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SUMMARY: The total phenol content (TPC) in coconut oil varies with extraction method, variety, nature of coconut kernel components
and geographical origin. Commonly reported TPCs of coconut oils extracted by dry methods and wet methods are in the range of 70-300
mg/kg and 250-650 mg/kg, respectively. Based on the commonly reported data, the TPC of coconut oil varies by up to 527 mg/kg oil,
180 mg/kg oil, and 172 mg/kg oil due to the influence of the extraction method, coconut variety and the nature of kernel components,
respectively. The identity of the phenolic compounds also varies with the extraction method. Caffeic acid, catechin, p-coumaric acid,
ferulic acid, and syringic acid are present in different quantities in coconut oil when extracted by all methods. However, chlorogenic
acid, cinnamic acid, epigallocatechin, gallic acid, vanillic and epicatechin are present only in some coconut oils. Many free phenolic
compounds present in olive oil are also present in coconut oil.
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RESUMEN: Antioxidantes fendélicos en el aceite de coco: factores que afectan la cantidad y la calidad. Revisién. El contenido total
de fenoles (CTF) del aceite de coco varia segun el método de extraccion, la variedad, la naturaleza de los componentes del grano de
coco y el origen geografico. Los CTF comunmente reportados de aceites de coco extraidos por métodos secos y métodos humedos estan
en el rango de 70-300 mg/kg y 250-650 mg/kg respectivamente. En base a estos datos comunmente reportados, el CTF de los aceites
de coco varia hasta 527 mg/kg de aceite, 180 mg/kg de aceite y 172 mg/kg de aceite debido a la influencia del método de extraccion, la
variedad del coco y la naturaleza de los componentes del grano, respectivamente. La identidad de los compuestos fendlicos también varia
con el método de extraccion. El acido caféico, la catequina, el acido p-cumarico, el acido ferulico y el acido siringico estan presentes
en diferentes cantidades en los aceites de coco extraidos por todos los métodos. Sin embargo, el acido clorogénico, el acido cinamico,
la epigalocatequina, el acido galico, la vainillina y la epicatequina estan presentes solo en algunos aceites de coco. Muchos compuestos
fenolicos libres que estan presentes en el aceite de oliva también estan presentes en el aceite de coco.

PALABRAS CLAVE: Aceite de copra; Aceite de oliva; Aceite virgen de coco; Antioxidantes fendlicos.
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1. INTRODUCTION

Natural phenolic substances are ubiquitous-
ly-distributed secondary metabolites in berries,
fruits, vegetables, coffee, herbs and edible oils.
Main phenolic substances include phenolic acids,
phenolic alcohols and flavonoids. Plant phenolic
compounds have drawn the attention of research-
ers due to their antioxidant properties. The anti-
oxidant mechanisms of the phenolic compounds
in plants have been well established (Michalak,
2006; Zeb, 2020). The antioxidant properties of
the phenolic compounds in plants are connected to
beneficial health effects such as conferring protec-
tion against the development of cancer, diabetes,
cardiovascular diseases and neurodegenerative
diseases (Pandey and Rizvi, 2009). The phenolic
compounds in plants can also act as food preserv-
atives that can inhibit the lipid oxidation in edible
oils and fish oils owing to their high polyunsaturat-
ed fat contents (Maqsood et al., 2014). The color
and flavor properties of natural foods as well as
processed foods and beverages are also controlled
by plants’ phenolic compounds (Cheynier, 2012).

During the extraction of edible oils, the phe-
nolic compounds of kernel materials are incorpo-
rated into the oils. Edible oils have saponifiable
and unsaponifiable compounds. The saponifiable
fraction may account for 90-98% of the total mass
of oil while the unsaponifiable content varies from
2-10% (Narasinga Rao, 2001). The saponifia-
ble fraction includes triglycerides, diglycerides,
monoglycerides, fatty acids and other saponifiable
lipids. The minor unsaponifiable fraction includes
phenolic compounds, flavonoids, vitamin E, ster-
ols, hydrocarbons, etc. (Moura Fe ef al., 1975). In
coconut oil, the saponifiable fraction may amount
to up to 99.5% of the weight of the oil (Gutfin-
ger and Letan, 1974). In edible oils with no sedi-
mentations or insoluble materials, the saponifiable
fraction can be observed as a clear solution and
unsaponifiable compounds are dissolved in the sa-
ponifiable fraction.

Phenolic compounds in several edible oils have
been reported and most of these studies are limited
to assessing phenolic compounds in a particular oil
(Mannino et al., 1999; Tripoli et al., 2005; Siger et
al., 2008; Janu et al., 2013). Among them, a vast
majority of research has been focused on the phe-

nolic fraction of olive oil (Kiritsakis, 1998; Ryan
and Robards, 1998; Boskou et al., 2005; Galvano
et al., 2007; Servili et al., 2009). In addition to the
studies on the phenolic compounds in specific ed-
ible oils, a recent report has comprehensively re-
viewed the different classes of phenolic compounds
in several edible oils (Zeb, 2021). As phenolic com-
pounds are polar molecules, their solubility in the
oils is low. However, these minor components im-
prove the quality of edible oils by enhancing health
benefits and sensory properties (Visioli and Galli,
1998). The interest in the phenolic substances in
coconut oil is also due to their antioxidant activity
and related health benefits (Seneviratne et al., 2011;
Lima et al., 2015; Narayanankutty et al., 2018; Ro-
hman et al., 2021; Senanayake et al., 2021). In ad-
dition, the phenolic compounds present in coconut
oil and coconut oil meal improve the shelf-life of
coconut oil as well as other edible oils and baked
food (Senanayake et al., 2019). Even though there
is a wealth of literature regarding research conduct-
ed on the phenolic substances of olive oil and other
common edible oils, the first report on the phenol-
ic substances in coconut oil was published in 2008
(Seneviratne and Dissanayake, 2008). Since then,
there has been a growing number of studies on the
phenolic fraction of coconut oil. Emulsions of vir-
gin coconut oil (VCO) containing ferulic acid and
p-coumaric acid have been prepared with various
sweeteners to improve the palatability of VCO
(Wiyani et al., 2020). The addition of VCO to dark
chocolate formulations has shown that the nutri-
tional properties of dark chocolate are improved
by the phenolic compounds in VCO (Rashid et
al., 2017). New studies indicate that coconut oil
improves the absorption of phenolic compounds
in rats and humans, suggesting that the natural-
ly-present phenolic compounds in coconut oil are
more bioavailable than the phenolic compounds in
aqueous foods (Prasadani et al., 2017; Weerakoon
et al., 2021). Despite several health and nutritional
advantages and applications as food preservatives,
the quality and quantity of the phenolic compounds
in coconut oil have not been reviewed. Therefore,
the present review aimed to comprehensively re-
view the up-to-date knowledge on the effect of ex-
traction conditions, variety, country of origin and
nature of kernel material on the phenolic composi-
tion of coconut oil.
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2. EXTRACTION METHODS AND PHENOLIC
CONTENTS

The most important factor affecting the phenol-
ic content in coconut oil is the method of extraction
(Seneviratne and Jayathilaka, 2015; Seneviratne and
Jayathilaka, 2016). The coconut kernel is different
from all other seed kernels due to its bulkiness and
high percentage (59%) of coconut oil in the dried
kernel (Gutfinger and Letan, 1974). Therefore, the
extraction of coconut oil is less cumbersome com-
pared to the extraction of other edible oils. Different
methods of coconut oil extraction are summarized in
Figure 1. Coconut oil prepared by the wet extraction
methods under cold conditions is called VCO. In ad-
dition, VCO is also produced by dry extraction by
pressing high quality dried coconut kernels under cold
conditions.

2.1. Dry methods of coconut oil extraction

Dry methods involve a drying step of coconut
kernels before the extraction of coconut oil. Fresh co-
conut kernels can be dried by sun drying or by any
suitable mechanical drying method. Fresh coconut
kernel contains carbohydrates (13.0 g/100 g), water
(36.3 mL/100 g), proteins (4.5 g/100 g), lipids (41.6
g/100 g), fiber (3.6 g/100 g) and minerals (1 g/100 g)
(Lal et al., 2003). Different quantities of water and
lipids up to 50 and 34%, respectively, have been re-
ported in coconut kernels, (Withana-Gamage et al.,
2005). In the dry methods, coconut oil is extracted by
pressing dried coconut kernels to squeeze out coconut
oil. For this purpose, the moisture content of the co-
conut kernel should not exceed 6% (Seneviratne and
Jayathilaka, 2016). Coconut oil extracted in this way
is also called copra oil. VCO is also produced by this
dry method by pressing dried coconut kernels under
cold conditions without letting the temperature rise
above 60-70 °C during the pressing process. While
pressing dried coconut kernels, a part of the phenolic
substances in the coconut kernel is incorporated into
the coconut oil. The TPC of the coconut oil extracted
by dry methods is found to be relatively lower com-
pared to that of coconut oil extracted by wet methods
(Seneviratne et al., 2009; Srivastava et al., 2016).

2.2. Wet methods of coconut oil extraction

In addition to the dry method, coconut oil is ex-
tracted by wet extraction methods where an aque-
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FIGURE 1. Different extraction methods of coconut oil

ous emulsion of coconut kernel (coconut milk) is
processed for the extraction of coconut oil. Coco-
nut milk contains fat, sugars, proteins and phenolic
compounds (Alyaqoubi et al., 2015; Nadeeshani et
al., 2015). Gallic acid, chlorogenic acid, p-hydroxy-
benzoic acid, caffeic acid, vanillic acid, syringic acid
and ferulic acid are the major phenolic compounds
in coconut milk (Karunasiri ef al., 2020a).

2.2.1. Boiling method (Hot extraction)

Coconut milk is boiled to evaporate water. In this
process, proteins denature and carbohydrates and
proteins are deposited at the bottom of the contain-
er. When the aqueous layer evaporates, the oil layer
can easily be separated by decanting. During this
boiling process, the temperature of the mixture may
reach up to 125 °C. Due to high temperatures, the
solubility of the phenolic substances in coconut oil
increases. While the oil layer is in contact with the
solid kernel material at the bottom of the container,
phenolic substances are easily dissolved in the oil
layer. Therefore, coconut oil prepared by boiling
coconut milk has a high TPC and contains a larger
number of phenolic substances compared to coconut
oil prepared by dry extraction methods (Seneviratne
et al., 2009).
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2.2.2. Chilling, freezing, centrifugation methods

After chilling or freezing coconut milk, the water
can be removed by decanting followed by centrifuga-
tion of the resultant mixture in the liquid form to fur-
ther remove water. Direct centrifugation of coconut
milk emulsion without chilling or freezing to separate
coconut oil can also be done. Heating to about 60 °C
prior to centrifugation is effective in isolating oil.
However, this direct centrifugation needs stronger and
laborious centrifugation steps (Gopala Krishna ef al.,
2010; Ngampeerapong et al., 2018). Chilling to about
10 °C or freezing to about —4 °C for 6 hours, followed
by centrifugation is more effective in producing VCO.

2.2.3. Fermentation

Pure cultures of Lactobacillus strains have been
used in some cases for the fermentation of coconut
milk to separate coconut oil (Che Man et al., 1997,
Satheesh and Prasad, 2014). However, fermentation
also occurs without any addition of microorganisms
if coconut milk is exposed to air for over 8—12 hours
or longer (Marina et al., 2009a). Due to enzyme and
microbial action, coconut oil separates from the co-
conut milk emulsion (Seneviratne and Jayathilaka,
2015). The coconut oil layer can then be siphoned
out after the separation of layers.

Copra oil is refined to remove any free fatty ac-
ids and peroxides and then bleached and deodorized.
Refined, bleached and deodorized coconut oil is
called RBD coconut oil. The TPCs reported as gallic
acid equivalents (GAE) in coconut oils prepared by
different extraction methods are given in Table 1.

3. PHENOLIC CONTENT AND COCONUT VA-
RIETY

Most studies on the phenolic composition of co-
conut varieties are limited to those done on a particu-
lar variety and there are limited studies that compare
the differences in composition among the different
varieties. The TPC of the VCO extracted by freezing
coconut milk from West African Tall variety is 160.2
mg/kg. Methanol (60%) was used to extract phenolic
compounds in this study (Ahmad et al., 2015). Coconut
kernels of Dwarf x Tall variety from India indicate the
presence of coumaric acid, caffeic acid and chlorogenic
acid. (Dhanyakrishnan et al., 2018). The TPC of coco-
nut water from the Malayan green coconut variety is
95.15 mg/L; while that of the Malayan yellow coconut

variety is 46.85 mg/L. (Adubofuor et al, 2016). Even
though there is a limited number of reports on the phe-
nolic composition of coconut oil from different coconut
cultivars, most of such data cannot be compared be-
cause of the different conditions used for the extraction
of coconut oil or different extraction conditions used for
the extraction of the phenolic substances from the co-
conut oil. A systematic comparison of the TPC in coco-
nut oil extracted from three coconut varieties and three
hybrids of these varieties grown in Thailand has been
reported (Arlee ef al, 2013). According to this study,
the TPC of VCO extracted by natural fermentation
may vary significantly among cultivars and hybrids.
However, the range of TPC in coconut oil extracted by
the fermentation method for three cultivars and three
hybrids is 481-554 mg/kg. The TPC in VCO prepared
by cold pressed dry method may also vary significantly
(p £0.05) among varieties and cultivars. Nevertheless,
the range of TPC is 486579 mg/kg. The TPC in VCO
from two cultivars grown in Mexico also shows that
there is a significant difference in TPC with cultivar.
The TPC in this study varies in the range 600780 mg/
kg (Elodio-Policarpo et al., 2019).

4. EFFECT OF GEOGRAPHICAL ORIGIN ON
PHENOLIC CONTENT

VCO has become popular as a functional oil due
to its health benefits. The major contributor to the
numerous health benefits is phenolic compounds
(Srivastava et al., 2018). Thailand, Indonesia, India,
Malaysia, Sri Lanka and Vietnam are the main pro-
ducers of VCO in the world. Even though phenolic
compounds play a major role in providing health ben-
efits to consumers, phenolic quality and quantity are
not included in coconut oil standards. Detailed studies
on the influence of geographical origin on the TPC in
coconut oil have not been carried out. However, VCO
samples obtained from the markets of Malaysia and
Indonesia have been compared (Marina et al., 2009b).
The results indicated that the TPCs in the Malaysian
VCO samples were 118-292 mg/kg; while those of
the Indonesian VCO samples were 78-251 mg/kg.

5. NATURE OF COCONUT KERNEL COMPO-
NENTS

There are two components in the coconut kernel:
white coconut meat and coconut testa. The interior
part of the coconut kernel is the thick, fleshy, white

Grasas y Aceites 73 (3), July-September 2022, e466. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0674211


https://doi.org/10.3989/gya.0674211

Phenolic antioxidants in coconut oil: Factors affecting the quantity and quality. A review * 5

TABLE 1. TPCs in coconut oils prepared by different extraction methods expressed as gallic acid equivalents (GAE)

Dry methods
TPC (Reported Units) TPC (mg/kg oil) Reference
Dry method (copra oil) 72.1 £5.6 mg/kg 72+£6 Seneviratne and Dissanayake, 2005
91 £ 11 mg/kg 91+ 11 Seneviratne and Dissanayake, 2008
Arunima and Rajamohan, 2013; Nevin
64.4 mg/100¢ 644 and Raj ejimohan, 2004
292.06 + 10.04 mg/kg 292+ 10 Azevedo et al., 2020
1.56-8.57 mg/g 1560-8570 Ghani ez al., 2018
182.82 + 15.24 pg/g 183+ 15 Srivastava et al., 2016
18.1 +£2.01 mg/100g 181 £20 Narayanankutty et al., 2016
Dry method (VCO) 1.18 mg/g 1180 Perera et al., 2019
49.82 mg/kg 49.82 Khalil et al., 2020
Wet methods
Wet method (Boiling) 506 + 20 mg/kg 506 + 20 Seneviratne and Dissanayake, 2005
618 + 46 mg/kg 618 £46 Seneviratne and Dissanayake, 2008
650.35+25.11 pg/g 650 + 25 Srivastava et al., 2016
Wet method (Fermentation) VCO 59.30 + 0.39 mg/g 59,300 + 390 Prapun et al., 2016
59.44 + 13.40 mg/100g 594 + 134 Ngampeerapong ef al., 2018
57.11 £ 0.05 mg/100g 5711 Famurewa et al., 2018
12.54 + 0.96 mg/g 12,540 + 960 Ghani et al., 2018
~25 mg/100g ~250 Marina et al., 2009a
401.23+20.11pg/g 401 +20 Srivastava et al., 2016
Chilling/freezing and Centrifugation ~18 mg/100g ~180 Marina et al., 2009a
1.16 + 0.05 mg/g 1160 + 50 Ghani et al., 2018
16.02 + 0.44 mg/100g 160 +4 Ahmad et al., 2015
Arunima and Rajamohan, 2013; Nevin
84 mg/100g 840 and Rajglmohan, 2004
3224+ 1.2mg/100 g 322+12 Narayanankutty ef al., 2016
Centrifugation Not detected Ngampeerapong et al., 2018
Enzyme-assisted 35.02+£0.10 mg/g 35,020 + 100 Prapun et al., 2016
RBD coconut oil ~12 mg/100g ~120 Marina et al., 2009a

6.14 mg/100g
2.1+0.19 mg/100g

61 Marina et al., 2009b
21+2 Prasanth Kumar et al., 2015

coconut kernel, which is known as white coconut
meat. The thin brown outer skin of the white coco-
nut kernel between the white coconut meat and the
coconut shell is known as coconut testa. When water
evaporates from the coconut meat during the drying
of coconut halves, white coconut meat and testa sepa-
rates from the shell (Figure 2). Both testa and coconut
meat are taken for dry or wet extraction of coconut
oil unless coconut testa is purposely removed. The
TPCs in coconut meat from three coconut types from
Indonesia, Vietnam and Thailand have been com-
pared (Ngampeerapong and Chavasit, 2019). Shred-
ded coconut meat was extracted with 80% methanol.
This study reported that the TPCs of coconut meat
were 72,122 mg/kg (Thailand variety), 63,910 mg/
kg (Indonesian variety) and 103,421 mg/kg (Vietnam
variety). However, the same paper indicated that the

White coconut kernel

Dry

Coconut testa

Coconut shell

Coconut half Dry coconut kernel

F1GURE 2. Coconut kernel components and coconut shell

percentages of moisture + protein + fat + carbohy-
drates of coconut meat added up to 99.09% (Thailand
variety), 99.01% (Indonesian variety) and 99.06%
(Vietnam variety). Therefore, the phenolic contents
of ~7% (Thailand variety), ~6% (Indonesian varie-
ty) and 10% (Vietnam variety) may not be realistic.
The moisture content in the coconut meat was about
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50% according to the analysis of this research. Coco-
nut kernels contain free amino acids (Baptist, 1963).
These amino acids interfere with the determination of
TPC by the Folin-Ciocalteu method (Everette et al.,
2010; Bastola et al., 2017). Sugars also interfere with
the Folin-Ciocalteu method (Sanchez-Rangel et al.,
2013; Mufioz-Bernal et al., 2017). Proteins in coconut
meat can be precipitated prior to the determination of
TPC in coconut milk to avoid interference (Kwon et
al., 1996; Nadeeshani et al., 2015). Interference by
amino acids, proteins and sugars in the coconut meat
may contribute to the high readings of TPCs in some
studies. However, the reported phenolic contents of
98-100 mg/kg for coconut meat may be more reason-
able (Mahayothee et al., 2016).

6. COCONUT TESTA

Coconut testa is a very minor component of coco-
nut meat. It is difficult to give an exact estimate of the
phenolic contents in pure coconut testa since part of
white coconut meat also combines with coconut testa
during the paring of coconut meat to separate testa.
Coconut testa is the richer source of phenolic com-
pounds compared to white coconut meat (Seneviratne
et al., 2009; Seneviratne et al., 2016). A study indi-
cates that the TPC in the coconut oil extracted from
the whole copra with both white kernel and brown
testais 1.4 £0.19 mg/100 g (14 + 2 mg/kg); while co-
conut oils extracted from white coconut kernel alone
and coconut testa alone contain 1.1 £ 0.11 mg/100
g (11 £ 1 mg/kg) and 1.9 + 0.12 mg/100 g (19 = 1
mg/kg) of phenolic substances, respectively (Appai-
ah et al., 2014). Reports indicate that the extraction
efficiency of phenolic compounds from coconut testa
significantly (P < 0.05) varies with the solvent sys-
tem, while the acidification of the solvent increases
the extraction efficiency. For example, the extraction
of phenolic compounds from dry and defatted testa by
80% ethanol gives TPC of 72.7 + 1.9 mg/g (72,700
+ 1900 mg/kg); while the extraction of dry and de-
fatted testa with acidified 80% ethanol gives TPC of
93.9 £ 5.3 mg/g (93,900 + 5,300 mg/kg) (Arivalagan
et al., 2018). Phenolic compounds were extracted
from powdered coconut testa with methanol using
Soxhlet extraction. The reported phenolic quantities
were unusually high with over 80% (822 mg/g) of the
weight of the plant extract being phenolic compounds
(Ojha et al., 2019). If these phenolic quantities were
expressed for coconut testa powder instead of plant

extract, a better comparison could have been made
with other reported values. The phenolic composition
of coconut testa also varied with the coconut cultivar.
The TPCs in coconut testa powder produced from
four different coconut cultivars grown in Sri Lanka,
namely San Raman, Gon Thembili, Ranthembili and
Tall x Tall varied in the range of 27,530-62,580 mg/
kg due to cultivar (Marasinghe et al., 2019).

In both the wet and dry processing of coconut
kernels for oil extraction, both coconut meat and tes-
ta can be used. Even though coconut testa is the main
source of phenolic substances in coconut kernels,
due to its brown color, coconut testa adds a light-yel-
low color to the coconut oil. Colorless coconut oil is
commercially preferred. Therefore, coconut testa is
removed during the preparation of desiccated coco-
nut as well as in the large-scale preparation of VCO
by both wet and dry methods.

The TPCs in coconut oil extracted from only
white coconut kernels and white coconut kernels
with coconut testa under wet hot extraction condi-
tions were 78 = 2 and 250 = 4 mg/kg, respectively
(Seneviratne et al., 2009). Higher phenolic contents
in the coconut oil extracted by using white kernels
with coconut testa was due to the richer phenolic
contents in testa compared to white coconut kernels.

The phenolic contents in coconut kernel com-
ponents (white coconut meat and testa) are not ful-
ly incorporated into coconut oil during wet or dry
extraction methods. Therefore, the residue after the
expulsion of coconut oil from coconut kernel com-
ponents is also rich in phenolic antioxidants (Illam et
al., 2017; Karunasiri ef al., 2020b).

7. VARIATION OF REPORTED TPC VALUES

Table 1 shows that the TPC clearly depends on the
method of extraction of coconut oil. According to Ta-
ble 1, there is a wide range of TPC reported by differ-
ent authors for copra oil. The range of TPC in copra
oil is 91-644 mg/kg, based on the reported studies
(Nevin and Rajamohan, 2004; Seneviratne and Dis-
sanayake, 2005; Seneviratne and Dissanayake, 2008;
Arunima and Rajamohan, 2013; de Azevedo et al,
2020). However, the TPC values reported by Ghani
et al. (2018) for dry extracted coconut oil, the TPC
values reported by Prapun et al. (2016) and by Ghani
et al. (2018) for VCO extracted by fermentation meth-
ods and the TPC value reported for VCO prepared by
the enzymatic extraction by Prapun ef al. (2016) seem
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unusually higher than the values reported by other re-
searchers. Even though the phenolic contents depend
on many factors other than the extraction method,
these extremely high phenolic contents compared
to the other reported values may not be reasonably
explained. The TPC in coconut oil prepared by ov-
en-dried grated coconut meat and sun-dried grated co-
conut meat were reported in one study as 1.56 + 0.24
mg/g (1560 + 240 mg/kg) and 8.57 + 0.36 mg/g (8570
+ 360 mg/kg), respectively (Ghani et al., 2018). The
values are higher than any other reported values for
coconut oil prepared by dry methods (Table 1). The
difference in phenolic contents between coconut oils
prepared by oven-dried and sun-dried coconut meat
was attributed to the possibility of destroying phenol-
ic substances during the drying process. However, the
temperature used in the drying process was 40 °C in
this study. Even higher temperatures up to 60—70 °C
were used in the production of VCO and thermally
unstable compounds were not affected by 60-70 °C
temperatures. The TPC in coconut oil varied in the
order: fermentation > chilling > RBD, suggesting that
the steps involved in the RBD process removed some
phenolic substances (Marina et al., 2009a).

If unusually high values for TPC were omitted and
if extraction method was considered the only variable,
the maximum additional phenolic content that could be
incorporated into coconut oil by changing the extrac-
tion method compared to the extraction method that
gave the lowest phenolic content is about 527 mg/kg
(Seneviratne and Dissanayake, 2008). Therefore, up
to 527 mg/kg phenolic compounds can be incorporat-
ed into coconut oil by changing the extraction meth-
od. Not many studies have been conducted to evaluate
how phenolic compounds in coconut oil vary with the
variety of coconut. The limited data available for the
variation of TPC with variety is up to 180 mg/kg. The
influence of geographical origin on the TPC cannot be
computed due to a lack of sufficient relevant data. TPC
may change by up to 172 mg/kg due to the influence of
the nature of coconut kernel components based on the
reported values (Seneviratne et al., 2009).

8. COMPOSITION OF PHENOLIC COM-
POUNDS IN COCONUT OIL ACCORDING TO
EXTRACTION METHOD

The individual phenolic antioxidants in coco-
nut oil have been identified and quantified. Caf-
feic acid, p-coumaric acid, ferulic acid, catechin,

dihydrokaempferol, rosmarinic acid and quercetin
were identified by mass spectroscopy coupled with
liquid chromatography (LC-MS) (Seneviratne and
Dissanayake, 2008; Illam et al., 2017). The struc-
tures of commonly reported phenolic compounds
present in coconut oil are given in Figure 3. The
quantities of the individual phenolic compounds
were higher in coconut oil prepared by boiling co-
conut milk (hot extracted coconut oil) compared to
copra oil prepared by pressing coconut copra (Se-
neviratne et al., 2009; Srivastava et al., 2016). The
TPC was also higher in hot extracted coconut oil
compared to VCO prepared by fermentation (Table
1) (Seneviratne et al., 2009; Srivastava et al., 2016).
In the hot extraction method, coconut milk emulsion
is heated for a long time till water in the emulsion
evaporates. During this evaporation, water and oil
layers separate and with the evaporation of water,
hydrophilic phenolic compounds are concentrated in
the aqueous phase. This allows higher partitioning of
phenolic antioxidants in the oil layer. The high tem-
perature used in the hot extraction method favored
the dissolving of phenolic compounds in the oil layer
(Seneviratne ef al., 2009). Consistent with the higher
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FI1GURE 3. Commonly found phenolic compounds in coconut oil
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TABLE 2. Phenolic compounds in coconut oil extracted by different methods

Phenolic content mg/kg*

Phenolic compound Copra oil Boiling Fermentation Chilling/centrifugation
Caffeic acid 0.0052 + 0.0004 4.6+1.5 0.12+0.1 0.0083 £ 0.0007
(Arunima and Rajamohan, 2013) (Seneviratne ef al., 2009)  (Marina et al., 2009a)  (Arunima and Rajamohan, 2013)
1.59+0.12
(Srivastava et al., 2016)
Catechin 0.0062 + 0.0006 81.7+22.7 12.35+1.03 0.0098 + 0.0007
(Arunima and Rajamohan, 2013) (Seneviratne ef al., 2009) (Srivastava et al., 2016) (Arunima and Rajamohan, 2013)
0.21 £0.02 18.15+0.93

(Srivastava et al., 2016)

Chlorogenic acid

(Srivastava et al., 2016)

1.55+0.11

(Srivastava et al., 2016)

0.024 + 0.009 -
(Appaiah et al., 2014)

Cinnamic acid

p-Coumaric acid 0.100 + 0.007 0.53 +0.06 0.75+0.1 0.55+0.3
(Appaiah et al., 2014) (Srivastava et al., 2016)  (Marina et al., 2009a) (Marina et al., 2009a)
0.049 + 005 0.054 +0.005

(Arunima and Rajamohan, 2013)

Epigallocatechin

(Arunima and Rajamohan, 2013)

26.7+ 1.7

(Seneviratne et al., 2009)

Epicatechin

14+0.6

(Seneviratne et al., 2009)
2.62+0.24
(Srivastava et al., 2016)

Ferulic acid 0.017 + 0.005 22.1+89 5.09+23 5.04+3.0
(Appaiah et al., 2014) (Seneviratne et al., 2009)  (Marina et al., 2009a) (Marina et al., 2009a)
0.020 £ 0.002 12.83+£0.94 2.36+0.32 0.099 + 0.009

(Arunima and Rajamohan, 2013)

(Srivastava et al., 2016)

(Srivastava et al., 2016) (Arunima and Rajamohan, 2013)

Gallic acid 0.247 +£0.012 20.2+10.1 18.01 £1.16
(Appaiah et al., 2014) (Seneviratne et al., 2009) (Srivastava et al., 2016)
1.06 +0.05 2529+ 1.11

(Srivastava et al., 2016)

p-Hydroxybenzoic 0.076 = 0.001

(Srivastava et al., 2016)

4.8+1.0

acid (Appaiah et al., 2014) (Seneviratne et al., 2009)
Syringic acid 0.179 £ 0.004 4.1+0.9 0.45+0.3 0.90+0.1
(Appaiah et al., 2014) (Seneviratne et al., 2009)  (Marina et al., 2009a) (Marina et al., 2009a)
245+0.2 25.1+£23

(Arunima and Rajamohan, 2013)

0.638 +0.003 -
(Appaiah et al., 2014)

Vanillic acid

(Arunima and Rajamohan, 2013)

2.08 1.4
(Marina et al., 2009a)
1.03 +0.06
(Srivastava et al., 2016)

*Units were converted where appropriate

TPC of hot extracted coconut oil, the number and the
quantity of the phenolic compounds were also higher
in hot extracted coconut oil (Table 2) (Seneviratne et
al., 2009; Srivastava et al., 2016). In addition to the
results in Table 2, another author also reported 4.04
x102 ppm gallic acid in the phenolic extracts of VCO
with no information on the extraction method (Lib-

rado and Von Luigi, 2013). Other reports have also
indicated that the quantities of individual phenolic
acids in coconut oil vary with extraction method
(Marina et al., 2009a). For example, Table 2 shows
that the quantities (mg/kg) of phenolic compounds
in coconut oils prepared by fermentation method and
by chilling/centrifugation method contain different
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amounts of individual phenolic compounds. Vanillic
acid and caffeic acid were not detected in VCO pre-
pared by chilling and centrifugation; while those two
phenolic compounds were detected in coconut oil
prepared by fermentation. Catechin and epigallocat-
echin are the common flavonoids present in coconut
oil (Table 2). In addition, quercetin (1.62 = 0.09 mg/
kg) has been reported in hot extracted coconut oil
(Srivastava et al., 2016). Myricetin-3-o0-glucoside
has also been reported to be present in VCO with no
clear origin (Illam et al., 2017).

9. REFINING AND PHENOLIC CONTENT

RBD coconut oil is prepared by procedures in-
volving chemical and physical steps. In physical
refining, degumming is done in the first step by
treating the oil with phosphoric acid to remove phos-
pholipids. Then the oil is heated to 80-90 °C and
bleached by passing through a mixture of bleaching
earth and activated carbon. Finally, the deodorizing
and removal of free fatty acids are done by exposing
the oil to a vacuum at 220-240 °C. The main differ-
ence in chemical refining is that free fatty acids are
removed by treating the oil with a pre-determined
amount of NaOH to neutralize fatty acids instead of
removing free fatty acids under vacuum distillation.
The resultant sodium salts in fatty acids (soap) are
washed away with water. Refining, bleaching and de-
odorization remove most of the phenolic substances,
tocopherols and sterols from coconut oil (Liu et al.,
2019a; Deen et al., 2021). One study indicated that
the TPC in crude copra oil was 618 mg/kg. However,
the remaining TPC of this oil after the RBD process
was 20 mg/kg (Pavan Kumar et al., 2018). The TPCs
in commercial RBD coconut oil purchased from the
Indian market were 21 + 2 mg/kg; while those in
crude oil samples were in the range of 27-191 mg/
kg. The maximum total phenol content reported for
RBD oil is 120 mg/kg, according to Table 1. Some
studies also reported almost zero (0.1 £ 0.0 mg/kg)
TPC for RBD coconut oil (Liu et al, 2019b). In-
dividual phenolic compounds are also different in
RBD coconut oil compared to other coconut oils.
For example, the vanillic and syringic acids present
in coconut oil extracted by fermentation are absent
in RBD coconut oil. The ferulic acid content present
in coconut oil extracted by the fermentation method
is 5.09 + 2.3 mg/kg; while RBD coconut oil con-
tained only 1.39 + 0.2 mg/kg (Marina et al., 2009a).

Therefore, the nutritional properties expected from
the phenolic antioxidants present in crude or virgin
oils may not be fully expected from RBD oils. Due
to the removal of phenolic compounds, RBD coco-
nut oil is less stable against oxidation compared to
VCO (Koh and Long, 2012). RBD also has different
sensory properties compared to crude coconut oil or
VCO due to the removal of phenolic compounds and
different volatile organic matter (Chang et al., 2020).

10. COMPARISON WITH OLIVE OIL PHENO-
LICS

The TPCs in olive oil have been reported in nu-
merous publications. Commonly reported ranges
include 45-532 mg/kg (Mannino ef al., 1999; Bay-
ram et al., 2012). The TPC in the olive oil of three
Italian varieties show significant (p < 0.05) differ-
ences and changes in the range of 367-530 mg/kg
(Sicari, 2017); while the TPC of some traditionally
prepared Turkish olive oils from different olive va-
rieties ranges from 22.5 to 97.1 mg/kg (Tanilgana et
al.,2007). The TPCs in the olive oils from six Italian
olive varieties prepared by a novel cooling treatment
of olive paste varied in the range of 410-1005 mg/kg
(Veneziani et al., 2017; Veneziani et al., 2018). Ol-
ive oil from two Croatian olive varieties, Bianchera
and Busa, contained 312 and 248 mg/kg, respective-
ly (Skevin et al., 2003). Mean TPC and maximum
TPC in olive oil from olive varieties in Greece were
483 mg/kg and 4003 mg/kg, respectively (Diaman-
takos et al., 2021). Due to the differences in phenolic
profiles, the fingerprinting of phenolic composition
with suitable chemometric methods can be used to
differentiate the varietal origin of olive oil (Bajoub
etal., 2017).

Geographical conditions also play an important
role in the TPC of olive oil. The TPC in the same
olive variety drastically changed from 513-1084
with the geographical area (Mansour et al., 2017).
European olive varieties grown in Tunisia produced
different phenolic profiles compared to the tradition-
al growing areas and the most important factor af-
fecting the phenolic composition was suggested to
be altitude (Dabbou et al., 2009). In addition to the
olive variety and geographical origin, the ripening
stage of the olives and the crushing method also af-
fect the phenolic composition according to studies
done in Italy and Spain (Giovacchino et al., 2002;
Navajas-Porras et al., 2020).
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Several phenolic compounds present in coco-
nut oil such as caffeic acid, ferulic acid, gallic acid,
p-hydroxybenzoic acid, syringic acid, vanillic acid,
p-coumaric and cinnamic acid have been reported to
be present in olive oil as well (Ryan and Robards,
1998; Boskou et al., 2005). In addition to free phe-
nolics and flavonoids, several bound phenolic com-
pounds are also present in olive oil (Servili and Mont-
edoro, 2002; Jimenez-Lopez et al., 2020). However,
only three bound phenolic compounds have been
reported so far for coconut oil (Seneviratne et al.,
2009; Illam et al., 2017). The phenolic compounds
in both olive oil and coconut oil are responsible for
beneficial health effects (Covas ef al., 2006; Senev-
iratne and Jayathilaka, 2015; Narayanankutty et al.,
2018; Deen et al., 2021). The aroma and flavor of ol-
ive oil correlate with the phenol content (Kiritsakis,
1998; Genovese et al., 2018; Pedan et al., 2019).
Even though the sensory properties of virgin coco-
nut oil have been studied (Villarino, Dy and Lizada,
2007, Lukic et al., 2017; Fiorini et al., 2018), the
correlation between phenolic compounds and senso-
ry properties in coconut oil needs further research.

11. CONCLUSIONS

The common range of TPC for coconut oil ex-
tracted with any variable such as extraction method,
variety, coconut kernel material, etc. is 72—650 mg/
kg according to reported values. However, unusually
high values for TPC have also been reported for co-
conut oil and coconut meat. Even though the extrac-
tion method, variety, hybrids, refining, etc. affect the
TPC in coconut oil, these factors may not account
for some unusually high TPC values reported. In-
terference by other compounds such as amino ac-
ids and sugars during the determination of phenolic
content using the Folin-Ciocalteu assay and possible
calculation errors during converting colorimetric
readings to given quantities in (mg/g, mg/100 g or
mg/kg) units may be possible causes for the large
deviation of TPC values in some reports. The RBD
process removes phenolic compounds from coconut
oil. Depending on the efficiency of the RBD pro-
cess, the TPC in RBD coconut oil varies between
0-120 mg/kg. The antioxidant activity and health
benefits of the phenolic compounds in coconut oil
have been sufficiently reported. Even though there
has been substantial work done on the extraction
method and phenolic composition, sufficient studies

have not been conducted to assess the effect of the
wide range of coconut varieties available in different
geographical origins on the phenolic composition.
Therefore, information on the variation in phenolic
composition with coconut variety and geographical
origin presented in the present review was based on
the limited literature available. Careful review of the
literature also indicates that there are very limited
studies on the identification of phenolic compounds
in coconut oil by HPLC methods. Most of the re-
ported phenolic compounds in coconut oils are free
phenolic acids and flavonoids. Several of these free
phenolic compounds present in coconut oil are also
present in olive oil. However, the presence of glyco-
sides, aglycones, secoiridoid derivates or any other
bound forms of phenolic compounds in coconut oil
have not been reported. Therefore, further studies are
necessary to elucidate the complete phenolic profile
of coconut oil. In addition, further studies are neces-
sary to investigate how the phenolic compounds in
coconut oil are related to the sensory properties of
coconut oil.
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SUMMARY: The cooling of olives stored in containers with a capacity of 400 kg risk accumulation of respiration heat and subsequent
fruit deterioration. Pre-cooling the fruit to 5 °C before cold storage was studied as a possible solution to overcome this obstacle. The fruit
temperature within the containers was recorded daily for 14 days and oil was extracted at days 0, 4, 8, and 14. A second experiment eval-
uated a rapid pre-cooling procedure at -18 °C for 3 min. No significant alterations at the level of the examined parameters were recorded.
The internal temperature of the control container declined and stabilized at around 12 °C. The temperature of the pre-cooled fruit in-
creased to up to 8 °C. The examined parameters showed no significant alterations in either experiment and the rapid pre-cooling treatment
did not lead to any visible ‘chill injuries’. A pre-cooling treatment at 5 °C was successfully introduced at the farm of a small producer.

KEYWORDS: Conservation,; Harvesting system; Olea europaea; Quality; Small producers

RESUMEN: Preenfriamiento y conservacion en frio de aceitunas (cv Picual) almacenadas en contenedores con una capacidad de
400 kg. El enfriamiento de aceitunas almacenadas en contenedores (400 kg) corre el riesgo de acumulacion de calor respiratorio y pos-
terior deterioro de la fruta. Se estudi6 el preenfriamiento de la fruta a 5 °C antes del almacenamiento en frio como una posible solucion
para superar este obstaculo. La temperatura de la fruta dentro de los contenedores se registrd diariamente durante 14 dias y el aceite se
extrajo los dias 0, 4, 8 y 14. Un segundo experimento evalu6 un procedimiento de preenfriamiento rapido a -18 °C durante 3 min. No se
registraron alteraciones significativas a nivel de los parametros examinados. La temperatura interna del recipiente de control disminuy6 y
se estabilizo alrededor de 12 °C. La fruta pre-enfriada aumento hasta 8 °C. Los parametros examinados no mostraron alteraciones signifi-
cativas en ambos experimentos y el preenfriamiento rapido no provoco “lesiones por frio” visibles. Se introdujo con éxito un tratamiento
de pre-enfriamiento a 5 °C en la finca de un pequefio productor.
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1. INTRODUCTION

The production of ‘premium’ olive oil depends
to a large extent on the quality of the harvested fruit
(Garcia and Yousfi, 2006; Ferguson, 2006; Rallo et
al., 2018; Faminiani, 2020). The mechanical har-
vesting of olives on an industrial scale differs when
compared to manual picking with nets and sticks,
as thousands of cooperatives in Spain still do (Junta
de Andalucia, 2015; Sola-Guirado et al., 2014). The
degree of damage caused and the time elapsed from
harvesting to storage prior to grinding stands out as
crucial factors (Yousfi et al., 2012; Dag et al., 2012;
Morales-Silero and Garcia, 2015; Faminiani et al.,
2020). Moreover, the post-harvest conditions do
vary along with the kind of harvesting employed as
well as the processing and storing conditions at the
mill (Garcia and Yousfi, 2006; Garcia and Yousfi,
2011).

To obtain ‘premium’ olive oils, small producers
face additional challenges in this respect, especially
when they do not possess a proper mill. Besides the
fact that they need to look for an efficient and af-
fordable harvesting method that guarantees the least
damaged fruit possible, such as manual inverted
umbrellas, they ought to take into account the par-
ticular conditions that are imposed by the mill they
are working with and especially the minimum quan-
tity per batch requested (Plasquy et al., 2019). The
characteristics of the mill, and especially its produc-
tion capacity, define the time and the way olives are
piled up, risking fermentation processes that com-
promise the final quality of the extracted oil (Garcia
and Yousfi, 2006, Garcia and Yousfi, 2011). When
this amount cannot be picked in one day, storage be-
comes inevitable.

Temporary cold storage at the farm could be a
possible solution for maintaining a high product
quality but comes along with specific problems. Sev-
eral works clarified that the storage of olives at 5 °C
for up to 4 weeks does significantly reduce the risk of
fruit deterioration and subsequently olive oil defects
(Garcia et al., 1996; Kiritsakis et al., 1998; Canet
and Garcia, 1999; Clodoveo et al., 2006; Kalua et
al., 2008). However, cold storage procedures imply
the use of small boxes that can contain 40 kg at the
most and ideally 20 kg of olives, instead of agricul-
tural containers, or bins, with a capacity of 400 kg.

Empirical studies and simulations of the cool-
ing process of fresh fruits and vegetables revealed

complex interactions between the thermophysical
properties of the commodity (heat generation due to
respiration, specific heat and thermal conductivity),
the kind of packaging and palletization, flow field
parameters such as airflow rate and cooling tem-
perature, and the accessibility of the cooling air to
the produce (Becker ef al., 1996; Brosnan and Sun,
2001; Reading et al., 2016; Mercier et al., 2017;
Plasquy et al., 2021). It is well documented that
fruit respiration involves the oxidation of sugars to
produce carbon dioxide, water, and heat while at the
same time, the respiration rate is itself a function of
the commodity’s temperature (Kader, 1985; Becker
etal., 1996, Garcia et al., 1995). Garcia et al. (1994)
and Garcia and Yousfi (2006) reported that the in-
ner part of a container of olives maintained its initial
temperature while stored at 5 °C. As a consequence,
the fruit respiration and accompanying heat produc-
tion induced a self-reinforcing process that rapidly
led to a severe deterioration process and the growth
of decay-producing microorganisms.

Although most manual or semi-mechanical meth-
ods make use of small boxes to collect the fruit after
harvesting, the further handling of a large number of
boxes leads to large logistic problems once dealing
with several tons of olives and especially when cold
storage forms a crucial step in maintaining fruit qual-
ity. By applying a pre-cooling treatment to the olives
manually harvested in the boxes before dumping them
into a container for conservation at 5 °C, high-quality
oils could be obtained. To explore this possibility, two
experiments were set up. The first one monitored the
evolution of the internal temperature of a container of
400 kg with or without a pre-cooling treatment at 5 °C
and compared the effect of bulk storage at 5 °C on the
quality parameters of the extracted oil up to 14 days. A
second experiment probed the effects of a short cool-
ing treatment at -18 °C to lower the fruit temperature
rapidly to 5 °C. During the following 14 days’ storage
period at 5 °C, the presence of chilling injuries and
quality defects were assessed. The results of the first
experiment were used to implement concrete modifi-
cations in a family-run olive farm.

2. MATERIALS AND METHODS

2.1. Fruit and storing

Olives of the ‘Picual’ cultivar were harvested
with a manual inverted umbrella (MIU) and branch
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FIGURE 1. Schematic representation of experiment 1 and 2 with their different treatments.

shakers in the ‘Del Cetino’ plantation in Bollullos
del Condado (Huelva, Spain) during the second
week of October, 2018. The fruit was healthy and
presented optimal ripening characteristics (color in-
dex between 1.5 and 2.0). The fruit was collected in
perforated plastic boxes (30 x 50 x 40 cm), able to
contain a maximum of 20 kg. 50 boxes were recol-
lected, and on the same day transported to the ex-
perimental mill of the Instituto de la Grasa (CSIC)
in Sevilla in approximately one hour. Upon arrival,
the olives were mechanically cleaned of leaves and
small twigs but not washed at the outdoor facilities
of the experimental mill. The batch of cleaned but
dry olives provided the necessary amount of fruit for
the two experiments. Minor bruises were produced
during the cleaning treatment and passage onto var-
ious conveyor belts. The cooling installations were
situated within the Research Center and comprised
two cooling refrigeration rooms set at 5 °C (£ 1 °C),
and one freezing room at -18 °C (= 1 °C).

2.2. Trials

2.2.1. Experiment 1

The goal of the experiment was to evaluate the
effects of a pre-cooling treatment on the internal
temperature of olive containers and the quality of the
subsequently extracted oil over 14 days (Figure 1).

Two vented bulk bin containers (100 x 120 x
80 cm; volume of 670 L) were used, each with a
capacity of 380 kg olives. One container was filled
with fruit at field temperature (FT) immediately
after the cleaning procedure. The second container
was filled the next day after the olives underwent
a preliminary treatment (PC). This treatment con-
sisted of bringing the temperature of the olives to
5 °C by storing the fruit in half-filled boxes (= 10
kg) in a cooling room up to the next day. After
controlling that the temperature of the fruit at-
tained 5 °C, the container was filled with the pre-
cooled olives.
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FIGURE 2. Schematic representation of experiments 1 and 2 with their different treatments.

To facilitate the withdrawal of similar samples of
olives at a future moment in time, nine plastic nets,
each filled with 850 g of olives, were buried within
the fruit in each container, evenly distributed, half-
way up the height and at the same distance from each
other (3 x 3 units) (Figure 2). Every net had a long
drawstring attached to facilitate its location and pull-
ing out when needed. To enable the measurement of
the internal temperature in each of the containers, two
hollow tubes were used as a sheath and situated along
the middle ax, at 1/3 of each of the smaller sides.

The cooling room at 5 °C (£ 1 °C) was accom-
modated to store the two containers side by side.
One container filled with olive fruit with a field tem-
perature of 18 °C was placed inside once the nets
and sheaths were in place. The next day, a second
container, filled with pre-cooled fruit at 5 °C was
brought inside (Figure 1).

The temperature was measured with a digi-
tal thermometer (precision of 0.1 °C) with a wired
probe that was glided into the sheaths. The measure-
ment took place every 24 hours, twice, for 14 days.

On day 0, three samples of 750 g of olives were
taken from the FT container and the boxes in the
pre-cooling treatment, both before entering the cool-
ing room. On days 4, 8, and 14, three nets of olives
were pulled out of each container and used to extract
oil. Olive oil was physically extracted following the
Abencor method as described below, nitrogenized,
and stored at -18 °C until analysis.

2.2.2. Experiment 2

The goal of the experiment was to evaluate the
effect of a fast-cooling procedure before the cool

storage of olives on the quality of the extracted oil
(Figure 1).

Two ventilated plastic boxes, each filled with 10
kg olives were placed in a cooling room at 5 °C (+/-
1°C) to attain the same temperature at a slow rate
(SR). Four boxes, each filled with 5 kg olives were
placed in a freezer room at -18 °C for the time neces-
sary for the fruit to attain a temperature of 5 °C. This
cooling process at a fast rate (FR) was continuous-
ly monitored with an IR thermometer. The desired
temperature was attained after 3 minutes and then
the 4 boxes were brought immediately to the cool-
ing room at 5 °C, where the content of 2 boxes was
brought together into one.

On days 0, 4, 8, and 14, three olive samples of
750 g were taken from both the SR and the FR-box-
es. 100 olives from each sample were visually ex-
amined for the presence of ‘chilling injuries’. Vir-
gin olive oil from each of the samples was extracted
following the Abencor method, nitrogenized, and
stored at -18 °C until analysis.

2.3. Extraction method and sample conservation

The oil was extracted following the procedures
for extraction with an Abencor installation (Martinez
etal., 1975). Individual samples of 750 g olives were
crushed in a hammer mill. 600 g of the resulted paste
was weighted in a stainless-steel casserole pot and
malaxated in the thermoblender for 30 min at 30 °C.
Centrifugation was performed at 1372 G for 1 min.
The liquid obtained was placed in a graduated 500-
mL test tube for separating the aqueous phase from
the lipids. The olive oil was taken using a Pasteur
pipette, filtered with filter paper, and placed in an

Grasas y Aceites 73 (3), July-September 2022, e467. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0558211


https://doi.org/10.3989/gya.0558211

Pre-cooling and cold storage of olives (cv Picual) in containers with a capacity of 400 kg « 5

amber glass bottle of 125 ml, filled with nitrogen,
and frozen at -18 °C until further examination.

2.4. Physicochemical analysis

The physicochemical analysis consisted of the
measurement of the following parameters: Titrata-
ble acidity (Free Fatty Acid, FFA), peroxide index
(PI) value, and the extinction coefficients at 232 and
270 nm (K232 and K270). The analysis followed the
guidelines of the official analytical methods (EEC,
1991). The selected parameters are a crucial part of
the internationally established quality standards for
olive oil and essential for evaluating the quality of
the extracted oils (Conte et al., 2020).

2.5. Statistical analysis

A statistical data analysis of temperature data and
physicochemical parameters for both experiments
was performed using PASW Statistics 18.0 (SPSS).
The effects of 2 treatments at each storage time (ST)
were determined by one-way ANOVA.

2.6. Implementation strategy

It was agreed and planned that the outcome of
the experiments would be used to adjust the actual
working and storage procedures at the farm as far as
the results would lead to expect an amelioration of
the logistics without jeopardizing the quality of fruit.

3. RESULTS

3.1. Effect of pre-cooling (experiment 1)

The evolution of the internal temperature of both
containers was characterized by the profile shown
in Figure 3. In the container with the olive fruit at a
field temperature (FT), the mean internal temperature
descended towards 10 °C during the first week, after
which a more stabilized period set in with tempera-
tures that oscillated between 8.8 and 9.5 °C up to the
end of the measurement. Within the first week, a more
pronounced cooling was observed during the first two
days in which the temperature descended from 18 °C
to 13°C. The evolution of the temperature in the con-
tainer with pre-cooled fruit (PC) followed an inverse
trajectory. On day 1, the measurements confirmed that
the desired internal temperature of 5 °C was present
once the container was filled with the fruit. From day
2, a slow but uninterrupted temperature rise set in,
amounting to 7.6 °C on day 14. As this rise was al-
most linear, no flattening the curve tendencies were
observable between day 2 and day 14.

In both treatments (FT and PC), none of the ex-
amined parameters attained a level that would lead
to losing the quality level ‘Extra Virgen Olive Oil
(EVOO)’ (Table 1). For the measured acidity, indicat-
ing straightforwardly the degree of oil deterioration,
the values stayed far below the established maximum
level of 0.8% FFA (expressed as oleic acid). Neverthe-

20
18
16
14
12
°C 10

o N &2

. S

—o— FT (18°C)
--+-=PC(5°C)

..;--—I-'-'E‘"'I'"'I'_'{""I""-}

7 8 9 10 11 12 13 14

days

FiGURE 3. Evolution of the temperature over 14 days within two perforated containers, each filled with 375 kg olives, and placed in the
cooling room at 5 °C. FT refers to the fruit with an initial temperature of 18 °C (field temperature); PC refers to fruit brought to 5 °C in
small perforated boxes before their transfer to the container (pre-cooled). Each value is the mean of two measurements. Vertical bars
express Standard Deviation.
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TABLE 1. Physicochemical parameters of oil extracted from olives stored up to 14 days in perforated plastic bulk containers after applying
a pre-cooling treatment before storage (PC) and at field temperature (FT).

Cooling Method Storage Time FI.TA ) PI ) K K,
(CM) (ST) (days) (% oleic acid) (meq O,/kg oil) 232 70
FT 0 0.15+0.00 b# 6.83 £0.85 1.69£0.13 0.17+£0.01

4 0.14+0.00 b 7.26£1.56 1.75+£0.24 0.16 £0.01
8 0.15+£0.01b 6.66 £ 0.66 1.71 £0.05 0.16 £0.01
14 0.18+0.01 a 9.21+£1.30 1.92+£0.26 0.16 £0.01
PC? 0 0.15+0.00 6.83 £0.85 1.69£0.13 0.17£0.01
4 0.13+£0.01 7.92+1.16 1.76 £0.15 0.15+0.01
8 0.15+£0.01 7.12+0.89 1.77£0.12 0.15+£0.01
14 0.14 £0.00 7.90+1.76 1.73 £0.05 0.16 £0.01
CM 0.011%* 0.926 0.617 0.144
ST 0.006** 0.076 0.520 0.005%*
CM x ST 0.011%* 0.493 0.571 0.826

+ The pre-cooling treatment consisted of keeping 10 kg of olives in boxes at 5 °C overnight to guarantee that the fruit attainted an internal
temperature of 5 °C before filling the plastic container with 375 kg. The container without treatment was filled with olives at a field temper-

ature of 18 °C (FT). The storage temperature was 5 °C.

1 In each variable, the values of different treatments followed by different letters are significantly different according to the Tuckey test (P <
0.05). The absence of letters means no significant effect due to treatment according to one-way ANOVA (P < 0.05). Each value is the mean
+ SD of 3 replicates. Significant levels of the factors CM, ST and CM x ST * p < 0.05, ** p < 0.01.

less, there was a significant difference between both
treatments as well as a significant effect of storage
time. The significant effect of the interaction between
the cooling method (CM) and the storage time (ST)
underlined that the effects of applying a pre-cooling
treatment increased with storage time. This effect was
more prominent in the container filled with fruit at
field temperature (FT), where a significant increase
was detected at 14 days of storage compared to the
other storage times. The olives that underwent a
pre-cooling treatment in small boxes (PC), did not ex-
perience a significant increase in the acidity level af-
ter 14 days of storage compared to the previous ones.
The PI values as well as those obtained for K232 and
K270 were not influenced in a significant way, either
by the CM or the ST.

3.2. Effect of rapid cooling treatment (experiment 2)

Visual examination of triplicate samples of 100
olives at each of the different storage times did not
show damages that could be attributed to ‘chilling in-
juries’ in any of the treatment tested (data not shown).

Subjecting the olives to a rapid cooling at -18 °C for
a short time to obtain the desired temperature of 5 °C

did not lead to an overall worsening of the examined
physicochemical quality parameters (Table 2). No sig-
nificant differences were observable in the acidity or
the K232 and K270. Only the measured PI showed an
effect on the speed of cooling (SC). On the other hand,
the effect of the ST was significant in all the variables.
At punctual storage times, there was a significant dif-
ference between the two obtained values. This was the
case on day 0 concerning the K270 and, for the level of
FFA, on day 4. These slightly deviated results do not
influence the overall appreciation of the results.

Finally, it is worth mentioning that the visible
bruises that were caused during the cleaning proce-
dure did not produce any problematic rise in any of
the examined parameters.

3.3. Implementation

The obtained results were promising for the in-
tegration of a pre-cooling procedure as a valuable
intermediate step before storage in bins. The fill-
ing level of the boxes used during harvesting was
reduced to 2/3 to maximize the evacuation of the
field heat within each box during the pre-cooling
treatment. The filled boxes were transferred to the
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TaBLE 2. Physicochemical parameters of oil extracted from olives stored at 5 °C for up to 14 days after being subjected to rapid pre-cool-
ing at -18 °C (FC) compared to room cooling at 5 °C (SC).

Storage time Speed of cooling FFA

PI

(ST) (days) (SO) (% oleic acid) (meq O,/kg oil) Ko Ko
0 SC 0.14 +0.01 11.97 £ 0.29 1.88+£0.20 0.21 £0.01 af
FC 0.13+0.01 9.87+1.49 1.89 +£0.02 0.19+0.01b
4 SC 0.14+0.00 a 14.83 £0.45 1.69 + 0.06 0.19 +0.01
FC 0.12+£0.00 b 13.05+1.87 1.82+£0.07 0.19+£0.01
8 SC 0.14 £ 0.01 13.89 £ 1.30 1.76 £ 0.07 0.19 +0.00
FC 0.14+0.01 11.21+1.49 1.82+0.07 0.18 +£0.00
14 SC 0.15+0.00 9.90 +1.82 1.70 £ 0.07 0.19 £ 0.01
FC 0.15+0.01 10.20 + 0.68 1.70 £ 0.12 0.20 +0.01
ST 0.032* 0.000%** 0.034 0.009%**
SC 0.162 0.010%* 0.245 0.051
ST x SC 0.271 0.257 0.661 0.011*

" In each variable, the values for different treatments followed by different letters are significantly different according to the Tuckey test
(P <0.05). The absence of letters means no significant effect due to treatment according to one-way ANOVA (P < 0.05). Each value is the
mean + SD of 3 replicates. Significant levels of the factors ST, SC and ST x SC * p <0.05, ** p < 0.01; *** p <0.001.

cooling room on a very regular basis and whenev-
er 20 boxes were filled. The boxes were placed on
pallets and pilled with sufficient space to optimize
the airflow between them. The temperature was
setat 5 °C (x 1 °C). The next morning, the cooled
olives in these boxes were transferred to the pre-
sented bins. The emptied boxes were reused dur-
ing the following picking day.

This procedure was carried out in the harvesting
campaigns of 2018 and 2019. Bins were filled and
stored within the cooling room. Several of them were
stacked on top of each other to make the best use of
space. The temperature of the olives in the containers
was monitored with a digital thermometer as well as
an IR thermometer. The first filled bins were stored

for up to 7 days, as the picking had to be postponed
for several days due to bad weather. The internal tem-
perature climbed to 7 °C on the day of transport to
the mill. Minor problems arose during storage as the
capacity of the existing cooling installation was not
designed to store such an amount of fruit. The fact that
the olives came in in small batches made it possible
to remove the field heat over the time of a day and
night, although the formation of ice on the slats of the
evaporator was inevitable and needed to be removed
daily by blowing warm air over it.

The physicochemical characteristics of the ob-
tained oils were analyzed and revealed a high-quali-
ty profile for both years (Table 3). The organoleptic
quality was not tested by an official sensory panel,

TaBLE 3. Physicochemical parameters of the bottled AOVE extracted from olives (c.v. Picual) in the experimental olive mill of the Institu-

to de la Grasa during the recollection campaigns of 2018 and 2019. The recollected fruit was picked with a Manual Inverted Umbrella and

stored at 5 °C with full implementation of the described pre-cooling treatment. Analysis report issued by the Physical-Chemical Laborato-
ry of the Instituto de la Grasa (CSIC).

. FFA PI
Harvesting (% oleic acid) (meq O/kg oil) K232 K270 Delta K
Amount Max. storage
Year of bins ke (days)
2018 10 3.583 7t 0.13 6.6 1.65 0.16 <0.01
2019 13 4.721 5 0.11 5.7 1.75 0.17 <0.01

T The picking was postponed for three days due to bad weather.
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but the obtained prizes in various international com-
petitions (New York International Olive Oil Contest
2018: Gold; 2019: Silver; Japanese Olive Oil Con-
test 2019: Gold; Premio Mezquita de Cordoba 2018:
Gold; 2019: Gold) convincingly illustrated their ex-
ceptional quality over both years.

4. DISCUSSION

The evolution of the internal temperature showed
that instead of a continuous increase in temperature
up to even 25 °C, as was reported by Garcia et al.
(1994) and Garcia and Yousfi (2006), a steady de-
crease was observed. Some parameters such as the
degree of maturity, the degree of damage due to har-
vesting, and the cooling conditions in which they
were kept, come to the fore as possible factors to
explain these differences (data not shown). Proper
control of the internal temperature was obtained,
even without a pre-cooling treatment, and with even
better results when the storage of a bulk container
started with pre-cooled olives.

Experiment 1 demonstrated that the internal
temperature did not rise by more than a few de-
grees over 2 weeks. As the environment stayed
constant at 5 °C, the parameters for the convec-
tion stayed the same as well as those for the heat
conduction dynamics within the container. It can
thus be hypothesized that the excess of energy was
generated by the fruit itself. The initial tempera-
ture of 5 °C inhibited the respiration of the fruit
to a large extent, although it could not impede that
over 14 days the heat generated by the respiration
exceeded the heat that dissipated from the contain-
er by way of transmission or by radiation. In this
respect, the results support the assumption of Red-
ding et al. (2016) that respiratory heat does have
a significant contribution when the (pre)-cooling
process is extended.

The vulnerability of olives for chilling injuries
is well known and well documented (Kader, 1985).
The development of these injuries takes place over
an extended storage time and at temperatures below
5 °C. The results of this experiment showed that ex-
posing the olives to a room temperature as low as
—18 °C for less than 3 minutes did not cause injuries
to the fruit or deterioration to the oil subsequent-
ly extracted. The required cooling time of 3 min-
utes was in line with the observations published by
Plasquy et al. (2021), who documented the cooling

rate of 6 varieties, including the Picual c.v. used in
this experiment.

A detailed comparison with the data as pub-
lished by Garcia et al. (1994) was complicated
as neither the intactness nor the state of ripening
of the fruit was reported. However, the fact that
the FT samples did not present excessive acidity
levels indicated that additional factors must have
exerted a detrimental effect on the fruit and con-
sequently on the quality level of the extracted oil.
It must be pointed out that the field temperature of
18 °C is rather low compared the daytime temper-
atures that can be experienced at the start of the
harvesting campaign. Dealing with fruit at tem-
peratures above 25 °C is far from unusual and do
caution that more research is needed to document
the evolution of the temperature of stored olives
in containers.

The respiration rate of fruit increases at higher
temperatures and as a consequence so does the respi-
ration heat (Becker et al., 1996). The results of Gar-
cia et al. (1994) illustrated that once a given thresh-
old temperature is reached, room cooling, even at 5
°C, becomes insufficient to lower the heat load. This
experiment showed that this limit must be above 18
°C. However, further empirical research and mod-
eling are needed to determine at what temperature
storage in 400-kg containers becomes critical if not
impossible.

Pre-cooling is since long recognized as criti-
cal in guaranteeing the quality of fresh fruit and
vegetables. Removing the field heat does lead to a
drastic reduction in the respiration rate and hence
a decline in the deterioration as well (Brosnan and
Sun, 2001). The implementation of the experiment
illustrated that this technique can be successfully
realized at a small scale to optimize cold storage.
To what extent the proposed solution can be intro-
duced on a larger scale will depend on the creativ-
ity to adapt existing systems to the specific con-
ditions of the olive harvest. The obtained results
showed that it is worthwhile to undertake such an
endeavor.

5. CONCLUSIONS

The results indicated that olives of the ‘Picual’
variety, stored in containers of 400 kg at an initial
temperature of 18 °C, can be kept at 5 °C for 14
days without significant signs of deterioration. Ap-
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plying a pre-cooling treatment by bringing the fruit
temperature to 5 °C before their storage in these
containers resulted in a lower internal temperature
during the storage time. The slight increase in tem-
perature over time indicated that the respiration of
the fruit substantially contributed to the internal
heat production, although without provoking sub-
stantial deteriorations. Pre-cooling the olives in a
fast way did not cause ‘chilling injuries’ nor did it
affect the quality parameters of the extracted oil.
The pre-cooling treatment offered a workable and
affordable solution for the producer and could be
successfully implemented as an integral part of the
recollection process on the farm. Both experiments
raised the expectation that the storage of olives in
bin containers be further examined to clarify the
vulnerability of the different cultivars and the im-
pact of greater temperature gradients. At the same
time, it seems recommendable to explore the pos-
sibilities of a fast pre-cooling process in greater
depth and at the level of the farm to obtain the de-
sired temperature before olive storage in container
bins in a more efficient way.
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SUMMARY: An investigation on fatty acid, triacylglycerol, tocopherol, and xanthophyll contents and thermal properties of pecan (Carya
illinoinensis) kernel oils from two cultivars was carried out. The main fatty acids were oleic acid, followed by linoleic and palmitic acids.
The predominant triacylglycerols were OOL, OOO, and OLL (where O stands for oleoyl and L for linoleoyl). Pecan kernel oil is a rich
source of tocopherols, mainly y-tocopherol. Two xanthophylls (lutein and zeaxanthin) were investigated, and lutein was found to be the
major one. Thermal behavior was studied by differential scanning calorimetry (DSC). Pecan nut oil displayed melting and crystallization
transitions at low-temperature zones. The difference between DSC parameter values provides a path for distinguishing among cultivars.
These data promote pecan kernel oil as a potential source of bioactive compounds with nutraceutical properties (monounsaturated fatty
acids, tocopherols, and xanthophylls) and reveal, for the first time, the thermal properties of Carya illinoinensis oil.

KEYWORDS: Pecan nut; Fatty acids; Tocopherols; Triacylglycerols, Xanthophylls; Thermal properties

RESUMEN: Composicion quimica y propiedades térmicas de aceites de nuez de pecana [Carya illinoinensis (Wangenh.) K. Koch]
tunecina. Se llevo a cabo una investigacion sobre el contenido de acidos grasos, triacilgliceroles, tocoferoles, xantofilas y propiedades
térmicas de aceites de nuez de pecana (Carya illinoinensis) de dos cultivares. Los principales acidos grasos fueron el acido oleico seguido
de los acidos linoleico y palmitico. Los triacilgliceroles predominantes fueron OOL, OOO y OLL (donde O, oleoilo y L; linoleoilo). El
aceite de nuez de pecana es una fuente rica en tocoferoles, principalmente y-tocoferol. Se investigaron dos xantofilas (luteina y zeaxan-
tina), la luteina fue la mayoritaria. Los comportamientos térmicos se estudiaron mediante calorimetria diferencial de barrido (DSC). El
aceite de nuez de pacana mostro transiciones de fusion y cristalizacion en zonas de baja temperatura. La diferencia entre los valores de
los parametros de DSC proporciona un camino para distinguir entre cultivares. Estos datos presentan al aceite de nuez pecana como una
fuente potencial de compuestos bioactivos con propiedades nutracéuticas (acidos grasos monoinsaturados, tocoferoles y xantofilas) y
revelan, por primera vez, las propiedades térmicas del aceite de Carya illinoinensis.
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1. INTRODUCTION

The World Health Organization (WHO) has rec-
ommended the dietary consumption of nuts due to
their high contents in unsaturated fatty acids which
help to prevent cardiovascular diseases, obesity, di-
abetes, certain cancers, and other chronic diseases
(WHO, 2019). Among all nuts, the world produc-
tion of pecan (Carya illinoinensis) oil is promptly
increasing. This oil is recognized as a healthy spe-
cialty oil. Indeed, pecan kernel oil has been reported
to be a good source of fat-soluble bioactive com-
pounds such as unsaturated fatty acids, tocopherols,
phytosterols (Miraliakbari and Shahidi, 2008; Boua-
li et al., 2013), and polyphenols (Komnsteiner et al.,
2006; Bouali et al., 2020). Likewise, clinical studies
have revealed that regular pecan nut supplementa-
tion ameliorates the lipid profiles that are related to
cardiovascular risk (Atanosov et al., 2017).

The potential health benefits of pecan kernel oil
are often attributed to its high levels of monounsatu-
rated fatty acids (MUFA) (Miraliakbari and Shahidi,
2008; Atanosov et al., 2017), primarily oleic acid
(60- 70% of total fatty acids) (Bouali ef al., 2013; do
Prado et al., 2013).

Pecan kernel oil contains triacylglycerols (96.4
g/100 g of oil) (Miraliakbari and Shahidi, 2008),
which are the major components of most vegetable
oils included in the human diet. They are considered
an important factor in the evaluation of the oxida-
tion of oils (Zeb, 2012). Moreover, triacylglycerols
(TAG) are employed in the food industry to assess
the authenticity of vegetable oils.

Emphasis has been given to the use of lipid-sol-
uble antioxidants. Indeed, antioxidants such as to-
copherols and carotenoids generally enhance oil sta-
bility, and consequently, consumers often value oils
naturally rich in these compounds. Tocopherols are
powerful antioxidants and scavengers of free radi-
cals. They possess potent anti-cancer, anti-inflam-
matory, antiatherogenic, cardioprotective, and cho-
lesterol lowering properties (Mathur et al., 2015).

Carotenoids are fat-soluble compounds known
for their provitamin A activity. Among the carot-
enoids, we primarily examined two xanthophylls
which are lutein and zeaxanthin. They are present in
the macula of the retina in the eye. They have protec-
tive effects against the evolution of age-related mac-
ular degeneration and cataracts (Ma and Lin, 2010).

Likewise, many recent epidemiological studies have
shown that lutein and zeaxanthin may reduce the risk
of cancer and coronary heart disease (Ma and Lin,
2010).

It is important to monitor the thermal behavior
of edible vegetable oils and fats in order to evaluate
the changes in their comportments when exposed to
thermal load disruptions, to verify their authenticity
(Nilchian et al., 2020), and to enhance the acquain-
tance concerning the influence of oil composition
on their thermal behavior (Chambre et al., 2019).
Differential scanning calorimetry (DSC) is the most
commonly used thermo-analytical tool for oils. Nu-
merous studies have focused on the characterization
of tree nut oils by DSC such as hazelnut (Corylus
avellana L.) oil, walnut (Juglans regia L.) oil (Che
Man and Tan, 2002), Almond (Prunus dulcis L.) oil
(Beltran et al., 2011) and pistachio (Pistacia vera L.)
oil (Ling et al., 2015). So far, no complete research
concerning the thermal behavior of pecan nut oil has
been performed.

A comparative study of the different pecan cul-
tivars is key for breeding programs and the food
industry in the selection of cultivars with the max-
imum amount of high value-added compounds. In
this context, our aim was to evaluate two Tunisian
pecan cultivars (Mahan and Moore) through their
fatty acids, TAG, tocopherol, and xanthophyll com-
positions and through their thermal behavior.

2. MATERIALS AND METHODS

2.1. Reagents and standards

Toluene, acetonitrile, methanol, dichlorometh-
ane, and hexane were supplied by Carlo Erba (Val de
Reuil, France). Petroleum ether was obtained from
Fisher Scientific SA (Loughborough, UK). Fatty acid
methyl ester (FAME) standards were acquired from
Nu-Chek-Prep (Elysian, MN, USA). Tocopherol
standards, ammonium acetate, sodium bicarbonate,
and 7% boron trifluoride in methanol (BF,-MeOH)
were provided by Sigma—Aldrich (Saint-Quentin
Fallavier, France). Lutein and Zeaxanthin standards
were generous gifts from Roche (Neuilly-sur-Seine,
France).

2.2. Pecan samples

Pecan nuts from Moore and Mahan cultivars were
harvested at complete maturity from a restricted
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zone on the INRGREF experimental farm (Nation-
al Institute for Research in rural engineering, water
and forest), in Mateur, Northern Tunisia (Longitude:
09°48' E; Latitude: 37°15’ N; Altitude: 5 m above
sea level).

Husks were removed And the kernels were de-
tached manually from the shell and dried in an oven
at 60 °C. Using a mortar, the dry samples were finely
ground for the extraction process.

2.3. Oil extraction

Oil was extracted from dry milled pecan kernels
(5 g) using a soxhlet apparatus with light petroleum
ether for 6 h at 42 °C. The solvent was removed from
the resulting extract by rotary vacuum evaporation
at 50 °C. The obtained oil was stored in dark glass
bottles at 4 °C until analysis.

2.4. Fatty acid analysis

The fatty acid composition was determined as fat-
ty acid methyl esters (FAME) prepared as described
previously by Bouali et al. (2013). Twenty milli-
grams of oil were mixed with 0.7 mL boron trifluo-
ride reagent (BF3/methanol, 7 %) and 0.3 mL tolu-
ene under nitrogen and the tube was heated at 95 °C
for 2 h and then cooled to room temperature. FAMEs
were extracted by adding 5 mL of sodium bicarbon-
ate and 3 x 2 mL hexane. The obtained mixture was
centrifuged for 3 min. The solvent was removed un-
der a nitrogen stream. Then, the FAMEs were dis-
solved in hexane and analyzed on a Hewlett Pack-
ard Model 4890 gas-chromatograph (Palo Alto, CA,
USA) with a CP-Sil 88 (100 m x 0.25 mm L.D. cap-
illary column, 0.2 pm film, Varian, Les Ulis France).
The injector and detector temperatures were 250 and
280 °C, respectively. The initial oven temperature
was held at 60 °C for 5 min, increased to 165 °C at
15 °C/min and held for 1 min at this temperature;
then increased to 225 °C at 2 °C/min, before being
maintained at this temperature for 17 min. The peaks
were identified based on their retention times using
synthetic and commercial standards. Analyses were
performed in triplicate.

2.5. Triacylglycerol analysis

The TAG analysis was performed by gas chro-
matography (GC) using the same chromatograph-
ic conditions as reported by Bootello et al. (2016).

About 5 mg of pecan kernel oil were dissolved in 1.8
mL of heptane. One pL of this solution was inject-
ed into the GC, an Agilent 7890 gas chromatograph
(Palo Alto, CA) equipped with a flame ionization
detector (FID) and a Quadrex Aluminum-Clad 400-
65HT chromatography column (30 m length; 0.25
mm diameter; 0.20 um film thickness: Bellefonte,
PA, USA). Hydrogen was used as the carrier gas
at a linear gas rate of 50 cm-s”' and a split ratio of
1:50. The detector and injector temperatures were
370 and 350 °C, respectively; the oven temperature
was 335 °C, and a pressure gradient from 100 to 200
kPa was applied. Peak identification was performed
by comparing their retention times with those of a
standard mixture and known samples. Quantification
of the peaks was made by internal normalization of
the chromatographic peak area, and the results are
expressed in relative percentage.

2.6. Tocopherol and xanthophyll analysis

The tocopherol and xanthophylls analysis was per-
formed by reverse-phase high performance liquid chro-
matography (RP-HPLC) using the procedure previous-
ly described by Bouali ef al. (2013). Samples (40 mg)
were diluted in 1 mL of mixed HPLC mobile phase:
acetonitrile/methanol containing 50 mM ammonium
acetate/water/dichloromethane (700:150:50:100, V/V/
V/V). Then, the mixture was vortexed.

The assays were carried out on a Jasco PU-1580
apparatus plus intelligent pump equipped with an
automatic injector system AS300 (Thermo Finnigan,
Les Ulis, France) and a Jasco MD-1510 plus multi
wavelength detector (JASCO International Co., Ltd.,
Japan). Chromatographic separation was performed
on a VIDAK C18 column (25 mm x 4.6 mm id, 5 pm
particle size) connected with a Nucleosil C18 col-
umn (25 mm x 4.6 mm id, 5 pm particle size). The
mobile phase was a mixture of acetonitrile/ metha-
nol at 50 mM ammonium acetate/ water/ dichloro-
methane (700:150:50:100, V/V/V/V) at a flow rate
of 2 mL/min. Samples of 18 puL. were injected, the
wavelengths were set at 298 nm for tocopherols and
450 nm for lutein and zeaxanthin. The identification
was carried out by comparing the retention times and
absorption spectra of unknown peaks to authentic
standards and by adding a-, -, y-tocopherol, lutein,
and zeaxanthin standards to the sample for co-chro-
matography. The quantification was based on the ex-
ternal standard method.
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2.7. Thermal analysis by DSC

Thermal properties of pecan kernel oils were car-
ried out on a diferential scanning calorimetry (DSC)
using a Q2000 V23.5 scanner (TA instruments, New
Castle, DE, USA). Dry nitrogen was used as the
purge gas at a rate of 20 mL/min. Oil samples (6-8
mg) were weighed directly into aluminium pans. An
empty sealed pan was employed as control.

Samples were subjected to the following tem-
perature program: 90 °C isotherm for 5 min, and
then cooled to -80 °C at a rate of 10 °C/min, held
for 20 min. Oil samples were then heated from -80
°C to 90 °C at a rate of 5 °C/min to acquire the data
of the melting thermogram. The crystallization was
achieved by heating the oils at 90 °C for 5 min and
then decreasing the temperature to -80 °C at a rate of
10 °C/min.

Crystallization and melting parameters: the melt-
ing enthalpy (AH ), the temperature of the major
peak of melting (P ), the initial and end tempera-
ture of the melting phase (T onset and T end ),
the crystallization enthalpy (AH,), the temperature
of the major peak of crystallization (P ), the initial
temperature of the crystallization phase (T onset ),
the range of the transition phase (R: the temperature
difference between T onset and T end) were deter-
mined.

2.8. Statistical analysis

The results were expressed as mean values
and standard deviation and were analyzed using
the statistical analysis system XLSTAT (version
2015). The differences between cultivars were
analyzed using one-way ANOVA followed by
Duncan’s test (P < 0.05), and principal component
analysis (PCA).

3. RESULTS AND DISCUSSION

3.1. Total lipid content

Oil contents, expressed in percentage of dry
weight, are reported in Table 1. It can be deduced
that the amount of lipids differs among pecan nut
cultivars as has been observed previously (Ribeiro
et al., 2020). Moore kernels had lipid content signif-
icantly higher (72.57 %) than those of Mahan (69.64
%). The kernels investigated in this study exhibit-
ed a substantial fount of lipids for food with more

TasLE 1. Oil content (expressed as % dry weight) and fatty acid
composition (% of total fatty acids).

Cultivars

Mahan Moore
Total oil content (%) 69.64 + 0.24° 72.57 £1.02°
Fatty acids
C14:0 0.06+0.017° 0.05+0°
C15:0 0.02+0.015° 0.013+0.005*
C16:0 6.37+0.06° 6.2+0.03°
Cl16:1n-9 0.03+0? 0.03+0°
Cl6:1n-7 0.09+0° 0.08+0°
C17:0 0.06+0? 0.06+0.005*
C18:0 2.61+0.005° 2.27+0.005*
C18:1n-9 55.16+£0.28* 56.81+£0.08°
C18:1n-7 1.05+0.04° 1.12+0.0252
C18:2n-6 32.73+0.24° 31.60+0.06°
C20:0 0.13+0° 0.12+0*
C20:1n-9 0.22+0? 0.26+0.006°
C18:3n-3 1.44+0.035° 0.3+0?
C22:0 0.03+0.005° 0.03+0°
Y SFA 9.28 8.75
2~ MUFA 56.55 58.30
X PUFA 34.17 31.63
X UFA 90.72 89.93

Each value is a mean =+ standard deviation (SD) of a triplicate
analysis performed on different samples. Fatty acids detected:
C14:0, myristic acid; C15:0, pentadecylic acid; C16:0, palmitic
acid; C16:1n-9, palmitoleic acid; C17:0, margaric acid; C18:0,
stearic acid; C18:1n-7, vaccenic acid; C18:1n-9, oleic acid;
C18:2n-6, linoleic acid; C18:3n-3, a-linolenic acid; C20:0,
arachidic acid, C20:1n-9, eicosanoic acid; C22:0, behenic
acid; SFA, saturated fatty acids; MUFA, monounsaturated fatty
acids; PUFA, polyunsaturated fatty acids; UFA, unsaturated
fatty acids. Means with same letters in the same line were not
significantly different according to the multiple range Duncan
test at P < 0.05.

than 69% of this macronutrient (Table 1). In the
present study, the oil content of both cultivars was
significantly higher than that of the Burkett cultivar
(68.42% dry weight) as previously studied (Bouali
etal, 2013).

These values are similar to those published by
Miraliakbari and Shahidi, (2008) but higher than
those reported by do Prado et al. (2013) and Ri-
beiro et al. (2020). Differences in lipid content in
pecans could be attributed to cultivar, geographic
factors, ripening stage, and variations in extraction
methods (Miraliakbari and Shahidi, 2008; Bouali
et al., 2013; Ribeiro et al., 2020). Most nuts con-
tain high amounts of fat (almond 60.10%, pista-
chio nut 22.09%, and walnut 32.95%) (Rabadan
etal, 2019).
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3.2, Fatty acid composition

Table 1 shows the fatty acid composition of
Mahan and Moore cultivars. Fourteen fatty acids
were detected. Oleic acid was the predominant
one (55.16-56.81% of total fatty acids). Linole-
ic acid was the second in order of importance
(31.60-32.73%). Among the remaining fatty ac-
ids only palmitic (6.20—6.37%) and stearic (2.27-
2.61%) acids showed considerable amounts. The
major fatty acids found in the present study are, in
general, comparable to those reported in the liter-
ature (do Prado et al., 2013; Ribeiro et al., 2020).

In the current study, the fatty acid composi-
tion of both cultivars was significantly different
from the Burkett cultivar previously investigated,
which showed a particular composition with very
high oleic acid (69.04%) and low linoleic acid
(20.69%) contents (Bouali et al., 2013). This vari-
ation could be attributed to genetic differences.

In pecan kernel oil, saturated fatty acids (SFA)
were the minor group (8.75-9.28% of total fat-
ty acids): whereas monounsaturated fatty acids
(MUFA) were the highest (56.55 — 58.30%) (Table
1). It is important to mention that the pecan nut oil
is exceeded in monounsaturated fatty acids level
by olive oil (58.07-71.13%) (Ouni et al., 2011)
but followed by other nut oils like pistachio nut
(54.28%), cashew (57.54%) and walnut (19.16%)
(Al Juhaimi et al., 2018). Polyunsaturated fatty
acids (PUFA) were present at high levels (31.63 —
34.17% of total fatty acids).

Overall, the obtained results (MUFA > PUFA >
SFA) are similar to those observed in Brazilian pe-
can nuts (Ribeiro ez al., 2020) and other geograph-
ical origins such as Mexico (Rabago-Panduro et
al., 2020).

3.3. Triacylglycerols composition

In a previous study, Miraliakbari and Shahidi
(2008) reported that pecan nut oil contains 96.4%
of triacylglycerols. Therefore, it was interest-
ing to investigate the TAG compositions among
pecan nut cultivars. The TAGs were identified
and quantified by GC. Significant differenc-
es between the two cultivars were detected. As
shown in Table 2, thirteen compounds were iden-
tified and quantified: POP, PLP, POS, POO, PLS,
POL, PLL, SOO, 00O, SOL, OOL, OLL, LLL

TABLE 2. Triacylglycerol composition (% of total triacylglycerols)

Cultivars
Mahan Moore

POP 0.49+0.12° 0.53+0.122
PLP 0.44+0.1° 0.50+0.11*
POS 0.23+0.04¢° 0.28+0.04°
POO 5.63+0.7° 7.90+0.95°
PLS 0.53+0.1° 0.78+0.1°
POL 7.80+0.88* 8.20+0.83°
PLL 4.31+0.41° 3.03+0.25°
SO0 1.82+0.07° 2.03+£0.05*
000 17.77+0.18° 25.96+0.07°
SOL 3.36+0.03° 2.00+0.00°
OOL 28.05+0.35° 28.544+0.73°
OLL 20.62+0.82° 15.53+0.82°
LLL 8.97+0.5° 4.69+0.84°
Total 100 100

Each value is a mean + standard deviation (SD) of a triplicate
analysis performed on different samples. P, palmitoyl; S, stearoyl;
0, oleoyl; and L; linoleoyl. Means with same letters in the same
line were not significantly different according to the multiple range
Duncan test at P < 0.05.

(where P, palmitoyl; S, stearoyl; O, oleoyl; and
L; linoleoyl). The predominant TAG was OOL
(28.05 — 28.54%) in both cultivars, followed by
000 (25.96%) and OLL (15.53%) in the Moore
cultivar. In the Mahan cultivar, OLL (20.62%)
was the second major TAG and OOO was the third
(17.77%). The remaining TAGs had smaller per-
centages (Table 2). The amount of POS was the
lowest in both cultivars. The variation, observed
among cultivars, may be attributed to genetic
causes, mostly acyltransferase activities during
the TAG assembly. Several authors have empha-
sized the effect of genotype on TAG composition
in other nuts (Bouabdallah et al., 2014; Tas and
Gokmen, 2015). The TAG composition is consid-
ered the most effective parameter for distinguish-
ing cultivars (Bouabdallah et al., 2014), which is
confirmed by our findings.

Our results are different from those reported by
Fernandes et al. (2017) for pecan nuts obtained from
local grocery stores in Brazil. These same authors
reported the predominance of PLP + OOO + PoPP.
This difference could be attributed to cultivar and
geographical variations, ripeness stages, storage
conditions and differences in extraction methods and
analytical procedures.
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TaBLE 3. Tocoperol and xanthophyll contents in pecan nut kernel oils (expressed as mg/kg of oil).

. Total . . Total
Cultivars o-tocopherol  d-tocopherol  y-tocopherol tocopherols Lutein Zeaxanthin xanthophylls
Moore 6.3140.5° 0.80+0.25° 259.82+10.35° 266.93 0.22+0.01° ND® 0.22
Mahan 4.64+0.42° 0.50+0.1* 197.30+7.54° 202.44 0.23£0° ND* 0.23

ND: Not detected. Each value is a mean + standard deviation (SD) of a duplicate analysis performed on different samples. Means with the
same letters in the same column were not significantly different according to the multiple range Duncan test at P < 0.05.

For walnut (Juglans regia), a member of the
same family as the pecan nut (the Juglandaceae
family), 19 TAG compounds were detected in this
oil, with LLL as the major one (Bouabdallah et al.,
2014).

3.4. Tocopherol contents

The amount of tocopherols is a fundamental
parameter for assessing the quality of oils. The
tocopherol composition is reported in Table 3.
v-Tocopherol was predominant in both analyzed
oils, representing about 98% of total tocopherols.
The highest amount was observed in the Moore
cultivar (259.82 mg/kg of oil); whereas the lowest
was detected in the Mahan cultivar (197.30 mg/kg
of oil). y-Tocopherol is considered the most fre-
quent isoform of vitamin E in several nuts (Korn-
steiner et al., 2006). a-Tocopherol was the second
predominant isoform, accounting for 2.36% and
2.29% of the total tocopherols in Moore and Ma-
han cultivars, respectively. Several investigations
have revealed that y-tocopherol possesses benefi-
cial activities which are not common to a-tocopher-
ol. y-Tocopherol has, notably, stronger anti-cancer,
anti-inflammatory, antioxidant, cardioprotective
properties (Smolarek and Suh, 2011; Mathur et al.,
2015), greater detoxification of nitrogen oxides and
higher inhibition of cyclooxygenase-2 (COX-2)
(Mathur et al., 2015) than a-tocopherol. In addi-
tion, y-tocopherol, but not a-tocopherol, exerts an
anti-proliferative effect on lung and prostate cancer
cells (Jiang et al., 2004).

Besides y- and o-tocopherols, d-tocopherol was
also present in pecan kernel oil, with low amounts
representing 0.3 and 0.25 % of the total tocopherols
in Moore and Mahan cultivars, respectively.

These results indicated that pecan kernel oil pro-
vides natural antioxidants, with the Moore cultivar
exhibiting the greatest tocopherol content (266.93
mg/kg of oil). In this study, the total tocopherol

content of both cultivars was significantly higher
than that of the Burkett cultivar previously inves-
tigated (Bouali et al., 2013). Similar results have
been found by other authors (do Prado et al., 2013)
implying that tocopherol content is highly culti-
var-dependent.

The total tocopherol contents found in this study
were higher than those reported by Kornsteiner et
al., (2006) and Fernandes et al,. (2017). In contrast,
they were lower than those reported by Miraliakbari
and Shahidi (2008). It is well-known that tocopherol
content is strongly influenced by genetic differences,
maturity (Bouali et al.,, 2013), geographic and cli-
matic conditions (do Prado et al., 2013), as well as
differences in extraction methods and analytical pro-
cedures (Miraliakbari and Shahidi, 2008).

Miraliakbari and Shahidi (2008) studied the to-
copherol composition of oils extracted from several
nuts by different solvents and found that the tocoph-
erol content in pecan kernel oil ranges from 453.9
to 491.1 mg/kg oil, exceeded by the total tocopher-
ol content in hazelnut oil. It has been pointed out
that pecan kernel oil contains the greatest amount of
y-tocopherol among tree nut oils (Miraliakbari and
Shahidi, 2008).

3.5. Xanthophyll contents

Both cultivars were also investigated for their
levels of lutein and zeaxanthin. Among xantho-
phylls, lutein and zeaxanthin prevent the risk of sev-
eral diseases (Ma and Lin, 2010). Thus, it is benefi-
cial to assess the levels of these compounds in pecan
nuts in order to select the cultivar which contains the
greatest amount of xanthophylls.

The amounts of lutein and zeaxanthin as well as
their sum are reported in Table 3. Concerning total xan-
thophylls, a similarity was found between the cultivars.
In the present study, the total xanthophylls contents in
both cultivars (0.22—0.23 mg/kg of oil) was significant-
ly higher than that of the Burkett cultivar (0.14 mg/kg
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TaBLE 4. DSC parameters.

Mahan Moore

Peak 1 Peak 2 Peak 1 Peak 2
Melting Curves:
AH_(J/g) 66.2 70.2
P_(°C) -29.2 -21.2 -27.4 -19.4
T onset_ (°C) -41.7 -26.3 -37.5 -24.7
Tend (°C) -26.3 -7.6 -24.7 -4.5
R (°C) 34.1 33.0
Crystallization Curves:
AH_(J/g) 40.1 61.2
P_(°C) -63.3 -58.9
T onset  (°C) -24.6 -24.8

AH_: melting enthalpy, P_: temperature of the major peak of melting, T onset and T end  : initial and end temperature of the melting
phase, AH_: crystallization enthalpy, P : temperature of the major peak of crystallization, T onset : initial temperature of the crystalliza-
tion phase, R: range of the transition phase (temperature difference between T onset and T end).

of oil) already studied (Bouali e al., 2013). It is import-
ant to highlight that Carya illinoinensis kernel oil is not
a substantial source of dietary xanthophylls.

In pecan kernel oil, lutein was the predominant
xanthophyll. Our findings are in disagreement with
the previous study of Kornsteiner et al., (2006) who
did not detect any lutein. The same authors revealed
that pecan nut oil was surpassed in lutein level by
pistachio nut oil (15-96 mg/kg of oil) (Kornsteiner
et al., 2006). Indeed, pistachio nut oil contains the
highest level of lutein among all nut oils; whereas al-
mond, Brazil nut, cashew, hazelnut, macadamia and
walnut oils do not contain any lutein (Kornsteiner et
al., 2006). Nonetheless, zeaxanthin was not detected
in either cultivar of Carya illinoinensis.

3.6. Thermal properties

The thermal parameters supplied by the heating
and cooling thermograms are given in Table 4. The
melting thermograms of both cultivars displayed
profiles with two not well-separated endothermic
phase transitions. As shown in Table 4, the tempera-
ture of the first major peak of melting (P ) was -29.2
°C for Mahan cultivar and -27.4 °C for Moore culti-
var with an onset temperature (T onset ) ranging be-
tween -41.7 °C (Mahan) and -37.5 °C (Moore) and
an end temperature (T end ) varying between -26.3
and -24.7 °C for Mahan and Moore, respectively.
The temperature of the second P was -21.2 °C for
Mahan and -19.4 °C for Moore with a T onset _rang-
ing between -26.3 °C (Mahan) and -24.7 °C (Moore)

anda T end varying between -7.6 °C (Mahan) and
-4.5 °C (Moore). Mahan showed the lowest P_. The
non-significant difference in P_ values is attributed
to the fact that the Mahan cultivar presents more un-
saturated TAGs and fatty acids, and consequently,
this leads to the appearance of a lower melting point
(Mansor et al., 2012) than that of the Moore cultivar.
As explained in the literature, the first peak detected
in both samples at a low-temperature region of the
heating curve might be linked to the melting of the
lowest stability polymorphic form of TAGs (Rezig et
al., 2012). The range of transition phase (R) varied
between 33 and 34.1 °C for Moore and Mahan, re-
spectively. The melting enthalpy (AH ) varied sig-
nificantly among cultivars. The Moore cultivar had
the highest value (70.2 J/g). The melting behavior
of both cultivars revealed identical patterns but dif-
ferent DSC parameter values which confirm that the
melting behavior was affected by cultivar. This dif-
ference is in concordance with the variation in TAG
composition detected between the two cultivars.

Tan and Che Man (2002) investigated the melting
behavior of walnut (Juglans regia) oil and reported
a broad endothermic peak with smaller ones. These
peaks were attributed to the melting of the predom-
inant TAGs detected in this oil, namely LLL, LLLn,
and OLL. The same authors also studied the melting
behavior of hazelnut oil and found a large peak.

The crystallization profiles showed an exother-
mic phase transition with one well-defined peak for
both cultivars. The temperature of the major peak of
crystallization (P ) was -63.3 for Mahan cultivar and
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-58.9 °C for Moore cultivar (Table 4). As explained
previously, here too, the Pc observed for both sam-
ples at a low-temperature zone was mainly due to
the high contents in OOL, OLL, and OOO, since
these unsaturated TAGs are known to crystallize at
lower temperatures (Yanty et al., 2013). Both cul-
tivars showed similar values for initial temperature
of crystallization (T onset ) (-24.8 —-24.6 °C). The
crystallization enthalpy (AH) varied significantly
among cultivars indicating that the genotype signifi-
cantly influences the AH_value.

The crystallization behavior of both cultivars ex-
hibited identical patterns. However, different values
for DSC parameters demonstrated that it was linked
to cultivar. This significant variability (Table 4) may
be explained by the dissimilarity of fatty acid and
TAG compositions detected between cultivars.

The crystallization behavior in pecan nut oil dif-
fers remarkably from that of walnut oil. Indeed, a
wide exothermic peak and two smaller ones were
detected in walnut oil with a AH_ value of -57.4
J/g (Che Man and Tan, 2002). The major peak was
attributed to the crystallization of the main TAGs
found in this oil (Che Man and Tan, 2002).

The differences found in the thermal analysis
supply a basic comprehension of the thermodynam-

ic variations linked to the chemical composition. As
indicated by the melting and crystallization param-
eters, the lowering of the transition temperatures is
directly related to the high level of unsaturated TAGs
present in pecan kernel oil. To our knowledge, no
previous studies have investigated the thermal prop-
erties of pecan nut oil and hence, it was not possible
to compare our findings with prior works.

3.7. Principal component analysis (PCA)

For a deeper investigation of the differences and
similarities between the two studied cultivars, a prin-
cipal component analysis was performed (Figure 1).

According to the PCA results, the first two com-
ponents explained 90.19% of the total variance with
the first one at 82.14% and the second one 8.05% of
the total variance.

Moore and Mahan were different, located at the
positive and negative sides of component 1. Moore
was typified by great levels of oil content, C16:1n-9,
C18:1n-9, C18:1n-7, C20:1n-9, MUFA, y-tocoph-
erol, a-tocopherol, 8-tocopherol, OO0, POO, POL,
PLS, POP, POS, SOO, OOL, PLP, and high values
for AH , AH,P_,P,Tend ,Tonset .Mahan
was characterized by substantial levels of C14:0,
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C15:0, C16:0, C17:0, C18:0, C20:0, C22:0, SFA,
Cl16:1n-7, C18:2n-6, C18:3n-3, PUFA, UFA, SOL,
OLL, LLL, PLL, lutein, and high values for T
onset , R.

These findings confirm the great variability in
chemical composition and thermal behavior between
the two pecan cultivars.

4. CONCLUSIONS

Pecan kernel oil serves as a good source of nat-
ural antioxidants and bioactive compounds. The
Moore cultivar showed a particular composition
with a high level of tocopherols. Mahan was rich-
er in xanthophylls than Moore. Pecan nut oil was
found to be rich in TAGs containing oleic and li-
noleic acids. The pecan nut oil exhibited its main
thermal transition at a low-temperature zone. Our
DSC data revealed that three parameters, namely
AH,_ and P_ of the crystallization profile and AH
of the melting profile are sensitive indicators for
distinguishing between cultivars. The genotype ap-
pears to affect the chemical composition and ther-
mal properties of pecan kernel oil.
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SUMMARY: The present study investigates the detailed lipid classes and their fatty acid (FA) compositions from two parasitic copepods
Lernaeocera lusci and Peroderma cylindricum and their respective fish host species Merluccius merluccius and Sardina pilchardus. The
lipid classes, including phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidylinositol (PI),
triacylglycerol (TAG), wax ester/cholesterol ester (WE/CE), mono-diacylglycerol (MDG), and free fatty acids (FFA) were separated by
thin layer chromatography. The results revealed that TAG and PC were the major lipid classes in parasites; while WE/CE and PS were the
most abundant in hosts. As for FA composition, C16:0, C18:0, C18:1n-9, C20:5n-3, and C22:6n-3 were recurrently found to be dominant
in all lipid classes of the different organisms studied. However, some differences concerning the abundance and the distribution of sev-
eral FAs were observed. Overall, the obtained results highlighted that despite the quite strong trophic connection between the parasites
and their respective hosts, the parasites could be distinguished by specific lipid profiles.

KEYWORDS: Copepods, Fatty acid; Hake; Lipid classes, Parasite; Sardine.

RESUMEN: Clases de lipidos y composicion de dcidos grasos en dos copépodos pardsitos Peroderma cylindricum y Lernaeocera
lusci y sus respectivos peces hospedadores Sardina pilchardus y Merluccius merluccius de aguas tunecinas. El presente estudio
investiga en detalle las clases de lipidos y sus composiciones de acidos grasos (AG) de dos copépodos parasitos Lernaeocera lusci'y
Peroderma cylindricum y sus respectivas especies de peces hospedadores Merluccius merluccius y Sardina pilchardus. Las clases de
lipidos incluyen fosfatidilcolina (FC), fosfatidiletanolamina (FE), fosfatidilserina (FS), fosfatidilinositol (FI), triacilgliceroles (TAG),
ceras/ésteres de colesterol (C/EC), mono-diacilglicerol (MDG) y acidos grasos libres (AGL), que fueron separados mediante cromato-
grafia en capa fina. Los resultados mostraron que TAG y FC eran las principales clases de lipidos en los parasitos, mientras que C/EC y
FS eran las mas abundantes en los hospedadores. En cuanto a la composicion de AG, se encontr6 de forma recurrente que C16:0, C18:0,
C18:1n-9, C20:5n-3 y C22:6n-3 eran dominantes en todas las clases de lipidos de los diferentes organismos estudiados. Sin embargo, se
observaron algunas diferencias en cuanto a la abundancia y distribucion de varios AGs. En general, los resultados obtenidos destacaron
que a pesar de la fuerte conexion trofica entre los parasitos y sus respectivos hospedadores, los parasitos podian distinguirse por perfiles
de lipidos especificos.

PALABRAS CLAVE: Acidos grasos,; Clases de lipidos;, Copépodos,; Merluza; Parasito; Sardina.
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1. INTRODUCTION

Peroderma cylindricum (Heller, 1865) and Ler-
naeocera lusci (Bassett-Smith, 1896) are two com-
mon parasitic copepods belonging to the Pennelli-
dae family which infect several marine fish. These
parasites have complex and heteroxenous cycles
that comprise different larval stages (Brooker ef al.,
2007). While the life cycle of L. lusci is well estab-
lished, that of P. cylindricum remains only partially
elucidated. The typical host species of L. lusci in the
Tunisian coastal area are the sole Solea solea (in-
termediate host) and the European hake Merluccius
merluccius is the definitive host (Kabata, 1979).
Once passing through copepodid and chalimus de-
velopmental stages, L. /usci males and females attain
maturity on the gills of their intermediate host. After
copulation, the females leave the sole and swim ac-
tively to infect the definitive host where they embed
deeply into the gill arches and continue to develop
(Kabata, 1979). As for P. cylindricum, only the adult
metamorphosed female embedded into pilchard Sar-
dina pilchardus (definitive host) is known to date. It
was reported that P. cylindricum inserts its holdfast
into the pilchard’s kidney and spine while its genital
segment, producing two egg strings, emerges on the
exterior (Becheikh et al., 1997). As a result of their
attachment and feeding, these two hematophagous
parasites P. cylindricum and L. lusci can affect the
survival, physiology and fitness of their hosts (van
Damme et al., 1994; Hajji et al., 1998). Particularly,
these parasites were found to be able to inflect sub-
stantial alteration in their host’s lipids (Hajji ef al.,
2015; Telahigue et al., 2017; Telahigue et al., 2019).
However, little is known about their own lipid pro-
files.

Lipids and their building block fatty acids are
fundamental components for animal health and sur-
vival. They are involved in a wide range of biologi-
cal functions due to their complexity and structural
diversity (Tracey et al., 2018). Neutral lipids, pre-
dominantly constituted by triacylglycerols (TAG)
and wax esters (WE), have the primary function of
energy storage and are widely related to the physi-
ological status of the organism (Sen Ozdemir et al.,
2019). However, phospholipids and sterols serve as
the principal structural constituents of cell mem-
branes (Dufourc, 2008). They may also play signif-
icant roles in cell signaling pathways and serve as

precursors to bioactive compounds such as steroid
hormones (Tocher, 2003). The common phospho-
lipid classes including phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylcho-
line (PC), and phosphatidylserine (PS), possess sig-
nificant structural diversity and complexity which
mainly depend on the type of fatty acid (length of
the fatty acid chain and number of double bonds)
which is incorporated (Sen Ozdemir et al., 2019;
Zhou et al., 2020).

Owing to their involvement in these diverse cel-
lular and physiological processes, lipids are attrac-
tive targets for parasites and are recognized as key
players in host-parasite interactions (Vallochi et al.,
2018). It was reported that various pathogens such as
obligate hematophagous and intracellular parasites
are able to hijack host’s lipids to their own benefit
in order to modulate and escape the host response
and to complete their own life cycle (O’Neall et al.,
2020). Although some authors have reported that
the fatty acid composition of parasites may large-
ly reflect that of their hosts (Tocher et al., 2010),
others have highlighted that several parasites may
have their own specific fatty acid fingerprints (Tara-
schewski et al., 1995).

The main objective of this study was to illustrate
the lipid profiles of two common parasitic copepods
from the Mediterranean waters: L. [lusci and P. cy-
lindricum, and to investigate whether these parasites
share common patterns with their respective hosts
or whether they have their own specific profiles. For
this purpose, the lipid class fatty acid (FA) composi-
tions of the two parasitic copepods as well as those
of their respective host fish were studied. For more
relevance, the specific fixation sites of these para-
sites (i.e. M. merluccius Gills for L. lusci and S. pil-
chardus kidney for P. cylindricum) were considered
in this work. The obtained results will help to better
elucidate the trophic connections in the two studied
parasite-host systems and to bring new comprehen-
sive knowledges about some biochemical aspects of
L. lusci and P. cylindricum, which remain hitherto
poorly understood.

2. MATERIAL AND METHODS

2.1. Sample collection

A total of 243 specimens of Sardina pilhcardus
(16.5+1.5 cm) and 276 specimens of Merluccius
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merluccius (18.3+2.2 cm) were purchased from fish-
ermen at the port of Bizerte (Northeast of Tunisia).
The samples were directly transported to the labo-
ratory in polystyrene ice-cooled boxes. All speci-
mens were carefully examined for the presence of
P. cylindricum and L. lusci. Specimens from the two
parasite species (adult females with egg strings) as
well as M. merluccius gills and S. pilhcardus kidney
tissues were collected, weighed, and stored at -20 °C
until analysis.

2.2. Total lipid extraction and lipid classes’ separa-
tion

Total lipids from the whole body (including egg
strings) of both P. cylindricum and L. lusci and their
respective hosts’ tissues were extracted according to
the method of Folch et al. (1957) using a mixture of
the chloroform-methanol (2:1 V/V) solvent contain-
ing 0.01% butylated hydroxytoluene (BHT) as an an-
tioxidant. An analysis of lipid classes was performed
by one-dimensional double development high per-
formance thin layer chromatography (HPTLC) as
described by Olsen and Henderson (1996). Briefly,
aliquots of 500 pl of lipid extracts were spotted onto
a TLC plate (20x20 cm, silica gel 60, Merck, Ger-
many), and hexane/diethyl ether/glacial acetic acid
(80: 20: 2. V/V) was used as developing solvent sys-
tem for the neutral lipid classes and methyl acetate/
isopropanol/chloroform/methanol/0.25% KCI (25:
25:25:10: 9. V/V), for the polar lipid separation.
Lipid fractions were visualized under UV light after
spraying with 0.1% 2’-7’ dichloro-fluorescein in ab-
solute methanol. Eight lipid classes, including phos-
phatidylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylinositol (PI), phosphatidylserine
(PS), triacylglycerol (TAG), wax ester/cholesterol
ester (WE/CE), mono-diacylglycerol (MDG), and
free fatty acids (FFA) were identified by compari-
son with known standards. Each lipid class band was
then scraped from the TLC plates and subjected to
transmethylation to yield fatty acid methyl esters
(FAME) as given by Cecchi ef al. (1985).

2.3. Fatty acid analysis

FAMEs were analyzed on a HP 6890 gas chro-
matograph with a split/splitless injector equipped
with a flame ionization detector at 275 °C, and a 30
m HP Innowax capillary column with an internal di-

ameter of 250 um and a film thickness of 0.25 pm.
The injector temperature was held at 250 °C. The
oven temperature was programmed from 50 to 180
°C at a rate of 40 °C/min, then from 180 to 220 °C
at 1.33 °C/min and to stabilize at 220 °C for 7 min.
Nitrogen was the carrier gas. Methyl nonadecanoate
19:0 (Sigma) was added as internal standard. The
identification of FAMEs was based on the compari-
son of their retention times with those of a mixture of
methyl esters (SUPELCO PUFA-3 and Supelco 37
component FAME). Fatty acid peaks were integrated
and analyzed using HP chemstation software.

2.4. Statistical analysis

The R software version 4.0.2. (R Core Team,
2020) was used to carry out statistical analyses. The
normality of data distribution and homogeneity of
variance were evaluated using the Shapiro-Wilk test
and Levene’s test, respectively. One-way analysis of
variance (ANOVA) followed by the Bonferroni test
were performed to check the significant differences
between fatty acid amounts of lipid classes from the
two studied parasites. The Bonferroni conservative
correction method adjusts p values because of the in-
creased risk in a type I error (significance level). Ad-
ditionally, the hierarchical clustering analysis (HCA)
was made by “FactoMineR” R package (Zhao et al.,
2014) using Ward’s method.

3. RESULTS

3.1. Lipid classes and their fatty acid composition
from Lernaeocera lusci and its host Merluccius mer-
luccius

The percentages of each lipid class in relation to
total lipid content in the whole body of L. lusci and
in the gills of M. merluccius are presented in Fig-
ures 1 and 2, respectively. TAG was the major lipid
class in L. lusci, constituting ~46% of total lipids
followed by PC (with ~26%) and PE (with ~11%).
WE/CE was found to represent around 7%, while PI
and MDG were found in lesser amounts (~1.5%)
(Figure 1). As for the host, it was found that WE/CE
was by far the most dominant lipid class (up to 40%)
followed by TAG and PS, which constituted around
16% of the total lipids. However, PC and FFA were
found to be minor constituents, each representing
around 3% of the TL in M. merluccius gill tissue
(Figure 2).
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FiGure 1. Lipid class composition (% of total lipids) of Lernaeo-
cera lusci. The results were expressed as the means with error bar
of triplicate analyses (n=3) performed on the pool of 9 samples.
PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI:
phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol;
WE/CE: wax ester/cholesterol ester; MDG: mono-diacylglycerol;
FFA: free fatty acids.
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FiGure 3. Lipid class composition (% of total lipids) of Peroderma
cylindricum. The results were expressed as the means with error
bar of triplicate analyses (n=3) performed on the pool of 9 samples.
PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI:
phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol,
WE/CE: wax ester/cholesterol ester; MDG: mono-diacylglycerol;
FFA: free fatty acids.

The fatty acid composition of the various lipid
classes isolated from L. lusci and its host M. merluc-
cius are respectively given in Tables 1 and 2. Over-
all, our results revealed that all L. lusci lipid class-
es were dominated by saturated fatty acids (SFA),
which accounted for about 50% of the total FA fol-
lowed by polyunsaturated fatty acids (PUFA), rang-
ing from 28.41 to 39.93% and monounsaturated fat-
ty acids (MUFA) by about 15% (Figure 2). Among
the 33 FA species identified, palmitic (C16:0), stear-
ic acid (C18:0), oleic acid (C18:1n-9), eicosapen-
taenoic acid (C20:5n-3, EPA) and docosahexaenoic
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F1GURE 2. Lipid class composition (% of total lipids) of Mer-
luccius merluccius gill tissue. The results were expressed as the
means with error bar of triplicate analyses (n=3) performed on
the pool of 9 samples. PC: phosphatidylcholine; PE: phosphatid-
ylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine;
TAG: triacylglycerol; WE/CE: wax ester/cholesterol ester; MDG:
mono-diacylglycerol; FFA: free fatty acids.
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FIGURE 4. Lipid class composition (% of total lipids) of Sardina
pilchardus kidney. The results were expressed as the means with
error bar of triplicate analyses (n=3) performed on the pool of 9
samples. PC: phosphatidylcholine; PE: phosphatidylethanolamine;
PI: phosphatidylinositol; PS: phosphatidylserine; TAG: triacylgly-
cerol; WE/CE: wax ester/cholesterol ester; MDG: mono-diacylgly-
cerol; FFA: free fatty acids.

acid (C22:6n-3, DHA) were recurrently found to be
major in all lipid classes. Among the phospholipid
classes, PC had significantly (p < 0.05) higher pro-
portions of C14:0 (9.97%) than the other lipid class-
es. Significantly high amounts of DHA were also
recorded in PC and PI fractions. In addition, substan-
tial amounts of C16:0, reaching 30.81 and 32.83% of
the total FA were recorded for PI and PS (p > 0.05).
As for neutral lipids, TAG and FFA appeared to be
richer in PUFA, mainly in terms of EPA and DHA
when compared to the other lipid classes. The WE/
CE fraction was characterized by a higher amount
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TABLE 1. Fatty acid composition of phospholipid and neutral lipid classes from the parasitic copepod Lernaeocera lusci. FA: fatty acid;
PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol; WE/CE:
wax ester/cholesterol ester; MDG: mono-diacylglycerol; FFA: free fatty acids.

oFA Polar lipids Neutral lipids
PC PE P1 PS TAG WE/CE MDG FFA

C14:0 9.97+1.12° 4.49+0.55° 2.8140.33>  6.65+0.67¢ 6.46+0.65° 8.2940.75° 5.01+0.63° 5.20+0.52°
C15:0 2.09+0.43° 1.41£0.25° 1.51£0.22*  0.09+0.02° 1.49+0.18° 1.80+0.42¢ 1.79+0.38° 0.42+0.05°
C16:0 27.2142.24*  27.45+1.88*  30.81+2.30° 32.83+£2.01* 21.46+1.95*  19.43+1.64* 27.57+2.08" 22.83+2.16"
C17:0 0.84+0.11* 2.56+0.44°  2.12+£0.25%*  3.76+0.42¢ 2.47+0.20° 2.33+0.22° 3.20+£0.31°  0.03+0.00°
C18:0 10.89+1.02*  9.61£1.02*  11.41+0.88* 10.01+£0.95* 13.7740.15*  14.71+1.68*  8.26+£0.62°  16.14+1.15°
C20:0 0.27+0.04* 0.17+£0.03>  0.36+0.05*  0.18+0.03° 0.52+0.07° 0.17+0.04° 3.39+0.25¢ 0.13+0.03°
C22:0 0.02+0.00° 0.15+0.04° 0.26+0.04°  0.37+0.05¢ 0.02+0.01° 0.09+0.03° 1.22+0.18>  0.04+0.02°
C24:0 0.05+0.01° 0.37+0.07° 0.3440.04° 1.1740.15¢ 0.88+0.08° 0.01+0.00° 0.10+0.03>  0.01+0.00°
XSFA 51.34+£ 6.29°  46.21+4.95*  49.64+5.55" 55.06+6.33*  47.08+4.11*  46.82+5.15* 50.53+4.88* 44.81+5.27°
Cl4:1 0.31+0.04° 0.51+0.08° 0.23+0.03*  0.38+0.05™ 1.39+0.21° 1.51+0.18° 0.26£0.04>  0.88+0.07°
C15:1 0.37+0.05° 0.83+0.09° 0.42+0.06*  0.77+0.08*  1.40+0.22* 4.33+0.55° 2.08+0.19*  0.87+0.09°
Cl16:1n-9 2.38+0.82° 2.64+0.35° 1.02+0.08° 1.81+0.22¢ 3.57+0.33% 2.424+0.24° 2.65+0.20°  4.37+0.52¢
Cl16:1n-7 0.40+0.05° 1.24+0.21° 0.25+0.03*  3.09+0.31° 0.60+0.04° 1.05+0.15° 2.67+0.25° 1.90+0.21¢
C18:1n-9 6.04+0.77*  7.49+£0.66®  7.70+0.68*  8.08+0.75" 5.32+0.63° 6.14+0.66 5.17£0.54*  6.09+0.58°
C18:1n-7 2.1240.42® 2.944+0.33*  2.41£0.32®  1.52+0.20° 1.40+0.24 2.43+0.21° 1.13£0.15<  0.78+0.08°
C20:1 0.11+0.08* 0.31+0.06° 0.00* 0.81+0.07° 0.14+0.03° 0.01+0.00° 0.65+0.06¢ 0.37+0.05¢
C22:1 0.3140.04*  0.05+0.002*  0.06+0.02°  0.07+0.02° 0.02+0.00° 0.00? 0.17+0.04*  0.01+0.00*
IMUFA 12.04£3.09°  16.01+2.25°  12.08+1.92° 16.53+2.86* 13.82+1.04°  17.89+2.12" 14.79+1.75" 15.26+2.96*
Cl16:2n-4 3.17+0.75 2.28+0.28° 2.75+0.04*  2.90+0.33*  3.44+0.51® 2.77+0.28>  4.23+£0.51*  4.86+0.49°
C16:3n-4 0.9140.08° 0.51+0.08° 0.81£0.07*  0.94+0.07* 1.7940.20®  2.31£0.31%*  2.61+0.30° 1.14+0.18°
Cle:4 0.01+0.00° 0.55+0.07° 0.43+0.05° 1.50+0.22¢ 1.62+0.16° 2.10+0.25° 1.09+0.10¢ 0.21+0.04¢
C18:2n-6 3.224+0.35° 4.86+0.49° 1.40+0.21¢ 1.24+0.25¢ 1.06+0.15° 0.40+0.08° 1.66+0.22¢ 1.00+0.11*
C18:3n-6 0.11+0.03* 0.37+0.04° 0.39+0.04>  0.21£0.04° 0.42+0.05° 0.03+0.01° 0.27+0.05¢ 0.09+0.03°
C18:3n-3 0.61+0.07° 0.45+0.05° 0.39+0.03>  0.33+0.05° 0.56+0.07° 0.14+0.03° 0.41+0.06¢ 0.72+0.06¢
C18:4n-3 0.75+0.08° 0.68+0.00° 0.18+0.03° 1.33+£0.23¢  2.01+0.24% 3.11+0.25%  2.56+0.26° 3.55+0.31°
C20:2n-6 0.58+0.06° 0.47+0.04° 0.54+0.06*  0.48+0.06* 0.82+0.09° 0.20+0.04° 0.47+0.05¢ 0.39+0.06°
C20:3n-6 0.13+0.04° 0.31+0.05° 0.14+0.04*  0.13+0.04* 0.46+0.05° 0.43+0.07° 0.06+0.01° 1.19+0.20°
C20:4n-6 3.44+0.32% 2.63+0.32° 3.89+0.44*  4.24+0.43° 1.09+0.11* 1.16+0.21° 3.35+0.31°  3.51+0.34°
C20:3n-3 0.02+0.00° 0.10+0.02° 0.08+0.02°  0.02+0.00° 0.01+0.00° 0.01+0.00° 0.01+0.00° 0.01+0.00°
C20:4n-3 1.01+0.22° 1.90+0.31° 2.284+0.33>  0.25£0.04¢ 2.65+0.23¢ 2.51£0.20° 2.67+0.22¢ 3.02+0.29°
C20:5n-3 5.96+0.92®  7.224+0.85®  7.99+0.85*  5.51+0.45°*  8.09+0.66®  7.42+0.52% = 6.14+0.52¢ 9.43+0.82°
C22:2n-6 0.27+0.05° 0.7140.16° 0.57£0.06°  0.55+0.06° 1.24+0.22° 1.53+0.24° 1.33+0.19° 1.47+£0.25°
C22:5n-6 0.05+0.02° 0.58+0.07° 0.50+0.05*  0.03+0.00° 0.05+0.02° 0.01+0.00° 0.21+0.04*  0.01+0.00*
C22:5n-3 3.32+0.41° 5.91+0.64° 3.47+0.51*  2.71+0.29° 7.70+0.53° 9.14+0.75° 4.59+0.67°  5.06+0.62°
C22:6n-3 13.06+1.15*  8.25+0.95°  12.45+1.05* 6.01+0.41° 5.08+0.62° 2.02+0.18° 3.0140.24>  4.30+0.33¢
XPUFA 36.62+3.75*  37.78+4.08*  38.28+3.44* 28.41+2.35" 39.10+4.52*  35.28+3.27° 34.68+3.08" 39.93+4.04°

All values are averages of triplicate analyses (n=3) performed on the pool of 9 samples. Values labelled with different letters in the same
line by considering polar and neutral lipids separately, are significantly different (by the Bonferroni test at the 5% probability level). SFA
(saturated fatty acids that have no double bonds), MUFA (monounsaturated fatty acids that contain one double bond), PUFA (polyunsatu-

rated fatty acids that contain two or more double bonds).

of C15:1 (4.33%, p < 0.05) and C22:5n-3 (9.14%),
while MDG showed significantly elevated amounts
of SFA, mainly C16:0, with 27.57%.

A quite different pattern was observed for the
host, where the PUFA group was found to be dom-
inant mainly in the phospholipid classes (with

around 50%), followed by SFA (varying from
28.86% in PI to 37.73% in PE) and MUFA (rang-
ing from 14.07 to 21.20% in PE and PI, respective-
ly). Within saturates, C16:0 was the major FA in
all lipid classes, exhibiting significantly highest
levels in PS (27.16%) and FFA (29.9%) fractions
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TaBLE 2. Fatty acid composition of phospholipid and neutral lipid classes from the gills of Merluccius merluccius. FA: fatty acid; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol; WE/CE: wax
ester/cholesterol ester; MDG: mono-diacylglycerol; FFA: free fatty acids.

Polar lipids Neutral lipids
%FA
PC PE PI PS TAG WE/CE MDG FFA

C14:0 0.53+0.08*  2.95+0.13° 1.24+0.48° 0.22+0.02¢ 1.87+0.19* 3.77+0.42° 1.66+0.13°  4.83+0.66°
C15:0 0.494+0.07*  3.56+0.78" 1.42+0.15° 0.27+0.02¢ 3.74+0.36* 2.00+0.83° 1.56+0.20° 1.71+£0.26°
Cl16:0 21.61+£3.67® 16.16+2.15>  12.66+1.07° 27.16+4.50°  17.06+2.44* 21.11+4.60® 25.89+3.45® 29.90+3.60°
C17:0 2.87+£0.41*  7.72+0.37° 3.47+0.76¢ 1.99+0.14* 3.69+0.36° 1.83+0.85° 1.61+£0.12>  0.83+0.09°
C18:0 7.98+2.60° 6.92+3.03° 8.74+3.52° 5.9842.30* 10.97+1.842 8.29+2.57¢ 8.46+1.192 7.60+0.96°
C20:0 0.20+0.03*  0.41+0.05" 0.51+0.06° 1.07+0.09¢ 2.47+0.252 0.15+0.01° 0.78+0.11¢ 0.15+0.03°
C22:0 0.00+0.00* 0.00+0.00° 0.81+0.02° 0.00+0.00? 0.08+0.022 0.09+0.022 0.02+0.00? 0.44+0.06°
C24:0 0.00+0.00° 0.00+0.00° 0.02+0.00° 0.12+0.01°¢ 0.02+0.00° 0.01+0.00° 0.70+0.05° 0.50+0.04¢
XSFA 33.68+3.69"* 37.73+4.07° 28.86+2.82" 36.82+3.07°  39.90+3.11*  37.26+4.10°  40.69+5.37° 45.96+4.06"
Cl4:1 0.69+0.10* 1.80+0.22° 0.38+0.11¢ 0.89+0.06° 2.51+0.25* 4.76+0.66° 4.40+0.24° 0.52+0.06¢
Cl5:1 0.16+0.02*  2.38+0.15° 0.81+0.09¢ 0.08+0.01* 1.21+0.412 0.47+0.07° 1.17+£0.09°  0.21£0.03°
C16:1n-9 4.344+0.69*  2.65+0.43° 1.54+0.66° 1.37+0.10° 2.99+0.56* 3.89+0.36° 2.90+0.60° 7.18+0.88
Cl16:1n-7 9.97+1.28° 0.62+0.11° 1.65+0.90° 0.23+0.02° 1.13+0.10° 5.41+0.13° 2.44+0.56°  4.36+0.62°
C18:1n-9 3.76+£0.24*  5.34+1.05®  12.09+2.37°  8.96+1.55% 6.92:+0.39° 9.11+1.56° 9.01+2.08* 8.19+0.95°
C18:1n-7 0.01£0.00*  0.90+0.01° 1.62+0.22¢ 3.26+0.23¢ 2.41+0.26* 0.96+0.33° 0.77+0.17° 1.73£0.15¢
C20:1 1.76+0.31*  0.39+0.02° 1.354+0.15%* 1.14+0.05¢ 2.04+0.222 0.64+0.08° 0.77+£0.06>  0.48+0.05°
C22:1 0.00+0.00* 0.00+0.00° 1.78+0.44° 0.00+0.00* 0.00+0.00* 0.07+0.022 0.41+0.07°  0.4940.06"
XMUFA 20.70+2.10* 14.07+1.53> 21.20£2.39* 15.93+1.20° 19.22+1.77*  25.30+2.61° 21.88+2.05* 23.15+2.08°
C16:2n-4 4.93+0.28°  4.13+0.55® 2.00+0.10¢ 3.30+0.23° 2.28+0.24® 2.56+0.41° 1.59+0.12° 0.52+0.07¢
C16:3n-4 0.14+0.02*  0.50+0.06" 1.36+0.14¢ 0.91+0.05¢ 2.21+0.40° 1.76+0.49° 1.05+0.77° 0.90+0.08°
Cl6:4 0.11£0.02° 1.90+0.72° 2.40+0.81° 0.03+0.00° 0.67+0.09? 0.42+0.08° 0.18+0.06¢ 0.12+0.03¢
C18:2n-6 0.18+0.032 0.50+0.09° 4.05+0.99° 0.42+0.03* 10.03+£2.80°  10.78+1.36*  2.46+0.04*  2.21+0.25°
C18:3n-6 0.01+0.00®®*  0.10+0.00° 0.88+0.07¢ 0.00+0.00* 0.24+0.012 0.78+0.09° 0.52+0.04¢ 0.08+0.02¢
C18:3n-3 0.21+0.032 1.64+0.82° 0.27+0.022 3.58+0.25¢ 0.38+0.03* 1.60+0.58° 1.15+0.42°®  0.53+0.05°
C18:4n-3 1.16+0.14*  0.39+0.01° 0.74+0.02¢ 0.31+0.02° 0.40+0.03° 2.87+0.61° 1.69+0.33°  1.88+0.23%
C20:2n-6 0.56+0.08* 0.67+0.05° 2.93+0.58° 2.504+0.17° 1.21+0.13° 0.16+0.02° 1.32+0.10°  0.26+0.04°
C20:3n-6 0.31£0.04*  0.79+0.10° 0.97+0.09° 0.5940.25% 1.30+0.14° 0.10+0.04° 0.31+0.06° 0.96+0.11°¢
C20:4n-6 5.57+£0.66*  4.48+0.41* 2.2140.77°  4.01+0.83® 1.73+£0.17° 0.40+0.12° 2.02+0.30°  0.55+0.06°
C20:3n-3 0.20+0.032 0.22+0.01° 0.53+0.10° 0.27+0.07? 0.06+0.01* 0.07+0.032 0.24+0.07°  0.14+0.03®
C20:4n-3 4.53+£0.65*  4.40+0.94° 3.23+0.97¢ 3.04+0.49° 2.39+0.20° 0.17+0.07° 3.34+0.26¢ 0.04+0.01°
C20:5n-3 6.20£1.03®  5.32+0.02° 8.22+1.39° 6.89+0.68" 0.27+0.04° 2.57+0.68° 0.38+0.03° 5.43+0.55¢
C22:2n-6 0.81+0.12®  1.22+0.61* 0.19+0.02° 0.33+0.11% 0.79+0.09° 0.12+0.05° 1.10+£0.30°  0.07+0.02°
C22:5n-6 0.00+0.00* 0.00+0.00° 0.73+0.05° 0.01+0.00* 0.01+0.00* 0.06+0.032 0.89+0.13>  0.56+0.22°
C22:5n-3 2.58+0.78* 1.21+0.24° 1.06£0.05° 0.54+0.13° 0.76+0.06* 0.34+0.09° 1.00+£0.17*  2.03+0.04¢
C22:6n-3 18.13£2.75*  20.72+0.70°  18.15+£2.08* 19.53+2.13*  16.17£3.64*  12.67£1.74* 18.20+1.34* 14.58+1.74*
YPUFA 45.61+4.35*  48.20+3.71*  49.93+4.19° 47.25+4.88*  40.88+4.04°  37.44+3.09*° 37.43+3.20* 30.89+2.85"

All values are averages of triplicate analyses (n=3) performed on the pool of 9 samples. Values labelled with different letters in the same
line by considering polar and neutral lipids separately, are significantly different (by the Bonferroni test at the 5% probability level). SFA
(saturated fatty acids that have no double bonds), MUFA (monounsaturated fatty acids that contain one double bond), PUFA (polyunsatu-

rated fatty acids that contain two or more double bonds).

(p < 0.05). Along with C16:0, C18:0 was also
found to be abundant in all analyzed polar and neu-
tral lipid fractions with a percentage exceeding 5%
of total FAs (p > 0.05). Within the MUFA group, we
particularly noticed significantly high amounts of
C16:1n-7 in PC (~10%) and C18:1n-9 in PI, reach-

ing 12.09% of total FAs. The latter FA was also
found to be dominant in all neutral lipid classes (p
> (.05). With respect to PUFA, DHA was by far
the most dominant FA in all lipid classes, varying
from 14.58% in FFA to 20.72% in PE. In addition
to DHA, EPA was also found at quite important
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TaBLE 3. Fatty acid composition of phospholipid and neutral lipid classes from the parasitic copepod Peroderma cylindricum. FA: fatty
acid; PC: phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol;
WE/CE: wax ester/cholesterol ester; MDG: mono-diacylglycerol; FFA: free fatty acids.

“FA Polar lipids Neutral lipids
PC PE PI PS TAG WE/CE MDG FFA

C14:0 2.73+0.31° 2.53+0.22% 1.67+0.25° 3.19+0.45° 4.07+£0.45*  4.65+0.52*  4.17+0.55° 3.70+0.44°
C15:0 1.46+0.18* 1.65+0.18* 2.14+0.23° 1.19+0.21°  2.11+0.22*  1.11£0.20*  1.82+0.39° 2.57+0.37°
Cl16:0 25.8342.25*  26.08+2.44™  33.654£2.95° 32.85+3.05® 33.04+2.75* 29.58+1.98* 30.07+2.45*  29.75+2.66°
C17:0 2.95+0.30° 2.23+0.25° 1.8440.22°  2.25+0.22®  2.48+0.25* 1.0140.12°  2.21+0.20° 2.13+0.17*
C18:0 8.96+0.85° 7.54+0.66* 12.1940.19°  12.4740.15*  6.32+0.82*  8.79+0.93°  8.744+0.83° 7.3540.65®
C22:0 0.03+0.0* 0.01+0.00° 0.09+0.03>  0.07£0.02*  0.28+0.04*  0.14+0.03>  0.13+0.03" 0.2240.04®
XSFA 41.96+3.82*  40.04+3.88*  51.58+4.75" 52.02+4.58" 48.30+4.95" 45.28+3.11° 47.14+4.79°  45.72+5.87°
C22:1 0.05+0.02° 0.02+0.00° 0.01+0.00° 0.00° 0.11+0.03*  0.03+0.01*  0.01+0.00° 0.04+0.01°
Cl4:1 0.39+0.04° 0.38+0.05° 0.83£0.07°  0.46+0.05* 0.15+0.04° 1.47+0.18>  0.55+0.05° 1.544+0.19°
C15:1 0.18+0.03° 0.09+0.02° 0.14+0.03®  0.08+0.04*  0.50+£0.05®  0.39+0.06*  0.48+0.04 0.59+0.07°
Cl16:1n-9 2.49+0.28° 2.16+0.22° 3.5540.32° 1.26+0.18° 2.11£0.19*  2.82+0.23>  3.66+0.31° 3.50+0.33"
Cl16:1n-7 0.30+0.01° 1.67+0.17° 0.59+0.08*  0.72+0.09° 3.33+041*  2.45+0.31*  2.83+0.25° 3.34+0.34°
C18:1n-9 4.93+0.45° 6.95+0.55° 1.63+0.19¢ 8.73+0.854 8.95+£0.58*  9.86+0.95*  10.96+0.95* 9.53+0.84°
C18:1n-7 1.86+0.21° 2.61+0.21° 1.16+0.15¢ 1.11+0.23¢ 1.50+0.11* 1.49+0.17*  1.83+0.22° 0.41+0.05°
C20:1 0.03+0.01° 0.22+0.07° 0.03+£0.02*  0.07+0.03" 0.04+0.02*  0.55+0.06*  0.24+0.04° 1.57+0.17¢
IMUFA  10.23£1.82*  14.10+2.91* 7.94+1.77°  12.43£1.58*  16.69+2.64* 19.06+2.17* 20.56+2.55*  20.52+3.06°
Cl6:2n-4 2.77+0.25° 3.20+0.35° 2.54+0.39*  3.22+0.33° 1.56+0.18*  2.11+0.22*  3.76+0.33° 2.03+0.23°
Cl6:3n-4  0.69+0.08* 1.23£0.15° 0.84+0.08° 0.46+0.05¢ 0.95+£0.08*  0.68+0.07°  0.50+0.06" 0.47+0.06°
C18:2n-6 2.78+0.30° 1.11£0.28° 3.19+0.25° 1.12£0.16°>  0.75+£0.09®  1.03+0.13*  0.71+0.08" 0.98+0.11%
C18:3n-4 0.34+0.07° 0.23+0.06* 0.0740.03>  0.10£0.04*  0.18+0.03* 1.23+0.16>  0.48+0.7* 0.07+0.02°
C18:3n-3 0.38+0.04° 0.3440.05* 0.39+0.05*  0.22+0.04° 0.39+0.05*  0.43+0.05*  0.02+0.00° 0.09+0.02°
C20:2n-6 0.41+0.05° 0.44+0.06° 0.23+0.04>  0.34+0.05®  0.31+£0.04*  0.22+0.04*°  0.31+0.04° 0.62+0.03°
C20:4n-6  2.80+0.25" 1.94+0.21° 3.57+0.66"  3.24+0.44° 2.53+0.21*°  2.88+£0.25*  2.38+0.25° 1.62+0.21°
C20:3n-3 0.05+0.02° 0.08+0.03* 0.08+0.02° 0.3340.06*  0.08+0.02**  0.10+0.03®  0.01+0.00° 0.22+0.04¢
C20:4n-3 2.98+0.31° 2.06+0.25° 2.1740.22° 1.64+0.18° 0.15+0.04*  0.78+0.08>  1.32+0.11¢ 1.71+0.18¢
C20:5n-3 11.05+0.85*  10.83+0.85* 8.86+0.75*  11.24+0.95*  8.72+0.65*  6.95+0.66°  5.93+0.66 4.71+£0.45°
C22:3n-3 1.48+0.18° 0.55+0.07° 1.24+0.26*  0.07+0.02¢ 0.42+0.05*  0.37+0.05*  2.21+0.26° 0.34+0.06°
C22:5n-6 0.57+0.08° 0.69+0.08° 0.27+0.04>  0.76+0.07 0.02+0.00°  0.12+0.03*  0.03+0.00° 0.82+0.07°
C22:5n-3 2.49+0.28° 2.94+0.33¢ 4.15+0.55° 1.37+0.21¢ 0.71+0.08*  2.33+0.22>  2.05+0.19° 3.35+0.28°
C22:6n-3 19.02+1.88*  20.224+2.15*  12.88+1.05° 11.44+1.95° 18.24+1.75* 16.43+1.66* 12.59+0.96"  16.73+0.88"
XPUFA 47.81+5.18*  45.86+4.13*  40.48+4.66 35.55+3.78" 35.01+5.54* 35.66+3.96° 32.30+£3.77°  33.76+4.15*

All values are averages of triplicate analyses (n=3) performed on the pool of 9 samples. Values labelled with different letters in the same
line by considering polar and neutral lipids separately, are significantly different (by the Bonferroni test at the 5% probability level). SFA
(saturated fatty acids that have no double bonds), MUFA (monounsaturated fatty acids that contain one double bond), PUFA (polyunsatu-

rated fatty acids that contain two or more double bonds).

percentages (up to 5%), mainly in phospholipid
and FFA fractions. Another FA, C18:2n-6, was also
found at significantly high amounts (around 10% of
TFA) in both TAG and WE/CE fractions (p < 0.05).

3.2. Lipid classes and their fatty acid composition
from Peroderma cylindiricum and its host Sardina
pilchardus

PC and PE were the major lipid classes in P. cy-
lindricum polar lipids, representing 30.63%, and

11.21% of TL, respectively. Among neutral lipids, a
high proportion of TAG (41.38%) was found while
WE/CE and FFA represented 7.75 and 5.20%, re-
spectively. The remaining lipid classes (i.e. PI, PS,
and MDG) occurred in smaller proportions (ranging
from ~1 to 1.6%) (Figure 3). Regarding the host, we
found that the lipid fraction of the S. pilchardus kid-
ney was characterized by the dominance of the WE/
CE, which accounted for over 30% of TL followed
by PS (18.16%), TAG (15.62%), PE (14.42%), and
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TABLE 4. Fatty acid composition of phospholipid and neutral lipid classes from the kidney of Sardina pilchardus. FA: fatty acid; PC:
phosphatidylcholine; PE: phosphatidylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine; TAG: triacylglycerol; WE/CE: wax
ester/cholesterol ester; MDG: mono-diacylglycerol; FFA: free fatty acids.

o FA Polar lipids Neutral lipids

PC PE PI PS TAG WE/CE MDG FFA
C14:0 3.67+0.35° 3.75+0.38* 1.16+0.12° 1.06+0.21° 7.92+0.85? 6.07+£0.55*  3.80+0.39° 6.14+0.742
Cl15:0 0.97+0.09° 1.32+0.12° 1.29+0.15% 0.97+0.11* 0.77+0.08° 0.58+0.06*  2.82+0.32° 3.82+0.41°
C16:0 23.55+2.55®%  19.53+£2.78" 25.18+£2.66™  29.13+3.16°*  26.18+2.87*°  33.05+£3.56" 32.46+3.09° 29.08+2.98°
C17:0 1.16+0.142 1.134£0.152 0.62+0.07° 1.63£0.21¢ 0.30+0.04* 0.00° 0.55+0.06¢ 0.44+0.05¢
C18:0 7.57+£0.84*  10.65+£1.42®  11.60+1.68° 9.454+0.95% 17.14+1.94*  13.27+1.66® 11.30+1.45° 14.30+1.86%
C20:0 0.00° 0.01+0.00% 0.07+0.02¢ 0.04+0.01% 0.00* 0.03+£0.01*°  0.13+0.03° 0.01+0.002
C22:0 0.02+0.01° 0.05+0.02® 0.13+0.03° 0.00° 0.07+0.02* 0.0740.03*  0.7340.08° 0.12+0.20°
XSFA 36.94+3.55*  36.44+3.05*  40.04+4.08*  42.28+3.96* 52.38+4.95* 53.07+4.15* 51.79+£5.22* 53.91+4.76*
Cl4:1 0.354+0.042 0.25+0.03? 0.63+0.07° 0.64+0.06° 0.82+0.09° 0.68+0.072 1.80+0.21° 2.00+0.23°
Cl5:1 0.31+0.03° 0.26+0.04° 0.44+0.05° 0.14+0.03¢ 0.66+£0.07* 0.09+0.02° 0.91+0.08¢ 1.11+0.12¢
C16:1n-9 0.41+0.05* 0.89+0.11° 1.19+0.21° 0.93+0.08° 0.45+0.05* 4.01£0.52°  4.22+0.46° 2.37+0.25¢
Cl16:1n-7 0.35+0.04® 0.27+0.03* 0.67+0.07* 1.11£0.21¢ 3.82+0.41® 4.49+0.53*  3.70+0.44*  2.98+0.29°
C18:1n-9 7.37£0.75° 8.08+£0.68* 9.30+0.822 14.44+1.87° 10.99+1.55*  12.01£1.74* 10.04+1.35*  5.42+0.73°
C18:1n-7 1.22+0.11° 3.84+0.35° 1.51+0.222 2.56+0.31¢ 1.86+£0.172 2.43+0.32*  3.15+0.38" 0.98+0.08¢
C20:1 0.11£0.03* 0.72+0.08° 0.16+0.03* 0.25+0.04¢ 0.46+0.05° 0.45+0.06°  0.81+0.09° 0.93+0.11°
C22:1 0.08+0.02° 0.10+0.00° 0.08+0.02° 0.06+0.03° 0.90+0.12° 0.17+0.03>  0.51+0.06° 0.10+0.02¢
EMUFA  10.20£1.55  14.41£1.78°  13.97+1.65  20.1332.06"  19.95+2.12* 24.33+2.85% 25.14£2.55" 15.89+1.44°
Cl16:2n-4 2.02+0.21* 1.17+0.14° 1.44+0.16° 2.01+0.242 0.83+0.07? 0.30+0.03° 1.01+0.152 2.20+0.24¢
C16:3n-4 0.50+0.06° 0.74+0.08° 0.46+0.05* 0.32+0.04¢ 0.39+0.04° 0.46+£0.06*  0.71£0.08"  1.07+0.23°
C18:2n-6 7.16£0.82% 4.66+0.53° 5.32+0.46% 8.01+0.92¢ 7.02+0.84° 9.30+0.78"  4.44+0.56° 6.75+0.71°
C18:3n-6 0.02+0.01° 0.01%0.00° 0.00? 0.34+0.05° 0.87+0.09* 0.42+0.05° 0.11+0.03¢ 0.00¢
C18:3n-3 0.30+0.042 1.01+0.12° 0.42+0.06* 0.61+£0.07¢ 0.67+0.08* 1.524+0.22° 0.23£0.03¢ 0.21£0.04¢
C18:4n-3 0.15+0.03* 0.52+0.05° 0.23+0.03* 0.24+0.04* 0.92+0.08* 0.73£0.08" 0.09+0.02¢ 0.31£0.044¢
C20:2n-6 0.81+0.07* 1.32+0.11° 0.63+0.05% 0.58+0.06° 4.15+0.422 0.35+0.04>  0.25+0.03° 0.47+0.05°
C20:3n-6 0.00 0.01+0.00? 0.00 0.00° 0.00° 0.00? 0.10+0.02° 0.00
C20:4n-6 0.1140.03* 0.27+0.04° 0.14+0.03° 0.27+0.04° 0.00? 0.00 0.01+0.00° 0.19+0.02°
C20:3n-3 3.63+0.35° 2.28+0.22° 1.09+0.1¢ 3.03+0.34 1.78+0.25% 0.24+0.03° 1.26+0.18° 1.05+0.17¢
C20:4n-3 1.72+0.222 1.66+0.182 0.45+0.05° 1.13£0.15¢ 0.11+0.03® 0.31£0.04° 0.02+0.01* 0.32+0.04°
C20:5n-3 11.61£1.76®  15.91£1.84* 14.41+2.02®®  10.07+1.13° 4.66+0.56* 4.34+0.61*  7.66+0.82° 6.70+0.72°
C22:3n-3 0.89+0.11* 0.22+0.03° 0.90+0.08° 0.09+0.02° 0.07+0.02° 0.12+0.03*  0.12+0.04* 0.34+0.05°
C22:5n-6 0.43+0.04° 0.59+0.06 0.63+£0.07° 0.83+0.09¢ 0.13+0.02* 1.34+0.15%  1.74+0.19° 1.20+0.16°
C22:5n-3 3.12+0.45° 2.14£0.26° 3.25+0.36* 2.67+0.27% 0.45+0.05* 0.81+0.07° 1.24+0.15¢ 1.62+0.17¢
C22:6n-3 18.39£1.77*  16.64+1.85*  15.62+2.03? 9.05+0.85° 5.62+0.7% 2.35+0.25>  4.08+0.52®  7.77+0.83¢
YPUFA 42.86+3.65"  49.15+5.08°  45.99+4.92°  37.59+3.77°  27.67+£2.88" 22.60+2.75* 23.07+2.81°  30.20+3.07°

All values are averages of triplicate analyses (n=3) performed on the pool of 9 samples. Values labelled with different letters in the same
line by considering polar and neutral lipids separately, are significantly different (by the Bonferroni test at the 5% probability level). SFA
(saturated fatty acids that have no double bonds), MUFA (monounsaturated fatty acids that contain one double bond), PUFA (polyunsatu-

rated fatty acids that contain two or more double bonds).

PC (10.26%). The other lipid classes, including
MDG, FFA and PI were found to be minor compo-
nents with proportions ranging from 6.27 to 3.30%
and to 1.65% of TL, respectively (Figure 4).

The fatty acid compositions of the different P. cy-
lindricum lipid classes are presented in Table 3. The
obtained results showed that almost all lipid class-

es contained higher proportions of SFA than MUFA
and PUFA, except for PC and PE fractions, where
PUFA constituted the major group with 47.81 and
45.86%, respectively. Among the total of 28 identi-
fied FA, five (i.e. C16:0, C18:0, C18:1n-9, EPA and
DHA) appeared to be dominant in all lipid fractions.
Within phospholipids, PC and PE showed quite sim-
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ilar compositions and exhibited the highest level of
DHA, which constitutes almost 20% of total FAs (p
< 0.05). C16:0 and C18:0 were mostly found in PI
and PS (~33%). As for neutral lipid classes, large
proportions of C16:0 (33.04%) and DHA (18.24%)
were recorded in the TAG fraction. Furthermore,
substantial amounts of DHA were also recorded in
WE/CE, FFA, and MDG.

The fatty acid profiles of polar and neutral lipid
classes extracted from the host kidney are shown in
Table 4. All neutral lipids were dominated by SFA
(up to 50%), followed by PUFA and MUFA. C14:0,
C16:0 and C18:0 were the major FAs of SFA group,
while C18:1n-9 was the most abundant MUFA. In
the PUFA group, C18:2n-6, EPA and DHA tended to
be dominant, mainly in the FFA fraction. Regarding
the polar lipid classes, PUFA percentages were high-
er than SFA and MUFA except for PS, where SFA
dominated (by representing 42.28% of total FA).
C16:0 and C18:1n-9 were the most abundant SFA
and MUFA, culminating to 29.13 and 14.44% (p <
0.05) in PS, respectively. EPA and DHA were the
major FA within the PUFA group with significantly
higher levels of DHA in PC, PE, and PI. In addition,
C18:2n-6 was found in relatively important amounts
(up to 5%) in all phospholipid fractions.

3.3. Multivariate analysis

To provide an overview of similarities and dis-
crepancies within each studied host-parasite sys-
tem, hierarchical clustering analysis (HCA) was
applied to the whole FA data set (Figure 5). Figure
5a presents the dendrogram of HCA, giving infor-
mation about L. /usci and its host M. merluccius.
Two major groups, comprising two clusters each,
were separated out in the resulting dendrogram.
The first group was constituted by the hosta’ TAG
and PL classes, while the second group involved the
remaining data. Interestingly, we found that among
the second group, almost all neutral lipid classes
(including FFA, WE/CE, and MDG) of the host
clustered with the parasite phospholipid. Similarly,
the dendrogram generated from P. cylindricum and
S. pilchardus data revealed two major groups. The
first one constituted two clusters related to the host
neutral lipid moieties. The second group was com-
posed of two distinct clusters: Cluster I comprised
the polar lipids of the host; while cluster II grouped
all lipid classes of P. cylindricum.

Height

. e =
@ @ ¥ g & w g 2 9 2 8 & = F 8 2
2 9 9 o g @ & E 9 ESECESEs =0
s = £ L 2 O g = 2 8§ 8 8§ 9 g ¥ =
2 £ ©® ®W © 8 3 5 8§ 8 8 3 x =2 4
s T £ £ T 3 $§ 323 =2 22 = = ® 7 2
E5 S - = 8§ 4 45 4 &5 T ¢
@ ~ ] = © ac
3 - £
—
6-
4-
-
=y
.20
]
T
2-
. —— = =
w w o o wv a w w
Q g E 8 a a t g & = g ¥ E Q 2 2
=
g 'y ¢ =2 g g £ g & £ £ & ¢ ¥ 35
2 2 |2 O FESESEESREE = =
s 5 £ 8 B8 5 B & =& € € 3 E 3
[ S 2 = © © © © s S < s 2 g 3 L
= = T O K & wn S T bS] hs] = 3 S =
£ @ 2 £ £ = S T S T
° (%] v © = = = = < S
2 3 S 3 S S £ £ 8 £
%] © ) 5 Q S T S =
@ & o oo 2 £ 3 8
a X ° a
Y
a

FI1GURE 5. Hierarchical clustering analysis (Euclidien distance,
Ward’s clustering) of the whole fatty acid data set obtained from
the two studied host-parasite systems. (a): Dendrogram obtained
for Lernaeocera lusci and its host Merluccius merluccius. (b):
Dendrogram obtained for Peroderma cylindricum and its host
Sardina pilchardus. PC: phosphatidylcholine; PE: phosphatidyle-
thanolamine; PI: phosphatidylinositol; PS: phosphatidylserine;
TAG: triacylglycerol; PC: phosphatidylcholine; PE: phosphatid-
ylethanolamine; PI: phosphatidylinositol; PS: phosphatidylserine;
TAG: triacylglycerol; WE/CE: wax ester/cholesterol ester; MDG:
mono-diacylglycerol; FFA: free fatty acids; MDG: mono-diacyl-
glycerol; FFA: free fatty acids.

4. DISCUSSION

It is well established that lipid content and com-
position in copepods are diverse and vary depend-
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ing upon several parameters such as species, type
of food, latitude, season, developmental stage, and
life cycle strategy (van der Meeren et al., 2008). Al-
though a substantial amount of literature exists on
free-forms, information on the lipid composition of
parasitic forms is still limited. Thus, this study was
conducted to explore similarities and differences
among the lipid fractions and their fatty acid com-
positions in L. lusci and P. cylindricum, and their
respective hosts.

According to the obtained results, clear differ-
ences in the relative percentages of the different li-
pid classes were noticed between parasites and their
respective hosts. Indeed, TAG turned out to be the
most predominant neutral lipid class in both L. /usci
and P. cylindricum, while WE/CE prevailed in fish
tissues. These results are in accordance with those
of Tocher et al. (2010) and Kotani (2006), who re-
ported that parasitic and opportunistic feeder cope-
pods store their lipids mainly as TAGs. However,
it is worth noting that by feeding regularly on their
host’s blood, the parasitic copepod females are able
to maintain a sufficient lipid content to sustain their
own survival and to fuel maturation and egg produc-
tion as recently reported in L. [usci by Hajji et al.
(2021). Thus, it is thought that TAG is rather stored
in lipovitellin as a main source of energy for the
next stages (e.g. nauplii and infective copepodids) to
ensure development, basic metabolism, swimming
activity and infectivity. In this context Tocher et al.
(2010) demonstrated that the eggs of parasitic co-
pepods contain significantly higher proportions of
TAG than adulate females. The same authors report-
ed that, furthermore, due to the short time period be-
tween fish host infections, long-term energy deposits
such as WEs are not required for parasitic copepods
(Tocher et al., 2010). In the other hand, the high pro-
portions of WE/CE recorded in the host’s tissues (i.e.
gills and kidney) could be explained by the essential
role played by cholesterol in the physiological reg-
ulation of the physical properties of cell membranes
(Diaz et al., 2016). Differences in the proportion of
polar lipid classes were herein observed between the
two studied parasites and their respective hosts. Al-
though PC, and to a lesser extent, PE were found to
be the major phospholipid classes in parasites, PS
appeared among the most dominant phospholipid
classes in host tissues. In line with this, Tocher et al.
(2010) also reported that PC and PE were the ma-

jor phospholipid classes in both the females and egg
strings of parasitic caligid copepods belonging to the
genus Lepeophtheirus. These key components of bi-
ological membranes are known for their functional
and structural roles. Moreover, it was reported that
PC is the principal lipid component in crustacean li-
povitellin and may serve as metabolic energy storage
for reproduction and embryonic development (Lee
et al., 2006).

Regarding the fatty acid composition of the dif-
ferent lipid classes, a general pattern characterized
by the dominance of five FAs comprising C16:0,
C18:0, Cl18:1n-9, C20:5n-3 and C22:6n-3 was
herein clearly observed in both copepods and fish.
Such findings corroborate previous studies which
emphasized that the FA profile of the parasite can
largely reflect that of its host (Tocher et al., 2010;
Telahigue et al., 2017; Hajji et al., 2021). However,
some dissimilarities were noticed as for the abun-
dance and the distribution of some fatty acids. For
instance, SFA was found to be the major FA group
in almost all lipid classes of the two parasites L.
lusci and P. cylindricum, mainly due to the sub-
stantial level of palmitic acid (C16:0). Although
C16:0 was also found in a considerable amount in
the host’s tissues, their lipid fractions (mainly polar
ones) tended to be more unsaturated and affected
by the high DHA and EPA percentages. Remarkably
high proportions of saturated fatty acids were also
recorded in the phospholipid molecular species of
other parasites such as Isoparorchis hypselobagri
which infect the catfish Wallago attuand (Mondal
and Dey, 2013) and Paratenuisentis ambiguous, an
intestinal helminth parasite in eels (Aitzetmiiller et
al., 1994). Next to SFA, relatively high proportions
of PUFA were also recorded in all lipid molecular
species of the two studied parasitic copepods. Inter-
estingly, it was observed that L. [usci neutral lipid
classes, mainly TAG and FFA were particularly rich
in PUFA (~40%), mostly in terms of long-chain FA
such as C20:5n-3, C22:5n-3 and C22:6n-3. This may
reflect a direct diversion of these essential FA from
the host by the adult female and their probable incor-
poration in their egg strings. In fact, these fatty ac-
ids are known for their key roles in the reproductive
success, development, and somatic growth of cope-
pods as reported by Arendt et al. (2005). It is worth
noting that the high unsaturation level in FFA could
also be considered as an indicator of a good conser-
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vation of the acyl lipids during the storage and/or
extraction process. High proportions of PUFA (up
to 40% of the total FAs) with substantial amounts
of DHA and EPA were also recorded in P. cylindri-
cum phospholipid classes, chiefly in PC and PE. This
pattern, reflecting the importance of PUFAs as es-
sential structural components of the cell membrane
phospholipids, was also reported by Tocher ez al.
(2010) in the parasitic female lice and its egg strings.
According to several authors, these components are
involved in various physiological functions such as
the modulation of physicochemical properties of the
membrane, ion exchange and transport, and cell sig-
naling (Tocher, 2003). Furthermore, it has been re-
ported that some C20-PUFAs such as ARA and EPA,
recognized as main precursor molecules for eicosa-
noids, are thought to be involved in the modulation/
suppression of the host’s immune responses, which
is crucial for parasite survival (Fast et al., 2004; To-
cher et al., 2010).

The scarce available literature on the lipid profile
of parasitic copepods has pointed out that neutral
lipids (principally TAG) are characterized by high
levels of MUFA (Lee, 1975; Tocher et al., 2010).
This pattern contrasts with that observed in our study
where monoenes were found to not exceed 20% of
the total FAs in all lipid classes of both L. lusci and P.
cylindricum. This seems to be reflective of the host’s
lipid profiles, where MUFAs were found to compose
approximately 20% of the total FAs across almost all
the analyzed lipid classes. According to our results,
the MUFA group was mainly comprised of oleic acid
(C18:1n-9). This FA, known as a potential metabol-
ic energy source (Tocher, 2003), has been found to
occur in high proportions in several free and parasit-
ic forms of marine copepods (Lee, 1975; Tocher et
al., 2010; Escribano and Pérez, 2010). Furthermore,
this FA is generally considered a trophic marker for
omnivorous and carnivorous copepods (Dalsgaard et
al., 2003). Although the main source of oleic acid is
food intake, its synthesis de novo or by conversion
of 18:0 was also reported in copepods (Kattner et
al., 1994).

To better visualize the trophic connection with-
in each parasite-host system, hierarchical clustering
analysis was applied. It was found that L. /usci lipid
classes clustered with the neutral lipids of its host M.
merluccius, which suggested that they were closely
related. However, the lipid classes of P. cylindricum

linked more with the phospholipids of its host S. pil-
chardus. These observations could be attributed to
several parameters such as the host/parasite species,
the fixation site, and the ability of each parasite to
modulate its FA composition.

Overall, our data revealed that although the two
studied host-parasite systems exhibited differences
concerning the abundance of lipid classes as well as
the distribution of some of their fatty acids, they ap-
peared to share general similar FA patterns due to the
strong trophic connection between them. Yet, to be
more conclusive, further investigations (taking apart
the eggs from the adult females) are needed to go
deeper into the knowledge of their molecular biol-
ogy and biochemistry in order to better understand
host-parasite interactions.
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SUMMARY: The total phenols in virgin olive oil are highly dependent on cultivar, but also on ripening stage and other agronomic
factors. The focus of most studies on agronomic factors has been irrigation, while fertilization has received less attention. Most of the
fertilization works find that nitrogen over-fertilization leads to a decrease in phenol contents in virgin olive oil (VOO) and extra virgin
olive oil (EVOO), under rain-fed or irrigation management. Ortho-diphenols also decrease with high doses of nitrogen, with no effect
on secoiridoids. Phosphorous has a minor effect on irrigated trees; while the role of potassium is controversial, with a lack of trials with
calcium and micro-nutrients. Due to the great impact of the fertilization on the phenol content and quality of VOO, new research is nec-
essary with focus aimed at different cultivars and agronomic factors.
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virgen o virgen extra, tanto en secano como en regadio. También se han observado niveles inferiores de ortodifenoles en tratamientos con
aplicacion de nitrogeno, sin detectar diferencias en el contenido de secoiridoides. El fosforo tiene una influencia menor y la del potasio
es algo controvertida, quedando por explorar la influencia del calcio y de los micronutrientes. Debido al considerable impacto que tiene
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1. INTRODUCTION

Due to its present and future strategic value, ol-
ive production systems for the production of olive
oil have received a strong push in terms of techno-
logical innovation in the last twenty years. A higher
number of plants per hectare, mechanized harvesting and
the use of fertigation are some of the innovations that in-
volve what is called agricultural intensification. The in-
tensification of olive orchard management implies
an increase in irrigation and fertilization, especially
nitrogen (N), which can lead to a reduction in virgin
olive oil’s (VOOQ') quality and stability, in particular,
a decrease in phenol content. There is a negative re-
lationship between irrigation and phenol content, as
different authors have demonstrated in studies with
linear irrigations, where the total applied irrigation
water linearly changed with the effective crop co-
efficient (Tovar et al., 2001; Berenguer et al., 2006)
or deficit irrigations (Gémez-del-Campo, 2013; Ru-
fat et al., 2018), although no differences were found
in intermediate irrigation strategies (Sastre et al.,
2019), which linearly increased the total amount of
applied water. Berenguer et al. (2006) found differ-
ences among the most contrasting treatments. Phe-
nols are highly influenced by cultivar and ripening
stage (Aguilera ef al., 2017), and also by other agro-
nomic factors such as harvesting method (Morales-
Sillero and Garcia, 2015; Arbonés ef al., 2016).

Water availability is important for determin-
ing plant response to mineral nutrition (Marschner,
2012) at both the irrigation level and N status, which
are highly related to the cultivar. At present, the
question stated by Zipori et al. (2015) should be an-
swered “Can threshold values being used today be
applied indiscriminately to all cultivars, especially
in intensive, irrigated orchards?”

The influence of ripeness and irrigation on the
phenol content in VOOs phenols has been studied
in recent years (Aparicio and Harwood, 2013; Mena
et al., 2018; Vidal et al., 2019), although there are
few works related to fertilization (Lanza and Ninfa-
li, 2020; Zipori et al., 2020) despite its crucial role
in VOO’s quality. Fertilization should be carefully
monitored to avoid negative impacts on VOO (Rallo
et al.,2018). This work aims to review existing stud-
ies and research related to the influence of olive or-
chard fertilization on the phenols in VOO.

(1) VOO includes Extra Virgin and Virgin Olive Oil categories as
are described in the Regulation (EU) No 1308/2013 (EU, 2013).

2. NITROGEN, PHOSPHORUS AND POTASSI-
UM INFLUENCE ON VOO PHENOLS

Despite the fact that most of the studies show that
an increase in N fertilization leads to a decrease in
the phenol content of the VOOs in a different way,
depending on olive orchard management and cul-
tivars, some results are not so clear (Inglese et al.,
2002; Mezghani et al., 2018).

In a long-term trial under rainfed conditions,
Fernandez-Escobar et al. (2002) found that increas-
ing N doses up to 1 kg N-tree! resulted in a decrease
in total phenols in VOO with no increase in yield
or vegetative growth, despite higher values in leaf
and fruit N content compared to the control. This
occurred regardless of the plantation system (Fer-
nandez-Escobar et al, 2006). Moreover, foliar ap-
plications of B and N in Koroneiki induced a phenol
decrease but a foliar algae solution (derived from
fronds and strap-like blades of the seaweed Asco-
phyllum nodosum L. and applied at a concentration
of 0.5%) did not (Chouliaras et al., 2009).

A decrease in total phenol content was observed
in response to high doses of N and phosphorus (P)
while potassium (K) had only a minor effect or no
effect at all on irrigated trees (Dag et al., 2009; Lan-
za and Ninfali, 2020), while Pascual et al. (2019)
found a significant decrease with K fertilization. Erel
et al. (2013), who observed a decreased in phenol
content as foliar N increased, found the same trend.
They also found a weaker relationship between phe-
nol content and fruit N, without finding a correlation
between phenol content and fruit P content. In the
Barnea cultivar, Dag et al. (2018) observed a reduc-
tion in total phenol content when high N doses were
applied, similar to what Morales-Sillero et al. (2007)
observed in the Manzanilla de Sevilla cultivar, al-
though significant differences with fruit N content
were not found. Phosphorous enhances the accumu-
lation of N in leaves and fruits and thus indirectly
increases the nutritional level of N. Total phenol
concentration was entirely independent of the leaf or
fruit K levels, and therefore the effect of the N on oil
properties depended solely on the absolute N con-
tent in the leaves or fruits, regardless of the cause.
Olive trees can deal with a low soil fertility unless a
great deficiency occurs, but an overdose in N, P or K
fertilization can lead to a reduction in VOO quality
(Tognetti et al., 2008).
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FIGURE 1. Linear regression between leaf N content and total phe-
nols (R*=0.806) in the VOO of cv Arbequina from two super-in-
tensive orchards in Madrid and Lleida (Spain) with different levels
of irrigation and fertilization with nitrogen and potassium. N=64.

Arbonés et al. (2017) also found a negative
correlation between total phenols and N foliar
content in a trial with N and K fertilization in su-
per-intensive hedgerows of the Arbequina cultivar
in Lleida (Spain). Only in ON years (heavy yield)
did K application have a positive response, and
a N/K interaction was evidenced by the effect of
K on increasing leaf N content. Moreover, a high
decrease in total phenols with K fertilization was
found (Pascual et al., 2019). They also established
a critical nutrient range for N leaf in the interval
of 1.80-1.94% with no effect on VOO yield, while
beyond this threshold, phenol content and oxida-
tive stability were compromised. That statement
was confirmed by Arbonés et al. (2020), with cv
Arbequina in two super-intensive orchards in Ma-
drid and Lleida (Spain) with different levels of
irrigation and N-K fertilization, finding a good
negative linear correlation (R>=0.81) between fo-
liar N and total phenol content in VOO (Figure 1).
Beyond 1.9% leaf N, the total phenol content de-
creased to below 200 mg-kg"! (expressed as caffeic
acid), a value considered to be the threshold above
which phenolic compounds exert their nutraceuti-
cal effects as antioxidants (European Food Safety
Authority Panel on Dietetic Products, Nutrition and
Allergies, 2011; Gucci et al., 2012). This fact gives
rise to a reduction in VOO quality. The relationship
between fruit N (pulp plus stone) and total phenol
content is quadratic, and it is highly influenced by
crop load (Figure 2). Below 7 g-kg™! fruit N, VOO’s
phenol content falls below the 200 mg-kg' (ex-
pressed as caffeic acid).
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FIGURE 2. Quadratic regression between fruit N content and total
phenols (R*=0.743) in the VOO of cv Arbequina from two super-in-
tensive orchards in Madrid and Lleida (Spain) with different levels of
irrigation and fertilization with nitrogen and potassium. N=60.

Within the phenol family, increasing foliar and
fruit N levels gives rise to a decrease in total oil
phenols (around 250 mg per N foliar unit), special-
ly in secoroid compounds, which results in lower
VOO quality and stability. This negative impact
of N on VOO quality is higher in OFF years (low
yield). These results differ from those of Centeno et
al. (2017) with cv Arbequina, who observed lower
ortho-diphenol (o-diphenols) contents in all N-fer-
tilized treatments regardless of doses or products,
whilst total secoiridoids were only reduced in treat-
ments with N inhibitors. In Picholine cultivar under
irrigation conditions, Tekaya et al. (2014) found a
significant decrease in total phenols with urea and
micronutrient fertilization. The same group did not
find a negative effect of N fertilization on total phe-
nols but they observed a great decrease in o-diphenol
content (Tekaya et al., 2013).

Nitrogen is one of the nutrients that can modulate
the activity of different enzymes related to phenol
content and metabolism, like phenylalanine ammo-
nium lyase (PAL) and polyphenol oxidase (PPO). In
different plants (e.g. basil, tobacco and olive tree),
PAL activity, involved in the synthesis of phenols,
can be negatively influenced by N fertilizacion due
to a competition between phenols and protein in
fruit (Ruiz et al., 1998; Fernandez-Escobar, 2011;
Jakovljevi¢ et al., 2019). Furthermore, PPO activity
increases as foliar and fruit N contents increase, with
a negative effect on VOO stability due to changes in
its fatty acid profile (Pascual et al., 2016).

The synthesis of phenolic compounds is stimu-
lated in response to different plant stresses (Fernan-
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dez 2014; Rallo et al., 2018). Therefore, in intensive
and super-intensive olive orchards, from the point of
view of the quality of the VOO, it should be appropi-
ate to exert a certain level of stress, but not too high
so as to reduce crop load.

3. OTHER NUTRIENTS
VOO PHENOLS

THAT INFLUENCE

A decrease in total phenols and o-diphenols has
been observed after foliar fertilization with boron
(B), magnesium (Mg), manganese (Mn) and sulfur
(S), due to the B action (Tekaya et al., 2013). When
the content of B in the leaves is low, phenolic bio-
synthesis increases, but when the level of boron is
adequate, the PAL activity is depressed and phenol
biosynthesis is limited (Ruiz et al., 1998). Under
semiarid conditions, Saadati et al. (2013) did not
find statistical differences in total phenols for dif-
ferent cultivars after applying boric acid and zinc
sulfate. Increases in VOO oil content and phenolic
compounds were observed when cv. Beledy olive
trees were treated with Zn in the form of amino acid
chelate (Bastam et al., 2020). In the Chemlali culti-
var, the foliar spraying of amino acids, beet molas-
ses and fish by-products as sources of N, P and K
resulted in a decrease in the phenol content, contrary
to an application of a formulation based on calcium
(Ca), which led to a significant increase in phenolic
compound contents (Dabbaghi et al., 2019).

Foliar fertilization with selenium (Se) applied to
the Leccino cultivar increased the total Se, alleviated
damage caused by drought stress conditions and in-
creased total antioxidant compounds, mainly phenol
contents (D’ Amato et al., 2018). Silicon (Si), like se-
lenium, is a non-essential element in plant nutrition
despite the fact that it plays an important role against
drought and other abiotic stresses (Marschner 2012).
Difterent studies have found that Si forms a phys-
ical barrier and induces the production of phenolic
compounds at sites of infection (Fernandez-Escobar,
2019). Silicon applying can be done through drip ir-
rigation or the most effective foliar spraying, which
can be promising for olive orchards, mainly under
rainfed conditions.

4. CONCLUSIONS

Nitrogen (N) over-fertilization leads to a to-
tal phenol content decrease, regardless of the olive

growing system or cultivar type; phosphorus ferti-
lization seems to have a minor influence, and in the
case of potassium (K), the effect is controversial.

Olive yield decreases beyond a threshold of fo-
liar N, for this reason it is essential to establish the
proper reference levels, which do not impair olive
yield whilst maintaining a sufficient phenol content
to maintain good VOO quality and stability. This
threshold should be different for each cultivar and
olive-growing system.

Phosphorus fertilization seems to have an indi-
rect influence on phenol content, although results on
the effect of K differ among authors. There is a lack
of field trials with these macro-nutrients near or be-
low the deficiency threshold to clarify the role of K
regarding phenol content. New trials with potassi-
um-based formulations could be of great interest, in
order to increase total phenols in cultivars with low
to medium phenol content.

Fertilization with micronutrients and other
non-essential microelements have been scarcely
studied. These elements must be considered for fu-
ture studies, mainly boron and selenium elements,
which could produce an increase in total phenols, or
silicon, which could protect fruit skin, thus avoiding
the loss of phenols during mechanical harvesting.
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SUMMARY: The bleaching process is an important stage in the edible oil refining operation, and is carried out by using acid-activated
bleaching earths. The aim of this study was to evaluate the efficiency of coconut fiber ash, shell ash, acid-activated fiber ash and acid-ac-
tivated shell ash as compared to the commercial bleaching earth in the bleaching of neutralized soybean oil. Bleaching materials were
added to neutralized oil at the concentration of 1% (w/v) with agitation under vacuum at 110 °C for 30 minutes. The values for red and
yellow colors, carotenoids, chlorophylls, peroxide value, p-anisidine value, free fatty acid contents, copper and iron levels of the bleached
samples were determined. The results indicated that all coconut-based adsorbents have been significantly more effective than commercial
bleaching earth in reducing color and the greatest reductions in carotenoid (84.25%) and chlorophyll (82.30%) contents were obtained by
using acid-activated fiber ash. The peroxide value for all treatments decreased. The amounts of iron and copper as peroxide compounds
decreased considerably (44.59% and 23.53%) by using acid-activated fiber ash and acid-activated shell ash, respectively. Therefore,
coconut fiber and shell as agricultural wastes which have been ignored in the past might be employed as effective agents to bleach crude
oils, particularly soybean oil, in refining operations.

KEYWORDS: Adsorbents; Agricultural waste; Bleaching; Coconut; Soybean oil.

RESUMEN: Aplicacion de fibra y cdscara de coco para decolorar aceite de soja. El proceso de decoloracion es una etapa importante
en la operacion de refinacion de aceites comestibles que se lleva a cabo utilizando tierras decolorantes activadas con acido. El objetivo
de este estudio fue evaluar la eficiencia de las cenizas de fibra de coco, cenizas de cascara, cenizas de fibra activada por acido y cenizas
de cascara activada con acido, en comparacion con la tierra decolorante comercial, en la decoloracion de aceite de soja neutralizado. Los
materiales de decoloracion se anadieron al aceite neutralizado a una concentracion del 1 % (p/v) con agitacion a vacio a 110 °C durante 30
minutos. Se determinaron los valores de colores rojo y amarillo, carotenoides, clorofilas, indice de peroxido, indice de p-anisidina, conte-
nido de acidos grasos libres, niveles de cobre y hierro de las muestras decoloradas. Los resultados indicaron que todos los adsorbentes a
base de coco han sido significativamente mas efectivos que la tierra decolorante comercial para reducir el color y la mayor reduccion en
los contenidos de carotenoide (84,25 %) y clorofila (82,30 %) se obtuvo mediante el uso de ceniza de fibra activada con acido. El indice
de peroxido en todos los tratamientos disminuyo. Las cantidades de hierro y cobre como compuestos peroxidantes disminuyeron conside-
rablemente (44,59% y 23,53%) al usar ceniza de fibra activada por acido y ceniza de cascara activada por acido, respectivamente. Por lo
tanto, la fibra y la cascara de coco como desechos agricolas que se han ignorado en el pasado podrian emplearse como agentes efectivos
para decolorar los aceites crudos, particularmente el aceite de soja en las operaciones de refinacion.
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1. INTRODUCTION

The coconut fruit contains three layers: the ex-
ocarp, mesocarp, and endocarp. Both the exocarp
(the glossy outer skin, usually yellow-green to yel-
low-brown in color) and the mesocarp (middle fi-
brous coat, called coir) make up the “husk” of the
coconut, while the endocarp makes up the hard co-
conut “shell” (Emojevwe, 2013). Therefore, the co-
conut plant has some useful waste materials such as
fronds, husk and shell, which have many traditional
and commercial uses.

Coir (the fiber from the husk of the coconut) is
used in ropes, mats, doormats, brushes, and sacks,
brooms, as caulking for boats, and as stuffing fiber
for mattresses. It is also used in horticulture for pot-
ting compost (Pauline, 2000).

Different studies have been carried out for the ap-
plication of these lignocellulosic agricultural wastes
in polymeric composites (Ikumapayi et al., 2020),
the textile industry (Martins and Sanches, 2019), and
the oil and gas industry as adsorbents for industrial
wastewater (Johari et al., 2014). Yuan ef al. (2021)
synthesized an efficient adsorbent by simple doping
of Mg—Al composite oxide on coconut shell fiber to
remove of phosphorus from domestic sewage. Tak-
sitta et al. (2020) modified and used coconut husk as
adsorbents for metal ion removal from wastewater.

One of the applications of adsorbents in the food
industry concerns the bleaching process in oil refin-
eries. Bleaching is one of the refining stages of oil
and fat industries which removes not only pigments
but also other minor impurities such as residual
soaps, metal, and oxidation products to provide an
acceptable product to the consumer with the highest
stability. Acid-activated bleaching earth containing
silicates combined with metal oxides such as alumi-
num, magnesium, calcium, iron, sodium, and potas-
sium activated by sulfuric or hydrochloric acids is
employed in the conventional bleaching operation
(Erten, 2004).

Some researchers have proposed the use of nut
shells as adsorbents. Shruthi and Parithra (2018)
studied the efficiency of groundnut shells for the re-
moval of led and copper from wastewater. The abil-
ity of groundnut shell to remove toxic metals from
industrial wastewater was achieved by Aarti Sow-
mya et al., 2018. Almasi et al. (2016) stated that the
walnut shell has suitable physical properties for the

production of activated carbon. Forozan Sepehr et
al. (2020) used walnut shell ash for the bleaching of
soybean oil and reported a reduction in color, carot-
enoid and chlorophyll contents during this process.
Coconut shell ash has been reported to produce the
highest activated carbon among the agro-waste ma-
terials that can be used as adsorbents (Ikumapayi et
al., 2020).

Usman et al. (2012) indicated that there is a poor
correlation between the chemical composition of
clays and their adsorptive power. This means that
poor adsorbents may have identical composition to
active types. Therefore, the scientific basis for eval-
uating the adsorbent’s functionality involves actu-
al testing in the laboratory. According to the liter-
ature, the application of coconut fiber and shell is
not receiving much application in the food industry.
Therefore, the aim of this research is to study the
application of these agro wastes as bio adsorbenta in
the bleaching of neutralized soybean oil.

2. MATERIALS AND METHODS

2.1. Materials

Coconut was supplied from a local market in
Tehran, Iran. Neutralized soybean oil was obtained
from the Behshahr Vegetable Oil Company (Tehran,
Iran). Commercial activated bleaching earth, Ben-
tonite Type KF, with pH of 3.3, moisture content of
11% and density of 0.88 g/cm?® was purchased from
Kanysaz Jam Industries Ltd., (Tehran, Iran). All the
chemicals used in the experiments were pure and of
analytical grade, purchased from Merck Chemical
Co. (Germany) and Sigma Aldrich Co. (USA).

2.2. Preparation of adsorbents

Coconut fibers and shell were separated from the
fruits and dried at 103 + 2 °C, then ground in a mill
(Triplex, France), and passed through a 200-mesh
sieve separately. The coconut fiber and coconut shell
powders were carbonized in air atmosphere and then
heated in a muffle furnace at 800 °C for 5h to prepare
the ash. The ash samples were cooled in a desicca-
tor at room temperature, passed through a 200-mesh
sieve and stored in amber glass bottles (Forozan
Sepehr ef al., 2020).

In order to acid activate the ash samples, they
were mixed with 12N HCI in the ratio of 1:3 (w/v)
separately. The suspension was agitated at 750 rpm
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at 80 + 2 °C for 2 h and then diluted with distilled
water up to pH of 3.5. The slurry was filtered and
dried at 103 =2 °C. Activated ashes were ground and
passed through a 200-mesh sieve (Forozan Sepehr et
al., 2020).

The specific surface area of adsorbents was meas-
ured according to Kashani Motlagh et al. (2011) by
the N,-BET method with a Micromeritics Gemini
2360 instrument.

2.3. Soybean oil bleaching

100 ml of neutralized soybean oil and 1% (W/V)
adsorbent (commercial acid-activated bleaching
earth, coconut fiber ash, acid-activated coconut
fiber ash, coconut shell ash, acid-activated coco-
nut shell ash separately) were placed into a special
three-neck flask equipped with a vacuum pump,
thermometer and magnetic stirrer. Vacuum at 9
mmHg was applied and the temperature was in-
creased to 110 °C and stirring was continued at me-
dium speed to mix the oil and adsorbent for 30 min-
utes. Heating was discontinued after this period but
vacuum and agitation were continued for a further
period of 15 min. The temperature of the bleached
oil was reduced to 50 °C. Bleached oils were fil-
tered under vacuum by using Watman No. 41 filter
paper to remove the adsorbent particles and obtain
a clear oil. The treated oils were stored for further
analysis in sealed vessels at 4 °C after flushing with
nitrogen (Abdi et al., 2021).

2.4. Physical and chemical analyses

A series of physical and chemical tests were
carried out on the neutralized and bleached oils ac-
cording to the British Standard and AOCS Official
Methods.

The carotenoid contents of the neutralized and
bleached oil samples were determined by a UV-VIS
spectrophotometer at 450 nm (PG Instruments T60U
UV/VIS Spectrophotometer) according to BS 684,
UK (BS, 1993).

The chlorophyll contents of the neutralized and
bleached oil samples were determined according to
the AOCS method (Cc 13d-55) by a UV-VIS spectro-
photometer at 630, 670 and 710 nm (AOCS, 2017a).

A color measurement was carried out according to
the AOCS standard method, Cc13e-92, by Lovibond
Tintometer apparatus in 5.25-inch cell (AOCS, 2009).

The free fatty acid contents of the neutralized and
bleached oil samples were determined by dissolving
the oil in a diethyl ether-ethanol (1:1) solution fol-
lowed by titration with a standard solution of 0.01
N potassium hydroxide in the presence of phenol-
phthalein according to the AOCS method, Cd 3d-63
(AOCS, 2017b).

The peroxide value determination of the neutral-
ized and bleached oil samples was carried out ac-
cording to the AOCS method, Cd 8-53 by dissolving
the oil in an acetic acid-chloroform (3:2) solution,
followed by titration with a 0.01 N sodium thiosul-
fate solution in the presence of potassium iodide and
starch indicator (AOCS, 2003).

The determination of the p-anisidine value
(pAV) of the neutralized and bleached oil samples
was carried out following the ISO 6885:2006 meth-
od (ISO, 2006). A solution of the oil in iso-octane
was reacted with p-anisidine in glacial acetic acid
to form yellowish reaction products. Then absorb-
ance was measured by a UV-VIS spectrophotome-
ter at 350 nm (PG Instruments T60U UV/VIS Spec-
trophotometer).

The amounts of copper and iron in the neutral-
ized and bleached oil samples were determined by
Atomic Absorption Spectrometer according to the
AOQOCS standard method, Ca 15-75. Oils dissolved in
methyl isobutyl ketone were analyzed for metals by
direct aspiration (AOCS, 2017¢).

2.5. Statistical analysis

All the experiments and/or measurements were
carried out in triplicate. The data were statistically
analyzed using the Statistical Analysis System soft-
ware package on replicated test data. Analyses of
variance were performed by ANOVA. Significant
differences among the means were determined using
the Duncan multiple range test.

3. RESULTS AND DISCUSSION

Although carotenoids as the main pigments in
most vegetable oils have antioxidant properties, they
might act as pro-oxidant under elevated temperatures
during oil processing (Zeb and Murkovic, 2011; Zeb
and Murkovic, 2013). Therefore, the removal of
these compounds from the oil might be desirable for
their subsequent applications.
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TasLE 1. Carotenoid and chlorophyll contents in soybean oils bleached with 1% of different adsorbents *

Treatments with

Carotenoids (mg B-Carotene/kg oil)

Chlorophyll (mg Pheophytin a/kg oil)

No treatment (Neutralized oil) 2496 +£0.05* 243+0.12®
Commercial Bleaching Earth 6.50+0.09° 0.41+£0.01¢
Fiber Ash 11.56 £0.36° 1.22+0.00°
Acid-Activated Fiber Ash 3.93+0.08f 0.43 +£0.05 4
Shell Ash 10.85+0.28 ¢ 0.67+£0.05°¢
Acid-Activated Shell Ash 7.08+0.07 ¢ 0.46+0.02 ¢

* The values are expressed as means + standard deviation, n=3. Different letters in each column indicate significant differences (P < 0.05)

using Duncan’s multiple range test.

TaBLE 2. Lovibond color in soybean oils bleached with 1% of different adsorbents*

Treatments with Red units Yellow units

No treatment (Neutralized oil) 32+£0.20? 60.0+0.12*
Commercial Bleaching Earth 24+0.10¢ 10.0£0.20°
Fiber Ash 2.5+£0.07 ¢ 8.0+0.12

Acid Activated Fiber Ash 29+0.12°% 85+0.07°
Shell Ash 3.0+0.07® 7.0+0.054

Acid Activated Shell Ash 2.7 +0.05 < 5.0£0.05¢

*The values are expressed as means + standard deviation, n=3. Different letters in each column indicate significant differences (P < 0.05)

using Duncan’s multiple range test.

Table 1 indicates the amounts of carotenoids in
soybean oils bleached with different adsorbents. Al-
though the amounts of carotenoids were significantly
decreased in all bleached treatments, the highest re-
duction was obtained by using acid-activated treat-
ments. The percentages of carotenoid reduction in
treatments obtained from acid-activated fiber ash and
acid-activated shell ash were 84.25 and 71.63%, re-
spectively. Therefore, fiber ash had a better efficiency
in reducing carotenoid pigments compared to shell
ash. The removal of carotenoids is due to the reac-
tion between these pigments and the active sites of the
adsorbents (Jummao et al., 2008). The textural char-
acteristics and surface chemistry of adsorbents which
can be modified by acid activation play important
roles in their functionality (Hussin et a/., 2011). Ham-
bly et al. (2021) stated that acid activation attacks and
partly dissolves the layered mineral structure, leaving
a partially amorphous material with a higher surface
area and porosity. The specific surface area of coconut
fiber and shell ashes were obtained at 78 and 92 m?/g,
respectively, which were increased by acid activation
and reached up to 156 and 143 m*/g for acid-activated
fiber and shell ashes, respectively. Therefore, structur-
al modification of adsorbents is an effective factor in
their better efficiency.

One objective of oil bleaching is to remove the
green pigments, chlorophylls, due to their decom-
position into pheophytins by heat treatment (Zheng
et al., 2017) and acting as photooxidation sensitiz-
ers which enhance the oxidation reaction (Diosady,
2005), which results an opaque and dark oil with un-
desirable flavors.

The Removal of chlorophyll as green pigments
present in crude soybean oil is considered more dif-
ficult than carotenoid pigments (Subramanian, 2001;
El-Hamidi and Zaher, 2016) and according to the re-
sults shown in Table 1, the amount of chlorophyll in
all the bleached oil samples was decreased signifi-
cantly (p < 0.05). Most of the chlorophyll reduction
(82.31 %) was obtained by using acid-activated fiber
ash and there were no significant differences with
commercial bleaching earth. Breaking the tetrapy-
rrole ring in the chlorophyll structure might be one
of the reasons for decreasing chlorophyll content
during oil bleaching (Jung et al. 1989). Due to the
application of acid-activated bleaching agents and
materials, the Mg in the center of chlorophyll might
be removed and might affect the color intensity.

Bleaching efficiency might be monitored by
measuring the reduction in color bodies according to
the Lovibond method. The greatest reductions in red
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TasLE 3. Amounts of peroxide value, p-anisidine value, free fatty acids, iron and copper in soybean oils bleached with 1% of different

adsorbents*

Fovstere pine i o o

No treatment (Neutralized oil) 4.55+0.25¢° 2.79+0.13°¢ 0.44+£0.04¢ 0.74+0.12°¢ 0.17+£0.01%
Commercial Bleaching Earth 2.74+£0.35¢ 2.92+£0.04® 0.56+£0.12¢ 0.63+£0.05¢ 0.15+0.00°¢
Fiber Ash 1.40 £0.05¢ 3.04£0.02* 022+0.01°f 0.92+0.11° 0.18+0.05*
Acid-Activated Fiber Ash 2.60+£0.12¢ 298 +0.21% 0.67+0.00° 041+£0.07° 0.16 £0.05 **
Shell Ash 1.26 £0.09 ¢ 2.90+0.03® 033+£0.11°¢ 0.86+£0.05° 0.18+0.01*
Acid-Activated Shell Ash 340+0.07° 2.97+0.17% 0.78 £0.00 * 0.48 £0.00 ¢ 0.13+0.00 ¢

* The values are expressed as means * standard deviation, n=3. Different letters in each column indicate significant differences (P < 0.05)

using Duncan’s multiple range test.

(21.87 %) and yellow (91.67 %) Lovibond units were
w achieved using fiber ash and acid-activated shell ash,
respectively (Table 2). All coconut-based adsorbents
were significantly more effective than commercial
bleaching earth in reducing the yellow color (p < 0.05).

Reduction in oil color might be attributed to the
absorption and catalytic properties of the bleaching
earths. Pigments present in oil, solution or colloidal
particles, are adsorbed onto the bleaching earth sur-
face by a weak Van der Waals intermolecular force.
Carotene and other pigments might also be affected
by the catalytic properties of acid-activated earths.
The structural changes in the pigments or the break-
down of their molecular bonds, resulting in the light-
ening of the oil color, might have occurred due to the
presence of hydrogen ions (Mustapha et al., 2013).

The free fatty acid content in neutralized oil which
was originally 0.44 g/100g was considerably reduced
(50% and 25%) during bleaching with fiber ash and
shell ash and reached 0.22 and 0.33 g/100g, respec-
tively. Bleaching with acid-activated adsorbents in-
creased the acid value so that the free fatty acid con-
tents of oils bleached with acid-activated fiber ash
and acid-activated shell ash reached 0.67 and 0.78
g/100g, respectively. The application of commercial
acid-activated earths produced similar results. Dif-
ferent studies have indicated that oil bleaching with
acidic adsorbents slightly increases the acid value of
oils, which is due to triglyceride hydrolysis and sub-
sequent production of free fatty acids (Boki et al.,
1992; Usman et al., 2012). Considering the effective
role of the acidic adsorbents in providing the main
purposes of bleaching, slight increases in free fatty
acid contents during oil bleaching is not noticeable
because these components could be removed simply
from the oil during the deodorization stage.

Silva et al. (2014) indicated that acid-activated
bleaching earths might act as an oxidizer. There-
fore, peroxide and p-anisidine values were deter-
mined as primary and secondary oxidation prod-
ucts, respectively. Table 3 presents the peroxide
and p-anisidine values for neutralized and bleached
oils after treatment by different adsorbents. The
peroxide value of neutralized soybean oil was de-
termined as 4.55 meq O,/kg oil. Bleaching by dif-
ferent adsorbents decreased the peroxide value by
25.27 — 72.31%. The lowest peroxide value (1.26
meq O,/kg oil) was obtained for oil bleached with
shell ash, which indicates better function compared
to commercial bleaching earth. According to the
peroxide value results, a slight increase in second-
ary oxidation products occurred due to decomposi-
tion of primary oxidation products. There are sig-
nificant differences between the p-anisidine value
of the neutralized and bleached oils with different
adsorbents (p < 0.05).

Usman et al. (2012) indicated that peroxides are
decomposed into aldehydes and ketones due to further
oxidation which might be catalyzed by the acidic
nature of adsorbents. These decomposition products
are also adsorbed to the bleaching agent (Subramanian
et al., 2001; Mirrezaie Roodaki et al., 2016).

According to the results, the amount of iron was
increased in bleached oils treated with fiber ash and
shell ash, which might be due to the nature of the
adsorbents used which contain different metals. Al-
though iron content was significantly decreased in all
samples treated with acidic adsorbents, the greatest
reduction (44.59 %) was obtained in the oil bleached
with acid-activated fiber ash, which might be due to
the dealumination of the structure, resulting in or-
ganic acid activation.
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Usman et al. (2012) stated that a number of met-
al ions in the octahedral layer, such as aluminum,
magnesium, and iron cations and impurities such as
calcite are also removed by leaching with a mineral
acid at elevated temperatures.

The results for changes in the amount of copper in
the treated samples are similar to the results obtained
for the iron content so that copper content was de-
creased in the oil treated with acidic adsorbents. How-
ever, these changes are not statistically significant.

According to the results, these adsorbents might
be recommended for post-bleaching processes car-
ried out after oil hydrogenation with the aim of re-
moving nickel from hydrogenated oil.

4. CONCLUSIONS

Coconut fiber and shell are agricultural wastes and
their application in the food industry has received lim-
ited attention. Therefore, the efficiency of these com-
pounds for the bleaching of edible oil has been inves-
tigated in this research. The results showed that these
adsorbents were quite effective in achieving the main
goals of the oil bleaching process, reducing oil color
and carotenoid and chlorophyll contents. In this re-
spect, acidic treatments with fiber and shell have shown
to be more effective, which might be due to the struc-
tural modification of adsorbents by acid activation.

Regarding the effect of these compounds on the oil
quality factors, the peroxide value and the amounts of
iron and copper as prooxidant compounds decreased
in all treatments. Although the content in free fatty
acids increased in adsorbents with acidic nature, they
could be removed from the oil during the deodoriza-
tion process. Due to the competitiveness of acid-acti-
vated coconut fiber and shell with commercial bleach-
ing earth, the use of these low-cost biosorbents can
be considered for oil bleaching. Also, based on the
effectiveness of the acid-activated fibers compared to
acid-activated shells, acid-activated coconut fibers are
recommended as adsorbent in the oil industry.
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ABSTRACT: This study was carried out to examine the physiological traits, quality of calyx extract and seed oil content of roselle
(Hibiscus sabdariffa L.) as affected by irrigation regimes and planting dates. The growth period from seed sowing to calyx harvesting
was shortened as planting time was delayed. Stem diameter and plant height were decreased by drought stress or late planting, but calyx
yield, total phenolic content, total anthocyanin content, vitamin C, and calyx water use efficiency increased under mild drought condition.
In addition, antioxidant activity and calyx water use efficiency were significantly increased by late planting. It was suggested that an
increase in calyx harvest index in delay in planting would be due to better photosynthesis activity and higher assimilate use efficiency
because of the increase in sink capacity. Seed oil content decreased considerably due to drought stress and delay in planting date. These
findings suggest that mild drought stress improves the quality and quantity of calyx and water use efficiency.

Keywords: Antioxidant activity; Harvest index, Phenolic compounds, Sowing date

RESUMEN: Influencia de diferentes regimenes de riego y tiempo de siembra en la calidad y cantidad del caliz, el contenido de aceite
de las semillas y la eficiencia del uso del agua de la roselle (Hibiscus sabdariffa L.). Este estudio se llevo a cabo para examinar los
rasgos fisiologicos, la calidad del extracto de caliz y el contenido de aceite de semillas de roselle (Hibiscus sabdariffa L.) afectado por
regimenes de riego y fecha de siembra. El periodo de crecimiento desde la siembra de la semilla hasta la cosecha del caliz se acortd debi-
do a que se retraso el tiempo de siembra. El diametro del tallo y la altura de la planta disminuyeron por el estrés por sequia o la siembra
tardia, pero el rendimiento del caliz, el contenido fenodlico total, el contenido total de antocianinas, la vitamina C y la eficiencia del uso
del agua del caliz aumentaron en condiciones de sequia leve. Ademas, la actividad antioxidante y la eficiencia del uso del agua del caliz
aumentaron significativamente en la siembra tardia. Se sugirio que el aumento del indice de cosecha del céliz en la demora en la siembra
se deberia a una mejor actividad de fotosintesis y una mayor eficiencia en el uso de asimilacion debido al aumento de la capacidad de
hundimiento. El contenido de aceite de las semillas disminuy6 considerablemente debido al estrés por sequia y al retraso en la fecha de
siembra. Estos hallazgos sugieren que el estrés por sequia leve mejora la calidad y cantidad del caliz y la eficiencia del uso del agua.

PALABRAS CLAVE: Actividad antioxidante; Compuestos fendlicos, Fecha de siembra; Indice de cosecha

Citation/Cémo citar este articulo: Zand-Silakhoor A, Madani H, Heidari Sharifabad H, Mahmoudi M, Nourmohammadi G. 2022. In-
fluence of different irrigation regimes and planting times on the quality and quantity of calyx, seed oil content and water use efficiency
of roselle (Hibiscus sabdariffa L.). Grasas y Aceites 73 (3), e472. https://doi.org/10.3989/gya.0564211

Copyright: ©2022 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0) License.


https://doi.org/10.3989/gya.0564211
https://orcid.org/0000-0002-7993-5516
https://orcid.org/0000-0003-0078-677
https://orcid.org/0000-0001-5135-7016
https://orcid.org/0000-0002-2688-572X
https://orcid.org/0000-0003-4916-1043
https://doi.org/10.3989/gya.0564211

2 » A. Zand-Silakhoor, H. Madani, H. Heidari Sharifabad, M. Mahmoudi and G. Nourmohammadi

1. INTRODUCTION

Roselle (Hibiscus sabdariffa L.) is an annual me-
dicinal and edible plant belonging to the Malvaceae
family and cultivated in South-East Asia as well as
other arid and semi-arid regions (Gendy et al., 2012)
with a temperature of about 25 to 35 °C. The differ-
ent useful parts of this plant, including stem fiber,
leaves, seeds and flowers have been used as vegeta-
bles, oil and drinks. Roselle is generally planted for
its red calyx which contains vitamin C, anthocyanin
and other phenolic compounds (Da-Costa-Rocha et
al., 2014). Many environmental agronomic factors
influence the growth, yield and quality of roselle
plants (Xu et al., 2019).

Drought stress is the most important obstacle in
achieving a high crop yield throughout the world.
Furthermore, saving irrigation water and improv-
ing crop yields are two related and important global
issues. Proper planting date and practices of irriga-
tion management are some effective techniques for
maximizing the use of limited water resources (Ke-
shavarz Mirzamohammadi et al., 2021). It has re-
ported that increasing intervals between irrigation
and drought condition resulted in a significant de-
crease in yield and yield components but increase
in active constituents of calyx such as vitamin C
and total phenols in the roselle plant (Hewidy et
al., 2018). However, another researcher reported
an increase in flowering and dry yield (Begum et
al., 2015). In addition, Seghatoleslami et al. (2013)
determined that drought stress had no significant
effect on the height of the roselle plant, number
of branches or calyx yield. In another study, mild
drought stress following an increase in irrigation
intervals led to an increment in anthocyanin due
to carbohydrate accumulation which reshapes into
secondary metabolites (El-Boraie et al., 2009). Fal-
lahi et al. (2017a) found that drought conditions in
light soil did not affect stem diameter or the plant
height of roselle but instead calyx yield and num-
ber of flowers increased under mild drought stress.
Khalil and Yousef (2014) defined that drought
stress led to a reduction in biological yield, calyx
yield and quality of roselle.

Maximum production potential due to agro-
nomic practices such as time of sowing have been
related to high yield. An appropriate sowing date
promotes plant growth and development, resulting

in higher biological yield and better economic use
of the land. The optimum sowing date ensures that
the susceptible growth stage of the plant does not
coincide with harmful environmental conditions.
The roselle is short day plant with a critical pho-
toperiod of 12-12.5 hours for flowering. Long days
at the wrong developmental stage lead to losses in
yield (Ghayour et al., 2020). Morphological traits
and yield components like stem diameter, plant
hight and branch numbers are influenced by plant-
ing due to a longer growth period from the first
planting date (Asadpour et al., 2020). The results of
Seghatoleslami et al. (2013) for roselle (Hibiscus
sabdariffa L.) highlighted a significant correlation
between plant dry matter and sowing date and the
wrong sowing date brought about loss on economic
yield by affecting yield components. Asadpour et
al. (2020) showed that a delayed sowing date de-
creased the grain yield of maize (Zea mays L.). In
a study on the effect of five sowing dates for rice,
Basyouni Abou-Khalifa (2010) concluded that the
greatest grain yield was achieved with the sowing
dates of May 10 and April 30 (stage of milky and
maturity, respectively). It was reported that a de-
lay in sowing date from mid-May to mid-July led
to a 60% flower yield loss and 58% reduction in
the yield of calyx (Ghayour et al., 2020). Parsa
Motlagh et al. (2018) stated that a delay in sowing
from 30" March to 22" May resulted in lower plant
height, harvest index and calyx yield per unit. Also,
Alizade Moradi et al. (2018) showed that a delay in
sowing time led to losses in flower yield and bio-
logical yield but increased the water use efficiency
of the calyx and flower.

A study on the effect of irrigation and plant-
ing date on the quality of the calyx and water use
efficiency is still rare. Changing irrigation sched-
ule, water deficit technique and planting date have
been widely used in to improve the harvest index
and water use efficiency of plants. Given the im-
portance of determining desirable irrigation re-
gimes and sowing dates for the cultivation of a
newly-introduced plant to this region, the present
study aimed to examine the influence of differ-
ent irrigation regimes and panting dates on yield
quantity and quality and water use efficiency of
roselle (Hibiscus sabdariffa L.), and to determine
the exact quantity of irrigation water to be applied
on roselle plant grown.
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2. MATERIALS AND METHODS

2.1. Site study

This study was carried out at the farm station of
Azad Islamic University, Karaj, Iran to study the ef-
fect of water deficit stress and sowing date on the
quantitative and qualitative yield of Roselle (Hi-
biscus sabdariffa L.) during the two consecutive
growing seasons of 2017 and 2018. This experiment
included nine treatments which were included in-
teractions among three irrigation regimes (well-wa-
tered, mild and drought stress) and three planting
dates (4™ June, 18" June and 2" July). The climate in
this province is semi-dry with an annual rain fall of
about 250 mm which mostly occurs in autumn and
winter between November and April. Average min-
imum and maximum temperatures and precipitation
in both years of the present study are shown in Fig-
ure 1. The soil type of the field was sandy-loam and
low in organic matter (0.28%) with total N (0.031%)
as measured by the Kjeldahl method (Beljkas et al.,
2010), available P (35 mg kg!), using the Olsen pro-
cedure (Olsen and Sommers, (1982) and available
K (225 mg kg') after extraction with ammonium
acetate, with pH and EC of 6.96 and 0.82 dS m",
respectively.

2.2. Experiment design

The nine treatments were employed in split plot
with three replicates in a randomized complete
block design (RCBD). Irrigation regimes were dis-
tributed among the main plots and included three
irrigation levels ( 30, 45 and 60% depletion of
available water, labelled control, mild and drought
stress, respectively) (Keshavarz Mirzamoham-
madi et al, 2021). Planting date treatments were
arranged in subplots. Roselle (Hibiscus sabdarif-
fa L.) seeds were directly sown in prepared plots
(divided into four rows at 60 cm apart and 5 cm
between the plants on each row) on 4™ June, 18"
June and 2" July in both years. After germination,
the seedlings were thinned to reach optimum densi-
ty. The seedlings were irrigated when needed until
they completely developed. Soil moisture content
in each plot was monitored daily using a time do-
main Reflectometry (TDR). Irrigation water needed
prior to irrigation (V_ in m’) was estimated based
on the soil water content (¢,) (by TDR) and effec-

mmm Rainfall in 2017
=4 Average annual temperature in 2017

s Rainfall in 2018
-8 Average annual temperature in 2018

Preparing the plot Planting Flowering

Harvesting

Rainfall (mm)
Temperature (°C)

S = W A Oy
N (L LI P T |

F1GURE 1. The average temperature and the total rainfall in the
months of the growing season in 2017 and 2018.

tive rooting depth (D, 0.3m here) according to the
following equation:
V. (0,..-0)xDx4

Where, 6, c 1s the volume of soil moisture at field
capacity and A4 is the main plot area (m?). Data on vol-
umetric water content were collected daily prior to
setting the experiment calibrates before seed sowing
and during the growing season to calculate the time of
irrigation. The amount of water irrigation applied was
according to the soil deficit to bring it back to field
capacity. All plots were fertilized uniformly, during
soil preparation in the spring of each year.

2.3. Data collection

The leaves and calyxes were harvested with-
in four weeks after flowering. The fresh calyxes of
each plot were washed with water, air-dried at room
temperature, and weighed. The seeds were removed
manually, air dried at room temperature and the
whole calyces were used for the analysis of chem-
ical properties. The extraction of dried calyxes with
water at a ratio of 1:10 was conducted in a water
bath (50 °C, 30 min) (Chumsri ef al., 2008). The to-
tal phenolic and anthocyanin contents of calyx ex-
tract were assessed according to the Folin-Ciocalteu
reagent method (Temraz and El-Tantawy, 2008) and
Krizek et al. (1993), respectively. Vitamin C was
measured spectrophotometrically (Hitachi, U-1800,
Tokyo, Japan) by measuring Fe* complexes with 2,
2-dipyridyl (Sarker and Oba, 2018) and reading the
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TaBLE 1. Analysis of variance (mean squares) of physiological traits, yield, water use efficiency and harvest index of roselle (Hibiscus
sabdariffa L.) in irrigation and sowing date treatments

= g _ = = S g O 5 58 8
—_— Q —_— =1

o 5 £ 8 5 = %E £ g k= S& TE gé 2
° g o = S en = = 8 s g = %5 - 3 O =9
0.8 S T 5 o2 ¥ &g =°9 £ & TBE g&€ LT
e 8 = g e = = 3 s £ = E 8 3238 =09 z =
ERS = 5 M S 2 3 g = Z Sg =

A g = @ = =5 2 O
Replication 2 81892 0.02™ 0.0034™ 0.05° 0.01™ 1559 373w 525 1.072ns 0.10" 2.80"
Irrigation 2 4637377 1.527 34427 028" 1.53 206.92" 36580 12944 8135 0.247™ 241"
Main error 4 14481 0.054 0.039  0.0043 0.17 4.92 299.9 2.48 1.75 0.010 299.3
Sowing date 2 831.59* 0.071™ 258" 0.13° 0.022™ 1.03m 1393™ 14048 340" 024" 1393.7™
Irrigation x sowing date 4 51.81™ 0.068™ 0.19™ 0.023™ 0.012™ 1837 41227 4945~ 0.75™ 0.040™ 4122
Error 12 107.57 0.049 0.13 0.051 239 10.03 377.27 23.96 0.85 0.043 0.72
CV% 6.51 9.048 2.71 9.6 9.6 9.46 5.78 6.43 6.86 10.51 8.56

" — not significant, : significant at P < 0.05 and ™ significant at P < 0.01

absorbance of the sample solution at 525 nm. Anti-
oxidant activity was measured according to Sarker
and Oba (2018) by means of the diphenyl-picrylhy-
drazyl (DPPH) radical degradation method.

Harvesting was done at the physiological maturi-
ty stage on the first of October until the first of No-
vember (in both years) by harvesting the four mid-
dle rows. The traits examined included plant height,
stem diameter, biological yield and calyx yield.
Biological yield was determined after oven drying
at 75 °C for 72 hours to constant weight. Then the
dried biological part of plant was weighed by a dig-
ital 0.01-precision scale. Stem diameters and plant
height were measured manually from the ground
level with a caliper and a barcoded height stick ( 1
mm resolution), respectively. Therefore, they were
considered to be precise and accurate. For this pur-
pose, five individual plants from each plot were
measured, and the averaged stem diameter and plant
height were used as the plot-level. Seed oil content
was measured by Inframatic 8620 Percor, England.
Calyx water use efficiency (WUEca]yX) and calyx har-
vest index (HI_ ) were calculated by dividing the
calyx yields by the volume of applied water and bio-
logical yield, respectively.

2.4. Statistical analysis

Analyses of variance (ANOVA) were performed
using the SAS software (SAS Institute Inc. ver. 9.2).
Two years’ data were analyzed by combined years
because the Bartlett test was not significant for all

traits measured. Differences among mean values for
the roselle plant responses to the level of irrigation re-
gimes and planting date were analyzed with the least
significant difference (LSD) test at a significance
of a < 0.05. Principal Component Analysis (PCA)
based on biplot (SAS 9.1) and coefficient of corre-
lation were applied to consider the visualization of
similarities or differences and interrelationships by
acute and obtuse angles among all parameters. Clus-
tering analysis (S-PLUS ver. 6.1 software, Insight-
ful Corporation, USA) aimed at classifying objects
based on the minimum variance linking method and
similarity of input data for the existing parameters
using Ward’s hierarchical approach and Euclidean
distance to organize data into groups.

3. RESULTS AND DISCUSSION

The results showed that the different irrigation
regimes differed among the studied traits (Table
1). Sowing date treatments differed significantly in
terms of plant height, biological yield, calyx yield,
antioxidant activity, seed oil content and calyx water
use efficiency. However, the two-way interactions of
irrigation regimes x sowing date treatments was not
significant in any traits (Table 1). The results of the
cluster analysis showed that all the treatments were
divided into three separate groups, so that the inter-
action of severe drought + 4™ June, severe drought
+ 18" June, and severe drought + 2™ July (T, T,
and T,, respectively) treatments were placed into
one group and well-watered + 4™ June, well-watered
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FIGURE 2. The results of dendrogram based on cluster analysis (A) and (B) biplot of first and second components based on principal
component analysis. T1: well-watered+4th June, T2: well-watered+18th June, T3: well-watered+2nd July, T4: mild drought+4th June, T5:
mild drought+18th June, T6: mild drought+2nd July, T7: severe drought+4th June, T8: severe drought+18th June, T9: severe drought+2nd

July. Y1: plant height, Y2: stem diameter, Y3: biological yield, Y4: calyx yield, Y5: calyx water use efficiency, Y6: calyx harvest index,
Y7: total phenolic content, Y8: total anthocyanins content, Y9: vitamin c, Y 10: antioxidant activity, Y11: seed oil content.

+ 18" June and well-watered + 2" July (T,, T, and
T,, respectively) treatments were placed in the other
group. In addition, based on the results of the cluster
analysis, it was found that mild drought + 4™ June,
mild drought + 18" June and mild drought + 2™ July
(T,, T, and T,) treatments were more closely related
to all studied traits and were placed in another group
(Figure 2). The results of the principal component
analysis showed that the first and second compo-
nents presented the highest relative variance with 58
and 23%, respectively, and accounted for a total of
82% of the total variance. Based on the biplot ob-
tained from the first and second components, it was
observed that the TPC, calyx yield, vitamin ¢ and
biological yield had the highest correlation with T5
and T4 treatments. Also, T1, T2 and T3 treatments
showed a strong relationship with plant height, stem
diameter and seed oil content (Figure 2).

3.1. Plant height and stem diameter

The data related to plant height (Tables 2 and
3), the well-watered irrigation (181.2 cm) and first
sowing date (4™ June) (168.7 cm) showed maxi-
mum value for plant height. The well-watered plants
measured significantly higher stem diameters (2.85
cm) than the mild and severe drought stress by 14.03

and 28.7%, respectively. Our results are in agree-
ment with those found by Karami et al. (2016) for
soybean cultivars [Glycine max (L.) Merr.], which
indicated that drought stress reduced plant growth,
plant height and stem diameter due to disturbance
in photosynthesis and low carbohydrate produc-
tion. In addition, prolonged growth periods allowed
the crops to use growth resources like light, water
and nutrients which finally increased the growth of
the crops. Similar findings with respect to drought
stress and sowing date have been reported by Ap-
eyuan et al. (2017) and Rah Khosravani et al. (2017)
for roselle (Hibiscus sabdariffa L.) and maize (Zea
mays L.) hybrids, respectively.

3.2. Biological yield

A decrease of 14.69 ton.ha'! to 11.40 ton.ha'! in
biological yield of roselle was recorded due to de-
creasing the irrigation supply from control to severe
drought stress. However, there were no significant
difference between well-watered and mild drought
stress treatments (Table 2). This may be related as
stress conditions reduce the biological yield produc-
tion because of limitations in the water and essential
fertilizer uptake by the plants (Seghatoleslami et al.,
2013). Reductions in total dry matter of rice (Oryza
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TaBLE 2. Morphological and physiological traits of roselle (Hibiscus sabdariffa L.) from three different irrigation treatments.

- = ) 1 -
- 15 - o= P = = ! - P 73
= - 9 =] = Q= = = o < )
£ :‘—f 2 > -} Ex 22§ Ez s8_ 35z,
= = = s = 8 =R g = == =8 =2
20 - = 2 7 S = s O e S S 3 w E =
= = go 2z - 9 - = S = 9 = * >3 =
= = E 2 5 g9 s = = = = 3 = o =
A & & = S = < Z ©s O
: : (mg100g'  (mgl00g' (mg.l00g' )
1 1 0, 0, 1 0,
(cm) (cm) (ton.ha™") (ton.ha'") DW) FW) FW) (%) (%) (kgkg") (%)
Well-watered  181.2+16.a  2.85+0.18a  14.69+048a 1.3740.16b 233+022ab 28.11+3.14b 342.1223b 63.71#5¢ 16.88+1.2a 1.79x0.17b 9.32+0.84b
Mllcsltfers:ght 160.6£16b  2.45+0.25b  14.88£0.69a 1.524023a 2.77+#025a 35.00£324a 3957¢19a 77.047b  1221#1.1b  2.11+0.24a 10.19£1.25a
dro:;l\ll::ress 1358£11¢  2.03£025¢ 1140£0.50b 1.16£0.09¢ 1.94+025b 37.33+3.24a 268.7+19¢ 87.64+3a  11.27+0.7b  2.02£0292a 10.24+0.72a

DW — dry weight; FW — fresh weight. Means donated by similar letter(s) indicate no significantly (p < 5%) by Least Significant Differen-

ce test. Values represent the mean of three replicates + SD.

TasBLE 3. Morphological and physiological traits of roselle (Hibiscus sabdariffa L.) from three different
sowing date treatments

Sowing date Plant height Biological yield Calyx yield Ar;tci?i)iii(:;nt Seed oil content Calzfi;izsi':ltlec;’use
(cm) (ton.ha'') (ton.ha'') (%) (%) (Kg.kg™")

4" June 168.7+24.8 a 14.24+1.7 a 1.48+0.23 a 71.57+12.7b 14.1443 a 1.81+0.17 b

18" June 159.4+24.1 ab 13.55+1.8b 1.33£0.24 b 78.62+12.1 a 13.27+£2.5 ab 1.97+£0.30 ab

20 July 149.5£20.6 b 13.18+1.5b 1.24+0.10 b 78.20+8.8 a 12.95£2.6 b 2.14+£0.23 a

Means followed by similar letters indicate no significance (p < 5%) by Least Significant Difference test. Values represent the mean of

three replicates + SD.

sativa L.) under drought conditions seemed to be at-
tributed to the reduction in water availability, which
reduced cell division, lowered LAI and plant height
and finally resulted in lower dry matter and biologi-
cal yield (Aghdasi et al., 2018a). The authors stated
that an increased allocation of photosynthates to the
plant root relative to the shoots was another reason for
the reduction in biological yield. Regarding sowing
dates, a significant maximum biological yield (14.24
ton.ha') was achieved when the plants were sown on
4™ June with the minimum biological yield (13.18 ton.
ha!) in the case of the crop sown on 2 July. Howev-
er, there were no significant difference between 18"
June and 2™ July. These results are in accordance with
those of Keshavarz and Khodabin (2019) and Agh-
dasi et al. (2018b). Higher biological yield with early
sowing was mainly due to a greater number of effec-
tive branches per m?, more plant height and greater
stem diameter (some data not show). Another reason
for this result is probably due to the fact that the first

sowing dates resulted in longer growing periods, and
therefore, greater total rainfall received during the
growing periods. An adequate irrigation supply would
eventually yield the higher growth rate. These results
are in line with Rah Khosravani et al. (2017). There
was a significant positive correlation between calyx
yield, total phenolic content, vitamin C and seed oil
yield with biological yield. However, biological yield
had a negative correlation with total anthocyanin con-
tent and antioxidant activity (Table 4). In a similar
study on roselle, Fallahi et al. (2017b) concluded that
biological yield had a positive effect on the number
of capsules per plant and plant height which may be
attributed to genetic effects rather than environmental
ones and these traits may be good selections for im-
proving seed and calyx yield in roselle.

3.3. Calyx yield

An increase from 1.37 ton.ha! to 1.52 ton.ha! in
calyx yield was recorded for roselle with an increase
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TaBLE 4. Coefficient of correlation matrix based on all studied traits

1 2 3 4 5 6 7 8 9 10 1
1- Plant height 1
2-Stem diameter 0.59 ** 1
3-Biological yield 0.73 **  0.63 ** 1
4-Calyx yield 035ns 0.16ns 0.75 ** 1
>-Total phenolic 035ns  036ns 0.64* 042% 1
content
6-Total anthocyanin = ) 70 us 574 50%* -0082ns -0.14ns 1
content
7-Vitamin C 0.54*+  0.48*  0.87*F  0.68* 076* 024ns 1
8-Antioxidant activity -0.79 ** -0.59 ** _0.77** _0.51 ** -025ns 0.74** -043* |
9-Seed oil content 0.71 **  0.63 ** (.56 ** 0.27 ns -0.02ns -0.75**% 0.24ns -0.84**% |
10-Calyx wateruse seux  0ogns -0.16ns  024ns  0.08Ins 0.52% -003ns 034ns -048 % |
efficiency
11-Calyx harvest 035ns -0.50*% -0068ns 059%% -01lns 049* -003ns 0.l4ns -026ns >0 1

index

sk

ns — not significant, *: significant at P < 0.05 and **: significant at P < 0.01

drought severity from well-watered to mild drought
stress but severe drought stress significantly de-
creased calyx yield to 1.16 ton.ha™! (Table 2). It was
demonstrated that well-watered irrigation is needed
to guarantee high crop yield but in the case of medic-
inal plants a mild drought stress could be beneficial
to the quality and quantity of these plants (keshavarz
et al., 2018). Increases in roselle calyx may be attrib-
uted to the mild water stress imposed. This was in
agreement with the reports of Fallahi et al. (2017a),
who claimed that the calyx yield of roselle increased
under mild drought stress compared to full irriga-
tion. El-Dissoky et al. (2020) studied the effect of
irrigation frequency on the calyx yield of the roselle
plant and found that mild drought stress improved
the calyx production but severe drought condition
reduced the calyx yield. Stress conditions have been
shown to decrease the number of flowers and calyx
(depending on the time of the stress severity), be-
cause the flowering phase involves several processes
that are vulnerable to stress conditions (Jasim et al.,
2020). From Table 3, it is clear that first sowing dates
(4" June) registered maximum calyx yield (1.48 ton.
ha!) while the lowest calyx yield (1.24 ton.ha') was
recorded for the third sowing date (2™ July). Given
the favorable growth conditions such as temperature
and the sun light on 4% June, plants produced more
assimilates and yielded greater dry matter. Due to

a shortened vegetative phase, flowering occurred
when summer temperatures were high and the flow-
ers aborted. Previous research has reported that op-
timal planting time leads to better developed plants
with higher LAI than those sown later (Rah Khosra-
vani et al., 2017). Accordingly, flowering abortion
would be expected to increase during drought stress
as it decreases the flux of photosynthate supply
from source leaves to the vegetative tissues. Also,
drought stress may change the concentration of ABA
in the plants, and thereby induce flower abortion in
drought-stressed crops (Salih, 2019).

3.4. Total phenolic content (TPC)

The highest TPC (2.77 mg.100 g! DW) was re-
corded for plants treated with mild drought stress,
while the lowest TPC (1.94 mg.100 g'! DW) was
recorded for severe drought stress treatment. Al-
though, mild drought stress increased TPC, there
was no significant difference between well-watered
and mild drought stress treatments (Table 2). How-
ever, a greater increase in drought severity, to 55%
FC, lowered the TPC of roselle. TPC, as a group of
non-enzymatic antioxidant compounds with carbon
skeleton, by osmotic regulation of plant cells serves
to respond to drought conditions, stabilize proteins,
prevent lipid peroxidation, and act as an osmolyte
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in the permeability of cell membranes (Kesha-
varz Mirzamohammadi et al., 2021). Under severe
drought conditions, TPC decreases, which can be
because of an increase in the production of oxygen
radicals, peroxidation of chlorophyll pigments, deg-
radation of genes related to the chlorophyll biosyn-
thetic path, reduction in the photosynthetic level and
increasing the allocation of carbon to the root.

3.5. Total anthocyanin content (TAC)

The effect of irrigation treatment was significant
for the TAC of roselle (Table 1). On average, TAC
increased by 19.68 and 24.69% compared to the
well-watered treatment when the plants were treat-
ed with mild and severe drought stress, respectively
(Table 2). However, mild and severe stress were sta-
tistically at the same level. As documented in many
papers (An et al., 2020; Cirillo et al., 2021), the
total anthocyanin content of roselle was increased
by drought stress to reduce excess light availabili-
ty and provide useful protection to leaves without
significantly reducing photosynthesis efficiency.
This shows a mechanism to modulate light absorp-
tion and reduce photo-oxidative injury. It has been
reported that anthocyanin has the potential to reduce
photo-oxidative damage in leaves, both by scaveng-
ing reactive oxygen species and protecting chloro-
plasts from excess high-energy quanta (He et al.,
2020). The influence of drought stress on TAC is in
agreement with the findings of Fallahi et al. (2017a)
and Hinojosa-Goémez et al. (2020) on roselle, which
stated that the improvement in the plants’ qualitative
traits under simultaneous drought stress, such as an-
thocyanins, has been related to improved secondary
metabolism.

3.6. Vitamin C

Vitamin C content was affected significantly by
irrigation levels (Table 1) and the amount of these
compounds under mild drought stress (395.7 mg
100 g') was higher than well-watered irrigation
(13% on average). In contrast, severe drought stress
sharply decreased the vitamin C content by 21 and
32% compared to the well-watered and mild stress,
respectively. Changes in vitamin C under drought
stress have been shown to depend on stress sever-
ity, drought duration and cultivar (Dolatabadian et
al., 2010). Mataa et al. (2020) showed that the con-

centrations of vitamin C, TPC, and TAC showed
similar trends and were reduced in severe drought
stress. Therefore, it is possible that in this study, the
concentration of other antioxidants, such as super-
oxide dismutase and catalase (not measured in this
study), can be increased in roselle under drought
stress.

3.7. Antioxidant activity

In this investigation, antioxidant activity (DPPH)
was significantly increased with the increase in the
severity of drought stress in the order: control < mild
< severe drought stress (Table 2). In general, with
delay in planting date, the percentage of antioxidant
activity in the plant increased and 4™ June exhibited
the lowest (71.57%) antioxidant activity for septal
extract, whilst the highest antioxidant activities were
observed on 18" June and 2™ July (78.62 and 78.20,
respectively) (Table 3). Free radicals are generated
under stress conditions and the antioxidant capaci-
ty of plants includes enzymatic and non-enzymatic
compounds, free radical species are oxidized by re-
leasing electrons to free radicals (Keshavarz, 2020).
A significant decrease was observed for total antho-
cyanin content (y = -0.76**) and antioxidant activity
(y =-0.79*%) with the increase in plant height (Table
4). This is due to the difference in red (R): far red
(FR) ratio perceived by the plants grown at different
irrigation regimes, planting time and neighbor de-
tection (Khattak et al., 2016). The plants develop a
strategy to grow taller in order to capture more pho-
tosynthetic radiation at the expense of physiological
changes (Smith, 1982).

3.8. Seed oil content

On average, the seed oil content (% of seed dry
matter) of the plants under mild and severe drought
treatment was significantly low (12.21 and 11.27%,
respectively) compared to 16.88% in the seeds of
the well-watered plants (Table 2). Delay in plant-
ing time significantly decreased the seed oil con-
tent in fruits compared to on-time sowing dates,
where the highest values for seed oil content were
recorded on 4™ June (14.14%) with an average of
6.15 and 8.41% higher than 18" June and 2™ July
(Table 3). As previously explained, water stress
conditions affected plant growth and development,
leading to an effect on seed oil content. The op-
timal water supply throughout the growing period
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could enhance oil content in seed oil plants, while
drought stress reduces it (Soheili-Movahhed et al.,
2019). A reduction in seed oil content might be at-
tributed to the polyunsaturated fatty acid oxidation
by free radicals under drought conditions (Kesha-
varz, 2020). The reduction in seed oil content when
drought stress occurred during the growing season
is supported by various reports (Keshavarz et al.,
2020). The quantity of seed oil content is mainly
determined by water balance, soil fertilizers, sun
light and other environmental factors throughout
the growth period. The high temperature and con-
sequently changes in water balance in the seed fill-
ing stage could likely be the reason for lower oil
content on 2™ July compared to 4" June. Asadpour
et al. (2020) and Yazdanpanah et al. (2018) report-
ed that high seed oil content in roselle (Hibiscus
sabdariffa L.) was related to lower temperature and
water availability at the seed filling phase.

3.9. Calyx water use efficiency (WUE
harvest index (HI

) and calyx

calyx:

calyx)

The highest water use efficiency for calyx (2.02
kg.kg') was obtained with severe drought treatment
and the lowest (1.79 kg.kg') was with the well-wa-
tered treatment (Table 2). The results showed that
water use efficiency increased when the sowing date
was delayed to after June 4" Based on our results
(Table 3) the highest use efficiency was observed
on 2™ July and it was higher by 15.42 and 7.94%
than the first and second planting dates, respective-
ly. However, there were no significant difference
between the first and second planting dates. Based
on harvested calyx yield and the amount of irriga-
tion, severe drought stress was determined to be the
best irrigation regime in terms of the WUE_, .. As
previously mentioned, the biological yield of roselle
was decreased by drought stress. In our study, since
the average amount of irrigation water was reduced
among the drought stress or delayed planting treat-
ments, higher calyx yield compared to biological
yield led to the greater WUE_, ..

A limited supply of carbohydrates for dry matter
production leads to a reduction in biological yield.
Previous research has reported that higher values
for HlmlyX in roselle (Hibiscus sabdariffa L.) under
drought conditions might be due to higher air tem-
perature and heat stress, which could negatively af-
fect biological yield and plant growth, resulting in

earlier flowering due to shortened vegetative stages
and increased economical yield/biological yield ra-
tio (Javadzadeh, 2018). In fact, drought conditions
reduced biological yield more than calyx yield. As
shown in Table 2, calyx yield is higher under mild
drought conditions. It was thought that the increase
in calyx under mild drought conditions resulted from
the increase in assimilate partitioning to flower due
to a shortened vegetative phase. On the hypothesis
that short distance translocation of is limited to first/
second node (Liu et al., 2020), the improvement in
HI,, means the increase in sink demand to source.
So, we can conclude that the increase in calyx yields
improved HI . by increasing sink demand, there-
fore, the use efficiency of assimilates was increased
under drought conditions.

CONCLUSIONS

Plant height and stem diameter decreased with
decreasing water availability; while TAC, antiox-
idant activity, WUE_| = and HI increased with
decreasing water availability. However, in term of
biological yield and calyx yield, there was no sig-
nificant difference between well-watered and mild
drought stress. Sowing date, plant height, biologi-
cal yield, calyx yield and oil seed content decreased
with delayed planting while antioxidant activity and
WUE,_ increased. In brief, the planting date on 2™
July that improved WUE_ | (probably due to reduc-
ing irrigation supply) was a good strategy to increase
calyx production and WUE. These results suggest
that the delay in on-time planting date from 4 June
to early July (2" July) is possible to improve calyx
WUE in arid and semi-arid regions like Karaj.
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SUMMARY: The effectiveness of two lipophilic derivatives of the natural phenol, gallic acid (GA), synthesized using methyl gallate as
starting material was investigated. The antioxidant activities of these novel phenolics compared to GA, fert-butylhydroquinone (TBHQ)
and butylated hydroxytoluene (BHT) were evaluated in bulk oil, emulsion and the DPPH systems. The results showed that the new
compounds effectively delayed lipid oxidation much better than GA and other antioxidants under Rancimat (100-140 °C) and emulsion
tests. In the bulk oil system at 65 °C, they still behaved better than GA, but TBHQ had the highest activity. Thus, replacing the elec-
tron-withdrawing carboxylic group on GA by covalently linking sterically hindered phenols to its phenyl ring increased its lipophilicity
and also resulted in synergistic effects which improved overall antioxidant activity through stabilization of the phenoxy radical. These
new antioxidant variants satisfy industrial demands for bioactive ingredients with strong antioxidant potentials under different food
processing conditions.

KEYWORDS: Antioxidant activity, Free radical scavenging; Gallic acid derivatives; Lipophilicity; Oil-in-water emulsion; Rancimat test

RESUMEN: Propiedades antioxidantes de dos nuevos derivados lipofilicos del dacido gdlico. Se aporta informacion sobre de la eficacia
de dos derivados lipofilicos de fenoles naturales derivados del acido géalico (GA) y sintetizados utilizando galato de metilo como mate-
rial de partida. Las actividades antioxidantes de estos nuevos compuestos fendlicos en comparacion con el GA, terc-butilhidroquinona
(TBHQ) y butil hidroxitolueno (BHT) se evaluaron en aceites, sistemas emulsionados y mediante DPPH. Los resultados mostraron que
los nuevos compuestos retrasaron efectivamente la oxidacion de lipidos mucho mas fuerte que el GA y otros antioxidantes mediante
Rancimat (100-140 °C) y pruebas de emulsion. En el aceite a 65 °C, se comportaron mejor que el GA, pero el TBHQ tuvo la actividad
mas alta. Por lo tanto, reemplazar el grupo carboxilico en GA al unir covalentemente fenoles impedidos estéricamente a su anillo de fenilo
ayudo a aumentar su lipofilia y también dio como resultado efectos sinérgicos que mejoraron la actividad antioxidante general a través de
la estabilizacion del radical fenoxi. Estas nuevas variantes de antioxidantes satisfacen la demanda industrial de ingredientes bioactivos
con un fuerte potencial antioxidante en diferentes condiciones de procesamiento de alimentos.

PALABRAS CLAVE: Actividad antioxidante; Derivados del acido galico; Eliminacion de radicales libres; Emulsion de aceite en agua,
Lipofilia; Rancimat

Citation/Como citar este articulo: Olajide TM, Liu T, Weng XC, Liao XY, Huang JY. 2022. Antioxidant properties of two novel lipo-
philic gallic acid derivatives. Grasas y Aceites 73 (3), e473. https://doi.org/10.3989/gya.0325211

Copyright: ©2022 CSIC. This is an open-access article distributed under the terms of the Creative Commons Attribution 4.0 International
(CC BY 4.0) License.


https://doi.org/10.3989/gya.0325211
https://orcid.org/0000-0003-4751-8715
https://orcid.org/0000-0002-8975-4989
https://orcid.org/0000-0003-2047-1654
https://orcid.org /0000-0003-1394-1160
https://orcid.org/0000-0001-7410-0504
mailto:xyliao@shu.edu.cn
mailto:jy-huang@shu.edu.cn
https://doi.org/10.3989/gya.0325211

2 » T.M. Olajidea, T. Liua, X.C. Weng, X.Y. Liao and J.Y. Huang

1. INTRODUCTION

Lipid oxidation generally deteriorates vegetable
oils and animal fats by producing a wide range of
reactive radicals that adversely affect their quality,
making them unpalatable and even unfit for human
consumption. Several factors affect the rate and/or
occurrence of lipid oxidation, such as the compo-
sition and degree of unsaturation of fatty acids, the
presence of pro-/antioxidants, and processing and
storage conditions. Among the different methods
employed to prevent lipid oxidation in food, the ad-
dition of natural and synthetic antioxidants remains
the most effective strategy (Olajide et al., 2018).

Phenolic antioxidants have become an important
group of food additives due to their unique ability
to conveniently preserve the sensory and nutrition-
al qualities of food. Synthetic antioxidants such as
tert-butylhydroquinone (TBHQ), butylated hydrox-
ytoluene (BHT), butylated hydroxyanisole (BHA)
and propyl gallate (PG) are widely used in the food
industry because of their ready availability and good
antioxidant capacity. Nevertheless, due to the sen-
sitivity of consumers to the their presence in foods
(Alavi Rafiee et al., 2018) and weak potency during
food preparation involving high temperatures (Ola-
jide et al., 2020), continuous efforts are being made
to replace them with bioactive, non-toxic, high mo-
lecular weight, thermally stable and generally more
potent semi-synthetic and/or natural alternatives
(Torres de Pinedo et al., 2007).

Gallic acid (3.4,5-trihydroxybenzoic acid, GA)
is a prevalent bioactive phenolic compound found
in many edible and medicinal plants (Farhoosh
and Nystrom, 2018). It is of significant interests to
the food and pharmaceutical industries, although
hydrophilic groups such as hydroxyl and carbox-
yl groups generally limit its application under li-
pophilic conditions (Crauste et al., 2016). Conse-
quently, the need to improve the functionality of
GA while retaining its bioactivity has led scientists
to synthesize and investigate some gallic acid de-
rivatives including its alkyl esters (Asnaashari et
al., 2014; Farhoosh and Nystrom, 2018; Mansouri
et al., 2020) and bis-gallate analogues with vary-
ing length of aliphatic chains (AL Zahrani et al.,
2020; Dodo et al., 2008). Interestingly, studies on
the in-vitro antioxidant investigation of GA deriv-
atives and hybrid molecules in lipid-based foods,

especially under high temperature processing con-
ditions are still lacking. To our knowlwdge, there
is no report of any derivative or hybrid ever tested
in bulk oils at these temperatures (i.e. > 140 °C)
except for propyl gallate (PG) which is easily de-
graded by high heat and thus provides poor car-
ry-through properties (i.e. retardation of rancidity)
in foods that are baked or fried.

Lipophenols, as opposed to free polyphenols,
contain both polar groups and lipophilic alkyl com-
ponents in one molecule, and are usually synthesized
by joining acids with phenols via ester bonds (Zhong
and Shahidi, 2012). Similarly, structural modifica-
tion involving the introduction of tert-butyl moiety
to the phenyl ring of phenolics has been reported,
which is more efficient than long-chain alkanes in
producing compounds with better lipid solubility
and antioxidant activity at high temperatures (Huang
et al., 2014; Silva et al., 2000). Moreover, it has
been proven that synergistic effects may result from
a medley of phenolic antioxidants linked by a cova-
lent bond in one molecule, which can be greater than
individual antioxidants (Kancheva et al., 2010; Teix-
eira et al., 2013). Additionally, covalent bonds in the
form of aliphatic bridge between poly-gallates may
increase the Log P value (hydrophobicity), resulting
in improved bioactivity (Dodo et al., 2008).

Therefore, taking into account the bioactivi-
ty of gallic acid and practical application of novel
semi-synthetic GA variants with improved function-
alities such as stronger antioxidant efficiency, ther-
mal stability and lipid solubility, two novel gallic
acid derivatives, 5-(3,5-di-tert-butyl-4-hydroxyben-
zyl)benzene-1,2,3-triol (5a) and 5-(3(4)-(tert-bu-
tyl)-2,5-dihydroxybenzyl)benzene-1,2,3-triol  (5b),
were synthesized and their antioxidant activities
were evaluated by Rancimat, DPPH, Schaal oven,
and emulsion tests.

2. MATERIALS AND METHODS

2.1. Materials

All solvents and chemicals used in this study
were of analytical grade and mainly purchased from
Shanghai Macklin Biochemical Co., and Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China).

NMR spectra were recorded on a Bruker Avance
600 MHz spectrometer (USA) and data are present-
ed as chemical shift J (ppm). Mass spectra were ob-
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tained using Thermo Scientific Q Exactive plus LTQ
Orbitrap XL (Thermo Fisher Scientific, USA). TLC
was carried out on 0.25-mm pre-coated silica gel
plates visualized under UV light at 254 nm. Induc-
tion periods (IP) were meausred on Rancimat 743
(Metrohm, Herisau, Switzerland) and UV spectra
on a UV-2450 spectrophotometer (Shimadzu Corp,
Kyoto, Japan).

2.2. General synthesis of compounds

The new compounds were synthesized via a four-
step reaction starting from methyl gallate (Scheme 1).

Methyl gallate trimethyl ether (2): Dimethyl sul-
fate (7.6 ml, 80 mmol) was slowly and uniformly
added to a mixture of MG (7.4 g, 40 mmol) and
K,CO; (11.1 g, 80 mmol) in acetone (50 ml), and
heated to reflux for 12 h. After completion, the reac-
tion mixture was concentrated under reduced pres-
sure and the desired compound 2 (97% yield) was
isolated as a white solid by flash column chromatog-
raphy using PE/EA (10:1, v/v) as eluent. Analytical
data were as reported by Hirose et al., (2014).

3.4,5-trimethoxybenzylalcohol (3): 2 (6 g, 30
mmol) was added to a stirred solution of LiAlH,
(2.28 g, 60 mmol) in anhydrous THF (180 ml) at O
°C under nitrogen conditions. Then, 0.5 M HCl solu-
tion (150 ml) was added to the resulting mixture at

OH fe)
HO OH No o~
K2CO3 LiAIH4
—_— —_—T
_Cs_ CH3COCH3 | LLi 3
n (CH3)2804 HscO™ S0
1 2
OH
e
HO | BBr3
X -
HOD/_ o DCM
OH
5b

0 °C after stirring at room temperature for 7 h. The
acidic mixture was washed with EA (50 ml x 3),
and concentrated under low pressure and subjected
to flash column chromatography using PE/EA (2:1,
v/v) as eluent to afford 3 (93% yield) as a colorless
solid. 'H NMR (600 MHz, Chloroform-d) 6 6.57
(s, 2H), 4.59 (s, 2H), 3.83 (s, 6H), 3.82 (s, 3H). *C
NMR (150 MHz, Chloroform-d) 6 153.22, 137.06,
136.88, 103.73, 65.21, 60.82, 56.02.
2,6-di-tert-butyl-4-(3,4,5-trimethoxybenzyl)phenol
(4a): 2.5 mmol of 3 (0.5 g) were added to a mixture
of 2,6-DTBP (0.78 g, 3.8 mmol) and H,SO, (0.6 ml)
in ethanol under nitrogen conditions. After 24 h at re-
flux temperature, the mixture was washed with brine
(30 ml) followed by EA (30 ml), dried over MgSQ,,
filtered and evaporated in a vacuum, yielding 4a (69%)
as a white solid after purifying by column chromatog-
raphy (PE/ EA: 30:1, v/v). 'H NMR (600 MHz, Chlo-
roform-d) & 7.00 (s, 2H), 6.43 (s, 2H), 3.85 (s, 2H),
3.82 (s, 3H), 3.81 (s, 6H), 1.42 (s, 18H). *C NMR (150
MHz, Chloroform-d) & 153.10, 137.37, 135.88, 125.31,
105.89, 60.89, 56.06, 41.97, 34.33, 30.34.
5-(3,5-di-tert-butyl-4-hydroxybenzyl)ben-
zene-1,2,3-triol (5a): BBr; (1 mol/L in DCM, 15 ml)
was added dropwise to a stirred solution of compound
4a (0.9 g) in DCM (10 ml) at 0 °C. The reaction mix-
ture after stirring for 16 h at room temperature was
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N |
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> So OH
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ScHeME 1. Synthetic route leading to gallic acid (GA) lipophilic derivatives, 5a and 5b.
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poured into ice water and extracted with EA. The or-
ganic layers were then concentrated and purified by
column chromatography (PE/EA: 4:1, v/v) to afford
5a as a beige colored oil (92 % yield). '"H NMR (600
MHz, Chloroform-d) 6 6.96 (s, 2H), 6.32 (s, 2H), 3.72
(s, 2H), 1.41 (s, 18H). *C NMR (150 MHz, Chloro-
form-d) & 152.10, 143.88, 135.83, 134.52, 131.52,
129.64, 125.45, 108.48, 41.32, 34.31, 30.34. HRMS
(ESI) m/z caled for C,H,0,5 (M+H)" 345.20604,
found 345.20612.

2-(tert-butyl)-5(6)-(3,4,5-trimethoxybenzyl)ben-
zene-1,4-diol (4b): 2.5 mmol of 3 (1.0 g) was added
to a mixture of TBHQ (1.26 g, 3.8 mmol) and sulfuric
acid (1.6 ml) in ethanol under nitrogen conditions. Af-
ter 12 h at reflux temperature, the mixture was washed
twice with brine (50 ml) followed by EA (30 ml),
dried over MgSQ,, filtered and evaporated in vacuum,
yielding 4b (85%) as a white solid after purifying by
column chromatography (PE/ EA: 5:1, v/v). 'H NMR
(600 MHz, Chloroform-d) 6 6.73 (s, 1H), 6.46 (s, 5H),
6.41 (s, 1H), 6.37 (s, 1H), 3.97 (s, 4H), 3.83 (s, 3H),
3.82 (s, 6H), 1.38 (s, 18H). *C NMR (150 MHz, Chlo-
roform-d) & 153.35, 147.97, 135.44, 12491, 118.28,
114.81, 105.84, 60.87, 56.10, 36.10, 34.32, 29.53.

5-(3(4)-(tert-butyl)-2,5-dihydroxybenzyl)ben-
zene-1,2,3-triol (5b): BBr; (1 mol/L in DCM, 15 ml)
was added dropwise to a stirred solution of compound
4b (1.0 g) in DCM (15 ml) at 0 °C. The reaction mix-
ture after stirring for 16 h at room temperature was
washed with ice water and extracted with EA. The or-
ganic layers were then combined, dried over MgSO,,
filtered, concentrated at low pressure and the residue
was purified by column chromatography (PE/EA: 2:1,
v/v) to afford Sb as a beige colored oil (95% yield).
'"H NMR (600 MHz, Methanol-d,) & 6.67 (s, 1H),
6.58 (d, J = 3.0 Hz, 1H), 6.35 (s, 1H), 6.27 (d, J =
2.9 Hz, 1H), 6.20 (s, 4H), 3.69 (s, 2H), 3.62 (s, 2H),
1.37 (s, 9H), 1.33 (s, 9H). *C NMR (150 MHz, Meth-
anol-d,) 6 148.41, 147.11, 145.51, 133.88, 132.35,
130.70, 125.84, 117.74, 113.56, 107.93, 34.34, 33.95,
29.72. HRMS (ESI) m/z caled for C,;H,;,O5s (M-H)
303.12380, found 303.12332.

2.3. Soybean oil purification

The soybean oil (250 g) used in this study was
bought from the local market and stripped of endog-
enous antioxidants and pro-oxidants by column chro-
matography according to an earlier method described
by Asnaashari et al., (2014) with minor modification.

Briefly, the glass column (50 x 5 cm 1.D.) was packed
sequentially with aluminum oxide 60 (100 g), silica gel
(120 g; 200 mesh) and activated carbon (10 g) at the
top. The absorbents were activated by heat prior to pu-
rification. The column tube and collection flasks were
covered with aluminum foil, and the oil was passed
through the column by suction force without solvent.

2.4. Oil and emulsion samples preparation for oven test

Soybean oil samples (50 g) spiked with 200 ppm
antioxidants dissolved in acetone were placed in the
oven at 65 £ 0.5 °C after agitation for 2 min at room
temperature. The peroxide (PV) and p-Anisidine (p-
AV) values of the samples were determined at 3 day
intervals. Similarly, a 20% oil-in-water (o/w) stable
emulsion was prepared by vigorously mixing purified
soybean oil (20 g) containing 200 ppm antioxidant with
Tween 80 (10 g) and a phosphate buffer solution (70 g)
followed by sonication in an ice bath. The emulsions
were oxidized at 65 £ 0.5 °C and PV was measured
daily. The IP of samples was dependent on the time tak-
en to reach a PV of 80 meq O,/kg oil and a p-AV of 10
(Maszewska et al., 2018).

2.5. Evaluation of antioxidant activity

2.5.1. Rancimat test

The antioxidant activity compounds were evaluat-
ed under Rancimat based on an earlier method report-
ed by Olajide ef al., (2020) with some modification. 3
+0.05 g lard samples containing 200 ppm antioxidants
were subjected to accelerated oxidation between 100
and 140 °C at an air flow rate of 20 L/h. The results
were expressed as IP of antioxidant-spiked samples in
hours relative to those without antioxidants. The pro-
tection factors (Pf) of antioxidants were also calculat-
ed with the formula below:

Pf=1IP/IP,
where IP; is the induction period of oil with added
antioxidant, and IPy is that of oil without antioxidant.

2.5.2. DPPH assay

The DPPH radical scavenging capacity was car-
ried out according to the procedure described by Jiang
et al, (2014) with slight modification. Briefly, 0.5
ml antioxidant in methanol (1.5, 3, 6, 12, 24, and 48
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uM) was added to 2.5 ml DPPH methanolic solution
(0.1 mM), vigorously mixed, left to react in a dark
chamber for 30 min, and the decreasing absorbance of
DPPH was read at 517 nm against a blank on a spec-
trophotometer. Methanol served as blank and 2.5 ml
solution of DPPH plus 0.5 ml methanol were used as
the control. ECs, the effective concentration required
to obtain 50% antioxidant capacity of compounds was
calculated from the linear regression of plots between
the scavenging activity (%) of antioxidants and their
concentrations. DPPH radical scavenging activity
was calculated with the formula below:

Scavenging activity (%) = [(ADS onror— ADSsumpic)/
Abscumrol] x 100

2.5.3. Peroxide value (PYV), p-Anisidine value (p-AV)
and total oxidation value (Totox)

The peroxide and p-anisidine contents in oil sam-
ples were measured according to the AOCS Official
Methods Cd 8b-90 (AOCS, 2011) and 18-90 (AOCS,
1995) with some modification.

Finally, Totox was calculated with the following
equation:

Totox = 2PV + p-AV

2.6. Statistical analysis

All the tests in this study were performed in trip-
licate and data are expressed as mean + standard
deviation (SD). The level of significance between
means was examined by analysis of variance (ANO-
VA) with Duncan’s multiple range test (P < 0.05) on
OriginPro and IBM SPSS.

3. RESULTS AND DISCUSSION

3.1. Preparation and characterization of compounds

The new lipophilic GA derivatives were ob-
tained starting from MG following a four-step reac-
tion (Scheme 1). Briefly, the three hydroxyl groups
on MG were methylated and the resulting trimethyl
ether was reduced using LiAlH4 to trimethoxybenzyl
alcohol. Subsequently, the protecting methyl groups
were cleaved (Jiang et al., 2014) to yield 5a and Sb in
good yields, respectively, following alkylation of the
trimethoxybenzyl alcohol with 2,6-DTBP and TBHQ.

The identity of the new compounds was con-
firmed by NMR and HRMS-ESI. Compound 5b is
composed of two structurally similar isomers that
were only distinguishable by NMR but chroma-
tographically inseparable on the TLC plate. This
means that they displayed the same retention factor
(Rf). The retention factors of GA, 5a and 5b on TLC
were 0.06, 0.62, and 0.44, respectively (PE/ EA: 1:1,
v/v) and their theoretical partition coefficient (Log
Pieor) Values on ChemBioDraw Ultra Software were
calculated as 0.42, 5.98 and 3.88. Rf correlated with
Log Py.. values, showing the following order: GA <
5b < 5a. This indicates that GA had the highest po-
larity of all the evaluated antioxidants in this study,
with a similar Log P as that reported by Farhoosh et
al., (2016). 5a and Sb were both less hydrophilic due
to the presence of dense carbon skeletons existing in
the form of bulky hydrophobic zerz-butyl substitu-
ents and methylene bridges attached to their phenyl
rings. Their UV spectra were quite similar, showing
absorptions at 273 and 264 nm, respectively.

In the '"H NMR spectrum of 5a, two singlets
around 6.96 and 6.32 ppm were assigned to the aro-
matic protons, while proton signals at 3.72 and 1.41
ppm were observed for the methylene bridge and
the tert-butyl moieties linked to the aromatic ring.
The BC NMR spectrum exhibited 11 carbon signals
including eight aromatic carbon signals between
152.10 and 108.48ppm, a methylene group carbon
signal at 41.32 ppm, and tert-butyl group car-bon
signals at 34.31 and 30.34 ppm. The HRMS (ESI)
spectrum of 5a exhibited a protonated specie at m/z
345.20612, which was assigned to C,H,,0," (M+H)".
As expected, the '"H NMR spectrum of Sb revealed
it as an isomeric mixture (i.e. 80% 5-(4-(tert-bu-
tyl)-2,5-dihydroxybenzyl)benzene-1,2,3-triol  (5bi)
and 20% 5-(3-(tert-butyl)-2,5-dihydroxybenzyl)ben-
zene-1,2,3-triol (5bii). Two singlets around 6.67 and
6.35 ppm (for 5bi), two doublets around 6.58 and
6.27 ppm (for 5bii) and a sharp singlet at 6.20 (for
both) were assigned to the aromatic protons, while
proton signals at 3.69 and 3.62 ppm were observed
for the methylene groups and tert-butyl group proton
signals linked to the aromatic ring of 5bii and 5bi,
which were observed at 1.37 and 1.33ppm, respec-
tively. The C NMR spectrum of 5b exhibited 13
carbon signals including 10 aromatic carbon signals
between 148.41 and 107.93 ppm, a methylene group
carbon signal at 34.34 ppm, and tert-butyl group
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FIGURE 1. Pf values of oil samples containing 0.02% (w/w) an-
tioxidants at different temperatures. Values are expressed as mean
+ SD (n=3). Different letters are significantly different according to
Duncan’s multiple range test (P < 0.05).

carbon signals at 33.95 and 29.72 ppm. The HRMS
(ESI) spectrum of 5b exhibited a molecular specie
at m/z 303.12332, which was assigned to C;;H,,05
(M-H). The spectra data completely characterized
5a and Sb, neither of which has been previously de-
scribed in any literature.

3.2. Evaluation of antioxidant activity of compounds

3.2.1. Rancimat test

The structure-antioxidant activity of the new an-
tioxidants, 5a and Sb was evaluated in comparison
with GA, BHT and TBHQ under temperatures of up
to 140 °C at 0.02% (w/w) under air saturation condi-
tions. The results are expressed as the IP of samples
compared to the oxidative stability of lard without

antioxidants (Table 1), and the Pf of the antioxidants
(Figure 1). Pf values greater than 3 indicate strong
antioxidant activity and those lower than 1 indicate
pro-oxidant activity (Weng and Huang, 2014). In
this experiment, the concentration was set at 200
ppm according to the safety limit established for fre-
quently used and emerging commercial antioxidants
in oils (Saad et al., 2007).

The IPs of GA, BHT and TBHQ were less than
5a and 5b at the different temperatures. i.e., the nov-
el lipophilic GA derivatives exhibited much stronger
oxidative stability than GA and the common com-
mercial synthetic antioxidants, TBHQ and BHT.
Compound Sb, however, showed the highest IP,
which was 146 h higher than 5a and 159, 209, and
170 h more than GA, BHT and TBHQ, respective-
ly. For all the antioxidants evaluated at 0.02% (w/w)
(Figure 1), a Pf greater than 1 was observed, which
affirms a protective capacity against accelerated oxi-
dation in the lipid matrix. Nevertheless, 5b similarly
exhibited the highest Pf (110 °C, Pf = 22.21; 140
°C, Pf=18.07), followed by 5a (110 °C, Pf= 7.98;
140 °C, Pf=9.78), GA (110 °C, Pf = 6.65; 140 °C,
Pf = 6.19), TBHQ (110 °C, Pf = 5.71; 140 °C, Pf
= 4.70) and finally, BHT (110 °C, Pf = 1.93; 140
°C, Pf=2.37). Briefly, the antioxidant activity of the
evaluated antioxidants under Rancimat conditions
decreased as follows: 5b >> 5a > GA > TBHQ >
BHT > Control.

Previous studies have shown GA and its alkyl
esters to exert better antioxidant activities than free
polyphenols at moderate temperatures (Farhoosh et
al., 2016) and even TBHQ (Jung and Choi, 2016)

TaBLE 1. Induction periods (IPs) of oil samples containing 0.02% (w/w) antioxidants at different temperatures under
Rancimat accelerated test.

IP (h)

Sample 100 °C 110 °C 120 °C 130 °C 140 °C
Control 6.65 £ 0.04° 3.00+0.112 1.20 +0.01° 0.53 = 0.004 0.27 + 0.00%
GA 38.02 + 5.26° 19.96 + 0.049 9.04=0.57° 3.22+0.38% 1.67 +0.03°
BHT 12.31£0.339 5.78 +0.02° 2.72+0.26° 128 +0.07 0.62 % 0.02%
TBHQ 33.74 £ 1.61% 17.13 £0.93% 6.80 + 0.30° 2.72+0.03° 127 +0.01%
Sa 42.11 £3.02° 23.94 % 0.62° 13.0 + 0.54° 3.98 = 0.26° 2.64+0.249
5b 124.45 + 6.64° 66.64 + 1.90° 25.56 = 1.06° 9.87+0.61¢ 4.88 = 0.49¢

Results are expressed as mean + SD (n=3). Means in the same row with different letters are significantly different according to Duncan’s
multiple range test (P < 0.05). Control: lard; GA: gallic acid; BHT: butylated hydroxytoluene; TBHQ: fert-butylhydroquinone; 5a and 5b:

novel gallic acid derivatives.
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in lipid matrices. Nonetheless, the much strong-
er antioxidant effects were exhibited by Sa and 5b
compared to GA, The TBHQ and BHT in this study
may be attributed to their higher molecular weight,
which contributed to less partial volatilization/de-
composition at high temperatures, especially when
air is blown and a large amount of steam is formed
(Huang et al., 2014; Olajide et al., 2018; Olajide et
al., 2020). In addition, various authors have proven
that a synergistic effect may result from the combina-
tion of two or more phenolic antioxidants linked by a
covalent bond in a single molecule, which is greater
than individual antioxidants (Kancheva et al., 2010;
Teixeira et al., 2013). Herein, the Log P value (hy-
drophobicity) of the resulting compounds increased
due to the presence of a methylene bridge and bulky
tert-butyl moiety (an excellent electron-donating
group), thus leading to substantial activity of the an-
tioxidants in oil. The electron-withdrawing effect of
the carboxylic group on GA generates unstable phe-
noxy radicals (Torres de Pinedo et al., 2007), howev-
er, replacing this with electron-donating molecules
(Scheme 1) resulted in a well-stabilized phenoxy
radical. Moreover, the excellent antioxidant capac-
ity of the new compounds, especially that of Sb, can
be attributed to the strong steric synergy exhibited
separately in the form of hydrogen bonding between
hydroxyl groups in the pyrogallol (Farhoosh et al.,
2016) and sterically hindered hydroquinone units
(Huang et al., 2014) of the molecule, a phenomenal
effect which allowed the less stable free radical of Sb
to easily convert to a more stable form intramolec-
ularly. Furthermore, the pyrogallol component may
easily synergistically regenerate the sterically-hin-
dered hydroquinone one by donating hydrogen to it
radical forms (Guo et al., 2017).

3.2.2. DPPH assay

This method is frequently used to evaluate the
potency of antioxidants as radical scavengers in that
it is easily reproducible, rapid and sensitive. The
scavenging activities of the antioxidants studied are
shown in Figure 2. All the tested compounds showed
a steady increase in scavenging activities between
1.5 and 48 uM, except GA, which exhibited a rapid
one. At 12 uM, the scavenging abilities of GA, BHT,
TBHQ, 5a and 5b were 67, 12, 23, 19 and 32%, re-
spectively. Similarly, ECs,, the effective concentra-
tion needed to reduce the initial DPPH concentra-

——GA
—&— BHT

100

[«2] ©
o o
1 1

Scavenging activity (%)
'S
o

20

0 - T " T T T - T y 1
0 10 20 30 40 50
Concentration (M)

FIGURE 2. Radical scavenging activity of different antioxidants

towards DPPH. Values are expressed as mean + SD (n=3). Sta-

tistical significance at p < 0.05 according to Duncan’s multiple
range test.

tion by 50% is provided in Table 2. GA exhibited the
highest ECs, value (19.09 uM) while BHT expect-
edly showed the least (54.84 uM). The antioxidant
activity of the antioxidants in the DPPH system de-
creased as follows: GA > 5b > TBHQ > 5a > BHT.
This finding is in agreement with previous stud-
ies (Alavi Rafiee et al., 2018; Asnaashari et al., 2014;
Farhoosh et al., 2016; Mansouri et al., 2020), where
GA was found to be the most potent anti-radical agent
compared to a subset of other phenolic antioxidants.
The ability of phenolics to scavenge radicals is de-
pendent on the number of electron-donating hydroxyl
groups in the phenyl ring, which increase phenoxy

TaBLE 2. The ECs values of the lipophilic gallic acid derivatives
(5a and 5b), GA, BHT and TBHQ.

Compound ECs (uM) Log Pincor
GA 19.09 = 0.04° 0.42
BHT 54.84 +0.03° 5.54
TBHQ 25.46 + 0.05 2.96
5a 33.66 + 0.04% 5.98
5b 23.60 + 0.07° 3.88

ECso, 50% effective concentration. Values are expressed as mean +
SD (n=3). Means within a column with the same lowercase letters
are not significantly different according to Duncan’s multiple range
test (P < 0.05).
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FiGure 3. Changes in peroxide value (A), p-anisidine value (B)
and Totox (C) during oxidation of soybean oil spiked with 0.02%
(w/w) antioxidants at 65 °C. Values are expressed as mean + SD
(n=3). Statistical significance at p < 0.05 according to Duncan’s
multiple range test.
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Ficure 4. Changes in peroxide value during oxidation of soybean
oil-in-water emulsion spiked with 0.02% (w/w) antioxidants at 65
°C. Values are expressed as mean + SD (n=3). Statistical signifi-
cance at p < 0.05 according to Duncan’s multiple range test.

radical stability. As a result, GA, with a carboxyl and
three hydroxyl substituents, was more active than Sb,
TBHQ, 5a and BHT, as more hydrogen can be donat-
ed from the phenolic hydroxyls to stabilize the free
radicals (de Pinedo et al, 2007). Moreover, despite
the electron-withdrawing effect of the carboxyl group
(—-COOHR), it can readily dissociate in polar media to
carboxylate anion (—COO-), an electron-donating
moiety which supports the formation of more stable
phenoxyl radicals (Mansouri et al., 2020). The pattern
of interaction between phenol and the DPPH radical
occurs in the form of phenolic hydrogen abstraction
and the transfer of a second hydrogen and/or forma-
tion of dimers (reactive or non-reactive) from the
phenoxyl radical (Guitard et al., 2016). TBHQ, with
a hydroquinone structure, can release two hydrogens
to DPPH. However, the presence of fert-butyl creates
a steric hindrance effect on the ortho-OH substituent
and thus lowers the abstraction of hydrogen by the
DPPH (Weng and Huang, 2014).

This effect was apparent in the scavenging effect of
5b, but nevertheless, the additional presence of a py-
rogallol unit clearly increased its overall scavenging
ability, thereby surpassing that of TBHQ. Strongly ster-
ically hindered monophenols like BHT can only trans-
fer one hydrogen per molecule and are unable to form
reactive dimers (Guitard et al.,, 2016), leading to low
DPPH scavenging activity compared to GA and other
antioxidants studied here. Nonetheless, 5a displayed
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a higher scavenging activity (ECs, = 33.66 uM) com-
pared to BHT (ECs, = 54.84 uM), mainly due to the
presence of pyrogallol component in its molecule.

Meanwhile, the radical scavenging activity of
antioxidants may also be illustrated by the degree
of polarity, which determines their solubility and
availability to oxidative compounds such as DPPH
(Mansouri et al., 2020). Compounds with higher log
P values are more hydrophobic. Therefore, based on
theoretical partition coefficient (Log Py..) values
(Table 2), GA had higher polarity than other com-
pounds studied herein, leading to better interactions
between it and DPPH. Briefly, as seen in this study,
molecular configuration, ability to donate hydrogen
atoms and subsequently stabilize phenoxyl radicals
all influenced the antioxidant activity of the different
phenolic antioxidants (Silva et al., 2000).

3.2.3. Peroxide (PV), p-anisidine (p-AV) and totox
changes in oil

As shown in Figure 3A, the initial PV of the
samples was 1.47 + 0.06 mEq/Kg oil, depicting that
the oil was in good condition (PV < 15 mEq O,/Kg)
(Maszewska et al., 2018). As expected, BHT and
control displayed a sharp increase in PV, reaching
80 mEq/kg at 4.6 and 8.5 days of storage, respec-
tively. At the same time, GA and 5a samples oxi-
dized slowly at the initial stage, and then steeply
increased, reaching a maximum on days 12 (71.52
+ 0.85 mEqg/kg) and 18 (88.20 + 0.26 mEq/kg), re-
spectively. However, both TBHQ and 5b had better
oxidative stability by exhibiting a gradual increase
in PV throughout the storage period.

A p-AV below 10 depicts good quality oil
(Maszewska et al., 2018). Results from Figure 3B
showed that after 30 days of storage at 65 + 0.5 °C,
most of the samples had a p-AV exceeding 10 from
an initial value of 1.35 £ 0.03, except for the TBHQ
(3.14+£0.14) and 5b (4.71 £ 0.02) groups. The con-
trol and BHT samples showed similar result trends
as earlier presented in PV with p-AV of 10.14 +
0.07 and 9.94 £ 0.07 on days 6 and 9, respectively.
Nevertheless, GA extended the oxidative stability
of oil samples in terms of p-AV by an additional
12 days compared to what was observed for PV,
thereby reaching a maximum value of 11.22 £+ 0.18
on the 24™ day of storage.

Totox considers both peroxides and aldehydes
generated during oxidation and is thus a better in-

dicator of overall oxidative deterioration (i.e. lower
Totox value depicts better oil quality and vice ver-
sa). The results presented in Figure 3C are similar
in trend to those of PV and p-AV under the same
storage conditions except for GA, which displayed
extended oxidative stability by delaying the produc-
tion of secondary oxidation products for 12 more
days. However, this effect showed little significance
in terms of total oxidation. Nonetheless, the antiox-
idant capacity of the compounds evaluated in bulk
oil under the Schaal Oven test decreased as follows:
TBHQ = 5b > 5a > GA > BHT > control.

The dissimilarity in the antioxidant activities of
compounds may depend on their chemical struc-
tures, which influence their ability to stabilize their
own phenoxy radicals. Compounds 5a and 5b both
exhibited stronger oxidative stability than TBHQ at
high temperatures (> 100 °C) under Rancimat, but
at moderate thermal temperatures (65 °C) the pro-
tective activity of Sa was lower and that of Sb was
close to TBHQ. This observation is in accordance
with previous reports (Olajide et al., 2020; Zhang et
al., 2004). The phenolic hydroxyl groups on TBHQ
have strong steric synergy and can transfer hydrogen
atoms to active peroxyl radicals in lipid matrices to
interrupt the oxidative process. Similar to a previous
study (Farhoosh et al., 2016), despite the lower po-
larity and DPPH scavenging activities of 5a and 5b
(Figure 2; Table 2), they were more effective antiox-
idants than GA in bulk oil. This is probably due to
their fundamental carry-through properties—i.e., the
ability to resist decomposition by heat and/or loss via
volatilization. Moreover, in the lipid media, hydro-
gen atoms from sterically hindered moieties linked
to 5a and 5b may interact intramolecularly with the
meta-hydroxyl substituents of their pyrogallol com-
ponent, subsequently leading to the stabilization of
phenoxy radicals and thus increased antioxidant ac-
tivities (Asnaashari ef al., 2014).

3.2.4. Peroxide value (PV) changes in oil-in-water
(O/W) emulsion

The activity of antioxidants evaluated in emul-
sion following accelerated oxidation in the oven un-
til PV equaled 70 mEq/kg contrasted that observed
for bulk oil, and the relative decreasing order was:
5b > 5a > BHT > TBHQ > GA > control (Figure 4).
Similarly, this finding was different from the trend
observed in the DPPH assay which suggests antiox-
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idant performance depends greatly on the method of
analysis and/or system used (Farhoosh et al., 2016).
The effectiveness of antioxidants in the emulsion
system were generally reduced compared to those
in the soybean bulk oil, indicating lower antioxi-
dant concentration in the hydrophobic center of oil
droplets, thus leading to a faster oxidation rate. Gal-
lic acid, with the highest scavenging activity under
DPPH assay, was the weakest in the emulsion sys-
tem. This conforms with previous studies, where the
antioxidant activities of GA (Asnaashari et al., 2014)
and rosmarinate alkyl esters (Panya et al., 2010;
Schwarz et al., 2000) in emulsion increased as their
polarity decreased. These lower polar compounds
up to their dodecyl derivatives were more effective
antioxidants in that they predominantly concentrated
themselves at the oil-water interface where oxida-
tion occurs. However, GA and rosmarinic acid with
the highest polarity incorporated a larger amount of
their molecules to the aqueous phase than the inter-
face.

Comparably, TBHQ, with the strongest antioxi-
dant activity in bulk oil (Figure 3), exhibited weak
antioxidant activity compared to the more lipophilic
BHT, 5a and 5b. Antioxidants partition on the basis
of polarity, which is determined by their molecular
structural properties (i.e. hydrophobic compounds
display higher log P values and vice versa) (Asnaas-
hari et al., 2014). Zhang et al., (2004) also reported
weak antioxidant activity for TBHQ, which was due
to its low hydrophobicity leading to more migration
towards the aqueous phase in the emulsion than the
oil-water interface (oxidation site).

According to Panya et al., (2010), butyl rosmar-
inate, an alkyl ester of rosmarinic acid, with simi-
lar molecular structure and Log Py... value to Sb,
predominantly concentrated at the interface and
thus exerted stronger antioxidant capacity than the
more polar rosmarinic acid and least polar eicosyl
rosmarinate (20 carbon atoms). As a result, the com-
bined hydrophobic nature of the methylene bridge
and the fert-butyl substituent in 5b must have shift-
ed the molecule to the oil-water interface, leading
to its greater oxidative stability compared to other
antioxidants studied herein. Meanwhile, BHT, with
the highest hydrophobicity among all the phenolics
studied, may have partitioned more into the oil phase
away from the interface, thus exhibiting reduced
effectiveness compared to Sa and 5b. This was in

agreement with the results obtained by Li et al,
(2006) for BHT in soybean oil-in-water emulsions.
Hence, contrary to the performance in the DPPH
assay, the lipophilic derivatives—S5a and Sb, most-
ly exhibited stronger antioxidant activities than their
individual parent molecules in emulsion and bulk oil
systems, including the high temperature (100 — 140
°C) Rancimat experiment.

This can be attributed to the fact that alkylation of
the pyrogallol unit with sterically hindered hydroqui-
none or 2,6-DTBP moieties in Sb and 5a molecules,
respectively, decreased the electron-withdrawing
effect of —-COOH linked to the phenyl ring of GA,
resulting in a phenoxy radical with better stabiliza-
tion (Farhoosh and Nystrom, 2018). Indeed, the ef-
fectiveness of phenolic antioxidants in oil indicates
that their stabilizing capacity is considerably related
to the properties of functional groups present, ster-
ic synergy and intramolecular hydrogen bonding.
Meanwhile, in the emulsion system, it may depend
on variables such as polarity and solubility, emul-
sifier used, concentration and type of antioxidants,
radical-scavenging properties and the complex ef-
fects at the oil-water interfaces. Moreover, the polar
paradox theory, which denotes that more polar anti-
oxidants exhibit lower capacity in more polar media
(Alavi Rafiee et al., 2018), is not applicable in many
cases.

4. CONCLUSIONS

The present study showed that the novel lipo-
philic derivatives of gallic acid, 5a and 5b, demon-
strated excellent oxidative stability in emulsion and
bulk oil systems at high and moderate temperatures.
Their efficiency in the alcoholic medium of the polar
DPPH system compared to GA slightly decreased,
indicating that the polar paradox theory may not al-
ways be applicable. Overall, the better antioxidant
effectiveness of the new antioxidants compared to
other phenolics studied herein justifies the initial
premise—i.e., a synergistic effect leading to strong-
er antioxidant activity may result from a medley of
phenolic antioxidants covalently bonded together
in one molecule. Thus, these new lipophilic anti-
oxidants may be utilized industrially as functional
ingredients with strong antioxidant potential in dif-
ferent food processing conditions following a further
study on the proper characterization of their safe
consumption.
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SUMMARY: The pollution of phthalic acid esters (PAEs) in edible oils is a serious problem. In the current study, we attempt to remove
dibutyl phthalate ester (DBP) from evening primrose oil (EPO) with modified activated clay. The activated clay, commonly used for
de-coloration in the oil refining process, was modified by chitosan and hexadecyl trimethyl ammonium bromide (CTAB). The modifi-
cations were characterized by SEM, XRD, and FT-IR. We further tested the DBP adsorption capacity of CTAB/chitosan-clay and found
that the removal rate was 27.56% which was 3.24 times higher than with pristine activated clay. In addition, the CTAB/chitosan-clay
composite treatment had no significant effect on the quality of evening primrose oil. In summary, the CTAB/chitosan-clay composite has
a stronger DBP adsorption capacity and can be used as a new adsorbent for removing DBP during the de-coloration process of evening
primrose oil.

KEYWORDS: Activated clay, Evening primrose oil; Dibutyl phthalate ester.

RESUMEN: Eliminacién de DBP en aceite de onagra mediante arcilla activada modificada por chitosin y CTAB. La contaminacion
por ésteres de acido ftalico (PAEs) en los aceites comestibles es un problema grave. En el presente estudio, intentamos eliminar el éster
de ftalato de dibutilo (DBP) del aceite de onagra (EPO) con arcilla activada modificada. La arcilla activada, cominmente utilizada en la
decoloracion en el proceso de refinacion de los aceites, fue modificada con chitosan y bromuro de hexadecil trimetil amonio (CTAB).
Las modificaciones se caracterizaron mediante SEM, XRD y FT-IR. Ademas, probamos la capacidad de adsorcion de DBP de CTAB /
chitosan-arcilla y descubrimos que la tasa de eliminacion era del 27,56%, que era 3,24 veces mayor que la arcilla activada pura. Ademas,
el tratamiento compuesto de CTAB/chitosan-arcilla no tuvo un efecto significativo sobre la calidad del aceite de onagra. En resumen, el
compuesto CTAB/chitosan-arcilla tiene una capacidad de adsorcion de DBP mas fuerte y se puede utilizar como un nuevo adsorbente
para eliminar DBP durante el proceso de decoloracion del aceite de onagra.
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1. INTRODUCTION

Phthalates, or phthalate esters, are esters of phthalic
acid. They are mainly used as plasticizers in industry
to produce hundreds of products including packaging
materials, pharmaceuticals, blood bags and tubing,
and personal care products (Kamrin, 2009; Net et al.,
2015; Giuliani et al., 2020). PAEs are used primari-
ly to soften polyvinyl chloride. PAEs are connected
to polyvinyl chloride through intermolecular forc-
es such as van der Waals forces or hydrogen bonds,
which means PAEs can be released from the polymer
and cause pollution to food, water, air, and soil (Gao
and Wen, 2016). Studies have shown that PAEs have
acute and chronic toxic effects on both aquatic organ-
isms and terrestrial organisms (including humans)
(Martino-Andrade and Chahoud, 2010; Benjamin et
al., 2017). Thus, many governments have issued rele-
vant standards to limit PAE contents in products. The
U.S. Environmental Protection Agency has included
6 types of PAEs in the list of priority pollutants, and
the European Union, Japan and China have their own
standards to limit the content of PAEs in products
(Zhang et al., 2015).

Phthalates are characterized as highly soluble in
fat, so food products containing a higher fat content
are more likely to contain higher levels of phthalate
(Liu et al., 2020). Researchers have already evaluat-
ed the pollution level of PAEs in edible oils in vari-
ous countries and regions (Kong et al., 2022; Xiang
et al., 2019; Zhao et al., 2014). Wei et al. (2020)
collected 1016 samples of edible oil blends, soybean
oil, peanut oil and rapeseed oil from all over China.
They found 13.48% of the samples contained DBP,
while 7.78% of the samples contained DEHP. Sim-
ilar work was also done by Bi et al. (2013). They
tested the content of PAEs in 21 edible vegetable oil
samples which were collected from the US market.
About 90.5% of the samples contained DBP and all
the samples contained DEHP. Moreover, the high-
est concentration in DBP was 95.8 pg/kg, while the
highest concentration in DEHP was 6166 pg/kg. The
high concentration in bis(2-ethylhexyl) phthalate
(DEHP) in oil is higher than the maximum residu-
al levels which set by the Chinese Government (1.5
mg/kg), (Pereira et al., 2019). Thus, DBP and DEHP
in oil should be removed.

However, the current research on the removal of
PAEs in oil is relatively simple (Kotowska et al.,

2020; Pang et al., 2021). Adsorption, steam distil-
lation and molecular distillation are the three most
widely investigated methods. Among them, molec-
ular distillation has the highest removal efficiency
of PAEs, generally up to 90% or more (Chen et al.,
2019; Xiong et al., 2013; Gelmez et al., 2017), but
this method is difficult to be widely used due to its
high cost and difficulties in industrialization. Ad-
sorption and steam distillation are widely used in
the refining process of de-coloration and deodor-
ization processes in edible oil. Some researchers
have reported that steam distillation has a certain
ability to remove PAEs. Chen et al. (2019) success-
fully removed 82% of DBP and 66% of DEHP in
sea buckthorn fruit oil with two consecutive steam
distillation treatments. In our work, we applied
steam distillation to the refining process of evening
primrose oil. We found significant differences in
different batches. That is, in a certain batch, the
PAE can be removed successfully. However, in
another batch nearly no PAEs could be removed.
We cannot solve this problem at present. Hence, we
referred to the adsorption method. The adsorbents
(activated carbon, activated clay, attapulgite and
diatomite) commonly used in the oil refining pro-
cess have very little adsorption capacity for PAEs.
Therefore, a novel type of adsorbent, which is low
in cost and easy to operate is needed for removing
PAEs from evening primrose oil.

Activated clay is the most commonly used ad-
sorbent in the de-coloration process of edible oil
(Zhang et al., 2021). There are some studies that
have shown that after modification with CTAB and
chitosan, the adsorption capacity of activated clay
can be greatly increased. Cao et al. (2014) used
CTAB to organically modify Na-bentonite. The re-
sults of XRD and BET showed that the pore size
and interlayer spacing of bentonite became larger
after modification, and the removal rate of phenol
in water by modified clay could reach 81.36%. Ra-
hardjo et al. (2011) prepared CTAB modified ben-
tonite. XRD and FT-IR results showed that CTAB
was successfully inserted between the layers so that
the distance between the bentonite layers became
larger, that the surface structure changed to a cer-
tain extent, and that the affinity for hydrophobic
substances became stronger. Compared to unmodi-
fied bentonite, modified bentonite exhibited strong-
er adsorption capacity for organic matter and heavy
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metal ions. Guo et al. (2012) prepared a chitosan/
CTAB combined modified activated clay. After
modification, the adsorption efficiency of the clay
on the weakly-acidic scarlet dye could reach up to
85%. Therefore, in the current work, we prepared
a CTAB/chitosan-clay composite. Then we studied
the surface characteristics of the adsorbent and the
adsorption capacity of DBP in evening primrose
oil (EPO), and investigated the effect of CTAB/
chitosan-clay composite treatment on the quality of
EPO. At the same time, the adsorption mechanism
of the CTAB/chitosan-clay composite to adsorb
DBP in EPO was determined.

2. MATERIALS AND METHODS

2.1. Materials

Evening primrose oil (EPO) was collected from
the Baili Biotech Company in Changchun, Jilin, Chi-
na. Activated Clay was purchased from a Chinese
market (Decolorization rate > 98%, Activity > 100
mmol/kg, free acid content < 0.5%, moisture con-
tent < 12.0%). CTAB (purity > 98%) and chitosan
(Viscosity = 50-100 mpa, 95% degree of deacetyla-
tion) were purchased from Roche. Standard dibutyl
phthalate ester was purchased from Aladdin, Chi-
na. The chemical reagents involved in GC-MS de-
tection were of chromatographic purity (purchased
from CNW, Germany). All other chemical reagents
(including solvents) were of analytical grade and
purchased from local suppliers. Water was purified
by the Milli-Q water purification system (Millipore,
Bedford, USA).

2.2. Synthesis of CTAB/chitosan-clay composite

The CTAB/chitosan-clay composite was pre-
pared in the ratio chitosan: CTAB: clay = 0.2:0.3:1.
The chitosan (2 g) was dissolved in a 300 mL 3%
acetic acid solution, and stirred at 60 °C in a tem-
perature-controlled water bath until the chitosan was
completely dissolved. Then the chitosan solution
was mixed with 10 g activated clay and 3 g CTAB.
The mixture was again subjected to moderate stirring
in a temperature-controlled water bath at 60 °C for
6 h. The mixtures were centrifuged and washed with
deionized water. The wet mixture was dried at 80 °C
for 48 h. After the formation of CTAB/chitosan-clay,
the composite was sieved to obtain a powder.

2.3. Characterization techniques of CTAB/chi-
tosan-clay composite

The preparation of CTAB/chitosan-clay com-
posite was verified by a series of characterization
methods. The surface morphologies of the pristine
activated clay and CTAB/chitosan-clay compos-
ite were determined by scanning electron micro-
scope (SEM, ZEISS Gemini SEM500), with 2-3
kV working voltage and 10-100 K magnification,
by spraying gold-plated palladium alloy onto the
sample surface before testing. CTAB/chitosan-clay
composite and pristine activated clay were record-
ed on a powder X-ray diffractometer (XRD, Smart-
lab 9 kW, operating at 40 kV). The CuKa radiation
source with a wavelength of 1.54 A was used and
the data was collected for a wide-angle region rang-
ing between 5 and 80° on a 20 scale with a scan
rate of 5°/min. The surface area of the composite
was measured by BET measurements, using a Mi-
cromeritics ASAP 2020 instrument at liquid nitro-
gen temperature (77 K) via nitrogen gas adsorption.
The Fourier-transformed infrared (FT-IR) spectra
of the CTAB/chitosan-clay composite and chitosan
and pristine activated clay were recorded on an IR
Prestige-21 FTIR in KBr pellets. The detailed work
is shown in a former paper.

2.4. Methodology for adsorption of DBP in EPO

Adsorption experiments were carried out in
batch mode in a temperature-controlled water bath
with constant stirring under vacuum. The removal
rate of DBP in oil was determined and the adsorp-
tion efficiency was calculated as:

Adsorption efficiency (%) = %*100%
o

Where ¢ and ¢, (mg/kg) are the initial and equi-
librium concentrations of DBP in the reaction me-
dium. Adsorption kinetics were obtained by treat-
ing 2 g of CTAB/chitosan-clay composite with 20
g EPO of 10 mg/kg DBP of initial concentration
in the time range 0-540 min under optimized ad-
sorption conditions. The adsorption isotherms were
obtained by treating 2 g of CTAB/chitosan-clay
composite with 20 g EPO of DBP of initial concen-
tration in the range of 1-25 mg/kg under optimized
adsorption conditions.
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2.5. DBP composition analysis in EPO by GC-MS

Oil sample preparation was performed according
to Chinese national standard GB 5009.271-2016.
DBP determination was performed using a Shimad-
zu GC-MS QP-2010 Ultra. A Rxi-5MS column (30
m % 0.25 mm % 0.25 pm) was from Shimadzu Inc.
Oven temperature was set initially at 60 °C for 1
min, programmed to increase at 20 °C/min to 220
°C and held for 1min, then increased to 250 °C at 5
°C/min, held for 1min and then increased to 290 °C
at 20 °C/min, the temperature was then maintained
for 6 min. Helium (99.999% purity) was used as a
carrier gas at a constant flow rate of 1.0 mL/min and
the injection volume was 1 puL. The injector, transfer
and ion source temperatures, were set at 260, 230
and 280 °C, respectively. EI was used as the electron
bombardment ion source and the ionization energy
was 70 eV. Scan mode (Scan) was used for quali-
tative and selective ion monitoring and (SIM) was
used for the quantitative analysis. The qualifier ion
of DBP was 91, 206, 238(m/z), while the quantita-
tive ion was 149 (m/z).

2.6. Analysis of physicochemical properties of
evening primrose oil

The peroxide value (POV) was determined ac-
cording to Chinese national standard GB 5009.227-
2016 and the results were expressed as millimole
(mmol)/kg of oil. The acid value (AV) was meas-
ured according to Chinese national standard GB/T
5009.229-2016 and expressed in mg KOH/g. The
iodine value (IV) was evaluated by reference to Chi-
nese national standard GB/T 5532-2008. The p-anis-
idine value (p-AV) was measured by Chinese nation-
al standard GB/T 24304-2009.

2.7. Analysis of fatty acid composition

The fatty acid composition was determined ac-
cording to the method proposed by Pan et al. (2020)
with few modifications. Briefly, 100 mg (accurate
to 0.1 mg) EPO were mixed with 2 mL of n-hep-
tane and 2 mL of 2 M KOH-methanol, and shaken
vigorously until well mixed. After the mixture was
allowed to stand for stratification, the supernatant
was taken out, and an appropriate amount of anhy-
drous Na,SO, was added to remove the water. Fi-
nally, after passing the mixture through a 0.22 pm
organic filter membrane, the supernatant could be

analyzed. Samples were subjected to a Shimadzu
GC-MS QP2010Ultra and a Rxi-5MS column (30
m % 0.25 mm X 0.25 um). The oven temperature
was set at an initial temperature of 160 °C, held for
5 min, then increased at 2 °C/min to 220 °C, held
for 10 min, programmed to increase at 4 °C/min to
240 °C with a final holding time of 10 min. Heli-
um (99.999% purity) was used as carrier gas in a
constant flow of 1.0 mL/min and the injection vol-
ume was 1 pL, with an AOC-20i autosampler split
ratio of 1:50. The temperatures of injector, transfer
and ion source were set at 260, 200 and 250 °C,
respectively. The ionization energy was 70 eV and
the change in total ion current in the range of m/z
50-500 was recorded. Fatty acids were identified
by comparison with data and the NIST Mass Spec-
trometry Library (National Institute of Standards
and Technology, Gaithersburg, MD, USA). The
results were recorded across the percentage of the
relative peak areas.

2.8. Statistical analysis

The samples were measured in triplicate, and the
results were expressed as mean + standard deviation
(SD).

3. RESULTS AND DISCUSSION

3.1. Characterization of the CTAB/chitosan-clay
composite

The SEM results clearly indicated that the sur-
face morphology of clay changed after modifica-
tion. As shown in Figure 1(a), the pristine acti-
vated clay showed a typical agglomerated flake
structure. The surface of unmodified clay was rel-
atively smooth, flat and compact. On the contrary,
the CTAB/chitosan-clay composite had a heavier
curling degree at the edge, and with a looser in-
terlayer structure and rougher surface. The looser
interlayer structure could increase the diffusion of
PAEs into the CTAB/chitosan-clay composite (Al-
shameri et al., 2018). These characters changed
together mean that more functional groups might
be exposed to the environments and the function-
al group could interact with PAE more efficiently.
Thus, the modified clay could remove the DBP
from evening promise oil more efficiently.

The absorption peak positions of pristine ac-
tivated clay before and after modification were
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basically the same according to the XRD results
(Figure 1(b)). The results indicated that the addi-
tion of CTAB and chitosan did not change the basic
structure, which is an agglomerated flake structure,
of activated clay. The main changes after modifica-
tion might refer to the looser interlayer structure.
According to pervious research, the silicate group
in the pristine activated clay may interact with the
hydroxyl group of chitosan by hydrogen bonding.
Thus, the silicate group played the role of an anchor
and held the chitosan (Mohd et al., 2018). The sili-
cate group in the pristine activated clay was consid-
ered to remain constant while the long carbon chain
of CTAB was directly inserted between the layers
of the pristine activated clay. The position of the
characteristic diffraction peak of d (001) existing
in the clay close to 20=>5° shifted to the left. From
the Bragg equation (2dsinf=n}), it could be seen
that the layer spacing of pristine activated clay in-
creased after modification. In addition, the material
composition analysis of the XRD structure showed
that the main components of the adsorbent before
and after the modification were basically the same,
which were quartz, albite and illite.

Furthermore, the Brunauer-Emmett-Teller (BET)
surface area of the pristine activated clay was meas-
ured as 137.0916 m?/g, while the BET surface area
of the CTAB/chitosan-clay composite was 18.4283
m?/g. Furthermore, the pore volume of the pristine
activated clay was determined to be 0.1909 cm’/g,
and the CTAB/chitosan-clay composite’s pore vol-
ume was 0.0843 cm?®/g. The decrease in the surface
area and pore volume was attributable to the inter-
calation of CTAB and chitosan molecules in the
interlayers of pristine activated clay which resulted
in the pore blockage (Budyak et al., 2016; Zhang et
al., 2009). However, CTAB/chitosan-clay compos-
ite (15.9528 nm) had a larger pore size than pristine
activated clay (6.6768 nm). Pore size influences the
behavior of the adsorbate—adsorbent system (Wang
et al., 2020). A suitable size of pore may help in the
absorptions process.

The FT-IR (Figure 1(c)) of chitosan, pristine
activated clay and CTAB/chitosan-clay composite
revealed the changes in the functional groups in
the composite. The peak shape of the infrared spec-
trum of the activated clay before and after modi-
fication did not change significantly, and the char-
acteristic absorption peaks of the activated clay

() o Montmorillonite (©) —MAC

X M Quartz — Chitosan
. illite
- Albite

pristine activated clay

Wi
CTAB/chitosan-clay
2 el tae
0 10 20 30 40 50 60 70 80 90 4000
20 (degree)

Transmittance (%)
|
B

3000 2000
Wavelength (cm”)

1000

Ficure 1. Characterization test results of activated clay and CTAB/
chitosan-clay composite: (a)SEM(I, 11, III for activated clay and IV,
V, VI for CTAB/chitosan-clay composite), (b)XRD, (c)FT-IR.

appeared, indicating that the modification did not
change the typical agglomerated flake structure of
the activated clay, which was consistent with the
XRD results. There were four new peaks at 2920
cm!, 2850 cm!, 1482 cm™ in CTAB/chitosan-clay
composite. The peaks at 2920 cm™ and 2850 cm’!
were asymmetric and symmetric stretching vibra-
tion peaks of CTAB’s and chitosan’s -CH-, re-
spectively. The peak at 1482 cm™ was a symmet-
ric bending vibration of -CH-, which was detected
at 1443 cm’! in original activated clay (Fu et al.,
2017). These results indicated that there were cer-
tain interactions between the CTAB, chitosan and
activated clay.

Grasas y Aceites 73 (3), July-September 2022, e474. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0438211


https://doi.org/10.3989/gya.0438211

6 * FG Pan, MQ Wang, JY Xu, CX Yang, S Li, YF Lu, YD Zhang and BQ Liu

< (a) (b) (c)
S 24 & 30

£ 25 ] '

< 20 |

é 20 20

0 ] 10 -

~ 16. 15

60 70 80 90 100 110 20 30 40 50 60 4 6 & 10 12

Temperature (°C )

Addition amount

Ti '
ime (min) of adsorbent (%)

FiGure 2. Effect of (a) temperature, (b) time, (c) adsorbent doses (%, Madsorbent/MEPO) on adsorption efficiency of DBP in evening primro-
se oil, initial concentration of DBP=2 mg/kg, weight of evening primrose 0il=20 g. Each value in the figure represents the mean + SD (n=3).

3.2. The optimization of adsorption conditions

To optimize the parameters for removing DBP
from EPO, we investigated the influence of temper-
ature, time and the additional amount of adsorbent
on the adsorption. The entire adsorption was car-
ried out under vacuum conditions. The adsorption
results are shown in Figure 2.

The influence of temperature is shown in Figure
2(a). The adsorption rate of DBP could be increased
from 17.33 to 24.52% when the temperature in-
creased from 65 to 75 °C. However, when the tem-
perature ranged from 75 to 105 °C, the adsorption rate
of DBP showed a downward trend. This might be due
to the higher temperature accelerating the resolution
of DBP on the adsorbent, resulting in a decrease in its
adsorption rate. Hence, the optimal temperature was
chosen as 75 °C. The influence of time is shown in
Figure 2(b), When the adsorption time increased from
20 to 40 min, the adsorption rate of DBP increased
rapidly from 14 to 28%. After that, the adsorption rate
slowed down and fluctuated at 30%. Hence, consider-
ing the efficiency, the optimal time was chosen as 40
min. Similar trends were found in the adsorbent dose.
As shown in Figure 2(c), the adsorption rate of DBP
increased with the increase in adsorbent dose. How-

ever, when the amount of adsorbent added exceeded
10% (w/w), the growth of DBP adsorption efficiency
slowed down significantly. This might be because too
much adsorbent would reduce the adsorption capacity
per unit mass of adsorbent and affect the utilization
rate of the adsorbent. Hence, the optimal amount of
adsorbent was chosen as 10%. In short, under the op-
timal conditions described above, the adsorption rate
of the adsorbent to DBP was 27.56%, while the re-
moval rate of pristine activated clay was only 8.51%
under the same conditions.

3.3. The change in the properties of evening prim-
rose oil

The physical and chemical properties of evening
primrose oil treated by activated clay (named as AC-
EPO) and CTAB/chitosan-clay composite (named
as MAC-EPO) were determined under the same
conditions. The physical and chemical indicators of
evening primrose oil processed with different clay
are shown in Table 1. There were no significant
differences in acid value, peroxide value, or p-AV,
among AC-EPO and MAC-EPO, and iodine value.

The p-AV can be used to measure the number of
secondary products such as aldehydes, ketones, and

TaBLE 1. Comparison of the quality of evening primrose oil treated by activated clay and CTAB/chitosan-clay composite

AV (KOH) POV v AV C16:0 C18:0 C18:1 C18:2 C18:3n3 C18:3n6
mg/g mmol/kg g'100g" P (%) (%) (%) (o) (%) (%)
AC-EPO  0.384+0.04a  1.3840.09b  163.2242.19¢c  6.22+0.24d  8.6£0.09¢  2.89+0.09f 5.77#0.21g  71.2740.39h  0.30+0.03i  9.73+0.18;]
MAC-EPO  0.40+0.02a  1.29+0.07b  161.01+1.48¢c  7.68+0.14d  8.52+0.16e  2.9+0.07f  6.37#0.32g  70.45£0.46h  0.47+0.02i  9.52+0.21j

Each value in the table represents the mean = SD(n=3). AV: Acid value, POV: Peroxide value, IV: lodine value, p-AV: p-Anisidine value.
Letters in the same column indicate the significance of evening primrose oil treated by different adsorbent: the same letters represent no
significant difference (p > 0.05), and different letters represent significant difference (p < 0.05), compared by ANOVA (Tukey-Kramer

HSD test).
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quinones in the oil. In the oil refining process, the
p-AV value of the oil in the decolorization process
can be the highest. This is because the clay can cata-
lyze the decomposition of hydroperoxides to gener-
ate aldehydes and ketones (Kreps et al., 2014). The
CTAB/chitosan-clay had a stronger catalytic ability
to hydroperoxide in oil, which increased the contents
in aldehydes and ketones, and finally made the p-AV
value of MAC-EPO higher than AC-EPO.

AV is an important indicator of oil quality, and
IV is the response to the degree of unsaturation of
oils. The AV of AC-EPO and MAC-EPO were both
around 0.4, while the IV in MAC-EPO dropped
slightly. This might be due to insufficient vacuum
during the adsorption process, so some unsaturated
fatty acids were oxidized.

3.4. Comparison between the fatty acid composi-
tions of evening primrose oil with different treat-
ments

The main fatty acids contained in EPO are
a-linolenic acid, y-linolenic acid, linoleic acid, oleic
acid, stearic acid and palmitic acid, which can reach
more than 98% (Zhao et al., 2019). Linoleic acid
(C18:2) is the major fatty acid in EPO, which can
reach more than 70%. y-linolenic acid (C18:3n6),
which is a characteristic nutrient of evening prim-
rose oil, and its content is required to be above 9%.
Table 1 lists the fatty acid contents in AC-EPO and
MAC-EPO, respectively. The fatty acid composition
of AC-EPO and MAC-EPO was not significantly dif-
ferent. The total amount of 5 fatty acids in AC-EPO
was 98.56% and the amount of unsaturated fatty ac-
ids (UFA) was 87.07%, while the total amount of
5 fatty acids in MAC-EPO reached 98.23% and the
amount of UFA was 86.81%. Therefore, the CTAB/
chitosan-clay composite adsorption treatment had al-
most no effect on the fatty acid composition of EPO.

3.5. Adsorption kinetics

The adsorption kinetics test was performed. 10
mg/kg DBP were added to the evening primrose oil
and the amount of DBP was recorded over time. The
residual concentration of DBP and the interaction
time of the CTAB/chitosan-clay composite adsorption
treatment was plotted. The results are shown in Figure
3. It can be seen that the adsorption amount of DBP by
the CTAB/chitosan-clay composite material increased
with the increase in contact time, to reach an equilib-
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Fi1Gure 3. Changes in the remaining concentration of DBP in
evening primrose oil over time. Adsorption kinetics were obtained
by treating 2 g of CTAB/chitosan-clay composite with 20 g
evening primrose oil of co=10 mg/kg DBP of initial concentration
in the time range 0-540 min under optimized adsorption conditions.
¢ was the concentration of DBP at time t.

rium state at about 420 minutes. We employed two
kinetic models, pseudo-first-order and pseudo-sec-
ond-order kinetic models, to study the adsorption pro-
cess of DBP on CTAB/chitosan-clay composite. The
pseudo-first-order kinetic model is represented by the
following formula (Mohd et al., 2018):

k
log(q. — q.) = logq, — ﬁt

Co — Ce
de =
Madsorbent

*MEgpo
The pseudo-second-order kinetic model is repre-
sented as (Mohd et al., 2018):

1 L
q:  k%*qZ  qe

Where k, and k, are the rate constants of the pseu-
do-first-order and pseudo-second-order adsorption ki-
netic equations. ¢, and c, are the initial concentration
and equilibrium concentration of DBP, respectively.
q, and q, are the adsorption capacity of the adsorbent
in equilibrium and at time t, respectively. The slope
and intercept of the log(q.-q,) versus t and t/q, versus
t curves were used to derive k| and k,, respectively.

Figure 4 shows the linear fitting of two kinetic
models, and the parameters obtained after fitting are
listed in Table 2. The linear regression coefficient
value of the pseudo-second-order kinetic model was
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FIGURE 4. Adsorption kinetics of DBP in the CTAB/chitosan-clay composite fitted with (a) pseudo-first-order model; (b) pseudo-second-or-
der model. Adsorption kinetics were obtained by treating 2 g of CTAB/chitosan-clay composite with 20 g evening primrose oil of co=10
mg/kg DBP of initial concentration in the time range 0-540 min under optimized adsorption conditions.

higher (R>=0.9902), which could better describe the
adsorption of DBP on CTAB/chitosan-clay compos-
ite. The pseudo-second-order kinetic model assumes
that the rate-limiting step is chemical sorption or
chemisorption and predicts the behavior over the
whole range of adsorption (Bujdak, 2020). In other
words, the adsorption rate is dependent on adsorption
capacity and not on the concentration of adsorbate.
Thus, the future research should focus on the modi-
fication of clay and increase the adsorption capacity
of the clay. In addition, the q_ value obtained by the
pseudo-second-order kinetic model was closer to the
q, value obtained from the experiment. Furthermore,
the pseudo-second-order kinetic model favors the
chemisorption concerning valency forces through
the sharing or exchanging of electrons between ad-
sorbent and adsorbate. Hence, the results indicate
that there might be an electron exchange between the
adsorbent and the adsorbate (Ho et al., 2006). The
chitosan and CTAB are typical positive molecules,
while the dibutyl phthalate esters are negative. The
electrostatic interactions between them may contrib-
ute during absorptions.

3.6. Adsorption isotherms

The adsorption isotherm curve is the relationship
curve of the concentration of the reaction solute mol-
ecules in the two phases when the adsorption process
reaches equilibrium at a certain temperature. The
DBP adsorption on CTAB/chitosan-clay composite
was studied with Langmuir and Freundlich adsorp-
tion isotherm models. The initial concentrations of
the DBP (c ) in evening primrose oil were taken in
the range of 1-25 mg/kg. Determined the equilibri-
um concentration of DBP (c), and the g, value of
the adsorbent. The linear Freundlich adsorption iso-
therm model is represented by the following formula
(Acikyildiz et al., 2015):

1
logq. = logKy +r—llogce

Among them, K, and n are Freundlich isothermal
constants, which are related to adsorption capacity
and strength, respectively. Usually, it is considered
that the reaction conditions are conducive to the pro-

TABLE 2. Adsorption capacity and adsorption kinetics for DBP sorption by CTAB/chitosan-clay fitted with pseudo first order and
pseudo second order models

Pseudo first order kinetic

Pseudo second order kinetic

Sample Gecxp

(mg/kg) 9. lﬂ R2 9y 1& R2
(ng/g) (min™') (ng/g) (min™)
CTAB/chitosan-clay 2551 16.08 0.005 0.9143 24.10 0.001 0.9902

k, and k, are the rate constants of the pseudo-first-order and pseudo-second-order adsorption kinetic equations. q, and
q, oy, ATC the adsorption capacity of the adsorbent in equilibrium in theory and reality, respectively.
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TABLE 3. Adsorption isotherm parameters for DBP sorption by
CTAB/chitosan-clay composite

Langmuir parameters Freundlich parameters

2 q 2

m K R K n
(ng/g) t F
73.53 0.033  0.9886 2.16

0.9307 1.13

K, and n are Freundlich isothermal constants and K| is the constant
of the Langmuir equation. q__ is the theoretical maximum adsorp-
tion capacity of DBP derived from the Langmuir equation.

gress of adsorption when n>1. Values of K, n and R
are given in Table 3.
The linear Langmuir adsorption isotherm model
is represented as (Acikyildiz et al., 2015):
Ce 1 Ce

m

de  qmK.

The equilibrium parameter, R is evaluated as:

1
RR=——
L7141 +Ke)

Where q_(ng/g) is the theoretical maximum ad-
sorption capacity of the adsorbent. K is the constant
of the Langmuir equation. R, is the dimensionless
constant separation factor. When 0 <R <1, the ad-
sorption process is preferential adsorption. The K,
q,, and R* values are given in Table 3.

In Figure 5, the correlation coefficients R* of
Langmuir and Freundlich were both above 0.9,

(a)

0.7t

=]
(9]
T

0 5 10 15 20 25

ce (mg/kg)

which were 0.9307 and 0.9886, respectively. This
indicated that the adsorption process was dominated
by monolayer adsorption, which might include phys-
ical and chemical adsorption. Similarly, the value of
R, (between 0.35 and 0.5) and the value of n (n > 1)
also showed a favorable adsorption process.

4. CONCLUSIONS

In this study, we modified the activated clay modi-
fied by chitosan and CTAB and applied this composite
for the absorption of DBP in evening primrose oil. We
optimized the absorption conditions for this CTAB/
chitosan-clay composite. When the amount of CTAB/
chitosan-clay composite, temperature and time were
10%, 75 °C, and 40 min, respectively, the maximum
adsorption rate of the adsorbent to DBP was 27.56%,
which is 3.24 times higher than the adsorption effi-
ciency of pristine activated clay. In addition, we tested
the physicochemical properties and fatty acid compo-
sition of evening primrose oil treated with activated
clay and CTAB/chitosan-clay. The results indicate
that the modification did not influence evening prim-
rose oil, which indicated that the CTAB/chitosan-clay
could be applied in the industry.

We also investigated the possible mechanism of
the absorptions of the CTAB/chitosan-clay com-
posite. According to the SEM and XRD, we found
that the specific surface area and pore volume of
the CTAB/chitosan-clay composite were reduced,
while the pore diameter and interlayer spacing be-
came larger. This phenomenon may be due to the
loading of functional groups to the clay. The larg-

1.6 -(b)

0.0 04 0.8 1.2
logce

FIGURE 5. Adsorption isotherms of DBP in CTAB/chitosan-clay composite linearly fitted by: (a) Langmuir adsorption isotherm; (b)
Freundlich adsorption isotherm. Adsorption isotherms were obtained by treating 2 g of CTAB/chitosan-clay composite with 20 g evening
primrose oil and the initial DBP concentrations ranged between co = 1 and 25 mg/kg, under optimized adsorption conditions.
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er pore size and interlayer spacing could help in the
diffusion DBP in the CTAB/chitosan-clay compos-
ite. We also performed the absorption kinetic of the
CTAB/chitosan-clay composite. The kinetic results
showed that the pseudo-second-order kinetic model
better described the adsorption process of DBP in the
CTAB/chitosan-clay composite. The thermodynam-
ic analysis showed that the Freundlich model more
accurately described the adsorption process of DBP
in the CTAB/chitosan-clay composite, and the value
of R, (from Langmuir model, between 0 and 1) and
the value of n (from Freundlich model, n > 1) showed
a favorable adsorption process. The results of the ki-
netics and thermodynamic analyses indicated that
adsorption was dominated by monolayer adsorption,
and electrostatic forces and the hydrogen bonding
forces contributed most during the absorption. In
conclusion, the CTAB/chitosan clay composite can
be a new choice of adsorbent that can be used in the
de-coloration process of evening primrose oil.
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SUMMARY: This study aimed to investigate the effects of grafting on the fatty acid profile and some physicochemical properties of water-
melon seed and seed oil. The ‘Crimson Tide’ cultivar was used as the scion while two wild watermelon (Citrullus lanatus var. citroides (A1l
and A2)), one Lagenaria siceraria (A3) and one Cucurbita maxima Duchesne x Cucurbita moschata Duchesne (A4) were used as rootstocks.
The use of rootstock significantly influenced the fatty acid profile and the physical parameters of seeds and seed oils. The highest linoleic acid
ratio was found in the seed oil from A1 and A2, the oil from A3 had the highest oleic acid ratio. The results showed that the content and acid
value in seed oils were improved, and that total phenolic compounds and antioxidant activity of both seed and oil were decreased by grafting.
Wild rootstocks can be used in watermelon cultivation to obtain a watermelon seed which is rich in linoleic acid.

KEYWORDS: Citron watermelon; Grafting; PCA; Rootstock;, Watermelon seed; Watermelon seed oil

RESUMEN: Influencia de un injerto en el perfil de dcidos grasos y algunas propiedades fisicoquimicas de la semilla y el aceite de
semillas de sandia. El objetivo de este estudio fue investigar los efectos del injerto en el perfil de acidos grasos y algunas propiedades
fisicoquimicas de la semilla y el aceite de semillas de sandia. El cultivar ‘Crimson Tide’ se utiliz6 como vastago, mientras que dos sandias
silvestres (Citrullus lanatus var. Citroides (Al y A2)), una Lagenaria siceraria (A3) y una Cucurbita maxima Duchesne x Cucurbita mos-
chata Duchesne (A4) se utilizaron como portainjertos. El uso de portainjertos influyo significativamente en el perfil de dcidos grasos y los
parametros fisicos de semillas y aceites de semillas. La proporcion de 4cido linoleico mas alta se encontré en el aceite de semillas de Al y
A2, el aceite de A3 tuvo la proporcion de acido oleico mas alta. Los resultados mostraron que el contenido de aceite y el indice de acidez
mejord y los compuestos fenolicos totales y la actividad antioxidante tanto de la semilla como del aceite se redujeron mediante el injerto.
Para obtener un aceite de semillas de sandia rico en acido linoleico, se pueden utilizar portainjertos silvestres en el cultivo de sandia.
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1. INTRODUCTION

The watermelon (Citrullus lanatus), which be-
longs to the family Cucurbitaceae, is one of the
most nutritionally and economically important
horticultural crops worldwide (Acar et al., 2012;
Kombo and Sari, 2019). According to data from
the Food and Agriculture Organization (FAO), a
total of 100,414,933 tons per year of watermelon
was produced in the world (FAOSTAT, 2020). Chi-
na (60.4%) is the leading producer of watermelon,
followed by Turkey (3.9%) and India (2.5%). Most
of the fruit’s seeds are usually discarded, and some
are considered by-products. The seeds, which con-
stitute 1-4% of the total watermelon weight, are
highly nutritious and are rich in protein, vitamin
B, minerals and oil (Braide et al., 2012; Duduyemi
et al., 2013; Kiin-Kabari and Akusu, 2014; Seidu
and Otutu, 2016; Tabiri et al., 2016). Watermelon
seed oil, whose content value is generally between
19-35% 1is used as edible oil in the food indus-
try and as an ingredient in the cosmetic industry
(Jensen et al., 2011; Tabiri et al., 2016; Rezig et al.,
2019). Unsaturated fatty acids (UFAs) are domi-
nant in the fatty acid profile of watermelon seed oil.
The saturated (mainly palmitic (16:0) and stearic
(18:0) acids), monounsaturated (mainly oleic acid
(18:1(w-9)) and polyunsaturated (mainly linoleic
acid (18:2(w-6)) fatty acid contents in the seed oil
are generally 17.90, 16.31 and 65.79%, respective-
ly (de Conto et al., 2011; Eke et al., 2021).

The quality of an oil obtained from a vegeta-
ble or seed is highly related to its unsaturated fatty
acid profile (Nayeri and Yarizade, 2014). The pro-
portions of oleic and linoleic acids in edible oils
are generally indicative of their oxidative stabili-
ty and nutritional properties (Nayeri and Yarizade,
2014). Polyunsaturated fatty acids are the most
beneficial for the preservation of human health
and for controlling diseases such as cancer, in-
flammation, rheumatoid arthritis, cardiovascular
disorders, and coronary heart diseases. In fact, the
higher the degree of unsaturation in ®-3, 6, 9 fatty
acids, the more positive are the effects on human
health. Another important aspect of linoleic acid is
that it is essential and must be consumed because
it cannot be synthesized in the human body (Asif,
2015). Grafting plants on coherent rootstocks en-
sures some advantages like augmenting plant vig-

or, prolonging harvesting period and post-harvest
life, providing water efficiency and tolerance to
drought and salt (Yetisir et al., 2003; Davis et al.,
2008; Lee et al., 2010; Yetisir and Uygur, 2010;
Zhao et al., 2011; Kumar et al., 2017; Solmaz et
al., 2018). Several studies stated that grafting alters
the content and quality of fruit. That being said, for
successful grafting, choosing suitable rootstock is
important (Davis et al., 2008a; Davis et al., 2008b;
Turhan et al., 2012). Grafting is commonly used in
watermelon cultivation. Cucurbita maxima * Cu-
curbita moschata hybrids and Lageneria siceraria
are the most common commercial rootstocks. On
the other hand, wild watermelons (Citrullus lanatus
var. citroides) are important gene sources and are
used in rootstock and breeding studies.

Although many research studies regarding the
effects of grafting on watermelon seed content are
available, there has been no report on the analysis in
terms of fatty acid profile and some physicochem-
ical properties (except thousand grain weight) of
seeds and seed oils from grafted watermelons in the
literature. The aim of this study was to determine
the effect of grafting on the seed and the seed oil
of the Crimson Tide variety, which was grafted on
Cucurbita maxima % Cucurbita moschata, Lagene-
ria siceraria and two wild watermelon rootstocks.
In this context, the effects of grafting, namely total
phenolic compounds, antioxidant activity and reflec-
tance color values (L* a* b* C* and h) of the wa-
termelon seeds and seed oils were evaluated. Also,
thousand grain weight and width-length-thickness
dimensions of the seeds, and seed oil content, kernel
oil content, fatty acid profile, and acid value of the
seed oils were investigated.

2. MATERIALS AND METHODS

2.1. Plant material and planting

The research was carried out in Selcuk Univer-
sity, Faculty of Agriculture, Saricalar Research and
Application Farm, in 2017. The trial zone is located
between 38° 05° northern latitudes and 32° 36’ east
longitudes and its average height from the sea is
1006 m. In the study, two wild rootstocks Citrullus
lanatus var. citroides (Al and A2), one open-polli-
nated Lagenaria siceraria (A3) and one Cucurbita
maxima Duchesne x Cucurbita moschata Duchesne
hybrid (‘TZ-148’) (A4) were used as rootstocks.
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‘Crimson Tide’ (CT), a commercial watermelon va-
riety widely grown in Turkey, was grafted on these
four rootstocks and production materials were ob-
tained. Ungrafted CT (K) was used as control. A
total of 5 trial subjects were used in three replica-
tions according to the randomized block design. All
cultural practices up to the harvest were applied to
all applications equally. Watermelon fruits were har-
vested on time and after harvest, watermelon seeds
from each application were hand collected seperate-
ly, washed to remove the fruit pulp residue and dried
in an environment free from sunlight at room tem-
perature for a week. The seeds were kept in freezer
bags at 4 °C until oil extraction and analyses.

2.2. Determination of thousand grain weight and
seed size

Seeds (50 samples) were counted and weighed,
and the weight was multiplied by 20 to obtain a
thousand grain weight (Pradhan, 2010). The width,
length and thickness of the seed grains were deter-
mined in mm using a caliper.

2.3. Determination of oil content in seeds and ker-
nels

According to AOCS (1980) with some modifi-
cations, approximately 2 g of the milled seeds and
kernels (shelled seeds) were extracted using 250 ml
of petroleum ether in the Soxhlet device for 4 hours.
The solvent was removed from the miscella by a ro-
tary vacuum evaporator (RE100-Pro, Scilogex, CT,
USA) set at 40 °C, and the oil contents of the sam-
ples were calculated.

2.4. Determination of acid numbers in seed oils

The acid number analysis was determined by
making some modifications according to TSI (2003).
Firstly, 25 ml of ethyl alcohol-diethyl ether mixture
(1:1) were added to 2 g oil sample. The mixture was
titrated with a 0.1 N ethanolic NaOH solution with 1
ml phenolphthalein indicator. Results were given as
mg NaOH/g oil.

2.5. Determination of fatty acid profile of seed oils

The fatty acid methyl esters of seed oils were
prepared according to the method described by Wil-
liams (1984) with some modifications. The sample
was shaken vigorously in isooctane (0.4 g in 4 ml)

and combined with 0.2 ml of 2 N methanolic potas-
sium hydroxide. After the duration in the dark for
6 min, a drop of methyl orange and 0.45 ml of 1 N
HCl were added, mixed and centrifuged (2000 rpm/5
min). The supernatants were then analyzed by a GC
(Agilent, Santa Clara, CA) equipped with an injec-
tor, a capillary column (Innowax, 100 m length, 0.25
mm i.d., 0.20 um of thickness), and a flame ioniza-
tion detector (FID). Hydrogen was used as carrier
gas. The temperature of the detector and injector was
set as 250 °C. The initial oven temperature was 180
°C and increased to 220 °C at 30 °C/min.

2.6. Determination of reflectance color values of
seeds and seed oils

Color measurements of the seeds and their oils
were determined as L* (lightness-darkness), a*
(redness-greenness), b* (yellowness-blueness), C*
(chroma) and h (hue) values in the CIE color system
profile using Minolta colorimeter (CM-5, Minolta,
Japan).

2.7. Extraction of polyphenols and antioxidant ef-
fective compounds from seeds and seed oils

To extract the polyphenols and antioxidant ef-
fective compounds from seeds, 0.1 g of defatted
ground seed obtained at the end of the oil extraction
was weighed and 40 ml of 80% methanol solution
were added. Homogenization was obtained by an ul-
tra-turrax operation for 2 minutes at 200 rpm. Sim-
ilarly, 1 g of oil sample was mixed with 2 ml meth-
anol for 10 minutes in a shaker. The supernatants of
oil-methanol and seed-methanol obtained from the
centrifugation at 4100 rpm for 10 minutes was used
for total phenolic compounds and antioxidant activ-
ity analyses.

2.8. Determination of total phenolic compounds

The total phenolic compounds (TPC) of oils and
seeds were obtained using the Folin-Ciocalteu meth-
od (Singleton and Rossi, 1965), with slight modifica-
tions. The Folin-Ciocalteu reagent of 1.25 ml (0.2 N)
and 1 ml of sodium carbonate (75 g/l) solution were
added to 250 pl of extract. Before determining the
absorbance values of samples by spectrophotometer
at 765 nm, they were kept in the dark for 2 hours.
Results were expressed as mg gallic acid equivalent
(GAE) /kg.
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TABLE 1. The thousand grain weight, dimensions, total phenolic compounds and antioxidant activity values of the watermelon seeds

Thousand grain Width Length Thickness Total phenolic com- Antioxidant activity
Rootstocks weight (g) (mm) (mm) (mm) pounds (mg GAE/kg) (mmol TE/kg)
K 44.00+0.20° 5.36+0.10° 8.87+0.17* 1.95+0.03* 2340.87+17.39° 6.80+0.53°
Al 40.70+0.30¢ 5.07+£0.10¢ 8.55+0.19° 1.70+0.11° 1366.96+121.74¢ 5.22+0.53%
A2 41.50+0.10° 5.22+0.13*  8.63+0.08" 1.72+0.05° 1575.65+86.96° 6.54+0.26°
A3 48.70+0.10° 5.77+0.122 9.05+0.14° 1.91+0.04° 1140.87+110.00° 3.57+0.99¢
A4 42.20+0.80° 5.04+0.07¢ 8.38+0.11° 1.66+0.08" 1801.74+139.13° 4.16+0.53¢

The results are expressed as means + standard deviation of 3 replicates (n = 3). Different letters in the same column indicate significant
differences (p < 0.01) among rootstocks according to the one-way ANOVA/ Duncan’s multiple range test.

TaBLE 2. Color values of watermelon seeds

Rootstocks L* a* b* C* h

K 37.73£1.07° 5.25+0.28° 12.92+1.11° 67.77+1.00 13.92+1.15°
Al 31.42+2 .46 3.3940.56° 7.65+1.74° 65.90+1.93 8.37+1.81°
A2 31.56+1.32% 3.17+0.51° 7.38+1.33° 66.72+0.95 8.04+1.42°
A3 29.77+1.52¢ 3.69+0.13° 7.454+0.87° 63.49+2.15 8.31+0.82°
A4 33.65+1.89° 3.93+0.55° 8.46+1.41° 64.99+0.68 9.33£1.51°

The results are expressed as means + standard deviation of 3 replicates (n = 3). Different letters in the same column indicate significant
differences (p < 0.01) among rootstocks according to the one-way ANOVA/ Duncan’s multiple range test.

2.9. Determination of antioxidant activity

The antioxidant activity of watermelon seeds
and their oils was determined using the 2, 2-diphe-
nyl-1-picrylhydracyl (DPPH) radical scavenging
method, according to an adapted colorimetric proce-
dure (Akbulut et al., 2009). After adding 1.95 ml of
DPPH reagent to 50 pl extract, the mixture was kept
in the dark for 30 minutes. The absorbance values of
the samples were measured by spectrophotometer at
515 nm and antioxidant activity values were calcu-
lated in mmol Trolox Equivalent (TE)/kg.

2.10. Statistical analysis

Significant differences among samples were de-
termined through analysis of variance (ANOVA)
and Duncan’s multiple range test using SPSS pack-
age program version 22.0. Differences were consid-
ered significant at p < 0.01. The JMP 13.0 software
was used to analyze the important parameters by
Principal Component Analysis (PCA). The relation
between rootstocks was compared by drawing a
loading plot graph using the same software and the
relationship between each parameter and another
was presented on the score plot graph.

3. RESULTS AND DISCUSSION

3.1. Effect of grafting on watermelon seeds

Some physicochemical properties of the seeds
obtained from watermelon fruits are given in Ta-
bles 1 and 2. According to Table 1, the rootstock
had statistically significant effects on thousand grain
weight, width-length-thickness dimensions, total
phenolic compounds (TPC) and antioxidant activity
(AA) values for the seeds. Thousand grain weight
results of seeds ranged from 40.70 g to 48.70 g,
and watermelons grafted on the bottle gourd root-
stock (A3) with the highest thousand grain weight
were statistically separated from other samples ac-
cording to Duncan test results. While the thousand
grain weight of the seeds of watermelons grafted
on Citroides 1 (Al), Citroides 2 (A2) and TZ148
(A4) rootstocks was significantly decreased, that of
watermelon seeds grafted on the bottle gourd (A3)
was significantly increased (p < 0.01). Similar to the
results of this study, the grafting of Crimson Sweet
(CS) watermelon (Citrullus lanatus) steel on three
different rootstocks (Cucurbita maxima x Cucurbita
moschata ‘NUN-9075°, Lagenaria siceraria ‘Ar-
gentario’, and citron watermelon Citrullus amarus
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TasLE 3. Oil content in seeds and some physicochemical, and phytochemical properties of watermelon seed oils

Rootstocks Oil content Kernel oil content Acid value Total phenolic com- Antioxidant activity
(%) (%) (mg NaOH/g) pound (mg GAE/kg) (mmol TE/kg)

K 24.05+0.19¢ 45.61+0.11 5.35+0.20° 51.86+0.26 0.52+0.03*

Al 25.90+0.77%® 46.44+0.34 4.33+0.19¢ 50.69+0.65 0.45+0.01%

A2 26.34+0.38° 44.19+0.84 4.86+0.06" 53.56+1.96 0.44+0.01¢

A3 24.754+0.36% 44.44+1.52 4.76+0.13% 51.50+0.68 0.46+0.01%

A4 25.46+0.35% 45.19+0.99 4.50+0.15¢¢ 49.2542.87 0.49+0.01

The results are expressed as means + standard deviation of 3 replicates (n = 3). Different letters in the same column indicate significant
differences (p < 0.01) among rootstocks according to the one-way ANOVA/ Duncan’s multiple range test.

TasLE 4. The fatty acid profile (%) of watermelon seed oils

Rootstocks Palmitic 16:0 Stearic 18:0 Oleic 18:1 Linoleic 18:2
K 11.90+0.00° 7.97+0.00° 16.74+0.41¢ 63.40+0.40°
Al 11.63+0.11¢ 7.59+0.11° 15.98+0.11¢ 64.81+0.33°
A2 12.27+0.00° 7.27+0.15¢ 15.78+0.02¢ 64.68+0.13°
A3 12.25+0.08° 7.95+£0.14° 17.86+0.16* 61.88+0.00°
A4 11.96+0.11° 7.4040.01% 17.33+£0.07° 63.32+0.04°

The results are expressed as means + standard deviation of 3 replicates (n = 3). Different letters in the same column indicate significant
differences (p < 0.01) among rootstocks according to the one-way ANOVA/ Duncan’s multiple range test. Standard deviation values

below 0.01 were equal to + 0.00

Schard ‘P1296341°) had a significant effect on the
thousand grain weight of the seeds obtained (Kombo
and Sari, 2019).

As seen in Table 1, the width, length and thick-
ness of the watermelon seeds varied from 5.0-5.8
mm, 8.4-9.0 mm and 1.7-1.9 mm, respectively. A de-
crease in the total amount of phenolic compounds of
all watermelon seeds due to grafting was observed. It
was determined that the seeds with the highest TPC
belonged to the control sample (2340.9 mg GAE/kg)
and the lowest to the A3 sample (1140.9 mg GAE/
kg). In an analysis of the seeds of Citrullus lanatus
var. citroides, Acar et al. (2012) found that the TPC
of the seeds were 130 mg GAE/kg, and the reason for
the decrease in the TPC of Al and A2 samples may
be due to the low content in the citroides species.
Many recent studies (Seidu and Otutu, 2016; Tabiri
et al., 2016) have shown that watermelon seeds have
much more TPC than those of this study. These dif-
ferences in TPC may depend on factors such as va-
riety and environmental conditions. The antioxidant
activity values of watermelon seeds varied between
3.57 and 6.80 mmol TE/kg. As in the amount of phe-
nolic compounds, a statistically significant decrease
(except A2 sample) was observed in the antioxidant
activity values of the seeds obtained as a result of

grafting. Tabiri et al. (2016) reported the antioxidant
activity values of the seeds of “Charleston gray”,
“Black diamond” and “Crimson sweet” watermelon
varieties as 82.59, 96.63 and 130.29 mmol TE/kg,
respectively.

The decrease in color values of the watermelon
seeds was found to be significant for L*, a*, b* and
h, but not for C* (Table 2). The L*, a*, b*, C* and h
values varied between 29.77-37.73, 3.17-5.25, 7.38-
12.92, 63.49-67.77 and 8.04-13.92, respectively. If
we expanded the results for watermelon seeds, no
significant difference was observed only in the C*
values after grafting.

3.2. Effect of grafting on watermelon seed oil

The seed oil content, kernel oil content, acid
value, TPC and AA values of the samples are pre-
sented in Table 3 and the fatty acid profile in Table
4. It has been determined that the differences that
occured in these values except for the kernel oil con-
tent and TPC results are statistically significant (p <
0.01). The increase observed in the oil efficiency of
all the seeds by grafting was found statistically sig-
nificant. Sample A2 (26.34%) had the highest seed
oil content, followed by A1 (25.90%), A4 (25.46%),
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TABLE 5. Color values of watermelon seed oils

Rootstocks L* a* b* C* h

K 87.09+0.01¢ -0.47+0.00° 80.37+0.01° 80.37+0.01° 90.34+0.00°
Al 88.08+0.01¢ -0.60+0.02¢ 74.63+0.03¢ 74.64+0.04¢ 90.46+0.01¢
A2 88.30+0.03¢ -0.75+0.01° 77.43+0.01° 77.43+0.01° 90.56+0.01°
A3 88.60+0.03° -1.08+0.02° 74.60+0.00° 74.61+0.00° 90.83+0.01°
A4 89.08+0.04° -1.214£0.01* 62.11+0.03¢ 62.12+0.02¢ 91.12+0.01°

The results are expressed as means + standard deviation of 3 replicates (n = 3). Different letters in the same column indicate significant
differences (p < 0.01) among rootstocks according to the one-way ANOVA/ Duncan’s multiple range test. Standard deviation values below

0.01 were equal to = 0.00

TABLE 6. PCA results regarding some seed characteristics of scion
nn different rootstocks

Items PC1 PC2
Eigenvalue 591 4.15
Percentage of variance 53.7 37.7
Cumulative variance 53.7 91.4
Eigenvectors

Thousand grain weight -0.01574 0.48529
Width 0.00410 0.47570
Length 0.13154 0.43907
Thickness 0.19524 0.43071
L* 0.39446 -0.09372
a* 0.38036 0.12672
b* 0.40644 0.04465
C* 0.30853 -0.25675
h 0.40444 0.05557
Total phenolic compounds 0.38396 -0.13156
Antioxidant activity 0.26956 -0.21624

PC1 and PC2 indicate first and second components, respectively.

A3 (24.75%) and lastly K (24.05%). However, there
was no similarity between seed oil content and ker-
nel oil content in the samples. Kernel oil content
values were listed in descending order as follows:
Al, K, A4, A3, A2. The oil contents in the seeds and
kernels of Citrullus lanatus var. citroides were re-
ported by Acar et al. (2012) as 26.83 and 52.34%,
respectively. In addition, four Lagenaria siceraria
cultivars were studied by Essien et al. (2013) and
the content in seed oils, which is close to our results,
was obtained in the range of 23.0-29.5%. Tabiri et al.
(2016) reported that the seed oil contents in “Crim-
son sweet”, “Charleston gray” and “Black diamond”
varieties were 26.50, 26.83 and 27.85%, respective-
ly. In one of the studies, the seed oil content values

of the “Crimson” cultivar was 19.23% (de Conto et
al., 2011), while in another, in the “Mateera” and
“Sugar baby” varieties were 25.53% (46.85% kernel
oil content) and 21.93% (38.88% kernel oil content),
respectively (Wani et al., 2013). Considering all of
this evidence, it seems that oil content values can
vary based on the watermelon variety.

The acid values for the samples (4.33 to 5.35 mg
NaOH/g) were relatively high compared to that re-
ported for watermelon (Citrullus lanatus L.) seeds
(2.37 mg NaOH/g) (Duduyemi et al., 2013). With the
effect of grafting, there was a significant decrease in
acid value as given in Table 3 (p <0.01). Among the
grafted rootstocks, A2 (4.86 mg NaOH/g) had the
highest acid value, while A1 (4.33 mg NaOH/g) had
the lowest. Essien et al. (2013) determined the acid
values for the seed oils from four gourd cultivars as
between 2.1-2.4 mg KOH/g. For this value, the de-
crease in A3 compared to the control sample may be
due to the low acidity of the oil from the gourd seeds.
Wani et al. (2013) obtained oil from “Mateera” and
“Sugar baby” cultivars and reported that the acid
values in mg KOH/g oil were 4.27 and 6.46, respec-
tively. In another investigation, in which cold press
was applied, the acid value of the “Crimson” variety
seed oil was found to be 9.5 mg KOH/g oil (Rezig
et al., 2019). The TPC of the seed oils from grafted
(49.25-53.56 mg GAE/kg) and ungrafted (51.86 mg
GAEFE/kg) watermelons was lower than that of Iranian
watermelon seed oils (111 mg GAE/kg), as reported
by Hashemi ef al. (2017). In addition, the TPC of
the seed oils from four gourd cultivars was found to
be between 80 and 105 mg GAE/kg as reported by
Essien et al. (2015). The decrease observed in the
antioxidant activity of oils by grafting was found sta-
tistically significant (p < 0.01). The control sample
(K) (0.52 mmol TE/kg) had the highest antioxidant
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FiGure 1. Loading plot based on PC1 and PC2 obtained by principal component analysis using some seed (A) and oil (B) characteristics of
scion on different rootstocks

*PC1: First component; PC2: Second component; OY (Oil yield); KOY (Kernel oil yield); TPC (Total phenolic compounds); AA (Anti-
oxidant activity); L* (Lightness); a* (redness-greeness); b* (yellowness-blueness); C* (Chroma); h (Hue); AV (Acid Value); LA (Linoleic
Acid); PA (Palmitic Acid); SA (Stearic Acid); OA (Oleic Acid); TSW (thousand grain weight); SW (width); SL (length); ST (thickness)

activity, followed by the A4 (0.49 mmol TE/kg),
A3 (0.46 mmol TE/kg), Al (0.45 mmol TE/kg), A2
(0.44 mmol TE/kg) samples.

The polyunsaturated, monounsaturated and satu-
rated fatty acid profiles of the watermelon seed oils
statistically changed with the application of grafting
(p<0.01) (Table 4). The fatty acid distribution in the
ungrafted control sample (Crimson Tide) was as fol-
lows: 63.40% linoleic acid, 16.74% oleic acid, 11.90%
palmitic acid and 7.97% stearic acid. When compared
to the control sample, an increase in the amount of
unsaturated fatty acids (UFAs) in the A1, A2 and A4
samples and of saturated fatty acids (SFAs) in the A3
was observed. The highest linoleic acid content was
determined in the seed oils from the citroides root-
stock samples as 64.81% (A1) and 64.68% (A2), the
lowest oleic acid content was also determined in the
same samples as 15.98% and 15.78%, respectively.
According to the control sample, the grafting appli-
cation in citroides samples caused a statistically sig-
nificant increase in linoleic acid content, with a signif-
icant decrease in the oleic acid content. The seed oil
from the bottle gourd rootstock sample (A3) had the
highest oleic acid content (17.86%), but the lowest li-
noleic acid (61.88%). No work regarding the effect of
grafting on the fatty acid profile of the seed oils from
watermelons or the other plants in the Cucurbitace-

ae family could be found. This situation is also valid
for all analyses performed on the seeds and their oils
except thousand grain weight. The obtained results
for the fatty acid profiles show similarity with the
studies performed by Wani et al. (2013), Hashemi et
al. (2017), Rezig et al. (2019), and Eke ef al. (2021).
With the effect of grafting, a significant difference
was observed in the color values of watermelon seed
oils (Table 5). The increase in L* and h values and
the decrease in a*, b* and C* values were statistically
significant (p < 0.01). The values for L*, a*, b*, C*
and h in the oils were between 87.09-89.08, (-)0.47-
(-)1.21, 62.11-80.37, 62.12-80.37 and 90.34-91.12,
respectively.

3.3. Principal component analysis (PCA)

3.3.1. PCA of seeds

PCA is a practical and commonly used meth-
od to estimate the agricultural practices on prod-
uct content and quality (Seymen et al., 2019). The
seeds of the watermelon grafted with different root-
stocks, thousand grain weight, width, length, thick-
ness, color values (L* a* b* C*, h), total phenolic
compounds and antioxidant activity results ob-
tained were subjected to PCA (Table 6). As a result
of PCA, the study explained a high rate of 91.4%
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FIGURE 2. Score plot based on PC1 and PC2 obtained from principal component analysis using some seed (A) and oil (B) characteristics of
scion on different rootstocks

*PCI1: First component; PC2: Second component; K (Control); Al and A2 (Citrullus lanatus var. citroides. A3 (Lagenaria siceraria); A4
(Cucurbita maxima Duchesne x Cucurbita moschata Duchesne hybrid (‘TZ-148))

in two components. Seymen et al. (2019) reported
that the first two components should be explained
by more than 25% of the study to use PCA. Ac-
cording to the results obtained, 91.4% of two com-
ponents studied were detected and it was revealed
that this analysis will give important results about
the usability and the parameters examined. The first
component (PC1) explained 53.7% of the study
and L* a* b* C*, hand total phenolic compound
parameters were the highest declared parameters
positively. The second component (PC2) explained
37.7% of the study and thousand grain weight,
width, length, and thickness parameters were the
highest explained parameters.

A loading chart was created to examine the re-
lationships among thousand grain weight, width,
length, thickness color (L*, a*, b* C*, h), total
phenolic compounds and antioxidant activity
(Figure 1-A). If the angle between the vectors in
the figure is < 90°, there is a positive relationship;
if it is > 90°, there is a negative relationship; and
if it is equal to 90°, there is no relationship. As
seen in the figure, the highest positive relation-
ships were seen among antioxidant activity-C*,
h-b* and thousand grain weight-width. Similarly,
Seymen et al. (2019) reported positive relation-

ships between thousand grain weight-seed width
and thousand grain weight-length in pumpkin
seeds. On the other hand, the dimensions of seeds
and thousand grain weight parameters showed
no relationship with seed color or other chemical
contents. In the score plot (Figure 2-A), control
(K) was in the positive region of both compo-
nents, which showed significant results for the
parameters in both components. As a result, the
control had significant effects on some physico-
chemical properties of watermelon seeds. On the
other hand, wild rootstocks (Al and A2) and A4
showed similarity in terms of seed characteristics
and were located in the same region on the plot.

3.3.2. PCA of seed oil

The seed oil from the watermelon grafted with
different rootstocks, oil content, kernel oil content,
total phenolic compounds, antioxidant activity, color
values (L*, a*, b*, C*, h), acid value, stearic acid,
palmitic acid, oleic acid and linoleic acid results ob-
tained were subjected to PCA (Table 7). As a result
of PCA, the study explained a high rate of 94.07% in
three components.

According to the results obtained, 94.1% of
three components studies were detected and it was
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revealed that this analysis will give important re-
sults about the usability and the parameters exam-
ined. The first component (PC1) and the second
component (PC2) explained 43.7 and 28.9% of the
study, respectively. a* b* and C* parameters in
PC1 were the highest declared parameters positive-
ly while L* and h parameters were the highest de-
clared negatively. In PC2 antioxidant activity, oleic
acid and stearic acid were the highest parameters
declared positively; oil content, and linoleic acid
were the highest parameters declared negatively.
The third component (PC3) explained 21.5% of the
study and total phenolic compounds and palmitic
acid parameters were the highest positive parame-
ters and kernel oil content was the highest negative
parameter.

A loading chart was created to examine the re-
lationships among oil content, kernel oil content,
total phenolic compounds, antioxidant activity,
color (L*, a*, b*, C*, h), acid value, stearic acid,
palmitic acid, oleic acid and linoleic acid (Fig-
ure 1-B). The highest positive relationships were
found between a*- total phenolic compounds, b*-
C*. The highest negative relationships were found
between linoleic acid-oleic acid, oil content-anti-
oxidant activity. Similar to the result of this re-
search, Gangadhara and Nadaf (2018) reported
strong negative relationships between oleic acid
and linoleic acid in two backcross generations
of groundnut. Delta-12 fatty acid desaturase 2
(FAD2) enzyme, which is specific to plant seeds,
converts oleic acid to linoleic acid by desaturation
and leads to high linoleic acid contents in some
seed oils (Nayeri and Yarizade, 2014). The neg-
ative relationship between oleic and linoleic ac-
ids in this study may be explained by conversions
among fatty acids. Higher linoleic acid ratios in
the oils of A1 and A2 samples can arise from the
activities of such enzymes. In the score plot, con-
trol (K) was in the positive region of both com-
ponents (Figure 2-B). As a result, the control had
significant effects on the some physicochemical
properties of watermelon seed oil. However, Al
and A2 wild rootstocks differed from other root-
stocks and the control sample with its high lin-
oleic acid content. When taking into consideration
the importance of linoleic acid for human health
and linoleic acid ratios of A1 and A2 samples,
wild watermelon rootstocks can be an alternative

TABLE 7. PCA results regarding Some oil characteristics of scion
in different rootstocks

Items PC1 PC2 PC3
Eigenvalue 6.11 4.04 3.02
Percentage of variance 43.7 28.9 21.5
Cumulative variance 43.7 72.5 94.1
Eigenvectors

Oil content -0.12247  -0.46143 0.12545
Kernel oil content 0.09545 -0.08155 -0.54450
g;’tfﬂ dpshen(’lic oM )26307  -0.09902  0.42191
Antioxidant activity 0.07336 0.34514 -0.26465
L* -0.38725  -0.08516 0.11911
a* 0.38234 -0.11057 -0.13621
b* 0.37950 0.01483 0.16105
C* 0.37947 0.01485 0.16096
h -0.39349  0.09420 0.05256
Acid Value 0.26798 0.27154 0.16867
Palmitic acid -0.07043  0.11719 0.54856
Stearic acid 0.16425 0.39950 -0.09502
Oleic acid -0.20623  0.41906 0.01803
Linoleic acid 0.12656 -0.44726 -0.11687

PCI1, PC2, and PC3 indicate first, second, and third components,
respectively.

to commercial rootstocks in watermelon grafting
in terms of seed oil production.

4. CONCLUSIONS

The present study demonstrated that the ap-
plication of grafting to watermelon significant-
ly influenced the fatty acid profile and physico-
chemical properties of seeds and seed oils apart
from C* values for the seeds, kernel oil content
and total phenolic compounds of seed oils. Al-
though the use of rootstocks decreased the total
phenolic compounds and the antioxidant activity
of the seeds, it increased the oil efficiency of the
seeds and improved the use of them for seed oil.
In addition, the use of citroides rootstocks can
be recommended in terms of high content in li-
noleic acid. This study is the first to investigate
the detailed characteristics of grafted watermelon
seeds. Therefore, more studies are needed on this
subject.
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SUMMARY: Hura crepitans seed oil (HCSO) remains under-utilized, largely due to the scarcity in data regarding its biochemical
properties. To investigate the functional and pro-inflammatory responses to HCSO, twenty-four male rats were grouped into four and
received compounded diets containing 5%-HCSO; 10%-HCSO; 15%-HCSO; and 15%-AHO (as control) for eight weeks. The functional
responses and the expression of pro-inflammatory cytokines and their receptors were appraised. The organ function biomarkers in rats
fed with HCSO-supplemented diets were statistically similar to those of control rats, except for uric acid and creatine levels, which were
significantly lower in the HCSO-fed groups, and the urea level, which was elevated in all HCSO-fed groups. Also, HCSO significantly
downregulated the expression of pro-inflammatory cytokines (TNF-a, IL-1a, IL-1B, and IL-6) and their receptors (IL-1R and IL-6R),
when compared to the control group. Our results highlight the reno- and cardio-protective potentials of HCSO, as well as its anti-inflam-
matory potentials.

KEYWORDS: Arachis hypogea; Hura crepitans, Inflammation; Organ function; Seed oil.

RESUMEN: Evaluacion bioquimica del aceite de semilla de Hura crepitans infrautilizado: respuestas funcionales e inflamatorias en
ratas albinas. El aceite de semilla de Hura crepitans (ASHC) sigue estando infrautilizado en gran parte debido a la escasez de datos sobre
sus resultados bioquimicos. Para investigar las respuestas funcionales y proinflamatorias al ASHC, veinticuatro ratas macho se agruparon
en grupos de cuatro y recibieron dietas compuestas que contenian 5%-ASHC; 10%-ASHC; 15%-ASHC y 15%-AC aceite de cacahuete
(aceite de cacahuete control), durante ocho semanas. Se evaluaron las respuestas funcionales y la expresion de citocinas proinflamato-
rias y sus receptores. Los biomarcadores de la funcion de los drganos en ratas alimentadas con dietas suplementadas con ASHC fueron
estadisticamente similares a los de las ratas de control, excepto por los niveles de acido urico y creatina, que fueron significativamente
mas bajos en los grupos alimentados con ASHC, y el nivel de urea, que fue elevado en todos los grupos alimentados con ASHC. Ademas,
ASHC disminuy¢ significativamente la expresion de citocinas proinflamatorias (TNF-a, IL-1a, IL-1p e IL-6) y sus receptores (IL-1R e
IL-6R), en comparacion con el grupo de control. Nuestros resultados destacan los potenciales renoprotectores y cardioprotectores del
ASHC, asi como su potencial antiinflamatorio.
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1. INTRODUCTION

Seeds, which are valuable sources of fats and
oils, comprise an essential component of the human
diet (Hao et al., 2020). Seed oils are finding more
and more uses in various industries, e.g., as flavors
and textures in food industries and as oleo-chemi-
cals for petrochemical industries (Anyasor et al.,
2009). Africa, like most other (sub-)tropical con-
tinents, has these seeds and nuts in abundance but
is yet to wholly utilize them, owing to the scarci-
ty in data concerning their physical, chemical, bio-
chemical, and industrial properties (Abdulkadir et
al., 2013). Nevertheless, some seed oils, like those
from Arachis hypogea (groundnut) and Glycine max
(soya beans), have received considerable attention
and already play important roles in countries such as
Nigeria (Esonu et al., 2014). However, most seeds
remain underutilized, one of which is Hura crepitans
(Abdulkadir et al., 2013; Hao et al., 2020).

H. crepitans L. (common name: Sandbox tree) is
an evergreen, perennial and dicotyledonous plant of
the spurge family (Euphorbiaceae). It has short, dark,
thickly parked, and pointed spines on the trunk and
branches and is often planted as shade trees in towns
and villages in Nigeria (Ezeh et al., 2012). H. crepitans
seeds embody a very vital source of oil, with diverse
potentials. The seeds contain amino acids at levels
comparable to the other utilized seeds, with even high-
er lysine, cysteine methionine, threonine, and histidine
(Ezeh et al., 2012; Esonu et al., 2014). Moreover, the
bark has been used as a traditional medicine to treat
constipation, skin irritations, microbial and fungal dis-
eases in humans and in veterinary practices (Adindu et
al.,2015). In Nigeria, however, the seeds are discarded
as waste since there is no definite use for the H. crepi-
tans seed oil (Adewuyi et al., 2014). Oil from Arachis
hypogea (AHO), known as groundnut oil or peanut
oil, is one of the major vegetable oils, with as much
as 6.05 million metric tons of AHO produced global-
ly in 2019/20 (Akhtar et al., 2014; Arya et al., 2016).
AHO is rich in essential vitamins and unsaturated fats
but contains a low proportion of saturated fats; it also
has good antioxidant properties (Arya et al., 2016). It
is therefore not surprising that it is one of the most uti-
lized seed oils, whereas that from H. crepitans remain
under-utilized, despite boasting comparable physical
and chemical properties. The physicochemical prop-
erties and fatty acid composition of the seed and seed

oil of H. crepitans have been reported (Oyeleke et al.,
2012; Oyekunle and Omode, 2008). Besides, previous
studies demonstrated the antimicrobial potentials of es-
sential oil from H. crepitans (Abdulkadir et al., 2013;
David et al., 2014) but left issues regarding its safety
and other biochemical outcomes unexplored.

This study reports, for the first time, the func-
tional and inflammatory responses to H. crepitans
seed oil, in comparison with that of 4. hypogea oil (a
well-utilized oil), in a bid to fill the dearth of infor-
mation regarding the biochemical characteristics of
this under-utilized seed oil.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Tris salt, n-hexane, diethyl ether, heparin, Tris,
EDTA, boric acid, ethidium bromide, agarose, and hy-
drogen chloride were obtained from British Drug Hous-
es Chemicals Limited, Poole, England. These and all
other reagents used were of the purest grade available.

2.2. Plant materials and oil extraction

H. crepitans seeds, of good quality, were collect-
ed from Covenant University in Ota, Ogun state.
The seeds were handpicked, air-dried, and then pre-
served. The seeds were identified and authenticated
at the Department of Pure and Applied Botany, Fed-
eral University of Agriculture, Abeokuta, with the
herbarium voucher number - FUNAABH-0082. The
oil was extracted from H. crepitans seeds using the
Soxhlet extraction technique, with analytical grade
n-hexane as extraction solvent (Oniya, 2017), while
unadulterated A. hypogea oil was purchased from
the Kurmi market in the city of Kano, Kano State,
Nigeria. Both oils were stored at 25 °C, in glass vi-
als. Yield (%) was calculated as the percentage of
the weight of oil divided by the weight of the seeds
(Briihl, 1997). The color and smell of the oils were
determined by visual observation and sense of smell.

2.3. In-vitro assays

Peroxide value. An oil sample (1 g) was weighed
into a 200-ml conical flask, followed by 25 ml of gla-
cial acetic acid:chloroform solvent (2:1 v/v); saturated
potassium iodide (1ml) was then added, and the mix-
ture was left in the dark for 1 minute. Next, 30 ml of
water were added, and the mixture was titrated with a
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TaBLE 1. Composition of H. crepitans seed oil (HCSO) and 4. hypogea oil (AHO) -compounded diet.

Composition 5% HCSO diet (g/100g) 10% HCSO diet (g/100g) 15% HCSO diet (g/100g) 15% AHO diet (g/100g)
Maize 40 40 40 40
Flour binder 10 10 10 10
Soy beans 7 7 7 7
Groundnut cake 10 10 10 10
Fish meal 9 9 9 9
W/Offal 5 5 5 5
Bone 1.4 1.4 1.4 1.4
Premix (Broiler) 2 2 2 2
Lysine 0.1 0.1 0.1 0.1
Salt (NaCl) 0.2 0.2 0.2 0.2
Methionine 0.3 0.3 0.3 0.3
A. hypogea oil 10 5 - 15
H. crepitans seed oil 5 10 15

0.02 N thiosulphate solution using 5 M starch as the
indicator. A blank determination was similarly carried
out. Peroxide value was calculated from the equation:

Peroxide value (mEq/kg) =[100(V1 -V2)]/W

W = weight of sample (g); V1 = volume (ml) of
thiosulphate solution in test; V2 = volume (ml) of
thiosulphate solution in blank (Briihl, 1997).

Acid value. The acid value of the oil sample was
determined by dissolving 0.20 g of oil in 2.5 ml etha-
nol:diethyl ether solvent (1:1 v/v) and titrating with 0.1 N
potassium hydroxide (KOH) while swirling using phe-
nolphthalein as indicator. The calculation is as follows:

Acid Value (mg KOH/g) =[56.1 x Nx V]/W

N = Normality of NaOH; V = Volume (ml) of
NaOH; W = Weight of sample (Briihl, 1997).

Saponification value. The Sample oil (1 g) was
weighed and transferred into an Erlenmeyer flask,
after which 4 mls of ethanol and 2 mls of KOH
were added. The flask (equipped with a reflux con-
denser) was heated in a water bath for 30 minutes
with occasional shaking. The flask was cooled, a
few drops of phenolphthalein were added, and the
excess KOH was immediately titrated with 0.5 M
hydrochloric acid (HCI). A blank test was also car-
ried out.

Saponification value (mg KOH/g) =[(a - b) %
28.051/W

a = volume (ml) of 0.5 M HCI consumed in the
blank; b = volume (ml) of 0.5 M HCI consumed in
the test; W= weight (g) of sample (Briihl, 1997).

2.4. Experimental animals

Twenty-four (24) male albino rats (150-170g) used
in this study were obtained from a reputable animal
farm in Ota, Ogun State Nigeria, housed in separate
cages under ambient conditions in the animal house
of our department, and served food and water ad [i-
bitum. This study received ethical approval from the
ethics committee of the Department of Biochemistry,
Federal University of Agriculture, Abeokuta (Ref No:
FUNAAB/CBS/BCH/PG/14-0054). All conditions of
animal experimentation conformed to the guidelines
outlined by Percie du Sert et al. (2010).

After a two-week acclimation period, the rats
were divided randomly into four groups of six an-
imals each. The first group received a compounded
diet containing 5% H. crepitans seed oil (HCSO),
and the second group received a 10% HCSO-com-
pounded diet, the third group received a 15% HC-
SO-compounded diet, while the last group (serving
as the control) received a 15% AHO-compounded
diet. The 15% AHO group was used as the con-
trol since this group received the standard seed oil
(AHO) to which HCSO was being compared. The
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diets, compounded as shown in table 1, were given
daily for eight (8) weeks with fresh water ad libitum.

2.5. Sample collection

After eight weeks, the animals were sacrificed af-
ter an overnight fast under diethyl ether anaesthesia.
Blood samples, collected via cardiac puncture, were
centrifuged immediately for 10 minutes at 4000 rpm
to obtain the plasma. Small portions of organs (liver,
kidney, and heart) were stored in RNase-free water
(-80 °C) for gene expression profiling.

2.6. Biochemical analysis

Liver function tests [direct and total bilirubin lev-
els, and the activities of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and gam-
ma-glutamyl transferase (GGT)], kidney function
tests (levels of uric acid, creatinine, and urea), and
heart function tests (lactate dehydrogenase (LDH)
and creatine kinase activities) were determined in the
plasma, using diagnostic kits obtained from Randox
Laboratories Limited (Crumlin, United Kingdom).

2.7. Gene expression profiling

The gene expression profiles for pro-inflammatory
cytokines and their receptors [tumor necrosis factor-al-
pha (TNF-a), interleukin-lalpha (IL-la), interleu-
kin-1beta (IL-1p), IL-1 receptor (IL-1R), interleukin-6
(IL-6), and IL-6 receptor (IL-6R)] were assessed using
semi-quantitative reverse transcriptase-polymerase
chain reaction (RT-PCR) techniques. RNA was extract-
ed from the organs using an Easy-Spin plus RNA mini
extraction Kit (Sigma-Aldrich, Germany). The RT-
PCR was carried out using the Transgen EasyScript®
one-step RT-PCR super mix kit with gene-specific
primers (Table 2). The intensity of the amplicon bands
on 1% agarose was analyzed using a UV Transillumi-
nator and the image band was quantified with Image J
software (Rotimi et al., 2017).

2.8. Statistical analysis

Values are expressed as mean + standard error
of mean (SEM). The levels of homogeneity among
the groups were tested using one-way analysis of
variance and Tukey’s test, with (p < 0.05) consid-

TABLE 2. Gene-specific primers

Genes Sequence (5'-3%) Template T™ (°C)
N Reverse: AAATGGCAAATCGGCTGACG NM_0126753 550
1S Reverse: AGCACACTAGGTTTGCCGAG NM_012589.2 530
1L-6R Revers: TTCAGCGGTCCCAAGGOATA NM_017020.3 50
ILIR Revers: AAGCACAGAACACGGCTGTA NML013123.3 s
1L1p Reverse: ATGTCCCGACCATTGOTOTT NML031512.2 562
Lt Revers: TCTCCTCCCATGAGTAGGC. NM_0170191 57
P-Actin Reverse: AGAGOTCTTTACGGATGTCAACGT NM_031144.3 344
TaABLE 3. Some physicochemical properties of 4. hypogea oil (AHO) and H. crepitans seed oil (HCSO)
Sample Saponification value (mg KOH/g) Peroxide value (meqO,/kg) Acid value (mg KOH/g) Color Odor
AHO 185.95+1.67 15.70 + 1.44 1.29+0.19 Light brown  Agreeable
HCSO 167.93 £3.75 10.50 £ 1.16 0.64 +0.02 Golden yellow Agreeable
P value 0.011 <0.0001 0.028 - -

Values are mean + standard error means of three replicates, with the level of significance determined by student’s T-test.
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ered significant. For the in-vitro assays (two sample
groups), the post-hoc test used was student’s T-test.
All analyses were done using GraphPad Prism (ver-
sion 8.0).

3. RESULTS

3.1. In-vitro and physiochemical results

The saponification value, peroxide, and acid
value of AHO were significantly (p < 0.05) higher
than that of HCO by 10, 33, and 50%, respectively.
HCSO had a golden-yellow color compared to light
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brown for AHO. At room temperature (25 °C), the
two oils were in the liquid state, and both had agree-
able odors; while the observed percentage yield for
HCSO and AHO were 35.28 and 32.00%, respec-
tively (Table 3).

3.2. Effect of HCSO on liver function biomarkers
compared to AHO

There was no significant difference (p < 0.05) in
the assessed markers for liver function (i.e., levels of
direct and total bilirubin, as well as activities of AST,
ALT, and GGT) across the groups (Figure 1A-E).
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Ficure 1: Effect of H. crepitans seed oil (HCSO) and A. hypogea o0il (AHO) on liver function markers in the plasma of experimental
rats. The oils were compounded into the animal diets, with varying percentage compositions (5 — 15%). AST = Aspartate transaminase;
ALT = Alanine transaminase; GGT = Gamma-glutamyl transferase. Bars are mean + standard error of mean (n=6). Bars bearing different
letters are significantly different (p < 0.05; one-way ANOVA and Tukey test were used to analyze the results).
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Ficure 2: Effect of H. crepitans seed oil (HCSO) and A. hypogea oil (AHO) on kidney function markers in the plasma of experi-
mental rats. The oils were compounded into the animal diets, with varying percentage compositions (5 — 15%). Bars are mean + standard
error of mean (n=6). Bars bearing different letters are significantly different (p < 0.05; one-way ANOVA and Tukey test were used to
analyze the results).

Grasas y Aceites 73 (3), July-September 2022, e476. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0445211


https://doi.org/10.3989/gya.0445211

6 * R.N. Ugbaja, A.O. Simeon, E.I. Ugwor, S.O. Rotimi, C.O. Eromosele and O. Ademuyiwa

A

80.00- 3

- b 3 5 %HCSO
xd 60.00- § EA 10 % HCSO
= a a = i E3 15 % HCSO
E £40.00 E E e B 15 % AHO
- S
a3 20.00- L

0.00
Groups Groups

FiGure 3: Effect of H. crepitans seed oil (HCSO) and A. hypogea oil (AHO) on cardiac function markers in the plasma of experi-
mental rats. The oils were compounded into the animal diets, with varying percentage compositions (5 — 15%). CK = Creatine kinase;
LDH = Lactate dehydrogenase. Bars are mean + standard error of mean (n=6). Bars bearing different letters are significantly different (p <
0.05; one-way ANOVA and Tukey test were used to analyze the results).
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FiGURE 4: Effect of H. crepitans seed oil (HCSO) and A. hypogea oil (AHO) on the relative gene expression of pro-inflammatory cy-

tokines and their receptors in the liver of experimental rats. The oils were compounded into the animal diets, with varying percentage

compositions (5 — 15%). TNF-o = Tumour necrosis factor alpha; IL-1a = Interleukin 1 alpha; IL-1p = Interleukin 1 beta; IL-1R = Interleu-

kin 1 receptor; IL-6 = Interleukin 6; IL-6R = Interleukin 6 receptor. Bars are mean + standard error of mean (n=3). Bars bearing different
letters are significantly different (p < 0.05; one-way ANOVA and Tukey test were used to analyze the results).
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FiGure 5: Effect of H. crepitans seed oil (HCSO) and A. hypogea oil (AHO) on relative gene expression of pro-inflammatory

cytokines and their receptors in the kidney of experimental rats.

The oils were compounded into the animal diets, with varying per-

centage compositions (5 — 15%). TNF-a = Tumour necrosis factor alpha; IL-1a = Interleukin 1 alpha; IL-1f = Interleukin 1 beta; IL-1R =
Interleukin 1 receptor; IL-6 = Interleukin 6; IL-6R = Interleukin 6 receptor. Bars are mean + standard error of mean (n=3). Bars bearing
different letters are significantly different (p < 0.05; one-way ANOVA and Tukey test were used to analyze the results).

3.3. Effect of HCSO on kidney function biomarkers
compared to AHO

Plasma urea levels were significantly higher (p
< 0.05) in all HCSO groups compared to the 15%-
AHO; while both uric acid and creatinine levels
were significantly (p < 0.05) decreased in the plas-
ma of the HCSO groups compared to the 15%-AHO
group (Figure 2).

3.4. Effect of HCSO on cardiac function biomarkers
compared to AHO

The activities of CK and LDH were significant-
ly (p <0.05) lower in 10% and 15%-HCSO groups

compared to the 15%-AHO; while in the 5%-HCSO
group, CK and LDH enzyme activities were not sig-
nificantly (p > 0.05) different from that of the 15%-
AHO (Figure 3).

3.5. Effect of HCSO on relative gene expression of
pro-inflammatory cytokines and their receptors in
the liver of albino rats, compared to AHO

The gene expressions of TNF-a, IL-1a, IL-1R,
and IL-6R, compared to B-actin, followed a similar
pattern in the liver (Figure 4A, 4B, 4C, and 4F).
Compared to the 15%-AHO group, the relative
expressions of these genes were significantly (p <
0.05) decreased, with the least expression of these

Grasas y Aceites 73 (3), July-September 2022, e476. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0445211


https://doi.org/10.3989/gya.0445211

8 « R.N. Ugbaja, A.O. Simeon, E.I. Ugwor, S.O. Rotimi, C.O. Eromosele and O. Ademuyiwa

8 & 8
g8 8
a

8

Kidney TNF-c:
Relative Expression

o

8
8

8
&

8 &
8

KidneyIL-1p
Relative Expression
8

o

10000
8000
6000
4000
2000

Kidney IL6
Relative Expression

e

Kidney IL-1cc
Relative Expression

Kidney IL-1R
Relative Expression
8
-]

0|
[
o
8

essi
8
8

KidneyIL-6R

Relative Expr

1 5 % HCSO
B Ed 10 %, HCSO
E3 15 % HCSO

M 15 % AHO

]
8
o

]
g
o

N
g
(-]

[+]

4]
=]
8

= N
o o
o 88

IL-6R

Ficure 6: Effect of H. crepitans seed oil (HCSO) and A. hypogea oil (AHO) on the relative gene expression of pro-inflammatory cy-

tokines and their receptors in the heart of experimental rats. The oils were compounded into the animal diets, with varying percentage

compositions (5 — 15%). TNF-o = Tumour necrosis factor alpha; IL-1a = Interleukin 1 alpha; IL-1B = Interleukin 1 beta; IL-1R = Interleu-

kin 1 receptor; IL-6 = Interleukin 6; IL-6R = Interleukin 6 receptor. Bars are mean + standard error of mean (n=3). Bars bearing different
letters are significantly different (p < 0.05; one-way ANOVA and Tukey test were used to analyze the results).

pro-inflammatory mediators observed in the 15%-
HCSO group, followed by the 10%-HCSO group,
and then the 5%-HCSO group (i.e., in a dose-de-
pendent manner). The HCSO groups had downreg-
ulated expression of IL-6 compared to the 15%-
AHO group, with the 15%-HCSO group having the
lowest expression; while the 5% and 10%-HCSO
groups had statistically similar 1L-6 expression
levels (Figure 4E). No significant difference (p <
0.05) was observed in the expression of IL-1 (rel-
ative to P-actin) across all experimental groups of
animals (Figure 4C).

3.6. Effect of HCSO on relative gene expression of
pro-inflammatory cytokines and their receptors in
the kidney of albino rats, compared to AHO

In a similar manner, the relative expression of
gene coding for the pro-inflammatory cytokines and
their receptors were significantly (p < 0.05) lower
in the kidneys of the HCSO groups compared to the
15%-AHO group, except for the IL-1 receptor, where
the 5%-HCSO showed no significant (p > 0.05) dif-
ference from the 15%-AHO group (Figure 5). No-
tably, the decreased relative expressions of TNF-a,
IL-6, and IL-6R followed a dose-dependent trend.

3.7. Effect of HCSO on the relative gene expression
of pro-inflammatory cytokines and their receptors
in the heart of albino rats, compared to AHO

Similarly, in the heart, the relative expression of
the pro-inflammatory cytokines and their receptors
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were significantly (p < 0.05) downregulated, particu-
larly by the 10 and 15%-HCSO diet, when compared
to the 15% AHO group (Figure 6).

4. DISCUSSION

The unprecedented surge in the world’s popula-
tion, along with the resultant increased consumption
of food and fuel, has made the search for alternative
food and fuel sources a priority in the area of study.
Seed oils now occupy influential positions in human
diets and as alternative biofuels, owing mostly to
their tolerability, availability, inexpensiveness, and
a plethora of applications (Anyasor ef al., 2009; Lei
et al., 2018; Pachuau et al., 2019). Despite the in-
tensifying enthusiasm to elucidate the diverse health
relevance and bioactivities of these seed oils, many
are still under-studied, and one of such is H. crep-
itans (Abdulkadir et al., 2013), partly due to lack
of information regarding its biochemical proper-
ties. This study thus investigates the functional and
pro-inflammatory responses to H. crepitans seed oil
(HCSO), in comparison with 4. hypogea oil (AHO),
in a bid to fill that dearth of information.

Saponification value correlates inversely with
average molecular weight (or, by extension, chain-
length) of fatty acids in oil, implying that the lower
the saponification value the higher the average mo-
lecular weight (or longer the fatty-acid chain) and
vice-versa (Gunstone, 2009). Peroxide value is used
to monitor the oxidative deterioration (rancidity) of
oils. Thus, a high peroxide value may indicate in-
creased oxidation and formation of hydroperoxides
(Gordon, 2004). The acid number is a measure of
the number of carboxylic acid groups, i.e., the acid-
ity of the oil sample, and a high acid value indicates
oil with a reduced quality (Kardash and Tur’yan,
2005). In-vitro evaluations revealed similar physical
properties (color, odor, and yield) between HCSO
and AHO. However, the saponification, peroxide,
and acid values were lower in the HCSO, indicat-
ing that HCSO may be of even better quality than
AHO. Moreover, the values of these chemical prop-
erties obtained for HCSO compared favorably with
previous values obtained for more utilized seed oils
like those of soy bean, sunflower, olive, linseed, etc.
(Gunstone, 2009), which is suggestive of the quality
of HCSO.

We also examined the effects of HCSO on the
function of some vital organs. The liver, the largest

internal organ, performs various metabolic functions
that are essential for the continuity of life. Due to
its strategic position and diverse roles, it is particu-
larly susceptible to diseases (Owojuyigbe et al.,
2020). Liver disease, currently among global health
issues (Byass, 2014), can be detected by carrying
out liver function tests in the blood, such as levels
of bilirubin and albumin, as well as the activities
of some liver enzymes (Cheesbrough, 2006; Owo-
juyigbe et al., 2020). Bilirubin is formed from the
breakdown of heme. This water-insoluble bilirubin
(unconjugated or indirect bilirubin) is transported to
the liver, via the blood, where it is conjugated with
glucuronic acid (by glucuronosyltransferase) to form
water-soluble bilirubin glucuronides (conjugated or
direct bilirubin), which are then excreted via biliary
excretion. Total bilirubin refers to both direct and
indirect bilirubin (Cheesbrough, 2006). Liver en-
zymes (such as AST, ALT and GGT) are generally
useful and rather sensitive markers of liver disease.
Localized within the hepatocytes, these enzymes are
released into circulation, following the compromise
of the cell membrane (resulting from liver injury or
disease) (Niemeld and Alatalo, 2010). Increased lev-
els or activities in these biomarkers typically char-
acterize liver damage or disease (Owojuyigbe et al.,
2020). Indeed, the hepatoprotective properties of
many treatments are assessed based on the reduc-
tions in the blood levels of these liver biomarkers. In
this study, the activities and levels of these biomark-
ers in rats fed with HCSO-supplemented diets were
not significantly different from that in rats fed with
15% AHO, indicating that HCSO did not damage the
liver or impair its function. These findings are cor-
roborated by Igwenyi ef al. (2017), who reported de-
creased liver biomarkers (AST, ALT, total and direct
bilirubin) following treatment of diabetic rats with
H. crepitans seed extract (HCSE). They attributed
these effects to its rich phytochemical constituents,
such as alkaloids, carotenoids, flavonoids, etc., pre-
viously characterized by Adindu et al. (2015).

The kidney, another major organ, primarily ex-
cretes wastes from the blood and are involved in oth-
er regulatory processes. However, because they are
metabolically active and receive a quarter of cardi-
ac output (despite weighing below 1% of total body
weight); while also filtering out water from the filtrate
(and may thus concentrate and accumulate toxic sub-
stances), the kidneys are particularly vulnerable to

Grasas y Aceites 73 (3), July-September 2022, e476. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0445211


https://doi.org/10.3989/gya.0445211

10 « R.N. Ugbaja, A.O. Simeon, E.I. Ugwor, S.O. Rotimi, C.O. Eromosele and O. Ademuyiwa

injury (Gheshlaghi, 2012; Shaterzadeh-Yazdi et al.,
2018). Clinically relevant biomarkers of renal dam-
age include urea, uric acid, and creatinine. Creati-
nine is produced by the muscle during unaltered ca-
tabolism excreted by the kidney, and may thus serve
as an important criterion for kidney function. Urea,
a waste product from dietary protein, is also filtered
into the urine by the kidneys (Burns and Wortmann,
2011). Uric acid, a product of purine metabolism, is
a normal component of urine produced in conditions
where there is cellular destruction and thus, degra-
dation of the nuclear material and release of purine
bases. These purines are, via a series of reactions,
converted into either hypoxanthine or xanthine,
which are then broken down by xanthine oxidase
into uric acid. The excessive build-up of uric acid
results in gout (Kanwal et al., 2018). However, these
biomarkers (creatinine, urea, and uric acid) are liber-
ally filtered by the glomerulus and efficiently excret-
ed via the urine with negligible metabolism by the
kidney. Thus, increased levels in the blood, in most
cases, may evince the onset of kidney failure (Burns
and Wortmann, 2011). While this current study did
not carry out urinalysis, in light of the observed sig-
nificantly (p < 0.05) reduced plasma levels of uric
acid and creatinine in all HCSO groups compared
to the AHO group, we hypothesize that HCSO pro-
motes renal clearance of these excretory products,
suggestive of its reno-beneficial potentials. Interest-
ingly, the levels of urea were significantly (p < 0.05)
higher in rats fed with the HCSO-supplemented diet
compared to those fed the AHO supplemented diet.
We attribute this elevation in urea level to the high
amino acid content of the H. crepitans seed oil (Es-
onu et al., 2014), especially glutamate (about 14.41
g/100 g protein), as per the reports of Fowomola and
Akindahunsi (2007). Thus, the increased urea level
may be a consequence of increased amino acid ca-
tabolism, which obligates increased urea production
(Higgins, 2016).

The heart, a muscular organ, pumps blood that
carries nutrients and oxygen to other parts of the body
and metabolic waste away from these parts through
the blood vessels of the circulatory system (Gaze,
2012). Clinically relevant cardiac tests include CK
and LDH activities in the plasma, which are quanti-
fiable markers of the health/disease condition of the
heart. CK couples the phosphorylation of creatine to
phosphocreatine (PCr) with the dephosphorylation

of ATP to ADP. PCr serves as an in-sifu energy store
for the swift regeneration of ATP. Creatine kinase
(CK) is primarily cytosolic and is examined as a
damage biomarker of CK-rich tissues, like the heart
(Moghadam-Kia et al., 2016). LDH, another cyto-
plasmic enzyme, converts pyruvate to lactate during
anaerobic respiration and is extensively expressed
in metabolically active tissues like the heart (Hu ef
al., 2015). Following cardiac injury/damage, these
cytosolic enzymes are released into the blood. Thus,
elevated activities correlate positively with various
heart diseases (Hu er al, 2015; Moghadam-Kia
et al, 2016). Our results showed that the CK and
LDH activities in rats fed the HCSO-supplemented
diet were not significantly different from those ob-
tained from rats fed with AHO. From these results,
the HCSO did not provoke any significant damage to
the organs (kidney, liver, or heart), at least in com-
parison with AHO.

Gene analyses revealed a dose-dependent inhibi-
tion of the relative expression of genes coding for
pro-inflammatory cytokines (TNF-a, IL-1a, IL-1p,
and IL-6) and receptors (IL-1R and IL-6R) in the
HCSO-fed groups compared to the 15%-AHO group.
To the best of our knowledge, this current study is
the first to provide data regarding the in-vivo anti-in-
flammatory effects of H. crepitans seed oil follow-
ing oral supplementation. The previously available
study on the anti-inflammatory effect of H. crepitans
focused on its hexane and ethyl acetate extracts and
used topical application on rat paws (Avoseh et al.,
2018). Although inflammation is a defence mecha-
nism in response to noxious stimuli, e.g., infectious
agents, irritants, damaged tissues, etc., if left uncon-
trolled, it quickly becomes damaging, and this is a
contributing factor to the pathogenesis of a pleth-
ora of chronic inflammatory diseases (Chen et al.,
2018). During the inflammatory response, immune
cells are typically activated and they, in turn, se-
crete cytokines that initiate inflammatory pathways.
These pro-inflammatory cytokines (e.g., TNF-a,
IL-1B, and IL-6) facilitate inflammation via interac-
tion with the receptors of TNF (TNFR), IL-1 (IL-
1R), IL-6 (IL-6R), as well as the Toll-like receptors
(TLRs). Following activation, the receptor initiates
intracellular signalling cascades, such as the nuclear
factor kappa-B (NF-kB), mitogen-activated protein
kinase (MAPK), activator of transcription (STAT),
and Janus kinase (JAK)-signal transducer cascades
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(Zhang et al., 2019). These cascades play major
roles in the development of many leading causes of
death, like cancer, cardiovascular diseases, chronic
obstructive pulmonary disease, diabetes, etc. (WHO,
2020).

The suppression of inflammatory mediators by
HCSO, in a dose-dependent manner, clearly evinc-
es its anti-inflammatory properties. It remains to be
seen if these properties will prove beneficial in dif-
ferent models of disease conditions. Previous stud-
ies have characterized different parts of H. crepitans
and enumerated various inherent phytochemical
constituents, such as the nitrogen-containing alka-
loids, aromatic ring-containing phenolics, and iso-
prene-containing terpenoids (Oyekunle and Omode,
2008; Oyeleke et al., 2012; Adindu et al., 2015).
These phytochemicals have been reported to possess
antioxidant and anti-inflammatory properties (Chen
et al., 2018; Zhu et al., 2018) and may account for
the observed effects of HCSO on organ function and
inflammatory markers, and even contribute to the
lower saponification, peroxide, and acid values ob-
tained for HCSO.

CONCLUSIONS

Our results demonstrate that HCSO did not sig-
nificantly affect the function of major organs, nor
did it provoke adverse inflammatory responses. In-
stead, it suppressed the expression of pro-inflamma-
tory mediators. Having characterized some of the
biochemical effects of HCSO, further research may
investigate its potential beneficial effects on various
disease states, particularly those involving inflam-
mation.
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SUMMARY: Organic farming is a human and environment friendly production system that is based on soil fertility and food safety with-
out using chemical fertilizers and pesticides in production, aiming to re-establish the deteriorated ecological balance as a result of harmful
production practices. Organic products attract the interest of consumers as they are strongly perceived as healthier products compared
to conventional food. This study aimed to determine the differences in chemical, mineral, and fatty acid characteristics between conven-
tionally and organically cultivated Ferragnes and Ferraduel almond cultivars. When conventional and organic almonds were evaluated in
terms of fatty acids, proximate compositions, and minerals, crude oil and Mg were statistically insignificant, while Cu was significant (P
< 0.05) and all others were quite significant (P < 0.001). Total sugar was higher in organic samples compared to conventional samples in
both cultivars. The crude oil and linoleic acid (12.93% for Ferragnes and 14.99% for Ferraduel) were higher in conventional samples but
oleic acid (78.9% for Ferragnes and 81.08% for Ferraduel) was higher in organic samples. In addition, organic samples contained higher
Mg and Fe but lower P, K, Ca, Na, Zn, Mn and Cu when compared with conventional samples. The results indicate that conventionally
cultivated almonds present higher mineral content and lower fatty acid value compared to organically cultivated almonds.

KEYWORDS: Conventional; Fatty acid; Minerals; Organic,; Proximate; Prunus dulcis.

RESUMEN: Investigacion sobre la composicion quimica, minerales y dcidos grasos de dos cultivares de almendra cultivados como
orgdnico y convencional en el sudeste de Turquia. La agricultura organica es un sistema de produccion amigable con el ser humano
y el medio ambiente, basado en la fertilidad del suelo y la seguridad alimentaria. Este sistema suele prescindir del uso de fertilizantes
quimicos y pesticidas en la produccion, con el objetivo de prefijar el equilibrio ecologico previamente destruido como resultado natural
de practicas de produccion incorrectas. Los productos organicos estan atrayendo cada vez mas el interés de los consumidores ya que se
perciben como productos mas saludables en comparacion con los alimentos convencionales. Este estudio tenia como objetivo determinar
las diferencias en las caracteristicas quimicas, minerales y acidos grasos existentes entre los cultivares de almendra de Ferragnes y de Fe-
rraduel, cultivados tanto convencionalmente como organicamente. Cuando se evaluaron las almendras convencionales y las organicas en
términos de acidos grasos, composiciones proximal y minerales, el aceite crudo y el Mg fueron estadisticamente insignificantes, mientras
que los valores de Cu fue significativo (P<0.05) y todos los demas fueron bastante significativos (P<0.001). El aztcar total fue mayor en
muestras organicas en comparaciéon con muestras convencionales en ambos cultivares. El aceite crudo y el acido linoleico (12.93% para
Ferragnes y 14.99% para Ferraduel) fue mayor en muestras convencionales, pero el acido oleico (78.9% para Ferragnes y 81.08% para
Ferraduel) fue mayor en muestras organicas. Ademas, las muestras organicas contenian mayor Mg y Fe pero menor P, K, Ca, Na, Zn, Mn
y Cu cuando se compararon con las muestras convencionales. Los resultados indican que las almendras convencionales presentan mayor
contenido mineral y menor valor de acidos grasos en comparacion con las cultivadas organicamente.

PALABRAS CLAVE: Acido graso; Composicién proximal, Convencional; Minerales; Orgdnico; Prunus dulcis.
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1. INTRODUCTION

The cultivated almond is classified into the subge-
nus Amygdalus from the genus Prunus of the family
Rosaceae (Kester and Gradziel, 1998). The Prunus
amygdalus L. (almond) is an important nut crop and
cultivated and produced for various purposes com-
pared to other commercial nuts in the world (Simsek
et al., 2018). Turkey is one of the leading countries
in almond production. The agricultural data shows
that Turkey (150.000 tons) is the forth largest al-
mond producer after USA (1.936.840 tons), Spain
(340.420 tons) and Iran (177.015 tons) (FAO, 2020;
Giilsoy and Simsek, 2020).

The almond is one of the fruit species whose pro-
duction and consumption is increasing around world
because it contains valuable nutrients that have many
benefits on human health (Giilsoy and Balta, 2014).
The almond is a source of important compounds to
maintain a healthy metabolic function because of its
high levels of antioxidants, dietary fiber, vitamins
(mainly E, A, Bl, and B2) minerals, fat, protein,
essential fatty acids, and polyphenols (Welna et al.,
2008; Barreca et al., 2020). Recent studies have doc-
umented a wide range of health benefits including
possible protection from cancer (Davis and Iwahashi,
2001), obesity (Foster et al., 2012), diabetes (Lovejoy
et al., 2002), high cholesterol (Fulgoni et al., 2002)
and coronary heart disease (Jenkins et al., 2002). It is
not only beneficial for muscle and joint pain, rheuma-
tism, and skin diseases, but it also reduces headache,
sore throat, urinary infections, and kidney disorders
(Mushtaq et al., 2015).

As organic foods are perceived by consumers as
healthier, more beneficial for a sustainable environ-
ment, more nutritious compared to conventionally
produced foods and higher in quality, (Magnusson
et al., 2001; Macllwain, 2004; Gomiero, 2018), the
organic food industry is one of the fastest growing
food and agriculture industries worldwide (Ballest-
er-Costa et al., 2013). With the increasing number
of consumers who care about healthy lifesyles and
the environment, the tendency towards organically
produced foods is increasing (Giilnur et al., 2016).
However, whether there is a significant difference in
terms of nutritional value between organic foods and
foods grown according to conventional methods is
a subject of ongoing discussion among consumers
(Akan and Yilmaz, 2015). For this reason, in recent

years, many studies have been conducted about the
nutritional value of organically produced foods com-
pared to those produced conventionally. These stud-
ies have revealed that organic foods have high dry
matter content and amino acid quality (Zorb et al.,
20006), high polyunsaturated fatty acids (Dangour et
al., 2009), low nitrate and mycotoxin (Pussemier et
al., 2006), high content in minerals (Lairon, 2010),
a high amount of vitamin C, anthocyanin and anti-
oxidant capacities (Woese et al., 1997), rich in ca-
rotenoids (Hoefkens et al., 2010) and phenolic com-
pounds (Wang et al., 2008).

There are various studies in the literature com-
paring the quality characteristics of organic and con-
ventional almonds. In these studies, Sdnchez-Bel et
al. (2008) compared the effect of organic and inor-
ganic fertilizer applications on the chemical quality
properties of the Guara almond cultivar. Venkatasu-
bramanian (2011) compared some nutritional qual-
ity properties of organic and conventional market
foods, including almonds. Vrastil (2018) compared
some mineral contents of convetionally and organi-
cally grown almonds purchased from local markets.
Karaat (2019) compared the pomological parameters,
chemical properties and volatile aroma compounds of
two organic and conventionally grown almond culti-
vars. However, there are limited number of studies,
especially for detalied fatty acid compounds and mac-
ro-micro element contents in organic and convention-
ally grown almonds.

According to previous research, cultivation and
retail market studies are two common methods used
to examine the differences between organic and con-
ventional products. In both methods, the advantag-
es and disadvantages are highlighted. This research
was performed on the food compositions of almonds
picked directly from organic and conventional or-
chards and not by purchasing products from markets.

Environmental circumstances, harvest and
post-harvest influences and accessible information
on the products are some of the characteristics that
distinguish farm and cultivation studies from retail
market studies. For this reason, the notion that retail
studies are representative of the expanding system
on a large scale has been accepted (Magkos et al.,
2006). Considering all of these reasons, this research
was carried out to assess and to compare some chem-
ical properties, mineral contents, and fatty acid com-
positions of Ferragnes and Ferraduel almond culti-
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vars grown by organic and conventional methods in
the Dicle region (Diyarbakir) of Turkey.

2. MATERIALS AND METHODS

2.1. Plant materials and sampling

The study was conducted in the Dicle district of the
Diyarbakir province of Southeast Turkey in 2020. The
plant material of the study was composed of 6-7-year
old Ferragnes and Ferraduel cultivars grafted on seed-
ling rootstocks. The conventional almond orchard is
situated between 38°21°04”’N and 40°04°31”’E coor-
dinates, while the organic orchard is situated between
38°20°51”N and 40°03’55”E. The distance between
both orchards is about 1000 meters. Ecological con-
ditions and cultural practices such as drip irrigation,
tillage, pruning and planting distance (5x6 meters) of
the two almond orchards were similar.

In this study, 5 trees of each cultivar were se-
lected and 3 repetitive readings on each tree were
done. The study was designed according to the ran-
domized complete block design. In the study, 5 trees
for conventional growing, 5 trees for organic grow-
ing from each of the Ferragnes and Ferraduel culti-
vars were chosen to make a total of 20 trees.

2.2. Almond kernel analyses

2.2.1. Proximate analyses

Immediately after harvesting, the outer green
sheels of the almonds were removed, and the almond
fruits were dried for 20 days at room temperature.
Then, fruit samples were ground, and their mois-
ture content was determined. For moisture analysis,
3 g samples were weighed in nickel dry matter con-
tainers (tared), and oven dried at 105 °C when their
weight was constant. The results were calculated ac-
cording to the methods given by the Turkish Stand-
ard Institute (AOAC, 1990; Simsek et al., 2018). To-
tal ash content was determined by the combustion of
1 g of kernel almond into the muffle oven at 560 °C
according to Goniil et al. (1988). For crude oil analy-
sis, 5 g samples were homogenized and subjected to
extraction for 6 h with 60-80 ml of hexane (boiling
range 30-60 °C) in a Soxhlet apparatus. After 6 h of
extraction, the samples were evaporated under vacu-
um, and then weighed and their oil yield was deter-
mined (James, 1995; Simsek ef al., 2018). The crude
protein ingredient was calculated by multiplying the

percentage of nitrogen (N%) with a constant factor
of 6.26 (AOAC, 1990; Simsek et al., 2018). Total
sugar content was determined by the Anthrone meth-
od (Kaplankiran, 1984; Simsek ef al., 2018).

2.2.2. Mineral composition

Analyses were performed by Atomic Absorption
Spectrometry (Perkin-Elmer 703) for magnesium
(Mg), calcium (Ca), iron (Fe), copper (Cu), zinc (Zn)
and manganese (Mn), Flame Emission Spectrometry
for potassium (K) and sodium (Na). Phosphorus (P)
were determined by the colorimetric method (Sau-
ra Calixto and Canellas, 1982; Simsek et al., 2018;
Simsek, 2021).

2.2.3. Fatty acid composition

For the the fatty acid methyl ester (FAME) extrac-
tion, 0.1 g of exemplary fat was melted in 2 ml of hep-
tane, and 0.2 ml of a 2M methanolic KOH solution.
The solution was shaken strongly for 30 seconds and
was left to stand until the supernatant liquid became
clear. Then, the heptane solution was injected into the
gas chromatograph (GC). FAME analysis was per-
formed on a 60 m capillary column (ID = 0.25 mm)
covered with an Agilent 6890 series gas chromatog-
raphy, adorned with a flame ionization detector, and
0.25 pm and 50% cyanopropyl methylpolysiloxane (J
& W Scientific, Folsom, CA, the US) (Simsek, 2021).
Helium gas was used as carrier gas at a flow rate of
30 ml/min and 1:50 ratio, and the temperature of the
injector and the detector were set at 260 and 280 °C,
respectively. The oven temperature was scheduled
in accordance with a retention time of 1 minute at
120 °C, raised to 170 °C at 6.5 °C/min, and finally to
215 °C at 2.15 °C/min. Fatty acid methyl esters were
defined by using standard FAMEs (Supelco — 47885 -
U) and calculated in accordance with their percentage
values (Dieffenbacher and Pocklington, 1992; Batun
et al., 2017). In addition to individual fatty acid data,
saturated fatty acids (SFA), unsaturated fatty acids
(UFA) and UFA/SFA ratios were calculated.

2.3. Statistical analysis

All measurements were carried out in triplicate and
analyses of variance (one-way Anova) of the results
were performed using SPSS-22 software. The means
obtained from each set were compared using the Dun-
can’s multiple range test at 0.05 confidence level.
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3. RESULTS AND DISCUSSION

Significant differences (P < 0.001) for the evalu-
ated proximate parameters were detected except for
crude oil which was not significantly different be-
tween cultivars or growing systems (Table 1).

In the Ferraduel cultivar, there was a statistical
difference in crude protein, moisture, and ash con-
tents between conventional and organic growing, but
no difference was found for crude oil or total sug-
ar contents. However, while moisture, ash and total
sugar were significantly different in Ferragnes, crude
fat and protein were not.

The proximate chemical content results are pre-
sented in Table 1. The crude oil and crude protein
contents of conventional Ferragnes samples were
higher than the organic samples (48.32 and 48.01%,
24.34 and 23.97%, respectively). In the Ferraduel
cultivar, crude oil was higher in the conventional
samples than in the organic ones, (47.85 and 47.21%
,;respecitvely) while crude protein was higher in the
organic samples (24.08 and 26.44%, respectively).
The highest moisture content was found in organic
Ferragnes (2.90%), while the lowest was found in
organic Ferraduel (2.57%). The lowest and highest
ash values were found in Ferraduel. The highest to-
tal sugar content was found in the organic Ferragnes
samples (5.20%) (Table 1).

There are very few studies investigating the chem-
ical differences between organic and conventionally
grown almonds. Among these studies, Venkatasu-
bramanian (2011) compared the chemical properties
of some organic and conventionally grown nuts and
reported higher protein and carbohydrate, lower fat,
moisture, and energy in organic production com-

pared to conventional. These results were in parallel
with the findings of the present study related to the
protein in the Ferraduel cultivar, while incompati-
ble results were obtained related to Ferragnes, and
similar results were obtained with both cultivars for
crude oil. Gulsoy and Balta (2014) investigated the
total oil and protein compositions of conventionally
grown Ferragnes and Texas cultivars in Aydin, Tur-
key and found 22.8% protein and 54.% crude oil for
Ferragnes, and 33.1% protein, 49.8% crude oil for
Texas. Rabadan et al. (2017) studied the crude oil
contents of ten almond cultivars in Spain and report-
ed crude oil contents as 54.14% for Ferragnes and
53.96% for Ferraduel. Karaat (2019) reported higher
crude fat and lower crude protein, ash, and moisture
in traditional compared to organic production of Fer-
ragnes and Ferrudal cultivars grown in Adiyaman.

The differences in chemical composition may be
caused by numerous factors such as cultivar, genet-
ic factors, environmental conditions, irrigation, soil,
tree age, growing technique, post-harvest processing,
packaging, and storage conditions (Mele et al., 2018).

The statistical analysis results for the conven-
tional versus organic almond mineral content com-
parisons are given in Table 2. Results from the data
analyses indicate that there were statistically sig-
nificant differences at P < 0.001 when comparing
phosphorus, potassium, calcium, sodium, zinc, man-
ganese iron and cupper between conventionally and
organically grown almonds. However, magnesium
was found to be insignificant. The micro and macro
element contents in the almond kernels are presented
in Table 2.

The highest amounts of macro and micro min-
erals were found in the Ferraduel cultivar except

TABLE 1. Sugar and proximate chemical composition of almond cultivars from conventional and organic orchards

Ferragnes

Ferraduel

Level of
Conventional Organic Conventional Organic significance p
Crude oil (%) '48.32+1.42 48.01+£2.40 47.85+1.78 47.21+ 1.46 NS
Crude protein (%) 24.34+0.88 b 23.97+£2.02 b 24.08+1.64 b 26.44+1.35 a* 0.000**
Moisture (%) 2.63+0.40 b 2.90+0.26 a 2.96+0.39 a 2.57+£0.34b 0.000
Ash (%) 341+ 0.26 a 3.25+0.13b 3.51+0.25a 3.21+0.18 b 0.002
Total sugar (%) 3.2240.21 ¢ 5.20+0.34 a 3.78+0.97 b 3.84+0.43 b 0.000

* Means followed by the same letter in the each row are insignificant at the 95% probability level according to Duncan’s multiple range test
NS, non-significant, significant at P < 0.001, respectively. The results are expressed as mean value + standard deviation
*: The study was carried out with three replicates and each replicate corresponded to five plants. Therefore, the values are based on fifteen plants.

Grasas y Aceites 73 (3), July-September 2022, e477. ISSN-L: 0017-3495. https://doi.org/10.3989/gya.0679211



A research on the chemical, mineral and fatty acid compositions of two almond cultivars grown as organic and conventional...® 5

TABLE 2. Macro and micro element contents in almond cultivars from conventional and organic orchards (mg/100 g).

Ferragnes

Ferraduel

Level of
Conventional Organic Conventional Organic significance p

P 544.28+73.36 b 538.31+£73.51b 687.35+77.68 a 503.35+67.27 b* 0.000%**
K 752.12+£70.16 b 794.67+£149.22b 916.49+93.67 a 653.43£116.01 ¢ 0.000
Ca 343.30+£110.69 b 247.33+£27.18 ¢ 445.42+94.37 a 294.79+52.18 ¢ 0.000
Mg 222.40+19.73 229.12+17.77 236.38+34.79 242.59+14.96 NS
Na 2.15£0.42 a 0.87+0.12 ¢ 1.15£0.20 b 1.08+0.18 b 0.000
Zn 4.66+£0.55b 5.77+0.81 a 6.18+0.64 a 6.02+0.31 a 0.000
Mn 1.84+0.34 a 1.58+0.21b 1.9140.35a 1.84+0.15a 0.000
Fe 5.89+0.50 ¢ 6.73+0.73 b 7.00+0.79 b 8.01+0.31 a 0.000
Cu 1.72£0.51 b 1.96+0.20 a 1.99+£0.24 a 1.72+0.19b 0.010%**

* Means followed by the same letter in the each row are insignificant at the 95% probability level according to Duncan’s multiple range test
NS,™: non-significant, significant at P < 0.001, respectively. The results are expressed as mean value + standard deviation
*: The study was carried out with three replicates and each replicate corresponded to five plants. Therefore, the values are based on fifteen plants.

sodium (Na). The highest contents in phosphorus
(P), potassium (K), calcium (Ca) and zinc (Zn),
manganese (Mn) and copper (Cu) were found in
the conventional samples of Ferraduel 687.35
mg/100g, 916.49 mg/100g, 445.42 mg/100g, 6.18
mg/100g,1.91 mg/100g and 1.99 mg/100g, respec-
tively. The highest magnesium (Mg) and iron (Fe)
contents were found in organically grown Ferra-
duel with 242.59 mg/100g and 8.01 mg/100g, re-
spectively (Table 2). The results indicated higher
mineral contents for the conventional samples of
the Ferraduel cultivar compared to the organic
samples. Phosphorus (P), calcium (Ca), sodium
(Na) and manganese (Mn) contents were found to
be higher in conventional Ferragnes cultivar than
in the organic samples, while potassium (K), mag-
nesium (Mg), zinc (Zn), iron (Fe) and copper (Cu)
contents were higher in the organic samples.

Generally, the Mg and Fe contents in organic
almonds were found to be higher than those of con-
ventional almonds and P, K Ca, Na, Zn, Mn, Cu
contents were observed to be lower than in conven-
tional almonds.

In a comparative review conducted by Worthing-
ton (2001), higher levels of iron and magnesium in
organic vegetables than in conventional ones were
found consistent with the findings of the present.
Fertilization significantly affects the mineral con-
tent of plants. Conventional potassium fertilizers
dissolve more easily in soil water, while organically
grown soils retain moderate amounts of potassium

and magnesium in the root area of the plant. There-
fore, organic products would be expected to contain
more magnesium and phosphorus than conventional
products (Crinnion, 2010).

Conventional almond samples contained more
sodium compared to the organic ones. Since easily
soluble fertilizers are used in conventional agricul-
ture, soil solution ions are easily absorbed by the
roots. Most mineral fertilizers contain highly soluble
sodium and are quickly taken up by plants (Gastol
and Domagala- Swigtkiewicz, 2012).

Venkatasubramanian (2011) found that organic
almonds have higher Fe, Ca, and K contents, and
lower Na content compared to conventional almonds.
The findings of the present study for Ferragnes were
in line with Venkatasubramanian’s (2011) findings
for Fe, K, and Na, but not for Ca. The findings for
Ferraduel were compatible with Fe and Na, but in-
compatible with Ca and K.

Vrastil (2018) compared some mineral (Ca, Fe,
Mg, K, Zn) contents in traditionally and organically
grown almonds purchased from local markets in three
states of the USA and he found a small effect for Fe, a
medium-size effect for Ca and K, and no effect for Mg
or Zn between conventional and organic production
statistically. Yada et al. (2011) stated that the nutrient
composition of almonds may be changed depending
on genotype and cultivar dependents, and may also be
influenced by environmental factors, such as growing
region, cultivation methods, and climatic conditions.
On the other hand, differences in the mineral contents
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TaBLE 3. Fatty acid compositions (percent) of almonds from organic and conventional orchards

Ferragnes

Ferraduel

Level of
Conventional Organic Conventional Organic significance p

Palmitic Acid (C16:0) 6.02+0.26 d 6.69+0.18 b 6.26+0.31 ¢ 7.61£0.09 a* 0.000%**
Stearic Acid (C18:0) 2.04+0.06 d 2.26+0.06 ¢ 2.39+0.18 b 2.77+0.06 a 0.000
Heptadecanoic Acid 0.09+0.01 0.09+0.00 0.09+0.01 0.14+0.18 NS
Arachidic Acid (C20:0) 0.09+0.01 b 0.09+0.01 b 0.10+0.01 a 0.08+0.01 b 0.000
Tricosanoic Acid (C23:0) 0.07+0.04a 0.04+0.02 b 0.05+0.03 b 0.07+0.03 a 0.004
Palmitoleic Acid (C16:1) 0.64+0.03 d 0.77£0.03 b 0.74+0.03 ¢ 0.85+0.03 a 0.000
Oleic Acid (C18:1) 79.01£0.35 ¢ 79.53+0.63 b 76.36+£0.70 d 81.08+0.49 a 0.000
Linoleic Acid (C18:2) 12.93+0.40 b 11.51+0.67 ¢ 14.99+0.70 a 8.54+0.48 d 0.000
Linolenic acid (C18:3) 0.05+0.01 0.05+0.01 0.04+0.01 0.04+0.01 NS
SFA 8.06+0.26 d 8.96+0.21 b 8.65£0.39 ¢ 10.38+0.12 a 0.000
UFA 89.62+0.26 a 91.04+0.21 ¢ 91.35+0.39 b 89.62+0.12d 0.000
UFA/SFA 11.42+0.38 a 10.17+0.26 ¢ 10.58+0.53 b 8.64+0.11d 0.000

* Means followed by the same letter in each row are insignificant at the 95% probability level according to Duncan’s multiple range test

NS, **: non-significant, significant at P < 0.001, respectively. The results are expressed as mean value + standard deviation

+: The study was carried out with three replicates and each replicate corresponded to five plants. Therefore, the values are based on fifteen plants.
SFA: saturated fatty acids, UFA: unsaturated fatty acids, UFA/SFA: saturated fatty acids/ unsaturated fatty acids

of almonds may be a result of specific practices, such
as tillage or fertilization. Since mineral content de-
pends on soil composition, differences may be less
dependent on conventional or organic status, and
more dependent on fertilization methods.

The analysis of variance for the fatty acids inves-
tigated in the present study and the multiple compar-
ison test results are given in Table 3. There were sig-
nificant differences (P < 0.001) for the evaluated fatty
acids between cultivars and growing systems, except
for heptadecanoic and linolenic acid. The fatty acid
contents in the conventionally and organically grown
almond samples are reported in Table 3. The prevalent
fatty acids found in the almond cultivars were oleic
acid, linoleic acid, palmitic acid, and stearic acid. Oth-
er fatty acids were found in trace amounts.

Oleic acid contents were found higher in organi-
cally grown Ferragnes and Ferraduel, while linoleic
acid contents were lower in both cultivars. The high-
est oleic acid content was found in organic growing,
which was 79.53% for Ferragnes and 81.08% for
Ferraduel (Table 3). Conventional Ferraduel samples
were found to possess the highest linoleic acid con-
tent (14.99%) followed by conventional Ferragnes
samples (12.93%). On the other hand, palmitic, pal-
mitoleic and stearic acid were determined at the

highest level in organic production for both cultivars.
Their values were higher in organic Ferraduel sam-
ples (7.61, 0.85, and 2.77% respectively). In addition,
unsatured fatty acids (UFA) and unsatured fatty acid/
satured fatty acid ratios (UFA/SFA) were found to be
higher, and satured fatty acids (SFA) were found to
be lower in both cultivars of organic almonds com-
pared to conventional growing (Table 3). The results
showed that organic almonds contain a higher amount
of fatty acids compared to conventional ones.

In previous works, Samman et al. (2008), report-
ed no consistent difference between the overall fatty
acid composition of commercially available certified
organic and conventionally produced edible oils. (co-
conut, canola, sesame and sunflower). Soares et al.
(2013), reported that conventional and organic culti-
vation methods had little effect on the fatty acid com-
position of cashew nuts. Rabadan et al. (2017) report-
ed that oleic, linoleic, and palmitic acid for Ferragnes
and Ferraduel cultivars were 71.81, 17.62, 6.49 and
67.52, 21.47, and 6.64% respectively. Karaat (2019)
compared the fatty acid composition of almond ker-
nels grown organically and conventionally and report-
ed that the most significant differences were observed
in oleic and linoleic acid contents. The highest oleic
acid content (82.4% in both cultivars) was record-
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ed in organic fruits when compared to conventional
samples (78.9% for Ferragnes and 75.8% for Ferra-
duel). Linoleic acid was found at the lowest ratio in
organic samples for both cultivars. The results of this
study were similar to Karaat’s work (2019), although
slightly higher. Simsek (2021) reported that oleic, lin-
oleic, and palmitic acid contents ranged from 69.21 to
71.88%, from 18.76 to 22.02% and 5.62 to 7.35% in
the almond genotypes from the Adiyaman province,
respectively. In the present study, the oleic acid con-
tents in conventional almond samples were somewhat
different from those reported in previous works. (Ra-
badan et al., 2017; Simsek, 2021) but the linoleic acid
content was lower. These differences and similarities
in composition may be due to a diversified ecological
condition of the soil, climate, location, genetics, and
routine agronomic practices. Amaral et al. (2006) re-
ported that genetic factors, as well as environmental
factors, such as year of production and growing lo-
cation, strongly influence the fatty acid composition.
The difference between the fatty acid contents found
in the present study compared to that found by other
authors may be due to the methodologies used for ex-
traction and quantification, growing conditions, and
climate, time of harvest, variety, ripening, and pro-
cessing methods.

4. CONCLUSIONS

In recent years, in parallel with the determination
of'the close relationship between nutrition and health
and the increase in awareness in society, there has
been a demand for healthier food among consumers.
In order to meet this need, production systems that
do not use chemical pesticides and fertilizers in both
cultivation and processing stages, known as organ-
ic or ecological agriculture, have been developed in
contrast to conventional production.

The purpose of this study was to explore the differ-
ences in biochemical contents between conventionally
and organically produced almonds from two different
cultivars. The results indicate that the growing sys-
tem affects the biochemical contents of the Ferragnes
and Ferraduel cultivars. Significant differences were
found between the biochemical compositions of or-
ganically and conventionally grown samples of both
cultivars. According to the results of the analysis, con-
ventional almonds were found to be richer in terms of
mineral content; whereas fatty acids were detected at
higher levels in organic almonds.

Differences in the biochemical contents of the al-
mond kernels may be due to various agricultural pro-
cesses, such as location, soil composition, irrigation
and fertilization, as well as many environmental fac-
tors. Although many studies have compared various
organically and conventionally grown fruits and veg-
etables, the number of studies on almonds is limited.

Moreover, with the increasing demand for or-
ganic food products, including almonds, the acreage
dedicated to organically grown almonds is likely to
increase. In this context, it is thought that the find-
ings from this study will make several contributions
to the current literature.
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