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Abstract: Microalgae have been used in human and animal nutrition since ancient times. Recently, the increase in consumer demands
for healthy and nutritious food has led to the development of functional products in the market. The global market, especially for
microalgae-based foods and supplements, has great growth potential. Since microalgae contain highly digestible proteins, minerals,
vitamins, dietary fibers, carbohydrates and fats, their use as a healthy food supplement has become a trend. Microalgae find extensive
applications across various industries owing to their abundant chemical composition and bioactive substance levels. Their abilities in
gelling, thickening, and stabilizing have notably facilitated the creation of food additives like agar, alginate, and carrageenan.
Furthermore, microalgae serve roles in the food sector as dietary supplements, additives, and natural colorants for functional food
products. Ice cream is the most consumed milk dessert with a complex structure containing additives such as colorants, emulsifiers
and stabilizers. In addition to its high sugar and fat content, the use of synthetic colorant, stabilizer and emulsifier additives negatively
affects consumer preferences. For this reason, research on the use of alternative raw materials to replace fat and sugar by increasing
the nutritional value of ice cream has increased recently. Microalgae are also used to improve health due to its functional properties
such as antioxidant, anticancer and antiviral activities. The addition of microalgae to ice cream not only makes ice cream a rich source
of nutrients, but also increases its preference as a natural colorant. Reducing or removing ice cream ingredients or adding unusual
ingredients to the standard formulation should not impair the sensory properties and storage stability of the ice cream. This review has
been prepared to bring a different perspective on the nutritional content of microalgae and their uses in the food industry, particularly in
ice cream.

Keywords: Microalgae, ice cream, quality, stability.

Dondurma Formulasyonunda Mikroalglerin Kullanim Olanaklarinin Arastiriimasi

Ozet: Mikroalgler eski gaglardan beri insan ve hayvan beslenmesinde kullanilmaktadir. Son dénemde tiiketicilerin saglikli ve besleyici
gidaya yoénelik taleplerinin artmasi, pazarda fonksiyonel (iriinlerin gelismesine yol agmistir. Ozellikle mikroalg bazl gidalar ve takviyeler
icin klresel pazar buyik bir biyiime potansiyeline sahiptir. Mikroalgler yiiksek oranda sindirilebilir proteinler, mineraller, vitaminler, diyet
lifleri, karbonhidratlar ve yaglar icerdiginden saglkli bir gida takviyesi olarak kullanimlari bir egilim haline gelmistir. Mikroalgler zengin
kimyasal bilesimleri ve biyoaktif madde igerikleri nedeniyle endustrinin birgok alaninda kullaniimaktadir. Mikroalglerden agar, aljinat ve
karragenan gibi jellestirici, kivam artirici ve stabilize edici katki maddeleri gelistiriimektedir. Ayrica mikroalgler gida endiistrisinde gida
takviyesi ve fonksiyonel gidalarda katki maddesi ve renklendirici olarak kullaniimaktadir. Dondurma, renklendirici, emilgatér ve
stabilizator gibi katki maddeleri iceren karmasik yapisiyla en gok tiiketilen sitli tathlardandir. Yiksek seker ve yag igeriginin yani sira
yapay renklendirici, stabilizator ve emulgator katki maddelerinin kullanimi tlketici tercihlerini olumsuz yénde etkilemektedir. Bu nedenle
son zamanlarda dondurmanin besin degerini artirarak yag ve seker yerine alternatif hammaddelerin kullaniimasina yonelik arastirmalar
artmistir. Mikroalgler antioksidan, antikanser ve antiviral gibi fonksiyonel o6zellikleri sayesinde saghgi iyilestirmek icin de
kullaniimaktadirlar. Dondurmaya mikroalglerin ilavesi, dondurmayi zengin bir besin kaynadi haline getirmekle kalmayabilir, ayni
zamanda dogal bir renklendirici olarak tercih edilmesini de saglayabilir. Dondurma bilesenlerini azaltmak veya ¢ikarmak ya da standart
formulasyona aligiimadik bilesenler eklemek, dondurmanin duyusal 6zelliklerini ve stabilitesini bozmamalidir. Bu derleme, mikroalglerin
besin igerigi ve bunlarin gida endistrisinde, 6zellikle dondurmadaki kullanim olanaklarina farkl bir bakis agisi getirmek amaciyla
hazirlanmigtir.
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1. Introduction

Ice cream is a frozen complex colloidal system consisting of a
continuous aqueous phase in which air bubbles, ice crystals,
carbohydrates, proteins, partially coalesced fat droplets and
minerals are dispersed (Zaaboul et al., 2024). Ice cream mix,
which is an important food product for human health, generally
consists of a mixture of milk, stabilizers, emulsifiers, colorants
and flavouring ingredients (Ozturk et al., 2018).

Increasing knowledge and research related to the relationship
between food and health, together with the need for
technological innovation, have resulted in new products with
functional potential to benefit human health (Gremski et al.,
2019). Ice cream, one of the most delicious foods, contains high
amounts of fat and sugar. This makes ice cream an interesting
product for researching alternative formulations. Enhancing the
protein levels in ice cream and lowering its fat and sugar
content, or opting for alternative ingredients, can enhance the
functional and nutritional attributes of ice cream (da Silva
Faresin et al., 2022).

Since synthetic additives are generally believed to be unsafe by
the consumers, the food and beverage industry is looking for
natural alternatives to improve products. This demand has
arisen due to shifts in consumer preferences and emerging
trends favouring natural foods with minimal processing and
functional foods (Campos Assumpgdo de Amarante et al.,
2020). Microalgae are one of the potential ingredients that can
be added to formulations to increase the appeal of ice cream.
Considering their macro components (polysaccharides as
stabilizers) and micro components (polyunsaturated fatty acids
as bioactive compounds and pigments as colouring agents),
they have the potential to be used in dairy desserts, for
example, functional ice cream (Imchen & Singh, 2023).

Marine algae are recognized for their numerous naturally
existing colour compounds that have health-enhancing and
sensory qualities. Colorants obtained from marine algae include
pigments, proteins, phenolic derivatives, and glycosides.
Additionally, various pigments such as fucoxanthin, zeaxanthin,
B-carotene, lutein, anthocyanin, phlorotannins, and
phycobiliproteins, have demonstrated several health
advantages, including antioxidant properties and effects against
diabetes (Durmaz et al., 2020).

2. Microalgea

The term microalgae include both microalgae and
cyanobacteria. Although they are different, the production
technologies of both are the same and they perform aerobic
photosynthesis (Fernandez et al., 2021). Microalgae are divided
into two groups: prokaryotic cell microalgae represented by the
cyanobacteria phylum, and eukaryotic microalgae including
green microalgae (Chlorophyta), red microalgae (Rhodophyta)
and diatom (Bacillariophyta) phylum (Ferreira de Oliveira &
Bragotto, 2022) (Figure 1).

It is estimated that approximately 0.2 to 0.8 million microalgae
species exist in nature, very few of which have been studied
and characterized for commercial and research purposes
(Mehariya et al., 2021). Microalgae primarily rely on sunlight as
their energy source, boosting efficiencies reaching up to 10%.
These rapidly proliferating microorganisms can double in less
than a day and achieve impressive biomass productivities
exceeding 100 tons per hectare per year by dry weight. For
these reasons, they are considered essential for the
development of sustainable processes, contributing to the
global bioeconomy (Ozgimen et al., 2018).

Recent proposals indicate that microalgae could serve as a
viable source of edible proteins and therapeutic substances
owing to their remarkable ecological adaptability. As a resource
for industrial applications, microalgae offer the advantage of
growing in non-arable water and areas unsuitable for traditional
agriculture. In comparison to land-based crops, microalgae
demonstrate notably higher productivity concerning surface
area and photosynthetic efficiency. Nonetheless, microalgae
lack intricate reproductive and support structures (Ahmad &
Ashraf, 2023).

2.1. Chemical composition of microalgea

Microalgae are bioactive substances rich in nutrients, containing
high-value proteins, long-chain polyunsaturated fatty acids,
vitamins, carotenoids, phenolics and minerals, and can be
considered a promising innovative food ingredient (Batista et al.,
2017). Detailed information regarding these components is
provided in the following sections.

MICROALGAE
PROKARYOTIC EUKARYOTIC
Cyanobacteria Chlorophyta Rhodophyta Bacillariophyta
Arthrospira Chlorella Porphyridium Phaeodactylum
platensis vulgaris purpureum tricornutum

Figure 1. Microalgea represented by phylum and cell structure.
Sekil 1. Filum ve hticre yapisiyla temsil edilen mikroalgler.
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2.1.1. Protein

In terms of overall production, brown algae have the lowest
protein content, followed by green algae (Kadam et al., 2013).
Microalgae proteins contain high amounts of essential amino
acids, making them highly nutritious. Compared to some land
crops like wheat and soybeans, which produce 1.1 tons/halyear
and 0.6-1.2 tons/halyear of protein respectively, microalgae can
yield between 4 to 15 tons/halyear (Hosseinkhani et al., 2016).
Microalgae genera largely used for human consumption due to
their high content of essential nutrients and protein include
Arthrospira, Chlorella and Aphanizomenon, as well as
Dunaliella and Haematococcus, which are rich in antioxidant
carotenoids (Niccolai et al., 2019). Microalgae protein
(Spirulina platensis protein concentrate) has a high protein
digestibility rate of 87.45-97.81%. Although the essential amino
acid content of some microalgae species is very close to the
levels found in eggs and soybeans, their protein content (510—
710 g/kg dry powder) is higher than that in eggs and soybeans
(132 and 370 g/kg) (Dineshbabu et al., 2019). Amino acid
content comparisons between human dietary requirements and
microalgae are presented in Table 1 (Diaz et al., 2023).

2.1.2. Carbohydrate

Microalgae produce energy storage components such as
starch, which is primary carbon-containing metabolite due to
photosynthesis. Different microalgae groups produce
polysaccharides in diverse forms. Cyanophytes, for instance,
store glycogen, whereas certain species create semi-
amylopectin. Rhodophyta generate a carbohydrate polymer
identified as fluoride starch, while Chlorophyta produce starch
composed of two glucose polymers, amylopectin, and amylose.
In both nutrient-rich and depleted conditions, a strain of
Tetraselmis suecica has been documented to store between
11% and 47% of its dry weight as starch (Uzuner & Haznedar,
2020). Porphyridium cruentum, a single-celled red alga, is
notable for producing sulfated galactan exopolysaccharide,
serving as an alternative to carrageenans across various
applications, making it a highly promising microalga for
commercial use. This microalga has the capacity to synthesize
valuable bioactive compounds, including extracellular
polysaccharides and polyunsaturated fatty acids (PUFAS). Its
characteristic red hue is attributed to phycobiliproteins such as
phycocyanin, allophycocyanin, and phycoerythrin (Barkia et al.,
2019).

2.1.3. Polysaccharides

Polysaccharides derived from microalgae can be categorized as
either intracellular or structural, with the latter including

exopolysaccharides released into the medium, polysaccharides
bound to the cell, and those forming the cell wall.
Exopolysaccharides produced by microalgae are generated as
a result of physiological processes during cultivation or under
stressful conditions. Extraction and purification procedures will
need to be tailored based on the type of polysaccharide targeted
for extraction and the cultivation conditions of the microalgae.
Research has focused on the production of polysaccharides
from Porphyridium sp., Chlorella sp., Spirulina sp., and Nostoc
sp. Polysaccharides derived from microalgae have potential
applications in nutraceuticals, food innovation, and as
bioflocculants (Costa et al., 2021).

2.1.4. Lipids

From a nutritional standpoint, microalgae offer valuable profiles
rich in nutritional and health-promoting components such as
PUFAs. Especially w3-PUFAs, such as a-linolenic acid, which
cannot be synthesized by the human body, are essential fatty
acids that must be provided through diet (Canelli et al., 2020).
Recent research has confirmed that oily microalgae offer
promising and sustainable alternatives to PUFAs found in fish
oil. They can be efficiently cultivated on a large scale and
accumulate substantial lipid content. Among various marine
microalgae species examined, Isochrysis galbana stands out as
a potential model microalga for its exceptional photosynthetic
efficiency, high lipid production including PUFAs, and absence
of a cell wall, facilitating oil extraction. Additionally, biomass
derived from I. galbana has been integrated into traditional
products like biscuits and pasta for its nutraceutical value,
particularly in providing w-3 PUFAs. These findings suggest that
I. galbana oil could serve as a safe human dietary supplement,
offering an alternative to w-3 PUFAs sourced from fish oil (He
etal., 2018).

Microalgae exhibit the capacity to synthesize triacyl glycerides
(TAGs) with diverse fatty acid compositions, which vary among
different species. For instance, Chlorella sp. was found to
accumulate TAGs consisting of 21.6% linoleic acid, 25.1%
palmitic acid, 23.1% oleic acid, and 8.9% a-linoleic acid based
on total lipid mass, whereas Nannochloropsis sp. accumulated
TAGs containing 5.1% myristic acid, 62.2% palmitic acid, 19.0%
palmitoleic acid, 0.4% linoleic acid, and 0.9% eicosapentaenoic
acid. Chlorella sp. and Nannochloropsis sp. are highlighted here
due to their notable lipid content. Conversely, Haematococcus,
Dunaliella, and Spirulina are recognized for their richness in
astaxanthin, B-carotene, and proteins (De Bhowmick et al.,
2023). Algae characterized by elevated lipid contents exhibited
relatively heightened levels of volatile aldehydes.

Table 1. Amino acid profile of some important microalgae species (Diaz et al., 2023).
Tablo 1. Bazi énemli mikroalg tiirlerinin amino asit profili (Diaz ve dig., 2023).

Amino acid Human requirement Dunaliella bardawil Spirulina Chlorella vulgaris
(mg/kg) (g/100 g protein) (g/100 g protein) (g/100 g protein)

Histidine 10 1.8 1.8-2.2 2
Isoleucine 20 4.2 6.0-6.7 3.8
Leucine 39 11 8.0-8.9 8.8
Lysine 30 7 4.6-4.8 8.4
Methionine 104 2.3 1.4-2.5 2.2

Phenylalanine 25 5.8 49-53 5
Threonine 15 5.4 4.6-6.2 4.8
Tryptophan 4 0.7 14 21
Valine 26 5.8 6.5-7.1 5.5
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Linear aldehydes originate from the chemical oxidation of lipids,
while branched/aromatic aldehydes stem from the enzymatic
oxidation of lipids and proteins. Consequently, Rhodomonas
and Tetraselmis, known for their higher concentrations of
PUFAs, emitted aromas reminiscent of 'rancid, fatty odor', 'fresh
marine, fishy', and ‘'cooked shrimp/cooked seafood'.
Conversely, Botryococcus, Nannochloropsis, and Chlorella
emitted fragrances described as 'grassy, vegetable, cucumber’,
and ‘fruity’, owing to their distinct lipid profiles (Colonia et al.,
2023).

2.1.5. Dietary fiber

The total dietary fiber content of most of the microalgae such as
Aphanizomenon flos-aquae, Spirulina platensis, Nostoc
sphaeroides, Chlorella sorokiniana, Chlorella vulgaris Allma,
Tetraselmis suecica, Porphyridium purpureum, Phaeodactylum
tricornutum, Tisochrysis lutea and Nannochloropsis oceanica
(33-75%) was reported to be significantly higher than cooked
grains such as white rice (0.3%) and oatmeal (1.7%), raw
vegetables such as tomatoes (1.3%) and lettuce (1.0%), and
raw fruits such as bananas (1.8%) pineapple (1.5%) (Niccolai et
al., 2019).

2.1.6. Vitamins and minerals

Some of the important vitamins found in microalgae are vitamin
A, B1, B2, B6, B12, C, E, K, niacin, biotin, and folic acid. Some
microalgae varieties like Spirulina, Chlorella, and Scenedesmus
contain higher levels of vitamins A, B1, B2, niacin, and E
compared to spinach and baker's yeast (De Jesus Raposo et
al., 2013). Additionally, microalgae are abundant in minerals like
calcium, phosphorus, magnesium, potassium, sodium, zinc,
iron, copper, and sulphur. The composition and type of minerals
vary depending on the composition of the growing medium,
strain type and environmental conditions. Minerals constitute
approximately 2.2 to 4.8% of the total dry weight of microalgae
(Dineshbabu et al., 2019).

2.1.7. Pigments

Three main pigment groups found in microalgae include
chlorophylls, carotenoids and phycobilins (phycobiliprotein).
Phycobilins are water-soluble, while chlorophyll and carotenoids
are generally fat-soluble (Sasa et al., 2020). As new generation
of consumers prefer natural products over synthetic ones
(especially in response to allergic reactions and health
concerns), carotenoids such as lutein, 8-carotene, lycopene and
astaxanthin are used primarily as natural colorants in dietary
supplements, food supplements and beverages. For these
reasons, microalgae extracts and biomass are used as dietary
supplements and food additives such as flavour enhancers,
colour additives, preservatives, emulsifiers and antioxidants
(Mendes et al., 2022).

Carotenoids derived from microalgae play a vital role in
maintaining health. Among them, astaxanthin stands out for its
potent antioxidant properties, surpassing other carotenoids in
effectiveness. Studies have shown that B-carotene sourced
from Dunaliella salina effectively inhibits angiogenesis in
laboratory settings (Guruvayoorappan vd., 2007). Additionally,
astaxanthin from Haematococcus pluvialis has been noted for
its ability to reduce blood pressure (Hussein vd., 2005).
Carotenoids, by absorbing harmful UV light and other solar
radiation, contribute to healthy eye cells, thereby mitigating

oxidative damage and potential vision impairment. Moreover,
carotenoids have shown promise in managing diabetes, with
blood B-carotene levels inversely linked to fasting blood sugar
levels and insulin resistance (Fernandez et al., 2021).

Phycobiliproteins, consisting of apoproteins and chromophores,
are light-capturing complexes predominantly present in red
algae and cyanobacteria. Presently, commercially available
microalgal phycobiliproteins include C-phycocyanin from
Spirulina sp. and B-phycoerythrin from single-celled red
microalgae (Porphyridium sp.). The formulation of the growth
medium including carbon and nitrogen sources, environmental
factors such as light and temperature, the method of nutrition
(autotrophic, mixotrophic, etc.), and the choice of bioreactor can
influence the synthesis of phycobiliproteins (Ji et al., 2023).
Phycocyanins, besides serving as food additives, also function
as water-resistant natural colorants employed in various
industries such as food, cosmetics, and immunological tests.
However, factors such as the presence of alcohols, low pH, high
ionic strength, high temperature, and other conditions render
them susceptible to instability when exposed to light. Marine
species offer a highly efficient and minimally toxic source for
isolating phycocyanin (Ravi et al., 2023). Spirulina-derived
phycocyanins have been shown to lower blood pressure and
reduce the risk of heart attack, diabetes, and stroke (Folarin et
al., 2017).

2.1.8. Antioxidants

Microalgae possess antioxidant organic compounds and
enzymes that mitigate oxidative damage stemming from
diminished oxygen states. These antioxidants alleviate
oxidative stress on the gut microbiome by curbing reactive
oxygen species within the digestive tract. The array of
antioxidant compounds found in algae harbours potential for
anti-aging, dietary enhancement, anti-inflammatory,
antibacterial, antifungal, cytotoxic, anti-malarial,
antiproliferative, and anticancer applications (Folarin ve
Sharma, 2017). A research endeavour carried out on the
Yucatan Peninsula assessed the antioxidant capabilities of
selected microalgae using the DPPH (2,2 diphenyl-1-
picrylhydrazyl) method, alongside the evaluation of phenolic
content in each extract. All species demonstrated DPPH radical
scavenging activity. Notably, three species, Avrainvillea
longicaulis, Chondria baileyana, and Lobophora variegata,
demonstrated strong antioxidant abilities with very low oxidation
levels. These findings underscore the substantial antioxidant
potential of certain macroalgae, holding promise for applications
in medicine, food production, and the cosmetic industry (Zubia
etal., 2007).

3. Application of Microalgae in Ice Cream

Ice cream represents a sophisticated food matrix comprising
emulsified fat, colloidal protein, air bubbles, and a lactose
solution. Generally, ice cream encompasses 8—16% fat content,
a factor crucial for determining its texture, shape maintenance
post-freezing, and resistance to melting. The fat component
plays a pivotal role in establishing a fat network, stabilizing
bubbles and foam structures, and enhancing melting attributes
(Jin et al., 2024). In response to consumers seeking healthier
lifestyles, new formulations of ice cream are emerging to meet
this trend. These formulations incorporate a diverse range of
raw materials and flavours while aiming for lower fat and sugar
content (Villaro-Cos et al., 2023).
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The emerging functional ice cream market is anticipated to
experience rapid growth, with an estimated $319.8 million in
purchases expected by 2028. Nutraceutical ingredients such as
probiotics, antioxidants, dietary fibre, and bioactive peptides are
utilized in the reformulation of functional ice cream. However,
developing functional ice cream entails addressing specific
physical and chemical constraints to ensure consumer
acceptability (Genovese et al., 2022).

In a study by Szmejda et al. (2018), antioxidant activity and
carotenoid content of ice cream was enhanced by fortification
with Spirulina. Preliminary results from this study suggest that
ice cream formulations enriched with algae extract reached up
to 39.7% inhibition in mint-flavored samples, compared to
32.8% inhibition in control samples. This indicates a significantly
higher level of inhibition compared to algae-free samples.
Additionally, Spirulina-fortified versions of ice cream in various
other flavors (milk, pistachio) also exhibited enhanced
antioxidant activities, as demonstrated by increased free radical
scavenging potential and carotenoid content.

The melting speed of ice cream, considered one of the most
important features for consumers, depends on various factors
including the air trapped in the structure, the ice crystal network,
and the fat structure during the freezing process (Yosefiyan et
al., 2024). Microencapsulated Spirulina with maltodextrin or
gum Arabic was used in handmade ice cream. Spirulina
platensis presented 35% to 53% more proteins compared to the
standard formulation. Ice creams without microcapsules melt
slower because they lack encapsulators that accelerate melting.
Consumer survey indicated that, on average, 76.5% of tasters
would purchase these ice cream (Tiepo et al., 2021). Another
investigation by da Silva Faresin et al. (2022) aimed to diminish
sugar and fat levels by introducing inulin, Spirulina platensis, or
phycocyanin into ice cream. In the standard ice cream
formulation, the melting rate was measured as 2.26 ml/min,
while in the formulation with a 50% reduction in fat and 25% less
sugar combined with inulin and Spirulina, the melting rate was
2.46 ml/min. The melting profile exhibited similar behaviour in
terms of the volume of ice cream drained over time. Ice creams
with phycocyanin extract, without industrial emulsifiers,
exhibited a smoother and softer texture along with higher
volume increase values. The addition of inulin (2%) and
Spirulina (1%) enabled up to a 50% reduction in fat and a 25%
reduction in sugar. Addition of 2% inulin to ice cream caused an
increase in the complete melting time due to the hygroscopic
properties of inulin. Inulin reduces the free circulation of water,
which increases viscosity (Akin, 2005). A significant reduction in
overrun values of ice cream formulations was observed with an
increase in inulin content above 4% as a fat replacer. This
occurs because the excess inulin interacts with the agueous
phase in ice cream, reducing the concentration of free water and
resulting in a thicker ice cream mix (Narala et al., 2022).

Malik et al. (2013) found that enrichment of ice cream with
Spirulina increased overrun and penetration value, improved
the nutritional profile, and decreased whipping rate. Additionally,
a natural light green colour was observed in the ice cream. Ice
cream prepared by replacing 50% of the stabilizer with Spirulina
showed sensory parameters comparable to the control. The
increased melting resistance may be attributed to Spirulina's
water absorption capacity of 1.45 g/g protein and fat absorption
capacity of 3.73 g/g protein. This study demonstrated a
decrease in viscosity with an increase in the level of
replacement of stabilizer with Spirulina. The results obtained in
this investigation showed that ice cream prepared by replacing
the stabilizer with Spirulina at a 100% level recorded an
increase in overrun to 95% from the 90.6% overrun recorded for
the control. Winarni Agustini et al. (2016) determined that the
addition of 1.2% S. platensis was optimum for freezing. The
addition of S. platensis had a significant effect on protein, total
solids, fat, total sugar, volume increase, melting point, and

sensory aspects of the ice cream. The overrun of ice cream with
the addition of S. platensis powder tends to be higher compared
to that without the addition of S. platensis powder. Additionally,
the addition of S. platensis increases the melting point of the ice
cream.

A study by de Amarante et al. (2020) showed that food-grade
C-phycocyanin from S. platensis was a reliable blue colorant for
ice cream over a period of 182 days. In addition, fortification with
C-phycocyanin enhanced antioxidant resilience post simulated
in vitro digestion. This study suggested that the use of this
protein source in food and beverages is limited due to its
susceptibility to heat, light, and acidic conditions. The quality of
phycocyanin deteriorates when exposed to heat, leading to a
decrease in antioxidant activity and colour. Encapsulation may
be employed to prevent such changes in substance quality
(Hadiyanto et al., 2018).

Nannochloropsis oculata, Porphyridium cruentum, and
Diacronema vlkianum were introduced into ice cream
formulations at varying concentrations (0.10-0.30 g/100 g)
(Durmaz et al., 2020). The flow behaviour of the ice cream
mixtures was effectively described by the Ostwal de Waele
model. The consistency index rose with the concentration of P.
cruentum biomass but declined with the application of N. oculata
and D. vlkianum biomasses. Generally, both the type and
concentration of microalgae significantly influenced the colour
of the ice creams, with N. oculata and D. vlkianum exhibiting a
more pronounced impact. P. cruentum algae contributed to a
pinkish hue, while the others presented a greenish tint.
Concerning sensory attributes, ice cream samples incorporating
P. cruentum were preferred over others. Moreover, the phenolic
content of ice cream samples increased with the incorporation
of microalgae. The addition of microalgae did not significantly
influence the melting behaviour, which offers an advantage for
using microalgae in ice cream formulation. While increasing
melting parameters with the addition of microalgae can provide
stability or resistance to melting during consumption, it may also
negatively affect sensory characteristics.

According to the Turkish Food Codex Food Additives
Regulation, the addition of microalgae additives to ice cream is
not allowed. Additionally, dyestuffs originating from blue-green
algae are not defined, rendering their current use in ice cream
and edible ice products prohibited. However, the use of
concentrated Spirulina as a colorant with the addition of sauce
is permitted within specified limits (Turkish Food Codex, 2023).
Since there are not many applications for microalgae production
and their use in food products in Turkiye yet, regulations
regarding the use of algae as additives are not yet established.
At this stage, it may be advisable to adhere to the definitions
and limit values set by internationally recognized authorities.
FDA classifies any organism, food, substance, or chemical
suitable for consumption by all humans as ‘'Generally
Recognized as Safe (GRAS)'. In this context, algae such as
Spirulina platensis, Chlamydomonas reinhardtii,
Auxenochlorella protothecoides, Chlorella vulgaris, Dunaliella
bardawil, Euglena gracilis, and some products derived from
them are considered GRAS (Torres-Tiji et al., 2020).

4. Microalgae in Food Industry

Microalgae are important sources of functional ingredients with
unique structures that provide opportunities for the
development of healthier foods with their nutritional and
therapeutic activities (Samani et al., 2021). Since algae are the
most diverse organisms, they are excellent candidates to
replace existing animal products to meet different
environmental and production needs, as well as to design new
food products (Figure 2) (Diaz et al., 2023).
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The historical practice of incorporating algae into diets across
the Far East and Asia highlights its long-standing culinary
tradition. Conversely, Western nations have only recently
shown interest in algae-based products. In Europe, attention
has historically centred on utilizing algae for producing gelling
agents, thickeners, and stabilizers in the food industry. Algae
are favoured by vegetarians and are commonly featured as
main dishes or appetizers (Scieszka and Klewicka, 2019).
Microalgae can be used as a potential food ingredient that can
enrich the bioactive content of foods due to their biochemical
composition (Durmaz et al., 2020). Algae boost abundant levels
of protein and lipids, which are not only rich in nutrition but also
highly digestible (Diaz et al., 2023).

Between 2015 and 2019, around 13,090 novel food products
globally incorporated algae or its derivatives, with 79% being
food items and 21% beverages (Boukid & Castellari, 2021).
Phycocyanin, a significant pigment derived from microalgae,
serves as a colouring agent in various food products such as
chewing gums, popsicles, candies, soft drinks, dairy items,
and cosmetics like lipsticks and eyeliner. Spirulina and the red
alga Porphyridium are the primary organisms utilized for
producing phycocyanin and phycoerythrin, respectively (Alam
et al., 2018).

The literature documents the development and characterization
of several food products enriched with Spirulina; for example,
beverages, biscuits, dairy products, and breads containing
Spirulina have been investigated. The majority of research
findings indicate that Spirulina can augment the nutritional and
bioactive advantages of foods, especially by increasing protein
and essential amino acid levels, along with enhancing
antioxidant capacity (Hei et al., 2024).

Algae serve as food additives in meat processing facilities to
enhance both the shape and flavour of the products. With the
introduction of artificial meat, algae, known for their high
protein content, have emerged as a new and reliable source
of quality protein. Researchers frequently explore plant
proteins derived from microalgae like Spirulina and Chlorella
to create meat alternatives. Spirulina, in particular, is
recognized by nutritionists as an exceptional natural protein
source, boosting a protein content ranging from 60% to 70%,
with a remarkable human absorption rate of up to 95% (Wu et
al., 2022). Using algae and their extracts in meat products not
only enhances their quality and flavour but also offers
consumers healthy options with reduced salt and fat content
and bioactive components. The antibacterial and antioxidant
properties of algae contribute to prolonging the shelf life of
these products as well. Moreover, algae are being investigated
for various other applications including serving as substitutes
for animal fats, supplements for protein and minerals, and
even as packaging materials for meat products (Wang et al.,
2023).

The primary challenge for plant-based meat producers lies in
traditional plant-based pigment sources like soy, peas, and
almonds, which fail to provide the desired red-brown colour
(hem) found in meat, instead often resulting in a dull gray-
brown hue. Many plant-based pigment sources also suffer
from stability issues. However, in certain food applications,
these challenges can be mitigated by utilizing pigments
derived from algal biomass. Notably, the projected global
increase in the value of carotenoids and other new algae-
based natural colours is 6% (Nayar et al., 2023).

For microalgae to be used as flavouring ingredients, it is
essential that aroma and flavour compounds are present in
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sufficient concentrations. To mitigate undesirable flavours in
algae-based food products, it is essential to carefully choose
algae species, optimize cultivation conditions, conduct
phytochemical studies, and thoroughly characterize odor
compounds. These measures play an important role in the
successful development of algae-infused food items. There
are concerns that most consumers do not prefer microalgae-
added foods on the market due to their fishy odor, grassy
taste, and intense green colour (Matos et al., 2022).

Spirulina platensis was added at a level of 10% in white bread
resulted in an increase in the protein content 7.40-11.63%
calcium, magnesium, and iron compared to conventional
bread (Ak et al., 2016). Some seaweed taste was noted but
this did not affect acceptability. Additionally, Spirulina added
bread stored under room conditions had reduced mold growth.

Incorporating microalgae into both plain and probiotic
fermented milk is intended to elevate the functionality of these
products. The goal is to amplify their influence on the viability
of probiotic microorganisms within the product and the
gastrointestinal tract, while also enhancing their direct health
benefits. In one study, Spirulina platensis and Chlorella
vulgaris were added to yogurt, at three concentrations (0.25%,
0.50%, and 1.00%) (Beheshtipour et al., 2012). The samples
containing C. vulgaris and the control demonstrated a more
rapid pH decrease, a slower increase in acidity, a shorter
incubation time, and a lower final titratable acidity in
comparison to those containing A. platensis. In treatments with
0.5% or 1% microalgae, viability remained consistently higher
than 107 cfu/mL throughout the refrigerated storage period. In
another study, addition of 0.25% Spirulina to yoghurt
expedited fermentation and improved water holding capacity
during 28 days of storage (Barkallah et al., 2017). In addition,
antioxidant activity of yoghurt was enhanced by the added
algae.

Recently, microalgae have been utilized as natural nutritional
additives to enhance the nutritional quality of fish-transformed
products. In a particular investigation, fish burgers with 1%
Spirulina platensis exhibited superior texture, increased
swelling and water and fat retention capacity, and sensory
properties (Barkallah et al., 2017). These can be attributed to
the notable levels of dietary fiber and polysaccharides present
in S. platensis. The incorporation of S. platensis notably
boosted the antioxidant properties of freshly prepared fish
burgers owing to the presence of polysaccharides and
pigments such as chlorophylls, carotenoids, and phycocyanin
(Barkallah et al., 2019).

Microalgae biomass has a notable impact on the rheological
characteristics of novel food items. A study by Letras et al.
(2022) examined 3D printed cookies, integrating microalgae
species like Spirulina platensis and Chlorella vulgaris,
resulting in structurally sound products with enhanced
resistance to baking. Similarly, another study by Hlaing et al.
(2020) revealed that chocolate bars displayed improved
oxidative stability and lower peroxide values after being
enriched with lyophilized and encapsulated microalgae,
particularly ~ Scenedesmus  obliquus. Additionally, an
investigation indicated that chocolate milk powder fortified with
Spirulina-LEB-18 exhibited enhanced sedimentation rates,
increased solubility, and reduced hygroscopicity, with levels
below 10% (De Oliveira et al., 2021).

Microalgae are rich sources of diverse compounds, offering
high protein content from species of Spirulina platensis and
low fibre content from species of Chlorella (Ferreira de Oliveira
& Bragotto, 2022). Chlorella is utilized for human consumption
in various forms, including soups, millet, juices, biscuits, ice
creams, and smoothies by Portuguese companies such as
Allma and Necton, which specialize in algae products.

Furthermore, Chlorella vulgaris biomass has been incorporated
into traditional oil biscuits as a colorant, resulting in
improvements in the biscuits' textural properties. Dunaliella
powder, ranging from red to orange in colour, contains 1-3% (3-
carotene. This oil-based B-carotene extract finds application as
a colouring agent in margarine and beverages (Uzuner &
Haznedar, 2020).

5. Conclusions and Future Perspectives

Many countries have seen an increase in protein consumption
due to population growth and the adoption of protein-rich diets.
Unfortunately, traditional protein product has negative
environmental impacts that may worsen with increasing
demand. Therefore, it is crucial to find sustainable alternative
protein sources.

With the increasing awareness among people about the
importance of healthy food and the need for protein-rich diet, the
increasing demand for algae with anti-obesity, anti-cancer and
anti-diabetic and antioxidant properties is expected to increase
the demand for algal ingredients and the growth of the market.
The high cost of the algae extraction method hinders the growth
of the market by increasing the production cost. Microalgae
farming is a promising alternative to combine anthropic
emissions with food and feed production. Some microalgae
show protein content twice as high as traditional protein
sources. This is an important factor in the development of
functional foods.

Ice cream is a milk dessert enjoyed by all age groups. The low
protein ratio and high fat and sugar content negatively affect
consumer preferences. Especially in the last 10 years, research
on improving the nutritional composition of ice cream has
increased. The most interesting of these are studies using
microalgae. In studies where algae isolated in powder form or
by microencapsulation technique were added to ice cream, it
was reported that the protein content of ice cream increased. In
addition, it has been determined that the melting and overrun
properties of ice cream are improved, microalgae positively
affect the stability of ice cream and acts as an emulsifier.
Additionally, its use as a natural colorant in ice cream increases
consumer reliability.

Studies on the use of algae in ice cream are very limited. There
is no study yet that includes the toxic properties of microalgae
and their microbiological properties originating from their
production. Additionally, there is only one study on industrial ice
cream with a prescription. Industrial equipment was not used in
that study. In consumer tests, negative effects such as fishy
smell and seaweed taste, which microalgae naturally contain,
are observed at optimum levels that increase the protein content
as a result of the use of microalgae in ice cream. Techniques
that will eliminate these adverse effects need to be investigated.
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Abstract: In light of the global food waste dilemma, it is important to promote a circular bio-economy model, stressing the
transformational power of waste and by-products to reduce environmental impact and maximize resource use with a minimal carbon
footprint. Based on the studies from the literature, this study highlights the need for global action to combat food waste, highlighting
programs not only Turkey's zero-waste program but also the European Green Deal as examples of successful worldwide outreach. By
increasing research about the introduction of food by-products into the food production cycle as useful prebiotic sources, the study not
only emphasizes the benefit of waste reduction but also the economic and ecological relevance of such a strategy. Prebiotics are mostly
composed of oligosaccharides, such as fructooligosaccharides and galactooligosaccharides, and polysaccharides, such as inulin, which
are short-chain carbohydrates. These compounds may be extracted using various methods, and their impact on probiotic
microorganisms is investigated. Among the methods used at this point, there are novel technologies as well as solvent extraction. In
this context, it was aimed to review the literature to contribute to the debate on creating a sustainable food ecosystem.

Keywords: By-product, valorisation, extraction, prebiotic, probiotic.

Gida Yan Urlnlerinin Prebiyotik Kaynagi Olarak Degerlendiriimesi

Ozet: Kiresel gida ati§i problemini dikkate alarak, gevresel etkiyi azaltmak ve minimum karbon ayak iziyle kaynak kullanimini en st
dlzeye gikarmak igin atiklarin ve yan Grinlerin tekrar kullanimiyla dénglsel biyoekonomi modelini desteklemek dnemlidir. Bu nedenle,
mevcut ¢calismada, gida israfiyla miicadele icin yapilmasi gerekenleri igeren kaynaklar 6zetlenerek hem Turkiye’'deki sifir atik programi
hem de Avrupa Yesil Anlagsmasi vurgulanmaktadir. Ayni zamanda mevcut ¢alismada, gida yan drlnlerinin prebiyotik kaynagi olarak
geri kazaniimasi ile ilgili calismalar ile hem ekonomik hem de ekolojik etkisine deginilmektedir. Prebiyotikler ¢ogunlukla
fruktooligosakkaritler ve galaktooligosakkaritler gibi oligosakkaritler ve kisa zincirli karbonhidratlar olan inilin gibi polisakkaritlerden
olusmaktadir. Bu bilesikler, gesitli yontemlerle ekstrakte edilebilmekte ve probiyotik mikroorganizmalar Uizerindeki etkileri
arastinimaktadir. Bu noktada kullanilan yéntemler arasinda ¢dzgen ekstraksiyonunun yani sira yeni teknolojiler de bulunmaktadir. Bu
kapsamda, surdurulebilir bir gida ekosistemi yaratma konusundaki tartismalara katkida bulunmak Uzere literatiirde yer alan kaynaklarin
incelenmesi hedeflenmistir.
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1. Introduction

It is crucial to emphasize the significance of reducing and
treating food waste, and its management system has been
widely improved to apply sustainability efficiently in use. With
the increment in population that led to more and more
consumption every year, the consequences that the world is
faced with are becoming challenging. Food waste
management is a global issue that is becoming more prevalent
in many countries, with some countries accounting for over
50% of total waste (Han et al., 2022). Therefore, it is important
to reduce food waste and take a big step to treat it so the
industry can reuse it. The production, handling, and post-
harvest phases of food production is highlighted by waste at
different points in the supply chain. For this kind of waste,
industrial waste treatment is significant, and vegetable by-
products are incorporated and utilized in the manufacturing
process and daily lives. To ensure sustainable waste
management, it is necessary to consider each component's
economic and environmental burden and operate this
mechanism continuously.

Additionally, in the application of sustainability, there are some
practices globally. It is known that without food safety and
quality, it is unfeasible to apply efficient sustainability goals.
Some of the objectives in the near future that aspire to these
goals are to support sustainable agriculture by eradicating
famine and ensuring food security and good nutrition. With the
help of these, it is possible to ensure sustainable food safety,
leading to sustainable development (Soylu, 2022). Another
essential implementation that European countries contributed
to is the Green Deal. The Green Deal aims to make the EU
the first short-term climate-neutral country by 2050. The EU
plans to adopt a new grand strategy and reshape policies in
its second revision, with the Green Memorandum
encompassing various sectors, including industry, finance,
energy, transport, construction, and agriculture (The
European Green Deal - European Commission, 2021).
According to Food Loss, waste of up to $26.04 million per year
is a problem in Turkiye, especially regarding the most wasted
fruits and vegetables. Also, in Tlrkiye, nearly 18 million foods
are thrown away every year (Hamzaoglu & Goktuna, 2022).
However, various methods exist to utilize the waste and by-
products as probiotic and prebiotic sources. Bozdag et al.
(2023) reported that Turkiye launched a zero-waste initiative
to isolate the waste and convert it into energy or crude
resources, aiming to increase its reusing rate from 13% in
2019 to 35% in 2023. Consequently, all these applications for
reducing waste and sustainably establishing a system are
important in national development and catching up on
European standards.

Food waste is a global issue affecting economies, the
environment, and society's well-being. It leads to increased
hunger, resource depletion, and environmental damage.
Effective food waste management is crucial to end hunger,
ensure food access, and reduce the environmental impact of
wasted food. Good management techniques promote
sustainable behaviours, environmental stewardship, and
social responsibility, preventing food shortages and promoting
sustainable practices. The precautions can impact the
consumer's behaviour by adopting it in their daily diet.
Therefore, increasing re-cycling of the inedible parts and
being utilized by the industry with various applications such as

investigated in this search, valorisation of by-products as
prebiotics or even obtaining probiotics from them are just
some of the solutions that exist. Moreover, paving the way out
with several techniques applied to waste are some of the key
criteria that not only help the sustainable food consumption
but also boost the aims to prevent food loss. Some measures
are applied by both the government and private corporations
that help reduce waste. It is obvious that prospering
implementations can be achieved with education, and then
white hope consequences can be achieved. One of the
practices performed in Turkiye is Zero Waste 'Sifir Atik'. By
encouraging a sustainable economy and using waste streams
as raw materials for new goods, zero waste is a novel
approach to waste management that sees garbage as a useful
resource. By concentrating on waste and pollution avoidance
at its source, this strategy engages a variety of stakeholders,
fosters collaboration, and generates job possibilities locally
(Bilgili et al., 2023). Besides, various practices are applied by
the Ministry of Agriculture and Forestry, and various
collaborations are made with some of the private corporations
and chain stores in Turkiye. One of the plans is 'Gidani Koru'
which aims to reduce food loss and waste and encourages the
customers to 'buy as you need and protect your future'. It also
makes collaborations with chain stores that help customers
buy the products with the best before-date close ingredients
cheaper. It also prevents sensitive products like fruits and
vegetables from being thrown away. Also, one of the novel
practices is 'Fazla Gida', an application aiming for the
customers to buy products from both restaurants and
groceries more cheaply before the shop closure and the
products become stale. In addition to these, before becoming
waste, food products were also used for extraction from fruits,
vegetables, cereals, etc. of bioactive compounds, biofuels as
energy suppliers, animal feed, and many more (Akgiin et al.,
2019). It is inevitable that with the increased and fast
consumption, more techniques should be developed with the
help of technology to ensure sustainable and green food
production.

It is known that the food industry is evolving due to
overconsumption aspects of population and economy. The
fruit, vegetable, and cereal sectors produce by-products with
financial and ecological value. This has led to attempts in the
circular bio-economy to increase the value of these by-
products because of their higher nutritional content, which
benefits health and encourages sustainability in the food
production cycle (Alexandre et al., 2023). It is advantageous
for developing industrial manufacturing and proving waste
management to reduce the impacts. Besides preferring green
food that is sustainable and eco-friendly, it is important to have
healthy food that not only supports the gut system but also
helps to maintain overall body health. Although a healthy gut
system promotes a wholesome immune system, it needs to
be supported by booster microorganisms such as probiotics
and supporter prebiotics to enrich the microflora. When used
with by-products or used in procuring the by-products from
waste, these microorganisms have a significant effect on the
industry. As mentioned by Alexandre et al. (2023), the
increased focus on individual health has created a market for
functional foods that, in addition to providing proper nutrition,
also have health advantages. These foods use natural
bioactive compounds and additional ingredients like probiotics
and prebiotics, satisfying consumer demands for affordable
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and palatable meals while highlighting their contribution to
chronic disease prevention and quality of life preservation.

Depending on the context, this study aimed to review the
research and applied methods examining the prebiotic
properties of wastes as another alternative area of utilization.

2. Probiotic Microorganisms

Probiotic is derived from the Greek word "probios", which
means “for life". Probiotics have a long history dating back to
human history (Gasbarrini et al., 2016). The term "probiotic"
has been defined in several ways. However, according to the
World Health Organization and Food and Agriculture
Organization, probiotics are live microorganisms that benefit
the host if they are ingested in sufficient concentrations. It is
important that the biological effects of probiotics may differ
from strain to strain, and their success should be evaluated
within their strain. Resistance to stomach and bile acids,
complete safety for a host, positive effect on the immune
system, antimicrobial effect, and prevention of intestinal
diseases are the factors that play an essential role in
evaluating a bacterial strain as a probiotic (Fijan, 2014).
Probiotics have many applications that are beneficial to
human health. Studies have shown that probiotics help lower
serum cholesterol and lactose intolerance, reduce and
prevent diarrhea and constipation problems, and reduce the
risk of colon cancer (Villena & Kitazawa, 2017).

According to studies, microorganisms considered probiotics
can be classified as Lactobacillus sp., Bifidobacterium sp.,
yeasts, and other microorganisms. They are considered
probiotics because of their health benefits and ability to live in
the intestines. Some probiotic bacteria species in the
Lactobacillus genus are Lactobacillus acidophilus,
Lactobacillus fermentum, Lactobacillus plantarum,
Lactobacillus casei, and Lactobacillus rhamnosus. Some of
the Bifidobacterium species that are considered probiotic are
Bifidobacterium infantis, Bifidobacterium adolascentis,
Bifidobacterium longum, Bifidobacterium bifidum and
Bifidobacterium breve (Williams, 2010). In addition,
Saccharomyces boulardii, Saccharomyces cerevisiae,
Saccharomyces carlsbergensis, and Saccharomyces lactis
are yeast species with probiotic properties (Das et al., 2022).
The morphological structures of probiotic bacteria are spore-
free, Gram (+), and bacilli traits (Fijan, 2014). Although more
has been known about the probiotic properties of bacteria in
the past, yeast species such as S. boulardii have also been
shown to have probiotic properties. The necessary studies
have been carried out for this purpose (Yildiran et al., 2017).

3. Prebiotic compounds

The gastrointestinal system is a major key to a healthy diet
and digestion. Additionally, carbohydrates are known as the
primary energy source for the body and can affect the overall
diet influencing entire well-being. In contrast, non-digestible
carbohydrates significantly alter the gut microbiota's
appearance and function, enabling the fermentation of
prebiotics by intestinal microorganisms and providing energy
for survival by breaking down indigestible bonds (Davani-
Davari et al., 2019). Prebiotic complexes that are not possible
to digest have favourable traces affecting the host with the
help of selected revitalizing development and activity of a

distinguished number of bacteria in the gut system, affecting
gut health. Prebiotics can be classified as prebiotics according
to a few factors, such as both the stomach and small intestine
cannot hydrolyse or absorb the substrate. Apart from this,
beneficial colonic bacteria, such as bifidobacteria, must be the
only type of substrate used, and fermentation must have
positive luminal and systemic effects on the host (Manning &
Gibson, 2004). As a result, prebiotics are fundamental
because they not only help to grow but also support the
development of useful microorganisms such as probiotics
within the intestine, cultivating a more advantageous
microbiome and helping in assimilation and general well-
being.

Additionally, prebiotics in the carbohydrate category comprise
lactulose, galactooligosaccharides (GOS), and short- and
long-chain B-fructans, or fructooligosaccharides (FOS) (Table
1). Additional substances under consideration include whole
grains, pectin, arabinoxylan, resistant starches, and
polyphenols that do not include carbohydrates (Valcheva &
Dieleman, 2016). According to You et al. (2022), prebiotics
convert into short-chain fatty acids (SCFAs) through
fermentation, contributing to intestine health. Prebiotics
stimulate intestinal obstruction, reduce inflammation, and
prevent harmful substances from entering the system. They
also balance the intestinal microbiota, potentially reducing the
risk of certain infections and diseases. Prebiotics must be
absorbed, promote beneficial microorganisms, be
fermentable, safe for use, and have proven health benefits.
Classification of prebiotics varies however, some types need
to be mentioned such as fructans: f(2—1)-linked linear chains
of fructose; and a significant class of prebiotics is GOS,
nonetheless, oligosaccharides that don't include
carbohydrates like flavanols obtained from cocoa promote
lactic acid bacteria; resistant starch (RS) is useful for
generating large amounts of butyrate improving health;
polydextrose is an oligosaccharide produced from glucose;
pectic oligosaccharides (POS) sourced by the pectin (Davani-
Davari et al., 2019). It is known that prebiotics has numerous
benefits, including improved digestion, immunity, bowel
movement regulation, weight management support, reduced
inflammation, improved mineral absorption, blood sugar
levels, blood balancing, and potential support for mental
health, all of which contribute to overall health by nourishing a
healthy gut microbiome. Furthermore, they also serve as
dietary fibers and low-calorie components added to diverse
food products, enhancing their nutritional value, promoting
health, and positively impacting their taste and texture
(Hurtado-Romero et al., 2020). As a consequence, the use of
these prebiotics is inevitably essential for a healthy microflora
for overall well-being. However, it also cannot be ignored that
innovative applications of prebiotics extend beyond their role
in human health, finding utility in waste treatment processes,
where their ability to stimulate beneficial microbial activity
holds promise for enhancing organic waste decomposition; for
instance, prebiotics like inulin have shown potential in
optimizing anaerobic digestion systems by promoting the
growth of methane-producing bacteria, aiding in the efficient
waste breakdown (Rahul et al., 2014). Inulin, oligo-fructose,
and FOS are nutritional supplements and functional food
components in beverages, yogurts, biscuits, and spreads
(Kelly, 2008).
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Table 1. Studies conducted on prebiotics extracted by different methods.
Tablo 1. Farkli ydntemler ile ekstrakte edilen prebiyotik ¢alismalari.

Prebiotics Source Extraction Microorganism Key outcomes References

method

Carbohydrates, Rice bran Ultrasound- Lactobacilli strains In the extracts, no significant (Antunes et

inulin, oligofructose assisted differences in prebiotic activity al., 2023)

extraction (UAE) were observed between
carbohydrates. Probiotic growth
and prebiotic activity values were
similar to or higher than those
carbohydrates in Lactobacillus
acidophilus, etc. compared to inulin
and oligofructose.

Cellulose Banana Enzymatic and Lactobacillus Water-soluble cellulose showed a (Phirom-on &
peel diluted-acid plantarum, higher prebiotic activity index than Apiraksakorn,

hydrolysis Lactobacillus casei commercial prebiotics line inulin by  2021)
increasing the growth of L.
plantarum.

Dietary fiber Bagasse Alkaline Lactobacillus Probiotics increase the rate of cell (Afrazeh et
and date hydrogen- acidophilus death by consuming nutrients from al., 2021)
seed peroxide the environment. The dietary fiber

extraction samples of both sources (5%)
showed the greatest prebiotic
activity.

FOS, inulin Edible Solvent Lactobacilli strains In comparison to commercial (Sawangwan
mushroom  extraction (SE) prebiotics like FOS and inulin, etal, 2018)

mushroom polysaccharides greatly
encouraged the development of L.
acidophilus and L. plantarum.

Inulin Jerusalem  Hot distilled The mixture of Depending on the degree of (Li et al,
artichoke water (HWE) probiotic culture in polymerization of inulin, its effect 2015)
tubers yoghurt on probiotics was remarkable.

Oligosaccharide Sweet Ultrasound- Bifidobacteria Signifying that sweet potato (Guo et al.,
potato microwave- adolescentis oligosaccharides promote the 2019)
(Ipomoea assisted growth of B. adolescentis with
batatas L.)  extraction more efficiency with the help of

(UMAE) UMAE compared with HWE, UAE.
Dragon fruit SE, HWE Bifidobacterium Prebiotic characteristics of pitaya (Wichienchot
(Pitaya) bifidum, oligosaccharides include partial etal., 2010)
Lactobacillus resistance to salivary a-amylase,
delbrueckii acid resistance in the human
stomach, and the capacity to
promote the development of
lactobacilli and bifidobacteria.
Pectin-type Lotus leaf Hot Water Eubaterium rectale, The study discovered that lotus (Ke et al.,
Polysaccharide Reflux, Medium-  Bacteroides leaf polysaccharides with potentin  2023)
Temperature thetaiotaomicron, vitro prebiotic activity may be
Alkali, Ultrahigh Roseburia prepared efficiently using reflux
pressure- intestinalis, and high-pressure
assisted deep Faecalibacterium homogenization-assisted dual
eutectic solvents  prausnitzii and other enzyme extraction while other
(DES), high bacterial strains methods were not appropriate.
pressure
homogenization-
assisted dual
enzyme
extraction
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Table 1. Studies conducted on prebiotics extracted by different methods (continue).
Tablo 1. Farkli ydntemler ile ekstrakte edilen prebiyotik ¢alismalar (devami).

Prebiotics Source Extraction Microorganism Key outcomes References
method
Polysaccharide Bamboo SE, UAE, HWE, Bifidobacterial and UAE and EAE from bamboo shoots (Chen et al.,

shoots enzyme assisted Lactobacillus strains  showed better prebiotic effectsthan 2019)

(EAE), microwave-
assisted extraction

FOS, but not as good. They have
lower total carbohydrate levels,

(MAE) potentially exhibiting similar
proliferative effects.
Zizyphus DES, HWE, Lactobacilli strains While Zizyphus jujube (Zou et al,
jujube ultrahigh pressure polysaccharide (JP)-UD had the 2022)

extraction (UD)

highest prebiotic response, all JPs
demonstrated varying proliferative
effects on the four Lactobacillus
strains at different doses.

Soy hulls  MAE Lactobacillus MAE of soy polysaccharides (Yang et al.,
bulgaricus revealed more robust prebiotic 2019)
activity.
Xylooligosaccharides Rice Alkaline extraction Lactobacillus L. rhamnosus and L. casei growth (Kaur &
Straw rhamnosus, were positively influenced by Mankoo,
Lactobacillus casei autohydrolysate treatments, 2021)

particularly regarding xylobiose,
xylotriose, and neutral XOS, with
pure xylobiose having the greatest
effect.

3.1. Inulin

Inulin-type prebiotic compounds found in root vegetables like
Jerusalem artichokes, burdock, chicory, leeks, and onions
belong to the broader group of "fructans". These substances
are natural plant oligo- and polysaccharides primarily
characterized by glycosidic bonds predominantly formed by
fructosyl-fructose connections. Fructans typically contain at
least one fructosyl-glucose bond, often serving as the initial
link in the polymer chain. Inulin is also a bifidogenic
substance, which promotes the growth of Bifidobacteria
species in the gut. It is resistant to digestion by enzymes in
the upper gastrointestinal system and makes it to the colon
intact, where bacteria ferment it (Kelly, 2008).

3.2. Fructooligosaccharides

Fructooligosaccharides known as FOS, are an inulin-type
prebiotic that helps increase gut flora, especially
advantageous bacteria such as Bifidobacterium. It is a fact
that FOS intake can boost Bifidobacteria numbers while
lowering Bacteroides, Clostridia, and Fusobacteria whereas
the amount of FOS consumed correlates with higher
Bifidobacteria numbers. Additionally, FOS glycosidic links are
mostly beta (2-1) linkages generated by transfructosylation
with the fungal enzyme beta-fructosidase, and they are
estimated as soluble dietary fiber; however, FOS may be
made by partially hydrolyzing inulin or glucose, resulting in
short-chain, low-molecular-weight inulin-type fructans with
degree of polymerization values ranging from 2-4.
Consequently, FOS manufacturing includes the application of
specialized technology to fructan-containing dietary sources,
resulting in a wide range of inulin-type prebiotic products
(Kelly, 2008).

3.3. Galactooligosaccharides

Galactooligosaccharides (GOS), synthesized by lactose
extension, are classified as excess galactose at C3, C4, or C6
and produced from lactose through enzymatic trans-
glycosylation. They promote Bifidobacteria and Lactobacilli,
stimulate Enterobacteria, Bacteroidetes, and Firmicutes, and
some are prebiotics, while others, like raffinose family
oligosaccharides, are yet to be discovered (Davani-Davari et
al., 2019). GOS are soluble dietary fibers that may have some
positive effects on health by encouraging the growth of
Bifidobacteria in the gut. They have also been studied for their
effects on infant infections and allergy symptoms, as well as
adult plasma triacylglycerol concentrations and hepatic
lipogenesis. GOS are frequently used as functional food
ingredients in food products in order to support health claims
and produce a harmonious sweetness profile. Lactose can be
used to make them through enzymatic synthesis (Kelly, 2008).

3.4. Dietary fibers

Dietary fibers are indigestible carbohydrates that may be
extracted from plants, offering physiological advantages for
human health. Substances are classified as soluble and
insoluble due to the inability of human small intestinal
enzymes to break them down. Dietary fibers promote
digestive health by providing the colon with a carbon source
for fermentation. Colonic microbiota has identified them as
fermentable substances, and they may be found in marine
plants, mushrooms, cereal grains, and algae. The importance
of prebiotic dietary fibers in intestinal health and general well-
being is well-established. Examples of these fibers include
FOSs, inulin, GOSs, and beta-glucan. They are classified into
numerous groups, each with its own set of health advantages
(Carlson et al., 2018).
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4. Conclusion

As a result, this study emphasizes how important it is to
manage waste sustainably in the face of rising food waste
worldwide. To minimize waste and maximize resource usage,
the research promotes a circular bio-economy by emphasizing
the value-adding of waste and by-products. Initiatives like the
European Green Deal and Tirkiye's zero-waste responsibility
demonstrate a worldwide dedication to decreasing food waste.
By solving waste issues and enhancing gut health, the
incorporation of waste by-products—which are prime
examples of possible prebiotic sources—into the food
production cycle provides a dual benefit. The study highlights
the role that prebiotic substances and probiotic bacteria play
in promoting general health. Prebiotics' creative use in waste
treatment procedures, such as enhancing anaerobic digestion
systems, demonstrates how well they may be used to solve
environmental and health issues. By taking into account
social, environmental, and economic factors, this all-
encompassing strategy supports sustainability goals and
opens the door for a more accountable and environmentally
friendly global food system.

It is important to approach waste management from both an
industrial and a global standpoint. Businesses should spend
money on research to find the best ways to remove by-
products from plants, so they may be used as prebiotics.
Adopting circular economy ideas on a global scale entail
setting industry norms that incorporate waste products into
cycles of production. Global collaboration and information
sharing can result in uniform methods for handling food waste
throughout borders. It is possible to put into place policies that
encourage sustainable production and waste management
methods. Industries can support a more linked and
sustainable global food system by rethinking the value of by-
products.
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Makroalgal Karotenoidlerin Bazi Biyoaktif Ozellikleri

Nese BALKESEN"™", Aysun YUCETEPE
Aksaray Universitesi Miihendislik Fakiiltesi Gida Miihendisligi Béliimii, Aksaray, Tiirkiye.

Ozet: Sirdurilebilir, ucuz ve alternatif gida kaynaklarinin bulunmasi, gida alanindaki temel ve acil aragtirma konularindan birini
olusturmaktadir. Bu noktada makroalgler, diinya niifusuna paralel olarak artan gida talebinin kargilanmasi igin énemli bir gida kaynagi
olarak degerlendiriimektedir. Makroalgler, ekilebilir araziye ihtiyag duymamalari ve minimun besin maddesi ile buyuyebilmelerinin yani
sira icerdikleri polifenol, sterol, tanen, flavonoid, protein, karbonhidrat, coklu doymamis yag asitleri, mineral, alkoloid, tokoferol gibi
cesitli biyoaktif bilesikler agisindan zengindir. Macroalgler ayrica pigment Ureten organizmalar olarak kabul edilir ve sahip olduklari
fotosentetik pigmentasyon yapilarina gére kirmizi makroalg (Rhodophyta), kahverengi makroalg (Phaeophyta) ve yesil makroalg
(Chlorophyta) olmak Uzere ¢ grup altinda toplanirlar. Yesil makroalglerde baskin olarak bulunan karotenoidler; -karoten, lutein,
violaksantin, neoksantin ve zeaksantindir. Kirmizi makrolaglerde lutein ve zeaksantinin yani sira a- ve B-karotenler bulunurken,
kahverengi makroalgler pek c¢ok karotenoide ilave olarak fukoksantin, perinidin, diatoksantin, heteroksantin ve siphonaksantin
karotenoidleri ve astaksantin ve kantaksantin gibi karotenoid tlirevlerinden olan karotenoproteinleri icerirler. Karotenoidler hicrelerin
korunmasinda rol oynayan pigmentlerdir ve basta antioksidan aktivite olmak Uzere, antikanser, antidiyabetik ve antienflamatuar
aktivitelere ilave olarak kardiyovaskiiler hastaliklara karsi olumlu etkilerinin bulundugu rapor edilmistir. Ornegin, ksantofil sinifina ait bir
karotenoid olan fukoksantin kahverengi makroalglerde yaygin olarak bulunan bir karotenoiddir ve gli¢li antioksidan aktivitesi ile oksidatif
strese karsi koruyucu etki gosterdigi tespit edilmistir. Benzer sekilde, makroalglerden izole edilen dider karotenoidler olan B-karoten,
zeaksantin ve violaksantinin antikanser, antidiyabetik ve antienflamatuar aktivite sergiledigi rapor edilmistir. Sunulan bu ¢aligmada,
makroalglerin siniflandiriimasi, kimyasal kompozisyonu, karotenoidlerin stabilitesi, makroalglerin karotenoid igerikleri ve algal
karotenoidlerin antioksidan, antikanser, antidiyabetik, antienflamatuar ve antihipertansif aktivite gibi biyoaktif 6zellikleri hakkindaki bazi
bilgiler derlenmistir.

Anahtar Kelimeler: Makroalg, karotenoid, pigment, antioksidan aktivite, biyoaktif 6zellik.

Some Bioactive Properties of Macroalgal Carotenoids

Abstract: Finding sustainable, cheap and alternative food sources is one of the fundamental and urgent research matter in the field of
food. In this point, macroalgae are considered an important food source satisfying the increasing food demand in parallel with the
growing world population. Macroalgae do not require arable land and are able to grow on minimal nutrients, they are rich in various
bioactive compounds such as polyphenols, sterols, tannins, flavonoids, proteins, carbonhydrates, polyunsaturated fatty acids, minerals,
alkoloids, tocopherols. It is known that these secondary metabolites have properties such as antioxidantive, antimicrobial, antiviral,
anticarcinogenic, antidiabetic, anti-inflammatory and antiobesity. Moreover, macroalgae are considered pigment-producing organisms
and are classified into three groups: red (Rhodophyta), brown (Phaeophyta) and green (Chlorophyta) macroalgae, according to their
photosynthetic pigmentation structure. Carotenoids predominantly found in green macroalgae are f3-carotene, lutein, violaxanthin,
neoxanthin and zeaxanthin. Red macroalgae include in addition to lutein and zeaxanthin, a- and B-carotenes, and brown macroalgae
have in addition to many carotenoids, fucoxanthin, perinidine, diatoxanthin, heteroxanthin and siphonaxanthin, and also
carotenoproteins being carotenoid derivatives such as astaxanthin and canthaxanthin. Carotenoids are be divided into two main groups:
carotens and xanthophylls. Carotenoids are pigments that play a role in protection of cells and have been reported to have beneficial
effects against cardiovascular diseases, in addition to antioxidant activity, anticancer, antidiabetic and anti-inflammatory activities. For
instance, fucoxanthin, a carotenoid belonging to the xanthophyll group, commonly found in brown macroalgae and has been found to
have a protective effect against oxidative stress with its strong antioxidant activity. Similarly, -carotene, zeaxanthin, and violaxanthin
carotenoids isolated from macroalgae have been reported to exhibit anticancer, antidiabetic, and anti-inflammatory activities, as well.
In this study, some information about classification of macroalgae, their chemical composition, stability of carotenoids, carotenoid
content of macroalgae and some bioactive properties of algal carotenoids such as antioxidant, anticancer, antidiabetic, anti-
inflammatory and antihypertensive activity were reviewed.

Keywords: Makroalgae, carotenoid, pigment, antioxidant activity, bioactive property.
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1. Girig

Dinya nifusunun 2050 yilinda 9,8 milyardan fazla olacagi ve
bu hizli artigin insanligin ve gezegendeki cogu organizmanin
varligini riske atacak gida krizine, kuresel iIsinmaya, zehirli gaz
emisyonuna ve siddetli iklim degisikligine neden olabilecegi
ongorilmektedir (Zhu ve dig., 2016; Rebello ve dig., 2010).
Ayrica, Uluslararasi Tarim ve Kalkinma Fonu (IFAD),
Birlesmis Milletler Gida ve Tarim Orgiitii (FAO), Diinya Saglk
Orgiitil (WHO) ve Diinya Gida Programi (WFP) tarafindan
hazirlanan “Diinyada Gida Giivenligi ve Beslenmenin Durumu
Raporu”, 2019 yilinda neredeyse 690 milyon insanin, yani
dinya nidfusunun vyaklasik ylzde 8,9'unun yetersiz
beslendigini gostermektedir (Bongaarts, 2021). Bu noktada,
alternatif ve surdirilebilir gida kaynaklarinin bulunmasi biytk
6nem arz etmektedir. Alglerin ekilebilir araziye ihtiyag
duymamalari ve minumun besin maddesi ile blylyebilmeleri
nedeni ile geleneksel gidalara iyi bir alternetif olabilecegi
disUnilmektedir (Norsker ve dig., 2011).

Algler taksonomik olarak mikroalgler ve makroalgler olarak iki
grup altinda toplanirlar (EI Gamal, 2010). Makroalgler
polifenoller, flavonoidler, proteinler ve ¢oklu doymamis yag
asitleri (PUFA) gibi cesitli biyoaktif bilesikler agisindan
zengindir (Pal ve did., 2014). Makroalglerin ayrica
karotenoidler agisindan da zengin oldudu rapor edilmistir
(Ben-Amotz ve Fishler, 1998; Gouveia ve Empis, 2003).
Makroalglerde bulunan diger pigmentler ise klorofiller ve
fikobiliproteinlerdir. Kahverengi makroalglerin bir karotenoid
olan fukoksantin miktari ylksek iken, kirmizi makroalglerin
fikobiliprotein ve yesil makroalglerin klorofil igerikleri ylksektir
(Ciko$ ve dig., 2022). Bu pigmentler cevresel stresin bir
gOstergesidir ve stress kosullarinda daha yiksek miktarda
Uretilirler. Diger taraftan, makroalgin yetistigi deniz suyunun
sicakligl ve tuzlulugu gibi faktorlere ilave olarak algin tiirl
pigment miktarini etkilemektedir.

Karotenoidler, makro ve mikroalgler disinda, fotosentetik
bitkiler ve mantarlar tarafindan sentezlenen ve gesitli meyve
ve sebzelerin turuncu, sari ve kirmizi renklerinden sorumlu
olan lipofilik bilesiklerdir. Karotenoidler, sentetik pigmentlere
yonelik tuketicilerin artan saghk endiseleri nedeni ile dogal
pigmentler olarak cesitli alanlarda kullanim potansiyeline
sahiptir (Mattea ve dig., 2009). Ornegin gida, yem ve kozmetik
endustrilerinde B-karoten, lutein, likopen, astaksantin gibi
karotenoidler yaygin olarak kullaniimaktadir (Jaswir ve dig.,
2011). Deepika ve dig. (2022)'ne gore, B-karoten, astaksantin,
lutein, zeaksantin ve likopenin de aralarinda bulundugu
toplam 40 karotenoid ticari olarak Uretilmektedir. Temel algal
pigmentlerden olan Dunaliella salina’dan {-karoten (kuru
maddede %14), Haematococcus pluvialis’dan astaksantin
(kuru  maddede %3) ticari olarak ilgi uyandiran
karotenoidlerdir (Deepika ve dig., 2022).

Bu calismada, geleneksel gida kaynaklarina alternatif olarak
degerlendirilen makroalglerin  siniflandinimasi, kimyasal
kompozisyonu, karotenoidlerin stabilitesi, makroalglerin
karotenoid icerikleri ve algal karotenoidlerin antioksidan,
antikanser, antidiyabetik, antienflamatuar ve antihipertansif
aktivite gibi biyoaktif ozellikleri hakkindaki bazi bilgiler
derlenmistir.

2.Makroalgler

Deniz yosunlari olarak da adlandirilan makroalgler, suda
yasayan besin zincirindeki diger canlilar i¢in besin kaynagi
olan, fotosentez yapan ve okyanuslardaki devasa ormanlari
olugturan “thallus” adi verilen yapilari gelistiren ototrofik
organizmalardir (Figueroa ve dig., 2021). Makroalgler, deniz
kiyllarinda ve nehir ve gol gibi tatll su ekosistemlerinde
bulunurlar (Panzella ve Napolitano, 2017). Yiiksek besin
icerikleri ve dusuk kalori degerlerinden dolayi birgok makroalg
tirt Cin, Japonya ve Kore gibi pek ¢ok Asya Ullkesinde antik
zamanlardan beri gida olarak tlketilmektedir. Diger taraftan
makroalgler, gida, kimya, tarim, kimya, kozmetik, farmosotik
ve tip gibi alanlarda genis bir uygulama alanina sahip pek gok
degerli bilesenin énemli bir kaynagidir. Ornegin gida
endUstrisinde, temel olarak karregenan, aljinat, fikokolloit agar
gibi teknofonksiyonel polisakkaritlerin kaynadi olarak
kullaniimaktadirlar (Pangestuti ve Kim, 2011; Konda ve dig.,
2015; Figueroa ve dig., 2021; Slusarczyk ve dig., 2021).

Makroalglerin bilinen yaklagik 10.500 turG bulunmaktadir ve
bu tlrler arasinda yaklasik 500 tur yuzlerce yildir insanlar
tarafindan ya gida olarak dogrudan ya da agar ve karragenan
gibi bazi bilegenlerinin ekstrakte edilmesi yolu ile dolayli olarak
tiketilmektedir (Chopin ve Tacon, 2021). Makroalglerden
220’den fazla tirtn yetistiriciligi yapilmakla birlikte, bunlarin
sadece 20’si FAO’nun FISHSTAT veri tabaninda listelenmistir.
FAO’nun 2018 yili verilerine goére 8 tir tim yetigtiriciligi yapilan
makroalg uretiminin %96,8’ini olusturmaktadir. Bu tirler;
kombu olarak da bilinen Saccharina japonica (%35,3),
Eucheuma spp. (%29), Gracilaria spp. (%10,7), Porphyra spp.
ve nori olarak da bilinen Pyropia spp. (%8,9), wakame olarak
da bilinen Undaria pinnatifida (%7,2), Kappaphycus spp.
(%4,9) ve Sargassum spp. (%0,8)dir (FAO, 2020).
Yetistiriciligi yapilan makroalglerin tretimi; 2000 yilindan (10,6
milyon ton) 2005 yilina (14,8 milyon ton) %40,0, 2010 yilina
(20,2 milyon ton) %36,0 ve 2015 yilina (31,1 milyon ton)
%53,4 artmistir. Diger taraftan, 2018 yilinda yetistiriciligi
yapilan (31,5 milyon ton) ve toplanan (0,9 milyon ton)
makroalg miktari ise toplam 32,4 milyon tondur (Chopin ve
Tacon, 2021). Ayrica, FAO’ya gore yetistiriciligi yapilarak
uretilen makroalglerin 13,3 milyar dolarlik bir ekonomik degeri
bulunmaktadir (FAO, 2020).

2.1 Makroalglerin siniflandiriimasi

Makroalgler sahip olduklar fotosentetik pigmentasyona gore
kirmizi makroalg (Rhodophyta), kahverengi makroalg
(Phaeophyta) ve yesil makroalg (Chlorophyta) olmak tzere Ug¢
grup altinda toplanmaktadir (Wang ve dig., 2015). Kirmizi
makroalglerin fotosentetik hicrelerinde genellikle fazla
miktarda fikoeritrin kirmizi pigmentleri bulunmaktadir. Bu
kirmizi pigment, didger cesitli pigmentlerle kombinasyon
halinde, yari saydam soluk pembe, lavanta, mor, kestane ve
bordodan yanardéner maviye kadar genis bir renkten
sorumludur. Kahverengi makroalgler ise fazla miktarda bir
kahverengi pigment olan fukoksantin icermektedir. Aljinik asit
ve fukoidin gibi dnemli bilesenleri iceren sellloz duvarlari
vardir. Neredeyse tim kahverengi alglerin ylizeylerinde, besin
alimi igin ylzey alanini artirmaya hizmet edebilecek ince
(mikroskobik) tlyler bulunmaktadir (Litter ve Litter, 2013).
Diger taraftan, yesil makroalgler baskin pigment olarak klorofil
icerirler (Dawes, 1998). Yesil algler ayni zamanda ikinci
diizeyde karotenoid pigmentlerini ihtiva ederler (Hoek ve dig.,
1995).
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2.2 Makroalglerin kimyasal kompozisyonu

Alglerin  yiksek besin ve biyoaktif madde igeridi;
karbonhidratlar, proteinler, peptitler, lipitler ve mineraller ile
fenoller, alkoloidler, terpenler ve pigmentler gibi cok sayida
molekull icermesinden kaynaklanmaktadir (Barkia ve dig.,
2019; Kosani¢ ve dig., 2015). Makroalgler kuru maddede %7-
31 protein, %2-13 lipit ve %32-60 karbonhidrat igerigine
sahiptir (Kazir ve dig., 2019). Diger taraftan, tire bagl olarak,

A, B, B2, By, B12, C, D, E ve K vitaminlerini ve kalsiyum, demir,
iyot, fosfor, potasyum, bakir, magnezyum, selenyum, ginko,
bakir ve florir gibi mineralleri icermektedir (Panzella ve
Napolitano, 2017).

Makroalglerin kimyasal bilesimi 11k yodunlugu, deniz suyunun
tuzlulugu ve sicakligi gibi cevresel kosullara ve tlrler
arasindaki genetik farkliliklara bagh olarak degismektedir
(Mzehre ve dig., 2014). Ornegin sicaklik, makroalglerin
blylmesi, gelismesi ve bilesenlerin biyosentezi (izerinde
onemli bir etkiye sahiptir. Bazi aragtirmacilar su sicakhgindaki
artisin lipit ve protein birikimi Gzerinde olumlu bir etkiye sahip
oldugunu ve ayni zamanda karotenoid birikimini de tegvik
ettigini belirtmistir (Boéchat ve Giani, 2000; Roleda ve Hurd,
2019). Ornegin, haziran ve eylil aylari arasinda yetigsen
makroalglerin  kimyasal kompozisyonundaki degisimlerin
arastinldidi bir calismada, polifenol iceriginde (kuru maddede
%5,35-6,02’den  %14,66-16,80’e), pigment seviyesinde
(klorofil igeriginde kuru maddede 9%0,13, karotenoid
miktarinda kuru maddede %0,04) ve doymus yag asitlerinde
(kuru maddede %3,21) artis meydana gelmigtir. Bu
degisimlerin giinesteki fotosentetik aktiviteden ve deniz suyu
sicakligindan kaynaklandigi rapor edilmistir (Konstantin ve
dig., 2023). Diger taraftan, asirni glines radyasyonu,
fotoinhibisyona yol acgarak kloroplast lamellerinin tahrip
olmasina ve enzim sistemlerinde iglev bozukluguna neden
olabilir. Bu nedenle, makroalgler basta polifenoller olmak
Uzere foto koruyucu metabolitler tretmektedir (Roleda ve dig.,
2019).

2.1.1 Protein igerigi

Makroalglerin protein igerigi tiire gore farklilik géstermektedir.
Kahverengi makroalglerin protein diizeyi genel olarak disik
(%3-15), yesil makroalglerin orta diizeyde (%9-26) olmasina
ragmen, kirmizi makroalglerin protein igerigi yaklasik %47'ye
ulagsabilmektedir (Fleurence ve dig., 2018). Bundan dolayi
makroalgler, ylksek protein igerigi nedeniyle surdirilebilir ve
alternatif protein kaynag: olarak degerlendiriimektedir (Biris-
Dorhoi ve dig., 2020). Diger taraftan, makroalglerin protein
icerigi deniz suyu sicakligina ve tuzluluguna, okyanus
akintilarina, dalga kosullarina ve alg turiine bagh olarak
farkliligabilmektedir (Yucetepe ve dig., 2023). Ornegin Atlantik
kiyllarindan toplanan Palmaria palmata makroalginin protein
miktari deniz suyunun sicakligina bagli olarak %9-25
arasinda degismistir ve en yuksek degerler kis ve ilk bahar
mevsimlerinde elde edilmistir (Fleurence ve dig., 2004;
Gordalina ve dig., 2021).

2.1.2 Lipit igerigi

Makroalgler %0,60-4,15 oraninda lipit icermektedir (Shannon
ve Abu-Ghannam, 2019). Makroalglerin lipit miktari ve yagd
asidi profilindeki farkliliklar cevresel kosullardan ve tir
farklihgindan etkilenmektedir. Genel olarak kahverengi
turlerin yesil makroalglere gore daha yiksek lipit icerigine

sahip oldugu ifade edilmistir (Biancarosa ve dig., 2018; Jeon
ve dig., 2010). Makrolagler genel olarak dusuk lipit igerigine
sahip olmakla birlikte, c¢oklu doymamis yag asitleri
bakimindan zengindir (Pereira, 2018). Makroalglerde bulunan
lipitlerin neredeyse vyarisi, eikosapentaenoik asit (EPA) ve
aragidonik asit (AA) gibi ¢coklu doymamis yag asitlerinden
olugsmaktadir. Makroalg lipidleri arasinda glikolipitler ve
fosfolipitter de  bulunmaktadir.  Glikolipitler, hicresel
membranin temel bileseni olan bir lipide glikozidik bag yoluyla
baglanan karbonhidratlardir (Biancarosa ve dig., 2018; Ma ve
dig., 2014). Fosfolipitler ise tim biyolojk membran
sistemlerinin temel yapitasidir ve yalnizca yapisal molekuller
olarak degil, ayni zamanda hucrelerin dinamik ve islevsel
acidan 6nemli bilegenleri olarak da tanimlanirlar (Hanahan ve
Nelson, 1984).

2.1.3 Polisakkarit icerigi

Makroalgler yapisal ve enerji depolama dahil olmak Uzere
o6nemli islevlere sahip polisakkaritleri yiksek miktarlarda
icerebilmektedir ve genel olarak degisken bir polisakkarit
icerigine sahiptirler. Makroalglerdeki toplam polisakkarit icerigi
kuru maddede %4 ile %76 arasinda degismekte olup en
yuksek polisakkarit icerigine Ascophyllum, Porphyra ve
Palmaria spp. makroalgleri sahiptir (Holdt ve Kraan, 2011).
Kumar ve dig. (2021)'ne gore, yesil makrolagler %17,0-83,2,
kahverengi makroalgler %12,5-47,43 ve kirmizi makrolagler
%2,7-65,0 oraninda karbonhidrat icerigine sahiptir.

Makroalglerde bulunan polisakkarit fraksiyonlardan biri olan
karragenan, kirmizi makroalglerin hucre duvarinin ana
bilesenlerinden biridir ve kuru alg agirhiginin %30 ile %75’ini
olusturur. Ornegin, Gracilaria gracilis'ten elde edilen bir
polisakkarit olan agar; gida, farmosétik ve biyoteknolojik
uygulamalarda kullaniimaktadir (Ferreira ve dig., 2021). Diger
taraftan, baska bir polisakkarit olan aljinatlar ise kuru alg
agirhginin - %17 ile  %4%5’ini  olusturur ve kahverengi
makroalglerde hicre duvarinin temel bilesenidir. Ulva spp.
yesil makroalginin hiicre duvarinin bir bileseni olan ulvan
polisakkaritleri ise kuru alg kuru agirhiginin %8 ile %29’unu
olusturmaktadir ve gesitli biyoaktif 6zelliklerine (antioksidan,
anticoagulant, antiviral, antikanser aktivite gibi) ragmen
potansiyeli yeterince degerlendirilememektedir (Pradhan ve
dig., 2023; Vera ve dig., 2011; Ferreira ve dig., 2021).

2.1.4 Pigment igerigi

Pigmentler, gidalarin renklerinin  olusmasinda 6nemli
unsurlardir (Ghosh ve dig., 2022). Son yillarda artis gosteren
saglikh beslenmeye ydnelik tiketici endiseleri, hem sentetik
renklendiricilere alternatif hem de saglgr tesvik eden
bilesenler olarak kabul edilen dogal pigmentleri kullanma
egilimini arttirmaktadir (Ghosh ve dig., 2022; Hosseinkhani ve
dig., 2022).

Makroalglerde bulunun pigmentler karotenoid, klorofil ve
fikobilin (fikobiliprotein)'lerdir. Karotenoidler apolar
pigmentlerdir. Yapisal olarak terpenoid pigment sinifina aittir
ve sahip olduklari mor, kirmizi, turuncu ve sari gibi farklh
renkler, yuksek oranda konjuge olan polien zincirinden
kaynaklanmaktadir (Poojary ve dig., 2016). Klorofil; klorofil a,
klorofil b ve klorofil ¢ igeren yag pigmentleri ailesidir. Klorofil
pigmenti, yesil 1s1g1 iyi yansitabildiginden genel olarak yesil
gorinim saglar ve fotosentezin 1k emilimi stirecinde merkezi
bir rol oynamaktadir (Bednarczyk ve dig., 2021). Fikobilin,
yalnizca alglerde bulunan bir fotosentetik pigmenttir. Fikobilin

Yazar 1, Yazar 2

ITU 2024
67



ITU Journal of Food Science and Technology

()

yapisal olarak klorofile benzer ve metilenle baglanan dort pirol
halkasindan olusur, ancak klorofilden farkli olarak diiz zincirli

bir molekildir ve magnezyum atomu igcermez (Mysliwa-

Kurdziel ve Solymosi, 2017). Tablo 1'de bazi makroalglerde
bulunan karotenoidler ve miktarlari verilmistir.

Tablo 1. Bazi makroalglerdeki karotenoid/klorofil a ve karotenoid/klorofil b orani ile fukoksantin ve lutein miktarlar (mg/kg).
Table 1. Carotenoid/ chlorophyll a and Carotenoid/ chlorophyll b ratios and fucoxanthin and lutein contents in some macroalgae

(mg/kg).

Karotenoid/

Karotenoid/

Makroalg Sinifi Makroalg Tiirii Klorofil a Klorofil b Fukoksantin Lutein Referanslar
orani orani
Caulerpa racemosa 0,02 0,13
Yesil makroalgler Cladophora fascicularis 0,003 0,02 (Kumar ve dig., 2009)
(Chlorophyta)  ylva lactuca linn 0,04 0,15
Fragilaria crotonensis 33,8 (Deventer ve Heckman, 1996)
Dictyota bartayresiana 0,04 0,13
Kahverengi Padina gymnospora 0,23 0,75 (Kumar ve dig., 2009)
makroalgler Sargassum ilicifolium 0,05 0,21
(Phaeophyta) ; ; 027
Padlha a?ustralls. ' (Zailanie ve Purnomo, 2011)
Turbinaria conoides 0,21
Champia compressa 0,07 0,16
Kirmizi Liogora erecta 0,07 0,15 L
Kumar ve dig., 2009
makroalgler Scinaia farcellata 0,03 0,12 ( g )
(Rhodophyta) Soliera robusta 0,04 0,14
Amphiroa rigida 5,83 (Cikos ve dig., 2021)

3. Karotenoidler

Sekonder metabolitler olarak bilinen karotenoidlerin dogada
750’den fazla tiri bulunmaktadir (Shahidi ve Brown, 1998;
Ribeiro ve dig., 2010; Koizumi ve dig., 2018). Karotenoidler
sekiz izoprenoid biriminden olusan hidrokarbonlardir ve gugli
antioksidatif aktivite sergileyen, konjuge cift baga sahip,
yagda c¢o6ziinebilen pigmentlerdir (Nakano ve Wiegertjes,
2020). En yaygin karotenoidler, 11 konjuge ¢ift bag iceren 40
karbonlu izoprenoidlerdir. Cift baglar, cis ya da trans izomeri
olusturabilmelerine ragmen dogada genellikle trans izomeri
formunda bulunmaktadir (Denizci, 1990). Karotenoidlerin
renklerini, yapilarinda bulunan gok sayidaki konjuge (C=C) gift
baglar belirler. Bu konjuge cift baglarin sayisi arttikca
karotenoidlerin renkleri koyulasmaktadir. Yapisinda 9 tane
konjuge cift bag igeren B-karotenin rengi sari-turuncu iken,
yapisinda 11 tane konjuge ¢ift bag iceren likopenin rengi
kirmizidir (Ozkan ve Cemeroglu, 1997).

Karotenoidler karoten (likopen, a-karoten, B-karoten gibi) ve
ksantofil (astaksantin, fukoksantin, lutein gibi) olmak tzere iki
gruba ayrilirlar. Bilinen ilk sinif olan karotenler kimyasal
yapilarinda bulundurduklari karbon ve hidrojen atomlarina ek
olarak likopen, a-karoten, [(-karoten ve torulen igerir.
Ksantofiller ise karbon ve hidrojen atomuna ek olarak
yapilarinda oksijen atomunu da bulundururlar. Lutein,
astaksantin, zeaksantin, violaksantin ve B-kriptoksantin
ksantofil sinifinda yer almaktadir (Mussagy ve dig., 2019).

Karotenoidler bulunduklari kaynakta ya kristal formda ya da
yag asitleri ve proteinler dahil olmak tzere diger molekdillerle
kompleks olusturmus olarak bulunurlar (Ribeiro vd., 2010).
Ornegin, ksantofiller tipik olarak birgcok meyve, cigek, yumru
sebzeler gibi bitki organlarinda yagd asitleriyle ester
olusturmus halde bulunur (Minguez-Mosquera ve Hornero-
Méndez, 1994). Ote yandan bazi karotenoidler, suda ¢éziinen
ve karotenoidleri stabilize eden proteinlerle kompleks
olusturabilirler (Bhosale ve Bernstein, 2007). Ornegin likopen;
a-karoten, B-karoten ve diger karotenoidler gibi
kloroplastlarda karotenoid-protein kompleksi halinde veya

kromoplastlar iginde kristal formda bulunmaktadir (Shi ve Le
Maguer, 2000; Parada ve Aguilera, 2007). insanlarda
bagirsaktan emilen karotenoidlerin  %80’den fazlasi
lipoproteinler tarafindan tasinarak yag dokularinda birikir
(Parker, 1996).

4. Karotenoidlerin Stabiliteleri

Gidalarin depolanmasi sirasinda, sicaklk, i1sik ve oksijen
maruziyeti ile depolama siresi, su aktivitesi ve kullanilan
ambalaj malzemesi gibi cesitli faktorler karotenoidlerde
kayiplara neden olabilmektedir (Meléndez-Martinez ve dig.,
2022). Karotenoid miktarlarinin, izomerizasyon ve
oksidasyondan kaynakli olarak gida Urtnlerinin
ambalajlanmasi, tagsinmasi, depolanmasi ve diger gida isleme
prosesleri sirasinda azalabilecedi ileri surlimektedir
(Anguelova ve Warthesen, 2000). Ornegin kurutma, meyve
suyuna igleme ve soyma islemleri karotenoidlerde &nemli
kayiplara neden olabilmektedir. Benzer olarak, Garcia-Alonso
ve dig. (2009) yaptiklari bir calismada, domates suyunu
Tetrapak® ve cam sigelerde 12 ay boyunca 8, 22 ve 37 °C'de
depolamiglar ve likopen, askorbik asit, toplam fenolik ve
toplam flavonoid miktarlarini 6lgmuslerdir. Genel olarak,
likopen, toplam fenolik ve toplam flavonoid miktarlar,
kullanilan ambalaj malzemesine bakilmaksizin, 12 ay
boyunca depolama sirasinda neredeyse sabit kalmigtir. Bu
durum, domates sularinin raf émri boyunca antioksidan
aktivitesini korundugunu gdstermektedir. Diger taraftan, 37
°C'de depolanan domates sularinda toplam antioksidan
seviyesinde %10-16 oraninda dusls, cis-izomerlerinde ise
artis gortlmuigstir. Baska bir calismada, farkli depolama
sicakhgi (4, 25 ve 40 °C) ve paketleme (N2 ve atmosferik
hava) kosullarinin kurutulmus kabaklardaki karotenoidlerin
pargalanmasi Uzerine etkisi arastinlmistir (Song ve dig.,
2018). Calismanin sonuglarina gére, depolama siresince
luteinde, a-karoten ve B-karotene gore daha dusuk diizeyde
parcalanma gergeklesmistir. N2 ile paketlenmis drneklerde -
karotenin, Z-izomerlerinin  6zellikle 40 °C depolama
sicakliginda daha stabil oldugu rapor edilmistir. Depolama
sirasinda olusan [-karotenin bu Z-izomerlerinin oksidatif
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reaksiyonlara katildigi varsayilmaktadir. Diger taraftan,
atmosferik hava ile paketlenen kabak 6rneklerinde, oksijen
varhgi  ve sicaklik ile katalizlenen  oksidasyon
reaksiyonlarindan dolayr daha yiksek oranda bozunma
meydana geldigi ifade edilmistir (Song ve dig., 2018).

Dondurma iglemi ve antioksidan ilavesi genellikle
karotenoidleri korumaktadir (Dugave ve Demange, 2003; Liu
ve dig., 2021). Diger taraftan, dondurarak depolamada
karotenoid stabilitesi, bitki dokularinin ve incelenen
karotenoidlerin  tlrlerine  bagh olarak  degigkenlik
gostermektedir.  Yapilan  bir  ¢alismada, polietilen
ambalajlardaki sebzelerin (misir, havug, brokoli, 1spanak,
bezelye, yesil fasulye, cilek ve yaban mersini) -27,5 °C’de 90
glin boyunca depolanmalari sirasinda pB-karoten miktari, yesil
fasulye ve brokolide degismeden kalirken, bezelye (%70),
Ispanak (%45) ve havugta (%41) énemli dizeyde dismustir.
Arastirmacilar, bu azalmalarin dondurak saklama sirasinda
gerceklesen oksidasyon reaksiyonlarindan kaynaklandigini
belirtmiglerdir (Bouzari ve dig., 2015). Baska bir calismada ise
dilimlenmis havuglari vakum altinda poliamid torbalarda, farkli
donma sicaklarinda (-15, -18, -30 ve -50 °C) 2 yil boyunca
depolanmiglardir (Behsnilian ve Mayer-Miebach, 2017).
Dilimlenmis havuglarin a-karoten, [(-karoten ve lutein
icerikleri, tum depolama sicaklarinda 2 yil boyunca sabit
kalirken, yaklasik 3 ay sonunda Uriinlerde %57 seviyelerinde
likopen kaybi tespit edilmistir. Aragtirmacilar, likopenin daha
dislik stabilitesini, muhtemelen havuglarin  donmamig
fazindaki ¢6ziinmiis oksijenin varliindan ve ayrica likopenin
B-karoten ile  karsilastinldiinda  oksidasyona ve
otooksidasyona girmeye daha yatkin  olmasindan
kaynaklanabilecegini belirtmislerdir (Behsnilian ve Mayer-
Miebach, 2017). Yapilan bir diger calismada ise pisirme
kosullarinin depolanan kabaklardaki a-karoten, B-karoten ve
toplam karotenoid igerigi Uzerindeki etkisi arastinimistir
(Carvalho ve dig., 2014). Bu calismada, ¢ig kabak
numunelerinin karotenoid igerigi kaynamis suda pisirilmis,
buharda pigiriimis ve seker ilavesiyle pisirilmis 6rnekler ile
karsilastiriimistir ve buharda pisirilen kabaklarda, digerlerine
goOre belirgin sekilde daha yiliksek a-karoten, B-karoten ve
toplam karotenoid igerigi tespit edilmistir (Carvalho ve dig.,
2014).

5. Makroalgal Karotenoidler

Makroalglerde bulunan karotenoidler alglerin pigmentasyon
yapilarina gore farklilagmaktadir. Ornegin yesil makroalglerde
B-karoten, lutein, violaksantin, neoksantin ve zeaksantin en
yaygin olarak bulunan karotenoidlerdir. Ozellikle zeaksantin
alglerde karasal bitkilere kiyasla daha yaygin olarak
bulunmaktadir. Kirmizi makroalglerde bulunan baskin
karotenoidler ise lutein ve zeaksantinin yani sira a- ve -
karotenlerdir. Diger taraftan, kahverengi makroalgler pek ¢ok
karotenoidi bol miktarda igermekle birlikte ayrica fukoksantin,
perinidin, diatoksantin, heteroksantin ve siphonaksantin
karotenoidlerini ve astaksantin ve kantaksantin gibi karotenoid
tirevlerinden olan karotenoproteinleri icermektedir (Shahidi
ve Brown, 1998; Koizumi ve dig., 2018). Christaki ve dig.
(2013) genel olarak vyesil makroalglerde a-karoten,
neoksantin, violaksantin, siphonoksantin; kirmizi
makroalglerde [B-karoten, lutein, zeaksantin ve kahverengi
alglerde fukoksantin, B-karoten ve violaksantin
karotenoidlerinin bulundugunu bildirmistir. Bianchi ve dig.
(1997)'nin galismasinda ise Baltik Denizi'nden toplanan bazi

makroalglerde baskin olan karotenoidler arastirilmigtir. Bu
c¢alismanin sonuglarina goére; yesil makroalgler Cladophora
glomerata ve Enteromorpha intestinalis’de; fukoksantin ve
zeaksantin belirlenememigken, B-karoten, violaksantin, lutein
tespit edilebilmigtir. Kahverengi makroalgler; Chorda filum,
Dictyosiphon foeniculaceus, Fucus vesiculosus ve Pilayella
littoralis’da lutein ve zeaksantin mevcut degilken; fukoksantin,
B-karoten, violaksantin belirlenebilmistir. Kirmizi makroalgler;
Ceramium tenuicorne, Furcellaria lumbricalis, Phyllophora
spp, Polysiphonia nigrescens ve Rhodomela corifervoides’de
fukoksantin ile violaksantin tespit edilememisken, (B-karoten,
lutein ve zeaksantin tespit edilebilmigtir. Xie ve dig. (2020)'nin
calismasinda, kirmizi makroalg Pyropia yezoensis’de f3-
karoten ve zeaksantin konsantrasyonu Uzerine 1s1gin etkisi
arastirimis ve yuksek 1sik miktarinin, B-karoten ve zeaksantin
konsantrasyonlarini arttirdigi rapor edilmigtir. Kanda ve dig.
(2020)in cahismasinda ise yesil makroalg, Monostroma
nitidum’da ana karotenoidin lutein oldugu ifade edilmistir. Hu
ve dig. (2008)nin c¢alismasinda Dunaliella salina’nin
karotenoid profili kromatografik teknikler kullanilarak
arastinlmistir. Analiz sonuglarina goére; butin-trans-lutein,
bitln-trans-zeaksantin, 13- ya da 13’-cis- B-karoten, butin-
trans-a-karoten, 9- ya da 9-cis-a-karoten, bitin-trans- (-
karoten, 9- ya da 9'-cis- B-karoten olmak tizere toplam 290,77
mg/g algal karotenoid tespit edilmistir.

6. Makroalgal Karotenoidlerin Biyoaktif Ozellikleri
6.1 Antioksidan aktivite

Hucresel dlizeyde, oksidantlar ve antioksidantlar arasinda bir
denge mevcuttur. Hiicreler, serbest radikaller ve reaktif
oksijen turlerden (ROS) kaynaklanan dejeneratif etkilere karsi
hlcresel antioksidan kapasitesi ile korunurlar. Bir sekilde,
homeostasisde dengesizlik olursa, hicrelerde serbest
radikallerin ve ROS’un birikmesi s6z konusu olabilir ve
oksidasyon sirasinda hiicresel bilesenler olan protein, yag ve
nikleik asitler zarar gérmeye baslar. Oksidatif stres olarak
tanimlanan, protein, nukleik asit ve huicre zarinin, superoksit
anyonu (Oz"), hidrojen peroksit (H202) ve hidroksil radikali
(HO-) gibi reaktif oksijen tirlerine maruz kalmalari sonucu
kanser, inme, kalp krizi, diyabet gibi pek ¢ok dejeneratif
hastalik ortaya gikabilmektedir (Yucetepe, 2022). Bu nedenle,
yasam boyunca oksidatif stresi yonetebilmek énemlidir.

Diger taraftan, oksidasyon gida sistemlerinde de meydana
gelebilmektedir. Ozellikle, gida lipitleri, oksidasyona karsi ¢ok
hassastir. Bu noktada, lipit oksidasyonu gidalarin Uretimi,
depolanmasi ve dagitimi sirasinda meydana gelen
bozunmanin ana sebeplerinden birini olusturmaktadir.
Gidalarda meydana gelen lipit oksidasyonu ile tat kaybi veya
kota tatlarin olusmasi ile birlikte renk kaybi, besin degeri kaybi
ve tiketicilerin sagligina zararli olabilecek yan {rinler
olusmaktadir (Maher ve Yamamoto, 2010).

Gidalarda oksidasyonu geciktirmenin en etkili yollarindan biri
gida Urunlerine antioksidanlarin ilave edilmesidir (Wasowicz
ve dig., 2004). Antioksidan bilegikler, reaktif oksijen
tirlerinden kaynaklanan zararli oksidasyon proseslerini
onleyebilir, geciktirebilir ya da erteleyebilirler. Béylece,
gidalarin raf édmrin(, besin degerini ve kalitesini etkileyerek
gida Urunlerinin - depolanmalari  sirasinda bozunmasini
yavaslatabilirler (Christodouleas ve dig., 2015).

Karotenoidler biyolojik sistemlerde gesitli reaktif radikal
turlerin etkisiz hale getirilmesinde 6nemli rol oynarlar (El-
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Agamey ve dig., 2004). Koruma mekanizmalari tekli oksijeni
séndlirme ve serbest radikalleri temizlemeyi icerir ve dusik
oksijen ve kismi basing altinda lipit peroksidasyonunu
engellerler (Burton, 1989). Yapilan bir calismada, geng
saglikh yetiskin kadin deneklerde astaksantinin olasi
bagisiklik arttirici, antioksidan ve antienflamatuar aktivitesi
arastinlmis ve astaksantinin inflamasyonu azaltabildigi ve
bagisikliligi artirabilecegi belirtiimistir (Park ve dig., 2010).

Macroalgal karotenoidlerden fukoksantin, ksantofil sinifina
aittir ve kahverengi makroalglerde yaygin olarak bulunan bir
karotenoiddir. Kahverengi makroalg Sargassum
siliqguastrum‘dan ekstrakte edilen fukoksantinin in vitro olarak
gucli bir antioksidan oldugu ve oksidatif strese karsi koruyucu
etki gosterdigi tespit edilmistir (Heo ve dig., 2008). Bagka bir
calismada, bdbrek epitel hicreleri artan konsantrasyonlarda
fukoksantin (5, 50, 100 ve 200 pM) ile muamele edilmis ve
ardindan 24 saat boyunca 50 pM H202 uygulanmistir.
Karotenoid ile 6n muamelenin, oksidatif maddenin sitotoksik
etkisini doza bagli bir sekilde 6nleyebildigi ve hiicre canhhgini
sirasiyla %63,6, %69,4, %78,5 ve %89,2 oranlarinda
koruyabildigi rapor edilmistir (Heo ve Jeon, 2009). Tablo 2'de
bazi makroalgal karotenoidlerin biyoaktif 6zellikleri verilmistir.

6.2 Antikanser aktivite

Kanser gunumlzde, dinyadaki en o6nemli saghk
sorunlarindan birini olusturmaktadir. Kanserin tedavisinde
kullanilan kemoterapi ve radyoterapi kanser huicrelerinin hizh
bir sekilde boélinmesini ve gelismesini engelleyerek kanserin
olumcul etkisini azaltmak amaciyla uygulanmaktadir
(Yucetepe ve dig., 2022). Fakat kullanilan bu ydntemler
normal hicrelere de zarar verebilmekte ve toksik etkiler
gOsterebilmektedir (Cetik ve dig., 2015). Diger taraftan, birgok
c¢alismada, dogal antioksidanlarin kemoterapiye bagli toksik
etkileri azaltabildigi rapor edilmistir (Christen ve dig., 2000).

Lutein, a-karoten, B-karoten, astaksantin, fukoksantin gibi
bazi karotenoidler, kanserin Onlenmesini ve ilerlemesini
yavaslatabilmektedir (Rock ve dig., 2009). Bu nedenle, son
yilllarda, kanserin neden oldudu hasarin ortadan
kaldirnimasinda anahtar bir faktdr olan bagisiklik sistemi
mekanizmasinin  guglendiriimesini saglayan antioksidan
aktivitedeki karotenoidler ve bunlarin makroalg gibi dogal
kaynaklarina olan ilgi artmaktadir (Das ve dig., 2007).

Makroalgler, timér ve farkh kanser tirlerinin (meme, kolon,
I6semi, vb.) tedavisinde etkili olan 6nemli biyoaktif bilesenleri
icermektedir. Fukoksantin dogada, 6zellikle deniz ortaminda
en bol bulunan karotenoidlerden birini temsil etmektedir ve
toplam dogal karotenoid (Uretiminin yaklasik %10’'una
olusturmaktadir (Dembitsky ve Maoka, 2007). Fukuksantin,
hiicre ¢ogalmasini Onleyici etkisi nedeniyle, arastirilan ilk
karotenoid kaynaklarindan biridir. Hosokawa ve dig.,
(1999)'nin calismasinda, fukoksantin, 16semi hicreleri (HD-
60, HL-60) ve epitelyal kolorektal adenokarsinom hicreleri
(Caco-2, DLD-1, HT-29) gibi cesitli hucre dizileri Uzerinde in
vitro olarak test edilmistir ve HL-60 hicreleri 11,3 ve 46,2 uM
fukoksantin ile muamele edildiginde hicre canlligi doza bagh
olarak glglu bir sekilde azalmistir (Hosokawa ve dig., 1999).
Zhang ve dig., (2008)nin calismasinda ise kahverengi
makroalg Laminaria  japonica’den ekstrakte edilen
fukoksantinin (20 uM), insan idrar kesesi kanseri hiicrelerinin
¢ogalma oranini buyuk Olglide azalttigi rapor edilmistir. Bagka
bir g¢alismada, makroalgal fukoksantinin, insan mide

adenokarsinomunda hucre canliigini veya g¢ogalmasini
azalttigr gosterilmistir (Yu ve dig., 2018).

6.3 Antidiyabetik aktivite

Basitce diyabet olarak adlanadirilan diabetes mellitus, insilin
salgilanmasindaki kusurlardan kaynaklanan hiperglisemi ile
karakterize bir grup metabolik degisikliktir. Tip | ve Tip Il olmak
tzere iki tipten olusmaktadir. Genellikle juvenile diabetes
olarak adlandirlan Tip | diyabet, insuline bagimhdir ve
diyabetik  popilasyonun  yaklasik  %5'ini  etkiledigi
bilinmektedir. Insiiline bagimli olmayan Tip Il diyabet ise,
genellikle 40 yas Ustu yetiskinlerde gelisebilmektedir. Kronik
hipergliseminin, 6zellikle gdzler, bdbrekler, sinirler, kalp ve
kan damarlari olmak Uzere organlarda uzun sureli hasar ve
islev bozuklugu ile iligkili oldugu bilinmektedir (Mamun-or-
Rashid ve dig., 2014).

Diyabet tadavisinde kullanilan ilaglar, insulin duyarliligini
iyilestirerek ve Uretimini artirarak ve kandaki glikoz miktarini
azaltarak diyabeti tedavi etmeyi amaclamaktadir. Diger
taraftan, baz bitkilerin de farmakolojik olarak aktif
bilesenlerinin hipoglisemik etki ile diyabet gelisiminden
sorumlu farkli kan parametrelerinin dogrudan ve dolayh
etkilerini azaltarak antidiyabetik aktiviteye sahip olduklari
bilinmektedir (Mamun-or-Rashid ve dig., 2014).

Karotenoidlerin antidiyabetik aktivitesi Uzerine yapilan bazi
calismalarda, Tip 2 diyabetin Onlenmesi ve tedavisinde
karotenoidlerin diyet alimindaki énemi bildirilmistir (Stahl ve
Sies, 2005). Astaksantinin, diyabetik nefropatinin ilermesi
Uzerine etkisinin aragstirildigi bir calismada, astaksantinin Tip
2 diyabetin kemirgen modelinde renal hicreler Uzerinde
yararll etki gOsterebilecedi ve diyabetik nefropatinin
ilerlemesini iyilestirebilecegi bildiriimistir (Naito ve dig., 2004).
Makroalgden izole edilen fukoksantin Uzerine yapilan bir
calismada bu karotenoid uygulamasi ile farelerde kan sekeri
ve insulin seviyelerinin normale déndurebildigi rapor edilmistir
(Maeda ve dig., 2009). Jung ve dig. (2012)'nin galismasinda,
Eisenia bicyclis ve Undaria pinnatifida’dan izole edilen
fikoksantinin  diyabetin yani  sira  diyabetle iliskili
komplikasyonlarin yonetimi icin terapétik bir ajan olarak
potansiyeli ortaya konulmustur.

6.4 Antienflamatuar aktivite

Enflamasyon, viicudun bagisiklik sisteminin doku hasarina
karsi verdigi olagan bir tepkidir. Kicuk polipeptitler olan ve
itihap bolgesinde salinan sitokinler ve diger aracilar
tarafindan gercgeklestirilir. Ancak sitokinlerin kontrolstiiz ve
asir Uretimi dokulara zarar vererek kalp-damar hastaliklari,
romatoid artrit, brongit ve kanser gibi kronik inflamasyon
kaynakli hastaliklara yol acabilmektedir. Bu nedenle
antienflamatuar aktiviteye sahip bilesenler ile enflamasyon
aracilarinin baskilanmasi asiri ve kontrolsiiz enflamasyonla
iliskili arterit, hepatit, gastrit, periodantal hastalik, kolit, zattrre
ve noroenflamatuar gibi hastaliklarin tedavisinde 6nemli bir
stratejidir (Yucetepe, 2022; Vaughan ve dig., 2013; Pangestuti
ve Kim, 2011).

Son yillarda astaksantin, antienflamataur aktivitesi nedeniyle
arastirmacilarin ilgisini cekmektedir. Astaksantinin onleyici
etkilerinin, yaygin antienflamatuar ilag olan prednizol ile
karsilastirildigr  bir calismada, astaksantinin 100 mg/kg
konsantrasyonda antienflamatuar etkisinin, 10 mg/kg
prednizol ilacindan daha yuiiksek oldugu gérilmustir (Ohgami
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ve dig., 2003). Bagka bir galismada, Haematococcus pluvialis
alginden ekstrakte edilen astaksantin ile beslenen farelerin,
mide iltihabi seviyelerinde bir azalma goézlemlenmistir ve 10
gln boyunca 200 mg/kg algal ekstrakt ile beslenen fareler,
astaksantin ile muamemle edilmeyen farelere kiyasla

midelerinde 6nemli olglide daha dusuk duzeyde iltihaplanma
ve mukoza-bakteriyel ylik gostermistir (Bennedsen ve dig.,
2000).

Tablo 2. Bazi makroalglerde bulunan karotenoidler ve biyoaktivitesi.
Table 2. Carotenoids and their bioactivities found in some macroalgae.

Makroalg Karotenoid Biyoaktivite Referanslar
Iridaea cordata B-karoten, zeaksantin Antikanser aktivite
Cystosphaera jacquinotii si-(l)(lzrkostggt’in zeaksantin,  fukoksantin  ve Antikanser aktivite (Frassini ve dig., 2019)

Desmarestia anceps

B-karoten, fukoksantin ve violaksantin

Antikanser aktivite
Antioksidan, antikanser ve

(Saeed ve dig., 2020)

B:x: ngtclfgg Karotenoid igeren ekstrakt

Eucheuma denticulatum,

Gracilaria tikvahiae,

Kappaphycus striatum,  Lutein, zeaksantin, beta-karoten ve violaksantin
Caulerpa lentillifera  ve

Padina pavonica

Scytosiphon lomentaria,

Cystoseira  barbata  ve Karotenoid igeren etanolik ekstrakt

Padina pavonica
Caulerpa racemos
Fukoksantin

Fukoksantin
Fukoksantin iceren ekstrakt

Sargassum siliquastrum
Conticribra weissflogii
Codium adhaerens

Fukoksantin, lutein, astaksantin, kantaksantin,
zeaksantin, B-karoten ve B-kriptoksantin

antimikrobiyal aktivite

Antioksidan ve antimikrobiyal

aktivite (Othman ve dig., 2018)

Antioksidan aktivite (Ilknur ve Turker, 2018)

Antidiyabetik, antiobesize,
antienflamatuar ve antioksidan (Kurniawan ve dig., 2023)
aktivite

Antikanser aktivite
Antienflamatuar aktivite
Antioksidan aktivite

(Heo ve dig., 2008)
(Su ve dig., 2019)
(Radman ve dig., 2021)

6.5 Antihipertansif Aktivite

Hipertansiyon, ciddi komplikasyonlara neden olmasi ve
toplumda sik goérulmesi nedeniyle 6nemli bir halk saghg
sorunudur. Son yillarda, ilag tedavisinde saglanan 6nemli
gelismelere ragmen hipertansiyon, gelismis ve gelismekte
olan Uulkelerin en 6nemli saglik sorunlarindan biri olmaya
devam etmektedir (Lewington ve dig., 2003). Sistolik kan
basincini 140 mmHg ve diyastolik kan basincini 90 mmHg’nin
altinda olacak bigimde duzenlemek ve gerekli yasam bigim
degisikliklerini yapmak, kardiyovaskuler komplikasyonlarin ve
Olimlerin 6nlenmesi agisindan 6nemlidir (Smith ve dig.,
1990).

Kan basincini duguren ilaglar, 6zellikle anjiyotensin-I-
dénusturicu-enzim (ADE) inhibitorler, renin-anjiyotensin
sistemde kan basincini dizenlemek amaciyla kullanilirlar.
ADE, aktif olmayan prohormon anjiyotensin I'den aktif
hipertansif hormon anjiyotensin II'nin  Uretiminde  bir
katalizérdlr ve kan damarlarinin genislemesini saglayan bir
vazodilatér olan bradikininin pargalanmasinda rol oynar.
ADE’nin kan basinci Gizerindeki etkisi nedeniyle, bu enzimin
inhibisyonu hipertaniyonun tedavisinde 6énemlidir (Daskaya-
Dikmen ve dig., 2017).

Makroagler, dnemli dizeyde antihipertansif etki gosteren aktif
maddeler icermektedir. Makrolag tiketiminin, diyet lifinin
hipotansif etkilerine ve zengin nitrat icerigine bagh olabilecek
kan basincinin dismesine yardimci oldugu gérulmustir
(Mendis ve dig., 2011). Makroalglerin sekonder metabolitleri,
hipoglisemik ajanlar olarak gérev yapmakta, kan basincini
dislirmekte ve kolestrol seviyelerini diizenlemektedir (Saito
ve dig., 2002).

Likopenin glglu bir antioksidan olarak taninmasi ve oksidatif
strese bagh kronik hastaliklardaki Onleyici  rollindn
anlagsilmasindan bu vyana, arastirmacilar onun diger
hastaliklardaki roliini arastirmaya baglamiglardir. Oksidatif
stres ile hipertansiyon goérilme siklidi arasinda nedensel bir

iliski oldugu kabul edilmektedir (Paran ve Engelhard, 2001).
Yapilan bir calismada, 8 hafta boyunca gliinde 15 mg oraninda
likopen takviyesinin, hafif hipertansiyonlu kigilerde sistolik kan
basincinin 144 mmHg’lik baglangi¢c degerinden 134 mmHg’ye
onemli dlgliide dislrdigunu gostermistir (Paran, 2006). Raji
ve dig. (2023)'nin calismasinda kahverengi alg Sargassum
wighti'den  saflastirilan  fikoksantinin  hipertansiyonlu
siganlarda kan basincini ve ADE aktiviteyi 6nemli diizeyde
azalttig1 gosterilmistir.

7. Sonug

ilerleyen yillarda, insanlari ve diinyada yasayan birgok
organizmanin yasamini tehlikeye atacak olan gida krizi, iklim
degisikligi, kuresel isinma gibi birgok olumsuz durumla
karsilasilabilecegi  tahmin  edilmektedir. Bu  durum,
arastirmacilari  farkh  gida  kaynaklarini  arastirmaya
ybéneltmektedir. Bu ac¢idan, makroalgler icerdikleri biyoaktif
bilesikler nedeniyle dikkat c¢ekmektedir. Makroalgal
karotenoidler sadece dogal renk maddesi olarak degil, ayni
zamanda insan saghgi Gzerinde olumlu etkileri olan biyoaktif
maddelerdir. Karotenoidlerin koruyucu etkisinin antioksidan
aktivitesinden kaynaklandigi dusitnulmektedir. Karotenoidler
Uzerine yapilan ¢alismalarin ¢ogu, esas olarak bu
molekdllerin diyabet, kanser, hipertansiyon, kardiyovaskuler
hastaliklar gibi ¢esitli kronik hastaliklardaki Onleyici ve
koruyucu etkilerine odaklanmigtir. Bu derleme g¢alismasinda,
makroalglerin kimyasal 6zellikleri, karotenoidlerin stabilitesi ve
algal karotenoidlerin bazi biyokaktif ozellikleri ortaya
konmustur. Gelecek ¢alismalarda, makroalglerden elde edilen
karotenoidlerin bu c¢alismada deginilmeyen antiviral,
antiobezite, antiaging gibi diger biyoaktif 6zellikleri ve gida
uygulamalari ile biyoerigilebilirlikleri arastirlabilir.

8. Tesekkur ve Bilgi

Bu derleme makale, 2210673 numarali TUBITAK projesi ve
Nese Balkesen'in yiksek lisans tezi kapsaminda yazilmistir.
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9. Cikar Catismasi
Yazarlar ¢ikar gcatismasi beyan etmemektedir.
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Havali Glnes Kollektor Destekli Sera Gida Kurutucu Sisteminin Performansinin

Incelenmesi
Ebru AKPINAR™", Mehmet DAS
Firat Universitesi, Miihendislik Fakiiltesi, Makine Miihendisligi Bolimii, 23100, Elazig, Tirkiye.

Ozet: Kurutma kati maddelerden 1sil yéntemlerle su veya ugucu maddelerin gideriimesi islemini tanimlamaktadir. Giines enerijisi ile
tarim Grlnlerini kurutma, en eski gida saklama ydntemlerinden birisi olarak bilinmektedir. Giineste kurutmada cevresel faktorler
nedeniyle gidanin kalitesi ciddi olarak azalmaktadir. Bu nedenle kurutma isleminin 6zel amagli yapay kurutucular ile yapiimasi hem
kuruma suresini kisaltmakta hem de uzun raf dmriine sahip daha kaliteli ve temiz Urlin elde edilmesini saglamaktadir. Bu ¢alismada
gida kurutma kalitesini ve performansini arttirmak igin havali giines kolektér (HGK) destekli sera tipi bir kurutucu tasarlanmistir.
Deneyler, acik glinesli ortam sartlarinda, Mayis 2023 tarihinde, Elazig ili iklim sartlarinda gercgeklestiriimistir. Kurutma deneyleri sonrasi
kurutulacak Urinun 1si ve kitle transferi analizleri yapilmistir. Deneylerde nem igerigi, nem orani, konvektif 1si transfer katsayisi
parametreleri hesaplanmistir. Deneyler siresince, sera ve HGK giris ve ¢ikis sicakliklari, glines isinimi ve Urtin agirlik degerleri 15
dakikalik periyotlarla élgtlmustir. HGK destegi ile sera kurutucunun triin kurutma siresi %24 oraninda azalmistir. Boylelikle daha hizl
bir kurutma siireci elde edilmistir. Ayrica kurutma islemlerinde 6nemli bir parametre olan konvektif isi transfer katsayisi hesaplanmis ve
bu parametre igin makine égrenmesi (MO) algoritmalari ile tahminsel modeller elde edilmistir. Bu galismanin amaci, sera tipi gida
kurutucularin performansini arttirmak icin havali giines kollektérii kullanmak ve konventif 1si transferi igin MO algoritmalari kullanilarak
faydali modellerin Uretilmesidir. Kisaca hem yapay zekd hem de deneysel uygulamalarin yapilacagi termodinamik bir sistem elde
edilmistir. Makine 6grenmesi algoritmalari olarak yapay sinir agi (YSA) ve karar agaci (KA) algoritmalari segilmistir. MO algoritmalari
ile elde edilen model sonuglari ile deneysel sonuglar karsilastirilmistir. Deneysel sonuglari ile YSA sonugclari arasindaki hata %1 iken,
KA sonuglari arasindaki hata %7’dir.

Anahtar Kelimeler: Gunes kollektoru, konvektif 1si transfer katsayisi, makine 6grenmesi, sera kurutucu.

Investigation of Performance of Air Solar Collector Assisted Greenhouse Food
Dryer System

Abstract: Drying refers to the process of removing water or volatile substances from solids by thermal methods. Drying agricultural
products with solar energy is known as one of the oldest food storage methods. In solar drying, the quality of food is seriously reduced
due to environmental factors. For this reason, drying with special purpose artificial dryers shortens the drying time and provides a better
quality and cleaner product with a long shelf life. In this study, an air solar collector (ASC) supported greenhouse type dryer was
designed to improve the quality and performance of food drying. The experiments were carried out under open sunny conditions in May
2023 in the climatic conditions of Elazi§ province. After the drying experiments, heat and mass transfer analysis of the product to be
dried were carried out. Moisture content, moisture ratio, convective heat transfer coefficient parameters were calculated in the
experiments. During the experiments, greenhouse and ASC inlet and outlet temperatures, solar radiation and product weight values
were measured at 15-minute intervals. With the support of the ASC, the product drying time of the greenhouse dryer was reduced by
24%. Thus, a faster drying process was achieved. In addition, convective heat transfer coefficient, which is an important parameter in
drying processes, was calculated and predictive models were obtained with machine learning (ML) algorithms for this parameter. The
aim of this study is to use air solar collectors to improve the performance of greenhouse type food dryers and to produce useful models
for convective heat transfer using ML algorithms. In short, a thermodynamic system in which both artificial intelligence and experimental
applications will be performed has been obtained. Artificial neural network (ANN) and decision tree (DTA) algorithms were selected as
machine learning algorithms. Model results obtained with ML algorithms are compared with experimental results. The error rate between
the experimental results and ANN results is 1%, while the error rate between KA results is 7%.

Keywords: Greenhouse dryer, solar collector, convective heat transfer coefficient, machine learning.
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1.Giris

Turkiye cografi konumu nedeniyle sahip oldugu glines enerjisi
potansiyeli agisindan diger birgok tlkeye gére nispeten sansli
durumdadir. Ulkemiz giines kusadi adi verilen ve giines
enerjisince zengin bir bdlgede yer almasina karsin gunes
enerjisinden sicak hava elde etmek icin yeteri kadar
faydalanilamamaktadir.

Dinyadaki enerji kaynaklarinin sirekli azalmasi ve gin
gectikce pahalanmasindan dolayi, glines enerjisi gibi yeni ve
yenilebilir enerji kaynaklarina yonelim gerekmektedir. Glines
enerjisi ucuz yolla elde edilebilen, tikenmeyen, gevre kirliligine
yol agmayan bir enerji oldugundan cok fazla avantajlidir.
Glnes enerjisinden faydalanarak yapilan guines enerjili
kurutma tesisleri ne yazik ki Turkiye gibi tarim yoniunden ¢ok
glcli olan bir tlkede ¢ok fazla ilgi gérmemektedir. Oysa bu
tesislerde kurutulan drinler hem daha temiz bir ortamda daha
¢abuk kurutulmakta hem de hava sartlarindan gelebilecek
zararlardan korunmaktadir. Gida kurutma sistemlerinin biri de
sera kurutma sistemleridir. Sera tipi kurutucular direkt giines
enerjisiyle kurutulan sistemler kategorisinde ve bazen de
kombine tipte (indirekt + direkt tipte) kurutma sistemleri
kategorisinde  degerlendiriimektedirler ~ (Belessiotis  ve
Delyannis, 2011).

Sera tipi kurutucular basit bir tasarima, kolay imalata ve diisiik
maliyete sahiptirler (Selimefendigil ve dig., 2022). Sera tipi
kurutucular ile alakali birgok degerli ¢calismalar mevcuttur.
Kumar ve Tiwari (Jain ve Tiwari, 2004) Grinun kuatlesinin ve
hacminin konvektif kitle transfer katsayisi Uzerine etkisini
incelemek amaciyla sera tipi kurutucuda zorlanmis ve dogal
tasinim igerisinde kurutma yapmisglardir. Bu calismada,
arastirmacilar tg farkh boyuttaki tepsilere toplam 0,75 kg ve
2,0 kg agirhktaki Grinu kurutmusglardir. Elde ettikleri veriler
yardimiyla da konvektif kitle transfer katsayilarini
bulmuslardir. Anwar ve Tiwari (2001) tarafindan sera tipi
kurutucu igerisinde kaju Griini farkh agirliklarda kurutularak,
kurutulan drinin kitlesi icin dnemli bir islev olan kitle transfer
katsayisi hesaplari yapilmigtir. Kumar ve Tiwari (2007) sogan
dilimlerinde konvektif 1sI transfer katsayisinin kitle Gzerindeki
etkisini calismak icin dogal tasinimda direkt gliines altinda ve
serada, zorlanmisg tasinimda serada kurutma calismalari
yapmiglardir. Arastirmacilar, sogani 300 gr, 600 gr ve 900 gr
olmak Uzere Ug farkl agirlikta kurutmuslardir. Kurutma islemi
glineste ve serada 33 saat surmustiur. Giines altinda ve
seradaki deneylerden elde edilen verilerle regresyon analizi
yaparak konvektif 1si transfer katsayisini hesaplamiglardir.

Yapay zekad yontemleri ¢dzimlemesi zor olan bir¢ok veriyi
daha kolay islemek igin kullanilan popdler bir ydntemdir.
Bircok alanda yapay zek& uygulamalari oldugu gibi sera
kurutma da bu ydntemler kullaniimigtir. De Jesus Rubio ve dig.
(2019) calismalarinda portakal kurutmak icin sera glines
kurutucusu kullanmiglardir. Elde ettikleri kurutma verilerini
makine 6grenmesi olan Kalman filtresi ile modellemislerdir.
Kurutma sicaklik deg@erleri ve riin nem degerleri igin makine
o6grenmesi  modellemesi gerceklestirmiglerdir. Degerleri
ortalama %5 hata ile modellemislerdir. Janjai ve dig (2018) bir
sera gunes kurutucusunda et Grind kurutmus ve deneysel
kurutma verilerini yapay sinir agi ile modellemiglerdir. Litchi
etinin kurutulmasi igin kurutucunun performansini modellemek
icin bir yapay sinir ag1 (YSA) yaklasimi kullanmiglardir. YSA
modeli igin geri yayihm algoritmasini kullanmiglardir. Deneysel
veriler ile YSA verilerinin birbirleri ile uyumlu oldugunu
gOstermislerdir (Janjai ve dig., 2018). Chauhan ve dig. (2018)
aci kabak pullarini kurutmak icin glines enerjisi hava 1sitma
sistemi eklenmis bir sera kurutuculari kullanmiglardir.
Dogrusal olmayan regresyon analizi ile Grinln sicaklik ve nem
degerlerini modellemiglerdir. Ortalama %3 hata ile deneysel
verileri modellemiglerdir.

Kushwah ve dig. (2022) Hindistan'in Gwalior kentindeki MITS
kampdsinin c¢atisinda vakum tlpli gines enerjili gida

kurutucuda mantar kurutmus ve kurutma slreci boyunca
konvektif 1s1 transferi katsayisini hesaplamislardir. Yapay sinir
agini, konvektif 1si transfer katsaysini tahmin etmek igin
gelistirmiglerdir. Gelistirilen yapay sinir agi modeli, gtines 1sini,
bagil nem, cevresel sicaklik ve zaman gibi girdi faktorleri
kullanilarak egitildikten sonra 1s1 transfer katsayisini tahmin
etmeye yardimci olmustur. Geligtirilen yapay sinir agi
modelinin R? degeri 0,99'dur, bu da modelin hesaplanan isi
transfer katsayilarina ¢ok yakin degerler tahmin ettigini
gostermislerdir (Kushwah ve dig., 2022). Rasooli ve dig.
(2021) konvektif bir kurutucuda elma dilimlerini 50, 60 ve 70
°C'de 1,0 m/s hava hizinda kurutmuslardir. Elma dilimlerinin
nem orani (MR) UGzerindeki performansini  YSA ile
modellemislerdir. YSA sonuclarina gére, MR tahmininde R?
degerinin 0,9991 oldugunu hesaplamisglardir (Rasooli ve dig.,
2021). Zadhossein (2022) kavun dilimlerinin kurutulmasi igin
bir hibrit kizilétesi-konvektif kurutucunun enerji ve ekser;ji
analizini sunmustur. Deneyleri Ug¢ sicaklik seviyesinde (40, 55
ve 70°C), bir hava hizi seviyesinde (0,5 m/s) gerceklestirmistir.
Giris islem parametreleri (IR glcu, giris hava sicakhdi ve
kuruma siresi) ile kurutulmus Griintin termodinamik 6zellikleri
arasindaki iligkileri, yapay sinir agi (YSA) ve ANFIS
uygulanarak modellemisti. YSA ve ANFIS kullanilarak
gelistirilen modellerin, ANFIS modelinin nem orani, enerji
verimliligi ve ekserji kaybini YSA modelinden daha iyi tahmin
ettigini gozlemlemistir. Ayrica kuruma hizi ve ekserji
verimliligini tahmin etme dogrulugu YSA modeli icin ANFIS'ten
daha iyi oldugunu saptamistir (Zadhossein, 2022).

Bu calismada; zorlanmig tagsinimli glines enerjisi destekli sera
tipi bir kurutma icin HGK tasarimi yapilarak bittnlesik bir gida
kurutma sistemi imal edilmis, imal edilen kurutucuda Bayramic
beyazi (seftali) Grini kurutulmus, kurutma parametreleri ve
kurutulan drinlerin - konvektif 1s1  transfer katsayilar
hesaplanmistir. Elde edilen veri setleri kullanilarak makine
6grenmesi algoritmalari (yapay sinir agi ve karar agaci gibi) ile
ardnun 1s1 ve kitle transferi modellemeleri yapilmis ve yapay
zekd yontemleri ile sera kurutucuda kurutulacak urin igin
kullanilacak faydali kurutma modelleri elde edilmistir.

2. Materyal ve Metot

2.1. Deneysel kurulum

Calisma hem deneysel hem de yapay zekd yontemsel
uygulama agirlikhdir. Deneyde kullanilan kurutma urinu 10
mm kalinhdinda oval olarak kesilmis seftali Grintdir. Kurutma
deneylerinde 200 g seftali Grdni kullanilimistir.  Seftali
drdnlerinin kurutma isleminde, sera tipi glines enerjisi destekli
bir kurutucu tasarlanip imal edilmistir. Kurutma sisteminde
kullanilacak sicak hava 1000x600 mm ebatlarindaki havali
kolektérden saglanmigstir. Kolektoriin en énemli elemani olan
gunes 1sinimini absorbe eden yutucu yuzey siyaha boyanmis
galvanizli celikten yapilmistir. Yutucu yizey uzerinde havanin
uzun sure dolasmasini saglamak ve dolayisiyla i1si transfer
yuzeyini artirmak igin farkh tip, konum ve agilarda kanatgiklar
yerlestiriimistir. Havali kollektdérden elde edilen sicak hava
sera etkisine sahip olan kurutma odasina gonderilmistir.
Gunes enerjili destekli bir kurutma sisteminin enerji ve ekseriji
analizinin yapildigi ve kurutma parametrelerinin belirlendigi bu
calismada oncelikle farkh hizlarda toplayiciya ve sera efkili
kurutma odasina havanin giris ve cikis sicakligi, cevre
sicaklidi, anlik ve istenen zaman aralidinda toplam gines
Isimasi ve ruzgar hizi olgimleri periyodik araliklarla
yapilmistir. Glines 1simasi olgimlerinde anlik ve belirli zaman
araliklari ile 6lgim yapabilen bir piranometre ve onunla
baglantili hale getirilecek solar integrator kullaniimistir.

Sicaklik dlgumleri demir-constantan isil ciftlerle ve dijital
sicaklik okuyucuyla, rizgar hizi ve kurutucudan ¢ikan havanin
hizi anemometreyle, kurutulan Urinlerin kitle kaybi deg@erleri
dijital hassas teraziyle, kurutma odasi icinin ve gevrenin bagil
nem degerleri higrotermometreyle tespit edilmistir.
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Yapilan deneyler sonucunda belirli periyotlarda okunan
sicaklik, bagil nem degerleri, kurutulan Grinin nem igerigi ve
glines 1sinim siddeti degerleri kullanilarak glines ener;jisi
destekli  kurutma  sisteminde  kurutma parametreleri

belirenmis, kurutulan Urlnlerin 1s1  transfer katsayilari
hesaplanmigtir. Tasarlanmis ve imal edilmis olan deney
setinin gorseli Sekil 1’de verilmistir.

Sekil 1. HGK déstekli sera kurutrﬁa sistemi.

\ \ - N
N\ X ) —_
N \ ™ RN . »

~ —

Figure 1. ASC assisted greenhouse drying system.

Deneylerde kullanilan o6lgim cihazlan ve o6lgim belirsizlik
degerleri Tablo 1’de verilmigtir.

Tablo 1. Olgiim cihazlari ve hata degerleri.
Table 1. Measuring instruments and error values.

Cihaz Model Hata degeri
Isinim Olger Mastech SM206 +10 W/m?
Isil Cift AEC-TECH +0,1°C
Anemometre Unit UT362 1(3%+0,5)

Hassas Terazi Universal 10,19

2.2. Teorik hesaplamalar
Kitle degisimi nemlilik 6lgisi

Gida urdnlerinin ihtiva ettigi nem orani, kendi biinyelerinde yer
alan su miktar olarak degerlendirilir. Gida igerisindeki bu su
miktarini ifade etmek igin ylzdelik parametreler kullanilir. Nem
miktarlari belirlenirken yas ve kuru baz esasl tanimlar
kullaniimaktadir. Gida Grtininin yas baz (y.b.) ve kuru baz
(k.b.) nem igerigini hesaplamak igin asagida sirasiyla Esitlik
(1) ve Esitlik (2) kullanilmigtir (Akpinar ve Toraman, 2016).

MCy.b = L.loo
Ws + Wk 1)

%MCkb = VV\\:S
k

(2)
Esitlik (1) ve (2) 'de; Ws yas agirlik ve Wk kuru agirhktir.
Boyutsuz nem orani (MR) degerleri Esitlik (3) kullanilarak
hesaplanmigtir (Das ve dig., 2021).

M-M
MR=——
Mo — Me (3)
Esitlik 3'te Me, kurutulan Griiniin denge bagil nem degeridir.
Kurutulacak seftali dilimlerinin denge nem igerigi 14,9 g su/g
kati madde olarak Shimadzu MOC63u nem tayin cihaz ile
belirlenmigtir.

Isi transfer katsayisi

Gida kurutma siureglerinde ortaya ¢ikan drin ile sicak akiskan
arasindaki isi transferini ifade etmek icin konvektif i1si transferi
katsayisi kullanilir. Uriin yiizeyi diiz plaka olarak tanimlanirsa,
bu calismada Urun ylzeyi Uzerindeki zorlanmis akista
olugabilecek konvektif 1s1 transferi katsayisi Uzerinde
durulmustur. Plaka Gzerindeki akiskanin viskozitesi sayesinde
plaka ylzeyinde akigskan hizinin sifir hizina sahip olmasi
gerektiginden, yani bir sinir tabaka mevcut oldugundan dolayi,
plaka ylzeyindeki akis ile olarak laminer akis seklinde
degerlendirilecektir. Fakat akis rejiminden dolayr Reynolds
sayisi yeterli miktarda yiksek oldugunda, akis turbilansa da
dénusebilir (Khanlari ve dig., 2020).

Konvektif 1s1 transfer katsayisi hesaplamalarinda, Grlin ylizeyi
olarak kabul ettigimiz plakanin, sabit bir i¢ sicakliga (Ti) sahip
oldugu ve plakanin mevcut uzunlugunun (L) kurutma
bélgesinde bir tirbllans akisi olusturmayacak veya
tetiklemeyecek kadar kisa oldugu hesaplama oncesi kabul
edilmigtir. Uriin yiizeyi olarak belirtilen plaka (zerindeki
zorlanmis akis sartlarinda meydana gelebilecek olan konvektif
Is1 transferi Sekil 2'de sunulmustur.
Tc

T TT]

v Te
Sekil 2. DUz bir plaka tzerinde zorlanmis akis igin konvektif
11 transferi.
Figure 2. Convective heat transfer for forced flow over a flat
plate.

Ortalama 1s1 transfer katsayisi, laminer akis icin Pohllhausen
Esitligi (Esitlik 4) ve asagida verilen (Das ve dig., 2021) diger
Esitlikler (Esitlik 5-7) kullanarak hesaplanmistir.

Nu,,, = 0.664. Rel’2 prl/3
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T

(Re<2x105) (4)
Nu = h;(' L
v (5)
Re = M
Uy (6)
Pr= By Cy
Ky @)

Esitliklerde belirtilen parametreler icin, Re; Reynolds sayisini
ve Pr; Prandtl sayisini hesaplamak i¢in nemli havanin
termofiziksel 6zellikleri kullaniimistir. Bu Esitlikler ( Esitlik 8-
12) asagida verilmigtir. Esitliklerde yer alan havanin
yogunlugu (pv), 6zgil 1s1 degeri (Cv), isil iletkenlik degeri (Kv)
ve viskozite degeri (uv) kullanilmisgtir.(S. 1. Anwar ve Tiwari,
2001).

oy = 353.44
(T, + 273.15) ©
K, = 0.0244+0.6773=x10™T, ©
4 2 8 _3
CV = 999.2 + 0.14341} + 1.101 < 10 Ti - 6.7581x 10 Ti
(10)
1718 < 10 > 4+ 4.620 < 10 ° T
#y, =1 < + 4. < i
(11)
2 (12)

Yukarida verilen esitliklerde ifade edilen havanin termofiziksel
ozellikleri hesaplamalar i¢in kullanilan Ti sicakhk degeri,
kurutma ortami sicaklik degerini ifade eden Te sicakligi ile
Uriin ylzey sicakhgini ifade eden Ts sicaklik degerlerinin
ortalamasi ile belirlenmisgtir.

Belirsizlik analizi

Yapilacak olan sicaklik, hava hizi, nem ve Isinm
parametrelerinin  Olglilmesi  sirasinda ortaya ¢ikacak
belirsizlikler igin imalat hatalarinin, sabit hatalarin ve rastgele
olugabilecek hatalarin etkili oldugu dusunulecektir. Belirsizlik
olusturabilecek bu etkenlerin toplam &lgim belirsizligine olan
etkilerini belilemek gerekir. Olglilen degerleri dikkate alarak
bu etkilerden kaynaklanan toplam hatalarin hesabi icin Esitlik
13 kullanilacaktir (Akpinar ve Kogyigit, 2010).

2 P 21112
<6R ) +<6R ) . +(6R ) 13
%, W %, Wy | ... %, W, (13)

2.3. Hesapsal zeka yontemleri

WR=

Makine 6grenmesi yontemleri, yapay zeka metotlari arasinda
en c¢ok kullanilan yontemlerdir. Makine 6grenmesi
algoritmalarini tanimlamak gerekirse, veriler Uzerinde yapisal
6grenme yapabilen, siniflandirma kurallari Uretebilen ve
belirtilen parametreyi tahmin edebilen metotlar olarak ifade
edilebilir. Makine 6grenmesinde Ornek veri setleri kullanilarak
tahminsel modeller elde edilir. Bazi bilimsel ¢alismalar sonucu
ortaya c¢ikan blylk miktardaki verilerin islenmesi oldukga
zahmetli bir siregtir. Bu sebeple galismadaki ana amaca
ulasmak icin ¢ozlilmesi gereken problem igin bu probleme ait
verilerden elde edilen setler, makine 6grenmesi ile
modellenerek ¢dziime ulasmak hedeflenmektedir (Das ve
Akpinar, 2018).

Konvektif 1si transferi degerleri, birer yapay zeka yéntemi olan
yapay sinir agi ve karar agaci makine 6grenmesi algoritmalari
kullanilarak modellenmistir. Yapay zeka ile model olusturmak
icin MATLAB 2021a yazilimi kullaniimistir. Kurutma deneyi
sonucunda elde edilen veri setinden, 250 adet giris ve 25 adet

cikis verisi kullaniimistir. Toplam 275 verinin 190 tanesi egitim
isleminde kullaniimisgtir. 85 tanesi ise test isleminde
kullaniimistir. Ogrenme algoritmasi olarak Feed Forward Back
Propagation (ileri dogru beslemeli ve geriye yayilim)
algoritmasi kullanilmigtir. Egitim icin Levenberg Marquardt
algoritmasi kullaniimistir.

Yapay sinir aglari

insan beyni galisma prensibini benimseyen bir yéntem olan
yapay sinir aglari, herhangi bir veri seti igerisindeki istenilen
parametreyi, ayni veri seti igerisindeki diger parametrelere
bagli olarak tahmin edebilen bir makine 06grenmesi
algoritmasidir. Modellemeyi gerceklestirirken adaptasyon,
6grenme, transfer ve test fonksiyonlarini kullanir. Yapay sinir
agdlari ile goéruntu igsleme, veri tahmin etme, veri kimelere veya
siniflandirma yapilabilir. Yapay sinir aglar tipki insanlardaki
gibi 6grenme durtistne ihtiyag duyarlar. Bu ylzden
modellenecek olan veri seti kiimesini, egitim ve test kimesi
olarak iki farkli guruba ayirir (Ghritlahre ve dig., 2020).
Sunulan bu galismada kullanilan yapay sinir agi model yapisi
Sekil 3'te verilmistir.

TN D A

TP
LKA A
RZAHAEAN

TR

7 \

Sekil 3. YSA ag yapisi.
Figure 3. ANN network structure.

Sekil 3'te T1, T2 kollektor giris ¢ikis sicakhgi, T3,T4, sera giris
cikis sicakhigi, T5 sera i¢ ortam sicakhgi, W drin agirlik degeri,
IR glines 1sinim deg@eri, H nem, MCk kuru baz nem icerigini ve
MR nem orani degerini ifade etmektedir.

Karar agaci

Literatirde son zamanlarda popdlerligi giderek artan bir
makine égrenmesi yontemi de karar adagclari algoritmalaridir.
Karar agaclarinin  yaygin  olarak  kullaniimasindaki
nedenlerden en 6nemli olani, veri setlerini farkl kurallara gére
ayirarak bir aga¢ yapisina benzer bir yapi olusturmasidir.
Tipki bir agag gibi kdk, gévde ve dallari ifade eden veri
kurallari ve esitlikler Ureterek yaprak olarak ifade edilen model
parametreye ulasirlar. Karar agacinin yapisal anlatimi Sekil
4'de verilmigtir. Sekilde verilen agacta her bir nitelik (nem,
sicaklik, hiz v.b.) bir kok digim tarafindan ifade edilir. Agag
yapisindan hedef, en Ustte bulunan ve kdk olarak ifade edilen
parametreyi gévde ve dallardaki kurallara  gore
modelleyebilmektir (Cerci ve Das, 2019). Agac¢ yapisini daha
detayl anlatacak olursak, veri setlerini iceren kok digumd,
diger i¢ digimler olarak ifade edilen dallar ve ug diigiim olarak
ifade edilen vyapraklar olusturur. Dugimler ve dallar
olusturulurken karar agaci algoritmasi siniflandirma kurallarini
rastgele belirler. Daha sonra bu kuralara gore veri setleri
icerisinden aldigi cevaplara goére en kisa sirece cevaba
gidecek olan modeli ifade eden aga¢ yapisini olustururlar.
Karar agaclarn algoritmalari igerisinden yaygin olarak
kullanilan algoritma M5P algoritmasidir. (Alic ve dig., 2019).
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Kok Diigiim

Sekil 4. Karar agacini temsilen g siniftan olusan karar agaci
yapisi (Alic ve dig., 2019).
Figure 4. Decision tree structure with three classes
representing the decision tree (Alic et al., 2019).

Deney sonuglari ile makine &6grenmesi sonuglarini
karsilastirmak igin Tablo 2'de ki hata analiz y&ntemleri
kullanilmigtir. Ortalama bagil hata (MAE) ve kok ortalama
karesel hata (RMSE) istatistiksel hata analizleri kullaniimigtir.

Tablo 2. Hata analizleri.
Table 2. Error analysis.

Hata Formiilii Parametreler
analizi
MAE P: Tahmin Degeri
_ _ A: Gergek Deger
|P1 Al| ot |Pn A"| n: Toplam Hata
n Degeri
R? P: Tahmin Degeri

A: Gergek Deger

RMSE 5 > P: Tahmin Degeri
(P1— Al) +ont (Pn - An) A: Gergek Deger
n: Toplam Hata

Degeri

3. Bulgular ve Tartisma

Yapilan deneyler sonucu HGK’li ve HGK’si1z yapilan kurutma
islemlerinde Urlin kuru baz nem icerigi (MCk) degerleri ve nem
orani (MR) degerleri sirasi ile $ekil 5 ve 6 da verilmistir.

4
35 e=@= HGK 's1z MCk === HGK'li MCk
3
2,5
X 2
@)
s 15
1
0,5
0
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Sekil 5. Kuru baz nem igerigi de@erlerinin kuruma zamanina
gore degisimi.
Figure 5. Variation of dry base moisture content values
according to drying time.
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Sekil 6. Nem orani deg@erlerinin kuruma zamanina gore
degisimi.
Figure 6. Variation of moisture content values according to
drying time.

Sekil 5 ve Sekil 6'da agikga goéruldigu gibi, HGK'lI sera
kurutmada uriin kuruma davraniglari daha kisa strmis ve
denge agirhigina daha erken siirede ulasiimistir.

HGK'lI serada sabit fan devrinde kurutma iglemi
gerceklestiriimistir. Sera c¢ikisindan 6lglilen hava hizi 2,59
m/s’dir. Urlin yiizeyinden élgiilen hava hizi 1,02 m/s'dir.
Konvektif 1s1 transferi katsayisi hesaplamalari igin Griin
yuzeyindeki hiz ~ 6nemli oldugu icin Reynolds
hesaplamalarinda urin ylizey hizi kullaniimigtir. HGK'li
serada Esitik 6 ile ortalama Re sayisi 476,5 olarak
belirlenmistir. HGK’li kurutma isleminde GrGnin ylzeyi ile sera
ortamindaki hava arasinda meydana gelen konvektif isi transfer
katsayisi degerlerinin kuruma suresince degisimi Sekil 7°de
verilmistir. hc degerleri 10,29 ile 10,302 W/m?K arasinda
degisiklik gostermisgtir.

10,302

10,301

10,3
10,299
10,298

hc (W/mZ2K)

10,297
10,296

10,295
O O O O O O O OO O O QO
A A AT A I A S S
NSRS SN SN S AN ZINCEINCIIN N SR

Kuruma Zamani

Sekil 7. Konvektif isi transferi degerlerinin kuruma zamanina
gore degisimi.
Figure 7. Variation of convective heat transfer values
according to drying time.

Yapilan deneylerde Urtin kurutmak icin HGK destekli bir sera
kurutucu kullanimigtir.  Kullanilan HGK nin  kurutma
performansina etkisini gostermek icin Sekil 8 eklenmigtir. Sekil
8'de ayni agirliktaki Grtnler icin HGK It ve HGK siz serada
drinlerin kuruma zamani gosterilmistir. HGK |1 serada ayni
urin 120 dakika daha erken kurumustur.

Yapay sinir agi ve karar agaci (M5P) ile konvekiif 1si transferi
katsayisi tahminsel modellerinin degerleri ile deneysel degerler
arasindaki benzesim $ekil 9'da gosterilmistir. ' YSA ile
modellenen konvektif 1si transferi degerleri ile deneysel
degerler birbirlerine daha yakindir.

Makine 6grenmesi algoritmalarn ile modellenen konvektif sl
transferi degerleri ile deneysel degerler arasindaki hata
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analizleri sonuglari Tablo 3'te gosterilmistir. Tabloya gore en az
hata degeri her iki analize gére YSA modellerindedir.

250

=== Jriin adirlik Sera (gr)

200 === (Jriin agirlik Sera + HGK (gr)

150

Uriin Agirhign (gr)
a B
o o

o

09:40
10:10
10:40
11:10
11:40
12:10
12:40

13:10
13:40

14:10
14:40
15:10
15:40
16:10
16:40

17:10
17:40

Kuruma Zamani

Sekil 8. HGK destekli sera kurutucuda ve HGK siz sera
kurutucuda urun agirlik degisimi.
Figure 8. Product weight change in greenhouse dryer with
HGK and greenhouse dryer without HGK.
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Sekil 9. HGK’li sera kurutucu icin deneysel ve tahminsel hc
verileri karsilastiriimasi.
Figure 9. Comparison of experimental and predicted hc data
for greenhouse dryer with HGK.

Tablo 3. Istatistiksel hata degerleri.

Table 3. Statistical error values.

a':glts i YSA M5P
MAE 0,01 0,07
R 0,971 0,957
RMSE 0,09 0,011

Literatirde  farkh  kurutma  proseslerindeki  kurutma
parametreleri icin yapilan yapay zekd calismalarn
incelendiginde, elde edilen hata degerleri literatiirde yapilan
galismalara yakin oldugu gdzlemlenmistir. Bu durumu ifade
etmek igin Tablo 4 eklenmistir. Tablo 4’'de mevcut ¢alisma ile
literatirde yapilan calismalardaki yapay zek& modellerinin
hata oranlari kargilastiriimistir.

Tablo 4. Literatirde kurutma parametreleri igin yapilan yapay
zeka galismalarinin hata degerleri.

Table 4. Error values of artificial intelligence studies for drying
parameters in the literature.

incelenen Yapay zeka Hata
. ) S Referans
parametre yontemi degeri
Isi transfer 2 Kushwah ve
katsayisi YSA 0.972R dig., 2022
Rassoli ve
MR YSA 0,04 MAE dig., 2021
Enerji 2 Zadhossein
verimi ANFIS 0.98R ve dig., 2022
Kurutma Karar Adaci 0,021 Abdelkader
sicakhgi g RMSE ve did., 2024
Uriin ) Daliran ve
agirhgr YSA 0.97R dig., 2023
0,971 R?
0,9 RMSE
4. Sonug

Yapilan c¢alisma sonucunda bir sera kurutucusunun
performansini arttirmak igin kullanilan HGK nin etkilerinin ve
konvektif i1si transfer katsayisi modellerinin sonuglari asagida
maddeler halinde verilmigtir.

1- Sera ile kurutulan Griin 495 dakikada kuru agirliga
ulasirken, benzer deneysel sartlarda ve ayni Urin
agirhginda HGK destekli kurutucuda 360 dakikada
kuruma islemi gergeklestirilmistir. Bu durumda HGK
destegi ile ayni Grlin, HGK destedi olmadan yapilan
sera kurutmada %28 daha hizl strede kurumustur.

2- HGK destekli sera kurutucusunda hesaplanan
konvektif 1s1 transferi degerleri 10,29 ile 10,302
W/m?K arasinda degisiklik gostermistir.

3- Konvektif 1si1 transferi degeri makine 6grenmesi
algoritmalari ile modellenmis, en iyi model sonucu
%1 hata ile YSA tarafindan gergeklestirilmistir.

Calismada farkh drinler kurutularak, daha fazla veri setleri
elde edilebilir ve farkl makine 6grenmesi algoritmalari ile daha
az hata degderine sahip modeller ortaya sunulabilir. Bu
c¢alismanin gelecekteki planlamasinda sera igerisindeki isi ve
sicaklik dagilimini ifade edebilen sayisal modeller elde etmek
ve en uygun sera geometri tasarimi ortaya koymak vardir.

5. Cikar Catismasi
Yazarlar gikar gatismasi beyan etmemektedir
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Effects of Ultraviolet — C Treatment on Postharvest Physiologies and Decay of
Berries: A Review

Aysenur Betul Bilgin“=', Gurbuz Gunes

Department of Food Engineering, Faculty of Chemical and Metallurgical Engineering, Istanbul Technical University, Maslak 34469, Istanbul, Turkiye.

Abstract: Berries have a short shelf-life due to their high metabolic activities and susceptibility to weight loss, mechanical damage,
softening, and microbial decay. Ultraviolet-C light (UVC) treatment, a non-thermal and non-chemical method, has improved the
microbiological, physiological, and nutritional quality of postharvest fruit and vegetables. This review examines postharvest berry
physiology such as ethylene production, respiration rate, texture (firmness, weight loss, and cell wall), phenolic compounds, antioxidant
capacity, color, flavor, and microbial decay during storage as affected by UVC treatment. Studies have shown that UVC treatment has
a beneficial effect on increasing phenolic compounds, antioxidant capacity, and maintaining the firmness of berries. Besides, softening
and weight loss can be inhibited in UVC-treated berries during postharvest. However, UVC treatment can increase ethylene production
and respiration rate, causing flavor degradation and early senescence. The effectiveness of UVC treatment depends on berry cultivars,
UVC doses, and other processing parameters. Moreover, combining physical and chemical treatments with UVC in a hurdle approach
may enhance berry physiology compared to UVC treatment alone.

Keywords: Berry, UVC, respiration, ethylene, texture, bioactive compounds.

Ultraviyole-C Uygulamasinin Hasat Sonrasi Dutsu Meyvelerin Fizyolojisine ve
Bozulmasina Etkisi: Derleme

Ozet: Dutsu meyveler yiiksek metabolik aktivite, agirlik kaybi, yumusama ve mikrobiyal ¢iriimeye yatkinliklari nedeniyle kisa raf
omriine sahiptir. Isil ve kimyasal olmayan bir ydontem olan ultraviyole-C 1sik (UVC) uygulamasi, hasat sonrasi meyve ve sebzelerin
mikrobiyolojik, fizyolojik ve besinsel kalitesini iyilestirmek icin kullaniimaktadir. Bu derlemede, hasat sonrasi UVC uygulamasinin dutsu
meyvelerde etilen Uretimi, solunum hizi, doku (sertlik, agirlik kaybi ve hiicre duvari), fenolik bilesikler, antioksidan kapasite, renk, lezzet
ve mikrobiyal ¢irime gibi kalite 6zellikleri Gzerine etkileri incelenmistir. Calismalar, UVC uygulamasinin dutsu meyvelerde fenolik
bilesikleri ve antioksidan kapasiteyi arttirmada ve meyvelerin sertligini korumada yararli bir etkiye sahip oldugunu géstermistir. Ayrica,
hasat sonrasinda UVC ile muamele edilen meyvelerde yumusama ve agirlik kaybi engellenebilmektedir. Bununla birlikte, UVC
uygulamasi etilen uretimini ve solunum hizini artirarak aromanin bozulmasina ve erken yaglanmaya neden olabilmektedir. UVC
uygulamasinin etkinligi meyve gesitlerine, UVC dozuna ve diger uygulama parametrelerine baglidir. Ayrica, engel teknolojisi kullanilarak
fiziksel ve kimyasal uygulamalarin UVC ile kombinasyonu, tek basina UVC islemine kiyasla dutsu meyvelerin fizyolojisinde daha olumlu
etkilere neden olabilir.

Anahtar Kelimeler: Dutsu mezveler, UVC, solunum, etilen, tekstr, bizoaktif bilegikler.
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1. Introduction

Berries are small, soft-fleshed fruits that ripen from the ovary
wall's outer layer into an edible pericarp (Dickenson, 2020).
Berries, including blueberries, cranberries, blackberries,
raspberries, strawberries, black currant, chokeberry,
mulberry, and acai, are commonly used in culinary customs
due to their visual appearance and high secondary metabolite
content such as flavonoids (anthocyanins, flavanols, and
flavonols), phenolic acids, tannins, ascorbic acid, and
carotenoids (Horvitz, 2017; Skrovankova et al., 2015; Szajdek
& Borowska, 2008). In addition to being high in fiber, natural
vitamins and antioxidants are contained in berries (Basu et al.,
2010). They are beneficial for human health due to their
antioxidant and anti-inflammatory properties, which can lower
the risk of cancer, cardiovascular disease, diabetes, and
cataracts (Padmanabhan et al., 2016; Vidovic, 2018).
Additionally, consuming berries can delay cognitive aging
(Devore et al., 2012).

Berries are highly perishable and have short storage life due
to their high metabolic activities and susceptibilities to
pathogen attack, mechanical damage, and moisture loss (Liu
etal., 2019; Van der Steen et al., 2002). To ensure high quality
and extended shelf life, it is crucial to harvest and handle
berries at optimum ripening stages with precise methods
(Baietto & Wilson, 2015). After harvesting, berries’ quality and
nutritional value decrease readily due to mechanical damage,
improper handling, and being highly perishable and
susceptible to spoilage (Liu et al., 2019; Skrovankova et al.,
2015). They are consumed as fresh, frozen, or processed into
pulp, purees, jams, jellies, and juices (EFSA, 2014; Pritts,
2017). Nevertheless, a significant fraction of them become
waste after postharvest processing (Kaur et al., 2022). The
commercial preservation of the whole berries is carried out
using non-destructive and non-thermal methods such as cold
storage (Liu et al., 2019). Alternatively, controlled atmosphere
storage (Gunes et al., 2002), modified atmosphere packaging
(Gimeno et al.,, 2021), gamma-irradiation (Basaran and
Kepenek, 2011; C. Wang et al., 2017), ozone (Piechowiak,
2021; Piechowiak et al., 2021), edible coating (Ascencio-
Arteaga et al.,, 2022; Falco et al.,, 2019), high-pressure

Infrared

Inhibit weight loss and increase firmness
Delay softening and microbial decay
Increase PAL, SOD, POD, and PPO enzymes
Increase phenolic compounds and antioxidant acitvity
No significant changes on color
Acceleration of ethylene production and respiration
rate

processing (Lou et al., 2022), cold plasma (Ji et al., 2020;
Lacombe et al., 2015), and their combination (Pinto et al.,
2020; Rodriguez and Zoffoli, 2016) have been searched to
prolong berries’ shelf-life, inhibit microbial decay, and ensure
food safety against microorganisms such as Salmonella,
Botrytis cinerea and norovirus.

In recent decades, ultraviolet-C (UVC) light has been used as
a non-thermal and non-chemical technique to ensure the
quality and safety of postharvest berries. Numerous research
studies have extensively examined the postharvest
physiology of UVC-treated berries, such as strawberries (Jin
et al., 2017; Li et al., 2019), blueberries (Jaramillo Sanchez et
al., 2021), raspberries (Gimeno et al., 2021). Nevertheless,
there is no recent review on UVC effects on the post-harvest
physiology of berries. Therefore, this study aims to discuss the
effects of UVC treatments on various physiological aspects
such as respiration rate, ethylene biosynthesis, texture
(including cell wall degradation, firmness, and weight loss),
phenolic compounds (flavonoids, non-flavonoids), antioxidant
capacity, flavor, texture, color, and microbial decay in berries
such as strawberry (Fragaria ananassa), raspberry (Rubus
idaeus), blueberry (Vaccinium spp.), and boysenberry (Rubus
ursinus x Rubus idaeus) during postharvest storage. The
effects of combined treatments with UVC are also discussed.

2. Ultraviolet-C treatments:
application parameters

principles and

Ultraviolet (UV) region (100 — 400 nm) is placed between X-
ray and visible light in the electromagnetic spectrum (Lewis,
2023). UVC refers to 200 — 280 nm and has germicidal effects
on microorganisms, especially at 254 nm. Sun is a natural
source of UVC light, but the ozone layer in the atmosphere
absorbs it so that the Earth is protected from its harmful effects
(Koutchma, 2019; Urban et al., 2016). Artificial UVC sources
used in research and industry have included low- and
medium-pressure mercury lamps and xenon lamps. Mercury-
based lighting is widely used due to its prevalence in the
market and the FDA's approval of low-pressure (LP) mercury
lamps (253.7 nm) (Darré et al., 2022; FDA, 2013). FDA has
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approved the use of xenon lamps and LP mercury lamps
emitting a 253.7 nm wavelength for reducing pathogens and
microorganisms on juice products, sterilizing potable water
used in food production, and controlling surface
microorganisms on food and food products in food processing
and treatments under regulation 21CFR179.39 since 2000.
However, as LP mercury lamps contain toxic mercury, the
transition to mercury-free lighting is planned with the Minimata
Convention on Mercury for Climate Action (Minamata
Convention on Mercury, 2023). As an alternative, light-
emitting diodes (LEDs) are suggested being mercury-free.
LEDs have also been utilized due to their compactness, small
size, low cost, and non-fragile structure during the last couple
of decades (Cassar et al., 2020).

UVC light can be absorbed, reflected, or scattered on
materials or food matrices. The UVC treatment dose
expressed as kJ/m?, is related to intensity and exposure time
(Koutchma, 2014). UVC treatment effectiveness may be
reduced due to its absorption by soluble materials and
suspended particles in the food matrix and it may not reach all
parts of the food matrix (Delorme et al., 2020). Therefore, it
cannot penetrate turbid liquid and solid food although it can
easily penetrate through pure water (Choudhary and Bandla,
2012; Koutchma, 2008). Thus, UVC treatment is generally
considered as a surface treatment. Various studies have been
conducted to examine inactivation effects of UVC light on
surface microorganisms in foods including fruits and
vegetables such as lettuce, strawberries, and tomatoes (Cho
et al.,, 2022), cherries (Kutlu et al., 2022), fresh-cut pitaya
(zhai et al., 2021), strawberries (Janisiewicz et al., 2021;
Ortiz-Sola et al., 2021), apple (Rios de Souza et al., 2020),
lettuce (Green et al., 2020), oranges (Gundiz et al., 2015),
pear (Sun et al., 2022), apricot (Hakguder Taze and Unluturk,
2018). Dose, exposure times, wavelength, light sources, the
distance of sample and lamps, the number of UVC lamps and
their position, uniform distribution of light on all surfaces
(effective exposure), temperature, type and characteristics of
foods, type of microorganism on food surfaces, are vital
parameters to determine the efficiency of the UVC treatment.
UVC can inhibit DNA replication and transcription by forming
DNA photoproducts like pyrimidine 6-4 pyrimidone and
cyclobutene pyrimidine dimers, leading to mutagenesis and
cell death (Artés and Allende, 2015; Harm, 1980).

3. Effects of UVC on Postharvest Berries
Physiology

Postharvest storage of fruit and vegetables is accompanied
by cellular respiration which involves the breakdown of
macromolecules (i.e., carbohydrates, lipids, etc.) to produce
ATP/energy through glycolysis, tricarboxylic acid cycle (TCA)
cycle, and electron transport chain. Respiration rate is
affected by the physiological conditions of the fresh produce
and storage atmosphere conditions such as temperature,
relative humidity, and modified atmospheres (MA). Most
berries are non-climacteric fruits; they do not ripen after
harvesting. So, they must be harvested at horticultural
maturity. Their quality and nutritional content can be
significantly reduced during storage (Liu et al., 2019). They
are highly perishable and susceptible to weight loss,
softening, microbial spoilage, and decaying (Horvitz, 2017,
Paniagua et al., 2013). Moreover, their postharvest shelf-life
barely exceeds 2 — 6 weeks under typical refrigeration
conditions during storage (Gimeno et al., 2021; Khanizadeh et
al., 2009; Xu and Liu, 2017).

3.1. Ethylene biosynthesis and respiration rate
Ethylene biosynthesis

Ethylene, a natural plant hormone, plays a vital role in the
ripening of fruits. Berries are mainly non-climacteric fruits.

However, blackberries can be both climacteric (Walsh et al.,
1983) and non-climacteric (Lipe, 1978), depending on their
cultivars. Similarly, blueberries also vary in ethylene
production depending on their cultivars (Farneti et al., 2022).
However, ethylene production is mainly low in berries such as
cranberry, blackberry, and raspberry, with production rates
ranging from < 0.10, 0.32 — 0.40, and 0.29 — 0.49 uL/kg.h,
irrespective of cultivars during postharvest storage (Gunes et
al., 2002; Shah et al.,, 2023). Furthermore, strawberries,
blackcurrants, mulberries, acai, bilberries, and gooseberries
have relatively low ethylene production and respiration rates
after harvesting (Fan et al., 2022). Only a few studies have
established the effects of postharvest UVC treatment on
ethylene production in berries (Table 1). For instance, Xu and
Liu (2017) showed that although blueberries' ethylene
production increased during 8-d storage at 4 °C, untreated
and UVC-treated samples showed no significant difference in
ethylene production (3.2 — 3.4 pL/kg.h). In contrast, Li et al.
(2014) found that UVC treatment increased ethylene
production of strawberries initially, and its level remained 4.4
and 11.7 times higher than that in untreated fruits after 1 and
4 d, respectively. Similarly, 4 kJ/m? UVC treatment increased
ethylene production in strawberries in the first 6 h (Nigro et al.,
2000). The increase in ethylene might be induced due to the
activation of strawberry defense system against stress (Li et
al., 2014; Nigro et al., 2000). However, ethylene production
decreased in treated strawberries at the end of the storage (48
h) (Li et al., 2014; Nigro et al., 2000). However, the decrease
of samples at the end of the 48 h was higher than the control
(Nigro et al., 2000). Therefore, UVC can stimulate ethylene
production immediately after the treatment, but it can be
decreased substantially at the end of the storage in some
berries.

Respiration rate

During the postharvest term, berries have mainly high
respiration rates (41 — 245 mg CO2/kg.h at 20 °C) (Huynh et
al., 2019). For instance, ripe blackberry and raspberry have
41.4 — 53.28 and 45 — 76.32 mg COz2/kg.h respiration rate at
20 °C, respectively (Shah et al., 2023). Transpiration and
respiration are the primary causes of nutrient and water loss
during storage, leading to weight loss in postharvest berries.
The higher the respiration rate the higher the metabolic activity
leading to shorter storage life (Bovi et al., 2019). Contrasting
findings have been reported on UVC treatment effects on
berries’ respiration rate (Table 1). Postharvest blueberries’
respiration rate increased by UVC treatment at 4 kJ/m? during
8-d of storage at 4 °C (Xu et al., 2016; Xu & Liu, 2017). UVC
treatment at 4 kJ/m? suppressed the respiration rate to ~2.1
mg CO2/kg compared to the untreated samples (2.43 mg CO:2
kg.h) at 4 °C in blueberries (Xu et al., 2016). Similarly, red
raspberries' respiration rates were slightly increased from
10.03 to 14.67 mL COz2/kg.h by UVC treatments at 2 and 4
kJ/m? during 12 d storage at 6°C (Gimeno et al., 2021). UVC
treatment (1 - 15 kJ/m? dose) did not affect the respiration rate
of strawberries at the end of the 6-d storage at 2°C (Allende
et al., 2007). However, another study showed that the UVC
treatment at 4 kJ/m? decreased the respiration rate of
strawberries after 5 d of storage (Cote et al., 2013). Similarly,
UVC treatment at 9.2 kJ/m? inhibited the respiration rate of
boysenberry by 24.22 % and 7.92 % during storage for 1 d at
20 °C and 4 d at 4 °C, respectively (Vicente et al., 2004). The
inhibitory effects of UVC treatment on the respiration rate of
berries might be due to delaying microbial decay and cell wall
degradation, as discussed in other sections in this review. The
impact of the treatment depends on the applied dose,
temperature, type, and physiological conditions of the berries.
Few studies have been conducted on UVC treatment effects
on berries’ respiration rate (Table 1). Therefore, further
research is required to get more precise results.
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Table 1. Effect of postharvest ultraviolet-C treatment on berries’ ethylene biosynthesis and respiration rate.
Tablo 1. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin etilen biyosentezi ve solunum orani lizerindeki etkisi.

Berries Dose Ethylene biosynthesis Respiration rate References
(kJ/m?) (puL/kg.h) (CO2/kg.h)
Blueberry (Vaccinium spp. 4 NA Decreased from 2.43 to ~2.1 mg (Xu et al., 2016)
Berkeley)
Blueberry (Vaccinium spp. 4 Unaffected (3.2 — 3.4) Increased from 2.43 to > 2.5 mg (Xu and Liu, 2017)
Berkeley)
Boysenberry 9.2 NA Decreased from 116.92 to (Vicente et al., 2004)
107.65 mL
Red raspberry (Rubus 2and 4 NA Increased from 10.03 £+ 1.02 to (Gimeno et al., 2021)
idaeus L.) 14.67 £ 1.60 mL
Strawberries (Fragaria »
ananassa Duch., cv. 4 NA Decreased (Cote et al., 2013)
Camarosa)
Strawberry (Fragaria Increased 4.4 and 11.7-
e 4.1 foldon1and 4d, NA (Li et al., 2014)
ananassa Duch. cv. Akihime) .
respectively

NA: not assessed

3.2. Texture (firmness, weight loss, and cell wall)

Maintenance of textural quality of berries is crucial for
consumer acceptance and shelf-life. Key parameters for
textural evaluation include firmness, weight loss, and cell wall
enzymes and components in berries as reported by various
researchers (Table 2).

Firmness

Firmness of berries decreases at refrigerated and room
temperature during postharvest storage. Most studies have
demonstrated that UVC treatment significantly prevented the
loss of firmness in berries. For instance, Amiri et al. (2021)
reported that UVC treatment at 0.5 kJ/m? resulted in higher
firmness (2.47 N) in strawberries compared to the control
samples (2.15 N) after 12 d storage at 5 °C. Also, UVC
treatment with 4 kJ/m? doses ranging from single to multi-step
increased strawberry hardness and compression resistance
after 13 d of storage at 0 °C (Ortiz Araque et al., 2019).
Similarly, UVC treatment at 6 kJ/m? resulted in better retention
of firmness in blueberry compared to control samples after 28-
d storage at 0°C (Nguyen et al., 2014). Nevertheless, Perkins-
Veazie et al. (2008) reported that blueberries’ firmness
remained unaffected by treatments at 1 — 4 kJ/m? doses.
Jaramillo Sanchez et al. (2021) evaluated the epicarp and
mesocarp of blueberries post-UVC treatment and found that
the treatment did not significantly impact the rupture force and
deformation. Gimeno et al. (2021) found that UVC treatment
at 4 kJ/m? caused a 12.5 % reduction in the firmness of red
raspberry compared to the control while treatment at a lower
dose (2 kJ/m?) resulted in a 7.5 % increase in the firmness
compared to the control after 12 d storage at 6 °C. Overall,
several studies have shown that UVC treatment maintained
the flesh firmness of berries such as strawberries (Amiri et al.,
2021; Li et al, 2014; Severo et al, 2015), blueberries
(Jaramillo Sanchez et al., 2021; Nguyen et al., 2014; Perkins-
Veazie et al.,, 2008; Xu et al., 2016), and red raspberries
(Gimeno et al., 2021), as shown in Table 2.

Weight loss

Water vapor released during transpiration and respiration
causes weight loss in berries due to increased membrane
permeability and decreased cell strength (Lu et al., 2016; Xu
et al., 2016). In addition to inhibiting loss of firmness, UVC
treatment can reduce weight loss. Several studies
demonstrated that UVC treatment decreased the accelerated
weight loss in berries such as blueberry (Nguyen et al., 2014;
Xu et al., 2016), red raspberry (Gimeno et al., 2021), and
strawberry (Amiri et al., 2021), as shown in Table 2. For
instance, the weight loss of strawberries exposed to UVC at
0.5 kJ/m? was 1 %, while the control group was 1.95 % after

12 d of storage at 5 °C and 90 % relative humidity (Amiri et al.,
2021). Besides, the weight loss of UVC-treated blueberries
declined by ~1.3 % compared to untreated ones after 21 d of
storage (Nguyen et al., 2014). Moreover, the weight loss of
UVC-treated blueberries (~1.8 %) was lower than that of the
control samples (2.6 %) after 8-d of storage at 4 °C (Xu et al.,
2016). However, other studies reported no effect of UVC
treatment on the weight loss of blueberries (Jaramillo
Sanchez et al., 2021; Perkins-Veazie et al., 2008). The
mechanism of UVC treatment for the reduction of weight loss
is unclear. Reduced respiration rate may be associated with
reduced weight loss. (Xu et al., 2016) showed that respiration
rate and weight loss had a strong correlation (R = 0.869).
Besides, UVC treatment may minimize weight loss by forming
a thin dry layer on the surface of the commodity, which may
inhibit the release of water vapor (Abdipour et al., 2020).

Cell wall metabolism

Cell walls in fruit and vegetables, particularly berries with
thinner-skinned fruit, affect their textural quality and softening.
Changes in the primary cell wall constituents such as cellulose
(CEL), hemicelluloses (HCEL), and water-soluble pectin
(WSP), the strength of adhesion in middle lamella, and the cell
turgor can be associated with the loss of firmness and flavor
(Chen et al., 2015). Besides, enzyme activities, such as
cellulase (CL), polygalacturonases (PG), pectin
methylesterase  (PME), pectin lyase (PL), and
rhamnogalacturonan lyase (RGL), can also cause
deformation of cell wall structure and softening (Pombo et al.,
2009; Priya Sethu et al., 1996; Sheng et al., 2018). Moreover,
B-glycanases and 3-glucosidases (B-gal) cleave xyloglucan, a
common HCEL polymer (Ortiz Araque et al., 2019), while -
galactosidase promotes flesh softening by eliminating
galactose from cell wall components (Trainotti et al., 2001).

Ortiz Araque et al. (2019) reported that UVC treatment
inhibited the activity of B-glucanase, PG, PME, B-gal, and
Xylase in strawberries after 13-d storage at O °C in darkness
and preserved firmness. Severo et al. (2015) found that UVC
treatment of strawberries may enhance firmness, inhibit cell
wall degradation, and delay surface deterioration due to
decreasing PL transcription genes despite increasing -gal,
PG, and PME genes compared to the control. Besides,
Pombo et al. (2009) found that PG, PME, and endoglucanase
were decreased or unaffected in strawberries by UVC
treatment compared to control. In addition, they concluded
that UVC treatment at 4.1 kJ/m? delayed strawberry softening,
possibly due to decreased gene transcription involved in cell
wall degradation (Pombo et al., 2009). Thus, UVC treatment
can delay softening and maintain strawberry texture by
reducing weight loss, pectin solubilization, and inhibiting cell
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wall degrading enzyme activity. The evaluations on the effects
of UVC treatment on strawberries’ cell wall metabolism were
reported (Ortiz Araque et al., 2019; Pombo et al.,, 2009;

Severo et al., 2015) but, further research on other berries is
needed.

Table 2. Effect of postharvest ultraviolet-C treatment on berries’ texture (firmness, weight loss, and cell wall).

Tablo 2. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin tekstiir (sikilik, agirhik kaybi ve hiicre duvari) lizerindeki etkisi.

Berries Dose (kJ/m?) Firmness Weight loss (%) Cell wall References
Blueberry 1-4 Unaffected Unaffected NA (Perkins-Veazie et al.,
2008)
Blueberry <11.4 NA Unaffected NA (Jaramillo Sanchez et
al., 2021)
Blueberry 4 Inhibited loss of Decreased from 2.6 NA (Xu et al., 2016)
firmness to~1.8
Blueberry 6 Increased ~0.3 N Decreased by ~1.3 NA (Nguyen et al., 2014)
Red 2and 4 Increased by 7.5 %  Decreased from 8.1 NA (Gimeno et al., 2021)
raspberry at 2 kJ/m? but t0 6.9
decreased by 12.5
%
at 4 kd/m?
Strawberry 4.1 Increased from NA Decreased or (Pombo et al., 2009)
~29to~3.2N unaffected PG,
endoglucanases,
and PME
Strawberry 4.35 Increased by ~0.5 NA Decreased pectate (Severo et al., 2015)
N lyases transcript
accumulation
Strawberry 4.1 Increased NA NA (Li etal., 2014)
Strawberry 0.5 Increased from 2.47 Decreased from NA (Amiri et al., 2021)
t0 2.15N 195t01
Strawberry Single-Step: 4 Increased NA Decreased B- (Ortiz Araque et al.,
Two-Step: 2 x 2 glucanase, PG, and 2019)
Multi-Step: 5 x PME activity and
0.8 WSP

NA: not assessed, ND: not determined, PG: polygalacturonases, PME: pectin methyl esterase, WSP: water-soluble pectin

3.3.  Phenolic compounds

Berries contain phenolic compounds, including phenolic
acids, flavonoids, and tannins, which contribute to their color
and antioxidant capacity (Horvitz, 2017; Szajdek & Borowska,
2008). These compounds are formed in the epidermis and
tissue and can be found in water-soluble or water-insoluble
forms (Skrovankova et al., 2015). Berries contain phenolic
compounds such as resveratrol, anthocyanins, and
chlorogenic acid in high concentrations (Hakkinen, 2000;
Rodriguez-Mateos et al., 2012; Spinardi et al., 2019; H. Wang
et al., 2017).

Total phenolic content

Postharvest UVC treatment increased total phenolic contents
(TPC) in berries such as blueberries (Gonzalez-Villagra et al.,
2020; Nguyen et al., 2014), red raspberries (Gimeno et al.,
2021), and strawberries (Amiri et al., 2021; Jin et al., 2017;
Severo et al., 2015) during storage as shown in Table 3. For
instance, UVC at 0.5 kJ/m? increased TPC by 47.75 % in
strawberries (198.21 mg GAE/g fresh weight) compared to the
control samples (103.97 mg GAE/g fresh weight) at the end of
12 d-storage (Amiri et al., 2021). Likewise, TPC in blueberries
was increased by ~15 mg GAE/100 g fresh weight after UVC
treatment at 6 kJ/m?2 compared to control samples (Nguyen et
al., 2014).

Flavonoids (flavanols, flavonols, anthocyanins)

Berries have high levels of flavonoids, including anthocyanins,
isoflavones, chalcones, flavonols, and flavones. These
compounds are responsible for the biological activities, color,
and aroma of fruit and have several effects on health (Del Rio

et al., 2010; Devore et al., 2012). UVC treatment at 2 and 4
kJ/m? increased total flavonoid content (TFC) by 86.9 — 72 %
in red raspberries during 12-d storage at 6 °C (Gimeno et al.,
2021). Flavonol accumulation in blueberries was not affected
by a UVC treatment at 2.76 kJ/m? (Yang et al., 2019).

Anthocyanins are a crucial group of flavonoids and are known
as fruit colorants (Skrovankova et al., 2015). The flavylium
cation (AH+) structure of anthocyanins makes them acidic
pigments that give strawberry fruit its reddish color
(pelargonidin-3-glycoside and cyanidin-3-glycoside)
(Crecente-Campo et al., 2012; Wang and Zheng, 2001). The
main characteristic of these substances is their capacity to
scavenge free radicals (Tena et al., 2020). Amiri et al. (2021)
showed that untreated strawberries’ TAC was ~10 mg/100 g
FW higher than the UVC-treated (0.5 kJ/m?) ones during 12 d
of storage. However, UVC treatment at 4 kJ/m? accelerated
the increase of major anthocyanin compounds (pelargonidin-
3-glucoside, cyanidin-3-glucoside-succinate, and cyanidin-3-
glucoside at ranging from 232.8-302.3 mgkg™, 10.5-13.6
and 68.3-79.6, respectively) in fresh-cut strawberries during
storage at 4 °C for 7 d (Li et al., 2019). Also, UVC treatment
atrange 2 and 4.35 kj/m? dose increased TAC in strawberries
(M. Li et al., 2019; Severo et al., 2015) and red raspberries
(Gimeno et al., 2021). (Xu and Liu, 2017) have reported that
UVC treatment at 4 kJ/m?increased TAC from ~250 to 300
mg/100 g in blueberries stored at 4 °C for 8 d. Similarly,
Gonzalez-Villagra et al. (2020) have reported that UVC
treatment at 4.6 kJ/m? increased TAC by 80 %, 50 %, and 20
% in ‘Bluegold’, ‘Brigitta’, and ‘Legacy’ blueberry cultivars,
respectively, compared to control samples after 5-d storage.
‘Bluecrop’ blueberry cultivars’ TAC levels were increased by
10 % after UVC treatments at 2 — 4 kJ/m?, while the ‘Collins'
cultivars’ TAC remained unaffected at the same doses and
storage condition (7 d, 5 °C) (Perkins-Veazie et al. 2008).
Furthermore, as reported by Wang et al. (2009), individual
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anthocyanins (delphinidin-3-galactoside, cyanidin-3-
galactoside, delphinidin-3-arabinoside, petunidin-3-
galactoside, petunidin-3-glucoside, petunidin-3-arabinoside,
malvidin-3-galactoside, malvidin-3-arabinoside) and flavonols
(myricetin-3-arabinoside, quercetin-3-galactoside, quercetin-
3-glucoside, kaempferol-3-glucuronide, kaempferol-3-
glucoside) in UVC-treated (2.15, 4.30, or 6.45 kJ/m?)
blueberries were increased by up to 150 % compared to the
untreated ones. Moreover, UVC treatment at 2.76 kJ/m?
increased delphinidin, petunidin, cyanidin, peonidin, and
malvidin in  blueberries and activated anthocyanin
biosynthesis during the postharvest term (Yang et al., 2018).
Also, UVC treatment at the same dose (2.76 kJ/m?) increased
anthocyanin accumulation in immature (turning from green to

respectively, compared to control samples (Yang et al., 2019).
Besides, UVC treatment activated genes responsible for
flavonoid biosynthesis-related gene expression, including
Vaccinium corymbosum leucoanthocyanidin  reductase
(VCLAR), anthocyanidin  reductase  (VCANR), and
myeloblastosis proto-oncogene proanthocyanidin
(VeMYBPAL) (Yang et al., 2019). These genes exhibit a high
positive correlation with flavonol and proanthocyanins
biosynthesis. Therefore, total flavonoids, flavonoid subgroups
such as flavonols and anthocyanins, and related gene
expressions were affected positively by UVC treatment (Table
3). The effects of UVC on the TAC depend on the dose and
types of berries and their cultivars (Perkins-Veazie et al.,
2008; Wang et al., 2009).

purple and pink) and mature blueberries by 261.8 and 23.1 %,
Table 3. Effect of postharvest ultraviolet C treatment on berries’ phenolic compounds.
Tablo 3. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin fenolik bilesikler iizerindeki etkisi.
Berries Wavelength Dose Effects
(kd/m?)

References

Increased TAC from ~250 to 300 mg/100 g and PAL

Blueberry 254 nm 4 activity (Xu and Liu, 2017)

Increased anthocyanin biosynthesis and associated
genes, TAC by 196.4 and 40.8 % in turning (from green

Blueberry 254 nm 2.76 to purple and pink) and mature blueberries (Yang etal., 2018)
Unaffected flavonols (~ 0.5 g/kg FW)
Increased anthocyanins by 261.8 and 23.1 % in turning
Blueberry 254 nm 2.76 (from green to purple and pink) and mature blueberries (Yang et al., 2019)
and proanthocyanidins (by 56 %)
Increased TPC (by ~15 mg GAE/100 g FW), TAC (by
Blueberry 254 nm 6 ~88 mg/100 g), and individual anthocyanins (Nguyen et al., 2014)
Increased TPC (up to ~ 150%), TAC (by 80 %, 50 %, and . .
2.3 and 0 . . (Gonzalez-Villagra et
Blueberry 254 nm 4.6 20 % depending on cultivars) al., 2020)
Blueberry 254 nm 4 Increased PAL activity, TAC (by ~ 50 mg/100 g) (Xu et al., 2016)
Increased chlorogenic acid from 40.6 + 4.8 t0 55.3 + 6.8,
2.15, 451 +6.1,and 46.0 + 5.3 pg/g FW at 2.15, 4.30, and
Blueberry 254 nm 4.30,and  6.45 kJ/m?, respectively, and increased resveratrol (from (Wang et al., 2009)
6.45 13.0+£ 0.7 to 17.4 £ 0.2 pg/g fresh weight)
Increased ‘Bluecrop’ blueberry cultivars’ TAC by 10 %, (Perkins-Veazie et al
Blueberry 254 nm 2-4 unaffected ‘Collins' blueberry cultivars’ TAC 2008) '
Increased TPC at 4 d of storage, decreased TPC at 12 d
of storage, increased TAC during 12 d of storage, and .
Red raspberry 254 nm 2and 4 TEC (by ~87 — 72 %) (Gimeno et al., 2021)
Strawberry ND 4.1 Increased PAL activity (Pombo et al., 2011)
Increased TPC, TAC, individual phenolics (gallic acid,
hydroxybenzoic acid, p-coumaric acid, quercetin and (+)-
Strawberry 254 nm 4.35 catechin), PAL and ANS activity (Severo et al., 2015)
Strawberry ND 2 Increased TPC, PAL activity (Jinetal., 2017)
Increased TPC from 103.97 to 198.21 mg GAE/g FW,
Strawberry ND 0.5 decreased TAC (Amiri et al., 2021)
Increased TPC (by ~ 0.12 g/kg), TAC (from 0.41 to 0.51
g/k),
individual phenolic compounds (P-coumaroyl glucose,
Strawberry ND 4.0 kaempferol-3-glucoside, ellagic acid, ellagic acid (Li et al., 2019)

(Fresh-cut) glucoside), and anthocyanin compounds (pelargonidin-3-
glucoside, cyanidin-3-glucoside-succinate and cyanidin-3-
glucoside at ranging from 232.8 — 302.3 mg/kg, 10.5 —

13.6 and 68.3 — 79.6, respectively)

ANS: anthocyanidin synthase, FW: fresh weight, ND: not determined, PAL: phenylalanine ammonia-lyase, TAC:
total anthocyanin content, TFC: total flavonoid content, TPC: total phenolic content.
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Non-flavonoids

Berries have non-flavonoids such as phenolic acids (benzoic
acid and cinnamic acid derivates) and others (resveratrol,
lignans, etc.) (Del Rio et al., 2010; Kaur et al., 2022; Smeds et
al., 2012). UVC treatment at 4 kJ/m? increased p-coumaroy!
glucose, ellagic acid, and ellagic acid glucoside in fresh-cut
strawberries during 7-d storage at 4 °C (Li et al., 2019).
Similarly, UVC treatment at 4 kJ/m? increased gallic acid,
hydroxybenzoic acid, and p-coumaric acid in strawberries at 7
d storage at 20 °C (Severo et al., 2015). UVC treatments at
2.15, 4.30, or 6.45 kJ/m? increased chlorogenic acid in
blueberries (55.3, 45.1, and 46.0 pg/g fresh weight,
respectively), compared to the untreated ones (40.6 + 4.8 ug/g
fresh weight) (Wang et al., 2009). However, a lower UVC dose
(0.43 kJ/m?) did not affect the chlorogenic acid content (Wang
et al., 2009). Besides, proanthocyanidins were increased by
56 % after UVC treatment at 2.76 kJ/m? in blueberries during
postharvest storage (Yang et al., 2019). Non-flavonoids like
hydroxybenzoic acid, p-coumaroyl glucose, ellagic acid,
ellagic acid glucoside, and p-coumaric acid have
anticarcinogenic, antibacterial, antiviral, antimutagenic, and
anti-inflammatory properties (Mattila et al., 2006). Thus, UVC
treatment can increase non-flavonoid contents and thus
increase the biological activities of berries.

Enzymes involved in phenolic biosynthesis

Phenylalanine ammonia-lyase (PAL) is a key enzyme for
increasing the biosynthesis of phenolic compounds such as
flavonoids and anthocyanins (Deshi et al., 2020; Gimeno et
al., 2021; Wen et al., 2008). PAL, as well as other enzymes
such as chalcone synthase (CHS), flavanone 3-hydroxylase
(F3H), leucoanthocyanidin reductase (LAR), anthocyanidin
synthase (ANS), cinnamate-4-hydroxylase (C4H), 4-
coumaroyl coenzyme A ligase (4CL), and stilbene synthase
(STS), are responsible for biosynthesis of phenolic
compounds and accumulating gene transcripts related to the
pathways of phenolics (anthocyanins, resveratrol, etc.)
(Gimeno et al., 2021; Sheng et al., 2018; J.-F. Wang et al.,
2015). UVC treatment at 4 kJ/m? increased blueberry PAL
activity by 2.7% compared to control after 8-d storage at 4°C
(Xu and Liu, 2017). Similarly, UVC increased PAL activities in
strawberries (Jin et al., 2017; Pombo et al., 2011; Severo et
al., 2015). Li et al. (2019) also reported that UVC treatment
activated PAL, 4CL, and C4H enzymes and their gene
expression of FaPAL, FaC4H, and Fa4CL in strawberries
compared to control. Moreover, PAL activities were promoted
by a UVC treatment at 4.1 kJ/m? in strawberries, although
anthocyanin accumulation was suppressed (Li et al. 2014).
The authors argued that the suppression of anthocyanins
might be due to the inhibition of 4CL and DFR enzymes by the
UVC treatment. On the other hand, PAL, ANS, C4H, dihydro
flavonol 4-reductase (DFR), chalcone isomerase (CHI),
flavonoid  3-O-glucosyltransferase (UFGT) which are
responsible for anthocyanin biosynthesis were not induced by
UVC treatment in berries (Yang et al., 2018).

Overall, the studies show that UVC treatment increased
phenolic compounds such as flavonoid and non-flavonoids,
enzyme activities, and their relevant gene expression in
berries (Table 3). The existing literature collectively shows that
postharvest UVC treatment can increase phenolic compounds
mainly anthocyanins by increasing PAL, ANS, and other
biosynthesis enzymes in berries.

3.4.  Antioxidant capacity

UVC treatment enhanced total antioxidant capacity in berries
such as blueberries (Nguyen et al., 2014; Wang et al., 2009;

Yang et al., 2019) and strawberries (Severo et al., 2015),
possibly due to increased phenolic compounds, as shown in
Table 4.

For instance, Amiri et al. (2021) showed that UVC at 0.5 kJ/m?
caused a 29.9 % increase in the total antioxidant content of
strawberries during storage. Besides, UVC treatment at 2
kJ/m? increased antioxidant enzymes such as catalase (CAT),
ascorbate peroxidase (APX), and superoxide dismutase
(SOD) in strawberries in comparison to the control group,
during 12-d storage at 5 °C (Jin et al., 2017). Similarly, SOD
activity in UVC-treated (at 4 kJ/m?) fresh-cut strawberries
increased by 39.5 % during storage (Li et al., 2019). Moreover,
UVC treatment increased the activities of SOD, CAT, and APX
enzymes involved in reactive oxygen species (ROS)
metabolism in fresh-cut strawberries during 7-d storage at 4
°C (Li et al., 2019). However, SOD activity in blueberries was
not affected by UVC treatment during 8-d storage at 4 °C (Xu
et al., 2016). Accumulations of superoxide, hydroxyl, and
hydrogen peroxide lead to oxidative stress in fruits. Increasing
antioxidant enzymes (SOD, APX, and CAT) is important for
reducing oxidative stress and tissue damage, and promoting
cell survival (Jiang et al., 2010). As a result, postharvest UVC
treatment at 0.5 — 6 kJ/m? maintained the total antioxidant
capacity and their relative enzyme activities in berries.

3.5. Color

Berries' visual appeal is primarily due to their color formed
through chlorophyll degradation and pigment synthesis.
Berries are rich in anthocyanins commonly known as fruit
colorants (red-blue-purple) (Skrovankova et al.,, 2015).
Enzymes such as peroxidase (POD) and polyphenol oxidase
(PPO) are responsible for enzymatic browning reactions in
fruit during the postharvest storage period, causing color
changes (Costa et al., 2021). Jin et al. (2017) demonstrated
that UVC treatment at 2 kJ/m? increased the POD and PPO
activities in strawberries by ~60 and 38.7 %, respectively, after
12-d storage at 5 °C and 90-95 % relative humidity.
Increasing PPO and POD with UVC treatment might cause
enzymatic browning and discoloration. However, UVC
treatment at 4 kJ/m? inhibited the POD activity of blueberries
by 10.2 % end of 8-d storage at 4 °C (Xu and Liu, 2017).

The International Commission on Illumination (CIE) — L*a*b*
color space system is used in determining the color
characteristics of berries quantitatively using L* (lightness), a*
(greenness to redness), and b* (blueness to yellowness)
values (Markovic et al., 2013). These parameters are
determined by the chemical and physical changes in the
product and show the visual color quality important for the
sensory perception of products. UVC treatment at 4 kJ/m?
caused no systematic changes in the a* and b* values of
strawberries (Li et al., 2014), blueberries (Xu et al., 2016; Xu
and Liu, 2017), and red raspberries (Gimeno et al., 2021)
during postharvest storage. For instance, the L* value of
blueberries was unaffected by a UVC treatment at 4 kJ/m? (Xu
and Liu, 2017), while the UVC treatment at the same dose
caused an increase in the L* value of strawberries (Li et al.,
2014). Besides, as mentioned earlier, numerous studies
showed that anthocyanin, which is responsible for red, purple,
and blue colors, was increased by UVC treatment. Overall
results might be concluded that exposure to UVC treatment
could preserve berries’ color and increase anthocyanin levels
and PAL activity, although PPO and POD activities were also
increased.
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Table 4. Effect of postharvest ultraviolet-C treatment on berries’ antioxidant capacity.
Tablo 4. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin antioksidan kapasitesi lizerindeki etkisi.

Berries Wavelength Dose Effects References
(kd/m?)

Blueberry 254 nm 4 Unaffected antioxidant enzymes activities (SOD; ~190 (Xu et al., 2016)
U/g FW)

Blueberry 254 nm 6 Increased antioxidant activities (Nguyen et al., 2014)

Blueberry 254 nm 4.6 Increased antioxidant properties and radical scavenging  (Gonzalez-Villagra et
activity al., 2020)

Blueberry 254 nm 2.76 Increased antioxidant capacity and their enzyme activity (Yang et al., 2019)

(SOD) (39.5 %)
Red raspberry 254 nm 2and 4 Increased antioxidant activity (Gimeno et al., 2021)
Strawberry ND 0.5 Increased antioxidant activity (29.91 %) and (Amiri et al., 2021)
L-ascorbic acid content
Strawberry ND 2 Increased antioxidant enzymes activities (SOD, CAT, (Jinetal., 2017)
APX)
Strawberry 254 nm 4.35 Increased antioxidant activity (Severo et al., 2015)
Strawberry ND 4.0 Increased antioxidant capacity (Li et al., 2019)

(Fresh-cut)

APX: ascorbate peroxidase, CAT: catalase, FW: fresh weight, ND: not determined, SOD: superoxide dismutase

3.6.

The free sugar content, total soluble solids (TSS), and
titratable acidity (TA) are crucial parameters for flavors and
sensory properties of berries. The effect of UVC treatment on
flavor in berries is shown in Table 5. UVC treatment
decreased sugar (fructose and glucose) (Yang et al., 2018)
and total soluble sugar (Gonzalez-Villagra et al., 2020) in
berries, while unaffecting TSS and TA in berries such as
strawberries (Amiri et al., 2021) and blueberries (Gonzalez-
Villagra et al., 2020). During storage, strawberries’ TSS
content increased from 6.73 % to 7.93 % but UVC inhibited
this increase in the first 3 d (Li et al., 2014). Furthermore, UVC
treatment at 4.35 kJ/m? increased the synthesis of the aroma-

Flavor

producing ester volatiles such as alcohol dehydrogenase
(ADH) and alcohol acetyltransferase (AAT) transcript
accumulation in strawberries (Severo et al., 2015). Li et al.
(2019) reported that UVC exposure at 4 kJ/m? suppressed the
increase of sour, bitter, and astringent tastes of fresh-cut
strawberries. On the other hand, PPO and POD are
responsible for off-flavor and off-odor in fruit during the
postharvest storage period (Costa et al., 2021). Jin et al.
(2017) found that UVC treatment at 2 kJ/m? increased POD
and PPO activities in strawberries by ~60 % and 38.7 %,
respectively, however, it inhibited blueberries' POD activity by
10.2 % at 4 kJ/m? during 12-d storage at 5°C.

Table 5. Effect of postharvest ultraviolet-C treatment on berries’ flavor.
Tablo 5. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin lezzeti lizerindeki etkisi.

Berries Waveleng Dose Effects References
th (kd/m?)
Blueberry 254 nm 4 Inhibited soluble solid content (Xu et al., 2016)
Blueberry 254 nm 2.76 Decreased sugar (fructose and glucose) and total soluble (Yang et al., 2018)
sugar
Blueberry 254 nm 4.6 Unaffected TSS and TA (Gonzalez-Villagra et
al., 2020)
Strawberry ND 4.0 Decrease of increase of sourness, bitterness, and (Li etal., 2019)
(Fresh-cut) astringency tastes
Increased volatile compounds
Strawberry ND 0.5 Unaffected TA (Amiri et al., 2021)
Strawberry ND 41 Decreased TSS (Li et al., 2014)
Strawberry 254 nm 4.35 Increased aroma-producing ester volatiles and ADH and (Severo et al., 2015)
AAT transcript accumulation
Blueberry 254 nm 4 Inhibited soluble solid content (Xu et al., 2016)
Blueberry 254 nm 2.76 Decreased sugar (fructose and glucose) and total soluble (Yang et al., 2018)
sugar
AAT: alcohol acetyl transferases, ADH: alcohol dehydrogenase, ND: not determined, TA: titratable acidity, TSS: total soluble
solids
. . incidence of rot in red raspberries was inhibited by 15 — 20 %
3.7.  Microbial Decay upon UVC treatment at 2 and 4 kJ/m? after 12-d storage at 6

Postharvest microbial decay, primarily caused by Botrytis
cinerea, Rzihopus, and Colletotrichum, significantly affects
the shelf life of berries, making them highly susceptible to
spoilage (Kumar et al., 2018). Several studies have been
conducted on the effects of UVC treatment on microbial decay
in berries, as shown in Table 6. Xu and Liu (2017) showed that
blueberry decay incidence was suppressed by UVC treatment
at 6 kJ/m?2 compared to control, during 8-d storage at 4 °C.
Zhou et al. (2019) indicated that decay incidence in UVC-
treated blueberries at 2.67 kJ/m? (~17.69 %) was lower than
that in the control (~35.49 %) after 8-d storage. Similarly, the

°C (Gimeno et al., 2021). Besides, UVC at 0.5 — 2 kJ/m?
effectively inhibited gray mold decay in strawberries
inoculated with B. cinerea (Amiri et al., 2021; Jin et al., 2017).
Jin et al. (2017) also found that strawberries treated by UVC
at 2 kJ/m? had a 36.1 % and 24.2 % reduction in B. cinerea
lesion diameter after 9- and 12-d storage, respectively, at 5
°C. Adhikari et al. (2015) found that higher UVC-induced
inactivation rates were observed in fruits with smoother and
less hydrophobic surfaces (apples and pears) compared to
the ones in fruits with rougher surfaces such as strawberries
and raspberries. Thus, surface characteristic is a critical factor
for UVC efficiency.
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Table 6. Effect of postharvest ultraviolet-C treatment on berries’ microbial decay.
Tablo 6. Hasat sonrasi ultraviyole-C uygulamasinin dutsu meyvelerin mikrobiyal ¢iiriime (izerindeki etkisi.

Berries Waveleng Dose (kJ Effects References
th m~2?)

Blueberries 254 nm 4 Decreased decay incidence (Xu and Liu, 2017)
Blueberries 254 nm 6 Reduced decay (Nguyen et al., 2014)
Blueberry 275 nm 0.16 0.91-0.95 log reduction Escherichia coli (Haley et al., 2023)

(UVLED)
Blueberry ND 2.67 Reduced decay incidence and Botrytis cinerea, total (Zhou et al., 2019)
aerobic mesophilic bacteria, total mold and yeast
Blueberry 254 nm <11.4 Delaying and reducing B. cinerea and fungal infection (Jaramillo Sanchez et
al., 2021)

Blueberry 254 nm 4 Inhibited decay incidence (Xu et al., 2016)

Blueberry (in 254 nm 95-474 < 5.2 log reduction E. coli 0157:H7 (C. Liu et al., 2015)
water)
Raspberry 254 nm 105 Reduction of 1.1 log E. coli and 1 log Listeria (Adhikari et al., 2015)
monocytogenes
Red 254 nm 2and 4 Reduced rot incidence and total aerobic mesophilic (Gimeno et al., 2021)

raspberries bacteria, total mold and yeast

Strawberry ND 2 Inhibited gray mold decay by B. cinerea (Jin etal., 2017)
Strawberry ND 0.5 Decreased decay B. cinerea (Amiri et al., 2021)
Strawberry 254 nm 7.2 and Reduction of 2 log E. coli and 1 log L. monocytogenes (Adhikari et al., 2015)

11.9
Strawberry ND 4.0 Reduced microbial growth and total aerobic bacterial (M. Li etal., 2019)

(Fresh-cut)

count

ND: not determined

UVC treatment also had a significant impact on the safety of
berries through inactivating human pathogens. Berries are
highly susceptible to microbial contamination. Thus, several
studies have evaluated UVC’s effectiveness in inactivating
human pathogens in berries. For instance, Haley et al. (2023)
showed that UVC treatment at 0.16 kJ/m? and 275 nm caused
up to 0.95-log inactivation in E. coli on blueberries. UVC
treatment at higher doses (9.5 — 47.4 kJ/m?) and 254 nm
decreased E. coli O157:H7 count by 5.2-log in another study
(Liu et al., 2015). A 2-log reduction in E. coli and a 1-log
reduction in L. monocytogenes were obtained by UVC
treatment at 7.2 and 11.9 kJ/m? in strawberries (Adhikari et
al., 2015).

The inhibition of pathogens and microbial decay can also be
related to increasing phenolic compounds and antioxidants
(Amiri et al., 2021; Jin et al., 2016; Nigro et al., 2000). In
addition, PAL, chitinases, and B-1,3-glucanases are also
known as defense-related enzymes against pathogens (Abd
El-Rahman et al., 2012; Nigro et al., 2000; Pombo et al.,
2009). Chitinase hydrolyzes fungal cell wall chitin and (3-1,3-
glucanase releases the oligosaccharides pathogen
microorganism cell walls. After UVC treatment, their activity
and relevant gene (CCR-1 allele, CAT, CHI2, PPO, and PLAG)
expression were induced (Jin et al., 2017; Sheng et al., 2018).
Thus, these enzymes, phenolic compounds, and antioxidants
that are induced by UVC treatment might also be associated
with inhibition of microbial decay and relevant microorganisms
in berries. Therefore, overall results indicate that UVC
treatment effectively inhibits microbial decay, inactivates
pathogens, and enhances disease resistance against gray
mold in berries.

4. Effects of UVC combined with other
applications on berries’ physiology

Cold storage (Amiri et al., 2021; Nguyen et al., 2014; Ortiz
Araque et al., 2019), edible coating (Mannozzi et al., 2017),
Aloe vera gel (Sempere-Ferre et al.,, 2022), and active
packaging (Chiabrando et al., 2019) have been studied to
extend shelf life of berries. UVC treatment has been studied
as a non-thermal and non-chemical treatment for extending

shelf life (Green et al., 2020; Rabelo et al., 2020; Zhai et al.,
2021). Although postharvest UVC treatment has several
advantages like decreasing weight loss, inhibiting microbial
decay, and increasing phenolic compounds, antioxidant
capacity, and firmness, it can cause increased respiration rate
and ethylene production, and insufficient surface
decontamination in berries. Consequently, other physical or
chemical treatments combined with UVC treatments have
been studied, as shown in Table 7. For instance, Xu and Liu
(2017) conducted UVC treatment combined with 1-
methylcyclopropene (1-MCP), which is commercially used to
inhibit the ethylene action in climacteric fruits. The
combination of the two treatments showed better results in
maintaining the quality and extending the shelf life of
blueberries compared to using 1-MCP or UVC treatments
alone. Also, the combined treatment decreased ethylene
production in blueberries by 5.9 % and exhibited higher TAC
values than the control and individual treatments during 8-d
storage at 4 °C (Xu and Liu, 2017). Gimeno et al. (2021)
reported that a combination of passive modified atmosphere
packaging (MAP) and UVC (254 nm at 4 kJ/m?) treatment in
raspberries effectively delayed senescence, prolonged shelf
life, and increased bioactive compounds. Aqueous chlorine
dioxide (ClO2) and UVC combination inhibited microorganism
growth, delayed maturity and senescence, and extended the
shelf-life of blueberries (Xu et al., 2016). The efficiency of
combined treatment was higher than individual treatments
(UVC or CIOy). Li et al. (2014) indicated that 1 mM abscisic
acid (ABA) combined with UVC treatment (4.1 kJ/m?)
significantly enhanced antioxidant capacity in strawberries.
The strawberries treated with the combined ABA and UVC
produced less ethylene than those treated with UVC alone.
Mild heat treatment (45 °C, 3 h in air) and UVC combination
had higher effects on delaying spore germination of B. cinerea
in in-vitro assays compared to each treatment alone (Pan et
al., 2004). Also, Marquenie et al. (2003) showed that pulsed
white light (30 s pulses, 15 Hz, 40 to 250 s) combined with
UVC at 1 kJ/m? increased the inactivation Monilia fructigena
and B. cinerea in strawberries, compared to UVC alone. As a
result, combining UVC with additional treatments (mild heat
treatment, pulsed white light, ClO2, ABA, MAP, 1-MCP) may
lead to improved postharvest preservation of berries.
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Table 7. Effect of postharvest ultraviolet-C treatment and other combined applications on berries’ physiology.
Tablo 7. Hasat sonrasi ultraviyole-C uygulamasinin ve diger kombine uygulamalarin dutsu meyvelerin fizyolojisi lizerindeki etkisi.

Berries Treatments with
combination UVC

Combination effects

References

-inhibited microbial growth, respiration rate, weight loss, decay

(Xu et al., 2016)
incidence

-delayed maturity, senescence, and decline of firmness, color
-maintained shelf-life quality, anthocyanin content

-maintained quality
-extended shelf life

(Xu and Liu, 2017)

-inhibited respiration rate, ethylene production, decay

incidence, POD activity
-delayed softening

-increased total anthocyanin content

-delayed senescence
-prolonged shelf life

(Gimeno et al., 2021)

-maintained bioactive compounds

-enhanced antioxidant capacity

(Li et al., 2014)

-decreased ethylene production compared to UVC alone

- decreased total sugar content (slightly)

(Pan et al., 2004)

-delayed spore germination of B. cinerea

Blueberry Aqueous chlorine
dioxide (ClO2)
Blueberry 1-methylcyclopropene
(1-MCP)
Raspberry Modified atmosphere
packaging (MAP) film
Strawberry Abscisic acid (ABA)
Strawberry Heat treatment
Strawberry Pulsed white light

-increased inactivation of Monilia fructigena and B. cinerea

(Marquenie et al.,
2003)

5. Conclusion

UVC treatment is an effective, simple, and eco-friendly method
for preserving berry physiologies including reducing weight
loss, inhibiting cell wall metabolism, enhancing antioxidant
capacity and biosynthesis enzymes such as SOD, APX, and
CAT, and increasing phenolic compounds (flavonoids, non-
flavonoids, and their synthesis enzymes such as PAL, ANS,
etc.). Besides, it has great potential to inhibit microbial decay,
inactivate pathogens, and enhance disease resistance against
gray mold in berries caused by B. cinerea. However, UVC
treatment can cause increasing PPO and POD, thereby
causing enzymatic browning and degradation of flavor. In
addition, UVC treatment might increase respiration rate and
ethylene production, causing rapid senescence and flavor
degradation. On the other hand, UVC doses, berry types, and
other processing parameters are all important parameters for
UVC efficiency. Furthermore, combining UVC treatment with
other chemical and physical techniques like cold storage, 1-
MCP, MAP, ABA, and pulsed white light has increased the
efficiency of the control of berries’ postharvest physiology
compared to UVC treatment alone. Thus, the hurdle approach
could be more effective for berries postharvest term. Future
research may focus on the commercial applicability of the UVC
technology alone or in combination with other treatments for
controlling berries’ physiology. In addition, more research
needs to be conducted to understand the effects of UVC
exposure on berries’ sensory evaluation, ethylene production,
and respiration rates.
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Abstract: The objective of this study was to investigate Pichia kudriavzevii FOL-27’s: i) survivability in simulated gastric juice (SGJ) and
simulated bile juice (SBJ), ii) growth kinetics under batch bioreactor trials (BT) and fed-batch bioreactor trials (FBT). Viability of FOL-27
as determined by calculating relative cell density ratio (RCDR) under SGJ and SBJ conditions was conducted at pH=3, pH=2, pH=1.5,
and control and ox-bile levels of 0.2%, 1%, 2%, and control (0%), respectively. Microbial growth kinetics was obtained by measuring
absorbances at ODsoo in BT or in FBT where pH, dissolved oxygen (DO) and temperature were controlled at 5.5, 25%, and 30°C,
respectively. In addition, effect of DO at 12.5% or 25% were evaluated to determine the growth and performance of FOL-27 in FBT by
utilizing exponential feed. The doubling-time, maximum specific growth rate, and final cell densities achieved for BT were 101.8 min,
8.202 h't and 28.7, respectively. FBT at 25% O or 12.5% O: level yielded a doubling-time, maximum specific growth rate, and final cell
density of 90.18 min, 3.95 h', 22.51 and 88.8 min, 2.83 h'%, 26.6, respectively. RCDRs achieved were similar for pH=3 and control vs
both were significantly higher (p<0.05) than pH=1.5 and pH=2 with the latter two pH-levels were significantly different (p<0.05) from
each other. RCDRs were not significantly different across control, 0.2%, 1%, and 2% ox-bile levels (p>0.05). P. kudriavzevii FOL-27
exerts probiotic characteristics via tolerating SGJ and SBJ conditions similar to that of human gastrointestinal conditions. An observable
elevation in biomass when grown under FBT conditions reveals that P. kudriavzevii FOL-27 is compatible to bioprocess development.

Keywords: P. kudriavzevii FOL-27, probiotics, fed-batch, bioprocess, dissolved-oxygen.

Yeni bir Pichia kudriavzevii FOL-27'nin simule edilmis mide sindiriminde
hayatta kalma yetenegi ve biyoproses uyumlulugu

Ozet: Bu galigmanin amaci, Pichia kudriavzevii FOL-27'nin: i) simiile edilmis mide suyu (SGJ) ve simiile edilmis safra suyunda
(SBJ) hayatta kalma kabiliyetini, ii) kesikli biyoreaktdér denemeleri (BT) ve beslemeli kesikli biyoreaktor (FBT) denemeleri altinda
buyiume kinetigini arastirmaktir. SGJ ve SBJ kosullar altinda bagil hiicre yogunlugu oraninin (RCDR) hesaplanmasiyla belirlenen
FOL-27'nin canliigl, pH=3, pH=2, pH=1,5'te ve %0,2, %1, %2 ve kontrol (%0) sigir-safrasi seviyelerinde gergeklestirildi. Mikrobiyal
blylme kinetigi, pH’'nin ¢ézlinmis oksijenin (DO) ve sicakligin sirasiyla 5,5, %25 ve 30°C'de kontrol edildigi BT veya FBT'de
ODsoo'de absorbanslarin élgilmesiyle elde edildi. Ek olarak, logaritmik besleme kullanilarak FOL-27'nin FBT'deki blylUmesini ve
performansini belirlemek igin DO'nun %12,5 veya %25'teki etkisi degerlendirildi. BT icin elde edilen iki katina ¢ikma siresi,
maksimum spesifik biiylime orani ve nihai hiicre yogunluklari sirasiyla 101,8 dakika, 8,202 h-! ve 28,7 olarak tespit edildi. %25 O2
veya %12,5 O2 seviyesindeki FBT, sirasiyla 90,18 dakika, 3,95 h1, 22,51 ve 88,8 dakika, 2,83 h', 26,6'lik bir ikiye katlama s(iresi,
maksimum spesifik buyiime orani ve nihai hicre yogunlugu sagladi. Elde edilen RCDR'ler pH=3 igin benzer ve kontrole karsi her
ikisi de pH=1.5 ve pH=2'den 6nemli dlglide daha yliksek olarak bulundu (p<0.05). Son iki pH seviyesi ise birbirinden 6nemli dlglide
farkli RCDR ile sonuglandi (p<0.05). RCDR degerleri kontrole karsi %0,2, %1 ve %2 sigir-safra seviyeleri arasinda 6nemli 6l¢ctide
farkli olarak bulunmadi (p>0,05). P. kudriavzevii FOL-27, insan gastrointestinal durumlarina benzer SGJ ve SBJ kosullarini tolere
ederek probiyotik 6zellikler sergileyebilmektedir. FBT kosullari altinda blyutuldiginde biyokitlede gézlemlenebilir bir artig, P.
kudriavzevii FOL-27'nin biyoproses gelistirme konusunda uyumlu oldugunu ortaya koymaktadir.

Anahtar Kelimeler: P. kudriavzevii FOL-27, probiyotikler, kesikli besleme, biyoproses, ¢6zinmus oksijen.
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1. Introduction

Fermentation technique is one of the oldest technics used to
preserve food and enhances the aroma and flavour of the food
systems. In addition, products such as enzymes, vitamins or
antimicrobials can be produced by fermentation. Therefore,
fermentation technology is still being considered as one of the
critical applications in fermented food industry. The most
common microorganisms used for production of fermented
beverages and foods are bacteria and yeast (Alakeji and Oloke,
2020). Yeasts are being classified under eucaryotic organisms
and are unicellular. The history of the yeasts goes back to
ancient times, and it is still one of the most important organisms
used by human beings (Liti, 2015). For example, yeasts have
been used to produce bread, wine, and beer for thousands of
years. When selecting a yeast organism for manufacturing an
alcoholic beverage, the major criteria would be ethanol
production rate during fermentation and its contribution to the
sensorial profile of the resulting product (Walker, G.M, 2016).
Yeasts can exist in variety of different ecological niches such as
plant-based or even animal-derived systems which they could
impact the organoleptic properties of foods (Chelliah et al.,
2016).

Yeasts could rapidly form colonies when grown in nutrient-rich
environments and co-exist with other microorganisms such as
probiotic bacteria (Yetiman et.al 2022). Yeasts are extremely
influential in the realms of biotechnology, food, everyday
chemicals, and pharmaceuticals, and they have played a crucial
role in human development throughout history. They were
domesticated to power industrial fermentations and have been
genetically altered for the manufacturing of pharmaceuticals
and industrial chemicals. Normally, they predominate in
spontaneously fermented foods, adding to desired tastes. Of
these, Saccharomyces cerevisiae is thought to be a prominent
workforce for bioprocesses because of its well-characterized
physiology, ease of engineering, and reputation as "generally
regarded as safe." (Nielsen, 2019). However, S. cerevisiae
biotechnological processing is becoming more difficult, in part
because of its innate traits, which include low stress tolerance
and limited carbon sources (Thorwall et al., 2020). Furthermore,
it is challenging to satisfy the wide range of consumer demands
when S. cerevisiae is the only strain used in controlled
fermentation operations, which limits the sensory qualities of
products (Steensels & Verstrepen, 2014). Because of these
disadvantages, non-conventional yeasts have become popular
biotechnological hosts because of their beneficial phenotypes,
which include inherent stress tolerance, the capability to
metabolize a variety of carbohydrates, and the release of
distinct tastes. Most of the probiotic research in the literature
has been conducted bacterial organisms. For example, lactic
acid bacteria from the species Lactobacillus and
Bifidobacterium are commonly studied and produced in
probiotic dietary  supplements (Saavedra, 2001).
Bifidobacterium bifidum and Streptococcus thermophilus
effectively reduce acute diarrheal and rotavirus transmission
(Vlasova et al., 2016; Martinez. et al., 2015; Sharma et al.,
2014). The positive effects seen in the intestine may be due in
part to the induction of protective antimicrobials (Power et al.,
2014) which could possess antagonistic properties (Cintas et
al., 2001). Probiotic yeasts have gained popularity in recent
years, not just for animal nutrition preparations as well as for
clinical applications. Currently, the yeast Saccharomyces
boulardii is one of the most common yeast-based probiotic
dietary supplements especially prescribed to those showing
diarrhea-type diarrheal intestinal symptoms. It has been
reported that S. boulardii was discovered by experimental
methods, so this yeast species offers antitoxin properties for a
variety of gastrointestinal diseases (Vandenplas et al., 2009;

Buts, 2009). As a result, it is regarded as a non-bacterial
probiotic product. Many mechanisms have been reported to
explain the vast range of health-supporting effects of food-
grade yeast ingestion (Czerucka et al., 2007). Antibiotic-
associated and infectious diarrhea including recurrent
Clostridium difficile; irritable bowel syndrome; and inflammatory
bowel disease are some of the diseases that probiotic yeasts
are shown effective in clinical trials (Foligné et al., 2010).

This species was formerly known as Issatchenkia orientalis and
was later renamed Pichia kudriavzevii by Kurtzman et al.
(2008). This species is distinguished by the production of
spherical ascospores.

Initially, it was suggested that Candida krusei, which is
frequently used to refer to clinical isolates, was P. kudriavzevii's
asexual form (anamorph), as they shared the same sequences
in the D1/D2 sections of the 26S ribosomal DNA (Kurtzman et
al., 2008). The non-conventional yeast Pichia kudriavzevii is
found in traditionally fermented foods in the world and is widely
distributed in natural habitats. Chelliah (2016) reported that
several experimental evaluations on Pichia kudriavzevii
resulted in technological advantages for sustainable bioenergy
production of this yeast species. It has also been isolated as an
indigenous microbiota in olive fermentation and pickled wax
gourd (Golomb et al., 2013, Wu et al., 2016). When nutritional
constraints are induced, P. kudriavzevii exhibits dimorphic
transitions marked by the establishment of pseudohyphae and
the creation of biofilms (Van Rijswijck et al., 2014), (Gémez-
Gaviria & Mora-Montes, 2020). According to Chu et al. (2023),
extremely low pH stress also causes pseudohyphae to grow
and multicellular clusters to gradually evolve; these processes
are incompatible with mass transfer bioprocess development.
This phenotype differs from C. albicans (Villa et al., 2020).
Because the creation of biofiim is thought to be linked to
invasive growth and food spoiling, it has gained interest in both
medical studies and the industry of food. P. kudriavzevii is found
in many naturally fermented foods across the world, which may
be partially attributed to its strong resilience to environmental
challenges. This makes the species a promising strong
framework for chemical biosynthesis. According to Chelliah
(2016), no reports has been found on probiotic evaluation of P.
kudriavzevii. Moreover, apart from Gumustop and Ortakci
(2022) no reports have been found on evaluating the bioreactor
processability and biomass optimization of probiotic candidate
P. kudriavzevii strains. We isolated a novel P. kudrivzevii FOL-
27 strain from fermented plant material called “Shalgam” and
performed in vitro gastrointestinal survival experiments to
determine fundamental probiotic characteristics along with
bioreactor trials to optimize biomass development of this novel
strain. To our knowledge, no reports have been published on
this novel isolate with regards to its simulated gastric survival
and bioprocess development capacity.

2. Materials and Methods
2.1. DNA isolation and PCR Fingerprinting

P. kudriavzevii FOL-27 culture was medium in YPS or yeast
extract peptone sucrose, is a complete medium for yeast
growth and incubated aerobically at 30 °C for 24h with 225 rpm.
DNA extraction was performed according to DNA extraction kit
manufacturer’s protocol. The DNA of P. kudriavzevii FOL-27
was kept at 4°C upon isolation. The conserved region of 5.8S
ITS rRNA was amplified using ITS1 and ITS4 primers. D1/D2
domains of the 26S rRNA region was amplified using NL1 and
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NL4 primers. The nucleotide sequence of primers used in the
PCR runs were shown in Table 1. The individual components
of PCR mix were purchased from Transgen Biotech. PCR
reagents and final concentrations are shown in Table 2. PCR
cycling started with thermal cycling and the first denaturation of
samples at 95°C for 5 min. The denaturation phase started at
94°C for 30 seconds followed by annealing which occurred at
following temperatures of 55°C (ITS1/4), 52.5°C (NL1/4). For
extension phase, specimens were extended at 78°C for 2
minutes. All three phases were repeated 36 times. Samples
were incubated at 72°C for 10 min for the last extension step.
Then, samples were stored at 4°C. After PCR amplification,
specimens were run on 1% agarose gel with 140 voltage. NL
primer amplified DNA product was further processed for
sanger sequencing application. Sanger sequencing reads
were evaluated by using the NCBI's BLAST tool.

Table 1. Primer names and their sequences.
Tablo 1. Primer adlari ve bunlarin sekanslari.

Primer Name Sequence

ITS1 TCCGTAGGTGAACCTGCGG

ITS4 TCCTCCGCTTATTGATATGC

NL1 CGCATATCAATAAGCGGAGGAAAAG
NL4 GGTCCGTGTTTCAAGACGG

Table 2. Components of PCR reactions.
Tablo 2. PCR reaksiyonlarinin bilesenleri.

Final
Component Volume (4L) Concentration
Template DNA 2 -
Forward primer (10 uM) 1 0.2 uM
Reverse primer (10 uM) 1 0.2 uM
10X EasyTag® buffer 5 1X
2.5 mM dNTPs 4 0.2 uM
EasyTaq® DNA 1 2.5-5 units
polymerase
Nuclease-free water 36 -
Total volume 50 -

2.2. Inoculum preparation

YPS was prepared with the following w/w inclusions of 1%
yeast extract, 2% peptone, and 2% sucrose in a shake flask.
First, a cryovial of P. kudriavzevii FOL-27 stored at -80°C was
subculture in a 10 mL YPS broth at 30°C for 24h. After pre-
inoculation, a 1% v/v of sub-cultured FOL-27 was inoculated
into a 50 mL of YPS media placed in Erlenmeyer flask followed
by incubation at 30°C for 24-h with 225 rpm shaking. At the end
of incubation optical density of samples was measured at 600
nm by using Shimadzu UVmini-1240 spectrophotometer.

2.3. Cultivation in batch bioreactor

For batch fermentation, bioreactor was filled with 650 mL of
YPS media which was inoculated with a 50 mL of pre-cultivated
P. kudriavzevii FOL-27. Since batch fermentation doesn’t
require any fresh media to feed in and cultures to harvest while
running the process neither fresh media was added nor grown
cells were removed from the bioreactor. The temperature, pH
and dissolved oxygen (DO) levels were controlled at 30°C, 5.5,

and 25% during the entire batch fermentation process,
respectively. The samples were taken every 2h until the first 6-
h of the fermentation, and the fifth sampling was carried out at
22h for ODsoo measurements to determine biomass
development of FOL-27. Upon cease of fermentation, another
50 mL of fermentative were taken, and the samples were
centrifuged to discard the supernatant after which they were
put into the incubator until they dry out to determine dry weight
of P. kudriavzevii FOL-27.

2.4. Cultivation in fed-batch bioreactors

Fed-batch bioreactor trials were carried out to evaluate the
performance boost in terms of biomass yield and to test the
effect of two different DO levels on growth and performance of
P. kudriavzevii FOL-27 strain. Fed-Batch bioreactor
fermentations started off with 700 mL of YPS media. A 50 mL
of pre-cultivated P. kudriavzevii FOL-27 strain was inoculated
into bioreactors. The temperature and pH of the bioreactors
were maintained at 30°C, and 5.5 respectively, while dissolved
oxygen levels were adjusted to 25% (control) or 12.5%
(treatment) through the entire fermentation process. A sterile
33.3% sucrose solution was prepared for the fed-batch phase
and feed pumps were kicked in from 6h onset of fermentation.
Fed-batch fermentations were allowed to continue for 20h in
which samples were taken every hour until 12h after which
samples were taken every two hours for OD measurements at
600 nm. Fed-Batch bioreactor trials were performed in
duplicates.

2.5. Simulated gastric and bile juice

To evaluate the survival of FOL-27 under simulated gastric
juice and simulated bile juice, modified methods from Sun &
Griffiths (2000), Yetiman et al. (2022), Klaenhammer &
Kleeman (1981), Song et. al. (2003) were applied. To prepare
SGJ, YPS media was adjusted to pH conditions of control (no
acid supplementation), pH = 1.5, pH = 2, and pH = 3 by adding
HCI solution. To prepare SBJ, YPS broth was supplemented
with control (no bile), 0.2%, 1%, and 2% (w/v) ox bile extract
(Sigma, Germany). Later, each treatment condition was
inoculated with P. kudriavzevii FOL-27 fresh culture followed
by incubation at 30°C x 200 rpm shaking conditions for 48 h.
The final optical cell densities were achieved by using
Shimadzu UVmini-1240 spectrophotometer at a wavelength of
600 nm. The trials were conducted in 3 reps and results were
shown as relative cell density ratio (ODsoo tfinal/ODeoo to).
Statistical analysis was conducted using the analysis of
variance (ANOVA) and Tukey tests in excel.

3. Results and Discussion

3.1. PCR and sanger sequencing

The DNA samples amplified with NL primers are shown in
Figure 1. However, there was nothing observed on the sample
that was amplified with ITS primers. For this reason, the PCR
product that was amplified with NL primer was sent for
sequencing. The BLAST tool (Altschul et al., 1990) was used
to examine the Sanger sequencing results. Examining genetic
links among Pichia species has been made possible by
phylogenetic analysis of gene sequences. The PCR fragment
of the NL primer was found on the CKS5 large subunit ribosomal
RNA gene of Pichia kudriavzevii strain with 99.47% similarity
and a 0.0 E-value score, according to BLAST data.
Furthermore, when we checked the BLAST result, the close
species was found Pichia occidentalis have 99.27% homology.
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Nuclear DNA reassociation was used to identify Issatchenkia
occidentalis as a unique species among strains of P.
kudriavzevii and the taxonomy database presently lists
Issatchenkia occidentalis as a synonym for P. occidentalis
(Kurtzman et al., 2008).

Figure 1. Gel picture of NL primers amplified DNA fragments.
Sekil 1. NL primerleri ile amplifiye edilmis DNA pargalarinin jel
resmi.

3.2. Biomass in batch cultivation

The biomass evolution of P. kudriavzevii FOL-27 over time is
shown in Fig 2. The samples were taken for the first 6 hours,
after last sample was taken at around 22h after which
stationary phase has been approached. Results indicated the

HISTORY bour Fell

lag and log phases of P. kudriavzevii FOL-27 was achieved at
around 3 and 7 h, respectively (Figure 2).

Batch Trial

y=1,233x + 3,7855
R*=0,8104
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Final OD,
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Figure 2. Evolution of biomass over time for batch
fermentations.

Sekil 2. Batch fermantasyonlar igin biyokiitlenin zaman igindeki
gelisimi.

Throughout the batch trial pO2 and pH were controlled. The pH
decline started at 8" hour perhaps due to acid production in the
environment and base pump dosed NaOH until pH level
reaches pH=5.5. The stirrer maintained a constant mixing to
avoid sedimentation and uniformity across the medium (Figure
4). During the batch trials, the doubling-time, maximum specific
growth rate, and final cell densities achieved were 101.8 min,
8.202 h! and 28.7 respectively.

Figure 3. The evolution of pOz, pH, agitation, temperature, base pump duration over time. The graph shows the pH level (blue), stirrer

(pink), base pump duration (dark blue), total flow(grey).

Sekil 3. pO2, pH, calkalama, sicaklik, temel pompa stiresinin zaman icindeki gelisimi. Grafik pH seviyesini (mavi), karistiricty! (pembe),

temel pompa siiresini (koyu mavi), toplam akisgi (gri) gésterir.
HISTORY bt | Zay Full

i
i

Figure 4. The evolution of pH (light blue) and base pump duration (orange line), dissolved oxygen (pOz) (orange), airflow rate (grey),
and stirrer rate (pink) against time during fed-batch cultivation. pO2 set to 12.5%.

Sekil 4. Beslemeli kesikli ekim sirasinda pH'in (agik mavi) ve baz pompa sliresinin (turuncu ¢izgi), ¢6ziinmiis oksijenin (pO2) (turuncu),
hava akis hizinin (gri) ve karistirici hizinin (pembe) zamana karsi gelisimi. pO2 %12.5°e ayarlanmisgtir.
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3.3. Biomass in fed-batch cultivation

Fed-batch trials (FBT) at 25% pO2 or 12.5% pO: yielded
doubling-time, maximum specific growth rate, and final cell
densities of 90.18 min, 3.95 h, 22.51 and 88.8 min, 2.83 h,
26.6, respectively (Figure 5 and 6). Similar biomass yields
were achieved in the first 12 hours of bioreactor cultivation.
Later, biomass yield was increased perhaps due to feeding
with 33.3% sucrose. The stirrer and airflow intake through the
cascade system were used to modify pre-set levels of
dissolved oxygen throughout the fed-batch operation.

Fed-Bacth 25% 02 level

30
y=1,1512x+ 1,4816
= R*=0,9317

Final OD

25

Timepoint

Figure 5. Evolution of biomass over time in fed-batch 25% pO2
level bioreactor.

Sekil 5. Beslemeli kesikli %25 pO:2 seviyeli biyoreakt6rde
biyokiitlenin zaman igindeki gelisimi.
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Figure 6. Evolution of biomass over time in fed-batch at 12.5%
pO: level bioreactor.

Sekil 6. Beslemeli kesikli %12.5 pO2 seviyeli biyoreaktbrde
biyoklitlenin zaman igindeki gelisimi.

The pH was oscillating at 5.4 at the onset of the batch
operation, as shown in Figures 4 and 7. At that point, the base
pump starts in and raises the pH to 5.5. When the pH rises to
above 5.5, the base pump shuts down. At around 10h, the base
pump resumes to adjust the pH of the fermentate in the vessel.

At around 6h after the inoculation, a pH bump was seen (Figure
7) perhaps because of P. kudriavzevii FOL-27 producing more
alkaline characteristic metabolite than acidic. According to
ANOVA results, no significant difference seen between means
of biomass in FBT at 25% pO2 or 12.5% pO:2 level (p=0.83).
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Figure 7. The evolution of pH (light blue) and base pump duration (orange line), dissolved oxygen (pOz) (orange), airflow rate (grey),
and stirrer rate (pink) against time during fed-batch cultivation. pO2 set to 25%.

Sekil 7. Beslemeli kesikli ekim sirasinda pH'in (agik mavi) ve baz pompa stiresinin (turuncu ¢izgi), ¢6ziinmiis oksijenin (pQOz2) (turuncu),
hava akis hizinin (gri) ve karistirici hizinin (pembe) zamana karsi gelisimi. pO2 %25’e ayarlanmistir.

3.4. Survival against SGJ and SBJ

The SGJ survivability trials indicated that P. kudriavzevii FOL-
27 can proliferate in pH=3 at a similar rate to control condition
of pH=6.5 (p > 0.05). When the pH was below 2; however, the
viability of P. kudriavzevii FOL-27 significantly declined
(p<0.05). According to ANOVA, viability of P. kudriavzevii FOL-
27 between pH=2 vs pH=1.5 was significantly different (p<
0.05). (Table 3).

P. kudriavzevii FOL-27 can grow in YPS media with a bile salt
concentration of 0.2 percent. Furthermore, when the bile
concentration is greater than 1%, P. kudriavzevii FOL-27 is still
alive. Moreover, when the bile salt concentration is between
1% and 2%, no significant difference in survival of P.
kudriavzevii FOL-27 was achieved (p=0.86) (Table 4).

Table 4. Survival of P. kudriavzevii FOL-27 under SBJ.
Tablo 4. P. kudriavzevii FOL-27'nin yapay safra ortaminda
hayatta kalmasi.

Table 3. Survival pf P. kgdriavzevii EOL-27 agaipst SGJ. Bile Salt Relative Cell Standard
Tablo 3. P. kudriavzevii FOL-27’nin yapay mide ortaminda Concentration Density Ratio Deviation
hayatta kalmasi. (%) (ODéo0o tfinalr ODsoo
pH Relative Cell Density Ratio Standard to)
(ODsoo tina/ODeoo to) Deviation 0 (control) 19.22 +0.77
15 2.03° 0.5 0.2 18.12 10.61
2 13.8° 2.0 1 18.32 +1.26
3 25.22 4.2 2 19.08 1+2.63
6.5 (control) 24,92 5.7
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P. kudriavzevii has been identified as a potential candidate for
ethanol production (Diaz-Nava et al., 2017). P. kudriavzevii is
an unusual yeast that can withstand a variety of stresses,
including low pH, elevated temperature, and high salt
concentrations. In the manufacture of xylonic acid, lactic acid,
and succinic acid, the potential for genetic engineering of P.
kudriavzevii for organic acid synthesis has been established
(Ndubuisi et al.,, 2020). P. kudriavzevii can use glucose,
fructose, and glycerol as carbon sources. On the other hand,
P. kudriavzevii ITV-S42, does not use sucrose or xylose sugars
and ferments ethanol when sugar concentrations are high
(Diaz-Nava et al., 2017). Ndubuisi et al. (2020) demonstrated
that the first 7.5 hours of P. kudriavzevii LC375240 growth
weas practically identical across 30°C and 37°C. In the present
study, the biomass development of P. kudriavzevii FOL-27 was
evaluated at 30°C and a stationary phase was reached at 10
h. The results of SGJ and SBJ tests suggested that P.
kudriavzevii FOL-27 could be a probiotic yeast strain owing to
the resilience and survivability seen in acid and bile conditions
mimicking human gastric digestion system. A previous study
on probiotic characterization of isolated yeasts from Iranian
traditional dairies showed that Pichia fermentans and Pichia
kudriavzevii yeast strains showed probiotic potentials because
of exhibiting antibacterial and antifungal properties (Saber et
al., 2019). P. kudriavzevii FOL-27 is resistant to bile salts at
concentrations comparable to other P. kudriavzevii strains
examined, for example M31, M30, M29, M28, M26, 06, G6,
G5 (Greppi et al., 2017). Similar to FOL-27, those strains
survived satisfactorily at pH=2. Previous research has shown
that the carbon source has a significant impact on P.
kudriavzevii kinetic characteristics (Diaz Nava et al., 2017).
Conditions of oxygen limitation encourage ethanol production
but not biomass development in some yeast species. As a
result, two-step fermentation methods have been designed: an
aerobic stage to produce vast amounts of biomass, followed by
a low-oxygen stage to increase ethanol production and the
kinetic study was carried out on P. kudriavzevii 4A in an
oxygen-limited environment. (Galafassi et al.,, 2010). P.
kudriavzevii FOL-27 exhibited tolerance to 12.5% oxygen level.
Chen et al. (2010) reported that raw milk isolates of P.
kudriavzevii strains of BY15 and BY10 demonstrated probiotic
capacity with regards to their survivability in SGJ and SBJ. The
probiotic properties of the P. kudriavzevii FOL-27 strain used
have not been tested before. Therefore, acid-bile tolerance
tests were carried out on the strains.

4. Conclusion

Probiotics research has been rapidly evolving in recent years,
such as the use of probiotic yeast strains, which has been
underutilized so far but is becoming increasingly attractive. The
most recent research demonstrates the immense potential of
probiotic yeast in the food market, as well as the application of
their special characteristics that are not present in probiotic
bacteria. Many of the properties of the most well-known
probiotic yeast, S. cerevisiae var. boulardii, have been studied,
including positive effects on human health and negative or
positive impacts on food products. In this study, the potential
probiotic activity of a newly isolated P. kudriavzevii FOL-27
strain was investigated under simulated gastric juice and
simulated bile juice conditions. We found that FOL-27 is can
tolerate high ox-bile salt and low pH conditions mimicking the
human gastrointestinal conditions. P. kudriavzevii FOL-27 was
also subjected to batch reactor and fed-batch reactor
conditions to characterize its growth kinetics. Fed-batch
fermentation trials using an exponential feeding regimen with
33.3% sucrose supplementation yielded significantly more final
biomass than batch trial, as determined by optical density at
600 nm wavelength. Our study demonstrates the preliminary
data for probiotic potential of P. kudriavzevii FOL-27 and
provides tools to improve the biomass development and
fermentation growth kinetics of this newly isolated yeast
strain. P. kudriavzevii FOL-27 carries potential durableness in

harsh conditions of SGJ and SBJ, and possesses bioprocess
compatibility, leading further probiotic characterizations via in
vitro and in vivo experiments. P. kudriavzevii is a food
fermentation starter culture that can be used to increase
fermentation efficiency and achieve controlled food
processing. It is commonly found in and dominates
spontaneously fermented foods, which lead to distinctive
flavors and demonstrate its probiotic potential.
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