, which enables the detection of a variety of chemicals in a single run.
The main objective of HPTLC estimation of P. domestica fruit was to develop an exceptional
HPTLC chemical drugs pattern, representative of the whole chemical profile present in the
fruit sample. A number of mobile phases were tried through the hit and trial technique
for various solvent–extract ratios; acceptable separation of the compound was observed in
the solvent system of toluene:ethyl acetate:formic acid (5:4:0.5; v/v/v), and butanol:acetic
acid:water (8:2:2; v/v/v) for chloroform, methanol, aqueous:alcohol (1:1; v/v), and aqueous
extract. The samples were applied, and a chromatogram was established in corresponding
solvents and scanned at 366 nm. The results for solvent systems and peaks are presented
in Table 5 and Figure 3.
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Table 5. HPTLC fingerprint data of different extracts of P. domestica fruit.

S. No. Sample Solvent System No. of Peaks and Rf Values

1 Chloroform extract
Toluene:Ethyl acetate:formic

acid (5:4:0.5; v/v/v)
(06); 0.05, 0.11, 0.29, 0.48,

0.68, 0.75

2 Methanolic extract
Toluene:Ethyl acetate:formic

acid (5:4:0.5; v/v/v)
(08); 0.01, 0.20, 0.53, 0.56, 0.62,

0.66, 0.83, 0.92

3
Aqueous:alcohol
extract (1:1; v/v)

Toluene:Ethyl acetate:formic
acid (5:4:0.5; v/v/v)

(10); 0.01, 0.11, 0.19, 0.35, 0.37,
0.57, 0.65, 0.67, 0.83, 0.93

4 Aqueous extract
Butanol:acetic

acid:water(8:2:2; v/v/v)
(11); 0.01, 0.15, 0.20, 0.45, 0.54,
0.55, 0.57, 0.63, 0.67, 0.84, 0.93

 

≤

Figure 3. HPTLC fingerprint profile of chloroform (A), methanol (B), aqueous: alcohol (1:1 v/v) (C) and
aqueous (D) of P. domestica fruit.

3.11. Microbial Load for the Fruit Sample

Generally, herbal drugs contain a variety of soil-borne microorganisms and molds. In
order to ensure the safety of samples, the bioburden level is determined according to the
procedure recommended by the WHO. The microbial profile for P. domestica was found
within acceptable limits. The total microbial, mold, and yeast plate counts were 40 CFU/mL
(≤10 CFU/mL as per the WHO guidelines). Furthermore, the pathogenic bacteria (E. coli,
Salmonella, Pseudomonas, and Staphylococcus) were not found in the sample. The plates with
microbe growth are shown in Figure 4.
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≤

 
Figure 4. The plates representing the growth of microbe found in P. domestica fruit sample.

3.12. HPLC/DAD–DPPH Method for In Vitro Antioxidant Activity

Antioxidant activity in complex mixtures, such as herbal extracts, can be quickly
assessed using HPLC–DPPH method [30]. The antioxidant potential for various extracts of
the P. domestica fruit sample was determined by HPLC using a fluorescent detector. The half
inhibition concentration (IC50) of P. domestica fruit extract was 34.28 ± 2.08 µg/mL, while the
IC50 value for ascorbic acid was 16.30 ± 1.32 µg/mL (Figure 5). However, the results show
that the developed method can be used to quickly screen for antioxidant compounds or
more precisely radical scavenging activity of natural compounds. A previous antioxidant
study of this plant was compared and found to have very satisfactory results, but the
previous study was on seeds of the plant, whereas the present study is on fruit [31].

–

–

 

–

Figure 5. In vitro antioxidant activity.
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4. Conclusions

The results of physicochemical analysis, phytochemical screening, heavy metal detec-
tion, pesticides level, and in vitro antioxidant activity were useful in establishing the quality,
safety, and efficacy of P. domestica fruit for its use as a potential drug candidate. The quality
evaluation study herein may be a useful tool for the identification and standardization of
the plant in terms of quality control of raw materials used in the nutraceutical or herbal
formulation in industries.
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Abstract: Orange sweet potato (OSP) and red rice (RR) are rich sources of health benefit-associated
substances and can be conventionally cooked or developed into food products. This research approach
was to closely monitor the changes of bioactive compounds and their ability as antioxidants from the
native form to the food products which are ready to be consumed. Moreover, this research explored
the individual carotenoids and tocopherols of raw and cooked OSP and RR and their developed
flake products, and also investigated their antioxidant activity, physicochemical properties, and
sensory properties. Simultaneous identification using the liquid chromatographic method showed
that OSP, RR, and their flake products have significant amounts (µg/g) of β-carotene (278.58–48.83),
α-carotene (19.57–15.66), β-cryptoxanthin (4.83–2.97), α-tocopherol (57.65–18.31), and also γ-tocopherol
(40.11–12.15). Different responses were observed on the bioactive compound and antioxidant activity
affected by heating process. Meanwhile, OSP and RR can be combined to form promising flake
products, as shown from the physicochemical analysis such as moisture (5.71–4.25%) and dietary
fiber (13.86–9.47%) contents, water absorption index (1.69–1.06), fracturability (8.48–2.27), crispness
(3.9–1.5), and color. Those quality parameters were affected by the proportions of OSP and RR in
the flake products. Moreover, the preference scores (n = 120 panelists) for the flakes ranged from
slightly liked to indifferent. It can be concluded that OSP and RR are potential sources of bioactive
compounds which could act as antioxidants and could be developed into flake products that meet
the dietary and sensory needs of consumers.

Keywords: orange sweet potato; red rice; flakes; bioactive compound; antioxidant activity;
physicochemical; sensory properties

1. Introduction

Modern food trends and lifestyle changes have strongly influenced the dietary habits
of society. The demands for ready-to-eat and simple-to-prepare foods are increasing rapidly,
providing an excellent opportunity for food industries to play a significant role in supplying
such food products. Flakes, one of the most popular foods made from cereals, typically
oat, corn, and barley, are commonly served for breakfast with milk in Europe and the
USA, and their global appeal is gaining traction. In addition, healthy eating has become
a new trend in modern culture, with consumers increasingly opting for healthy food
options. Secondary metabolites found in plants have been shown to decrease the risks of
degenerative diseases such as coronary heart disease, diabetes, cancer, and stroke [1–4].
Thus, innovative functional food products rich in bioactive compounds are needed to
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promote a healthy diet and reduce disease risks. Asia has the most rapidly growing food
product market, so using local ingredients can help open a new market for flakes and
decrease the reliance on imported foods such as oat and barley. Commodities that can
potentially be developed into flakes are red rice (RR) and orange sweet potato (OSP).

RR (Oryza nivara L.) is a variety of rice with red pericarp caused by anthocyanins
in the aleurone layer. It is a rich source of anthocyanins such as cyanidin 3-O-glucoside
and peonidin 3-O-glucoside [2]. Anthocyanins have also been reported to inhibit plaque
formation [3] and to exhibit hypocholesterolemic [4] and anticancer effects [5] in RR. The
health benefits of RR have also been linked to bioactive compounds such as tocopherol
and tocotrienols [6,7] and dietary fiber [8]. RR also contains higher essential minerals than
white rice, including iron, zinc, and vitamins, which are especially important for babies
and toddlers, [9]. Despite the various health benefits of RR, its consumption remains low. It
is generally considered inferior to white rice due to the hard texture and unpleasant aroma
when cooked. Traditionally, RR is consumed steamed or boiled, and its sensory properties
are inferior to white rice. The most popular RR-based product is RR baby porridge, but
there are reports on the development of RR-based products such as pasta [10], noodles [11],
flakes [12], rice milk [13], and fermented beverages [14]. However, these have not been
scaled up or commercially established.

OSP (Ipomoea batatas) is one variety of sweet potato with a bright orange flesh color
caused by carotenoids, of which high amounts of β-carotene, α-carotene, and β-cryptoxanthin
have been reported [15–17]. In many countries, OSP has been used to eradicate vitamin
A deficiency due to its high content of beta-carotene, a pro-vitamin A carotenoid. Sweet
potato was extensively promoted in Africa and some Asian countries with remarkable
results [18–20]. However, there were difficulties in ensuring its sustainability due to the
monotonous method of preparation, mainly boiled and baked, even though the essential
nutritional components were reportedly retained after processing [21]. Processing OSP
could decrease the beta-carotene, but not below the recommended dietary level [22]. More-
over, food prepared from OSP by the traditional method was not attractive to children,
who were the main target of the vitamin A intake enhancement. Therefore, innovative food
products need to be developed to promote the consumption of RR and OSP. Numerous
research has been published to explore the potency of various plant sources as functional
foods. However, the approach mainly investigates the plant materials in the native or raw
form. In contrast, the consumer will generally consume after the materials undergo trans-
formations which could affect the characteristics of the products [23]. Moreover, besides
the processing, the bioactive compounds and antioxidant activity will be further affected
by the in vivo digestion and the intestinal absorption rate of the body metabolism before
providing bioavailable compounds that can be used [24]. This research approach was to
closely monitor the changes of the bioactive compound and antioxidant activity from the
raw materials to the ready to be consumed food products, and aimed to investigate the
bioactive compounds and antioxidant activity of raw and cooked RR and OSP and the
physicochemical and sensory properties of their developed flake products.

2. Materials and Methods
2.1. Plant Materials and Chemicals

A local variety of RR (Oryza nivara L.), “Cempo abang”, and OSP (Ipomoea batatas L.),
“Mendut”, were collected from farmers in Yogyakarta province, Indonesia. Chemicals
used for analysis, including distilled water, Folin–Ciocalteu, 1,1-diphenyl-2-picrylhydrazyl
(DPPH), gallic acid, butylated hydroxyl toluene (BHT), enzymes (thermamyl, pancreatin,
pepsin), riboflavin, methionine, and nitroblue tetrazolium (NBT), were purchased from
Sigma Chemical. Methanol, Whatman 40 filter paper, n-hexane, NaOH, HCl, ethanol, and
phosphate buffer (pH 6) were purchased from Merck, Germany. Carotenoid standards, in-
cluding β- and α-carotene, β-cryptoxanthin, lycopene, and lutein, and α- and γ-tocopherol
standards were obtained from Sigma-Aldrich.

16



Plants 2022, 11, 440

2.2. Sample Preparation

2.2.1. Raw Samples

The RR samples were washed, drained, and blended (Philips food processor). The
OSP samples were chopped into small pieces. All samples were then freeze-dried, refined,
and sieved (30 mesh). Finally, the powdered samples were placed in dark bottles and stored
in a refrigerator (4 ◦C) for further usage.

2.2.2. Boiled Samples

RR (75 g) was cooked with 135 g of tap water (1:1.8; w/w) in a rice cooker (Panasonic)
for approximately 45 min. After, the cooked rice was cooled for 10 min. Meanwhile, 150 g
of OSP was boiled in an aluminum pot using tap water for 20 min, cooled for 10 min, and
then mashed. Both samples were freeze-dried, refined, sieved (30 mesh), and stored (4 ◦C)
in a refrigerator.

2.2.3. Flakes Production

RR was placed in a cabinet dryer (60 ◦C) for 1 h. The OSP was peeled, sliced and placed
in a cabinet dryer (60 ◦C) for 6 h. The dried OSP and RR were mashed using a blender. The
flour was passed through an 80 mesh. Flakes were produced using six different proportions
of OSP and RR, namely 100:0, 80:20, 60:40, 40:60, 20:80, and 0:100. Salt (3% w/w), sugar
(30% w/w), and water (150% w/w) were mixed in as additional ingredients. The mixture
was heated at 75 ◦C for 1 min and pressed at 170 ◦C for 1 min using a customized flake
pressing tool. The pressed flakes were cut at 2 × 2 cm and dried using an oven at 125 ◦C
for 5 min.

2.3. Bioactive Compounds and Antioxidant Activity Analysis

2.3.1. Methanolic Extract of Samples

The extraction of samples (raw, boiled, and flakes) was performed according to a
previously published procedure [25]. Briefly, 1 g of sample was weighed, ground, placed in
a centrifuge tube, and then extracted with 10 mL of 1% methanol–HCl solution. The mixture
was then vortexed for 15 min, centrifuged at 5000 rpm for 15 min, filtered (Whatman No. 40),
and then used for antioxidant activity analysis, performed in triplicate.

2.3.2. Phenolic Content

The total phenolic content was determined using the Folin–Ciocalteu method by
Singleton and Rossi as described in other published work [26]. In brief, 0.1 mL of extract
was mixed with 0.5 mL 1:1 Folin–Ciocalteu reagent and distilled water. After 10 min, 4.5 mL
of 2% sodium carbonate (Na2CO3) was added, and the mixture was then vortexed and kept
in the dark for 1 h. The blue complex formed was measured using a spectrophotometer at
765 nm. Methanol and gallic acid were used as the blank and standard, respectively. The
results were calculated as milligram gallic acid equivalents (GAE)/100 g dry weight.

2.3.3. Anthocyanin Content

The total anthocyanin in RR and flake samples was determined spectrophotometrically
using the pH differential method [27]. In brief, 1 mL of extract was diluted in pH 1.0 and
pH 4.5 buffers. The absorbance was measured at 510 and 710 nm. The final absorbance was
calculated using the formula:

A = [(A513-A700)pH 1.0 − (A513-A700)pH 4.5)] (1)

The calculated absorbance was then used to calculate the total grams of anthocyanins
per 100 g dry weight, with a molar extinction coefficient of 26,900 and a molecular weight
of 445.

17



Plants 2022, 11, 440

2.3.4. Carotenoid and Tocopherol Analysis

The carotenoids and tocopherols in the raw and boiled samples of RR and OSP were
determined simultaneously using High-Performance Liquid Chromatography (HPLC)
based on previously published research [24]. In brief, 0.3 g of finely ground samples were
extracted with 0.5 mL of 70% ethanol and 0.4 mL of n-hexane under yellow lights. In
addition, 0.4 mL β-Apo-8’carotenal-O-methyloxim and 0.4 mL α-, γ-tocopherol were used
as an internal standard for carotenoids and tocopherols, respectively. The mixture was
shaken for 20 min, centrifuged at 5000 rpm, 4 ◦C for 20 min. Next, the upper layer of
extract containing a hexane fraction was collected using a micropipette. The extraction was
repeated four times using only n-hexane as a solvent. Finally, the hexane fractions were
pooled and completely dried using nitrogen gas.

Before injection, the extracts were mixed with 200 µL of ethanol containing 30 µg/mL
BHT, then 20 µL of the mixture was injected into the HPLC (Varian Pro Star 410, Spark, The
Netherlands). A mixture of 82% acetonitrile, 15% dioxan, 3% methanol, 0.1 M ammonium
acetate, and 0.1% triethylamine was assigned as the mobile phase and was pumped at
a rate of 1.6 mL/min. The solvent was pre-mixed to avoid dependency on reproducible
mixing by the pump. For separation, a C18 Spherisorb ODS 2 column (3 µm, 250 × 4.6 mm)
was applied. In addition, a UV Vis detector at 450 nm and a Scanning Fluorescence detector
using an excitation wavelength of 295 nm and an emission wavelength of 328 nm were used
to monitor the carotenoids and tocopherols, respectively. Five repetitions were performed
for the HPLC analysis.

2.3.5. DPPH Radical Scavenging Activity

The radical scavenging activity of the extract was examined by the DPPH method [25].
In brief, 1 mL of extract was mixed with 2 mL of 0.2 M DPPH and 2 mL of methanol in
centrifuge tubes, vortexed, and kept in the dark for 1 h. The absorbance was measured
spectrophotometrically at 517 nm. As a control, 150 ppm BHT solution was used. The
DPPH radical scavenging activity of the extract was expressed as a percentage calculated
as follows: % radical scavenging capacity = ((Absorbance of control – Absorbance of
sample)/Absorbance of control) × 100%

2.3.6. FRAP Assay

The ferric reducing antioxidant power (FRAP) was examined based on a previously
published report [28]. In brief, a mixture of 60 µL extract, 180 µL distilled water, and 1.8 mL
FRAP reagent was vortexed and incubated at 37 ◦C for 30 min. The spectrophotometer
was used to read the absorbance of the mixture at 593 nm. A standard curve was prepared
with Fe [II] (FeSO4.7H2O, 100–2000 mM) to calculate the reducing power. The result was
expressed as mmol Fe[II]/g. In addition, methanol was used for the reagent blank.

2.3.7. Superoxide Radical Scavenging Capacity

A previous report [29] was followed to examine the Superoxide radical scavenging
capacity. Firstly, a reagent containing riboflavin, methionine, and NBT in 0.05 M phosphate
buffer pH 7.8 was prepared. Then, 100 µL of the extract was mixed with 4.9 mL of reagent
and illuminated (20 W fluorescent lamp) at 25 ◦C for 25 min. The absorbance was measured
at 560 nm.

2.4. Physicochemical Properties of Flake Products

2.4.1. Moisture and Dietary Fiber Contents

The moisture content was measured thermogravimetrically [30]. In brief, 1 g of each
sample was dried at 105 ± 0.2 ◦C to establish a constant mass. The analysis was performed
in triplicate.
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2.4.2. Water Absorption Index

The water absorption index was examined according to previously published method [31].
In brief, 5 g of flakes was placed in a 100 mL beaker, 30 mL of water at 30 ◦C was added.
After 10 s of immersion, the flakes were dried. The water absorption index was calculated
using the formula: WAI = (wf -wi)/wi, where wi and wf are the initial and final weight of
the sample, respectively.

2.4.3. Fracturability, Crispness, and Color Profiles

The fracturability and crispness of flakes were measured using TA-XT Plus Texture
Analyzer (Stable Micro Systems, Surrey, UK) [32]. The probe used was a 1

4 inch spherical
stainless-steel probe (P0.25S). The sample was placed on the sample holder, and then the
probe was moved down to press the sample. The results were obtained in the form of
a graph (force vs. time) (the graph is not shown). The value of the y-axis at the graph’s
highest point is the maximum force value that can be held by the sample, called the value
of fracturability. Crispness can be measured through changes in displacement distance
during a drastic decline in the graph pattern from the highest peak to the next peak point.
Meanwhile, the color profiles of flakes were measured using color reader Konica Minolta
CR-10 (Konica Minolta, Osaka, Japan). The results were expressed as Lightness (L*), redness
(a*), yellowness (b*), ohue (oh), and Chroma (C).

2.5. Sensory Analysis

The sensory evaluation was conducted by 120 untrained panelists to determine the
level of consumer preference for the flakes with various proportions of OSP and RR. The
parameters tested were preferences for color, taste, crispness of flakes, and mouthfeel when
served with milk. The Hedonic Scale Scoring method (preference test) with a scale ranging
from 1 (strongly disliked) to 7 (strongly liked) was used for the sensory test.

Samples of flakes for the color preference test were prepared in open white plastic
containers. Panelists were asked first to assess aspects of flakes’ taste, color, and crispness
before serving with milk. The crispness was evaluated based on the panelist’s preference
for the sound of flakes during biting. For the mouthfeel test, 5 g of flakes were prepared in
a small plastic container. Panelists were instructed to pour 10 mL of milk into the container
and wait for 1 min. Then, they were asked to assess the mouthfeel of the flakes based on
preference level by filling the questionnaire sheet provided.

2.6. Statistical Analysis

The data were statistically analyzed using ANOVA (α = 5%) followed by Duncan’s
Multiple Range Test (DMRT) on SPSS software version 19. Spider web chart analysis using
Microsoft Excel was used to determine the best proportion of OSP and RR in flakes based
on the panelists’ preferences.

3. Results
3.1. Bioactive Compounds of OSP, RR, and Their Flake Products

Table 1 shows the phenolic compound, anthocyanin, carotenoid, and tocopherol
contents of raw and cooked OSP and RR and their flakes containing different proportions
of OSP and RR. The raw RR had a higher phenolic content than OSP. As a result, the higher
the proportion of RR, the higher the phenolic content of the developed flakes. It was also
found that cooking decreased the phenolic content of RR and OSP by approximately 49.34%
and 41.08%, respectively.
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Interestingly, the flakes with 100% RR showed a higher phenolic content than the
cooked RR. Anthocyanin was only observed in RR. Furthermore, flakes containing 100%
RR had a lower anthocyanin content than the conventionally cooked RR.

Of the carotenoids, OSP had a higher content of β-carotene, α-carotene, β-cryptoxanthin,
and lutein. β-carotene and β-cryptoxanthin were the dominant carotenoids observed in
RR. The cooking process significantly decreased the content of β-carotene in OSP and RR
by roughly 48% and 56%, respectively. Overall, flakes containing higher amounts of OSP
showed higher carotenoid contents. The processing significantly decreased the carotenoids
in the flake products when considering the raw forms and the proportions of OSP and RR,
and β-carotene was the major carotenoid remaining in the flake products.

Moreover, raw RR contained higher α-tocopherol than OSP in raw forms. Unlike the
decreasing trend observed in other bioactive compounds due to processing, the tocopherol
and α-carotene contents of both RR and OSP increased after conventional cooking. On the
other hand, the two-step thermal processing decreased the tocopherol content of flakes.

3.2. Antioxidant Activity of Raw and Cooked OSP and RR and Their Flake Products

The antioxidant activity of raw and cooked OSP and RR and their flake products
were examined using DPPH, FRAP, and Superoxide radical scavenging activity methods.
Figure 1a shows the DPPH scavenging activity of methanolic extract of RR, OSP, and the
flake products. Boiling affected the ability of the methanolic extract to scavenge DPPH
radicals. Approximately 16% and 23% decreases were observed in cooked RR and OSP,
respectively. The combination of OSP and RR in the ratio of 60:40 resulted in flakes with the
highest antioxidant activity (84%). The results trend indicated that the higher proportion
of OSP contributed to the more robust antioxidant capacity of the extract. Furthermore,
the DPPH result was in agreement with FRAP (Figure 1b) and Superoxide scavenging
capacity (Figure 1c). Thus, conventional cooking and flake processing methods reduce
the antioxidant activity of extracts of OSP and RR compared to their raw forms, and the
right combination of OSP and RR in the flake formulation is critical for higher antioxidant
activity.

3.3. Physicochemical Properties of OSP- and RR-Based Flake Products

The proportion of OSP and RR in the flake formulation affected the moisture content
of flakes. A lower OSP proportion resulted in a lower moisture content of flakes (Table 2).
The dietary fiber content increased with a higher proportion of RR. The dietary fiber content
of flake products ranged from 9.47 ± 0.01% to 13.86 ± 0.73%.

The water absorption index of flakes was lowest at an OSP to RR ratio of 40:60, with
0.96 ± 0.03%, and was generally higher at combination ratios of 100:0, 80:20, 0:100, and
20:80. In addition, the texture characteristic of flakes was determined by the fracturability
and crispness. The highest fracturability value was found in flakes made from 100%
OSP (8.48 ± 0.09). The reduction of the OSP proportion in flakes caused a decrease in
fracturability until the proportion of 40:60 (2.27 ± 0.04), beyond which the fracturability of
flakes increased. A similar trend was observed in the crispness value of flakes. The lowest
crispness value was detected in flakes with an OSP to RR ratio of 60:40, while higher values
were obtained at ratios of 100:0, 0:100, 20:80, and 80:20.

Furthermore, the color of flakes was affected by the color of OSP and RR. The color
profile of the flakes is shown in Table 3.
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(a) (b) 

 

(c) 

Figure 1. Antioxidant activity of extract determined by (a) DPPH, (b) FRAP, and (c) Superoxide
radical assays. Different superscript letters (a–e) denote significantly different values according to
Duncan’s test (p < 0.05). Comparison was made within each category (OSP: orange sweet potato,
RR: red rice, and flakes).

Table 2. The physicochemical properties of flakes produced from different ratios of Orange Sweet
Potato (OSP), Red Rice (RR).

Proportions of OSP and RR in Flakes

100:0 80:20 60:40 40:60 20:80 0:100

Moisture content (%) 5.71 ± 0,07 a 5.31 ± 0.10 b 5.09 ± 0.06 c 4.87 ± 0.01 d 4.43 ± 0.03 e 4.25 ± 0.03 f

Dietary fiber (%) 9.47 ± 0,01 a 9.9 ± 0.02 b 10.9 ± 0.05 c 11.63 ± 0.34 d 12.73 ± 0.26 e 13.86 ± 0.73 f

Water absorption
index

1.69 ± 0,03 a 1.14 ± 0.02 b 1.06 ± 0.03 c 0.96 ± 0.03 d 1.09 ± 0.03 b,c 1.12 ± 0.02 b,c

Fracturability 8.48 ± 0,09 a 5.35 ± 0.85 b 3.34 ± 0.34 c 2.27 ± 0.04 d 3.17 ± 0.09 e 4.64 ± 0.12 f

Crispness 3.9 ± 0,03 a 2.4 ± 0.02 b 1.5 ± 0.02 c 1.9 ± 0.03 d 3.21 ± 0.05 e 3.7 ± 0.03 f

Data are presented as mean ± standard deviation. Different superscript letters (a–f) denote significantly different
values according to Duncan’s test (p < 0.05). Comparison was made within each row.
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Table 3. Color profiles of flakes produced from different ratios of orange sweet potato (OSP), red
rice (RR).

Proportions of OSP and RR in Flakes

100:0 80:20 60:40 40:60 20:80 0:100

L* 44.0 ± 0.1 47.3 ± 0.2 51.5 ± 0.1 52.7 ± 0.4 51.8 ± 0.2 51.8 ± 0.7
a* 8.2 ± 0.3 8,5 ± 0.3 8.9 ± 0.4 9.4 ± 0.4 10.2 ± 0.6 10.8 ± 0.4
b* 16.5 ± 0.3 14.7 ± 0.2 13.4 ± 0.2 10.3 ± 0.2 9.0 ± 0.4 5.9 ± 0.4
oh 63.574 59.9622 56.4087 47.6158 41.4237 28.6476
C 18.47 16.9685 16.0703 13.898 13.56 12.3145

L*: Lightness; a*: redness; b*: yellowness; oh: ohue; C: Chroma.

3.4. Sensory Characteristics of Flakes

A preference test was conducted to determine the sensory characteristics of the flakes.
The results are presented in Table 4. The highest level of color preference was found in
flakes with OSP to RR ratios of 60:40, 40:60, and 20:80, while flakes containing 100% OSP
had the lowest level of acceptance for color. The preference scores for taste and crispness of
the flakes with various proportions of OSP and RR were comparable. Flakes containing
100% OSP and 100% RR received the highest preference score for mouthfeel, with the
former having a significant edge. Therefore, mixing the OSP and RR lowers the mouthfeel
acceptance of the flake products.

Table 4. Preference test of flakes produced from different ratios of orange sweet potato (OSP), red
rice (RR).

Proportions of OSP and RR in Flakes

100:0 80:20 60:40 40:60 20:80 0:100

Color 3.35 ± 1.42 a 4.40 ± 1.22 b 5.14 ± 1.12 c 4.93 ± 1.21 c 4.89 ± 1.30 c 4.30 ± 1.12 b

Taste 4.43 ± 1.34 a 4.69 ± 1.28 ab 5.08 ± 1.18 c 5.09 ± 1.20 c 5.05 ± 1.26 bc 4.72 ± 1.29 abc

Crispness 4.76 ± 1.16 b 4.85 ± 1.04 b 4.76 ± 1.40 b 4.08 ± 1.17 a 4.96 ± 1.07 b 5.00 ± 1.04 b

Mouthfeel 5.41 ± 0.91 d 5.04 ± 1.18 c 4.84 ± 1.31 bc 3.91 ± 1.59 a 4.66 ± 1.32 b 5.05 ± 1.03 c

Data are presented as mean ± standard deviation. Different superscript letters (a–d) denote significantly different
values according to Duncan’s test (p < 0.05). Comparison was made within each row.

4. Discussion

Phenolic compounds are the most widely found bioactive compounds in plants [33].
Some are produced in response to stress conditions as a defense mechanism of the plant. They
have been extensively investigated due to their antioxidant activity and anti-degenerative
disease effects [34]. In this research, methanol–HCl (1%) was used because acidic methanol
can penetrate deeply into cells, disrupting the cell membrane. In addition, acidic methanol
can dissolve and stabilize polar compounds such as phenolics and anthocyanins [35]. This
research shows that RR and OSP are rich sources of phenolic compounds. It has previously
been reported that RR has a high content of phenolic compounds [36], and that these
compounds are primarily accumulated in the aleurone layer and bran of RR [37]. Thus, the
rice milling process to remove the husk plays a vital role in preventing the loss of various
beneficial compounds. Previously, it was suggested that ferulic acid, p-coumaric acid, and
pro-catechuic acid are the most abundantly found phenolic compounds in RR [37].

Here, cooking led to a 49% decrease in the phenolic compounds of RR. Heating of
RR generally destroys the structure of phenolic compounds by breaking the esterified
and glycosylated bonds, thus decreasing the quantified content of phenolic compounds
in cooked RR [38]. Our results agree with previous findings [39,40], which reported high
levels of total phenolic compounds, mostly gallic acid, chlorogenic acid, pro-catechuic
4-hydroxybenzoic acid, and salicylic acid, in different varieties of OSP. However, phenolic
contents were broken down by the heating process. Regarding the flake products, flakes
containing a higher proportion of RR showed a higher content of phenolic compounds.
Nevertheless, the processing lowered the phenolic compounds in flakes when compared to
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raw OSP and RR. Boiling and baking have previously been reported to be responsible for
the loss of phenolic compounds of RR-based products [41]

A similar trend was observed in the anthocyanin content of RR. The cooking process
resulted in a significant decrease in the anthocyanin content due to the unstable property of
anthocyanins when exposed to high temperatures [42]. Anthocyanins were only detected
in RR in this research. Anthocyanins such as cyanidin 3 glucoside, delphinidin 3 glucoside,
and peonidin are reported to have health-promoting properties [43]. Thus, exposure to
high temperatures for extended periods should be avoided to reduce the risk of antho-
cyanin breakdown. The anthocyanin content in flakes was lower than in the raw samples,
and increasing the proportion of RR resulted in a higher anthocyanin content of flakes.
The decrease in the anthocyanin content of flakes is possibly due to the heat treatment
during flake production, typically involving two high temperature processing steps of
pre-gelatinization and flaking. It has been reported that the high-temperature treatment
used for food processing can lead to a reduction of the anthocyanin content [44].

Moreover, there is a growing research interest in the conversion of β-carotene and
α-carotene absorbed in the duodenum to retinol by intestinal enzymes [45]. The high rate
of vitamin A deficiency in the world and the detrimental effects caused by the condition
have necessitated the search for foods that can supply sufficient amounts of daily vitamin A
requirement. In this research, OSP had the highest content of β-carotene. However, boiling
of OSP decreased the β-carotene by approximately 41% of the β-carotene available. This
phenomenon could be due to the thermal breakdown of β-carotene. Moreover, carotenoids
are well known as substances that are sensitive to light and high temperatures [46]. RR
contains different types of carotenoids [47]. Here, an increase in carotenoids after boiling
was found, which could be related to the thermal disruption of the protein–carotenoid
complex and the consequent release of carotenoids from the matrix. Similar findings have
been published [48]. Similar trends were also observed in the OSP- and RR-based flake
products. The β-carotene was significantly lower in the cooked sample compared to the
raw sample. The OSP proportion in the flake formulation affected the carotenoid content.
The higher the OSP proportion, the greater the carotenoid content of the flakes. In addition,
the carotenoid contents of the flakes were significantly lower than the raw material. The
simultaneous heating process from pre-gelatinization to flake pressing could further break
down the carotenoids. This finding is supported by previously published work, which
shows that heat treatment during food processing is responsible for the loss of carotenoids
to degradation [49].

Vitamin E deficiency could lead to severe neurological problems. The main vitamin
E compounds are tocopherols, with both α- and γ-tocopherol providing most vitamin E
activity. Both samples had high contents of α- and γ-tocopherol. A significant increase (74%)
in α-tocopherol was found in OSP after boiling. This result indicates that heat treatment
could be beneficial for the bioaccessibility of tocopherol. Furthermore, heat treatment can
assist in the breakdown of complex foods. Thus, tocopherol can be quickly released from its
binding site. On the contrary, heat treatment was reported to reduce the tocopherol content
in corn [50]. The increase in tocopherol after boiling indicates that tocopherols in the sample
are more stable to heat treatment than other foods. In this research, RR had a considerably
high tocopherol content. Therefore, boiling could have released the tocopherols from their
binding site, facilitating their extraction and detection. Moreover, the structure of the rice
grains could have played a role. RR has a compact structure. Therefore, cooking could
assist the extraction of tocopherols, increasing the extractable tocopherol content, although
some of the tocopherols might be lost to high temperature. The tocopherol contents of the
different flake products were lower than the raw and boiled OSP and RR. It could be due to
the simultaneous or prolonged exposure to heat treatment. Unlike the conventional method
of cooking, which increases the tocopherol content, extended heating breaks the matrix
structure in flakes and significantly affects the tocopherols. Thus, prolonged heating should
be avoided in the processing of healthy food products to retain their tocopherols. Heat
treatment combined with mechanical treatment in specific conditions could release the
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tocopherols from the food matrix. However, extended exposure will lead to the breakdown
of carotenoids in the sample.

This research measured the antioxidant activity of raw and cooked OSP and RR and
their flake products using DPPH, FRAP, and Superoxide radical scavenging capacity assays.
The result showed that heat treatment was responsible for decreasing the antioxidant activ-
ity of OSP, RR, and the flake products. A positive correlation was observed between the
reduction of bioactive compounds and antioxidant capacity. Most bioactive compounds are
heat sensitive, which influences their antioxidant activity. A previous study reported that
an increase in temperature accelerated the initiation of oxidation, preventing antioxidant
compounds from working optimally [51]. The bioactive compounds were degraded, experi-
encing structural changes, and wholly transformed into inactive substances. Nevertheless,
due to the complex nature of antioxidant compounds in plants, their thermal stability
varies. Some compounds such as pro-catechuic acid, p-coumaric acid, and ferulic acid
have high thermal stability, which facilitates their extraction and antioxidant activity [52].
The heat treatment process assists in the release of such compounds without affecting
their activity. Moreover, the flake products exhibited lower antioxidant activity than the
raw or boiled products. Based on the percentage values of DPPH and Superoxide radical
scavenging capacity and the content of Fe [II] formed, flakes containing only OSP or RR
had lower antioxidant activity. Interestingly, the combination of OSP and RR increased
the antioxidant activity, probably due to the synergistic effect of bioactive compounds
from OSP and RR [53]. Even though the processing reduced the antioxidant activity in
boiled samples and flake products, the remaining antioxidant activity was still considerably
high. Therefore, boiled OSP, RR, and their flake products are a good source of bioactive
compounds and antioxidants.

Regarding the physicochemical and sensory properties of the flakes, it was observed
that the moisture content of flake products was mainly influenced by their composition.
Starch is the dominant carbohydrate found in OSP and RR, and OSP has a lower amylose
content compared to RR. According to Wang et al. [54], the amylose content of OSP is
18.71%, while Markus et al. [55] reported that RR has 23% amylose content. Amylose
is a linear polymer of glucose, which forms starch. The higher the amylose content, the
greater the moisture content of the dough due to a higher capability to absorb water. The
absorbed water will promote dough gelatinization during heating. The water absorbed by
the dough will then evaporate during the flaking process due to the network’s inability to
entrap water during the pre-gelatinization heat treatment. The high flaking temperature
will detach water from the matrix structure of the flakes, resulting in increased evaporation
and a lower moisture content of the flake products.

The dietary fiber content of the flakes ranged between 9.47 and 13.86%, comparable to
values commonly found in breakfast cereals such as corn flakes, rice, quinoa, millet, and
amaranth flakes [56]. The proportion of RR affected the dietary fiber of flakes. The fiber
content of flakes was also influenced by the heating and pressing processes. Heat treatment
caused the degradation of the fiber matrix and the glycosidic bond. The degradation
affected the solubility level of the fiber, i.e., the ratio between soluble and insoluble fiber,
thus resulting in the reduction of total fiber in the product.

Water absorption index (WAI) is a physical property associated with the ability of
flakes to absorb water molecules within a particular time. Absorbed water molecules could
be bound or detained in matrix pores of flakes. The water absorption index is crucial
because it is associated with the quality of the flakes. Consumers can experience the crispy
and crunchy sensation of the flakes after soaking in milk or water. In contrast, the higher
WAI is interrelated with the unwanted soggy texture of flakes. The WAI is influenced by
the porosity of the matrix on flakes, thickness, and hygroscopicity of flakes. In addition,
the presence of fiber and protein could assist the flakes in absorbing water into their
structure. The result shows that increasing the proportion of RR reduces the WAI due to a
decrease in hygroscopicity. OSP is a rich source of sugar; thus, it has higher hygroscopicity
compared to RR. In addition, the presence of RR affects the network construction of
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flakes by inhibiting the formation of the starch–protein structure, which could entrap gas.
The compact structure created by RR starch inhibits water absorption into the matrix of
the product. On the other hand, RR has higher fiber and protein contents, which help
improve water absorption [57]. Moreover, the suitable fragmentation of the amylose and
amylopectin chain in sweet potato could also affect the water absorption capacity. The
heating processes such as roasting, flaking, and extrusion will induce starch fragmentation
with sufficient water. The gelatinization process converts starch to a digestible material
and plays a vital role in determining the structural properties of flakes and their ability
to absorb moisture. The presence of RR in the flake dough disturbs the composition of
starch, thus inhibiting the flakes from forming a porous structure and affecting their water
absorption capacity.

Fracturability is a physical property related to deformation conditions when a specific
maximum force is applied. A higher fracturability value represents the ability of food
products to maintain their structure when force is applied. According to Table 2, flakes
with 100% OSP have a higher fracturability value compared to others, as the homogenous
matrix of starch, protein, and fiber in OSP enables the interaction between the matrix and
water molecules, leading to the firm, sturdy and rigid texture of flakes. The rigid texture
is related to the evolution phase of starch from amorphous conditions, which indicates
complete disorganization of the crystalline structure of starch. Increasing the proportion of
RR in the flakes reduces the fracturability value. The mixture of OSP and RR decreases the
rigidity of the flakes due to the different structural properties of the two samples, creating
flakes that are susceptible to fracture. Crispness is a complex texture attribute because
it comprises a combination of sensory analysis, acoustical procedure, and instrumental
analysis. The instrumental analysis revealed that flakes with OSP to RR ratios of 100:0 and
0:100 had higher crispness values than others. Similar to fracturability, the crispness value
decreased with an increasing RR proportion in the flakes. The mixture of ingredients with
different structural properties can affect the crispness value of flakes.

The color profile shown in Table 3 revealed that the color of flakes was affected by the
pigments in the raw materials used for their production. The red color of RR is associated
with anthocyanins found in its bran layer. The yellowness of OSP is linked to carotenoids,
primarily β-carotene. Previous research reported that carotenoids are easily oxidized and
undergo color degradation due to thermal treatment [58]. The hue results showed a flake
color range between yellow and red. The color of flakes was also affected by the Maillard
reaction product. The higher the Maillard reaction product, the darker the appearance of
flakes.

The sensory analysis involved a preference test of the color, taste, crispness, and
mouthfeel. Flakes containing 100% OSP had the lowest color preference score, associated
with the orange appearance, and the lowest brightness score. Most panelists perceived
the dark orange color as less fresh, less attractive, and less tasty. The color preference was
increased with the addition of RR, which also helped improve the product lightness and
redness values. The panelists were mostly in favor of flakes that appeared brighter and
reddish. The higher brightness level is attributed to the white endosperm color of RR, while
the redness is related to the anthocyanins in the bran of RR. The mouthfeel preference of
flakes is associated with the water absorption index. The higher the ability of flakes to
absorb water, the greater the plasticizing effect due to the presence of more hydrophilic
components such as the phosphate monoester found in sweet potato starch [59]. The
panelists generally preferred flakes with soft mouthfeel. The taste and crispness preferences
for OSP- and RR-based flakes were in the range of “indifferent” and “slightly likes”.
Increasing the RR proportion in flakes decreases the bitterness intensity and increases the
savory taste. The perception of savory taste is generally influenced by the moisture content
and the flavor of RR. Niu et al. [60] suggests that sweet potato with a low dry matter content
has a bitter taste, and increasing the dry matter reduces the bitterness. On the other hand, a
decrease in invertase activity may support the bitter aftertaste of the sweet potato.
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This research successfully monitored the changes of the bioactive compound and
antioxidant activity of OSP and RR in their native form and in the flake products. It can be
observed that individual compounds acted differently to processing methods. Therefore, it
can be suggested that research on the development of functional foods should address the
products ready to be consumed instead of solely focusing on the raw materials due to the
changes that take place during the transformation. This approach should be implemented
for other potential materials rich in bioactive compounds. Moreover, further consideration
of the bioaccessibility and bioavailability that are affected by digestion and absorption in
the human metabolism system should also be considered [61].

5. Conclusions

OSP and RR are rich sources of bioactive compounds, especially β-carotene, for OSP,
and phenolic compounds and anthocyanins, for RR. The boiling process significantly
decreased most of the bioactive compounds, except tocopherols and α-carotene. The level
of bioactive compounds in the flake products was dependent on the proportion of OSP and
RR. Heat treatment resulted in a decrease in antioxidant activity, even though the remaining
activity was still considerably high. The mixture of OSP and RR can produce flakes with low
moisture and high fiber contents. The optimum flake water absorption index, fracturability,
and crispness were obtained by combining 40% OSP and 60% RR. Moreover, the ratio of
OSP and RR influenced the color and sensory preferences of the panelists.
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Abstract: Strychnos spinosa Lam. is among the top nutrient-dense indigenous fruit species that are
predominant in Southern Africa. It is a highly ranked indigenous fruit based on the nutrition and
sensorial properties, which make it an important food source for the marginalized rural people.
On the basis of the high vitamin C, iron, and zinc content, it has the capacity to improve the food-
nutrition and the socioeconomic status of individuals, especially those in the rural areas of the
developing nations. The nutritional composition of Strychnos spinosa compare favorably with many
of the popular fruits, such as strawberries and orange. Additionally, Strychnos spinosa has antioxidant
activity similar to well-known antioxidant fruits, which keeps it in the class of the popular fruits,
giving it added nutrition–health-promoting benefits. In order to improve the availability of Strychnos

spinosa, more research on the domestication, processing, preservation, value chain, and economic
potential need to be further explored. Therefore, we recommend more concerted efforts from relevant
stakeholders with interest in Strychnos spinosa fruit production as a possible sustainable solution to
food shortage, food-nutrition insecurity, malnutrition, and austerity, mainly in the rural communities
of the developing countries.

Keywords: fruit tree; food policies; food security; Loganiaceae; nutrients; market economies;
novel products

1. Introduction

With the declined rate of global undernourishment (15% within 2000–2004 and 8.9% in
the year 2019), about 690 million individuals remain undernourished globally. Meanwhile,
the stunting rate further fell from 33% of children under age five in 2000 to 21.3% in
2019 [1–3]. In order to achieve the goal of ending undernutrition by the year 2030, there is
need to encourage the consumption of a balanced diet, especially in the rural communities
of the developing nations [4–7]. Interestingly, existing literature have ascertained that
indigenous fruits are used to cover food lack and shortages, thereby, these remain a key
option for dealing with micronutrient shortages during vulnerable times [8,9]. Indigenous
fruits have been utilized in several ways since time immemorial for food needs of the
local societies [3].

Generally, the potential of many indigenous fruits is underexplored, especially in
the area of their basic botany, horticulture, food science, and economic value [10–13].
Indigenous fruits have the potential to provide the necessary phytonutrients required in the
diet for food-nutrition security and the income of rural communities where the cultivation
of the popular fruit species is not common [14]. In the warmer temperate regions of the
globe, an indigenous fruit tree that stands out with a rich source of phytonutrients is the
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Strychnos spinosa [15]. It is one of the most important edible indigenous fruit trees in the
wild. The fruit-bearing species of Strychnos belong to the family Loganiaceae. The tree has
the capacity to stay edible in tropical heat, which is an important characteristic for food
and nutrition security, as this will enhance availability and productivity [16–18].

In traditional medicine, Strychnos spinosa is often used in the treatment of venereal
diseases, stomach-related aches, and snake bite attack [19]. Strychnos spinosa is known as a
native or introduced species in many African nations. The plant has been reported across
different African regions, including Southern Africa, East Africa, and West Africa [20].
In South Africa, Strychnos spinosa grows well in four provinces (Eastern Cape, Limpopo,
KwaZulu-Natal, and Mpumalanga).

Furthermore, the conservation status of Strychnos spinosa is categorized as “least con-
cern”, as its distribution and abundance possess a low risk of extinction [21,22]. However,
the plant has a recent record of declining occurrence in Benin and Burkina Faso (West
Africa), which was attributed to factors such as agricultural activities, urbanization, and ani-
mal breeding, rather than climate change and its impact [23]. Although the distribution and
availability of the Strychnos spinosa is uneven in Africa, its food-nutritional and economic
potentials suggest the need for a more conscious and holistic conservation approach.

Strychnos spinosa has several local uses, and it is known to be a rich source of nutrition
and phytochemicals, thereby suggesting its potential health benefits [21,24,25]. Given
the increasing importance of Strychnos spinosa in food-nutritional sovereignty, as well as
its ecological advantage [26–28], this review provides an appraisal on the potential for
sustainable food–nutrition and economic prosperity of Strychnos spinosa. It is anticipated
that consolidated information on Strychnos spinosa is important in an attempt to unfold its
nutritional and economic potential.

2. Method for Literature Search

The approach described by Omotayo et al. [29] was employed in literature selection.
Different online sources, theses, dissertations, and research reports were explored. We
searched online sources such as Web of Science (WOS), Google Scholar, PubMeb, and
Scopus, using various terms and phrases. Examples of these include “Strychnos spinosa”,
“Monkey orange”, “nutritional value composition Strychnos spinosa”, “ethno-medicinal
importance of the Strychnos spinosa”, “uses of Strychnos spinosa”, and “description of
Strychnos spinosa”. For this review, the focus of the search was on Africa, southern Africa,
and South Africa from the year 1962 to December 2021.

For the search, studies that fit the inclusion criteria were derived in order to explore
the content. The five areas explored and categorized were (i) distribution and description
of Strychnos spinosa, (ii) uses of Strychnos spinosa, nutritional and phytochemical content
(iii) economic potential (iv) postharvest handling, preservation, storage and processing, and
(v) domestication of Strychnos spinosa, cultivation problems, and future research direction
(Table 1). In this review, a sum of 151 peer-reviewed papers were retrieved that focused on
Strychnos spinosa. Finally, an estimated 47.68% (72) of the literature was relevant, utilized,
and included in the review article (Figure 1).
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Table 1. Selection criteria applied for the selection of literature in this review.

Exclusion Description

Underutilized African fruit plants Existing studies on different edible and non-edible fruit plants

Underutilized southern African fruit plants
Literature on different edible indigenuos fruits of

southern Africa

History and horticulture
Resarch publications on origin, taxonomy, morphology, uses,

domestication, and cultivation of indigenous fruits

Chemical composition
Papers on the chemical composition and use of

indigenous fruits
Non-edible uses Literature describing uses of indigenous fruits

Inclusion Explanation

Main subject is food nutrition and economic potential of
Strychnos spinosa fruit tree

Nutrition literature, uses, chemicals, and prospects of Strychnos
spinosa

Description, distribution, and ecology of Strychnos spinosa
Articles on distribution, taxonomy, morphology, and

distribution of Strychnos spinosa
Diverse uses of Strychnos spinosa Articles documenting the uses of Strychnos spinosa

Nutritional and phytochemical content of Strychnos spinosa Nutritional, phytochemicals contents of Strychnos spinosa
Postharvest handling, preservation, storage, and processing of

Strychnos spinosa
Articles on postharvest, preservation, and processing of

Strychnos spinosa

Challenges, domestication of Strychnos spinosa, cultivation
problems, and way forward

Domestication of Strychnos spinosa. Articles on food value chain,
trade, economic prospects of plants, markets, supply chains,

policy, and interventions.

Figure 1. Preferred reporting items for systematic reviews and meta-analyses (PRISMA) for the exclusion and inclusion
of articles.
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3. Botanical Description and Taxonomy of Strychnos spinosa

About 75 species of Strychnos exist in Africa, with 20 species (e.g., Strychnos innocua,
Strychnos cocculoides, Strychnos pungens, and Strychnos spinosa) producing consumable fruits
in drought-prone and semi-arid areas [18,30,31]. Strychnos spinosa is a small tree of 1–7 m
height, having straight and curved axillary spines, as well as a corky back [32]. The leaves
are simple and oval (Figure 2a,b). The fruit is edible, round-shaped, 6–15 cm in diameter,
and resembles a typical orange [31,33]. The unripe fruits (Figure 2b) are green, with wood
peel of 34 mm that becomes yellow (Figure 2c) when ripe [31].

Figure 2. Morphology of Strychnos spinosa. (a) tree at fruiting stage; (b) mature green fruit;
(c) ripe fruit.

Strychnos spinosa fruit has a juicy, sweet-sour pulp, which is pale brown, with about
a 3 cm flat seed, slightly similar to apricots [34]. Strychnos spinosa grows in well-drained
soils [33,35]. Fruit weighs between 145 and 383 g, while about 300–700 fruits (40–100 kg)
can be produced per tree stand. Strychnos spinosa is a seasonal fruit tree that is harvested
between August and December [31]. However, the domestication of Strychnos spinosa
remains in experimental stages, which is still a problem associated with its commercial
prospect. Presently, Strychnos spinosa can be propagated via seeds, grafting, or budding,
with the production of fruit starting 3–5 years after planting [27].

4. Nutritional and Phytochemical Content of Strychnos spinosa

4.1. Nutritional Composition of the Strychnos spinosa

Strychnos spinosa fruit contain energy, fibers, crude protein, and minerals (Table 2) [18].
Compared to other fruits, the vitamin C content for Strychnos spinosa is similar to that of
oranges (Citrus sinensis) (50 mg/100 g) and strawberries (Fragaria ananassa) (59 mg/100 g) [18,31].
Therefore, the consumption of Strychnos spinosa provides a source of ascorbate and may alleviate
nutrition insecurity for local communities. Most importantly, its fruit pulp (Figure 2c) can be
sun-dried as a food preserve, thereby extending shelf-life and availability.
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Table 2. Proximate, vitamin C, and mineral composition of Strychnos spinosa fruit.

Component Content Based on Amarteifio and Mosase [36]

Proximate and vitamin C composition

Dry matter 19.7 (%)
Ash 4.6 (%)

Crude protein 3.3 (%)
Fat na

Fibre na
Acid detergent lignin 4.4 (%)
Acid detergent fibre 6.1 (%)

Neutral detergent fibre 6.2 (%)
Total carbohydrate na

Energy value (kJ/100 g) na
Vitamin C 88 (mg/100 g)

Total soluble sugar (%) na
Total sugar na

Total acidity na

Mineral composition (mg/100 g FW)

Phosphorus 66
Calcium 56

Magnesium 49
Iron 0.11

Potassium 1370
Sodium 21.7

Zinc 0.22
Copper na

Manganese na
Note: na = not available, FW = fresh weight.

Strychnos spinosa fruit is a good dietary source of carbohydrates and proteins. Fur-
thermore, it contains important minerals, namely iron, zinc, copper, and manganese [37],
thereby suggesting that the consumption of Strychnos spinosa may serve as a source to
meet the body requirement of zinc, iron, copper, and manganese. The deficiency of micro-
minerals in the human body impairs growth and increases the susceptibility of such
individuals to infections and risk of mortality, especially in children [38]. Although the
presence of these aforementioned minerals in Strychnos spinosa fruit has been indicated, a
wide variability in concentrations for some of them as reported by Lockett, et al. [39].

4.2. Phytochemicals in Strychnos spinosa

Phytochemicals are biological active compounds, such as the flavonoids and phenolic
acids, with health-promoting values, such as anti-ageing and inflammation [18,21,40,41],
which were mainly attributed to their ability to scavenge free radicals [18,42,43]. The
rich phytochemicals that are abound in different parts of Strychnos spinosa remain key to
explaining their food-nutritional benefits and future potential [44–47]. Diverse phytochem-
icals were confirmed in the leaves, branches, seeds, and fruit pericarp of Strychnos spinosa
(Table 3). In addition, significant amount of phenolics and flavonoids were detected in
the root-bark [37,48].
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Table 3. Overview of phytochemicals in Strychnos spinosa.

Plant Part Examples of Phytochemical

Leaves
Glycosides, tannins, saponins, anthraquinones, steroids, alkaloids,
and terpenoids [24,47,49]

Branches
Tannins, flavonoids, terpenoids, saponin, steroids, glycosides,
and phenols [50,51]

Stem bark
Tannins, saponins, anthraquinones, steroids, alkaloids, glycosides,
and terpenoids [24]

Seed Alkaloids, tannins, phenols, phlobatannins, and steroids [52]
Fruit pericarp Alkaloids, terpenes, sterols, fatty acids, flavonoids, and saponin [53]

Root-bark
Alkaloids, glycosides, steroids and terpenoids, tannins, anthraquinones,
phlobatannins, and saponins [37,50]

4.3. Physicochemical Properties of Strychnos spinosa

Strychnos spinosa fruit shows a delicate complex of aroma volatiles that are identified
as a mixture of apricot, clove, pineapple, and citrus [26,33]. The degree of Strychnos spinosa
ripeness influences the taste and sugar profile that varies based on the environmental-
related factors [18]. Based on existing studies (Table 4), a wide variation have been con-
firmed in Strychnos spinosa [18,31]. The presence of organic acids in Strychnos spinosa is
explained by the acidic content that blends with sugars, thereby making the plant to exert
a blended acid-sweet taste [18]. The partial solubilization of the pectin and cellulose by the
plants’ enzymes, polygalacturonase [54], pectinmethylesterase, and lyase, during ripening
affects the texture and juiciness of the fruit [18,31]. The sensory studies reveal that potential
exists for product development and commercialization of the plant.

Table 4. Sensory properties in the Strychnos spinosa fruit.

Properties Description

Taste Tarty/fermented acid-sweet [18,24]

Aroma volatiles
Major compound (>75%): trans-isoeugenol—4.762 mg/g FW [18,24]
Other compounds: eugenol—307 µg/g FW; chavicol—172 µg/g FW;

ρ-trans-anol—647.5 µg/g FW; 123.5 µg/g FW [31]
Aroma Clove [41]
Texture Not available [41]
Color Yellow [28,31]

Acidity 0.77 [41]

pH
2.6–3.33 [31]
3.96 [18,24]

4.4. Antinutritional and Toxicological Properties of Strychnos spinosa

Antinutritional properties have an adverse effect on the food digestion in the light of
the food classes, such as protein and carbohydrates, and decrease the bioavailability of
minerals, such as iron and zinc [49,54,55]. The reported components of such in Strychnos
spinosa were low and below the established toxic level [56,57]. The seeds of Strychnos
spinosa contain strychnine and are bitter tasting [31,58]. Toxic alkaloids are present in the
seeds and unripe pulp of Strychnos spinosa [58].

5. Postharvest Handling, Preservation, Storage, and Processing of Strychnos spinosa

5.1. Postharvest Handling

Strychnos spinosa fruits are harvested by shaking, hitting, knocking, or plucking the
trees [18]. On the other hand, unripe Strychnos spinosa fruits are harvested and buried under
a light sand for months, until it is ripe, in order to prevent postharvest losses [16,26,59].
The fruit pulp usually changes from its dry texture to a golden color after storage and,
hence, is ready to be consumed [18]. As applicable with other climacteric fruits, during
storage, Strychnos spinosa increase in soluble solid content and accumulate glucose, sucrose,
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and fructose [26]. The slow spoilage attributed to the fruit can be linked to the hard texture
that assists in resisting insects and pathogens [16,60–62].

5.2. Products Preservation

Strychnos spinosa can be processed to dried products, but the preparation methods and
conditions vary across locations in a small-scale level. Postharvest processing of Strychnos
spinosa can be achieved through drying, juicing, maceration, and cooking. Although,
storage influences the bioavailability and physical characteristics of the plant [63]. In
southern Africa, Strychnos spinosa fruits are often dried by fire and or direct sunlight too,
and thereafter grinded into flour [18]. Additionally, the sun-dried Strychnos spinosa pulp
can be kept for 2 months to 5 years, making heat-drying a good preservation method for
the rural communities [64]. The moisture content of Strychnos spinosa fruit ranges from 60
to 91%, which mainly depends on the degree and method of heating [56,65]. In addition, a
properly dried fruit product does have a residual moisture content that ranges between 18
and 24%, with a good shelf-life [66,67].

5.3. Advantages and Challenges of Processing Techniques

Currently, the impact of processing Strychnos spinosa and the assessment of its contri-
bution to nutrient uptake is not well documented. Therefore, optimization of the processing
and profiling of the food value of Strychnos spinosa and its products is important for the
improvement of the processing procedures, which has the potential to increase the demand
for the plant and its products (Figure 3). On this basis, we have identified several advan-
tages, disadvantages, and recommendations for processing Strychnos spinosa. Considering
the nutritional quality of the fruit, it may easily serve as an important source of nutrients for
children and pregnant women [17,54,68]. Thus, improved processing of Strychnos spinosa
fruit could be a sustainable solution to the problems of the rural communities [18].

Figure 3. Products, processing, and way forward for Strychnos spinosa.

37



Plants 2021, 10, 2785

5.4. Nutritional Quality and Economic Potential of Strychnos spinosa

Strychnos spinosa fruit and its byproducts can contribute to the economy and rural
livelihood in Africa. This undervalued plant has potential that can make it withstand
market competition with respect to exotic fruits (e.g., orange and strawberry). The high
nutritional components and diverse phytochemicals in the plant confer immense benefits.
Hence, large-scale production, marketing, and trading of Strychnos spinosa fruit remain
important for sustainable livelihood and economic development, especially in the rural
communities. Presently, there is paucity of knowledge, with limited literature on the
several aspects of the fruit [69]. The commercialization of Strychnos spinosa will remain low
until the economic returns on investment associated with the domestication of the fruit
tree are profitable [70].

6. Domestication of Strychnos spinosa, Cultivation Problems, and Way Forward

Strychnos spinosa has been cultivated in southern Africa but without tangible re-
sults [9,71]. To date, no trials of the cultivation of Strychnos spinosa have been conducted in
Africa; hence, the fruit tree is mainly sourced from the wild populations. The problems
experienced by the rural populations concerning the cultivation of the underutilized fruit
as a crop are: (1) land available, (2) slow growth cycle, minimal yield, and (3) common
fast-cash economic culture [17,72]. Enhanced and effective information dissemination,
including findings and activities, may improve as more stakeholders participate (Figure 4).

Figure 4. Schematic framework of priority areas for intervention on Strychnos spinosa.
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There is need for active and effective collaborations by the stakeholders on Strychnos
spinosa. Research findings on the plants can be disseminated to the rural communities,
through local NGOs and other relevant stakeholders, such as the agricultural extension
services. Improving processing of Strychnos spinosa can enhance the possibilities for its
domestication, agro-processing, production, and commercialization [29]. These envisaged
findings will be useful to Strychnos spinosa and the much-needed intervention in research
of indigenous fruit trees.

Areas for Further Research

Sensory and nutritional composition of Strychnos spinosa during storage is not available.
There is paucity of information on the suitability of the drying methods for Strychnos spinosa.
Therefore, further studies on the suitability of dried products and characteristics need to
be conducted to establish a drying method that fits local conditions and the possibility for
commercialization. Furthermore, few studies have evaluated the nutritional and sensorial
characteristics of fresh Strychnos spinosa juice [18]. Therefore, improving the production
processes of Strychnos spinosa through preservation technique optimization needs to be
investigated. Exploration of the value chain to enhance the economic value and potential
of Strychnos spinosa is needed. Finally, research by the plant scientists and breeders on the
domestication of Strychnos spinosa needs to be given more priority, owing to its commercial,
nutritional, and economic potential.

7. Conclusions and Recommendations

Strychnos spinosa fruit have the potential to impart livelihood benefits and improve
the nutritional status, as well as the economic prosperity, of the rural population. The
micronutrients and macronutrients in the fruit tree are key to its relevance. On this basis,
Strychnos spinosa is an important food source for children, pregnant women, and the
poor. Nonetheless, limited research has been conducted regarding the value addition
and processing for Strychnos spinosa in comparison with many popular and commercial
fruits. The plant has great potential in the African rural communities, since the local
environmental conditions are appropriate for its cultivation. In order to mitigate some of
the existing challenges affecting the domestication of the plant for commercialization, there
is need for trans-disciplinary research by different stakeholders, as well as the suggested
action plan to improve the problems associated with the cultivation of the plant. Overall,
we proposed priority areas for policy and intervention, and recommend an all-inclusive and
sustainable development approach, as Strychnos spinosa could contribute to the attainment
of the food-nutrition target of the United Nations Sustainable Development Goals (UN
SDG, 2030).
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Abstract: Ample amounts of by-products are generated from the oil industry. Among them, sun-
flower oilcakes have the potential to be used for human consumption, thus achieving the concept of
sustainability and circular economy. The study assessed the nutritional composition of sunflower
seeds, cold-pressed oil and the remaining press-cakes with the aim of its valorization as a food
ingredient. Sunflower oil contains principally oleic (19.81%) and linoleic (64.35%) acids, which cannot
be synthetized by humans and need to be assimilated through a diet. Sunflower seeds are very
nutritive (33.85% proteins and 65.42% lipids and 18 mineral elements). Due to the rich content of
lipids, they are principally used as a source of vegetable oil. Compared to seeds, sunflower oilcakes
are richer in fibers (31.88% and 12.64% for samples in form of pellets and cake, respectively) and
proteins (20.15% and 21.60%), with a balanced amino acids profile. The remaining oil (15.77% and
14.16%) is abundant in unsaturated fatty acids (95.59% and 92.12%). The comparison between the
three products showed the presence of valuable components that makes them suitable for healthy
diets with an adequate intake of nutrients and other bioactive compounds with benefic effects.

Keywords: sustainability; sunflower seeds; sunflower oil; sunflower oilcakes; nutritive parameters;
classification; amino acids profile; fatty acids composition

1. Introduction

Large amounts of biodegradable waste and residues are produced and discarded every
year from the food industry. These residues have high biochemical and chemical oxygen
demand. For this reason, untreated waste harms the microflora [1]. Food waste with a high
fat content is susceptive to oxidation and thus harmful for microflora due to continuous
enzymatic activity, which accelerates spoilage and limits technological possibilities of
disposal. Environmental protection must be the first priority of international politics [2].
Nowadays, due to the rapid expansion of the human population and current environmental
issues (over-exploitation of resources, degradation of environment), it is necessary for a
transition to the circular economy and the development of new strategies to minimize
food waste during the supply chain [3,4]. Moreover, problems related to cost disposal and
the use of by-products have become an increasing challenge [5]. Conventional methods
for waste disposal and valorization are incineration, aerobic fermentation, composting,
fertilizer and feedstuff [6]. Alternative solutions consist in extracting the maximum value
from waste, hence the bioactive compound and re-circulating them in the process, making
value-added products and thus creating the concept of “waste = food” [7,8].

Oilseeds are mostly used as a source of vegetable oils. After the extraction process,
large amounts of residues and by-products are available. The use of these permits the
achievement of effective waste utilization and the successful realization of the circular
economy concept [9]. Possible valorization methods of the oilcakes involve their use in
animal diets as feeds, compost, a substrate in the production of enzymes, antibiotics and
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biosurfactants and in the recovery of bioactive compounds for further use in the production
of new value-added products [6,10].

Sunflower is a plant from the Asteraceae family, Helianthus genus and more than
seventy species are known worldwide. The origin of the name derived from the aspect
of the plant which resembled a sun and the fact that it rotates after the sun’s rays [11,12].
Globally, sunflower seeds are ranked as one of the most produced oilseeds crops alongside
rapeseed, soybean and cottonseed [13]. Their composition and nutritive values depend
on numerous factors, namely genotype, soil type, agricultural practices, climatic and
processing conditions [14]. Two types of sunflower seeds are known, namely the oil-
producing seed and the ones used for confectionary purposes. The first is black with a
thin hull (lignin and cellulolytic materials) that adheres to the kernel and represents 20%
of the total weight. Originally, the seeds contained 25% oil but by modern plant breeding
methods [15,16] (induced mutation, hybridization, molecular breeding) new sunflower
hybrids, in which the oil content was increased to 40% [11,17,18], were created. The seeds
are a source of dietary fibers, unsaturated fatty acids (more linoleic than oleic), antioxidants,
flavonoids (quercetin, luteolin, apigenin and kaempferol) amino acids, proteins (up to
20%), vitamins (E, B, folate and niacin) and minerals (principally calcium, copper, iron,
magnesium, manganese, selenium, phosphorous, potassium, sodium and zinc) [19,20].
The amino acids profile includes glutamic, aspartic acids, arginine, phenylalanine, tyrosine,
leucine, methionine and cysteine. The content in fatty acids varies up to 31%, being higher
than the other oilseed such as safflower, peanut, soybean, sesame and flaxseed [21].

The oilseeds are mostly used as a source of vegetable oil with unique physicochemical
properties [22]. The traditional extraction techniques involve the use of a mechanic press
(hot or cold pressing) or solvents [23,24]. Sunflower oil, due to its easy accessibility and
numerous health benefits (maintenance of low cholesterol and low-density lipoprotein
levels in the human body, antioxidant, anticancer, antihypertensive, anti-inflammatory,
skin protective and analgesic), is widely preferred in Europe, Mexico and several countries
of South America. After extraction, it remains liquid at room temperature and has a
shelf-life of over one year at 10 ◦C and in darkness [11,25]. The major components are
linoleic (59–65%) and oleic acids (30–70%). These represent 48−78% of the total fatty acids
profile. There is also a small percentage of palmitic and stearic acids (15% for both fatty
acids) present [26,27]. Sunflower oil is also rich in vitamins (important role in the good
functioning of the skin, nerves and digestive system), minerals (role in the enzymatic and
metabolic processes) and excellent phytochemical such as carotenoids, tocopherols, phenols
and tocotrienols with antioxidant activity. The variation of the composition depends on
the plant’s species and the extraction methods employed [28,29].

Oilcakes are the principal by-products obtained after the extraction of oil from the
seeds. Then they are air-dried to remove the water before storage. Sometimes they are
molded into two forms, namely flour (ground material) and pellet. The term is synonymous
with press-cake, meal and oil meal. In terms of appearance, sunflower meal has the taste
and the smell characteristic of the initial raw material without musty, mold, rancid and
foreign smells. The color changes from black to gray [30].

Generally, the meal is used in animal diet as feeds because it is an excellent source of
protein and thus produces an increase in biomass [31–33]. It can be also used for human
consumption. The essential amino acids present in sunflower press-cakes are cysteine,
methionine, leucine, valine, isoleucine, tryptophan, alanine and phenylalanine [25]. Re-
garding the minerals and vitamins, phosphorus, thiamine, nicotinic, pantothenic acids
and riboflavin are predominant [26]. The dehulled process reduces the fiber content and
increases the protein content [34]. The difference in chemical composition varies depending
on variety, growing condition, dehulling and extraction method [35].

The physical characteristics are extremely important in the seeds production chain for
designing various agricultural machines and equipment for operations such as planting,
harvesting, cleaning, quality assessment, classification, dehulling, milling, packaging,
storing and oil extraction [36]. Physical characteristics can be grouped into four categories,
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namely dimensional, gravimetric, compressive and frictional (angle of response and static
friction) [37,38]. Length, width, thickness, area, volume, sphericity, equivalent diameter
and projected area are dimensional proprieties and offer information about the shape.
Instead, mass, bulk density, true density and porosity are gravimetric properties [39]. The
size, shape and density influence aerodynamic proprieties, which are crucial in designing a
harvester [40]. Moreover, hulling efficiency is affected by the hull structure, seed size and
density. Sphericity, static friction and angle of response play a key role in designing storage
facilities, while porosity in designing extraction machinery [41]. When evaluating quality,
consumers choose their preference based on texture, flavor and appearance. In order to
reduce damaged and defective seeds, a classifier that complies with the quality indicators
found should be realized [42,43].

The aim of this study was to investigate the physicochemical properties of seeds, oil
and oilcakes and the transformations that take place in the processing stages of the raw
material. This study is important to evaluate the losses in the processing and to discover
the bioactive compounds that can be extracted from the by-products after oil extraction.
This study was also conducted to determine the physical attributes of seeds and kernels in
order to classify them into quality classes.

2. Results and Discussions
2.1. Chemical Composition of the Seeds, Kernels and Hulls

Sunflower seeds consist of kernels and seed coats or hulls. Sunflower hulls represent
21–30% of the seed weight and generally are considered a waste by-product [44]. From the
hulls can be recovered valuable phenolic compound and cellulose fibers for the production
of green, renewable, biodegradable and edible food packaging material, thus reducing the
global plastic production [45]. Another alternative to dispose of them is by transforming
the biomass (by pyrolysis, gasification and fermentation) obtaining bio-oils rich in furfural
content (a valuable bio-renewable chemical that can be used in the production of biofuels
and biochemicals) [46] In our study, the proportion of hulls calculated for the sunflower
seeds fell into the range from 13.67% up to 43.47%. Values depend on variety, environmental
conditions, seed size and oil content [47]. The lower values can be the result of the
continuous effort to increase the seed’s oil content [40]. The hulls contain a low percentage
of proteins (7.82%), lipids (8.81%) and ash (2.45%) according to Table 1. Similar values
were found by other authors [40,46,48], values ranged within 3.48–12.40% for moisture,
2.3–9.45% for oil, 5.36–7.36% for protein and 2.1–4.11% for ash.

Table 1. Chemical composition of the whole seeds, kernels and hulls.

Sample Moisture, % Ash, % Proteins, % Lipids, %

Seed 6.16 ± 0.04 b 2.73 ± 0.04 b 33.85 ± 0.88 b 65.42 ± 0.4 a

Kernel 4.60 ± 0.03 c 3.31 ± 0.11 a 23.73 ± 1.31 a 32.50 ± 2.21 b

Hull 7.88 ± 0.09 a 2.45 ± 0.11 c 7.82 ± 0.22 c 8.81 ± 0.12 c

Different superscripts letters after the values indicated differences statistically significant at p < 0.05%.

Nutritional characteristics of mature and sun-dried sunflower seeds, hulls and kernels
are summarized in Table 1. The findings showed that seeds contain on average 33.85%
proteins, 65.42% lipids and 2.73% ash, most of which are found in the kernels.

In comparison with other species, the seeds are rich in crude fat, due probably to
the breeding techniques (induced mutation, hybridization, molecular breeding) used to
increase the oil content. Various studies about the chemical composition of high-oleic
sunflower seeds showed that the fat content varies in the range of 37.47−54.06% [49–51].

The ash content found in various high-oleic seeds ranged between 2.68–4.87%. The
findings were lower than those reported, differences being attributed to genetic factors and
geographical conditions [52,53].

Compared to the other nutrients moisture content is the most important factor for
the prevention of insect infestation and diseases. Moreover, moisture content affects the
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physical properties of sunflower seeds. With the increase, the spatial and gravimetric also
increased [39,54,55]. Moisture values found in the literature ranged between 2.5−6.32%
and 3–3.2% in whole and dehulled seeds, respectively [35,56]. The higher values were
found in hulls because they have a higher water absorption. Further, low moisture in
kernels can be explained by the content in oil because the two liquids are immiscible [40].

When the dehulling process is applied in kernels the protein content increases up to
23.73% and ash content up to 3.31%. The findings are in accordance with those reported
by other authors [35,57]. While opposite results were observed for lipid and moisture
parameters. The findings indicate that the dehulling process can contribute to improving
quality and reducing undesirable characteristics. However, hulls facilitate the oil extraction
process. In this case, an amount of the latter should be left, but in small proportion so as
not to compromise the oil quality [35].

The result obtained for kernels were similar to those obtained by other authors [58–60].

2.2. Classification of the Sunflower Seeds

Lipids are predominant in the kernel’s cellular structure and for this reason, their
mass can be considered a potential quality parameter [40]. To investigate the latter, the
coefficient of correlation between the size (L, l, W, w, T, t-length, width and thickness of
the whole seeds and kernels respectively), shape (ψ, ψk-sphericity of the whole seeds
and kernels respectively; De, Dek- equivalent diameter of the seeds and kernels) and
gravimetric parameters (M, m- mass for the seeds and kernels) was calculated for a sample
of 145 unsorted seeds. The results are given in Table 2. All the correlations were significant
at p < 0.05. The L/W, L/T, W/T ratios indicate that length is more related to width and
thickness, however, width is strongly related to thickness. Kernel’s length, width and
thickness ratio showed a low correlation with each other. The correlation coefficient for
L/l, W/w and T/t ratios indicates the fact that bigger seeds when dehulled give bigger
kernels. To investigate the potential correlation with the mass, there were calculated all
the ratio combinations with the spatial parameters of the seeds and kernels. Mass is more
related to thickness and width in the seeds and with length in the kernels. A moderate
relationship between the spatial characteristics of the seeds and kernel with the mass of the
kernels was found. Moreover, strong relationships were found between the seeds and the
kernel’s mass (r = 0.97) and between the equivalent diameter and the kernels’ and seeds’
mass (r = 0.84). However, the equivalent diameter is hard to obtain because it depends on
the length, thickness and width. Overall, it can be concluded that there is a high linear
relationship between the hulls and seeds’ mass.

Considering the values obtained, the mass can be used as a parameter for the classifi-
cation of sunflower seeds in three classes. The mass boundaries for each class were taken
from Munder, 2017 [40]: for class I, m ≤ 0.045 g, for class II between 0.045−0.070 g and
m > 0.070 g for class three. A proportion of 13.08% of the total sunflower seeds sample
enters in the first class, a percent of 55.23% in the second and one of 21.68% in the third.
Based on the lack of significance found for M/m Gupta and Das [55] choose to classify
sunflower seeds based on their length. On the other hand, Santalla et al. [61] despite finding
M/m the highest significant combination, choose a classification based on the length and
did not justify their decision.

2.3. Size, Shape and Gravimetric Properties of Sunflower Seeds and Kernels

The dimensional, geometric and gravimetric properties of the four seed and kernel cat-
egories are presented in Table 3. ANOVA analysis indicates that with the increase in mass,
all the shapes and spatial dimensions of the sunflower seeds and kernels have expanded sig-
nificantly (p < 0.05%) giving longer, wider, thicker, rounder and heavier seeds and kernels.
The significant increase in bulk density and decrease in porosity with classes is correlated
with the sphericity because rounder objects tend to occupy more equally the space within
a given volume. As the thickness was lower than the width in both kernels and seeds,
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they can be described as having compressed oval bodies [40]. Further, the dimensional
properties are important for determining the seed processing machines’ aperture [62].

Table 2. Correlation between the dimensional and gravimetric properties of sunflower seeds and
kernels, n = 145.

Parameters Ratio Value Correlation Coefficient

L/W 2.04 0.693 *
L/T 3.34 0.567 *
W/T 1.64 0.828 *

l/w 2.17 0.431 *
l/t 3.65 0.828 *

w/t 1.68 0.404 *

L/M 182.65 0.625 *
W/M 89.69 0.805 *
T/M 54.67 0.793 *

De/M 96.24 0.841 *
ψ/M 8.67 0.615 *

l/m 183.77 0.599 *
t/m 50.43 0.511 *

w/m 84.81 0.626 *
Dek/m 9.21 0.723 *
Ψk/m 1.07 0.259 *

L/m 23.91 0.617 *
W/m 11.74 0.809 *
T/m 7.16 0.791 *

De/m 12.60 0.840 *
ψ/m 1.14 0.623 *
M/m 1.31 0.965 *

L/w 2.82 0.538 *
L/l 1.30 0.453 *

W/w 1.39 0.679 *
T/t 1.42 0.603 *

The symbol * indicates significance at p < 0.01; L—length of the whole seeds; W—width of the whole seeds;
T—thickness of the whole seeds; M—mass of the whole seeds; l, w, t, m—length, width, thickness and mass of
the kernels; De—equivalent diameter of the sunflower seeds; Dek-—equivalent diameter of sunflower kernels; ψ,
ψk—sphericity of the sunflower seeds and kernels, respectively.

The bulk density (pb) through the three classes of seeds varied from 395.23 Kg/m3 to
425.47 Kg/m3, while kernel’s density (pbk) varied from 414.81 Kg/m3 to 598.08 Kg/m3.
Kernel’s values were higher than those of seeds, due probably to the hulls which are bulkier
and provoked lower values for the mass per unit volume occupied by the seeds [55]. This
characteristic depends on the distribution of seeds after shaking and the shape of the single
particles, The more compacted and shaken the seeds are, the higher the values that are
found for bulk density [63].

True density values for kernels (ptk), namely 1068.60 Kg/m3 to 1079.69 Kg/m3, were
higher than those found for seeds (pt), namely 708.07 Kg/m3 to 650.33 Kg/m3. The finding
indicated that seeds will float in water while kernels will sink [39]. Furthermore, according
to this information, the separation of the hulls can be carried out by blowing air instead of
floating in water [64]. The decrease in overall true density with classes may be due to the
decrease in water absorption caused by the oil molecules and the increase in proteins [65].
Porosity decreased through classes from 61.58% to 44.03% and from 43.18% to 34.58%
for kernels and seeds respectively. The porosity is important during the drying process
because indicates the resistance of the seeds to airflow [62]. Kernels’ sphericity (0.50) was
lower than those of the seeds (0.53), making the seeds closer to the shape of a sphere than
the kernels. However, the ψ found was relatively low indicating the difficulty of the seeds
to rotate easily during handling [66]. Moreover, sphericity near the value of 1 shows a
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higher tendency to rotate about any of the three major axes. This information is important
in designing seed hoppers [62].

Table 3. Dimensional and gravimetric parameters for the unsorted seeds and kernels and their three categories, n = 500.

Type Parameters Unsorted
Classification Based on Mass

Class I Class II Class III

Shape and spatial dimension

Seed

L, mm 11.16 ± 0.03 b 10.27 ± 0.74 d 10.83 ± 0.71 c 12.20 ± 0.53 a

W, mm 5.48 ± 0.02 b 4.13 ± 0.10 d 5.25 ± 0.29 c 6.53 ± 0.29 a

T, mm 3.34 ± 0.01 b 2.42 ± 0.26 d 3.21 ± 0.24 c 4.01 ± 0.25 a

De, mm 5.88 ± 0.07 b 4.67 ± 0.18 d 5.66 ± 0.19 c 6.83 ± 0.19 a

Ψ, - 0.53 ± 0.01 b 0.46 ± 0.03 c 0.52 ± 0.03 b 0.56 ± 0.02 a

V, mm3 113.88 ± 5.12 b 46.83 ± 3.53 d 95.60 ± 5.26 c 178.80 ± 6.94 a

S, mm2 110.15 ± 2.54 b 68.59 ± 5.16 d 100.84 ± 6.11 c 146.47 ± 8.27 a

Ap, mm2 48.48 ± 0.89 b 33.33 ± 2.56 d 44.65 ± 3.71 c 62.56 ± 4.49 a

Kernel

L, mm 8.58 ± 0.63 b 7.52 ± 0.48 c 8.55 ± 0.51 b 9.15 ± 0.41 a

W, mm 3.96 ± 0.25 b 3.47 ± 0.21 c 3.8 ± 0.28 b 4.44 ± 0.28 a

T, mm 2.35 ± 0.16 b 2.05 ± 0.18 c 2.22 ± 0.17 b 2.69 ± 0.19 a

Dek, mm 4.30 ± 0.13 b 3.8 ± 0.15 d 4.15 ± 0.11 c 4.78 ± 0.12 a

Ψk, - 0.50 ± 0.03 b 0.50 ± 0.03 b 0.49 ± 0.03 b 0.52 ± 0.02 a

Vk, mm3 41.05 ± 3.56 b 26.99 ± 1.15 d 34.99 ± 3.31 c 57.02 ± 4.94 a

Sk, mm2 58.39 ± 3.61 b 44.37 ± 3.8 d 54.20 ± 2.86 c 71.66 ± 3.57 a

Apk, mm2 26.76 ± 2.35 b 20.49 ± 1.51 c 25.50 ± 2.18 b 31.88 ± 2.60 a

Gravimetric properties

Seed

M, g 0.0611 ± 0.002 b 0.0395 ± 0.001 c 0.0569 ± 0.003 b 0.07856 ± 0.007 a

pb, Kg/m3 404.54 ± 2.76 b 395.23 ± 2.53 c 415.08 ± 2.49 b 425.47 ± 3.13 a

pt, Kg/m3 704.81 ± 1.15 a 708.07 ± 4.63 a 691.22 ± 1.3 b 650.33 ± 2.25 c

ϕ, Kg/m3 42.60 ± 0.77 b 44.18 ± 0.95 a 39.95 ± 0.93 c 34.58± 0.18 d

Kernel

m, g 0.0467 ± 0.003 b 0.0292 ± 0.002 c 0.0403 ± 0.003 b 0.0591 ± 0.004 a

pb, Kg/m3 525.29 ± 4.03 b 414.81 ± 5.29 d 484.00 ± 3.05 c 598.08 ± 4.43 a

pt, Kg/m3 1072.13 ± 0.75 b 1079.69 ± 0.45 a 1074.41 ± 1.21 c 1068.60 ± 0.73 d

ϕ, Kg/m3 51.02 ± 0.03 c 61.58 ± 0.02 a 54.95 ± 0.05 b 44.03 ± 0.04 d

L, W, T, M, De, ψ, V, S, Ap—length, width, thickness, mass, equivalent diameter, sphericity, volume, surface area and projected area of
sunflower seeds; l, w, t, m, Dek, ψk, Vk, Sk, Apk—length, width, thickness, mass, equivalent diameter, sphericity, volume, surface area and
projected area of sunflower kernels; pb—bulk density; pt—true density; ϕ—porosity. Different superscript letters indicated difference at
p < 0.05%.

Values found by others authors for the seed’s bulk density, true density and poros-
ity ranged between 267.03–710 Kg/m3, 444.39–902 Kg/m3 and 31.3−54.93% respectively.
While those for kernels ranged between 535–582.50 Kg/m3, 1015–1250 Kg/m3 and
45.4−51.19% [37,39–41,54,55,61,67,68].

All seeds categories are longer, wider and thinner compared with the Modern sun-
flower variety [55]. In comparison with the sunflower hybrid F1 from cultivar PR65H22,
the seeds presented similar lengths, but they were thicker and wider [40]. Moreover,
the findings showed smaller, wider and thicker seeds than Trisum 568 sunflower geno-
type [61]. Compared with the two sunflower hybrids (ACA 884 and Paraiso 20) selected
by de Figueiredo [41], the unsorted seeds were longer, wider and thicker. The opposite
was observed when unsorted seeds were compared with the PSH-996, Shamshiri and the
P64H41 varieties [37,39,54]. From the six varieties studied by Cetin,2020, [49] Transol and
Colombi showed higher dimensional values, while Tunca presented a similar dimension,
except for the length, which was longer.

For the unsorted category, the equivalent diameter, sphericity, volume and surface area
values were higher than those reported for the PSH-996 variety. However, they were lower
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than those reported for Shamshiri, P64H41, LG5582, Transol, 63MM54, P64LC53, Colombi
varieties. The three categories of sunflower seeds presented slightly higher sphericity,
diameter and volume values than those reported for the PR65H22 variety.

2.4. Sunflower Oilcakes Characterization

The physical, chemical and functional properties of the two types of cold-pressed
sunflower oilcakes are reported in Table 4. The analyzed sunflower oilcakes have different
shapes, namely pellets (SFOC/PE) and cake (SFOC/C). The nutritive composition of the
sunflower oilcakes can differ considerably depending on the quality of seeds, extraction
technique and storage parameters. All the findings fell in the range reported by other
authors [69–71]. No significant difference (p < 0.05) in the moisture and protein content was
found between the two samples. SFOC/C presented significantly higher ash and crude
fiber values, but lower fat content than SFOC/PE.

The moisture content is an important factor to maintain oilcake stability for long
periods of time [72]. A level below 12% is considered safe for storage because it prevents
the rapid growth of mold [62]. The values obtained were 8.75% for the meal pellets
and 8.93% for the meal cake. The values were relatively similar to those reported for
soybean, rapeseed, sesame and flaxseed. Much lower values were found for hemp seed
and pumpkin [69,72–74].

Oilcakes should be admitted for human consumption when there is an equilibrated
proteins and lipids ratio, optimal values for the human body should be 20–25% and 3–5%,
respectively [75]. In our case, the fat amounts are too high so direct consumption is impos-
sible. Thus, sunflower oilcakes are destined for the extraction of bioactive compounds.

The total dietary fiber content in the two sunflower press-cakes was high (31.88% for
SFOC/PE and 12.64% FOR SFOC/C). The findings met consumers’ demands for fiber-rich
food. In addition, fibers have numerous beneficial effects (increase laxation and decrease
blood pressure, cholesterol level, reabsorption of bile acids and starch digestion) [76–79].

Water retention capacity (WRC) offers information about the degradation of the
molecular components by measuring the amounts of solid components released from
proteins and other molecules. The WRC for the two sunflower press-cakes was 4.67 g/g
for the one in pellet shape and 5.51 g/g for the cake, the difference between the two was
not significant (p < 0.05) and was probably due to the moisture and protein contents. The
same results were found by other authors and ranged from 2.10 g/g to 4.48 g/g [80,81].

The capacity to absorb oil and water is determined by the non-polar and polar amino
acids composition, respectively. The oil holding capacity of SFOC/PE was slightly higher
than those of SFOC/C, but the difference was not significantly different (confidence level
of 95%). A small amount of lipids and moisture increases protein solubility and thus the
absorption capacity of the oilcakes [80]. In other studies, values for OHC that ranged from
0.71 g/g to 2.2 g/g [80–85] were found.

Water holding capacity (WHC) is measured by the amount of water absorbed by
the molecules. The parameter is important for determining the storage conditions. The
difference found between the two oilcakes was significant (p < 0.05) [79]. SFOC/C presented
higher moisture content that provoked a reduction of the degradation of the molecule and
hence the reduction of the parameter. Another possible explanation for the highest values
found in SFOC/PE refers to the high content of dietary fibers [85]. WHC values found in
our study were similar to those reported by other authors, which ranged from 0.71 g/g to
3.27 g/g [80–85].

The bulk density (BD) of the two oilcakes was not significantly different from each
other. The index decreased with moisture and increased when lipids content decreased. BD
is an important property in the packaging and handling processes in the food industry. It is
a measure of flour heaviness and depends on the attractive intermolecular forces, particle
size and number of positions in connection [72,86]. Other values found in literature ranged
from 0.592 g/mL to 0.741 g/mL [80,87]
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Table 4. Chemical, functional and color proprieties of the two sunflower oilcakes.

Parameters SFOC/PE SFOC/C

PHYSICO-CHEMICAL PROPERTIES

Moisture (%) 8.75 ± 0.10 a 8.93 ± 0.11 a

Dry matter (%) 91.25 ± 0.10 a 91.07 ± 0.11 a

Proteins (%) 20.15 ± 1.57 a 21.60 ± 1.87 a

Fat (%) 15.77 ± 0.45 a 14.16 ± 0.04 b

Ash (%) 4.56 ± 0.11 b 6.15 ± 0.04 a

Crude fiber (%) 31.88 ± 0.79 a 12.64 ± 0.05 b

Carbohydrates (%) 18.89 ± 0.23 a 36.52 ± 1.11 b

FUNCTIONAL PROPERTIES

Bulk density (g/mL) 0.4196 ± 0.002 a 0.4204 ± 0.001 a

WHC (g/g) 2.58 ± 0.11 a 2.33 ± 0.07 b

OHC (g/g) 1.34 ± 0.13 a 1.18 ± 0.08 a

WRC (g/g) 4.67 ± 0.04 a 5.51 ± 0.06 a

SC (%) 3.56 ± 0.06 a 3.19 ± 0.17 a

EC (%) 32.17 ± 1.15 a 30.62 ± 2.14 a

ES (%) 29.87 ± 1.24 a 27.92 ± 0.57 a

COLOUR PROPERTIES

L* 42.23 ± 0.01 b 46.29 ± 0.01 a

a* 1.17 ± 0.01 b 1.57 ± 0.01 a

b* 6.11 ± 0.01 b 8.90 ± 0.01 a

SFOC/PE—sunflower oilcakes in pellets form; SFOC/C—sunflower oilcake in the form of cake; WHC—water
holding capacity; OHC—oil holding capacity; WRC—water retention capacity; SC—swelling capacity, EC—
emulsion capacity; ES—emulsion stability; L*—lightness; a*—redness; b*—yellowness. For difference assessment
was performed Student t-test. Values followed by a, b are statistically different at 95% confidence level.

Emulsion capacity (EC) is the property of mixing two immiscible liquids (water and
oil). Emulsion stability (ES) measures the amount of water released from the emulsion over
time. The parameters are closely related to protein surface hydrophobicity that allows a
better molecular anchorage of the oil–water interface and thus more stable emulsions [72].
SFOC/C presented a lower value for EC and ES that might be due to its lower amount
of hydrophobic amino acid. In the literature, higher values for EC (49.09–53.2%) and ES
(48.23–50.45%) [88,89] were found.

In terms of color, the SFOC/C was significantly lighter (L* = 46.29) than SFOC/PE,
with higher redness (a* = 1.57) and yellowness (b* = 8.90) values. Compared to the
sunflower oil analyzed by Grasso et al. [85] our meals are lighter, less red and more yellow.
The color of the products obtained in the previous study was influenced when the content
of 18% sunflower oilcake was added, the color becomes browner.

The values of all the nutritional parameters analyzed for the whole seeds and press
cakes presented differences with each other (p = 95%). Sunflower seeds had a higher caloric
value than the oilcakes due to their higher lipid content. In the meals, the proportion in
seeds reached 65.42% and decreased to 14.16–15.77%, once oil extraction by cold pressing
was realized. Cold extraction is the most preferable method to obtain high-quality virgin
oil. However, an important oil fraction remains in the press-cakes and increases their
nutritional values because it provides the whole health benefits to these by-products [90].
The remaining parameters (ash, protein, carbohydrates) increased in the oilcakes as a result
of oil removal [90].

Fat content in press-cakes was still high (15.77% in pellets and 14.16% in cake) and
needed a further re-extraction. This can be realized with solvents or hot temperature
pressing. The first allows to obtain higher oil yields but can compromise oilcake quality,
while the second can lead to the liberation of aroma compounds and dark colors [90].

In conclusion, the cold oil pressing by-products are characterized by high nutritional
values and good functional parameters. Press-cakes can be used as a food ingredient or for
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the extraction of bioactive compounds that can be incorporated in new foodstuffs because
they are nutritional, social and economically advantageous [91].

Oilcakes rich in proteins and lipids are suitable for feeding omnivores and fish while
being rich in fibers for ruminants. Studies showed that sunflower oilcakes improved the
carcass yield of fish and pigs [92,93].

A possible valorization of sunflower seeds involves the realization of new food prod-
ucts such as tablets that can be used as supplements [70] Other products obtained with sun-
flower oilcakes were biscuits (higher protein, phenols and antioxidants compounds) [85],
cookies (addition of 10% results in better proteins digestibility and water absorption) and
muffins (products with low carbohydrate content) [14].

Furthermore, proteins extracted from sunflower oilcakes can be used for the produc-
tion of films with good adhesive and barrier properties and low elongation, deformation
and elasticity [9].

2.5. Comparison of the Mineral Composition of the Sunflower Seeds, Oil and Oilcake

Minerals are inorganic nutrients essential for the maintenance of life physicochemical
processes [94]. They can be classified into macro-elements (potassium, phosphorus, calcium,
sodium and chloride) and micro-elements (iron, copper, zinc, molybdenum, chromium,
manganese, copper and selenium). The required amounts in diets for macro-elements must
be greater than 100 mg/dL and less for micro-elements [95].

Sunflower seeds, oil and meal are known to be a source of several minerals [10,11,19,34].
The mineral composition is shown in Table 5. A total of 18 elements were found in seeds
(Mg < Se < Ce < Ca < Tl < Zn < Mn < Cr < Cu < Ni < Be < Co < Ti < Fe < Li < Mo
< Cd) and SFOC/C (Se < Ce < Ca < Tl < Zn < Cu < Mn < Cr < Sr < Be < Ni < Co
< Fe < Mo < Li < Cd). In SFOC/PE were found 20 elements as follows: magnesium
(4.76 g/Kg), selenium (1.99 g/Kg), cesium (1.02 g/Kg), calcium (1163.32 mg/Kg), thallium
(587.97 mg/Kg), zinc (94.78 mg/Kg), strontium (72.97 mg/Kg), copper (61.15 mg/Kg),
manganese (57.62 mg/Kg), chromium (52.79 mg/Kg), beryllium (32.96 mg/Kg), nickel
(29.38 mg/Kg), titan (16,10 mg/Kg), cobalt (7.63 mg/Kg), iron II and III (5.26 mg/Kg,
3.35 mg/Kg), molybdenum (0.43 mg/Kg), lithium (0.34 mg/Kg), cadmium (0.23 mg/Kg)
and antimony (0.02 mg/Kg). They were found only 14 elements in SFO of which thallium,
cesium, magnesium and selenium presented high values, the others (Mo < Mn < Be < Cr <
Cu < Li < Ni < Zn < Ti < Fe) presented proportions below 1%.

After oil extraction, most mineral composition of oilcakes increased, while Fe, Co and
Li decreased. A low percentage of the elements goes into the oil. A comparison between the
whole seeds, press-cakes and oil regarding the mineral composition reveals that press-cakes
are richer and they are a valuable ingredient for new food products development. The
results obtained were in accordance with those provided by other authors [53,96].

Calcium, cobalt, strontium, cadmium and antimony were the only elements that
were not found in the oil, despite being present in sunflower seeds and oil. The elements
presented only in sunflower oilcakes were strontium and antimony. The difference in
elements composition was significant (95% confidence level) for all the samples studied.

2.6. Fatty Acids Profile of Sunflower Seeds, Oil and Oilcakes

Fatty acids (FA) composition of the seeds, cakes and oil are shown in Table 6. They
were quantified using a gas chromatograph coupled with mass spectrometry. The difference
between the seeds, oil and oilcakes was significant (p < 0.5%). A total of 14 fatty acids were
determined, of which five were saturated (SFA), five monounsaturated (MUFA) and four
polyunsaturated (PUFA). The total concentration of FA in seeds and oil were 440.62 µg/mL
and 441.31 µg/mL, respectively, while in press-cakes were between 1016.52 µg/mL and
3083.38 µg/mL. The sunflower seeds and oil were rich in PUFA (51.41% and 64.81% re-
spectively) and MUFA (41.69% and 20.58%) and poor in saturated FA (6.90% and 14.61%).
The two oilcakes were a rich source of unsaturated FA, namely 29.46% and 57.96% mo-
nounsaturated, also 66.13% and 34.16% polyunsaturated. The most abundant FA were
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linoleic, pentadecanoic, stearic and oleic. Low levels were detected for palmitic, palmitoleic,
heptadecenoic, linolelaidic, linolenic, eicosenoic, arachidonic and trisanoic fatty acids.

Table 5. Mineral composition of the sunflower seeds, oil and press-cakes.

Parameters
SFS

mg/Kg
SFOC/PE

mg/Kg
SFOC/C mg/Kg

SFO
mg/Kg

Li 1.80 ± 0.01 a 0.34 ± 0.01 c 1.40 ± 0.0 b 0.20 ± 0.01 c

Be 20.89 ± 0.14 c 32.96 ± 0.55 a 31.48 ± 0.06 b 0.72 ± 0.03 d

Mg 3.89 ± 0.241 b 4.76 ± 0.131 a - 3.44 ± 0.15 c

Ca 573.02 ± 4.73 c 1163.32 ± 10.01 b 1522.08 ± 5.5 a -
Ti 7.04 ± 0.25 c 16.10 ± 0.26 b 18.38 ± 6.22 a 0.03 ± 0.0 d

Cr 35.70 ± 0.1 c 52.79 ± 0.38 b 58.24 ± 1.81 a 0.50 ± 0.01 d

Mn 36.91 ± 0.38 c 57.62 ± 0.21 b 65.73 ± 3.46 a 0.78 ± 0.03 d

Fe (II) 6.66 ± 0.13 a 5.26 ± 0.20 b 4.71 ± 2.71 c 0.01 ± 0. d

Fe (III) 6.40 ± 0.44 a 3.35 ± 0.17 b 2.51 ± 0.03 c -
Co 11.46 ± 0.69 a 7.63 ± 0.41 b 5.59 ± 0.35 c -
Ni 21.29 ± 1.30 c 29.38 ± 1.27 b 30.63 ± 1.40 a 0.19 ± 0.01 d

Cu 32.57 ± 1.79 c 61.15 ± 4.12 b 71.25 ± 3.36 a 0.21 ± 0.01 d

Zn 57.83 ± 2.54 c 94.78 ± 2.28 b 90.11 ± 4.36 a 0.09 ± 0.0 d

As - - - -
Se 1.22 ± 0.021 c 1.99 ± 0.071 b 3.18 ± 0.18 1 a 1.17 ± 0.0 d

Sr - 72.97 ± 2.42 a 35.42 ± 1.99 b -
Mo 0.34 ± 0.0 c 0.43 ± 0.01 c 1.62 ± 0.55 a 0.90 ± 0.01 b

Cd 0.16 ± 0.00 c 0.23 ± 0.01 b 0.26 ± 0.0 a -
Sb - 0.02 ± 0.0 a - -
Ce 0.33 ± 0.01 1 d 1.02 ± 0.01 1 b 1.85 ± 0.05 1 a 6.39 ± 0.35 c

Tl 523.84 ± 9.11 b 587.97 ± 17.80 a 417.12 ± 7.31 d 175.69 ± 4.56 c

The superscript number 1 indicates that the results are expressed as g/Kg. The analysis was performed in
duplicate. Results are presented as values ± standard deviation. SFS—sunflower seeds, SFOC/PE—pellets
sunflower oilcakes, SFOC/C—sunflower oilcakes in the form of cake, SFO—sunflower oil, Li—lithium, Be—
beryllium, Mg—magnesium, Ca—calcium, Ti—titan, Cr—chromium, Mn—manganese, Fe—iron, Co—cobalt,
Ni—nickel, Cu—copper, Zn—zinc, As—arsenic, Se—selenium, Sr—strontium, Mo—molybdenum, Cd—cadmium,
Sb—antimony, Ce—cesium, Tl—thallium. Lowercase letters (a,b,c and d) refer to the comparison of the same
element between the different samples; results followed by superscript letters are significantly different (p < 0.05%)
according to Turkey’s post hoc test.

Palmitic and stearic acid values varied between 2.18% and 5.52%, also between 1.10%
and 10.45%, respectively. Values below 1% were found for myristic, linolelaidic, linolenic,
eicosenoic, trisanoic and arachidonic fatty acids. The major FA in seeds, cakes and oil were
linoleic (50.32%, 32.81–65.88% and 64.35%, respectively) and oleic (14.10%, 10.34–19.32%
and 19.81%, respectively). These results make the three products (seeds, oil and oilcakes)
important dietary sources of linoleic and oleic fatty acids.

Linolenic and linoleic acids are polyunsaturated essential fatty acids. They can not
be synthesized by the organism and play an important role in the maintenance of healthy
triglyceride and cholesterol levels. Sunflower linoleic/linolenic FA ratios were high due
to the low levels of linolenic acid. Regarding the SFA, the content was relatively low
(≤ 14.61%). The consumption of sunflower oil, extracted or naturally presented in seeds or
press-cakes, can help to increase the level of linoleic acid in the human body.

Sunflower seeds in the literature presented 9.63–10.11% saturated fatty acids,
20.73–25.77% monounsaturated fatty acids and 65.59–69.64% polyunsaturated fatty acids [59].
In sunflower oil, myristic (<0.2%), palmitic (5–7.6%), palmitoleic (<0.3%), oleic (14.1–39.4%),
linoleic (48.3–74%), linolenic (<0.3%) and eicosenoic (<0.5%) were found. All the results are
in accordance with those obtained in our study [59].
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Values for sunflower meals found in the literature ranged between 11.3%–67.82% for
SFA, between 20.6%–25.90% for MUFA and between 3.81–68.2% for PUFA [13]. Regarding
the C18:2 w-6/C18:3 w-3 ratio found in our study was in accordance with the values
found in the literature (3.86–37.79) [97]. The fatty acids profile in the literature include
myristic (0.30%–9.63%), palmitic (12.05–29.1%), stearic (12.2%), linolelaidic (0.04%), linoleic
(1.93–57.82%), linolenic (0.39–1.53%), eicosenoic (0.04%), arachidonic (0.02%) and trisanoic
(0.05%) fatty acids [98]. Values were in accordance with the results obtained in our study.

In conclusion, sunflower oilcakes can be used for the development of new food
products due to their advantageous FA profile, where oleic acid is predominant.

2.7. Amino Acids Profile of Sunflower Seeds, Oil and Oilcakes

Proteins presented the highest increase in press-cakes. To evaluate their quality the
amino acids (AA) profile must be determined (Table 7).

Table 7. Amino acids profile of sunflower seeds, oil and oilcake.

Parameters
SFS

nmol/g
SFOC/PE
nmol/g

SFOC/C
nmol/g

Alanine 2110.4 ± 18.21 b 2187.18 ± 36.93 b 3073.51 ± 43.48 a

Glycine 1810.93 ± 0.0 a 2329.15 ± 0.0 a 1696.04 ± 324.38 a

Valine * - 8987.78 ± 3.40 a 905.97 ± 22.10 b

Leucine * 383.84 ± 0.0 a 164.77 ± 4.20 b 486.66 ± 8.00 a

Isoleucine * - 1584.28 ± 14.59 a 757.88 ± 2.04 b

Threonine * - 827.21 ± 17.53 a 742.32 ± 8.33 b

Serine - 2124.69 ± 12.66 a 1181.12 ± 26.93 b

Proline - 1313.13 ± 8.66 a 887.04 ± 12.66 b

Asparagine - 1102.81 ± 10.90 a 629.15 ± 3.76 b

Aspartic acid 255.53 ± 3.58 c 2949.61 ± 137.36 a 2045.89 ± 19.58 b

Methionine * - 696.83 ± 3.92 a 675.17 ± 1.90 b

Phenylalanine * - 768.82 ± 1.56 a 757.25 ± 8.43 b

Glutamic acid 1229.56 ± 0.0 a 3402.01 ± 0.0 b 2082.36 ± 39.83 a

α-aminoadipic acid - - 680.19 ± 18.43 a

Hidroxylysine - - 686.60 ± 33.33 a

Tyrosine - - 650.22 ± 0.32 a

Tryptophan * - - 1093.97 ± 14.53 a

Total, nmol 5790.26 c 28438.27 a 19031.34 b

Essential AA, % 6.63 c 45.82 a 28.48 b

Non essential AA, % 93.37 a 54.18 c 71.52 b

The symbol * indicates an essential amino acid. The analysis was performed in duplicate. Values are presented as
mean ± standard deviation. Values followed by different superscript letters (a, b, c, d) are statistically different at
95% confidence level.

The findings showed higher total amino acids content in oilcakes than seeds,
28438.27 nmolg−1, 19031.34 nmolg−1 and 5790.26 nmolg−1, respectively. In descending
order, the amino acids identified in seeds were alanine, glycine, glutamic acid, leucine
and aspartic acid. Asparagine and glutamine were not found because they were totally
converted to aspartic and glutamic acids in acidic hydrolysis conditions.

In pellets press-cake were found the following 13 AA: valine, glutamic acid, aspartic
acid, glycine, alanine, serine, isoleucine, proline, asparagine, threonine, phenylalanine,
methionine and leucine. On the other hand, in the cake meal were found 17 AA namely,
alanine < glutamic acid < aspartic acid < glycine < serine < tryptophan < valine < proline <
isoleucine < phenylalanine < threonine < hydroxylysine < α-aminoadipic acid <methionine
< tyrosine < asparagine < leucine.

In cakes, essential AA represents 45.82% and 28.48% of the total AA profile, while in
seeds only 6.63%. Valine and tryptophan were the major essential AA found in meals. They
were followed by isoleucine, threonine and phenylalanine. All the essential AA must be ob-
tained through an equilibrate diet because they cannot be synthesized in the human body.

Sunflower press cake in the form of pellets presented the most amino acids
(28438.27 nmol/g), the difference between all the products was significant (p < 95%).
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For all the amino acids found in the samples were calculated the percentage relative
level which is shown in Figure 1. Based on the relative percentages were calculated the
total percentage of essential and non-essential AA (Table 7).
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Figure 1. Amino acids of sunflower seeds, meals and oil.

Alanine (difference was significant), glycine (difference was not significant) valine (sig-
nificant difference) and glutamic acid (significant difference) were the most predominant
amino acids, while leucine was the least (significant difference). A total of twelve amino
acids (valine, isoleucine, threonine, serine, proline, asparagine, methionine, phenylalanine,
α-aminoadipic acid, hidroxylysine, tyrosine and tryptophan) were found in meals but not
in the seeds. This is due to the presence of the hulls, which create an intercellular skeleton
that prevents the action of digestive enzymes and thus reduces the amino acids present in
the hull [99].

3. Materials and Methods
3.1. Samples

For this study, high oleic sunflower seeds (Helianthus annuus L.), oilcakes and oil were
a kind gift from a local factory of Suceava (Romania), that uses traditional mechanical oil
pressing technology. The seeds (SFS) (Figure 2) were cleaned manually to remove foreign
materials and immature seeds. Kernels and hulls were obtained by manually dehulling.

The two oilcakes have different forms: pellets (SFOC/PE) and cake (SFOC/C) (Figure 2).
They were ground and sieved (< 500 µm) with a Retsch Vibratory Sieve Shaker AS 200 basic
(Retsch GmbH, Haan, Germany).

3.2. Chemical Composition

3.2.1. Seeds and Kernels

Moisture content was measured using a gravimetric method (ISO 665:2020) by drying
a 3 g sample in the laboratory oven with air circulation ZRD-A5055 (Zhicheng Analysis
Instruments, Shanghai, China) at 105 ± 2 ◦C for 24 h.

55



Plants 2021, 10, 2487

Figure 2. Sunflower seeds and press-cakes.

Ash content was estimated with AOAC method 923.03 using a calcination furnace at
550 ◦C for 6 h till the charred material became white [74].

Protein content was determined using the Kjeldahl method (AOAC 950.48) described
by Sunil, 2015 [74] with some modifications and the conversion factor 5.88. Digestion was
made as follows: 1 g of sample with 15 mL of sulfuric acid and a catalyst were placed in a
Kjeldahl flask. Digestion was carried out at 420 ◦C for 2 h until a clear blue solution was
obtained. Afterward, 50 mL of distilled water is added to the flask. The distillation was
carried out with boric acid, while titration with hydrochloric acid was 0.2 N.

The lipid content of seeds, kernels and hulls was determined by ISO 659:2009 using
an automatic Soxhlet extraction system with n-hexane solvent.

3.2.2. Oilcakes

The oilcakes were investigated for their moisture, ash, fat, protein and total dietary
fiber (Megazyme total dietary fiber assay kit, Megazyme, Wicklow, Ireland) with AOAC
methods with some modifications (methods 935.29, 923.03, 920.39, 950.48 and 985.29
respectively).

The color of the press-cakes was measured using a CR-400 colorimeter (Konica Minolta,
Tokyo, Japan) and CIELAB scale: lightness L* (0 for black and 100 for white), a* (if negative
indicate the intensity of green, if positive of red) and b*(if negative indicate the intensity of
blue, if positive of yellow) [100].

The water/oil holding capacity (WHC, OHC) was measured according to the method
described by Omowaye-Taiwo, 2015 [101], with slight modifications. In test tubes, 1 g
of sample and 10 mL of distilled water/corn oil were added. Then they were kept at
room temperature for 30 min and centrifugated at 7000 rpm for 20 min. The results were
expressed as grams of water/oil absorbed per gram of sample.

Water retention capacity (WRC) was determined according to the method described
by Onipide et al., 2017 [102]. The sample (2 g) was mixed with 20 mL distilled water,
kept for 1 h at 25 ◦C in a water bath (Memmert Waterbath WNB 22, Schwabach Germany)
with continuous stirring and centrifugated at 1600 rpm for 25 min. The supernatant was
removed and the samples were weighed. WRC was calculated as the difference between
the hydrated and dry residues.

To measure the swelling capacity (SC), 1 g of sample and 10 mL of distilled water were
mixed in a centrifuge tube. After centrifugation for 20 min at 2000 rpm, the supernatant
was decanted and the remained sample was dried in a hot air oven for 2 h at 130 ◦C and
then weighted. The results were expressed as percent swelled per gram sample [103].

Bulk density (BD) of sunflower meals was analyzed by a volumetric method; 5 g of
sample were placed in a 100 mL cylinder and gently tapped 20 times. The values were
calculated as sample weight and volume displaced ratio (g/mL) [80].

Emulsion capacity (EC) and stability (ES) were analyzed according to Rani, 2021 [72]
and Yyenagbe et al., 2017 [104] as follows: a 0.5% suspension of sample and water was
mixed on a magnetic stirrer for 20 min at 500 rpm, 30 mL of this emulsion were then
taken and mixed with corn oil (10 mL). The emulsion was homogenized and transferred
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immediately to a marked cylinder (50 mL) in order to read the height obtained. The ES
was calculated by heating the cylinder for 30 min at 80 ◦C. After that, the final height of the
emulsion was read. The formulas for calculating EC and ES are expressed in Equations (1)
and (2).

EC (%) =
Height of oil layer

Height of the suspension
× 100 (1)

ES (%) =
Final height of the emulsion layer
Initial height of the emulsion layer

× 100 (2)

3.3. Physical Properties of Seeds and Kernels

3.3.1. Mass and Classification

A group of randomized whole seeds was weighted with an analytical balance PART-
NER AS 220.R2 (Radwag, Bucharest, Romania) at 0.1 mg accuracy. In this way, the percent-
age of hull and kernel was determined. Moreover, based on mass, the kernels and seeds
were classified into three categories [40].3.3.2. Dimensional Parameters

Groups of 100 seeds were randomly measured to determine their dimensions. Length
(L), width (W) and thickness (T) were analyzed using a digital caliper VOREL 15240 (Toya,
Wrocław, Poland) at 0.003 mm accuracy [40]. In the same way, the size and shape (l, w and
t) of kernels were determined (Figure 3).

𝐸𝐶 (%) = Height of oil layerHeight of the suspension × 100
𝐸𝑆 (%) = Final height of the emulsion layerInitial height of the emulsion layer  × 100

Wrocław, Poland) at 0.003 mm accuracy 

— — —

ψ

Figure 3. Spatial dimension of sunflower seeds; L—length, W—width, T—thickness.

3.3.2. Geometric Parameters

The equivalent diameter (De), sphericity (ψ), seed surface area (S), projected area
(Ap) and volume (V) were determined by comparison to a sphere using the following
relationships [37,39,40,49]:

De (mm) = 3
√

L × W × T (3)

ψ = De/L (4)

S
(

mm2
)

= Π × De
2 (5)

Ap

(

mm2
)

= 3/4 × L × W (6)

V
(

mm3
)

= W × L × T × ϕ (7)
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3.3.3. Gravimetric Parameters

Bulk density (pb) was calculated as the ratio of the seeds/kernels mass (M/m) and
their total occupied volume (V). The method described by Konak et al., 2002 [105], with
some modifications, was used.

pb (kg/m3) = M/V (8)

True density (pt) was analyzed with toluene displacement method using a pyc-
nometer. The method consists in immersion of a weighted quantity of seeds in toluene
(p = 0.867 g/mL) and then recording the volume displaced [40].

pt

(

kg/m3
)

= (M × ptoluene)/MT (9)

Porosity was calculated as a function of the previous densities according on the
Equation (10) [37,39,40,49].

pt (%) =
pt − pb

pt
× 100 (10)

3.4. Comparison of the Seeds, Oil and Oilcakes

3.4.1. Free Amino Acids Determination

Prior to analysis, the sample (3.7 ± 0.5 g) was mixed with 30 mL of 15% trichloroacetic
acid (TCA). The pH of the solution was adjusted to 2.2 with sodium hydroxide solution and
further diluted to exactly 50 mL with 15% TCA. After centrifugation for 5 min at 3000 rpm,
the supernatant was filtrated through a 0.45 µm nylon filter [106,107]. The solution contains
primary and secondary amino acids that were further analyzed with the Ez:faast GC-MS
kit (Phenomenex, Torrance, CA, USA). The method was carried out in three steps: a
solid phase extraction (performed in sorbent packed tips that bids amino acids and allow
the other compounds to flow through), quick derivatization (amino acids migrate to the
organic layer) and a liquid/liquid extraction (the organic layer was removed, evaporated
and re-dissolved in solvent). Amino acids analysis was made with a gas-chromatograph
coupled with a mass spectroscopy instrument (Shimadzu, Kyoto, Japan). The entire time
of analysis was 10 min and the injected volume was set at 0.002 mL. The amino acids
separation was performed in a ZB-AAA (10 m × 0.25 mm) column. It was applied the
split-less injection mode. The initial temperature of the GC oven was 110 ◦C, which was
increased until 320 ◦C and held for three minutes. The condition employed for the mass
spectrometer were 200 ◦C for the ion source and 320 ◦C for the interface. The quadrupole
measured the abundance of ions from 35 to 500 m/z. For the calibration, there were used
solutions with amino acids mixture included in the kit mentioned above [107].

3.4.2. Fatty Acids Determination

The oils extracted from oilcakes and seeds and the one provided by the local factory
were analyzed for fatty acids methyl esters (FAME). Fatty acids derivation was performed
according to the following procedure: 0.1 g of each oil sample was mixed with 0.4 mL
of n-hexane and 0.4 mL of 15% boron trifluoride in methanol. The solution was heated
at 60 ◦C in a water bath (Memmert Waterbath WNB 22, Schwabach, Germany) for 5 min.
After cooling to room temperature, it was mixed with 2 mL of saturated sodium chloride
solution and centrifugated at 2000 rpm for three minutes. After that, the supernatant
was filtrated through a 0.45 µm nylon filter. FAME’s separation was made on a GC-MS
instrument (GC MS-QP 2010 Plus, Shimadzu, Kyoto, Japan), using a SUPELCOWAX 10
column (length of 60 m, inner diameter of 0.25 mm ID and 0.25 µm film thickness; Supelco
Inc., Bellefonte, PA, USA). The GC oven temperature increased at a rate of 7 ◦C/min from
140 ◦C to 220 ◦C, which was held for 23 min. The flow rate of the carrier gas (He) was kept
at 0.8 mLmin−1. The injection port temperature was 210 ◦C. The temperature condition
employed for the mass spectrometer were 250 ◦C for interface and 180 ◦C for the ion source.
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Ion electron impact mass spectra were recorded at a positive ionization energy of 70 eV.
The scans range was 22–395 m/z (0.14 scans/s). Under these conditions, a 0.001 mL sample
was injected in split mode 1:24. FAME’s identification and quantification were performed
by comparing their retention times with calibration curves obtained by reference standard
FAME’s mixed (Restek, Lisses, France) [108].

3.4.3. Mineral Estimation

The mineral elements were estimated with a system Agilent Technologies 7500 Series
(Agilent Technologies, Santa Clara, CA, USA) coupled-mass spectrometer. The parame-
ters were nebulizer 0.9 mL/min, RF power 1500 W, carrier gas 0.92 L/min, makeup gas
0.17 L/min, mass range 7–205 uma, integration time 0.1 s, acquisition 22.76 s. Detector
parameters were: discriminator 8 mV, analogue HV 1770 V and pulse HV 1070 V. Prior to
analysis, five grams of sample were calcinated at 550 ◦C for 6 h. The ash was dissolved
with 0.73 mL nitric acid (65% HNO3, Sigma Aldrich, Darmstadt, Germany), placed into a
50 mL flask and completed with deionized water. The elements standard solutions were
prepared by diluting stock solution of 1000 mg/L of Li, Be, Mg, Ti, Tl, Co, As, Ca, Cd, Cr,
Ce, Cu, Hg, Fe, Mn, Ni, Pb, Se, Sr, Sb, Mo, V and Zn [73].

3.5. Statistical Analysis

All results are presented as mean ± standard deviation. The chemical and functional
analyses for sunflower seeds and oilcakes were performed in triplicate. While, amino acids,
fatty acids and minerals analyses were performed in duplicate. The physical characteristics
of sunflower seeds were performed on a sample of 500 seeds. The values obtained were
processed by using SPSS 25.0 (trial version) software (IBM, New York, NY, USA). The
difference between samples was established by analysis of variance (ANOVA) using
Turkey’s test at a 5% significance level. To determine the difference between the two
samples of oilcakes a Student’s t-test was performed.

4. Challenges and Future Perspective

Sunflower oilcakes, the by-products obtained after the extraction of oil for sunflower
seeds, are rich in dietary fibers and proteins. In the literature, we found numerous studies
about the extraction of proteins and their utilization in the food industry, but none about
the utilization of dietary fibers. Moreover, there is an increasing demand for an alternative
source of plant proteins opening an opportunity for the utilization of sunflower oilcakes as
a source of proteins, due to the well-balanced amino acid profile.

Sunflower oilcakes represent also a successful alternative for future food packaging
because they are renewable, low-cost resources. Moreover, they permit the development of
completely edible and biodegradable materials.

5. Conclusions

Nowadays consumers are interested in healthy lifestyles with diets rich in nutrients
and for this reason, the consumption of sunflower seeds, with a high nutritive profile, is
recommended. Moreover, the current environmental issues caused by the large amount of
waste produced by the food industry impose the research of new ways to transform and
re-circulate these resources (very rich in bioactive compounds) into the supply chain.

For increasing the interest in food products containing valuable compounds it is
necessary to reduce the prices and improve sensorial acceptance. In this sense, they have
evaluated the physicochemical and functional properties of sunflower oilcake. The conclu-
sion obtained indicated that sunflower oilcakes represent due to their nutritive properties
a good source for good functional products, conferring also good sensorial characteristics.

The high composition in essential amino acids (45.82% for SFOC/PE and 28.4%
for SFOC/C), fibers (31.88% and 12.64% for the oilcakes in form of pellets and cake,
respectively) and proteins (21.60% for SFOC/C and 20.15 for SFOC/PE) make the oilcakes
an interesting option for human consumption. Moreover, they still contain lipids (15.77%
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for pellets and 14.16% for cake) rich in unsaturated fatty acids (95.59% and 92.12% for
pellets and cake, respectively). The predominant fatty acids are oleic (in pellets 29.32%
and in cake 10.34%) and linoleic (32.81 and 65.88% for cake and pellets, respectively) acids
which are essential because they cannot be synthesized in the human body. The amino
acids profile shows a balanced composition between essential and non-essential (SFOC/PE
presents 45.82% and 54.18% essential and non-essential AA respectively). The valorization
of these by-products by incorporation in the human diet contributes to the realization of
sustainability and circular economy.

Sunflower seeds are very nutritive (33.85% proteins, 65.42% lipids and 18 mineral
elements). Due to the rich content in lipids, they are principally used as a source for
vegetable oil, which is predominant in kernels (23.73%). To choose high-quality sunflower
seeds with the highest fat contents, a classification based on the mass is required. An
attentive analysis shows that class III permits obtaining a high oil yield. Further analysis of
the extracted oil shows high content in unsaturated fatty acids (93.1%), of which the main
are oleic and linoleic acids (respectively, 14.10% and 50.32%). The seeds are a rich source
(the value for total AA present in the sample is 5790.26 nmol/g) of essential (6.63%) and
non-essential (93.37%) amino acids. On the other hand, the oil extracted from oilcakes and
that obtained by cold-pressing present similar chemical properties. Sunflower oil presents
essential fatty acids, namely 19.81% oleic acid and 64.35% linoleic acid. Together they
help reduce cholesterol levels in the blood and thus prevent heart diseases. A nutritional
comparison between oilcakes, seeds and oil shows that they have numerous components
suitable for a healthy diet.
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Abstract: Interest in canola (Brassica napus L.). In response to this interest, scientists have been tasked
with altering and optimizing the protein production chain to ensure canola proteins are safe for
consumption and economical to produce. Specifically, the role of plant breeders in developing suitable
varieties with the necessary protein profiles is crucial to this interdisciplinary endeavour. In this
article, we aim to provide an overarching review of the canola protein chain from the perspective
of a plant breeder, spanning from the genetic regulation of seed storage proteins in the crop to
advancements of novel breeding technologies and their application in improving protein quality in
canola. A review on the current uses of canola meal in animal husbandry is presented to underscore
potential limitations for the consumption of canola meal in mammals. General discussions on the
allergenic potential of canola proteins and the regulation of novel food products are provided to
highlight some of the challenges that will be encountered on the road to commercialization and
general acceptance of canola protein as a dietary protein source.

Keywords: canola; rapeseed; Brassica napus; canola protein; plant proteins; breeding; food safety

1. Introduction

The global population is projected by the United Nations to increase beyond nine
billion by the mid-21st century (Figure 1) [1] and scientists have been tasked with ensuring
food security to sustain this growth [2–4]. Agriculture will be able to feed the global
population provided improvements are made to the sustainability of current agricultural
practices along with a concomitant shift in dietary preferences [4–7]. Complicating the
task of food production are increasingly severe and unpredictable climatic patterns [6,8,9]
as well as the continued reduction in arable land [6,8–10]. The concept of food security
was initially defined by the United Nations at the World Food Conference of 1974 as the
availability of food at reasonable prices at all times [11]. The definition of food security
has since been expanded to encompass the nutritional and social aspects of food [12,13].
Dietary protein has been a focus of nutrition programs as it is often a limiting macronutrient
in malnourished and food-insecure populations [14–16].

Dietary protein is primarily acquired through either the consumption of meat (animal
protein) or legumes. Historically, meat consumption was associated with economic wealth
and recent shifts in developing economies have dramatically increased meat consump-
tion [17–19]. Intensive animal husbandry for meat production has been repeatedly cited as
being environmentally destructive, unsustainable, and an inefficient method of convert-
ing protein feedstock into dietary protein [20–23]. The production of plant-based protein
sources, such as kidney bean (Phaseolus vulgaris L.), requires substantially less input and
generates less waste than an equivalent unit of red meat such as beef [20]. Given the large
amount of feed required to produce animal protein [6], the redistribution of land from feed
grain to crop production enables larger quantities of dietary protein to be produced per
unit area [9,24]. Evidently, even partial replacement of animal proteins with plant-based
alternatives will have considerable impact on long-term sustainability [25].

Although plant-based proteins are prominent in many cultures, European and North
American diets show a proclivity for animal proteins in their diet [16,17,26]. However, a

65



Plants 2021, 10, 2220

recent assessment of food supplies across 171 countries found a decrease in animal protein
supply in six countries across North America, Europe, and Australia [27], suggesting a
gradual replacement of animal protein with alternative proteins such as those from plants.
Recent work has demonstrated that the composition of the human gut microbiome is in
rapid flux with changes in diet [28], suggesting that humans are amenable to adapting to
new diets with relative ease. The challenge of adopting plant-based proteins, therefore, may
largely be cultural. In an effort to promote vegetable proteins as a nutritious, sustainable,
and a secure alternative to animal protein, 2016 was designated as the International Year
of Pulses [29]. Consumer food choices are influenced by dietary guidelines published
by national food authorities, and different recommendations show varying degrees of
sustainability based on the resources required for production [30]. Given their far-reaching
influence, incorporating considerations for sustainability in government food recommen-
dations may substantially affect food security for many people [31]. In Canada, a recent
revision to the food guide changing a “meat and alternatives” food group to “protein foods”
with an emphasis on plant-based proteins reinforced the suitability of plant proteins as a
replacement for animal proteins [32]. In expanding the available sources of plant-based
proteins, rapeseed/canola (Brassica napus L.) protein has been suggested as a possible
plant-based protein source. With increasing global acreages annually (Figure 2), canola that
is currently grown and processed for edible oil production generates a large quantity of
protein-rich seed meal as a byproduct of the oil extraction process [33]. The ease of access
to and availability of canola meal makes it a logically suitable and sustainable candidate
for development into a plant-based protein for human consumption [34]. Such a proposal
has been supported by both industry and public institutions worldwide, as reflected by
numerous abstracts at the latest International Rapeseed Congress [35].

 

revision to the food guide changing a “meat and alternatives” food group to “protein 
foods” with an emphasis on plant

Figure 1. The world population is projected to reach nine billion by the mid-21st century. Data points
up to 2020 are annual estimates. Black data points from 2021 to 2075 are estimates based on median
fertility. Red data trends indicate high- and low-fertility variant estimates (raw data source: United
Nations, Department of Economic and Social Affairs, Population Division (2019). World Population
Prospects 2019, Online Edition. Rev. 1, accessed on 1 September 2021.
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l (approximately 40%) and high levels of glucosinolates (80 μmol/g seed) ren-

“canola” in North America, and double

Figure 2. Global rapeseed (Brassica napus L.) harvested hectares have increased annually since the
introduction of the first low-erucic acid, low-glucosinolate canola cultivar ‘Tower’ in 1974 (data source:
FAOSTAT, Food and Agriculture Organization of the United Nations, accessed on 1 September 2021).

In addition to serving as a dietary protein supplement, the functional properties
of canola protein render them useful in a diverse range of food processing applica-
tions [33,34,36,37]. In such a case, individual canola proteins with the desired functionality
would need to be isolated with additional processing steps from the crude seed protein
given the differences in functional properties of each protein constituent [34,38–40].

2. Transition from Rapeseed to Canola

Rapeseed is an economically important allotetraploid oilseed crop derived from B. oler-
acea L. and B. rapa L. [41]. Rapeseed was introduced into Canada in 1943 initially as a source
of vegetable oil for industrial applications [42,43]. Despite the high oil content of rapeseed
and its adaptability to be grown in Canada, the high percentage of erucic acid in rapeseed
oil (approximately 40%) and high levels of glucosinolates (80 µmol/g seed) rendered the
oil unfit for the human diet [44,45]. Erucic acid consumption was implicated in the cause
of multiple pathologies in various animal models and thus its elimination was a prerequi-
site for the adoption of rapeseed oil for human consumption [46,47]. Glucosinolates are
generally deemed innocuous when intact; however, their degradation products have been
implicated as the causal agent of various health problems and are pungent, rendering both
the oil and meal unpalatable [48]. Specifically, studies in rats repeatedly showed glucosino-
lates to adversely affect thyroid function through antagonism against iodine [49,50]. Thus,
the elimination of glucosinolates was necessary before rapeseed oil could be incorporated
into the human diet [51]. Canadian breeding efforts led to the development of the first
low-erucic-acid and low-glucosinolate rapeseed cultivar, named Tower [52]. This and
subsequent low-erucic acid, low-glucosinolate cultivars were termed “canola” in North
America, and double-low or 00 rapeseed in Europe, to distinguish them from the indus-
trial rapeseed [53]. Current commercial canola cultivars have near undetectable levels of
glucosinolates (less than 20 µmol/g seed) and typically have less than 1% erucic acid, well
below the maximum allowable levels of 2% erucic acid and 30 µmol glucosinolate/g seed
as established by international law [53,54]. The near-elimination of erucic acid and glucosi-
nolates deemed canola to be generally recognized as safe by the United States Food and
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Drug Administration (Direct Food Substances Affirmed as Generally Recognized as Safe,
21 C.F.R. §184.1555, [50 FR 3755, Jan. 28, 1985]) and is the fourth largest oilseed produced
globally behind oil palm, soybean, and seed cotton (Figure 3) [55]. Domestically, canola
production in Canada has grown steadily since its introduction in 1974 to approximately
20 million metric tonnes (Figure 4) and was estimated to contribute just under $30 billion
to the Canadian economy [56].

‘Reston’ was registered by 

Figure 3. Rapeseed (including canola) was the fourth largest oil crop in 2019 based on global
production quantity (data source: FAOSTAT, Food and Agriculture Organization of the United
Nations, accessed January 2021).

 

‘Tower’ in 1974 (Source: Statistics Canada. Table 32

–

Figure 4. Canola production in Canada has increased steadily since the introduction of the first
low-erucic acid, low-glucosinolate canola cultivar ‘Tower’ in 1974 (Source: Statistics Canada. Table
32-10-0359-01, accessed on 1 September 2021).
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Though unfit for human consumption, the potential value of erucic acid as an indus-
trial lubricant and raw material for chemical manufacturing was realized by the USDA in
the late 1960s [43,57]. At the same time, high-erucic-acid rapeseed (HEAR) cultivars with
low glucosinolate levels were developed in Sweden and HEAR breeding genotypes were
developed in Canada [58]. The first Canadian HEAR cultivar ‘Reston’ was registered by
the University of Manitoba in 1982 (Registration number 2190).

Although canola remains primarily a crop grown for oil, its potential value as a
renewable and sustainable protein source has been gaining attention. Whereas extensive
breeding efforts continue to focus on improving the quality and quantity of oil in canola [59],
minimal attention has been directed to improving protein quality and content due to their
inverse relationship with oil content [60,61]. A canola cultivar with improved meal quality
was assigned a patent to Agrigenetics Inc. and Dow AgroSciences LLC in 2016 claiming
45% crude seed protein and less than 18% fibre (US20120213909A1). To better understand
the challenges of developing canola protein as a dietary protein source, we need to first
consider the technical, biochemical, and genetic factors that affect proteins in canola seed.

3. Extracting Oil from Raw Seed

Canola/rapeseed meal is the residual portion of the seed that remains after the oil
has been extracted [34]. The oil extraction process is largely divided into a pre-processing
step and an extraction step [62]. Pre-processing ensures maximum oil recovery from the
seed: the canola seeds are pre-heated, after which they are flattened by rollers into flakes,
and subsequently cooked [63–65]. Heating the seeds increases the pliability of the seed to
ensure they can be thoroughly flaked without shattering while the flaking and cooking
steps function primarily to rupture the seed to allow oil to be released and to increase the
surface area of the seed [65].

The extraction step begins with the physical removal of oil from the cooked flakes
by screw press [62,65]. Remaining oil in the seed cake is then repeatedly extracted using
a mixture of solvents collectively known as isohexane [65]. The meal and oil diverge in
their processing after this solvent extraction; the oil is diverted for refining while the seed
cake is sent to a desolventizer toaster, where a combination of steam and heat remove
residual solvent from the cake [62,65,66]. The resulting oil-free meal is then typically
pressed into pellets for animal feed. Alternatively, protein can be isolated from the meal.
The key determinate used to differentiate canola from rapeseed is its oil quality, and their
oil-free meals differ in glucosinolate content; however, such differentiation cannot be made
for purified protein products from either crop. Henceforth, all protein products that are
purified from meal originating from canola and rapeseed will be referred to as canola
protein. The potential uses of canola protein as a food processing additive as well as
non-food, non-feed applications of canola proteins have been recently reviewed [33].

4. Effects of Processing on Meal Quality

The quality of canola meal destined for animal feed is judged largely on its amino
acid profile and digestibility [67,68]. Conversely, the quality of canola protein destined for
food processing is judged on its technical functionality [37,69,70], which is conferred by
the molecular structure and content of the individual proteins contained within; thus, the
quality of canola protein relates to the integrity of its components.

Extraction conditions can be altered to selectively extract different protein products
with different purities and technical functionalities from canola meal [40,71–73] and multi-
ple patents have been assigned to different institutes to protect the intellectual property
rights associated with these optimized conditions [64]. Harsh extraction processes can
compromise protein quality: while seed proteins can be denatured by exposure to sol-
vents [74], high temperatures alters the digestibility of canola meal and affects the structure
of individual canola proteins [48,72,75–77]. Structural changes in canola proteins can abate
their functional properties [78,79]. As a feed supplement, protein content is routinely
determined by its nitrogen content through combustion analysis (ISO 16634-1:2008; AOAC

69



Plants 2021, 10, 2220

Method 990.03) thus, denatured proteins should not affect the protein determination of the
meal. However, prolonged desolventizing can negatively impact the bioavailability of es-
sential amino acids such as lysine, due to their modification from Maillard reactions [72,80].
In addition, the digestibility of canola meal decreases with prolonged toasting, rendering
it less nutritious as a feed supplement [48,75–77]. If the meal protein is to be used as a
functional ingredient in food processing, it is crucial that the structures of the proteins are
not compromised.

5. Nutritional Value of Canola Meal Protein

Despite the potential reduction in quality during processing, canola meal and protein
both have a nutritional profile that is comparable with soy, a common plant protein source.
When considering the meal as a whole, the protein content of oil-free canola meal is
approximately 38% [81], compared to 44% for its soy counterpart [82] (Table 1). Canola
meal tends to have high fibre, resulting in lower digestibility in animals which makes the
meal less competitive compared to soy meal models [83,84]. Currently, the majority of
canola meal is used for animal feed; however, isolated protein products have the potential
to be used as a dietary protein source for humans [33].

Table 1. Comparison of seed quality between Canadian soybeans and western Canadian canola
presented as the average value of 2013–2017 crops, inclusive. Table compiled with soybean data [82]
and canola data [81] published by the Canadian Grain Commission. Non-applicable measurements
indicated with n.a.

Soybean Canola

Protein content (%) 1 34.50 20.20
Oil content (%) 1 18.40 44.50

Oil-free protein of the meal (%) 2 43.80 37.80
Oleic acid (% in oil) 21.90 62.90

Linoleic acid (% in oil) 53.60 18.70
α-Linolenic acid (% in oil) 9.00 9.40

Total saturated fatty acids (% in oil) 15.20 6.70
Erucic acid (% in oil) n.a. 0.01

Total seed glucosinolates (µmol/g, 8.5% moisture) n.a. 10.00
Total glucosinolates of the meal (µmol/g, oil-free, dry basis) n.a. 21.00

1 Based on 13% moisture in soybean and 8.5% moisture in canola. 2 Based on 13% moisture in soybean and 12%
moisture in canola.

Protein quality for human nutrition is most commonly measured with a Protein
Digestibility Corrected Amino Acid Score (PDCAAS) [85–87] or, more recently, with a
Digestible Indispensable Amino Acid Score [67]. The PDCAAS for a given protein is
generally a ratio of its amino acid composition relative to that of a reference protein,
then normalized to its digestibility; effectively, a maximum score of 1.0, indicating that
one unit of the protein in question is able to supply all the essential amino acids after
digestion [85,87]. When considering only the protein fraction, canola protein is comparable
with its soy counterpart in its amino acid profile [68] (Table 2) and can generally satisfy
human dietary requirements for essential amino acids [33,34]. The postprandial response
to canola protein was empirically demonstrated to be equivalent to that of milk protein [88]
and soy protein [89].
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Table 2. Comparison of moisture content, crude protein, and amino acid profiles between soybean
meal and western Canadian canola meal. Values presented for canola meal are the mean and standard
deviations of samples collected from five different crushing plants across western Canada. The origin
and variability of the soybean meal were not disclosed [68].

Soybean Canola

Quality (%)
Moisture 9.65 8.89 ± 0.43

Crude protein 46.10 37.82 ± 2.09

Amino acids (%)
Alanine 1.97 1.64 ± 0.08
Arginine 3.27 2.15 ± 0.11

Aspartic acid 5.04 2.51 ± 0.12
Cysteine 0.61 0.81 ± 0.04

Glutamic acid 8.34 6.2 ± 0.41
Glycine 1.98 1.87 ± 0.10

Histidine 1.11 0.91 ± 0.05
Isoleucine 1.81 1.26 ± 0.09
Leucine 3.45 2.54 ± 0.14
Lysine 2.90 2.09 ± 0.08

Methionine 0.58 0.69 ± 0.03
Phenylalanine 2.25 1.44 ± 0.07

Proline 2.39 2.21 ± 0.11
Serine 2.31 1.47 ± 0.09

Threonine 1.73 1.52 ± 0.06
Tryptophan 0.69 0.52 ± 0.03

Tyrosine 1.74 1.06 ± 0.04
Valine 1.88 1.63 ± 0.09

6. Anti-Nutrients in Canola Meal

The major drawback of canola protein nutrition is the presence of anti-nutritive com-
pounds that negatively impact health, protein digestion, and amino acid availability [90].
The presence of glucosinolates, phytic acid, sinapine, and tannins reduce the nutritional
value of canola meal [90,91].

Glucosinolates are sugar–amino acid conjugates and the content of the aliphatic class
of these molecules was successfully reduced during the development of canola; how-
ever, residual quantities of phenolic glucosinolates in the meal can be broken down into
off-tasting compounds that affect thyroid function [51] and show similar bioactivity to
dioxins [92]. Phytic acid (phytates) is the main phosphorus-storage compound in seeds
and functions as an antinutrient by binding mineral nutrients and inhibiting digestive
enzymes [92]. Sinapine is an unpalatable phenolic compound that functions as an antinu-
trient by promoting feed-avoidance in sensitive animals [92,93]. Tannins are polyphenolic
compounds which, by interacting with proteins and the gastrointestinal tract, reduce
the overall digestibility of proteins and bioavailability of amino acids [90]. It should be
noted that the degree of sensitivity to these compounds varies between monogastric and
ruminant animals.

Progress in traditional breeding and biotechnology have led to the reduction [92–94]
and sometimes near elimination of antinutritive compounds such as in the case of phytic
acid [95]. For isolated protein products, anti-nutritive compounds are not typically consid-
ered a limitation of use as during the process of protein isolation anti-nutritive factors are
excluded [96].

7. Seed Development in Canola

Prior to examining seed storage proteins, a general understanding of seed develop-
ment is necessary. A canola seed consists of an embryo and endosperm encased in a seed
coat [97]. Seed development in angiosperms is well characterized primarily based on
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empirical work using the model plant Arabidopsis thaliana (L.) Heynh. Seed development
has been extensively reviewed in detail by numerous authors and will only be succinctly
summarized below. Seed development in canola is broadly divided into three phases: the
initial phase where rapid cell division occurs but seed growth is slow; the second phase
where cells expand quickly and accumulate both storage protein and lipids; and the third
phase where the seed matures and desiccates [98,99].

Embryo development begins with successful double fertilization: the fusion of sperm
from the pollen with the egg forms the zygote while the endosperm results from the fusion
of a second sperm with the polar nuclei [100]. The zygote then undergoes a series of
coordinated divisions to establish polarity and generate tissue layers [101,102]. Embryo
developmental stages are described based on their visual morphology; the stages of embryo-
genesis in canola have been recorded in detailed drawings from light microscopy [103,104]
and scanning electron microscopy [105]. The initial globular embryo becomes heart shaped
upon initiation of the cotyledon primordia; subsequently the embryo elongates into a
torpedo shape; and as the cotyledons develop, they eventually bend over the embryo
forming the bent cotyledon stage [103,104,106]. Although the progression from the globu-
lar stage to the bent cotyledon stage is ubiquitous across all studied canola genotypes, it
is worth noting that the time of occurrence and duration of each stage shows genotypic
variation [98,105–108] (Table 3).

Based on Norton and Harris [99], the first phase of seed development is character-
ized by expeditious growth of the hull (silique) and slow seed growth; this phase of seed
development persisted for up to four weeks (28 days) after pollination when examining
field-grown B. napus plants. When grown under controlled environments, developing
seeds of the spring canola cultivar ‘Tower’ complete the first phase of seed development at
approximately 23 days after pollination [98]. The second phase of seed development as
described by Norton and Harris [99] occurs five to six weeks post-pollination. This phase is
characterized by the initiation of embryo development and the aggregation of storage com-
pounds within the seed. However, light microscopy [107] and scanning microscopy [105]
experiments have shown embryo formation to initiate two to three days post-pollination,
with globular embryos visible one week after pollination, and torpedo-shaped embryos
visible 11–12 days after pollination; Norton and Harris [99] were likely referring to the
expansion of the whole seed rather than the embryo. It is during this second phase of seed
development that storage proteins begin to accumulate and continue to do so into the third
phase of seed development at approximately 6–12 weeks after pollination [98,99].
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8. Seed Storage Proteins of the Brassicaceae Family

Seed storage proteins (SSP) are a unique class of proteins that are specifically expressed
in the developing seed and accumulated within protein storage vacuoles in the mature
seed [109,110], though contemporary evidence of synthesis during germination has been
reported [111]. These proteins function as a nutrient reservoir by converting nitrogen into
storage-stable proteins, which are mobilized during seed germination to support early
seedling growth [112,113]. Recently, SSP transcripts have been transiently detected in
vegetative tissues in canola when plants were grown under different nitrogen fertility
conditions [114] which corroborates the role of these proteins in nitrogen storage.

In the Brassicaceae, the seed protein pool is dominated by the globulin-type SSP
cruciferin and the albumin-type SSP napin, along with minor quantities of proteins that
play a diverse array of metabolic and physiological roles, respectively [110]. The globulin
and albumin designation refers to the classical work of Osborne [115], who differentiated
plant proteins based on their differential solubility in various solvents while the numeric
values denote the sedimentation coefficient value of the protein. Late embryogenesis
abundant (LEA) proteins, for example, are present in the seeds of most plants and function
to mediate dehydration tolerance during seed maturation [116]. Specific to the seed protein
pool of oilseed species may be substantial quantities of oleosins, proteins that enhance
the stability of oil bodies in which these plants accumulate oil [117]. Extensive proteomic
studies on the seeds of B. napus at various developmental stages have systematized the
profusion of proteins present in the seed protein pool [117–120]. Furthermore, these works
report remarkable plasticity in the species composition of the seed protein pool through
various environmental stimuli [119,121] and physiological processes [118,120]. The spatial-
temporal distribution patterns of SSP synthesis and accumulation in B. napus during seed
development have been described in detail and exhibit genotypic variation [98,121–123].

8.1. Cruciferin of B. napus

Cruciferin is a salt-soluble globulin-type protein that accounts for approximately 60%
of the total protein pool in canola seed [98]. Related 11S/12S globulin-type SSP from
other crop species include cucurbitin from pumpkin (Cucurbita maxima Duchesne) and
glycinin from soybean (Glycine max (L.) Merr.), with the latter being the most similar to
cruciferin [110,124]. Mature cruciferin is a large hexameric protein whose subunits are
each comprised of a disulfide-bridged α and β subunit. Recent work has suggested that
cruciferin subunits may be reassembled into a octameric structure for storage inside protein
storage vacuoles [125]. The general biosynthesis and deposition of globulin-type SSP have
been extensively reviewed [126] and is summarized below.

Globulins are encoded by multigene families. Specifically, in canola, cruciferin is
encoded by 9–12 genes [110]. A search on the Uniprot knowledgebase reveals five curated
accessions of B. napus cruciferin (Table 4) (https://www.uniprot.org, accessed November
2019). Globulin-encoding genes are translated into pre-propolypeptides on the rough
endoplasmic reticulum (rER) and at minimum consist of three elements (listed from N
to C terminus): a signal peptide, the α subunit, and the β subunit [125,126]. The pre-
propolypeptide is simultaneously translated and transported into the lumen of the rER and
the signal peptide is detached, resulting in a propolypeptide [126]. As the propolypeptide
is shuttled through the lumen of the rER, post-translational modifications such as glycosy-
lation occurs followed by the formation of disulfide bridges [126]. The polypeptides are
then oligomerized into entropically-favourable trimeric structures that transit to the Golgi
apparatus [124,126]. After sorting into vesicles at the trans-Golgi, the trimeric structures
are transported to storage protein vacuoles where the prepolypeptides are enzymatically
processed by endopeptidases to yield trimers of mature globulin subunits, each consisting
of an α and β chain, respectively [126,127]. Only upon production of the mature globulin
subunits can mature hexameric globulins form [127]. Across different canola genotypes,
variation in the temporal accumulation of both total cruciferin transcripts and proteins
is observed (Table 3), thought the spatial-temporal distribution of individual cruciferin
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isoforms have yet to be explored. In food processing, cruciferin functions as a good gelling
agent [128] and has the ability to form stronger gels than napin [129], enabling it to be used
in a wide array of food products [33]. Cruciferin is also able to improve foaming stability
in oil-containing mixtures [130].

Table 4. Five manually curated entries for Brassica napus L. cruciferin are listed in the Uniprot database (Source: https:
//www.uniprot.org, accessed September 2021). Length is presented as amino acid count.

Entry Entry Name Protein Names Length

P33522 CRU4_BRANA
Cruciferin CRU4 (11S globulin) (12S storage protein)

[Cleaved into: Cruciferin CRU4 alpha chain; Cruciferin CRU4 beta chain]
465

P11090 CRUA_BRANA
Cruciferin (11S globulin) (12S storage protein)

[Cleaved into: Cruciferin subunit alpha; Cruciferin subunit beta]
488

P33524 CRU2_BRANA
Cruciferin BnC2 (11S globulin) (12S storage protein)

[Cleaved into: Cruciferin BnC2 subunit alpha; Cruciferin BnC2 subunit beta]
496

P33525 CRU3_BRANA
Cruciferin CRU1 (11S globulin) (12S storage protein)

[Cleaved into: Cruciferin CRU1 alpha chain; Cruciferin CRU1 beta chain]
509

P33523 CRU1_BRANA
Cruciferin BnC1 (11S globulin) (12S storage protein)

[Cleaved into: Cruciferin BnC1 subunit alpha; Cruciferin BnC1 subunit beta]
490

8.2. Napin of B. napus

The second most abundant SSP in canola seed is napin, which accounts for approx-
imately 20% of the seed protein pool [98,131]. Napin is classified as an albumin-type
protein reflecting its solubility in water [115]. Low-molecular-weight proteins were initially
isolated from canola by Lönnerdal and Janson [132]. Characterization of these strongly
basic proteins found them to be composed of two polypeptides, approximately 90 and
30 amino acids in length, respectively, linked by disulfide bridges with a total molecular
mass of 12–14 kDa [132]. Subsequent experiments demonstrated that both napin chains
were generated from the cleavage of a common precursor polypeptide [133].

Seed storage albumins are encoded by multigene families [134,135]. In canola, a
minimum of 10 to 16 genes were initially estimated by Southern blotting to encode
napin [136,137] and no updated estimates have been published despite the availability
of reference genomes. Seven manually annotated entries for B. napus napin are currently
listed in the UniProt Knowledgebase (Table 5) (https://www.uniprot.org, accessed on
November 2019).

Table 5. Seven manually annotated entries for Brassica napus L. napin are listed in the Uniprot database (Source: https:
//www.uniprot.org, accessed September 2021). Length is presented as amino acid length.

Entry Entry Name Protein Names Length

P24565 2SSI_BRANA Napin-1A (Napin BnIa) [Cleaved into: Napin-1A small chain; Napin-1A large chain] 110

P09893 2SSE_BRANA
Napin embryo-specific (1.7S seed storage protein)

[Cleaved into: Napin embryo-specific small chain; Napin embryo-specific large chain]
186

P17333 2SS4_BRANA
Napin (1.7S seed storage protein)

[Cleaved into: Napin small chain; Napin large chain]
180

P27740 2SSB_BRANA
Napin-B (1.7S seed storage protein)

[Cleaved into: Napin-B small chain; Napin-B large chain]
178

P01090 2SS2_BRANA
Napin-2 (1.7S seed storage protein)

[Cleaved into: Napin-2 small chain; Napin-2 large chain]
178

P01091 2SS1_BRANA
Napin-1 (1.7S seed storage protein)

[Cleaved into: Napin-1 small chain; Napin-1 large chain] (Fragment)
133

P80208 2SS3_BRANA
Napin-3 (1.7S seed storage protein) (Napin BnIII) (Napin nIII)

[Cleaved into: Napin-3 small chain; Napin-3 large chain]
125
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The biosynthesis of napin mirrors that of cruciferin [126] but is initiated before the
latter (Table 3) and was reviewed in detail by Mylne et al. [134]. Translation of the napin-
encoding genes at the ribosomes on the rough endoplasmic reticulum (rER) generates a
single pre-proalbumin polypeptide consisting of a signal peptide and the two mature napin
chains with linker peptides between each element [4–7]. The signal peptide is removed
during translation and the resulting proalbumin is directed into the rER lumen [134].
Inside the lumen, a pattern of eight cysteine residues conserved across similar plant storage
albumins allow four disulfide bonds to be formed: two bonds are formed within the
large subunit, and two intermolecular bonds are formed between the large and small
subunits [134,138]. The polypeptide is then folded with the aid of chaperone proteins and
can be subject to post-translational modifications [134]. Subsequently, the proalbumin
is transported to the protein storage vacuole where the linker peptides are removed by
proteases to form the mature protein [131,134]. The tertiary and quaternary structures of
mature napin contribute to its structural stability and resistance to digestion [131,134].

Napin is water soluble, thus enabling it to be incorporated into many food prod-
ucts [130]. In addition, napin also has exceptional foaming capacity and good emulsifying
properties [130] though these properties vary depending on the extraction process [139].
These properties enable napin to be used to partially replace more-costly milk proteins [140]
and egg white [33] in food processing.

9. Genetic Control of Seed Storage Proteins in Canola

Given the potential value of cruciferin and napin in food processing [33,64], the
development of cultivars with improved accumulation of either protein can add value
to the crop. In order to facilitate breeding for improved seed storage protein in canola,
knowledge of the existing genetic variation of the trait is required, in addition to an
understanding of the genetic and non-genetic determinates that affect their synthesis and
accumulation. To date, a single study examining genetic variation in seed storage protein
was conducted in winter rapeseed [141], while similar studies have yet to be undertaken in
spring rapeseed germplasm. Seed storage protein content within the seed is dependent on
not only the expression of SSP-encoding genes but also on the post-translational processes
that generate the quaternary structure from precursor polypeptides, and their subsequent
transfer of assembled SSP into storage vacuoles [134,142,143]. The quantitative nature of
SSP content suggests complex genetic regulation of the trait and indeed many genes are
involved in the synthesis and processing of SSP.

Quantitative trait loci (QTL) are regions within the genome whose occurrences are
associated with specific quantitative phenotypes; multiple QTL each contribute some
variation to the phenotype, and multiple genes may reside within each locus [144]. The
successful identification of QTL associated with important seed quality traits in canola
such as oil content [145–149], fatty acid composition [150,151], and glucosinolate lev-
els [146,152–155] have been reported by numerous groups. In contrast, comparatively few
reports have focused on the identification of QTL associated with total seed protein in
canola [145,148,149,155]. Even fewer are reports of QTL associated with protein quality
traits such as SSP composition [155] and amino acid content [156].

Conserved motifs exist in the promoter regions of seed storage protein genes across
diverse plant species [157] suggesting that the regulation of seed storage protein biosyn-
thesis is governed by transcriptional mechanisms that evolved early in the evolution
of the plant kingdom. The disruption of some of these conserved motifs in the canola
cruciferin-encoding cru1 gene [158] and the napin-encoding napA gene [159] led to re-
duced accumulation of the respective protein product. Multiple transcription factors are
known to regulate the expression of seed storage protein genes in Arabidopsis: ABSCISIC
ACID INSENSITIVE 3 (ABI3) [160–163], FUSCA 3 (FUS3) [161,164], LEAFY COTYLEDON 1
(LEC1) [164–166], LEC2 [161], and multiple MYC transcription factors [167]. A detailed sum-
mary on the transcriptional regulation of seed storage proteins was reviewed by Verdier
and Thompson [168].
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10. Non-Genetic Control of Seed Storage Proteins in Canola

Plant growth regulators are capable of modifying transcriptional activity and con-
sequently, seed storage protein accumulation may in part be influenced by plant hor-
mones [168]. Early works on seed storage proteins in canola implicated abscisic acid in the
direct regulation of cruciferin and napin [100,169,170]. In addition to its role in inducing
the accumulation of seed storage proteins, abscisic acid is also associated with abiotic stress
tolerance in plants [169]. Thus, seed storage protein accumulation is influenced by the en-
vironment in which the plant is grown, as reported in canola [170] and winter wheat [171].
Indeed, from a breeding perspective, seed storage protein content is a quantitative trait
which suggests that the phenotype is influenced by the environment. Research in soybean
has demonstrated that differences in soil fertility were capable of increasing total seed
protein content [172] as well as altering storage protein composition [135,173]. In canola,
crop production on sulfur-limited land not only results in a reduction in glucosinolates
and sulfur-containing amino acids [174–176] but can also alter seed storage protein profiles
in the crop [177]. Recent work has also correlated nitrogen supply with the expression
of seed storage protein genes in canola [114]. Though the extent to which environmental
factors influence seed storage protein accumulation has yet to be empirically determined,
the aforementioned studies suggest that agronomic practices can be exploited to alter seed
protein content and quality.

11. Canola Protein as a Novel Food Product

Currently, canola protein is primarily used for animal feed but has the potential to
be directly consumed in food products [64,178]. Canola protein does not have a history of
human consumption, making it a novel food in the context of most food safety regulations.
The procedures and standards for assessing the safety of novel foods, and the authorization
required for their marketing, vary by country. Toxicology studies on the safety of a novel
food are based on animal feeding experiments. While safety concerns were raised in early
animal studies using rapeseed meal (non-canola quality), recent studies using canola-
quality meal products concluded the ingredient to be safe. Collectively, the literature
suggests that the safety of rapeseed meal was compromised by anti-nutritive compounds
and the strict use of canola-quality B. napus alleviates safety concerns. Specific safety
studies on a cruciferin-rich [179] and a napin-rich [180] canola protein isolate, respectively,
found no adverse effects in rats fed with a diet supplemented with up to 20% of either
product. Due to the high costs associated with acquiring regulatory approval, authorization
of novel foods is typically only sought for countries with potential markets. Canola protein
is currently a fledgling in the plant protein sector whose commercialization has been
spearheaded by three companies; the history of canola protein commercialization and its
challenges have been recently analyzed by Mupondwa et al. [64].

11.1. Allergenicity of Canola Seed Storage Proteins

The ability of napin to resist digestion suggests its potential as a food allergen [181,182].
Allergens are foreign proteins that are capable of evoking an adverse response from the
immune system after they enter the body [183,184]. Generally, an immediate allergic
response happens when an allergen has been encountered twice. The first time an allergen
is encountered, the body produces a type of antibody that can bind the allergen called
immunoglobulin E (IgE); this first encounter and production of IgE is collectively called
sensitization [184]. Following sensitization, if the allergen is encountered a subsequent
time, an immune response occurs in which symptoms typically associated with an allergic
response, such as urticaria (hives) and rhinitis (runny nose), are experienced [183,184].
Repeated exposure to an allergen can result in increased severity of the symptoms. The
molecular mechanisms behind how IgE function during allergies have been reviewed by
Gould and Sutton [185].

Napin from canola has been identified as a potential allergen [128] based on its ability
to bind IgE from sensitized patients [186]. Further, napin, in addition to cruciferin, have
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both been identified as allergenic proteins in cold-pressed canola oil that reacted with IgE
from sensitized children [187]. These results were considered by the regulatory bodies
when determining the safety of canola protein products, but were not deemed to be a
substantial risk [188].

An allergenic reaction can be caused by a protein, to which a patient has not been
previously sensitized, if it is sufficiently similar in structure to a known allergen [189,190].
This cross-reactivity suggests that patients who are allergic to other plant globulins and
plant albumins, respectively, may react to cruciferin and napin and vice versa [182,190,191].
Mustard was added to a list of priority allergens in Canada [192] following a systematic
review completed by Health Canada [193], who found sufficient scientific evidence of
its allergenicity to be relevant to the Canadian public. The 2S albumin of mustard seed
is the major allergen of mustard [191,194] and is similar in its amino acid sequence to
napin [110,182], suggesting that people who are sensitized to mustard may also be allergic
to napin.

Although the allergenicity of proteins in canola oil have been demonstrated and
concerns of their potential to cross-react in patients sensitized to related protein allergens
have been raised, it is noteworthy to consider that there have been no reports on allergies
to canola oil, likely due to the refining process [187]. Furthermore, the long history of
mustard oil consumption in certain parts of the world and the nutritional value of canola
oil outweigh concerns of its allergenicity [195]; however, questions regarding the safety of
concentrated canola protein products need to be evaluated, given their novel nature.

11.2. Regulation of Novel Foods in the United States

Canola meal and canola proteins have not had an extensive history of consumption
and are considered novel foods by the United States Food and Drug Administration (FDA).
Novel foods in the United States that are deemed generally recognized as safe (GRAS) by
the FDA fall outside the purview of the Federal Food, Drug, and Cosmetic Act [196]. For a
novel food to be granted GRAS status, its safety must be demonstrated empirically and
be recognized as safe by the scientific community. Under the current GRAS Notification
program, the FDA does not conduct scientific testing on the novel food to determine its
safety, but rather, the Agency reviews the safety data it receives [196]. The general process
required for an ingredient to acquire GRAS status involves three steps: first, the sponsor of
the product performs or submits relevant scientific studies on the safety of the novel food
in the form and dose it is intended to be used; second, the data are submitted as part of a
GRAS notice to the FDA for review; and third, the FDA will respond with a letter stating
whether or not it has questions regarding the GRAS conclusion of the novel food based on
the submitted notice [196]. A letter indicating that the agency has no questions equates to
acknowledgement and acceptance of the GRAS status of the ingredient. To date, six GRAS
notices regarding B. napus products, of which three pertain to meal protein, and the FDA’s
response to each one is found in the FDA’s online GRAS Notice Inventory (Table 6) (https:
//www.fda.gov/food/generally-recognized-safe-gras/gras-notice-inventory, accessed
on 1 June 2021).

11.3. Regulation of Novel Food in the European Union

As in the United States, novel foods must be deemed safe before they can be used in
the European Union. Canola protein and canola protein isolates are considered novel foods
in the EU, which by definition are foods that are not “used for consumption to a significant
degree” prior to 15 May 1997 (Regulation (EC) No 258/97) [197]. The safety determination
process in the EU is generally similar to that of the GRAS Notification Program: sponsors
of novel food submit data on the safety of the ingredient under its intended use to the
European Commission, who then forwards the application to the European Food Safety
Authority (EFSA). The EFSA assesses the data and publishes its finding as a Scientific
Opinion; a committee votes whether to accept the finding; and the Commission issues
authorization based on the vote. To date, the EFSA has published only one Scientific
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Opinion on a protein isolate derived from a mix of B. napus and B. rapa, finding the product
to be safe under its intended use [188].

Table 6. Six canola (Brassica napus L.) products are listed in the United States Food and Drug Administration’s (FDA)
Generally Recognized as Safe (GRAS) notice inventory since the inventory was established in 1998. In all applications, the
FDA had no questions regarding the GRAS status of the product. Current as of September 2021.

GRAS
Number

Notifier Substance Intended Use
Date of
Closure

FDA Response

683
DSM Innovation

Company
Canola protein isolate

Dietary protein
Food processing

2017 no questions

682 Cargill Inc. Lecithin from canola
Food processing

Dietary fat
Dietary choline

2017 no questions

533
American Lecithin

Company
Lecithin from canola

Food processing
Dietary fat

Dietary choline
2015 no questions

425 Danone Trading B.V.
Canola oil (low-erucic-acid

rapeseed oil)
Dietary fat (infant

formula)
2012 no questions

386
BioExx Specialty

Proteins, Ltd.
Canola protein isolate and

hydrolyzed canola protein isolate
Food processing
Dietary protein

2011 no questions

327
Archer Daniels

Midland Company

Cruciferin-rich canola/rapeseed
protein isolate and napin-rich

canola/rapeseed protein isolate
Dietary protein 2010 no questions

11.4. Regulation of Novel Food in Canada

In Canada, Health Canada is the regulatory body overseeing the safety of food ad-
ditives and its decisions are enforced by the Canadian Food Inspection Agency (CFIA).
Purified canola protein and canola protein isolates are considered novel foods in Canada
as they do not have a history of use for human consumption [198]. The process to request
approval for novel foods approximates that of the United States and European Union:
first, the applicant submits pertinent scientific studies and data on the safety of the in-
gredient to the Food Directorate at Health Canada; second, the application is forwarded
for scientific review after the Food Directorate has verified the information is complete;
and third, the results of the review are sent back to the Food Directorate, who then de-
cides on the authorization of the ingredient in question. Similar to the GRAS Notice
Program, the decision of the Food Directorate is communicated as a Letter of No Objection
for approved novel foods. An inventory of novel food decisions that received no ob-
jection (https://www.canada.ca/en/health-canada/services/food-nutrition/genetically-
modified-foods-other-novel-foods/approved-products.html, accessed on 1 June 2021) is
available online. Currently, no canola protein products have been approved as a novel food
in Canada.

12. Canola Meal as a Protein Source in Animal Husbandry

Protein is an integral part of animal diets; however, it is typically a costly component
of feed [199] and efforts to explore low-cost protein supplements have been untaken. The
low cost and abundance of rapeseed and canola meal render it an economical protein
source [33,64,200]. Mammals that are commercially raised for food production can largely
be classified based on their ability to acquire nutrients from plant material: ruminants,
such as cattle, have the capacity to ferment plant material prior to digestion allowing for
successful nutrient uptake, while non-ruminants, such as swine, lack this ability [22]. This
difference in digestive anatomy has implications in the use of canola meal as a protein
supplement in the respective feeds of these animals: specifically, differing sensitivities
to glucosinolates between ruminants and non-ruminants generally dictate the relative
quantity of canola meal that can be incorporated into feed [51,201]. In addition to cattle

79



Plants 2021, 10, 2220

and swine, poultry and fish are also raised for food on commercial scales and the feasibility
of using canola meal in these production systems has also been studied.

12.1. Cattle

The United States is the largest importer of Canadian canola meal (Table 980-0012,
Statistics Canada, 2019). The use of canola meal as a protein supplement has been widely
adopted by the cattle (Bos taurus Linnaeus, 1758) industry since the development of
canola [201]. Specifically, canola meal is one of the standard protein supplements for
dairy cattle production [202]. Given the ruminant nature of cattle, the incorporation of
plant-based protein supplements such as soybean meal is a well-established practice. A
meta-analysis conducted on dairy cattle found that the use of canola meal was superior
to soybean meal as a protein supplement as measured by feed intake, milk yield, and
milk protein yield [203]. In cattle produced for meat, the substitution of barley as the
protein source with canola meal during the growing period did not increase feed efficacy
compared to the use of barley [204]. Although the conversion of feed to animal protein
was not improved, the use of canola meal in feedlot cattle production may still be a more
economical and sustainable alternative than using barley. Taken together, these studies
support the continued use of canola meal as a protein supplement in cattle production.

12.2. Swine

Soybean meal is widely used as an economical protein source in swine (Sus scrofa
domesticus Erxleben, 1777) production and remains a reference for novel plant-based protein
supplements. Canola meal can partially replace soybean meal in the swine diet without
ill-effect on animal health and production efficiency [75]; however complete replacement
is hampered by its high fibre content and the presence of various secondary metabolites,
especially glucosinolates based on feeding experiments [205]. Swine are more sensitive
to glucosinolates compared to cattle [51,205] and residual glucosinolates in canola meal-
containing feed will drive the animals to choose soybean meal-supplemented feed when
presented with the option [206]. Additional processing steps during meal production such
as toasting were able to mitigate feed rejection presumably due to the decomposition of
residual glucosinolates; however, production efficacy did not supersede that of soybean
meal [75]. Technical advances in canola meal processing will enable it to be a competitive
and cost-efficient alternative to soybean meal [205]

12.3. Poultry

Poultry (Gallus gallus domesticus Linnaeus, 1758) ranks second as the most consumed
animal protein globally [207]. Protein in the chicken diet is often supplied from a mix of
animal and plant sources [199,208], the latter of which is primarily from soybean due to
its nutritional properties [209]. Although chickens grow faster with some animal protein
in their diet, work has been conducted to observe the effects of using solely vegetable-
sourced protein for chicken [77,208,210–212]. Canola meal has been explored as a plant-
based protein source for chicken production and was found to be generally comparable
to soybean meal [212,213]. An examination of the lower digestive tract of chickens fed
canola meal failed to identify intact proteins typical of canola seed, suggesting that the
meal protein was completely digested by the animal [211]. Of cattle, swine, and chicken,
the growth of the latter appears to be least affected by the use of canola meal as the sole
source of feed protein, as evidenced by the possibility of using canola meal as the sole
protein source in feed [83].

12.4. Aquaculture

Fish currently account for approximately 20% of the animal protein consumed globally
and its production is split approximately in half between aquaculture (farmed fish) and
capture fisheries (wild caught fish) [214]. The standard protein source for aquaculture has
historically been fish meal; however, high costs, limited supply, and sustainability concerns
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led to a decline in the use of fish meal in favour of plant protein sources and other novel
feedstuff [199,214,215]. The complete replacement of fish meal with other protein sources
has been reported to be successful across various aquaculture species, particularly those of
lower trophic levels [199]. As with land animals, fish are sensitive to glucosinolates and
high levels in their feed from the inclusion of canola meal can negatively impact production
efficiency [51]. Nonetheless, canola meal and different canola protein isolates have proven
successful as a protein supplement in various aquaculture species [215], including rainbow
trout (Oncorhynchus mykiss Walbaum. 1792) [216–218], and high-value crustaceans such as
mitten crab (Eriocheir sinensis H. Milne-Edwards, 1853) [219] and shrimp species (Litopenaeus
stylirostris Stimpson, 1871; L. vannamei Boone, 1931) [220,221].

13. Seed Storage Proteins in Food Processing

In addition to fulfilling its role as a macronutrient, protein can also be supplemented
in food products to improve its nutritional profile. Plant-based protein isolates, namely
derived from soybean and pea and comprised mostly of SSP, are ubiquitously available on
the health food market in either its pure form or supplemented in food products [222]. The
continued availability of these products on supermarket shelves speaks to the palatability
of plant-based proteins and their acceptance by the general consumer.

Proteins also serve a non-nutritional role in food by directly controlling the physical
and functional l food properties [64,198]. To ensure food products, particularly meat
analogues, meet the textural expectations of consumers [223], commercial processors use
different proteins [222] in addition to different mechanical processes [224]. As different
SSP have different physiochemical properties based on their amino acid composition and
consequently their structure, not all SSP can fulfill the same functional role [34,225]. More
importantly, plant-based protein isolates contain a mixture of SSP whose constituents
may be mutually antagonistic in their functionalities and raw isolates may therefore be
unfit for use as a structural additive in commercial food processing despite its nutritive
contribution [225]. One solution towards the adoption of plant protein for food processing
applications is to supplement single SSP, or single SSP-enriched isolates rather than raw
isolates. In this way, control over the texture of the final food product can be better
maintained. Furthermore, SSP can be strategically used to improve not only the absolute
protein content of the food product, but also the amino acid profile of the product [226,227],
allowing for marketing to specific consumer bases.

14. Separation and Quantification of Seed Storage Proteins

Globulins and albumins can be separated based on their difference in solubility in di-
lute saline solution [115]. Indeed, napin and cruciferin have been successfully separated on
the basis of solubility in salt [34,39,228–230]. Separation of cruciferin and napin can also be
facilitated by the differences in solubility in different pH [73,96,228–230]. This appears to be
the basis, at least partially, of patents granted for the commercial separation of these major
canola SSP. A comprehensive review on separation technologies specific to canola protein
and a selected list of relevant patents was recently compiled by Mupondwa et al. [64].

On a bench scale, the separation of cruciferin and napin can be accomplished by means
of chromatography [98]. Although chromatographic separation and purification results
in a highly purified single-SSP product, the cost of such methods, the technical expertise
required for their operation, and the low recovery rate [96] limit such methods from being
used on a commercial scale until broader market demand for these proteins develop. The
ease of protein separation can be improved if the native SSP pool has reduced species
complexity or consists of a single protein species.

Breeding efforts towards altering SSP composition require a method for quantifying
individual canola proteins. Most breeding programs lack the expertise and infrastructure
required to perform chromatography, and although accurate, such analytical methods
lack the throughput required for phenotyping large populations. In current breeding
programs, SSP quantification is performed by SDS-PAGE followed by Coomassie staining
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and densitometry [155]. However, this method fails to distinguish between different
proteins with similar molecular masses and preferential binding of the dye to aromatic
amino acids can skew the accuracy of the assay [231]. Immunological methods to quantify
individual SSP may offer the accuracy and throughput needed for breeding programs.

15. Immunodetection and Quantification of Seed Storage Proteins

Electrophoretic separation of proteins followed by immunodetection of target anti-
gens was first described by Towbin et al. [232] to analyze ribosomal proteins. To date,
this variant of Western blotting remains a prevalent technique in the literature being em-
ployed in approximately 10% of all protein research articles [233]. Despite criticisms of
its reproducibility due to variation in antibody quality [233], Western blotting can be a
valuable technique for the relative quantification of proteins in mixtures provided proper
extraction protocols, standard curves, and normalization protocols are implemented [234].
Specifically, the use of Western blotting to quantify individual SSP within total seed protein
mirrors conventional size exclusion chromatography (SEC) methods [141] in that both
techniques rely on the separation of proteins by molecular mass prior to estimating the
abundance of target proteins of a given theoretical mass. Arguably, Western blotting
requires less infrastructure to perform and the use of an antibody allows for greater dis-
crimination of proteins compared to mass alone. Conversely, Western blotting has been
implemented to qualitatively elucidate basic knowledge of SSP structure [127,235,236] and
post-translational modifications [237]. Similarly, immunological methods have also been
employed to study the spatial distribution of SSP [122] and quantify temporal patterns in
their accumulation [98,238,239] through seed development.

16. Manipulation of Seed Storage Proteins in Select Crop Species

The challenges of chemical separation of SSP can be circumvented altogether with
plants whose seed protein pool contains a single protein species. Seed storage proteins
are regulated on a genetic level, and therefore genetic technologies can be employed to
alter SSP composition in plants. Efforts were undertaken to genetically alter the SSP profile
of various crop species, for functional [240,241] or nutritive purposes [240,242,243] have
been successful.

16.1. Seed Storage Protein Manipulation through Conventional Breeding

Conventional breeding relies on cycles of crossing and selection to generate distinct
genotypes with improvements in desired traits and genetic variability is required in plant
breeding to facilitate genetic gain in the trait of interest [244]. To date, only one survey
of SSP variability in rapeseed has been conducted in France [141], which found historic
rapeseed cultivars to be relatively richer in napin content compared to modern canola-
quality cultivars. Currently, the genetic variation that exists for SSP in Canadian germplasm
remains unknown.

Diversity in SSP composition has been reported in various crop species such as
wheat [245] and soybean [246], implying similar diversity may exist in canola. Wild
soybean accessions with unique SSP profiles have been successfully incorporated into
breeding programs to generate segregating populations with variable seed protein pro-
files [247] indicating that the manipulation of storage protein composition can be achieved
by conventional breeding.

Intentional selection for SSP composition in canola has never been reported; however,
selection for oil content is believed to have also inadvertently selected for increased cru-
ciferin content [141]. A transcriptomic study of the breeding response in Chinese winter
rapeseed over two decades of selection for improved fatty acid profiles and oil content
revealed minimal changes to the transcription of cruciferin and napin, though actual levels
of SSP were not determined [248]. Interestingly, protein and oil content both increased
concomitantly with overall yield [248], suggesting that the inverse relationship between
the two traits can be broken. Furthermore, cruciferin and napin levels were found to be
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highly heritable, suggesting the possibility for the successful genetic improvement of the
levels of either protein through conventional breeding [155].

16.2. Soybean

Soybean is primarily grown as an oilseed in North America and as an important
protein source in Asia [249]. Approximately 70% of the soybean SSP pool is composed
collectively of the multimeric globulins glycinin (11S) and β-conglycinin (7S) [250,251].
While soy protein is versatile in both its functional and edible properties [252], a significant
portion is directed towards tofu production. The marketability and consumer acceptance of
tofu is mostly based on its texture; thus, research has focused on the relationship between
soybean protein and its functional properties in tofu production. Seed storage protein
composition is known to play a critical role in controlling the texture of tofu [253], and more
recent work has demonstrated that the subunit composition of individual SSP also plays a
critical role [254]. An effort to change the SSP profile of soybeans through a combination
of mutagenesis and convention breeding has led to the development of genotypes with
improved tofu-making qualities [247,254–256].

Simultaneously with improving protein functionality, efforts to improve the nutritional
value of soybean protein have also been undertaken. The improvement of lysine content
in the total seed protein of soybean was made possible by altering its feedback regulatory
mechanism during biosynthesis [227]. Effort aimed at improving the methionine content
of soybean protein was made through the expression of a chimeric gene encoding a
methionine-rich δ-zein SSP from corn under the control of an endogenous soybean β-
conglycinin promoter [257]. Increased accumulation of foreign proteins was enabled by
the successful suppression of β-conglycinin production by RNAi [258,259]. These works
demonstrate the possibility for the continued improvement of soy protein nutrition by
enabling the improved accumulation of higher-nutrient or therapeutic proteins [259] at the
expense of lower-nutrient endogenous SSP.

16.3. Wheat

In wheat, the seed protein pool, colloquially referred to as gluten, is comprised of the
SSP gliadins and glutelins [109,260]. Wheat SSP primarily serves a structural rather than
nutritive role in food and as such, breeding efforts have centered around improving its
functionality. Despite the prevalence of wheat in the diet, the protein constituents of gluten
elicits immunogenic reactions in susceptible patients and recent work has focused on the
elimination of its reactivity [261,262]. Efforts to improve the functional properties of wheat
have been made by various groups through the overexpression of glutenins [263–265].
The ectopic expression of genes encoding high-molecular-weight glutenin subunits re-
sulted in an increased accumulation of the protein [264,265] as well as increased dough
elasticity [263] in a dose-dependent manner. The downregulation of gliadins using RNAi
has also been shown to improve the functionality of flour [266,267], demonstrating the
direct relationship between SSP composition and protein functionality. Furthermore, flour
from gliadin-deficient wheat genotypes was demonstrated to have reduced immunogenic-
ity [261,262], suggesting that the manipulation of SSP can be a strategy to generate food
products to cater to specialized dietary needs. Collectively, these studies in soybean and
wheat provide empirical evidence on the possibility of manipulating seed storage proteins
in canola.

16.4. Canola

To date, canola remains primarily an oilseed crop and its meal protein largely remains
a byproduct [268]. Meal protein has only been considered for use as a nutritional supple-
ment, and consequently efforts to alter the SSP profile of canola has only been examined
from a nutritional standpoint. To improve the methionine content of canola meal protein, a
chimeric gene containing the coding sequence of a methionine-rich 2S SSP from Brazil nut
(Bertholletia excels Humb. and Bonpl.) under the control of either a phaseolin promoter [269]
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or soybean lectin promoter [270] (both promoters whose native functions drives SSP expres-
sion in the seed), was transformed into canola. Seeds from the resultant transgenic plants
showed elevated levels of methionine [269,270], suggesting that the amino acid profile of
canola meal protein was amenable to change and could be altered through the expression
of foreign proteins in the seed. Efforts to improve the lysine content of canola meal protein
were made by disrupting the feedback-regulation of lysine during biosynthesis, which
effectively doubled the total seed lysine content [227]. This indicates that improvements
to the levels of individual amino acids can be achieved. More importantly, these works
suggest that the plant is able to accumulate higher than normal levels of individual amino
acids without severe physiological consequences. Subsequent efforts to improve the quality
of canola meal protein were made using advancements in antisense technology with the
goal of selectively attenuating individual SSP [226,271]. By suppressing the accumulation
of napin transcripts, an increase in cruciferin protein was observed without major effects on
fatty acid composition [271]; similarly, reducing the level of cruciferin transcripts resulted
in an increase in napin protein content as well as improved levels of methionine, lysine,
and cysteine [226]. In both cases, modifications to the SSP did not result in changes to the
total macromolecular profile of the seed. Interestingly, co-suppression of both cruciferin
and napin together did not lead to a compensatory increase in oil [272], suggesting that
the inverse relationship between oil and protein content is not a simple competition for
metabolic intermediates.

17. Plant Breeding in the Omics Era

Advancements in omics technologies have enabled breeders to study the underlying
mechanisms that govern desirable phenotypes on a genomic, transcriptomic, and proteomic
level. These technologies improve the efficiency of breeding programs and improve the
speed in which new cultivars can be generated.

17.1. Genomics

A major goal of genomics in crop agriculture is to correlate genotypic information
with phenotypic data [273]. In this way, selections can be made early in the growth
cycle on the basis of molecular markers that are impervious to environmental variation,
improving both efficiency and accuracy. Early genotyping efforts relied on restriction
digestion and hybridization to discern allelic variation. The advent of PCR subsequently
enabled the development of amplification-based genotyping platforms with improved
throughput and efficiency [273]. Next, genotyping by single-nucleotide polymorphism
(SNP) markers was developed as the markers were numerous and widely distributed
across plant genomes [274]. Multiplex SNP genotyping using crop-specific bead chip
arrays such as the Brassica napus 60K Illumina Infinium™ SNP array [275,276] further
enhanced the efficacy of acquiring genotypic information in crop plants [277] by enabling
thousands of SNPs to be surveyed simultaneously. As next-generation sequencing becomes
increasingly more accessible, genotyping with SNP markers may potentially be replaced
by whole genome sequence data. While early whole-genome sequencing protocols such as
restriction-site associated DNA sequencing [278] and genotyping-by-sequencing [279] used
restriction enzymes to reduce the complexity of the genome and cost, rapid improvements
in sequencing technologies now enable whole genomes to be economically sequenced at
unprecedented speeds [280].

17.1.1. Linkage Mapping

Linkage mapping identifies significant correlations between molecular markers and
traits of interest in a structured population [281,282]; such populations are typically gener-
ated by crossing parents with divergent phenotypes and subsequently fixing recombination
events in the segregating progeny through doubled-haploid production or repeated cy-
cles of selfing. The size and relatedness between individuals in the population directly
affect the resolution of the mapping study [283]. The mapping population along with
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the parental genotypes are phenotyped in replicated experiments and genotyped by SNP-
chip arrays [284]. A linkage map displaying the physical order of the SNP markers and
the genetic distance between them can then be built with various software packages by
inferring recombination ratios [285,286]. Correlations between markers and phenotypic
data are performed using various statistical methods [286]. Linkage mapping has been
successfully employed in canola to identify molecular markers that co-segregate with total
seed protein [145–149], seed storage protein content [155], and non-essential amino acid
content [156].

17.1.2. Association Mapping

Similar to linkage mapping, association mapping also aims to identify significant
correlations between genotypic information and phenotypes [274,281]. However, unlike
linkage mapping, which relies on recombination events occurring in a structure bi-parental
population, association mapping (also referred to as genome-wide association studies;
GWAS) takes into consideration all historic recombination events in a population of geneti-
cally diverse individuals [287]. The practical implications of this difference is twofold: first,
by using a population of genetically diverse individuals, no time investment to generate
biparental mapping populations is needed, which effectively shortens the time required
for association mapping; second, by using genetically diverse genotypes and considering
all historical recombination events, the resolution of association mapping is higher than
that of linkage mapping, and causal SNPs can be identified rather than loci [281,287,288].

Genome-wide association studies were initially proposed for use in human genetics
in the 1990s [289]. At a similar time, the first association studies were reported on grain
crops [287]. Advancement in statistical methods to account for genetic challenges that are
unique to crops were first incorporated into a GWAS for flowering time in maize a decade
later [290]. To date, GWAS has been successfully and regularly implemented to study many
major crop species [282,291,292].

The population size required for GWAS varies depending on the goal of the study
and the inherent genetic structure of the population: 300 individuals are sufficient for
candidate gene validation and 1000–5000 individuals are recommended for marker dis-
covery [293]. Although larger populations are able to improve the power to detect QTL
in canola by GWAS [294], populations of 200–500 individuals have been typical in recent
studies (Table 7). Phenotypic data are collected from replicated experiments and genotypic
data, often in the form of SNP markers, are typically acquired through high-throughput
SNP-chip arrays that are crop specific [284]. Recent studies have used whole genome se-
quencing and transcriptome sequencing in place of SNP-chip arrays to generate genotypic
data [295]. The significance of the association between each SNP and the phenotype is then
tested using different statistical models while considering the relatedness between each in-
dividual of the population and possible cryptic population structures [274,282,287]. Finally,
the results of GWAS are typically visualized in a Manhattan plot where the significance of
the marker association is plotted against the physical position of the marker on the genome,
thus offering a view of all the tested markers across the genome [296].

In canola, GWAS has been successfully implemented to identify molecular markers
and loci associated with a variety of agronomically-important traits, and seed quality traits
(Table 7); however, studies focusing on seed storage protein-related traits are lacking. In
other major crops such as rice [297] and legumes [143], GWAS identified markers that
underlie variation in storage protein accumulation. Furthermore, markers associated
with amino acid content were identified using GWAS in maize [298], wheat [299], and
soybean [300], as well as Arabidopsis [301]. The lack of similar association studies in canola
focused on seed storage protein traits represents a void in the literature that warrants
investigation.
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Table 7. Genome-wide association studies have been successfully implemented in Brassica napus L. to
identify single-nucleotide polymorphism (SNP) markers associated with seed quality traits. Studies
listed in this table were performed using populations of various sizes and genotypic data acquired
using the Brassica 60K Illumina Infinium™ SNP genotyping array [276].

Trait Population Size Reference

Erucic acid content 215 [302]
Erucic acid content 203 [303]
Erucic acid content 472 [304]

Fatty acid composition 435 [305]
Fatty acid composition 520 [59]

Fatty acid content 370 [306]
Fibre content 520 [307]
Glucosinolate 521 [308]
Glucosinolate 203 [303]
Glucosinolate 520 [309]
Glucosinolate 1425 [310]
Glucosinolate 203 [311]
Glucosinolate 203 [312]
Glucosinolates 215 [302]

Oil content 472 [304]
Oil content 521 [313]
Oil content 105 [314]
Oil content 370 [59]
Oil content 521 [313]
Oil content 203 [311]
Oil content 203 [315]

Protein content 370 [59]

18. Marking of a New Era of Crop Improvement with Genome Editing

Early efforts in the genetic manipulation of SSP profiles relied primarily on the use of
antisense technology [226,240,271,316–319] and RNA interference [240,242,243,316,320,321].
These techniques relied on the degradation of gene transcripts to reduce the accumula-
tion of select SSP. Advancements in genome editing technologies (succinctly reviewed
by Langner et al. [322]), namely the Clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated (Cas) system [323] and its derivatives, now enable
the modification of SSP at the genetic level by inducing deleterious mutations in the associ-
ated genes. Briefly, the CRISPR/Cas9 system relies on a short single guide RNA (sgRNA)
complex to guide the Cas9 endonuclease to the genomic region to which the former is
complementary; after a double-stranded break is induced at the target site by Cas9, the
host’s innate DNA repair mechanism repairs the break in an error-prone fashion, resulting
in deleterious mutations that effectively silence the gene [323].

Initially applied to diploid animal and plant systems, CRISPR/Cas9 technology has
also proven to be highly effective in targeting multiple homeologous alleles in polyploid
B. napus [324]. Successful editing of the ALCATRAZ gene to improve shattering resis-
tance [325], the BnWRKY11 and BnWRKY70 transcription factors to improve Sclerotinia
sclerotiorum resistance [326], the Fatty Acid Desaturase 2 gene to modify fatty acid pro-
file [327] and other gene targets [328,329] in B. napus have recently been reported. Given
the ease of use of the CRISPR/Cas9 system and its numerous successful applications in
B. napus, genome editing technology has potential to be used as a tool to modify the SSP
profile of canola.

Despite the increasing commercial interest in canola protein, breeding efforts towards
improving canola meal protein quality are lacking. Research into the development of culti-
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vars with altered SSP profiles will not only facilitate advancements in protein separation
technologies, but also encourage the adoption and use of canola protein as a food product.
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Abstract: The present study aimed to investigate the influence of quinoa fractions (QF) on the
chemical components of wheat flour (WF), dough rheological properties, and baking performance
of wheat bread. The microstructure and molecular conformations of QF fractions were depen-
dent to the particle size. The protein, lipids, and ash contents of composite flours increased with
the increase of QF addition level, while particle size (PS) decreased these parameters as follows:
Medium > Small > Large, the values being higher compared with the control (WF). QF addition
raised dough tenacity from 86.33 to 117.00 mm H2O, except for the small fraction, and decreased the
extensibility from 94.00 to 26.00 mm, while PS determined an irregular trend. The highest QF addition
levels and PS led to the highest dough viscoelastic moduli (55,420 Pa for QL_20, 65245 Pa for QM_20
and 48305 Pa for QS_20, respectively). Gradual increase of QF determined dough hardness increase
and adhesiveness decrease. Bread firmness, springiness, and gumminess rises were proportional to
the addition level. The volume, elasticity, and porosity of bread decreased with QF addition. Flour
and bread crust and crumb color parameters were also influenced by QF addition with different PS.

Keywords: quinoa seed fractions; particle size; wheat bread; addition level

1. Introduction

Recently, there has been an increasing emphasis on a healthier lifestyle and healthy
eating habits. Refined wheat flour has lower nutritional value: fewer fibers, vitamins,
minerals, and phytochemicals than whole-grain wheat flour [1]. Bakery products from
refined wheat flour are considered to be nutritionally poor, as the wheat proteins are
deficient in essential amino acids such as lysine, tryptophan, and threonine [2,3]. The partial
replacement of refined wheat flour with flours made from different crops rich in bioactive
compounds has become a necessity during the last years.

Quinoa (Chenopodium quinoa Willd.) is an endemic grain that has attracted much
attention in recent times due to its health and wellness benefits [4]. This species, is part of
the Chenopodiaceae family and has been cultivated for centuries in the Andean countries
of Peru and Bolivia [5]. Quinoa reveals a lack of gluten and plays a big role in the human
diet because it covers half of people’s daily energy and protein needs [6]. Quinoa is a
complete food, being a source of proteins with high biological value, carbohydrates with a
low glycemic index, high-quality oil, vitamins (thiamine, riboflavin, niacin, and vitamin E),
minerals (magnesium, potassium, zinc, and manganese), and bioactive compounds (di-
etary fiber, phytosterols, polyphenols and flavonoids) [7–9]. Amino acids from quinoa
are represented by lysine (twice than wheat), histidine, isoleucine, leucine, tryptophan,
and aromatic amino acids (phenylalanine and tyrosine) [8,10]. Quinoa seeds have three
main storage compartments (from center to edge): a large central perisperm surrounded
by a peripheral embryo or germ, and an endosperm [11]. The starch granules are stored
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mainly in the perisperm which constitutes almost 40% of the seed mass, while protein,
lipids, and minerals are found mostly in the embryo and endosperm [11,12]. Knowing
the quinoa seeds morphology is very important for obtaining different enriched fractions
because the quality of the baked products is interdependent on the constituents and the
particle size of the flour used. Particle size modified the hydration properties of flour and
influenced the dough’s rheological properties [13].

The dynamic rheological testing methods indicate the viscoelastic behavior of the WF-
QF dough given by the interactions between quinoa fractions and wheat gluten network.
QF addition caused modifications of the rheological and textural parameters of wheat
dough as a result of the gluten dilution [14–16]. The ingredients rich in fibers and starch
could impact the gas retention of dough, leading to lower bread volume, porosity and
elasticity, and higher firmness [17,18], the changes’ magnitude depending on the addition
level and particle size. Xiaoxuan et al. [19] demonstrated that the addition of whole quinoa
to wheat bread resulted in a decrease of the final product specific volume, while the
texture parameters in terms of hardness and chewiness where not significantly influenced
at addition levels smaller than 20%. Another study conducted by Calderelli et al. [20]
showed that wheat bread enriched with quinoa flour was acceptable from a sensory point
of view and presented a high content of protein. Stikic et al. [21] reported positive effects
of quinoa flours on the rheological characteristics of wheat dough, while bread-specific
volume decreased slightly. According to the results obtained by El-Sohaimy et al. [22], the
addition of quinoa in flat bread dough had a slight effect on the rheological characteristics,
but did not determine dough deformation. Kurek and Sokolova [17] stated that wheat
bread porosity increased due to the protein content of quinoa flour added. The same
authors reported that the interaction between particle size and quinoa flour level showed a
significant influence on wheat bread chemical and textural properties, particle size having a
crucial effect on firmness parameter [17]. In the study of Xu et al. [23], it was demonstrated
that the baking performance of wheat bread was not significantly affected by 5% quinoa
addition level, while at levels higher than 10% smaller specific volume, increased hardness,
and coarse porosity was observed due to the changes of gluten secondary structure and
gluten dilution effect.

QF incorporation may impact dough rheology, which could provide information
about its processability and hence could predict the baked good quality. The evaluation of
wheat flour replacement with QF particle sizes at different addition levels can be useful for
enhanced baked goods development, for choosing the appropriate recipes and manufactur-
ing techniques. There are few studies on quinoa-wheat dough proprieties, but no previous
studies concerning how the variation in particle size can influence the physico-chemical
characteristics, complete texture profile, and dynamic rheological properties have been
carried out until now. This work aimed to study the effect of wheat-quinoa composite
flour, mix obtained with three different QF particle sizes and four addition levels in wheat
flour on dough rheology and bread quality, in relation to the microstructure, molecular
conformation, and physico-chemical characteristics of the raw materials.

2. Materials and Methods
2.1. Materials

The research was performed on wheat flour type 650 (WF) (harvest 2020) obtained
from S.C. MOPAN S.A. (Suceava, Romania), which showed the following characteristics:
14.0% moisture, 12.60% protein, 1.40% fat, 0.65% ash, wet gluten 30%, gluten deforma-
tion index 6 mm, and falling number 312.0 s. White quinoa seeds were provided by the
SANOVITA (ECUADOR) and were characterized by: moisture content 13.28%, fat con-
tent 5.61%, protein content 14.12%, and ash content 2.00%, reported to dried substances.
Salt (S.C.SANOVITA S.R.L., Vâlcea, Romania) and fresh Saccharomyces cerevisiae yeast
(S.C. ROMPAK S.R.L., Pas, cani, România) were acquired from the local market.
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2.2. Quinoa Fractions Preparation

The quinoa seeds were ground separately with Grain Mill grinder (KitchenAid, Whirlpool
Corporation, Benton Harbor, MI, USA), then they were sifted 30 min at 70 Hz with a Retsch
Vibratory Sieve Shaker AS 200 basic (Haan, Germany) in order to produce three fractions
with different particle sizes (PS): large (L > 300 µm), medium (180 > M < 300 µm), and small
(S < 180 µm).

2.3. Sample’s Formulations

Each fraction of QF, large (L), medium (M), and small (S) at four addition levels (5%,
10%, 15%, and 20%) were mixed for half an hour in a Yucebas Y21 mixer (Izmir, Turkey),
resulting in the following samples: QF_5L, QF_5M, QF_5S, QF_10L, QF_10M, QF_10S,
QF_15L, QM_15M, QM_15S, QF_20L, QF_20M, and QF_20S. Wheat flour was considered
as control.

2.4. Physico-Chemical Characterization of the Formulated Flours

The WF-QF flours were characterized in agreement to ICC methods: moisture content
(110/1), protein content (105/2), fat content (105/1), ash content (104/1), and andcarbohy-
drate content which was calculated by difference, as % of dry matter.

Composite flour colors were analyzed in triplicate by using a CR-700 colorimeter
(Konica Minolta, Tokyo, Japan). The flour color characteristics analyzed were: L*—
lightness/darkness (0: black and 100: white), and the chromatic components a*—intensity
of green (−a*) or red (+a*); and b*—the intensity of blue (−b*) or yellow (+b*).

2.5. Dough and Bread Manufacturing

Composite flour or WF (0.3 kg), salt (1.8%), and yeast (3%) were used in the bread
manufacturing process. Water absorption capacities of the flours were previously tested on
the Mixolab device and used in dough preparation. The dough samples were prepared
following the biphasic procedure by mixing water, yeast, and half the amount of composite
flour for the sourdough development at 30 ± 2 ◦C and 85% relative humidity (RH) for
2 h in a leavening chamber (PL2008, Piron, Cadoneghe, Padova, Italy). The leavened
sourdough, other half part of WF-QF flour, and salt were kneaded for 10 min with a
Kitchen Aid mixer (Whirlpool Corporation, Benton Harbor, MI, USA) and leavened at
30 ± 2 ◦C and 85% relative humidity (RH) for another 60 min in the same leavening
chamber [24]. When fermentation was finished, the dough was divided into 400 g pieces,
molded by hand, and leavened in aluminum trays for another 60 min (30 ± 2 ◦C and 85%
RH). The leavened dough was baked at 220 ± 5 ◦C for 25 min in an oven (Caboto PF8004D,
Cadoneghe, Padova, Italy).

2.6. Evaluation of Flours Microstructure

The microstructures of WF and QF fractions were evaluated trough electronic scan-
ning microscopy by using a VEGA II LSH device (Tescan, Brno, Czech Republic), at an
acceleration tension of 30 kV. The samples were fixed on double-sided adhesive carbon
bands and the images were collected at 2000×, 1000×, 500×, and 100× magnifications.

2.7. Flours ATR FT-IR Spectra Collection

The ATR FT-IR spectra of WF and QF fractions were collected in triplicate from 650
to 4000 cm−1 wavenumbers on a Thermo Scientific Nicolet iS20 (Waltham, MA, USA)
device, at a resolution of 4 cm−1 by 32 scans. The molecular characteristics were identified
according to previous data from the literature [25–27], by using OMNIC software.

2.8. Empirical Dough Rheology and Texture Profile Analysis

The viscoelastic behavior of WF-QF flour was determined on a Chopin Alveograph
NG (La Garenne Cedex, France) following the standard method SR EN ISO 27971:2009.
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Each Alveograph curve was analyzed for the following parameters: P (dough resistance),
L (dough extensibility), G (swelling index), W (baking strength), and P/L ratio [28].

Texture profile analysis (TPA) was performed on a TVT-6700 texture analyzer (Perten
Instruments, Hägersten, Sweden), following the procedure of Mironeasa, Iuga, Zaharia,
and Mironeasa [29] with slight modifications. A 3.5 cm stainless steel cylindrical probe
was used in a twice-compression test to compress the 50 g of sample up to 50% of its
depth, at a test speed of 5.0 mm/s, trigger force of 20 g, and the interval time between
two compressions was 12 s. Hardness, adhesiveness, springiness, and cohesiveness were
recorded. The measurements were carried out in triplicate.

2.9. Fundamental Dough Rheology

A preliminary stress sweep test was performed to identify the limits of the linear
viscoelastic region (LVR) in the samples in which increasing strain was applied, from 0.00
to 100 Pa, at constant oscillation frequency of 1 Hz, according to some indications [30].
The dough samples prepared without yeasts, at optimum water absorption capacity, were
placed in a measuring system of a HAAKE MARS 40 rheometer (Thermo-HAAKE, Karl-
sruhe, Germany) with a parallel plate-plates geometry and rested for 5 min prior to
testing [31]. The excess dough was removed and a layer of vaseline was applied to the
exposed edge to protect it from loss of moisture.

A frequency sweep test from 0.01 to 20 Hz at 10 Pa stress, in the LVR, was applied to
determine dough storage (G′) and loss modulus (G′′), at 20 ◦C.

A temperature sweep test was performed at a constant strain of 0.10% and a frequency
of 1 Hz, the dough being heated from 20 to 100 ◦C at a rate of 4.0 ± 0.1 ◦C per min.
The storage (G′) and loss modulus (G′′) were recorded as a function of temperature by
using Rheowin software. The maximum gelatinization temperature (Tmax) was considered
at the maximum G′ value.

2.10. Physical Properties of Bread

Bread physical properties were measured in triplicate two hours after baking, in agree-
ment to the Romanian standard procedure SR 91:2007 in terms of volume, porosity, elasticity,
and color. Loaf-specific volume (cm3) was found by employing the seed displacement
procedure. Porosity was calculated based on a sample cylinder volume (60 mm height and
45.50 mm diameter). Elasticity was determined on a crumb cylinder that was pressed for
1 min until half of its height, and then left to recover for 1 min [32].

Color analysis was determined after bread cutting in half and the crumb and the crust
color were measured in triplicate by using a CR-700 colorimeter (Konica Minolta, Tokyo,
Japan). The bread color characteristics analyzed were L*, a*, and b*.

2.11. Bread Texture Parameters Determination

The bread was cut into slices of 50 mm thickness for the texture properties determina-
tion (in triplicate) by using a TVT-6700 texture analyzer (Perten Instruments, Hägersten,
Sweden). A 2.5 cm cylindrical stainless-steel probe was used to compress the sample twice
to a penetration distance of 20% of its depth, at a test speed of 1.0 mm/s, trigger force of
5 g, with an interval of 15 s between compressions. Firmness, springiness, gumminess,
and cohesiveness were registered.

2.12. Statistical Analysis

Statistical software SPSS 25.0 (trial version) (IBM, New York, NY, USA) was used to
calculate the means and standard deviations for all parameters. Statistically significant
differences between parameters were determined by two-way analysis of variance with
Tukey’s test at p ≤ 0.05 significance level. A principal component analysis (PCA) was
applied to observe the relationships between the WF-QF flour chemical constituents, dough
rheological measurements, and bread characteristics.

102



Plants 2021, 10, 2150

3. Results and Discussions
3.1. Microstructure of Flours

The microstructure of QF fractions and WF at different magnifications is presented in
Figure 1.

    

(a1) (a2) (a3) (a4) 

    

(b1) (b2) (b3) (b4) 

    

(c1) (c2) (c3) (c4) 

    

(d1) (d2) (d3) (d4) 

Figure 1. Microstructure of wheat flour (a1–a4) and quinoa flours fraction L (b1–b4), fraction M (c1–c4), and fraction S
(d1–d4) at different magnifications.

WF structure was composed of starch grains surrounded by gluten proteins (Figure 1a).
QF fractionation caused the decrease of PS, the particles presenting polygonal, angular or
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irregular shapes, similar to the results presented by Romano, Masi, Nicolai, Falciano and
Ferrantia [33], and by Alvarez-Jubete, Auty, Arendt, and Gallagher [34]. A more uniform
structure of quinoa flour was observed in S fraction (Figure 1(d1–d4)) compared with L
(Figure 1(b1–b4)) and M (Figure 1(c1–c4)). Starch grains of rounded and lenticular shapes
were present in L and M fractions, while in the case of S fraction irregular starch grains were
observed, probably due to the damage caused during milling. Quinoa seeds fractionation
led to changes in QF structure, depending on the particle size, which could explain the
physico-chemical, rheological, and technological characteristics of flour, dough, and bread.

3.2. ATR FT-IR Spectra of Flours

The FT-IR spectra of WF and quinoa fractions are shown in Figure 2. There were
differences in absorbances between L and M or S quinoa fractions, while the differences
between S and M fractions were small. The intensities of the peaks increased as the PS
decreased from L < M < S, while WF peaks were between L and M quinoa fractions.

 

− −

− − −

−

−

−

−

−

−

−

−

Figure 2. FT-IR spectra of wheat flour and quinoa flours fractions.

The starch structure identified at about 1100–900 cm−1, amide I at 1600–1700 cm−1,
amide II at 1550 cm−1, lipids at 1750 cm−1, and 2800–3000 cm−1 [26,35] were the most
prominent peaks (Figure 2). The band at about 3300 cm−1 is given by the stretching
vibration of -OH, possibly due to the presence of water, galacturonic acid, arabinose,
galactose, xylose, and glucose in quinoa fractions [25]. In the region of 900–1500 cm−1, some
signals were possibly given by the amylose-lipid complexes, amide III (at 1330–1230 cm−1),
or carbohydrates such as starch and cellulose [26,36]. The peak observed at 3369 cm−1

could be attributed to the O-H stretching vibrations, the band found at 2855 cm−1 could
be possibly assigned to the presence of CH2 and CH3 groups from aldehydes/ketones [37],
while the peak at 1746 cm−1 could be attributed to the C=O carbonyl stretching [27].
The stretching given by alcohol and carbonyl groups identified could be possibly due to
the chemical structure of quinoa saponins [27]. The band at 2930 cm−1 could be given by
the stretching vibrations of C-H groups which could be characteristic for polysaccharide-
based polymers [25]. The peaks observed at 1660 and 1542 cm−1 could give information
about the protein amido acids and can reveal modifications in the secondary structure of
proteins [37], while at 1086 cm−1 possible information about pyranose structure of CH
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could be found [27]. The peak observed at 1021 cm−1 could be attributed to the C-H
bending from aromatic structures, similar results being obtained by Czekus et al. [27] for
quinoa seeds. The bands present at 857, 772 and 719 cm−1 could give information about
the substitutions in aromatic rings characterized by aromatic C-H out-of-plane bend [27].

3.3. Physico-Chemical Properties of Composite Flours

Table 1 presents the effect of QF addition levels and PS on the composite flour’s
physicochemical properties. The studied factors had a significant (p < 0.01) effect on
chemical parameters of composite flours. The moisture content decreased significantly
(p < 0.01) with the rise of QF addition and PS decrease, due to the higher wear and possible
heat generation that occurs during grinding of smaller PS flours, without prior process
conditioning [38].

Table 1. Physico-chemical properties of composite flours as affected by quinoa flours fractions addition.

Sample Moisture
(%)

Protein
(%)

Lipids
(%)

Ash
(%)

Carbohydrates
(%)

Color

L* a* b*

Control 14.08 ± 0.08 e 12.45 ± 0.15 a 1.41 ± 0.01 a 0.69 ± 0.04 a 71.36 ± 0.01 e 91.46 ± 0.15 d -5.13 ± 0.03 a 15.09 ± 0.07 b

QL_5 13.82 ±0.00 dy 12.57 ± 0.03 bx 1.65 ± 0.00 by 0.70 ± 0.00 bx 71.25 ± 0.04 dz 90.87 ± 0.07 cz −4.89 ± 0.02 bx 14.98 ± 0.05 abx

QL_10 13.64 ± 0.00 cy 12.54 ± 0.06 cx 1.90 ± 0.00 cy 0.76 ± 0.00 cx 71.15 ± 0.06 cz 90.43 ± 0.12 bz −4.83 ± 0.01 cx 14.51 ± 0.04 ax

QL_15 13.47 ± 0.01 by 12.50 ± 0.09 dx 2.16 ± 0.00 dy 0.81 ± 0.00 dx 71.05 ± 0.11 bz 90.82 ± 0.25 bz −4.99 ± 0.07 cx 14.50 ± 0.11 abx

QL_20 13.29 ± 0.01 ay 12.47 ± 0.12 ex 2.41 ± 0.00 ey 0.87 ± 0.00 ex 70.95 ± 0.13 az 89.38 ± 0.04 az −4.60 ± 0.00 dx 14.76 ± 0.02 abx

QM_5 13.80 ± 0.00 dxy 12.91 ± 0.00 bz 1.65 ± 0.00 bxy 0.78 ± 0.00 bz 70.85 ± 0.00 dx 89.35 ± 0.08 cx −4.85 ± 0.07 bx 14.81 ± 0.13 aby

QM_10 13.60 ± 0.00 cxy 13.22 ± 0.00 cz 1.90 ± 0.00 cxy 0.90 ± 0.00 cz 70.36 ± 0.00 cx 88.64 ± 0.11 bx −4.72 ± 0.06 cx 14.82 ± 0.12 ay

QM_15 13.47 ± 0.01 bxy 13.54 ± 0.01 dz 2.15 ± 0.00 dxy 1.03 ± 0.00 dz 69.87 ± 0.01 bx 88.10 ± 0.12 bx −4.69 ± 0.03 cx 15.43 ± 0.52 aby

QM_20 13.21 ± 0.00 axy 13.85 ± 0.03 ez 2.40 ± 0.00 exy 1.16 ± 0.01 ez 69.38 ± 0.02 ax 87.59 ± 0.23 ax −4.53 ± 0.02 dx 15.33 ± 0.19 aby

QS_5 13.79 ± 0.00 dx 12.75 ± 0.00 by 1.65 ± 0.00 bx 0.74 ± 0.00 by 71.06 ± 0.02 dy 89.80 ± 0.23 cy −4.93 ± 0.10 by 14.91 ± 0.07 aby

QS_10 13.57 ± 0.03 cx 12.91 ± 0.01 cy 1.89 ± 0.00 cx 0.84 ± 0.00 cy 70.78 ± 0.04 cy 89.05 ± 0.19 by −4.80 ± 0.02 cy 14.98 ± 0.04 ay

QS_15 13.36 ± 0.05 bx 13.06 ± 0.02 dy 2.14 ± 0.00 dx 0.93 ± 0.00 dy 70.50 ± 0.07 by 88.71 ± 0.13 by −4.69 ± 0.03 cy 15.22 ± 0.08 aby

QS_20 13.15 ± 0.07 ax 13.22 ± 0.03 ey 2.39 ± 0.00 ex 1.03 ± 0.00 ey 70.20 ± 0.09 ay 88.63 ± 0.05 ay −4.59 ± 0.05 dy 15.01 ± 0.04 aby

Two-way ANOVA p value

F1: p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p = 0.01
F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1 × F2 p = 0.35 p < 0.01 p = 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1: level of QF addition; F2: type of particle size; Mean values in the same column with different superscript letters indicates significantly
difference (p < 0.05): a–e for QF addition level (0–20%); x–z for QF PS (L, M, and S). L*-lightness; a*-greenness; b*-yelowness.

The protein content of composite flours was significantly influenced by QF addition
level and increased when the QF addition increased in comparison with the control,
due to a higher protein content of quinoa flour than wheat flour [39]. It was noticed
that composite flours with medium particles had the highest protein content, followed
by flours which contain small particles of QF, while the lower content of protein was
found in flours with a large fraction of QF, probably as a result of the botanical structure
of quinoa seeds, where proteins and minerals are localized mostly in the embryo and
endosperm [12,40] and some part of the grain, richer in proteins, was broken in the
form of small particles [41]. Additionally, these variations of protein content in flours
enriched with quinoa flour fractions can be explained by the milling equipment used for
grinding which differently influenced the structure of the endosperm (hard/soft) and type
of endosperm cells (peripheral, prismatic, or central) [15]. Others authors that grounded
quinoa seeds with coffee grinder found a higher protein content in small fraction [42]. The
lipid content of the blended flours was significantly (p < 0.01) affected by the QF addition
level and PS compared with wheat flour. The fat content of WF-QF composite flours
increased gradually when QF addition level and PS increased, which could be explained
by the lipid’s localization in the cells of the endosperm and embryo [11]. The ash content
of the wheat-quinoa formulated flours was significantly (p < 0.01) affected by the level
and PS of QF, and increased with QF addition increase. The variations in ash content
could be explained by the cell-wall material from the broken endosperm. Carbohydrate
contents significantly (p < 0.01) decreased with the rise of QF addition and PS decrease.
Similar findings regarding carbohydrates from WF-QF composite flours were found by
ElSohaimy et al. [18]. Similar trends of the chemical compositions were previously reported
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by Coţovanu, Stoenescu and Mironeasa [39], by Ahmed, Thomas and Arfat [42], and
Solaesa, Villanueva, Vela, and Ronda [15].

The color parameters, brightness, yellowness, and redness, were significantly (p < 0.01)
influenced by the QF amount and PS. The lightness L* values decreased in all composite
flours when the level of QF increased. The darker composite flour was observed at that was
blended with QF medium PS, while the largest PS gave higher lightness of composite flours.

The redness (a*) values significantly (p < 0.01) increased with the increase of QF
quantity and with PS decrease, which indicates that the flour fraction turned more yellow
and whitish and less red. This phenomenon could be explained by the increase of the
particle surface area. The yellowness (b*) values decreased when QF addition raised
and increased with reducing PS. The yellowness could be explained by the carotenoid
pigments [42]. Similar results were found for wheat-quinoa flour blends by Ahmed,
Thomas and Arfat [42], and by Demir [43].

3.4. Dough Rheological Properties

3.4.1. Alveographic Parameters

The replacement of wheat flour, which contains gluten, is a major technological chal-
lenge because gluten is an essential structure-building protein in flour, responsible for the
elastic and extensible properties needed to produce good quality bread [44]. The addition
level and PS of QF had a significant (p < 0.01) effect on the dough’s alveographic properties
(Table 2).

Table 2. Alveographic parameters as affected by quinoa flours fractions.

Sample P (mm H2O) L (mm) G W (×10−4 J) P/L

Control 86.33 ± 0.57 a 94.00 ± 3.00 d 21.55 ± 0.35 d 253.00 ± 4.00 d 0.92 ± 0.03 a

QL_5 88.50 ± 0.50 by 46.50 ± 0.50 cy 15.25 ± 0.05 cy 167.50 ± 2.50 cx 1.80 ± 0.06 by

QL_10 103.50 ± 0.50 cy 39.50 ± 0.50 by 13.80 ± 0.10 by 166.00 ± 0.00 cx 2.65 ± 0.01 cy

QL_15 104.00 ± 1.00 cy 35.50 ± 0.50 ay 12.75 ± 0.05 ay 158.00 ± 2.00 bx 3.39 ± 0.00 ey

QL_20 113.00 ± 1.00 dy 32.00 ± 3.00 ay 12.20 ± 0.60 ay 142.00 ± 5.00 ax 3.21 ± 0.01 dy

QM_5 102.50 ± 1.50 bz 42.00 ± 1.00 cx 14.75 ± 0.15 cx 173.50 ± 0.50 cx 2.44 ± 0.09 bz

QM_10 101.00 ± 0.00 cz 38.00 ± 1.00 bx 14.60 ± 0.00 bx 172.00 ± 1.73 cx 2.35 ± 0.00 cz

QM_15 113.00 ± 3.00 cz 29.00 ± 0.00 ax 12.00 ± 0.00 ax 138.50 ± 4.50 bx 4.53 ± 0.11 ez

QM_20 117.00 ±3.00 dz 26.00 ± 2.00 ax 11.40 ± 0.40 ax 141.50 ± 3.50 ax 3.92 ± 0.37 dz

QS_5 98.50 ± 0.50 bx 58.50 ± 1.50 cz 17.00 ± 0.20 cz 211.50 ± 8.31 cx 1.66 ± 0.01 bx

QS_10 96.00 ± 1.00 cx 53.00 ± 3.00 bz 16.05 ± 0.35 bz 179.50 ± 0.50 cx 1.87 ± 0.03 cx

QS_15 92.00 ± 1.00 cx 43.50 ± 1.50 az 14.60 ± 0.20 az 158.00 ± 2.00 bx 2.22 ± 0.01 ex

QS_20 80.50 ± 1.50 dx 37.00 ± 1.00 az 13.55 ± 0.15 az 117.50 ± 6.50 ax 2.18 ± 0.01 dx

Two-way ANOVA p value

F1 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01
F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1 × F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1: level of QF addition; F2: type of particle size; means in the same column with different superscripts letters indicate significant difference
(p < 0.01): a–e for QF addition level (0–20%); and x–z for QF PS (L, M, and S). P—dough tenacity; L—dough extensibility; G—index of
swelling; W—dough strength; P/L—curve configuration ratio.

QF-WF dough tenacity was statistically (p < 0.01) influenced by the addition level,
type of QF PS, and the interaction between them. The increment of QF increased gradually
with dough tenacity (P) with large and medium PS, while in small PS a decrease was
observed. The highest dough tenacity was observed at sample QM_20 and could be
possibly explained by the chemical composition of the fraction added. The interactions
between the polysaccharides of the fiber and the wheat proteins could be responsible for
these increments [45]. The addition of QF in wheat flour dough increased fat and protein
content (Table 1), which has an opposite effect; P and W. Sluimer [45] indicated that dough
with a low content of lipids is somewhat more flexible, with better machinability, while a
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high quantity of lipids causes the opposite effect. It can be observed that P increased when
wheat flour content decreased, a phenomenon that can be explained by the dough gluten
dilution, finding that is consistent with other works [14,46]. PS determined the increase
of dough tenacity as follows: S. > L. > M. Dough extensibility index (L) was significantly
(p < 0.01) affected by the addition level, PS, and their interaction.

A decrement in dough extensibility compared with the control dough was observed
with the increased of QF addition level, probably because a preferential pathway for water
absorption was created. Large and medium PS determined a decrease of extensibility with
size reduction, while the dough with small PS had higher extensibility. The influence of PS
on dough extensibility could be correlated with protein content from these PS, which are
characterized by minor gluten formation, results which are in line with earlier reports [14].
The index of swelling (G) was significantly (p < 0.01) influenced by the factors in the same
way as dough extensibility. Dough strength (W) was significantly (p < 0.01) affected by
both factors, and by the interaction between them. A decrement in the dough strength
was observed when QF addition level increased, while an increment was obtained with
QF PS reduction, probably due to the addition of a non-gluten flour, which will lead to a
gluten dilution and a decrease of its quality and quantity, similar to the results reported by
Coţovanu and Mironeasa [24]. As the PS and levels of quinoa flour increased, P increased
and L decreased, which resulted in an increase of the P/L ratio from 0.92 to 4.53.

3.4.2. Dynamic Rheological Parameters

Viscoelastic properties of dough play a key role in final products quality and the
frequency sweep tests demonstrated that G′ and G′′ values were significantly (p < 0.01)
influenced by the QF addition level, type of PS, and by their interaction. G′ values were
greater than G′′ values (Figure S1 presented in the Supplementary Materials), so it can be
stated that the dough had a viscoelastic behavior. G′ and G′′ increased when QF addition
level and PS increased. The highest G′ and G′′ were observed at large PS which can be
explained by the synergistic effect between starch amount and the large PS, the results
being in line with those found by Solaesa et al. [15]. Significant differences (p < 0.01)
between QF dough samples and control were observed in loss tangent (tan δ) regarding
QF addition level, although the samples with 5% and 10% addition levels did not show
significant differences in this parameter. The decrease of tan δwas proportional with the
QF increase for all the tested samples. Significant differences (p < 0.01) between the higher
PS (L and M) and S were obtained. These variations in rheological properties of the gels
could be explained by their different chemical composition (protein, lipid, carbohydrates)
and molecular structures (Figure 2), shape, and size of starch granules (Figure 1).

The influence of QF addition level and PS on maximum gelatinization temperature
(Tmax) during heating WF-QF composite flour is presented in Table 3. It can be observed a
significant (p < 0.05) increase of Tmax with quinoa addition level increase (Figure S2 from
the Supplementary Materials), while only L and S fractions significantly affected (p < 0.01)
this parameter.

An increase in Tmax values was observed with PS decrease, which may be explained
by the high proteins and lipids content, and their low carbohydrates content (which is
associated with starch) (Table 1), similar data being reported by Ahmed, Thomas and
Arfat [42].
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Table 3. Dynamic moduli and gelatinization temperatures as affected by quinoa flours fractions.

Type of Sample
G′ at 1 Hz

(Pa)
G′′ at 1 Hz

(Pa)
Tan δ at 1 Hz

(adim.)
Tmax
(◦C)

Control 26,370 ± 70.15 a 9488 ± 60.00 a 0.3598 ± 0.00 d 82.74 ± 0.49 c

QL_5 44,600 ± 270.00 by 17,125 ± 145.00 cy 0.3839 ± 0.00 cy 78.32 ± 0.05 abx

QL_10 47,150 ± 190.00 cy 15,615 ± 25.00 by 0.3311 ± 0.01 by 78.87 ± 0.02 bx

QL_15 52,790 ± 285.00 dy 19,970 ± 100.00 dy 0.3782 ± 0.00 dy 78.68 ± 0.19 abx

QL_20 55,420 ± 40.00 ey 20,525 ± 535.00 dy 0.3703 ± 0.00 dy 78.97 ± 1.01 ax

QM_5 34,865 ± 525.00 bz 11,240 ± 60.00 cz 0.3223 ± 0.00 cy 78.47 ± 0.05 abxy

QM_10 47,905 ± 615.00 cz 16,935 ± 145.00 bz 0.3535 ± 0.00 by 79.06 ± 0.14 bxy

QM_15 57,440 ± 310.00 dz 18,640 ± 170.00 dz 0.3245 ± 0.00 dy 79.45 ± 0.08 abxy

QM_20 65,245 ± 205.00 ez 19,745 ± 95.00 dz 0.3026 ± 0.00 dy 79.41 ± 0.03 axy

QS_5 31,320 ± 280.00 bx 10,175 ± 335.00 cx 0.3248 ± 0.00 cx 80.28 ± 0.15 aby

QS_10 32,360 ± 200.00 cx 10,853 ± 116.50 bx 0.3353 ± 0.00 bx 80.45 ± 0.18 by

QS_15 39,260 ± 585.00 dx 14,360 ± 420.00 dx 0.3657 ± 0.00 dx 78.74 ± 0.07 aby

QS_20 48,305 ± 240.00 ex 15,725 ± 45.00 dx 0.3255 ± 0.00 dx 78.97 ± 0.11 ay

Two-way ANOVA p value

F1 p < 0.01 p < 0.01 p < 0.01 p < 0.01
F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1 × F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1: level of QF addition; F2: type of particle size; means in the same column with different superscript letters indicate significant difference
(p < 0.01): a–e for QF addition level (0–20%); and x–z for QF PS (L, M, and S). G′—elastic modulus; G′′—viscous modulus; tan δ—loss
tangent; Tmax—maximum gelatinization temperature.

3.4.3. Dough Texture Profile Analysis

The effect of QF addition level and PS on dough texture parameters is shown in
Figure 3. Hardness increased with the addition level increase and PS decrease, probably
due to 11S-type globulin and 2S albumins, which bound to each other through disulfide
bridges and retain more water, than prolamins from wheat flour. This lack of gluten from
the dough matrix leads to low gas retention, which forms a harder dough [16].

  

(a) (b) 

Figure 3. The effect of quinoa flours fractions on dough texture: hardness and adhesiveness (a), springiness and cohesiveness (b).

Adhesiveness decreased when the QF addition level increased, which can be explained
by the gluten dilution, because it is well known that gliadin has a positive impact on the
adhesiveness of the dough [29]. Springiness presented a decrease in comparison with
WF dough, but samples QL_10 and QM_15 presented higher values due to the presence
of prolamins from wheat flour (40–50%), which can make the wheat flour dough a little
bit inelastic, which resulted in the springiness of dough with quinoa fractions that are
richer in albumins [22]. Dough cohesiveness values decreased especially in samples
formulated with medium PS, which were lower than the control sample and may be
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explained by the high lipid content from these blends, while for the other samples irregular
trends were observed (Figure 3). Wheat gliadins presented a low resistance to extension,
which could be responsible for the cohesion of the dough, and wheat glutenins for the
dough’s resistance [47].

3.5. Physical Properties of Bread

Quinoa flour addition level, its different PS, and the interaction between them signifi-
cantly (p < 0.05) influenced bread characteristics. It is well known that gluten-free grains
affect dough gas holding properties which will be negatively reflected in bread volume.
QF addition level decreased the volume of bread from 378.13 to 260.00 cm3 and from
2.45 to 1.81 cm3/g respectively (Table 4), which could be explained by the gluten dilution
of doughs with a higher amount of non-gluten flour. Final product quality is strongly
influenced by the constituents of the ingredient added. Small fractions have a higher
water absorption capacity, but resulted in low bread volume probably due to the intrinsic
factors that affect the water-binding properties of flours with a relatively high protein
content, factors that refer to amino acid composition, protein conformation, and surface
polarity [48].

Table 4. Physical characteristics of bread as affected by quinoa flours fractions.

Sample Loaf Volume (cm 3)
Specific Volume

(g/cm 3)
Porosity

(%)
Elasticity

(%)

Control 378.70 ± 1.12 e 2.45 ± 0.00 e 64.33 ± 0.11 b 91.72 ± 0.07 b

QL_5 372.60 ± 0.52 dx 2.25 ± 0.02 dxy 72.38 ± 0.16 ex 97.92 ± 0.37 ez

QL_10 358.87 ± 1.02 cx 2.20 ± 0.00 cxy 67.93 ± 0.05 dx 94.11 ± 0.84 dz

QL_15 335.27 ± 0.37 bx 2.00 ± 0.06 bxy 66.35 ± 0.34 cx 93.17 ± 0.45 cz

QL_20 317.01 ± 1.24 ax 1.93 ± 0.01 axy 57.27 ± 0.52 ax 89.99 ± 1.66 az

QM_5 371.30 ± 1.21 dx 2.24 ± 0.01 dy 72.47 ± 0.07 ez 96.36 ± 0.29 eyz

QM_10 363.53 ± 1.27 cx 2.22 ± 0.01 cy 70.87 ± 0.46 dz 94.51 ± 0.31 dyz

QM_15 338.86 ± 0.15 bx 2.05 ± 0.00 by 67.63 ± 0.81 cz 93.48 ± 0.15 cyz

QM_20 318.63 ± 0.81 ax 1.93 ± 0.00 ay 66.32 ± 0.58 az 89.74 ± 0.50 ayz

QS_5 356.66 ± 1.52 dy 2.21 ± 0.02 dx 71.97 ± 0.52 ey 96.17 ± 0.10 exy

QS_10 347.33 ± 2.08 cy 2.18 ± 0.00 cx 70.51 ± 0.09 dy 94.86 ± 0.93 dxy

QS_15 303.66 ± 3.51 by 2.04 ± 0.03 bx 66.63 ± 0.80 cy 92.00 ± 0.63 cxy

QS_20 260.00 ± 3.00 ay 1.81 ± 0.08 ax 61.60 ± 1.01 ay 87.72 ± 0.96 axy

Two-way ANOVA p value

F1 p < 0.01 p < 0.01 p < 0.01 p < 0.01
F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1 × F2 p < 0.01 p = 0.01 p < 0.01 p = 0.01

F1: level of QF addition; F2: type of particle size; means in the same column with different superscript letters indicate significant difference
(p < 0.01): a–e for QF addition level (0–20%); and x–z for QF PS (L, M, and S).

The addition of QF in WF had a significant effect on decreasing the dough strength.
Although the WF dough strength was higher, because of its extensibility, the ability to
preserve or increase the dough strength absorbed by the dough with the addition of quinoa
flours was extremely low [49]. The competition between dietary fiber and starch for water
leads to a limited starch swelling and gelatinization, which might be required to reduce
the final gas volume fraction in the crumb [50]. Also, the globulins and albumins proteins
from quinoa seeds retain more water than wheat protein, which indicates that the gluten
network from composite dough was diluted and decreased the alfa amylase activity that
affects the proofing process. The results were in line with those obtained previously by
Park, Maeda, and Morita [51], Wang et al. [19], and Kurek and Sokolova [17]. Only small
PS decreased bread volume significantly (p < 0.01), while no significant differences were
observed between the large and medium particles on the volume of bread. This may be
related to the higher water absorption capacity of small fractions [17,52]. The porosity
and elasticity of WF-QF composite flour were affected significantly (p < 0.01) by the QF
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addition level, type of PS, and interaction between them. Porosity and elasticity decreased
with the amount QF added, while PS determined an irregular trend.

The color of composite bread crust was significantly (p < 0.01) browner compared
with the control (Table 5). The addition level of quinoa flour decreased the lightness (L*)
of bread crust which could be due to the color intensity of the raw PS flour and to the
dark-colored Maillard reaction products on the crust surface. QF had a higher activity of
α–amylase (low falling number) [39] than wheat flour and this could explain the darkness
(low L* value) of bread.

Table 5. Crust and crumb color parameters of bread samples as affected by quinoa flours fractions.

Sample
Crust Color Crumb Color

L* a* b* L* a* b*

Control 67.36 ± 0.19 d 0.78 ± 0.22 a 32.27 ± 0.28 cy 72.30 ± 0.27 e −4.48 ± 0.03 a 19.02 ± 0.23 a

QL_5 64.99 ± 0.74 dx 4.09 ± 0.30 by 29.65 ± 0.17 az 75.21 ± 0.19 dy −4.24 ± 0.09 bx 19.75 ± 0.13 bx

QL_10 61.79 ± 0.07 cx 5.29 ± 0.10 cy 32.74 ± 0.20 bz 64.64 ± 1.07 cy −3.95 ± 0.24 cx 20.09 ± 0.59 cx

QL_15 60.71 ± 0.40 bx 6.64 ± 0.24 dy 34.00 ± 0.78 cz 64.00 ± 0.50 by −3.86 ± 0.03 dx 21.30 ± 0.56 dx

QL_20 59.88 ± 0.97 ax 6.79 ± 0.53 dy 34.28 ± 0.44 dz 63.37 ± 0.47 ay −3.67 ± 0.04 ex 21.26 ± 0.10 ex

QM_5 63.36 ± 0.56 by 3.59 ± 0.25 bx 24.56 ± 0.22 ax 69.88 ± 0.73 dy −4.17 ± 0.14 by 19.54 ± 0.60 by

QM_10 65.48 ± 0.43 cy 4.74 ± 0.38 cx 30.66 ± 0.59 bx 66.96 ± 0.85 cy −3.78 ± 0.02 cy 21.54 ± 0.22 cy

QM_15 63.62 ± 0.26 by 4.90 ± 0.18 dx 31.32 ± 0.87 cx 65.64 ± 0.38 by −3.33 ± 0.02 dy 21.89 ± 0.07 dy

QM_20 62.23 ± 0.51 ay 5.11 ± 0.32 dx 32.76 ± 0.69 dx 63.40 ± 0.67 ay −3.17 ± 0.09 ey 23.50 ± 0.22 ey

QS_5 64.25 ± 0.31 dx 3.54 ± 0.09 bx 29.03 ± 1.14 ay 65.45 ± 1.27 dx −3.74 ± 0.08 bz 20.42 ± 0.49 by

QS_10 62.01 ± 0.61 cx 4.42 ± 0.20 cx 30.51 ± 0.36 by 65.45 ± 0.33 cx −3.66 ± 0.04 cz 22.12 ± 0.70 cy

QS_15 60.01 ± 0.74 bx 4.78 ± 0.32 dx 31.71 ± 0.43 cy 65.35 ± 0.51 bx −3.03 ±0.09 dz 22.78 ± 0.49 dy

QS_20 57.79 ± 0.88 ax 5.11 ± 0.14 dx 34.57 ± 0.41 dy 64.37 ± 1.69 ax −2.23 ± 0.10 ez 22.19 ± 1.25 ey

Two-way ANOVA p value

F1 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01
F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1 × F2 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01 p < 0.01

F1: level of QF addition; F2: type of particle size; means in the same column with different superscript letters indicate significant difference
(p < 0.01): a–e for QF addition level (0–20%); and x–z for QF PS (L, M, and S). L*, a*, b*: CIELAB color parameters.

Redness (a* value) of the control was lower than bread containing QF, the crust a*
values showing significant differences (p < 0.01) between samples, increasing when QF
addition increased. Yellowness (b* value) increased gradually by increasing the substitution
levels of QF. Generally, the results showed that the QF bread samples were darker and
redder than the control bread sample which was in accordance with El-Sohaimy et al. [18]
and Bilgiçli and İbanoğlu [53]. Carotenoids, chlorophyll, and lignin from quinoa seeds
influence the color of flour, crumbs, and crust of the products [54].

Bread crumb brightness was significantly (p < 0.01) influenced by the QF addition
level and PS. The addition level of quinoa flour in composite flour significantly decreased
the lightness (L*) of bread crumb, while the type of PS decreased the crumb lightness as
follows: M > S > L. The (a*) redness and (b*) yellowness significantly (p < 0.01) raised when
the addition level of quinoa flour increased and PS decreased. These results are in line with
previous work [18] and can be explained by the higher content of protein in quinoa flour
than wheat.

3.6. Textural Parameters of Bread

Quinoa flour at different PS and addition levels had significant effects on the bread
samples’ texture profiles (Figure 4). Increasing quinoa substitution of wheat flour and
interaction of PS and QF significantly increased the firmness of the bread crumb. The bread
sample QL_5 presented a lower firmness value than the control bread, which could be due
to albumin protein from quinoa seeds, because it can act like gluten in the dough.
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Figure 4. The effect of quinoa flours fractions on bread texture: hardness and springiness (a), gumminess and cohesiveness (b).

It can be observed that all PS at 20% addition significantly increased the firmness of
bread, which can be explained by the reduction in the percentage of gluten (responsible
for the softness of bread), being also correlated with the high protein content that is found
in composite flour which led hard and crunchy bread [18]. The incorporation of 20% QF
could cause a negative impact on the acceptability of the bread. This could be related to the
significant reduction of air-retention ability and specific volume of the breads [19]. These
findings are in line with the results found by Wang et al. [19], El-Sohaimy, Shehata, Mehany,
and Zeitoun [22], and by Wolter et al. [55]. Bread springiness followed the same trend as
firmness, which raised when more that 10% QF was incorporated. Gumminess increased
when QF addition level increased and with the decrease of PS, which may be related to the
high content of protein and dietary fiber in quinoa blends, similar results being observed
by El-Sohaimy et al. [18]. Cohesiveness in wheat flour and 5% quinoa flour for all PS were
slightly higher than in other composite flour, but in general, it decreased with the increase
of QF addition and it was higher when PS decreased. These variations could be explained
due to the presence of prolamins contained gliadin from wheat flour.

3.7. Relations between the Characteristics

The Pearson correlation coefficients (0.56 > r < 0.99) were determined between com-
posite flour chemical constituents, dough rheological and textural parameters, and bread
characteristics. Between flour moisture and dough tenacity L (r = 0.75), dough extensibility
G (r = 0.76), dough strength W (r = 0.88), dough adhesiveness (r = 0.82), tan δ (r = 0.89),
and bread volume (r = 0.97) were found significant positive correlations, while the moisture
content was negatively correlated with dough hardness (r = −0.83) and bread firmness
(r = −0.82). Probably, in this case, a certain quantity of water enhances the viscoelastic
behavior of dough, this amount of water being necessary for protein swelling, the best
dough consistency being obtained when enough water is used to swell composite flour
components. Similar positive and negative correlations were found between carbohydrates
and the parameters listed above.

High positive correlations were found between lipids from flour and dough hardness
(r = 0.76) and with bread firmness (r = 0.75). The lipids content from composite flour
was negatively correlated with dough extensibility L (r = −0.76), and dough strength W
(r = −0.86), dough adhesiveness (r = −0.86), tan δ (r = − 0.84), and with bread elasticity
(r = −0.72), volume (r = −0.96), and porosity (r = −0.63). Lipids had a significant influ-
ence on bread texture and quality due to their capacity to associate with proteins as they
present hydrophilic and hydrophobic groups, and with starch, resulting in starch-lipid
complexes [56]. The same trend of positive and negative correlations within these pa-
rameters were found with ash content of composite flour. Additionally, a high positive
correlation was found between Tmax and dough extensibility L (r = 0.83), and W (r = 0.76),
while negative relationships were found between dough biaxial measurements and G′

and G′′. High positive correlations were found between bread volume and L (r = 0.75),
G (r = 0.76), W (r = 0.87), dough adhesiveness (r = 0.82), and tan δ (r = 0.88), but a negative
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relationship between dough rheological parameters and bread physical parameters: dough
hardness with bread elasticity (r = −0.74), bread volume, and bread firmness (r = −0.74)
were observed. All the correlations listed above were significant at p < 0.05. Similar corre-
lation for flour chemical constituents, dough, and bread parameters were found by other
authors [57,58].

The principal component analysis (PCA) was used to put in evidence the effect of QF
addition and PS on wheat-quinoa composite flour, dough, and bread variables (Figure 5).
The two principal components explained 73.03% of the total variance (PC1 = 52.85% and
PC2 = 20.18%). The PC1 was associated with composite flour moisture, lipids, ash, carbo-
hydrates, dough alveographic parameters (L, G, W, and P/L), dough textural parameters
(hardness, adhesiveness), elastic modulus (G′), tan δ, and bread physical properties (elastic-
ity, volume), while PC2 was associated with dough tenacity (P), viscous modulus (G′′) and
bread gumminess. It can be observed a high opposition between protein and carbohydrates,
P and L alveograph parameters, bread elasticity, and dough hardness.

−
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Figure 5. Principal component analysis bi-plot: distribution of the proximate composition, dough
rheological and textural parameters, bread physical and textural parameters, and samples.

Regarding bread samples, a good relationship can be observed between the control
sample and bread with a 5–10% QF addition level. Samples with medium PS (15–20%)
were associated with protein, in opposition to the samples with 20% quinoa large and small
fractions which were associated with dough and bread hardness.

4. Conclusions

The addition of quinoa flour induced significant changes in dough rheological and
textural parameters, bread color, texture, and physical properties, depending on the addi-
tion level and particle size used. Quinoa fractionation determined different structural and
molecular characteristics, depending on the particle size. The composite flours showed
higher chemical components contents in terms of proteins (≥12.47%), lipids (≥1.65%),
and ash (≥0.70%), while the carbohydrates content, which varied from 70.20% to 71.25%,
was lower compared with the control (71.36%). Higher dough tenacity, hardness and
dynamic moduli, and lower extensibility, adhesiveness and dough strength were obtained
as the addition level was higher. Bread with raised firmness, springiness and gumminess,
was obtained as the quinoa flour level was higher. Bread volume, porosity, elasticity, and lu-
minosity decreased from 378.70 cm3 to 260.00 cm3, from 72.38% to 57.27%, and from 97.92%
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to 87.72%, respectively, when QF was added. In order to achieve the highest technological
and quality characteristics of bread enriched with quinoa fractions, an optimization of the
processing parameters could be performed, taking into account the producers’ conditions
and desires. The results presented in this study suggested that the addition levels of
5–15% quinoa fractions to wheat flour could provide acceptable quality characteristics such
as rheological behavior which may predict dough handling during processing and final
product color, texture, and physical properties. Thus, these results could be of interest for
processors in order to develop novel bread formulation with superior characteristics and
increased nutritional value.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/plants10102150/s1, Figure S1: Variations of elastic (G′) and viscous modulus (G′′) with
frequency for wheat-quinoa fractions with large (L), medium (M), and small (S) particle sizes dough
with: 5% (a), 10% (b), 15% (c), and 20% (d) addition level; Figure S2: Variations of elastic (G′) and
viscous modulus (G′′) with temperature for wheat-quinoa fractions with large (L), medium (M),
and small (S) particle sizes dough with: 5% (a), 10% (b), 15% (c), and 20% (d) addition level.
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Abstract: Volatile compounds are chemical species responsible for the distinctive aroma of virgin
olive oil. Monovarietal olive oils have a peculiar composition of volatiles, some of which are
varietal descriptors. In this paper, the total phenolic content (TPC), fatty acid composition, volatile
compounds, and sensory profile of monovarietal olive oils from four Dalmatian most common olive
cultivars—Oblica, Lastovka, Levantinka, and Krvavica—were studied. The volatile composition of
olive oils was analyzed using headspace solid-phase microextraction with gas chromatography/mass
spectrometry. The highest mean TPC value was measured in Oblica and Krvavica oils (around
438 mg/kg). The difference among cultivars for fatty acids composition was detected for C16:1,
C17:0, C18:1, C18:2, and the ratio C18:1/C18:2. Krvavica oils showed clear differences in fatty acid
composition compared to oils from other cultivars. The most prevalent volatile compound in all oils
was C6 aldehyde E-2-hexenal, with the highest value detected in Levantinka oils (75.89%), followed
by Lastovka (55.27%) and Oblica (54.86%). Oblica oils had the highest value of Z-3-hexen-1-ol, which
influenced its characteristic banana fruitiness, detected only in this oil. Lastovka oils had the highest
amount of several volatiles (heptanal, Z-2-heptenal, hexanal, hexyl acetate), with a unique woody
sensation and the highest astringency among all studied cultivars. Levantinka oils had the highest
level of almond fruitiness, while Krvavica oils had the highest level of grass fruitiness.

Keywords: virgin olive oil; Olea europea L.; phenols; sensory profile; fatty acid composition; volatile
compounds

1. Introduction

Food selection generally requires fulfilling fundamental nutritional needs: meeting
basic nutrient content, improving physical and mental health, and reducing the risk of
common diseases. Virgin olive oil (VOO) claims all of these features [1]. In addition, the
food must also be delicious in order to be appealing to the consumer. The pleasant taste and
aroma of VOO are the main attributes that guide consumers to choose this product among
other vegetable oils. As a unique fat ingredient of the Mediterranean diet, VOO is well
known as a vegetable oil produced directly from fresh olive fruit, processed mechanically
under a strictly controlled temperature regime; it is consumed in an unrefined state [2]. For
this reason, VOO keeps its original composition very similar to the one present in olive
fruit while still being kept inside vacuoles. Its nutraceutical effect is due to its particular
chemical composition since it consists of mainly a monounsaturated fatty acid (MUFA),
namely, oleic acid (which controls cholesterol levels), and essential fatty acids, namely,
linoleic and α-linolenic acids (which lower the risk of coronary diseases and the incidence
of different types of cancers) [3]. Oxidation of VOO takes place in unsaturated fatty acids,
so the main substrates in the olive oil’s glyceride part are oleic acid (about 55–83%) [4] and
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double unsaturated linoleic acid (3.5–21%), while triple unsaturated linolenic acid is present
with less than 1% [4,5]. International standards [4,5] establish the limits for the purity
criteria of olive oils and olive pomace oils, and the proportions of single fatty acids are one
of the most important criterion parameters. Both mentioned regulations have the limit
values for VOO categorization that are mutually harmonized. Furthermore, VOO is rich in
valuable amounts of important bioactive compounds, mainly tocopherols, phenols, sterols,
hydrocarbons, and carotenoids [3,6]. Many of these compounds are natural antioxidants
that have a protective role against oxidative deprivation during oil storage as well as
guard the human body against different diseases [6]. Moreover, phenolic compounds are
responsible for the bitterness and pungency sensation, two positive and desirable sensory
attributes in VOO. The chemical composition of monovarietal VOO intensely depends
on agronomic factors and the olive cultivar (genetic origin) and also defines its volatile
profile [6–12]. For the unique VOO aroma, the volatile compounds formed during the
crushing of olives, the malaxation of olive paste, and after the extracting process of oil
are principally responsible. This group of compounds involves mainly C5 and C6 units
formed from polyunsaturated fatty acids during the enzymatic process of the lipoxygenase
pathway [13,14] and other consequent bioprocesses through a technological oil extraction
process. There is a positive correlation between the concentration of phenols and volatile
compounds produced by LOX pathways and the intensity of single sensory properties [15].
This mechanism shows a strong link between essential fatty acids and volatile compounds
that are formed via the enzymatic activity of lipoxygenase, hydroperoxydelyase, and other
enzymes involved in this reaction. The synthesis of VOO aroma compounds is a subject of
interest for many research groups [13–16].

The volatile fraction of VOO consists of five main groups of compounds: aldehy-
des, alcohols, esters, terpenes, and organic acids. The most common VOO volatile com-
pounds are: C6 aldehydes (hexanal, Z-3-hexenal, E-2-hexenal), representing 60–80%; C6
alcohols (hexanol, Z-3-hexenol, E-2-hexenol); and C6 esters (hexyl acetate, Z-3-hexenil
acetate) [10]. The volatile fraction has a particular composition regarding olive cultivars
and can be used for the characterization of monovarietal VOOs [17–24]. Olive (Olea eu-
ropaea L.) cultivars present a high variability for VOO volatile compounds and, similarly,
of the aroma quality. This natural variation of aroma profiling is a result of the high
olive genetic diversity [25–27], but also it depends on other factors such is fruit ripening
degree [24,28,29], irrigation regime in the orchard [30], fruit processing conditions during
oil extraction [31,32], and correct olive oil storage practice [33–36]. Different pre- and post-
harvest factors influence the olive oil composition and quality of olive fruit [37]. The olive
cultivar influences the physico-chemical and sensorial properties of the oil. An important
impact of olive cultivar is on volatile compounds [10] and fatty acid composition [38].
The olive oil flavor depends on its area of geographical origin because it is influenced
by environmental conditions [10]. The growing area has impact on cis-3-hexenal, cis-3-
hexenol, hexanal, hexanol, trans-2-hexenal, trans-3-hexenol and trans-2-hexenol [38]. The
geographical cultivation area was also found to influence fatty acid composition [39]. At
colder locations of higher altitude, both studied cultivars (Oblica and Leccino) had higher
amounts of stearic, linoleic, and linolenic fatty acids as well as a higher proportion of
phenolic compounds but lower amounts of oleic fatty acids. At warmer locations of lower
altitude, both cultivars had oils with lower levels of fruitiness, bitterness, and pungency.
During olive ripening, oleic and linoleic acids increase and palmitic acid decreases because
of different enzymatic activities [40]. Olive fruit maturation degrees play a crucial role in
chemical and sensory elements [41]. Olive ripeness affects the volatile compound concen-
trations [42]. During the early maturation stage, olive fruits show higher volatile compound
concentrations compared with the late stage of maturation. Fatty acid concentration is
affected by the ripening of the olive fruit, and its concentration differs depending upon the
variety [37]. Water deficits in olive orchards usually affect the sensory properties of olive
oil, mainly in the high intensity of bitterness [41]. Water stress reduces olive production by
reducing the endogenous esterases in fruit, while more water availability decreases volatile
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compounds (trans-2-hexenal, cis-3-hexen-1-ol, and hexanol) in the fruit [37]. Prolonged
olive fruit storage between harvest and processing has a negative effect on the produced
olive oil because of the possible hydrolyses of triglycerides to free fatty acids by lipase
action. For this reason, it is advisable to process olive fruits as soon as possible (within
24 h after harvesting) [36]. The olive technology process has a strong influence on the
overall quality of the obtained olive oil. The crushing methods influence the sensory
element of olive oil [41]. Prolonged crushing time may degrade the quality of the olive
oil. The milling system has an impact on oil quality as well as the sensory properties [37].
Prolonged malaxation generates higher temperatures of olive paste that negatively affect
the quality and sensory characteristics of olive oil [37]. The malaxation process generates
the olive oil aroma if the concentration of oxygen and phenolic compounds decreases due
to the enzymatic oxidation of polyphenol oxidase and peroxidase [31]. Nowadays, modern
centrifuge systems are equipped with two- or three-phase extractors. Two-phase systems
reduce or eliminate the use of water in the process, with the double advantage of limiting
the use of water and reducing or eliminating the production of wastewater. On the contrary,
three-phase systems use a certain quantity of water to adjust olive paste density and ease
oil extraction; in contrast, there is a significant loss of phenolic compounds with vegetable
water [36]. Systems with two and a half phases are the most recent type of decanter that
requires the addition of a reduced quantity of water and separates three fractions (oil
must, wastewater, and wet pomace). The advantage of this system is a small quantity of
wastewater and a greater quantity of phenolic compounds that remains in the oil [36]. Each
of the olive processing technological systems comprises a temperature under 27 ◦C in order
to retain olive oil quality and chemical composition as well as sensory characteristics. The
proper storage of freshly produced high-quality extra virgin olive oil is indispensable in
order to keep its peculiar characteristics for a longer period. The filtration method, light
exposure to light, contact with oxygen or higher temperatures, and the trace elements
that promote lipid oxidation also shorten the shelf life and sensory properties of olive
oil [37]. Volatile compounds from VOO are also influenced by heating during cooking [43].
Comparing volatile profiles of extra virgin olive oil, olive pomace oil, soybean oil, and
palm oil in different heating conditions, Giuffre et al. [43] found that heating completely
changed the volatile organic compound content of all four studied edible vegetable oils.
Extra virgin olive oils showed the highest number of components, with E−2-hexenal as the
highest in quantity in fresh oil and Z-2-decenal and 2-undecanal as the highest in quantity
in heated extra virgin olive oils. By the results of this study, the consumer can decide
what temperature and heating time to apply in order to preserve the flavors and to reduce
off-flavors that are produced during the heating of extra virgin olive oils and other studied
edible oils [43]. The optimization of analytical methods applied for the determination of
volatile composition is also a very important step that influences the aroma fingerprint
of certain monovarietal VOOs [42,44–49]. The principal sensory characteristics appraised
during the organoleptic assessment of VOOs are peculiar flavor features that are generated
from volatile and phenolic compounds [50]. In the recent decade, particular research
attention has been given to investigate the relationship between aroma compounds and
specific VOO attributes perceived by panel groups, including the development of electronic
noses [48].

In a recently published review [47], it was emphasized that, today, there are around
700 detected volatile compounds that contribute to the unique ‘green and fruity’ aroma
of VOOs. Many authors have studied the relationship between sensory evaluation and
the volatile profile of VOOs [49,51–53], analyzing the composition of aroma compounds
responsible for both positive and negative sensory attributes in VOOs. The association
of positive sensory properties with the presence of certain volatile compounds by chemo-
metric approach in Italian VOOs confirmed the presence of 16 volatile compounds, 8 of
which affect the green sensation, with the remaining 8 affecting sweetness [51]. Positive
sensory characteristics were associated with C5 and C6 compounds, and the most abundant
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ones contributing positively to the aroma profile of VOOs are C5 and C6 aldehydes and
alcohols [51].

Analyzing Italian and Spanish monovarietal VOOs, correlations were detected be-
tween the major volatile compounds (sum of aldehydes C6) and the orthonasal perception
of olive fruitiness and the retronasal odor of almond [52]. Although modern analytical
methods are needed to achieve the correct classification of olive oil, it is inevitable to
connect the analytical detection based on the identification and quantification of volatile
constituents of individual components and the results of panel group sensory evaluation.
The latter is due to the complexity of education, training process, and skill [52].

Consumer ability to recognize the positive and negative sensorial attributes of VOOs
that are related to their composition has been the research focus of different research
groups [47,53–55]. Barbieri et al. [53] studied the ability of average consumers to distin-
guish olive oils by sensory properties that scientists label as ‘healthier’. However, this
research has shown their greater susceptibility for ‘sweet’ aromas versus ‘bitter’ ones that
assume health impact, which indicates an existing space and need for continuous consumer
education. Besides positive sensory attributes, the presence of which are obligatory in
VOOs, there is always a possibility that some undesirable negative attribute appears due to
mistakes in fruit conservation before processing, inadequate oil processing, or/and storage
conditions [50].

Croatia has a century-long olive growing tradition, and today, there are more than
40 autochthonous olive cultivars grown mainly in extensive olive orchards [54,56]. Al-
though the production of olive oil is rather modest and represented mainly by small family
olive farms, Croatian olive oils are becoming more and more eminent in the world due
to their high quality and numerous awards at various international competitions. Olive
and olive oil production in Croatia is constantly increasing. According to IOC data from
2012 [57], annual olive oil production in Croatia is about 5500 t, while table olive production
is about 1500 t. According to the Central Bureau of Statistics, in 2017, in the Republic of
Croatia, 28,947 tons of olives were produced and about 37,463 hL of olive oil. According
to the same data, the area under olive groves in 2017 was 18,683 ha, with approximately
5.5 million olive trees [58]. The largest areas under olive trees are located in Split-Dalmatia
County. About 50% of production is domestic autochthonous varieties. The predominant
olive cultivar is Oblica, the autochthonous olive variety that covers about 75% of all olive
orchards [58].

Although the research on Croatian olive oils done so far has been focused mainly on
oil characterization based on fatty acid composition, phenols, volatile compounds, sterols,
and sensory quality [29,32,59–62], the Dalmatian monovarietal VOOs’ volatiles and their
sensory profiles have not been sufficiently studied. Dalmatia is a coastal part of Croatia,
and it has traditionally been an olive-growing region for more than 2000 years [32]. The
knowledge of the particular sensorial characteristics of monovarietal Dalmatian olive oils
is very important for a better understanding of their specificity, which contributes to the
creation of blends with intended sensorial profiles. In this paper, we study the composition
of volatile compounds and the sensory characteristics of monovarietal VOOs obtained from
the three most represented autochthonous Dalmatian olive cultivars: Oblica, Lastovka,
Levantinka, and the lesser-known cultivar Krvavica; some of them are poorly investigated.
Moreover, fatty acid composition and total phenol content of analyzed monovarietal VOOs
were observed in order to find existing links between them and aroma volatile compounds.
Biodiversity evaluation and the preservation of autochthonous olive cultivars are our focus
points, with the principal aim of appraisal and raising the value of Croatian monovarietal
VOOs.

2. Materials and Methods
2.1. Harvesting and Olive Oil Extraction

Healthy olive fruits from four autochthonous Croatian cultivars typical for the Dalma-
tian region (Oblica, Lastovka, Levantinka, Krvavica) were harvested manually during the
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second half of October 2012 (three trees per cultivar) from genetically identified cultivars.
The olive trees were all cultivated in the same experimental field of the Institute for Adriatic
Crops (Kaštela, Croatia) under the same pedoclimatic and agronomic conditions. The field
is located 0.5 km from the coast (43_550 N; 16_350 E) and 28 m above sea level. It is
influenced by the Mediterranean climate, defined as the Csa climate type [63]. The land
there is an almost flat coastal plain, and the effective soil depth is 75 cm. It is clay-loam
with an alkaline reaction, with a low-to-medium level of skeleton [39]. This experimental
field is 70 years old, where non-irrigated olives grow. Other cultivation practices such
as plant protection, pruning, and fertilization were applied in a manner consistent with
accepted commercial practices. Oblica has medium vigorous trees with a rounded canopy.
Its fruits are spherical-shaped, with an average weight of 5 g and 18–21% oil yield [56].
Due to uneven ripening during the harvest period, the fruits are different colored, from
green to dark purple. Lastovka has a medium lush pyramidal canopy with a short and
very forked trunk. Its fruits are elliptic-shaped, with an average weight of 3 g and about
24% oil yield [56]. Lastovka has a late ripening period, and the fruit is completely black at
the fully mature stage. Levantinka has a very dense rounded canopy with an elegant and
smooth trunk. Its fruits are medium-sized and formed in clusters, elliptically elongated,
and slightly curled towards the top. The medium fruit weight is about 4.5 g with a 20%
oil content [56]. Levantinka has a medium ripening period. Krvavica has a very vigorous
canopy and a strong trunk. Its fruit is spherical-shaped and slightly elongated towards
the top, with an average fruit weight of 3.5 g and an 18% oil yield [56]. Krvavica has a
medium ripening period, with dark purple to black colored completely ripe fruits. All
fruits were harvested with a similar fruit maturity index (MI = 1.5–2.0), which is calcu-
lated using fruit skin and pulp coloration grades [26]. The fruits collected from each tree,
as three biological replicates, were processed separately into oil (for each cultivar, three
trees with corresponding three oil samples). The fruits were processed within 24 h from
harvesting using centrifugal extraction in two phases on a laboratory small-scale Abencor
system (MC2 Ingeniería y Sistemas S.L., Sevilla, Spain) that simulates industrial processing
with controlled producing parameters. Approximately 1 kg of fruits was crushed using
a hammer mill (MM-100) with an easily detachable stainless-steel hammer of 4.5 mm
diameter. The obtained olive paste was malaxed in a thermomix bath (TB-100) for 35 min
under a strictly controlled temperature (26 ± 1 ◦C). After malaxation, the prepared olive
paste was immediately subjected to centrifugation using a centrifugal machine (CF-100)
with a rotation speed of 3500 rpm and a duration of 90 s. The obtained olive oil samples
were clarified by additional fine centrifugation using a Hettich Universal 320R centrifuge
machine (Andreas Hettich GmbH & Co. KG, Tuttlingen, Germany) with a cooling system
at 18 ◦C and a speed of 5000 rpm for 4 min. All samples were stored in dark glass bottles
under the atmosphere of nitrogen at a temperature of −20 ◦C for one month until analyses.

2.2. Olive Oil Qualitative Parameters

In all obtained olive oil samples, the basic quality parameters (FFA—free fatty acids,
expressed % of oleic acid; PV—peroxide value, expressed as meq O2/kg; and UV spec-
trophotometric indices at 232 and 270 nm—K232 and K270) were analyzed according to EEC
methodology [4]. All results are expressed as mean values of three measurements. All chem-
icals and reagents were acquired from Carlo Erba Reagents (Val de Reuil Cedex, France).

2.3. Determination of Total Phenolic Content

Total phenolic content (TPC) in investigated VOOs was determined by the spec-
trophotometric method [64]. The separation of phenolic extracts was performed as fol-
lows: the liquid–liquid extraction of the previous prepared hexane/oil solution with a
water/methanol mixture (60:40, w/w) was used three times in a row. The Folin-Ciocalteu
reagent (Sigma-Aldrich, St. Louis, MO, USA) was used for the colorimetric reaction. The
measurements of absorbances were performed in triplicate at 765 nm on the Cary 50 UV–vis
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spectrophotometer (Varian, CA, USA), and the results are expressed as mean values and
presented as mg of Gallic acid per kg of oil.

2.4. Determination of Fatty Acid Composition

Fatty acid methyl esters (FAME) from VOO samples were obtained by alkaline
treatment with 1M KOH in methanol using capillary column DB-WAX (film 0.25 µm;
30 m × 0.25 mm; Agilent, Santa Clara CA, USA), as described in ISO method [65]. The
profiles of fatty acids in monovarietal VOOs were determined by gas chromatography
separation of prepared methyl esters, according to the ISO method [66]. The results are
expressed as average from three replicates for each sample.

2.5. Analysis of Volatile Composition by HS-SPME/GC-MS

The volatile compounds of VOOs were extracted using headspace solid-phase microex-
traction (HS-SPME) and analyzed by gas chromatography/mass spectrometry (GC-MS)
using a Varian 3900 GC instrument coupled to a Varian Saturn 2100T ion trap mass spec-
trometer (Varian Inc., Harbur City, CA, USA) according to slightly modified methodology,
as described by Brkić Bubola et al. [12]. Differently from the above-cited method, a VOO
sample (3.5 g) was placed in a 10 mL vial. The identification of volatile compounds was
performed by comparing their mass spectra with those of pure standards and to mass
spectra from the NIST05 library. Additionally, the identification of 10 volatile compounds
was carried out by comparing their retention times with those of pure standards. All
standards had a GC purity ≥95% and were purchased from Aldrich (Steinheim, Germany)
and Fluka (Buchs, Germany). Moreover, Kováts’ retention indices (KIs) were determined
on a polar Rtx-WAX capillary column (Restek, Bellefonte, PA, USA) by injection of a
standard mixture containing the homologous series of normal alkanes (C6-C24) in pure
dichloromethane and compared with the retention indices of the compounds available
in the literature [18,23,38,48,67]. The relative proportions of the volatile compounds were
obtained by peak area normalization. For each volatile compound, the mean proportions
of three independent repetitions are reported.

2.6. Sensory Analyses of VOOs

A trained professional panel of the Institute for Adriatic Crops from Split, Croatia,
approved by the Croatian Ministry of Agriculture, performed a sensory evaluation of mono-
varietal VOOs using the official IOC method [68]. All panel members conducted training
according to the standard IOC method [69] using reference samples obtained directly from
IOC Madrid, Spain. All oil samples were evaluated by 8 tasters. The descriptive sensory
analysis was used for a detailed description of each monovarietal VOO, and positive and
negative sensory attributes were perceived independently by each panel member. The IOC
profile sheet used for this evaluation was expanded with positive descriptors listed in the
IOC methods for sensory assessment of extra virgin olive oils with Protected Designations
of Origin (PDOs) [70]. The intensity of each descriptor was graded individually by tasters
using a continuous unstructured scale of 10 cm. The results are presented as the median
values of the tasters’ sensory perceptions [68].

2.7. Statistical Analyses

The results of all chemical analyses obtained with this investigation were subjected to
a one-way analysis of variance (ANOVA). Firstly, the data were tested for normality and
homogeneity of variance and transformed when necessary. Mean values were linked by
Tukey’s honest significant difference test with the level of p ≤ 0.05. Statistical analysis was
performed using Statistica v. 13.2 software (Stat-Soft Inc., Tulsa, OK, USA).
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3. Results and Discussion
3.1. VOO Quality Assessment

The determination of basic quality parameters is one of the fundamental preconditions
for the categorization of an olive oil. The values for FFAs, PVs, and specific coefficients of
extinction at 232 and 270 nm (K232 and K270) and their respective ∆K values for investigated
monovarietal virgin olive oil samples are presented in Table 1.

Table 1. Quality parameters of monovarietal virgin olive oils obtained from Dalmatian autochthonous cultivars.

Cultivar

Parameter Oblica Lastovka Levantinka Krvavica EVOO *

FFA% (oleic acid) 0.4 ± 0.1 a 0.4 ± 0.0 a 0.4 ± 0.2 a 0.2 ± 0.0 a ≤0.8
PV (meq O2/kg) 3.7 ± 0.7 b 6.5 ± 0.1 a 6.3 ± 1.6 a 3.6 ± 0.2 b ≤20

K232 1.83 ± 0.31 a 1.74 ± 0.08 a 2.30 ± 0.19 a 1.85 ± 0.05 a ≤2.50
K270 0.16 ± 0.01 a 0.19 ± 0.03 a 0.16 ± 0.01 a 0.19 ± 0.01 a ≤0.22
∆K −0.00 ± 0.00 a 0.00 ± 0.00 a 0.00 ± 0.00 a −0.00 ± 0.00 a ≤0.01

TPC (mg Gallic acid/kg of oil) 438.3 ± 12.4 ab 312.0 ± 3.4 bc 302.1 ± 79.0 b 438.9 ± 52.0 a

FFA—free fatty acid, PV—peroxide value, UV spectrophotometric indices (K232 and K270, ∆K), TPC—total phenol content, EVOO—extra
virgin olive oil. Results are expressed as mean values of three repetitions ± standard deviation. The means within each row, labeled by
different letters, are significantly different (Tukey’s test, p ≤ 0.05). * Actual limits for the EVOO category [4], except for TPC.

The acidity values ranged from 0.2% to 0.4%. Peroxide value, an indicator of pri-
mary auto-oxidation products, ranged from 3.7 (Krvavica) to 6.5 (Lastovka) meq O2/kg.
Values of specific coefficients of extinction are measured at 232 (K232) and 270 nm (K270),
corresponding to the maximum absorption of the conjugated dienes and trienes. They are
formed during autoxidation from the hydroperoxides of unsaturated fatty acids and their
fragmentation products [27]. Data for K232 and K270 did not show any differences among
monovarietal oils. Comparing all these results with the limits set up by international
regulation [4,5], it is evident that all investigated oils were in the category of extra virgin
olive oil.

In addition, the values for TPC in monovarietal VOOs are presented in Table 1.
Although TPC is not officially considered a quality indicator prescribed by regulation, it is
a very important parameter related to the health properties of VOOs and their sensorial
characteristics. The obtained results for TPC values in the four Dalmatian monovarietal
olive oils indicated significant differences among the monovarietal olive oils. The highest
TPC value was detected in the Krvavica oils, which did not differ from the TPC value for
oils from Oblica. Oils from Lastovka and Levantinka had similar values for TPC. The mean
TPC value in Oblica oil (438.3 mg/kg) were in concordance with the data obtained in the
study of Jukić Špika et al. [39] for the same crop year, but still lower compared with another
study of Lukić et al. [59] during the crop year of 2015, where the fruit ripening showed
the strongest effect on the accumulation of phenolic compounds. Levantinka oils had a
mean TPC value (302.1 mg/kg) higher than the detected value for this monovarietal oil
in a previous study [61]. Additionally, the mean TPC values measured in Krvavica olive
oils were much higher than those found in the literature [62]. On the contrary, in Lastovka
oils, the mean TPC value (312.0 mg/kg) was slightly lower compared to the highest TPC
values reported in previous research [61]. These statements could be related to different
maturity indices of fruits and also to different technological processes since our samples
were processed in a pilot-scale system. It is known that total phenolics content changes
during the ripening period and depends on the crop year and also the cultivar [7,8,29,39].
In our study, the olive fruits of each cultivar had the same maturity index at the moment of
harvesting (MI = 1.5–2.0) in order to decrease the possible influence of this factor on TPC in
the analyzed olive oil samples.
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3.2. Fatty Acid Composition

Monovarietal olive oils differ in the fatty acids’ composition depending on the olive
cultivar [50]. Different authors have studied the composition of fatty acids in order to char-
acterize the olive cultivar [47,56,60]. The fatty acid composition of Dalmatian monovarietal
olive oils is presented in Table 2. In all investigated oil samples, palmitic acid (C16:0) has
been identified with a medium value of 12.58%. Palmitic acid (C16:0), the major saturated
fatty acid in olive oil, had the highest proportion in Krvavica olive oils (about 14%), while
the lowest content was detected in Levantinka oils (about 12%) even though no statistically
significant difference in palmitic acid content among studied cultivars was determined.
The significant highest value of palmitoleic acid (C16:1) was detected in Krvavica oils.
Both heptadecanoic and heptadecenoic acids (C17:0 and C17:1, n-9) were detected in low
amounts in all oil samples, with an average of 0.05% and 0.11%, respectively. Regarding
heptadecanoic acid, the highest content was detected in Lastovka oils. Comparing our re-
sults with other studies, Italian cultivar Frantoio [71] had higher C17:1 values (0.20–0.30%)
measured for different growing sites.

Table 2. Fatty acid composition of monovarietal virgin olive oils obtained from Dalmatian autochthonous cultivars.

Fatty Acid *
(% of Total)

Cultivars
EVOO *

Oblica Lastovka Levantinka Krvavica

C16:0 12.26 ± 0.38 a 12.32 ± 0.59 a 11.72 ± 0.13 a 14.00 ± 0.93 a 7.50–20.00
C16:1 0.75 ± 0.06 b 0.75 ± 0.04 b 1.04 ± 0.24 b 2.40 ± 0.43 a 0.30–3.50
C17:0 0.03 ± 0.01 b 0.10 ± 0.01 a 0.04 ± 0.00 b 0.04 ± 0.00 b ≤0.40

C17:1, n-9 0.08 ± 0.04 a 0.19 ± 0.06 a 0.08 ± 0.01 a 0.07 ± 0.00 a ≤0.60
C18:0 1.43 ± 0.51 a 1.71 ± 0.48 a 1.90 ± 0.10 a 1.40 ± 0.74 a 0.50–5.00
C18:1 75.91 ± 1.41 a 71.81 ± 1.15 b 76.17 ± 0.30 a 77.14 ± 0.34 a 55.00–83.00
C18:2 9.66 ± 0.85 b 11.63 ± 0.29 a 6.78 ± 0.19 c 4.62 ± 0.04 d 2.50–21.00
C18:3 0.66 ± 0.07 a 0.66 ± 0.04 a 0.66 ± 0.03 a 0.75 ± 0.15 a ≤1.00
C20:0 0.39 ± 0.06 a 0.48 ± 0.09 a 0.53 ± 0.11 a 0.30 ± 0.00 a ≤0.60

C20:1, n-9 0.36 ± 0.03 a 0.38 ± 0.11 a 0.40 ± 0.08 a 0.41 ± 0.00 a ≤0.50
C22:0 0.11 ± 0.01 a 0.10 ± 0.01 a 0.11 ± 0.01 a 0.10 ± 0.00 a ≤0.30
C24:0 0.10 ± 0.01 a 0.10 ± 0.00 a 0.10 ± 0.00 a 0.10 ± 0.00 a ≤0.20

C18:1/C18:2 7.92 ± 0.49 c 6.18 ± 0.09 d 11.24 ± 0.30 b 16.83 ± 0.53 a -

MUFA 77.10 ± 1.47 ab 73.12 ± 1.35 b 77.68 ± 0.34 a 80.01 ± 0.76 a -

PUFA 10.31 ± 0.92 a 12.28 ± 0.35 a 7.44 ± 0.21 b 5.36 ± 0.18 c -

UFA 86.75 ± 2.32 a 84.74 ± 1.65 a 84.46 ± 0.53 a 84.63 ± 0.79 a -

SFA 14.33 ± 0.85 a 14.79 ± 0.73 a 14.39 ± 0.33 a 15.94 ± 1.66 a -

MUFA/PUFA 7.50 ± 0.52 c 5.95 ± 0.04 d 10.43 ± 0.25 b 14.91 ± 0.36 a -

* C16:0—palmitic acid; C16:1—palmitoleic acid; C17:0—heptadecanoic acid; C17:1—heptadecenoic acid; C18:0—stearic acid; C18:1—oleic
acid; C18:2—linoleic acid; C18:3—linolenic acid; C 20:0—arachidonic acid; C20:1—gadoleic acid; C22:0—behenic acid; C24:0—lignoceric
acid. MUFA—monounsaturated fatty acid; PUFA—polyunsaturated fatty acid; UFA—unsaturated fatty acid; SFA—saturated fatty acid.
Results are expressed as mean values of three repetitions ± standard deviation (SD). * Actual limits for extra virgin olive oil category [4].
The means within each row, labeled by different letters, are significantly different (Tukey’s test, p ≤ 0.05).

For all analyzed oils, the content of stearic acid (C18:0) had a medium value of 1.61%,
with no significant differences detected among cultivars. All analyzed oil samples had
contents of monounsaturated oleic acid (C18:1) higher than 70%. The significant difference
for C18:1 was observed in Lastovka oils, which had the lowest value. At the same time,
this oil had the highest content of linoleic (C18:2) compared to other studied monovarietal
oils. In Oblica VOOs, the mean value of C18:2 was 9.66%, followed by Levantinka with
6.78%, while the significantly lowest content of linoleic fatty acid was detected in Krvavica
olive oils (4.62%). In comparison with data from another study [39], Oblica had a high
C16:0 content (average 13.43%) as well as a medium content of C18:2 (average 11.22%).
C18:2 content in the Leccino cultivar grown in Croatia [39] was of an average of 6.99%
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(5.53–9.74%), while Frantoio oils had C18:2 contents in the range of 6.20—8.20% (average
7.38%) [71].

There was no significant difference among other less represented fatty acids (arachi-
donic, gadoleic, behenic, and lignoceric acid) identified in the obtained VOOs (Table 2).
Based on EU regulation [4], all analyzed monovarietal olive oils were placed in the category
of extra virgin olive oil, according to fatty acid composition. It was evident that the Krvav-
ica cultivar showed clear differences in fatty acid composition compared to oils from other
cultivars. Therefore, this feature could be considered a characterization point for Krvavica
olive oils, as it was highlighted in another study that fatty acid composition can be used as a
base for the characterization and evaluation of VOOs [62]. Different studies [40,61,72] have
investigated the association between oleic and linoleic acids (18:1/18:2) and the oxidative
stability of VOO. The results showed that the ratio of monounsaturated/polyunsaturated
fatty acids is one of the key factors responsible for evaluating the oxidative stability of
VOOs, and it is used as a parameter for oil characterization [73]. In our study, a significant
difference for the C18:1/C18:2 ratio was observed among studied cultivars. Oblica and
Lastovka oils showed a stable index expressed by the ratio of oleic acid to linoleic acid,
with values near or higher than 7, while Levantinka and Krvavica oils had higher medium
ratios of oleic acid/linoleic acid (11.24% and 16.83%, respectively), which implicate their
high stability and resistance to oxidative degradation and, consequently, longer shelf life
under correct storage conditions. The same conclusion was confirmed by the ratios of
MUFA/PUFA (Table 2). Since VOO consists mainly of monounsaturated fatty acid (C18:1,
MUFA) and significant amounts of polyunsaturated fatty acids (C18:2, C18:3, PUFA), it
is considered a unique oil among other vegetable oils. There is an EFSA-approved health
claim [74] on the unsaturated fatty acids, saying: ‘Replacing saturated fats in the diet with
unsaturated fats contributes to the maintenance of normal blood cholesterol levels’. The
claim may be used only for food that is high in unsaturated fatty acids, and VOO is, for
sure, one of them.

3.3. Volatile Profiling of Dalmatian Monovarietal VOOs

The results of the volatile composition of the analyzed monovarietal olive oils from
the four Dalmatian autochthonous cultivars are presented in Table 3. In total, 21 volatile
compounds were detected, mainly aldehydes, alcohols, esters, terpenes, and organic acids.
The same number of volatile compounds (21) was found in south Italian extra virgin
olive oils in the study of Giuffrè et al. [43]. Different origin olive oils were studied by
Luna et al. [50], and they found that Spanish and Italian VOOs had the highest values of
total volatiles, with concentrations ranging from 19.0 to 27.0 mg/kg. Coratina was the
variety with the highest value and Frantoio with the lowest one. The Spanish oils showed
the widest concentration range (9.83–32.9 mg/kg), Nevado Azul being the variety with the
highest value and Hojiblanca with the lowest one. With respect to Greek virgin olive oils,
their concentrations ranged from 10.7 to 21.2 mg/kg. Finally, the non-European samples
showed a total content of volatiles below 20 mg/kg, with the exception of Chemlal of
Kabylie [50]. In our paper, even though no significant differences between monovarietal
oils in total aldehydes, alcohols, esters, terpenes, and organic acids, as well as total C5
and C6 volatiles, were detected (Figure 1), some particularities in the volatile compound
composition of monovarietal olive oils were found (Table 3).
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Table 3. Volatile composition of virgin olive oils obtained from Dalmatian autochthonous cultivars (identification and mean
proportion values of peak area) detected by HS-SPME/GC-MS.

Oblica Lastovka Levantinka Krvavica

Compound Identification
Method

KI * KI-Ref
Mean * (%) Mean (%) Mean (%) Mean (%)

±SD ±SD ±SD ±SD

Aldehydes

Hexanal KI, MS, RT 1072 1074 1, 1086 2,
1073 3 12.74 ± 4.59 b 23.69 ± 2.87 a 1.34 ± 1.05 c 13.76 ± 0.04 b

Z-3-Hexenal KI, MS 1135 1137 1, 1115 2 2.87 ± 3.55 a 0.48 ± 0.01 a 0.25 ± 0.28 a 5.91 ± 1.61 a
Heptanal KI, MS 1191 1184 1, 1190 2 0.04 ± 0.02 b 0.39 ± 0.03 a 0.03 ± 0.02 b 0.16 ± 0.07 b

E-2-Hexenal KI, MS, RT 1208 1216 1, 1225 2,
1129 3 48.03 ± 9.66 a 43.3 ± 16.92 a 74.84 ± 1.48 b 45.28 ± 1.44 a

(E,E) or
(E,Z)-2,4-Hexadienal KI, MS 1384 1397 1, 1402 3 1.45 ± 1.42 a 0.26 ± 0.02 a 0.30 ± 0.35 a 1.55 ± 1.83 a

(E,E) or
(E,Z)-2,4-Hexadienal KI, MS 1388 1397 1, 1402 3 8.23 ± 8.48 a 4.15 ± 0.5 a 1.84 ± 2.45 a 13.36 ± 2.67 a

(Z)-2-Heptenal KI, MS 1314 1320 4 0.08 ± 0.07 b 1.08 ± 0.1 a 0.10 ± 0.04 b 0.18 ± 0.1 b

Octanal KI, MS, RT 1282 1288 1, 1296 2,
1297 3 0.05 ± 0.02 a 7.50 ± 8.72 a 0.05 ± 0.02 a 0.22 ± 0.11 a

E,E-2,4- Heptadienal KI, MS 1451 1463 1 0.18 ± 0.18 a 0.44 ± 0.27 a 0.22 ± 0.23 a 0.54 ± 0.03 a

Total aldehydes 73.67 ± 8.68 a 81.29 ± 6.19 a 78.97 ± 0.85 a 80.94 ± 4.32 a

Alcohols

1-Penten-3-ol KI, MS 1159 1164 1, 1166 2,
1163 3 1.61 ± 1.26 a 2.42 ± 2.55 a 0.51 ± 0.16 a 2.12 ± 0.17 a

Z-2-Penten-1-ol KI, MS, RT 1302 1320 1, 1329 2,
1321 3 0.90 ± 0.88 a 2.44 ± 0.61 a 0.73 ± 0.41 a 1.88 ± 2.21 a

E-2-Penten-1-ol KI, MS 1310 1320 2, 1333 3 2.40 ± 1.48 b 6.22 ± 0.06 a 0.84 ± 0.38 b 2.74 ± 0.41 b

Hexanol KI, MS, RT 1344 1357 1, 1362 2,
1360 3, 1354 4 0.20 ± 0.10 b 1.01 ± 0.19 b 4.49 ± 1.12 a 0.40 ± 0.09 b

E-3-Hexen-1-ol KI, MS, RT 1354 1366 1, 1372 2,
1372 3 0.15 ± 0.01 a 0.04 ± 0 b 0.20 ± 0.05 a 0.10 ± 0.01 ab

Z-3-Hexen-1-ol KI, MS, RT 1374 1385 1, 1392 2,
1385 3, 1388 4 13.25 ± 6.33 a 1.24 ± 0.27 a 7.35 ± 0.98 a 2.97 ± 1.37 a

Total alcohols 18.51 ± 2.62 a 13.37 ± 3.19 a 14.12 ± 1.91 a 10.21 ± 0.16 a

Esters
Methyl acetate KI, MS <1000 800 1 0.4 ± 0.07 a 0.34 ± 0.02 a 0.29 ± 0.26 a 0.27 ± 0.04 a
Ethyl acetate KI, MS, RT <1000 892 1, 895 3 0.06 ± 0.02 a 0.78 ± 0.79 a 0.49 ± 0.52 a 0.11 ± 0.01 a

Hexyl acetate KI, MS, RT 1268 1247 1, 1281 2,
1269 4 0.00 ± 0.00 b 0.63 ± 0.02 a 0.08 ± 0.08 b 0.05 ± 0.00 b

Total esters 0.46 ± 0.05 a 1.75 ± 0.80 a 0.86 ± 0.70 a 0.43 ± 0.03 a

Terpenes

α-Copaene KI, MS 1487 1481 1, 1500 2,
1505 3 1.30 ± 1.53 a 0.34 ± 0.17 a 2.10 ± 1.58a 3.15 ± 1.54 a

Total terpenes 1.30 ± 1.53 a 0.34 ± 0.17 a 2.10 ± 1.58a 3.15 ± 1.54 a

Organic acids
Acetic acid KI, MS, RT 1430 1448 1 1.17 ± 1.18 a 2.67 ± 3.66 a 0.03 ± 0.03 a 4.84 ± 5.59 a

Propanoic acid KI, MS 1519 1528 1 0.06 ± 0.04 a 0.14 ± 0.04 a 0.13 ± 0.11 a 0.27 ± 0.04 a

Total organic acids 1.23 ± 1.14 a 2.81 ± 3.62 a 0.16 ± 0.14 a 5.11 ± 5.64 a

* Results are expressed as mean values of three independent repetitions ± standard deviation. The means within each row, labeled by
different letters, are significantly different (Tukey’s test, p ≤ 0.05). Identification methods: RT—identification by comparison with retention
times and mass spectra of pure standards; MS—identification by comparison with mass spectra from the NIST05 library; KI—identification
by comparison with Kováts’ retention indexes from the literature (KIref) (1 [38]; 2 [68]; 3 [16]; 4 [48]). KI*—Kováts’ retention indexes on
Rtx-WAX capillary columns.

In general, the most prevalent volatile compound in all oil samples was C6 aldehyde
E-2-hexenal (Table 3), which contributes to green, fruity, bitter, and astringent sensory
characteristics [48] and also bitter almond and green grass notes [51]. The same findings
were presented in a study by Giuffrè et al. [43], where E−2-hexenal was found at an average
of 28.3% in all analyzed south Italian extra virgin olive oils. The highest value for E-2-
hexenal in our study was detected in Levantinka oils (74.84% of total peak area), while the
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other three monovarietal olive oils had similar values of E-2-hexenal. Significant differences
among cultivars were found in certain aldehydes, namely, hexanal, heptanal, and Z-2-
heptenal (Table 3). Lastovka oils had the highest heptanal and Z-2-heptenal amounts.
The same monovarietal oil had the highest amount of hexanal (Table 3), C6 aldehyde is
associated with the sensory characteristics of green fruitiness, apple, and green grass [48],
while the other cultivars had a lower amount. Levantinka oil had the lowest amount of
hexanal (1.34% of total peak area). In our study, Krvavica oils had a higher hexanal content
than those found in an earlier investigation [62], probably due to a higher maturity index
(MI = 4.3) than in our study (MI = 1.5–2). Hexanal, E-2-hexenal, and Z-3-hexenal are C6
aldehydes that arise during the malaxation of olive paste, and they occur in a series of
enzymatic reactions known as the lipoxygenase pathway (LOX), from linoleic or alpha
linolenic acids with lipoxygenase-catalyzed oxidation [50]. Hydroperoxide lyase is quite
dependent on the variety, so its activity and concentration lead to different volatile profiles
and, thus, the sensory properties of monovarietal oils [17], as confirmed in literature [59].

 

≤

−

Figure 1. The amounts of volatile compounds (percentage of total peak area) in VOOs from Dalmatian autochthonous
cultivars (results are expressed as means of 3 independent repetitions). The means labeled by different letters are significantly
different (Tukey’s test, p ≤ 0.05).

The C5 and C6 volatile contents mainly depend on genetic origin, which is responsible
for enzymatic expression, and agronomic and technological parameters that strongly
influence enzymatic activity [10]. The same group of volatile compounds are also present
in different fruits and vegetables [50]; thus, it is understood why some olfactory sensations
in VOOs are described as fruity sensations of apple, banana, almond, or artichoke.

Alcohols in VOOs are associated with positive sensory characteristics, such as green,
fruity, bitter, and aromatic, although they have weaker sensory importance than aldehy-
des [48]. The highest, although not significantly, total alcohols were detected in Oblica oils
(Table 3), mainly due to the highest values of Z-3-hexen-1-ol (13.25% of total peak area)
(Table 3), which is related to the banana fruity sensation [37,50]. These results support
the banana fruitiness of Oblica VOO as a cultivar descriptor, as declared in a previous
paper [49] and confirmed in our study as well (Figure 1). Other alcohols were found to be
prevalent in Levantinka (hexanol) and Lastovka (E-2-penten-1-ol) VOOs.

Esters detected in analyzed olive oils had low values in general (Table 3). This group
of compounds is related to sweet and fruity sensory attributes [37,55], and significant
differences among cultivars were not found except in the case of hexyl acetate. The highest
value for this ester was measured in Lastovka oils (0.63% of total peak area), while it was
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not detected in Oblica oils. C6 esters have synergistic interactions with other aromatic
compounds [46].

Regarding the terpenes, only one was detected in Dalmatian olive oils: α-copaene. No
significant difference was found among monovarietal oils in α-copaene (Table 3), but in
Krvavica oils, higher values were detected compared to data in a previous study [62].

The presence of acetic and propanoic acids indicates the possibility of microbial fruit
fermentation or some other incorrect step during fruit handling and is linked to sour
and pungent attributes [37,50]. These acids also can generate negative sensory defects of
winey–vinegary taste in VOOs [50]. In our study, total organic acids had very low values
in all analyzed olive oils (Table 3), which supported the results of the sensorial analysis,
where no negative attributes were detected (Figure 2).
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Figure 2. Sensory profiles of virgin olive oils obtained from four Dalmatian autochthonous cultivars. Results are expressed
as the mean value of medians of three repetitions for each descriptor.

3.4. Sensory Characteristics of Monovarietal VOOs

Sensory analyses of VOOs are a crucial step in the determination of the olive oil cate-
gory, according to EU legislation [4,68]. Currently, sensory assessment by a well-trained
panel group of experts remains an inevitable instrument in the organoleptic appraisal and
aroma recognition of VOOs. During sensory analyses of VOOs, according to IOC method-
ology [68], the positive and negative attributes are perceived by smelling and tasting the
olive oil sample. Besides the fruitiness that is inevitable for the category of VOO, bitterness
and pungency are very desirable features of VOO, although those characteristics are not
reflected as important in commodity classification [75]. The attributes of bitter and spicy oil
are due to the presence of phenolic compounds. The bitter taste is attributed to compounds
of the aglycone and dialdehydic forms of decarboxymethyl oleuropein and other forms
of oleuropein aglycone. The pungent note has been attributed to the aglycone form of
the dialdehydic of decarboxymethyl ligstroside [37]. In order to provide a more detailed
organoleptic description and create a sensory profile of studied monovarietal olive oils,
quantitative descriptive sensory analysis was carried out by a professional sensory panel
using the IOC methodology developed for sensory evaluation of olive oils with protected
designations of origin (PDOs) [70]. The sensory descriptive profile of monovarietal VOOs
from our study is presented in Figure 2. Oblica olive oils were characterized with typical
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fruity sensations of banana, tomato, and apple, with well-pronounced and equilibrated
bitterness and pungency (Figure 2). Distinct banana fruitiness was detected only in Oblica
oils. Astringency and an almond sensation had the lowest intensity in Oblica olive oils
compared to oils from other olive varieties. A slight note of green grass and artichoke
fruitiness was also perceived in Oblica oils. A grass sensation was of equal intensity in
Oblica and Lastovka oils and lower by 2.25 times than its value in Levantinka and 2.5 times
than in Krvavica oils. Among average consumers, Oblica is considered to be a rather
sweet olive oil [61]. However, it is confirmed that in the right maturity moment, its oil
has satisfactory and rounded bitterness and pungency [59], two positive attributes that
are linked to the positive health impact of this oil due to the presence of phenolic com-
pounds [76]. The sensory profile of Lastovka oils showed the highest astringency intensity
compared to other studied cultivars: 3 times higher than in Oblica oils, 1.7 times higher
than in Levantinka oils, and 1.33 times higher than in Krvavica oils. Lastovka olive oil was
characterized by mild fruitiness, similar to green leaves and apple. No tomato fruitiness
was detected, unlike oils from the other cultivars. In Lastovka olive oil, high intensity
of a woody sensation was perceived (which could be explained by the high amount of
hexanal found in these oils) (Table 3). Although the presence of hexanal is regularly linked
to green/grassy aromas in olive oil [50], Mayuoni-Kirshinbaum and Porat [77] reported
the possible connection between hexane and woody flavor in their review of the flavor of
pomegranate fruit. A woody attribute was perceived only in Lastovka oils, the same as a
string bean sensation. Literature findings have declared that certain volatile compounds,
mainly from the sesquiterpenes group, could also be responsible for the woody sensory
sensation in fruit [78]. This fact was confirmed by Lukić et al. [78] in the case of Lastovka
olive oil, applying a combined targeted and untargeted profiling of volatile aroma com-
pounds. There is a possibility that the woody aroma in Lastovka oils appeared due to
the presence of hexanal [77] or some sesquiterpenes [78]. The almond fruitiness found in
Lastovka oils could be linked to the presence of Z-2-penten-1-ol, which is positively related
to this sensory note [78].

In Lastovka oils, which are characterized by the strongest bitterness, pungency, and
astringency compared to olive oils obtained from other cultivars, the high value of ethyl
acetate and 1-penten-3-ol (Table 3) could have an influence on the taste characteristics since
these volatiles are correlated with the ‘taste’ notes of pungency and astringency [2,37]. The
presence of ethyl acetate and 1-penten-3-ol may have contributed to the astringency in
Lastovka oils, in addition to the phenolics found in the oil, although not present in high
amounts. Research was conducted on regular Italian consumers of olive oil who were
familiar with olive oil on a daily basis, and the taste–smell interaction between bitterness
and green grass odors was investigated [79]. The results confirmed that the green odor note
had a significant positive effect on consumers’ perception of bitterness, which increased in
the presence of green grass odors [79]. In our study, that could be the case for Levantinka
oils, where the highest amount of E-2-hexenal was detected (Table 3), which could enhance
the bitterness sensation of this oil. Additionally, the bitterness and grass sensations were
equally graded in this oil (Figure 2). Moreover, Levantinka oils were characterized with the
highest level of almond fruitiness compared with olive oils from the other three studied
cultivars, accompanied with apple nuances, which was confirmed by the highest value for
E-2-hexenal among all investigated monovarietal oils (Table 3), while tomato and vegetable
notes were less graded. A slight note of walnut was detected only in Levantinka olive
oils. This oil had very well-balanced bitterness and pungency, which could be related to
the presence of a green grass odor, as stated in literature [79]. Mild to medium fruitiness
with grass and ripe apple notes were the olfactory characteristics of Krvavica VOOs. This
cultivar could be a preferable choice for the majority of consumers who choose milder
and sweeter olive oils compared to bitter and pungent ones [53]. Compared to other olive
oils in this study, Krvavica oils had the highest level of grass fruitiness and the lowest
level of artichoke attributes. The bitterness and pungency in Krvavica oils had the lowest
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intensity among all studied cultivars but were still delicate and well balanced, in addition to
astringency, although the TPC content in this oil had a relatively high mean value (Table 1).

Caporale et al. [79] classified olive oil bitterness according to TPC values into four
categories: unnoticeable bitterness (equal or lower than 220 mg/kg), slight bitterness
(220–340 mg/kg), bitter oils (340–410 mg/kg), and quite bitter or very bitter oils (higher
than 410 mg/kg). Considering this grouping, it can be concluded that in our investigation,
two monovarietal VOOs can be placed in the second group as slight bitter oils (Lastovka
and Levantinka), and two other oils (Oblica and Krvavica) belong in the fourth group
as quite bitter oils. The sensory profiles of the studied monovarietal Dalmatian olive
oils (Figure 2) do not follow this grouping in full. VOO aroma is the effect of complex
reactions inside the product (enzymatic, chemical, and so forth) that lead to the formation
of volatile compounds [1]. Positive and negative synergisms can appear, and this could
result in new types of perceptions and interactions between taste and odor [1]. Considering
this claim, it can be concluded that besides the phenolics present in olive oils, volatile
compounds play an important role or have a synergistic effect on certain sensory attributes
of olive oil. The phenolic compounds were attested to have an important role in the
intensity and timing of the release of certain aroma compounds during the consumption
of virgin olive oil. During sensory analyses, high levels of VOO phenolic compounds
resulted in a smaller total release of 1-penten-3-one, E-2-hexenal, and esters during the
swallowing of the olive oil sample [80]. This fact could be explained by the formation
of complexes between phenolic compounds and salivary proteins that capture aroma
compounds and, therefore, decrease their volatility during the organoleptic assessment
of olive oil. Since phenolic compounds can affect the release of VOO aroma compounds
during its consumption, thereby influencing flavor perception and consumer acceptance,
this interesting link should be further investigated in the case of monovarietal Croatian
olive oils.

4. Conclusions

The natural variation and great variability of VOO volatile compounds offer a wide
range of different flavor and aroma characteristics. Autochthonous olive cultivars provide
important raw materials for the production of specific monovarietal olive oils that have the
unique opportunity to gain high market positioning and obtain higher prices. In this paper,
the chemical composition and sensory characteristics of Dalmatian monovarietal VOOs
from a small-scale plant were compared and their peculiar characteristics demonstrated;
on this basis, they can find their place in the demanding olive oil world market. Oblica
olive oils, with typical banana fruitiness (present only in this cultivar oil and confirmed
with the highest value of Z-3-hexen-1-ol) and apple and tomato notes, had clear and equili-
brated bitterness and pungency. In this oil, a slight sensation of green grass and artichoke
fruitiness was also detected. Olive oils from Lastovka had the highest amount of several
volatiles (hexanal, heptanal, and Z-2-heptenal). Sensory attributes that confirmed this are
mild fruitiness that recalls green leaves, almond, and apple, with a high intensity of a
unique woody sensation, strong bitterness, pungency, and the highest astringency level
among all studied cultivars. Levantinka olive oils had the highest amount of C6 aldehyde
E-2-hexenal, the most prevalent volatile compound in all investigated oil samples. This oil
had the highest level of almond fruitiness, with perceived apple notes, very well-balanced
bitterness, and pungency. Krvavica olive oils differed from the analyzed monovarietal
VOOs, particularly by fatty acid composition (highest proportion of palmitic acid, signifi-
cantly highest value of palmitoleic acid, significantly lowest content of linoleic acid, and
a high ratio between monounsaturated and polyunsaturated fatty acids). Olive oils from
Krvavica had the highest level of grass fruitiness compared to other studied olive cultivars.
In these oils, delicate bitterness and pungency were well balanced with astringency. The
obtained results in this study contributed to the recognition of the specificity of Croatian
monovarietal olive oils, which could contribute to the protection and preservation of the
national Croatian olive genetic pool. The results of this study are also important data
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for producers to encourage them to create their own unique high-quality VOO based on
domestic autochthonous olives.
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11. Brkić Bubola, K.; Koprivnjak, O.; Sladonja, B.; Lukić, I. Volatile compounds and sensory profiles of monovarietal virgin olive oils
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Antioxidant Activity of Virgin Olive Oils from Croatian Autochthonous Varieties Mašnjača and Krvavica in Comparison with
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