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Editor’s column

Biotechnology is one of the engines of global econom-
ic growth. The global biotechnology market was valued
at $1.55 trillion in 2024 and is projected to reach $4.61 tril-
lion by 2034. The Russian biotechnology market amounted
to 300 billion rubles in 2023. According to a May 2025 fore-
cast from the Rosselkhozbank Center for Industry Expertise,
the Russian biotechnology market is projected to top 4.2 mil-
lion tons of produce, i.e., 700 billion rubles, by 2028. So far,
it is about 325 billion rubles, which is 29% more than in 2018.

Biotechnology is a knowledge-intensive multidisciplinary
industry that integrates life sciences, molecular biology, and
engineering to design hi-tech goods and services in the fields
of healthcare, production, agriculture, forestry, energy, and
ecology. Biomedicine and biopharmaceuticals are its largest
segment: 41.73% of the global market. Industrial biotechnology
accounts for 24.33% while agrobiotechnology and bioenergy
are responsible for 20.78%. Other segments, e.g., bioinformat-
ics, take up 13.16%. According to the BusinesStat analytical
agency, the Russian medical and pharmaceutical biotechnol-
ogy market increased its turnover by 9% between 2023 and
2024 to reach a total of 311 billion rubles. Agriculture ac-
counts for 26% of the Russian biotechnology market, i.c.,
149 billion rubles. Food biotechnology is projected to take 14%
of Russia’s total biotechnology market by 2026.

The current geopolitical situation challenges Russia to
develop its own sustainable biotechnologies for the sake of
the national healthcare and food security. In addition, in-
dependence from imported chemicals is bound to prevent
domestic environmental problems. When resources are lim-
ited and applications are numerous, the business demand
inevitably increases.

Russia’s agro-industrial complex uses biotechnology to
facilitate its import relief and increase efficiency. Biotechnol-
ogy significantly boosts crop yields by making biotech crops
resistant to pests, diseases, and droughts. It improves the pro-
ductivity, health, and well-being of farm animals. For example,
microbial consortia may prevent feed spoilage while benefi-
cial enzymic preparations improve digestion, thus increasing
the nutritional value of the feed. In addition, reproductive and
genetic technologies render conventional animal breeds with
useful qualities. Russian agriculture sees animal selection
and genetics as its strategic priority, integrating them into the
National Project on Technological Support for Food Security.

Biotech foods are functional and environmentally friendly.
They fortify human diet with such valuable components and

Editor-in-Chief,
Academician of the Russian Academy of Sciences,

Available online at https:/jfrm.ru/en

additives as enzymes, probiotics, and proteins. Biotechnolo-
gies advance fermentation, as well as clarify juices and wines.
They facilitate deep processing of non-traditional and sec-
ondary raw materials for cheaper and better finished products.

As Russian biotechnology market keeps growing, so does
its share of food technologies. Food biotechnology opens up
new opportunities for national food security, expanding the
food range and reducing environmental pollution.

Professor Lyubov V. Rimareva, Doctor of Engineering
Sciences and Academician of the Russian Academy of Sci-
ences, holds the title of Honored Scientist of the Russian Federa-
tion in the field of food biotechnology. Her fundamental and
applied research focuses on nanobiotechnology, biosynthesis,
and fermentation in food processing.

Professor Rimareva founded a scientific school of in-
dustrial enzyme biotechnology and biocatalysis of plant and
microbial raw materials. The list of her biotechnological
achievements includes commercial strains of yeast and my-
celial fungi that produce ethanol, enzymes, and protein. Pro-
fessor Rimareva and her team design novel biocatalytic and
biosynthetic technologies for enzymes, organic acids, and
other functional ingredients, as well as bioactive food and
feed additives.

Her numerous biotechnological inventions help agricul-
tural storage and processing in Russia and abroad. They have
resulted in a wide range of competitive biotechnological pro-
ductions that yield bioactive functional products. The highly
productive microbial strains tested in her laboratories are at
work in the enzyme and alcohol industries in the Russian Fe-
deration and the CIS. These strains exercise an enormous eco-
nomic and social effect on agricultural science and technology
by reducing heat and energy consumption while optimizing
the use of raw materials. New microbial strains boost biotech-
nological processes, increase production profitability, and cre-
ate high-quality competitive products.

Professor Rimareva is a respected member of international
academia and an exceptional scientific advisor. Her reports
on biotechnology, fermentation, alcohol production, bioactive
substances, and functional products are the highlight of every
scientific conference she participates in.

We congratulate Professor Rimareva on her anniversary,
which she celebrates on September 28, and wish her good
health, inexhaustible energy, and inspiration for new ideas and
scientific achievements, as well as happiness and peace shared
with her family, colleagues, and students!

Honored Worker of Higher Education of the Russian Federation,
Laureate of the Russian Federation Government Prize in Science and Technology,

Professor A. Yu. Prosekov

Copyright © 2025, Prosekov. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Abstract:

The research featured fortified fermented drinks from pasteurized buttermilk with such natural additives as Jerusalem
artichoke syrup and beetroot dietary fiber.

The optimal symbiotic culture included Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus: it provided
rapid fermentation and a creamy, homogeneous structure with delta pH time = 3.5 h. Jerusalem artichoke syrup was added in
amounts of 3, 6, and 9%. Its optimal share proved to be 6% by the weight of the finished product. Beet dietary fiber was added
in amounts of 2, 4, and 6%, where the optimal amount was 4%. A higher percentage affected the consistency of the finished
product but not its clotting or taste. The experimental drinks were produced by the tank method and fermented at 42 + 2°C
until dense clotting and titratable acidity = 72 4+ 2°T. The finished product was stored at 4 + 2°C. The shelf-life was 12 days
for the sample with Jerusalem artichoke syrup and 14 days for the drink fortified with beetroot fiber. The physical and
chemical indicators showed that the energy value of the fortified fermented buttermilk drinks was by 45.3% lower compared to
conventional fermented dairy drinks.

As a result of research, it has been established that the use of plant components, namely Jerusalem artichoke syrup and beet
dietary fiber in the production technology of fermented milk drink from buttermilk makes it possible to obtain a finished
product with improved consumer properties.

Keywords: Starter cultures, fermented drinks, buttermilk, plant components, quality indicators, shelf-life
Please cite this article in press as: Reshetnik EI, Gribanova SL, Derzhapolskaya Yul, Li C, Liu L, Zhang G, et al. Fermented

buttermilk drinks fortified by plant raw materials. Foods and Raw Materials. 2025;13(2):211-218. https://doi.org/10.21603/2308-
4057-2025-2-637

INTRODUCTION

Healthy diet, food safety, and hygiene have become
the main lifestyle concepts as the constantly improving
living standards and industrial technologies increase peo-
ple’s health awareness [1-4]. Obesity and cardiovascular
diseases are associated with foods that are high in choles-
terol and saturated fatty acids. Therefore, plant proteins
have good potential regarding healthy nutrition [5-7].

As a result, the food industry gradually turns to plant
raw materials [8—11]. For instance, secondary dairy raw
materials represent a promising direction. Processing
enterprises often use them irrationally. However, secon-
dary dairy raw materials can become part of functional
foods if fortified with renewable plant raw materials of
high nutritional value [12—-14].

The Far Eastern region boasts a wide variety of plants
with functional and physiological components. As part of

human diet, they can increase nonspecific resistance to
stress and adverse environmental conditions [15, 16].
Buttermilk is a by-product of butter production. It
contains all main components of milk, i.e., protein, lac-
tose, milk fat, and minerals. In addition, it also contains
vitamins and phospholipids, not to mention macro- and
microelements. Buttermilk has an overall beneficial
effect on human body. As its calorie content is very
small, it can be classified as a dietary drink. However,
buttermilk gives so much strength and vigor that it is
sometimes regarded as an energy drink. Technological
properties of buttermilk depend on its composition and
physicochemical parameters [17, 18]. Its physical indi-
cators are similar to those of skimmed milk [19]. The
acidity of buttermilk depends on the production method
and the type of butter produced. If the buttermilk was
obtained by the churning method as a by-product of

Copyright © 2024, Reshetnik et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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sweet cream butter, its titratable acidity ranges between
18 and 20°T while its pH is 6.53—6.59. If the buttermilk
came from butter processed by high-fat cream conver-
sion, its titratable acidity and active acidity are 17-18°T
and pH 6.52—6.60, respectively.

The market of buttermilk drinks is growing quite
rapidly, following the changes in consumption culture.
The main market segments have already been occupied;
yet, they demonstrate some prospective niches, e.g., fer-
mented milk or buttermilk-based diet drinks.

In the near future, consumers will turn to high-qua-
lity products that fortified with functional natural ingre-
dients and contain neither artificial dyes nor preserva-
tives [20-22].

The most probable food plant components for butter-
milk drinks are some popular plant additives, e.g., Jeru-
salem artichoke syrup and beetroot dietary fiber. These
plant additives have a natural taste and render the fini-
shed product a beautiful color or pleasant aroma [23, 24].

Jerusalem artichoke syrup is a natural sweetener
that has a consumer-appealing taste and meets the most
rigorous scientific requirements for a healthy diet. Jeru-
salem artichoke syrup has a low glycemic index of 15:
for comparison, the glycemic index of white sugar is 70.
Therefore, even patients with diabetes may consume it
in moderate quantities, both as a sweetener and for the-
rapeutic and prophylactic purposes. Table 1 illustrates
the main properties of Jerusalem artichoke syrup.

Jerusalem artichoke tuber syrup is a highly con-
centrated natural and environmentally friendly plant
extract with physiologically active components. It con-
tains at least 70% solids and more than 60% biological-
ly active reducing substances. Unfiltered syrup is thick
and has a sweet caramel flavor. Jerusalem artichoke tu-
ber syrup contains vitamins B,, B,, C, PP, pectin, and
probiotic inulin. Due to its sweet caramel flavor, Jerusa-
lem artichoke tuber syrup can serve as a healthy natural
sugar substitute with a low glycemic index.

Dietary fiber is currently one of the most common
ingredients in functional foods. Dietary fiber comes
from products of plant origin. It undergoes fermentation
in the upper gastrointestinal tract and acts as a prebiotic
for healthy intestinal microflora. When regularly con-
sumed, dietary fiber has a beneficial biological effect on
people of all ages.

If consumed regularly, beetroot dietary fiber prevents
dysfunction of the gastrointestinal tract, as well as vari-
ous pathological processes. It helps the body to get rid
of nitrates and nitrites, bile acids, cholesterol, peroxide
compounds, toxic elements, pesticides, radionuclides,
and waste. Beetroot dietary fiber normalizes intestinal
motility, accelerates intestinal transit, removes patho-
genic microflora, and regulates metabolism. It reduces
cholesterol, glucose, and urea in the blood while main-
taining the antitoxic liver function. In addition, it opti-
mizes fermentation processes in the intestines, as well
as prevents cholelithiasis and diabetes. A comparative
analysis of beetroot fiber proved that it is superior to
all food additives on domestic market. Beetroot fiber
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demonstrated high protective, sorption, and mass trans-
fer indicators, as well as good potential for preventing
gastrointestinal and cardiovascular diseases [25-27].

Dietary fiber is part of a wide range of products with
increased biological value, including functional foods.

Table 2 clearly demonstrates that beetroot fiber is a
promising food component.

The research objective was to study the effect of plant
components on the quality of fermented milk drinks
from secondary dairy raw materials.

We rationalized the possibility of using Jerusalem
artichoke syrup and beetroot dietary fiber as functional
components in the production of fermented buttermilk
drinks. Then, we selected the optimal amount of plant
components to render the final product functional proper-
ties. Finally, we studied the physicochemical and micro-
biological indicators of the obtained fermented drinks.

STUDY OBJECTS AND METHODS

The research featured buttermilk, Jerusalem arti-
choke syrup, beetroot dietary fiber, and starter microorga-
nisms that came in two versions: 1) Streptococcus thermo-
philus (strain No. CNCM 1-2980) + Lactobacillus delbru-
eckii subsp. bulgaricus and 2) S. thermophilus + L. del-
brueckii subsp. bulgaricus. They were lyophilized milk
cultures intended for direct addition to the milk base.

The experimental samples were fermented milk
drinks with Jerusalem artichoke syrup in amounts of 3,
6 and 9% and fermented drinks with beet dietary fiber
in amounts of 2, 4 and 6%. The control sample was a
fermented milk drink without plant components.

Table 1 Jerusalem artichoke syrup

Indicator Content per 100 g
Mass fraction of carbohydrates, % 69.5
Energy value, kcal 254.0

Table 2 Main indicators of bleached beet fibers

Indicator Value
Mass fraction of fiber, % 23.0-28.0
Mass fraction of lignin, % 7.0-9.0

Mass fraction of pectin substances, %, including:

water-soluble pectin substances 10.0-12.0
water-insoluble protopectin 8.0-10.0
Protein, % 7.0-8.0
Mass fraction of minerals, % 3.5-5.0
(K—0.2%; N, — 0.4%; Ca— 0.8%; Mg — 0.4%;
P —0.25%)
Moisture-binding coefficient 5.0-5.5
Fat-binding coefficient 1.4-1.5
Color change during mass during hydration does not
change color
pH of water extract 4.3-4.6
Flavor absent
Taste, aftertaste sourish
Average fraction size, mm 0.120
Energy value, kcal/100 g 55.0-60.0
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In this research, we analyzed the chemical composi-
tion, biological value and safety indicators of Jerusalem
artichoke syrup and beet fibers as well as the nutriti-
onal and energy value of fermented milk drinks based
on these plant components. The shelf-life of the finished
products was determined using microbiological indica-
tors and sensory assessment.

The research involved standard methods. The senso-
ry, physicochemical, and microbiological methods made
it possible to assess the quality of raw materials and
product samples. The experiment took into account the
chemical composition, physical properties, and micro-
biological indicators of the plant components.

The synergistic properties of clotting were deter-
mined by the amount of whey released by 10 cm?® of a
crushed clot during centrifugation at 1000 rpm for 5 min.

We used the formula below to calculate the energy
value for 100 g of product based on the coefficients of
nutrient absorption:

Energy value = Px4.0 + Fx9.0 + Cx4.0

where P, F, and C mean proteins, fats, and carbohy-
drates, respectively, contained in g/100 g of the product.

The review of related publications included scientific
articles, technical literature, and patent information on
fermented milk production.

RESULTS AND DISCUSSION

We studied the acid-forming ability of various star-
ters on Sample 1, which included Streptococcus thermo-
philus (strain No. CNCM 1-2980) and Lactobacillus
delbrueckii subsp. bulgaricus, and Sample 2 with S. her-
mophilus and L. delbrueckii subsp. bulgaricus. The mi-
crobial strains were to give the product a pure fermen-
ted milk taste and good texture, as well as to facilitate
acid formation. The ripening took place on heat-treated
buttermilk. The buttermilk was heated at 95 + 2°C for
15-20 s. After that, it was normalized to 10% solids and
pH 6.60. Since the cultures had been stored at subzero
temperatures, the bags were kept at room temperature
for 50 min before opening. Before use, we made sure
that the culture maintained its powder form. Before ad-
ding it to the milk base, we treated the starter with chlo-
rinated water. The temperature of the mix was 42 + 2°C,
i.e.,, 104-111.2°F. After 30 min of stirring, the samples
were fermented at 42 + 2°C for 6 h. The acidity accumu-
lation was tested every hour (Table 3).

Figure 1 shows the effect of ripening time on the in-
tensity of acid formation.

Both starter samples increased the titratable aci-
dity in the fermented milk; however, the process pro-
ceeded more smoothly in Sample 1. During the entire
fermentation period, the samples had a different titra-
table acidity increase rate. Sample 1 proved to be more
efficient because it demonstrated the highest ripening
speed and reached the pH delta of 1.35 in 3.5 h. In ad-
dition, Sample 1 had a better texture and superior sen-
sory profile. Therefore, we selected the symbiotic starter

213

Table 3 Acidity accumulation in activated starter cultures

Time, h pH
Sample 1 Sample 2

1 6.42+0.15 6.53+£0.10
2 5.56+0.15 5.97£0.15
3 5.28+0.10 5.74+£0.15
4 5.07+0.10 5.50+0.10
5 4.86+0.10 531+0.10
6 4.68 £0.15 4.86+0.10

80 -
- 70 A
J 60 |
S 50 A
3
5 401
§ 30 A
£ 20 -
= 10

0 T T T T T ]
1 2 3 4 5 6
Time, h
Sample 1 Sample 2

Figure 1 Intensity of acid formation in activated starter
cultures

with S. thermophilus (strain No. CNCM [-2980) and
L. delbrueckii subsp. bulgaricus for further research.

The amount of plant components in the formulation
is known to affect the sensory properties of buttermilk
drinks. We chose the optimal share of Jerusalem arti-
choke syrup, which amounted for 6%.

To evaluate the quality of the finished product, we
used sensory indicators based on sight, smell, touch,
and taste. The assessment was carried out by panelists
and took place in the following order: appearance, con-
sistency, taste, flavor, and color. Table 4 structures the
sensory properties of buttermilk drink samples with
different contents of Jerusalem artichoke syrup. A sam-
ple without Jerusalem artichoke syrup served as control.

The sample with 6% Jerusalem artichoke syrup
demonstrated the best sensory characteristics.

To identify the optimal share of beetroot dietary fi-
bers, we studied the synergetic properties of resulting
clots. Dietary fibers were added in amounts of 2, 4, and
6%; a sample of fermented buttermilk drink without
beetroot dietary fiber served as control (Table 5).

The water-holding capacity increased together with
the mass fraction of beetroot dietary fiber in the sam-
ples, while the amount of whey released decreased.

We presumed that the increase in the content of
beetroot dietary fiber had no effect on the taste of the
finished product but changed its consistency. As a re-
sult, we added 4% of beetroot fiber by the weight of the
finished product, since this amount of beet dietary fiber
gave the best consistency to the product.
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Table 4 Sensory profile of fermented buttermilk drink fortified with Jerusalem artichoke syrup

Indicator Fermented buttermilk Fermented buttermilk drink with Jerusalem artichoke syrup in the amount of:
drink (control) 3%, 6% 9%
Appearance Homogeneous, Smooth surface, Smooth surface, Smooth surface,
moderately viscous no stratification no stratification no stratification
Consistency ~ Homogeneous, Homogeneous, with crushed Homogeneous, with crushed Homogeneous, with crushed
with crushed clots clots, no visible lumps clots, no visible lumps clots, no visible lumps
Taste and Pure, fermented milk, no Pure sour milk taste, Moderately sweet taste, Sweet taste, pure sour milk
flavor atypical tastes or odors  and flavor pure sour milk flavor flavor
Color Milky white Milky white and uniform Milky creamy and uniform  Milky creamy and uniform

Table 5 Synergetic clotting properties in fermented buttermilk
drink with beetroot dietary fiber

Centrifugation Whey released, mL

time, min Control  Content of beetroot dietary fiber
2% 4% 6%

5 5.0 4.95 4.90 4.85

10 6.4 6.3 6.0 5.6

15 6.9 6.1 5.9 5.6

20 7.4 6.9 6.5 6.2

25 7.6 7.1 6.7 6.3

30 7.7 7.3 6.9 6.3

Fermented milk drinks can be produced by thermo-
static or tank methods. In this research, we applied the
tank method. The buttermilk was pasteurized at 95 + 2°C
for 15-20 s and cooled to the fermentation temperature
of 42 + 2°C.

Figure 2 illustrates the technological scheme for fer-
mented buttermilk drinks.

The thermostatic method required plant components
to be added cooled down to the ripening temperature.
With periodic stirring, the fermented mix was imme-
diately poured into consumer containers and sent to a
thermostatic chamber for fermentation. The ripening
process ended when the clotting was sufficient and the
acidity rose to 72 + 2°T. Then, the product immediately
was moved to a refrigerator for cooling and storage.

Shelf-life characterizes the stability of products du-
ring storage. During storage at 4 + 2°C, we measured
the changes in sensory properties, microbiological indi-
cators, and titratable acidity (Table 6).

We counted probiotic microorganisms during 21 days
with an interval of three days. On storage day 14, the
probiotic microbial count in the experimental samples
was higher than in the control sample (3x10° CFU/cm?®):
1x10® CFU/cm? in the sample with Jerusalem artichoke sy-
rup and 3x10® CFU/cm?® in the sample with beetroot fiber.

On storage day 21, the count of lactic acid micro-
organisms decreased to 2x10° CFU/cm® in the experi-
mental sample with Jerusalem artichoke syrup and to
3x10° CFU/em?® in the sample with beetroot fiber. In the
control sample, it dropped down to 1x10* CFU/cm?. The
results obtained violated the standards mentioned in Tech-
nical Regulations of the Customs Union TR CU 033/2013
regarding the amount of probiotic microflora in this
type of product.
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documentation for
this type of product
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Reservoir for fermented milk drinks T=6h
y
Bottling, storage t=4+2°C

Filling machine,
refrigeration chamber

Figure 2 Technological scheme for fermented buttermilk
drinks

Table 6 Microbiological parameters of fermented buttermilk
drinks during storage

Storage Microbial count, CFU/cm?

time, h Control  Fermented Fermented
buttermilk drink  buttermilk drink
with Jerusalem with beetroot fiber
artichoke syrup

1 4x107 5x108 7x10%

4 4x107 4x108 6x108

7 1x107 3x108 5x108

11 6x107 2x108 4x108

14 3x10° 1x10% 3x108

17 1x10° 3x107 2x107

21 1x104 2x10° 3x10°
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Table 7 Chemical composition: buttermilk drinks with Jerusalem artichoke syrup and beetroot fiber vs. industrially produced yogurt

Mass fraction, % Control ~ Fermented buttermilk drink with Jerusalem Fermented buttermilk drink with beetroot
artichoke syrup dietary fiber

Fat 2.5 0.5 0.5

Carbohydrates 4.7 8.2 4.8

Protein 3.2 3.2 34

Dry skimmed milk residue 9.5 13.0 9.8

Dietary fiber — — 4.0

The titratable acidity of the samples met the require-
ments for this category of fermented milk products and
ranged from 75 to 100°T. During the entire period of
observation, the acidity in both samples did not exceed
the standard values.

The experimental samples also showed sensory stabi-
lity and good preservation during the entire storage period.

On storage day 17, the sample with beetroot fiber
demonstrated signs of deterioration in appearance and
consistency. In the sample with Jerusalem artichoke sy-
rup, these processes became visible on storage day 14. In
addition, > 3% whey got separated, and the samples star-
ted to emit a flavor not typical of fermented milk drinks.

Therefore, dietary fiber in the fermented buttermilk
product improved its sensory profile and stabilized its
consistency during storage.

The shelf-life of the fermented buttermilk drink with
Jerusalem artichoke syrup was defined as 12 days at 4 +
2°C, and that of the drink with beetroot fiber was 14 days.

We relied on the content of proteins, fats, calcium,
phosphorus, vitamins A, B-carotene, and B, to define
the nutritional value of fermented buttermilk products.
However, the nutritional value of fermented milk pro-
ducts mainly depends on the content of microorganisms
and their metabolic products that inhibit putrefactive
bacteria in the human gastrointestinal tract. It also in-
cludes lactic acid, which reduces the pH of the medium.
Lactic acid products are digested thrice as fast as milk.

Fermented milk products are popular in clinical
nutrition to improve gastric secretion and normalize
intestinal motility in the treatment of colitis and gastri-
tis. Lactic acid that enters the intestine with lactic acid
products is neutralized, but lactic acid microorganisms
endure and ferment food residues to create an acidic en-
vironment that kills putrefactive microorganisms.

Fermented milk drinks have a characteristic taste
and consistency that meet the taste habits of the popu-
lation. They differ in the microflora of fermentation star-
ters. Table 7 compares the chemical composition of the
experimental functional fermented buttermilk drinks
with that of industrially produced yogurt.

Below is the formula we used to calculate the energy
value of yogurt:

Energy value = 3.2x4.0 + 0.5x9.0 + 4.7x4.0 = 36.10 kcal
36.10 kcalx4.184 = 151.04 kJ

The resulting energy value, or calorie content, of
yogurt was 36.10 kcal/151.04 kJ.
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The energy value of the fermented buttermilk drink
with Jerusalem artichoke syrup was calculated as fol-
lows:

Energy value = 3.2x4.0 + 0.5x9.0 + 8.2x4.0 = 50.10 kcal
50.10 kcalx4.184 = 209.62 kJ

The resulting energy value, or calorie content, of
the buttermilk drink with Jerusalem artichoke syrup
equaled 50.10 kcal/209.62 k1.

We used the following formula to calculate the ener-
gy value of the buttermilk drink with beetroot fiber:

Energy value = 3.4x4.0 + 0.5%9.0 + 4.8%4.0 = 37.30 kcal
37.30 kcalx4.184 = 156.06 kJ

The resulting energy value, or calorie content, of the
fermented buttermilk drink with beetroot dietary fiber
appeared to be 37.30 kcal/156.06 kJ.

Compared to a traditional yogurt, the fermented milk
drinks based on buttermilk and Jerusalem artichoke
syrup had low fat content, the same protein level and
higher percentage of carbohydrates, while the milk
drinks made from buttermilk with beet dietary fiber
contained lower fat content, as well as relatively equal
levels of protein and carbohydrates. In addition, the
fermented milk drink with beet dietary fiber contained
insoluble dietary fiber, which has a positive effect on
the digestive system of the human body. The results ob-
tained allow us to consider the developed products as
low-calorie containing various nutritional factors.

The mass fraction of carbohydrates in the fermented
buttermilk drink with Jerusalem artichoke syrup in-
creased by 74.47% compared to the control sample. Je-
rusalem artichoke syrup contains such carbohydrates as
inulin and fructose. As a result, sweetened fermented
buttermilk products can be included in diabetic diets.

Table 8 shows the recipes for the developed fer-
mented milk drinks made from buttermilk with plant
ingredients based on 1 ton of the finished product. The
recipes were selected based on the results of organo-
leptic studies.

Thus, Jerusalem artichoke syrup and beetroot die-
tary fiber improved the quality of fermented drinks
from secondary milk raw materials and elevated them
to the status of functional products. The amount of plant
components in the formulation affected the sensory in-
dicators of the buttermilk drinks. The optimal shares
obtained were based on the sensory assessment.
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Table 8 Developed recipes for fermented milk drinks made from buttermilk with plant ingredients

Components, kg

Fermented buttermilk drink
with beetroot dietary fiber

Fermented buttermilk drink
with Jerusalem artichoke syrup

Buttermilk 939.90 959.90
Sourdough (Streptococcus thermophilus (strain No. CNCM 1-2980) 0.10 0.10
and Lactobacillus delbrueckii subsp. bulgaricus)

Jerusalem artichoke syrup 60.00 -

Beet dietary fiber — 40.00
Total 1000.00 1000.00

Drinks from secondary dairy raw materials allow for
sustainable production; Jerusalem artichoke syrup and
beetroot dietary fiber improve the sensory profile and
consumer properties of finished products, making them
functional. The results obtained were consistent with
previous R&D publications on functional dairy products.

The data obtained correlate with the results of pre-
vious studies, while supplementing them with new in-
formation about the composition of products based on
secondary dairy raw materials in the form of butter-
milk and plant components.

CONCLUSION

The research rationalized the use of Jerusalem arti-
choke syrup and beetroot dietary fiber as functional addi-
tives. Beetroot dietary fiber had no effect on clotting and
taste but changed the consistency of the final product.

The use of Jerusalem artichoke syrup allows you to
obtain a fermented milk drink from buttermilk with
a uniform consistency, a pleasant sweetish taste and a
light creamy tint. Due to the unique chemical compo-
sition of Jerusalem artichoke syrup and the beneficial
properties of dietary fiber, the developed fermented

milk drinks will have a functional effect on the human
body when consumed daily in the diet.

A selected starter consisting of Streptococcus ther-
mophilus (strain No. CNCM 1-2980) and Lactobacillus
delbrueckii subsp. bulgaricus can let intensify the tech-
nological process due to the rapid increase in titratable
acidity with the formation of a dense clot.

The shelf-life of the experimental drinks at 4 £ 2°C
was 12 days for the drink with Jerusalem artichoke sy-
rup and 14 days for the drink with beetroot dietary fiber.

Buttermilk drinks can save raw milk resources and
reduce the cost of the finished product because dairy
by-products are cheap. In addition, they allow expan-
ding the range of competitive products with high-qua-
lity sensory profiles and increased biological values.
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Abstract:

Flavonoids are plant polyphenols that exhibit biological activity with antibacterial, antiviral, antioxidant, anti-inflammatory,
antimutagenic, and anticarcinogenic effects. The medicinal plants of Kuzbass have high contents of flavonoids and other
polyphenolic compounds. Therefore, they can be used in medicinal preparations to prevent or treat serious diseases.

We studied the following plants collected in Kuzbass: common thyme (Thymus vulgaris Linn., leaves and stems), woolly
burdock (Arctium tomentosum Mill., roots), alfalfa (Medicago sativa L., leaves and stems), common lungwort (Pulmonaria
officinalis L., leaves and stems), common yarrow (Achillea millefolium L., leaves and stems), red clover (7rifolium pratense L.,
leaves and stems), common ginseng (Panax ginseng, roots), sweetvetch (Hedysarum neglectum Ledeb., roots), and cow parsnip
(Heracleum sibiricum L., inflorescences, leaves, and stems). To extract flavonoids, we used ethanol at concentrations of 40, 55,
60, 70, and 75%. Spectrophotometry was used to determine total flavonoids, while high-performance liquid chromatography
was employed to study the qualitative and quantitative composition of the extracts.

The highest yield of flavonoids was found in H. sibiricum leaves (at all concentrations except 70%), followed by the 55% and
70% ethanol extracts of T. vulgaris leaves and stems, as well as the 75% ethanol extract of 4. millefolium leaves and stems.
Thus, these plants have the greatest potential in being used in medicines. High-performance liquid chromatography showed the
highest contents of polyphenolic compounds in the samples of P. officinalis, A. millefolium, T. vulgaris, and T. pratense.

Our results can be used in further research to produce new medicinal preparations based on the medicinal plants of Kuzbass.
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and are therefore safer than synthetic drugs. Medicinal
plants have shown efficiency in treating a number of dif-
ficult-to-cure diseases [4, 5]. Ayurveda has successfully
used medicinal herbs for many years to prevent and
treat serious diseases [6].

Flavonoids protect plants from biotic and abiotic
stress. They function as signaling molecules, detoxi-
fiers, UV filters, allopathic compounds, and phytoale-
xins, as well as play an important role in drought and
frost resistance [7].

INTRODUCTION

Flavonoids are low-molecular-weight polyphenolic
phytochemicals secreted by plants as secondary metabo-
lites in response to stress. Secondary metabolites have a
wide range of therapeutic effects that are beneficial to
humans. Flavonoids are widely distributed in the plant
kingdom and have long been used in various herbal
medicines due to their antibacterial, antiviral, antioxi-
dant, anti-inflammatory, antimutagenic, and anticarci-
nogenic properties [1-3].

There have been many studies on medicinal plants
to explore their therapeutic potential in treating dise-
ase. Herbal treatments have minimal or no side effects

Acting as antioxidants, flavonoids protect plants, ani-
mals, and humans from the effects of reactive oxygen
species. They suppress the formation of reactive oxygen

Copyright © 2024, Velichkovich et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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species by either inhibiting the enzyme or chelating
trace elements involved in the formation of free radicals,
i.e., by removing reactive oxygen species or by enhan-
cing antioxidant protection [8].

Plant flavonoids exhibit antiviral activity helping in-
hibit various enzymes involved in the viral life cycle [9].
A wide variety of medicinal plants produce antimi-
crobial effects due to large numbers of flavonoids that
are released in response to bacterial infection [10].
Many studies have shown the effectiveness of flavonoids
in cardioprotection and prevention of hypertension and
atherosclerosis. Flavonoids reduce atrial pressure, en-
hance the vasorelaxant process, and prevent endothe-
lial dysfunction [11]. Also, flavonoids have antidiabetic
properties that regulate carbohydrate digestion, insulin
secretion, insulin signaling, glucose uptake, and fat
deposition [12]. Finally, flavonoids exhibit anticance-
rous activity and inhibit the proliferation of tumor cells
by suppressing the formation of reactive oxygen species.
They also inhibit the enzymes xanthine oxidase, cyclo-
oxygenase-2, and 5-lipoxygenase, which play an impor-
tant role in tumor development [13].

Plants accumulate different types and amounts of
bioactive substances depending on the region of growth,
time of collection, plant organs, and other factors. Keme-
rovo Oblast — Kuzbass is a region that has a variety of
soils and climates, with large areas covered by medici-
nal herbs. In particular, Kuzbass is home to common
thyme (Thymus vulgaris Linn.), woolly burdock (Arc-
tium tomentosum Mill), alfalfa (Medicago sativa L.),
common lungwort (Pulmonaria officinalis L.), common
yarrow (Achillea millefolium L.), red clover (Trifolium
pratense L.), common ginseng (Panax ginseng), sweet-
vetch (Hedysarum neglectum Ledeb.), and cow parsnip
(Heracleum sibiricum L.) [14, 15]. These plants have
great medicinal potential and can be used in medicines
against various diseases.

T vulgaris is a perennial flowering plant belonging
to the Lamiaceae family, native to southern Europe [16].
T. vulgaris is most widely used as a flavoring agent in
the food, perfume, and cosmetic industries, as well as a
preservative for chicken, meat, and fish. Due to its hea-
ling and antiseptic properties, it was used in traditional
medicine to treat wounds and skin diseases [17]. It has
also been used as essential oil to treat food poisoning
due to a high content of polyphenols such as carvacrol
and thymol [18]. Modern studies have revealed the ef-
fectiveness of T. vulgaris in improving oxidative stress
and cell-mediated immune response [19, 20]. Studies
also confirm the plant’s antiparasitic and antihelminthic
activity due its content of monoterpenes [21].

A. tomentosum belongs to the Asteraceae family and
grows in Europe, Asia, and North America [22]. Due to
its polyphenolic compounds, the plant is widely applied
in traditional medicine. Its root and leaf extracts have a
diuretic effect and improve metabolism. They are also
used to treat gastrointestinal diseases and diabetes mel-
litus in the early stages [23, 24]. The leaves and roots of
A. tomentosum are applied externally to relieve skin in-
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flammation. Burdock contains compounds of the lignan
group, such as lappaol A, lappaol C, lappaol F, mataire-
sinol, arctiin, arctigenin, and arctigenic acid [22]. Its lea-
ves are rich in flavonoids (luteolin, quercetin, quercitrin,
and rutin) and phenolic acids, while its root extracts are
rich in dicafoylquinic acid isomers and their derivatives,
polysaccharides, and derivatives of polyunsaturated fat-
ty acids [22, 25].

M. sativa is one of the most important forage spe-
cies that has recently been used for human consumption,
mainly due to its content of bioactive phenolic com-
pounds [26]. According to numerous studies, M. sativa
contains bioactive phytochemicals, such as alkaloids,
saponins, phenols, tannins, polysaccharides, and phyto-
estrogens, which have antioxidant, anti-inflammatory,
and anticarcinogenic properties [27-29]. Several classes
of alfalfa’s phenolic compounds have been described in
literature, especially phenolic acids and flavonoids.

P. officinalis is a long-lived, shade-tolerant perenni-
al plant belonging to the Boraginaceae family [30]. Al-
though lungwort is native to Central and Eastern Europe,
its scattered populations are also found in the UK and
Denmark. The plant has emollient, antitussive, expecto-
rant, antimicrobial, diuretic, cleansing, antilithiatic, and
anti-inflammatory effects and is used to treat diseases
of the respiratory tract and urinary system [31]. The bio-
logical properties of P. officinalis can be attributed to
a diverse set of phytochemicals, such as anthocyanins,
alkaloids, flavanones, flavonols, flavones, hydroxycinna-
mic acid, lignans, polyphenols, polyphenolic acids, and
other phytochemicals present in various parts of the
plant [31]. The extract of P. officinalis leaves contains
such compounds as naringin, hesperidin, naringeninm,
apigenin-7-glucoside, rutin, chlorogenic acid, myricetin,
hyperoside, acacetin, and gallic acid [32].

A. millefolium is a herbaceous flowering plant that
grows wild in Asia, Africa, Europe, and America [33].
In traditional medicine, its extract is widely used to treat
inflammatory, hepatobiliary, cardiovascular, and respi-
ratory diseases, as well as diabetes and diabetes-related
diseases [34, 35]. The main phytochemical compounds
isolated from A. millefolium are essential oil and flavo-
noid derivatives including apigenin, rutin, lutein, and
kaempferol [36].

T pratense is a valuable forage plant growing in
temperate and humid regions [37]. It is used to treat dia-
betes, as well as cardiovascular, neurodegenerative, and
other diseases [38—41]. Isoflavones and flavonoids have
been found in 7. pratense, such as formononetin, biocha-
nin A, genistein, and daidzein.

P. ginseng has been used in traditional medicine
since ancient times. It has a positive effect on cardio-
vascular and neurodegenerative diseases, cancer, and
diabetes mellitus [42—46]. Extensive research has as-
sociated the biological activities of Korean P. ginseng
and its products with various functional components,
including ginsenosides, polyacetylenes, phenolic com-
pounds, alkaloids, polysaccharides, oligopeptides, and
essential oils [47].
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H. neglectum is a plant of the legume family [48].
Known in traditional medicine as a “red root,” H. neglec-
tum is used as an anti-inflammatory agent, as well as to
treat gastrointestinal, cardiovascular, and other diseases.
The plant contains polysaccharides, flavonoids, catechins,
tannins, alkaloids, and other bioactive substances [49, 50].

H. sibiricum is a perennial taproot plant widespread
in the central part of Russia, Central Europe, Ciscau-
casia, and Western Siberia [51]. H. sibiricum is acti-
vely used as a forage plant for cattle, pigs, rabbits, and
birds [52]. In medicine, its roots and leaves are used to
treat diseases of the nervous and digestive systems, con-
vulsions, and skin diseases. Preparations based on this
plant have antimicrobial and anti-inflammatory effects.
The leaves are harvested during the flowering period,
while the roots are collected and dried in the autumn.
Preparations made from the roots of H. sibiricum are
considered more effective than those based on its lea-
ves [53]. H. sibiricum contains essential oils (up to 3%),
coumarins (up to 2.5%), tannins, flavonoids, resins, phe-
nols, and other compounds.

Thus, using the medicinal plants of Kuzbass in drugs
and preparations can be effective in treating many dise-
ases, including oncological, gastrointestinal, cardiovas-
cular, and neurodegenerative diseases, diabetes, etc. For
this, polyphenols in plant materials need to be identified
and quantified.

In this study, we aimed to identify phytochemicals
in Kuzbass medicinal plants isolated from different plant
organs by extractants at various concentrations in order
to select the plants rich in bioactive substances to be
further extracted and studied by spectrophotometry and
high-performance liquid chromatography.

The novelty of our study lies in its focus on me-
dicinal plants that had to adapt to the specific climatic
conditions of Kuzbass and therefore developed unique
chemical profiles and biological activity. Our data can
be further used to develop effective medicines and die-
tary supplements.

STUDY OBJECTS AND METHODS

Spectrophotometry and high-performance liquid
chromatography (HPLC) were employed to analyze me-
dicinal plant materials collected in Kemerovo Oblast —
Kuzbass from May to August 2023, namely:

— Thymus vulgaris Linn. (leaves and stems) collected in
Zhuravlevo village;

— Arctium tomentosum Mill. (roots) collected in the Top-
kinsky Municipal District, Sukhaya Rechka village, and
Mamaevsky settlement;

— Medicago sativa L. (leaves and stems) collected in
Metallploshchadka settlement, Topkinsky Municipal Dis-
trict, Pugachi village, Zhuravlevo village, and Belovsky
District;

— Pulmonaria officinalis L. (leaves and stems) collected
in the Topkinsky Municipal District, Yaya District, Zhu-
ravlevo village;

— Achillea millefolium L. (leaves and stems) collected in
the Yaya District and Belovsky District;

221

— Trifolium pratense L. (leaves and stems) collected in
Kemerovo city, Pugachi village, Mamaevsky settlement,
and Zhuravlevo village;

— Panax ginseng (roots) collected in Sheregesh village;

— Hedysarum neglectum Ledeb. (roots) collected in
Sheregesh village; and

— Heracleum sibiricum L. (inflorescences, leaves, and
stems) collected in the Topkinsky Municipal District,
Pugachi village, and Zhuravlevo village.

Morphological identification was carried out by the
working group of the grant team.

The plant materials were collected in 2023 and dried
according to the State Pharmacopoeia XIII [54]. In par-
ticular, the collected materials were washed, crushed,
and dried (first, at room temperature in a well-ventilated
room and then at 50°C until the samples had a recom-
mended moisture, averaging 6—13%). The samples were
stored in bags in a dry, cool place at the Laboratory for
Biotesting Natural Nutraceuticals, Kemerovo State Uni-
versity.

Extracts were prepared to isolate flavonoids from the
plant materials. For this, we took samples of medicinal
plants (1 g each), weighed them in a conical flask, and
added 30 mL of ethanol.

Solvents such as mixtures of water with alcohol
(methanol or ethanol) are the most suitable systems for
polyphenol extraction. Water acts as a swelling agent for
the plant material, increasing the contact surface. Pure
alcohols dehydrate and disrupt the plant cells, causing
the breakdown of the dissolved cell wall bond. There-
fore, alcohol is mixed with water for a synergistic effect,
and the optimal concentration of alcohol can increase
the extraction of flavonoids [55]. We used different con-
centrations of ethanol (40, 55, 60, 70, and 75%) for all
the samples to determine the best yield of flavonoids. For
some samples, we used a two-phase extraction system
(70% ethanol + oil). Then, the flask was placed in a re-
flux condenser and heated in a boiling water bath for 30
min, with periodical shaking. The resulting supernatant
was filtered into a 100-mL measuring flask, preventing
the plant particles from getting on the filter.

Flavonoids were extracted in triplicate for each plant
sample with different concentrations of ethanol (30 mL)
added to the filtrate. Then the filtered materials were
combined and cooled to 20°C. In the volumetric flask,
the filtrate was brought to the mark with ethanol.

Spectrophotometry and HPLC were used to deter-
mine the mass fraction of flavonoids in the plant ex-
tracts, as well as to examine their qualitative and quan-
titative composition.

Spectrophotometric analysis involved measuring the
optical density of the solutions [56]. For this, 5 mL of the
extracts was poured into two 25-mL flasks. Then, 4 mL
of a 5% solution of aluminum chloride was added to one
of the flasks (test solution). Both flasks were brought to
the mark with ethanol and thoroughly mixed. To prepare
the aluminum chloride solution, 5 g of aluminum chlo-
ride was weighed in a 250-mL conical flask and dis-
solved in 50 g of ethanol; then, the solution was brought
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to 100 g with the same alcohol and thoroughly mixed.
After 30 min, the optical density of the test solution was
determined against the reference solution (without alu-
minum chloride) at 410 nm (maximum absorption) in
cuvettes with a 1-cm optical layer on a UV 1800 spec-
trophotometer (Shimadzu, Japan).

Then, we determined the amount of rutin in 25 mL
of the solution of the state standard reference rutin
sample (Sigma-Aldrich) using a calibration graph. To
prepare the solution, 0.050 g of rutin was weighed in a
50-mL volumetric flask, mixed with 40 mL of ethanol,
and heated to 50—60°C until rutin completely dissolved.
Then the solution was cooled to room temperature,
brought to the mark with ethanol (at the same concen-
tration as was used to prepare the solutions of medicinal
plants), and stirred. To plot the calibration graph, two
25-mL volumetric flasks were filled with 0.2 mL of the
prepared rutin solution at a concentration of 1 mg/mL.
Then, 4 mL of aluminum chloride solution was added
to one of the flasks (test solution), and both flasks were
brought to the mark with ethanol and mixed. New solu-
tions were similarly prepared with 0.4, 0.6, 0.8, 1.0, and
1.2 mL of the rutin solution as described above and kept
for 30 min. The optical density of the test solutions was
measured against the reference solution (without alumi-
num chloride) at 390—420 nm (maximum absorption) in
cuvettes with a 1-cm optical layer.

The mass fraction of flavonoids in terms of rutin (X,
%) was determined according to the following Eq. (1):

X=Cx100% 100 xm x5 1)

where C is the amount of rutin in 25 mL according to
the calibration graph, mg; 100 is the volume of the ex-
tracts, mL; 100 is the volume of the extracts, %; m is the
mass of the medicinal plant samples, g; and 5 is the vo-
lume of the medicinal plant extracts, mL.
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1.2 1
=X
g 1.0 A 0.798 0.803 0.836
S 08 0.654
5 3
2 06 - 0.401
= 0.295
S
Z 04 -
7

0.2 A

40 55

Flavonoid compounds were also determined qualita-
tively and quantitatively by HPLC on an LC-20 Promi-
nence Shimadzu chromatograph with a Shimadzu SPD-
20MA diode-matrix detector (Shimadzu, Japan) and a
Kromosil C18 chromatographic column (5 um, 110 A,
250%x4.6 mm). The conditions included an injection vo-
lume of 20 pL, a column temperature of 400, and a refe-
rence wavelength of 254 nm.

Microsoft® Excel was used for statistical data pro-
cessing. The absolute calibration method with the rutin
standard was employed to quantify the flavonoids.

RESULTS AND DISCUSSION

Total flavonoids were spectrophotometrically deter-
mined in the following medicinal plant materials: Thy-
mus vulgaris Linn. (leaves and stems), Arctium tomento-
sum Mill. (roots), Medicago sativa L. (leaves and stems),
Pulmonaria officinalis L. (leaves and stems), Achillea
millefolium L. (leaves and stems), Trifolium pratense L.
(leaves and stems), Panax ginseng (roots), Hedysarum
neglectum Ledeb. (roots), and Heracleum sibiricum L.
(inflorescences, leaves, and stems). Ethanol extractant
was used at different concentrations to identify the high-
est yield of flavonoid compounds (Figs. 1-4).

The extract of T vulgaris leaves and stems
with 55% ethanol showed the highest yield of flavo-
noids (1.124%). In the study by Malankina et al., this
indicator was significantly higher, varying from 1.64 to
2.83% [57]. The authors found that the flavonoid con-
tents tended to increase in the years with lower average
daily temperatures during the harvesting period, which
might explain the differences. The extracts of M. sativa
and A. millefolium leaves and stems with 75% ethanol
had the maximum yields of flavonoids (0.939% ecach).

Compared to the flavonoid content in the 4. millefo-
lium extract in our study, Tikhonov et al. reported a fla-
vonoid content of 1.28% (0.34% higher) extracted with
40 and 70% ethanol for 24 h [58]. Longer extraction

0.939
0.93 0.93

0.526
0.383

60

Extractant concentration, %

B Thymus vulgaris Linn.(leaves and stems)

B Achillea millefolium L. (leaves and stems)

B Medicago sativa L. (leaves and stems)

Figure 1 Total flavonoids in the extracts of Thymus vulgaris Linn., Achillea millefolium L., and Medicago sativa L. (leaves

and stems)
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Figure 2 Total flavonoids in the extracts of Arctium tomentosum Mill., Panax ginseng, and Hedysarum neglectum Ledeb. (roots)
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Figure 3 Total flavonoids in the extracts of Heracleum sibiricum L. (inflorescences, leaves, stems)
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Figure 4 Total flavonoids in the extracts of Pulmonaria officinalis L. and Trifolium pratense L. (leaves and stems)
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can contribute to higher yields of target substances, but
it is not always rational for the production process due
to high electricity costs. Nevertheless, we are planning
to optimize the extraction process in terms of its dura-
tion and yield of flavonoids in further research. Another
interesting fact is that in the study by Tikhonov et al.,
the contents of flavonoids were quantitatively the same
in the extracts based on 40 and 70% ethanol, while our
study showed a 0.33% difference. This can be explained
by a number of factors, mainly the difference in the ex-
traction time. It might be that the 24-h extraction in the
study by Tikhonov et al. ensured the maximum yield of
flavonoids regardless of the ethanol concentration. Ano-
ther possible explanation is the variability in the compo-
sition of flavonoids caused by differences in the place of
plant growth.

The extracts of A. tomentosum, P. ginseng, and H. ne-
glectum roots extracted with 75, 55, and 75% ethanol had
the highest contents of flavonoids, namely 0.102, 0.066,
and 0.152%, respectively. In comparison, Shkolnikova et al.
reported a 0.06% lower flavonoid content (0.09%, in
terms of rutin) in the H. neglectum roots collected in the
Republic of Altai [59]. This is likely due to the difference
in the region of growth, including climatic conditions,
soil composition, and other environmental factors. Our
results indicate great potential of H. neglectum grown in
Kemerovo Oblast as a source of flavonoids.

The H. sibiricum inflorescence, stem, and leaf ex-
tracts had the maximum flavonoid contents (0.485,
0.490, and 3.93%, respectively) with 70, 55, and 60%
ethanol, respectively. Modern literature lacks informa-
tion on total flavonoids in different parts of H. sibiricum,
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so our results contribute significantly to understanding
the plant’s phytochemical characteristics.

The leaf and stem extracts of P. officinalis and T. pra-
tense showed the highest yields of flavonoids (0.664
and 0.425%, respectively) with 55 and 70% ethanol, res-
pectively. According to modern literature, the content
of flavonoids in T pratense varies greatly depending
on the variety and region of cultivation. For example,
Konovalenko et al. reported 0.58% of flavonoids, while
Kasatkina and Nelyubina found 1.3-2.4% of flavonoids
in terms of rutin [60, 61]. Our values were significantly
lower, which may be due to differences in the methods
of extraction and quantification. We used spectropho-
tometry, while the above studies [60, 61] used thin-layer
chromatography, which might affect the accuracy of the
results.

According to our spectrophotometric analysis, the
highest yield of flavonoids was observed in the H. sibiri-
cum leaf extract, followed by the stem and leaf extracts
of T vulgaris and M. sativa. Therefore, these plants are
the most promising for being used in medicinal prepa-
rations. We found no correlation between the concen-
tration of the extractant and the yield of flavonoids.
However, 55% ethanol produced the maximum yield of
flavonoids more often than the other concentrations.

Then, we identified and quantified bioactive substan-
ces in the M. sativa extract by HPLC (Fig. 5 and Table 1).

As can be seen, the M. sativa extract contained sig-
nificant amounts of tricine and quercetin-3-O-glycoside.
Also, we detected 3,3°,4,5-tetrahydroxyflavone, formono-
netin, and naringenin. Karimi ef al., who studied the
methanol extract of M. sativa leaves in Iran, reported

40 50 60

min

Figure 5 The chromatogram of bioactive substances in the Medicago sativa L. extract: 1 — 3,3’,4,5-tetrahydroxyflavone,
2 — quercetin-3-O-glycoside, 3 — tricine, 4 — formononetin, 5 — naringenin

Table 1 The contents of bioactive substances in the Medicago sativa L. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 3,3’,4,5-tetrahydroxyflavone 33.0100 0.6400 + 0.0011
2 Quercetin-3-O-glycoside 34.2100 1.3000 + 0.0027
3 Tricine 35.1400 2.0900 + 0.0300
4 Formononetin 36.8900 0.7300 + 0.0021
5 Naringenin 39.7800 0.9800 + 0.0026
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the phenolic compounds of apigenin (0.214 mg/g), my-
ricetin (0.456 mg/g), naringin (0.738 mg/g), quercetin
(0.574 mg/g), and daidzein (0.335 mg/g) [62]. By com-
parison, the content of naringin in our study was 0.24%
higher. The content of tricine, however, has not been
previously reported for M. sativa extracts. Thus, the fla-
vonoid composition of M. sativa differs depending on
the region of growth. Further research is needed to iden-
tify factors that affect flavonoid contents in the plant and
to assess their biological activity.

The results of HPLC analysis of the P. officinalis ex-
tract are shown in Fig. 6 and Table 2.

As can be seen, the P. officinalis extract contained
gallic acid, triterpene saponin, ferulic acid, and rosma-
rinic acid. These results are consistent with those repor-
ted by Dushlyuk et al. [63]. The authors detected ferulic,
gallic, caffeic, rosmarinic, and chlorogenic acids, as well
as triterpene saponins, rutin, isorhamnetin, and querce-
tin in the 70% extract of the P. officinalis callus culture.
It is worth noting that the contents of caffeic, rosmarinic,
and chlorogenic acids were higher in the callus culture
than in the above-ground parts of the plant.

The results of HPLC analysis of the P. ginseng ex-
tract are shown in Fig. 7 and Table 3.

According to HPLC analysis, the P. ginseng extract
contained syringic acid, ginsenoside LC, panaxen, gin-
senoside RB,, panaxoside, and gomisin A.

Ginsenoside RB,, which showed the highest yield
among all the compounds, is one of the most important
components of ginseng that contributes to its therapeu-
tic effect [64]. This compound has numerous beneficial
effects on human health, including the cardiovascular
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and central nervous systems, as well as antidiabetic and
antitumorous activity. Notably, we detected significant
amounts of syringic acid, which had not been previously
reported for P. ginseng extracts.

The results of HPLC analysis of the T. vulgaris ex-
tract are shown in Fig. 8 and Table 4.

The HPLC analysis of the T vulgaris extract deter-
mined significant contents of apigenin, thymol, querce-
tin, and hesperidin, as well as lower contents of gallic
and caffeic acids.

Thymol is considered the main component of 7. vul-
garis, which was confirmed by our study. However,
apigenin was present in higher contents than thymol.
Apigenin has anticarcinogenic, anti-inflammatory, anti-
viral, and antioxidant properties [65]. Marculescu et al.
reported that the 7. vulgaris extract contained caffeic
(436.4 mg/100 g), chlorogenic (25.5 mg/100 g), p-couma-
ric (19.1 mg/100 g), and ferulic (41.6 mg/100 g) acids,
as well as luteolin (658.8 mg/100 g) and apigenin
(57.4 mg/100 g) [66].

The results of HPLC analysis of the 4. millefolium
extract are shown in Fig. 9 and Table 5.

As can be seen, the A. millefolium extract contained
chlorogenic and caffeic acids, apigenin, vicenin-2, lu-
teolin, rutin, hesperidin. Asyakina et al., who studied the
chemical composition and biological activity of A. mil-
lefolium cell cultures, detected caffeic (22.21 mg/mL)
and 4,5-dicaffeoylquinic (12.70 mg/mL) acids, as well
as coumarosides (14.55 mg/mL), luteolin (9.27 mg/mL),
vicenin-2 (4.18 mg/mL), rutin (2.96 mg/mL), and other
compounds [67].

40 50 60

min

Figure 6 The chromatogram of bioactive substances in the Pulmonaria officinalis L. extract: 1 — gallic acid, 2 — triterpene saponin,

3 — ferulic acid, 4 — rosmarinic acid

Table 2 The contents of bioactive substances in the Pulmonaria officinalis L. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Gallic acid 34.0500 3.2900 +0.0019
2 Triterpene saponin 35.2200 4.3200 + 0.0031
3 Ferulic acid 39.1000 4.6800 £ 0.0039
4 Rosmarinic acid 43.9500 4.0100 + 0.0045
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Figure 7 The chromatogram of bioactive substances in the Panax ginseng extract: 1 — syringic acid, 2 — ginsenoside LC,,
3 —panaxen, 4 — ginsenoside RB,, 5 — panaxoside, 6 — gomisin A

Table 3 The contents of bioactive substances in the Panax ginseng extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Syringic acid 16.3400 0.9500 + 0.0020
2 Ginsenoside LC, 21.1800 0.5400 + 0.0012
3 Panaxen 37.9500 0.7100 + 0.0017
4 Ginsenoside RB, 39.1300 0.7100 + 0.0017
5 Panaxoside 47.1800 0.3400 + 0.0014
6 Gomisin A 55.9700 0.8300 + 0.0019
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Figure 8 The chromatogram of bioactive substances in the Thymus vulgaris Linn. extract: 1 — quercetin, 2 — gallic acid,
3 — caffeic acid, 4 — apigenin, 5 — hesperidin, 6 — thymol

Table 4 The contents of bioactive substances in the Thymus vulgaris Linn. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Quercetin 5.1800 1.6000 + 0.0025
2 Gallic acid 11.3400 1.0900 £ 0.0021
3 Caffeic acid 14.0700 0.3600 +0.0013
4 Apigenin 17.0100 2.0700 £ 0.0042
5 Hesperidin 23.6500 1.5600 + 0.0027
6 Thymol 25.1300 1.8300 + 0.0034
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Figure 9 The chromatogram of bioactive substances in the Achillea millefolium L. extract: 1 — chlorogenic acid, 2 — caffeic acid,
3 — apigenin, 4 — vicenin-2, 5 — luteolin, 6 — rutin, 7 — hesperidin

Table 5 The contents of bioactive substances in the Achillea millefolium L. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Chlorogenic acid 10.2100 1.0300 + 0.0027
2 Caffeic acid 14.0700 5.2900 + 0.0059
3 Apigenin 17.0400 0.3900 +0.0016
4 Vicenin-2 18.6900 1.0200 + 0.0023
5 Luteolin 20.3400 0.2400 + 0.0008
6 Rutin 28.6100 0.4600 +0.0010
7 Hesperidin 30.0900 0.7000 + 0.0022

mAU

300

200

100

1 2 3
0
0 10 20 30 40 50

min

Figure 10 The chromatogram of bioactive substances in the Hedysarum neglectum Ledeb. extract: 1 — quercetin, 2 — rutin,
3 — mangiferin

Table 6 The contents of bioactive substances in the Hedysarum neglectum Ledeb. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Quercetin 4.9900 0.3800 = 0.0016
2 Rutin 28.3000 0.1300 + 0.0007
3 Mangiferin 30.6100 0.7200 + 0.0021

The results of HPLC analysis of the H. neglectum The results of HPLC analysis of the T. pratense
extract are shown in Fig. 10 and Table 6. extract are shown in Fig. 11 and Table 7.

According to Table 6, the H. neglectum extract con- According to HPLC results, the T. pratense extract
tained quercetin, rutin, and mangiferin. Babich et al. contained significant amounts of quercetin, biocha-
reported the presence of coumaric acid (0.460 mg/kg), nin A, and daidzein. Smaller amounts were detected
hyperoside/rutin (11.628 mg/kg), and quercetin-3-glyco- of genistein, apigenin, rutin, luteolin, formononetin,
side (10.410 mg/kg) in the H. neglectum extract [68]. and naringin. Tundis et al. found luteolin (16.7 mg/g),
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Figure 11 The chromatogram of bioactive substances in the Trifolium pratense L. extract: 1 — guercetin, 2 — biochanin A,
3 — daidzein, 4 — genistein, 5 — apigenin, 6 — luteolin, 7 — formononetin, 8 — naringin, 9 — rutin

Table 7 The contents of bioactive substances in the Trifolium pratense L. extract

Peak No. Bioactive substances Retention time, min Content, mg/g

1 Quercetin 4.9800 2.8400 + 0.0048
2 Biokhanin A 6.7300 3.1900 + 0.0053
3 Daijouin 10.0900 6.3400 £ 0.0076
4 Genistein 15.0000 1.2800 + 0.0031
5 Apigenin 16.9200 0.4300 = 0.0012
6 Rutin 28.2900 0.6900 + 0.0015

kaempferol (0.8 mg/g), and myricetin (0.5 mg/g) in the
extract of 7. pratense flowers [69].

As shown by the tables above, the HPLC analysis re-
vealed the highest contents of polyphenolic compounds
in the samples of P. officinalis, A. millefolii, T. vulgaris,
and T pratense. Therefore, these plants can be con-
sidered the most promising for developing medicinal
preparations against various diseases.

CONCLUSION

Flavonoids play a valuable role in human health,
which explains their increasing consumption worldwide.
The medicinal plants of Kemerovo Oblast — Kuzbass are
a rich source of these natural antioxidants. Flavonoids
require new methods and technologies to be developed
for their study and use in production.

According to the spectrophotometric analysis, the
highest yield of flavonoids was determined in the ex-
tract of Heracleum sibiricum L. leaves with 60% etha-
nol. Quite high contents were also detected in the 75%
ethanol extract of H. sibiricum leaves, the 55 and 70%

ethanol extracts of Thymus vulgaris Linn. leaves and
stems, and in the 75% ethanol extract of Achillea millefo-
lium L. leaves and stems.

High-performance liquid chromatography showed
the highest contents of polyphenolic compounds in the
samples of Pulmonaria officinalis L., A. millefolium,
T’ vulgaris, and Trifolium pratense L.

Thus, our results for the qualitative and quantitative
composition of medicinal plants grown in Kemerovo
Oblast — Kuzbass can be further used to study the bio-
logical activity of the extracts in order to create new
medicinal preparations to maintain health and reduce
the risk of life-threatening diseases such as diabetes,
cancer, stroke, and cardiovascular diseases.
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Abstract:

Orange seeds, often overlooked as waste, have hidden potential since fiber derived from them contains numerous biochemical
substances that can enhance the nutritional value of food. We aimed to investigate the impact of pomelo seed fiber on the biscuit
dough’s properties (starch and gluten), physicochemical characteristics, and biochemistry, as well as the product’s shelf life.

We studied three types of samples: control (no dietary fiber), biscuits with dietary fiber from pomelo (Citrus maxima (Brum.)
Merr.) seeds, and biscuits with wheat germ fiber. Scanning electron microscopy was employed to analyze rubbery starch and
gluten in the dough, while response surface methods were used to optimize the biscuits’ strength via a central composite design.
The product’s shelf life was determined based on microbial contamination levels. ANOVA test and Tukey’s Honestly Significant
Difference post hoc test were performed to assess the differences in physicochemical and biochemical properties.

Citrus seed fiber influenced rubbery starch and gluten properties, causing significant differences (p < 0.05) in fracturability,
total dietary fiber, and Trolox equivalent antioxidant capacity among the three samples. The biscuits enriched with citrus
seed fiber contained flavonoid compounds and acylserotonin, with acyl-Nw-methylserotonin dominating in the C22 and C24
homologs. Despite varied evaluations in texture and aroma, the biscuits with citrus seed fiber were well-received for their taste
and boasted an extended shelf life (> 12 months).

Dietary fiber obtained from C. maxima seeds not only enhanced the nutritional value of the biscuits but also paved the way for
innovative healthy food opportunities.

Keywords: Acyl-No-methylserotonins, citrus seeds, dietary fiber, N-serotonin, rubbery gluten, rubbery starch, nutritional
value

Please cite this article in press as: Budianto, Suparmi A, Susanti D. Optimizing the utilization of pomelo (Citrus maxima
(Brum.) Merr.) seeds as a quality dietary fiber. Foods and Raw Materials. 2025;13(2):233—-241. https://doi.org/10.21603/2308-4057-
2025-2-636

INTRODUCTION

Orange seeds, often overlooked and dismissed as
waste, possess untapped potential waiting to be fully
explored. These seeds are a rich source of various bio-
chemical substances, including fatty acids, limonoids,
tocopherols, phytosterols, dietary fiber, and flavonoids.
Extensive research has revealed their pharmaceutical po-
tential, including anticancer, anti-hematopoiesis, antifer-
tility, and hepatoprotective properties [1-8]. Furthermore,
these valuable biochemical compounds can enhance
the nutritional value and quality standards of food pro-
ducts [9]. The diverse range of biochemical compounds
found in orange seeds makes them a compelling subject
for further investigation as potential food additives.

While it is widely acknowledged that biochemical
compounds found in orange seeds have potential to en-
hance the nutritional value and dietary fiber content,
there is an ongoing debate among researchers regar-
ding the precise impact of incorporating these ingredi-
ents into food products. Notably, the addition of dietary
fiber derived from orange seed flour has been shown to
influence various properties, including emulsion proper-
ties, water absorption in dough, biscuit friability, and the
microfibril structure of dough [10—12]. However, there
has been a notable absence of research investigating the
effects of dietary fiber on the characteristics of rubbery
starch and gluten in dough. This represents a significant
gap in the existing body of research on the subject.

Copyright © 2024, Budianto ef al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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The production of dietary fiber from orange seeds
has traditionally relied on older methods, such as those
employed by Akpata & Akubor and Yilmaz & Karaman,
involving the removal of seed shells and oil [10, 11].
Orange seed shells and their oil contain a unique com-
pound, N-serotonin, which is relatively rare in the seeds
of other plants [13]. In this research, we undertook a
novel approach to producing orange seed fiber, which re-
tains the seed shells and oil.

The wealth of antioxidant compounds and pectin fi-
ber in orange seeds becomes particularly evident when
they are processed into dietary fiber and subjected to
thorough testing. In this research, we assessed their in-
fluence on the properties of rubbery starch and gluten in
the dough, a concept that has already been extensively
studied and well-established [14]. Furthermore, we scruti-
nized the physicochemical attributes of the final product,
namely biscuits. We also conducted optimization trials
utilizing the central composite design methodology.

Orange seed oil exhibits potential as an antibacte-
rial agent, although its antimicrobial activity is relative-
ly less potent compared to that of orange fruit and peel
oil [15]. Research on Citrus aurantifolia seeds using chlo-
roform, methanol, and ethanol has demonstrated robust
antibacterial efficacy [16]. Additionally, the ethanol ex-
tract of Citrus paradisi Macf. seeds from the Rutaceae
family has exhibited remarkable antifungal activity [17].
However, some studies have suggested that orange seed
extract possesses even stronger antibacterial proper-
ties [18, 19]. In this study, we assessed the antimicro-
bial attributes of pomelo (Citrus maxima (Brum.) Merr.)
seeds. This assessment was designed to determine the
shelf life of products by evaluating microorganism con-
tamination levels.

The core focus of our research revolved around the
utilization of pomelo seeds to elevate the quality of bis-
cuits. To achieve this, we set two primary objectives: (i)
scrutinizing the influence of citrus seed fiber on the pro-
perties of rubbery starch and gluten in the dough, and (ii)
evaluating the impact of citrus seed fiber on the physico-
chemical, biochemical, and shelf life characteristics of
the biscuits. For this, we employed fiber derived from po-
melo seeds along with dietary fiber sourced from wheat
seeds as integral components of our study materials.

STUDY OBJECTS AND METHODS

Materials. The following materials were procured
from a local grocery store: pomelo seeds (Citrus maxima
(Brum.) Merr.), wheat flour, and dietary fiber extracted
from wheat seeds. Additionally, we obtained various
chemical reagents and solutions essential for our ex-
periments, including HOBT solution (N-hydroxyben-
zotriazole), hexane, 95% alcohol, tetrahydrofuran, EDC
(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide), tri-
ethylamine, ethyl acetate, NaOH, HCI, dimethylfor-
mamide, H,SO,, and Nucleophile. We also acquired
specific chemical solutions to conduct tests for flavo-
noids, phenolics, protein, fat, and ash contents, as well
as antioxidant substances.
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Producing pomelo (C. maxima) seed powder.
First, we thoroughly cleaned and dried pomelo seeds
in an oven at 50°C for 4 h. Then, we ground the seeds
to break down all of their components, including the
outer shell. The resulting product underwent fur-
ther drying in the oven until its moisture content rea-
ched below 10%. To ensure a uniform fineness of the
flour, we sifted it through a 100-mesh sieve. Any re-
maining coarse particles were subjected to additional
grinding and sifting until a consistent flour fineness was
achieved.

Extracting dietary fiber from pomelo seed pow-
der. The pomelo seed flour was combined with dis-
tilled water (1:20) and homogenized at 12 500 rpm
for 10 min. To optimize extraction efficiency and pro-
duct quality, ultrasonic treatment was applied using a
UP400St ultrasonic device (Hielscher Ultrasonics) with
an amplitude of 90% for 10 min. It was followed by a
5-min break to allow the mixture’s temperature to reach
45°C. The resulting mixture was subsequently filtered
through a filter cloth with a mesh size of 0.150 mm. Any
remaining solid residue was carefully rinsed five times
with water before being dried under vacuum conditions
at 50°C for 4 days.

Biscuit production. All the ingredients for making
biscuits, including wheat flour (40%), shortening (14%),
sugar (8%), dietary fiber (3%), and salt (2%), were thor-
oughly mixed to ensure even distribution. Water (33%)
was added to the mixture, and it was blended using a
mixer at medium speed for 15 min. The dough was then
molded using a biscuit machine with minimal capacity
to form wet weights of 7 g per dough portion. These
portions were baked in a rotary oven at 160°C (20 rpm)
for 30 min. After baking, the biscuits were promptly
transferred to a room with a temperature of 14°C and a
relative humidity of about 55%. To preserve their fresh-
ness, the biscuits were individually wrapped in plastic
packaging with resealable zippers as needed.

The samples with dietary fiber were divided into two
distinct groups: those containing wheat fiber and those
enriched with citrus seed fiber. In addition, we conduc-
ted analyses on the control samples that did not contain
any dietary fiber.

Physical analysis of the biscuits. The surface co-
lor of three randomly selected biscuit samples was eval-
uated using a WR-10 QC colorimeter (China), while
their hardness and brittleness were assessed using PRE
MAD-TPA texture analysis (Brookfield Engineering
Laboratories, Inc., USA). The physical appearance of
the dietary fiber dough and its impact on the adhesive
properties of starch and gluten were examined using an
Axia Chemi scanning electron microscope (Fisher Sci-
entific, USA). Images displaying the biscuit texture and
pores were captured using a cellphone.

Furthermore, we conducted an optimization test us-
ing two factors, temperature and heating time, to deter-
mine the friability of biscuits with citrus seed fiber. For
this test, we employed response surface methods and a
central composite design.
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Chemical analysis. The extraction of N-acyl-
serotonin. The established protocol for synthesizing
N-acylserotonin compounds has been previously exe-
cuted and subsequently validated by Kruk et al. [13, 20].
In this procedure, the fatty acids contained in the die-
tary fiber were dissolved in 18 mg of HOBT (N-hydro-
xybenzotriazole) solution and 1 mL of tetra-hydrofuran.
Then, 22 pL of EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide) was added to the mixture and stirred.
Concurrently, serotonin hydrochloride was dissolved in
500 pL of dimethylformamide, and 12 pL of triethyla-
mine was introduced into the mixture. The resulting
mixture was stirred and then subjected to extraction
using 5 mL of ethyl acetate and 5 mL of water. The
reaction product was subsequently collected, evapo-
rated, and reconstituted in 2 mL of peroxide-free anhyd-
rous tetrahydrofuran.

The hydrolysis of N-acylserotonin. The method of
hydrolyzing N-acylserotonin has previously been em-
ployed by Kruk et al. and Trela-Makowej et al. [13,
20]. The compound fractions C,,H, N ONa® and
C,,H,N,O,Na* were subjected to hydrolysis in a con-
centrated solution of HCI and tetrahydrofuran (1:9, v/v)
at 105°C for 1 h and subsequently evaporated to dryness.
The resultant fatty acids contained in 5-mL Wheaton
glass vials were then combined with serotonin. In paral-
lel, 100 mg of lemon seed oil was dissolved in 1 mL of
ethanol, followed by the addition of 100 puL of saturated
NaOH in water. The mixture was heated for 1 h at 90°C
using a thermoblock. Subsequently, the solution was
neutralized with HCI, and the fatty acids were extracted
with ethyl acetate after dilution with water. Upon evapo-
ration under a nitrogen atmosphere, the obtained fatty
acids were also combined with serotonin.

N-acylserotonin was identified in dietary fiber ex-
tracts by assessing peak areas on HPLC chromatograms
using a GSYS0002 instrument (Gilson Inc., USA) in
conjunction with the synthetic standards of known con-
centrations. The HPLC setup involved a reverse-phase
Nucleophil 100 C18 column and a mobile phase consis-
ting of CAN, MeOH, and H,0O (70:7.5:1, v/v). The chro-
matographic separation was carried out at a flow rate of
1.4 mL/min.

The nutritional components were analyzed as fol-
lows. The moisture content was assessed using an
HC103 moisture analyzer (Metler Toledo), while water
activity was measured with an MS2100 water activity
moisture meter. The crude protein content was deter-
mined following method 46—12 of the Association of
Official Analytical Chemists (AOAC). The fat and ash
contents were quantified using the AOAC’s method
30-10 [21]. All the results obtained from these analy-
ses were reported as percentages based on dry weight.
Additionally, the Kjedahl method served as a correction
factor for any remaining protein levels.

The capacity of both free and bound phenolic com-
pounds was evaluated by using phenolic extracts. The
extract was obtained as outlined in [22] to be subse-
quently concentrated and reconstituted in 3 mL of deio-
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nized water. A membrane filter was utilized to purify
the deionized water. Free and bound phenolics were de-
termined by measuring the Trolox equivalent antioxi-
dant capacity (TEAC) as described in [23].

Microbiological test. In our study, we conduc-
ted periodic assessments of microbial growth in the
three biscuit samples, with observations made once
every month over a span of 12 months. These evalu-
ations involved quantitative testing for bacteria using
the total plate count method, as well as for yeast and
mold [24].

Respondent selection. Randomly selected emplo-
yees of a biscuit company located in the Bandung
region of West Java, Indonesia, were invited to provide
their feedback and opinions regarding our research bis-
cuits. The level of respondent acceptance was assessed
using the 1-5 Likert scale, with the following inter-
pretations: 1 — “strongly disagree”, 2 — “disagree”, 3 —
“neutral”, 4 — “agree”, and 5 — “strongly agree”.

Statistical analysis. The data analyses were con-
ducted using IBM SPSS Statistics, version 26 (SPSS Inc.,
Chicago, IL, USA). An analysis of variance (ANOVA)
was employed, followed by the Tukey Honestly Signi-
ficant Difference post hoc test to discern variations in
the biscuit biochemical levels. The results were presen-
ted in the format of mean =+ standard deviation, and
statistical significance was determined at a significance
level of p < 0.05.

RESULTS AND DISCUSSION

Dietary fiber and dough characteristics (starch
and gluten granules). Incorporating 3% of dietary
fiber and 33% of water into the biscuit dough signifi-
cantly altered its properties, particularly starch and
gluten granules. As illustrated in Fig. 1, the control
sample exhibited a strong binding between starch and
gluten granules at multiple points. Additionally, lique-
fied gluten was observed, which effectively bound starch
granules from the flour. The control dough sample sho-
wed minimal voids, or empty spaces.

The presence of dietary fiber extracted from wheat
grain significantly impacted the rubbery starch and
gluten phases. The standard practice involves adding
water to the mixture to achieve these phases. Accor-
ding to Fig. 1, the rubbery starch and gluten phases were
clearly distinguishable in the control dough (without die-
tary fiber). In contrast, the wheat fiber dough displayed
reduced stickiness and elasticity compared to the con-
trol sample. A similar behavior was also evident in the
dough containing citrus (pomelo) seed fiber.

The incorporation of dietary fiber has a notable
impact on the structure of starch and gluten granu-
les within the dough. Blanshard previously indica-
ted that in good bread dough, a water content of over
20%, with no heating, resulted in a rubbery consis-
tency involving both starch and gluten [14]. This
state leads to the amalgamation of starch and gluten.
In our study, the control samples displayed conditi-
ons that align with Blanshard’s ideal criteria for bread
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Figure 1 Physical appearance of starch and gluten granules in biscuit dough on Scan Electron Microscopy within 50 pm:

a — control; b — wheat dietary fiber; ¢ — citrus seed dietary fiber

Control

Fine Pores

Wheat dietary fiber

Small Pores

Citrus seed dietary fiber

Large Pores

Figure 2 Physical appearance of the biscuits baked at 160°C
for 40 min. Biscuit thickness ranged from 5.01 + 0.15 mm
on 50% magnification on a cellphone camera

production [14]. Conversely, in the wheat fiber and po-
melo seed fiber samples, the liquefaction of starch and
gluten was not as evident, resulting in discernible dif-
ferences in tensile strength and brittleness when the bis-
cuits were subjected to breaking.

Physicochemical chemical analysis and anti-
oxidant composition. The doughs (Fig. 1) were then
baked in the oven at 160°C for 40 min. We delibera-
tely enlarged (50x) the images of the resulting biscuits
(Fig. 2) to see the differences in their pores. As can
be seen, the pores of the control sample were small
in diameter (0.1 mm) but evenly distributed on all the
sides. The wheat fiber sample had large pores (0.2 mm),
as well as small ones evenly distributed on all the sides.
In the pomelo seed fiber samples, almost all the sur-
faces were dominated by large pores (+ 0.3 mm), with
some smaller pores observed as well.

According to Table 1, we observed no notable dif-
ferences (p > 0.05) among the three samples in terms
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of weight loss, thickness, or the contents of protein, fat,
ash, and soluble dietary fiber. Specifically, no signifi-
cant disparities were detected between the control and
the wheat fiber samples, while a significant difference
(p <0.05) was identified in the citrus seed fiber sample.
This discrepancy was also evident when examining co-
lor (b*), TEAC (bound), water activity, and moisture.

Significant distinctions (p <0.05) were observed
among the three samples in terms of color (a¢*), frac-
turability, total dietary fiber, insoluble dietary fiber,
and TEAC (free). We focused our attention on achie-
ving similar levels of fragility in the citrus seed fiber
sample as those found in the control and the wheat fiber
samples. Maintaining a consistent level of brittleness is
crucial to prevent difficulties in the subsequent process,
specifically during the packing phase, where powdery
characteristics can be problematic.

All the three samples contained antioxidants equi-
valent to Trolox, with the citrus seed fiber sample exhi-
biting the highest content of both free (9.11 + 0.24 pmole
Trolox/g) and bound (8.21 £ 0.19 umole Trolox/g) TEAC.
Additionally, we found that the biscuits enriched with
citrus seed fiber also contained flavonoid compounds
that were absent in the other two samples. These flavo-
noid compounds included eriocitrin (free/bound), rutin
(free/bound), naringin (free/bound), hesperidin (bound),
neohesperidin (free), and naringenin (free). Our findings
align closely with the results reported by Yilmaz &
Karaman [11].

Baking time and temperature optimization for
fragile biscuits. We aimed to optimize the baking of
biscuits containing citrus seed fiber with a fractura-
bility value of 4326 + 56 g force. This value was ex-
ceptionally high and it was crucial for the packaging
process. Therefore, we sought to attain a fracturabi-
lity value that was equal or close to the values of the
control sample (7011 + 34) and the wheat fiber sample
(5990 + 56). To achieve this, we employed two variables,
temperature and time, aiming to establish the standard
fracturability values equivalent to those of the con-
trol sample. The outcomes of our analysis are presented
in Fig. 3.

We conducted a series of experiments utilizing re-
sponse surface methodology and a central composite
design, which were repeated 13 times. In these experi-
ments, we systematically explored a temperature range
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Table 1 Physicochemical characteristics and antioxidant composition of the biscuits under study

Property Control (no fiber) Wheat fiber Citrus seed fiber
Weight loss, % 14.58 £ 0.34* 1521 £0.41* 15.01 £0.21*
Thickness, mm 4.80+0.10° 4.89+0.12° 5.01+0.15°
Color L 64.32 +0.232 68.21 £0.13% 66.64 + (.34
a* 8.90 +£0.18° 6.70 £ 0.21° 5.54 +0.26
b* 28.86 +0.21° 28.27 £0.42° 2532+£027°
Fracturability, g force 7011 + 34¢ 5990 + 56° 4326 £ 56°
Hardness, g force 4221 +35° 6218 £65° 5738 £ 47®
Moisture, % 2.65+0.21° 3.01 £0.26® 4.03+0.31°
Water activity, 4 0.15 +0.02° 0.13+0.01%® 0.10+0.01*
Protein, % dry weight 11.37 £0.28° 11.07 +£0.312 11.27 £0.26*
Fat, % dry weight 14.34 +0.29° 14.61 + 0.45° 14.06 +0.36*
Ash, % dry weight 1.54+£0.10° 1.62+0.26* 1.59+0.36*
Total dietary fiber, % dry weight 5.12+0.35° 10.28 £0.13¢ 7.42 £0.36°
Insoluble dietary fiber, % dry weight 3.23+0.19° 8.04 +£0.23¢° 5.23£0.16°
Soluble dietary fiber, % dry weight 3.03+0.15* 2.98 £0.23* 3.08+0.14*
TEAC-free, pmole Trolox/g 5.41+0.11° 249+0.18 9.11 £ 0.24¢
TEAC-bound, pmole Trolox/g 243+0.17* 2.67+0.15° 8.21+0.19°
TEAC — Trolox equivalent antioxidant capacity
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Figure 3 The influence of baking temperature and time on the fracturability of biscuits. The surface visual plot (a) and contour plot

(b) of the citrus seed fiber samples

from 140 to 180°C and a time range from 20 to 60 min
to analyze their combined impact on fracturability va-
lues. Our findings indicated a significant correlation be-
tween time and temperature, leading us to identify op-
timal fracturability values within the time window of
50—-60 min and the temperature range of 155-170°C.

As a result of the optimization test conducted with
response surface methodology, the fracture strength
of the citrus seed fiber samples increased from 4326 to
6000 g force, approaching the values of the control and
the wheat fiber samples.

The composition of phenolic acids, flavonoids,
and acylserotonin. The phenolic test conducted on
the three biscuit samples revealed no statistically sig-
nificant differences (p >0.05) for various phenolic
compounds, including gallic, caffeic, syringic and sy-
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ringic (bound), p-coumaric and p-coumaric (bound),
trans-ferulic acid, and trans-2-hydroxycinnamic acids
(Table 2).

When comparing the control with the citrus seed
fiber sample, significant differences (p <0.05) were
observed in the levels of gallic acid (bound), 3,4-hy-
droxybenzoic acid, and 3,4-hydroxybenzoic acid
(bound). Additionally, vanilic acid was only present in
the citrus seed fiber sample. Conversely, vanilic acid
(bound) exhibited the opposite trend, with significant
differences in its levels between the citrus seed fiber
sample and the control.

The citrus seed fiber sample contained several fla-
vonoid biochemicals that were absent in the control
and wheat fiber samples. These included eriocitrin, ru-
tin, naringin, hesperidin, neohesperidin, and naringenin,
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Table 2 The composition of phenolic acids, acylserotonin, and flavonoids

Biochemical Control Wheat fiber Citrus seed fiber
Phenolic acids, mg/g sample
Gallic acid 2.70 +0.34¢ 2.42 +£0.41° 2.20 +0.49°
Bound 0.13 +£0.02¢ 0.16 +0.02* 0.23+£0.01°
3,4-Hydroxybenzoic acid 0.410+0.015* 0.470+£0.018* 0.74 +0.02°
Bound 0.001 + 0.000? 0.0070 + 0.0001° 0.037 +0.002°
Vanilic acid n.d. n.d. 0.028 + 0.002
Bound 0.019 +0.001* 0.020 + 0.002* n.d.
Caffeic acid 0.314 + 0.020° 0.29£0.01* 0.32+£0.01*
Bound 0.23 +£0.01° 0.21 +£0.01° n.d.
Syringic acid 0.103 +£0.001* 0.1060 + 0.012° 0.115 £ 0.001?
Bound 0.109 + 0.002* 0.1170 +£0.013® 0.105 + 0.002°
p-Coumaric acid 0.118 £ 0.010° 0.108 + 0.020? 0.115 +0.030°
Bound 0.114 +0.020° 0.112 £ 0.020° 0.105 +£0.010?
Sinapic acid n.d. n.d. n.d.
Bound 0.049 + 0.001* 0.051 +0.002* n.d.
trans-Ferulic acid 4.12 £ 0.40° 2.10+0.21° n.d.
Bound 2.06 +0.12% 2.16 £0.21% 1.98£0.01*
trans-2-Hydroxycinnamic acid 0.53+0.01* 0.61 +0.02* 0.58 +0.01*
Bound 0.12+0.01° 0.14 +£0.02%® 0.16 £0.01°
Acylserotonin, mg/g sample
ai-C21 (18-Methyleicosanoic) n.d. n.d. 0.70 £ 0.02
Me-C20 n.d. n.d. 0.40 +0.02
n-C21 n.d. n.d. 0.30+0.01
Me-C21 n.d. n.d. 1.90 £0.02
n-C22 n.d. n.d. 1.40 £0.40
ai-C23 (20-Methyldocosanoic acid) n.d. n.d. 0.70 £ 0.21
Me-C22 n.d. n.d. 330+0.24
n-C23 n.d. n.d. 1.10+£0.13
Me-ai-C23 n.d. n.d. 0.40 £0.02
Me-C23 n.d. n.d. 3.70 £0.21
n-C24 n.d. n.d. 0.60+0.21
ai-C25 (22-Methyltetracosanoic acid n.d. n.d. 0.50 +0.01
Me-C24 n.d. n.d. 2.20+0.62
n-C25 n.d. n.d. 1.10£0.02
is0-C26 (24- Methyleicosanoic acid) n.d. n.d. 0.90 +0.03
Me-C25 n.d. n.d. 1.90 +0.02
n-C26 n.d. n.d. 1.20£0.02
ai-C27 (25-Methylhexacosanoic acid) n.d. n.d. 0.20+0.01
Me-C26 n.d. n.d. 2.50 £0.17
n-C27 n.d. n.d. 0.10+0.01
is0-C28 (26-Methyleicosanoic acid) n.d. n.d. 0.20+0.02
Me-C27 n.d. n.d. 0.20 +0.01
n-C28 n.d. n.d. 0.40 +0.01
Flavonoids, mg/g sample
Eriocitrin n.d. n.d. 0.074 = 0.004
Bound n.d. n.d. 0.1140+0.0005
Rutin n.d. n.d. 1.0440 + 0.0001
Bound n.d. n.d. 2.622 + 0.006
Naringin n.d. n.d. 1.455 £ 0.095
Bound n.d. n.d. 0.232 +0.004
Hesperidin n.d. n.d. n.d.
Bound n.d. n.d. 0.250 + 0.001
Neohesperidin n.d. n.d. 0.315 £ 0.006
Bound n.d. n.d. n.d.
Naringenin n.d. n.d. 0.129 + 0.001
Bound n.d. n.d. n.d.

n.d. — not detected
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both in their free and bound forms. Notably, narin-
gin exhibited the highest concentration among these
compounds. Additionally, the citrus seed fiber sample
lacked free hesperidin, bound neohesperidin, and bound
naringenin. Phenolic acid compounds, including gallic
acid (bound), 3,4-hydroxybenzoic acid (free and bound),
and trans-2-hydroxycinnamic acid (bound), were pro-
minently present in the citrus seed fiber sample. These
results were similar to those reported by Yilmaz &
Karaman [11].

The acylserotonin compound was exclusively iden-
tified in the citrus seed fiber sample and was absent
in the control and wheat fiber samples. These findings
reinforced the results of Kruk et al., who reported
that citrus seeds contain serotonin (5-hydroxytryp-
tamine, 5-HT) compounds, which are relatively rare in
other plant seeds [13]. Having analyzed acylserotonin
levels within the citrus seed fiber samples, we found
a prevalence of long-chain acyl-methylserotonin. This
dominance was evident through the elevated values
of such compounds as Methyl-C22-serotonin, Methyl-
C23-serotonin, Methyl-C24-serotonin, Methyl-C25-sero-
tonin, and Methyl-C26-serotonin, all of which exceeded
1.5 mg/g in the sample content.

The distribution of acylserotonin compounds in the
citrus seed fiber samples indicated that normal-chain
acylserotonin came second in terms of prevalence. This
was evident through the presence of compounds such as
n-C22-serotonin (1.4 mg/g), n-C23-serotonin (1.1 mg/g),
n-C25-serotonin (1.1 mg/g), n-C26-serotonin (1.2 mg/g),
and other normal-chain acylserotonin compounds with
concentrations below 1 mg/g. In contrast, branched-chain
acylserotonin compounds were detected in lower quan-
tities, with ai-C21-serotonin present at 0.7 mg/g and
ai-C27-serotonin at the lowest concentration of 0.2 mg/g.
Additionally, long- and branched-chain acylserotonins

—_—
—

16.000
12.000
8.000
4.000

—NWARAUVUAIX OO

were identified, albeit in very small amounts, exempli-
fied by the compound methyl-anteiso-C23-serotonin
(Me-ai-C23) at 0.4 mg/g.

Microorganism contamination analysis. Over
the course of 12 months, we conducted regular obser-
vations of bacterial contamination, including the total
plate count, as well as yeast and mold levels (Fig. 4).
These assessments were conducted on a monthly basis.
The maximum allowable limits for microbial contam-
ination in biscuits are established by the Indonesian
Food and Drug Supervisory Agency [25]. According to
their guidelines, the permissible limits are 1x10* CFU/g
for the total plate count, as well as for the total yeast
and mold contamination.

In the control samples, bacterial contamination had
peaked at the 11th month, reaching its maximum allow-
able limit of 1x10* CFU/g. By the 12th month, bacterial
contamination had further increased to 1.4x10* CFU/g.
The overall yeast and mold contamination in these
samples had already reached 1.2x10* CFU/g by the
10th month. Consequently, when considering microbial
contamination, the product’s effective age in the control
samples could be regarded as only 10 months.

The shelf life of the wheat fiber biscuits extended to
12 months, even with a microbial contamination level
of 1.15x10* CFU/g and total yeast and mold contamina-
tion of 1.1x10* CFU/g. In contrast, the citrus seed fi-
ber biscuits exhibited lower bacterial contamination at
8.7x10° CFU/g by the 12th month, reaching total yeast
and mold levels of 9.8x10° CFU/g. Notably, the bis-
cuits containing citrus seed fiber boasted a shelf life ex-
ceeding 12 months. Thus, citrus seed fiber effectively
extended the product’s longevity with regards to micro-
bial contamination, as illustrated in Fig. 4a.

While our study did not explicitly focus on microbial
aspects, these results bolster the findings from previous

30

20

TPC: total plate count; CT: control sample (without fiber); WF: fiber from wheat seeds; CSF: citrus (pomelo) seed fiber

a

b

Figure 4 Heatmap diagrams of microorganism contamination (a) and sensory evaluation (b) on the five-point Likert scale
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research, indicating the positive impact of citrus seed
fiber on the product’s longevity and quality [16, 17, 19].

Sensory evaluation of the biscuits. A total of
40 respondents were randomly selected to evaluate
the biscuits’ quality in terms of taste, color, aroma,
and texture. Figure 4b indicates a strong preference
for the control biscuits among the respondents, as evi-
denced by the dominant red color in the chart. In the
case of wheat fiber biscuits, the respondents par-
ticularly appreciated their color (57.5%) and aroma
(47.5%). As for the biscuits with citrus seed fiber, the
respondents showed a preference for their taste (50%),
with some positive feedback regarding their color
(22.5%) and a smaller proportion appreciating their tex-
ture (5%) and aroma (5%). While these biscuits may
not be as popular as the control or wheat fiber samples,
there is still potential for enhancing their quality, espe-
cially in terms of texture, aroma, and color.

Despite variations in texture, aroma, and taste
among the biscuits enriched with dietary fiber from
pomelo seeds, these biscuits continue to receive favo-
rable ratings, particularly in terms of taste. The addition
of dietary fiber significantly enhances their nutritional
value by incorporating vitamins, minerals, and antio-
xidants [21]. This not only enriches the product’s nutri-
tional profile but also offers consumers the chance to
enjoy delicious biscuits while reaping the benefits of
plant dietary fiber.

CONCLUSION

Adding citrus dietary fiber to the biscuit dough sig-
nificantly influenced the structure of starch and glu-
ten, resulting in distinct characteristics. While the
typical rubbery texture associated with starch and

gluten was not readily observed in the citrus seed and
wheat seed samples, these structural differences had
a profound impact on the strength and texture of the
biscuits. The samples with citrus seed fiber predomi-
nantly had large pores and were very fragile, requi-
ring only 4326 + 56 g force to break. Their fracture
strength was substantially improved to 6000 g force
by subjecting them to heating at temperatures between
155-170°C for 50—60 min, thus enhancing their overall
texture and strength.

Our research underscores the beneficial impact of
incorporating citrus seed fiber into biscuits, particu-
larly in terms of boosting their antioxidant content and
TEAC (both free and bound forms). The samples with
citrus seed fiber contained flavonoid compounds that
were absent in the wheat fiber samples and the control
biscuits without dietary fiber. These compounds are
believed to possess the potential to inhibit bacterial,
mold, and yeast contamination, consequently extending
the shelf life of biscuits beyond 12 months.

Pomelo (Citrus maxima) seed dietary fiber is a
unique source of serotonin, a compound rarely enco-
untered in the seeds of other plants. The predomi-
nant forms of serotonin in this fiber were acyl-No-
methylserotonins, particularly in the C22 and C24 ho-
mologues, where long-chain bonds (C20-C28) were
prevalent.

CONTRIBUTION

All authors involved in the research analysis and
manuscript writing process.

CONFLICT OF INTEREST
There is no conflict of interest between the author.

REFERENCES

. Rosa An, Era B, Masala C, Nieddu M, Scano P, Fais A, et al. Supercritical CO, extraction of waste citrus seeds:
Chemical composition, nutritional and biological properties of edible fixed oils. European Journal of Lipid Science
and Technology. 2019;121:1800502. https://doi.org/10.1002/¢j1t.201800502

. Rahman MM, Islam F, Parvez A, Azad MAK, Ashraf GM, Ullah MF, et al. Citrus limon L.(lemon) seed extract shows
neuro-modulatory activity in an in vivo thiopental-sodium sleep model by reducing the sleep onset and enhancing the
sleep duration. Journal of Integrative Neuroscience. 2022;21(1):42. https://doi.org/10.31083/j.jin2101042

. Tunjung WAS, Fatonah V, Christy GP, Triono S, Hidayati L, Priyanto D, ef al. Effect of growth factor in callus
induction and bioactive compounds in seed explant of kaffir lime (Citrus hystrix DC.). Indonesian Journal of Pharmacy.
2020;31(2):61-68. https://doi.org/10.14499/indonesianjpharm3 1iss2pp61

. Rahman MM, Jahan FI, Mim SA. A brief phytochemical investigation and pharmacological uses of citrus seed —
A review. PharmacologyOnLine. 2019;1:94—103.

. Kulkarni T, Bodhankar S, Sahasrabudhe R. Reversible anti-fertility effects of lemon seeds (Citrus limonum) In female
albino rats. National Journal of Basic Medical Sciences. 2012;287.

. Kim J, Jayaprakasha GK, Patil BS. Limonoids and their anti-proliferative and anti-aromatase properties in human
breast cancer cells. Food and Function. 2013;4:258-265. https://doi.org/10.1039/C2F030209H

. Mahmoud MF, Hamdan DI, Wink M, El-Shazly AM. Hepatoprotective effect of limonin, a natural limonoid from the
seed of Citrus aurantium var. bigaradia, on D-galactosamine-induced liver injury in rats. Naunyn-Schmiedeberg’s
Archives of Pharmacology. 2014;387:251-261. https://doi.org/10.1007/s00210-013-0937-1

. Ahsan MT, Maria NN, Tahmida U, Jasmin AA, Chowdhury DUS. Anxiolytic, analgesic and anti-inflammatory effects
of Citrus maxima (Burm.) Merr. Seed extract in Swiss albino mice model. Clinical Phytoscience. 2023;9:2. https://
doi.org/10.1186/s40816-023-00354-7

240


https://doi.org/10.1002/ejlt.201800502
https://doi.org/10.31083/j.jin2101042
https://doi.org/10.14499/indonesianjpharm31iss2pp61
https://doi.org/10.1039/C2FO30209H
https://doi.org/10.1007/s00210-013-0937-1
https://doi.org/10.1186/s40816-023-00354-7
https://doi.org/10.1186/s40816-023-00354-7

Budianto et al. Foods and Raw Materials. 2025;13(2):233-241

9. Zayed A, Badawy MT, Farag MA. Valorization and extraction optimization of Citrus seeds for food and functional
food applications. Food Chemistry. 2021;355:1296009. https://doi.org/10.1016/j.foodchem.2021.129609

10. Akpata MI, Akubor PI. Chemical composition and selected functional properties of sweet orange (Citrus sinensis)
seed flour. Plant Foods for Human Nutrition. 1999;54:353-362. https://doi.org/10.1023/A:1008153228280

11.Yilmaz E, Karaman E. Functional crackers: Incorporation of the dietary fibers extracted from citrus seeds. Journal
of Food Science and Technology. 2017;54:3208—-3217. https://doi.org/10.1007/s13197-017-2763-9

12. Karaman E, Yilmaz E, Tuncel NB. Physicochemical, microstructural and functional characterization of dietary
fibers extracted from lemon, orange and grapefruit seeds press meals. Bioactive Carbohydrates and Dietary
Fibre. 2017;11:9-17. https://doi.org/10.1016/j.bcdf.2017.06.001

13. Kruk J, Trela-Makowej A, Szymanska R. Acyl-Nw-methylserotonins and branched-chain acylserotonins in
lemon and other citrus seeds — New lipids with antioxidant properties and potential pharmacological applications.
Biomolecules. 2022;12(10):1528. https://doi.org/10.3390/biom12101528

14. Blanshard JMV. The glass transition, its nature and significance in food processing. In: Beckett ST, editor.
Physico-chemical aspects of food processing. New York: Springer; 1995. p. 17-48. https://doi.org/10.1007/978-
1-4613-1227-7 2

15. Aydeniz Giineser B, Demirel Zorba NN, Yilmaz E. Antimicrobial activity of cold pressed citrus seeds oils, some
citrus flavonoids and phenolic acids. Rivista Italiana Delle Sostanze Grasse. 2018;95:119—131.

16. Mohammed RMO, Ayoub SMH. Study of phytochemical screening and antimicrobial activity of Citrus
aurantifolia seed extracts. American Journal of Analytical Chemistry. 2016;7:254-259. https://doi.org/10.4236/
ajac.2016.73022

17. Cvetnic Z, Vladimir-Knezevic S. Antimicrobial activity of grapefruit seed and pulp ethanolic extract. Acta
Pharmaceutica. 2004;54(3):243-250.

18. Aladekoyi G, Omosulis V, Orungbemi O. Evaluation of antimicrobial activity of oil extracted from three different
citrus seeds (Citrus limon, Citrus aurantifolia and Citrus aurantium). International Journal of Scientific Research
and Engineering Studies. 2016;3(3):16-20.

19. Atolani O, Adamu N, Oguntoye OS, Zubair MF, Fabiyi OA, Oyegoke RA, et al. Chemical characterization,
antioxidant, cytotoxicity, Anti-7oxoplasma gondii and antimicrobial potentials of the Citrus sinensis seed oil
for sustainable cosmeceutical production. Heliyon. 2020;6(2):¢03399. https://doi.org/10.1016/j.heliyon.2020.
€03399

20.Trela-Makowej A, Kruk J, Jemiota-Rzeminska M, Szymanska R. Acylserotonins — A new class of plant lipids
with antioxidant activity and potential pharmacological applications. Biochimica et Biophysica Acta (BBA) —
Molecular and Cell Biology of Lipids. 2021;1866(12):159044. https://doi.org/10.1016/j.bbalip.2021.159044

21.Journal of the American Oil Chemists’ Society. Vol. 77. Arlington: AOAC; 2000.

22.Budianto B, Suparmi A. Exploration of the biochemical composition of Citrus L. seeds for in-dustrial applications.
Grasas y Aceites. 2024;75(2):2102. https://doi.org/10.3989/gya.1204232.2102

23.Re R, Pellegrini N, Proteggente A, Pannala A, Yang M, Rice-Evans C. Antioxidant activity applying an improved
ABTS radical cation decolorization assay. Free Radical Biology and Medicine. 1999;26(9-10):1231-1237.
https://doi.org/10.1016/S0891-5849(98)00315-3

24.Budianto, Feri ZO, Suparmi A, Arifin MJ. Effect of the chemical composition of fluid foods on the rate of fouling
processing during sterilization. Vitae. 2023;30(1):349368. https://doi.org/10.17533/udea.vitae.v30n1a349368

25.Maximum limits of microbial contamination in processed food by fermented vegetable products. Indonesian
Drug and Food Control; 2019. 48 p. (In Indonesian).

ORCID IDs

Budianto  https://orcid.org/0000-0002-8277-6202
Anik Suparmi  https://orcid.org/0000-0002-9720-8195
Dewi Susanti  https://orcid.org/0009-0008-0604-721X

241


https://doi.org/10.1016/j.foodchem.2021.129609
https://doi.org/10.1023/A
https://doi.org/10.1007/s13197-017-2763-9
https://doi.org/10.1016/j.bcdf.2017.06.001
https://doi.org/10.3390/biom12101528
https://doi.org/10.1007/978-1-4613-1227-7_2
https://doi.org/10.1007/978-1-4613-1227-7_2
https://doi.org/10.4236/ajac.2016.73022
https://doi.org/10.4236/ajac.2016.73022
https://doi.org/10.1016/j.heliyon.2020.e03399
https://doi.org/10.1016/j.heliyon.2020.e03399
https://doi.org/10.1016/j.bbalip.2021.159044
https://doi.org/10.3989/gya.1204232.2102
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.17533/udea.vitae.v30n1a349368
https://orcid.org/0000-0002-8277-6202
https://orcid.org/0000-0002-8277-6202
https://orcid.org/0000-0002-9720-8195
https://orcid.org/0000-0002-9720-8195
https://orcid.org/0009-0008-0604-721X
https://orcid.org/0009-0008-0604-721X

ISSN 2308-4057 (Print)

Foods and Raw Materials. 2025;13(2) ISSN 2310-9599 (Online)

Research Article ;') Available online at http://jfrm.ru/en
Open Access https://doi.org/10.21603/2308-4057-2025-2-650
https://elibrary.ru/OVLNHL

UAYV imagery, advanced deep learning, and YOLOv7
object detection model in enhancing citrus yield estimation

Mohamed Jibril Daiaeddine* , Sara Badrouss , Abderrazak El Harti ,
El Mostafa Bachaoui , Mohamed Biniz , Hicham Mouncif

Sultan Moulay Slimane University , Beni Mellal, Morocco
* e-mail: mohamedjibril.daiaeddine@usms.ma

Received 04.01.2024; Revised 14.04.2024; Accepted 07.05.2024; Published online 18.10.2024

Abstract:

Accurate citrus fruit yield and estimation is of utmost importance for precise agricultural management. Unmanned aerial
vehicle (UAV) remote-sensing systems present a compelling solution to this problem. These systems capture remote-sensing
imagery with both high temporal and spatial resolution, thus empowering farmers with valuable insights for better decision-
making. This research assessed the potential application of UAV imagery combined with the YOLOvV7 object detection model
for the precise estimation of citrus yield.

Images of citrus trees were captured in their natural field setting using a quadcopter-mounted UAV camera. Data augmentation
techniques were applied to enhance the dataset diversity; the original YOLOvV7 architecture and training parameters were
modified to improve the model’s accuracy in detecting citrus fruits.

The test results demonstrated commendable performance, with a precision of 96%, a recall of 100%, and an F1-score of 97.95%.
The correlation between the fruit numbers recognized by the algorithm and the actual fruit numbers from 20 sample trees
provided the coefficient R? of 0.98.

The strong positive correlation confirmed both the accuracy of the algorithm and the validity of the approach in identifying and
quantifying citrus fruits on sample trees.

Keywords: Agricultural management, unmanned aerial vehicle (UAV), remote-sensing systems, YOLOvV7 object detection
model, crop yield estimation

Please cite this article in press as: Daiaeddine MJ, Badrouss S, El Harti A, Bachaoui EM, Biniz M, Mouncif H. UAV imagery,
advanced deep learning, and YOLOv7 object detection model in enhancing citrus yield estimation. Foods and Raw Materials.
2025;13(2):242-253. https://doi.org/10.21603/2308-4057-2025-2-650

INTRODUCTION Numerous studies feature image processing tech-
Crop yield estimation plays a crucial role in effec- niques and machine learning algorithms in the domain
of fruit detection and recognition. Sengupta & Lee har-
nessed a combination of support vector machines, Can-
ny edge detection, Hough transform, and scale-invariant
feature transform, along with the majority voting al-
gorithm, to effectively discern citrus fruits from the
background [3]. Maldonado & Barbosa based their appro-
ach on the extraction of relevant features from green
fruits [4]. The method consisted of a series of steps in-
cluding color model conversion, thresholding, histo-
gram equalization, spatial filtering with Laplace and

tive crop management, enabling farmers to make in-
formed decisions regarding harvesting, transportation,
storage, and marketing of their produce. Traditional
fruit counting methods, while commonly used, are in-
herently labor-intensive, time-consuming, and prone to
human error; moreover, they often give a higher margin
of error than expected [1]. Consequently, fruit farming
needs new efficient and automated approaches to crop
yield estimation. Automated methods reduce the burden

of manual labor while enhancing the accuracy and reli-  ggpel operators, and Gaussian blur. Zhao et al. con-
ability of yield forecasts. tributed to the field by applying the sum of the absolute

The recent progress in computer technology, camera transformed difference method to the detection of im-
capabilities, and image analysis have given rise to a di- mature green citrus fruits [5]. The proposed technique
verse array of fruit count methods [2]. effectively identified fruit pixels through the transfor-

Copyright © 2024, Daiaeddine et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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mative process. A subsequent support vector machine
classifier discerned and eliminated false positives, the-
reby refining the detection accuracy.

Dorj et al. introduced a novel algorithm aimed at
automating fruit detection [6]. This algorithm encom-
passed a series of pivotal steps including the conversion
of the RGB (red, green, blue) color space to the hue-
saturation-value color space, threshold color detection,
fruit segmentation, noise reduction, morphological ope-
rations, labeling, feature extraction, and classification.

Liu et al. devised a distinctive approach centered
on the Cr-Cb color coordinates [7]. They established a
multi-elliptical boundary model capable of detecting
both citrus fruits and tree trunks in natural light set-
tings. Another contribution by Liu et al. introduced a
recognition methodology based on regional specifics [8].
The approach hinged on a feature mapping table, which
effectively reduced the dimensionality of feature vec-
tors while concurrently enabling the segmentation of cit-
rus fruits, branches, and leaves.

Xu et al. pursued the segmentation of target citrus
regions within the YUV color space by applying the
Otsu adaptive threshold algorithm [9]. Their study in-
corporated a distinctive random ring method which
used a greedy algorithm to recognize multiple citrus
targets.

In a recent study, Zhang et al. introduced a pionee-
ring algorithm that enabled the detection and quantifica-
tion of citrus fruits within orchards [10]. The proposed
methodology leveraged the LAB color space in tandem
with the Hough circle transform. While image proces-
sing methods demonstrated proficiency in various fruit
detection tasks, they encountered challenges when dea-
ling with complex situations, such as occlusion, over-
lapping objects, and varied illumination [11].

Furthermore, the application of machine learning
techniques to large-scale yield estimation often leads
to suboptimal outcomes due to their constrained ability
to generalize [12].

In recent years, there has been a growing interest in
using object detection algorithms based on deep lear-
ning as promising tools for fruit detection and yield es-
timation. These algorithms have remarkable advanced
generalization capabilities, which are categorized into
one-stage and two-stage algorithms [13—15]. Typically,
a one-stage algorithm offers faster inference speeds
while a two-stage algorithm achieves better accura-
cy despite its relatively slower processing pace. The
one-stage approach to target detection involves a con-
volutional neural network (CNN) to directly extract
predictions for both the target class and its correspond-
ing location within the input image. Instances of this
methodology include the Single Shot MultiBox Detector
(SSD) and the You Only Look Once (YOLO) algorithm
represented by YOLOvI1, YOLOv2, YOLOv3, YOLOV4,
YOLOvVS, YOLOx, and YOLOvV7 [16-23]. As for the
two-stage detection approach, the initial step employs
a region proposal mechanism to sift through potential
candidate regions. This process facilitates the acquisi-

tion of the region of interest, thus enabling the subse-
quent stages to engage in precise object localization and
border regression prediction within the chosen region.
Prominent exemplars of the two-stage detection stra-
tegy encompass such methods as Fast R-CNN, Faster
R-CNN, and Mask R-CNN [24-26].

A cohort of researchers have contributed to the do-
main of fruit detection by employing deep learning
models for object detection. The following researchers
focused on the one-stage algorithm, e.g., improved
YOLO models. Xu et al. introduced HPL-YOLOv4, an
innovative approach for detecting citrus fruits [27].
This method employed GhostNet as its foundational
backbone network and incorporated a DBM module
with depthwise separable convolution and the Mish
activation function, replacing the CBL module in the
neck segment. The enhancements included integrating
the ECA channel attention mechanism and using the
soft DIoU-NMS technique to improve detection in over-
lapping or occluded situations. Yang et al. presented
BCoYOLOVS, a novel network model for identifying
and detecting fruit targets in orchards [28]. The mo-
del was based on YOLOvVS5s architecture and integrated
a bidirectional cross attention mechanism for enhanced
performance. Lai et al. introduced a target detection
model based on an enhanced YOLOv7 variant, spe-
cifically designed for accurate pineapple detection in
field environments [29]. The model incorporated the
SimAM attention mechanism, refined the max-pooling
convolution architecture, and replaced the conventio-
nal NMS with the soft-NMS variant to address detec-
tion challenges posed by occlusion and overlapping.
Chen et al. proposed Citrus-YOLOvV7 for citrus detec-
tion in orchards [30]. This model enhanced the YOLOv7
architecture with a specialized small object detection
layer, lightweight convolution operations, and a convo-
lutional block attention module. Yang et al. improved
YOLOvV7 to enhance apple fruit target recognition in
scenarios with dense fruit clusters, occlusion, and over-
lapping [31]. They integrated a MobileOne module for
backbone network establishment and used an altered
image fusion strategy; this novel recognition algorithm
also had an auxiliary detection head.

Our main objective was to investigate the poten-
tial application of unmanned aerial vehicle (UAV)
remote-sensing technology and the YOLOvV7 object de-
tection model for citrus fruit yield estimation. Our solu-
tion will provide farmers with a precise and efficient
alternative to traditional manual fruit count, leveraging
cutting-edge technology to enhance decision-making in
crop management.

STUDY OBJECTS AND METHODS

Study area. The research centered on the use of the
Maroc Late variety of citrus trees in orchard environ-
ment. We obtained the original images of these citrus
trees from an orchard located in the Beni Mellal-Khe-
nifra region, Morocco. This region significantly con-
tributes to citrus cultivation, accounting for 14% of
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Figure 1 Citrus orchard: geographic location

the country’s total citrus farming. The region allocates
a substantial 17 426 ha to citrus cultivation, with the
Maroc Late variety responsible for 23% of the citrus
crops [32]. The central coordinates of the orchard un-
der study are 32°19°28”’N and 6°29°36”W (Fig. 1). The
orchard, identified by parcel number 20 050, was estab-
lished on August 18, 2018: it covered an area of 6.11 ha
and included a total of 2546 citrus plants. In the stan-
dard planting configuration, the rows of citrus trees
were separated by a 6-m gap, with each tree spaced ap-
proximately 4 m apart.

Sampling citrus trees. The initial tree sampling is
crucial before capturing images in the orchard. This
process involves selecting a few representative samples
from the entire population. These samples should be ro-
bust and comprehensive enough to represent the entire
orchard. This approach provides a more accurate esti-
mation of the overall yield, thus securing a more precise
assessment of the productivity of a particular orchard.
This study employed two sampling methods.

The first method was random sampling: it provided
a dataset to develop a deep learning model specifically
targeting citrus fruit detection. The importance of em-
ploying random sampling comes from its ability to un-
biasedly select samples from a diverse population. For
this research, we selected 200 trees at random to be in-
cluded in the dataset. The size of the dataset plays a pivo-
tal role, as larger datasets enhance the capacity of deep
learning models to recognize more complex patterns,
thereby improving their generalization capabilities.

The second sampling method estimated the number
of fruits on each citrus tree. We used the traditional
method of manual counting to determine the total fruit
count across a sample of 20 citrus trees. This sampling
relied on the geographical location of the trees in the or-
chard: it involved four trees in each of the four direc-
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Table 1 Imaging system specifications

Parameter Value

Sensor size, mm 4.87%3.96

Image dimensions, pixels 1600%1300

Focal length, mm 5.74 mm

Shutter type Global 2 MP shutter

tions (east, west, north, and south) plus another group
of four trees in the middle of the orchard. The actual
fruit count and the recognized fruit count generated by
the algorithm were then paired for each of these trees.
Utilizing a linear fitting method, we established a direct
correlation between the observed fruit counts and the
fruit counts identified by the algorithm created.

Data acquisition and UAV flights. The citrus trees
designated for sampling were photographed on March
10 and 15, 2023, during their ripening season. We took
the images at various times throughout the day — mor-
ning, noon, and afternoon — in the field under natural
lighting conditions. The weather conditions during the
image capture were ideal for UAV flights, with a wind
speed of 9 km/h and a clear, cloudless sky.

This procedure involved the DJI Phantom 4 Multi-
spectral (PAM) Unmanned aerial vehicle (UAV) equip-
ped with a suite of imaging sensors. These sensors in-
cluded five multispectral sensors representing the blue,
green, red, red-edge, and near-infrared bands, along
with one RGB sensor. Table 1 demonstrates the parame-
ters of the sensors.

The DJI Pilot application served as the control inter-
face for the PAM-UAV during the data collection process
(Fig. 2). We employed manual control mode to navigate
the UAV, with the camera angle adjusted to 45°. For each
sampling tree, both right-side and left-side images were
captured from a consistent distance of 4 m. The flight
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Figure 2 DJI Pilot application interface: examples of image capture locations (white points) and flight path (green line)

Figure 3 Phantom 4 (P4AM) UAV imaging: distance from the tree is 4 m; altitude above ground level is 4 m

altitude was maintained at 4 m above ground level, as
illustrated in Fig. 3. Consequently, the images obtained
boasted a resolution of 0.21 cm/pixel.

We chose manual control instead of automated one to
image the trees with a DJI Phantom 4 (P4M) UAV beca-
use we needed an accurate and focused data collection.
Manual control allows for a high degree of operator enga-
gement, enabling the UAV to maneuver around the selec-
ted trees effectively and flexibly. This approach made it
possible to take pictures from both the left and right side
at a constant height and distance. It provided a high con-
trol level, excellent data quality, and thorough coverage.

In the scope of this research, we had several reasons
to use RGB sensor-captured images to develop a deep
learning model focused on citrus fruit. Firstly, the RGB
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images were to be integrated with the deep learning
model. As input data, RGB images were more effective
in helping the model to identify and classify citrus fruits
based on their color and other visual characteristics.
Secondly, RGB images streamlined the computational
and logistical complexities associated with the develop-
ment of deep learning models, as opposed to multispec-
tral images. Lastly, citrus fruits stood out clearly in RGB
imagery, as illustrated in Fig. 4, thus facilitating the
labeling and data verification, which, in turn, enhanced
the overall reliability of the research outcomes.

Data preprocessing. In this study, we applied vari-
ous preprocessing techniques to the original images.
Initially, each original image underwent a cropping
operation to create sub-images with dimensions of
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Figure 4 Exemplar citrus tree images captured by Phantom 4 Multispectral (P4M) UAV: (a) RGB (red, green, blue) composite;
(b) blue channel; (c) green channel; (d) red channel; (e) red-edge channel; and (f) near-infrared image

Figure 5 Instances of sub-images in the dataset: back lighting (a), front lighting (b), occlusion (c), and overlap (d)

400x433 pixels. This action reduced the background
noise and directed the focus towards the areas of par-
ticular interest. Consequently, we conducted an elimina-
tion process to filter out images devoid of citrus fruits, a
measure taken to enhance the precision of the model by
eliminating irrelevant data.

The sub-images in question manifested four distinct
categories of interference: overlap, occlusion, front ligh-
ting, and back lighting. Figure 5 illustrates these types of
interference. Overlap interference became evident when
multiple citrus fruits partially obscure each other in an
image. Occlusion interference arose when segments of a
citrus fruit were concealed or shrouded by branches and
leaves. Front lighting interference occurred when the il-
lumination on citrus fruits grew intense from the frontal
direction. Backlighting interference took place when the
light source (the sun) was behind the citrus fruits, cau-
sing the fruits to appear as dark silhouettes.

Subsequently, we performed a manual annotation of
a total of 1804 sub-images, using the Labellmg software
(Fig. 6) to delineate the bounding boxes encompassing
citrus fruits within each sub-image. After that, the pro-
gram generated .txt format files with these annotations.

The dataset was further partitioned into three dis-
tinct subsets: a training set, a test set, and a validation
set, with a distribution ratio of 70:20:10 (Table 2). The
training set was comprised of 1263 sub-images with a
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total of 8185 citrus fruits. Meanwhile, the test set en-
compassed 361 sub-images, featuring 1253 citrus fruits,
and the validation set comprised 130 sub-images with a
combined total of 747 citrus fruits.

Data augmentation. We used a range of data aug-
mentation strategies to enhance the diversity and size
of the dataset. These strategies encompassed morpho-
logical operations, including angle rotation, saturation
adjustment, image flipping (both vertically and horizon-
tally), and translation. The mosaic data enhancement
method involved the amalgamation of four defect ima-
ges with random scaling, random clipping, and random
layout adjustments: it bolstered the classification per-
formance of the model. We also appealed to the mix-up
data enhancement method to create mixed samples by
proportionally interpolating two images. Additionally,
we explored the color space conversion, modifications in
picture hue, saturation, and exposure. The primary ob-
jective behind the incorporation of these data augmen-
tation techniques was to curb the overfitting tendencies
and bolster the model’s capacity for generalization.

Object detection framework. YOLOvV7 is a com-
puter vision model within the YOLO (You Only Look
Once) family of object detection models, renowned for
its rapid detection, high precision, and user-friendly
nature in both training and deployment. The YOLOv7
model architecture comprises five primary compo-
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Figure 6 Manual annotation with green rectangles

Table 2 Dataset structure

Data set Ratio, % Number of sub-images Number of fruits
Training se 70 1419 8185

Test set 20 361 1253

Validation set 10 180 747

Total 100 1804 10 185

Figure 7 YOLOV7 improved architecture

nents: inputs, backbone network, neck, head, and loss
function (Fig. 7). In this study, we applied various mo-
difications to the original YOLOvV7 architecture and
training parameters to enhance its accuracy in detecting
citrus fruits.

The input layer incorporated three techniques to
enhance the quality of the data used for citrus fruit de-
tection, i.e., mosaic data augmentation, adaptive anchor
box calculation, and adaptive image scaling.

In this research, the backbone network played a cru-
cial role in the feature extraction process. It comprised
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several modules, including BConv convolution layers,
E-ELAN convolution layers, and MPConv convolution
layers [23]. The BConv module, or CBS layer, consisted
of a convolution layer, batch normalization (BN) layer,
and SiLU activation function. It was specifically desig-
ned to extract image features at various scales (Fig. 8).
We conducted a series of experiments to explore
different modifications in the backbone network, with
a focus on the convolution (Conv) layer. The objective
was to enhance the model’s performance in citrus fruit
detection. The incorporation of a double CBS (Conv-



Daiaeddine M.J. et al. Foods and Raw Materials. 2025;13(2):242-253

Figure 8 CBS Layer

Figure 9 Improved CBS layer

BN-SELU-Conv-BN-SiLU) layer instead of a single
CBS layer was the most successful change of all modi-
fications tested. Additionally, we replaced the SiLU
(sigmoid linear unit) activation function in the first layer
with SELU, i.e., scaled exponential linear unit (Fig. 9).

The neck module in the YOLOv7 model architec-
ture played a crucial role in feature fusion and feature
pyramids. It served as a bridge between the backbone
network and the head module, facilitating the integra-
tion of features from different network layers. The neck
module consisted of two components: the feature pyra-
mid network module and the path aggregation network
module. These modules were responsible for merging
and harmonizing the features extracted from multiple
layers of the backbone network.

The head module in the YOLOvV7 model architecture
generated the final detections and predicted the locations
and classes of objects within the input image. It was the
last component in the YOLOvV7 network before the out-
put. Within the head module, the features that had been
combined and mixed in the neck module passed through
a series of layers that performed the necessary computa-
tions for object detection. These layers analyzed the fea-
ture representations, as well as made predictions about
the bounding boxes and associated object classes. Addi-
tionally, the convolutional architecture was updated with
the improved CBS to align the head architecture with
the backbone architecture and enable the prediction of
bounding boxes for small objects.

As for the loss function, YOLOv7 utilized a loss
calculation method that consisted of three main com-
ponents: object confidence loss, classification loss, and
coordinate loss. These loss functions were important
for training the model and optimizing its performance.
The object confidence loss and classification loss in
YOLOV7 were computed using the binary cross-entropy
loss function. The binary cross-entropy loss measured
the dissimilarity between the predicted probabilities
and the ground truth labels for both object presence and
class predictions. The coordinate loss in YOLOV7 em-
ployed the CloU (complete intersection over union) loss
function [33]. The CloU loss took into account various
factors, including the overlapping area, center distance,
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and aspect ratio, to measure the localization accuracy
of the predicted bounding boxes.

Evaluation metrics. In this work, we used several
metrics to assess the YOLOv7 performance, i.c., preci-
sion (P), recall, and F'1-score (F'1):

TP

Precision=———
(TP+FP)

TP

Recall=————
(TP+FN)

_ 2(Precision + Recall)
(Precision + Recall)

F1

where the true positive (TP) was the number of images
that the developed model correctly identified as contai-
ning citrus fruits; the false positive (FP) was the num-
ber of images that the model incorrectly identified as
containing citrus fruits when they did not; the false ne-
gative (FN) was the number of images that the mo-
del incorrectly identifies as not containing citrus fruits
when they did.

We used another formula to calculate the percentage
of accurate citrus fruit count provided by the YOLOv7
model compared to the actual number of citrus fruits in
the dataset:

Rate of precision in yield estimation =

_ Number of citrus fruits by YOLOV7 y
Actual fruit number

100

where the number of citrus fruits counted by YOLOv7
was the count of citrus fruits detected by the YOLOv7
model; the actual fruit number was the real, or ground
truth, count of citrus fruits in the dataset.

Experimental details. The network model was
trained and evaluated on a dedicated laboratory work-
station. It included the following hardware compo-
nents: an Intel 19 13th Gen 13900K processor, an Nvidia
RTX 4090 graphics card, 128 GB of 3200 MHz RAM,
and a 2 TB Gen 4 SSD for storage. The operating sys-
tem in use was a 64-bit professional edition of Win-
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dows 10. For deep learning tasks, we used a PyTorch 2
with CUDA 11 as a framework; Python 3.8 served as a
programming language. Throughout the training pro-
cess, the input images were maintained at a resolution
of 640640 pixels.

We used the YOLO Evolve hyperparameter optimi-
zation method to determine the optimal hyperparame-
ters for the YOLOv7 model. This approach involved 10
trials, each comprising 30 epochs, to assess various hy-
perparameter combinations and identify the most effec-
tive configuration. The relevant hyperparameter values
were defined as follows: the model’s initial learning rate
was set to 0.129, the learning rate momentum was 0.892,
the Adam algorithm served as optimizer, and the weight
decay value was 0.00052. The training batch size was
32 while the total number of training epochs was 500.

Additionally, we applied transfer learning by utilizing
the pre-trained weights from ‘yolov7 training.pt’ a
standard YOLOv7 model previously trained on the MS
COCO dataset.

RESULTS AND DISCUSSION

Training results. Figures 10-14 provide an over-
view of various training metrics, including box loss,
objective loss, precision, recall, and mAPO0.5 values tra-
cked after each training epoch. The box loss assessed
the model’s accuracy in locating the center of a citrus
fruit within an image and drawing a bounding box
around it. The objectness gauged the likelihood that
a given image region contained the object of interest
during detection. Over the training epochs, both box
loss and objectness exhibited fluctuations and an overall
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Figure 15 Confusion matrix of the test results

Figure 16 Visualizing citrus fruit detection performance
in test dataset images

consistent decrease, indicating the progresses of the
improved model. In the initial epochs (approximately,
epochs 0-10), a rapid decrease signified quick learning.
Subsequently, stability with fluctuations might have ap-
peared due to varied data augmentation presenting both
complex and simple instances. Towards the end of trai-
ning (e.g., after epoch 400), stabilization signified that the
model reached its learning capacity from the given data.
The metrics, including precision, recall, and mAP0.5 va-
lues, demonstrated fluctuations across epochs with an
overall upward trend, reflecting improved model perfor-
mance over training. In the early epochs (e.g., epochs 0—
10), these metrics were relatively low but displayed sig-
nificant improvement as the model learned data patterns.
Around epochs 10-50, the rate of improvement slowed
down as the model approached a better data representa-
tion. Throughout training, occasional fluctuations might
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be attributed to data augmentation, offering challen-
ging and straightforward examples. A period of relative
stability in precision from epochs 50-150 suggested a
performance plateau given the architecture and data.
Towards the end (epochs 400-500), a slower but conti-
nued improvement highlighted the model’s refinement of
learned features.

Test results. Figure 15 presents the confusion ma-
trix of the test results, i.e., a critical visual represen-
tation of the deep learning model’s performance in
detecting citrus fruits amidst background objects. The
model excelled in accurate identification, achieving a
96% true positive rate, but still exhibited a minor short-
coming with a 4% false positive rate. On the other hand,
it effectively identified the background as not contai-
ning citrus fruits with a true negative rate of 100%. Fi-
gure 16 displays a visualization of selected output from
YOLOV7 on several test images from the dataset.

Utilizing YOLOvV7 for fruit detection yielded good
outcomes, underscoring the model’s effectiveness. The
achieved results included the precision of 96%, a recall
of 100%, and an F1-score of 97.95%. Such a high level
of detection accuracy could be attributed to a range of
strategic approaches, i.e., various modifications to the
original YOLOv7 architecture, data augmentation, the
careful selection of hyperparameters through the YOLO
Evolve method, and the application of transfer learning.
Expanding the dataset with additional images of citrus
fruits collected from various farms and at different time
intervals could prove advantageous to further enhance
the performance.

However, despite these optimizations, the model may
not attain perfect accuracy due to potential interferences,
e.g., leaves and branches obstructing the view. The algo-
rithm relied on a combination of parameters, including
color, texture, and various other features. Additionally,
the overall detection performance relied on the image
quality, which, in its turn, depended on such factors as
UAV camera specifications, the time of image capture,
lighting conditions, the altitude of the UAV flight, and
the horizontal distance between the UAV and the tree.

Yield estimation results. Table 3 illustrates the
results of citrus detection achieved by the enhanced
YOLOv7 model, conducted across a sample of 20 dis-
tinct trees. For each tree, we determined the accuracy
rate in estimating the yield. The highest accuracy ob-
served was 94% while the lowest was 74%; the overall
average across all trees stood at 87.68%. The improved
YOLOv7 model recorded a lower count of citrus fruits
compared to the actual count. This disparity between
the manual counting and the proposed algorithm could
be attributed to several factors, including complete oc-
clusion, shadows, and viewing angles. Manual counting
involved capturing fruit numbers from multiple angles
whereas the algorithm relied on images taken from two
sides of the tree. We performed a regression analysis
to assess the correlation between the manual count and
the count generated by YOLOv7 for 20 trees (Fig. 17).
The resulting regression equation was y = 1.10-x + 3.27.
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Table 3 Citrus fruit count results for 20 trees

Table 4 Comparative analysis of object detection model
performances: precision, recall, and F'1-score

Tree Actual fruit Fruit count Precision
number number by YOLOvV7 rate in yield Reference Model Precision, Recall, Fl-score,
estimation % % %
1 52 46 88.46 [27] HPL-YOLOv4  93.45 94.30  94.00
i ;4215 é;3 3232 [28] BCo-YOLOvS  89.15 97.11 92.96
- [30] Citrus-YOLOv7 94.25 93.37 93.81
4 131 113 87.70 This work YOLOv7 96.00 100.00 97.95
5 88 74 84.09
6 81 60 74.07
7 140 121 86.42
] 129 109 84.49 YOLOVS, reported a higher recall at 97.11%, albeit with
9 ) 29 9423 a slightly lower precision and an F'l-score of 89.15 and
10 61 5] 83.60 92.96% [28]. Chen et al. introduced Citrus-YOLOVT:
1 83 74 89.15 they showcased a well-balanced precision of 94.25%, a
12 129 114 3837 recall of 93.37%, and an Fl-score of 93.81% [30]. Our
13 141 127 90.07 resalts proved remarkable with the precision of 96%, a
14 36 79 91.86 recall of 100%, and an Fl-score of 97.95%. These fin-
15 104 93 89.42 dings suggest that the method described in this paper
16 72 57 79.16 may represent a significant advancement in enhancing
17 66 59 8939 the accuracy of citrus fruit detection compared to earlier
18 133 120 90.22 methodologies in this field.
19 89 81 91.01
20 68 60 88.23 CONCLUSION
In this study, we used unmanned aerial vehicle
(UAV) RGB (red, green, blue) remote-sensing imagery
and the YOLOvV7 object detection model to estimate
«g 140 citrus fruit yield. The innovative modifications to the
& YOLOvV7 model included the introduction of a double
én 120 CBS (Conv-BN-SELU-Conv-BN-SiLU) layer and the
£ adoption of the SELU activation function. They made it
‘s 100 possible to achieve commendable results in citrus fruit
g detection. The UAV RGB remote-sensing technology
g y=110x+3.27 enhanced the capabilities of the deep learning model by
Ti 80 R=098 providing high-resolution, real-time aerial imagery, and,
g eventually, a more comprehensive assessment of citrus
260 orchards. Hyperparameter optimization with the YOLO
Evolve method further improved the performance, re-
sulting in high precision, recall, and F1-score values.
50 60 70 80 90 100 110 120 130

The number of orange fruits detected by the YOLOv7 model

Figure 17 Regression analysis: actual number of citrus fruits
vs. citrus fruits detected by the YOLOv7 model

It was accompanied by a high correlation coefficient
(R? = 0.98), which signified a robust correlation within
the dataset.

Evaluation. Table 4 compares the proposed ap-
proach with previous studies in terms of the algorithm,
precision, recall, and Fl-score.

In this comparative analysis, we assessed the perfor-
mance of our approach against the methodologies em-
ployed in previous studies that utilized various YOLO
(You Only Look Once) variants for citrus fruit detec-
tion. Xu et al. used HPL-YOLOV4 to achieve the preci-
sion, recall, and F1 score metrics of 93.45, 94.30, and
94.00%, respectively [27]. Yang ef al., who used BCo-
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Our findings demonstrated the potential of deep
learning object detection models in addressing the chal-
lenges associated with traditional fruit counting meth-
ods. Cutting-edge technologies, e.g., UAVs, may reduce
the labor-intensive and error-prone nature of manual
fruit counting, thus providing accurate and efficient es-
timates for citrus fruit yield.

Our algorithm proved effective in identifying and
quantifying citrus fruits, as evidenced by the strong pos-
itive correlation between the recognized fruit numbers
and the actual fruit numbers from a sample of 20 trees.
Our algorithm, combined with UAV RGB remote-sen-
sing, can assist farmers in making informed decisions
about crop management.

While the results are promising, we have to ac-
knowledge certain limitations, such as occlusion, that
may affect detection accuracy. Further research could
expand the dataset to encompass diverse conditions and
varieties of citrus fruits, potentially enhancing the mo-
del’s robustness.
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Abstract:

Fish oil is highly susceptible to lipid oxidation, which leads to safety loss during storage. Natural antioxidants can prevent lipid
oxidation. Satureja bachtiarica Bunge, also known as savory, is an endemic species plant that contains the necessary bioactive
compounds and possesses antioxidant activity suitable for this purpose. This study featured the effects of savory extract and its
essential oil as stabilizing agents on kilka fish oil.

We assessed the oxidative stability of fish oil fortified with of savory extract and essential oil in amounts of 0.5 and 1%. Then
we compared their oxidative activity with that of samples treated with a synthetic antioxidant during 35 days at 40°C. The fish
oil samples were tested for antioxidant activity, acid degree value, thiobarbituric acid-reactive substances, para-anisidine value,
conjugated dienoic acids, peroxide value, total oxidation value, and free fatty acids.

Savory essential oil at the concentration of 1% was more effective than other samples in reducing the rate of lipid oxidation
in fish oil. On storage day 35, the control sample yielded the following data: peroxide value = 14.79 mEq O,/kg, acid degree
value = 32.49 mL/g, thiobarbituric acid-reactive substances =5.82 mg MDA/g, para-anisidine value = 116.03, total oxidation
index = 136.27. These results were significantly (p <0.05) higher than those in the sample with 1% savory essential oil:
peroxide value =9.52 mEq O,/kg, acid degree value = 22.41 mL/g, thiobarbituric acid-reactive substances = 3.46 mg MDA/g,
para-anisidine value = 78.3, and total oxidation index = 108.09. The fish oil samples contained more unsaturated fatty acids
(66.76—68.83%) than saturated fatty and acids (31.13-32.6%)).

Savory essential oil demonstrated good potential as an effective natural antioxidant that extends the shelf life of fish oil.

Keywords: Satureja bachtiarica Bunge, Bachtiarica spice, Bakhtiari savory, essential oil, extract, fish oil, lipid oxidation,
natural antioxidant

Please cite this article in press as: Matbo A, Ghanbari MM, Sekhavatizadeh SS, Nikkhah M. Stabilizing fish oil during
storage with Satureja bachtiarica Bunge. Foods and Raw Materials. 2025;13(2):254-263. https://doi.org/10.21603/2308-4057-
2025-2-645

INTRODUCTION

Marine fish oils are a source of popular saturated di-
etary fatty acids, e.g., lauric, palmitic, myristic, and stea-
ric acids [1]. In addition, fish oil yields long-chain -3
(n-3) polyunsaturated fatty acids, e.g., eicosapentaenoic
acid (EPA, 20:5n-3) and docosahexaenoic acid (DHA,
22:6n-3) [2]. The high content of w-3 fatty acids pro-
motes its beneficial effects on human health. Fish oil is
good for heart, brain, and nervous system, which makes
it a valuable functional product. Fish oil fatty acids are
effective against obesity, type 2 diabetes, depression,
non-alcoholic fatty liver disease, and inflammation.
Also, w-3 fatty acids improve heart rate and reduce the
risk of cardiovascular diseases [3]. Unfortunately, w-3

fatty acids obtained from fish oil are sensitive to oxida-
tion, which limits its use in the food industry. The rate of
oil oxidation depends on the oil structure, temperature,
and micro components, e.g., pigments, hydroperoxides,
and free fatty acids. Therefore, fish oil needs to be pro-
tected from oxidation during consumption and storage.
Oil oxidation can be prevented or inhibited by antioxi-
dants and special conditions, e.g., thermal processing,
exposure to light, oxygen, and storage at > 20°C, etc. [3].

Antioxidants prevent oil oxidation by inhibiting the
formation of free radicals or by stopping their release.
According to Diniz do Nascimento et al., synthetic an-
tioxidants must be limited in animal studies [4]. There-
fore, natural antioxidants of plant origin may replace

Copyright © 2024, Matbo et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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synthetic substitutes in the food industry to improve the
oxidative stability of fish oil [5, 6].

Several compounds used in sufficient concentrations
may act as antioxidants, e.g., plant extracts obtained
from dried plant materials by steam distillation, cold
pressure, or solvent extraction [7]. This list also includes
essential oils and aromatic oily liquids that are compo-
sed of volatile compounds with low molecular weight [8].

Hrebien-Filisinska & Bartkowiak added 25% (w/w)
sage extract to fish oil and managed to reduce the oxi-
dation rate, both during refrigerated storage and at room
temperature storage [9].

The genus Satureja consists of 30 species. It belongs
to aromatic plants that are distributed in the Mediterra-
nean, Africa, Asia, and North America. Iran has 12 wild
species of this genus. Bakhtiari savory (Satureja bachtia-
rica Bunge) belongs to the Lamiaceae family. Its leaves
are used as spices, nutrients, and herbal pharmaceuticals.
This plant grows in the central part of the Zagros Moun-
tains, Iran. Bakhtiari savory is a one-year herbaceous
semi-shrub 20—45 cm tall, with numerous stems and
short branches covered with gray lashes. Medicinal and
aromatic plants are members of the mint family and con-
tain a wide range of bioactive molecules that inhibit free
radicals and possess antioxidant activity [10].

Polyphenols are valuable natural products obtained
from plant extracts. They can protect cells from damage
caused by free radicals. They demonstrate numerous
pharmacological properties, e.g., they prevent atheroscle-
rosis, cancer progression, or pathogen growth [11].

Most savory species contain essential oils. Savory
varieties are rich in natural preservatives, including mo-
noterpenes, e.g., thymol, carvacrol, and cimen [12].
The major phenolic acid compounds in Bakhtiari sa-
vory are rosmarinic acid, p-coumaric acid, parmen-
tin B, 12-hydroxyjasmonic acid, tuberonic acid, f-D-glu-
copyranoside, methylrosmarinic acid, and caffeic acid
ethyl ester [13].

Currently, there is a strong global interest in explo-
ring new sources of natural antioxidants that are both
safe and cheap. Natural antioxidants cause no adverse
effects typical of their synthetic analogues [14]. As far
as we know, no publications have featured Bakhtiari
savory to enhance the oxidative stability of edible oils.
Our research investigated the antioxidant compounds in
savory extract and savory essential oil. We also evalua-
ted their antioxidant potential against a synthetic anti-
oxidant, namely tertiary buthylhydroquinone. The rese-
arch parameters assessed during 35 days of storage in-
cluded peroxide value, acid value, thiobarbituric acid,
p-anisidine, total oxidation value, and conjugated die-
noic acids. In addition, we also studied the antioxidant
activity and fatty acid profile of the fish oil samples.

STUDY OBJECTS AND METHODS

Plant and fish oil. Bakhtiari savory (Satureja bach-
tiarica Bunge) was gathered from the natural surroun-
dings of the city of Sadra (Shiraz, Fars Province, Iran).
This plant was identified using the botanical herbarium
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compiled by the Fars Research and Academic Center of
Agricultural and Natural Resources. Kilka (Clupeonella
cultriventris caspia) fish oil was obtained from Apsa
Trading Company in Qaimshahr (Mazandaran, Iran)
and contained no antioxidants.

Chemicals. 2,2-diphenyl-1-picrylhydrazyl (DPPH),
sodium thiosulfate, potassium acetate, gallic acid, Folin-
Ciocalteu’s reagent, ethanol, chloroform, acetic acid,
and aluminum chloride were obtained from Merck
(Darmstadt, Germany). Quercetin and methanol came
from Applichem (Darmstadt, Germany). Other chemi-
cal materials and reagents of analytical grade were pur-
chased from Sigma Aldrich (St. Louis, United States)
and Merck (Darmstadt, Germany).

Extracting savory essential oil and savory extract.
The savory essential oil and the savory extract were pre-
pared based on the procedures described by Hashemi &
Khodaei [15] and Khademvatan et al. [16].

Total phenol content. The total phenolic content in
the savory essential oil and the savory extract was mea-
sured using the Folin-Ciocalteu method. It involved a
calibration curve of gallic acid prepared in methanol.
The results obtained using a calibration curve regres-
sion equation (Y = 15.575x — 0.0176, R?= 0.9985) were
expressed as gallic acid in mg/g sample [17].

Total flavonoid content. The total flavonoid content
in the savory essential oil and the savory extract was
measured based on the aluminum chloride colorimetric
method [17]. A calibration curve of quercetin was made
in methanol. The results were calculated using a regres-
sion calibration curve equation (¥ = 0.0237x + 0.0867, R* =
0.9886). It was expressed as quercetin mg/g sample [18].

DPPH analysis. The 2,2-diphenyl-1-picrylhydrazyl
(DPPH) method was employed to measure the antioxi-
dant activity concerning free radical inhibition percen-
tage. TBHQ made it possible to construct a standard
curve at various concentrations. The equation below
served to represent a percentage of scavenging activity:

% Scavenging = [(4, — 4, )/(4,)] * 100 (1)
where A4 is the absorbance of the control and 4, is the
absorbance of the sample.

Finally, we calculated IC,, i.e., the absorbance value
of 50% in the reducing power assay [19].

Determining total phenolic content. High-perfor-
mance liquid chromatography (HPLC) (Agilent Techno-
logies, 1200 series, Germany) was used to determine
the number of polyphenolic compounds in the savory
extract.

Gas chromatography — mass spectrometry test. We
used gas chromatography — mass spectrometry (GC—
MS) to identify the chemical components in the savory
essential oil (Varian, 450-GC/MS: 1200, USA). The
length of column HP-5MS (phenylmethyl silox) was
30 m, its diameter was 250 nm, and its thickness was
0.25 mm. The test involved an electron ionization sys-
tem with an ionizing energy of 70 eV. The temperature
in the oven stayed 50°C for 2 min to be adjusted to 70°C
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at 5°C/min and heated to 100°C at 20 and 10°C/min.
Finally, it remained 290°C for 2 min. The detector and
injector temperatures were 300 and 200°C, respecti-
vely. Helium served as carrier gas at a flow degree of
0.8 mL/min, and the 0.5% samples were injected phys-
ically in the splitless style. Summits area percents were
applied for achieving numerical information. The mass
array was determined from 50 m/z to 550 amu. Holding
directories were restrained for compounds by homolo-
gous types of n-alkanes (C5—C24) injected in circum-
stances equivalent to those applied to the samples.

In the savory essential oil, chemical components
were identified using GC-MS with a similar device. He-
lium was applied as carrier gas with a persistent flow rate
of 1 mL/min. The temperature mode was the same as des-
cribed above. Four microliters of oil were injected as split;
the split relation was 1:100. The MS functional restric-
tions were as follows: 200°C interface temperature, 70 eV
ionization potential, 50—800 mass array acquisition. The
oil compounds were determined in line with the protocol
described by Fathimoghaddam et al. [17]. Table 1 illustra-
tes the gradient program used to measure the polypheno-
lic compounds in the essential oil.

Preparing fish oil and storage conditions. The fish
oil samples and their storage conditions were in line with
the method introduced by Lizarraga-Velazquez et al.
with some modifications [18]. The savory essential oil
and the savory extract were added separately to fish oil
samples in concentrations of 0.5 and 1% (w/v). Tween
20 (10%, w/v) served as emulsifier for the extract [20].
TBHQwas added (100 ppm) to the fish oil as a synthetic
antioxidant. One group contained no antioxidants and
served as control. The essential oil, the extract, and the
synthetic oxidant were dispersed slowly in the oil and
mixed until homogeneous emulsion. The oil samples
were poured into dark glass bottles and kept in an incu-
bator at 40°C and 75% relative humidity for 35 days. The
samples were evaluated on storage days 0, 7, 14, 21, 28,
and 35. Each treatment was performed in triplicate [18].

Peroxide value. To determine the peroxide value in fish
oils, we applied the method described by Sarojini et al. [21].
The resulting peroxide value, mEq O,/kg fat, was expres-
sed as milliequivalents of oxygen per | kg of fat as in the

Eq. 2):
(S - B)x N x1000

7 @

Peroxide value =

where S is the sample volume, mL; B is the blank sam-
ple volume, mL; N is the normality of sodium thiosulfate
solution, mol/L; and W is the sample weight, g [21].

Table 1 Total phenolic, total flavonoid, and IC50 in savory
extract and savory essential oil

Sample Total phenol, Total flavonoid, IC,,
mg/g mg/g mg/mL
Savory extract 104.269 13.825 0.206
Savory essential oil 70.882 0.801 2.865
Gallic acid — - 0.025
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Acid degree value. We weighed 10 g of the oil sample
in a 250-mL Erlenmeyer flask. Then, we added 50 mL of
ethanol and diethyl ether (1:1) into the flask, followed by
three drops of a phenolphthalein indicator solution. For
titration, we applied 0.1 M potassium hydroxide until the
mix turned pink. The same conditions were replicated
for the blank sample. The acid degree value, mg KOH/g,
was determined as follows (ISO 660):

(V—b) x N x 56.1
w

where 56.1 is the molecular weight of potassium hydro-
xide, g/mol; V is the potassium hydroxide volume in for
the oil sample, mL; b is the potassium hydroxide volume
in the blank sample, mL; N is normality of potassium hyd-
roxide solution, mol/L; and W is the sample weight, g.

The thiobarbituric acid reactive substances were
measured as proposed by Sarojini et al. and represented
as mg malonaldehyde (MDA)/kg [21].

The para-anisidine value in the fish oil was mea-
sured according to the method described by Yesilsu &
Ozyurt [22]:

Acid degree value =

©)

25x(1.2x 4, x 4,)

m

Para - anisidine value=

@

where A_is the fat solution absorption; 4, is the absorp-
tion of fat solution after its reaction with para-anisidine
reagent; and m is the sample weight, g.

Total oxidation value (TOTOX index). We used the
TOTOX number, or total oxidation value, to determine
the total fat and oil oxidation. It was calculated accor-
ding to the method described by Jairoun ef al. [23]:

TOTOX index = (2 X PV) + pAV ®)
where pAV is the para-anisidine value and PV is the pe-
roxide value.

Conjugated dienoic fatty acid. We studied the conju-
gated dienoic fatty acid, %, in the fish oil samples in line
with the equation proposed by Na et al. [24]:

Conjugated dienoic fatty acid =
=0.84 {4 /(b * c)—0.03} 6)
where A is the absorbance observed; b is the cuvette
length, cm; and c¢ is the concentration of test sample, g/L.
The antioxidant activity (DPPH) was assessed ba-
sed on the method proposed by Hrebien-Filisinska &
Bartkowiak [9].

The fatty acid profile of the fish oil was assessed
using the method described by Soltaninejad & Sekhava-
tizadeh [25]. The results were presented as a percentage
of the relative peak area.

Statistical analysis. For data analysis, we used a
one-way ANOVA and SPSS Statistics 19.0 (Chicago,
USA) (p <0.05). To determine the significant difference,
we applied Duncan’s test. The graphs were constructed
in Microsoft Excel 2016.



Matbo A. et al. Foods and Raw Materials. 2025;13(2):254-263

RESULTS AND DISCUSSION

Identifying chemical compounds by GC-MS.
Table 2 summarizes the gas chromatography — mass
spectrometry results for the savory essential oil. The
test revealed 12 compounds that made up 100% of the
total composition. Carvacrol (58.019%) and y-terpinene
(25.148%) appeared to be the main components. The
other compounds were o-cymene (4.836%), a-terpinene
(4.361%), p-Myrcene (1.772%), and carvacrol acetate
(1.242%). The savory essential oil also contained a-pi-
nene (1.219%), a-Thujene (1.133%), trans-anethole
(1.009%), B-pinene (0.448%), phellandrene (0.44%), and
limonene (0.374%).

Memarzadeh ef al. identified 28 chemical compo-
unds in savory essential oil, which occupied 98.59% of
the total essential oil [10]. They found carvacrol (31.25%)
and y-terpinene (10.65%) to be the most abundant chemi-
cal compounds, which was different from our results.
In their study, the amount of carvacrol and y-terpinene
was between 28.18-35.71 and 6.05—-8.25%, respectively.
In addition, o-cimen and thymol were on their list of the
main components. The major difference between the re-
sults may be related to the number of identified chemical
compounds, type, and concentration; however, carvacrol
and y-terpinene proved to be the main components in
both studies. Other researchers also reported carvacrol
(31.25-14.20%) as the most common chemical compo-
nent in savory essential oil [15, 17]. The different geogra-
phical location, soil structure, consistency, and climate
were the most important factors that caused differences in
the chemical composition of the savory essential oil [17].

Antioxidant activity, total flavonoid content, and
total phenolic content. The results showed that the to-
tal flavonoid and phenolic contents in the savory extract
were 104.269 and 13.825 mg/g of extract, respectively.
These amounts exceeded those detected in the savory
essential oil (70.882 and 0.801 mg/g). The IC, level in
the savory essential oil was higher than in the gallic acid
sample and the savory extract, which indicates that the
antioxidant activity of the savory essential oil was lower
than that of the savory extract and the gallic acid sample.

The total phenolic contents were 104.269 and
70.882 mg GAE/g for the extract and the essential oil,
respectively. The composition and content of herbal ex-
tracts and essential oil are known to depend on various
factors, such as temperature, time, extraction method, sol-
vent, etc. The type of solvent is the most important fac-
tor due to its polarity and the tendency to combine with
different substances [26]. Fathimoghaddam et al. mea-
sured the total phenolic and flavonoid contents in the
savory essential oil as 88.33 £ 1.69 mg GAE/100 g DW
and 20.63 + 1.24 mg QU /100 g DW, respectively [17].
These values were higher than those obtained by us in
this research.

These differences may be related to many factors, in-
cluding extraction method, cultivation conditions, the
type of extraction solvent, maturity of plants, geogra-
phical location, environment, genetics, variety, part of
the plant used, and harvesting season [27].
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Table 2 Chemical composition of savory essential oil, GC—MS

Retention time, Chemical Amount, %
min components

5.592 o-thujene 1.133
5.835 o-pinene 1.219
7.164 [-pinene 0.448
7.396 f-myrcene 1.772
8.067 Phellandrene 0.44
8.446 a-terpinene 4.361
8.785 o-cymene 4.836
8.874 Limonene 0.374
10.138 y-terpinene 25.148
19.907 trans-anethole 1.009
21.166 Carvacrol 58.019
23.124 Carvacrol acetate 1.242
Total 100.00

In this study, the savory extract had a lower IC
compared to the savory essential oil: as a result, the an-
tioxidant activity was higher. The IC,; results ranged
between 0.025 and 2.865 mg/mL. The lower IC,  con-
tent in the savory extract was due to the higher total
phenolic and flavonoid contents. It had the highest an-
tioxidant activity compared to the savory essential oil.
In this regard, Fathimoghaddam et al. linked the high
antioxidant effect in savory essential oil to the greater
total phenolic and flavonoid contents [17].

In our study, the DPPH radical inhibition was 76.72%.
In a similar study, Memarzadeh et al. explained the high
value of the savory radical scavenging capacity of essen-
tial oil by the hydroxyl groups present in the chemical
structure of phenolic compounds, which provided a radi-
cal scavenger [10].

Table 3 shows the polyphenol content in savory. The
essential oil antioxidant activity was probably due to
y-terpinene terpenoids and carvacrol, which were the
main contents in savory. Memarzadeh et al. also found
many polyphenolic compounds in the savory family, es-
pecially flavonoids and phenolic acids, including caryo-
phyllene and borneol [10].

Table 3 shows polyphenolic compounds in the savory
extract identified by HPLC. Carvacrol (21 250.81 mg/L)
proved to be one of the main components in this plant ex-
tract. It was followed by rosmarinic acid (3753.279 mg/L),
trans-ferulic acid (82.60816 mg/L), and catechin
(68.24201 mg/L).

In the present study, carvacrol and rosmarinic acid
proved to be two major polyphenolic compounds. Phe-
nolic compounds and flavonoids are often reported in
scientific publications. For instance, rosmarinic acid and
rutin were the most abundant of their kind in Satureja
montana: 7.85 and 17.29%, respectively. The total poly-
phenolic content varied from 100.65 to 420.68 mg/100 g
among three species [28]. In another research on savory,
the total phenolic content was 177.92 mg/100 g [29]. This
polyphenolic profile was different from that obtained in
our study, probably, due to different HPLC standards
and extraction methods [30].



Matbo A. et al. Foods and Raw Materials. 2025;13(2):254-263

Table 3 Polyphenolic content of savory extract: HPLC

Retention time,  Polyphenol Savory extract,
min content mg/L

33 Gallic acid n.d.

8.3 Catechin 68.24201
11.6 Caffeic acid n.d.

13.5 Vanilin n.d.

15.6 p-coumaric acid n.d.

16.3 trans-ferulic acid 82.60816
16.5 Sinapic acid n.d.

17.4 Coumarin n.d.

18.5 Hesperedin n.d.

19.02 Ellagic acid n.d.

19.2 Rosmarinic acid 3753.279
21.6 Quercetin n.d.

22.4 Hesperetin n.d.

23.7 Eugenol n.d.

28.4 Carvacrol 21250.81
28.9 Thymol n.d.

n.d. — not detected

Peroxide value. Figure 1 illustrates the peroxide
values in fish oil samples fortified with different con-
centrations of savory extract and savory essential oil
during 35 days of storage. The peroxide values in all
fish oil samples increased significantly during the sto-
rage period (p <0.05). The initial peroxide value was
1.0-1.3 mEq O/kg, but it increased from to 9.38 to
14.79 mEq O,/kg on storage day 35. We detected no sig-
nificant difference between the fish oil samples with 1%
savory extract and the oil sample with TBHQ (p > 0.05),
but the control sample had the highest peroxide value on
storage day 35 (p <0.05).

Therefore, 0.5 and 1% savory essential oil added to
fish oil during storage affected its oxidative parameters.
Antioxidants usually delay the rate of oxidation due to
their ability to chelate metals, quench singlet oxygen,
and destroy free radicals [31]. The mint family is known
to contain phenolic compounds. For instance, Sayyad &
Farahmandfar reported that Teucrium polium L. essential
oil contained mono and sesquiterpene compounds [32].
They were applied as antioxidants in canola oil and
showed higher protective effects than BHA against oxi-
dation during storage.

Acid degree value. Figure 2 demonstrates the chan-
ges in acid degree value that occurred in the fish oil sam-
ples fortified with different concentrations of savory ex-
tract and savory essential oil during 35 days of storage.
All samples of fish oil revealed a significant increase
(p <0.05) in acid degree value. On storage day 35, the
lowest acid degree value belonged to the samples with
TBHQ (22.3 £0.26 mL/g) and 1% savory essential oil
(22.41 £ 0.18 mL/g) (p < 0.05).

Acid degree value in the control samples of fish oil
increased during storage, except those with TBHQ, sa-
vory extract, and savory essential oil. Ozkan & Ozkan
reported that the acid values of oils containing 600
and 1200 ppm of savory (Satureja thymbra) and marj-
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Figure 2 Acid degree values in fish oil during storage

oram (Origanum onites) extracts were similar to each
other [33]. Also, they had a lower acidity compared to the
control sample. The presence of monoterpenoid phenolic
compounds, e.g., carvacrol, are probably related to the hi-
gher number of hydroxyl groups in essential oil molecules.

Thiobarbituric acid index. Figure 3 shows the
analysis of the thiobarbituric acid index in the fish oil
samples fortified with different concentrations of sa-
vory extract and savory essential oil during 35 days of
storage. The values of the thiobarbituric acid index in
all fish oil samples demonstrated a significant increase
(p<0.05) and rose from 1.19-1.28 to 3.46-5.82 mg
MDA/kg during storage time. On storage day 35, the
lowest thiobarbituric acid index belonged to the sam-
ple with 0.5 and 1% savory essential oil (4.19 + 0.09 and
3.46 = 0.08 mg MDA /kg, respectively).
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In our research, the thiobarbituric acid index in-
creased during the storage time. However, the thiobar-
bituric acid index in all samples treated with savory
extract and savory essential oil was lower compared to
the control and the samples with tertiary buthylhydro-
quinone, which can be related to their phenolic com-
pound [17]. Kamkar ef al. added methanolic and etha-
nolic extracts of summer savory (Satureja hortensis L.)
to soybean oil to increase its oxidation stability [34].
Garcia-Pérez et al. added Bryophyllum plant extracts to
fish oil to increase the antioxidant efficiency due to the
incorporation of polyphenols [35].

Para-anisidine value. Figure 4 reports para-anisi-
dine values in the fish oil samples. The para-anisidine
values increased significantly in all fish oil samples du-
ring the storage period. On storage day 35, the highest
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value was observed in the control oil sample (116.05 +
0.23). In our study, para-anisidine values increased sig-
nificantly (p < 0.05) with storage. Santos et al. linked
para-anisidine increase to the degradation of primary
lipid oxidation products (hydroperoxides) that turned to
secondary oxidation products (carbonyls) [36]. On sto-
rage day 35, the lowest para-anisidine values belonged to
the sample with TBHQ (76.22 + 0.22) and 1% savory
extract (78.00 + 0.23). Hwang et al. reported an increase
in para-anisidine when they raised the concentration
of coffee acetone extract (0.1, 0.25, and 0.5%) added
to fish oil as antioxidant during 14 days of storage [37].

Total oxidation value (TOTOX index). Figure 5
shows the changes in the total oxidation value. The TO-
TOX index ranged from 22.64 to 22.85 on the first day
and increased to 100.01-136.27 on storage day 35. At the
end of the storage time, the highest total oxidation value
belonged to the control sample (136.27 = 0.38). The lo-
west was observed in the samples with TBHQ (100.01 +
0.09) and 1% savory essential oil (108.09 + 0.40).

In a similar study, low concentrations of sage extract
(5, 10, 25, and 50%) in cod fish liver oil caused a sig-
nificant decrease (p < 0.05) in the TOTOX index due to
the appropriate amount of antioxidant polyphenols [38].
However, in our research, this parameter increased sig-
nificantly (p < 0.05) during the storage period.

Conjugated dienoic acid. Figure 6a illustrates the
contents of conjugated dienoic acids in the fish oil sam-
ples fortified with different concentrations of savory ex-
tract and savory essential oil. The amount of conjugated
dienoic acid increased significantly in all fish oil sam-
ples during storage (p < 0.05), rising from 0.64-1.01 to
1.7-1.75%. We detected no significant difference in con-
jugated dienoic acid between the samples at the end of
storage (p > 0.05).

In the present study, synthetic and natural anti-
oxidants produced no significant effect on conjugated
dienoic acid. However, other scientists reported that



Matbo A. et al. Foods and Raw Materials. 2025;13(2):254-263

2.0 60 000
< 184 T T
5 16 1 —_—1 50 000
=R T
3 14
s 40 000
g 12 E
= )
2 1.0 - £ 30000 I
o 2
2 084 o ot I
g ? 20000 I I
& 064 =+ I I
=4
g 04 10 000
© 02 1
0 T T T T T ! 0 - T ,
1 7 14 21 28 35 1 35
Storage time, day
Control —— TBHQ = Control m TBHQ
Savory extract, 0.5% Savory extract, 1% Savory extract, 0.5% Savory extract, 1%
Savory essential oil, 0.5% Savory essential oil, 1% Savory essential oil, 0.5% Savory essential oil, 1%
a b

Figure 6 Conjugated dienoic acid (a) and antioxidant activity (b) in fish oil during storage

Table 4 Fatty acids in fish oil during storage

Fatty acid, Fatty acid, name Day 1 Day 35
type Control Control Savory extract (1%) Savory essential oil (1%)
Saturated fatty acids (SFA)
C12:0 Lauric acid 0.13 0.12 0.06 0.07
Cl14:0 Myristic acid 3.24 3.23 3.39 3.66
C15:0 Pentadecylic acid 0.63 0.63 0.64 0.66
C16:0 Palmitic acid 19.58 19.18 19.82 20.31
C17:0 Margaric acid 1.52 1.46 1.48 1.48
C18:0 Stearic acid 4.86 4.86 4.71 4.95
C20:0 Arachidic acid 0.31 0.27 0.40 0.33
C22:0 Behenic acid 0.74 0.72 0.76 0.72
C24:0 Lignoceric acid 0.63 0.66 0.14 0.42
Monounsaturated fatty acids (MUFA)
Cl4:1 Myristoleic acid 0.51 0.53 0.54 0.49
Cl15:1 Pentadecenoic acid 0.16 0.16 0.16 0.14
Clé6:1 Palmitoleic acid 5.82 6.33 6.27 5.97
C17:1 heptadecenoic acid 0.77 0.77 0.78 0.75
Cl18:1trans  Vaccenic acid 0.22 0.22 0.26 0.63
Cl18:lcis Oleic acid (w-9) 36.80 37.07 35.50 36.61
C20:1 Gondoic acid 1.93 1.94 1.90 1.88
C22:1 Erucic acid 0.20 0.19 0.18 -
C24:1 Nervonic acid 0.47 0.45 0.58 0.43
Polyunsaturated fatty acids (PUFA)
C18:2cis linoleic acid (w-6) 1.91 2.00 1.91 2.29
C18:3cis o-Linolenic acid (w-3) 1.66 1.70 1.59 1.66
C20:2 Eicosadienoic acid — 0.10 0.19 0.18
C22:5 docosapentaenoic acid (DPA)  0.44 0.50 0.44 —
C20:5 Eicosapentaenoic acid (EPA)  6.46 6.30 6.55 6.01
C22:6 Docosahexaenoic acid (DHA)  11.00 10.57 11.19 9.72
w-6/w-3 1.15 1.17 1.20 1.37
YSFA 31.64 31.13 314 32.60
Y~MUFA 46.88 47.66 46.17 46.90
YPUFA 21.47 21.17 21.87 19.86
YUFA 68.35 68.83 68.04 66.76
YPUFA/XSFA 0.67 0.68 0.69 0.60
Polyene index (EPA + DHA)/palmitic acid) 0.89 0.87 0.89 0.77

260


http://en.wikipedia.org/wiki/Lauric_acid
http://en.wikipedia.org/wiki/Myristic_acid
http://en.wikipedia.org/wiki/Pentadecylic_acid
http://en.wikipedia.org/wiki/Palmitic_acid
http://en.wikipedia.org/wiki/Margaric_acid
http://en.wikipedia.org/wiki/Stearic_acid
http://en.wikipedia.org/wiki/Arachidic_acid
http://en.wikipedia.org/wiki/Behenic_acid
http://en.wikipedia.org/wiki/Lignoceric_acid
https://en.wikipedia.org/wiki/Myristoleic_acid
https://en.wikipedia.org/wiki/Palmitoleic_acid
https://en.wikipedia.org/wiki/Vaccenic_acid
https://en.wikipedia.org/wiki/Oleic_acid
https://en.wikipedia.org/wiki/Gondoic_acid
https://en.wikipedia.org/wiki/Erucic_acid
https://en.wikipedia.org/wiki/Nervonic_acid

Matbo A. et al. Foods and Raw Materials. 2025;13(2):254-263

synthetic and natural antioxidants curbed the amount
of conjugated dienoic acid produced. The list of substan-
ces that reduced the amount of conjugated dienoic acid
in fish oil included different concentrations of such plant
extracts as rosemary, garlic, and bryophyllum, as well as
5% roasted or unroasted pumpkin seed oil [35, 39, 40].

Antioxidant activity (DPPH). Figure 6b demonstra-
tes antioxidant activity in the fish oil samples during
storage. The sample with lower IC,  revealed the hi-
ghest antioxidant activity. In our study, the samples
with TBHQ and 1% savory essential oil had the highest
antioxidant activity on storage days 1 and 35. In general,
the antioxidant activity in all samples decreased during
the storage period.

The IC,, in all oil samples increased significantly af-
ter 35 days of storage (p < 0.05), which indicated a grad-
ual decrease in antioxidant activity during storage. Thus,
the storage time had a significant effect on the antioxi-
dant activity of kilka fish oil. The sample with 1% sa-
vory essential oil was not significantly different from the
sample with TBHQ (p > 0.05). Other samples with natu-
ral antioxidants, except for the 1% savory extract sam-
ple, had a significant difference with the TBHQ sample
on storage day 35. Other reports on the high antioxidant
activity of different savory species confirm the results
obtained in this study [41]. Moreover, Jafari et al. linked
the total antioxidant capacity not only to phenolic com-
pounds but also to enzyme systems, vitamins, organic
acids, and other compounds in the plant [42].

Fatty acid profile. Table 4 gives data on the fatty
acid profile. During storage, the fatty acid content was
in the range of 31.13-32.6% (saturated fatty acids),
46.17-47.66% (monounsaturated fatty acids), and 19.86—
21.87% (polyunsaturated fatty acids). Monounsaturated
fatty acids proved to be the most abundant of their kind
both in the control sample and in the samples fortified
with savory extract and savory essential oil.

Golmakani et al. reported the fatty acid composition
of kilka oil as mainly composed of monounsaturated
fatty acids, followed by saturated fatty acids and poly-
unsaturated fatty acids, which was in line with our re-
search [43]. In the present research, the n-6 to n-3 ratio
in the fish oil samples was 1.15-1.37%.

In this regard, Golmakani et al. also reported that
the ratio of polyunsaturated to saturated fatty acids
in kilka fish oil was 0.54%, which also confirmed our
results [44].

CONCLUSION

In the present study, we obtained Bakhtiari savory
extract and Bakhtiari savory essential oil using tradi-
tional methods and added them separately to kilka fish
oil in concentrations of 0.5 and 1%.

Satureja bachtiarica Bunge proved to be rich in bio-
active compounds, including active phenolic ones, e.g.,
carvacrol with its high antioxidant activity and oxygen-
ated monoterpenes.

Fish oil, which is highly susceptible to oxidative
degradation, was mixed with the savory extract and sa-
vory essential oil with high antioxidant content. As a re-
sult, the oxidative stability of fish oil increased. Savory
essential oil in a higher concentration (1%) inhibited
the oxidation process more effectively than the samples
fortified with savory extract and 0.5% savory essential
oil. In addition, 1% savory essential oil had the same
potential as TBHQ in delaying the formation of secon-
dary oxidation products. As a result, savory essential oil
could be used as an effective natural antioxidant to in-
crease the shelf-life of kilka fish oil.
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Abstract:

Over the past decade, the occurrence of milk-borne infections caused by Shiga toxin-producing Escherichia coli (STEC) and
Salmonella enterica serovar Typhimurium (S. Typhimurium) has adversely affected consumer health and the milk industry.

We aimed to detect and genotype the strains of E. coli and S. Typhimurium isolated from cow and goat milks using two
genotyping tools, BOX-PCR and ERIC-PCR. A total of 200 cow and goat milk samples were collected from the dairy farms in
Southern Sarawak, Malaysia.

First, E. coli and Salmonella spp. detected in the samples were characterized using PCRs to identify pathogenic strains, STEC
and S. Typhimurium. Next, the bacterial strains were genotyped using ERIC-PCR and BOX-PCR to determine their genetic
relatedness. Out of 200 raw milk samples, 46.5% tested positive for non-STEC, 39.5% showed the presence of S. Typhimurium,
and 11% were positive for STEC. The two genotyping tools showed different discrimination indexes, with BOX-PCR exhibiting
a higher index mean (0.991) compared to ERIC-PCR (0.937). This suggested that BOX-PCR had better discriminatory power for
genotyping the bacteria.

Our study provides information on the safety of milk sourced from dairy farms, underscoring the importance of regular
inspections and surveillance at the farm level to minimize the risk of £. coli and Salmonella outbreaks from milk consumption.

Keywords: Food safety, epidemiology, public health, Escherichia coli, Salmonella spp., milk-born infections, genotyping
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INTRODUCTION

Escherichia coli is generally known as normal mi-

notable serotype associated with food poisoning [2].
E. coli O157:H7 is one of EHECs that harbors and expre-

croflora in the intestines of birds and mammals. Ho-
wever, not all of its strains are commensal to humans.
Enteric E. coli is clustered into six pathotypes based
on its pathogenicity profiles (virulence factors, clinical
manifestation, and phylogenetic profile). They are entero-
pathogenic E. coli (EPEC), enterohaemorrhagic E. coli
(EHEC), enterotoxigenic E. coli (ETEC), enteroaggrega-
tive E. coli (EAEC), enteroinvasive E. coli (EIEC), and
diffusely adherent E. coli (DAEC) [1]. Among many
E. coli pathogenic strains, E. coli O157:H7 is the most

sses the genes for Shiga toxins type 1 (Stx/) and 2 (Stx2)
that result in hemorrhagic colitis (HC) in humans. A life-
threatening sequel of hemorrhagic colitis is hemoly-
tic uremic syndrome (HUS). Salmonella is a causative
agent of severe foodborne disease worldwide, with most
of the infections caused by Salmonella enterica [3, 4].
The symptoms of salmonellosis are headache, fever, di-
arrhea, nausea, vomiting, and abdominal cramp. These
symptoms usually start 12 to 72 h after the ingestion
and can last up to four to seven days, depending on the
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severity of the infection. Infants, the elderly, and im-
mune-compromised groups are generally more suscep-
tible to salmonellosis [5]. In Malaysia, it is difficult to
evaluate the status of salmonellosis due to the lack of
detailed epidemiological studies by the public health and
veterinary sector.

Molecular typing is crucial in studying outbreaks,
identifying transmission routes, detecting pathogen
cross-transmission, and determining sources of infec-
tion [6]. The enterobacterial repetitive intergenic consen-
sus (ERIC)- and the BOX repetitive sequence (BOX)-
polymerase chain reaction (PCR) are examples of genoty-
ping tools. We used these tools to discriminate the strains
of E. coli and Salmonella enterica serovar Typhimurium
(S. Typhimurium), as well as investigate their power in
clustering according to the origin of bacterial isolates.

BOX-PCR was first used for the genetic characte-
rization of Streptococcus pneumoniae. It produced am-
plicons based on repetitive sequences in the bacterial
genome and was later used to discriminate many bacte-
rial species [7]. This tool employs the BOX A1R primer
for the repetitive element sequence-based PCR to amplify
the repetitive regions of the bacterial genome. This
primer has been found in many microbial genomes in
previous studies. The band profiles of the amplified re-
petitive regions are unique among the species or even
between the species. Thus, different species can be
identified through their band patterns [8].

ERIC-PCR is commonly used for the genetic cha-
racterization of E. coli. It is more powerful than other
molecular fingerprinting tools such as PCR ribotyping,
RAPD-PCR, or PFGE [9, 10]. Its other advantages in-
clude fast speed, sensitivity, and reliability [11]. BOX
sequences are highly conserved, but their chromosomal
locations differ between the species [7]. Thus, ERIC se-
quences are used in the PCR as practical primer binding
sites to produce fingerprints of different bacterial ge-
nomes. They differ from the sequences from other bac-
terial repeats assays (e.g. BOX-PCR) due to their more
comprehensive species distribution range [12].

Raw milk is defined as milk that has not been pro-
cessed, e.g., via pasteurization and homogenization. Un-
processed milk is perceived to have more nutritional
benefits than processed milk. Consumers believe that
foods in their natural and unprocessed form are safer
and healthier, although such beliefs have not been pro-
ven and remain the subject of ongoing debate [13]. The

Table 1 Raw milk samples from different dairy farms

practice of raw milk consumption is prevalent and
linked to consumers’ educational level, socioeconomic
factors, and living on dairy farms. This is of public
health concern since there is an 850 times higher risk
of acquiring infections from consuming raw dairy pro-
ducts compared to pasteurized milk [14]. Thus, the risk
of infection by pathogenic bacteria far outweighs the
theoretical potential benefits. Milk-borne diseases cause
unsurmountable economic losses, not to mention the
resulting public health consequences. For example, in
the United States of America (USA) and France, sepa-
rate outbreaks of E. coli and Salmonella in retailed dairy
products made from raw milk have caused national and
international recalls. The concern about the safety of
raw milk is more apparent when small, individual farms
grow into larger, commercial-scale productions to meet
the increased demand for milk. Since the prevalence
of milk-borne E. coli and Salmonella in East Malaysia
(Sarawak) has not been investigated, we aimed to: a) enu-
merate E. coli and Salmonella spp., and b) detect and
evaluate the genetic-relatedness of Shiga toxin-produ-
cing E. coli and S. Typhimurium strains of the isolates.

STUDY OBJECTS AND METHODS

Sample collection. Samples of cow and goat raw
milk were purchased from six farms in the southern re-
gion of Sarawak (Table 1). A total of 200 raw cow and
goat milk samples were purchased over ten months,
during 17 trips between April 2014 and January 2015.
All the samples (50—200 mL per sample) were purchased
in sterile plastic bottles and kept in an ice box to be
transported to the Molecular Microbiology Laboratory
at the University of Malaysia, Sarawak.

Enrichment and enumeration of Escherichia coli
and Salmonella spp. by the MPN method. E. coli were
isolated and enriched by the most probable number
(MPN) method, as previously described with some modi-
fication [15]. For this, 10 mL of raw milk was transferred
into a sterile Stomacher bag and mixed with 90 mL of
Tryptone Soy Broth. The mixture was homogenized for
60 s and incubated at 37°C for 24 h. The enriched cultu-
res were subjected to a three-tube MPN method. The
MPN index was calculated based on 95% confidence li-
mits for various combinations of positive tubes in a three-
tube dilution series using 1, 0.1, and 0.01 mL for E. coli
and Salmonella spp. detection in the samples. As indica-
ted with tube turbidity, positive samples were cultured

Farm Farm feature Type of raw milk Total number of samples
A Small dairy goat and horse farm Goat 65

B Small dairy goat farm Goat 6

C Small dairy goat farm Goat 17

D Mixed dairy farm comprising cattle, goats, buffaloes, and horses ~ Goat 5

E Small dairy goat farm Goat

F Large cow farm Cow 100

Total: 200
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on EMB (Oxoid, USA) and XLD (Oxoid, USA) agars for
E. coli and Salmonella spp., respectively. The grown co-
lonies were picked and used in molecular analysis.

Genomic DNA extraction. Bacterial DNA was ex-
tracted using the boiling extraction method [16, 17]. For
this, an aliquot of 1.5 mL of an overnight MPN suspen-
sion was centrifuged (Hettich EBA21 Zentrifugen, Ger-
many) at 10 000 rpm for 5 min. Then, the suspension was
boiled for 20 min and promptly chilled in ice for 20 min.
Afterwards, it was centrifuged at 10 000 rpm for 5 min.
The final supernatant containing bacterial DNA was col-
lected and stored at — 20°C for further use.

Detection of Shiga toxin-producing E. coli and
E. coli O157:H7. The Multiplex-PCR was conducted to
detect E. coli strains in the raw milk samples using four
primer pairs that target the Stx/ and Stx2 genes (enco-
ding Shiga-like toxins 1 and 2), »fbE gene (encoding the
somatic antigen, or O-antigen), and f/iC, , (encoding the
flagellar antigen, or H7-antigen) (Table 1) [18, 19]. The
PCR was conducted using GoTag® DNA polymerase
(Promega, USA) with PCR conditions comprising a cycle
of initial denaturation at 94°C for 2 min, 35 cycles of
denaturation at 94°C for 1 min, annealing at 55°C for
1 min, extension at 72°C for 1 min, and a final extension
at 72°C for 10 min. The DNA of E. coli O157:H7 was
used as a positive control. The PCR product was ana-
lyzed by using agarose (1.5%) gel electrophoresis.

Specific-PCR for detecting Salmonella enterica
serovar Typhimurium. The Specific-PCR assay was car-
ried out to detect Salmonella enterica serovar Typhimu-
rium (S. Typhimurium). by using the Flil5 and Tym pri-
mers that are specific to the fliC gene of S. Typhimurium,
with minor modifications (Table 2) [20]. The PCR was
conducted using GoTaq® DNA Polymerase (Promega,
USA) with PCR conditions comprising a cycle of ini-
tial denaturation of 95°C for 5 min, 35 cycles of dena-
turation at 94°C at 60 s, annealing at 56°C for 30 s, ex-
tension at 72°C for 30s, and a cycle of final extension
at 72°C for 1 min. The DNA of S. Typhimurium strain
ATCC 14028 was used as a positive control. The PCR
product was analyzed by using agarose (1.5%) gel
electrophoresis.

BOX-PCR genotyping of E. coli and S. Typhi-
murium isolates. The BOX-PCR was conducted on
E. coli and S. Typhimurium using a single BOXAIR pri-
mer: (5-CTACGGCAAGGCGACGCTGACG-3’), as well
as a TopTaq PCR Master Mix Kit (Qiagen, Germany) [8].
The PCR conditions comprised a cycle of initial dena-
turation at 94°C for 5 min, 35 cycles of denaturation at
94°C for 1 min, annealing at 53°C for 1 min, extension
at 72°C for 1 min, and a cycle of final extension at 72°C
for 10 min. The PCR product was analyzed with the help
of agarose (1%) gel electrophoresis.

ERIC-PCR genotyping of E. coli and S. Typhi-
murium isolates. The ERIC-PCR was conducted on
E. coli and S. Typhimurium using the primers ERIC-1
(5’-ATG TAAGCTCCTGGGGATTCAC-3’) and ERIC-2
(5’-AAGTAAGTGACTGGGGTGAGCG-3’), as well as
GoTaq® DNA Polymerase (Promega, USA) [8]. The
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PCR conditions comprised a cycle of initial denatu-
ration at 95°C for 5 min, 35 cycles of denaturation at
90°C for 30 s, annealing at 50°C for 1 min, extension at
72°C for 5 min, and a cycle of final extension at 72°C
for 15 min. The PCR product was analyzed by agarose
(1%) gel electrophoresis.

Phylogenetic data analysis. DNA fragments am-
plified in BOX-PCR and ERIX-PCR were analyzed for
their electrophoretic profile [8]. RAPDistance and Py-
Elph 1.3 gel analysis softwares were employed to de-
termine the respective clonal relatedness of E. coli and
S. Typhimurium. Normalization steps were included in
the analysis to ensure adequate gel-to-gel banding pat-
tern comparison. A band-scoring procedure identified
bands in each lane that made a fingerprint based on the
threshold of stringency and optimization settings. Uti-
lizing PyElph 1.3 software, the positions of the marker
run in BOX-PCR and ERIC-PCR were normalized from
lane-to-lane and gel-to-gel variations. The unweighted
pair group method with arithmetic mean (UPGMA)
cluster analysis was performed in combination with the
neighbor-joining tree (NJTREE) method and displayed
in dendrograms.

The discriminatory index (D) of both BOX-PCR
and ERIC-PCR was calculated based on Simpson’s Di-
versity Index. A value of 0 (zero) indicates an identical
pattern between isolates, whereas a value of 1 indicates
a complete dissimilarity between isolates, correspon-
ding to the higher Simpson’s Diversity Index, the grea-
ter the discriminatory power of the typing tool [8].

1 S
D =1—(mJ/Z:‘n/(n/ —1)

where N is the total number of colonies in the sample
population; s is the total number of clusters described;
and n, is the number of colonies belonging to the cluster.

RESULTS AND DISCUSSION

Occurrence and concentration of Escherichia coli
and Salmonella enterica serovar Typhimurium in the
fresh raw milk samples. We examined 200 samples
of raw milk from six dairy farms, including 100 cow
milk and 100 goat milk samples, for the presence of
E. coli and S. Typhimurium. E. coli colonies appeared
on EMB agar as dark blue-black growth with a green-
metallic sheen, while S. Typhimurium colonies appea-
red on XLD agar in shiny and small-to-medium color-
less shape after 24 h. Out of the total milk samples,
83.5% (167/200) and 65.5% (131/200) showed MPN
values greater than 1100 MPN/mL for the presence of
E. coli and Salmonella spp., respectively (Table 2).

Detection of Shiga toxin-producing E. coli and
S. Typhimurium by PCR. Out of 200 raw milk samples
tested, only 1.5% (3 samples) were found to be positive
for E. coli O157:H7. However, a higher prevalence (9.5%;
19 samples) was found to be Shiga toxin-producing
E. coli (STEC) of different serogroups which carried the
StxI and/or Stx2 genes but did not possess 7fbE+ or fliC, .
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Table 2 Most probable numbers of Escherichi coli and Salmonella spp. in raw milk samples

Raw milk type Bacteria Number of samples MPN/mL 95% confidence level
Lower Upper

Goat milk E. coli 1 20 0.45 4.2
Goat milk E. coli 1 21 0.45 4.2
Goat milk E. coli 1 28 0.87 9.4
Goat milk E. coli 1 35 0.87 9.4
Goat milk E. coli 2 36 0.87 9.4
Goat milk E. coli 5 93 1.8 42
Goat milk E. coli 5 150 3.7 42
Goat milk E. coli 5 210 4.0 43
Goat milk E. coli 1 240 42 100
Goat milk E. coli 2 460 9.0 200
Goat milk E. coli 9 1100 18 410
Goat milk E. coli 67 > 1100 42 —
Goat milk Salmonella spp. 1 21 0.45 4.2
Goat milk Salmonella spp. 6 28 0.87 9.4
Goat milk Salmonella spp. 5 36 0.87 9.4
Goat milk Salmonella spp. 6 93 1.8 42
Goat milk Salmonella spp. 6 150 3.7 42
Goat milk Salmonella spp. 10 210 4.0 43
Goat milk Salmonella spp. 6 240 4.2 100
Goat milk Salmonella spp. 2 460 9.0 200
Goat milk Salmonella spp. 15 1100 18 410
Goat milk Salmonella spp. 43 > 1100 42 -
Cow milk E. coli 100 > 1100 42 —
Cow milk Salmonella spp. 3 150 3.7 42
Cow milk Salmonella spp. 9 1100 18 410
Cow milk Salmonella spp. 88 > 1100 42 -

The MPN/mL values in boldface indicate concentrations of the bacteria in the samples > 1100 MPN/mL

Table 3 Numbers of raw cow and goat milk samples positive for the targeted genes of Escherichi coli and Salmonella enterica

serovar Typhimurium

Bacteria Virulence genes Cow milk  Goat milk  Serogroup Total

E. coli Stx1/8tx2/rfbE+/fliC, 1 0 STEC O157:H7 3/200 (1.5%)
Stx2/rfbE+/fliC, 2 0
Sex2/fliC,, 4 1 STEC of other serogroups 19/200 (9.5%)
Stx2/rfbE+ 14 0
Stx1/Stx2 0 0
Stx1 1 0
Stx2 2 1
rfbE+/fliC, 9 1 Non-STEC O157:H7 10/200 (5%)
rfbE+ 42 10 Non-STEC of other serogroups 83/200 (41.5%)
SiC,, 15 16

S. Typhimurium  fliC 11 68 - 79/200 (39.5%)

Other than that, 5% (10 samples) and 41.5% (83 samples)
were found to be non-STEC O157:H7 and non-STEC of
other serogroups, respectively, because they lacked the
Stx genes. Finally, 39.5% (79 samples) of the milk sam-
ples tested positive for S. Typhimurium (Table 3).
Virulence profiles of E. coli and S. Typhimurium.
E. coli were classified into four groups based on the
presence of Shiga-toxin genes (Stx/ and S#x2) and the
rfbE and fliC, genes, namely STEC O157:H7, STEC of
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other serogroups, non-STEC O157:H7, and non-STEC.
STEC indicates Shiga toxin-producing E. coli.
Genotyping of E. coli and S. Typhimurium using
BOX-PCR and ERIC-PCR. The BOX-PCR genoty-
ping for E. coli produced 2—-11 bands for the raw cow
milk samples (Fig. 1) and 3—14 bands for the raw goat
milk samples (figure not shown). Simpson’s Diversity In-
dex (SID) was utilized to measure the species diversity
in a community. This index was adjusted to generate a
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E. coli isolated from Farm F (top). L: 100 bp ladder, Lane S: Standard, Lane 1: EC-CM83, Lane 2: EC-CM84, Lane 3: EC-CM8S5, Lane 4:
EC-CMS86, Lane 5: EC-CM87, Lane 6: EC-CM88, Lane 7: EC-CM&89, Lane 8: EC-CM90, Lane 9: EC-CM91, Lane 10: EC-CM92, Lane 11:
EC-CM93, Lane 12: EC-CM94, Lane 13: EC-CM95, Lane 14: EC-CM96, Lane 15: EC-CM97, Lane 16: EC-CM98, Lane 17: EC-CM99, Lane 18:
EC-CM100. “EC” denotes E. coli, “CM” denotes cow milk sample

S. Typhimurium from Farm A (bottom). L: 100 bp ladder, Lane S: Standard, Lane 1: ST-CM3, Lane 2: ST-CM5, Lane 3: ST-CM56, Lane 4:
ST-CMS58, Lane 5: ST-CM59, Lane 6: ST-CM67, Lane 7: ST-CM70, Lane 8: ST-CM77, Lane 9: ST-CM78, Lane 10: ST-CMS82, Lane 11:
ST-CM83. “ST” denotes Salmonella enterica serovar Typhimurium, “CM” denotes cow milk sample

Figure 1 Gel electrophoresis of BOX-PCR

numerical index for the discriminatory ability of single
or combined typing systems. For raw cow milk, the SID
among E. coli isolates was 0.989, which indicated an
average genetic similarity of 40% between 100 isolates.
For raw goat milk, the SID among E. coli isolates was
0.992, indicating an average genetic similarity of 45%
between 40 isolates.

The BOX-PCR for S. Typhimurium in goat milk sho-
wed that only 9 out of 11 samples were successfully geno-
typed, producing 5-10 bands for raw cow milk (Fig. 1)
and 4-14 bands for raw goat milk (figure not shown).
The SID among S. Typhimurium isolates was D = 0.985
for raw cow milk, indicating an average genetic simila-
rity of 35% between 100 isolates. For raw goat milk, the
SID was D =0.999, indicating an average genetic simi-
larity of 30% between 40 isolates.

The dendrograms of the BOX-PCR for E. coli and
S. Typhimurium isolates in both cow and goat milk
were grouped into two clusters (A and B). Each of the
clusters was further subdivided into several sub-clus-
ters (Fig. 2). E. coli isolates were randomly grouped into
different clusters and sub-clusters, indicating greater
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heterogeneity in the BOX-PCR DNA profiling com-
pared to S. Typhimurium.

The ERIC-PCR for E. coli produced 2 to 13 bands
in the raw cow milk samples (Fig. 3) and 2 to 11 bands
in the raw goat milk samples (figure not shown). Sim-
pson’s Diversity Index (SID) for E. coli isolates was
D =0.997 in the cow milk samples, indicating an ave-
rage genetic similarity of 40% among 100 isolates, and
D =0.980 in the goat milk samples, indicating an ave-
rage genetic similarity of 40% among 40 isolates.

The ERIC-PCR for S. Typhimurium produced 3 to
14 bands in the raw cow milk samples (Fig. 3) and 2
to 4 bands in the raw goat milk samples (figure not
shown). The SID of S. Typhimurium isolates was
D =0.900 in raw cow milk, indicating a 35% genetic
similarity between 100 isolates, and D =0.872 in raw
goat milk, indicating a 50% genetic similarity between
40 isolates.

Based on the dendrograms (Fig. 4), E. coli and
S. Typhimurium isolates were grouped into two clus-
ters (A and B) for both cow and goat milk samples.
E. coli isolates were randomly grouped into differ-
ent clusters and subclusters. Despite sharing the same
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E. coli

S. Typhimurium

E. coli (top). The left side is the dendrogram for cow milk samples from Farm F (2 '/, Miles, Kuching), while the right side is the dendrogram
for goat milk samples from Farms A (Muara Tuang, Samarahan) and B (Haji Baki, Kuching)

S. Typhimurium (bottom). The left side is the dendrogram for cow milk samples from Farm F (2 '/, Miles, Kuching), while the right side
is the dendrogram for goat milk samples from Farm A (Muara Tuang, Samarahan)

Figure 2 Dendrograms for BOX-PCR
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genotype from the same sampling sites, they showed
more heterogeneity in the ERIC-PCR profiling com-
pared to S. Typhimurium.

The discriminatory power of genotyping tools is
indicated by Simpson’s Diversity Index (D). In particu-
lar, the higher the D, the greater the effectiveness of a
particular fingerprinting method in strain discrimina-
tion. The D of 1 represents maximum diversity where no
isolates are similar. As shown in Table 4, the BOX-PCR
demonstrated better discriminatory power (for both
E. coli and S. Typhimurium) than the ERIC-PCR, with
D ranging from 0.985 to 0.999 (mean: 0.991) and from
0.872 to 0.997 (mean: 0.937), respectively.

Our study revealed high concentrations of E. coli
and Salmonella spp. in both milks since large numbers
of the samples had bacterial concentrations exceeding
1100 MPN/mL. In particular, out of all cow milk sam-
ples, 100 were positive for E. coli and 88 for Salmonella
spp., while among the goat milk samples, 67 were posi-
tive for E. coli and 43 for Salmonella spp. The preva-
lence of high bacterial concentrations was found to be
greater in cow milk (150 to > 1100 MPN/mL) than goat
milk (20 to > 1100 MPN/mL).

3000 bp

1000 bp

500 bp

100 bp

3000 bp

1000 bp

500 bp

100 bp

In Malaysia, the permissible limits of total plate
and coliform counts in pasteurized milk are 10° and
5x10 per mL, respectively, with no specified detection
limit for Salmonella. In Australia and New Zealand,
raw milk must undergo stringent controls and meet the
microbial limits for E. coli (3 organisms/mL) and Sal/mo-
nella (undetected in 25 mL). If retailed milk products
exceed these limits, they must be recalled. While infec-
tious concentrations of foodborne bacteria differ depen-
ding on their serovars, they are determined as 10—-100 or-
ganisms for E. coli O157:H7 and 10’-10°CFU/g for
Salmonella [21]. However, given the lipid-dependent
nature of infection, these concentrations can be lower
in high-fat milk, with 1-5 cells potentially able to cause
infection [22].

In this study, we could not rule out a possibility of
contamination due to various factors contributing to
milk spoilage. E. coli and Salmonella spp. may be intro-
duced into milk directly from cow’s blood (systemic in-
fection), due to mastitis (udder infection) or cross-con-
tamination among cows during milking, as well as
from environmental sources (feces, water, pasture) [23].
However, these risks can be reduced by exercising good

E. coli from Farm F (top). L: 100 bp ladder, Lane S: Standard, Lane 1: EC-CM84, Lane 2: EC-CM85, Lane 3: EC-CM86, Lane 4: EC-CM&7,
Lane 5: EC-CMS88, Lane 6: EC-CM&9, Lane 7: EC-CM90, Lane 8: EC-CM91, Lane 9: EC-CM92, Lane 10: EC-CM93, Lane 11: EC-CM9%4,
Lane 12: EC-CM95, Lane 13: EC-CM96, Lane 14: EC-CM97, Lane 15: EC-CM98, Lane 16: EC-CM99, Lane 17: EC-CM100,

Lane N: Negative control. “EC” denotes E. coli, “CM” denotes cow milk sample
S. Typhimurium from Farm A (bottom). L: 100 bp ladder, Lane S: Standard, Lane 1: ST-CM68, Lane 2: ST-CM70, Lane 3: ST-CM73,

Lane 4: ST-CM74, Lane 5: ST-CM75, Lane 6: ST-CM76, Lane 7: ST-CM80, Lane 8: ST-CM96, Lane 9: ST-CM97, Lane 10: ST-CM98.
“ST” denotes Salmonella enterica serovar Typhimurium, “CM” denotes cow milk sample

Figure 3 Gel electrophoresis of ERIC-PCR
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E. coli

S. Typhimurium

E. coli (top). The left side is the dendrogram for cow milk samples from Farm F (2 1/2 Miles, Kuching), while the right side is the dendrogram
for goat milk samples from Farms A (Muara Tuang, Samarahan) and B (Haji Baki, Kuching)

S. Typhimurium (bottom). The left side is the dendrogram for cow milk samples from Farm F (2 1/2 Miles, Kuching), while the right side
is the dendrogram for goat milk samples from Farm A (Muara Tuang, Samarahan)

Figure 4 Dendrograms of ERIC-PCR
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Table 4 Summary of discriminatory power for ERIC-PCR and BOX-PCR

Genotyping method Sample type Bacteria Number of types Simpson’s Diversity Index (D)
BOX-PCR Cow milk E. coli 34 0.989

Goat milk E. coli 22 0.992

Cow milk S. Typhimurium 19 0.985

Goat milk S. Typhimurium 10 0.999
ERIC-PCR Cow milk E. coli 41 0.997

Goat milk E. coli 24 0.980

Cow milk S. Typhimurium 13 0.900

Goat milk S. Typhimurium 11 0.872

hygienic practices. Pathogenic E. coli and Salmonella
spp. are among common bacterial contaminants in raw
milk, as well as Campylobacter spp., Yersinia entero-
colitica, Listeria monocytogenes, and Staphylococcus
aureus [24]. To prevent disease, it is important to en-
sure safe milk production from healthy animals. In
addition, farm owners and milking workers should be
trained to adhere to hygienic practices, and collected
milk should be pasteurized immediately. However, this
does not eliminate the risk of unsuccessful inactivation
of E. coli, especially due to suboptimal pasteurization
or post-contamination from milk-contact surfaces. Seve-
ral outbreaks have been reported to be linked to paste-
urized milks [25, 26]. Heat-resistant E. coli can refold
and repair the denatured proteins by maintaining the
integrity of cell envelopes and elevating the synthesis
of heat shock proteins and chaperones after high tem-
peratures [27]. Since E. coli can survive in processed
pasteurized milk, and even grow faster due to less anta-
gonistic interaction with pre-existing bacteria, proces-
sed milk should be stored at 5°C or below to avoid post-
processing contamination [26, 28].

The higher prevalence of STEC in cow milk than in
goat milk was due to cattle being a major reservoir of
STEC [29]. Martin and Beutin found similar concen-
trations of STEC in the food products as in the origi-
nal animal species, indicating that the contamination
was likely to come from the animals rather than from
humans or the environment [30]. Our study detected
three E. coli O157:H7 isolates (1.5%; 3/200) in the cow
milk samples (Farm F). Specific virulence factors such
as Shiga-toxin and adherent fimbriae are linked to fre-
quent cases of hemolytic uremic syndrome (HUS) and
bloody diarrhea. O-antigen has high levels of chemical
composition and variation structure, thus exhibiting
different survivability and virulence across different
strains [31]. The O serogrouping of E. coli strains provi-
des important information for identifying pathogenic
clonal groups. For example, O157 is a leading O sero-
group associated with enterohemorrhagic E. coli (EHEC)
and related to foodborne diseases worldwide. The
most important strain detected in our study was E. coli
O157:H7 that possessed a single Stx2 gene, since this
strain is more highly associated with causing hemolytic
uremic syndrome than the strains that produce both Stx/
and Stx2 [29]. Although E. coli is inactivated at tem-
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peratures exceeding 63°C, the milk containing thermo-
stable Shiga toxins can still pose health problems [32].
Even though a large proportion of the milk samples
were not positive for STEC (Table 3), there remains con-
cern if the other serogroups, which we did not analyze,
could contain other important pathogens such as ETEC
or EPEC.

S. Typhimurium, a contaminant that frequently de-
grades raw milk quality, was found in 39.5% (79/200) of
the samples in our study. Similar to STEC, cow milk had
a higher occurrence of S. Typhimurium than goat milk.
Wang et al. detected S. Typhimurium in the PCR by
targeting the flagellin gene, fliC, which encodes a major
component of flagellum in the S. Typhimurium [33]. The
flagellum of S. enterica is made up of a single protein cal-
led “flagellin”, which consists of about 490 amino acids
varying among the serovars. Flagellin is the main structu-
ral protein for flagella that is important during the initial
stage of infection, involving mortality and invasion [34].

We analyzed the genetic relatedness of the E. coli
strains isolated on the basis of the BOX-PCR finger-
printing patterns and found that the isolates were ge-
netically heterogeneous, with average similarities of 40
and 45% in the cow and goat milk samples, respectively.
The S. Typhimurium isolates showed genetic hetero-
geneity too, with average similarities of 30 and 35% in
the cow and goat milk samples, respectively (Table 4). A
previous study analyzed 211 strains of E. coli collected
from dairy farms, calves, feces, pigs, primates, humans,
and food products by the repetitive-element polymerase
chain reaction using the BOXAI primer. The similarity
of 65% suggested that the BOX-PCR had good discrimi-
natory power and was effective in clustering E. coli
strains according to the sources [35].

The E. coli strains isolated on the basis of the ERIC-
PCR fingerprinting patterns showed genetic heterogenei-
ty among all the samples (Fig. 4). The S. Typhimurium
isolates were genetically heterogeneous too, with ave-
rage similarities of 35 and 50% in the cow and goat
milk samples, respectively. A previous study, which exa-
mined Salmonella isolates from a variety of sources
(humans, animals, food, and environment) using the
ERIC primer set, found each of five serotypes clus-
tered together, with a minimum similarity of 74% [36].
We determined that both genotyping tools (BOX-PCR
and ERIC-PCR) can discriminate both bacteria spe-
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cies (E. coli and S. Typhimurium) with varying degrees
of discriminatory power.

CONCLUSION

We examined the safety of milk from the dairy
farms in Southern Sarawak, specifically looking at
the presence of bacteria associated with Shiga toxin-
producing Escherichia coli and Salmonella enterica sero-
var Typhimurium (S. Typhimurium). Our results showed
that regular inspections and surveillance are neces-
sary to minimize the risk of bacterial contamination in
milk at the farms. Additionally, our study demonstrated
the usefulness of the BOX-PCR as a tool for genoty-
ping E. coli and S. Typhimurium. This tool showed bet-
ter discriminatory power than the ERIC-PCR as a finger-
printing method to discriminate different strains.
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Abstract:

This study explores the potential of utilizing quinoa protein as an egg substitute in bakery products for customers with health,
culture/religion, or dietary restrictions.

Quinoa protein was prepared from quinoa seed by alkaline solubilization followed by isoelectric precipitation and drying.
Four different formulations of egg-free cakes were prepared by incorporating quinoa protein in egg equivalents of 50 g
(Formulation 1), 75 g (Formulation 2), 100 g (Formulation 3), and 150 g (Formulation 4). The research involved Fourier-transform
infrared spectroscopy and revealed such functional properties as proximate composition, physical properties, color, texture,
microstructure, and sensory characteristics for the batters and the cakes.

The incorporation of different quinoa protein concentrations significantly (p < 0.05) affected all the functional properties of the
batters and the cakes. Such variables as crude protein and ash increased while moisture and fat contents decreased. The baking
loss went down as the share of quinoa protein went up. The structural analysis showed an increase in gumminess and chewiness
accompanied by a decrease in cohesiveness and elasticity. The analysis also revealed hardness and non-uniform changes. The
lightness (L*) and yellowness (b*) of the cake surface and crumb decreased while the redness (a*) increased.

The cakes prepared according to Formulation 4 with the greatest share of quinoa protein had a high nutritional value with
reasonable concentrations of essential amino acids in general and a high level of lysine in particular. The same sample also
received the highest score for overall sensory properties. The sensory assessment proved that quinoa protein could meet
consumer expectations of egg-free cakes.

Keywords: Quinoa protein isolate, functional cake, egg-free products, microstructure, functional and physicochemical
attributes, amino acid composition

Please cite this article in press as: Mohamed RK, Ahmed ZS, Abozed SS. Multi-objective development of novel egg free cakes
using quinoa protein and its quality attributes. 2025;13(2):276—286. https://doi.org/10.21603/2308-4057-2025-2-638

INTRODUCTION

Quinoa (Chenopodium quinoa Willd.) and its pro-
ducts have been gaining more and more scientific atten-
tion since 2013, which was proclaimed the international
year of quinoa by the Food and Agriculture Organiza-
tion. As a result, production and consumption of quinoa
increased exponentially worldwide [1]. This pseudoce-
real grows on marginal soils, tolerates salinity as well
as drought, and adapts well to extreme or changeable
weather conditions [2]. Quinoa is richer in protein than
other cereals and boasts a better distribution of essential
amino acids. In addition, quinoa protein contains more
lysine (5.1-6.4%) than cereals and more methionine
(0.4-1.0%) than legumes [2, 3]. Quinoa protein has a ba-
lanced amino acid profile and can be used as an alterna-
tive to milk or egg proteins in bakery products [4].

Eggs are an indispensable part of cake formulation
and affect the quality of the final product. Eggs give
the cake its soft texture while their foaming and emulsi-
fying properties provide moistness. Egg proteins assist
in entrapping air during mixing, thus improving aera-
tion [5]. The gelling properties of egg protein are respon-
sible for the cake volume while egg lipoproteins provide
good emulsification [6]. In addition, eggs contribute to
the color and aroma [7]. For customers who suffer from
egg allergy, the availability of egg-free products can be
quite a challenge. Vegetarianism, religious reasons, or
personal lifestyle have also increased the demand for
egg-free cakes [4]. Quinoa proteins with their diverse
bioactive components, good functional properties, and
low anti-nutritional content may offer a solution to the
abovementioned problems [2].

Copyright © 2024, Mohamed et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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A lot of studies introduce proteins of whey, soya, pea,
and lupine as an egg substitute [7-10]. Other baking ad-
ditives include xanthan gum, soya lecithin baking pow-
der, mono- and di-glycerides, or combinations of two
protein concentrates, e.g., lupine and whey [10, 11]. Unfor-
tunately, the quality of egg-free cakes is almost always
inferior to traditional samples. For example, the replace-
ment may result in such undesirable changes as low cake
volume, coarse structure, or poor foaming stability [12].

Quinoa protein concentrate in bakery and cakes rep-
resents a novel hypoallergenic egg substitute and creates
niche products with unique sensory characteristics that
meet contemporary consumer expectations and needs.
Our study responds to the growing demand of egg-free
products by exploring quinoa proteins as an egg substi-
tute in egg-free cakes with a conventional sensory pro-
file. This work explored the potential benefits of utilizing
quinoa protein as part of formulation of egg-free cakes.
This multi-objective formulation was developed so as to
improve nutritional quality, preserve sensory properties,
and respond to the growing demand for allergen-free
bakery products. In addition, quinoa proteins could con-
tribute to a more environmentally friendly and sustai-
nable food industry.

STUDY OBJECTS AND METHODS

Materials. Cake ingredients involved all-purpose
wheat flour, eggs, milk, oil, sugar, vanilla, and ba-
king powder, all purchased from a local market. The
quinoa seeds were obtained from the Desert Research
Center (Egypt). Other reagent-grade chemicals came
from the Network of Central Laboratories and Centers
of Excellence.

Methods. Preparing quinoa flour. The flour was
defatted by shaking for 12 h with hexane to the ratio of
1:4 (w/v), filtered, and air-dried at 40°C for 8 h. The de-
fatted flour was stored in a polyethylene film bag at 4°C
until further use.

Preparing quinoa protein concentrate. The qui-
noa protein concentrate was prepared according to the
method described in [13]. The defatted quinoa flour
was suspended in water 1:20 (w/v). We adjusted its pH
to 11 using 2N NaOH, stirred it for 150 min, and centri-
fuged at 4500 g at 36°C for 30 min. After bringing the
pH down to 4.0 with 1IN HCI, we centrifuged the mix at
4500 g for 20 min to precipitate the protein. The precipi-
tates were resuspended in water, neutralized to pH 7.0,
dried, and stored at —20°C until further use. The pro-
tein concentration was measured by the micro-Kjeldahl
method in line with method 920.152 developed by the
American Association of Cereal Chemists (%, Nx6.25).

Determining functional properties of quinoa pro-
tein. The functional properties of quinoa protein to be
tested included protein swelling capacity, bulk density,
water-holding capacity, oil-holding capacity, emulsifying
capacity, whippability, and foaming stability.

The protein swelling capacity was determined ac-
cording to the method described by Robertson et al. and
reflected the ease with which quinoa proteins increased
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in volume under water excess [14]. This variable was
calculated as X mL of water retained per 1 g of dry sam-
ple for 18 h.

We measured the bulk density in line with the me-
thod suggested by Wani ef al. [15]. We put a sample of
50 g in a 100-mL graduated cylinder and tapped 20—
30 times. To calculate the bulk density, we divided the
weight of the sample by its volume (g/mL).

The water-holding capacity and the oil-holding ca-
pacity were determined based on the procedure pro-
posed by Fallah-Delavar & Farmani and calculated as
the difference between the weight of the sample before
and after we added water/oil by gram [16].

To determine the emulsifying capacity, we turned to
the methodology described by Shahidi et al., who ex-
pressed it as the volume of the emulsified layer vs. the
total volume [17].

The procedure for foam stability followed the pro-
tocols described by Shao & Kao, who expressed it as
the difference between the initial and the final foam vo-
lumes measured after settling for 30 min [18].

The whippability was calculated as the percent in-
crease in volume [18]. For each test, the measurements
were conducted in triplicates.

Fourier-transform infrared spectroscopy (FTIR).
The study involved a Fourier-transform infrared spectro-
meter coupled to an attenuated total reflectance (ATR)
accessory (FTIR-ATR Bruker Vertex 80v). We placed
the powdered samples on the surface of the ATR crys-
tal and pressed with a flat-tip plunger. An average of 32
scans were performed between 4000 and 400 cm™ at a
resolution of 4 cm™. The analysis was carried out at
room temperature.

Preparing batter and cake. The cake batter samples
were made according to the formulations represented in
Table 1. They included wheat flour (100 g), sugar (100 g),
oil (40 mL), milk (90 mL), whey protein (6.6 g), and
baking powder (1.1 g). The control contained a liquid
whole egg (50 g) while the test samples included 2.87,
4.30, 5.74, and 8.61 g of quinoa protein. These ratios
were derived from a set of preliminary experiments
conducted in our lab. After mixing wheat flour, sucrose,
and baking powder with eggs/quinoa protein, milk, and
oil, we whipped the ingredients to avoid lumps. The ob-
tained smooth and uniform batter was poured in alumi-
num cake molds and baked at 200°C for 20 min. After
baking, the cakes were removed from molds, allowed
them to cool at room temperature for 30 min, and
wrapped in polyethylene bags for further analysis.

Determining physical properties of batter. The
batter density in the finished cakes was tested in line
with the method proposed by Ozhamamci et al., who
divided certain weight of batter by volume [19]. The
specific gravity was measured and calculated by divi-
ding the weight of a certain batter volume by the weight
of the same volume of distilled water. The viscosity of
each batter sample was measured at room temperature
using a Brookfield digital viscometer (USA) equipped
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Table 1 Batter formulations: control vs. egg-free cakes

Ingredients Batter composition, %
Control ~ Formulation 1 Formulation 2 Formulation 3 Formulation 4

(50 g quinoa protein (75g quinoa protein (100 g quinoa protein (150 g quinoa protein
in egg equivalent) in egg equivalent) in egg equivalent) in egg equivalent)

Wheat flour 100 100 100 100 100

Liquid whole egg 50 - - - -

Quinoa protein — 2.87 4.30 5.74 8.61

Whey protein - 6.6 6.6 6.6 6.6

Sugar 100 100 100 100 100

Milk 90 90 90 90 90

Oil 40 40 40 40 40

Emulsifier - 1.75 1.75 1.75 1.75

Vanilla 0.1 0.1 0.1 0.1 0.1

Baking powder 1.1 1.1 1.1 1.1 1.1

with a So4 spindle. The samples were subjected to
shear rates of 0-30 s7'[19].

Determining physical properties of cake. The weight
loss was represented as the difference between the weight
of cake batter in each cake mold and the weight of fini-
shed cake after 4 h of cooling at room temperature. The
weight loss, %, was calculated using the following Eq. (1):

Weight loss =

= (weight, ——weight_, )/weight x 100 (1)

batter batter

The density, g/cm? was calculated as cake weight
divided by cake volume:

Density = weight , /volume )

The specific volume, cm?®/g, of cake samples made
according to different formulations was evaluated by
the seed replacement method and calculated using the
following Eq. (3):

Specific volume = volume _, /weight ?3)

To measure the cake volume index (B+C), we cut
it into equal halves and made cross-sectional tracings.
The symmetry index (2C — B — D) and uniformity in-
dex (B-D) were calculated from the height at the cen-
ter and at the distance between the center and each edge
according to method 10-91 described by the American
Association of Cereal Chemists (2000) [20].

Proximate analyses. The proximate composition
analyses of cakes formulations were carried out accord-
ing to the method described by the American Associa-
tion of Cereal Chemists (2010) [21]. We also determined
such variables as moisture content, crude protein, ash,
and crude fiber. The carbohydrate amount was repre-
sented as the difference between 100 and the sum of
protein, lipids, ash, fiber, and moisture content.

Color assessment. We used the HunterLab scan XE
and the CIELAB color scale to define the color of the
four samples [22]. The white and black tiles of HunterL.
ab color standards served as equipment standardization,
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after which we evaluated the lightness (L*), redness (a¢*),
and yellowness (b*) of every sample. The total color dif-
ference (AE) was calculated according to the following

Eq. ():

AE=[(ALY+ ( Aay+ ( Aby" &)
where AL = L. - L s Aa = a —a_ . ; and
sample control sample control
Ab = bsample ~ Ycontrol”

Texture profile analysis of cake crumb. We used
a TA-CT3 Brookfield texture analyzer (USA) to deter-
mine the texture parameters, i.e., hardness, springiness,
cohesiveness, gumminess, and chewiness of cake sam-
ples according to method 74-09 developed by the Ameri-
can Association of Cereal Chemists (2000) [20]. The
samples were cut into 25-mm cubic pieces of cake
crumbs. All the experiments were performed in tripli-
cates; the results were expressed as mean = SD values.

Microstructural analysis. After cutting the cake
samples into 0.5x0.5 cm cubes, we froze them in li-
quid nitrogen and freeze-dried. After drying, the sur-
face of the sample was sputter-coated with a thin layer
of gold palladium. The microstructure of the sample
was scanned with a QUANTA FEG250 Scanning Elec-
tron Microscope.

Sensory properties. The sensory profile includ-
ed taste, color, softness, flavor, cell size uniformity,
and overall acceptability. The panelists evaluated the
samples in 6 h after baking using the nine-point hedo-
nic test, i.e., from 1 (most disliked) to 9 (most liked).
The panel consisted of seven men and eight women,
who were selected randomly. The samples were served
in white plastic containers in random order. The pane-
lists were provided with drinking water to wash their
mouths between samples. Each panelist signed a con-
sent approved by the National Research Council ethical
committee in 2022.

Statistical analysis. We used the Duncan test to
identify significant differences between the control and
the egg-free samples. The experiment involved a one-
way analysis of variance (ANOVA) and a SPSS Statis-
tics 20.0 package for Windows (SPSS Inc., USA). The
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alpha level was 0.05 (p <0.05). All the experiments
were performed in triplicates, except for the sensory
evaluation. The results were presented as mean + stan-
dard deviation (SD). Statistically significant differences
were indicated by superscripts.

RESULTS AND DISCUSSION

Proximate analysis and functional properties of
quinoa protein. Table 2 shows the approximate compo-
sition of quinoa protein prepared using the alkaline pre-
cipitation technique. The protein content was 72.21%,
which confirmed the data published in [5-7]. Quinoa
protein showed water holding capacity of 2.9 g/g and
oil holding capacity of 2.05 g/g. Foaming capacity was
71.12%. Foaming stability reached 94.61% after 30 min
whereas whippability was 63.33%. These results reflec-
ted the functional properties of quinoa protein that are
linked to its physicochemical properties, i.e., those that
govern the behavior of protein in foods and affect the
choice of protein to be used in an industrial process.
Emulsifying capacity and emulsion stability are two
important functional properties of proteins that affect
the structure of adhesives [23]. Emulsion capacity and
stability can affect tension in the water-and-oil interface
and help prevent coalescence [24]. Proteins stabilize
emulsions due to the membrane matrix that surrounds
the oil drop and prevents coalescence [25].

Quinoa protein showed good foaming properties that
suggested it could be used as an egg replacer in food
processing. In other publications, the foaming capacity
of egg albumin ranged between 156 and 200% while
the foaming stability was 33—54%, which makes it an
excellent foaming agent [26]. Consequently, quinoa pro-

Table 3 Amino acid content in quinoa protein

tein demonstrated poorer foaming properties compared
to egg albumin but exhibited a good foaming stability.
Dakhili ef al. compared the foaming stability of quinoa
protein to soybean protein and egg white protein: it was
similar or significantly higher in foaming stability than
soybean protein but lower than egg white protein [27].
Such results support its use in bakery products [28].
Amino acid profile of quinoa protein. The amino
acid profile of quinoa protein (Table 3) confirmed previ-
ous results where quinoa protein proved to be a complete
protein. Unlike some other plant proteins, quinoa pro-
tein contained all nine essential amino acids that human
body cannot synthesize on their own. From highest to
lowest mean content, the most abundant essential amino
acids (n = 8) were lysine, isoleucine, tryptophan, leucine,
histidine, methionine valine, and phenylalanine (Table 3).
The most abundant non-essential amino acids (n=8),
from highest to lowest, were alanine, aspartic acid, gluta-
mic acid, tyrosine, serine, proline, arginine, and glycine.
The mean values for such amino acids as histidine,
isoleucine, lysine, sulfur amino acids, aromatic amino

Table 2 Functional properties of quinoa protein

Properties Value

Bulk density, g/mL 0.77+£0.01
Swelling capacity, mL/g 1.31+£0.08
Water holding capacity, g/g 2.90 £0.13
Oil holding capacity, g/g 2.05 +£0.05
Emulsifying capacity, % 71.12 £1.02
Foaming stability after 30 min, % 94.61 +£1.47
Whippability, % 63.33 £2.08
Protein content, % 7221 +£1.78

Amino acids

g/100 g dry weight %

Amino acid requirements for adults, mg/kg of body

weight/day (WHO/FAO)
Essential amino acids

Histidine 3.17 4.96
Isoleucine 6.39 9.97 9.5
Leucine 3.82 5.97 12.5
Lysine 7.40 11.55 9.4
Methionine 3.15 491 12.1 (methionine + cysteine)
Phenylalanine 2.93 4.57 12.1 (phenylalanine + tyrosine)
Tryptophan 3.97 6.21 2.9
Valine 2.97 4.63 10.7

Non-essential amino acids
Alanine 7.81 12.19
Aspartic 4.09 6.38
Arginine 2.94 4.59
Glycine 2.92 4.55
Glutamic 3.16 4.94
Proline 2.95 4.61
Serine 3.10 4.84
Tyrosine 3.23 5.05
Total essential amino acids 33.84 52.81
Total non-essential amino acids 30.23 47.18
Total amino acids 64.07
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acids, threonine, tryptophan, and valine met the daily
requirements set by the World Health Organization or
the Food and Agriculture Organization (mg/kg of body
weight/day). Quinoa protein isolates were reported as
similar to casein and other milk proteins [29]. Quinoa
protein is high in lysine, methionine, and threonine,
which are the limiting amino acids in wheat and maize.
Our results confirmed that quinoa protein has a good
amino acid profile and can be used as a reliable source of
protein [30, 31].

Fourier-transform infrared spectroscopy (FTIR).
Fourier-transform infrared spectroscopy is a useful
method that defines the secondary structure of certain
proteins via the unique vibrations of their structural
units. The infrared region showed three distinct absorp-
tion bands: amide I band, amide II band, and amide III
band (Fig. 1). The secondary structure of proteins and
peptides mainly contains three absorption bands in the
infrared region, i.e., amide I band, amide II band, and
amide III band. Amid I accounts for = 80% of pep-
tide links, i.e., C=0 stretch [29]. Amid I band (1700—
1600 cm™) is also considered the most sensitive spec-
tral region of protein secondary structural components.

This band appeared at 1630 cm™ with C=0 vibrations
predominating, followed by C-N. The Fourier-transform
infrared spectra of quinoa protein also showed some
in-plane N-H bending contributed to amide I. Amide II
band exhibited less sensitivity than amide I band and
appeared at 1534 cm™. Amide III band was coupled
with C-N stretching, as well as C-H and N-H deforma-
tion vibrations. It appeared at = 1234 cm™ and was as-
sociated with the N-H plane. Amide A band appeared
at 3276 cm™' and arose from N-H stretching. We also
observed the presence of residual carbohydrates in the
spectrum between 1158 and 1023-900 cm™.

Physical properties of control vs. quinoa protein
cake batter. The list of physical properties to be tested
included density, specific gravity, and viscosity. The in-
creasing ratios of quinoa protein affected the physical
profile of batter as presented in Table 4. The density of
cake batter ranged between 0.8209 + 0.0100 and 1.0856 +
0.0000. Quinoa protein significantly decreased the den-
sity of the batter (p < 0.05). The density of cake batter
usually depends on the air content. As a result, a lower
density can be associated with a decrease in the air vo-
lume incorporated into the batter [26].
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Figure 1 Fourier-transform infrared spectroscopy spectra of quinoa protein
Table 4 Physical properties of cake batter samples with different shares of quinoa protein
Sample Batter density, g/cm® Specific gravity Viscosity, CPs
5 6 10 20 30
Control 1.0856 + 0.0000? 1.1428 £ 0.0100° 29.000 19.500 15.300 11.640 10.570
Formulation 1 (50 g quinoa protein) 0.8209 + 0.0100° 1.5006 + 0.3400* 93.000 70.800 46.800 33.900 28.400
Formulation 2 (75 g quinoa protein) 0.9076 +0.0100¢ 1.2341 £ 0.0200* 158.000 100.800 84.700 72.000 65.200
Formulation 3 (100 g quinoa protein)  0.9315 + 0.0200¢ 1.2783 + 0.0400® 172.400 139.700 113.700 86.900 76.800
Formulation 4 (150 g quinoa protein)  0.9730 + 0.0100° 0.9878 + 0.0100¢ 385.300 227.700 143.600 114.00 97.200

Values with different superscripts in the same line are significantly different at p <0.05
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The specific gravity in the control batter (1.14) was
significantly lower than in the egg-free samples, except
for Formulation 4, which contained the highest share of
quinoa protein. We discovered the same trend for batter
density. By incorporating quinoa protein into the control
cakes, we obtained the highest specific gravity value of
1.50, which suggested heavier batter without proper aera-
tion. As the quantity of quinoa protein kept increasing
in Formulations 2, 3, and 4, the specific gravity of the
egg-free cake batter went down as 1.23, 1.28, and 0.99,
respectively. The specific gravity measures revealed the
total air holding capacity. It was inversely proportion-
al to the air holding capacity, i.e., high values indicated
less air incorporated into the batter and vice versa. How-
ever, if the batter entraps a lot of air bubbles, it provides
a better cake structure.

Figure 2 shows that viscosity and the flow properties
of the control and the experimental samples remained
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300000
200000
100000

0
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Formulation 4 (15%)
Formulation 2 (7%)

Formulation 3 (10%)

Formulation 1 (5%) Control

Figure 2 Rheological properties of cake batters; flow ramp
curves of control and egg-free batter samples (curves are
represented as a mean of at least two replicates)

Table 5 Proximate compositions: quinoa protein samples vs. control

within the 0.01-100 s! shear rate. When quinoa protein
was incorporated, it resulted in an inverse relationship,
where a greater quinoa protein share corresponded to
a lower viscosity value. This effect can be explained
by the fact that the incorporation of quinoa protein de-
creased the batter density whereas the high viscosity
obstructed air incorporation during mixing [27]. The
increase in the viscosity of the batter could be related to
the quantity of available water in the system absorbed
by the flour, which is known to depend on the quantity
of proteins [26]. For instance, Mu ef al. recommended
to keep high viscosity as a favorable factor for batter
stability and quality of the final product [28].

Proximate compositions of control and quinoa
protein cake samples. Proximate compositions for ca-
kes include moisture, ash, crude protein, crude fat, and
crude fiber. We determined these variables according
to the recommendations given by the American Asso-
ciation of Cereal Chemists (2010). The total carbohyd-
rates content was estimated as the following difference:
total carbohydrate = 100 — (moisture + ash + crude
protein + crude fat). The moisture contents of the egg-
free samples decreased as the share of quinoa protein
increased (Table 5). Harisha ef al. reported the same
trend: when they incorporated pea protein isolate, the
moisture content went down [30]. We also detected a
significant incremental increase in the crude protein
(6.45-7.90%) and ash (0.46—0.96%) in the egg-free sam-
ples. When the concentration of quinoa protein in the
cake formulations increased, the crude fat decreased
from 13.01 to 9.56% whereas the crude fiber content sho-
wed no significant differences. The total carbohydrate cal-
culated by differences increased together with the share
of quinoa protein.

Physical property of cakes. Table 6 illustrates the
impact of quinoa protein on the physical properties of
cake, i.e., baking loss, density, specific volume, volume
index, symmetric index, and uniformity index. The ba-
king loss of the control cake (15.61%) was quite higher
than that of the egg-free samples. As the percentage
of quinoa protein increased, the weight loss increased

Sample *Parameters

Moisture, %  Ash, % Fat, % Fiber, % Protein, %  **Total ***Energy,

carbohydrates, % kcal/100 g

Control 24.39+0.27° 046+0.01° 13.01 £0.52* 3.46+0.43* 6.45+0.07¢ 52.22 365.81
Formulation 1 17.53 £0.30° 0.90 £0.05* 11.22+0.27° 3.05+0.12* 6.05+0.01° 61.25 383.18
(50 g quinoa protein)
Formulation 2 17.61 £0.18° 0.98 +£0.04* 10.61 +£0.54* 3.34+0.18 6.60+0.02° 60.85 378.65
(75 g quinoa protein)
Formulation 3 18.10 £0.43¢ 0.97 +£0.59* 9.59+0.33° 3.16+0.14* 6.82+0.06" 61.36 37491
(100 g quinoa protein)
Formulation 4 18.60 £0.49* 0.96 +0.06° 9.56+0.42° 3.50+0.24* 7.90+0.07* 59.47 369.88
(150 g quinoa protein)

*The values are mean + SD; values marked by different superscripts in the same column are significantly different (p < 0.05);

**By difference; ***Calculated
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Table 6 Physical properties of cakes with different shares of quinoa protein

Samples Baking Density, Specific Volume Symmetric Uniformity

loss, % g/em® volume, index, mm index, mm index, mm
cm’/g

Control 15.61 £0.14* 0.338+0.000° 2.96+0.02° 3.04+0.78° 17598 +0.21° 0.857 +0.180"

Formulation 1 (50 g quinoa protein) 13.02 +0.32° 0.323 +0.000° 3.10+0.02°> 4.05+0.40*° 184.45+0.37° 0.053 +0.070¢

Formulation 2 (75 g quinoa protein)  13.92+0.15> 0.343 £0.000* 2.92+0.01° 2.58 £0.43> 176.73+0.51¢ 0.403+0.010°

Formulation 3 (100 g quinoa protein) 12.86 +0.14° 0.321 +0.000° 3.11+0.02° 3.80+0.33*  190.88 +£0.35° 0.357 + 0.040°

Formulation 4 (150 g quinoa protein) 12.94 +£0.17¢ 0.313 £0.000° 3.20 +0.03* 2.60+0.58° 194.42+0.24*° 0.347 + 0.030°

Table 7 Texture analysis of cakes with different shares of quinoa protein

Sample Hardness, g Cohesiveness Resilience, mm  Gumminess, g  Chewiness, g

Control 657.00 +£0.00°  0.60 +0.02° 8.75+0.07* 369.62 £ 0.22¢  3,283.16 £2.70°
Formulation 1 (50 g quinoa protein) 716.00 +4.24*  0.61 +£0.03° 8.30 £ 0.14%® 443.06 +3.87*  3,451.68 £2.61°
Formulation 2 (75 g quinoa protein) 636.00 +4.24°  0.82+0.06* 8.20 +0.42%® 402.91 +£5.82> 3,417.35+3.13"
Formulation 3 (100 g quinoa protein) ~ 605.00 £ 1.41¢  0.56 + 0.06" 8.20+£0.14® 351.14+0.49¢  2,888.23 + 8.62¢
Formulation 4 (150 g quinoa protein) ~ 512.50 +£0.71°  0.58 £0.01° 8.10£0.14° 283.06 £3.92¢  2,286.41 +4.45¢

Means with different superscripts in the same column are significantly different at p < 0.05

accordingly. The foaming capacity and the stability of
quinoa protein can explain the reducing baking loss in
the egg-free samples. The density decreased as the share
of quinoa protein grew; the lowest value was reported for
Formulation 4 with the highest quinoa protein concen-
tration. However, Formulation 3 had a higher density va-
lue than the control. The specific volume significantly
improved as the proportion of quinoa protein grew larger.

Specific volume affects consumer preference, which
makes it one of the most important quality parameters
for baked products. Table 6 shows that the control sample
without quinoa protein exhibited the lowest specific vo-
lume, whereas the sample baked according to Formula-
tion 4 had the highest specific volume. Samples with more
quinoa protein had a greater specific volume (p < 0.05),
which could be explained by the higher protein content.
Thus, proteins increase the volume of cakes by increa-
sing the viscoelasticity of batter and the time it takes
the batter to become semisolid. This phenomenon is, in
turn, related to the protein-starch interaction and tran-
sition [31]. Therefore, the cake volume depended not on
the initial air quantity but on the capacity of retaining air
during baking [32].

Texture analysis. Table 7 compares the texture qua-
lity of the control sample cake and the egg-free cakes
with different shares of quinoa protein. The incorpora-
tion affected the hardness of the cake, its lowest value
corresponding to Formulation 4 with the highest quinoa
protein content (150 g). So, the degree of hardness depen-
ded on the protein content. Our findings contradict
those reported in some previous publications, where, for
instance, chickpea flour raised the initial firmness in
cake [33]. Probably, the water binding capacity of qui-
noa protein made the cake softer and affected the crumb
firmness as well. Regarding the cohesiveness values,
we detected no significant difference between the con-
trol cake and the cake prepared with quinoa protein,
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the only exception being Formulation 2 (75 g quinoa
protein), which exhibited the maximal value (0.61).
Meanwhile, Formulation 4 showed significantly higher
resilience compared to the other test samples and the
control. In general, hardness and firmness had an im-
pact on the cake structure and its compression resis-
tance. These qualities are mirrored by the development
of internal bonding in a three-dimensional protein net-
work and affect consumer acceptance.

The egg-free samples demonstrated greater gum-
miness and chewiness that the control. Formulations 3
and 4 showed a more distinguish pattern where greater
quinoa protein shares increased the gumminess and che-
winess. Both values followed the same pattern as the
one that was reported for hardness.

Color. The type of ingredients and interactions
between them affect the final color of baked products.
Color attributes include lightness (L*), redness (¢*), and
yellowness (b*) of the surface and crumb (Table 8). By
incorporating quinoa protein in different proportions,
we changed the color of both crust and crumb. The light-
ness (L*) and yellowness (b*) decreased whereas the
redness (a*) increased. The minimal lightness and yel-
lowness were registered for the cake baked according
to Formulation 4 with the highest quinoa protein con-
centration. The redness grew together with the ratio of
quinoa protein. As a rule, the increase in the redness
in cake crust is associated with caramelization and the
Maillard reaction. The larger amount of quinoa protein
increased the protein content in the cakes and consequ-
ently stimulated the Maillard reaction, thus producing
dark-brown components. Gallego et al. reported that pro-
tein increased the redness in muffin crust [34]. Our fin-
dings confirm those observed by Blanco Canalis et al.,
who also reported an increase in redness (¢*) and signi-
ficant reduction in lightness (L*) as a result of incre-
asing protein level in cake [35].
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Table 8 Color parameters of cakes with different shares of quinoa protein

Crust

Crumb

L*

a*

b*

Total color
difference

L*

a*

b*

Total color
difference

Control

47.10 £ 0.56¢

8.61 £0.05¢

22.16 +£0.22°

69.67 +0.01*

0.50£0.01°

20.91 £ 0.02¢

Formulation 1 (50 g
quinoa protein)

51.08 +0.05*

11.80 £ 0.01¢

23.62 £0.02°

18.37 £ 0.06¢

68.47+£0.13°

0.22 £0.02°

17.95+£0.10°

6.78 £0.02°

Formulation 2 (75 g
quinoa protein)

48.12+0.01°

12.86 £ 0.01%

21.44+£0.01¢

22.11+0.01¢

67.34 £ 0.05¢

0.29+0.07¢

19.90 £0.11°

6.54 £ 0.03¢

Formulation 3 (100 g
quinoa protein)

43.10+£0.27¢

10.50 + 0.05¢

20.00 £ 0.11¢

27.00 +0.03°

63.42 +0.03¢

0.78 £0.01°

18.43 +0.02¢

10.61 +0.02°

12.34£0.01°

20.34 +0.08¢

27.52+£0.19°

62.44 + 0.04¢

0.94+0.01°

18.97 £0.01¢

11.30 +£0.03¢

Formulation 4 (150 g 42.51+0.17¢
quinoa protein)

Values are represented as mean + SD. Values with different superscripts in the same column are significantly different at p < 0.05

Figure 3 Scanning electron microscopy images (200%): a — control; b — Formulation 1 (50 g quinoa protein); ¢ — Formulation 2
(75 g quinoa protein); d — Formulation 3 (100 g quinoa protein); e — Formulation 4 (150 g quinoa protein)

Table 9 Sensory scores of cakes with different shares of quinoa protein

Treatment Taste Color Softness Flavor Cells size Overall
uniformity  acceptability
Control 8.30+0.95® 820+0.92* 8.80+1.16° 8.00+£0.94® 8.70+0.82®® 8.100 =+ 0.744°
Formulation 1 (50 g quinoa protein) 7.40 £0.84>* 8.20+0.92* 8.20+0.63" 7.90+0.99® 8.20+0.63>* 7.70+0.67°
Formulation 2 (75 g quinoa protein) 7.90 £0.99% 9.00 +0.94* 7.60+1.43°* 7.40+1.17*° 7.90+0.74° 7.70 +0.95°
Formulation 3 (100 g quinoa protein) ~ 7.00 £ 1.41¢ 720+ 1.14* 790+ 1.52® 6.80+1.40° 7.80+£0.92° 7.35+1.38"
Formulation 4 (150 g quinoa protein) ~ 8.80 = 1.135* 6.70£1.16* 9.00+0.94* 8.70+1.34* 9.00+0.94* 9.00 £ 0.96°

Values with different superscripts in the same line are significantly different at p < 0.05

Microstructure analysis. We appealed to scanning
electron microscopy to study the microstructure of the
control cake and the samples with different shares of
quinoa protein (Fig. 3). The impact of the quinoa protein
on the batter microstructure was determined in order
to investigate the network or structure-forming poten-
tial of quinoa protein as a safe ingredient. The scanning
electron microscopy revealed the preliminary structu-
ral properties of the egg-free cakes, which showed alte-
rations in the microstructure. The experimental samples
exhibited a distinct protein matrix with embedded starch
granules. However, the size distribution of the micro-
particles was wide. This appearance was similar to that
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of the dough described in [36]. During mixing, the di-
verse bonds in the proteins started to interact with each
other via hydrogen, ionic, hydrophobic, and covalent
bonds, thus developing a cross-linked network [37].
Romano et al. reported gelatinized starch granules surro-
unded by a continuous protein matrix in a scanning elec-
tron microscopy image of cakes with quinoa protein [38].

Sensory properties. A descriptive sensory test made
it possible to define and evaluate the sensory properties.
Table 9 shows the sensory assessment of color, softness,
flavor, cell size uniformity, and overall acceptance. The
cakes with quinoa protein were significantly (p < 0.05)
different from the control in all sensory aspects. The
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color sensory score decreased as the share of quinoa pro-
tein grew. Formula 4 with the greatest quinoa protein
content received the highest score for overall accepta-
bility sensory.

CONCLUSION

Quinoa is a non-conventional source of protein rich
in essential amino acids and with an excellent nutritional
value. This study featured cakes with different shares of
quinoa protein with improved nutritional properties and
microstructure. Our results underscored the unique fea-
tures of egg-free cakes, e.g., a higher protein value. The
balanced amino acid profile could make quinoa protein
a potential egg replacer in bakery products designed
for people with allergy to eggs. The new product also
demonstrated an acceptable overall sensory profile.

Quinoa protein proved to be a prospective nutritive
source, a food supplement, and a functional food ingre-
dient. With the rapidly developing processing technology
and ingredient functionality, the mass production of

quinoa protein can overcome the challenge of cost effec-
tiveness as a competitive egg replacer and may become
available in the near future. Yet, advanced research is
needed to prove and improve its functional properties
and versatility as a food ingredient. In addition, more
work is required to better understand quinoa protein and
its potential for the food industry in general, functional
foods, and special dietary foods.
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Abstract:

The demand for freshly squeezed natural fruit juices has increased in recent years, however their shelf life is quite short. Thermal
processes applied to extend the shelf life of such products and increase their storage stability cause significant losses in color
and other sensory properties, depending on the temperature applied. Therefore, the preference for high-pressure homogenization
as an alternative to thermal processes is on the rise. We aimed to determine effects of ultra-high-pressure homogenization and
production stages on some quality properties of chicory root juice.

Ultra-high-pressure homogenization was applied at the pressure levels of 0 (control), 50, 100, 150, and 200 MPA. The samples
also included juice after homogenization with an ULTRA-TURRAX disperser and after a water bath.

Ultra-high-pressure homogenization affected such quality characteristics of chicory root juice as total soluble solids (p < 0.01),
pH (p <0.01), L* (p <0.01), a* (p <0.01), b* (p <0.01), a*/b* (p <0.01), chroma (p <0.01), hue angle (p <0.01), and total
color difference AE (p < 0.01). Higher levels of ultra-high-pressure homogenization pressure increased pH (p < 0.05), a* values
(p <0.05), and the a/b* ratio (p < 0.05) but reduced L* (p <0.05), b* (p <0.05), chroma (p < 0.05), and hue angle (p <0.05)
values of the juice samples. Thus, the use of ultra-high-pressure homogenization (100 and 200 MPa) contributed to improving
the total soluble solids and redness values of chicory root juice.

Our study showed that the ultra-high-pressure homogenization process improved the quality of chicory root juice.

Keywords: Chicory root juice, ultra-high pressure, homogenization, color characteristics, pH, total soluble solids
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INTRODUCTION

Chicory is a tuberous taproot with rosette leaves that

contains less energy compared to other carbohydrates. It
stimulates the growth of bifidobacteria in the intestines,

grows widely under cool conditions. Although incre-
asingly cultivated for different purposes around the
world, chicory is not grown in Turkey. The genus Chicory
(Asteraceae) contains six species, two of which are of
economic importance, namely Cichorium intybus and
Cichorium endivia. These two species are morphologi-
cally similar. However, C. intybus can be distinguished
from C. endivia by its short pappus (extension at the end
of the fruit), as well as other perennial and self-sustai-
nable characteristics. C. intybus is the most prevalent
and varied species of the genus Chicory in the world [1].
Chicory roots are one of the most important plant
resources used in the production of inulin [2, 3]. Inulin

reducing the risk of developing heart disease, diabetes,
osteoporosis, and cancer [4]. European countries are in-
creasing the consumption of inulin as a dietary lithium
and producing up to one million metric tons of indige-
nous Chicory for the food industry [S]. Inulin is resistant
to digestion and passes directly into the colon without
being absorbed in the small intestine. Chicory sticks
contain another sugar group, oligofructose (5—10), which
has similar effects to inulin. It is found in glucose and
sucrose, which are sugar groups [6]. The content of raw
protein and raw fiber in Chicory shoot and root after in-
dustrialized extraction are higher than that in corn grain.
It is therefore regarded as a valuable industrial plant in

Copyright © 2024, Aksu et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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terms of its economic yield and quality [7]. Furthermore,
spruce-type chicory varieties are also used as coffee ad-
ditives after processing [8].

Chicory is rich in water, low in calories, and contains
a significant amount of dietary fiber, particularly inu-
lin, which is a prebiotic. It also has a modest amount of
proteins, low level of fats, and is a good source of seve-
ral minerals like potassium, calcium, magnesium, and
iron, as well as vitamins such as vitamin C and some B
vitamins [9, 10]. Chicory is known for its high content
of bioactive compounds including inulin, sesquiterpene
lactones (such as lactucin and lactucopicrin), caffeic
acid derivatives, and various phenolic compounds [11].
These compounds are associated with various health
benefits, including antioxidant, anti-inflammatory, and
hepatoprotective effects [12]. Chicory and its extracts
are generally considered safe for consumption, with inu-
lin from chicory recognized for its prebiotic properties
that support gut health. The potential health benefits of
chicory include its role in reducing post-prandial glyce-
mic responses and promoting bowel function, as well as
its antioxidant and anti-inflammatory properties. These
health benefits make chicory an attractive ingredient
and a source of inulin for functional foods aimed at im-
proving health and preventing disease [13]. Chicory is
used in various food products, including salads, and as a
coffee substitute. Food scientists are trying to optimize
the extraction of chicory’s bioactive compounds for their
application in food products on an industrial scale [14].
Chicory presents a promising potential as a functional
food ingredient due to its rich nutritional profile, bioac-
tive compounds, and associated health benefits for hu-
mans and animals [15, 16]. Its application in the food
industry could contribute to the development of health-
promoting functional foods, aligning with the consumer
demand for natural and beneficial food ingredients [17].

There has been a recent increase in the demand for
freshly squeezed fruit juices as natural products. Howe-
ver, the shelf life of such products is quite limited due to
microbiological and enzymatic spoilage. In order to re-
duce these negative effects, thermal processes (60—90°C,
<1 min) are frequently used. However, these tempera-
ture applications may cause a significant loss in color
and other sensory properties, depending on the tempera-
ture and duration [18]. Therefore, in recent years, alter-
native non-thermal techniques have been widely used in
food technology to overcome these disadvantages and
enhance the product’s quality [19-22]. One of such tech-
niques is high-pressure homogenization applied as an
alternative to thermal processing in the fruit juice and
beverage technology.

High-pressure homogenization can improve the rheo-
logical properties of foods and their emulsion capacity,
as well as reduce their particle size. This technology
can also inactivate microbial growth and extend the
shelf life of the products. Most importantly, it provides a
better protection of nutrients and bioactive components
whose structures are damaged by thermal processes. In
this context, high-pressure homogenization can be used
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in the fruit juice technology to reduce pulp precipitation,
increase physical stability, and improve product’s physi-
cal properties [22, 23].

Ultra-high-pressure homogenization is used in dif-
ferent areas of food processing, e.g., to improve the
rheological properties of citrus fiber or the functional
properties of gelatin, as well as to develop functional
foods and produce juice [24-28]. A previous study, which
applied ultra-high-pressure homogenization (60, 80, 100,
120, 140, and 160 MPa) to native rice starches, found that
the viscosity of starch increased between 60 and 120 MPa,
while higher pressure applications produced the oppo-
site effect [29].

In summary, ultra-high-pressure homogenization is a
method that has been widely applied and studied in re-
cent years to improve the techno-functional properties of
fluid foods. Many of its effects have been proven, such
as microbial inactivation, changing the physical proper-
ties of liquid foods and viscous properties of liquids,
homogenization, and enzyme inactivation [23, 30]. Pre-
vious studies have generally used fruits as raw materials
to determine the effects of ultra-high-pressure homo-
genization on fruit juice quality. However, we know of
no research into the quality of juice produced from the
roots of plants. Therefore, we aimed to determine the ef-
fects of ultra-high-pressure homogenization at different
pressure levels on some quality properties of chicory
root juice.

STUDY OBJECTS AND METHODS

Study objects. In our research we tested juice sam-
ples after homogenization with an ULTRA-TURRAX
disperser, samples after homogenization and keeping in
a water bath, and samples treated by ultra-high-pressure
homogenization at different pressure levels, namely 0
(control), 50, 100, 150, and 200 MPa.

Preparation of chicory root juice and ultra-high-
pressure homogenization. For this research, chicory
roots were obtained from the Ertugrulgazi gardens
(Eskisehir, Turkey). They were separated from the soil
by washing with tap water and used as material for
producing chicory juice (Fig. 1). The chicory juice was
passed through an ultra-high-pressure homogenization
system (50, 100, 150, and 200 MPa) using a table-top
homogenizer (GEA Homogenizer Panda PLUS 2000,
Parma, Italy). High-pressure homogenization-untreated
chicory juice was considered a control group. The maxi-
mum flow rate of the high-pressure homogenization
system was 9 L/h. The inlet temperature of the juice
was about 4—-6°C, while the outlet temperature was in
the range of 30.5-36.8°C. For this reason, the chicory
juices coming out of the high-pressure homogenization
system were immediately cooled and analyzed.

Analysis of chicory juices. Determination of total
soluble solids. Total soluble solids in the control and
high-pressure-homogenized samples of chicory juice
were determined using a digital refractometer (Hanna
HI 96801, USA). A constant temperature of 20°C was
used in all the measurements.
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Figure 1 Chicory juice production from fresh chicory root by ultra-high-pressure homogenization

Determination of pH. The pH values of the chicory
juice samples were determined using a benchtop pH
meter (Hanna Instruments, USA). Measurements were
made after the samples were thoroughly homogenized.
Before use, a pH meter was calibrated with 3 different
buffer solutions with pH of 4.0, 7.0, and 10.0.

Determination of instrumental color values. First,
we measured L* (darkness: L* = 0; lightness: L* = 100),
a* (redness: +a*; greenness: —a*), and b* (yellowness:
+b*; blueness: —b*) values and then, chroma (C*) and
hue angle (h°) values [31]. In addition, the total color
difference (AE) was calculated in the samples treated by
ultra-high-pressure homogenization versus the control.

Statistical analysis. The study was carried out ac-
cording to a completely randomized design with two
replications. An analysis of variance was performed
using the SPSS package program (SPSS 23.0). The mean
values of the main sources of variation were compared
with the Duncan Multiple Comparison Test (95% confi-
dence interval, p < 0.05).

RESULTS AND DISCUSSION

We found that the chicory root juice samples trea-
ted by ultra-high-pressure-homogenization had higher va-
lues of total soluble solids compared to the samples after

289

Table 1 Effects of treatments on total soluble solids and pH
values of chicory root juices

Treatment Total soluble solids, °Brix pH
ULTRA-TURRAX 0.875+0.071 6.82 £ 0.02
Water bath 0.875 + 0.046 7.47 £0.20
Control (0 MPa) 0.925 £ 0.046 7.44 £0.01
50 MPa 0.937 £0.052 7.54£0.01
100 MPa 1.050 £ 0.053 7.63+0.04
150 MPa 0.975 £0.046 7.66 = 0.03
200 MPa 1.012 £ 0.064 7.75+0.02
SEM 0.020 0.029
p-value <0.0001 <0.0001

the ULTRA-TURRAX homogenization and keeping in
a water bath (Table 1). There was no statistical diffe-
rence (p > 0.05) in total soluble solids between the con-
trol and the 50 MPa treatment groups (Fig. 2). However,
we observed a statistically significant (p < 0.05) increase
in the 100 MPa group compared to the 150 and 200 MPa
groups (Fig. 2). The amount of total soluble solids mainly
refers to soluble sugars in fruit or fruit juices and varies
depending on the amount of soluble sugar in the raw
material and the applied process [32]. The increase
we found in total soluble solids might be due to the
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Figure 2 Effects of ultra-high-pressure homogenization on
total soluble solids of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)
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Figure 3 Effects of ultra-high-pressure homogenization

on pH value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)

disintegration of macromolecules in chicory root juice
under the influence of ultra-high-pressure homogeniza-
tion. Similarly, Yan et al. reported that high-pressure
homogenization causes an increase in the amount of
water-soluble cell materials and pectin, which might
be a cause of the increasing in total soluble solids [33].
A similar change was detected in the study that determi-
ned the effects of high-pressure homogenization on the
quality of Ottoman strawberry (Fragaria * ananassa)
juice [34]. Contrary to our current findings, we have pre-
viously determined that high-pressure homogeniza-
tion applied to juices produced from different pome-
granate genotypes reduced the amount of total soluble
solids [35]. This difference could be explained by the
difference in the composition and properties of fruit
tissue and root properties since plant root parts contain
more complex macromolecules than stems and leaves.
Table 1 also shows the effects of the production stages
and ultra-high-pressure homogenization treatments at 0,
50, 100, 150, and 200 MPa on the pH values of chicory
root juice. As can be seen, the pH values ranged from
6.82 +£0.02 to 7.75 £ 0.02, with significant (p < 0.05) dif-
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ferences between the treatments. We observed that ultra-
high-pressure homogenization increased the pH values
of the samples, especially at 200 MPa pressure, i.e. the
higher the homogenization pressure, the higher the pH
values. Lower pH values were determined in the ULTRA-
TURRAX stage of the process (Table 1). Among the pro-
duction stages and high-pressure homogenization pro-
cesses, the highest pH increase occurred after the ULTRA-
TURRAX stage (Fig. 3). This increase could be due to
the heat treatment at 80°C for 1 h after the ULTRA-
TURRAX process (Fig. 1). The pH probably increased
due to an increase in, or a release of, alkaline compo-
nents by tissue dissolution in the ULTRA-TURRAX
process. In line with our current findings, Gul ef al. and
Wellala et al. stated that high-pressure homogenization
increased pH value, and this was due to breakdown of
pectin and proteins into cellular materials [36, 37].

In another study, Liu et al. determined the effects of
ultra-high-pressure homogenization (50, 100, 150, and
200 MPa) on the pH of pear juice at different tempera-
tures (4, 20, 30, 40, 60, and 80°C) [30]. Contrary to our
findings, the researchers reported that different pressures
applied at the same temperature did not affect pH. Howe-
ver, the pH value decreased due to the disintegration of
cells and the dissolution of organic acids and other sub-
stances under the influence of ultra-high-pressure ho-
mogenization at high temperatures (especially at 60 and
80°C). These differences among the studies show that
the effect of ultra-high-pressure homogenization on pH
may vary depending on the matrix of raw material from
which the juice is produced, as well as production condi-
tions and the treatment applied.

Table 2 demonstrates the effects of different treat-
ments on L*, a*, b*, C*, and °h of the chicory root juices
under study. As can be seen, pressure application incre-
ased the L* value (p <0.01, Table 2). However, as the
pressure level increased, the L* (lightness) value de-
creased, so among all the treatments, the highest value
was determined in the 50 MPa group, while the lowest
value was determined in the 150 MPa group (p < 0.05,
Fig. 4). In a study on cloudy honey peach juice, the ap-
plied pressure of 20—-40 MPa significantly increased the
L* value [33]. The researchers stated that this increase
was due to the stabilization of the product by decrea-
sing the centrifugation precipitating rates (13.49-24.22%)
and the mean particle diameter (from 1853.67 nm to
501.10—665.27 nm) at this pressure compared to the con-
trol. Our results clearly show a negative effect of high
levels of pressure (over 50 MPa) on the L* value.

An important color criterion that varies depending on
fruit juice characteristics is the +a* value, which indi-
cates redness. This value is associated with the structure
and form of phenolic components in the fruit or its roots.
Phenolic components, especially anthocyanins, affect the
+a* value depending on pH [38]. The leaves of Cicho-
rium intybus L. are a good source of phenolic compo-
unds of high medicinal importance [39]. High-pressure
application, which is a non-thermal technique, also in-
creases the redness value by providing more release of
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Table 2 Effects of different treatments on instrumental color values of chicory root juice samples

Treatment L* a* b* a*/b* Chroma (C*) Hue angle (h°)
ULTRA-TURRAX 2423 +0.95 3.99+0.30 9.94+0.67 0.40 +0.04 10.76 + 0.64 68.19 +£2.24
Water bath 23.94 +£0.63 3.24=£0.11 10.49 £ 0.55 0.31£0.02 10.98 £ 0.53 72.80 £ 0.98
Control (0 MPa) 26.59 £1.28 4.51+0.23 14.11 £ 1.09 0.32+0.03 14.84 £ 0.12 72.13+1.58
50 MPa 27.38 £0.82 438 +0.17 15.12+0.79 0.29 +0.02 15.75+0.74 73.80+1.13
100 MPa 25.64 +0.92 4.86 +0.09 13.61 =£0.98 0.36 £0.03 14.46 £ 0.87 70.26 £ 1.38
150 MPa 2421 +£0.39 448 £0.10 11.45+0.51 0.39+0.01 12.29+0.51 68.61 +£0.52
200 MPa 25.15+0.88 4.99 +£0.09 12.92 £ 0.94 0.39 £0.03 13.86 £ 0.94 68.80 £ 1.26
SEM 0.262 0.057 0.273 0.008 0.253 0416
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
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Figure 4 Effects of ultra-high-pressure homogenization

on the L* value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)
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Figure 6 Effects of ultra-high-pressure homogenization

on the b* value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)

anthocyanins from the tissue [34, 40]. In line with this
literature, we also found that high-pressure homoge-
nization affected the a* value (p <0.01, Table 2). Even
higher a* values were determined in the chicory root
juices subjected to 100 and 200 MPa pressure treatments
compared to the control (p < 0.05, Fig. 5). No significant
difference was observed between the control, 50 and
150 MPa groups (p > 0.05). Another study determined
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Figure 5 Effects of ultra-high-pressure homogenization

on the a* value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)

the effects of ultra-high-pressure homogenization and
low temperature on the quality of fresh pomegranate
juice [40]. The researchers stated that the a* value incre-
ased from 5.31 £ 0.38 in the control to 5.61 +0.55 and
6.35 £ 0.23 in the 100 and 150 MPa groups, respectively.

Different levels of high-pressure homogenization of
chicory root juices also affected their 5* values (p < 0.01,
Table 2). The highest b* values were detected in the
50 MPa group, while lower values were determined in
the 100, 150, and 200 MPa groups compared to the con-
trol (p <0.05, Fig. 6). As expected, ultra-high-pressure
homogenization had very significant effects on the a*/b*
ratio in the chicory root juices (p < 0.01, Table 2). This
ratio was significantly higher in the 150 and 200 MPa
groups than in the 50 MPa and the control groups
(p <0.05, Fig. 7).

Chroma, hue angle (h°), and total color difference
(AE) parameters are calculated using L*, a*, and b* va-
lues. In food science, these parameters are generally
used to determine color changes in fresh food and food
processed by different methods. In our study, ultra-high-
pressure homogenization affected the chroma values of
the chicory root juice samples (p < 0.01, Table 2), which
indicate the degree of intensity or purity of color. We
found that the chroma values decreased according to the
applied pressure level (p <0.05), with the lowest value
recorded in the 150 MPa treatment group (Fig. 8). As
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Figure 7 Effects of ultra-high-pressure homogenization

on the a*/b* ratio of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)
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Figure 9 Effects of ultra-high-pressure homogenization on the
hue angle (h°) value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)

Table 3 Effects of ultra-high-pressure homogenization on total
color difference values of chicory root juice samples

Treatment Total color difference (AE)
Control (0 MPa) 0

50 MPa 2.47+0.84

100 MPa 1.94+1.19

150 MPa 391+1.32

200 MPa 2.41+£2.17

SEM 0.252

p-value <0.0001

SEM: Standard error of the mean

with the chroma parameter, ultra-high-pressure homo-
genization also affected the h® value very significantly
(p <0.01, Table 2). Generally, a gradual decrease in h°
values was determined in the groups according to the
levels of pressure (p <0.05), indicating decoloration
from red to yellow. However, this decrease was less pro-
nounced in the 50 MPa group, compared to the control,
because the 50 MPa group had the highest h° values
among all the samples (p < 0.05, Fig. 9).
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Figure 8 Effects of ultra-high-pressure homogenization on the
Chroma (C*) value of chicory root juice samples. UT — after
homogenization with ULTRA-TURRAX; WB — after keeping
in a water bath and mixing; C — control (0 MPa). Different
letters indicate statistical difference (p < 0.05)
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Figure 10 Effects of ultra-high-pressure homogenization on
total color difference values of chicory root juice samples.

UT — after homogenization with ULTRA-TURRAX; WB —
after keeping in a water bath and mixing; C — control (0 MPa).
Different letters indicate statistical difference (p < 0.05)

The total color difference (AE) between the con-
trol group (0 MPa) and the samples homogenized with
high pressure is presented in Table 3. This parameter is
mostly used to detect color changes in processed foods.
Compared to the control sample, higher AE values indi-
cate higher color differences [41, 42]. In this study, we
found significant differences in AE between the control
and high-pressure treatment groups (p <0.01, Table 3).
The highest value was determined in the 150 MPa group
(p <0.05), with no statistical difference between the
other treatment groups (p > 0.05, Fig. 8).

Another study determined the combined effects of
short-wave ultraviolet radiation and ultra-high-pres-
sure homogenization on the properties of cloudy apple
juice [43]. The authors reported that the AFE value in-
creased with the pressure applied to apple juice. Chan-
ges in the structure of pigments cause visible color
changes during food processing, especially in fruits,
vegetables, and beverages. In our study, the increase in
the a* value is an important cause for the change in AE.
Tiwari et al. and Patras et al. classified the differences
in perceptible color as very distinct (AE>3), distinct
(1.5<AE<3), and minor differences (1.5<AE) [44, 45].



Aksu M.1 et al. Foods and Raw Materials. 2025,13(2):287-297

According to our results, there were significant changes
in the 150 MPa treatment group and significant changes
in the 50, 100, and 200 MPa treatments (Fig. 10). Simi-
larly, Saricaoglu et al. found that the AE value in-
creased depending on the applied pressure and multi-
pass high-pressure homogenization in rosehip (Rosa
canina L.) nectar [46]. Also, a research on pear juice
found that when the total color difference (AE) was less
than 2, there was no visually noticeable color change in
the product [30]. These results show that the effect of
ultra-high-pressure homogenization on the total color
difference (AE) may vary depending on the raw mate-
rial, the density of color pigments in the raw material,
the temperature applied, and the process conditions.

CONCLUSION

In this research, we determined the effects of ultra-
high-pressure homogenization on some quality characte-
ristics of chicory root juice. An important result was the
increase in total soluble solids, depending on the pressure
level applied, due to the disintegration of macromolecules
in chicory juice. Since chicory roots are a good source of
inulin, its extraction can be increased by applying ultra-
high-pressure homogenization. Based on our results, the
quality characteristics of chicory root juice treated with

ultra-high-pressure homogenization should be determi-
ned in detail with different analyses (total sugar, reducing
sugar, particle size, inulin, phenolic components, etc.).
In addition, it would be useful to further investigate the
color and storage stability of chicory root juice prepared
by using ultra-high-pressure homogenization.
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Abstract:

Wound and burn healing is a complex physiological process that can be facilitated by medications based on marine collagen. In
this regard, biomass of the Aurelia aurita jellyfish is a promising alternative source of medical collagen. As the global incidence
of burns and wounds continues to grow, new healing methods have become a relevant area of medical science.

This study featured acetic acid as a means of marine collagen extraction from A4. aurita biomass. The physical and chemical
properties of jellyfish collagen were determined gravimetrically and included such indicators as water solubility and water
holding capacity. The molecular weight was defined by gel electrophoresis. The spectral studies relied on the method of UV
spectroscopy. The regenerative experiments included such parameters as cytotoxicity, antioxidant properties, adhesion, and
wound healing rate, as well as a quantitative PCR analysis.

The optimal conditions for maximal collagen yield were as follows: 0.5 M acetic acid and 48 h extraction time. However, the
collagen yield was very low (< 0.0185%). The high water holding capacity showed good prospects for 4. aurita collagen to be
used as hemostatic sponge. The acid-soluble collagen sample had a molecular weight of 100—115 kDa, which made it possible
to classify it as type 1. 4. aurita jellyfish collagen revealed no cytotoxic properties; it had no effect on adhesion, migration, and
proliferation of keratinocytes, neither did it affect the expression of cell differentiation markers.

The wound healing model proved that the marine collagen had regenerative properties as it was able to increase the wound
healing rate by 24.5%. Therefore, collagen extracted from the biomass of A. aurita jellyfish demonstrated good prospects for
cosmetology and regenerative medicine.
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INTRODUCTION

Burn injuries and wounds are a major global health
issue. High temperatures, accidents, surgery, and infec-
tions damage skin structure and function, which makes
wound healing a complex physiological process [1].

Silver sulfadiazine and mafenide acetate are popular
medications against wounds and burns. However, they
are expensive and may cause severe side effects. More-
over, they are not effective against deep burn wounds
and often cause scarring. As a result, novel burn-trea-
ting substances are a relevant medical issue [2].

The second half of the XX century witnessed a great
progress in regenerative medicine and burn therapy. For
instance, pharmacotherapy with tissue scaffolds pro-
mote the formation of new viable human issues, offering
an alternative to donor tissues. Unfortunately, the use
of skin substitutes is limited by immunogenicity, posto-
perative infections, and donor site area [3].

Collagen is a promising wound healing biomate-
rial. However, collagen and its derivatives are usual-
ly obtained from swine and bovine skins and bones,
which means a certain risk of transmissible spongiform
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encephalopathy. Religious restrictions also limit the use
of biomaterials obtained from pigs and cows [4].

Fish, jellyfish, sponges, and other marine invertebra-
tes can serve as an alternative source of collagen. Their
biocompatibility is quite high, and they do not transmit
diseases to humans [5]. Collagens isolated from marine
organisms make excellent scaffolds with high biodegrad-
ability and low immunogenicity [6].

Jellyfish is a biomass that consists of proteins organi-
zed into a complex polymer, i.e., collagen. Fibrillar colla-
gen is the most abundant component in most jellyfish [7].
Jellyfish tissue structure resembles that of human skin
tissue, which makes marine jellyfish a popular subject of
scientific research [8]. Unlike mammalian collagens, jel-
lyfish collagen does not transmit spongiform encephalo-
pathy. Jellyfish collagen extracts are known to stimulate
the immune response in vivo without causing allergy [1].

In addition, jellyfish collagen peptides accelerate the
healing of skin wounds. In the future, they may render
new wound treatment medications [9]. Jellyfish collagen
peptides are a source of bioactive compounds, polysac-
charide structures, and extracts, which makes jellyfish a
potential raw material in medical therapy and tissue en-
gineering, e.g., biomaterials, new pharmaceuticals, and
nutraceuticals [1].

Despite all their numerous benefits, modern medi-
cine still possesses very limited data on collagen pep-
tides derived from Aurelia aurita or their effect on
wound healing. A. aurita is a species of Scyphozoa jelly-
fish [10]. These marine creatures have a translucent
pinkish body that consists of a flat bell of up to 40 cm
across and numerous short tentacles [11]. They inhabit
sea waters with consistent currents and temperatures
from —6 to 31°C, the optimal temperatures being 9—-19°C.
A. aurita are so common in Russia that they may affect
human activities in coastal areas [12—14]. For instance,
they sting tourists, thus causing harm to local tourism

Kaliningrad
a
KanuduHrpan,

when their population increases as a result of climate
change, eutrophication, or life cycle patterns [1]. Jelly-
fish are often discarded as waste in commercial fishing.
Therefore, A. aurita biomass can become a valuable
raw material for collagen without causing damage to
the environment.

This study assesses the most popular method of col-
lagen extraction from A. aurita, as well as the physi-
cochemical composition and biochemical properties of
collagen obtained.

STUDY OBJECTS AND METHODS

Research objects. The study featured Aurelia aurita
fished in the coastal areas of the Baltic Sea, Kalinin-
grad Region, Russia, where they migrate to, following
seasonal patterns. Previously, vacationers and residents
reported that this type of jellyfish washed on shore in
masses in the third decade of August or early in Sep-
tember. As the weather pattern changes, mass stran-
dings of A. aurita now occur in different periods. In
2020, it happened in December; in 2023, it occurred in
the third decade of September.

We obtained 140 kg raw jellyfish biomass manually
in the sea near the town of Pionersky (Fig. 1), using a
fish net (Fig. 2). The samples were placed in sealed ten-
liter containers and delivered to the laboratory within
2 h. There, we washed the jellyfish with fresh water
to remove sand and foreign matter and weighed the
total mass within 0.1 g. We measured the average bell
size since the bell is responsible for up to 97% of bio-
mass. We decided not to separate oral arms as this
manipulation was found too labor-intensive for commer-
cial processing. After washing, the jellyfish were frozen
at —79°C in plastic containers or zip-bags.

Collagen extraction methods. Obtaining acid-
soluble collagen from Aurelia aurita jellyfish. Col-
lagen was extracted with acid following the protocol

Figure 1 Aurelia aurita catching site on the Baltic See coast near the town of Pionersky (54.955098, 20.227932)
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Figure 2 Fishing for Aurelia aurita

Figure 3 Filtering post-hydrolysis solution through gauze

Figure 4 Dialysis of the resulting collagen against a solution
of acetic acid (a) and the sponge obtained after freeze-drying (b)

described by Nagai et al. [15]. Crushed jellyfish bio-
mass was placed in a flask and subjected to extraction
with 0.5 M acetic acid in a ratio of 1:10 (w/v). The ex-
traction process lasted three days at 4°C. After filtra-
tion, the insoluble residue underwent another extraction.
After two extractions, we brought the filtrates (Fig. 3)
to 0.9% with sodium chloride and separated precipitate
by centrifugation at 3600 g for 15 min. After dissolving
it in 0.5 M acetic acid, we dialyzed the obtained samp-
les using 0.1 M acetic acid for three days, followed by
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dialysis with distilled water for another three days
(Fig. 4a). The final solution was lyophilized to obtain
acid-soluble collagen (Fig. 4b).

Assessing collagen properties. Solubility. The
lyophilized collagen samples were dispersed at room
temperature in such solvents as 96% ethanol, methanol,
ethyl acetate, n-hexane, methylene chloride, double-dis-
tilled water, 0.5 M acetic acid, aqueous solutions of so-
dium hydroxide (pH 12), 37% hydrochloric acid, as well
as 0.5 M acetic acid with ultrasonic treatment.

Water-holding capacity. We placed 0.05 g of lyo-
philized collagen in 15-mL centrifuge tubes and added
5 mL of distilled water. The resulting solution was sus-
pended in a shaking incubator at 150 rpm for 15 min
followed by a five-minute centrifugation. After remo-
ving supernatant with a dispenser, we weighed the
tubes with wet collagen.

The water-holding capacity was calculated by the
formula below:

. . me., —my
Water holding capacity = ————

My,

ey

where m_ is the mass of wet collagen and my. is the
mass of dry collagen.

UV spectroscopy. Dry collagen was dissolved in
0.5 M acetic acid at room temperature at a concentra-
tion of 1 mg/mL. The spectral scanning involved a UV-
1800 dual-beam spectrophotometer (Shimadzu, Japan)
at 220—600 nm.

Molecular weight analysis. To measure the molec-
ular weight, we dissolved 1 mL of dialyzed collagen
in 0.5 M Tris-HCI buffer (pH 6.8, 1% SDS, 10% glyce-
rol, 0.01% bromophenol blue). After denaturing the so-
Iution at 70-80°C for 5 min, we put 15 uL. denatured
sample and 7 uL. marker with a molecular weight of 10—
250 kDa into the wells at the top of the polyacrylamide
gel (Protein Dual Color Standards, BioRad, USA). The
polyacrylamide gel consisted of one-millimeter layers of
4% concentrating gel and 12.5% separating gel. In order
to observe the separation of proteins by size, we raised
the initial voltage of 15 mA (30 min) to 30 mA (1 h) after
the proteins reached the separating layer. Upon sepa-
ration, the gels were stained overnight with a dye solu-
tion, which consisted of 0.25% Coomassie Brilliant Blue
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G-250 (JT Baker, USA), 10% acetic acid, 40% ethanol,
and 50% de-ionized water. After being washed with
a solution of 10% acetic acid, 40% ethanol, and 50%
de-ionized water, the gels were incubated for 1 h.

Antioxidant activity. We applied two types of radi-
cals, i.e., 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS).
The procedure involved a CLARIOstar microplate rea-
der (BMG Labtech GmbH, Germany). A Trolox solution
(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) of known concentration served as control. The test
results were expressed in milligrams of Trolox equiva-
lents per one gram of dry weight (mg TE/g).

To determine the antioxidant activity by the DPPH
method, we mixed 20 uL. of collagen solution with
300 uL of fresh 2,2-diphenyl-1-picrylhydrazyl solution
(0.1 mM). The optical density was recorded at 515 nm.

To determine the antioxidant activity by the ABTS
method, we added 20 pL of extract to 300 pL of ABTS:
radical cation. The ABTS radical included aliquots of a
7.0 mM ABTS solution (2,2"-azino-bis(3-ethylbenzthiazo-
lino-6-sulfonic acid) and a 2.45 mM potassium persul-
fate solution. The intubation occurred in the dark at room
temperature and lasted for 16 h. The optical density was
measured at 734 nm.

Wound healing test in vitro. The lyophilized colla-
gen was dissolved in 0.07% acetic acid at the rate of 2 pug
per 1 mL of solution. Ten minutes of ultrasonic bath at
room temperature improved the solubility.

To study the collagen sorption on cultural surface,
we added collagen solutions in a volume sufficient to
cover 2-3 mm of the wells and incubated them at 37°C
for 15 min. After draining the collagen solution, we
washed the wells three times with Hanks’ solution with
phenol red (PanEco, Russia).

HaCaT fibroblasts and keratinocytes were cultivated
in a culture medium that consisted of Dulbecco’s Modi-
fied Eagle Medium (DMEM) (PanEco, Russia), 10% fe-
tal bovine serum (Hyclon, USA), 1% Glutamax (Gibco,
USA), and 1% PenStrep (Gibco, USA). The cultivation
process involved a CO, incubator (37°C). The medium
changed every 2-3 days. Cultures were removed from
the surface of culture flasks with a trypsin solution and
Versene solution (1:2) (PanEco, Russia) as soon as the
confluent layer was reached, i.e., every 3—4 days. The
cell seeding had a ratio of 1:3 or 1:5, depending on the

Table 1 Primer sequences

growth rate. The experiments involved cultures of pri-
mary fibroblasts obtained at early (< 5) passages.

The scratch test was triplicated as follows: 155 000
HaCaT cells were planted in a 12-well plate with colla-
gen. Type I collagen from rat tail tendons in 0.1% acetic
acid served as positive control while empty wells served
as negative control. On day 4, as the cell culture reached
100% confluence, we imitated a wound by scratching
vertical lines with a Pasteur pipette in the center of each
well, thus disrupting the integrity of the epithelial layer.

To assess the healing rate, we made phase con-
trast photographs of the cell culture immediately after
scratching and on days 1, 2, and 3. We used an Olym-
pus IX73 inverted microscope equipped with an Olym-
pus U-TV0.63XC camera. The images were processed
using Olympus cellSens Dimension, and the size of the
wounds in the photographs was measured with ImageJ.

Quantitative polymerase chain reaction analysis
(PCR). We applied ExtractRNA reagent (Evrogen, Rus-
sia) to isolate RNA and followed the protocol recom-
mended by the manufacturer. The reverse transcrip-
tion involved 1 pg of RNA. For the reverse transcription
PCR test (RT-PCR), we used a standard qPCRmix-HS
SYBR+LowROX kit (Evrogen, Russia) and a LightCy-
cler 96 amplifier (Roche). The test pattern was triplicat-
ed as follows: 50 ten-minute cycles at 95°C; each cycle
included 10 s at 95°C, 10 s at 60°C, and 20 s at 72°C.
The content of products in each sample was determined
by the 2-AACq method; the results were referenced to
GAPDH (glyceraldehyde 3-phosphate dehydrogenase)
expression (see Table 1 for primers).

Assessing cytotoxicity and adhesive properties. Pri-
mary human fibroblasts at a concentration of 66 000 cells
per 1 mL were planted in a 24-well plate with collagen
solution at the rate of 33 000 cells per well.

The cytotoxicity test presupposed live and dead cell
counts after 48 h and involved a Luna-II counter (Logos
Biosystems, South Korea) and staining with trypan blue.

After 10, 20, 30, 60 min, and 24 h, we conducted a
cell count to define adhesive properties using the same
Luna-II counter (Logos Biosystems, South Korea).

RESULTS AND DISCUSSION

Optimal extraction parameters. Acetic acid with
a concentration of 0.2—0.5 M proved to be the most
popular means of collagen extraction from marine

Gene Forward primer Reverse primer

KRTI ACTTGATTTGCTCCCTTTCTCG TATGGTCCTGTCTGCCCTCC
KRT 5 CTCCTCGGTCCTCACCCTCT GGCTTTCCTGTCTGCCCTCC
KRT10 AAAGAGCCACCACTGAACCC GGAGGAGTGTCATCCCTAAGAA
KRT14 ATCTTGTACTCCTGGTTCTGCTG GAGACCAAAGGTCGCTACTGC
FLG CCAAACGCACTTGCTTTACAGATA AGACATGGCAGCTATGGTAGTG
IVL TTCCTCCTCCAGTCAATACCC CATTCTTGCTCAGGCAGTCC
ITGA6 AAGCAGGAATCCCGAGACAT TCTCAATCGCCCATCACAAA
ITGB4 TCCTTTGAGCAGCCTGAGTTC CGGTAGGAGACCTGGGACTTC
GAPDH CATCAAGAAGGTGGTGAAGCAG TCAAAGGTGGAGGAGTGGGT
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animal biomass; the most common extraction time
was 24—72 h [15-19].

Table 2 shows the limits for acid concentration and
treatment time.

Table 2 and Figs. 5-6 illustrate the results of acid
extraction. The collagen yield grew from 143.5 + 7.8 to
150.1 +£ 5.4 mg/kg at 0.2 and 0.5 M acetic acid, respec-
tively. A further increase in acid concentration by 0.1 M
reduced the economic efficiency by 8000 rubles/g.

The maximal yield of 156.2 + 8.8 mg collagen per 1 kg
wet biomass occurred at 0.5 M acetic acid after 96 h.

The extraction time was an important variable: when
it grew from 24 to 48 h, we observed a 17.4% increase
in the yield. A further increase in extraction time, howe-
ver, had no significant effect.

In this study, the maximal collagen yield reached
0.0156% jellyfish dry weight, which is in line with the
data obtained by Addad et al., who reported 0.01% col-
lagen yield [20].

Physicochemical properties of collagen. Solubility.
No solvent used in this study was able to dissolve jelly-
fish collagen completely. The ultrasonic treatment was
the only method that transformed collagen in acetic acid
into a yellow cloudy solution, which eventually pro-
duced some precipitate of collagen. The tests with acidic
media demonstrated partial dissolution of collagen.

Other researchers reported similar collagen proper-
ties. Swatschek et al. failed to dissolve sponge collagen
in any of the solutions they applied [21]. They mentioned
slight dispersion in solutions with pH 8-10 and hydro-
lysis of collagen fragments in an acidic environment.
Ahmed et al. tested the solubility of collagen obtained
from big-eyed tuna (Thunnus obesus) at different pH va-
lues with the Lowry protein assay [22]. They reported
the highest solubility at pH = 6.

Water holding capacity. Collagen owes its water
holding capacity properties due to its porous structure,
which traps moisture in the fibers. Potentially, this para-
meter can be used to assess the hemostatic properties of
jellyfish collagen [23]. In this research, the water holding
capacity of Aurelia aurita collagen was 4.194 g/g. This va-
lue exceeds that for medical gauze (2 g/g) but comes short
of collagen sponges from Rhopilema esculentum [24].

UV spectroscopy. Collagen has an absorption maxi-
mum in the range of 210-240 nm because it contains
manly glycine and hydroxyproline but no tryptophan.
The collagen we obtained from A. aurita had its absorp-
tion maximum at 232 nm (Fig. 7), which is in line with
other similar publications. The peak was quite homoge-
neous, which indicates purity.

In [25], collagen obtained from the skin of Pacific cod
demonstrated its maximal absorption at 231 nm. In [26],
collagen from catfish skin had it at 235 nm.

In collagen, absorption in the UV region is associat-
ed with COOH, CONH,, and C=0 in polypeptide chains.
Tyrosine, tryptophan, and phenylalanine have their ab-
sorption maxima at 250-285 nm. The spectrum we ob-
tained had no clear peak in this region, which indicates a
low content of these amino acids.
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Table 2 Extracting collagen with acid: experimental results

No. Concentration Collagen yield,
of CH,COOH mg/kg wet jellyfish
and treatment time biomass
1 02M,48h 143.5+7.8
2 03M,48h 1447+ 6.6
3 0.5M, 48 h 150.1£54
4 0.5M,24h 127.8+4.7
5 0.5M,72h 153.3+9.2
6 0.5M,96 h 156.2 + 8.8
152 4
150.1
2 150 -
g
<5 148 -
23
¢ 146 A 144.7
g = 143.5
25 144 1
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=
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Figure 5 Collagen yield after acid extraction depending
on acetic acid concentration
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Figure 6 Collagen yield from acid extraction depending
on extraction time

Molecular weight. Figure 8 illustrates the molecular
weight of A. aurita collagen samples. For this test, we
used native collagen, i.e., a sample dissolved in water,
and a collagen solution obtained by sonicating a mix of
collagen and 0.2 M acetic acid for 2 min.

The molecular weight of native collagen exceeded
250 kDa, which prevented the sample from advancing
in the gel. The sample with acetic acid demonstrated
two clear bands of 100 and 110 kDa.

To compare the proteins, we used PhotoMetrix 1.2.1, a
free application that we downloaded from the Play Store
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Figure 7 UV spectral profile of Aurelia aurita collagen

Figure 8 Electropherogram of Aurelia aurita collagen
samples: the leftmost line is a protein marker with components
of a known molecular weight (kDa); lines 7 and 6 are native
collagen; lines 1-5 are Aurelia aurita collagen treated with
ultrasound and 0.2 M acetic acid

to install on a smartphone (POCO x3 Pro, China) [27].
The images were montaged; each band was quantified
by the size of images captured from an area of 64x64 pi-
xel. The application provided calibration curves by pre-
entering the amount of protein at each point. A protein-
free gel band was used for analytical testing. For accura-
cy, we scanned the same gel in Image Lab 6.0.1 (BioRad,
USA) [28]. Then, we built a plot that demonstrated the
effect of protein amount on band volume. The resulting
linear regression produced calibration curves that made it
possible to calculate the amount of protein in the sample.
The calibration curves relied on albumin used at concen-
trations of 0—10 pg (Table 3).

The molecular weight of native collagen excee-
ded 250 kDa (lines 6 and 7), which made it insoluble in
phosphate buffer (pH = 7.4). Samples 1-5 were essential-
ly identical but with different concentrations of collagen
solution in gel pockets: Table 3 shows the difference in
the intensity of collagen bands of various masses.

We also analyzed the results of A. aurita mesoglea
collagen electrophoresis. The samples consisted of al
and a2 chains of 110 kDa at a ratio of approximately 2:1.
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Table 3 Shares of proteins with different molecular weights
in Aurelia aurita biomass

Molecular Protein share Protein share
weight, kDa by PhotoMetrix, % by ImageLab, %
> 250 13.75 22.7

110 14.67 19.6

100 15.16 7.5

75 7.12 54

70 7.1 8.7

50 7.1 9.5

43 7.1 3.9

39 7.0 3.7

35 7.0 1.1

34 7.0 5.1

31 7.0 12.8

As for £ and y chains, they were located in the high mo-
lecular weight region of > 250 kDa. As a result, the col-
lagen samples could be classified as type I. Our results
confirmed those obtained by other scientists, who also
reported collagen of Rhopilema esculentum and Nemo-
pilema nomurai as type 1 [24, 29]. Acid-soluble collagen
had a molecular weight of 100—115 kDa.

Biological activity of collagen. Antioxidant proper-
ties. Collagen owes its antioxidant activity to its ami-
no acid composition. In this study, however, 4. aurita
collagen demonstrated no antioxidant activity, probably,
because we did not use collagen hydrolysate. Li et al.,
who studied collagen hydrolysate from Spanish mackerel
skin, reported good radical scavenging properties [30].
According to Gautam et al., hydrolysis increased the an-
tioxidant activity in collagen [31].

Adhesive and cytotoxic properties of collagen on pri-
mary human fibroblasts. The cytotoxicity assay showed
that fibroblasts continued to grow for three days (Fig. 9).

Table 4 presents the results of a live cell count perfor-
med on an automatic counter by the trypan blue method.

A. aurita collagen improved the survival rate of fi-
broblast cells by 45.6%, probably, by activating diffe-
rent types of cellular receptors. Besides, the interaction
of collagen with cells is known to depend on various
growth factors and other modulations of the cytoskele-
tal complex [32].

In our case, the test on adhesive properties revealed no
significant difference between the two samples (Table 5).

In this study, A. aurita collagen had no effect on
the share of free cells, compared to the control sample.
However, the method was not entirely accurate. In our
future research, we will need to determine the number
of attached live cells.

Regenerative properties of collagen on immortali-
zed keratinocytes of HaCaT cells. Figure 10 shows that
wound healing occurred in all collagen samples.

The wound healing rate represented as an average
rate of cell migration into the wound had no significant
difference between the 4. aurita collagen sample and
the control sample (Table 6).
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Negative control Aurelia aurita collagen Positive control

Figure 9 Fibroblasts growing on surfaces adsorbed with different collagen samples on cultivation day 3, phase contrast

Table 4 Live cell count, day 3

Sample Live cells, %
Aurelia aurita collagen 65.87
Positive control 54.97
Negative control 45.23

Table 5 Free cell count after collagen incubation

Incubation  Aurelia aurita collagen Positive control Negative control
time Concentration, Total % Total Concentration, Total % Total Concentration, Total % Total
cells/mLx10*  cells, x10* cells cells/mLx10*  cells,x10* cells cells/mLx10* cells, x10* cells
10 min 4.92 2.46 74.58  4.28 2.14 64.88  4.64 2.32 70.23
20 min 2.01 1.00 3042 246 1.23 37.29 1.97 0.98 29.82
30 min 1.23 0.62 18.65 1.48 0.74 22.40 1.13 0.57 17.15
60 min 1.15 0.57 17.41  0.90 0.45 13.67  0.86 0.43 13.05
24 h 0.99 0.50 15.00 0.60 0.30 9.09 0.74 0.37 11.21
Day 0 Day 3

Positive control  Aurelia aurita collagen

Negative control

/

Figure 10 Wound model on HaCaT cell line in vivo on day 0 and day 3, phase contrast

Table 6 Wound healing assay, day 3

Aurelia aurita

Healing rate, day 3

Average wound healing rate

collagen um % from initial wound size pm/day % wound healing per day (from initial wound size)
Test sample 810.23 70.20 270.08 23.40
Positive control 1087.44  69.92 362.48 23.31
Negative control 712.87 56.18 237.62 18.73
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Table 7 Keratinocyte differentiation markers referenced to GAPDH

Sample KRT1 KRT10 KRT 14 KRTS5 FLG IVL ITGA6 ITGB4
Aurelia aurita collagen  0.70 0.68 0.97 0.74 0.68 0.70 0.68 0.67
Positive control 0.78 0.75 0.97 0.79 0.76 0.75 0.73 0.73
Negative control 0.84 0.80 0.95 0.84 0.77 0.79 0.74 0.75

Differential gene expression in an immortalized ke-
ratinocyte HaCaT model after cultivation on collagen
samples. The expression of KRT1, KRT10, FLG, and IVL
served as markers of late differentiation while the ex-
pression of KRTS, KRT14, ITGA6, and ITGB4 served as
basal differentiation. Different collagen samples showed
no significant difference in these markers (Table 7),
which means that 4. aurita collagens did not affect the
differentiation status of keratinocytes.

CONCLUSION

In this research, the maximal collagen extraction
yield during acetic acid treatment was 185 mg/kg wet
Aurelia aurita biomass. It was obtained in a 0.5 M solu-
tion after 48 h.

When the concentration of acetic acid increased
from 0.2 to 0.5 M, the collagen yield grew from 143.5 +
7.8 to 150.1 £ 5.4 mg/kg. A further increase in acid con-
centration by 0.1 M reduced the economic efficiency of
the process by 8000 rubles/g.

Extraction time also had a significant effect on col-
lagen yield: when it increased from 24 to 48 h, the yield
grew by 17.4% with no effect thereafter.

The native collagen samples showed very low solu-
bility in water and organic solvents, which is quite
natural. However, it dissolved in a high-concentrated
solution of acetic acid (= 0.5 M). This property is no
disadvantage because some collagen sponges should be
resistant to biological fluids.

The water holding capacity of A. aurita collagen
was 4.194, i.e., twice as high as that of medical gauze.

The UV spectroscopy showed that the collagen had a
high degree of purity, as evidenced by a clear peak at
230-235 nm, i.e., in the region of glycine and hydroxy-
proline. The molecular weight of acid-soluble collagen
was 100-115 kDa, which made it possible to classify
A. aurita collagen as type I, typical of animal biomass.

A. aurita collagen demonstrated no cytotoxic proper-
ties. It had no effect on cell adhesion, migration, and pro-
liferation, neither did it affect the expression of cell dif-
ferentiation markers.

The wound-healing assay demonstrated regenerative
properties: A. aurita collagen was able to increase the
healing rate by 24.5%.

The high biological activity of collagen obtained
from the A. aurita jellyfish renders it suitable for regene-
rative medicine. However, the product yield appeared
to be very low (< 0.02%). As a result, 4. aurita is a
potential source of collagen but the method described
in this research will be economically justified only by
large-scale fishing, e.g., to increase the recreational at-
tractiveness of a coastal area during mass stranding or
to eliminate a certain negative effect of A. aurita mass
migration on human economic activity.
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Abstract:

Wines are complex alcoholic beverages. Apart from alcohol, they also contain other compounds, including those that have a
beneficial effect on human health.

This paper features the basic physicochemical properties of four red grape varieties (Blatina, Vranac, Cabernet Sauvignon,
Merlot) from the Mostar area, Bosnia and Herzegovina, as well as the antioxidant and antimicrobial properties of wines made
of these grape varieties. The wines were produced in a standard way; the results were observed during two consecutive seasons
of 2020 and 2021. The physicochemical properties were analyzed by standard methods recommended by the International
Organization of Vine and Wine. The study involved tests for total phenolics, flavonoids, and anthocyanins, as well as for
antioxidant activity. The methodology included FRAP, DPPH, and ABTS assays. The antimicrobial activity was tested by agar
dilution method, which made it possible to determine the minimum inhibitory and bactericidal values. The list of pathogenic
and opportunistic bacteria consisted of Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus, and Bacillus cereus.
Pathogenic yeasts were represented by Candida albicans. Lactobacillus plantarum and Saccharomyces boulardii were selected
as probiotic cultures.

The physicochemical characteristics of grapes, i.e. must, depended on the harvest year, variety, and their interaction. The best
antioxidant effect and the highest total phenolic content belonged to the Vranac wine, vintage 2020. B. cereus appeared to be
the most sensitive bacteria. The Blatina wines of both harvest years demonstrated the lowest antimicrobial and the antioxidant
activities. Probiotic cultures proved to be resistant to the effects of wine. Pearson’s test revealed a reliable correlation between
the antioxidant properties and the antimicrobial effect on B. cereus and, in one case, on S. aureus and P. aeruginosa.

All grapevine varieties in this research proved to be suitable for the production of quality wines in the Mostar area.

Keywords: Red grape varieties, wine, must, physicochemical properties, antioxidant activity, antimicrobial activity
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INTRODUCTION tile compounds, and phenolic compounds [3]. Antioxi-

The quality of grapes and wine depends on the vari- dant activity is one of the most important properties of
ety, the agro-ecological conditions of the vineyard, and red wines. It is associated with polyphenols, e.g., flavo-
the production technologies. The structural and physi-  noids, phenolic acids, stilbenes, coumarins, etc. [4]. The
cochemical characteristics of grape clusters and berries polyphenol content of wine depends on the grape vari-
define the ampelographic and technological properties ety, vineyard location, cultivation system, climate, soil
of grape varieties [1, 2]. type, grapevine production practices, harvesting time,
Wine is one of the oldest and most widespread alco-  production process, and ageing. The polyphenol mole-
holic beverages. As a rule, it contains alcohol, sugars, cules behave as antioxidants against free radicals. They
acids, tannins, minerals, proteins, organic acids, vola- increase the antioxidant capacity in the human body.

Copyright © 2024, Jovanovi¢-Cvetkovi¢ et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0
International License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format
and to remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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In addition, they affect the sensory profile of wines [5].
Anthocyanins contribute to color while flavan-3-ols are
responsible for bitterness and astringency [5, 6]. Vin-
tage has a different effect on antioxidant properties of
red wines, even if they share the same production con-
ditions, vineyard location, cultivation system, climate,
soil type, harvesting time, and ageing [5].

The antimicrobial activity of red wines against patho-
genic and opportunistic microorganisms is well documen-
ted and mostly associated with the content of various
polyphenolic compounds in red wine, e.g., anthocyanins,
flavonoids, stilbenes, catechins, and phenolic acids [7, 8].
The inhibitory effect also depends on the type of bacte-
ria. The content of phenolic acids, resveratrol, and some
flavonoids was found to correlate with the inhibitory
activity of wine against Clostridium perfringens and
Micrococcus flavus [9]. Antimicrobial activity of wine
against Listeria inocua and Proteus vulgaris was repor-
ted to depend on the catechin content. However, none of
the abovementioned components correlated with the ac-
tivity against Klebsiella pneumonia strains. Apart from
polyphenols, the antimicrobial effect of wines is known
to depend on other components and variables, e.g., orga-
nic acids, low pH, alcohol, and acetates [10]. In relation
to pathogenic microorganisms, wine components do not
inhibit the digestive tract microbiota: plant phenols actu-
ally have a stimulating effect on their growth [11].

The physicochemical characteristics of grapes from
Bosnia and Herzegovina, especially those from the re-
gion of Mostar, remain as understudied as the antioxi-
dant and antimicrobial properties of the local wines.
This research aimed at analyzing the effect of grapevine
variety and production season on these properties.

STUDY OBJECTS AND METHODS

The study involved grapes and wine varieties of Bla-
tina, Vranac, Cabernet Sauvignon, and Merlot, harvested
in the area of Mostar (43°20°N; 17°48’E) in Bosnia and
Herzegovina in 2020-2021.

Climate indicators. Mostar is located in the south-
western part of Bosnia and Herzegovina. The area
owes its warm Mediterranean climate to the Adriatic
Sea [12]. Figures la and b give the basic meteorologi-
cal data, average monthly temperatures, extreme daily
temperatures, and total monthly precipitation during
the growing seasons of April — October 2020-2021 [13].
Both research years were similar in terms of air tem-
perature, with occasional extreme daily temperatures as
high as > 30°C in May — September. The amount of pre-
cipitation was quite low, especially in June — July 2021.

Physical characteristics of grape clusters and ber-
ries. The analysis included examination of the basic
physical characteristics of grape clusters and berries. The
average weights of 10 grape clusters and 100 grape ber-
ries, g, were measured using a digital scale (KERN 440,
Germany).

Physicochemical characteristics of must and wine.
The quality analysis of the basic physicochemical para-
meters of the must took place during the first stage of
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microvinification. It covered the following parameters.
The percentage of total soluble solids — sugar (TSS,
°Brix) was measured with a digital refractometer (Atago-
Pal-3, Japan). The total titratable acidity was determined
by the neutralization method. The pH value of the must
was measured with a pH-meter (Hanna HI2211, USA).
Microvinification was the same for all grape varie-
ties and followed the classic protocol for red wines.
After crushing the grapes, we protected the resulting
must from oxidation by adding Vulcasulph, a commer-
cial preparation produced by Vulcascot, Austria, in the
amount of 10 g/100 kg. After that, we added Vitamon
Combi yeast food (Erbsloh, Germany). The inoculation
involved the Oenoferm Color selection yeast culture
(Erbsloh, Germany) in the quantities recommended by
the manufacturer. Fermentation took place at 20-23°C,
with must submersion performed twice a day until the
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level of remaining sugar in the wine was between 1.0
and 2.0 g/L. The young wine was analyzed after five
months of storage in stainless steel tanks. The analysis
followed standard procedures and covered the following
physicochemical parameters: ethanol, total extract, sugar-
free extract, reducing sugars, total acidity, volatile aci-
dity, and pH value [14].

Antioxidant activity of wines. The total phenolic
content was determined by the Folin-Ciocalteu colori-
metric method [15]. The non-flavonoid content was de-
termined by the formaldehyde method whereas the fla-
vonoid content was calculated as the difference between
total phenols and non-flavonoids [16]. The antioxidant
activity analysis involved DPPH, ABTS, and FRAP as-
says [17, 18]. The total anthocyanin content was deter-
mined by the spectrophotometric method as described
by Mitrevska et al. [19].

Antimicrobial activity of wines. The antimicrobial
activity test included the following nutrient media:
Mueller Hinton agar, Mueller Hinton broth, Nutrient
agar, Sabouraud agar, De Man Rogosa and Sharpe agar,
and agar (1.5%).

Microbial cultures: the experiment involved five bacte-
rial cultures, namely Escherichia coli WDCM 00013, Pse-
udomonas aeruginosa WDCM 00024, Staphylococcus
aureus WDCM 00034, Bacillus cereus WDCM 00151,
Lactobacillus plantarum 299v, as well as two yeast cul-
tures (Candida albicans WDCM 00054 and Saccharomy-
ces boulardii DBVPG 6763).

Microbial culture media preparation: the bacterial
cultures of E. coli, P. aeruginosa, S. aureus, and B. ce-
reus, as well as the Candida albicans yeast culture, were
prepared from the logarithmic phase by the direct co-
lony suspension method (M07. Methods for dilution anti-
microbial susceptibility tests for bacteria that grow aero-
bically; M11. Methods for antimicrobial susceptibility
testing of anaerobic bacteria) [20].

Preparing standardized inoculum from the logarith-
mic phase (E. coli, P. aeruginosa, and B. cereus). The
cultures inoculated on Nutrient agar slant and Mueller
Hinton broth agar plates were incubated for 24 h at 37°C.
After incubation, we transferred 3-5 isolated colonies
from the agar plate to a test tube with 5 mL of Mueller
Hinton Broth. The tubes with the inoculated bacteria
were left to incubate for 2—6 h. The culture incubation
time was the same for each experiment.

Preparing standardized inoculum for S. aureus and
C. albicans. S. aureus and C. albicans were inoculated
from agar slant (nutrient agar for S. aureus and Sabouraud
agar for C. albicans) on the corresponding agar plates
(Mueller Hinton agar for S. aureus and Sabouraud agar
for C. albicans) with an inoculation loop. The agar plates
were left to incubate at 37°C (S. aureus) and 30°C (C. albi-
cans) for 24 h. After incubation, we collected two or three
colonies directly from the Mueller Hinton agar and Sabou-
raud agar to be transferred to the Mueller Hinton broth
(S. aureus) and the physiological solution (C. albicans).
The density of the microbial cultures was determined
spectrophotometrically (625 nm for bacteria and 530 nm
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for yeast), and 0.5 McFarland standard (1.5x10® CFU/mL)
was used for comparison. By diluting the cultures, we ad-
justed their density to 1.5x10° CFU/mL.

Preparing L. plantarum inoculum. A capsule of Flo-
bian (Abela Pharm, Belgrade) was added to 99.9 mL of
saline solution and vortexed at 300 rpm for 30 min. The
density of the culture for inoculation was adjusted to
1.5x10¢ CFU/mL by dilution [21].

Preparing S. boulardii inoculum. A capsule of Bular-
di Probiotic (Abela Pharm, Belgrade) was suspended in
40 mL of saline solution, shaken, and adjusted to a den-
sity of 1.5x10° CFU/mL by dilution [22].

Antimicrobial activity testing. To determine the an-
timicrobial activity of wine, we used the agar dilution
method to obtain minimum inhibitory, minimum bac-
tericidal, and minimum fungicidal concentrations (MO07
and M11) [20-22]. We performed a series of dilutions
on agar by adding an appropriate amount of wine to the
previously dissolved and cooled (45°C) Mueller Hinton
agar, so that the final concentration of wine in the media
would be 10, 20, and 30% (v/v). After shaking the me-
dia with wine, we poured the samples into sterile Petri
dishes. Upon media setting, the microbial cultures were
inoculated onto the surface of the agar plates in drops of
10 puL. The Petri dishes with L. plantarum were covered
with a layer of 1.5% agar, dissolved, and cooled to 45°C.
The inoculated Petri dishes were then incubated at 37°C
for 24 h. After incubation, we measured the growth of
the cultures on the media with wine. The lowest con-
centration of wine in the media with no visible culture
growth was determined as minimum inhibitory. All
Petri dishes with no visible culture growth underwent
re-inoculation. After scraping the inoculated spots with
a sterile inoculation loop, we re-inoculated them on Nut-
rient agar, Sabouraud agar, De Man Rogosa, and Sharpe
agar. The petri dishes were incubated at 37°C for 24 h.
The lowest wine concentrations with no growth of inocu-
lated colonies were determined as minimum bacterici-
dal or fungicidal concentrations. A medium without wine
was used as positive control, and ethanol served as nega-
tive control in concentrations that corresponded to the
concentration of ethanol in the wine.

Statistical analysis. The results were expressed as
means * standard deviation. The statistical analysis in-
volved a one-way analysis of variance (ANOVA). Signi-
ficant differences between the results were determined
by the Duncan’s multiple range test. The differences
were considered significant at p < 0.05. Relationships be-
tween antioxidant and antimicrobial activity were estab-
lished using the Pearson correlation test.

RESULTS AND DISCUSSION

Basic physical characteristics of grapes. The qua-
lity and typicality of the wine depend on, among other
things, the variety and the quality of berries. This rese-
arch featured two domestic (Blatina and Vranac) and
two international (Cabernet Sauvignon and Merlot)
grape varieties. The study of intervarietal differences in-
cluded the basic physical indicators of grape clusters and
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berries (average weight of 10 representative grape clus-
ters and 100 grape berries), as well as how these quali-
ties depended on the production year, variety, and the in-
teraction of these two factors.

Table 1 shows that the average grape cluster weight
was statistically higher in 2021. An inter-varietal com-
parison showed that the Blatina variety had the highest
grape cluster weight (463.97 g), followed by the Vranac
variety (414.17 g): in 2021, their weights were statistical-
ly significantly higher than those of the other varieties.
The Cabernet Sauvignon variety had the lowest grape
cluster weight in both years. The mentioned parameter
strongly depended on both year and variety, as well as
on their interaction. The highest weight of 100 grape
berries also belonged to the Blatina variety (330.00 g),
followed by the Vranac variety (290.04 g), while the lo-
west weight was recorded in Cabernet Sauvignon in
both research years (120.63 and 126.30 g, respectively).
In contrast to the grape cluster weight, the berry weight
depended only on the variety. The research period
showed no statistically significant difference between
the varieties regarding the average weight of 100 grape
berries (232.75 and 226.35 g).

The varietal differences were best illustrated by the
lowest values of grape cluster and grape berry weights
in the Cabernet Sauvignon variety, which did not con-
tradict the description of the technological poten-
tial for this variety published in the official catalog of
grapevine varieties [23]. Similar results were found by

IvaniSevi¢ et al. while Russian research teams reported
somewhat lower grape mass [24-26]. However, the
large variation in the grape cluster weight for the Bla-
tina variety during the research period could be linked
to varietal specificity. Functionally female flower causes
poor fertilization, which results in a lower percentage
of fruit setting and, therefore, leads to a lower grape
cluster weight [27, 28]. In the case of the Vranac vari-
ety, the locality also had a positive effect on the above-
mentioned variables. Our results for this variety were in
accordance with a recent multi-year qualitative study of
Vranac grapes in Herzegovina [29]. In fact, our results
were very close to those published for another study that
took place in Montenegro, i.e., the primary production
region for Vranac [30, 31]. Similarly, the results we ob-
tained for the Merlot variety indicated a positive effect
of the environment. Our values were higher compared
to those reported for other regions [32, 33].

Basic physicochemical properties of must. The
composition and sensory profile of wine depend on the
composition and the ratio of primary and secondary
metabolites in grapes. Table 2 sums up the basic physi-
cochemical parameters, total soluble solids, total titra-
table acidity, and pH values of the musts for each variety
and harvest year, as well as their interaction.

The statistical analysis of total soluble solids in the
must revealed a statistically significant (p < 0.001) diffe-
rence between the grape varieties. For all varieties, the to-
tal amount of soluble solids was significantly (p < 0.001)

Table 1 Basic physical parameters of grape clusters and grape berries

Variety Grape cluster weight, g Weight of 100 grape berries, g
2020

Blatina 229.01 £22.27b 320.00 £ 1.07*

Vranac 379.22 +£28.75° 280.41 +0.97°

Cabernet Sauvignon

192.93 +10.73%

120.63 +0.32¢

Merlot

325.91 +£37.79%®

200.06 £ 0.71¢

2021

Blatina 463.97 £27.51° 330.00 + 1.33¢
Vranac 414.17 £31.72¢ 290.04 + 1.02°
Cabernet Sauvignon 149.53 £ 11.18¢ 126.30 £ 0.31¢
Merlot 283.52 + 11.26> 150.87 +0.39¢
Year (Y) 9.59%* 1.08™

Variety (V) 58.97*** 223, 12%**
YxV 17.55%** 3.76*

Mean values (+ standard error)
Year
2020 281.77 + 18.98° 232,75+ 1.27™
2021 327.69 +21.34° 226.35 + 1.44"
Variety

Blatina 346.49 + 28.65° 326.00 + 0.84*
Vranac 396.70 £21.21¢ 285.23 £0.69°
Cabernet Sauvignon 171.23 + 7.55¢ 126.30 + 0.22¢
Merlot 304.72 +20.55° 179.38 + 0.62¢

»d_ different letters within the same column indicate statistically significant difference at p < 0.05 by Duncan’s test

sk xx* _significant at p < 0.001, p <0.01, and p < 0.05, respectively

" — not significant
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Table 2 Basic physicochemical parameters of grape musts

Year Variety Total soluble solids, % Total titratable acidity, g/L pH
X + SE X + SE X + SE

2020 Blatina 18.71 0.14 6.95 0.04 3.01 + 0.01
Vranac 26.02 + 0.05 421 + 0.09 3.29 + 0.03
Cabernet Sauvignon 24.42 + 0.09 4.96 + 0.04 3.71 + 0.02
Merlot 25.48 + 0.22 4.60 + 0.04 3.44 + 0.02

2021 Blatina 17.24 + 0.17 8.05 + 0.05 3.28 + 0.01
Vranac 22.59 + 0.09 5.59 + 0.07 3.54 + 0.01
Cabernet Sauvignon 23.82 + 0.09 4.83 + 0.06 3.56 + 0.04
Merlot 24.11 + 0.12 5.80 + 0.05 3.35 + 0.01

290.86%*, p <0.001

char’ p year

403.22**, p <0.001

17.77**, p <0.001

135.71**, p <0.001

variety’ p variety

877.66**, p <0.001

134.08**, p <0.001

36.16%*, p < 0.001

year*variety’ p year*variety

50.54**, p <0.001

44.41%* p<0.001

LSD

year*variety

0.37

0.16

0.06

higher in 2020 than in 2021. The highest value of total
soluble solids was observed in the Vranac must in 2020.
Regarding the total titratable acidity in the must, the va-
rieties also showed a statistically significant (p < 0.001)
difference. In general, the total titratable acidity values
for all musts were lower (p < 0.001) in 2020 than in 2021,
with the exception of the Cabernet Sauvignon must,
which had a higher total titratable acidity in 2020. The
statistical analysis of pH values also revealed a statisti-
cally significant (p < 0.001) difference between the varie-
ties under analysis. The pH values for all varieties were
significantly (p <0.001) higher in 2021 than in 2020.
The lowest pH belonged to the musts obtained from the
Blatina and Vranac varieties in 2020.

The harvest year had a statistically significant effect
(p <0.001) on all variables. The interaction between the
variety and the harvest year also proved highly signifi-
cant (p <0.001). To sum up, the variety factor affected
all physicochemical quality indicators. Other studies,
which included a greater number of varieties, also con-
firmed that the content and composition of sugar and
acids in grapes largely depended on the variety [34, 35].

Although the effect of climatic factors was not the
subject of this research, we reviewed the specifics of the
weather conditions during the research period. Accor-
ding to the meteorological data in Figs. la and b, the ave-
rage monthly air temperatures during the research pe-
riod were relatively high, with occasional extreme daily
temperatures as early as in May and low precipitation
during the ripening period.

Warm environment was reported to raise sugar con-
centration and reduce the content of malic acid salts
in grapes [36]. However, according to the same author,
temperatures > 33°C could lead to a decrease in sugar
concentration although low acidity could also be mani-
fested under lower temperatures. The higher tempera-
tures recorded during our research were probably one of
the factors that triggered an increase in total soluble so-
lids (23.82-26.02°Brix) and a decrease in total titratable
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acidity (4.21-5.59 g/L) in most varieties except Blatina.
The low content of total soluble solids was registered for
all must samples obtained in 2021, which was particu-
larly evident in the case of the Vranac variety. This phe-
nomenon could also be linked to the stressful weather
conditions in June and August 2021 when the monthly
precipitation was as low as 5.7 and 7.0 mm, respectively,
and the extreme daily temperatures were as high as 40.8
and 41.4°C, respectively [13].

In addition to the climatic conditions, the quality of
all grape varieties in this research was affected by pe-
dological and agrotechnical methods, as well as by the
ampelotechnical measures in the production years. The
total soluble solids we obtained for the Blatina must
were relatively consistent with those reported in [37, 38]
whereas our total titratable acidity data were higher.
Maras et al. also confirmed the low total titratable acidity
demonstrated by the Vranac variety, which also grows
in warmer climates, e.g., in Montenegro [39]. Banjanin,
who studied grapes in Trebinje, Herzegovina, in 2016—
2018, reported lower total soluble solids in Cabernet
Sauvignon grape juice (22.8%) and a significantly higher
total titratable acidity (6.83-9.15 g/L) compared to our
results [29]. This difference illustrates, to some extent,
the effect of the harvest year on the parameters under
study. Other authors, who compared different Merlot
clones or the yield and quality of Merlot grapes grafted
onto different rootstocks, reported a higher total titra-
table acidity (5.77-10.00 g/L) but lower total soluble so-
lids (15.61-22.20°Brix) [40, 41].

Basic physicochemical characteristics of wine.
Table 3 shows the basic physicochemical parameters of
wine quality in the harvest years. The ethanol content
in all wines was higher in 2020, which was quite predic-
table from the total soluble solids in the must. The same
situation was observed with the total extract. Alcohol
determines the stability and sensory properties of wine,
but the content of the extract is also significant [42]. This
parameter makes it possible to divide wines into light
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Table 3 Basic chemical composition of Blatina, Vranac, Cabernet Sauvignon, and Merlot wines

Parameters Blatina, Blatina, Vranac, Vranac, Cabernet Cabernet Merlot, Merlot,

2020 2021 2020 2021 Sauvignon, Sauvignon, 2020 2021

2020 2021

Ethanol, % (v/v) 9.91+0.04 9.54+0.04 1543+0.04 13.36+0.04 15.16+£0.04 1428 +0.00 15.20+0.00 14.43 +0.04
Total extract, g/l 25.80 £ 0.00 22.55+0.15 31.80+0.00 28.00+0.10 33.90+0.00 29.40+0.00 30.60+0.10 24.50 +0.00
Sugar-free 25.70£0.00 22.55+0.15 31.00+0.00 27.50+£0.16 31.86+0.00 29.15+0.00 29.96+0.10 24.48 +0.01
extract, g/L
Reducing sugar, 1.10+£0.00 0.80+0.00 1.80£0.00 1.50£0.06 3.04+0.00 1.25+0.00 1.64+0.00 1.02+0.01
g/L
Total acidity, 6.34+0.00 6.94+0.02 523+0.00 6.96+0.00 4.50+0.02 730000 527+0.00 6.37+0.02
g tartaric acid/L
Volatile acidity, 0.20£0.01 0.18£0.01 0.22+0.00 0.31+0.01 0.30+0.01 026+0.00 0.25+0.01 0.24+0.01
g acetic acid/L
pH 3.57+0.00 336+0.00 3.50+0.00 3.58+0.00 3.83+0.01 3.52+0.00 391+0.01 3.40+0.00

(< 20 g/L) and full-bodied (= 30 g/L) [43]. Given that
the total extract content in our research ranged from 31.1
to 33.9 g/L, all the wine samples, except Blatina, could
be characterized as full-bodied.

The largest variations were recorded for the total
acidity for most wine samples. The total acidity of wine
correlated with the initial (observed) values of the total
titratable acidity of must. This phenomenon was espe-
cially pronounced in Cabernet Sauvignon (2021), closely
followed by Vranac and Merlot. The acidity of the wine
usually depends on the most abundant organic acids,
i.e., L-tartaric, L-malic, and citric acids. Their level is
known to change during fermentation [44, 45]. In addi-
tion to these acids, other acids also appear during fer-
mentation, but in lower quantities. They are the products
of different strains of wine yeasts and/or bacteria activity
(succinic, lactic, acetic, etc.).

In addition to all these factors, the wines in our re-
search came from grapes produced in warm Mediterra-
nean climate. As a result, the volatile acidity in all wines
was low (0.18-0.31 g/L) and stayed within permissible
limits [46]. The increase in total acidity in certain wines
and years might be linked to the higher content of some
other acids that developed during fermentation. Con-
trary to the above, the Blatina wine samples showed a
decrease in the total acidity in both years, compared to
the initial values of the total titratable acidity in the must.
According to certain literary references, such phenomena
are associated with malolactic fermentation, which can
go unnoticed — simultaneously or subsequently with al-
coholic fermentation [47, 48]. Additionally, the Blatina
wine samples demonstrated a lower total acidity caused
by longer maceration [49]. However, the Blatina samples
had a higher pH. In our research, the pH values in all
wine samples were more or less higher than those in the
must samples, except for the Cabernet Sauvignon wine
sample (2021). The values of reducing sugars ranged
from 0.80 to 3.04 g/L, which made it possible to define
the wine samples as dry wines [46].

The lowest ethanol content belonged to the Blatina
wine harvested in both research years (9.91 and 9.54%,
respectively). However, other Blatina studies performed
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in Herzegovina managed to achieve a higher alcohol
content (12.1-13.2%) because the level of total soluble
solids in the must was quite high [50, 51].

The wines of the Vranac variety were particularly
high in alcohol in 2020. These data exceeded the alco-
hol content in wines of this variety reported by several
authors from Montenegro and Serbia, which ranged
from 13.00 to 15.38% (v/v) [52—54]. However, the alcohol
content in certain Vranac wines from the Tikve$ region,
North Macedonia, was as high as 15.83-16.44% [55].
Some other authors reported a lower alcohol content in
wines of this variety, which was confirmed by our re-
sults for 2021 [39, 56]. Although the total extract con-
tent and the total acidity of the Vranac wine samples
depended on the research year, our values stayed within
the framework reported by the previously mentioned
authors, excluding the higher wine total acidity in 2021.
Regarding the pH of the Vranac wine, the differences
between the research years were defined as insignificant
(3.50 and 3.58, respectively).

The analysis of Cabernet Sauvignon indicated the
high oenological potential of this international variety
grown in the conditions of the Herzegovinian vineyards.
Cabernet Sauvignon showed the highest total extract
content and sugar-free extract, as well as a very high ave-
rage alcohol content. On the other hand, we observed
large annual variations in total acidity (4.50 and 7.30 g/L).
The initial concentrations of total titratable acidity in
the must (4.96 and 4. 81 g/L) demonstrated a significantly
larger deviation in the second research year. The pH of
the wine did not change significantly compared to the
pH of the must. The relatively high content of alcohol
and total extract in Cabernet Sauvignon wines was
also reported by other authors [57, 58]: the total aci-
dity and pH ranged from 5.40 to 6.70 g/L and from 3.22
to 3.73 g/L, respectively. Their results only partially cor-
responded with ours, excluding the lower total acidity
of Cabernet Sauvignon in 2020. Considering the glo-
bal presence of Cabernet Sauvignon, a Russian research
team managed to increase the content of alcohol and
extract in wine made from grapes grown in the Krasno-
dar Region [59].
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In this research, the average alcohol content in the
Merlot wine sample (14.82%) was higher than the ave-
rage alcohol content in all other wines. The year of 2020
showed a relatively high content of the total extract in
the wine. The differences in the total titratable acidity of
must between the harvest years (4.60 and 5.80 g/L, res-
pectively) also manifested themselves in the total acidity
of the wine (5.27 and 6.37 g/L, respectively). In addition,
a slight increase in the pH value of the wine correlated
with the pH value of the must in 2020. The year of 2021,
on the contrary, demonstrated much more uniform va-
lues. Our research yielded higher values of alcohol, ex-
tract, and total acidity for Merlot grapes and wine than
a recent study on other Merlot grapes from Herzegovina
and a multi-year study of Merlot clones [60, 61].

Antioxidant activity. Table 4 illustrates the content
of total phenolics, non-flavonoids, flavonoids, and to-
tal anthocyanins. The total phenolic content was 2.69—
5.77 g GAE/L in 2020 and 2.37-4.17 g GAE/L in 2021.
The average total phenolics showed the same order for
both years: Vranac > Cabernet Sauvignon > Merlot
> Blatina. The content of polyphenolic compounds in
grapes and wine depends on several factors, e.g., cli-
mate, location, and agricultural conditions of grape
production and origin, as well as on the winemaking
phase [3, 5, 62—64]. The total phenolics for Vranac and

Cabernet Sauvignon varied between 1623 and 2485 mg/L
in the 2015 vintage, and between 1551 and 2227 mg/L
in the 2016 vintage [64]. For Merlot wines, these values
varied between 1.51 and 7.55 mmol GAE/L in the 2017
vintage, and from 4.07 to 5.28 mmol GAE/L in the 2018
vintage [65]. For Blatina, the range was from 1786.71 to
2235.59 mg GAE/L [48].

In our study, the content of non-flavonoids and fla-
vonoids ranged from 0.83 to 3.20 g GAE/L in 2020 and
from 0.29 to 3.90 g GAE/L in 2021. The difference was
probably caused by the grape composition. Flavonoids
and non-flavonoids shape the sensory profile of wine by
giving it either the typical long-aged taste or the astrin-
gency and bitterness of young wines [19].

Anthocyanins are responsible for the bright red co-
lor [66]. The total anthocyanins ranged from 194.65 to
376.17 mg/L in 2020 and from 223.95 to 532.66 mg/L in
2021. The lowest content belonged to Blatina while the
highest belonged to Vranac and Cabernet Sauvignon.

As for the effect of maceration time, the maximal
value of total anthocyanins was 200.23 mg/L: it was
registered in the Blatina wine samples after 12 days of
skin maceration [48]. Pajovi¢ Séepanovié R et al. repor-
ted values from 439 to 586 mg/L for red wines of the
2008-2010 vintages [63]. These differences in the to-
tal anthocyanin content might be explained by the

Table 4 Total phenolics, non-flavonoids, flavonoids, and total anthocyanins

Year Variety Total phenolics, g Non-flavonoids, Flavonoids, Total anthocyanins,
GAE/L g GAE/L g GAE/L mg/L
X + SE X + SE X + SE X + SE
2020 Blatina 2,69 + 0.05 240 + 0.08 029 + 0.13 194.65** + 0.10
Vranac 577 + 0.09 1.87% + 0.07 3.90® + 0.07 366.15"8 + 0.77
Cabernet Sauvignon 4.80°C + 0.03 320 =+ 0.04 1.59¢ + 0.07 376.17¢ =+ 0.50
Merlot 3.96° + 0.04 1.480  + 0.04 2480 + 0.08 279.40° + 0.25
2021 Blatina 237 & 0.07 0.83% & 0.01 1.54¢ &+ 0.08 223.95¢ + 0.62
Vranac 4.17°F  + 0.06 0.88%F + 0.05 3.20% & 0.12 532.66" + 0.38
Cabernet Sauvignon ~ 3.950 =+ 0.09 L17%  + 0.06 2.77F  + 0.03 513.02¢F + 0.86
Merlot 3.07 =+ 0.02 0.84% + 0.09 2239 + 0.10 233.4296 + 0.41
a4 — Different letters within the same column indicate statistically significant difference at p < 0.05 by Duncan’s test for the same year;
AE — Different capital letters within the same column indicate statistically significant difference at p < 0.05 by Duncan’s test
Table 5 Antioxidant activity of wines
Year Variety FRAP, mmol Fe?/L DPPH (IC,, %), L ABTS (IC, %), uL
X + SE X + SE X + SE
2020 Blatina 10.57¢4 + 0.24 2.40% + 0.07 0.78 + 0.06
Vranac 53.25% & 0.62 1.21% + 0.08 0.37%8 + 0.09
Cabernet Sauvignon  19.88<  + 0.61 1.46¢ + 0.06 0.41% + 0.05
Merlot 29919 £ 0.64 1.64° + 0.06 0.59¢ + 0.07
2021 Blatina 17.22%  + 0.43 3.14%¢ + 0.09 0.86% + 0.05
Vranac 31407+ 0.81 1.39%¢ + 0.06 0.38% + 0.02
Cabernet Sauvignon  34.26°¢  + 0.65 1.69P + 0.05 0.37%8 + 0.02
Merlot 21.58# & 0.41 2.214F + 0.07 1.02¢P + 0.04

+d_ Different letters within the same column indicate statistically significant difference at p < 0.05 by Duncan’s test for the same year;

Al _ Different letters within the same column indicate statistically significant difference at p < 0.05 by Duncan’s test
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variations under weather conditions between the gro-
wing seasons, especially in rainfall.

The antioxidant activities of wines were analyzed by
FRAP, DPPH, and ABTS assays (Table 5).

Total antioxidant activity determined by FRAP assay
ranged from 10.57 to 53.25 mmol Fe*/L for the year of
2020, and from 17.22 to 31.40 mmol Fe*’/L for the year
of 2021. In fact, red wines tend to demonstrate a wide
range of FRAP values, which means it depends on the to-
tal phenolic content [5]. The effect of phenolic compo-
unds on the antioxidant activity of red wines had a high
correlation, and the FRAP assay results reported in [5]
as 10.54—62.77 mmol Fe'?/L were in accordance with
ours (Table 5).

The DPPH (IC,, %) activity ranged from 1.21 to
3.14 uL. Pordevi¢ et al. reported 37-62.1% anti-DPPH
radical activity for Vranac wines [66]. Radonji¢ et al.
also reported stronger DPPH scavenging and reducing
ability in Vranac wines [6]. Miti¢ et al. determined
slightly higher values of 71.30-83.53% for Cabernet
Sauvignon wines from the Balkan region [67]. Many
authors consider that DPPH radical activity correlates
with the total phenolic content [5, 66, 67].

According to the ABTS assay, the values ranged
from 0.37 to 1.02 pL. Cabernet Sauvignon showed stron-
ger antioxidant activity than Vranac and Kratosija red
wines as reported by Pajovié Séepanovi¢ et al., who con-
sidered that the total phenolic content correlated with the
ABTS scavenging activity [66].

Antimicrobial activity: minimum inhibitory, bac-
tericidal, and fungicidal concentrations. Table 6 illu-
strates the agar dilution method. The antimicrobial acti-
vity was tested on four types of pathogenic and oppor-
tunistic bacteria. The most pronounced antimicrobial
activity, i.e., the lowest minimum inhibitory concentra-
tion of < 10%, belonged to Vranac, Cabernet Sauvignon,
and Merlot in relation to Bacillus cereus while the mini-
mum bactericidal concentration was > 30%. The Blatina
wine samples showed the weakest antimicrobial activity

Table 6 Antimicrobial activity of the wines under study

on all microorganisms in this test. Gram-positive Staphy-
lococcus aureus and Gram-negative Pseudomonas aeru-
ginosa showed similar sensitivity in relation to the ana-
lyzed wines with the minimum inhibitory concentration
of 20%. Gram-negative Escherichia coli was the least
sensitive to all analyzed wine varieties, compared to other
pathogenic and opportunistic bacteria, with the mini-
mum inhibitory concentration of 20 and 30% and the
minimum bactericidal concentration of > 30%. Probiotic
cultures of Lactobacillus plantarum and Saccharomyces
boulardii were not sensitive to the wine samples.

The antimicrobial effect of red wines on Gram-posi-
tive and Gram-negative pathogens is associated with
phenolics [9]. According to many authors, phenolic com-
ponents are more effective against Gram-positive bacte-
ria than against Gram-negative ones [7]. In our research,
Gram-positive B. cereus had the highest sensitivity to
the tested wine concentrations; the lowest minimum in-
hibitory concentrations belonged to Vranac, Cabernet
Sauvignon, and Merlot. These wines had a higher total
phenolic content than Blatina, which had a weaker effect
on B. cereus. Minimum bactericidal concentrations ex-
ceeded 30% in all wines, except for Vranac 2021 with
its 30%. Our results were in agreement with those publi-
shed by other authors [68]. However, these authors lin-
ked the inhibitory effect of wine on B. cereus to organic
acids in the wine rather than to phenolic components.
The content of gallic acid, caffeic acid, resveratrol, quer-
cetin, quercetin-3-glucoside, and malvidin-3-glucoside
also correlated with the antimicrobial activity of Vranac
wine against Gram-negative bacteria, including E. coli
and P. aeruginosa [9]. In our experiment, P. aeruginosa
and S. aureus were both sensitive to the wines. The anti-
microbial activity was similar in all samples, regardless
of the contents of phenolics, alcohol, and organic acids.

The exact mechanism of antimicrobial activity of
wine has not been fully explained [10]. Wine contains al-
cohols, organic acids, and various phenolic components;
in addition, its pH is low. The combination of organic

Microorganisms Concentrations, Blatina, Blatina, Vranac, Vranac, Cabernet Cabernet Merlot, Merlot,
% (V/V) 2020 2021 2020 2021 Sauvignon, 2020 Sauvignon, 2021 2020 2021
Staphylococcus MIC 20 20 20 20 20 20 20 20
aureus MBC > 30 30 30 30 20 > 30 20 > 30
Bacillus cereus MIC 20 20 <10 <10 <10 <10 10 <10
MBC > 30 > 30 > 30 30 > 30 > 30 > 30 30
Escherichia coli MIC 20 30 30 20 30 20 30 20
MBC > 30 > 30 > 30 > 30 > 30 > 30 > 30 > 30
Pseudomonas MIC 20 20 20 20 20 20 20 20
aeruginosa MBC 30 30 30 30 30 20 30 30
Lactobacillus MIC > 30 > 30 > 30 > 30 > 30 > 30 > 30 > 30
plantarum MBC > 30 > 30 > 30 > 30 > 30 > 30 > 30 > 30
Candida albicans ~ MIC > 30 > 30 > 30 > 30 > 30 > 30 30 > 30
MBC > 30 >30 > 30 > 30 > 30 > 30 > 30 > 30
Saccharomyces MIC > 30 > 30 > 30 >30 > 30 > 30 > 30 > 30
boulardii MBC > 30 > 30 > 30 >30 >30 > 30 >30 >30

MIC — minimum inhibitory concentration; MBC — minimum bactericidal concentration
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acids and alcohol with a low pH has a significantly bet-
ter antibacterial effect than each of these factors sepa-
rately [10]. Different phenolic components are known to
exhibit a synergistic effect that contributes to a better an-
timicrobial activity of wine than individual phenolic
compounds. Phenolic compounds were also reported to
exhibit a synergistic effect with a low pH, alcohol, and
organic acids [10]. All these factors mean that the antimic-
robial activity of wine depends on the variety, growing
conditions, concentration, and type of microorganism.

Candida albicans, L. plantarum, and S. boulardii
showed no sensitivity to the wines in our research. Al-
though C. albicans is known to be sensitive to some
phenolic components, it was reported resistant to most
wines and wine extracts [68]. Plant polyphenols and
phenolic components have a stimulating effect on mic-
roorganisms that are part of the intestinal microbiome,
e.g., L. plantarum and S. boulardii [11]. Duedas et al.
studied phenolic compounds in wine and red wine ex-
tracts, e.g., (+) catechin, anthocyanins, etc. [69]. They
found out that these substances could stimulate the
growth of bacteria of the Lactobacillus — Enterococcus
spp. group. Vilela et al. revealed that S. boulardii has a
high tolerance to alcohol and organic acids [70].

Table 7 illustrates the degree of correlation between
the measured antioxidant and antimicrobial activity of
wines using Pearson’s test. The correlation was proven
in the case of B. cereus bacteria (the largest number of
cases), as well as S. aureus and P. aureginosa bacteria
(one case each). This finding once again confirms that
the antimicrobial activity of wine does not come only
from the content of phenolic compounds, but is a combi-
nation of several different factors.

CONCLUSION

The statistical analyses confirmed a strong effect
of the harvest year and variety, as well as their inte-
raction, on the physicochemical properties of grape
must. The highest total phenolic content, as well as
the best antioxidant properties, belonged to Vranac
wines of both vintages (2020 and 2021). All wines sho-
wed satisfactory antimicrobial properties, and the stron-
gest activity was recorded against Bacillus cereus.
The probiotic strains used in this research showed re-
sistance to all wines. The Pearson test revealed a cor-
relation between antioxidant and antimicrobial effects
against B. cereus, as well as against Staphylococcus
aureus and Pseudomonas aeruginosa (one case each),
while other cases demonstrated no correlation. All gra-
pevine varieties in this study (Blatina, Vranac, Caber-
net Sauvignon, Merlot) proved to be suitable for the
production of quality wines from grapes grown in the
area of Mostar.
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Abstract:

This study aimed to investigate the physicochemical, rheological, and microbiological attributes of drinkable yogurts prepared
with three distinct types of honey (flower, pine, and thyme) in amounts of 10 and 20% and probiotic cultures (Lactobacillus
acidophilus and Bifidobacterium spp.).

The control sample was brighter while the yogurt containing 20% pine honey was more yellow during storage (21 days). The
samples’ serum separation quantities rose together with the honey ratio. All the honey-fortified drinkable yogurts were found
to be non-Newtonian pseudoplastic liquids that are thixotropic. However, as the honey ratio increased, the apparent viscosity
and consistency coefficients increased, too. After 21 days of storage, L. acidophilus and Bifidobacterium spp. counts rose to
more than 5.0 log CFU/mL in the experimental yogurts containing honey (except for the sample with 20% flower honey). The
panelists preferred the 10% honey-fortified drinkable yogurts over the others. The yogurts with flower honey were mostly
favored, followed by pine and thyme honeys. Although honey contributed to the properties of drinkable yogurt, adding more
than 10% of honey degraded the product’s quality and acceptability.

In conclusion, 10% is an optimal amount for flower and pine honey, with a smaller amount recommended for thyme honey.
More research is needed on honey-fortified drinkable yogurt for its commercial production.

Keywords: Drinkable yogurt, flower honey, pine honey, thyme honey, functional foods, dairy drinks
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INTRODUCTION

Functional foods such as yogurt and honey are cru-
cial to human health. Yogurt has already demonstrated
its functional efficacy against a variety of human illnes-

in industrial production [4, 5]. Probiotic bacteria have
recently become more prevalent in fermented milk pro-
ducts such as drinkable yogurt. Lactobacilli and Bifido-
bacteria are the most popular strains of the microbial

ses, including diabetes, chronic diseases, and metabo-
lic syndrome risk factors such as hyperglycemia [1, 2].
Recently, a few highly diverse dairy drinks, such as drin-
kable yogurt, fermented milk, and other milk-based be-
verages, have been added to the dairy production pro-
gram to increase dairy consumption [3]. Drinkable
yogurt is a non-alcoholic fermented milk product. Tradi-
tionally, it is produced by adding water (30-50%) and
salt (0.5-1%) to yogurt. Starter bacteria (Streptococcus
thermophilus and Lactobacillus delbrueckii subsp. bul-
garicus) are used to facilitate the fermentation process

genera linked to drinkable probiotic yogurts. Probiotics
are live microorganisms that have health benefits for
the host and regulate microbial activity in the gastroin-
testinal system [6, 7]. They help restore the balance of
beneficial intestinal microflora while also preventing dan-
gerous enteropathogens. Probiotics lower blood choles-
terol, boost the body immunity, and have antimutagenic
and anticarcinogenic properties. They also regulate lac-
tose intolerance symptoms, reduce antibiotic side effects,
and prevent gut infections by creating organic acids
and antibacterial compounds. In addition to their health

Copyright © 2024, Albay et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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benefits, probiotics help dairy products last longer and
have better sensory characteristics. To produce health-
benefitting effects, dairy products must contain at least
6—7 log CFU/g of live probiotic bacteria. Their growth
and activity are usually improved by prebiotics. In par-
ticular, prebiotics selectively stimulate the growth of
bacterial species such as Bifidobacterium spp. and Lac-
tobacilli spp. while inhibiting the proliferation of bacte-
ria such as Salmonella spp. and Escherichia coli [8].

Recent years have seen a widespread intake of dairy
drinks containing flavorings, sugar syrup, and water.
Various ingredients, including chocolate, honey, and
strawberries, are used to enhance the flavor of dairy-
based healthy drinks [3]. Honey has been regarded a
better alternative to artificial sweeteners in new dairy
products [9]. This natural nutritious sweetener is one of
the most popular foods around the world. In 2019, the
global output of honey was 1.9 million tons, with China
accounting for 24% of total production (444 100 tons), fo-
llowed by Tiirkiye (109 330 tons), Canada (80 345 tons),
Argentina (78 927 tons), Iran (75 463 tons), and the Uni-
ted States (71 179 tons) [1]. Honey has traditionally pla-
yed an important role in diets due to its superior flavor
and many other beneficial characteristics.

There is a wide variety of natural bee honeys, depen-
ding on many factors such as botanical and geographical
(regional or local) origins and bee species [10, 11]. The
botanical origin (honey harvest) distinguishes between
flower and honeydew honeys [10]. Furthermore, the ho-
ney’s botanical and geographical origins determine its
quality criteria, such as color, moisture, acidity, and phe-
nolic content. Other important factors include the climate,
environmental conditions, and the processes that honey
goes through [11]. Additionally, two types of honey are
generally defined: multifloral or monofloral, which are
made from a combination of numerous botanical species
or a single flower variety, respectively. Monofloral ho-
ney has a higher market value due to its physicochemical
properties [12]. Tirkiye boasts a large variety of mono-
floral honeys because of its geographic position [11].

The natural organic material known as honey is cre-
ated by honeybees (4pis mellifera L.) from flower nec-
tar [1]. Pine honey is made by honeybees processing the
secretions of Marchalina hellenica. This insect lives on
Pinus brutia, which grows in Tiirkiye, particularly in the
Aegean, Western Mediterranean, and Southern Marmara
regions [9]. Thyme honey, on the other hand, is produ-
ced by bees from thyme (Thymus spp.) blossoms and has
a high sensory value [12]. Honey provides body cells
with a significant amount of energy [11]. It generally
consists of 70—80% sugar, 10-20% water, and such com-
ponents as proteins, free amino acids, vitamins, mineral
salts, phenolics, and organic acids. Monosaccharides,
glucose, and fructose are the main sugars present in
honey [13]. In addition, honey contains 25 oligosaccha-
rides, including hybridose, panose, and raffinose. These
oligosaccharides are reported to have similar effects to
those of fructooligosaccharides and glucooligosaccha-
rides. Honey also contains antioxidants (such as caro-
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tenoids, flavonoids, and phenolics) and Maillard reac-
tion products. Together with its acidity and sugar profile,
they provide honey with special sensory qualities [14].
Non-peroxide substances (such as glucose oxidase, cata-
lase, hydrogen peroxide, and lysozyme) and phenolic
substances found in honey exhibit antimicrobial proper-
ties [15]. Furthermore, honey contains probiotics and pre-
biotics, has immunomodulatory and antiviral properties,
and is used to treat cancer and neurological illnesses.
Honey has always held a unique position in the human
diet due to its functional and therapeutic qualities [10].
In this study, honey was added to drinkable yogurts,
which have a slightly salty and sour flavor, to improve
their functional characteristics. We aimed to see how
different types (flower, pine, and thyme) and ratios (10
and 20%) of honey added to drinkable yogurts contain-
ing probiotic culture (Lactobacillus acidophilus and
Bifidobacterium spp.) affected their physicochemical,
rheological, and microbiological properties. We expect
this study to benefit industry, science, and consumers.

STUDY OBJECTS AND METHODS

Materials. In this study, floral, pine, and thyme ho-
neys were added to drinkable probiotic yogurts at two
different ratios (10 and 20%). Raw cow milk (4 £ 1°C)
was provided by the Unsiit Dairy Products Plant (Isparta,
Tiirkiye) and the Isparta Cattle Breeders’ Association.
To prepare drinkable yogurt, Streptococcus thermophi-
lus and Lactobacillus delbrueckii subsp. bulgaricus were
mixed with the yogurt culture (YC380) and the probio-
tic cultures Lactobacillus acidophilus and Bifidobacte-
rium spp. (LA-5 and BB-12) obtained from Peyma-Chr.
Hansen (Istanbul, Tiirkiye). Thyme honey was acquired
from the regional honey producers in Isparta, while the
honeys sold in the market (Anavarza Honey) were sup-
plied by Sezen Gida Ltd. Sti. (Istanbul, Tiirkiye).

Drinkable yogurt production. Homogenized cow’s
milk was pasteurized at 90°C for 15 min and then coo-
led to 43 + 2°C. The yogurt culture (1%) and the probi-
otic culture (2%) were used as inoculants. The drinkable
yogurts were normalized with water once the pH level
was 4.6 and the dry matter was 7.5%. Then, 0.3% of
table salt was added to the samples. The yogurts were
divided into seven groups, namely two samples with
flower honey (10 and 20%), two samples with pine ho-
ney (10 and 20%), two samples with thyme honey (10
and 20%), and the control yogurt without any honey.
The yogurts were placed in sterilized glass jars and kept
chilled (4 £ 1°C) for storage. Physicochemical, micro-
biological, and rheological analyses were performed on
days 1, 10, and 21 of storage.

Applied analyses. Raw milk and honey analysis.
Raw milk’s dry matter, fat, titration acidity, and total
nitrogen were calculated according to AOAC [16]. A
WTW pH 315 digital meter (Weilheim, Germany) was
used to monitor pH readings. A Hanna HI 96801 digital
refractometer (Hanna Instruments Inc., USA) was used
to measure the total soluble solids content (Brix) in
the honeys.
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Physicochemical analysis. Dry matter, fat, titration
acidity (ISO/TS 11869:2012) and salt analyses were car-
ried out. The micro-Kjeldahl method was employed to
measure protein contents [16]. Serum separation was per-
formed as described in [17]. A WTW pH 315 digital meter
(Weilheim, Germany) was used to monitor pH readings.

Color properties. The Hunter method was employed
to analyze the color properties of the honey-fortified
drinkable yogurts [18]. A CR-400 Minolta chroma meter
(Konica Minolta, Inc., Japan) was used to determine the
L*, a*, and b* values representing bright/dark (0 black,
100 white), green/red (—60 green, 60 red), and blue/yel-
low (=60 blue, 60 yellow), respectively. The colors were
examined by utilizing cells of 9 cm in diameter and
4 cm in height. Calibration was performed on a white
plate (Y=92.7, x = 0.3160, y = 0.3321). The L*, a*, and b*
values were measured in triplicate.

Rheological properties. A Brookfield DV-11+Pro
Extra viscometer (Brookfield Engineering Laboratories
Inc., USA) was employed to determine the rheological
characteristics of the drinkable yogurt and honey sam-
ples. The yogurt’s flow type was ascertained by using a
tiny sample adaptor, and the honey’s viscosity was as-
sessed by using a 0.6-mm spindle tip. The samples were
recorded and plotted using the RHEOCAL® application
software (Brookfield Engineering Laboratories Inc.,
USA). The yogurt samples were stored at 4°C and exa-
mined on days 1, 10, and 21 of storage.

Microbiological analysis. Under aseptic conditions,
10 mL of a drinkable yogurt sample was added to 90 mL
of a sterile Ringer’s solution (1/10), and 1 mL of this
dilution was transferred to 9 mL of a sterile Ringer’s
solution. Then, serial dilutions were carried out. The
materials were microbiologically analyzed using the
spread plate method. During storage, the contents of
L. delbrueckii subsp. bulgaricus and S. thermophilus
in the yogurts were detected on MRS (de Man, Rogosa,
and Sharpe) and M17 agars, respectively (Merck, Ger-
many) [19]. Petri dishes were incubated at 37°C for 48
and 72 h to enumerate S. thermophilus and L. delbruec-
kii subsp. bulgaricus counts, respectively.

The Plate Count Agar was used to determine the to-
tal number of mesophilic bacteria. Petri dishes were in-
cubated for 72 h at 30°C under aerobic conditions [20].
The numbers of Bifidobacterium spp. and L. acidophi-
lus were determined on MRS-NNLP and MRS-sorbi-
tol agars, respectively [21, 22]. The MRS-NNLP agar
medium contained nalidixic acid (50 mg/L), neomycin
sulphate (100 mg/L), lithium chloride (3000 mg/L), and
paronomycin sulphate (200 mg/L). The NNLP was mi-
xed with the MRS agar medium, which had been sterili-
zed with a 0.45-pm disposable sterile filter just before
pouring into Petri plates. For L. acidophilus enumera-
tion, the MRS agar (90 mL) was sterilized and mixed
with 10% (w/v) D-sorbitol solution (10 mL) using a ste-
rile 0.45-um filter. For the enumeration of both probio-
tics, the Petri dishes were incubated for 72 h at 37°C in
anaerobic jars (Merck, Germany). For yeast-mold coun-
ting, 1 mL of the prepared 1:10 dilution was inoculated
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into the PDA (Potato Dextrose Agar) medium (Merck,
Germany). The cultivated petri dishes were incubated at
25°C for 4-5 days [23]. Then, 1 mL of a 1:10 dilution
was obtained and put into the EMB (Eosin Methylene-
Blue Lactose Sucrose) medium (Merck, Germany) for
coliform bacteria detection. The Petri dishes were incu-
bated at 37°C for 24—48 h [24]. The results were expres-
sed as log transformed data in CFU/g.

Sensory analysis. Until their sensory evaluation,
the drinkable yogurts were kept in sterile glass jars at
4 £ 1°C in the refrigerator. On days 1, 10, and 21 of sto-
rage, they were evaluated by 10 panelists (6 women and
4 men aged 20—40). Although the panelists had a prior
experience with sensory analysis, they were given two
two-hour training sessions on evaluating drinkable
yogurts. Three-digit numbers were chosen at random to
code the samples. The panelists tasted the samples that
were very good and very bad in terms of the indicated
sensory qualities, and they were instructed to use those
samples as a benchmark for evaluating the test samples.
With the use of a less-to-more indicator across 10 points,
the sensory qualities of the drinkable yogurts were as-
sessed in accordance with five criteria: appearance
(yellowness, general color, etc.), texture (fluidity, consis-
tency, etc.), taste (sweetness, saltiness, etc.), odor (aroma,
honey-like odor, etc.), and general acceptance [25].

Statistical analysis. Three parallel analyses were
set up in triplicate. The SPSS 17.0 program was used to
statistically examine the analysis outcomes. The Duncan
multiple comparison test (p < 0.05) was used to interpret
the samples where there was a statistically significant
variation in storage times for the analysis results and dif-
ferences between the samples [26].

RESULTS AND DISCUSSION

Raw milk and honey analysis. The average specific
gravity, pH, titration acidity (% lactic acid), dry matter,
fat, and total nitrogen values of raw cow’s milk used in
drinkable yogurt production were found as 1.031 g/cm?,
6.72,0.18, 11.99, 3.75, and 3.35%, respectively.

The average L*, a* and b* values were 23.63, 2.64,
and 8.29, respectively, in the flower honey; 22.91, 3.23,
and 6.74, respectively, in the pine honey; and 25.29, 1.16,
and 9.42, respectively, in the thyme honey. These results
were different from those found in other studies [27, 28].
The color differences may be due to the type of honey
used. In general, the color is light in honeys with a low
value and dark in honeys with a high value. The color of
honey is essentially related to the total mineral content.
It is derived from plant pigments that include unknown
amounts of chlorophyll, carotene, xanthophyll, as well
as yellow and green hues [27]. In our study, the total
soluble solid contents (brix) in the flower, pine, and
thyme honeys were 79.533 + 1.357, 78.633 = 1.422, and
79.500 = 0.264, respectively (n = 3). Since there are few
studies on thyme honey, we compared the brix values
for flower, pine, and thyme honeys with those for diffe-
rent types of honey. We found that our results were simi-
lar to those reported by some other studies [13, 27].
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Physicochemical analysis. Table 1 shows the results
of the physicochemical and color analyses of the probi-
otic drinkable yogurts on days 1, 10, and 21. We found a
statistically significant (p < 0.05) difference in the sam-
ples’ pH values but no statistical difference between the
storage times and the samples in terms of titration aci-
dity (% lactic acid). On day I, the control group had the
lowest pH levels (4.19) compared to the other samples.
After 21 days, however, the pH values of the samples
became close to each other. The control group had the
highest (0.60) lactic acid content among the samples. In
a study by Oziinlii on drinkable yogurt, lactic acid levels
were found between 0.495 and 0.817% [29]. In another
study, yogurts made with flower honey had the lowest
pH value (4.13), while yogurts made with chestnut honey
had the highest pH value (4.20) [30]. Since there are few
studies on honey-fortified drinkable yogurt, we com-
pared our results with those for different types of honey.
Coskun and Dirican reported that the titration acidity of
yogurts with pine honey increased during storage, while
their pH values decreased [9]. The titration acidity of
honey yogurts is believed to be affected by the organic
acids that honey contains [30]. These acids include for-

mic, acetic, butyric, lactic, oxalic, succinic, tartaric,
maleic, pyruvic, pyroglutamic, alpha-ketoglutaric, gly-
colic, citric, malic, 2- or 3-phosphoglyceric, a- or S-gly-
cerophosphate, glucose-6-phosphate, and others.

The serum separation values showed a statistically
significant difference between the samples under study
(p <0.05). Later during storage, more serum separated
from all the samples (Table 1). The highest rise in serum
separation (from 3.70 to 14.12 mL/25 g) was recorded in
the sample containing 10% flower honey. We also found
that the yogurts with larger amounts of honey had higher
serum separation values. Oziinlii determined that the
serum separation values of drinkable yogurts increased
gradually during 14 days [29].

In our study, the average dry matter content in the
control group was 7.22% (Table 2), which was lower
than in the yogurts with different types and amounts of
honey added. The samples with larger amounts of honey
(20%) had higher dry matter values. We compared our
results with those found in some honey-supplemented
kefir studies since kefir is a probiotic-containing drink.
For example, in a study by Dogan, the dry matter con-
tents in the kefir samples were directly proportionate to

Table 1 Physicochemical and color characteristics of drinkable yogurts (n = 3)

Parameter  Storage Samples
day Control Flower honey Flower honey Pine honey Pine honey Thyme honey Thyme honey
(10%) (20%) (10%) (20%) (10%) (20%)
pH 1 4.19+0.03% 427+0.03*9 432+£0.09®° 4.25+0.03*¢ 4.31+0.06" 4.24+0.01*¢ 4.30=+0.09*¢
10 4.10+0.02% 4,11 +£0.05*¢  4.15+0.01*¢ 4.11£0.08*¢ 4.14+0.11*¢ 4.14+0.08"¢ 4.17+0.09"¢
21 4.05+0.05¢ 4.06+£0.06¢ 4.10+0.01°*¢ 4.10+0.08*¢ 4.11+£0.11° 4.06+0.09«¢ 4.08 +£0.11°¢
Lactic 1 0.56+0.07 0.55+0.04 0.53+0.09 0.54+0.03 0.53+0.02  0.54+0.03 0.53 £ 0.04
acid, % 10 0.60+0.03 0.58+0.02 0.57+0.07  0.59+0.06 0.58+0.05 0.59+0.04 0.58 £ 0.06
21 0.59+0.02 0.57+0.01 0.56+0.03  0.57+0.05 0.54+0.06 0.58+0.05 0.57 £0.07
Serum 1 2.72+£0.32% 370+ 0.80°F 427 +0.27% 3.35+0.20% 425+0.40% 3.47+0.97% 440+ 0.50%
separation, 10 3.25+0.75% 5.15+0.10%% 6.20+0.05¢ 4.90+0.30% 575+£0.10<% 6.67+0.37<¢ 7.15+0.60«
mL25g 21 6.02+0.42% 14.12+0.12* 14.55+0.60*° 12.67+£0.27* 13.00 + 0.50® 12.70 £ 0.25%° 13.47 £ 0.75*
L* 1 82.08 £0.06* 77.92+0.50* 74.47+£0.27°¢ 77.01 £0.11*¢ 72.89 +£0.09¢" 78.10£0.03> 74.94 + 0.14°"
10 81.50+£0.16* 76.82+0.74*¢ 7432 +0.42¢ 76.40+0.23¢ 72.75+0.31g" 77.99 £0.22% 74.77 £0.17°
21 80.83 £0.82* 76.68 £0.60*¢ 73.64+0.71% 75.77+0.61% 72.01 £0.61" 76.82+0.64%¢ 74.09 + 0.44%
a* 1 —2.80£0.27¢ —2.03+£0.29>* -1.73£0.23* —1.74+0.39® —1.21+£0.35* 2.14+£0.27%¢ 1.77 +0.26®
10 —2.80£0.03¢ —2.04£0.20> -1.74£0.12® —1.71 £0.28®° —1.13£0.13* 2.04 +0.28>¢ —1.70 £0.27®
21 —2.74+£0.35¢ -1.98+0.35> —-1.66+0.03" —1.65+0.08° —1.14+0.22* 2.01+0.08>¢ —1.66+0.10®
b* 1 3.69+£0.08" 7.69+0.25°  10.38+0.05* 9.20+0.14° 12.40+0.04* 6.45+0.10¢  8.34+£0.04%
10 3.72+£0.03" 7.46+0.78" 10.49+0.01® 9.41+0.01°c 12.42+0.05* 6.52+0.11¢  8.38+0.18%
21 3.71+£0.15"  7.67+0.02° 10.07+0.17° 9.32+0.03° 12.10£0.03* 6.03+0.04¢  8.27+0.05%
*-h _ Different letters indicate statistical significance between the groups (p < 0.05)
Table 2 Physicochemical parameters of drinkable yogurts (n = 3)
Parameter, % Samples
Control Flower honey Flower honey Pine honey Pine honey Thyme honey Thyme honey
(10%) (20%) (10%) (20%) (10%) (20%)
Dry matter 7.22 £0.02° 13.61 £0.03* 19.73+0.03* 13.33+0.01" 19.32+0.08" 13.82+0.05®° 19.23+0.03"
Fat 1.25+0.05* 1.15+0.00®  1.00 £ 0.00° 1.15£0.05®  1.00 £ 0.00° 1.15£0.02®  1.10+0.00°
Salt 0.51+£0.13* 0.47+0.13" 0.45+0.12* 047+0.11" 045+0.12® 0.48+0.11"* 0.44+0.11°
Protein 235+0.26°  2.11+0.16 1.95+0.11° 2.12+0.14* 2.04+0.11° 2.10+0.12° 1.98 +0.14°

*a—c _ Different letters indicate statistical significance between the groups (p < 0.05)
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the amount of honey added [31]. This was because honey
contains a large amount of total soluble solids, most of
which are sugars.

Our study revealed that the fat content was the hi-
ghest (1.25) in the control group and the lowest (1.00) in
the samples with 20% flower honey and 20% pine honey.
The fat content decreased as the honey concentration in-
creased. The fat content in our yogurts was lower than
that reported by Sanl1 [32].

The salt content was the highest in the control group
(Table 2). In the study by Sanl, salt ranged from 0.74 to
0.79% [32]. Salt is known to enhance flavor and incre-
ase sweetness, hide any metallic or chemical flaws, and
speed up the product’s processing [33]. Therefore, the ho-
ney-fortified samples in our study were minimally salted,
resulting in lower salt values compared to other studies.

The protein contents in the yogurt samples decreased
with larger amounts of honey added. The lowest protein
content was detected in the yogurt with 20% flower honey.
Chapagain et al. reported that a yogurt beverage with
7.5% honey had a protein content of 2.25% [34]. Our sam-
ples containing 10% honey had slightly higher protein
contents. Protein production is stimulated by proline, ly-
sine, phenylalanine, GABA, glutamine, serine, as well as
glutamic and aspartic acids present in honey. However,
storing honey for a long time in unfavorable conditions
significantly decreases the number of amino acids [35].

The L* values showed a statistically significant
(p <0.05) difference between the drinkable yogurt sam-
ples (Table 1). The control group had the highest bright-
ness (L¥) value. The samples with 20% honey had a lo-
wer L* value than those with 10% honey, and these va-
lues dropped throughout the storage time.

The a* values increased with larger amounts of honey
in all the samples. The samples with 10% thyme and
10% floral honey had the closest a* values to those in the
control group. Also, we found no statistically significant
changes in the a* values between the control and any
other samples throughout the storage time.

The samples with pine honey had higher b* values
than those with floral and thyme honeys, while the sam-
ples with thyme honey had the lowest b* values (apart
from the control group). The b* values partially dropped
during storage, with no statistically significant changes.

In the study by Ince, the samples with flower and
pine honeys had their L* values ranging between 74.57
and 81.14, a* values of —2.17 to —2.88, and b* values ran-
ging from 4.54 to 8.58 during storage [36]. Similarly,
Machado et al. found that the L* values of yogurt de-
creased with larger amounts of honey, but the a* and b*
values increased [14]. They noted that the bright white
color of goat milk combined with high gloss values
made the honey appear brighter in the honey-containing
samples. The L*, a*, and b* values found in our study diffe-
red from those in other studies due to the coloring proper-
ties of honey, the natural proteolytic activity in yogurt
or drinkable yogurt, and the oxidation of fatty acids [14].

Rheological properties. Thyme honey had the maxi-
mum viscosity (970.5 mPa-s) at various rotational speeds,
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followed by pine and flower honeys (Fig. 1). Durmus
found the greatest viscosity values at 50 rpm, namely
11.50 Pa's in flower honey and 9.15 Pa's in pine ho-
ney [28]. In another study, the viscosity values measured
at 25°C at 5 rpm ranged between 1866 and 31 600 mPa's
for floral honeys and between 3033 and 40 600 mPa's for
pine honeys [27]. The honey samples were found to exhi-
bit Newtonian behavior over the whole shear rate range,
and their viscosity reduced as the temperature rose [13].
The viscosity of honey is affected by the brix value, the
types of sugars, as well as their amounts and ratios in
honey [27].

The Power Law model was selected because the thre-
shold shear stress (r,) was zero for probiotic drinkable
yogurt fortified with honey. The graph in Fig. 2 displays
the apparent viscosity measurements for the probiotic
yogurts taken at 100 rpm. The results from different sto-
rage times were found to be statistically similar. The
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Figure 2 Apparent viscosity values of drinkable yogurts
at 100 rpm
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sample with 10% flower honey had the closest apparent
viscosity value to that of the control.

According to Ince, the apparent viscosity of drink-
able yogurt with 20% flower honey was 247.5 + 10 mPa-s
on the 10th day and that of the sample with 20% pine
honey was 170 + 30 mPa's on the first day [36]. Another
study found that goat yogurt without honey showed a de-
crease in perceived viscosity during storage (p <0.05),
whereas all the formulations with various honey con-
tents showed an increase in perceived viscosity over
time (p < 0.05) [14]. The addition of honey increased the
yogurt’s dry matter content and consistency, causing an
initial rise in apparent viscosity proportional to the amo-
unt added. However, the viscosity values of yogurt for-
mulations with honey became more unstable during
storage, possibly due to honey’s ability to act as a pseu-
doplastic liquid and resist the force applied to fluids.

According to Table 3, the flow indexes of the samples
decreased during storage. The consistency coefficients
were higher in the samples with larger amounts of honey

(20%). Additionally, the yogurt fortified with thyme ho-
ney had the highest consistency coefficient. The confi-
dence coefficients of the samples ranged from 97.1 to 99.3.

Figures 3 and 4 illustrate the relationship between
the shear stress (N/m?) and the shear rate (1/s) for the
drinkable yogurt samples (first day). In both figures, the
flow of all the samples was identified as pseudoplastic
because the shear stress increased with the shear rate in
response to the form. The apparent viscosity of the sam-
ples was found to decrease as the shear rate increased
(Fig. 4). This decrease in viscosity characterizes the flow
as both thixotropic and non-Newtonian.

Microbiological analysis. Not all the samples were
found to have coliform bacteria or yeast-mold during
storage (Table 4). The control yogurt had the lowest num-
ber of mesophilic bacteria (7.39 log CFU/mL), while the
sample containing 20% pine honey had the highest num-
ber (8.35 log CFU/mL) on the first day of storage. The to-
tal mesophilic bacteria count decreased over time for all
the samples. On day 21, the honey yogurts had a lower

Table 3 Flow indexes, consistency and confidence coefficients of drinkable yogurts according to the Power Law model (n = 3)

Samples Storage, day
1 10 21
Flow Consistency Confidence Flow  Consistency Confidence Flow  Consistency Confidence
index coefficient, coefficient, index coefficient, coefficient, index coefficient, coefficient,
(n) mPa-s % (n) mPas % (n) mPa-s %
Control 0.52 1670 98.4 0.29 1705 99.2 0.28 1820 98.2
Flower honey (10%) 0.44 1703 97.2 0.36 1785 98.7 0.21 1975 98.7
Flower honey (20%) 0.42 1888 99.0 0.38 1956 99.1 0.40 2125 99.2
Pine honey (10%) 0.35 2189 98.4 0.40 2293 98.4 0.39 2498 98.4
Pine honey (20%) 0.41 2571 99.3 0.33 2746 97.2 0.30 2869 99.2
Thyme honey (10%)  0.42 2193 97.1 0.37 2256 98.8 0.38 2787 98.9
Thyme honey (20%) 0.47 2557 98.2 0.43 2673 99.1 0.33 2917 97.3
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yogurt with 10% pine honey, P2 — Probiotic drinkable yogurt with
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Figure 3 Shear stress/shear rate graph for drinkable yogurt
samples (day 1) (n = 3)
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honey, T2 — Probiotic drinkable yogurt with 20% thyme honey

Figure 4 Apparent viscosity/shear rate graph for drinkable
yogurt samples (day 1) (n = 3)
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count than the control group. There was a significant
variation in the total mesophilic bacteria count between
the samples and over time (p < 0.05). ince et al. reported
the total counts of 7.13 to 8.51 log CFU/mL for the sam-
ples with pine and floral honeys [37].

On day 1, the highest amount of Lactobacillus del-
brueckii subsp. bulgaricus was found in the control sam-
ple, while the lowest was registered in the yogurt with
20% thyme honey (Table 4). According to the results,
storage decreased the amount of L. delbrueckii subsp.
bulgaricus in all the samples. The samples with 20%
honey had lower concentrations of these bacteria com-
pared to those with 10% honey. According to Mercan,
drinkable yogurts with karakovan honey (100% raw
honey unique to Anatolia) had the highest concentra-
tion of L. delbrueckii subsp. bulgaricus [30]. The dec-
rease in these bacteria was also significant in all the
samples after storage.

An increase in the amount of Streptococcus thermo-
philus was seen in all the samples except for the control
group at the end of storage. Thus, adding honey promo-
ted the growth of these bacteria. According to Coskun
and Dirican, probiotic drinkable yogurts with pine ho-
ney contained more S. thermophilus than the control
sample during storage [9].

Our results revealed the presence of Lactobacil-
lus acidophilus in the samples containing probiotic
culture (Table 4). On day 1, the control sample had
6.95 log CFU/mL of L. acidophilus. The lowest and
highest concentrations of these bacteria were 6.02 and
7.65 log CFU/mL, respectively, in the sample with 20%
flower honey. After 21 days of storage, the quantity of
L. acidophilus decreased in all the samples. Coskun
and Dirican reported that adding and storing honey had
a significant impact on L. acidophilus populations [9].
In the study by Machado et al., goat yogurt fortified
with honey (Melipona scutellaris Latrelle-Urucu) had

6.0 log CFU/g of L. acidophilus La-05 during 28 days
of storage, and the addition of honey maintained their
count and the quantity of yogurt starter germs [14].

Bifidobacterium spp. counts ranged from 5.22
to 6.45log CFU/mL on day 1 and from 4.92 to
6.04 log CFU/mL on day 21. They were higher at the
start of storage in the samples fortified with 10% of
thyme honey and 20% of each honey, but decreased
throughout storage. Fiorda et al. found that honey has
good potential as a stimulating ingredient to produce
probiotic beverages and that honey-based kefir can pre-
vent microbial DNA damage [38]. We believe that ad-
ding honey to drinkable yogurt during its manufacture
can enhance the product’s functional qualities.

Sensory analysis. The control sample was rated the
highest in appearance, texture, taste, odor, and gene-
ral acceptability (Table 5). After 21 days of storage, the
sample with 10% honey (flower, thyme) had higher sen-
sory scores, and was more similar in appearance to the
control, than the sample with 20% honey. The structural
scores of the samples with 20% flower honey and 10%
flower, pine, and thyme honeys were like those of the
control. The samples with 10% honey (flower, pine, and
thyme) were rated higher in taste than those with 20%
honey. The general acceptability scores during storage
were between 2.6 to 9.17, with higher scores given to
the samples with 10% honey (flower, pine, and thyme).
This might suggest that a honey concentration of 20% is
too high for drinkable yoghurts. Additionally, the adult
panelists might prefer yogurt with the usual salty taste
or a less sweet taste than that of honey yogurt. Studies
show that fruit yogurts appeal more to children than
adults. Therefore, we think that honey-fortified drink-
able yogurt may be more suitable for children.

In Mercan’s study, the yogurts with karakovan ho-
ney had the highest scores, while those with thyme

Table 4 Microbiological parameters of drinkable yogurt samples (n = 3)

Parameter, Day Samples
CFU/mL Control Flower Flower Pine Pine Thyme Thyme
honey (10%) honey (20%) honey (10%) honey (20%) honey (10%) honey (20%)
Total mesophilic 1 7.39+0.02¢ 8.16+0.68% 828 +0.68% 7.68+1.06"¢ 8.35+0.78" 7.46+ 1.46"¢ 8.15+0.75%
bacteria 10 6.37+0.28T 5.80+0.58% 580+0.90% 6.59+0.60°T 6.47+0.15>T 6.06+0.25%¢ 6.06+0.28¢¢
21 6.07+040%t 441+029 429+037¢ 5.10+0.02% 4.72+0.03% 503+0.10% 4.45+0.11¢
Lactobacillus 1 6.99+0.08 6.19+0.07% 6.17+0.42% 6.31+0.09% 5.94+0.35% 6.07+0.04% 591 +0.81%
delbrueckii 10 6.92+0.09% 6.04+0.08% 6.12+043% 622+0.16% 576+0.40° 6.04+0.03% 541 +0.64°
subsp. bulgaricus 21 580 +0.80% 5.98+0.12 5.91+0.35% 6.01+0.04% 5.67+0.34% 6.03+0.01% 539+ (.82
Streptococcus 1 7.07+£0.17"¢ 7.63+0.13*¢ 8.08+0.42%% 7.66+0.84*¢ 6.91+0.95¢ 6.49+0.60¢ 6.60 + (.53
thermophilus 10 6.81+0.25%¢ 8.04+0.05% 8.13+0.09% 7.83+1.35¢ 6.96+0.77°¢ 6.66+0.39% 6.45+0.30%
21 7.02+0.18"¢ 8.08+0.01" 8.19+0.23% 842+0.19®° 7.40+1.00¢ 7.38+1.08¢ 7.36+0.24*¢
Lactobacillus 1 695+023% 6.90+0.03 7.65+0.14* 7.01+£0.02% 7.14+0.12® 6.02+0.01° 6.88+0.01°
acidophilus 10 6.44+0.58F 6.18+0.43"¢ 6.56+0.35% 6.84+0.04° 6.92+0.14* 585+0.06% 6.75+0.04%
21 5.59+0.03¢ 5.63+0.02¢ 4.68+0.03" 5.69+0.10¢ 587+0.10% 5.71+0.038 5.80+0.04¢
Bifidobacterium 1 541 +0.027 522+0.07% 6.40+0.08° 524+0.12¢ 523+0.07°% 6.45+0.06° 5.81+0.01b
spp. 10 5.52+0.15%% 5.06+0.10°% 522+0.26% 4.71+0.58 4.92+0.13% 588+0.08" 5.13+0.17°%
21 6.04+0.03® 5.04+0.05% 492+0.13% 5.00+0.10% 5.09+0.13% 544+0.01°T 5.19+0.07°

*-h _ Different letters indicate statistical significance between the groups (p < 0.05)
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Table 5 Sensory evaluation of drinkable yogurt samples (n = 3)

Parameter Day Samples
Control Flower honey Flower honey Pine honey  Pine honey = Thyme honey Thyme honey
(10%) (20%) (10%) (20%) (10%) (20%)
Appearance 1 9.52+£0.19® 7.68+0.18* 5.05+0.38 " 595+0.38¢ 4.05+0.387 7.06+0.77 4.57+0.575
10 9.754+0.25® 7.17+0.50¢ 533+£1.004" 542+0.75%" 342+0.58" 642 +0.587 4.42+0.425
21 9.83+0.03* 7.37+£1.23% 3.76+£0.04"7 446+0.265 291+051 6170977 2.99+1.591
Texture 1 8.68+£0.18° 7.80+0.37"° 6.26+0.40¢¢ 7.08+0.25>¢ 6.01 £0.15¢" 598 +£0.31¢" 5.08 +0.08="
10 9.17+0.50* 7.92+0.25*¢ 7.33+£033*" 633+0.67°¢ 5.89+0.61°" 7.33+0.33*"T 6.08+0.58¢¢
21 831 £0.11% 7.50+0.50*" 7.04+£024%¢ 634+£0.94°¢ 556+1.16% 6.46+0.26°¢ 4.00+2.00"
Taste 1 8.78+£0.19*°  6.93+0.54 4.73+£0.44°° 490+0.76°* 425+0.25% 433+0.33%% 3.17+1.97°
10 8.83+£0.33* 6.25+0.754¢ 4.92+0.42%¢ 4,67 +0.50°% 4.08+0.25% 437+0.17¢% 2.96+0.08°
21 893+£1.07* 696+ 1.19" 519+£0.79%% 5.16+0.56° 5,01 £2.41% 436+ 1.36° 2.92+0.54°
Odor 1 9.06 £0.23* 7.77+0.06° 4.96+0.53%¢ 5.11+0.39¢ 4.61 +0.119 4.88+0.55¢ 3.85+0.01%f
10 9.25+0.25* 6.50+£0.50" 5.58+£0.42« 550+0.17¢ 4.75+0.25¢ 3.92+0.08%" 2.83+0.01°
21 8714+1.29* 5.57+0.57¢ 5.13+£0.73¢ 454+0.74% 430+0.70%° 4.13+0.27%" 246+ 1.26
General 1 9.13+£1.82° 7.50+1.75® 4.90+0.76%¢ 5.00+0.674¢ 4.09+ 1.48% 4.46+0.04 3.14+0.14%
acceptability 10 9.17+£0.50°  6.86+0.14"¢ 533£1.00°7 4.69+0.89%¢ 4.08+0.75% 4.39£0.19% 2.92+0.08
21 8.73+0.87® 6.75+0.75>° 4.80+1.20%¢ 445+0.88% 3.86+0.14% 3.83+0.17% 2.67+147¢

*a3 _ Different letters indicate statistical significance between the groups (p < 0.05)

honey were disliked the most. The general acceptability
ratings reportedly dropped at the end of storage [30].

CONCLUSION

Our results showed a significant difference (p < 0.05)
in the total dry matter, fat, salt, pH, and serum separa-
tion values among the drinkable yogurts. The samples
with floral and thyme honeys had similar serum sepa-
ration values. The samples with 20% honey had a lower
L* value than those with 10% honey. The samples’ visco-
sity decreased throughout storage, assigning drinkable
yogurts to the class of thixotropic and non-Newtonian
pseudoplastic liquids. As the honey content increased,
so did the apparent viscosity and consistency coeffici-
ents. The samples fortified with 20% thyme honey had
the greatest consistency coefficient on day 21 of storage.

We found that Lactobacillus delbrueckii subsp. bul-
garicus were more abundant in the yogurts containing
10% honey compared to those with 20% honey at the
end of 21 days of storage. However, the count of Strep-
tococcus thermophilus increased only with a higher
flower honey ratio at the end of storage. After 21 days of
storage, the probiotic bacteria levels in the honey-contai-

ning samples were adequate (> 5 log CFU/mL) for con-
sumer health, except for the samples with 20% floral
honey. The sensory evaluation showed a preference for
the yogurts with 10% honey (flower, pine, and thyme)
over those with 20% honey. Based on the probiotic le-
vels at the end of storage and consumer preference, 10%
was determined as an optimal amount of flower or pine
honey for drinkable yogurt, with 10% flower honey be-
ing particularly favored. We also expect that limiting the
amount of thyme honey to less than 10% will produce
drinkable yogurt with more desirable sensory characte-
ristics. Our study showed that honey improves the func-
tional properties of drinkable yogurt by promoting the
growth of probiotic bacteria.
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Abstract:

Lycopene and other carotenoids have a significant added value in the food and cosmetic industries due to their nutraceutical
properties and antioxidant activity. The extraction and stabilization of these compounds remain challenging due to their
sensitivity to light, temperature fluctuations, and oxidation. This article introduces a sustainable method of extracting lycopene
from tomato waste (Solanum lycopersicum L.) using layered double hydroxide nanoparticles to stabilize lycopene.

We used tomato juice and lycopene as a positive control, while ZnAl was a negative control. The experimental samples included
75 and 100 mg of zinc salt per 1 mL of tomato juice, which were labeled as ZnAl175J and ZnAl11001J.

Zinc and aluminum salts developed insoluble hydroxides, which precipitated lycopene from tomato juice, thus forming
composites. The composites proved to be efficient means of encapsulating lycopene as they recovered 97% lycopene present
in tomato juice. The physicochemical properties of the organic material enhanced resistance to thermal degradation and acted
as an extended-release antioxidant. ZnAl100J, which contained a lot of lycopene, inhibited 89% of DPPH' in 24 h and showed
a value higher than IC, for ABTS", which was 0.02 pg/mL of TEAC ABTS™. ZnAl75J composites showed a higher protection
against oxidation and a higher sun protection factor value (3.08) at 15% concentration.

The composites could be used as an active ingredient in a wide range of formulations that require antioxidant and photo-
sensitizing properties, or simply as encapsulators and carriers of lycopene.

Keywords: Lycopene, composites, hydroxides, zinc salts, aluminum salts, layered nanoparticles, antioxidant activity
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INTRODUCTION

Lycopene is a nutraceutical ingredient that helps pre-
vent diseases or minimize their symptoms. As an excel-
lent antioxidant, it is highly demanded in the cosmetic
industry. Tomatoes, which are cultivated worldwide, are
extremely rich in lycopene and serve as the main source
of this valuable substance [1]. Even tomato waste may
be used as raw material [2, 3]. In fact, tomato waste bio-
mass can generate lycopene, a high-value-added ingredi-
ent, to be used as a nutraceutical or cosmetic [4]. Howe-
ver, isolated lycopene has a major disadvantage: it degra-
des easily when exposed to light and ambient oxygen.

Our research team has already reported that tomato
juice can be used as a reaction medium to produce

layered double hydroxide nanoparticles and a compo-
site that could serve as a carrier powder for lycopene [5].
Layered double hydroxide particles are crystalline par-
ticles with a layered structure containing a combina-
tion of M(II) and M(III) cations coordinated by hy-
droxyl groups. The M(III) cation generates an excess
charge in the layers that is balanced with interlayer ani-
ons. As a result, a layered double hydroxide particle rep-
resents a stacking of layers of metallic hydroxides that
retain interlayer anions [6, 7]. Considering that various
elements can form layered double hydroxide, those
with low toxicity can be selected to design particles to
be used in food or cosmetics [8]. For instance, we used
Mg, Al(OH)(CO,), s XH,O [5]. Zinc and aluminum are

Copyright © 2024, Murillo Vazquez et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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also widely studied for layered double hydroxide for-
mulations in pharmacy and cosmetics [9—11]. This vari-
ant is useful for topical applications in cosmetics. In
this study, we reported an experiment modification of
crystalline layered double hydroxide formation with
Zn,Al(OH),(CO,), o XH,O composition in tomato juice.
However, our modification resulted in amorphous com-
pounds that possessed the same efficiency in lycopene
removal and stabilization.

The research objective was to study the properties
of the material and determine its application in the food
industry, food packaging, or cosmetics.

STUDY OBJECTS AND METHODS

We used the coprecipitation technique to synthesize
the composites. First, we dissolved zinc and aluminum
salts in 100 mL of tomato juice and alkalinized them
with NaOH 1 M to reach pH 8.5. After that, we dissol-
ved sodium carbonate in 20 mL of water and added it to
the suspension. After stirring the suspension for 2 h at
room temperature and air atmosphere, we centrifuged
it at 1380 rpm, washed the red solid with water until
the washing liquid reached the desired pH, and dried
at 50°C. Table 1 illustrates the samples and reagents in-
volved. As a positive control, we used tomato juice and
lycopene. The ZnAl sample, which contained zinc and
aluminum cations, was a negative control. ZnAl175J and
ZnAl100J were the samples with 75 and 100 mg of zinc
salt used per milliliter of tomato juice.

To calculate the yield percentage, we used the final
weight of the dry composites as in Eq. (1):

(Wf xlOO)
w,

[

1)

where W is the percentage of weight, %; W, is the final
weight of the dry composites; and W is the expected
theoretical weight considering the inorganic phase cor-
responded to layered double hydroxide particles.

The X-ray diffraction profiles were collected from
100 mg of the sample pressed onto a holder to produce
a smooth surface. The procedure involved a D8 AD-
VANCE Bruker analytical diffractometer with Cu-Ka
radiation. The data were collected within the 5-70°
range in 2-Theta mode with steps of 0.02° and scanned
at 30 s per step. The X-ray photoelectron spectra were
obtained in a SPECS spectrometer with an 1D DLD
detector with a Phoibos 150 analyzer. The device em-
ployed AlKa radiation (1486.7 V) generated at 250 W

Table 1 Samples used to synthesize composites

and 12.5 kV; the spectra were collected at a pressure
< 2.12x107° mbar. The charge of operation was adjusted
at 20 pA of emission and 2 eV. The samples were ap-
plied on glass. The infrared spectra were obtained from
2 mg of sample with an iS50 ATR Thermo Scientific
spectrometer. The spectra were collected with 15 scans
with a resolution of 4 cm™ at room temperature. The
scanning electron microscopy analysis involved a JEOL
JSM 5400 LV microscope. The images were obtained
using secondary electrons generated with a voltage of
20 kV. The energy dispersive X-ray spectroscopy maps
were acquired with an X-Max detector (Oxford Instru-
ments) at 20 mm?, which was assembled to a JEOL JSM-
6610LV microscope at 15 kV. The dynamic light scat-
tering required 2 mg of each sample added to 2 mL of
0.9% NaCl solution and 0.1M HCI. The suspensions
were dispersed with ultrasound for 10 min. The hydro-
dynamic size and the zeta potential were measured with
a Nano ZS Malvern device. A refractive index of 1.2
was loaded to the software with 15 readings per sam-
ple. The Discovery thermogravimetric device included
2 mg of each sample at 25-900°C with steps of 20°C
per 1 min under a nitrogen flow of 20 mL/min.

Quantification of lycopene content in composi-
tes. To quantify the amount of lycopene contained in
the composites, we performed a solvent extraction using
5 mL toluene per 1 g composite, which was then agita-
ted for 30 min at 1500 rpm. After that, the samples were
centrifuged, and the supernatant was read in a Cary 60
UV-Vis spectrometer (Agilent Technologies) within the
range of 50-500 nm. The reads were interpolated with a
calibration curve.

Antioxidant activity. A stock solution of 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH") was prepared as follows.
A solution of 20 mg of DPPH'" in 300 mL of ethanol was
agitated for 10 min, after which we measured its initial
absorbance at 517 nm and verified that the read stayed
below 3.0 absorbance units. Then, we weighed about
70 mg of the samples in 2 mL Eppendorf tubes and pou-
red 1 mL DPPH:' solution into each tube, leaving the
samples to incubate for 30 min in the dark [12]. After
that, we centrifuged the samples to ensure sedimentation
of the powders and immediately measured the absor-
bance in a Perkin Elmer Lambda EZ 150U V-vis spec-
trometer. To quantify the percentage of the remaining
DPPH', we used Eq. (2):

% DPPH’ = %XIOO )

1

ZnCl,-6H,0, g AICL-6H,0, g Na,CO,, g Medium, 100 mL Final weight expected, g Sample

— — - Tomato juice 3.86 Tomato juice
5.25 3.10 1.59 Water 5.00 ZnAl

- - - - 0.50 Lycopene
7.88 4.65 2.39 Tomato juice 11.36 ZnAl75])
10.50 6.20 3.19 Tomato juice 13.86 ZnAl100J
0.53 0.31 0.16 Lycopene 1.00 ZnAlLyc
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where A4, is the stands for the final absorbance of each
sample; and A, is the corresponds to the initial absor-
bance of DPPH'.

We assessed the antioxidant kinetics with DPPH" by
placing 50 mg of particles in 20 mL tubes, which had
been protected from light with aluminum foil. In this
experiment, the stock solution was diluted to set the ab-
sorbance at 0.8 units. After that, we added 10 mL of the
DPPH- diluted solution to each tube and agitated them.
The UV-Vis measurements were carried out in 0, 5, 15,
30, 60, 90, 90, 123, 180, 240, 360, and 1440 min in trip-
licate. With the values obtained, the percentage of inhibi-
ted DPPH" in the solution was calculated as follows:

% inhibition DPPH" =(A°A—_As)x100 (3)

where A4 is the initial absorbance of DPPH" without an-
tioxidant added and A_ is the absorbance of the sample.

A solution of ABTS™ (2,2’-azino-di-3-ethyl-benzthi-
azoline sulphonate) in ethanol was prepared with an
absorbance of 0.740 + 0.050 at a wavelength of 732 nm.
Separately, we weighed 10.0 = 0.5 mg of each sample in
Eppendorf tubes in triplicate. Then, we added 1 mL of
ABTS" solution to each sample and left for incubation
for 5 min to take time readings in triplicate at a wave-
length of 732 nm. The inhibition of ABTS™ was calcu-
lated according to Eq. (4):

(4,-4)

% inhibition ABTS™ = x100  (4)

where 4 is the initial absorbance of the ABTS™* solution
(0.740 = 0.050) and A_ is the absorbance of the sample.

Antioxidant capacity on copper (CUPRAC me-
thod). This experiment involved three solutions:
NH,(CH,COO) buffer (pH =7.1), CuCl, (10 mM), and
neocuproine (7.5 mM in ethanol). In this order, 0.33 mL
of each solution was added to each vial; the samples
were shaken and left for incubation in the dark for
30 min. After that, the liquid part was extracted and
read using the UV-Vis spectrometer at 450 nm. Each
test was done in triplicate.

RapidOxy oxidation stability test. The RapidOxy
assay was conducted with 0.01, 0.03, and 0.05 g of each
sample added to 1 mL of purified linseed oil. After ho-
mogenization, we placed the mix in Teflon capsules in-
side a PetrOXY 13-3006 device to measure the induc-
tion period and the oxidation stability until reaching
APO, = 50%. The oxygen consumption, mol, was calcu-
lated using Eq. (5):

[P(0,),, ~P(02), [V(0,)

T ©®)

Oxygen Consumption =

where P(O,) _ is the maximal pressure of O, inside the
equipment chamber; P(O,), represents the pressure of O,
upon reaching AP of 50%; V(O,) is the volume of O, con-
tained inside the equipment chamber; R corresponds to
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the universal constant of perfect gases (8.314 J/(K:mol);
and T'is the temperature of the system at P(O,).

Evaluating the solar protection factor. This part of
the experiment required a neutral moisturizing cream,
I mL of which was placed in a test tube followed by
three different particle concentrations: 5, 10, and 15%.
This mix was centrifuged at 13 000 rpm for 3 min using
an IKA T18 digital Ultra Turrax homogenizer.

The solar protection factor was measured using a
Cary 60 UV-Vis device (Agilent Technologies) within the
range of 290-320 nm. According to the prescribed pro-
cedure, 2 mg/cm? of the mix was weighed on a 1x2 cm
quartz plate and dispersed, leaving a homogeneous layer.
This layer was placed in the UV-Vis device to take the
corresponding readings.

The absorbance readings made it possible to calcu-
late the solar protection factor value:

320
Solar protection factor = CF» EE(A)1(1) ABS() (6)
290
where CF is the correction factor of 10, EE(A) is the ery-
thema effect spectrum, / (1) defines the solar intensity
spectrum, and ABS(Z) stands for the absorbance of the
sample. The experiment was performed in triplicate.

RESULTS AND DISCUSSION

Figure 1 presents yields of the products and their re-
lationship with their theoretical yield, considering that
all the organic matter from the tomato juice was remo-
ved by the idealized layered double hydroxide of ZnAl
(Table 1). The lyophilized tomato juice produced 3.86 g
of powder, considered as 100% of the organic mat-
ter. The reference ZnAl had a yield of 60.5%, which is
common when the synthesis is conducted at pH 8.5, ac-
cording to our personal observations. The composites,
ZnAl75) and ZnAlLyc, had a yield of 50.67 and 50.30%,
respectively. ZnAl100J had the highest yield (72.84%),
indicating that the yield was proportional to the amount
of the salts added. Another cause of the low yield was
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Figure 1 Solid yield obtained considering the mass of the
tomato juice and the total formation of the ideal layered double
hydroxide of ZnAl. TJ is tomato juice
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Figure 3 X-ray diffraction pattern of composites synthesized
using tomato juice as reaction medium

that the expected layered double hydroxide structure
was not obtained (see the X-ray diffraction section).

Figure 2 shows the infrared spectra of the compo-
sites and their respective references, i.e., tomato juice
and lycopene. They exhibited bands between 3090 and
2800 cm™!, which is typical of lycopene methyl groups.
The band at 3400 cm™' was attributed to the stretching
of O-H hydroxyl bonds while the band at 994 cm™' corre-
sponded to C-H vibrations, and the band at 820 cm™ was
related to lycopene vinyl bonds (R2-C=C-R) [13, 14].

Regarding the composites ZnAl75J and ZnAl100J,
the weak band at 1630 cm™ could be attributed to the wa-
ter (H,0) bending vibration. The band at 1027 cm™ cor-
responded to C-O stretching, and the bands at 550 cm™
were attributed to the M-O groups, corresponding to
Al-O or Zn-O. Another phenomenon was registered in
the region around 1460 cm™' and manifested itself as an
increase in the signal of methyl groups combined with
the carbonyl signal [15]. This information suggested the
possible presence of lycopene in both composites.

The band at around 1365 cm™ could be attributed
to the asymmetric stretching mode of the carbonate, as
confirmed by the bands at 870 and 680 cm™', which cor-

responded to weak bending and angular bending modes
of the carbonate, respectively [16, 17]. In the ZnAl spec-
trum, we observed signals related to O-H stretching at
3440, 3330, and 3144 cm™', which were probably associ-
ated with water or metallic hydroxides [18].

The diffractograms of all the products showed broad
signals (Fig. 3), indicating that the structure of the ZnAl
reference and the composites were predominantly amor-
phous. A weak but clear signal was recorded at 14.4°,
which coincided with the most intense signal of boeh-
mite, i.e., AIO(OH), as described in the International
Centre for Diffraction Data, 83 by 1505. Although this
weak signal was the only evidence of crystalline parti-
cles, other zinc and aluminum compounds might have
been formed in an amorphous phase. We performed an
elemental analysis by energy-dispersive X-ray spectros-
copy to identify them. The spectra revealed the pres-
ence of Zn, Al, C, and O in the sample, consistent with
the presence of boehmite as confirmed by X-ray dif-
fraction, carbonates in agreement with the IR spectrum,
and zinc, probably amorphous. The composites ZnAl175]
and ZnAIll00J rendered the same results, indicating
the presence of presumably amorphous zinc. Other ele-
ments detected were C, O, P, Na, and Cl, which corre-
sponded to the elements from the tomato juice. In all
cases, the elements were uniformly distributed throu-
ghout the matrix, as indicated by the energy-dispersive
X-ray spectroscopy maps (Fig. 4). The formation of ZnAl
layered double hydroxide was affected by the initial re-
agents, pH, and even temperature, as reported in [19].
Unlike our previous work, here we started with chloride
salts instead of nitrate, with the aim of using reagents
authorized for the food and cosmetics industry. Altho-
ugh the composites were amorphous, they were even
better at developing fine powders which could be easily
dispersed in the sun protection factor assays. The X-ray
photoelectron spectra (Fig. 5) provided detailed infor-
mation about the spectra of the Zn2p levels, indicating
the presence of two types of zinc atoms in the ZnAl
reference and the composites. One signal at 1020.9 eV
and another at 1026.0 eV, both with a spin-splitting of
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Figure 4 Elemental composition maps obtained by electron dispersive spectroscopy in composites
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Figure 5 X-ray photoelectron spectra of Zn2p and Al2p in composites vs. ZnAl reference

23.1 eV, corresponded to Zn?", commonly found in ZnO
and Zn(OH), [20]. The signal at 1020.9 €V is typical of
crystalline or amorphous ZnO [21, 22]. The signal at
1026.0 eV has not been reported in scientific literature.
However, it was close to high values in salts with highly
electronegative counterions, e.g., halides and sulfates,
suggesting that Zn?" may be attributed to anions present
in tomato juice [23]. On the other hand, the Al2p spec-
trum of the ZnAl reference contained a signal at 73.3 eV,
which is characteristic of aluminum oxides or hydro-
xides [23]. The composites also demonstrated a shift
to 74.2 eV, consistent with the spectrum reported for
aluminum hydroxide, which supported the X-ray dif-
fraction data [24]. ZnAl100J exhibited an additional sig-
nal at 78.5 eV. Although it was not registered in data-
bases, it approached the binding energy reported for Al

334

with halides hydroxides, suggesting coordination with
such highly negatively charged anions as CI [23]. The-
refore, the powders consisted of organic compounds
from tomato pulp and amorphous zinc, aluminum oxi-
des, or hydroxides.

The scanning electron micrographs of all the compo-
sites (Fig. 6) demonstrated ZnAl, ZnAl75J, and ZnAl1100J
with a rough surface and multiple cavities. Additionally,
a more spherical morphology was present in clusters
with smooth surfaces. The absence of defined crystal-
line structures could be indicative of a higher amount
of organic or amorphous material, as detected by the
X-ray diffraction. ZnAlLyc demonstrated different struc-
tures in the form of layers corresponding to aluminum
hydroxides [25, 26]. In all cases, particles tended to be
spherical in ZnAl, ZnAl75]), and ZnAl100J, while ZnAl-
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Figure 7 Thermogravimetric analysis for composites ZnAl75J,
ZnAl1100J, and ZnAlLyc

Lyc formed needle-like structures. All particles were
400-800 nm in size; however, the particle size in the li-
quid medium was different (see the dynamic light scat-
tering section).

Thermogravimetric analysis. Figure 7 illustrates
the decomposition of the composites as a function of
temperature. Regarding ZnAlLyc, the degradation was
continuous with the first step at 250°C and the second at
450°C. The first event might correspond to the removal
of water and the burning of organic matter whereas the
second event might correspond to the decomposition of
metal hydroxides, possibly producing oxides at > 500°C.
The 50% of compounds that did not degrade could be
metallic oxides of amorphous nature as they were not
observed in the X-ray diffraction analysis.

ZnAl75) and ZnAll00J revealed a step that culmi-
nated at 150°C due to evaporation of approximately 5%
water [26, 27]. That step was followed by another event
ending at 200°C, which probably corresponded to the
combustion of organic material and partial dihydroxy-
lation. The third step was at 330—750°C, where the com-
bustion of organic matter and the formation of metal
oxides were completed [27].

Comparing the degradation profile with our previous
composites with layered double hydroxide phases, this
profile formed a lower slope, which indicated a slower de-
gradation [5]. In addition, the amorphous phases in the
current work provided a slightly greater thermal stability.
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Figure 8 Extraction of encapsulated lycopene in composites
(a) and UV-Vis spectra of lycopene extracted from composites
with toluene (b). TJ is tomato juice

Quantification of lycopene. The quantification was
possible due to the easy release of lycopene from the
composites (Fig. 8a) because adsorption forces between
the metal-organic composition in these composites were
not strong enough to prevent organic solvents from re-
moving lycopene with simple agitation. Figure 8a shows
the red phase containing lycopene. The identification
was done by comparing the UV-Vis absorption profile
of the red pigment released by the samples with a stan-
dard lycopene solution (Fig. 8b), with peaks at 454, 484,
and 515 nm [28]. The easy release may suggest that the
nanoparticles somehow broke the pericarp and chromo-
plasts to let the lycopene out.
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Using the quantified lycopene in tomato juice as a
reference, we compared it with the lycopene released
from the composites to determine recoveries per volume
of tomato juice and yield. The ZnAl100J composite reco-
vered 0.717 mg per 1 mL of tomato juice (Fig. 9a), and
this amount corresponded to the yield of 95.92% (Fig. 9b).
This value exceeded the highest values reported in [29,
30], which ranged between 0.43 and 0.50 mg/mL of to-
mato juice. ZnAl75J recovered only 26.6% of the ly-
copene, suggesting that the synthesis conditions of
ZnAl100] require additional research.

Hydrodynamic particle size. We used a liquid me-
dium to study the particle size of the composites because
liquid is a more representative environment for their use,
e.g., in foods or cosmetics. The hydrodynamic size de-
tected by the dynamic light scattering test (Fig. 10) for
ZnAl75] was 615 nm while that for ZnAll00J it was
1720 nm. Comparing these results with the scanning elec-
tron micrographs, ZnAl75) particles were completely
dispersed in water. However, the aggregation was two
particles on average for ZnAl100J.

Regarding the zeta potential, the composites were
subjected to acidic and saline media. Figure 11 shows

1.0
0.8
0.6
0.4

0.2

Lycopene from TJ, mg/mL

ZnAl75] ZnAl100J ZnAlLyc TIJ
a

that the ZnAl particles maintained the positive potential
in HCI and saline solution while the composites with
tomato juice changed the values to negative when they
were in saline solution. The positive values in HCI sug-
gested that H' ions were adsorbed on the surface of the
composites while Cl~ ions were retained in saline solu-
tions. Stable suspension preparation often requires high
values of the zeta potential, e.g., > + 30 mV [31]. Howe-
ver, the low aggregation detected by the dynamic light
scattering indicated that these types of composites were
easily dispersible in liquid formulations.

Antioxidant capacity. Figure 12 presents the results
of total antioxidant capacity expressed as a percentage
of DPPH: inhibition in 2 and 24 h. In 2 h, the inhibi-
tion was 31% for ZnAl75J and ZnAl1100J. ZnAl showed
18% inhibition, which seemed to have a significant con-
tribution from the inorganic particles. In ZnAlLyc, the
inhibition slightly increased to 42% whereas the tomato
juice and lycopene references showed superior activity
of > 90%. This phenomenon indicated that the antiox-
idant components in tomato juice and lycopene were
more available in 2 h than those in all the composites.
However, the activity of the tomato juice and lycopene
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Figure 9 Lycopene recovered from tomato juice (a) and corresponding yield regarding the lycopene in tomato juice as reference

(b). The bars correspond to standard deviation. TJ is tomato juice
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Figure 10 Dynamic light scattering test: particle size
histogram
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Figure 11 Zeta potential for composites in acidic (green)
and saline (purple) media. TJ is tomato juice
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references slightly decreased in 24 h while all compo-
sites and the ZnAl reference increased their activity.
ZnAl75] reached 52% inhibition, ZnAl100J reached
64%, and ZnAlLyc reached 82%. Probably, the inorga-
nic particles were the ones contributing to the long-term
inhibition, presumably because the Zn and Al oxides/
hydroxides slowed down the release of lycopene into
the reaction medium.

Antioxidant kinetics with DPPH-. Figure 13 illustra-
tes the kinetics of antioxidant activity. Tomato juice re-
tained 6.6% of the remaining DPPH' 5 min after the
start of the experiment. Due to the fast decay it was not
plotted. Using this data as a reference point, we ob-
served that the consumption of DPPH" decreased rapidly:
ZnAl100J consumed 89% of DPPH" in 23 h (remaining
11%) while ZnAl75] consumed 80% of DPPH' in 30 h
(remaining 20%). Probably, the higher lycopene removal
efficiency observed for ZnAl1100J indicated that lycopene
allowed for greater antioxidant activity in this assay.

In the ABTS™ assay, the composites demonstrated a
value of IC,, 0.012 pg/mL of ABTS with trolox equiva-
lent antioxidant capacity. All the samples obtained a va-
lue higher than that after 5 min of incubation (Fig. 14),
indicating a greater antioxidant activity towards ABTS™*
than towards DPPH'. This result could be explained by
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Figure 15 Time to consume APO, = 50% of composites
and their references at 37°C and 101 KPa. TJ is tomato juice

the type and number of charges. In ABTS™, the SO,
group had a negative charge. Most likely, this anion was
attracted to the charges of zinc or aluminum, just as it
happened with the chlorides that shifted the zeta poten-
tial to negative values.

In the RapidOxy experiment, the results represented
the time required to consume 0.4 mol of O,, correspon-
ding to AP = 50%.

We used purified linseed oil as the oily medium refe-
rence in this experiment, which needed 555 min for oxi-
dation. In this experiment, the concentration of linseed
oil was 0.03 g/mL. Figure 15 shows that ZnAl75J and
lycopene had the longest time of O, consumption with
1089 and 1057 min, respectively, which means they pro-
vided stronger protection against oxidation. On the other
hand, ZnAl1100J consumed oxygen faster than tomato
juice, taking 287 min. Thus, the protection time was re-
duced in spite of the fact that this assay had more orga-
nic material.

As for the sun protection factor, the values presen-
ted in Fig. 16 indicated that ZnAl175] at 15% (SPF 3.08)
was the mix with the highest value, followed by ZnAl at
15% (SPF 2.58) and ZnAl100J at 5% (SPF 2.5). There-
fore, no high photoprotective synergy occurred between
the Zn compounds and the organic material.
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Figure 16 Sun protection factor for composites and references at different concentrations. Each experiment was performed

in triplicate, the bars correspond to standard deviations

The sun protection factor values of ZnAl75] and
ZnAl100J stayed within the range reported for these
compounds [32-34]. Similarly, the sun protection factor
of 1 obtained with ZnAl was lower than the values re-
ported for ZnO in [35] as approximately 5 SPF.

Previous studies showed that human skin incre-
ases the quantity of carotenoids by approximately 25%
during summer and autumn [36]. These composites
could then be an alternative to meet the increased need
for carotenoids in the skin when applied topically. Cor-
responding with the obtained zeta potential values, these
composites show stability in oil-in-water emulsions [37].

CONCLUSION

The synthesized composites were found to be amor-
phous, indicating that the reaction did not produce lay-
ered double hydroxide crystals when the synthesis was
carried out using zinc and aluminum chlorides with
tomato juice as a reaction medium. The powdered ma-
terial was composed of amorphous zinc and alumi-
num oxides or hydroxides, which removed 97% of the
available lycopene in tomato juice under the synthesis
conditions of ZnAl1100J. Although ZnAl75] removed a
smaller amount of lycopene, its antioxidant activity and
sun protection factor were sufficient for it to be used as
an antioxidant ingredient in food, food packaging, or
cosmetics. In addition, its lack of aggregation in water
allows for uniform dispersion.

ZnAl100J showed higher antioxidant activity against
free radicals while ZnAl75J exhibited the best results
for oxidation resistance.

Regarding the sun protection factor, the composites
showed no high values; however, they could be consi-
dered as substitutes for increasing carotenoids in human

skin. Finally, these composites seem to be a promising
option for sustainable extraction of lycopene, as well as
for encapsulating organic material obtained from toma-
to juice because they provided protection against degra-
dation and antioxidant loss.
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Abstract:

Malnutrition is a global problem that is caused by insufficient sources of vitamins, microelements, and other nutrients. This
creates a need for developing long-term preservation techniques. One of the solutions is to pre-treat food materials before
freeze-drying by applying advanced and safe electrophysical techniques instead of traditional thermomechanical methods.

We reviewed three of the most promising electrophysical techniques (low-temperature plasma, ultrasound, and pulsed electric
field) which have proven effective for a wide range of food materials. In particular, we focused on their mechanism of action and
the equipment required, drawing on successful laboratory and large-scale studies in Russia and abroad.

The electrophysical techniques under review had an etching effect on the material, caused electroporation, and changed the
material’s internal structure. In addition to these effects, we described their process and technology, as well as their advantages
and disadvantages in industrial applications.

Based on literature analysis, we stressed the importance of developing innovative electrophysical techniques for the food
industry. These techniques should ensure high energy efficiency of the freeze-drying process and maintain good quality
characteristics of food products.

Keywords: Freeze-drying, physical treatment, food product, ultrasound, pulsed electric field, low-temperature plasma
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INTRODUCTION

Russia’s food industry prioritizes a transition to hi-

Energy saving is of major importance in freeze-
drying [6]. The duration and high energy costs of

ghly productive and green agriculture and aquaculture,
efficient processing, and formulation of safe and high-
quality products, including functional foods [1]. This re-
quires advanced technology for processing, production,
and preservation of foods and raw materials [2, 3].

Drying is one of the oldest techniques to preserve
food and its vitamins, trace elements, and other macro-
and micronutrients. The quality and safety of the result-
ing product depend on the drying method applied [4].
Freeze-drying is a highly effective method of dehydrat-
ing pre-frozen food by sublimating ice in a vacuum un-
der gentle temperature conditions. The resulting product
is of much higher quality than that provided by other
conventional drying techniques [5].

freeze-drying are the main technological barriers to its
widespread use [5]. Energy saving is a global trend in
all processing industries, including food and agriculture
(Industry 4.0).

Today, Russian and international research groups
are looking for ways to save energy used in the freeze-
drying process. Some are developing better facilities,
while others focus on various techniques for both food
preparation and the process itself [7—-11].

Shorstkij described the main technical solutions to
improve freeze-drying such as intensified heat supply,
better vapor removal, and the recycling of thermal re-
sources, including secondary ones [2]. These solutions
also cover the stage of freezing raw materials.

Copyright © 2024, Andreeva et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Physical pre-processing techniques allow for energy
saving and better quality of the resulting product. For
example, the conventional thermomechanical blanching
process inactivates enzymes, removes intracellular air,
reduces the loss of color and taste, and increases the
drying rate [12]. Another technique is osmotic dehydra-
tion, which involves introducing a food matrix into a
hypertonic solution [13]. The resulting loss of water redu-
ces the subsequent drying time and the amount of dry
matter, thus improving the product’s sensory and func-
tional properties [14]. However, these thermomechanical
techniques provide insufficient energy efficiency, espe-
cially during the freeze-drying of berries [15].

In recent years, new electrophysical techniques
have been introduced as a pre-treatment before freeze-
drying, including ultrasound, pulsed electric fields,
and low-temperature plasma. Without using high tem-
peratures, these innovative techniques help reduce the
drying time and improve the quality of the resulting
product. They are also quite economical due to low ener-
gy consumption.

We aimed to review the current uses of innovative
physical techniques for freeze-drying food products.

STUDY OBJECTS AND METHODS

In this review, we presented the most effective physi-
cal techniques used in the freeze-drying process, briefly
describing their mechanism of action, application, and
equipment requirements. For this, we retrospectively
analyzed scientific papers published in 2010-2024 and
indexed in the Scopus, Web of Science, and eLIBRARY.
RU databases. The search was based on the keywords
“freeze-drying” and “emerging technology”.

RESULTS AND DISCUSSION

Physical techniques in freeze-drying. Low-tempe-
rature plasma (LTP) results from gas ionization by an
electric discharge using various media (air, argon, oxy-
gen, etc.). The LTP jet generates cations, anions, free
and excited electrons, and a number of volatile atoms
and molecules [16]. They can be divided into reactive
oxygen species and reactive nitrogen species. Their in-
teraction with a food product causes complex physical
and chemical reactions. These reactions produce vari-
ous effects, including sterilization, enzyme inactivation,

Shell
Upper layer

Enzyme
Cell wall

Initial state

Low-temperature plasma treatment

surface changes, as well as an effect on the anatomical
integrity of plant cells [17, 18]. The variety of active
LTP particles indicates their high chemical (including
bactericidal) activity, which is why LTP was initially
used to sterilize food products.

As technology developed, LTP began to be used
to modify the surface structure of raw materials and
produce an “etching” effect, which changed the capil-
lary-porous structure of the material [19]. This treat-
ment was later used to prepare seeds for sowing to im-
prove their germination [20].

Surface etching effect. Numerous studies show that
the surface effect of low-temperature plasma (LTP) ac-
celerates the freeze-drying of plant materials [21-26].
The mechanism of this effect is shown in Fig. 1. As can
be seen, particles of reactive oxygen species and reac-
tive nitrogen species bombard, and interact with, the
surface (shell and upper layer) of a food material. The
etching effect is mainly due to the decomposition of the
material’s waxy shell, which causes cracks and chan-
nels to form [27]. This waxy shell, commonly present in
most foods exposed to freeze-drying (e.g., berries), is a
“diffusion barrier” to moisture removal [28]. Exposure
to LTP helps remove this barrier and increase drying
efficiency. Miraei et al. found that the LTP treatment of
grapes changed the angle at which water wetted their
surface [29]. The etching effect of LTP on the grape’s
waxy shell increased its hydrophilicity by 40%. This
study showed that changing the structure of a plant ma-
terial’s waxy shell leads to higher wettability and mois-
ture absorption. Similarly, Shorstkij and Mounassar
reported a rise in moisture absorption when wheat
seeds were treated with LTP [30]. In addition, micropo-
res were seen on the surfaces of grapes and wheat seeds,
as shown by the scanning electron microscope images.
Dharini et al. provide more detail about the chemical
reactions in the food product’s shell [31].

The size of temporary pores formed as a result of
LTP treatment may change over time [29]. The size of
pores has a direct effect on the efficiency of moisture
diffusion onto the surface of the material during freeze-
drying. Therefore, further research is needed to maxi-
mize the etching effect of LTP. Sosnin and Shorstkij ex-
posed apple slices to LTP, with a pore diameter set at
100 pm [28]. They found that electrically-induced pores

Drying

Figure 1 Effect of low-temperature plasma on the surface of plant material: ROS — reactive oxygen species, RNS — reactive

nitrogen species
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accelerated drying by 15-20%. Similar findings are
presented in a study on honeysuckle berries [21]. Also,
pores and channels form not only on the surface of fruits
but also on other parts of plants, for example, tobacco
stem and leaf or common hyssop [32, 33].

The etching effect of LTP treatment directly depends
on the material’s moisture, as well as the composition
and concentration of active substances involved in reac-
tions on the surface of the plant material. Longer treat-
ment and higher moisture significantly increase the num-
ber of micropores on the treated surface, which affects
the drying time [28]. In other words, the efficiency of
etching is one of the main factors for improving the effi-
ciency of freeze-drying.

Changes in the internal structure. As noted above,
the surface effects of low-temperature plasma (LTP) can
accelerate freeze-drying processes. However, the inter-
nal structure of plant materials is modified as well. Since
moisture is distributed throughout the volume of the ma-
terial, it is not enough to only remove the diffuse barri-
er of the waxy shell. Another barrier to effective mass
transfer is the plant cell membrane. There have been few
recent studies on improving the drying process by mod-
ifying the plant’s internal structure [21-26]. Huang et al.
reported a modified internal structure of grapes, with
similar results obtained by Miraei et al. using a spark
discharge [29, 34].

Li et al. reported a high efficiency of treating hone-
ysuckle berries with LTP before freeze-drying [21]. In
particular, the LTP pre-treatment for 75 s reduced the
freeze-drying time by 27% and increased the permeabi-
lity of plant cell membranes by 15%. In a study on straw-
berries, exposure to LTP maintained their quality and
improved their sensory characteristics [35]. Yu-Hao et al.
reported that the cell walls of wolfberry became thin-
ner and more permeable after LTP treatment [36]. Based
on the microscopic analysis, the authors assumed that

Electrode
Plasma
Dielectric
a
Gas Gas
flow
Electrode
Plasma
c d

Figure 2 Low-temperature plasma generation schemes: (a) low-

these changes promoted the release of phenolic com-
pounds through the pores formed after extraction. How-
ever, it remains unknown whether this might contribute
to a loss of the target component during freeze-drying.
Therefore, these changes need to be correlated with
varying sizes of the channels formed on the plant’s sur-
face and cell membranes. To sum up, changes in the
structure of the plant cell membrane are a second factor
that affects the efficiency of freeze-drying.

Pectin and cellulose are the main components of a
plant cell wall. Based on [37], we can assume that pec-
tin molecules may break down due to the cleavage of the
C,—O covalent bond during oxidation processes induced
by LTP. In other words, the LTP treatment of plant mate-
rials can promote the breaking of covalent bonds in the
cell walls, thereby increasing the rate of water diffusion.

Thus, etching and electroporation of plant cell walls
are the main effects of the LTP treatment that have
been confirmed by most studies, despite the complexity
of LTP’s action on multi-component foods. Important
factors include the depth of LTP’s penetration into the
plant structure, the nature of its propagation, as well as
the size of pores and channels formed in the material.
Saengrayap et al. found that the drying efficiency is also
determined by the time of the material’s relaxation af-
ter the treatment [38]. In the study on apple slices, LTP
promoted the release of intracellular fluid on the surface
of the material, with higher moisture transfer during the
drying process [39].

Generation of low-temperature plasma and drying
efficiency. The effectiveness of low-temperature plasma
(LTP) depends on the method of its generation, among
other things (Fig. 2). In particular, LTP can be obtained
via a dielectric barrier discharge (two oppositely charged
plates), an arc discharge, a microplasma jet, a corona
discharge, and a microplasma jet supported by thermio-
nic emission [35, 40].

High-voltage electrode

Corona discharge
Food sample
Flat electrode

Electrode

Plasma
Electrode Dielectric
Plasma

temperature plasma supported by thermionic emission; (b) corona

discharge; (c) a low-temperature plasma jet with working gas; (d) an arc discharge; and (e) a dielectric barrier discharge
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LTP supported by thermionic emission produces a
thin string of charged particles that have a directed effect
on the object of treatment. Due to thermionic emission,
the electric field strength ranges from 6 to 8 kV/cm, in
contrast to the range of 15-20 kV/cm for other methods
of LTP generation [28]. This method reduces overall en-
ergy consumption and provides a better control of the
process. The material is hardly heated and the process
can be scaled up [28].

With a corona discharge, LTP is generated by using
point-plane electrodes set up 3—10 cm apart from each
other. Low energy consumption is an obvious advan-
tage of this method. However, the corona discharge does
not penetrate into the internal structure of the material,
causing only an etching effect on its surface.

A low-temperature plasma jet with pressurized gas
supply is the most widely used LTP generation system.
The intensity of plasma depends on the generator’s po-
wer and the flow rate of the gas [41]. Compared to
other methods, the plasma jet is more flexible and not
limited to a space between the electrodes. Its main disad-
vantage, however, is a limited impact area and low per-
meability.

In the dielectric barrier discharge method, the ob-
ject of treatment is placed between metal electrodes
(plane-parallel plates), with at least one of them coated
with a dielectric material [42]. To ensure discharge sta-
bility, the distance between the two electrodes is limited
to a few millimeters, and a high voltage sine wave or
switching power supply is required to obtain discharge
at atmospheric pressure. The main advantage of this
method is that it can be used to treat food materials in
dielectric packaging such as polyethylene film. Howe-
ver, given the treatment area of several millimeters, this
method can be used mainly for powders.

“Jacob’s Ladder” exemplifies the generation of a
traveling arc in the air. When two slightly diverging
electrodes are placed vertically and exposed to high-fre-
quency high-voltage power, an arc is first ignited in the
narrowest gap between the electrodes and then it slides

along them due to convection [43]. The sliding arc dis-
charge has high energy and gas consumption, with most
of the energy used to stimulate chemical reactions ra-
ther than heat the gas. Compared to other plasma gene-
rating methods, the sliding arc discharge has a larger
impact area, which is good for drying [29]. For exam-
ple, Miraei et al. reported that the grapes treated for
50 s at an air flow of 10 L/min had their effective water
conductivity at 60°C increased by 30% and their drying
time decreased by 26% [29]. However, the devices ba-
sed on the sliding arc discharge are too complex and
sometimes unstable. This disadvantage makes scaling
the technology difficult. Yet, this method of generating
plasma has high potential in the food industry.

Liu et al. showed that treating brown rice with LTP
generated by a dielectric barrier discharge had a pos-
itive effect on the product’s stability during a short sto-
rage period [23]. The treatment maintained the levels of
aldehydes and alkanes and increased the content of vola-
tile substances. In another study, LTP pre-treatment (200
and 800 Hz) improved the safety of tucum fruits during
storage, causing changes in their tissue structure and im-
proving dehydration [24].

Zhang et al. observed no significant changes in the
color of red pepper depending on the time of LTP treat-
ment [26]. Yet, the treatment of 30 s improved the reco-
very of color pigments during further processing. Table 1
summarizes the effects of pre-treating plant materials
with LTP on the efficiency of their freeze-drying. As can
be seen, most studies aim to assess the energy efficiency
of the freeze-drying process with LTP pre-treatment.
For example, Miraei et al. reported electrically induced
pores on the surface of grapes, with no numerical cor-
relations [29].

Industrial application of low-temperature plasma
for freeze-drying. Figure 3 shows a tray-type commer-
cial unit for pre-treating raw materials with low-tempe-
rature plasma (LTP) created by the Kuban State Univer-
sity of Technology in partnership with manufacturing
companies [45].

Table 1 Effects of low-temperature plasma pre-treatment of food materials on the efficiency of their freeze-drying

Material and mode of treatment

Treatment efficiency

References

Honeysuckle Drying rate increased by 27%, cell permeability increased by  [21]
Low-temperature plasma jet in the reactor 15%

Strawberry Enhanced aroma at zero/average pressure [22]
Low-temperature plasma jet in the reactor

(3 kV, 1 MHz)

Brown rice Free fatty acids reduced by 25.2% [23]
Low-temperature plasma jet (30—100 kV)

Tucum Higher drying and rehydration rates, more phenolic [24]

Corona discharge (200, 500, and 800 Hz)

compounds retained at 500 and 800 Hz

Mushrooms Higher drying rate, accelerated mass transfer, the largest [25]
Corona discharge number of phenolic compounds preserved (463.30 mg/100 g)
Chili pepper Higher drying rate; longer treatment may result in pigment [26]

Plasma flow (3 L/min, 20 kHz, 750 W, treatment
time: 15, 30, 45, and 60 s)

loss due to degradation of bioactive compounds

Plums

Drying time reduced by 5-6 h [44]
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Figure 3 A commercial unit for low-temperature plasma
treatment based at Kuban State Technological University

Figure 4 An industrial machine for low-temperature plasma
treatment of foods for sterilization [47]: 1 — a discharge
chamber, 2 — an electrode unit, 3 — a control panel, 4 —

an ozonation chamber, 5 — a belt conveyor

This LTP unit can treat up to 100 kg of raw materials
per hour, with their subsequent transfer to the freeze-
drier. Recent years have seen a steady rise in the number
of patents on the use of LTP in the food industry [46].
For example, Panka ef al. presented a pilot machine
based on a belt conveyor to treat food products (such
as ground spices) with LTP for sterilization [47]. This
unit can be easily adapted for treatment prior to freeze-
drying (Fig. 4).

Advantages and disadvantages of low-temperature
plasma. The main advantages of treating plant materials
with low-temperature plasma (LTP) to improve the effi-
ciency of their drying are as follows:

1. LTP treatment reduces the diffusion barrier of the
food’s shell and produces an etching effect that facilita-
tes subsequent freeze-drying.

2. The product retains high sensory characteristics be-
cause LTP treatment reduces the drying time.

3. Various methods of generating LTP to treat materials
under atmospheric pressure reduce the cost of proces-
sing (no need for vacuum units) and allow for conveyor-
type processing with a continuous flow of materials.

However, there are a few downsides to LTP appli-
cation, namely:

1. LTP equipment used for drying is expensive and un-
stable. The cost of applying LTP to dry food products
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starts from 50 000 US dollars [17]. There is a lack of
commercial LTP equipment.

2. Scientists do not have a full understanding of how
pre-treating raw materials with LTP affects the proper-
ties of the final product. Drying efficiency varies greatly
depending on different parameters. Finding the optimal
dose of LTP and controlling the pretreatment process
are still challenging.

3. LTP has a low penetrating ability. This limits its ap-
plication to mainly overcoming the surface diffusion
barrier.

4. The quality of LTP treatment depends on the surface
of the material. If the surface is not homogeneous and
has some irregularities or protrusions, some areas may
remain untreated.

To introduce LTP treatment into commercial food
technologies, we need combined efforts of interdiscipli-
nary scientists, manufacturers, and suppliers of agricul-
tural products. This can also be helped by advanced re-
search and equipment design.

Ultrasonic treatment. Effect of ultrasonic treat-
ment on the structure of plant materials. Ultrasonic
treatment is a technology for non-thermal processing of
the food matrix that is used in a wide range of processes.
Ultrasound propagates due to a series of compression
and extension cycles induced by an ultrasonic wave at
a frequency from 2x10* to 1x10° Hz. Cavitation bubbles
form when the power of an ultrasonic wave exceeds the
power of attraction between the molecules in a medi-
um [48]. When the natural frequency of vibration of the
bubbles coincides with the frequency of the ultrasonic
wave, the bubbles collapse quickly at the compression
stage and release energy with a subsequent increase in
pressure (Fig. 5). High pressure from the collapse of the
bubbles, which can reach 100 MPa, can rupture the cell
membranes and damage the cell microstructure [49, 50].
This process may also cause water molecules to disso-
ciate and free radicals (H" and OH") to form. These free
radicals are capable of reacting with other molecules.

The above effects of ultrasonic treatment can cause
a number of physical and chemical effects that can be
used to prepare food materials for freeze-drying. Unlike
low-temperature plasma (LTP), ultrasonic treatment can
affect the size of ice crystals during the freezing stage.
This accelerates the freezing rate and, subsequently, re-
duces the total duration of freeze-drying [50].

Effects of ultrasonic treatment on freeze-drying.
Ultrasonic treatment was used to accelerate the freeze-
drying of bell pepper in [51]. The authors found that ul-
trasonic water removal required lower temperatures and
shorter time. In particular, ultrasonic treatment lasting
10% of the total freeze-drying time reduced the drying
time by 11.5%, ensuring a high-quality product. The fin-
dings were based on the bulk density, color characteris-
tics, ascorbic acid content, and rehydration parameters.

In another study, the ultrasonic treatment of strawber-
ry slices decreased their drying time by 15.25-50.00%,
compared to the untreated samples [52]. Semenov et al.
reported that applying mechanical vibrations was as ef-
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Shell
Upper layer
Enzyme
Cell wall
Initial state Ultrasonic treatment Cavitation Anthocyanins  Drying
Flavonoids
Figure 5 The process of ultrasonic treatment
Table 2 Effects of ultrasonic pre-treatment of food materials on the efficiency of their freeze-drying
Material and mode of treatment Treatment efficiency References
Red beetroot Lower water activity, greater shrinkage of the resulting product [55]
40 kHz, 180 W, 5-10 min
Barley tops Energy consumption reduced by 19% [49]
10, 30, 45, and 60 W/L, 10 min
Pear Moisture content reduced to 0.12—0.08 g/g dry material [56]
20 kHz, 360 and 960 W
Bell pepper Total drying time reduced by 11.5%, the product’s color preserved [51]
76,90, and 110 W
Hawthorn Shorter drying time [57]
37 kHz, 70 W, 20 min
Potato Drying time reduced by 7.2-17.8%, energy consumption reduced [58]
30 kHz, 200, 400, and 600 W, 30 min by 12—18%, taste and nutritional properties preserved
Melon Overall carotenoid loss reduced, softer texture, and better color [59]
25 kHz, intensity 4870 W/m? retention
Carrot Drying time reduced due to cell destruction, microchannel [60]
25 kHz, 41 W/L, 30—60 min formation, and cell swelling
Apples Internal water diffusion increased by 93%, external mass transfer [61]
400 W/L, 10 min increased by 10%
Strawberry Drying time reduced by 15.25-50.00% [52]
20 and 40 kHz
Apples Minimum moisture (5% by weight), rehydration rate increased by [62]
1 kW, 40 kHz, 26-40°C 45%
Rowan Drying time reduced 1.28 times [63]

Piezoelectric emitter, 8 kW

ficient as ultrasonic treatment [53]. They also found that
ultrasound treatment at 20 and 40 kHz reduced the dry-
ing time more greatly than at a single frequency. This
most likely indicated the collapse of bubbles of various
sizes. Finally, the ultrasonically treated samples had bet-
ter quality indicators, including vitamin C content, rehy-
dration parameters, density, color, aroma, total anthocy-
anins and phenols, as well as antioxidant activity.

According to [54], the average rate of freeze-drying
was higher for ultrasonically pre-treated apple samples
than for the control group. In particular, the pre-treat-
ment at 100 kHz for 5 min at 25°C increased the ave-
rage drying rate 1.25 times, compared to the control.
This might be because ultrasound destroys cell mem-
branes, increasing their permeability to water. As a
result, moisture is more easily removed from the cells,
accelerating the freeze-drying process.

Table 2 summarizes the effects of ultrasonic pretreat-
ment on the efficiency of freeze-drying of food materials.
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To improve the penetration of ultrasonic radiation
into the product, the wave resistance needs to be redu-
ced at the medium-product interface. For this purpose,
ultrasonic pre-treatment is often carried out in a liquid
medium (distilled water or osmotic solution). As a re-
sult, the product may lose or gain water during ultra-
sonic pre-treatment depending on the direction of the
concentration gradient at the interface. For example,
Oliveira et al. found that apples absorbed water from
the external medium during their ultrasonic pre-treat-
ment in distilled water and an osmotic solution [64].
When sugar was added, water absorption decreased.
This was because sugar increased the resistance to
moisture transfer on the surface of the apple. Therefore,
the medium parameters are just as important as the fre-
quency, duration, and power of ultrasonic treatment.

Industrial application of ultrasonic treatment for
freeze-drying. Continuous-flow ultrasonic treatment is
mainly applied to liquid and paste-like materials. Ultra-
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sonic treatment is carried out directly in the working
chamber or in an ultrasonic bath of a freeze-drying
equipment [65, 66].

The industrial application of ultrasonic treatment is
described in [67]. The apparatus consists of a station-
ary ultrasonic bath supplied with all necessary utilities
(Fig. 6).

Huang et al. combined ultrasonic treatment with the
drying process [68]. According to the authors, the for-
mation of a pressure gradient at the gas/liquid phase in-
terface during drying intensified moisture evaporation.
As a result, the water went out of the sample without
coming back during the positive pressure phase. Ho-
wever, ultrasonic treatment cannot be combined with
freeze-drying, since this would require a medium con-
ducting acoustic waves. Vacuum-free freeze-drying can
be an alternative to this method [69].

Advantages and disadvantages of ultrasonic treat-
ment. The main advantages of ultrasonic treatment of
plant materials are as follows:

1. Ultrasound pre-treatment greatly aids the freeze-
drying technology.

Figure 6 An industrial ultrasonic treatment apparatus for food
sterilization [67]

Shell
Upper layer

Enzyme
Cell wall

Initial state

Figure 7 The process of pulsed electric field treatment

2. Ultrasonic waves activate the rate of heat and mass
transfer, reducing the drying time.

3. The cost of ultrasound pre-treatment equipment starts
from 10 000 US dollars, which is significantly lower
than the cost of low-temperature plasma machinery.

However, there are a few downsides to ultrasonic
treatment, namely:

1. To reduce wave resistance, ultrasonic treatment sho-
uld be carried out in a liquid medium. However, this
may change the composition of the freeze-dried pro-
duct since enlarged pores ease the release of the prod-
uct’s target components into the liquid medium, causing
their loss.

2. Despite its relatively low cost, ultrasonic treatment
is not widely used in the food industry due to several
technological challenges. For example, it is important
to set the optimal frequency and such medium charac-
teristics as temperature, pH, electrical conductivity, and
others. Moreover, the treatment can accidentally destroy
the shell of the freeze-dried product, reducing its consu-
mer appeal.

Pulsed electric field treatment. Effects of pulsed
electric field on the structure of plant material.
Pulsed electric field (PEF) treatment is an application
of short, high-voltage electrical pulses to a liquid or
solid product placed between two electrodes in a con-
ductive medium. During this treatment, the cell mem-
brane becomes polarized, which makes the cell wall
more permeable. The cell wall can even rupture at cer-
tain levels of electric field strength [70]. This mecha-
nism is known as electroporation (Fig. 7). When expo-
sed to an electrical impulse, hydrophilic channels are
formed in the lipid bilayer of the cell membrane. Mo-
ving along the electric field lines to the membrane
boundary, polarized molecules create their internal
electrical potential on both sides. The membrane rup-
tures when the electrical potential reaches a critical
level. Thus, this method can enhance mass and heat
transfer without causing undesirable changes in the
food quality [71]. The electrical conductivity of mem-
branes, as well as pore formation, depends on the criti-
cal strength of the electric field (1-2 kV/cm), the size of

Pulsed electric field treatment

Drying
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a treated cell (40200 um), and its electrical characte-
ristics [72]. Electroporation does not occur if the elec-
tric field strength and pulse duration are less than criti-
cal. Temporary (reversible) pores may form if the elec-
tric field strength is close to the critical level, but does
not exceed it. In this case, the electrical conductivity
of the membranes may change but only temporarily,
with a possibility of returning to the original state [73].
This method is used in medicine to introduce target
components into the cell. Food scientists, however, are
more interested in electroporation caused by the field
strength. If the field strength is higher than the critical
level, with high specific energy costs, electroporation
can become irreversible and the formed electrical pores
can cause cell destruction.

The critical levels of electric field strength vary
greatly, depending on the material’s tissue structure, the
size of its cells, and their electrical characteristics [74].

Pulsed electric field treatment for freeze-drying of
food products. In a research by Lammerskitten et al.,
freeze-dried strawberry cubes pre-treated with pulsed
electric field (PEF) better retained their shape and vo-
lume, as well as had a dense and compact structure [75].
In another study, PEF treatment significantly improved
the freeze-drying process due to better mass transfer
from the electroporation effect [76]. PEF pre-treatment
destroyed the anatomical integrity of cell membranes
and accelerated further moisture transfer [77]. Impor-
tantly, PEF treatment is performed throughout the mate-
rial, which promotes further scaling.

Table 3 shows the effects of pre-treating food ma-
terials with PEF on the efficiency of freeze-drying. As
can be seen, in addition to lower energy consumption
due to a shorter drying time, PEF treatment can im-

prove the textural characteristics and quality indicators
of the resulting product [76]. The extent of shrinkage
during freeze-drying and the preservation of useful tar-
get components are important for consumer acceptance.
Lammerskitten et al. reported that PEF treatment pre-
served the shape and color of the resulting product and
contributed to an even distribution of sugar and mois-
ture inside the material [78]. This had a significant im-
pact on the shock freezing stage, since the channels
formed were not clogged with sugar. Witrowa-Rajchert
and Lewicki noted an improved reducing ability of
plant raw materials after PEF treatment and freeze-dry-
ing [79]. This confirms that PEF treatment causes chan-
ges in the internal structure of the material.

However, the external product evaluation revea-
led lower shrinkage of the PEF-treated material. What
still needs exploring is the relation between PEF’s uni-
form effect on the internal structure of the material
and its shrinkage during freeze-drying. For example,
Parniakov et al. found that PEF-treated samples retai-
ned lower temperature in their core for a longer time,
compared to untreated samples [80]. This means that
frozen water inside the sample retains its original shape,
which impairs further heat and mass transfer processes.

Industrial application of pulsed electric field for
freeze-drying. According to Google Scholar, there are
over 15 000 publications on pulsed electric field (PEF)
treatment and over 55 research groups exploring this
technology [85]. However, its industrial application has
only become possible recently thanks to the advance-
ment of reliable electronics and high-voltage equipment.
In particular, this treatment is mainly used in the pro-
duction of juices (1500 L/h, PulseMaster, the Nether-

Table 3 Effects of pulsed electric field pre-treatment of food raw materials on the efficiency of freeze-drying

Material and mode of treatment Treatment efficiency References
Strawberry Preserved shape, color, and taste; more porous structure with [75]
Unipolar pulses with an interval of 0.5 s, pulse evenly distributed pores; greater crunchiness
duration 40 ps; E =1 kV/cm
Strawberry, bell pepper Reduced shrinkage, increased rehydration, improved mass [76]
E = 1.0 kV/cm; specific energy 0.3-6.0 kJ/kg, transfer
treatment time 2.0-28.6 ms
Apples Drying time reduced, pore size increased to 86 um, rehydration  [80]
E =800 V/cm capacity increased by 1.3 times, shape preserved
Apples Changes in the integrity of the cellular structure, reduced content [81]
E=0.3,0.6,0.9,and 1.2 kV/cm; 5, 10 or 15 pulses of water suitable for freezing
Apples Reduced shrinkage, preserved shape, improved porosity, greater  [78]
E =1.07 kV/cm, specific energy 0.5, 1, and 5 kJ/kg retention of phenols, antioxidant activity reduced by 60%
Red bell pepper Drying time reduced by 70 %, appearance preserved [78]
1 and 3 kJ/kg, E =1.07 kV/cm
Apples Energy consumption reduced by 17.74%, freeze-drying time [82]
E =1000, 1250, and 1500 V/cm™' reduced by 22.50%, productivity per unit area increased by

28.50%
Potato Uneven changes in cell viability and microstructure, increased [83]
E =0.2-1.1 kV/cm; pulse duration 20 ps, specific  cell rupture at a constant frequency and higher electric field
energy 1-10 kJ/kg strength
Potato Drying time reduced by 22-27% at T, = 40-70°C, significant [84]

E = 600 V/cm; total treatment time z,,. = 0.1 s

changes in the texture and microstructure
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lands), French fries (50 t/h, Elea, Germany), and milk
(350 L/h, EnergyPulse) [86].

The application of PEF to plant materials (apples, po-
tatoes, red peppers, etc.) during drying processes started
in the early 2000s [75-77]. Since then, its efficiency has
been experimentally confirmed by many studies. PEF
is industrially applied in Germany, Italy, the USA, and
some other countries. High-performance PEF apparatu-
ses have been developed for potato processing and juice
production [87]. Figure 8 shows one of such systems for
preparing various food materials (such as berries and
fruits) for freeze-drying. The apparatus has a belt con-
veyor passing through a bath with a medium where an
electrode unit is installed. PEF pre-treatment signifi-
cantly reduces undesirable shrinkage of plant materials.
This improves the rehydration ability of the freeze-dried
product, which is especially important for instant soups
or whole berries [80, 88].

Advantages and disadvantages of pulsed electric
field treatment. The main advantages of pulsed electric
field (PEF) treatment of plant materials are as follows:

1. PEF treatment occurs throughout the material, which
is why both whole and sliced products can be treated.

2. The use of cooling systems makes up for increasing
product temperatures during PEF treatment.

3. The size of channels formed on the surface of plant
cell membranes can be controlled by changing PEF’s
electrophysical characteristics.

However, PEF has a few downsides and technologi-
cal challenges, namely:

Figure 8 An industrial pulsed electric field apparatus for pre-
treatment of solid materials (Elea, Germany) [89]

Freeze-drying

Electrode

Ultrasonic apparatus

1. PEF treatment requires a conductive medium, which
is usually a liquid electrolyte.

2. PEF treatment consumes a lot of energy due to the
use of high-ampere Marx generators.

3. The use of high voltage and high currents during PEF
treatment requires more effective protection of equip-
ment and personnel.

4. The liquid medium used for PEF treatment may erode
the metal electrodes, with metal traces entering the final
product.

Although the cost of a PEF system starts from
200 000 US dollars (10 t/h), this technology boasts wider
commercial application than low-temperature plasma and
ultrasonic treatment systems described above. Quite a few
companies manufacture PEF systems for industrial use.

Promising areas of research. Industry 4.0, or the
fourth industrial revolution, and the emerging Industry
5.0 require that we move away from the traditional ther-
momechanical processing systems and look for alterna-
tive techniques. They include autonomous intelligent sys-
tems that make use of advanced robotics and smart tech-
nologies at all stages of the food supply chain [90]. In
addition, we need to ensure the safety of nutritious food
products, low energy consumption, and environmentally
clean production.

Introducing advanced electrophysical techniques
into the food production chain is a promising area for
drying technologies (Fig. 9). This approach involves a
synergistic effect which can help produce sufficient amo-
unts of high-quality freeze-dried products.

In this paper, we discussed three innovative physical
techniques that can be applied to prepare materials for
freeze-drying processes, namely low-temperature plas-
ma, ultrasonic treatment, and pulsed electric field. Be-
fore these techniques can be used on a wider scale, we
need to address a few technological challenges.

For low-temperature plasma to be introduced widely,
we need to:

1. understand how chemically active plasma particles
interact with, and affect, individual food components
(such as lipids, proteins, carbohydrates, etc.);

2. optimize ways of generating low-temperature plasma
in order to reduce overall energy costs; develop atmo-
spheric treatment without the use of vacuum; unify me-
thods for calculating energy indicators; and

3. analyze the effect of low-temperature plasma on the
size of pores and channels so that this technique can be
used to produce products with a desirable appearance.

Generator

Raw materials

Electrode

Plate

Figure 9 Preparation of food raw materials for freeze-drying within Industry 4.0
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To promote ultrasonic pre-treatment, it is important to:
1. establish ranges of ultrasonic frequencies for materials
that differ in moisture, size, and composition, as well as
for different treatment media;
2. optimize ways of ultrasonic treatment for continu-
ously supplied raw materials; and
3. develop mechanisms to reduce the loss of target com-
ponents after ultrasonic treatment and further freeze-
drying.

For pulsed electric field to be applied more widely,
we need to:
1. optimize energy costs in order to increase the effici-
ency of freeze-drying; determine the effects of pulsed
electric field treatment on the freezing stage, where moi-
sture distribution throughout the material is an impor-
tant factor;
2. reduce the cost of pulsed electric field equipment, as
well as search for analogues of the Marx generator for
generating high voltage pulses.

CONCLUSION

Vacuum freeze-drying is one of the most effective
and one of the most expensive methods of food preser-
vation. Low-temperature plasma, ultrasound, and pulsed
electric field are innovative physical techniques that can

be used to pre-treat raw materials before freeze-drying.
These techniques can significantly reduce the drying
time and enhance the quality of freeze-dried products.

In particular, they can improve heat and mass trans-
fers during the drying process by causing an etching
effect and electroporation. They also help preserve the
quality characteristics of freeze-dried products. Howe-
ver, pulsed electric field and low-temperature plasma
are quite expensive techniques, while ultrasonic treat-
ment needs to be optimized for continuously supplied
raw materials.

Freeze-drying is an energy-intensive process, al-
though numerous studies have sought to speed it up
while preserving the nutritional and sensory proper-
ties of the final products. Therefore, further research is
needed to optimize pretreatment conditions for different
types of raw materials.
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Abstract:

Coriolosis aspera has been known as a medicinal mushroom commonly used in Vietnam, China, and certain regions in South
Asia. It has many health-beneficial effects, namely anti-inflammatory, anti-cancerous, and anti-antioxidant. Despite these
advantages, the rigid and durable cell walls of C. aspera pose challenges during chemical or mechanical extraction processes.
We aimed to identify the optimal method for extracting bioactive compounds from C. aspera among hot-water extraction,
ultrasound-assisted extraction, microwave-assisted extraction, ultrasound-assisted alkali extraction, and ultrasound-assisted
liquid nitrogen extraction.

Among these methods, a combination of liquid nitrogen treatment (with a material-to-nitrogen ratio of 1:6) and ultrasound-
assisted extraction (15 min) proved to be the most effective. This method yielded the highest concentrations of polyphenols
(4.69 £ 0.02 mg GAE/g dry weight), flavonoids (0.88 + 0.01 mg QE/g dry weight), and triterpenoids (1.28 + 0.01 mg OAE/g
dry weight). Additionally, it exhibited a notable antioxidant activity of 3.48 + 0.01 pg ascorbic acid/g dry weight. The scanning
electron microscope images indicated that ultrasound-assisted liquid nitrogen extraction was the only method able to effectively
disrupt the cell walls of C. aspera.

Our study contributes to the potential application of C. aspera in developing functional foods. It emphasizes the importance of
effective extraction techniques in discovering medicinal properties of the mushroom.

Keywords: Anti-oxidant activity, Coriolopsis aspera, flavonoids, mycelia, triterpenoids, ultrasound-assisted extraction
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INTRODUCTION

Fungal species on earth have been estimated to num-
ber around 140 000 to 160 000. However, only 10% of
them have been identified, and only about 2000 species
are considered safe for humans as edible or medicinal
mushrooms [1, 2]. For example, Coriolopsis aspera, a
member of the Polyporaceae family, is a medicinal mush-
room commonly used in Vietnam, China, and some
regions in South Asia. It has been reported to exhibit
health-promoting effects, including anti-inflammatory,
anti-oxidant, and anti-cancerous activities [3]. Several
other strains belonging to the Polyporaceae family are
also used to treat diabetes, oxidative stress-related dise-

immuno-chemotherapy (polysaccharide Krestin, lenti-
nan, and schizophyllan), as well as anti-inflammatory
and anti-cancerous (triterpene) compounds [7, 8].

Fungal cell walls possess complex components and
textures. They mainly contain chitins, glucans, and
some proteins, including hydrophobins and mannopro-
teins [9]. For instance, the cell wall of Agaricus bisporus,
a common edible mushroom, is composed of 12.0-14.3%
of protein, 33.0-37.0% polysaccharides, and 15.8—
17.4% chitin [10]. Furthermore, the cell walls of Gano-
derma resinaceum, a medicinal mushroom, possess man-
nogalactan, f-D-glucans, (1—3)-a-D-glucan, (1—3)-4-D-
glucan, chitin, and S-D-glucan complex, O-2-f-D-man-
nosyl-(1—6)-a-D-galactan and (1—3)(1—4)(1—6)-4-D-

ases, or bacterial infections. They include Coriolopsis ri-
gida, Coriolopsis gallica, and Coriolopsis polyzona [4—
6]. These fungi are a promising source of valuable com-
pounds, such as anti-oxidant (polyphenols, flavonoids),

glucan [11]. These components and their arrangement
in fugal cell walls provide the cell shape and rigidity.
In addition, they protect fungal cells from chemical
or mechanical destruction, which in turn lowers the

Copyright © 2024, Thu er al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
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extraction yield of bioactive compounds in medicinal
mushrooms. Aside from the traditional hot-water ex-
traction, some new extraction techniques have been
developed recently to break down fugal cell walls and
enhance the efficiency of extracting active ingredients
from plant and fugal materials. They include chemi-
cal treatments (enzymatic hydrolysis, acid hydrolysis,
ethanol-acid treatment, and alkaline extraction) and
mechanical methods (high-speed centrifugal shea-
ring pulverization, ultrasound-assisted extraction, micro-
wave-assisted extraction, and cavitation-based extrac-
tion) [12—14]. The ultrasound- and microwave-assisted
extractions have been reported to increase the extrac-
tion yield of bioactive compounds. They were also con-
sidered as green technologies with many advantages,
such as a shorter extraction time, as well as solvent and
energy saving [15]. Sun et al. used a method of pulveri-
zing plant materials with liquid nitrogen that punctured
the fibers of Astragalus mongholicus, thus improving
the extraction yield of bioactive compounds [16]. In ano-
ther study, Liang et al. revealed that pulverization with
liquid nitrogen significantly changed the physical pro-
perties of the raw material, benefiting the extraction
bioactive substances in Astragalus mongholicus [17].
Although there has been extensive research into the
bioactivities of C. aspera, an optimal method of extract-
ing bioactive components from this species has not been
found so far. Therefore, we aimed to study a range of
methods (hot-water extraction, ultrasound- and micro-
wave-assisted extraction, NaOH treatment coupled with
ultrasound-assisted extraction, and liquid nitrogen treat-

ment coupled with ultrasound-assisted extraction) to
select an optimal method for extracting bioactive com-
pounds (polyphenol, flavonoids, and triterpenoids) from
C. aspera to ensure its antioxidant activity.

STUDY OBJECTS AND METHODS

Chemicals and reagents. Most chemicals and rea-
gents, such as the Folin-Ciocalteu reagent, gallic acid,
oleanolic acid, ascorbic acid, quercetin, and 2,2-Diphenyl-
picrylhydrazyl (DPPH) were purchased from Sigma Al-
drich (Sigma Chemicals Co., St. Louis, MO, USA), while
others were obtained commercially and were of analy-
tical grade.

Fugal materials. Fresh mycelia of Coriolopsis as-
pera were obtained from the Experimental Garden,
Institute of Biotechnology and Food Technology, Indus-
trial University of Ho Chi Minh City (Fig. 1). The speci-
mens were dried at 45°C in the oven to less than 6%
moisture prior to being ground into a fine powder using
a hammer mill. The powder was then sifted through a
20-mesh sieve and distributed into polyethylene bags,
with 2 g of powder per bag. The samples were stored at
4°C in a refrigerator for further analysis.

Ultrasound equipment (Fig. 2). Product type: ultra-
sonic processor. Model: GE 750. Power: 750 W. Freq:
20 kHz. Min Sample Size (mL): 0.25. Max Sample Size
(mL): 1900. Amplitude: 0-100%.

Ultrasound-assisted extraction (USE). Single fac-
tor experimental designs were employed to investigate
the effects of ultrasonic power and extraction time on

Figure 1 Natural samples of Coriolopsis aspera on wood and its laboratory-cultivated samples. Mycelia (a) and immature fruiting
bodies after 3 days (b), 7 days (c), and 10 days (d). Lower (e) and upper (f) surface of a fruiting body after 15-18 days. The mature
fruiting body (g) and microscopic images of pores in lower surface (h) and spores (i). Laboratory-cultivated Coriolopsis aspera

strains and mycelia (k)
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Figure 2 Ultrasonic processor equipment GE 750

the extraction yield of bioactive compounds. In particu-
lar, we determined the effect of different ultrasonic po-
wer levels on the contents of polyphenols (TPC), flavo-
noids (TFC), triterpenoids (TTC), and antioxidant ac-
tivity (radical scavenging activity, RSA) of the extracts.
For this, a C. aspera sample, with a material-to-water
ratio of 1:60 (w/v), was treated with a range of ultraso-
nic power levels (150-525 W, equivalent to an ampli-
tude range of 20-70% at 20 kHz) for 25 min at 30°C
to break down the cell walls. Following this, an extract
was collected through centrifugation at 6000 rpm. The
solid residue of the sample was then dried until 6%
moisture was reached. Upon drying out, the sample was
extracted twice with 96% ethanol for 30 min each time.
All fractioned extracts were combined to obtain the fi-
nal extract. The effect of extraction time on the contents
of polyphenols, flavonoids, triterpenoids, and antioxi-
dant activity of the extracts was determined using the
same procedure with minor modifications. In particular,
the extraction time ranged from 5 to 35 min, while the
constant ultrasonic power was obtained from the above
experiment. The control sample was treated with the
same procedure without ultrasound-assisted extraction.
The M1 (USE-treated) sample was considered an opti-
mal sample since it possessed the highest values of TPC,
TFC, TTC, and RSA.

Microwave-assisted extraction (MAE). Single fac-
tor experimental designs were employed to clarify the
effect of microwave energy and extraction time on the
extraction yield of bioactive compounds. In particular,
we determined the effect of different microwave power
levels on the contents of polyphenols (TPC), flavonoids
(TFC), triterpenoids (TTC), and antioxidant activity
(radical scavenging activity, RSA) of the extracts. For
this, a C. aspera sample, with a material-to-water ratio
of 1:60 (w/v) set as constant, was treated with a range of
microwave power levels (110—-140 W) for 10 min. Follo-
wing this, an extract was collected through centrifuga-
tion at 6000 rpm. The solid residue of the samples was
then dried until 6% moisture was reached. Upon drying
out, the sample was extracted twice with 96% ethanol
for 30 min each time. All fractioned extracts were com-
bined to obtain the final extract. The effect of extraction
time on the TPC, TFC, TTC, and RSA of the extracts
was determined using the same procedure with minor
modifications. In particular, the extraction time ranged
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from 5 to 35 min, while the constant microwave power
was obtained from the above experiment. The control
sample was treated with the same procedure without
microwave-assisted extraction. The M2 (MAE-treated)
sample was considered an optimal sample since it pos-
sessed the highest values of TPC, TFC, TTC, and RSA.

Hot-water extraction (HWE). Single factor experi-
mental designs were employed to clarify the effect of
extraction temperature and time on the extraction yield
of bioactive compounds. In particular, we determined
the effect of different extraction temperatures on the
contents of polyphenols (TPC), flavonoids (TFC), triter-
penoids (TTC), and antioxidant activity (radical scaven-
ging activity, RSA) of the extracts. For this, a C. aspera
sample, with a material-to-water ratio of 1:60 (w/v) set
as constant, was treated with a range of temperatures
(70-100°C) for 10 min. Following this, an extract was
collected through centrifugation at 6000 rpm. The solid
residue of the samples was then dried until 6% moisture
was reached. Upon drying out, the sample was extrac-
ted twice with 96% ethanol for 30 min each time. All
fractioned extracts were combined to obtain the final
extract. The effect of extraction time on the TPC, TFC,
TTC, and RSA of the extracts was determined using the
same procedure with minor modifications. In particular,
the extraction time ranged from 5 to 35 min while the
constant temperature was obtained from the above ex-
periment. The control sample (MO0) was treated with the
same procedure without hot-water extraction. The M3
(HWE-treated) sample was considered an optimal sam-
ple since it possessed the highest values of TPC, TFC,
TTC, and RSA.

Alkali treatment coupled with ultrasound-assisted
extraction (AKE). The effect of different alkali treat-
ments on the contents of polyphenols (TPC), flavonoids
(TFC), triterpenoids (TTC), and antioxidant activity
(radical scavenging activity, RSA) of the extracts was de-
termined by pre-treating the materials with NaOH solu-
tions at concentrations ranging from 3 to 9% for 20 min.
For this, a C. aspera sample, with a material-to-water
ratio of 1:60 (w/v) set as constant, was treated with ultra-
sonic power at 375 W and 30°C for 15 min. Following
this, an extract was collected through centrifugation at
6000 rpm. The solid residue of the samples was dried
until 6% moisture was reached. Upon drying out, the
sample was extracted twice with 96% ethanol for 30 min
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each time. All the fractions were combined and adjusted
to the neutral pH to obtain the final extract. The effect of
extraction time on the TPC, TFC, TTC, and RSA of the
extracts was performed using the same procedure with
minor modifications. In particular, the extraction time
ranged from 5 to 35 min, while the NaOH solution at the
constant concentration was obtained from the above ex-
periment. The control sample was treated with the same
procedure without liquid nitrogen pre-treatment and ul-
trasound-assisted extraction. The M4 (AKE-treated) sam-
ple was considered an optimal sample since it possessed
the highest values of TPC, TFC, TTC, and RSA.

Liquid nitrogen treatment coupled with ultra-
sound-assisted extraction (LNE). The effect of diffe-
rent liquid nitrogen pre-treatments on the contents of
polyphenols (TPC), flavonoids (TFC), triterpenoids
(TTC), and antioxidant activity (radical scavenging ac-
tivity, RSA) was determined by pulverizing the ma-
terials using liquid nitrogen with a material-to-liquid
nitrogen ratio of 1:2-1:8. For this, a C. aspera sample,
with a material-to-water ratio of 1:60 (w/v) set as con-
stant, was treated with ultrasonic power at 375 W and
30°C for 15 min. Following this, an extract was collected
through centrifugation at 6000 rpm. The solid residue
of the samples was dried until 6% moisture was reached.
Upon drying out, the sample was extracted twice with
96% ethanol for 30 min each time. All the fractions
were then combined and adjusted to the neutral pH to
obtain the final extract. The effect of extraction time on
the TPC, TFC, TTC, and RSA of the extracts was deter-
mined using the same procedure with minor modifica-
tions. In particular, the extraction time ranged from 5 to
35 min, while the constant material-to-liquid nitrogen
ratio was obtained from the above experiment. The con-
trol sample was treated with the same procedure without
liquid nitrogen pre-treatment and ultrasound-assisted ex-
traction. The M5 (LNE-treated) sample was considered
an optimal sample since it possessed the highest values
of TPC, TFC, TTC, and RSA.

Determining the total polyphenol content (TPC)
of the extract. The total polyphenol content of the ex-
tracts was evaluated by colorimetric assay with a Folin-
Ciocalteu reagent and a UV-Vis spectrophotometer. A
1 mL aliquot of a diluted extract was added into a test
tube containing 0.5 mL of the Folin-Ciocalteu reagent.
The mixture was vortexed and maintained at room tem-
perature for 5 min. The mixture was neutralized with
2.5mL of a saturated Na,CO, solution before it was
brought to 10 mL with distilled water and vigorously
shaken. After 30 min of incubation in the darkness, the
absorbance of the solution at 765 nm was recorded and
the polyphenol content was calculated from the stan-
dard curve of gallic acid with a concentration range of
0—100 ppm. The results were expressed as mean =+ stan-
dard deviation of triplicate experiments and the unit
was set as mg gallic acid equivalent per one gram of dry
weight of the sample (mg GAE/g dry weight) [18].

Determining the total flavonoids content (TFC)
of the extract. The total flavonoid content of the ex-
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tracts was evaluated by aluminum chloride assay [19].
For this, a 1 mL aliquot of a diluted extract was mixed
with 0.3 mL of a 5% NaNO, solution in a test tube and
maintained at room temperature for 5 min. The mixture
was then mixed with 0.3 mL of a 10% AICI, solution
and maintained at room temperature for 5 min. It was
then mixed with 2 mL of a 1M NaOH solution, brought
to 10 mL with distilled water, and vigorously shaken.
The absorbance of the mixture at 510 nm was recorded
and the flavonoid content was calculated from the stan-
dard curve of quercetin with a concentration range of
0—100 ppm. The results were expressed as mean =+ stan-
dard deviation of triplicate experiments and the unit was
set as mg quercetin equivalent per one gram of dry
weight of the sample (mg QE/g dry weight) [18].

Determining the triterpenoid content (TTC) of
the extract. The triterpenoid content of the extracts was
evaluated by colorimetric assay using a UV-Vis spec-
trophotometer, as described in previous studies [20].
For this, a 0.2 mL aliquot of a sample was mixed with
0.2 mL of a 5% vanillin-glacial acetic acid solution and
1.2 mL of perchloric acid (70-72%) in a test tube. Subse-
quently, the mixture was briefly vortexed and incubated
in a thermostatic water bath at 70°C for 15 min. The re-
action mixture was rapidly cooled down for 2 min and
brought to 5 mL with ethyl acetate. The absorbance of
the solution at 550 nm was recorded and the triterpenoid
content was calculated from the standard curve of olea-
nolic acid with a concentration range of 0—10 ppm. The
results were expressed as mean =+ standard deviation of
triplicate experiments and the unit was set as mg olea-
nolic acid equivalent per one gram of dry weight of the
sample (mg OAE/g dry weight) [18].

Determining the antioxidant activity (RSA) of
the extract. The antioxidant activity of the extracts was
evaluated by DPPH radicals scavenging assay accord-
ing to the procedure described by Chu et al. with minor
modifications [21]. For this, 0.1 mL aliquot of an ex-
tract was mixed with 4 mL of a 0.1 mM DPPH solution
and 0.9 mL of ethanol in a test tube. The reaction mix-
ture was kept in the darkness at room temperature for
30 min before the absorbance was measured at 517 nm.
Ascorbic acid was used as a reference substance with
a concentration range of 0—10 ppm and the antioxidant
activity of the extract (DDPH radical scavenging ac-
tivity, RSA) was estimated from the standard curve
between various concentrations of ascorbic acid and
changes in the absorbance of the samples. The results
were expressed as mean + standard deviation of trip-
licate experiments and the unit was set as pg ascorbic
acid equivalent per one gram of dry weight of the sam-
ple (ug AAE/g dry weight) [18].

Statistical analysis. The statistical analysis of all
analytic experiments was implemented using Statgra-
phics Centurion XV. The differences among the treat-
ments were determined by ANOVA One-way analysis,
followed by Multiple Sample Comparison and Fisher’s
Least Significant Difference procedures. The statistical
significance threshold was set as p < 0.05.
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RESULTS AND DISCUSSION

The effects of ultrasonic power levels and extrac-
tion time on bioactive compounds and antioxidant ac-
tivity of the extracts. Table 1A presents the effects of
ultrasonic power levels on the contents of polyphenols
(TPC), flavonoids (TFC), triterpenoids (TTC), and an-
tioxidant activity (radical scavenging activity, RSA) of
the samples treated with ultrasound-assisted extraction
(UAE). The results indicate that the samples treated with
ultrasound at 150, 225, 300, 375, 450, and 525 W had
higher values of TPC, TFC, TTC, and RSA than the un-
treated samples. The increase in ultrasonic power levels
was associated with higher contents of TPC, TFC, and
TTC, as well as greater antioxidant activity (RSA) of the
extracts. For example, the TPC, TFC, TTC, and RSA of
the samples treated with 525 W were 1.2, 1.5, 1.5, and
1.1 fold higher, respectively, than those of the samples
treated with 150 W. Notably, there was no significant
difference among the ultrasound-treated samples at
higher power levels (375, 450, and 525 W). Among those
levels, 375 W was considered an optimal UAE power
level in terms of cost and energysaving issues.

Data were expressed as Mean = SD of three experi-
ments, and different lowercase letters (a, b, ¢, d, ¢) indi-
cated statistically significant differences among the
treatments (p < 0.05). TPC is total polyphenol content,
TFC is total flavonoid content, TTC is total triterpenoid
content, and RSA is antioxidant activity

Table 1B presents the effects of different UAE times
on the TPC, TFC, TTC, and RSA of the samples. There
was an increase in the TPC, TFC, TTC, and RSA va-
lues with longer extraction times. For example, the TPC,
TFC, TTC, and RSA of the samples treated for 35 min
were respectively 1.6, 2.5, 2.1, and 1.5 fold higher than
those of the samples treated for 5 min. Notably, we
found no significant difference between the samples

treated for 30 and 35 min (p > 0.05). Taken together, the
optimal UAE conditions were 375 W power and 30 min
extraction time (UAE-treated M1 sample).

Medicinal mushrooms are a rich source of bioactive
ingredients and precious natural products but they pos-
sess hard, rigid, and durable cell walls which protect
them from mechanical or chemical treatment. Therefore,
rupturing fugal cell walls to improve bioactive compo-
und extraction is a challenge for food and pharmaceuti-
cal industries. UAE is a modern and green technology
for natural product extraction. In addition to saving the
extraction time and energy, it is eco-friendlier compared
to other conventional extraction methods, such as orga-
nic solvent extraction. Our data are in line with several
previous studies, which indicated the effectiveness of
UAE, especially for bioactive compound extraction [22,
23]. For example, Machado-Carvalho ef al. suggested
that UAE could be a better choice for bioactive compo-
und isolation [22]. According to the authors, the optimal
conditions for extracting polyphenols and antioxidants
from the medicinal mushroom Inonotus hispidus were a
1:75 (w/v) ratio of material and 40% ethanol solution and
an extraction time of 20 min.

In a study by Zheng et al., the optimal extraction
procedure involved using UAE with ultrasonic power
of 210 W, a 1:50 (w/v) ratio of material to 50% ethanol
solution, and extraction at 80°C for 100 min [24, 25].
Notably, these findings implied that prolonging the ex-
traction time was a more efficient strategy for bioactive
compound extraction than increasing ultrasonic power
levels. Although the thermal effect of ultrasound was
minimized by using a thermostatic water bath (30°C),
the higher power of ultrasound can also degrade bioac-
tive compounds (antioxidants, polyphenols, flavonoids,
and triterpenoids) or generate too many bubbles, lea-
ding to a decline in cavitation effect, which in turn may
decrease the extraction yield [26].

Table 1 Changes in bioactive compounds and antioxidant activity of the extracts under different ultrasonic power levels

and ultrasound-assisted extraction times

(A) Ultrasonic power, W
0 150 225 300 375 450 525
TPC, mg GAE/gDW 1.12+0.01* 2.60+0.01°* 2.70+0.01°¢ 2.81 +£0.01¢ 3.13+0.01°¢ 3.14£0.03¢ 3.15+0.01¢
TFC, mg QE/gDW  0.15+0.01* 0.18 £0.01° 0.21 £0.02° 0.23 +£0.01¢ 0.26 £0.02¢ 0.27 £0.01¢ 0.27 +0.01¢
TTC, mg OAE/gDW 0.11 £0.02* 0.36+0.01> 0.48 £0.01° 0.49+0.01° 0.54+0.01¢ 0.54+0.02¢ 0.55+0.01¢
RSA, pg ascorbic 0.37+0.02* 1.52+0.05° 1.61£0.01° 1.68+0.01c 1.71 £0.03¢ 1.73+0.02¢ 1.74+0.01¢
acid/g DW
(B) Extraction times, min
0 5 10 15 20 25 30 35
TPC, mg GAE/gDW 1.12+0.01* 2.12+0.01° 2.13+0.01® 2.26£0.01° 2.31+0.04¢ 3.13+£0.01° 3.41 £0.03" 3.42 +0.02f
TFC, mg QE/gDW  0.15+0.01* 0.12+0.02° 0.26 +£0.02° 0.26 +0.01° 0.26 £0.01° 0.26 =0.02¢ 0.30+0.01¢ 0.30 + 0.02¢
TTC, mg OAE/g DW 0.11 £0.02* 0.31+0.01° 0.54+0.01° 0.54+£0.01° 0.55+0.02° 0.54+0.01° 0.66 +0.02¢ 0.66+0.01¢
RSA, pg ascorbic 0.37+0.02* 1.58+£0.01° 1.71 £0.03¢ 1.70£0.02¢ 1.72+0.02° 1.71+0.03¢ 2.43 +£0.02¢ 2.44 +0.02¢

acid/g DW

Data were expressed as Mean + SD of three experiments, and different lowercase letters (a, b, ¢, d, e) indicated statistically significant differences
among the treatments (p < 0.05). TPC is total polyphenol content, TFC is total flavonoid content, TTC is total triterpenoid content, and RSA is

antioxidant activity. DW is dry weight.
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Table 2 Changes in bioactive compounds and antioxidant activity of the extracts under different microwave power and microwave-

assisted extraction times

(A) Microwave power, W
0 110 120 130 140
TPC, mg GAE/g DW 1.12+£0.01*  1.73+0.03* 1.96+0.02° 2.08+0.01¢ 2.10+£0.01¢
TFC, mg QE/g DW 0.05+0.01*  0.19+0.02® 0.24+£0.01° 0.27+£0.02¢ 0.28+0.01¢
TTC, mg OAE/g DW 0.11+£0.02¢  039+£0.02> 0.47+0.03* 0.57=0.03¢ 0.59+0.01¢
RSA, pg ascorbic acid/g DW 0.37+0.02*  1.89+0.04> 2.02+£0.01° 2.10+£0.02¢ 2.18+0.02¢
(B) Extraction times, min
0 5 10 15 20 25
TPC, mg GAE/g DW 1.12£0.01*  2.00+0.01> 2.08+0.01° 3.17+0.01¢ 3.17+£0.03¢  3.19+0.02¢
TFC, mg QE/g DW 0.05+0.01* 0.19+0.01° 0.27+0.02° 0.29+£0.01° 0.29£0.01° 0.30+0.02°
TTC, mg OAE/g DW 0.11£0.02*  0.46+0.01> 0.57+0.03* 0.66+0.02¢ 0.66+0.01¢ 0.67+0.01¢
RSA, pg ascorbic acid/g DW 0.37+£0.02* 1.65+0.01° 2.10+£0.02° 221+0.01¢ 221+0.02¢ 2.22+0.01¢

Data were expressed as Mean + SD of three experiments, and different lowercase letters (a, b, ¢, d, €) indicated statistically significant differences
among the treatments (p < 0.05). TPC is total polyphenol content, TFC is total flavonoid content, TTC is total triterpenoid content, and RSA is

antioxidant activity. DW is dry weight.

The effects of microwave power levels and extrac-
tion time on bioactive compounds and antioxidant
activity of the extracts. As shown in Table 2A, micro-
wave could effectively extract bioactive compounds
from the medical mushroom. The contents of poly-
phenols (TPC), flavonoids (TFC), triterpenoids (TTC),
and antioxidant activity (radical scavenging activity,
RSA) of the samples treated with microwave at 110 W
were remarkably higher those of the untreated samples
(p <0.05). Additionally, there was an increase in TPC,
TFC, TTC, and RSA depending on the microwave po-
wer level. For example, the samples treated with micro-
wave-assisted extraction (MAE) at 130 W yielded the
highest TPC, TFC, TTC, and RSA, followed by the sam-
ples treated with MAE at 120 W, 110 W, and the untrea-
ted samples (p < 0.05). We observed that the MAE level
of 140 W did not improve the TPC, TFC, TTC, and RSA
as compared to 130 W (p > 0.05). The microwave power
of 130 W was therefore identified as the optimal power
for extraction.

Aside from the microwave power, the extraction
time was also found to enhance the extraction efficacy
(Table 2B). There was a positive correlation between the
MAE time and bioactive compound extraction efficacy
(TPC, TFC, TTC, and RSA). The MAE-treated samples
obtained their maximal values of TPC, TTC, and RSA
after 15 min (p < 0.05), with no noticeable differences
observed under the longer extraction time. Notably, the
TFC of the samples reached a plateau at 10 min and re-
mained constant until 25 min. These results indicated
that the duration of 15 min was the sufficient time to ex-
tract bioactive compounds (MAE-treated M2 sample).

MAE has been one of the green extraction tech-
niques widely used in bioactive compound extraction,
especially from medicinal mushrooms. As microwave
heats and dries fugal cells, increasing temperature
and aqueous vapor inside the cells cause their walls to
stretch and break down, which in turn facilitates the ex-
traction process [27]. According to Maeng et al., MAE
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is a better practice to obtain the maximal values of poly-
phenols and antioxidants from turkey tail or Yun Zhi
mushroom in contrast to the aqueous-based reflux me-
thod [28]. Smiderle ef al. also used MAE to extract §-D-
glucan, a bioactive constituent of cell walls acting as
an immuno-stimulant, from two medicinal mushrooms,
Ganoderma lucidum and Pleurotus ostreatus [29]. They
found some slight differences in the optimal conditions
between a previous study (125 W, 3.8 min, 40% etha-
nol) and the present study (130 W, 15 min, water), which
could be mainly due to the different solvents used for ex-
traction in these experiments. The selection of optimal
conditions for MAE is a critical requirement for bioac-
tive constituent extraction, since high microwave power
and long extraction time are often accompanied by a
higher risk of loss of bioactive compounds, especially in
the substances susceptible to thermal degradation [27].
The effects of hot-water extraction temperature
and time on bioactive compounds and antioxidant
activity of the extracts. The effects of hot-water extrac-
tion (HWE) temperature on the extraction efficacy are
presented in Table 3A. Briefly, we found a positive cor-
relation between the extraction temperature and the
contents of polyphenols (TPC), flavonoids (TFC), triter-
penoids (TTC), and antioxidant activity (radical scaven-
ging activity, RSA) of the extracts. For example, the
samples treated at 90°C exhibited a noticeable incre-
ase in the TPC, TFC, TTC, and RSA (1.6, 3.2, 2.8, and
3.6 fold, respectively, p <0.05) in comparison with the
control treated at room temperature (25°C). The TPC,
TFC, TTC, and RSA continuously increased until rea-
ching the maximal values at 100°C. Our findings were
consistent with a previous study by Sharma and Tulsa-
wani, where higher extraction temperatures were asso-
ciated with a greater amount of TPC and TFC. Notewor-
thily, the temperature higher than 100°C could lead to
a degradation of some antioxidants [30]. Therefore, we
chose the extraction temperature of 100°C for further
experiments. We also observed that longer extraction
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Table 3 Changes in bioactive compounds and antioxidant activity of the extracts under different hot-water extraction temperatures

and times
(A) Extraction temperature, °C

25 70 80 90 100
TPC, mg GAE/g DW 1.12+0.01° 1.55+0.01° 1.66 £0.01¢ 1.81 +£0.02¢ 2.08 £0.01¢
TFC, mg QE/g DW 0.05+0.01° 0.08 £0.01° 0.12 £0.01° 0.16£0.01¢ 0.19 +£0.02¢
TTC, mg OAE/g DW 0.11 £0.02¢ 0.23 +£0.01° 0.31 £0.02° 0.31+0.01° 0.36 £0.01¢
RSA, pg ascorbic acid/g DW 0.37 £ 0.022 1.04 +£0.02° 1.14£0.01° 1.28 £0.02¢ 1.34 +£0.02¢
B) Extraction time, min

0 5 10 15 20
TPC, mg GAE/g DW 1.12+0.01° 1.43 +£0.01° 2.08 +0.02¢ 2.35+0.01¢ 2.37+0.01¢
TFC, mg QE/g DW 0.05+0.01° 0.09 +0.02° 0.19 £0.01° 0.24 £0.02¢ 0.25+0.014
TTC, mg OAE/g DW 0.11 £0.02¢ 0.24 +£0.02% 0.34+0.01° 0.38+£0.01¢ 0.39+0.01¢
RSA, pg ascorbic acid/g DW 0.37 +£0.02¢ 1.20+0.01° 1.34£0.01° 1.51+0.01¢ 1.52+£0.024

Data were expressed as Mean + SD of three experiments, and different lowercase letters (a, b, ¢, d, €) indicated statistically significant differences

among the treatments (p < 0.05). TPC is total polyphenol content, TFC is total flavonoid content, TTC is total triterpenoid content, and RSA is

antioxidant activity. DW is dry weight.

Table 4 Changes in bioactive compounds and antioxidant activity of the extracts pretreated with different NaOH concentrations

and at different ultrasound extraction times

(A) NaOH concentration, %

0 3 5 7 9
TPC, mg GAE/g DW 1.19 +£0.02* 2.19+£0.01° 2.48+0.01¢ 2.49+0.01° 2.49 £0.02°
TFC, mg QE/g DW 0.08 £0.01° 0.16 £0.01° 0.21 £0.02¢ 0.22 +£0.02¢ 0.22 +0.01¢
TTC, mg OAE/g DW 0.17 +£0.02¢ 0.53+0.01° 0.88 +£0.02° 0.89 £ 0.02¢ 0.90 +0.02°¢
RSA, pg ascorbic acid/g DW 0.40 £ 0.02° 1.23£0.01° 2.15+0.01¢ 2.15+0.02¢ 2.16 £0.02¢
(B) Ultrasound extraction time, min

0 5 10 15 20
TPC, mg GAE/g DW 1.19+£0.02? 2.12£0.03% 2.22 £0.02¢ 2.48 +0.01¢ 2.49+0.01¢
TFC, mg QE/g DW 0.08 £0.01* 0.11£0.01° 0.17 £0.02¢ 0.21 £0.01¢ 0.22 +£0.01¢
TTC, mg OAE/g DW 0.17 £0.02° 0.22 £0.02° 0.61 £0.01¢ 0.88 +0.02¢ 0.89 +£0.01¢
RSA, pg ascorbic acid/g DW 0.40 £0.02* 1.29+£0.01° 1.46 £0.02° 2.15+0.02¢ 2.15+0.01¢

Data were expressed as Mean + SD of three experiments, and different lowercase letters (a, b, ¢, d, €) indicated statistically significant differences
among the treatments (p < 0.05). TPC is total polyphenol content, TFC is total flavonoid content, TTC is total triterpenoid content, and RSA is

antioxidant activity. DW is dry weight.

times improved the TPC, TFC, TTC, and RSA of the
extracts (Table 3B). Among five times of extraction (0—
20 min), all of bioactive compound contents obtained a
plateau at 15 min (p <0.05) and remained unchanged
until 20 min. Thus, the HWE temperature of 100°C and
HWE time of 15 min (HWE-treated M3 sample) were
found to be optimal conditions to extract polyphenols,
flavonoids, triterpenoids, and antioxidants.

HWE is a conventional method for extracting plant
bioactive components. It shortens the extraction time
and improves the yield, compared to cold-water extrac-
tion [31]. For some particular phenolic substances, such
as gallic acid and p-hydroxybenzoic acid, hot-water
extraction had a greater efficacy than methanol extrac-
tion [32]. However, its efficacy for natural product ex-
traction was less than that of some modern techniques,
such as ultrasound-assisted extraction [24, 25]. In this
study, the maximal extraction yields of HWE in terms
of TPC, TFC, TPC, and RSA were lower than those of
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ultrasound- or microwave-assisted extraction. For exam-
ple, the TPC of the UAE-treated sample (M1) was the
highest, followed by that of the MAE-treated (M2) and
HWE-treated (M3) samples (p < 0.05). Therefore, ultra-
sound-assisted extraction was considered the most ap-
propriate extraction method for C. aspera.

The effects of NaOH pretreatment and ultrasound
extraction time on bioactive compounds and anti-
oxidant activity of the extracts. The effects of NaOH
concentration (alkali pretreatment) and ultrasound ex-
traction time on the extraction efficacy are presented in
Table 4. As can be seen, alkali treatment (AKE) remark-
ably increased the contents of bioactive compounds in
the extracts (Table 4A). For example, the samples treated
with a 3% NaOH solution improved the extraction effica-
cy of polyphenols (TPC), flavonoids (TFC), triterpenoids
(TTC), and antioxidant activity (radical scavenging ac-
tivity, RSA) (1.84, 2.00, 3.11, and 3.07 fold, respectively),
as compared to the untreated samples. Since the maxi-
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mal values of TPC, TFC, TTC, and RSA were obtained
in 5% NaOH pretreatment, this concentration was used
in the further optimization experiment. We also ob-
served that longer extraction times (0—20) increased the
TPC, TFC, TTC, and RSA, which subsequently reached
a plateau at the time point of 15 min. These results indi-
cated that the optimal AKE conditions were 5% NaOH,
375 W, and 15 min extraction (AKE-treated M4 sample).
The samples treated under the optimal AKE conditions
possessed higher TPC and TTC, compared to those
treated with ultrasound only (375 W, 25 min) (Table 1).
This suggested that the alkali pretreatment facilitated the
extraction of bioactive compounds.

Alkali treatment is one of the most popular me-
thods for extracting polysaccharides, a group of bioac-
tive compounds found in mushrooms [33]. Medicinal
mushroom cell walls are rich in polysaccharides, most
of which are easily dissolved under alkaline condi-
tions [33]. The alkaline solution not only punctures the
fugal cell walls but also breaks down cellular fibers
and links within peptides, as well as glucan [33, 34].
Therefore, alkali pretreatment effectively enhances the
extraction yield of bioactive compounds from medi-
cinal mushrooms, which was also demonstrated in this
study. However, the maximal values of TPC, TTC, and
RSA of the ultrasound-treated samples under the opti-
mal conditions (375 W, 25 min) were higher than those
of the AKE-treated samples. This indicated that ultra-
sound-assisted extraction was a better method to extract
these bioactive compounds.

The effects of different ratios of material to liquid
nitrogen and ultrasound extraction times on bioac-
tive compounds and antioxidant activity of the ex-
tracts. The effects of liquid nitrogen pre-treatment and
ultrasound extraction times on the extraction efficacy
are presented in Table 5. As shown in Table 5A, pulveri-
zing the samples with liquid nitrogen significantly in-
creased their contents of polyphenols (TPC), flavonoids
(TFC), triterpenoids (TTC), and antioxidant activity

(radical scavenging activity, RSA) compared to the con-
trol sample (p < 0.05). We also found a positive correla-
tion between the material-to-liquid nitrogen ratio (w/v)
and the TPC, TFC, TTC, and RSA. For example, the
samples pre-treated with liquid nitrogen in the ratio of
1:8 had their TPC, TFC, TTC, and RSA increased by
94.2, 128.2, 112.5, and 17.9%, respectively, compared
to the samples pre-treated with liquid nitrogen in the ra-
tio of 1:2. Among four ratios under study, the maximal
values of TPC, TFC, TTC, and RSA were obtained with
the ratios of 1:6 and 1:8 (w/v). In addition, there was no
significant difference between the optimal ratios of 1:6
and 1:8 (p > 0.05). We also found that longer ultrasound
extraction times increased the efficacy of bioactive com-
pound extraction in terms of TPC, TFC, TTC, and RSA,
which reached the optimal values at 15 min (Table 5B).
Therefore, the material-to-liquid nitrogen ratio of 1:6 for
pulverizing materials and the ultrasound extraction time
of 15 min were identified as the optimal conditions for
extracting polyphenols, flavonoids, triterpenoids, and
antioxidants.

Our results were consistent with some previous stu-
dies. For example, in a study by Razumov et al., pul-
verizing the Chaga mushroom, Inonotus obliquus, with
liquid nitrogen enhanced the extraction of such bioactive
compounds as methionine, leucine, melanin, asparagine,
glutamine, and flavonoids [35]. Furthermore, cryogenic
grinding with liquid nitrogen is a common method used
in the food industry due to its effectiveness in producing
super-fine materials. Besides, the low temperature du-
ring the grinding process accelerates the extraction of
natural products, especially in phytosterols, soluble die-
tary fiber, and glucosinolate [36, 37]. Our findings pro-
ved the efficacy of pulverization in liquid nitrogen cou-
pled with ultrasound-assisted extraction. In particular,
the samples pretreated with liquid nitrogen (1:4) and trea-
ted with ultrasound extraction (375 W, 15 min) posses-
sed higher TPC, TFC, TTC, and RSA, compared to the
samples treated with ultrasound only (375 W, 15 min,

Table 5 Changes in bioactive compounds and antioxidant activity of the extracts under different ratios of material to liquid

nitrogen and ultrasound extraction times

(A) Ratios of material to liquid nitrogen, w/v

0 1:2 1:4 1:6 1:8
TPC, mg GAE/g DW 1.13 £ 0.04 2.43 £0.02° 3.59+£0.01¢ 4.69 +0.02¢ 472 +0.014
TFC, mg QE/g DW 0.06 +£0.01° 0.39+£0.01° 0.61 +0.03¢ 0.88 +0.01¢ 0.89 £0.01¢
TTC, mg OAE/g DW 0.12 £0.02° 0.56£0.01° 0.82 £ 0.02° 1.18 £0.01¢ 1.19+0.01¢
RSA, pg ascorbic acid/g DW 0.38 £0.032 2.96 £ 0.02° 3.18 £0.02° 3.48+£0.01¢ 3.49+0.01¢
(B) Ultrasound extraction time, min

0 5 10 15 20
TPC, mg GAE/g DW 1.13 +£0.04* 3.10£0.02° 4.01£0.01¢ 4.69 £ 0.02¢ 471 +0.01¢
TFC, mg QE/g DW 0.06 +£0.01° 0.38£0.01° 0.64 £ 0.02° 0.88 +0.01¢ 0.87+£0.01¢
TTC, mg OAE/g DW 0.12 +£0.02° 0.60 £ 0.02° 0.96 £0.01° 1.28 +0.01¢ 1.29+0.01¢
RSA, pg ascorbic acid/g DW 0.38 £ 0.032 2.91+0.02° 3.24 £0.02° 3.48+£0.01¢ 3.48 +£0.02¢

Data were expressed as Mean + SD of three experiments, and different lowercase letters (a, b, ¢, d, ) indicated statistically significant differences
among the treatments (p < 0.05). TPC is total polyphenol content, TFC is total flavonoid content, TTC is total triterpenoid content, and RSA is

antioxidant activity. DW is dry weight.
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M1

M4

M2

M5

M3

MO

Figure 3 SEM images of Coriolosis aspera mycelia after treatments. The mycelia of the control samples (MO0) are intact, complex,
and compactly organized, while those of the samples treated with ultrasound-assisted extraction (M1), microwave-assisted
extraction (M2), hot-water extraction (M3), and alkali extraction (M4) are partly destroyed. Only the mycelia of the samples

treated with liquid nitrogen (M5) have visible damages

Table 1). This implied the superior effect of liquid nitro-
gen pretreatment coupled with UAE (LNE) against pu-
rely ultrasound-assisted extraction (UAE).

Among the five treatments under study, LNE was
the best extraction method for TPC, TFC, TTC, and
RSA. In the optimal LNE conditions with the ma-
terial-to-liquid nitrogen ratio of 1:6 (w/v) and UAE
(15 min), the extract contained the highest amounts
of polyphenols (4.69 £ 0.02mg GAE/g dry weight), fla-
vonoids (0.88 + 0.01 mg QE/g dry weight), triterpenoids
(1.28 £0.01 mg OAE/g dry weight), and antioxidant ac-
tivity (3.48 £ 0.01 pg acid ascorbic/g dry weight). These
results were consistent with the SEM analysis of the my-
celia of the LNE-treated samples (M5, Fig. 3), in which
LNE was the only method able to rupture fugal mycelia,
unlike UAE, MAE, AKE, and HWE. Noteworthily, the
efficacy of the extraction methods varied depending on
the bioactive compounds. The order of maximal values
was LNE > UAE > MAE > AKE > HWE for polyphe-
nols and antioxidants, LNE > AKE > MAE > UAE >
HWE for triterpenoids, as well as LNE > MAE > UAE
> HWE > AKE for flavonoids. These findings sugges-
ted that different methods and optimal conditions sho-
uld be selected to optimize the extraction process for
particular groups of natural products derived from me-
dicinal mushrooms.

CONCLUSION

We studied the efficiency of extracting polyphenols,
triterpenoids, and flavonoids from Coriolosis aspera by
ultrasound-assisted extraction (UAE), microwave-assis-
ted extraction (MAE), hot-water extraction (HWE), ul-
trasound-assisted alkali extraction (AKE), and ultra-
sound-assisted liquid nitrogen extraction (LNE). The
orders of maximal values were LNE > UAE > MAE
> AKE > HWE for polyphenols, LNE > AKE > MAE
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> UAE > HWE for triterpenoids, and LNE > MAE >
UAE > HWE > AKE for flavonoids. Thus, LNE was the
most optimal method in all the cases.

Furthermore, the material-to-liquid nitrogen ratio of
1:6 (w/v), ultrasound extraction time of 15 min, and ultra-
sonic power of 375 W (frequency of 20 kHz; amplitude
of 50%) were shown to be the optimal conditions for the
LNE method, with the highest concentrations of poly-
phenols (4.69 +0.02 mg GAE/g dry weight), flavonoids
(0.88 + 0.01 mg QE/g dry weight), and triterpenoids (1.28 +
0.01 mg OAE/g dry weight), as well as high antioxidant
activity (3.48 = 0.01 pg acid ascorbic/g dry weight). These
findings could be used as supportive evidence for the po-
tential application of the extracts from C. aspera in func-
tional food production or in the pharmaceutical industry.
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Abstract:

The wood pigeon (Columba palumbus) is the largest pigeon in Russia: an adult bird weighs max. 620 g. Its population in Central
Ciscaucasia is quite numerous, which makes it a popular object of sports hunting. However, very little is known about its diet
and feeding habits. This article describes the seasonal features of C. palumbus diet during the hunting season in the Stavropol
Region, Russia.

The study relied on the analysis of foods extracted from 66 crops and stomachs of wood pigeons killed by hunters or hit by road
vehicles in various biotopes in 25 districts of the Stavropol Region.

In the steppe areas, wood pigeons usually inhabit summer gardens, orchards, vineyards, and green belts along fields, roads, and
railways. Wood pigeons are phytophages, which means they feed on plants. Their autumn diet includes sunflower seeds (17.98%
occurrence rate, 19.68% total diet), corn grains (15.11 and 9.56%, respectively), wheat (14.39 and 9.98%), flax (6.47 and 10.4%),
and millet (2.88 and 4.82%), as well as seeds of wild plants, e.g., wild vetch (7.19 and 3.14%), catchweed (5.75 and 6.25%), trailing
bindweed (2.88 and 4.27%)), etc.

The wood pigeon inhabits all districts of the Stavropol Region, which makes it a promising game bird species. In addition to
cultivated plants, e.g., wheat, sunflower, peas, and corn, wood pigeons feed on a wide range of weeds. The research results
contribute to scientific data on C. palumbus as a game bird and cast light upon some of its feeding patterns.

Keywords: Wood pigeon, Columba palumbus, Central Ciscaucasia, Stavropol Region, diet, gastroliths, distribution, biotope
Please cite this article in press as: Kaledin AP, Malovichko LV, Rezanov AG, Drozdova LS, Kentbaeva BA. Autumn and winter

diet of wood pigeon (Columba palumbus) in the Central Ciscaucasia. Foods and Raw Materials. 2025;13(2):366—375. https://
doi.org/10.21603/2308-4057-2025-2-652

INTRODUCTION areas [4]. Early publications, however, scarcely mention
them breeding in the Stavropol Region.

This publication is part of a series of articles on the
diet of game birds in the Stavropol Region, Russia [5-7].

Wood pigeon (Columba palumbus Linnaeus, 1758) is
a large bird species with a wide distribution [1]. The Inte-
rnational Union for Conservation of Nature and Natural

Resources classifies it as Least Concern [2]. In the Stav- STUDY OBJECTS AND METHODS

The research material was collected in the Stavropol
Region during the hunting seasons (August 25 — Octo-
ber 11) of 2018-2023. It involved the contents of 66 crops
and stomachs of wood pigeons (Columba palumbus)
caught by hunters or hit by vehicles in twelve adminis-
in Ciscaucasia, with the exception of open steppes. They  trative districts of the Stavropol Region (Fig. 1, Table 1).
entered the Stavropol Region in the 1970s-1980s. Over The stomach contents were extracted and transferred
the next decades, they settled in its northern and central to paper bags to dry. After 1-2 days, we classified them

ropol Region, Russia, wood pigeons are breeding mi-
grants and a wintering species. Research data from 19th
and the early 20th centuries give a rather heterogeneous
picture of their population and habitat patterns in the
Caucasus [3]. These days, wood pigeons are omnipresent

Copyright © 2024, Kaledin et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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Figure 1 Sampling sites of Columba palumbus stomachs and crops in Central Ciscaucasia: Stavropol Region, Russia

Table 1 Sampling locations and dates for Columba palumbus stomachs and crops in Stavropol Region, Russia

Districts in Stavropol Region

Columba palumbus stomachs and crops, units

Sampling date

Arzgir 7 August 30, 2018
August 25, 2019
Levokumskoye 7 August 31,2019
August 28, 2020
Grachevka 6 September 4, 2021
Kochubeyevskoye 6 October 11, 2023
Mineralnye Vody 6 September 30, 2022
Petrovsky 6 September 24, 2021
Stepnoye 6 September 27, 2023
Shpakovsky 6 September 29, 2022
Trunovsky 5 August 28, 2018
1zobilny 4 September 25, 2022
Turkmensky 4 August 29, 2019
Aleksandrovskoye 3 September 29, 2021
Total 66 August 25 — October 11

into gastroliths and seeds. The statistical processing fol-
lowed State Standard ISO 5725-6-2003. The results were
presented as mean value (X), standard error (SE), limit
in the mean (lim.), and standard deviation (SD), with dif-
ferences considered statistically significant at p < 0.05.

To classify stomach and crop contents, we appealed
to the classification developed by Prekopov [8]. Accor-
ding to this classification, a food item belonged to pri-
mary if it is registered in > 5% cases. Secondary foods
occur in 1-5% while random foods are registered
in < 1% cases.

These materials update available scientific informati-
on about the diet of C. palumbus in the Stavropol Region.

RESULTS AND DISCUSSION

Wood pigeons (Columba palumbus) are distributed
irregularly all over the Stavropol Region and inhabit
both crop-farming areas and livestock pastures (Fig. 2).

367

In the cattle-farming areas, their population growth is
constrained by the lack of trees on arid pastures. In the
urban areas and villages, their distribution is also irre-
gular as it depends on nesting sites available and manin-
duced impact on biotopes [9].

The current average annual population of wood pige-
ons is 2.58 £ 0.57 birds per 10 ha in 25 municipal districts
of the Stavropol Region. The calculations took into acco-
unt the maximal numbers for each region [9]. This count
was higher than those reported in earlier studies [10].

The first number in Fig. 2 indicates the lowest count
for the entire study period while the second figure rep-
resents the most relevant count, i.e., the number of birds
in the last research year for that particular area. Single
numbers marked with an asterisk* mean that only one
count was conducted in this area.

The total population of C. palumbus in Fig. 2 is
color-coded, with the Kirovsky District colored grey
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Figure 2 Total population of Columba palumbus in 25 districts of Stavropol Region, per 10 ha, 2006—2019:

1 — Novoalexandrovsk, 2 — Krasnogvardeyskoye, 3 — Ipatovo, 4 — Apanasenovsky, 5 — Izobilny, 6 — Trunovsky,
7 — Shpakovsky, 8 — Grachevka, 9 — Petrovsky, 10 — Turkmensky, 11 — Arzgir, 12 — Kochubeevskoye,

13 — Andropovsky, 14 — Aleksandrovskoye, 15 — Blagodarny, 16 — Mineralnye Vody, 17 — Novoselitskoye,

18 — Budennovsk, 19 — Levokumskoye, 20 — Predgorny, 21 — Georgievsk, 22 — Sovetsky, 23 — Stepnoye,

24 — Neftekumsky, 25 — Kurskaya

because no wood pigeon population counts were con-
ducted there in 2006—2019.

The Stavropol Region produces 8—10% all Russia’s
grain, 4% sugar beets, and 5% sunflower seeds. The lo-
cal agriculture shows the best results in crop farming,
especially in grain production [11].

The Stavropol Region has few forests. The total fo-
rest area was 130 100 ha in 2018, with only 15 600 of
them growing in urban areas or in rural settlements.
Natural forests occupy 51 100 ha whereas man-planted
forests make up 41 200 ha [12]. The local steppe affores-
tation project started in the late 19th century and remai-
ned unorganized up to the mid-20th century. The cur-
rent protective forest belts were planted as part of the
socalled Stalin’s Plan for Transformation of Nature, adop-
ted in 1948. A real boom in the local green belt policy
started in the late 1960s, triggered by severe dust storms.

Wood pigeon diet. Wood pigeons feed on plant
foods, i.e., grains, herbal seeds, berries, acorns, beech
nuts, buds, and vegetative parts of plants [13-27]. In
some areas, they eat foods of animal origin, e.g., terres-
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trial mollusks, worms, and insects [13, 23, 28-30]. In ge-
neral, their diet and food type ration depend on the habi-
tat and season to a large extant.

We discovered 22 species of seeds and grains in
the crops and stomachs of C. palumbus inhabiting the
Stavropol Region: 8 belonged to agricultural crops
and 14 were from wild plants. The average number of
seeds per crop/stomach was 49.67 + 12.61 (lim.— 6—153;
SD = 31.13; Med. = 37.5; p = 0.001; n = 66). These calcu-
lations were made for all plant species found in the
crops and stomachs (Tables 2 and 3).

The statistics revealed an obvious correlation be-
tween the occurrence rate of various seeds in the crops
and stomachs of wood pigeons and their share in the
birds’ diet (Figs. 3 and 4). The correlation was of direct
nature, i.e., the higher the occurrence rate, the higher
their proportion in the diet (R = 0.8897; p < 0.001).

Gastroliths. We found gastroliths of white, black,
gray, dark gray, orange, and brown colors in the crops
and stomachs (n = 66) of wood pigeons. The mean value
for gastroliths of all colors was 9.17 + 1.92 (lim. 3-21;
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Table 2 Seeds in Columba palumbus crops and stomachs by plant species, mean value

Plant Number Statistics

of crops/stomachs X + SE Lim. SD Med. P

with the seeds
Sunflower (Helianthus cultus) 25 25.80+7.38 9-49 11.21 24 0.001
Sugar corn (Zea mays) 21 16.48 + 6.59 145 11.72 15 0.01
Wheat (Triticum sp.) 20 16.35+6.78 3-34 9.21 14 0.001
Wild vetch (Vicia cracca) 10 10.30 = 3.89 3-20 6.25 11 0.049
Cotton (Linum usitatissimum) 9 37.89+13.44 11-56 15.66 40 0.01
Catchweed (Galium aparine) 8 25.63+13.70  12-67 19.68 15 0.049
Ragweed (Ambrosia artemisiifolia) 6 42.33 +£20.05 16-74 24.95 39 0.049
Garden pea (Pisum sativum) 6 14.17 + 8.82 6-36 10.98 10.5 0.049
Trailing bindweed (Convolvulus arvensis) 4 35.00+13.52  24-45 10.50 355 0.001
Knotweed (Fallopia convolvulus) 4 11.25+5.17 4-16 5.25 12.5 0.049
White clover (Trifolium repens) 4 1475+12.86 5-34 13.07 10 0.049
Millet (Panicum miliaceum) 4 39.50+11.52  29-43 7.00 43 0.001
Meadow pea (Lathyrus pratensis) 4 16.75 £ 11.41 9-34 11.59 12 0.049
Silverberry (Elaeagnus commutata) 3 29.33+1624 1745 14.29 26 0.049
Lamb’s quarter (Chenopodium album) 3 3433 +1.48 34-35 0.58 34 0.00001
Amaranth (Amaranthus hybridus) 2 16.00 £ 6.74 6-26 14.14 16 0.5
Tare (Vicia sativa) 1 33 33 - 33 <0.001
Meadow geranium (Geranium pratense) 1 21 21 — 21 <0.001
Creeping buttercup (Ranunculus repens) 1 45 45 - 45 <0.001
Oat (Avena sativa) 1 43 4 - 4 <0.001
Black nightshade (Solanum nigrum) 1 100 (berries) 100 - 100 <0.001
Field pennycress (Thlaspi arvense) 1 77 77 — 77 <0.001

Table 3 Primary (> 5%), secondary (1-5%), and random (< 1%) foods in Columba palumbus diet

Foods Total occurrences Occurrences, % total samples
(n=139) (n=139)
Primary
Sunflower (Helianthus cultus) 25 17.98
Sugar corn (Zea mays) 21 15.11
Wheat (Triticum sp.) 20 14.39
Wild vetch (Vicia cracca) 10 7.19
Flax (Linum usitatissimum) 9 6.47
Catchweed (Galium aparine) 8 5.75
Secondary
Ragweed (Ambrosia artemisiifolia) 6 4.32
Garden pea (Pisum sativum) 6 4.32
Trailing bindweed (Convolvulus arvensis) 4 2.88
Knotweed (Fallopia convolvulus) 4 2.88
White clover (Trifolium repens) 4 2.88
Millet (Panicum miliaceum) 4 2.88
Meadow pea (Lathyrus pratensis) 4 2.88
Silverberry (Elaeagnus commutata) 3 2.16
Lamb’s quarter (Chenopodium album) 3 2.16
Amaranth (Amaranthus hybridus) 2 1.44
Random
Meadow geranium (Geranium pratense) 1 0.72
Tare (Vicia sativa) 1 0.72
Creeping buttercup (Ranunculus repens) 1 0.72
Black nightshade (Solanum nigrum) 1 0.72
Oat (Avena sativa) 1 0.72
Field pennycress (Thlaspi arvense) 1 0.72
Total 139 100.00
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Figure 3 Occurrence rates of various seeds (Line 1) in Columba palumbus crops and stomachs vs. their share
in Columba palumbus diet (Line 2)
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Figure 4 Occurrence rate of seeds in crops and stomachs of Columba palumbus vs. their share in Columba palumbus diet
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SD =4.74; Med = 8.5; p = 0.001; n = 66). In 1985, Cramp
reported an average of 104 gastroliths per 128 wood
pigeon stomachs [29].

Table 4 shows differentiated calculations for gastro-
liths of each color.

Differences in the number of colored gastroliths in
crops and stomachs were not statistically significant
(¢, < 1.7). We found that the crops and stomachs of wood
pigeons from all surveyed areas in the Stavropol Region
contained white and black gastroliths. We could not
make any assumptions about the pigeons’ preference for
gastroliths of particular color (Fig. 5) since we had no
data on the colors of stones and their ratio in the pigeon
feeding areas under analysis.

The average diameter of gastroliths was 1.68—2.16 mm,
most being 2 mm across (Table 5).

Gastroliths of different colors demonstrated different
patterns in the relationship between their number and
diameter. White gastroliths showed a statistically insig-
nificant decrease in number that corresponded with an
increase in diameter (Fig. 6). As black gastroliths grew in
diameter and reached 2 mm, their number went first up
and then down (Fig. 7). We used a polynomial trend for

complex distribution. Orange gastroliths demonstrated
an opposite trend (Fig. 8). Grey gastroliths increased in
size as they grew in number (Fig. 9). Brown and orange
gastroliths demonstrated a similar trend (Fig. 10).

Feeding patterns. In avian studies, feeding patterns
are as important as diet. Feeding patterns involve the
methods that birds use to obtain food. Wood pigeons are
known to feed not only on the ground, but also on trees
and shrubs [13, 20, 21]. However, a number of recent
publications reported rock pigeons (Columba livia var.
urbana) feeding on trees [31-37]. Rock pigeons seem to
have acquired this feeding habit all over Russia, e.g., in
the Moscow Region, in Arkhangelsk, in the Crimea, in
the Rostov Region, in the Altai mountains, etc.

In the Stavropol Regions, wood pigeons preferred to
feed on the ground in the summer and autumn (Fig. 11).
In some cases, pigeons flew to sunflower fields and sat
on the plants to peck seeds from the anthodium (Fig. 12).
We found no evidence of such behavior described in the
literature reviewed.

We used our own observations and scientific data
from other publications, which we processed by digital
coding, to identify the feeding patterns [27, 37].

Table 4 Gastroliths in crops and stomachs of Columba palumbus, by color

Color Crops and stomachs  Total gastroliths Statistics

with gastroliths X+ SE Lim SD Med. p
White 57 251 4.40 +0.89 1-11 2.04 4 0.001
Black 46 117 2.54+0.81 -8 1.67 2 0.001
Brown 24 66 2.75+0.82 1-6 1.22 3 0.001
Orange 21 92 438 +1.93 1-10 2.69 4 0.001
Grey 20 79 395+ 1.61 2-11 2.19 3 0.001

Brown; 66; 10.91%

Orange; 92; 15.21% _/

[

/\
Grey; 79; 13.06%

B White

H Black

White; 251; 41.49%

Black; 117; 19.34%

@ Grey @ Orange

Figure 5 Number and share of gastroliths (n = 605) of different colors in crops and stomachs of Columba palumbus (n = 66)

Table 5 Diameter (mm) of gastroliths in crops and stomachs of Columba palumbus, by color

Color Total gastroliths Statistics

X +SE Lim SD Med. p
White 251 2.16+0.23 0.7-6 1.13 2 0.001
Black 117 1.79+0.34  0.7-8 1.11 2 0.001
Orange 92 1.98+034 14 0.99 2 0.001
Grey 79 2.14+037 14 1.01 2 0.001
Brown 66 1.68+0.29 1-3 0.71 2 0.001
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Foraging on the ground:
1. Pigeons pick up static seeds, grains, fruits, and ter-
restrial mollusks from the ground; we collected no infor-
mation about their behavior while catching moving ob-
jects, e.g., insects;
2. They pecked seeds from inflorescences that were
close to the ground; and
3. They plucked leaves from herbs while on the ground.
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Foraging in tree and bush foliage:
1. Pigeons pecked berries from the bush; and
2. They pecked berries and leave buds on the
trees.

Foraging in tall herbal plants:
1. Pigeons pecked sunflower seeds directly from the
anthodium while seating on the plant itself, of which
nothing was mentioned in scientific literature.



Kaledin A.P. et al. Foods and Raw Materials. 2025;13(2):366-375

Figure 11 Wood pigeons feeding in a harvested field, July 12,
2021, Mineralnye Vody District, Stavropol Region (photo by
L.V. Malovichko)

CONCLUSION

During the agricultural crisis of the 1990s, Stav-
ropol fields grew with weeds as the chemical pollution
went down. Most fields were not plowed in the autumn,
and entire fields of Sudan grass, corn, and sunflowers
often stood unharvested. Protective green belts remai-
ned uncultivated. These changes were very beneficial for
wood pigeons.

These days, agricultural mechanization simplifies
the structure of agrocenoses: fields are getting larger; as
a result, monoculture areas are growing in size; harves-
ting and plowing take much less time than before.

Agricultural crops, such as wheat, sunflower and corn,
are not the only type of food that attracts wood pigeons

Figure 12 Wood pigeons feeding on sunflower anthodia,
August 27, 2021, Kochubeyevskoye District, Stavropol Region
(photo by L.V. Malovichko)

(Columba palumbus). They prefer weeds, e.g., wild vetch,
meadow pea, white clover, creeping buttercup, lamb’s
quarters, etc. To support these game birds, agrotechnical
practices should alternate crop rotation patterns to in-
crease the mosaic nature of the agricultural landscape.
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Abstract:

Intensifying agricultural production involves an active use of agrochemicals, which results in disrupted ecological balance
and poor product quality. To address this issue, we need to introduce biologized science-intensive technologies. Bacteria
belonging to the genera Azotobacter and Pseudomonas have complex growth-stimulating properties and therefore can be used
as a bioproduct to increase plant productivity. We aimed to create a growth-stimulating consortium based on the strains of the
genera Azotobacter and Pseudomonas, as well as to select optimal cultivation parameters that provide the best synergistic effect.
We studied strains Azotobacter chroococcum B-4148, Azotobacter vinelandii B-932, and Pseudomonas chlororaphis subsp.
aurantiaca B-548, which were obtained from the National Bioresource Center “All-Russian Collection of Industrial Microor-
ganisms” of Kurchatov Institute.

All the test strains solubilized phosphates and produced ACC deaminase. They synthesized 0.98—1.33 mg/mL of gibberellic acid
and produced 37.95-49.55% of siderophores. Their nitrogen-fixing capacity ranged from 49.23 to 151.22 pg/mL. The strains
had high antagonistic activity against phytopathogens. In particular, 4. chroococcum B-4148 and A. vinelandii B-932 inhibited
the growth of Fusarium graminearum, Bipolaris sorokiniana, and Erwinia rhapontici, while P. chlororaphis subsp. aurantiaca
B-548 exhibited antagonism against F. graminearum and B. sorokiniana. Since all the test strains were biologically compatible,
they were used to create several consortia. The greatest synergistic effect was achieved by Consortium No. 6 that contained the
strains B-4148, B-932, and B-548 in a ratio of 1:3:1. The optimal nutrient medium for this consortium contained 25.0 g/L of
Luria-Bertani medium, 8.0 g/L molasses, 0.1 g/L magnesium sulfate heptahydrate, and 0.01 g/L of aqueous manganese sulfate.
The optimal cultivation temperature was 28°C.

The microbial consortium created in our study has high potential for application in agricultural practice. Further research will
focus on its effect on the growth and development of plants, in particular cereal crops, under in vitro conditions and in field
experiments.

Keywords: Biological preparations, sustainable agriculture, growth-stimulating microorganisms, microbial consortium,
biocompatibility, phytohormones, siderophores

Funding: This study was part of the state project “Studying the potential of growth-stimulating bacteria to increase the
agronomic biofortification of wheat” (FZSR-2024-0009).
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INTRODUCTION vironment, natural ecosystems, and human health [6, 7].

In the context of a growing population, food security Residues from fertilizers and other chemicals contribute

is becoming a global issue, which calls for a significant to air, water, and soil pollution [8]. Intensive use of fer-
increase in agricultural productivity [1-4]. Currently, tilizers and pesticides leads to significant changes in
high crop yields are achieved by using mineral fertilizers,  the physical and chemical properties of the soil. These
pesticides, as well as chemical and synthetic growth changes include its contamination with heavy metals
stimulants [5]. They can cause serious harm to the en- and radionuclides, changes in pH, nutrient imbalance,

Copyright © 2024, Serazetdinova et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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and soil compaction [9, 10]. Massah and Azadegan
found that the long-term application of fertilizers based
on nitrogen, phosphorus, and potassium compacted the
soil layer [11]. This decreased its porosity, water permea-
bility, and nutrient availability and therefore harmed the
growth and development of wheat.

Moreover, the long-term supply of residual nitrogen,
phosphorus, and sulfur compounds into the terrestrial
ecosystem radically changes the composition and func-
tions of its microbiota. Residues of nutrients in the soil
can contribute to the extinction of some species and serve
as a selective advantage for others [12]. For example, nu-
merous studies have established a negative correlation
between the number of diazotrophic microorganisms
and intensive application of nitrogen fertilizers [13—15].
In the long term, this will significantly decrease the ef-
ficiency of biological nitrogen fixation and increase the
soil’s need for additional mineral fertilizers.

Chemical plant protection products have a negative
impact on the diversity and number of soil microorgan-
isms, as well as the enzymatic activity of soils [16]. For
example, pesticide-treated soil showed decreased abun-
dance and diversity of both fungal and bacterial com-
munities. Moreover, the use of fungicides disturbed the
processes of ammonification and nitrification [17]. In
other studies, the fungicides benomyl, mancozeb, and
tridemorph inhibited the soil enzymatic activity of de-
hydrogenase, urease, and phosphatase, while captan,
trifloxystrobin, and thiram reduced the activity of phos-
phomonoesterase and urease [18-20].

The ability of agrochemicals to accumulate poses a
particular danger. Vegetables, fruits, and grains growing
in contaminated agricultural soils accumulate pestici-
des in their edible and inedible parts at concentrations
that are high enough to cause serious health problems in
animals and humans [21]. Although acute pesticide poi-
soning is now virtually unheard of, the long-term con-
sequences of pesticide treatment remain a serious social
problem. In particular, chronic toxicity caused by long-
term exposure to low doses of pesticides can contribute
to diseases such as cancer, asthma, dermatitis, endo-
crine disorders, reproductive dysfunctions, neurobeha-
vioral disorders, and birth defects [22, 23]. Innovative
technological solutions are needed to reduce the envi-
ronmental load of modern agriculture, as well as ensure
high-quality and safe production. Such technologies sho-
uld aim at transitioning to more sustainable manage-
ment of soil fertility [24]. Therefore, the development of
biological preparations is currently on the rise [25, 26].
Rhizobacteria are a key component of such biopro-
ducts. These microbial inoculants, or biofertilizers, can
stimulate plant growth and increase the availability of
nutrients. As a result, they reduce the use of chemical
fertilizers and minimize their negative impact on the
environment [27]. Modern research shows significant
potential for the use of rhizobacteria as biological fer-
tilizers for a wide range of agricultural crops [28]. The
most important of them are those belonging to the ge-
nera Azotobacter and Pseudomonas.
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Azotobacter is a genus of Gram-negative, non-symbi-
otic nitrogen-fixing aerobic soil bacteria, also known as
azotobacteria. Having an oval or spherical shape, they
can also form thick-walled cysts, which are dormant
cells resistant to adverse environmental conditions. The
genus includes about six species, some of which are mo-
tile due to the presence of peritrichous flagella, while
others are nonmotile. Azotobacteria are known to use at-
mospheric nitrogen to synthesize cellular protein, which
is mineralized in the soil, supplying nitrogen to crops.
These bacteria are highly sensitive to environmental pH,
high salt concentration, and temperature [29]. Therefore,
these cultivation parameters need to be carefully selec-
ted to produce azotobacteria on an industrial scale.

Azotobacteria have a beneficial effect on the growth
and productivity of agricultural crops. In particular, they
synthesize bioactive and growth-stimulating substances,
increase the microbial diversity of the rhizosphere, in-
hibit phytopathogens, improve the availability of nutri-
ents, and enhance biological nitrogen fixation [30]. For
example, Azotobacter chroococcum improves plant nu-
trition and increases soil fertility [31]. Other strains of
the genus Azotobacter can produce amino acids when
cultivated on a medium supplemented with various
sources of carbon and nitrogen. Azotobacteria can also
convert atmospheric nitrogen into ammonia to be ab-
sorbed by plants [32]. In addition, these bacteria are
highly resistant to oxygen, which is especially important
for nitrogen fixation in non-legume crops [33].

Nitrogen fixation plays a very important role in ni-
trogen homeostasis in the biosphere [34]. Biological
nitrogen fixation also helps maintain soil fertility and
increase crop yields. According to current research,
azotobacteria annually fix about 20 kg of nitrogen per
hectare. Therefore, they are successfully used in crop
production as an alternative to mineral nitrogen fertili-
zers [35]. Crops treated with Azotobacter strains have
been found to need smaller amounts of nitrogen fertili-
zers. For example, Felipe Romero-Perdomo ef al. repor-
ted that the use of multiple Azotobacter strains nearly
halved the need for nitrogen fertilizers [35]. Azotobac-
teria have a direct effect on plant growth by synthesi-
zing plant growth hormones (e.g., auxins, gibberellins,
and cytokinins). These hormones not only enhance plant
growth and nutrient uptake, but also indirectly protect
host plants from phytopathogens, as well as stimulate
the development of other beneficial rhizosphere micro-
organisms [36, 37].

Azotobacteria can efficiently absorb iron from the
environment by synthesizing siderophores, low-mole-
cular-weight chelating agents with high affinity for
Fe** ions [38]. Also, they can actively extract sparingly
soluble iron salts from the environment by forming an
iron-siderophore complex to be absorbed by membrane-
bound receptors [39]. Since iron-siderophore complexes
cannot be absorbed by other microorganisms, they give
Azotobacter strains a competitive advantage. In addition,
they protect plants from phytopathogens by limiting the
availability of iron [39].
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Since azotobacteria do not interact with plants sym-
biotically, they need to be used jointly with other micro-
organisms for maximum plant productivity. Numerous
studies have shown that Azotobacter strains increase
the activity of other growth-promoting microorganisms
in the consortium, such as bacteria of the genus Pseu-
domonas [40, 41]. These rod-shaped, Gram-negative
y-proteobacteria with polar flagella have an extensive
habitat [42]. Currently, the genus Pseudomonas includes
over 100 species, many of which are widely used in bio-
technology, biocontrol of phytopathogens, bioremedia-
tion, and plant growth stimulation [43, 44].

Pseudomonas bacteria are actively used as an ino-
culant for agricultural crops. Colonizing the surface
and internal tissues of roots and stems, they are able to
survive in various ecological niches thanks to highly
developed adaptation mechanisms [44]. Pseudomonas
bacteria promote plant growth by synthesizing ACC
deaminase, increasing the availability of nutrients, and
enhancing antioxidant activity [45]. Recent advances
in the field of biofertilizers have led to the discovery of
new strains with high phosphate-solubilizing activity.
These include Pseudomonas plecoglossicida, a microor-
ganism isolated from the rhizosphere of soybeans. This
species can solubilize up to 75.39 mg/L of phosphate. In
addition, it can accelerate plant growth by synthesizing
an important plant phytohormone, indolyl-3-acetic acid
(38.89 ppm) [46]. Another strain, Pseudomonas sp.
PSB12, had the maximum phosphate solubilization in-
dex of 3.86 on Pikovskaya’s agar medium. According
to Weimin Chen et al., this was mainly due to the syn-
thesis of organic acids [47]. In another study, the preso-
wing treatment of wheat seeds with phosphate-solubi-
lizing and auxin-producing bacterium Pseudomonas
extremaustralis 1B-Ki-13-1A led to significantly higher
yields [48].

In addition, Pseudomonas bacteria actively secrete
phytohormones and volatile organic compounds [45, 49,
50]. Among them are auxins, phytohormones that sti-
mulate cell division, elongation, and differentiation (par-
ticularly, indolyl-3-acetic acid) [51, 52]. Pseudomonas
mendocina and Pseudomonas alcaliphila are auxin-syn-
thesizing strains that stimulate seed germination and in-
crease wheat yield, contributing to longer shoots, roots
and ears, as well as higher seed weight [53]. In addition,
the plants treated with the strains synthesizing indo-
lyl-3-acetic acid show significant changes in the root sys-
tem [54]. Pseudomonas bacteria also produce cytokinins,
phytohormones that stimulate the division of plant cells
and seed germination, activate the growth of dormant
buds, and increase cell resistance to various unfavo-
rable factors [55, 56]. Pseudomonas strains with com-
plex phytohormonal activity include Pseudomonas stut-
zeri MTP40, Pseudomonas putida MTP50, and P. putida
UKM B-398, which secrete indolyl-3-acetic acid, cytoki-
nins, and gibberellins [57].

Pseudomonas species are widely studied to be used
in biological control of phytopathogens. They synthesize
various antimicrobial substances, including phenazine-1-
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carboxamide, amphicine, tensin, viscosine, massetolide,
2,4-diacetylphloroglucinol, pyrrolnitrin, pyoluteorin, and
phenazine-1-carboxylic acid [43]. Pseudomonas strains
are useful in controlling a number of diseases caused by
fungal phytopathogens, including Pythium spp., Fusa-
rium solani, Rhizoctonia solani, and Phytophthora nico-
tianae [58—61]. A partially purified siderophore obtained
from the strain Pseudomonas JAS-25 completely inhi-
bited the spores of Fusarium oxysporum f. sp. ciceri, Fu-
sarium udum, and Aspergillus niger, which destroyed
the mycelial hyphae of phytopathogens [62]. Similarly,
hydrogen cyanide obtained from Pseudomonas strains
exhibited bacteriostatic and antifungal effects against
phytopathogenic fungi [63]. In particular, hydrogen cy-
anide derived from Pseudomonas aeruginosa (LES4)
inhibited Fusarium oxysporum f. sp. radicis-lycopersici
in tomatoes [64]. In addition, Pseudomonas bacteria inhi-
bit phytopathogens by competing for nutrients, inducing
systemic resistance, producing siderophores, as well as
synthesizing enzymes that destroy the cell wall (f-1,3-glu-
canase, chitinases, cellulases, proteases, etc.) [65]. For
example, cyclolipopeptide orphamide induces systemic
resistance in rice due to the expression of genes that pro-
tect it from the fungal phytopathogen Cochliobolus miy-
abeanus [66]. The siderophore pyoverdine produced by
P. putida WCS358 induces systemic resistance in euca-
lyptus to prevent its bacterial wilt caused by Ralstonia
solanacearum by [67].

Thus, the combined use of Pseudomonas and Azo-
tobacter bacteria is an effective and environmentally
friendly strategy for increasing productivity and sustai-
nability of agricultural production. In addition, using
consortia of growth-promoting microorganisms is more
effective than using single strains. This is because bac-
teria naturally exist in taxonomically and metabolically
diverse communities, rather than as monocultures of ge-
netically identical strains [68, 69]. Genotypically diverse
microbial communities are generally more resilient to
various stresses than monocultures. They are also more
competitive in the environment, which prevents the de-
velopment of foreign strains. Further, polymicrobial com-
munities distribute available resources more efficiently
than individual genotypes [70]. As a result, they fill all
the niches in the environment, preventing the invasion
of extraneous microbiota [71]. Finally, diverse microbial
communities are more resilient to changes in the abiotic
environment, such as oxygen availability or pH levels,
than isogenic cultures [72]. All these factors make con-
sortia a promising strategy in agriculture.

There are two ways of creating microbial consortia:
bottom-up and top-down. In the first approach, strains
with specially selected functions are introduced into the
nutrient medium to form an artificial microbial consor-
tium. This approach has been proven to ensure mutual-
ly beneficial cooperation between the strains, with an
evenly distributed load among them in the system [73].
The second approach is to isolate an already existing
microbial consortium from the natural environment and
ensure its functioning in a stable system. This method
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has a significant drawback since natural microbial con-
sortia have extremely complex compositions, with bac-
teria having both positive and negative effects on each
other [74]. This can make their combined use quite dif-
ficult. Therefore, we chose the bottom-up approach for
this study. In particular, we aimed to create a growth-
stimulating consortium based on bacteria of the genera
Azotobacter and Pseudomonas, as well as to select culti-
vation parameters that provide the best synergistic effect.
The novelty of our research lies in our attempt to deve-
lop and optimize the biotechnological process of co-culti-
vating industrially significant strains available on the do-
mestic market, as well as in the search for technological
approaches to ensure maximum biological activity of the
constructed consortia.

STUDY OBJECTS AND METHODS

The bacterial strains for this study were obtained
from the National Bioresource Center “All-Russian Col-
lection of Industrial Microorganisms” of Kurchatov Insti-
tute. They included:

— Azotobacter chroococcum B-4148 obtained from a
spontaneous mutation of Rif-r and able to fix atmo-
spheric nitrogen;

— Azotobacter vinelandii B-932 capable of fixing atmo-
spheric nitrogen; and

— Pseudomonas chlororaphis subsp. aurantiaca B-548
isolated from Zea mays.

Analysis of cultural and morphological characteris-
tics. To study the cultural characteristics of the strains, a
low-concentration suspension of microorganisms was in-
oculated onto meat-peptone agar by the streaking meth-
od and cultivated for 18 h at 28 = 2°C [75].

The morphological characteristics were examined
using an AxioScope Al upright microscope (Carl Zeiss,
Germany) at a total magnification of 1000x. A fixed
smear of microorganisms was stained using the Gram
method [76].

Analysis of growth-stimulating properties and an-
tagonistic activity. Solubilization of phosphates. The
test strains were cultivated at 28 + 2°C for 4 days on a me-
dium containing (g/L) 5.0 calcium phosphate (Ca,(PO,),)
(LenReaktiv, Russia), 20.0 glucose (Chem-ex, Russia),
0.2 sodium chloride (NaCl) (LenReaktiv, Russia), 0.1 mag-
nesium sulfate heptahydrate (MgSO,x7H,0) (Chem-
Express, Russia), 0.01 aqueous manganese sulfate
(MnSO,xH,0) (Khimplex, Russia), 0.01 iron II sulfate
heptahydrate (FeSO,x7H,0) (LenReaktiv, Russia), and
15.0 bacterial agar (Himmag, Russia). The growth of
bacterial culture on Petri dishes indicated the strain’s
ability to solubilize phosphates [77].

Production of ACC deaminase. The test strains
were cultivated on a medium containing (g/L) 2.0 ammo-
nium sulfate ((NH,),SO,) (LenReaktiv, Russia), 4.0 mo-
nosubstituted potassium phosphate (KH,PO,) (ProfSnab,
Russia), 6.0 sodium phosphate disubstituted dihydrate
(Na,HPO,x2H,0) (Chem-ex, Russia), 0.2 magnesium sul-
fate heptahydrate, 0.001 iron II sulfate heptahydrate, and
15.0 bacterial agar. The medium also contained 1 mL
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of the following solutions: 16 pM boric acid (H,BO,)
(LenReaktiv, Russia), 66 uM aqueous manganese sul-
fate, 433 uM zinc sulfate heptahydrate (ZnSO,x7H,0)
(LenReaktiv, Russia), and 313 uM copper sulfate penta-
hydrate (CuSO,x5H,0) (LenReaktiv, Russia). The growth
of bacterial culture on Petri dishes indicated the strain’s
ability to produce ACC deaminase [77].

Gibberellic acid. A bacterial suspension of the test
strains was prepared on a Luria-Bertani liquid nutrient
medium modified by Miller (LB) (Biolight, Russia) to a
McFarland optical density of 0.8—1.0 using a Densichek
plus densitometer (BioMerieux, France). After that, the
suspension (1%) was added to the LB nutrient medium
and cultivated in an LSI-3016R shaker-incubator (Dai-
han Labtech, South Korea) at 28 = 2°C and 120 rpm for
24 h. The resulting culture liquid was centrifuged for
15 min at 7500 rpm. Then, 280 mL of a 1 M solution of
zinc acetate dihydrate (Zn(CH,COO),x2H,0) (ProfSnab,
Russia) and a 10.6% solution of potassium ferrocya-
nide III (K,[Fe(CN)]) (LenReaktiv, Russia) were add-
ed to 2 mL of the cell-free culture liquid, quickly mixed
and centrifuged at 4500 rpm for 10 min. The resulting
supernatant liquid was mixed with 30% hydrochloric
acid (HCI) (LenReaktiv, Russia) in a 1:1 ratio and kept
for 75 min at 22 + 2°C. The optical density of the samples
was determined in relation to 5% hydrochloric acid us-
ing a UV 1800 spectrophotometer (Shimadzu, Japan) at
254 nm. The synthesized gibberellic acid was quantified
using a calibration graph of a standard solution of gib-
berellic acid (Diaem, Russia) in the range from 100 to
700 pg/mL [78].

Production of siderophores. For this, 1 mL of the
cell-free culture liquid obtained as described above was
mixed with 1 mL of freshly prepared Chorme Azurol S
reagent (1.5 mL of a 0.016% solution of iron III chloride
hexahydrate (FeCl,x6H,0) (LenReaktiv, Russia) in a
10 M solution of hydrochloric acid was mixed with 7.5 mL
of a 1.21% solution of chromasurol S (Chem-ex, Russia)
and then distilled water was added to 100 mL). The re-
sulting solution was kept for 20 min at 22 + 2°C. The op-
tical density was determined spectrophotometrically at a
wavelength of 630 nm. Meanwhile, a control experiment
was carried out under the same conditions, with a nutri-
ent medium used as a control. The concentration of side-
rophores was determined using Eq. [79]:

:AS_Akxloo

Csid
where C_ is the concentration of siderophores, %; 4_ is
the optical density of the test sample; 4, is the optical
density of the control sample.

Nitrogen fixation. A bacterial suspension was pre-
pared as described above using a liquid nutrient me-
dium containing (g/L) 20.0 sucrose (LenReaktiv, Rus-
sia), 5.0 magnesium sulfate heptahydrate, 1.0 potassium
phosphate disubstituted trihydrate (K ,HPO,x3H,0)
(Chem-ex, Russia), 0.005 sodium molybdate dihydrate
(Na,MoO,*x2H,0) (LenReaktiv, Russia), 5.0 sodium chlo-
ride, 0.01 iron II sulfate heptahydrate, and 2.0 calcium
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carbonate (CaCO,) (LenReaktiv, Russia) [80]. The culti-
vation was carried out at 28 + 2°C and 110 rpm for 48 h.
The cells were separated from the culture liquid as de-
scribed above. The amount of nitrogen in the cell-free
culture liquid was determined using a Rapid N Cube ni-
trogen analyzer (Elementar, Germany) [81].

To determine the bacterial strains’ antagonistic ac-
tivity, the phytopathogens Fusarium graminearum F-877,
Bipolaris sorokiniana F-529, and Erwinia rhapontici
B-9292 were obtained from the National Bioresource
Center “All-Russian Collection of Industrial Microor-
ganisms” of Kurchatov Institute. The phytopathogenic
fungi and bacteria were cultivated in a test tube with
potato-glucose agar and HMF agar, respectively. A daily
culture of the test bacteria, which were grown on a li-
quid Luria-Bertani nutrient medium modified by Miller,
was inoculated into Petri dishes on an agar medium
using the deep method and incubated for 24 h at 28—
30°C. Then, an agar block with the test culture was cut
out and inserted into the well of an agar disk of another
Petri dish with phytopathogens inoculated superficially
using swabs from agar slants. The suspension with a
McFarland turbidity of 0.8 (1.5x10® CFU/cm®) was inoc-
ulated by the lawn method. The Petri dishes were refrig-
erated for 8 h at 4°C for the diffusion of metabolites of
bacterial monocultures from the block into the agar with
the test culture. Then, phytopathogenic fungi were incu-
bated in a thermostat at 26—28°C [82].

Creating a microbial consortium. The biocompa-
tibility of the test strains was analyzed by the well
method. For this, bacterial suspensions were prepared
as described above for gibberellic acid analysis. The
test culture was applied with a Drigalski spatula to the
surface of a Petri dish with LB agar medium using the
spread plate method. Then, a 5-mm well was made for
the cell-free culture liquid of the test culture to be cul-
tivated for 24 h at 28 + 2°C. The cultures were conside-
red biocompatible if there was no inhibition of the test
culture growth around the well [83].

Creating a consortium. For this, bacterial suspen-
sions were prepared as described above for gibberellic
acid analysis. Next, a certain number of microorganisms
(depending on the composition and ratio) were applied to
the sterile LB nutrient medium and cultivated under the
conditions mentioned above. The supernatant was ob-
tained by the previously described method.

The consortia were analyzed for their ability to pro-
duce gibberellic acid and siderophores, as well as for
their antagonistic activity against phytopathogenic mi-
croorganisms using the methods described earlier.

Selecting consortium cultivation conditions. The
optimal temperature for consortium cultivation was
determined using an RTS-8 plus personal multichannel
bioreactor with non-invasive measurement of optical
density in real time (Biosan, Latvia) at temperatures of
20, 24, 28, 32, 35, and 45°C. To cultivate a consortium,
3% of the inoculant composed of the bacterial suspen-
sions in a certain ratio was added to the LB medium.
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The nutrient medium base was selected from the

following options:

— LB (control), 25 g/L;

— GMF broth, 30 g/L (Agat-Med, Russia);

— BTN broth, 30 g/L (Khimmedservis, Russia);

— tryptone-soy broth with yeast extract, 40 g/L (Germeon,
Russia); and

— GRM broth, 20 g/L (Chem-ex, Russia)

The bacterial suspensions introduced into the consor-
tium amounted to 3% of the nutrient medium. They were
cultivated at the optimal temperature selected at the pre-
vious stage.

The carbon source was selected from the following
options:

— Previously selected base (Control);

— Base + 4.0 g/L sucrose;

— Base + 4.0 g/L glucose;

—Base + 4.0 g/L molasses (Khimiya-express, Russia);
— Base + 8.0 g/L sucrose;

— Base + 8.0 g/L glucose; and

— Base + 8.0 g/L molasses.

The cultivation was carried out under the conditions
described above.

The mineral component was selected from the fol-
lowing options:

— Control: selected base + selected carbon source;

— Medium No. 1: base + carbon source + 0.1 g/L magne-
sium sulfate heptahydrate;

— Medium No. 2: base + carbon source + 0.01 g/L aque-
ous manganese sulfate;

— Medium No. 3: base + carbon source + 0.1 g/L. mag-
nesium sulfate heptahydrate + 0.01 g/L aqueous manga-
nese sulfate;

— Medium No. 4: base + carbon source + 0.2 g/L magne-
sium sulfate heptahydrate;

— Medium No. 5: base + carbon source + 0.02 g/L aque-
ous manganese sulfate; and

— Medium No. 6: base + carbon source + 0.2 g/ mag-
nesium sulfate heptahydrate + 0.02 g/L aqueous manga-
nese sulfate.

The cultivation was carried out under the conditions
described above.

RESULTS AND DISCUSSION

Cultural and morphological characteristics of the
strains. Figure 1 shows the cultural characteristics of the
test strains. As can be seen, Azotobacter chroococcum
B-4148, Azotobacter vinelandii B-932, and Pseudomo-
nas chlororaphis subsp. aurantiaca formed 2-3, 3-4,
and 1-2 mm round colonies, respectively. All the colo-
nies had a smooth edge and a convex profile. Their color
was beige, turning light brown as the culture aged.

Figure 2 shows the morphological characteristics of
the test strains.

As can be seen, A. chroococcum B-4148 cells were
Gram-negative coccobacilli, while the cells of 4. vine-
landii B-932 were Gram-negative, oval in shape, loca-
ted singly or in pairs, and able to form cysts. The cells
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of P. chlororaphis subsp. aurantiaca were Gram-nega-
tive and rod-shaped.

Growth-stimulating properties of the strains. The
growth-stimulating activity of the test microorganisms
is presented in Table 1.

As can be seen, all the test strains were able to solu-
bilize phosphates and produce ACC deaminase. The
amount of gibberellic acid they produced varied from
0.98 to 1.33 mg/mL, while the amount of siderophores
ranged from 37.95 to 49.55%. The amount of nitrogen
fixed by A. chroococcum B-4148, A. vinelandii B-932,
and P. chlororaphis subsp. aurantiaca B-548 reached
151.22, 117.53, and 49.23 pg/mL, respectively.

Our results were consistent with those obtained by
other scientists. For example, Bietto et al. found the abi-
lity for nitrogen fixation and phosphate solubilization in

A. chroococcum NCIMB 8003 [84]. In the study by Alsa-
lim, A. chroococcum demonstrated the ability to fix at-
mospheric nitrogen, solubilize phosphates, and synthe-
size siderophores and indolylacetic acid [85]. In another

study, the isolates of A. chroococcum obtained from the
rhizosphere of agricultural crops exhibited phosphate-
solubilizing activity and produced indolylacetic acid,
which changed the root architecture and increased the
productivity of wheat [86]. A. chroococcum isolated
from agricultural soils in China also showed the ability
to synthesize indolylacetic acid and transform insoluble
forms of phosphorus [87]. Kerecki et al. reported the
ability of this species to produce ACC deaminase and
synthesize indolyl-3-acetic acid [88]. However, the abi-
lity of A. chroococcum strains to produce gibberellins
has been studied much less and is poorly covered in
modern literature [89]. Therefore, our data expands the
information about their growth-promoting mechanisms.
The growth-promoting activity of A. vinelandii has
been confirmed by other modern studies. For example,
A. vinelandii Khsrl isolated from the rhizosphere of
Chrysopogon aucheri had the ability to synthesize a num-
ber of phytohormones, including indolyl-3-acetic, gibbe-
rellic, and abscisic acids [90]. McRose ef al. reported the

Figure 1 Cultural characteristics of the strains after 24 h of cultivation on meat-peptone agar (MPA): a — Azotobacter chroococcum
B-4148; b — Azotobacter vinelandii B-932; ¢ — Pseudomonas chlororaphis subsp. aurantiaca B-548

Figure 2 Morphological characteristics of the strains stained by the Gram method (1000x): a — Azotobacter chroococcum B-4148;
b — Azotobacter vinelandii B-932; ¢ — Pseudomonas chlororaphis subsp. aurantiaca B-548

Table 1 Growth-stimulating properties of the bacterial strains

Indicator

Strain

Azotobacter chroococcum
B-4148

Azotobacter vinelandii
B-932

Pseudomonas chlororaphis subsp.
Aurantiaca B-548

Phosphate solubilization + + +

ACC deaminase + + +
Gibberellic acid, mg/mL 0.98 £0.03 1.30 £0.04 1.33 £0.04
Siderophores, % 47.77+£2.10 37.95+1.53 49.55 +£2.06
Nitrogen fixation, pg/mL 151.22 +£6.23 160.64 + 6.85 49.23+£2.13
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strain’s ability to produce siderophores under the con-
ditions of iron deficiency [91]. They also noted that this
ability reduced under the conditions of molybdenum
and vanadium deficiency. Since these trace elements are
part of nitrogenases, their deficiency may also limit the
strain’s nitrogen-fixing ability [92]. In another study,
A. vinelandii AV7 isolated from the tomato rhizosphere
produced indolylacetic acid and siderophores, as well as
actively solubilized insoluble phosphates, increasing the
plant’s dry weight [93]. Shuvro ef al. also reported this
strain’s ability to synthesize phytohormones and sidero-
phores, as well as solubilize phosphates [94]. However,
its ability to produce ACC deaminase has not been pre-
viously reported in literature, although our study sho-
wed the presence of this enzyme in the microorganism.
Since ACC deaminase is involved in the metabolism of
l-aminocyclopropane-1-carboxylic acid (ACC), a precur-
sor of ethylene in plants, it is an important factor in the
plant’s response to stress. Our data expands the under-
standing of the growth-promoting activity of A. vine-
landii, since ethylene is a hormone that inhibits plant

Azotobacter Azotobacter
vinelandii B-932 chroococcum B-4148

Pseudomonas chlororaphis
subsp. aurantiaca B-548

Control

growth under abiotic stress. Thus, the strain’s ACC de-
aminase activity may contribute to the plant’s tolerance
to unfavorable environmental factors.

The growth-promoting properties of P. chlororaphis
subsp. aurantiaca were confirmed by a study of Rosas,
who established the SR1 strain’s ability to produce indolyl-
3-acetic acid, hydrogen cyanide, and siderophores [95].
This strain has been reported to stimulate the growth
of various crops such as alfalfa, wheat, soybeans, corn,
and sugar cane, as well as to improve seed germination.
Shi et al., who studied another strain, SPS-41, reported
its ability to produce indolyl-3-acetic acid and sidero-
phores, as well as to solubilize phosphates [96].

Our next stage was to assess the antagonistic activity
of the test bacteria against the most common fungal and
bacterial phytopathogens, namely Fusarium gramine-
arum F-877, Bipolaris sorokiniana F-529, and Erwinia
rhapontici B-9292 (Fig. 3 and Table 2).

We found that all the studied strains exhibited antago-
nistic activity against the phytopathogens. P. chlorora-
phis subsp. aurantiaca B-548 had the greatest inhibitory

Figure 3 Antagonistic activity of the test strains: a — against Fusarium graminearum F-877, b — against Bipolaris sorokiniana F-529,

¢ — against Erwinia rhapontici B-9292

382



Serazetdinova Yu.R. et al. Foods and Raw Materials. 2025;13(2):376-393

Table 2 Antagonistic activity of the test bacterial strains

Strain

Phytopathogen inhibition zone, cm

Fusarium graminearum F-87

7

Bipolaris sorokiniana F-529 Erwinia rhapontici B-9292

Azotobacter chroococcum B-4148 2.55+0.01 3.75+0.02 7.50£0.02
Azotobacter vinelandii B-932 4.25+0.02 9.50 £0.03 2.00 +£0.02
Pseudomonas chlororaphis subsp. 6.25 +0.02 9.50 £0.03 -

aurantiaca B-548

Table 3 Consortia of the test strains

Consortium Strain
Azotobacter ~ Azotobacter  Pseudomonas
chroococcum  vinelandii chlororaphis subsp.
B-4148 B-932 aurantiaca B-548

No. 1 1 1 1

No. 2 2 1 1

No. 3 1 2 1

No. 4 1 1 2

No. 5 3 1 1

No. 6 1 3 1

No. 7 1 1 3

effect against F. graminearum (inhibition zone 6.25 cm)
and B. sorokiniana (inhibition zone 9.50 cm). However,
the strain showed no inhibitory effect against E. rhapon-
tici. This may indicate mainly fungicidal properties
of its metabolites. 4. vinelandii showed the highest an-
tagonistic activity against B. sorokiniana (inhibition
zone 9.50 cm) but weak antibiotic properties against
E. rhapontici (inhibition zone 2.50 cm). 4. chroococcum
exhibited the greatest inhibitory activity against this
bacterial pathogen (inhibition zone 7.50 cm).

The strains’ antibacterial and fungicidal properties
can be confirmed by other modern studies. 4. chroococ-
cum is known to successfully suppress root rot [97]. In
particular, Muslim et al. demonstrated the strain’s abi-
lity to reduce the severity of tomato Fusarium wilt
caused by the fungus Fusarium solani by more than
70% under greenhouse conditions [98]. Alsudani and
Raheem also noted A. chroococcum’s ability to inhibit
the growth of F. solani. The authors also reported its an-
tagonistic activity against another phytopathogen, Rhi-
zoctonia solani [99]. Pattaeva et al. reported that A. chro-
ococcum strains N20, XH2018, and XU1 could synthe-
size a number of metabolites with fungicidal properties
and suppress the growth of Fusarium oxysporum f. sp.
vasinfectum [100].

The antagonistic properties of A. vinelandii have also
been widely covered in modern literature. For exam-
ple, Chuiko found that the soil isolate A. vinelandii
IMV B-7076 exhibited antagonistic properties against a
number of phytopathogens, including Alternaria alter-
nata 16861, Fusarium avenaceum 50720, Fusarium verti-
cillioides 50463, Fusarium lactis 50719, Fusarium oxys-
porum 54201, Fusarium poae 50704, and F. solani [101].
Bolafios-Dircio et al. also reported the strain’s strong
fungicidal properties. In particular, the authors showed
that the cysts of this microorganism successfully sup-
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pressed the growth of Fusarium brachygibbosum, Asper-
gillus niger, and Colletotrichum gloeosporioides [102].
Since, there has been much less research into the anti-
bacterial activity of 4. vinelandii, our data on its suppres-
sion of E. rhapontici open up new possibilities for using
the strain to control plant diseases.

Modern studies confirm the ability of P. chlorora-
phis subsp. aurantiaca to inhibit the growth of phyto-
pathogenic microorganisms. For example, Pseudomonas
chromraphis subsp. aurantiaca soja Q16 was reported
to produce antibiotic substances that prevented the de-
velopment of F. oxysporum and thus significantly im-
proved potato growth [103]. Tagele ef al. found that the
KNUI17Pcl strain was capable of producing two types
of phenazine derivatives and other antimicrobial sub-
stances. Due to this, the strain inhibited the growth
of Colletotrichum dematium, C. gloeosporioides, Fusa-
rium oxysporum f. sp. melonis, Fusarium subglutinans,
and Stemphylium lycopersici [104]. Pseudomonas chro-
mraphis subsp. aureofaciens M71, which was studied by
Raio et al., produced phenazine-1-carboxylic acid and
successfully reduced the development of cancer cau-
sed by Seiridium cardinale in Chamaecyparis pisi-
fera Endl [105]. Volatile organic compounds emitted by
P. chromraphis subsp. aureofaciens SPS-41 successfully
inhibited the growth of Ceratocystis fimbriata [106].

Creating microbial consortia. All the bacterial
strains under study were biocompatible. Their ratios in
the consortia are presented in Table 3.

We analyzed the ability of the bacterial consortia to
produce gibberellic acid and siderophores (Table 4).

As can be seen, the amount of gibberellic acid varied
from 1.23 to 1.44 mg/mL, while that of siderophores ran-
ged from 48.21 to 54.46%. Consortia No. 1, 2, and 3
exhibited lower activity compared to the individual
strains. Consortium No. 4 synthesized less gibberellic
acid than the strains it was made of. Consortium No. 6
showed the greatest activity, producing 1.44 mg/mL of
gibberellic acid and 54.46% of siderophores — 1.17 and
1.30 times as much, respectively, compared to the bacte-
rial strains it contained.

Then, we analyzed the antagonistic activity of the
consortia (Table 5).

As can be seen, Consortium No. 6 showed the grea-
test antagonistic activity against F. graminearum F-877
(inhibition zone 7.35 cm, averaging 4.31 cm for indivi-
dual strains), B. sorokiniana F-529 (9.50 cm, averaging
8.35 cm for individual strains), and E. rhapontici B-9292
(8.10 cm, averaging 2.70 cm for individual strains). Con-
sortium No. 1 had the lowest activity. Thus, based on
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Table 4 The ability of bacterial consortia to produce
gibberellic acid and siderophores

Table 5 The antagonistic activity of bacterial consortia against
phytopathogens

Consortium Gibberellic acid, mg/mL Siderophores, % Consortium Phytopathogens
Amount Average  Amount Average Fusarium Bipolaris Erwinia
for strains for graminearum sorokiniana  rhapontici
strains F-877 F-529 B-9292
No. 1 1.23£0.02 1.20 48.21+1.33 45.09 No. 1 2.00£0.01 220£0.02 1.50+0.01
No. 2 1.28+£0.02 1.15 48.66 = 1.20 45.76 No. 2 3.00+0.02 530+0.02 7.55+0.03
No. 3 1.39+£0.03 1.23 52.68+1.75 4331 No. 3 545+0.02 8.05+0.03 4.10+0.02
No. 4 1.20+0.02 1.24 50.45+£1.51 46.21 No. 4 6.60+0.03 6.75+£0.02 2.55+0.01
No. 5 1.34+£0.03 1.11 49.55+1.49 46.16 No. 5 4.85+£0.02 3.60+0.01 7.25+0.02
No. 6 1.44+0.03 1.24 5446 +1.41 4223 No. 6 7.35+£0.03 9.50+£0.03 8.10+0.03
No. 7 1.32+£0.03 1.25 48.66 = 1.30 46.87 No. 7 540+£0.03 9.50+£0.03 3.00+0.02

the results, we selected Consortium No. 6 (4. chroo-
coccum B-4148, A. vinelandii B-932, and P. chlorora-
phis subsp. aurantiaca B-548 in a ratio of 1:3:1) for fur-
ther experiments.

Selecting cultivation parameters. Figure 4 presents
the selection of the optimal cultivation temperature for
Consortium No. 6.

At 20°C, the exponential phase on the LB nutrient
medium began after 9 h of cultivation (optical densi-
ty 0.33) and the stationary phase began after 22 h (op-
tical density 2.70), with an optical density of 2.91 after
24 h. At 24°C, the exponential phase was observed af-
ter 6 h of cultivation (optical density 0.14) and the sta-
tionary phase, after 21 h (optical density 2.50), with an
optical density of 2.67 after 24 h. At 28°C, the exponen-
tial phase started after 4 h of cultivation (optical density
0.10), with an optical density of 3.68 after 24 h. At 32°C,
the exponential phase began after 4 h of cultivation (opti-
cal density 0.35), while the stationary phase began af-
ter 21 h (optical density 3.56), with an optical density
of 3.63 after 24 h. At 35°C, the exponential phase was
observed after 4 h of cultivation (optical density 0.46),
while the stationary phase was noted after 18 h (optical
density 2.67), with an optical density of 2.91 after 24 h.
At 40°C, the exponential phase began after 4 h of culti-

Optical density

vation (optical density 0.28) and the stationary phase, af-
ter 14 h (optical density 1.75), with an optical density of
2.02 after 24 h. Thus, the optimal cultivation tempera-
ture was 28°C.

Figure 5 and Table 6 show the selection of a nutrient
medium base.

All the experiments were conducted at the optimal
cultivation temperature of 28°C (Fig. 5). On the LB nu-
trient medium (control), the exponential phase began
after 2 h of cultivation (optical density 0.93) and the sta-
tionary phase, after 21 h (optical density 4.01), with an
optical density of 4.01 after 24 h. On the GMF broth, the
beginning of the exponential phase was observed after
2 h of cultivation (optical density 0.48) and that of the
stationary phase, after 23 h (optical density 6.65), with
an optical density of 6.65 after 24 h. On the BTN broth,
the exponential phase started after 2 h of cultivation
(optical density 0.42), with an optical density of 4.32 after
24 h. On the tryptone-soy broth with yeast extract, the
exponential phase was noted after 2 h of cultivation (op-
tical density 0.46), with an optical density of 7.62 after
24 h. On the GRM broth, the exponential phase began
after 2 h of cultivation (optical density 0.33), while the
stationary phase, after 10 h (optical density 3.04), with
an optical density of 3.26 after 24 h.

Time, h

Figure 4 Optical density vs. cultivation temperature for Consortium No. 6
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Optical density

Time, h

Figure 5 Optical density of Consortium No. 6 depending on the nutrient medium base

Table 6 The ability of bacterial consortia to produce
gibberellic acid and siderophores depending on the nutrient
medium base

Nutrient medium base Gibberellic acid, Siderophores, %

mg/mL
LB (control) 1.45+0.06 58.04 +£2.86
GMF broth 0.96 +0.05 17.86 £0.81
BTN broth 1.28 £0.06 55.36+2.71
Tryptone-soy broth 1.16 £0.04 52.68 £2.43
with yeast extract
GRM broth 091 £0.04 11.16 £0.58

Thus, Consortium No. 6 showed different growth ra-
tes and biomass values on different nutrient media. The
tryptone-soy broth with yeast extract proved the best
medium for bacterial growth, with the highest biomass
values (optical density 7.62). The GMF broth also pro-
duced high biomass (optical density 6.65), but had a lon-
ger exponential growth phase. The GRM broth provided
the least favorable conditions for growth, as evidenced
by a shorter stationary phase and lower final biomass.
However, growth-stimulating preparations require an
optimized synthesis of growth-stimulating substances,
which does not always correlate with biomass accumu-
lation. Therefore, we carried out additional experiments
to study the biochemical parameters of the consortium
during its growth on various nutrient media.

As can be seen in Table 4, the amounts of gibberellic
acid and siderophores varied from 0.91 to 1.45 mg/mL
and from 48.21 to 54.46%, respectively. On the medi-
um based on tryptone-soy broth with yeast extract, the
consortium produced 1.16 mg/mL of gibberellic acid
(0.29 mg less than on the control medium) and 52.68%
of siderophores (5.36% less than on the control medi-
um). Our results showed that the choice of a nutrient me-
dium has a significant effect on both the growth and the
biochemical activity of the consortium. The LB me-
dium was considered optimal for cultivating the con-
sortium. Despite the lower biomass observed on this
medium, the consortium produced maximum amounts
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of gibberellic acid and siderophores, which is crucial
for its targeted use.

Figure 6 and Table 7 show the selection of car-
bon source for the optimal composition of the nutrient
medium.

All the experiments were carried out at the optimal
cultivation temperature of 28°C (Fig. 6). On the LB me-
dium (control), the exponential phase began after 2 h
of cultivation (optical density 0.86) and the stationary
phase began after 18 h (optical density 3.94), with an
optical density of 4.09 after 24 h. On the LB +4.0 g/L
sucrose medium, the exponential phase started after 5 h
of cultivation (optical density 0.59), while the stationary
phase, after 22 h (optical density 4.00), with an optical
density of 4.13 after 24 h. On the LB + 4.0 g/L glucose
medium, the beginning of the exponential phase was
observed after 5 h of cultivation (optical density 0.75),
while that of the stationary phase, after 21 h (optical
density 2.98), with an optical density of 3.04 after 24 h.
On the LB + 4.0 g/L molasses medium, the exponential
phase began after 5 h of cultivation (optical density 0.67)
and the stationary phase, after 22 h (optical density 6.58),
with an optical density of 6.75 after 24 h. On the LB +
8.0 g/L sucrose medium, the exponential phase started
after 2 h of cultivation (optical density 0.75), while the
stationary phase, after 22 h (optical density 4.18), with
an optical density of 4.31 after 24 h. On the LB + 8.0 g/L
glucose medium, the beginning of the exponential phase
was observed after 5 h of cultivation (optical density 0.28),
while that of the stationary phase, after 12 h (optical den-
sity 2.36), with an optical density of 2.66 after 24 h.
On the LB + 8.0 g/L molasses medium, the exponential
phase began after 5 h of cultivation (optical density 0.15)
and the stationary phase started after 22 h (optical den-
sity 7.76), with an optical density of 7.63 after 24 h.

As can be seen in Table 5, the amounts of gibberellic
acid and siderophores varied from 1.32 to 1.68 mg/mL
and from 44.36 to 61.53%, respectively. The consortium
exhibited its greatest activity on the medium contai-
ning LB + 8.0 g/L molasses (1.50 mg/mL of gibberellic
acid and 61.53% of siderophores). Thus, molasses pro-
ved the most effective carbon source for cultivating this
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Optical density

=— Control (LB)
LB + 8.0 g/L sucrose

LB + 4.0 g/L sucrose
LB + 8.0 g/L glucose

Time, h

LB +4.0 g/L glucose LB + 4.0 g/L molasses

—@— LB + 8.0 g/L molasses

Figure 6 Optical density of Consortium No. 6 versus the composition of the nutrient medium

Table 7 The ability of bacterial consortia to produce
gibberellic acid and siderophores depending on the carbon
source

Nutrient medium Gibberellic acid, Siderophores,

pg/mL %
LB (control) 1.49 +£0.06 56.24 +2.80
LB + 4.0 g/L sucrose 1.48 £0.05 49.86 £2.31
LB + 4.0 g/L glucose 1.32 +£0.04 4436 +£2.05
LB +4.0 g/L molasses 1.53 £0.08 59.40 £2.93
LB + 8.0 g/L sucrose 1.50 £ 0.06 51.23+£2.48
LB + 8.0 g/L glucose 1.39 £0.03 47.06 +£2.20
LB + 8.0 g/L molasses 1.68 £0.04 61.53£2.96

consortium, providing the greatest biomass and high
production of growth-stimulating substances (gibberel-
lic acid and siderophores). Therefore, molasses was cho-
sen as the main source of carbon.

Figure 7 and Table 8 show the selection of mineral ele-
ments for the optimal composition of the nutrient medium.

According to Fig. 7, on the control medium, the expo-
nential phase began after 6 h of cultivation (optical den-
sity 0.46) and the stationary phase, after 2 h (optical den-
sity 7.69), with an optical density of 7.69 after 24 h. On
Medium No. 1, the exponential phase started after 6 h
(optical density 0.51) and the stationary phase, after 21 h
(optical density 7.53), with an optical density of 8.00 af-
ter 24 h. On Medium No. 2, the beginning of the expo-
nential phase was noted after 4 h of cultivation (opti-
cal density 0.72), with an optical density of 7.93 after
24 h. On Medium No. 3, the exponential phase began
after 5 h of cultivation (optical density 0.49), while the
stationary phase, after 21 h (optical density 8.15), with
an optical density of 8.31 after 24 h. On Medium No. 4,
the exponential phase started after 6 h (optical den-
sity 0.31), while the stationary phase, after 21 h (opti-
cal density 4.91), with an optical density of 4.91 after
24 h. On Medium No. 5, the beginning of the exponen-
tial phase was observed after 5 h (optical density 0.26),
while that of the stationary phase, after 17 h (optical
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density 5.02), with an optical density of 5.22 after 24 h.
On Medium No. 6, the exponential phase began after 6 h
of cultivation (optical density 0.21) and the stationary
phase, after 15 h (optical density 3.59), with an optical
density of 3.60 after 24 h.

As can be seen in Table 6, the amounts of gibberellic
acid and siderophores varied from 1.20 to 1.79 mg/mL
and from 52.28 to 65.56%, respectively. The consor-
tium exhibited the lowest activity on Medium No. 6
(1.20 mg/mL of gibberellic acid and 52.28% of side-
rophores) and the highest activity on Medium No. 3
(1.79 mg/mL of gibberellic acid and 65.56% of sidero-
phores).

Based on our results, the optimal composition of the
nutrient medium was 25.0 g/L of LB, 8.0 g/L molasses,
0.1 g/L magnesium sulfate heptahydrate, and 0.01 g/L
aqueous manganese sulfate. The optimal temperature
was 28°C.

CONCLUSION

The bacteria belonging to the genera Azotobacter and
Pseudomonas can be used in biopreparations to increase
productivity and protect the plants from pathogens.
These microorganisms have complex growth-stimulating
properties and are also effective in microbial consortia.

In our study, all the test strains showed the ability to
solubilize phosphates and produce ACC deaminase. Our
data can clarify the growth-promoting effect of Azo-
tobacter vinelandii, since its ability to produce ACC
deaminase has been hardly covered in literature. ACC
deaminase is involved in the metabolism of 1-amino-
cyclopropane-1-carboxylic acid (ACC), a precursor of
ethylene in plants, which is an important factor in the
plant’s response to stress. Therefore, A. vinelandii can
be used to increase plant productivity. The test strains
synthesized an important phytohormone, gibberellic
acid, in the range from 0.98 to 1.33 mg/mL and produ-
ced 37.95-49.55% of siderophores. All the strains sho-
wed a high ability to fix atmospheric nitrogen (49.23—
151.22 pg/mL).
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Optical density

Time, h

Figure 7 Correlation between the optical density of Consortium No. 6 and the composition of mineral salts in the nutrient medium

Table 8 The ability of bacterial consortia to produce gibberellic acid and siderophores depending on the mineral component in the

media

Nutrient medium

Gibberellic acid, pg/mL  Siderophores, %

Control 1.66 £0.07 60.29 £2.76
Medium No. 1 (0.1 g/L magnesium sulfate heptahydrate) 1.70 £ 0.08 62.23 £3.06
Medium No. 2 (0.01 g/L aqueous manganese sulfate) 1.69 = 0.08 61.54 +£2.89
Medium No. 3 (0.1 g/L magnesium sulfate heptahydrate + 0.01 g/L aqueous 1.79 £0.05 65.56 £3.12
manganese sulfate)

Medium No. 4 (0.2 g/L magnesium sulfate heptahydrate) 1.32 £ 0.04 53.61+£2.53
Medium No. 5 (0.02 g/L aqueous manganese sulfate) 1.46 £ 0.06 5423 +£2.49
Medium No. 6 (0.2 g/L magnesium sulfate heptahydrate + 0.02 g/L aqueous 1.20 £0.05 52.28 £2.44

manganese sulfate)

The strains also exhibited antagonistic activity against
common plant pathogens. In particular, Azotobacter
chroococcum B-4148 and A. vinelandii B-932 inhibited
the growth of Fusarium graminearum, Bipolaris soro-
kiniana, and Erwinia rhapontici. Pseudomonas chloro-
raphis subsp. aurantiaca B-548 exhibited antagonism
against F. graminearum and B. sorokiniana.

Since all the test strains were biologically compa-
tible, we created a number of microbial consortia from
them. The greatest growth-stimulating activity was ex-
hibited by Consortium No. 6 consisting of the strains
A. chroococcum B-4148, A. vinelandii B-932, and P. chlo-
roraphis subsp. aurantiaca B-548 in a ratio of 1:3:1.
This consortium synthesized 1.44 mg/mL of gibberellic
acid and 54.46% of siderophores, which was 1.17 and
1.30 times, respectively, as much as the constituent bac-
terial strains.

Next, we optimized the nutrient medium to ensure
maximum efficiency. The LB medium was chosen as
a base. Although the consortium had a low increase
in biomass on this medium, it intensified the synthe-
sis of gibberellic acid and siderophores (1.45 mg/mL
and 58.04%, respectively). Molasses was chosen as the
main source of carbon for the consortium since it pro-
vided the greatest increase in biomass, with the optical
density of the culture liquid being 1.8 times as high as
that of the control sample (without molasses). In addi-
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tion, molasses contributed to high synthesis of target
growth-stimulating substances. The greatest increase
in biomass and synthesis of gibberellic acid and sidero-
phores was observed when magnesium and manganese
sulfates were added to the nutrient medium. Thus, the
optimal composition of the nutrient medium included
25.0 g/L of LB, 8.0 g/L molasses, 0.1 g/LL magnesium
sulfate heptahydrate, and 0.01 g/L aqueous manganese
sulfate. This composition provided the maximum yield
of target metabolites. The optimal cultivation tempera-
ture for the consortium was 28°C.

Further studies of the created microbial consortium
will involve its effect on plant growth and develop-
ment both in vitro and in field experiments. Its effec-
tiveness will be assessed in terms of plant biometric
parameters, yield, as well as chlorophyll and nutrient
contents. The resulting data will be used to develop a
complex biopreparation that can replace chemical fertili-
zers and pesticides and ensure sustainable development
of agriculture.
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Abstract:

Barnlf (Pluchea dioscoridis L.) is a wild plant that grows in Egypt. Barniif leaves are utilized as a folk medicine, as well as part
of food and drink formulations. Their numerous biological benefits include anti-inflammatory and antioxidant properties.

We examined the antioxidant, antidiabetic, anti-obesity, antithyroid, and anticancer activities of methanol, ethanol, and acetone
extracts of barnGf leaves.

The methanol extract exhibited the highest total phenolic (241.50 + 3.71 mg GAE/g extract) and flavonoid (256.18 + 3.19 mg QE/g
extract) contents. All three extracts proved to possess good antioxidant, antimicrobial, antidiabetic, anti-obesity, antithyroid,
and anticancer activities. Ellagic acid was the most abundant phenolic acid in the methanolic (30.33%) and ethanolic (24.71%)
extracts. The antioxidant experiments revealed that the methanolic extract had potent DPPH" (IC,, = 18.21 ng/mL) and ABTS™
(IC,, = 17.6 pg/mL) scavenging properties. The acetone extract demonstrated the highest antimicrobial activity against gram-
negative bacteria. Regarding a-amylase and a-glucosidase inhibition, the methanolic extract showed the most potent activity
with IC, values of 104.28 + 1.97 and 133.76 + 2.09 pug/mL, respectively. The methanolic extract also proved to be the strongest
inhibitor of lipase and thyroid peroxidase, with IC,  values of 127.35 and 211.2 ug/mL, respectively. In addition, the methanolic
extract showed the strongest anticancer activity against MCF7-1 and H1299-1 lines with IC, values of 29.3 and 18.4 pg/mL,
respectively.

The findings suggest that barniif leaf extracts could be used in functional foods and pharmaceuticals.

Keywords: Pluchea dioscoridis L., medicinal properties, extraction, DPPH, ABTS, herbal medicine
Please cite this article in press as: Essa RY, Elsebaiec EM, Abdelrhman WM, Badr MR. Barnif leaves: antioxidant, antimicro-

bial, antidiabetic, anti-obesity, antithyroid, and anticancer properties. Foods and Raw Materials. 2025;13(2):394—408. https://
doi.org/10.21603/2308-4057-2025-2-647

INTRODUCTION

People have used herbal medicine since ancient
times. Seeds, roots, bark, flowers, and leaves of many
plants are known to possess medicinal properties.

Although synthetic drugs are quite efficient against
a wide range of diseases, they often produce side ef-
fects. As a result, herbal medicine has grown in popu-
larity in the last few decades [1, 2]. Medicinal herbs are,
by definition, sources of phytochemical substances with
medicinal properties. In many cases, plants owe their

it grows 1-3 m high, with a lot of branches and a rough,
hairy surface. Barnif grows extensively across the Mid-
dle East and in the surrounding African countries. Ac-
cording to Shaltout & Slima, this herb is prevalent in
Egypt’s western desert oases and eastern deserts, in
the Nile valley, along the Mediterranean coast, and on
the Sinai Peninsula [4]. It proliferates in demolished
dwellings, humid environments, along waterways, de-
pressions alongside highways and railroads, on deserted
farmlands, solid or liquid wastes, etc. [5].

Food science knows a variety of solvent systems

beneficial properties to secondary metabolites, e.g., alka-
loids, terpenoids, or phenolics [3].

Barnlf (Pluchea dioscoridis L.) is a big evergreen
shrub that belongs to the Asteraceae family. In the wild,

and techniques that optimize the extraction of polyphe-
nols [6, 7]. For instance, Harborne described a well-desig-
ned solvent solution that facilitates the best possible
extraction of targeted substances without altering their

Copyright © 2024, Essa et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
remix, transform, and build upon the material for any purpose, even commercially, provided the original work is properly cited and states its license.
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chemical structure [8]. Liu et al. [9] reported that polar
solvents could yield better extraction results for polyphe-
nols than non-polar ones. For this reason, acetone, etha-
nol, and methanol are the organic solvents frequently
employed in combination with water to extract plant sub-
stances [10]. Methanol (80%) and ethanol (80%) can be
used to increase the yield of polyphenols [11]. Aqueous
ethanol (80%) was proposed by Wang & Helliwell [12]
as a better solvent for polyphenols than methanol and
acetone. Other studies promote acetone as a superior
solvent for polyphenol extraction or as an alternative to
water and chloroform [13].

Thus, polyphenol production depends not only on the
physical characteristics of plant materials but also on the
type and polarity of the extraction solvent [6]. As of yet,
no specific solvent has been advised for efficient plant
phenolic extraction [14]. By choosing the optimal solvent,
manufacturers can optimize the extraction process be-
cause plant extracts vary in quality. Extracts from barnGf
leaves are known to demonstrate potent antibacterial
properties against some microorganisms and pathogenic
bacteria [5, 15]. Historically, the Pluchea genus has often
been used as a source of hepatoprotectors, antipyretics,
muscle relaxants, laxatives, antiinflammatory agents, as-
tringents, nerve tonics, diaphoretics against fevers, etc.
These plants are used as part of treatment against lum-
bago, cachexia, dysuria, dysentery, necrotizing ulcers,
hemorrhoids, and leucorrhoea [16]. Uchiyama et al. [17]
studied Pluchea extracts phytochemically, fractionated
them, and revealed polyphenolic components, e.g., fla-
vonoids, phenolic acids, phenylpropanoids, tannins, and
chalcones, as well as monoterpenes, lignan glycosides,
eudesmane-type sesquiterpenoids, and triterpenoids. All
these substances render the plants their antioxidant pro-
perties and make them natural detoxification agents.

Synergistically, a combination of these components
may provide a greater protection than an individual
phytoconstituent [18]. All of these substances have in-
deed been reported to remove free radicals, reduce oxi-
dation stress, and limit the biomolecular oxidation by
disrupting the pathogenic interaction cycles that impair
human physiological processes. Free radicals in parti-
cular produce cell damage and increase the amount of
reactive oxygen species, thus causing tissue damage.
Reactive oxygen species escape from the mitochondria
in a cascade, thus causing oxidative stress. This mecha-
nism has been linked to the development of type 1 dia-
betes through the death of pancreatic S-cells and type 2
diabetes through insulin opposition. Additionally, in-
sulin insufficiency encourages fatty acid fS-oxidation,
which increases hydrogen peroxide production. As
a result, pancreatic and liver cells are affected by dia-
betes and suffer from the elevated quantities of reac-
tive oxygen species [19]. Diabetes mellitus is a major
health issue that has a negative and permanent effect
on individuals, as well as entire families and societies.
Over the past three decades, this issue has grown sig-
nificantly in scope and is expected to affect 439 million
elderly patients by 2030 [20]. Due to their tendency to
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worsen post-prandial hyperglycemia, a-glucosidase and
o-amylase inhibitors are now the most indicated thera-
pies for diabetes. The antioxidant properties of phenolic
compounds depend on their characteristics as hydrogen
donors, reducing agents, metal ion chelators, and pro-
tonated hydrogen quenchers [21]. Natural antioxidants
may also be used as a possible treatment for type 2 dia-
betes mellitus as they reduce postprandial hyperglyce-
mia and block a-glucosidase and a-amylase [22].

Around the world, patients with diabetes show an
increased risk of developing such chronic health issues
as atherosclerosis, obesity, renal failure, and dyslipide-
mia [23]. New lipase inhibitors obtained from plant ex-
tracts can provide new anti-obesity drugs. Actually, seve-
ral synthetic medications, including acarbose and orlistat,
are often used as inhibitors for these enzymes in people
with obesity and type 2 diabetes [24, 25]. However, these
inhibitors demonstrated a number of negative side ef-
fects [26]. As a result, much effort has been expended in
reducing the negative side effects of all of these synthetic
hypoglycemia and anti-obesity medications, as well as in
discovering safer and natural inhibitors of a-amylase
and lipase. Medicinal plants possess photochemically
active flavonoids and phenolics with potent antioxidant
activities. As a result, they are commonly used to treat
diabetes and associated complications [27]. These sub-
stances are potent inhibitors of a-amylase and lipase [28].

Environmental elements, e.g., pollution and unhe-
althy diet, may affect thyroid function [29]. The effects
of goitrogenic drugs are a popular research subject [30].
The incidence of goiter is higher if dietary iodine defi-
ciency is caused by thyroid function inhibitors [31].

As the global demand for plant extracts keeps incre-
asing, it triggers an indiscriminate consumption of plants
with ambiguous chemical and biological properties. Fla-
vonoids are a class of organic substances that are abun-
dantly present in plants and have been linked to a vari-
ety of biological and pharmacological actions in recent
years. Thyroid peroxidase is a crucial enzyme for the
production and processing of thyroid hormones. It is one
of the numerous enzymes that flavonoids can block [32].

According to Bray et al. [33], cancer will be the
leading cause of mortality in the XXI century. Can-
cer comes in 36 types that can afflict both women and
men. No traditional or contemporary cancer treatment
has proved flawless [34]. Numerous variables make it
crucial to keep looking for innovative anticancer medi-
cations. These concerns include medical procedures
that might have serious adverse consequences or that
could be rather pricey [35]. Medical scientists are loo-
king for less expensive and more biologically secure op-
tions [36]. As far as we know, no comprehensive study
has been performed on the therapeutic effect of barnGf
leaf extracts, especially their anti-diabetic, anti-obesity,
antithyroid, and anticancer properties. This research fea-
tured the efficiency of various solvents in the extraction
of polyphenols from barnif leaves, as well as the in vitro
antioxidant, antimicrobial, antidiabetic, anti-obesity, an-
tithyroid, and anticancer properties of these extracts.
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STUDY OBJECTS AND METHODS

Materials. The fresh barnlf (Pluchea dioscoridis L.)
leaves were procured in March 2019 from an experimen-
tal field of the Agriculture Department, Kafrelsheikh
University, Egypt. They were identified as such at the
Plants Department, Al-Azhar University, Egypt.

The ethanol (80%), methanol (80%), acetone, gallic
acid, quercetin, DPPH, ABTS, butylated hydroxyanisole,
ciprofloxacin, fluconazole, a-glucosidase, a-amylase, li-
pase, thyroid peroxidase, and guaiacol were acquired
from Sigma-Aldrich Chemical Co., USA. Every chemi-
cal employed in this research was of HPLC quality, with
99.9% purity.

The nutritional agar and potato dextrose agar media
were purchased from Difco Lab, USA.

The samples of Salmonella typhimurium ATCC23851,
Escherichia coli ATCC25921, Staphylococcus aureus
ATCC25920, Pseudomonas aeruginosa ATCC25004,
and Candida albicans ATCC10230 came from the Mi-
crobiology Department, Kafrelsheikh University, Egypt.

Preparing barniif leaves. The barnif leaves were
washed with pure water. After gathering surplus water
with white towels, we left the leaves to dry for a day in
an oven (Memmert, UF) at 45 + 3°C. After that, we pul-
verized them in an FX1000 electrical crusher (Black &
Decker, England) and sieved the powder to produce par-
ticles of = 70 mesh [5].

Preparing barniif leaf extracts. The barnif leaf
powder was extracted using methanol (80%), ethanol
(80%), and acetone as solvents. The solvents were selec-
ted based on primary experiments. We extracted 20 g of
the dried leaf powder in three separate batches by mac-
erating them for 24 h at room temperature in 100 mL of
ethanol, methanol, or acetone. All extracts were then
vacuum-concentrated at 40°C after being filtered using
Whatman filter paper (No. 4 Chr, UK). The resulting ex-
tracts were stored at 4 £ 1°C for later use.

Quantifying total phenolics and flavonoids. The
technique outlined by Waterhouse [37] was used to esti-
mate the total phenolic contents in the barnif leaf ex-
tracts using a UV/Vis spectrophotometer (Shimadzu
UV-1800, Kyoto, Japan) at 765 nm and calculated the re-
sults as mg gallic acid equivalent (GAE) per 1 g of ex-
tract. The flavonoid content was measured using the me-
thod of Zhishen et al. [38]. Using a UV/Vis spectropho-
tometer (Shimadzu UV-1800, Kyoto, Japan) at 415 nm
and expressed the results as mg of quercetin equivalent
(QE) per 1 g of extract.

High-performance liquid chromatography (HPLC)
analysis. The barnlf leaf extracts underwent a HPLC
analysis in a food chemistry laboratory, National Re-
search Center, Egypt. The phenolic measurements fol-
lowed the protocol described by Elsebaie & Essa [39]
and involved Shimadzu LC-10A HPLC instruments
(Kyoto, Japan) .

Antioxidant activity. 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging activity. We used the appro-
ach outlined by Fki et al. [40] to examine the DPPH radi-
cal-scavenging impact. We mixed 5 mL of a 0.004%

396

methanol DPPH solution with 50 pLL of variously dilut-
ed extracts (0—100 ug/mL) in methanol. After 30 min of
room temperature incubation, we measured the absor-
bance at 517 nm and compared the results with the blank.
The percentage of DPPH inhibition, %, was calculated
using the following Eq. (1):

]xlOO

where 4, is the blank absorbance and A_ is the sample
absorbance.

By comparing the graph plotting of the inhibition
percentage with the extract concentration, we determi-
ned the extract concentration that provided 50% inhi-
bition, i.e., IC,,. All assays were run in triplicate and
used the synthetic antioxidant reagent butylated hydro-
xyanisol as a positive control.

2,2'-Azinobis-(3-Ethylbenzthiazolin-6-Sulfonic
Acid (ABTS) activity. The ABTS" method to measure the
antioxidant activity of the extracts followed the method
developed by Sayah ef al. [41]. First, we mixed a 5 mM
solution of ABTS in phosphate buffered saline with
pH 7.4. Then, we combined the ABTS stock solution and
MnO, to create the ABTS radical cation (ABTS™) and
filtered it through a polyvinylidene fluoride membrane.
Its absorbance was measured in a I-cm cuvette after di-
luting it in phosphate buffered saline (pH 7.4) until equi-
librium was reached at 30°C. The mix was then stored
at 20°C until use. The final absorbance was measured at
734 nm. After that, we combined 0.05 mL of each extract
with 3 mL of the ABTS™" solution at a concentration of
0-100 pg/mL. After a violent shaking in an Eppendorf
tube, the mix settled in the dark at room temperature for
6 min before the absorbance at 734 nm was measured. Bu-
tylated hydroxyanisole served as a positive control while
distilled water was applied as a negative control in place
of the extract. The results were expressed by the Eq. (2):

JXIOO

where A4, is the blank absorbance and A4_ is the sample
absorbance.

Determining antimicrobial activity. We assessed
the antibacterial activity of the barnGf leaf extracts both
quantitatively and qualitatively. To study the growth
inhibition zones, we used the disc diffusion test as de-
scribed by Elsebaie et al. [42]. We placed 100 mL of
cultured cell suspension on each plate. The amount cor-
responded to 0.5 McFarland of the isolate. After that, we
filled the agar plate wells with 100 pL of each barnGf
leaf extract, i.e., ethanol, methanol, and acetone. In the
antibacterial and antifungal tests, 100 pg/mL ciproflo-
xacin and 100 pg/mL fluconazole served as positive con-
trols while dimethyl sulfoxide served as a negative
control. The plates stayed at 25°C for 1 h to enable pre-
incubation diffusion, which reduced the impact of time
variation. The plates were subsequently re-incubated in a
DSI-D laboratory incubator (Taichung, Taiwan) for 24 h

DPPH inhibition = [M

b

1)

4, -4

S

@

b

% inhibition ABTS"" = [
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at 37°C for bacterial strains and 28°C for fungal strains.
After the incubation, we examined the plates for anti-
bacterial activity by measuring inhibition zones for each
sample. To prevent errors, each test was triplicated for
every strain.

In vitro antidiabetic activity. a-Glucosidase inhi-
bition assay. The a-glucosidase inhibition test followed
the protocol developed by Ademiluyi & Oboh [43].
0.1 mol/L of phosphate buffer with pH of 6.9 contained
0.2 mL of barndGf leaf extracts with concentrations ran-
ging from 0 to 500 g/mL and 100 pL of a-glucosidase
(0.5 mg/mL). It was allowed to settle at 25+ 2°C for
10 min. Subsequently, we added 5 mmol/L of p-nitrophe-
nyl-D-glucopyranoside solution to the phosphate buf-
fer. After 5 min of incubation at 25°C, the reaction
mixes were measured for absorbance at 405 nm using
a Bruker 301E spectrophotometer (Rheinstetten, Ger-
many). The a-glucosidase inhibition, %, was determi-
ned as follows:

Ab_As

a-glucosidase inhibition = (
b

]XIOO 3
where 4, is the blank absorbance and A4_ is the sample
absorbance.

a-amylase inhibiting test. The a-amylase inhibition
test followed the method developed by Telagari & Hul-
latti [44]. We combined 200 uL of sodium phosphate
buffer (0.02 M) with 80 pL of each barniif leaf extract at
various concentrations that ranged from 0 to 500 pg/mL.
The a-amylase solution (20 pL) was mixed and kept at
room temperature for 10 min. After mixing 200 pL of
soluble starch, we left it to settle for 1 h. After adding
the 3,5-dinitrosalicylic acid reagent (400 pL) and putting
it into a boiling water bath for 5 min, we interrupted the
enzymatic reaction by cooling it down and adding 15 mL
of distilled water. A UV-Vis spectrophotometer (Shi-
madzu UV-1800, Kyoto, Japan) was used to measure the
absorbance at 540 nm and observe the color change. The
a-amylase inhibition, %, was calculated by the Eq. (4):

jxlOO

where 4, is the blank absorbance and 4_ is the sample
absorbance.

In vitro anti-obesity activity. Each sample of bar-
nlf leaf extract was dissolved in dimethyl sulfoxide
(10%) to yield stock solutions of 500 pug/mL. These
solutions were used to create a concentration dilu-
tion series of 0—500 pg/mL. Right before the experi-
ment, we prepared a new stock solution of lipase in a
Tris-HCl1 buffer. p-Nitrophenyl butyrate served as a
substrate at a concentration of 41.8 mg in 4 mL ace-
tonitrile. After that, we combined lipase and barnGf
leaf extracts (0.2 mL) from each dilution series to
make workable solutions. After diluting these operat-
ing solutions to a final volume of 1 mL with Tris-HCI,
we incubated them at 37°C for 15 min. After incu-
bation, each test tube received 0.1 mL of p-nitro-

Ab — As

Q)

o-amylase inhibition = (

b
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phenyl butyrate solution. At 37°C, the slurry was in-
cubated again for 30 min. Using a Shimadzu UV-
1800 UV/Vis spectrophotometer (Kyoto, Japan), we
measured hydrolysis of p-nitrophenyl butyrate into
p-nitrophenolate at 410 nm to evaluate the lipase acti-
vity [45]. As before, orlistat served as a standard refe-
rence chemical. The lipase inhibition, %, was calcula-
ted as follows:
JXIOO

where 4, is the blank absorbance and A4_ is the sample
absorbance.

Antithyroid activity. Preparing thyroid peroxidase.
We used the method published by Jomaa et al. [46], with
a few adjustments. The thyroid glands of New Zealand
rabbits were purchased from a nearby butcher (Kaf-
relsheikh, Egypt) and kept at —20°C until needed. We
homogenized the material using a Philips homogenizer
(Minato-ku, Tokyo, Japan) in a solution that contained
2mM of Tris-HCl, 0.25M sucrose, 40 mM NaCl,
100 mM KCl, and 10 mM MgCL,. The resulting mass was
centrifuged twice at 4000 rpm at 4°C for 15 min, fol-
lowed by salting out 60% of enzyme protein. The super-
natant stayed in an UGHO0044N Kiriazi freezer (Cairo,
Egypt) at —20°C until utilized for further analysis.

Thyroid peroxidase inhibitory assay. This test,
with a few modifications, also followed the procedure
developed by Jomaa et al. [46]. The measurement was
carried out in a cuvette with a light path of 1.0 cm at a
wavelength of 470 nm. The test involved a Shimadzu
UV-1800 spectrophotometer (Kyoto, Japan). The mix
consisted of guaiacol, 0.1 mol/L phosphate buffer, 40 uL
pure material solution, 20 mL thyroid peroxidase en-
zyme, and 50 uLL H,O, at pH 7.4. The combination had
a total volume of 210 L. The buffer replaced the barnaf
leaf extracts at various concentrations (0500 g/mL) in
the sample probe. The absorbance values were taken at
37°C for three minutes every one minute. The following
formula was used to determine the thyroid peroxidase
inhibitory activity, %:

jxlOO

where AA/min represents the variation in linearity ab-
sorbance, minute to minute, of the test samples; and
AAmin stands for the variation in linear blank absorp-
tion, minute to minute, for the blank samples. The inter-
polation of dose dependent curves yielded the IC, value.

Anticancer activity. MCF7-1 (breast) and H1299-1
(lung) drug cytotoxicity assays arrived from the Nation-
al Institute of Oncology in Cairo, Egypt. The potential
cytotoxicity of the barndf leaf extracts was examined
using the Natural Red Uptake (NRU) test at concentra-
tions ranging from 0 to 50 pg/mL [47].

Statistical analysis. We used the study of variance
(ANOVA), the Duncan test, and the SPSS 17.0 software
with p < 0.05 as significant.

4, -4

S

Lipase inhibition = ( ®)

b

AA/min for test

- (6)
AAmin for blank

Inhibition = [1
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RESULTS AND DISCUSSION

Total phenolics and flavonoids. Table 1 displays the
obtained data for total phenolics and flavonoids based
on the absorbance values of the different extracts in
comparison to the standard solutions of gallic acid and
quercetin. The proportion of flavonoids and polyphe-
nols in every extract proved to be high. The methanolic
extract contained the highest amount of total pheno-
lics (241.50 + 3.71 mg GAE/g) and flavonoids (256.18 +
3.19 mg QE/g), followed by the ethanol extract with
185.15 + 3.35 mg GAE/g and 194.24 + 5.02 mg QE/g, and
the acetone extract with 123.47 +4.15 mg GAE/g and
136.11 + 2.97 mg QE/g, respectively. These results were fo-
und consistent with those reported by Allouche et al. [27],
who described polar solvents as optimal for polypheno-
lic extraction. When the extraction solvent polarity rose,
the yield of polyphenols extracted also went up. Accor-
ding to Qasim et al. [48], methanolic extracts from Plu-
chea leaves contained more polyphenols and flavonoids
than ethanolic and acetone extracts.

Identifying polyphenolic acids. Table 2 shows the
polyphenolic composition of barnif leaf extracts mea-
sured by high-performance liquid chromatography

Table 1 Total polyphenols and flavonoids in barnif leaf
extracts

Solvent Total phenolics, Total flavonoids,
mg GAE/g extract mg QE/g extract
Methanol 241.50 +£3.71° 256.18 +3.19*
Ethanol 185.15+3.35° 194.24 + 5.02°
Acetone 123.47+4.15° 136.11 £2.97¢

The data are displayed as mean + SD

Values followed by different superscripts in each column differed
significantly at p <0.05

Table 2 Major phenolic compounds, % total, in different
barndf leaf extracts as identified by HPLC

Compounds Extract type
Ethanol Methanol  Acetone

Gallic acid 6.71 8.13 n.d.
Protocatechuic acid 4.20 6.01 n.d.
Pyrogallol n.d. 8.24 n.d.
Catechol n.d. n.d. 1.06
Chlorogenic acid 8.27 8.20 6.30
p-Coumaric acid 3.76 1.53 1.11
Catechin 15.28 12.80 8.52
Caffeic acid 5.75 4.60 1.96
Vanillic acid 1.90 2.70 n.d.
Ellagic acid 24.71 30.33 22.60
Caffeine n.d. 0.29 0.86
Salicylic acid 3.91 n.d. 18.22
Ferulic acid 3.72 n.d. 9.34
Cinnamic acid 0.73 n.d. 0.23
B-OH benzoic acid 21.06 15.75 29.80
Colchicine n.d. 1.40 n.d.
Chrysin n.d. 0.02 n.d.

n.d. — not detected
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(HPLC). The ethanol and methanol extracts contained
12 and 13 phenolic compounds, respectively. Ellagic
acid, benzoic acid, catechin, pyrogallol, chlorogenic
acid, and gallic acid were the major phenolic compo-
unds presented and identified in the methanolic extract.
As for the ethanol extract, the most predominant pheno-
lic compounds were represented by ellagic acid, benzo-
ic acid, catechin, chlorogenic acid, and gallic acid. The
acetone extract contained 11 phenolic compounds, the
major ones being benzoic acid, ellagic acid, salicylic
acid, ferulic acid, and catechin. Pyrogallol, colchicine,
and chrysin were found in the methanolic extract only
whereas catechol was found in the acetone extract only.
These results confirmed those reported by Elsebaie &
Essa [5], who found 12 phenolic acids in the barnif leaf
ethanolic extract, ellagic acid and benzoic acid being
the most abundant ones.

Antioxidant activity. Free radicals have recently
been implicated in a number of medical conditions, in-
cluding heart disease, cancer, ageing, cataracts, immune
system damage, etc. [49]. Antioxidants slow down the
oxidation rate and shield cells from harm. As a result,
they can get rid of unstable free radicals [49]. Antioxi-
dant medications are employed to prevent and cure va-
rious diseases that are caused by oxidative stress, e.g.,
diabetes, Alzheimer’s disease, atherosclerosis, stroke,
and cancer [50, 51]. Herbal remedies have recently be-
come very popular as an alternative to synthetic medi-
cines because they have no side effects and are less
expensive [52]. Antioxidant activity can be measured
both in vitro and in vivo, but very few quick and accu-
rate techniques cover a wide range of plant extracts [53,
54]. In this research, we investigated the ability of barnff
leaf extracts to scavenge the steady free radical DPPH
and the cation ABTS in order to explore their antioxi-
dant activity.

DPPH is a stable free nitrogen-centered radical. It
is commercially available and has a distinctive absor-
bance at 517 nm [55]. It provides a common method for
assessing plant extracts for antioxidant standards and
ability to scavenge free radicals. By absorbing hydro-
gen from a matching donor, the DPPH solution loses
its typical dark purple hue and transforms into yellow
diphenylpicryl hydrazine [56]. The overall in vitro an-
tioxidant activity of plant extracts has extensively been
assessed using this scavenging activity as a rapid and
trustworthy criterion [57].

The DPPH test has been applied to antioxidant activi-
ties of various medicinal plants [5S8—60]. These studies
reported many plant compounds that act as antioxidants.
Figure la illustrates the DPPH radical scavenging ca-
pacity of different barnif leaf extracts at various doses.
All barnGf leaf extracts demonstrated scavenging acti-
vity, which became stronger as the extract concentration
increased. At 100 ug/mL concentration, the methanolic,
ethanolic, and acetone barnif leaf extracts all showed
enhanced DPPH radical scavenging activities of 83.17,
70.43, and 64.12%, respectively. The acetone extract de-
monstrated reduced action at all levels. Barnif leaves
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had a significant concentration of phytochemicals that
probably donated protons and acted as radical scaven-
gers. Similar findings were reported by Saber [61], who
used Pluchea dioscoridis leaf extracts to scavenge
DPPH radicals in a dose-dependent manner [61].

ABTS stands for 2,2-azino-bis-3-ethylbenzothiazo-
line-6-sulfonic acid. It has a radical cation that may
exist in its free state without losing stability. The con-
centration of radicals was calculated at 734 nm. When
an antioxidant was added to the solution of the radical,
both its amount and its absorbance went down. This de-
cline depended on the antioxidant activity of the test
compound, as well as on the time and concentration [62].
A more effective ABTS decolorization test was used by
Re et al. [63].

Figure 1b shows how well the extracts were able to
remove the ABTS cation. The methanolic extract demon-
strated significant concentration-dependent ABTS ra-
dical cation scavenging activity. At a concentration of
100 pg/mL, the ethanolic, methanolic, and acetone ex-
tracts of barnif leaves had 89.7, 75.9, and 70.94% scaven-
ging action on ABTS, respectively. This response may
point to the ability of barnif leaves to reduce oxidative

damage to a few key bodily tissues at the tested amo-
unts [64]. These findings concur with those reported by
Vongsak et al. [65], who used the same ABTS test in
their research. Figure 1c illustrates a comparative analysis
of the IC, values. A low IC, value indicated antioxidant
activity. In fact, the maximal DPPH radical inhibition
value belonged to the methanolic extract (18.21 pg/mL),
followed by the ethanolic extract (37.93 pg/mL) and the
acetone extract (54.76 ug/mL). Additionally, the metha-
nolic extract also showed the greatest efficiency against
the ABTS radical cation (17.6 pg/mL), followed by the
ethanolic extract (30.1 pg/mL) and the acetone extract
(43.8 pg/mL). For the DPPH and ABTS assays, the
butylated hydroxyanisole IC,  values were 10.62 and
9.30 ng/mL,respectively. The presence of additional ele-
ments in minute amounts or their combination with the
primary ingredients may also contribute to the efficiency
of the antioxidant. Our results followed the same pattern
as those published by Qasim et al. [48] and Saber [61].
Antimicrobial activity. Table 3 describes the inhibi-
tion zones (mm) to summarize the antibacterial capacity
of various barnlf leaf extracts against two gram-nega-
tive bacteria (Escherichia coli and Salmonella thyphimu-
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Figure 1 Antioxidant activity of different barnif leaves extracts by DPPH (a) and ABTS (b); IC, (c)
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Table 3 Antimicrobial activity of different Barniif leaf extracts

Microorganisms Growth inhibition zone (diameter), mm
Barntf leaf extract Ciprofloxacin Fluconazole
Methanolic Ethanolic Acetone
Escherichia coli 22.3+£0.7 20.4 +0.5% 24.2 £0.3® 36.1 £0.54 -
Salmonella typhimurium 24.3 £ 0.5 20.1 +0.39% 26.0 +0.3%8 40.2 £0.8* -
Pseudomonas aeruginosa 29.8 &+ 0.4 26.5 £ 0.7 20.6 + 0.4 38.4+£0.3% -
Staphylococcus aureus 33.2+0.6™ 28.1 +0.5*8 232+ 0.5 33.3+0.49% -
Candida albicans 39.8+0.3 354 +0.6® 27.5+0.7%¢ — 40.2+0.34

The data are displayed as mean + SD

Means with different uppercase superscripts (A—D) in the same row are significantly different at p < 0.05

Means with different lowercase superscripts (a—d) in the same column are significantly different at p < 0.05.

rium), two gram-positive bacteria (Pseudomonas aerugi-
nosa and Staphylococcus aureus), and one strain of yeast
(Candida albicans).

All extracts were obviously effective against the five
microbiological strains under analysis. The methano-
lic and ethanolic barniif leaf extracts had the highest in-
hibitory zones against S. aureus (33.2£0.6 and 28.1 +
0.5 mm, respectively). These actions represented 84.38%
of ciprofloxacin activity. E. coli and S. typhimurium
were both successfully inhibited by the acetone extract,
with inhibition zones of 24.2 £0.3 and 26.0 = 0.3 mm,
respectively. The methanolic extract provided larger in-
hibition zones against E. coli and S. typhimurium than
the ethanolic one but both values were lower than those
demonstrated by the acetone extract. These findings are
quite significant because the gram-negative bacteria
under investigation cause serious intestinal illnesses.

In contrast, the methanolic and ethanolic barndif leaf
extracts were more effective than the acetone extract
in killing P. aeruginosa and S. aureus. Our extracts de-
monstrated antibacterial efficacy against gram-posi-
tive bacteria that was inferior to that of ciprofloxacin.
Overall, the acetone extract inhibited gram-negative bac-
terial strains whereas the methanolic extract inhibited
gram-positive bacteria. The obtained results were in line
with those obtained by Elsebaie & Essa [5], Al-Salt [66],
and Zalabani et al. [67]. These results revealed that
gram-positive microbes were more sensitive to hydro al-
coholic extracts than gram-negative germs, as previously
reported by Aruwa et al. [68].

Additionally, the barnif leaf extracts in methanolic
and ethanolic forms were more effective against C. albi-
cans than the acetone extract. Our results reconciled
with those obtained by El-Ghorab et al. [69], who linked
the antimicrobial properties of barnif to its phenolic
compounds. Our extracts demonstrated antimicrobial
efficacy against all samples, with the exception of the
methanolic extract: its activity against C. albicans was
inferior to fluconazole.

Ciprofloxacin gave larger inhibition zones for E. coli,
S. typhimurium, and P. aeruginosa than those obtained
by all types of barnif leaf extracts. The methanolic ex-
tract and ciprofloxacin gave similar diameter zones in re-
lation to S. aureus. Also, fluconazole and the methanolic
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extract gave similar diameter zones in relation to Ca. al-
bicans, which exceeded those obtained by the ethanolic
and acetone extracts. The antimicrobial activity demon-
strated by ciprofloxacin and fluconazole against the bac-
terial and fungal strains in this research was similar to
that reported by Elsebaie & Essa [5], Elsebaie et al. [42],
and El-Ghorab et al. [69].

In vitro antidiabetic activity. a-Glucosidase inhi-
bition assay. A well-known strategy to combat the meta-
bolic changes caused by type 2 diabetes is to inhibit this
enzyme [70]. Generally, a-glucosidase inhibitory agents
are regarded as oral hypoglycemic medications because
they prevent disaccharides from converting into mono-
saccharides and maintain normal blood sugar levels [19].
We used acarbose, a potent enzyme inhibitor, to com-
pare the results of the a-glucosidase test and calculate
the IC, values for the three extracts (Fig. 2a and b). The
findings show that all barnif leaf extracts contained po-
tential a-glucosidase inhibitors. Acarbose, which served
as reference, had an IC, of 72.64 +1.04 ug/mL. The
methanolic extract demonstrated the strongest inhibi-
tory effect on a-glucosidase (133.76 + 2.09). The IC, va-
lues for the ethanol and acetone extracts were 225.61 +
2.97 and 321.40 +3.12 pg/mL, respectively, showing
only modest a-glucosidase inhibition. The variations in
phenolic, flavonoid, and antioxidant activities of bar-
nGf leaf extracts may be responsible for this finding.
Gowri et al. [71] indicated a positive relationship be-
tween the total flavonoid and polyphenol contents and
the ability to inhibit a-glucosidase. These results were
similar to ours, as demonstrated in Table 2: the barnif
leaf ethanol and methanol extracts contained 12 and 13
phenolic compounds, respectively.

Error bars represent standard deviation (n = 3). Dif-
ferent lowercase superscripts indicate significant dif-
ferences at p < 0.05 between the extracts at the same
concentration. Different uppercase superscripts indicate
significant differences at p < 0.05 between the concen-
trations for the same extract types

a-Amylase inhibition assay. As a major digestive
enzyme, pancreatic o-amylase is implicated in the
decomposition of starch into oligosaccharides before
freeing glucose into the bloodstream for absorption.
The amount of starch that is broken down in the gastro-
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Figure 2 Effect of different barndf leaf extracts on a-gluicosidase inhibition (a), a-gluicosidase IC,, (b), a-amylase inhibition (c),

and a-amylase IC, (d)

intestinal system would decrease if a-amylase was
inhibited. As a result, the amount of hyperglycemia
may also be decreased [72]. In this test, we used acar-
bose, a powerful a-amylase inhibitory drug, to test
the barnif leaf extracts for their anti-amylase effec-
tiveness (Fig. 2c and d). All three barnif leaf extracts
inhibited the a-amylase enzyme in a dose-dependent
manner (0—500 pg/mL). The methanolic extract proved
to be the most effective a-amylase inhibitor with an
IC,, of 104.28 =£1.97 pg/mL, as compared to 25.30 +
1.62 pg/mL for the reference acarbose. This sugges-
ted that barnaf leaf extracts might be an effective her-
bal treatment against diabetes. The acetone extract
exhibited the lowest activity in this assay, with IC
260.00 £+ 1.97 ug/mL, while the ethanolic extract showed
only moderate activity with IC, = 171.34 + 1.50 ug/mL.
Highly polyphenolic herbal extracts demonstrated a
stronger potential to block a-amylase, according to
Shobana et al. [73]. Natural antioxidants and pheno-
lics from plants were reported to possess fewer side ef-
fects [74]. The strongest a-amylase inhibitory activity of
the methanolic extract may thus be attributed to its high
phenolic content and antioxidant capacity.
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Our results may be explained by the variation in phe-
nolic, flavonoid, and antioxidant activities of the barnif
leaf extracts. Importantly, some researchers reported
a positive relationship between the total flavonoid and
polyphenol contents and the ability to inhibit a-glucosi-
dase [71]. These results confirmed our findings presen-
ted in Table 2, where the ethanol and methanol extracts
contained 12 and 13 phenolic compounds, respectively.
Ellagic acid, B-OH benzoic acid, catechin, pyrogallol,
chlorogenic acid, and gallic acid were the major pheno-
lic compounds presented and identified in the methano-
lic extract. Ramkumar et al. [75] described ellagic and
gallic acids as potent inhibitors of a-glucosidase and
o-amylase. The methanolic extract demonstrated the
highest content of ellagic and gallic acids, followed by
ethanol and acetone. This fact may explain the varia-
tions between the inhibitory effects of the three different
barnif leaf extracts against a-glucosidase and a-amylase.

In vitro anti-obesity activity. Lipase is the most
crucial digestive enzyme which hydrolyzes dietary li-
pids into glycerol and fatty acids so that they could be
absorbed by the small intestine [76]. As a result, inhib-
iting this digestive enzyme can help with obesity treat-
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ment [45]. As indicated in Fig. 3a and b all extracts in
this research inhibited lipase activity. As a result, the
IC,, values for methanolic, ethanolic, and acetone ex-
tracts against lipase activity were 127.35, 194, and
288 ug/mL, respectively, showing that the barnif leaf
extracts indeed had a potent anti-obesity action. The
anti-hyperlipidemic drug orlistat (IC ;= 14.26 ug/mL)
demonstrated a more powerful suppression of lipase
than the other extracts in this research. Additionally,
the total phenolics in the various extracts may precisely
match their lipase-inhibitory properties. According to
McDougall et al. [77], the ability to inhibit lipase may
come from phenolic components of plant origin, e.g., ca-
techin, gallic acid, epicatechin, myricetin, ellagic acid,
kaempferol quercetin, resveratrol, and anthocyanins.
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In vitro anti-thyroid activity. Thyroperoxidase
(EC1.11.1.1-14), commonly known as thyroid peroxi-
dase or iodide peroxidase, is an enzyme involved in
the production of thyroid hormones [78]. Since the
thyroid peroxidase enzyme is a heme peroxidase, the
substrate must first undergo oxidation before it can be
oxidized. The H,O, molecule is crucial for its oxida-
tion. The H,O, molecule appears only at the apical sur-
face of thyrocytes, activating any thyroid peroxidase
molecules that may be there [79]. Figure 4 displays the
thyroperoxidase inhibiting activity of the barnif leaf
extracts. All extracts in this research contained poten-
tial thyroperoxidase inhibitors. The methanolic extract
demonstrated the most prominent inhibitory activity of
85.89%, followed by the ethanolic and acetone extracts
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Figure 3 Effect of different barnif leaf extracts on lipase inhibition (a) and lipase IC, (b)
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Figure 5 Anticancer activity of different barniif leaf extracts against MCF7-1 (a) and H1299 (b); IC,, (c)

in a dose-dependent manner (0—500 pg/mL). Habza-
Kowalska et al. [78] linked inhibitory properties to the
antioxidant activity power. Their results were in line
with ours, as illustrated by Fig. 1, where the methano-
lic extract demonstrated the highest antioxidant activity
against DPPH and ABTS, followed by the ethanol and
acetone extracts.

The IC,  values of the methanol, ethanol, and ace-
tone extracts against thyroperoxidase were 211.2, 340,
and 404 pg/mL, respectively (Fig. 4b). Such polyphe-
nolic components as chlorogenic acid, rosmarinic acid,
and quercetin were probably responsible for thyropero-
xidase inhibition [78].

Anticancer activity. We used MCF7-1 (breast) and
H1299-1 (lung) cell lines to assess the potential of bar-
nQf leaf extracts to suppress cell proliferation. Both can-
cer cell lines were treated with varied concentrations
of different extracts. Figure 5 shows that the general
activity against H1299-1 was superior to that against
MCEF7-1. At a concentration of 50 ug/mL, the methano-
lic extract showed strong anticancer activity against both
MCF7-1 and H1299-1 with inhibition percentages of
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61.47 and 78.66%, respectively. At the same concentra-
tion, the ethanolic extract also demonstrated strong anti-
cancer activity against both lines with inhibition percen-
tages of 54.13 and 62.59%. The acetone extract had a cy-
totoxic impact on both lines, with inhibition percentages
of 50.82 and 59.72% at 50 ug/mL acetone extract con-
centration. In the methanol sample, MCF7-1 and H1299-1
had IC, values of 29.3 and 18.4 ug/mL, respectively. In
the ethanol sample, the IC,; values against MCF7-1 and
H1299-1 were 38.8 and 26.4 pg/mL, respectively.

Figure 5 demonstrates an inverse relationship bet-
ween cell viability and sample concentration, with the
cell viability percentage declining as the sample concen-
tration rose. The growth of MCF7-1 and H1299-1 cells
was negligible, indicating that the barnGf leaf extracts
are safe in vitro and may be employed as a component in
food products, once clinically evaluated on animals and
people. The following investigations support the theory
that phytochemicals contribute to anticancer properties.
lawsipo et al. [80] studied barniif leaf extracts for anti-
cancer action against breast and cervical cancer cell line.
They observed considerable cytotoxicity: the extracts
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reduced cancer cell growth even at low doses (15 pg/mL).
Bibi et al. [81] mentioned about 1000 plant species on
Earth as possessing anticancer properties. Our experi-
ment in vitro suggests that barnif is one of these species.

CONCLUSION

The methanolic extract of barnif (Pluchea diosco-
ridis L.) leaves contained the greatest total phenolics
(241.50 +3.71 mg GAE/g) and flavonoids (256.18 +
3.19 mg QE/g), followed by the ethanol extract and the
acetone extract. Also, the methanolic extract showed
the strongest antioxidant properties against DPPH and
ABTS radicals. All barnGf leaf extracts had a potential
antimicrobial activity, but the methanolic and ethanolic
extracts were more effective than the acetone extract. In
addition, gram-positive microbes appeared to be more
sensitive to the barnif leaf extracts than gram-negative
bacteria. The extracts demonstrated a powerful sup-
pression of a-glucosidase, a-amylase, lipase, and thyrope-
roxidase, which suggests that the methanolic extract
had good prospects for phytotherapy against diabetes
and obesity, as well as an antithyroid agent. Additional-
ly, the methanolic extract inhibited both MCF7-1 and

H1299-1 cell lines. These findings might inspire more
in vivo research to create all-natural pharmaceutical
formulations that would be efficient in the treatment of
obesity, diabetes, and certain cancers.
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Abstract:

The increasing variability of phenotypic traits in agricultural animal species makes it necessary to search for reliable DNA
markers. Due to the poor efficiency of using clustered single-nucleotide polymorphisms (SNP) and individual genomic
elements, the hierarchy of gene regulatory networks has become a relevant research area. We summarized available information
on different levels of epigenetic regulation, from the linear DNA sequence and its secondary and tertiary structures to the
factors outside the cell nucleus, i.e., intercellular contacts and interactions with the extracellular matrix. We also discussed
the features of genomic distribution and the role of topologically associated domains (TADs), and architectural protein CTCF
in chromatin loop formation. CTCF mediates protein-protein interactions and interacts with various RNA variants. It also
involved in epigenetic modifications of the DNA nucleotide sequence, a target of CTCF binding. Such targeted sites are located
in transposable elements (TEs). As a result of the evolutionary conservation, they are also to be found in TAD, regardless of
the fact that they are delivered by species-specific TEs. CTCF and its binding sites are known to affect the structure of the
mitotic spindle. They also have a certain impact on cholesterol biosynthesis, which affects the plasma membrane and cell
migration. CTCF indirectly participates in the variability of intercellular contacts and interactions with the extracellular matrix.
In animals, CTCF and its binding targets are involved in all levels of gene regulatory networks that maintain or change genomic
expression.

Keywords: G4 quadruplexes, DNA-RNA hybrids, CTCF, chromatin loops, topologically associated domains (TAD), extra-
nuclear factors, neoplastic transformation
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EPIGENETIC VARIATIONS patterns, the DNA, and splicing, as well as movements
AND TRANSCRIPTOME and expression of mobile genetic elements (MGE) called

transposons or transposable elements (TE) [3—8].

Epigenetic modifications in eukaryotic nuclei regu-

late gene expression programs. Such modifications occur
at different organization levels:

— methylation of the linear DNA sequence during im-

printing [9];

; ) . . N —multiple two-way changes in chromatin packaging,

possible to project phenotypic trait variability onto the ¢.g., formation of various chromatin loops, G4 quad-

genome. As they develop, they accumulate data on the ruplexes, DNA triplexes, hairpin loops, and R-loops
correlation between the genetically complex traits and (DNA/RNA hybrids); and

Natural and artificial selection both target particu-
lar genomic elements for each specific biological object.
Lack of information on these key genomic elements is
a serious problem for molecular genetics, which pre-
vents effective breeding of agricultural plants and ani-
mals. Genome-wide association studies (GWAS) make it

diseases in both humans and domestic animals and the  _ modifications of histones, i.e., the histone code, with
genomic elements in the non-coding DNA, which con- variability in DNA accessibility for transcription [10].
trol epigenetic variations in relation to coding sequen- A three-way organization level includes:

ces [1, 2]. Gene expression also depends on such epigene-  — autonomous chromosome areas in the interphase
tic mechanisms as the variability of histone methylation nucleus;

Copyright © 2024, Glazko et al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), allowing third parties to copy and redistribute the material in any medium or format and to
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— formation of topologically associated domains within
and between chromosomes; and
— genetic relationships and location in relation to the la-
mina of the nuclear membrane, nucleoli, and nuclear pores.
The interphase nucleus has two compartments, A
and B. Expression-inactive DNA is part of compartment
B, where heterochromatin tends to segregate near the nu-
clear lamina under the nuclear membrane and the nucleoli.
The result is specific patterns unique for each cell popu-
lations. Heterochromatization is typical of protein-inte-
racting lamina-associated domains (LAD) enriched in
long interspersed nuclear elements (LINE1) [11]. DNA be-
tween the LADs is expression-active and forms compart-
ment A, which is believed to be enriched in retrotranspo-
sons, i.e., short interspersed nuclear elements (SINEs) [11].
The compartmentalization reflects the three-dimen-
sional (3D) organization of the genome on a mega base
scale. However, science knows about 2,000 chromatin
domains that range in size from 100 kb to 1 Mb. These
topologically associated domains (TADs) correspond
to genomic regions with active self-interaction between
different genomic elements located at different distan-
ces in the primary DNA sequence, i.e., in close physical
proximity. Regulatory elements and their target genes
are often located within the same TAD. Insulators pro-

Nuclear membrane
Nuclear plate

NAD

Nuclear speckles

Nucleolus
LADs
TAD

Compartment A

Compartment B

Coehsin

CTCF

CTCF CTCF

tect them from interacting with genomic elements of
distal TADs (Fig. 1). The regions between two TADs
are enriched in insulator proteins and ubiquitously ac-
tive housekeeping genes that are present in most tissues
of multicellular organisms. In mammals, TAD bounda-
ries are characterized by co-bound cohesin and archi-
tectural factor CTCF [12-14]. Accumulating evidence
suggests that structural changes within TADs lead to
profound variations in the expression and intergenic in-
teractions both inside the TAD and its boundaries [15].
Multicellular organisms have a special level of ge-
netic expression regulation, i.e., intercellular interac-
tions represented by the architectonics of tissues and
organs. Intercellular interactions affect cell differentia-
tion, apoptosis, and ontogenesis. The 3D level of genetic
organization involves many mechanisms, e.g., extrusion
of chromatin loops by cohesin complexes, compartmen-
talization of heterochromatic domains by phase separa-
tion, direct interactions between proteins, etc. [16—17].

CHROMATIN LOOPS

The chromatin loop is an elementary unit of chroma-
tin packaging (Fig. 2). It participates in gene expression.
Disruption of chromatin loops is associated with neuro-
logical diseases [18—20].

Loop
Gene CTCF
Regulator Cochsin
TAD TAD
Weak
Interaction
Strong
Loop
(corner peak)
TAD
Sub-TAD
Boundary Boundary

Figure 1 Three-dimensional genomic organization: (a) Compartmentalization into A (red) and B (blue) regions. DNA in
compartment A often contacts with nuclear speckles while DNA in compartment B interacts with the nuclear lamina domain
(LAD) and the nucleolus-associated domain (NAD). Higher resolution images show topologically associated domains (TADs).
Chromatin loops within TADs are formed by cohesin and CTCF binding sites, which brings together regulatory elements
(enhancers) and their targets (promoters); (b) Loop extrusion model. Cohesin extrudes chromatin through its ring-shaped structure,
thus forming a loop. The loop grows until it reaches two converging CTCFs, which then block cohesin. This process is dynamic
and thus can be interrupted; (c) Hi-C visualization of compartments A (red) and B (blue), loops, TADs, and sub-TADs [12].
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Core DNA-binding fingers

Domain N Domain C
Zink fingers
a
Loop Recruitment of Pol 11 Contact with TF Euchromatin
and heterochromatin boundary
Contact with lamina Insulator Alternative splicing Binding with RNA
b

Figure 2 CTCF protein as a gene expression regulator: (a) CTCF is a protein with three domains: N-terminal domain, C-terminal
domain, and a central domain with 11 zinc fingers. CTCF uses the zinc finger domain to bind to DNA. RBD — RNA-binding
domain; ZF — zinc finger; (b) CTCF mechanisms: chromatin loop, recruitment of RNA polymerase II (Pol II), interaction with
transcription factor (TF), defining the boundary between euchromatin and heterochromatin, anchoring the DNA to lamin,

insulation, alternative splicing, and binding with RNA [23]

Loop formation usually depends on the CCCTC-
binding transcription factor (CTCF), also known as
architectural protein. Initially described as a negative
regulator of c-Myc expression [21], it is now considered
as the best studied transcription factor with C2H2-type
zinc finger clusters [22].

A lot of publications report CTCF as a key protein
in regulating gene expression because it can mediate
between DNA and quite a number of epigenetic factors,
even those with no DNA-binding domains (Fig. 3) [23].
Some post-translational modifications, e.g., glycosyla-
tion, are also known to affect the binding of CTCF pro-
tein to its DNA anchor [24].

While CTCF is a popular factor in chromatin loop
formation, the process includes such independent regu-
latory elements as mammalian-wide interspersed repeats
(MIRs) that represent an ancient family of transposable
elements (TEs). They are efficient regulators and share
some characteristics with tRNA-associated insulators.
MIRs are enriched in genes responsible for the T-cell re-
ceptor pathway and are located at T-cell-specific bounda-
ries between repressive and active chromatin. In this
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family, the anchor sequences bind to RNA Pol III and
some histone modifications in a way that depends on the
chromatin [25].

Tian et al. [26] used the method of DNA methylation
dioxygenase Tet-triple knock-out (Tet-TKO) to study the
effect of DNA methylation on CTCF functions. In their
research, methylation differences between rich and poor
domains of CpG islands (CGI) decreased, as did the
CTCF binding. As a result, the TAD structure weake-
ned and the long-range chromatin loops depleted.

Apparently, CTCF does not bind to all of its poten-
tial targets in different cell types. Not only methylation,
but also interactions with various non-coding RNAs
may affect this process. Many non-coding RNAs affect
chromatin organization and gene expression at different
levels [27]. Long non-coding RNAs (IncRNAs) partici-
pate in many cellular processes, e.g., regulate nearby
and distant genes, recruit chromatin modifiers, splice,
translate, etc., as well as form and regulate organelles
and nuclear condensates [27-30].

Interactions between DNA and RNA yield hybrids
with an R-loop or triplexes. The R-loop results in a
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Figure 3 Interactions between CTCF and other epigenetic proteins: histone readers (yellow), chromatin remodelers (light blue),
polycomb proteins (dark blue), DNA demethylation proteins (pink), protein that removes histone modifications (beige), RNA-

modifying proteins (green), and histone writers (orange) [23]

three-stranded structure that consists of a DNA-RNA
hybrid and a displaced DNA strand. The triplex causes
a triple-helical structure within the DNA duplex major
groove with a marked purine pyrimidine asymmetry
across the two strands. The purine-rich DNA strand
is available for Hoogsteen pairing with the third RNA
strand while the pyrimidine sequence of the RNA binds
to the major groove of the target DNA, parallel to the
polypurine DNA strand. Should the target DNA site be
located in a gene regulatory region, e.g., a promoter or
an enhancer, the triplex either modulates local confor-
mational / topological changes or recruits regulatory
proteins to the portion of the IncRNA that protrudes
from the triplex [31].

R-loops facilitate the anchoring function of CTCF
during binding [32]. They form associated structures
with G-quadruplexes (G4) in the CTCF binding targets.
Waulfridge et al. [33] found R-loops and G4 together
with CTCF in many regions of the murine embryonic
stem cell genome. In their study, a weaker R-loop re-
duced CTCF binding while a deleted G4-forming mo-
tif inhibited CTCF binding and altered gene expression.
Hou et al. [34] mentioned that sites prone to G4 forma-
tion clustered on TAD boundaries and in the transcrip-
tion, factor binding sites (TFs).

IncRNA GATAG6-ASI is a triplex-forming site with
purine-pyrimidine DNA tracks. Its clusters in TAD
boundaries rather than in other genomic regions. Some
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GATAG6-AST sites interact with CTCF and are also con-
centrated in CTCF-enriched genomic regions, e.g., TAD
boundaries. GATA6-AS] may be responsible for trans-
porting CTCF protein to particular sites. Thus, some
IncRNAs are able to target different genomic domains
via RNA/DNA triplex formation to transport molecules,
e.g., CTCF. This ability may be a universal mechanism
involved in TAD formation and dynamics in 3D geno-
mic organization [28].

CTCEF participates in the sex differentiation of allelic
expression during genomic imprinting in mammals. In
some imprinted domains, differentially methylated sites
exhibit different allelic binding to the CTCF protein
with subsequent differences in cohesin retention [35].

Porcine germ cells demonstrated sex differences
in the methylation of functionally different genes: 465
in males and 316 in females. The genes had sites that
were homologous to retrotransposon sites. In 21%, the
first intron demonstrated differentiation in methylation,
which could probably affect the regulation of gene trans-
cription [36].

The imprinting mechanism is complex and inclu-
des not only CTCF [37], but other regulators as well [37—
39], e.g., interactions with long non-coding RNA
(IncRNA) [40], microRNA (miRNA) clusters [41], or
histone modifications [42].

Imprinting disorders in agricultural animals are
known to affect the variability of some economically
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valuable traits [9]. Long non-coding RNAs (IncRNAs)
are part of the regulome, i.e., a set of non-coding reg-
ulatory elements of the genome that are closely asso-
ciated with TEs. They regulate the dynamics of the
interphase nucleus architecture. For instance, NEAT1 2
IncRNA is a granule-forming paraspeckle [29]. The
non-coding RNAs, such as IncRNAs, could act as an
architectural scaffold in the interphase nucleus [27].

Mammalian TEs also provide binding sites for
architectural chromatin proteins, including CTCF.
Choudhary et al. studied genomes of humans, mice,
dogs, and rhesus macaques, i.c., mammalian species
that diverged 30—96 million years ago. The share of TE
increased from mice to primates, being slightly lower in
dogs than in mice. In all four species, however, 8-37%
of CTCF loop anchors and TAD boundaries came from
TEs. While CTCF at TAD boundaries originated mainly
from TEs, the research revealed some species-specific
patterns: SINEs in mice, LTRs and DNA in humans,
with dogs and rhesus macaques in between [3].

Despite species preferences, a high conservation
of orthologous synteny and chromatin loop organi-
zation was observed between humans and mice [43].
Most TE-derived loop anchors in mice were generated
by a few young TE subfamilies, such as B3, B2 Mm?2,
B3A, and B2 Mmlt. Human TEs contributed fewer or-
thologous loops and were distributed across more TE
subfamilies than in mice. In fact, 87% of TE-derived
orthologous loops in mice were discordant to human
TEs and were anchored at putative ancestral CTCF
binding sites. In mice, syntenic ancestral CTCF motifs
were degraded or deleted, the loops being anchored at
CTCEF sites derived from the nearby, co-opted TEs. For
example, the orthologous loop at the 5° end of Akap81
(A Kinase Anchor Protein 8-Like) is maintained in
mice by a MER20 element transposed ~ 1.5 thousand
pairs of nucleotides upstream of the degraded ancestral
motif, which was conserved in most mammals but not
rodents. When the ancestral CTCF motif derived from
the 147-million-year-old MIR3 element degraded, it
incapacitated the CTCF binding. The younger MER20
element, which inserted about 90 million years ago,
harbored strong CTCF binding, thus providing an an-
chor site to maintain the conserved loop in mice. There-
fore, TEs provide redundant CTCF sites and mediate
them in switching their binding sites. This way, they
promote conserved genome folding events in humans
and mice [43].

Buckley ef al. proposed a model where the density
and distribution of genes and regulatory elements cata-
lyzed accumulation of TEs. The conservation of syn-
teny of genomic elements and the nuclear organization
make mammalian genomes with dissimilar TEs follow
similar evolutionary trajectories. [44]. However, early
human embryos demonstrated significant differences
in the transcription of different TEs in cell popula-
tions [45], as well as in brain cells with cell differenti-
ations — at different stages of normal and pathological
development [8].
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Phenotypic traits in agricultural animal species are
known to be damaged by TE insertion into the exonic,
intronic, and promoter regions of various genes [46].
Cattle species demonstrated a correlation between the
enrichment of CTCF binding motifs and the major
quantitative trait genes (QTLs) associated with gene ex-
pression variation (eQTLs) or allele-specific expression
(aseQTLs) in the transcriptomes of leukocytes and milk
cells of lactating cows [47].

Assessment studies of the variability of CTCF bin-
ding motifs as a set of regulatory genomic elements can
accelerate artificial selection of complex phenotypic
traits [46].

The relationships between chromatin loops are com-
plex. For example, the so-called nested loops may pos-
sess and coordinate three convergent anchor sites of the
CTCF + cohesin complex in a single TAD domain [17].
Changes in AUTS2 and Calneuron 1 (Calnl) in humans
provide a clear example of intra-TAD loop fusion. These
two genes are separated by a distance of 1.5 Mb, but
this distance changed when experimental rats and
mice received cocaine. Cocaine-induced release of the
Auts2-Calnl loop increased the mRNA expression in
Auts2 and Calnl [48]. The process boosted DNA cyto-
sine methylation, which could cause a concomitant loss
of CTCF binding. The transcriptional changes could be
attributed to the increase in trimethylation of the acti-
vating mark H3K4 at the Auts2 and Calnl sites [48, 49].

Therefore, variations in primary DNA sites affect
chromatin loop formation, which is closely related to
the variability of gene expression.

INTER-TAD RELATIONSHIPS

The International Nucleome Consortium was initiat-
ed almost 10 years ago [50]. One of its latest meetings
was held in Greece in September 2023 [51]. The Con-
sortium strives to assess the effect of spatial and tem-
poral genomic organization on phenotypic variability.
However, its proceedings show that, to date, several
important areas remain largely understudied. The list
includes the patterns of TAD spatial interaction, predic-
tion options, and the role of cytoskeletal elements, in-
tercellular contacts, tissue architecture, etc. Apparently,
TAD interactions are subject to too many regulatory
factors, which may differ significantly even for two
TADs and their loops, depending on the exact condi-
tions of gene expression change.

TADs are megabase genomic domains with in-
creased self-interaction density. Sub-TADs are smaller
but more dynamic units within TADs. The initial defini-
tion of a TAD identifies its boundaries. TAD or subTAD
boundaries isolate enhancers and promoters from ab-
normal contacts and facilitate their interactions across
TADs. In addition, they locate replication origins in
period S [52].

The human genome includes hundreds of thousands
of CTCF binding sites (CBS). For instance, 2898 of
human HEC-1-B cells out of total 3881 TAD bounda-
ries contain 2—-8 CBS elements. TAD boundaries are
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evolutionarily conserved and associated with complex
genetic traits. This feature was described by Sandoval-
Velasco et al. [53], who studied a 52 000-year-old female
woolly mammoth, the cells of which retained a certain
conservation of TAD organization in Siberian permafrost.

Most interactions between enhancers and promot-
ers occur within TADs; however, a lot of genes are
controlled by distal enhancers outside of single TADs.
Therefore, distal enhancers can activate target promo-
ters across TAD boundaries. Chen ef al. [54] reported
that 21% of enhancers of key developmental genes acted
across TAD boundaries, in cases of both transcription-
dependent and pre-formed encounters. This finding
suggests different mechanisms of enhancer-promoter
interactions. Such differences were described in studies
of paralogous genes [55-57]. They are part of common
metabolic pathways that may have common or very
similar enhancer sites and TF binding sites. Paralogous
genes may participate in one and the same transcription
factories, e.g., protein speckles enriched in protein-RNA
clusters that facilitate the phase separation of nuclear
subcompartments.

Al programs make it possible to predict changes in the
3D architecture of the interphase nucleus, e.g., formation
of chromatin loops and TADs [58—60]. Keough et al. [60]
used this method to compare human and chimpanzee
genomes in enhancer sites that are active during the
prenatal development of nervous system. The structural
variants that were specific to humans but not to chim-
panzees were associated with the changes in the 3D
packaging of the genome. The process made evolutiona-
rily conservative enhancers interact with some new do-
mains that regulate gene expression.

Braunger et al. [61] detected changes in intra- and in-
terchromosomal interactions in skin fibroblasts obtained
from different age groups. They identified key transcrip-
tion regulators where target genes rearrange to change
their expression during aging. Correction of such chan-
ges may potentially rejuvenate cell populations.

Interchromosomal translocations during carcino-
genesis receive a lot of scientific attention. They often
cause intergenic fusions and chimeric proteins. Inter-
chromosomal translocations usually involve chromo-
some regions that are part of common gene expression
programs. Their transcription depends on the mecha-
nism responsible for formation of transcription facto-
ries or on a set of regulatory elements [62]. By detecting
such intergenic fusions at the level of nucleotide sites,
medics may improve diagnostics and prognosing.

Light microscopy studies revealed that the frequency
of associations between non-homologous chromosomes
often coincides with typical oncomarker translocations
for certain tissues. For example, interchromosomal as-
sociations between chromosomes 12 (heavy chains of
immunoglobulins) and 15 (c-Myc oncogene) in bone
marrow leukocytes of BALB/c mice demonstrated some
translocations typical of murine plasmacytomas [63—65].

McStay [66] reported clustered gene superfamilies
in different chromosomes, e.g., during nucleolus for-

mation. Human nuclei have about 300 ribosomal genes
located on five different acrocentric chromosomes. For
comparison, mice have six. They have to physically
converge for the preliminary assembly of ribosomes in
the nucleus. Monahan et al. [67] located olfactory re-
ceptor genes on several different chromosomes. They
combined in the same nuclear space to create an olfac-
tosome and regulate their expression.

TADs that are located on different chromosomes
can interact if assisted by housekeeping genes on TAD
boundaries: as they get transcribed, they recruit ribonu-
cleoprotein condensates. Interactions between different
TADs are further facilitated by the physical forces that
arise from the interaction between transcriptional con-
densates at these boundaries and subnuclear organelles,
especially nuclear speckles [68]. Some oncological stu-
dies report a connection between pairwise aneuploidy
(loss/gain) between non-homologous chromosomes.
This connection emphasizes the complex hierarchy of
genetic material [69].

Interchromosomal studies revealed spatial distan-
ces for intrachromosomal interactions in the range of
189 + 95 nm; the range was greater (279 + 163 nm) in
non-homologous chromosomes [70].

GENETIC COMPOSITION OF TADS

Accumulated data on TADs, interchromosomal rela-
tionships across boundaries, and the correlations be-
tween their disturbances and various pathologies indi-
cate multi-level hierarchical relationships between the
3D genomic organization in ontogenesis. At each level,
disturbances affect the expression of many genes within
and between TADs, thus leading to phenotypic conse-
quences (Fig. 4) [71].

TAD structure is complex, dynamic, and diverse.
It also depends on the functional characteristics of its
genes. Abnizova et al. [14] studied three germ layers
during gastrulation in mice. The genes with the same
expression in different layers differed from those genes
that varied in expression in such parameters as density
and clustering. They also had a larger number of GCs
in promoters and belonged to housekeeping genes. The
tissue-specific genes had TADs with a relatively smaller
number of genes and a reduced GC content in promoters.
Their expression was predominantly regulated by distal
enhancers. As for the TFs of such genes, species-specific
TFs, which the authors called innovative or pioneering,
were more common than in housekeeping genes. The ge-
nes transcribed in the three murine germ layers were con-
ditionally referred to as housekeeping genes. Their TF
binding sites were so close to promoters that they overlap-
ped. The promoters had extensive GC content. The genes
in TADs were so clustered that no empty space remained
between them. Abnizova ef al. [14] distinguish two groups
of genes that form qualitatively different TADs: those
containing developmental genes regulated by innova-
tive TFs and cooperator genes expressed in most tissues.

Numerous studies report the differences in regu-
latory elements between the housekeeping genes and
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Translocation

Trysomy

Deletion

Repositioning and reorganization
of interchromosomal interactions

Figure 4 Interactions between non-homologous chromosomes: (a) Allele-specific loci of paternal (yellow) and maternal (red)
genomes relative to the nucleolus in primordial embryonic stem cells (ESC); (b, left) Maternal and paternal alleles are in physical
proximity and intertwined while they modulate tissue-specific gene regulation in the 3D nucleus space. This interaction contributes
to various biological processes, DNA-RNA, proteins, biophysical properties of chromatin, 3D genomic organization, and stochastic
factors; (b, right) Structural aberrations involve deletions, translocations, etc., while numerical chromosomal aberrations are
represented by trisomies. Both can disrupt and reorganize the complex network of interchromosomal interactions, thus changing

transcriptional programs [71].

the tissue-specific genes. Roller et al. [72] studied four
groups of mammals: primates (macaques and monkeys);
rodents (mice, rats, and rabbits); pigs, horses, cats, and
dogs; and marsupials (opossum). They took samples
of four tissues, i.e., liver, muscles, brain, and testes, as
representing three somatic tissues originating from
different germ layers. The comparative analysis cove-
red regulatory sites, i.e., promoters and enhancers, in
the tissue-specific genes vs. housekeeping genes. The
analysis revealed a rather high rate of evolution of tis-
sue-specific genes, where insertions of the LINEI retro-
transposon were quite active. LINE2 as a more ancient
variant occurred more often in the regulatory sites of
housekeeping genes. The analysis of evolution rate in
tissue-specific enhancers and promoters indicated a rela-
tively low rate of evolution of gene expression in the
brain whereas the evolution rate in testicles and liver
was high. In addition, the study revealed some intraspe-
cific conservation in the variability of regulatory sys-
tems with pronounced interspecific differences [72].
Other studies also confirmed important distinctions
between TADs with genes of different functions and
evolutionary origins. James et al. [73] reported that
TAD boundaries frequently coincided with breaks in
genome. Deleted boundaries depended on negative se-
lection, suggesting that TADs may facilitate genome
rearrangements and evolution. The genes co-localized
within TADs in a way that depended on their evolutio-
nary age in humans and mice. As a result, TADs were
divided into two groups with different shares of older
and younger genes. The division was based on whether
they arose before or during vertebrate whole-genome
duplications (WGDs). Evolutionarily older genes were
more frequently expressed in different cell types and
were more often classified as essential than younger
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genes. Essential genes were found responsible for
growth, development, and reproduction at both the cel-
lular and organism levels. The loss of these functions
may compromise viability or adaptability. Older genes
were more likely to become essential because old genes
usually disappear during evolution if they are less es-
sential. However, how some young genes become es-
sential still remains unclear. To answer this question,
James et al. [73] studied the TAD content ratios in old
vs. young genes and essential vs. less essential young
genes. In primates and rodents, recently duplicated
young genes appeared to be more essential when they
were located in TADs enriched in old genes and inte-
racted with those genes that were last duplicated during
WGD. Therefore, the evolutionary significance of young
genes may increase if they are located in TADs with
regulatory networks established by old genes [73].

Thus, the nucleus has different levels that affect the
3D organization of the genetic material, plus the fourth,
ontogenetic component: modifications of the linear
DNA sequence with methylation and multiple secon-
dary structures; intra- and inter-TAD formation, dy-
namics, and interactions of chromatin loops; evoluti-
onary and functional features of TAD genes. All these
phenomena obviously depend on factors outside the
nucleus, especially intercellular interactions.

EXTRANUCLEAR STRUCTURAL ELEMENTS
AFFECTING GENE EXPRESSION

Actin is a key element of the cytoskeleton. It is one
of the most conservative and widespread proteins in
eukaryotic cells. Actin is present as G-actin in a mo-
nomeric globular form and as F-actin in polymeric fila-
mentous forms of various length. Actin is highly con-
centrated at the periphery of the cell, in the cytoplasm.
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In low concentrations, it can be found in the nucleus,
where it interacts with the lamina to form a network
throughout the nuclear membrane [74].

Cytoplasmic actin participates in cell motility, orga-
nelle movement, cell signaling systems, etc. The fact
that the nucleus has much less actin than the cytoplasm
led to discussions about its involvement in the nuclear
matrix and interactions with the DNA. However, actin
is now known to be part of the control of the nuclear
architecture. Nuclear actin interacts with RNA poly-
merases I, II, and III and ribonucleoprotein transcript
complexes. It prolongates transcription and transports
polyribosomes. It binds to the lamins of the nuclear
membrane either directly or through intermediary pro-
teins. Nuclear actin is involved in the formation of open
chromatin and TADs; it repairs DNA breaks, and con-
trols nuclear morphology, e.g., its apical surface [74—80].

Mitotic structure also depends on the chromatin ar-
chitectural protein CTCF. Targeted mutations of CTCF
use clustered regularly interspaced short palindro-
mic repeats (CRISPR) to disorganize the mitotic spin-
dle and disrupt the anaphase chromosome segregation
by forming tri- or tetrapolar spindles and chromosomes
beyond the spindle pole. Therefore, CTCF is important
for both correct metaphase organization and anaphase
segregation [81].

The correlation between 3D chromatin organiza-
tion and cell morphology can be ensured by the vari-
ability of the plasma membrane state. A targeted mu-
tation of architectural proteins CTCF and CTCF pLoF
was reported to affect cell migration because this muta-
tion increased the RNA level of cholesterol biosynthesis
enzymes. Migrasomes, which are extracellular vesicles
on the retraction fibers of migrating cells, slowed down

Components of apical membrane
Tight junctions
Gap junctions

Desmosomes

Epithelial cells

* Cellular contacts

— Tight junctions

— Adhesive junctions (E-cadherin)
— Desmosomes

* Apicobasal polarization

* Limited / no migration ability

* Specific keratin expression

Figure 5 Key features of epithelial and mesenchymal cells
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in their formation in CTCF pLoF cells. Hmgcsl promo-
ter, which encodes the cholesterol biosynthesis enzyme,
did not bind with CTCF directly, However, CTCF could
affect at least two key features, i.e., spatial organization
and histone modification [82].

Intercellular interactions are another long-standing
source of gene expression program. The epithelial-mesen-
chymal transition (EMT) is a good example of cell plas-
ticity as it renders the epithelium its mesenchymal phe-
notypes (Fig. 5) [83].

Epithelial cells contain specialized junctional pro-
teins, exhibit apicobasal polarity, and have limited
dissociation and migration potential. In contrast, mesen-
chymal cells are irregular and do not form specialized
adhesion complexes. Their end-to-end polarity and fo-
cal adhesions increase migratory capacity. During EMT,
epithelial cells acquire mesenchymal features, which in-
clude changes in the expression of epithelial and mesen-
chymal markers [83].

o-Smooth muscle actin (a-SMA) is an actin isoform
that predominates in vascular smooth muscle cells and
is important for fibrogenesis. a-SMA expression is lower
in cells during contact inhibition than in during serum
starvation [84].

AIFM2 is a mitochondrion-associated apoptosis-indu-
cing factor. It was renamed from an unidentified anti-
ferroptosis gene into ferroptosis suppressor protein 1
(FSP1). It is known to protect against ferroptosis induced
by deletion of glutathione peroxidase 4 (GPX4), which
controls phospholipid oxidation [85].

Gene expression programs depend on the cellular en-
vironment. This fact was established on classical models
of cellular differentiation gradients, e.g., trabeculae of
mammalian liver lobules. They consist of two layers of

Integrin
E-cadherin
N-cadherin

Basal membrane

Mesenchymal cells

« No stable intercellular contacts

* No apicobasal polarization

« Increased matrix degradation

* Mesenchymal protein expression

— Vimentin, fibronectin, a-SMA, FSP-1
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hepatocytes that polyploidize from diploids to decaploids
as they move toward the central venule and change the
enzymic expression. Small intestine villi are another
example. They grow from a stem cell; daughter cells
move to the apical apex by asymmetric differentiation,
upon which they die and are exfoliated into the intestinal
lumen. Based on our own unpublished research result,
we know that hepatectomy of one lobule in the liver
leads to polyploidization of the rest while a CH4 poiso-
ning causes necrosis of hepatocytes around the central
venule and proliferation of peripheral diploid hepato-
cytes. To sum it up, each cell receives differentiated sig-
nals depending on its position in the tissue architecture.
Internal and external factors that affect the asym-
metry by the level of cellular differentiation of stem cell
progeny in different tissues. Two daughters of one stem
cell behave asymmetrically: one remains a stem cell
while the other differentiates. The same happens every
time they divide: one remains young while the other
specializes. The process includes the state of the mitotic
spindle. The transfer of old and young chromatids, his-
tones, and cellular organelles to daughter cells is asym-
metric. Thus, the gene expression of each cell depends
on its position in the structure of the tissue or organ [86].
Embryonic cells can undergo neoplastic transforma-
tion in a non-embryonic environment. Tumor cells can
spread out and acquire contact inhibition when placed
in an embryonic environment or on a substrate that in-
creases their adhesiveness. Sarcomas could be induced
by embedding pieces of quartz glass into murine mus-
cles. Probably, it happens because conditional mor-
phostats stop entering cells, which prevents neoplastic
transformation [87]. Inherited oncogenic traits are en-
coded not only by gene sequences, but also by DNA
or chromosomal structures that can be changed by
non-mutational mechanisms, e.g., methylation, chroma-
tin packaging with architectural proteins and RNA, or
post-translational modifications of nuclear proteins [88].
I. Berenblum, who authored the theory of two-stage car-
cinogenesis, reported that benign tumors develop each
at its own rate under the same influences, going malig-
nant at their own rate as well [89]. That is, each founder
cell has an individual response to the same impact [90].
The individual character of the 3D cellular organi-
zation follows from the long-discussed heterogeneity of
cells in the architectonics of the interphase nucleus, as
well as from the potential differences in genomic orga-
nization in different sexes. Severe individual heteroge-
neity at the molecular level was described, in particular,
in the spatial positioning of alleles of the same gene [91].
Studies in allele expression during the production of
induced pluripotent stem cells revealed three groups
of genes that differed in the way they coordinated their
expression. They were classified as highly coordina-
ted, semi-coordinated, or independent. Two alleles of
highly coordinated genes have a similar accessibility of
chromatin, enriched in such accessibility regulators as
H3K4me3, H3K4mel, H3K36me3, and H3K27ac. The

417

genes themselves have denser binding sites with enhan-
cers, unlike the other two variants [92].

We obtained data that suggested independent segre-
gation of haploid sets of chromosomes in mammalian
somatic cells, which could change positions relative to
each other in bone marrow cell populations [93]. This
finding was further confirmed by data obtained after
nuclear transfer of unreplicated nuclei of somatic cells
at the GO/G1 stage into the metaphase cytoplasm of
enucleated murine oocytes [94]. A genome sequencing
analysis revealed correct segregation of homologous
chromosomes into the polar body, resulting in cells with
complete haploid sets of chromosomes. This, however,
occurred only in the nuclei of inbred mice and never in
interstrain hybrids. This finding emphasizes the impor-
tance of sequence homology between homologs. Howe-
ver, the same finding might indicate that haploid sets
“remember” that they used to be one. The destruction of
this unity in zygotes from interlinear murine crossings
may reflect the organization of the cytoskeleton and the
division spindle. The process is similar to chromosome
ejection from the metaphase plates of one species when
obtaining interspecific hybridomas.

Thus, haploid segregation is preserved in somatic
cells, which indicates another level of 3D genomic orga-
nization, where haploid sets of chromosomes behave as
autonomous units.

Undifferentiated stem cells are believed to be the
only ones responsible for the formation of all other cells
and the cause of neoplastic transformation [95]. Howe-
ver, tumor cells differ from the original cells by a com-
bination of expression of both highly specialized genes
and embryonic ones, e.g., in melanomas. According to
C. L. Markert, neoplastic transformation is a disease of
cellular differentiation, as a result of which a tumor cell
differs from a normal one by an “abnormal combination
of normal components” [96]. Apparently, genetic or epi-
genetic changes leading to neoplastic transformation
must affect the cellular mechanisms involved in the or-
ganization and change of gene expression.

Some mammal species are resistant to cancer — from
such large mammals as elephants and whales to such
small rodents as naked mole rats, blind mole rats, and
bats [97]. Naked mole rats have early two-level contact
inhibition whereas blind mole rats have adapted to hy-
poxia and low heparanase, an endoglycosidase enzyme
that breaks down heparan sulfate, which is involved in
contacts between cells and their interactions with the
extracellular matrix. Other cancer-resistant species dif-
fer in the activity of genes involved in other metabolic
pathways but associated with the impact on intercellular
contacts and relationships with the extracellular matrix.

CONCLUSION

The genetic code is a triplet encoding of amino
acid sequences of proteins. It is the basic heredity com-
ponent, but it is a very small component that occupies,
for example, <2% nucleotides of the entire mammal
genome. It contributes to phenotypic variability by
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different levels of internal packaging, i.e., secondary
DNA structures, e.g., hairpins, G4 quadruplexes, tri-
plexes, packaging in nucleosomes, histone code, etc.
The interactions between enhancers and promoters,
DNA and proteins, DNA and RNA hybrids belong to
genome organization level two. Level three is associa-
ted with loops, topologically associated domains (TAD),
non-random integration, writing of mobile genetic ele-
ments in the genome, subdivision into hetero- and eu-
chromatin compartments, autonomy of chromosome
territories, interactions between TADs of different
chromosomes, and a certain autonomy of haploid sets
of chromosomes in diploid species. Level four usual-
ly implies the abovementioned characteristics in dy-
namics during ontogenesis. However, it very seldom
includes factors outside the nucleus, e.g., cytoskeleton,
extracellular matrix, plasma membrane, intercellu-
lar contacts, etc., which affect all other levels. CTCF
is an element that unifies the levels. This architectural
protein possesses evolutionary conservation; its densi-

ty is different on the loop boundaries and TADs of the
nucleotide binding sites to this protein. CTCF is dyna-
mic in the epigenetic variability of CTCF binding tar-
gets and post-transcriptional modifications. It is part of
transcription and translation factories; it participates
directly and indirectly in intercellular interactions with
the extracellular matrix. All these features indicate that,
apparently, its targets can create a certain framework
for regulating gene expression. Studies in this sphere
could contribute to a better understanding of phenoty-
pic variability and yield approaches to manage it.
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