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ABSTRACT
Induction of UV Protective Metabolite in Antarctic Chlorella sp. ASYA34
and Scenedesmus sp. ASYA49
Duygun, Biisra
Master Thesis, Molecular Biology and Genetics Department, Molecular Biology
and Genetics Program
Supervisor: Prof. Dr. Turgay CAKMAK
January, 2024. 84 Pages.

Concerns about the decline of natural resources, climate change and population
growth, which have emerged as the three main problems of the current century,
contribute to the focus on microalgae. The increase in chemicals such as
chlorofluorocarbon products used with industrialization is causing ozone depletion,
which increases human exposure to UV radiation. In industry, various products have
been developed in the fields of health and cosmetics to protect against intense UV
radiation. In addition to synthetically produced UV protectants, the demand for
environmentally friendly UV protective materials derived from natural sources has
increased. One of the natural UV protective compounds is mycosporine-like amino
acids (MAA) produced by microalgae. Microalgae are powerful, highly diverse, and
widely distributed microorganisms. They produce various secondary metabolites to
adapt to abiotic stresses such as light, temperature, pH and salt. The aim of this thesis
was to show which stress group may be the most suitable to induce MA A production
in microalgae isolated from Antarctica by applying salt, temperature, high PAR, UV-
A/B radiation stress factors.

Since polar microalgae are exposed to many stress conditions along with intense UV
exposure, Chlorella sp. ASYA34 and Scenedesmus sp. ASYA49 isolated from
Antarctica were considered as potential species for this study. First, the microalgae
isolated from Horseshoe Island in Antarctica were identified and their total saccharide,
protein, and fatty acid profiles were determined. Then, after applying nine different
stress conditions, the parameters that maximized the MAA production were
determined. Finally, MA A was extracted under appropriate stress conditions and then,

characterization was performed by HPLC.
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The results showed that Scenedesmus sp. ASY A49 was richer in total saccharide,
protein, and fatty acid content than Chlorella sp. ASY A34. When MAA production
potentials were evaluated under different stress conditions, only UV-B and low
temperature stresses showed a significant effect on induction of MAA production.
Subsequent characterization by HPLC showed that the putative MAA at 320 nm
synthesized in Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 was likely to be
palythine and no other MAA was found in the chromatogram, indicating that these
species can be used as natural MA A sources. Since MAA production in Scenedesmus
species is not found in the literature, it can be considered as a new source with this
study and evaluated as a raw material for cosmetic and pharmaceutical industries.

Keywords: mycosporine-like amino acids, UV protectant, microalgae, climate change
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OZET

Antarktik Chlorella sp. ASYA34 ve Scenedesmus sp. ASYA49' da UV

Koruyucu Metabolitlerin Indiiksiyonu

Duygun, Biisra
Yiiksek Lisans Tezi, Molekiiler Biyoloji ve Genetik Boliimii, Molekiiler
Biyoloji ve Genetik Program
Damsman: Prof. Dr. Turgay CAKMAK
Ocak, 2024. 84 Sayfa.

I¢inde bulundugumuz yiizyilm ii¢ temel sorunu olarak ortaya ¢ikan dogal kaynaklarm
azalmasi, iklim degisikligi ve niifus artisina ilisgkin endiseler mikroalglere
odaklanilmasina katkida bulunmaktadir. Sanayilesme ile kullanilan kloroflorokarbon
tirtinleri gibi kimyasallarm artmasi ozon tabakasiin incelmesine neden olmakta, bu da
insanlarm UV radyasyonuna maruz kalmasmi artirmaktadir. Endiistride, yogun UV
radyasyonundan korunmak i¢in saglik ve kozmetik alanlarinda c¢esitli triinler
gelistirilmistir.  Sentetik olarak iiretilen UV koruyucularm yami sira, dogal
kaynaklardan elde edilen ¢evre dostu UV koruyucu malzemelere olan talep artmustir.
Dogal UV koruyucu bilesiklerden biri de mikroalgler tarafindan tretilen mikosporin
benzeri amino asitlerdir (MAA). Mikroalgler gii¢lii, ¢cok cesitli ve yaygm olarak
dagilmis mikroorganizmalardir. Isik, sicaklik, pH ve tuz gibi abiyotik streslere uyum
saglamak icin cesitli ikincil metabolitler {iretirler. Bu tezin amaci, tuz, sicaklik, yiiksek
PAR, UV-A/B radyasyon stres faktorlerini uygulayarak Antarktika'dan izole edilen
mikroalglerde MAA firetimini indiiklemek i¢in hangi stres grubunun en uygun
olabilecegini gostermektir.

Kutup mikroalgleri yogun UV maruziyeti ile birlikte bircok stres kosuluna maruz
kaldigindan, Antarktika'dan izole edilen Chlorella sp. ASY A34 ve Scenedesmus sp.
ASYA49 bu galisma i¢in potansiyel tiirler olarak degerlendirilmistir. Ilk olarak,
Antarktika'daki Horseshoe Adasi'ndan izole edilen mikroalgler tanimlanmis ve toplam
sakkarit, protein ve yag asidi profilleri belirlenmistir. Ardindan, dokuz farkli stres
kosulu uygulandiktan sonra, MAA iiretimini en {iist diizeye ¢ikaran parametreler
belirlenmistir. Son olarak, MAA uygun stres kosullar1 altinda ekstrakte edilmis ve
ardindan HPLC ile karakterizasyonu gerceklestirilmistir.
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Sonuglar, Scenedesmus sp. ASY A49' un toplam sakkarit, protein ve yag asidi icerigi
bakimindan Chlorella sp. ASYA34' ten daha zengin oldugunu gostermisti. MAA
tiretim potansiyelleri farkli stres kosullart altinda degerlendirildiginde, yalnizca UV -B
ve diisiik sicaklik stresleri MAA {iretiminin indiiksiyonu iizerinde 6nemli bir etki
gostermistir. Daha sonra HPLC ile yapilan karakterizasyon, Chlorella sp. ASYA34 ve
Scenedesmus sp. ASYA49' da sentezlenen 320 nm' deki varsayilan MAA' nin
muhtemelen palitin oldugunu ve kromatogramda bagka bir MAA bulunmadigini
gostermistir, bu da bu tiirlerin dogal MAA kaynaklar1 olarak kullanilabilecegini
gostermektedir. Scenedesmus tiirlerinde MAA iiretimi literatiirde bulunmadigindan,
bu calisma ile yeni bir kaynak olarak degerlendirilebilir ve kozmetik ve ilag endiistrisi
icin bir hammadde olarak degerlendirilebilir.

Anahtar Kkelimeler: mikosporin benzeri amino asitler, UV koruyucu, mikroalg, iklim

degisikligi
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1. INTRODUCTION

1.1 Climate Change

Climate change refers to changes in average weather conditions in the atmosphere, sea
levels, land surfaces, and oceans across the world, usually over a long-term period.
Climate change is often attributed to increased emissions of greenhouse gases due to
human activities. These gases create a greenhouse effect by accumulating in the
atmosphere and trapping some of the sun's rays that reach the planet's surface, causing
average temperatures to rise around the world. Possible impacts of climate change
include an increase in sea levels because of the melting of polar ice caps, changes in
ecosystems that will lead to loss of biodiversity, and depletion of agricultural and water
resources. In another case, increased carbon dioxide causes the oceans to become more
acidic, threatening the survival of organisms in marine habitats.

Global warming, caused by human activities such as burning fossil fuels and
deforestation, is a significant environmental problem (Houghton, 2005). It leads to an
increase in the average temperature on Earth, resulting in more frequent and severe
natural disasters (Venkataramanan, 2011). The impact of global warming on public
health is also a concern, with increased morbidity and mortality from heat stress,

weather disasters, and the proliferation of diseases (Y oganathan, 2001).

1.2 Ozone Layer

The ozone layer, a high concentration of ozone in the stratosphere, plays a crucial role
in protecting life on Earth by absorbing harmful UV-B radiation from the sun (Jain
2020). This layer plays a role in regulating atmospheric conditions that are important
for the survival of life. This prevents such rays, which have negative effects on the
genetic material of living organisms, from reaching the Earth. However, human
activities, particularly the release of chemicals like chlorofluorocarbons (CFCs), have
led to its depletion, resulting in increased UV radiation reaching the Earth's surface
(Hayman, 1997). This depletion has led to increased UV radiation, global warming,
and disruptions in atmospheric chemistry, all of which have significant implications

for human health and the environment (Ashmore 1991). Efforts to mitigate this



depletion, such as the Montreal Protocol, have been implemented, and the recovery of

the ozone layer is expected by the middle of the 215 century (Abdullah 2021).

1.3 Ultraviolet (UV) Rays

Solar radiation is made up of 5% ultraviolet rays, consisting of 95% is UV -A, 5% is
UV-B, 40% is photosynthetic active radiation (A=400-700 nm), and the remainder is
infrared radiation (>800 nm). Ultraviolet (UV) rays are a type of electromagnetic
radiation that forms part of the electromagnetic spectrum beyond visible light. These
rays are divided into three subcategories depending on their wavelength: UV-A
(A=320-400 nm), UV-B (A=280-320 nm) and UV-C (A=100-280 nm) (Baron and
Suggs, 2014). These categories are ordered according to the length of their
wavelengths and show various biological and chemical effects through their
interactions.

The ratio of UVA to UVB on the surface of the earth is 20:1. UV A is less affected by
air conditions and altitude since it has a longer wavelength than UVB. UV -A makes
up the bulk of sunlight and can cause skin tanning, aging, and damage to some skin
cells. It has indirect adverse effects on DNA that cause ROS formation. UV -B rays,
are the most harmful type of radiation that interferes with the production of melanin in
the skin and can therefore cause sunburn. Excessive UV -B exposure can be absorbed
by DNA and increase the risk of skin cancer. It can also affect photosynthesis in plants.
UV-Crays do not usually reach the Earth because they are absorbed in the upper layers
of the atmosphere. It can be used in laboratory environments and in some sterilization

processes because it can kill microorganisms.

UV rays can contribute to the synthesis of vitamin D, which is essential for life, but
overexposure can cause harmful effects on the skin and eyes. These include erythema,
sunburn, photodamage (photoaging), photocarcinogenesis, damage to the eyes,
alteration of the immune system of the skin, and chemical hypersensitivity. UV rays,
particularly UV A1, have harmful effects on the skin, including oxidative stress, DNA
damage, and mutations, which can lead to hyperpigmentation, inflammation, photo
immunosuppression, and skin cancers (Bernerd 2022). Chronic exposure to UV
radiation can also cause photoaging, immunosuppression, and ultimately, skin cancers

(Matsumura 2004).



1.4 UV Protectants

UV protectants are crucial in preventing the harmful effects of UV radiation on the
skin. Traditional sunscreens, while effective, only provide passive protection. "Active"
photoprotection, which includes DNA repair enzymes, has been proposed as a more
effective approach (Megna, 2017). With the development of the industry, the use of
sunscreen products, especially in cosmetics, has become more frequent. Today, the
more commonly used sun protection agents include chemical filters (oxybenzone,

avobenzone, octocrylene, etc.) and physical filters (zinc oxide, titanium dioxide, etc.)

1.4.1 Synthetic UV Protectants

Inorganic UV protectants act as a physical barrier, reflecting, scattering, and absorbing
UV rays before they can penetrate the skin. There are two main types of inorganic UV
protectants: zinc oxide and titanium dioxide. Both are photostable and need to be
applied thickly to produce sufficient reflection (Mitchnick etal., 1999). While titanium
dioxide has a higher refractive index and a whiter tone due to its improved UVB
protection, zinc oxide gives better UV A protection (Pinnell et al., 2000). Titanium
dioxide is often used in combination with zinc oxide in sunscreens to enhance their
effectiveness. These inorganic UV protectants are often preferred by individuals with
sensitive skin because they are less likely to cause skin irritation or allergic reactions

compared to some organic (chemical) UV filters.

So far, there are 17 FDA approved sunscreen ingredients that vary according to UV
rays. The Sun Protection Factor (SPF) is a key indicator of sunscreen effectiveness,
with higher SPF values indicating greater protection against UVB radiation (Sayre,
2008). However, the SPF rating does not adequately define broad spectrum
photoprotection, as it does not account for UV A protection (Bernerd, 2003).
Advantages of inorganic UV blockers include their broad-spectrum protection,
stability, and immediate effectiveness upon application. However, one drawback is
that they can leave a white cast on the skin, especially in higher concentrations. To
mask the opacity of titanium dioxide and zinc oxide, iron oxide is used as an alternative
sunscreen agent (Kullavanijaya and Lim, 2005).

Organic UV blockers, also known as chemical filters, are compounds used in
sunscreens to absorb and dissipate ultraviolet radiation (UVR) before it can penetrate

the skin. Unlike inorganic UV blockers, which create a physical barrier on the skin's
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surface, organic UV blockers work by absorbing UV rays and transforming them into
heat, which is then released from the skin. In terms of organic sunscreens, anisotriazine
has been identified as the most effective UVA filter, with a protection factor

comparable to that of certain forms of titanium dioxide (Couteau, 2009).

A range of studies have explored the properties and effects of organic UV sunscreens,
particularly PABA. Chisvert (2001) developed an HPLC method for analyzing PABA
in sunscreen formulations, while Mao (2011) and Zhou (2013) investigated its
degradation in the presence of various natural components. Mao found that PABA can
be transformed by solar irradiation, with the rate of degradation influenced by nitrate
ions, bicarbonate, and natural organic matter. PABA has provided effective protection
against UV-B rays, especially at long wavelengths, but due to its tendency to cause
allergic reactions and skin irritation, the sun protection industry has gradually replaced
PABA with other UV filters that are less allergenic and effective over a wider

spectrum.

One of the common organic UV sunscreen ingredients is avobenzone that is effective
against UVA rays but its photostability can be a concern, as it can degrade when
exposed to sunlight (Kumar, 2015). This issue has been addressed through various
methods, including the use of solubilizing agents (Barrett, 2009), the combination with
other compounds like octyl methoxycinnamate (Kim, 2015), and encapsulation in

modified dextrin (Li, 2016).

Cinnamate comes from a group of chemicals that includes compounds that are
derivatives of cinnamic acid and provide effective protection against UV-B rays.
Cinnamate-based UV protectants, such as cinnamate-functionalized cellulose
nanocrystals (Cin-CNCs) have been developed for use in sunscreen and transparent
polymer films, offering strong UV absorption and high visible light transmittance
(Zhang, 2019).

Octyl methoxycinnamate (OMC), also known as octinoxate, is a widely used UVB
filter in sunscreens, but its effectiveness can be reduced by photodegradation (Fois,
2021). However, they have been found to have endocrine disrupting effects in animals
and human skin cells, with urban water being a primary recipient (Eriksson, 2008).

Octocrylene helps stabilize avobenzone and provides UVB protection. It is commonly



used in combination with other UV filters. Oxybenzone absorbs both UVA and UVB
rays. Like octinoxate, oxybenzone has raised concerns about its safety and
environmental impact, particularly its contribution to coral reef damage. A survey of
sunscreen products found that 81% contained chemical UV filters, with octyl
methoxycinnamate and butyl methoxydibenzoylmethane being the most common

(Rastogi, 2002).

Chemical filters absorb UV rays and convert them into energy, while physical filters
(e.g. zinc oxide, titanium dioxide) provide protection by reflecting or scattering UV
rays. Synthetic UV protectants are generally considered safe and are thought to be
effective in reducing the risk of UV exposure, such as skin cancer. However, some
people may be sensitive to these protectants and some potential concerns such as

redness, itching or irritation may arise.

UV Absorbing Filters
Synthetic Natural
Melanin
Scytonemin
Carotenoids
Physical (Inorganic) Chemical (Organic) MAASs
Zinc oxide Octylmetoxycinnamate

Ethylexcyl triazone

Bisoctrizole

Figure 1. The scheme of natural and industrial UV filters



1.4.2 Natural UV Protectants

A range of natural and synthetic UV protectants have been explored for their potential
in sunscreens and other photoprotective products. Natural antioxidants, such as lignin,
melanin, and silymarin, have been identified as effective UV absorbers, with the
potential to improve skin elasticity and hydration. Marine-derived natural products,
which have evolved to counteract UVR-induced damage, are also being investigated
for their potential as photoprotectants (Milito, 2021). Plant polyphenols, with their UV
protective activity, have been highlighted as a natural and potent tool for the prevention
and treatment of skin disorders (Farjadmand, 2020). Natural sunscreens with strong
UV absorptive capacities are largely limited by low specific extinction value and by
their inability to spread in large-scale sunscreen cosmetic applications. Natural
compounds with UV absorption property have been used to substitute for or to reduce

the quantity of synthetic sunscreen agents.

Melanin is a biopigment found in various organisms, including humans, and is
responsible for skin, hair, and eye color (Mauro, 2017; LeoCaroline, 2020). The
amount and distribution of melanin in the human body determine skin and hair color,
with an increase in melanin leading to darker skin and hair (Becker, 1927). Melanin
also has protective properties in pathogenic microorganisms and can scavenge free
radicals (Solano, 2014). In plants, melanin is formed through the oxidation and
polymerization of phenolic compounds, particularly in wounded tissues (Glagoleva,

2020).

Scytonemin is a UV-absorbing pigment found in the sheaths of certain cyanobacteria
species, with a molecular weight of 544 Da (Matsui, 2012). It is a dimeric indole
phenolic pigment found in the sheaths of many cyanobacteria. Scytonemin has been
shown to have multiple roles, including functioning as a UV sunscreen and an
antioxidant, and is thought to play a vital role in the survival of cyanobacteria in

adverse environmental conditions (Matsui, 2012; Rastogi, 2013).

Carotenoid pigments are natural compounds found in horticultural plants, serving
various functions such as providing color, aroma, and flavor (Hermanns, 2020). These
pigments are tetraterpene compounds, with over 850 naturally occurring types, and are
synthesized by photosynthetic bacteria, fungi, algae, and plants (Maoka, 2019). They

also act as accessory pigments, expanding the range of light wavelengths for
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photosynthesis, and protect chlorophyll from photodamage (Frank, 1996). In animals,
carotenoids are either accumulated from food or modified through metabolic reactions,
and they play roles in vitamin A production, photo-protection, and immunity
enhancement (Maoka, 2019). They are also essential for life, particularly in
photosynthesis, and have potential health benefits, including antioxidant properties

(Meléndez-Martinez, 2007).

Mycosporine-like amino acids (MAAs) are a group of compounds that provide
photoprotection in various marine organisms. They are found in various microalgae,
including freshwater and terrestrial species (Xiong, 1999). These compounds are
nitrogenous, low molecular weight (< 400 Da), and water-soluble, with UV -absorbing,

antioxidant, and therapeutic properties (Raj, 2021).

1.5 Mycosporine Like Amino Acids (MAAs)

1.5.1 Definition of MAA

Mycosporine refers to a category of water-soluble metabolites with UV absorption
properties that are resistant to both thermal degradation and photodegradation in
various environmental conditions. They have been found in a variety of marine
organisms, including the symbiotic dinoflagellates in the ciliate Maristentor dinoferus
(Sommaruga, 2006), cyanobacteria (Jain, 2017), red algae (Orfanoudaki, 2019) and
symbiotic dinoflagellates in coral hosts (Rosic, 2015), and a range of Antarctic marine
organisms (Karentz, 1991). In animals, MAAs are thought to be produced by their
symbiotic algal partner acquired through the food chain. They are known for their
photoprotective and antioxidant functions and have been used in cosmetic products
(Orfanoudaki 2019, Geraldes 2021). They were identified as substances linked to light-
induced sporulation in terrestrial fungi (Leach ,1965), and they are recognized as the
most potent compounds for absorbing UV radiation in the natural environment (Daniel
et al., 2000). From 310 to 362 nm, MA As exhibit substantial absorption maxima and
they can efficiently dissipate excessive energy as heat without reactive oxygen species
(ROS) (Conde et al., 2007). Apart from their ability to absorb UV radiation, MAAs
serve as antioxidant molecules, compatible solutes, and accessory light-harvesting

pigments, indicating their multifunctional nature (Oren, 2007). These secondary



metabolites have high molar extinction coefficients (¢ = 28100-50000 M! cm™!) and

are thought to contribute toward reducing the damaging effect of UVR.

1.5.2 Biosynthesis of MAA

The biosynthesis of MAAs involves complex enzymatic pathways that vary among
different organisms. The biosynthesis of mycosporine-like amino acids (MAAs)
involves both the pentose phosphate and shikimate pathways, with the shikimate
pathway being the predominant route (Pope, 2015).

The pentose phosphate pathway (PPP) is a metabolic pathway that plays a crucial role
in the generation of pentose sugars (5-carbon sugars) and reducing equivalents in the
form of NADPH (nicotinamide adenine dinucleotide phosphate). This pathway
generates NADPH and ribose 5-phosphate, is interconnected with the shikimic acid
pathway and glycolysis, and is crucial for biosynthetic reactions (Alghanouchi, 2003).
The PPP plays a crucial role in lipid biosynthesis in microalgae, particularly in the
supply of NADPH, a key cofactor in this process (Xue, 2018; Xue, 2017). This
pathway is present throughout the body of the microalgae, with no specific site

indicated for its activity (Saxon, 1975).

The shikimate pathway is a metabolic pathway that plays a central role in the
biosynthesis of aromatic amino acids (phenylalanine, tyrosine, and tryptophan), as
well as various other aromatic compounds in plants, bacteria, and fungi. The shikimate
pathway produces chorismate, a key intermediate, which serves as a branching point
for the biosynthesis of aromatic amino acids. While chorismate is not directly a
precursor for MAAs, some organisms may have evolved pathways or enzymes that

divert intermediates from the shikimate pathway toward MA A biosynthesis.

The core cyclohexenone of MAAs is derived from the shikimate pathway, and the
amino acid side chains are derived from free amino acids (Portwich, 2003). The
shikimic acid pathway, a key component of the pentose phosphate pathway, plays a
crucial role in the biosynthesis of phenolic compounds in plants (Santos-Sanchez,
2019). This pathway is also involved in the production of mycosporine-like amino
acids (MAAs) in cyanobacteria, with the O-methyltransferase enzyme being essential

for this process (Pope, 2015).



Sedoheptulose 7-phosphate (S7P) is an intermediate in the pentose phosphate pathway,
for shikimate pathway is 3-dehydroquinate (3-DHQ) as an intermediate (Shick and
Dunlap, 2002) (Figure 2).

The formation of 4-DG via the sequential activities of demethyl-4-deoxygadusol
synthase (DDGS) and O-methyltransferase (O-MT) is a step in the biosynthetic
pathway that results in MAAs from S7P. Next, glycine is conjugated with 4-DG by
the ATP-grasp enzyme, resulting in the formation of mycosporine-glycine (Balskus

and Walsh, 2010).

MAASs have attracted a lot of attention as natural sunscreens. However, the low
extraction efficiency of MA As from natural sources, including red algae, has resulted
in the investigation of heterologous hosts for MAA production. For the synthesis of
MAAs, several prokaryotes, including S. cerevisiae (yeast), Escherichia coli,
Corynebacterium glutamicum, and Streptomyces species have been used as hosts
(Katoch et al., 2016; Yang et al., 2018; Miyamoto et al., 2014; Tsuge et al., 2018; Park
et al., 2019).

It has been proposed that the initial section of the shikimate pathway is responsible for
the production of MA As and mycosporines in both cyanobacteria and fungus (Favre-
Bonvin et al., 1987, Portwich & Garcia-Pichel, 2003). The shared starting point for the
synthesis of MAAs and mycosporines is 4-deoxygadusol (4-DG). Based on the
following observations, the Shikimate pathway is thought to be the primary 4-DG

production pathway.
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Figure 2. Proposed biosynthetic pathway of mycosporine-like amino acids. (Geraldes
and Pinto, 2021).

1.5.3 Types of MAASs

Mycosporine-like amino acids (MAAs) constitute a diverse group of compounds, and
over 30 different types have been identified to date. These compounds vary in their
chemical structures, and their absorption maxima in the UV range can differ.
Variations in the nitrogen substituent and associated side groups of MAAs cause

differences in their absorption spectra.
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The specific types of MA As identified in the studies include LC-343 and mycosporine-
ethanolamine in sponges, shinorine, palythenic acid, palythine, mycosporine-2-
glycine, and porphyra-334 in ciliates, and shinorine and Porphyra-334 in
cyanobacteria. For instance, Porphyra-334 from Porphyra tenera (Takano et al., 1979),
shinorine from Chondrus yendoi (Tsujino et al., 1980), and usujirene from Palmaria

palmata (Sekikawa et al., 1980) are among the MA As that Rhodophytes produced.

In the evolutionary process, mycosporines were divided into two groups. The first
group is oxo-carbonyl chromophores specifically expressed by fungi. The other group
1s imino-carbonyl constituents of MA As found in terrestrial cyanobacteria and aquatic
organisms (Biidel et al., 1997). The parent class of mycosporines, which fungi
exclusively express as oxo-carbonyl chromophores that absorb UVB shows a
differentiation in evolution from the MAAs in aquatic organisms and terrestrial
cyanobacteria, which primarily contain imino-carbonyl constituents, which absorb
UVB and primarily the short wavelengths of UVA. Remarkably, in the fungal-
cyanobacterial symbiosis of terrestrial lichens, only oxo-carbonyl mycosporines are

present (Biidel et al., 1997).

MAAs are characterized by specific chemical structures that include chromophores
with carbonyl groups. These chromophores contribute to the UV -absorbing properties
of MAAs, allowing them to function as sunscreens. Two common types of carbonyl
constituents found in MAAs are oxo carbonyl and imino carbonyl groups. The oxo
carbonyl group is a carbonyl group (C=0O) where the oxygen is bonded to a carbon
atom. One example of an MA A with an oxo carbonyl group is shinorine, which has a
characteristic absorption peak at 333 nm. The imino carbonyl group involves a
nitrogen atom bonded to a carbon atom within a carbonyl group. MAA-385, a
mycosporine-glycine derivative, is an example of an MAA with an imino carbonyl

group in its chromophore. Types of MA As are summarized in the Table 1.
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Table 1. Types of mycosporine like amino acids
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1.5.4 Factors that Affect the MAA Biogenesis

Several research have shown that mycosporine-like amino acids (MA As) play a crucial
role in protecting organisms from the harmful effects of UV radiation. It has been
discovered that several abiotic variables, including desiccation, varying UV light
wavelength bands, and the quantity of nutrients and salt, influence the cyanobacteria's
ability to produce MA As and scytonemin (Fleming & Castenholz, 2007, 2008; Singh
et al., 2008; Rastogi et al., 2010; Mushir & Fatma, 2012).

The biogenesis of MAAs is a complex process influenced by various factors. MAAs
are synthesized in response to environmental cues, particularly ultraviolet (UV)
radiation exposure. UV radiation is a primary inducer of MAA biosynthesis.
Organisms synthesize MAASs as a protective response to prevent cellular damage
caused by UV radiation. Karsten (2002) found that different isolates of the
cyanobacterium Microcoleus chthonoplastes exhibited varying responses to UV-B
exposure, with some showing increased MA A concentrations. Mushir (2011) observed
a threefold increase in MAA content in cyanobacterium Aulosira fertilissima under
UV exposure and pH stress. Besides UV radiation, the overall light conditions,
including light intensity and spectral quality, can influence MA A biosynthesis. Some
organisms respond to specific light conditions by modulating MAA production.
Rastogi (2010) found that the synthesis of MA A-334 was higher in samples receiving
both photosynthetically active radiation (PAR) and ultraviolet radiation (UVR)

compared to PAR alone in the cyanobacterium Scytonema sp. HKAR-3.

Research has shown that high salinity can induce the production of mycosporine-like
amino acids (MAASs) in various organisms, including the green microalga
Desmodesmus sp. (Gharib, 2020), the benthic cyanobacterium Microcoleus
chthonoplastes (Karsten, 2002), and Artemia from Lake Urmia (Khosravi, 2013). Vale
(2015) found that high salinity and light conditions can increase MAA production in
the dinoflagellate Gymnodinium catenatum. It was reported that, even without UVB
exposure, salt stress can induce MAA accumulation in cyanobacterium
Chlorogloeopsis (Portwich and Garcia-Pichel, 1999). This increase in MAA
production is believed to be a survival mechanism in response to high-salinity

environments.
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Zhang et al studied the changes in absorption maximum of porphyra-334 with the
increase of acidity. They observed a decrease in MA A absorption maximum when the
pH decreases as well. Extinction coefficient changes were also observed in high acidic
solutions with this study. They reported that porphyra-334 stability was deteriorated
because of high temperature. However, in alkaline solutions, there was no effect with

the absorption maximum and extinction coefficient (Zhang et al., 2005).

One of the stresses that MA As appear to influence is osmotic stress. Cyanobacteria
typically exhibit high amounts of MA As in hypersaline environments, indicating that
these substances may have an osmotic function that helps the cells in adjusting to the
high salinity. Oxidative stress can result from cell dehydration and the generation of
reactive oxygen species (ROS) in these conditions. Osmotic equilibrium can be
recovered by synthesizing MAAs (Rosic, 2019). MAA production can specifically be
induced either by osmotic stress or exposure to UVB radiation; when both stress
factors were combined, there was a notable synergistic boost of MAA production.
Despite the possibility that osmotic stress could trigger the production of MAAs,
MAAs are not essential for achieving osmotic equilibrium (Portwich and Garcia-
Pichel, 1999). The overall MAA concentration can be increased as a result of
desiccation stress. It is possible that the structure of the extracellular matrix is being
altered by MAAs. It is observed that these substances are released upon rehydration.
Cyanobacteria treated experimentally by desiccation increased their MAA

concentration, according to Olsson-Francis et al. (2003).

According to Mikhalek-Wagner (2001), heat stress increased the concentration of
MA As, while concurrent UV exposure increased their content even more.

When necessary, MAAs, which are nitrogenous substances, can release nitrogen
atoms. Therefore, it could function as an intracellular nitrogen reservoir (Peinado et
al., 2004). They observed an increase in MAAs in the red alga Porphyra columbina

when exposed to high ammonium concentration and UV A or UVB radiation.
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1.5.5 Extraction of MAA

The physiochemical and absorption properties of MAAs make them promising
compounds for use as sunscreens in the cosmetic industry. Therefore, the extraction
technique needs to be enhanced, using an affordable and ecological solvent.
Conventional extraction techniques are often applied to fresh or lyophilized samples
at varying temperatures, involving a solid/liquid extraction from the raw material
(Hartmann et al., 2017; Rosic et al., 2015). Since it is highly soluble in aqueous
solutions, polar solvents like methanol or aqueous ethanol are typically used in various
concentrations to extract MAAs. When Chaves-Pena et al. (2019) evaluated the
extraction in distilled water and 20% aqueous methanol, no significant differences
were found. Their findings showed that the pellets' drying, and subsequent re-
dissolution decreased the overall MAA contents. Without the requirement of pre-
concentration steps, Geraldes et al. (2020) developed a quick and effective extraction

and LC-MS/MS methods for the quantification of MA As from cyanobacteria.

1.5.6 Purification of MAA

Various purification methods can be employed based on the specific characteristics of
the sample and the types of MAAs present. The commonly used method for the
separation and purification of MAAs is HPLC. It involves loading the sample onto a
column and eluting MAAs with a suitable mobile phase (Figure 3). To obtain a
response factor for each MAA, a series of known masses of pure MAA standards are
injected, and the resulting chromatographic peak areas are then compared to the

injected masses.

Liquid Chromatography-Mass Spectrometry combines the separation capabilities of
HPLC with the mass analysis of MS. It provides both separation and identification of
MA As. Flash chromatography is a form of column chromatography where a sample is
separated using a medium-pressure liquid chromatography system. This method can

be useful for isolating and purifying MA As based on their chemical properties.
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Gel filtration chromatography separates compounds based on their molecular size.
Larger molecules pass through the column more quickly than smaller ones. Thin-Layer
Chromatography (TLC) can be used for the preliminary separation of MAAs, and
bands corresponding to specific MAAs can be scraped off the plate for further
purification. Itis a simple technique for initial separation and purification.

Ngoennet (2018) and Sun (2021) provide methods specifically for the isolation and
characterization of MA As from cyanobacteria and red macroalgae, respectively. These
methods typically involve a combination of extraction, separation, and analysis
techniques, such as liquid chromatography and mass spectrometry.

The choice of purification method depends on factors such as the nature of the sample,
the types of MA As present, and the desired level of purity. Often, a combination of
these methods is employed in a stepwise manner to achieve the required level of

purification.

MAAs are generally detected by HPLC and then identified by DAD for quantitative
determination. For this purpose, the MAA standard of known mass is introduced into
the instrument and the chromatographic peak areas obtained are compared with the

masses of the samples to obtain a value.

Injector
(sample)

Detector Data acquisition

R, b HPLC column - ﬁ

— il B — e 7| —’I&

{
!,/ Solvent i

Separate
mixture —
component Waste

Figure 3. The overview of HPLC method
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1.5.7 Characterization of MAA

The characterization of mycosporine-like amino acids (MAAs) involves determining
the identity, quantity, and sometimes the structure of these compounds in each sample.
Utilizing retention periods and UV spectra, HPLC was the most widely used technique
for separating and classifying MAAs. Due to the high attenuation coefficients (¢) for
MAAs, UV detection is sensitive; nevertheless, selectivity is low with this method
since biosynthetic congeners can easily affect MAA identification (Geraldes et al.,
2020). To identify MAAs, information on the molecular weight of target compounds
obtained from mass spectrometry (MS) analysis, particularly liquid chromatography
(LC)-MS, has been utilized in addition to the retention time in HPLC analysis. Often,
a combination of techniques is used for a more comprehensive characterization of

mycosporine-like amino acids in biological samples.

Whitehead (2002) implemented electrospray ionization mass spectrometry coupled
with liquid chromatography for MA A characterization and quantification in plankton,
providing a means to better characterize novel MA As. Hartmann (2017) developed a
capillary electrophoresis method for the quantification of MAAs in marine algae,
achieving baseline separation of five MA As. Hartmann (2015) presented a hydrophilic
interaction liquid chromatography method for the quantification of several MAAs in

algae and cyanobacteria, and identified a novel MAA in the red alga Catenella repens.

1.5.8 Biological Activities of MAA

In phototrophic organisms, the main role of MAAs is to protect the organism from
harmful UV radiation (Adams and Shick, 1996; Klisch et al., 2001; Neale et al., 1998);
however, they can also participate in the osmotic equilibriums (Oren, 1997) and have
antioxidant activity (Dunlap and Yamamoto, 1995). In addition to absorbing UVR and
releasing the energy as heat before it could reach the vital cellular targets, some MAAs
have the potential to shield the cell by scavenging free radicals because of their
antioxidant activity (Fuentes-Tristan et al., 2019; Rosic, 2019). Moreover, it has been
demonstrated that MAAs inhibit superoxide radicals and lipid peroxidation,

preventing the consequences of oxidative damage (De La Coba et al., 2009).
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1.5.9 Resources of MAA

Exposure to UV radiation, which is contingent upon latitude and altitude, seasonality,
and water depth, is directly correlated with the concentration of MAAs in organisms
(Jofre et al., 2020; Lalegerie et al., 2019; Lawrence et al., 2019). They primarily gather
in tissues that are exposed to the most UV light (Shick and Dunlap, 2002). Many
cyanobacteria have been shown to have MAAs in their cytoplasm; yet, Nostoc
commune exhibits extracellular accumulation of MA As, which leads to enhanced UV
protection (Ehling-Schulz et al., 1997). Additionally, fossils containing MA Asattested
their ability against the damaging impacts of UVR in the shield of early geological
periods (Suganya et al., 2016).

The literature contains reports of MAA content for a wide variety of organisms.
Cyanobacteria (Sinha and Héder, 2008), red algae (Karentz et al., 1991), lichens
(Karentz et al. 1991), sponges (Bandaranayake et al., 1996), sea urchins (Adams and
Shick, 1996), starfish (Nakamura et al., 1982), and corals (Shibata et al., 1969) and
fish (Chioccara et al., 1980) have all been found to have substance with significant UV
absorption between 320 and 340 nm.

1.6 Microalgae

One of the earliest living species on the planet, microalgae can be found in various
environments, including marine, freshwater, and soil environments (Dolganyuk,
2020). They are known for their high metabolic flexibility, rapid growth, and ability
to produce a wide range of biologically valuable compounds, including proteins, lipids,

polysaccharides, pigments, and vitamins (Dolganyuk, 2020; Katiyar, 2017).

Microalgae exhibit a diverse range of morphological features, including
photoreceptive systems (Gualtieri, 2001), microbodies (Stabenau, 1984), and various
cell types such as flagellate, coccoid, and cyst stages (Andersen, 2013). These
morphological differences are often linked to their biochemical and physiological
diversity, with some species capable of sexual reproduction and others relying solely
on asexual reproduction. The potential for endosymbiotic events further contributes to
their morphological diversity (Andersen, 2013). The taxonomy of microalgae is a
complex and evolving field, with a focus on prolonged morphological and

physiological studies (Bold, 1970). This diversity is reflected in the wide array of
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carbohydrates, lipids, and proteins produced by microalgae, as well as their various
morphologies and reproductive capabilities (Andersen, 2013). Prokaryotic and
eukaryotic microorganisms that carry out oxygen-evolving photosynthesis are grouped
together as microalgae. Cyanobacteria are classified as prokaryotic organisms, while
diatoms, green, red, and golden-brown algae, brown algae, and a few more divisions

are included in the eukaryotic category (Smith et al., 2021).

Microalgae are mostly composed of proteins, lipids, carbohydrates, pigments,
minerals, and vitamins that can be categorized into primary and secondary metabolites
(Maruyama et al., 1997; Safi et al., 2014; Spolaore et al., 2006). While primary
metabolites are typically necessary for growth as well as major metabolic functions
like photosynthesis and respiration, secondary metabolites are chemicals produced
from primary metabolites when organisms are exposed to specific environmental
stressors (Guedes, Amaro, & Malcata, 2011; Santhosh, Dhandapani, & Hemalatha,
2016).

Microalgae are renewable, organic, and sustainable micro-factories that hold great
promise for addressing several urgent global issues, including water scarcity, food
crises, and climate change. Other benefits include their ability to withstand harsh
environments, which causes them to produce a wide range of metabolites in huge
quantities throughout short time periods and throughout the year (Kaushik et al., 2022;
Manirafasha et al., 2016).

Microalgae provide higher lipid yield without requiring fertile land than oleaginous
terrestrial plants (such as oil palm) (Wijffels et al., 2010; Ruiz Gonzalez et al., 2016).
As a result, there is a growing trend towards using microalgae as lipid
feedstock. Furthermore, in terms of productivity, growth rate, and the capacity to
recover nutrients from wastewater, the production of microalgae biomass has an
advantage over plant biomass (Benedetti et al., 2018). Microalgae play a crucial role
in modern agriculture, enhancing nutrient availability, soil fertility, and plant growth

(Renuka, 2018).
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Microalgae have also been utilized in the extraction of biomaterials (Lopez Rocha et
al., 2020), biostimulants, and biofertilizers (Suchithra et al., 2022; Varia et al., 2022)
that improve crop performance, as well as in the generation of energy such as
bioethanol (Rempel et al., 2019; Sumprasit et al., 2017) and treatment of wastewater
(Chavan and Mutnuri, 2019).

Even though algae were discovered early in life, industrial and scientific microalgae
development and research just began a few decades ago (Khan et al., 2018). Notably,
certain microalgae genera, such as Dunaliella, Botryococcus, Chlamydomonas,
Chlorella, and Arthrospira, are particularly promising for commercial
biotechnological applications (Junior, 2020). Furthermore, the discovery of highly
productive microalgal strains, including coccoid green algae and species like
Acutodesmus obliguus and Chlorella sorokiniana, has expanded the biological

resources available for biofuel production (Neofotis, 2016).

Growing issues with the world's food supply, use of plants as food resources and
challenges in plant growth, have made microalgae desirable for industrial applications
(Kumar et al., 2022). Microalgae offer alternatives to reverse the effects of increasing
population density on various environmental sectors, with a focus on agriculture and

industry. They also show promise for several type of cometic application. (Figure 4).

B Photoprotection
B Anti-cancer (melanoma)
O Wound healing
B Skin-whitening

B Other cosmetic
applications

Figure 4. Frequency of type of cosmetic application from the years 2018-2022. The

number of papers of each defined category were counted and expressed as percentage
(Castro et al., 2023).
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In addition to their economic uses, high-value-added compounds (HVAC) produced
by microalgae offer therapeutic benefits (Mehariya et al., 2021). Cosmetics with added
health benefits, like skin whitening, antiaging, anticancer, antioxidant, anti-
inflammation, antimicrobial, and UV protection, are referred to as cosmeceuticals
(cosmetics + medicines). The medicinal qualities of cosmetics are improved and the
risk of negative side effects from synthetic alternatives is reduced when natural
ingredients derived from microalgae are utilized as pigments, stabilizers, gelling

agents, thickeners, or as an active component (Yarkent et al., 2020).

However, meeting the high expectations in the field of microalgae biotechnology will
present several challenges. Without a doubt, the biggest obstacles are the low
productivity of agriculture and the high operating expenses of facilities which are
partially due to the high energy requirements of these establishments. Among the
techniques offered are robust screening and strain selection of microalgae, adjustment
of growth conditions, inexpensive culture media like waste from industry for the first

stages of the process.

Notably, the market is still growing for most microalgae applications (Figure 5). With
the help of cutting-edge upstream and downstream processing technologies, it is
expected that they will soon be able to transcend the valley of death that separates

fundamental research from commercial innovation.

Human nutrition

and health
Animal feed
Biomaterials
Microalgae
application
Energy
(biofuels)
Bioremediation
Agricultural

Figure 5. Microalgae-based research fields
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1.7 Antarctica

Antarctica is known as a continental landmass located at the Earth's south pole and is
usually covered in ice. It has the largest ice sheet in the world. Covering an area of
approximately 14 million km?, this ice sheet is more than 4 km thick in places.
Continental averages are usually below -20 °C, with temperatures dropping even
lower, especially in winter. Due to climatic conditions and glaciers, transportation is
only possible in a certain period throughout the year. The Antarctic ecosystem is a
complex and fragile system, with the interplay between sea, land, and fresh water being
a key factor (Holdgate, 1967). The region's extreme environment has driven
evolutionary and ecological processes, making it a valuable area for research (Clarke,
2007). However, human activity and climate change have significantly impacted the
Antarctic ecosystem, particularly in the Western Antarctic Peninsula (Zn¢j, 2017).

The climate of Antarctica is influenced by a variety of factors, including anthropogenic
warming, ozone depletion, and the Southern Hemisphere Annular Mode (Chattaraj,
2021). Ozone holes occur from time to time over Antarctica. This can lead to ozone
depletion and increased transmission of harmful UV rays. In the northern regions of
Antarctica, the summer months are characterized by continuous daylight and the
winter months by continuous night. In the southern regions, the opposite is the case.
Antarctica is different from other parts of the world with its unique climate, geography
and environmental conditions and is a continent that is generally used only for

scientific research.

1.8 Antarctic Microalgae

Microalgae found in Antarctica are organisms adapted to the continent's extreme cold
conditions and extremely harsh environmental conditions. These microalgae can have
important impacts on various tasks and ecosystem functions. Antarctic microalgae
have adapted to harsh environmental conditions such as extreme cold, long winter
nights and intense UV radiation. This adaptation involves a range of features, from
cell membrane structures to biochemical processes. In Antarctica, microalgae can be
found in ponds under glaciers, on snow and ice surfaces and in the sea. Microalgae,

especially in subglacial ponds, can survive by passing sunlight through the ice cover.
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Microalgae in Antarctica are diverse research subjects for scientists. Studies on the
evolutionary adaptations of these microorganisms, ecosystem interactions and their
ability to cope with climate change contribute to our understanding of Antarctica's
natural life. Microalgae participate in biogeochemical processes and play a role in
maintaining environmental chemical balance. For example, they can have an impact
on the carbon and nitrogen cycles.

The study of microalgae in Antarctica is important for understanding the resilience of
these ecosystems, climate change impacts and biodiversity in general. Such studies
can help us understand the conservation of ecosystems on the continent and their

potential to adapt to future changes.

1.9 Chlorella

Chlorella has two chlorophylls a and b, which are plentiful and identical to those of
terrestrial plants, are the cause of the observable green coloring. Since it simply
requires water, CO2, light, and a small amount of minerals, it can be easily grown in
large areas and under simple conditions, producing enormous amounts of biomass
quickly.

Chlorella vulgaris, a specific type of microalgae, has been extensively studied for its
morphology, composition, and potential applications (Safi, 2014). Martinus Willem
Beijerinck, a Dutch microbiologist, described C. vulgaris in 1890 using spontaneous
cultures obtained from water samples collected from a small pond close to Delft.
(Beijerinck, 1890). Significant progress has been made in our understanding of green
microalgae thanks to the discovery of the first whole genome sequencing of a "real"
Chlorella, C. variabilis, an internal photobiont of the ciliate Paramecium bursaria.
Traditionally, Chlorella species were distinguished by their solitary life forms,
spherical to oval cell morphologies, and absence of mucilaginous envelopes.

The spherical cells of Chlorella have sizes varying from 2 to 10 um. Unlike many
algae, these cells do not have flagella. Chlorella can be found in marine, freshwater
and terrestrial environments. In this study, Chlorella sp. was isolated from Dismal

Island, Antarctica.
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Figure 6. Light microscope images of Chlorella sp. ASYA34
Scale bar: 50 um (a), Scale bar: 10 um (b).
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Figure 7. Phylogenetic relations of Chlorella and Chlorella-like algae.

The solitary, spherical cells that make up "true" Chlorella species do not produce
mucilage. They are mixed with taxa that exhibit different morphologies, form colonies,
or secrete mucilage. A green dot designates taxa that were once classified as Chlorella

species but are now known to belong to distinct lineages within the Trebouxiophyceae
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and Chlorophyceae classes of green algae. The type species Chlorella vulgaris is

highlighted in pale green.

Table 2. Taxonomic classification of Chlorella sp.

I
Kingdom | Plantae
Subkingdom | Viridiplantae
l
1
Division | Chlorophyta
i
Class | Trebouxiophyceae
Order : Chlorellales
Family ! Chlorellacea
Genus | Chiorella
i
Species | Chlorella sp.

1.10 Chlorella - MAA Literature

Chlorella is one of the most well-known model organism genera among green algae.
The main motivation for researchers to work with Chlorella to date is that this genus
is widely available and has a high production rate. This species, which is well equipped
against all abiotic stresses, stands out as a biological material in all fields of
biotechnology with its high adaptation abilities. Especially recently, MA As have been
announced as a natural sunscreen ingredient in the cosmetic industry, making
Chlorella, the most common green algae, a center of research on this subject. In a
study, MA A production in Chlorella vulgaris was evaluated using different phosphate
and nitrate concentrations (Hosseinabadi et al., 2022). In this study, certain phosphate
and nitrate concentration ranges were determined to maximize MAA production in
Chlorellla vulgaris. On the other hand, another study focused on the growth,
photosynthetic performance, and other metabolic activities of Chlorellla vulgaris
species exposed to certain amounts of UV-B radiation (Ganapathy et al., 2017). The

results show that Chlorella vulgaris is resistant to UV-B radiation damage even at
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higher intensity at lower UV-B exposure time. Additionally, it shows that the possible
negative effect of UV-B radiation on microalgae growth may be effectively offset by
the UV-absorbing compound MAAs. However, in another study, Chlorella
luteoviridis, which can form biofilm when exposed to different UV sources (UV-A
and UV-B), was evaluated in terms of UV protective compounds. The results show
that Chlorella luteoviridis can accumulate putative MAA at 324 nm and is most
induced by UV-B (Karsten et al., 2007). At the same time, the fact that this species is
photosynthetically resistant to UV indicates that there may be a correlation with MAA
production. Chlorella genus, which has been evaluated as a UV protective compound
many times in the literature from past to present, has a high potential to increase the
recently increasing production of natural resources. Atthe same time, thanks to its high
photosynthetic performance, growth, and metabolic diversity, it is promising not only
for UV inhibitory compounds but also for valorization studies where all its properties

are used together.

1.11 Scenedesmus

The word Scenedesmus was derived from Latin scena ‘shelter or tent” and Greek
desmos ‘bond’ (Bold & Wynne, 1978). It belongs to the Chlorophyceae class of green
algae. It has young ellipsoidal cells that becomes more spherical with aging. During
exponential growth, Scenedesmus sp. remains unicellular in order to maximize its
exposure to light and nutrients. But in order to minimize the sensitivity of cells to
grazing, the presence of grazers will cause coenobia to develop and grow larger overall
(Liirling, 1999).

The elliptical single cells of a colony fuse together in rows of 2 to 32 and its outermost
cells feature spine-like appendages. With the spines and bristles the colonies can
absorb more light and nutrients at the surface and become more buoyant. The size of
immature cells is approximately 2-7x 4-12 um. Mature cells are approximately 4-11x
5-12 pm in size (Figure 8). Cells are uninucleate; a single parietal, plate-like
chloroplast with an ovoid pyrenoid is present every cell. In some of the cells, vacuole
is present. They are nonmotile and have no flagella. A number of factors, including
temperature, pH, nutrient availability, and presence of certain zooplankton might

influence the formation of unicell or coenobial ectomorphs (Liirling, 1999).
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Scenedesmus is a frequent colonial green alga in freshwater environments and it is also
resistant to contamination from household sewage.

Because of its high lipidic content, Scenedesmus is generated in large quantities for
aquaculture applications.
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Figure 8. Light microscope images of Scenedesmus sp. ASYA49
Scale bar: 50 um (a), Scale bar: 10 um (b).

Table 3. Taxonomic classification of Scenedesmus sp.

I
Kingdom | Plantae
Subkingdom I Viridiplantae
|
T
Division | Chlorophyta
i
Class | Chlorophyceae
I
Order | Sphaeropleales
Family I Scenedesmaceae
Genus cenedesmus
| Scened
!
Species | Scenedesmus sp.
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2. MATERIALS & METHODS

2.1 Identification, Purification and Culturing of the Chlorella sp. ASYA34 and
Scenedesmus sp. ASYA49

Microalgae can take quite different morphological appearances in response to
environmental changes and changing life cycles. For this reason, microalgae species
identification was determined by Sanger sequencing method as well as morphological
analysis. DNA extraction of microalgae cultured for microalgae phylogenetic analysis
was performed using Qiagen DNEasy Plant Mini kit. The 18S rRNA region of the
DNA samples whose purity was confirmed spectrometrically was amplified by PCR
using the primers presented in Table 3. PCR conditions are shown in Table 4. The
products obtained after PCR were run on a 1% (w/v) agarose gel set up in a TAE buffer
and the first step of the identification process was completed with images showing
clear bands. The amplicons were then purified again with Qiagen purification kit and
SANGER sequence analysis was performed. The sequence analysis data obtained from
the 18S rDNA region of the cultured microalgae were registered in the NCBI system
and the entry number of the species was determined. The recorded sequence results
were analyzed by NCBI/BLAST (https://blast.ncbi.nlm.nih.gov) and the matching
sequences of the closest species were retrieved from the system and assembled in

FASTA format and aligned with the Clustal W algorithm using the UGENE program.

Figure 9. Culture Collection of Microalgae at Istanbul Medeniyet University
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Table 4. Primers used for PCR amplification.

Primers Sequence 5°- 3’

Euk-F AACCTGGTTGATCCTGCCAGT

Euk-R TGATCCTTCTGCAGGTTCACC

Table 5. Thermal cycling parameters

Reference

(Sands et al., 2008)

(Sands et al., 2008)

Stage Temperature Time Cycles
Initial 95 2 1
Denaturation 95 1
Annealing 55 1 30
Extension 68 3
Final 72 5 1

2.2 The Growth of Chlorella sp. and Scenedesmus sp.

Two Antarctic microalgae species Chlorella sp. ASYA34 and Scenedesmus sp.
ASYA49 were selected from IMU-ASYA Culture Collection (Figure 9). For the
axenic growth of both microalgae, the closed cultivation was carried out in a 50 mL
Erlenmeyer flask using 20 mL of culture. Inoculums were cultivated in 3N-BBM
medium adjusted to pH 6.4 (Table 5). The cultivation process was done in a shaker
(CERTOMAT® BS-T, Sartorius) set at a temperature of 15°C (Figure 10). The device
was set at 100 rpm with a light intensity of 50 umol photons/s/m? (Philips TL-D
36W/840 fluorescent with approximately 3700 lux shelf-top lighting; 16h Day/8h.

Night). The growth curve was calculated for both microalgae species.
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Figure 10. The shaker device used for cultivation

Table 6. Biochemical compositions of BBM Medium

BBM Medium (Bold’s Basal Medium + soil extract + vitamins)

Stock Solution Vol C it Concentration Conc. in Final
olume omposition . X

(SL) P in SL Medium

SL-1 10 mL NaNO3 2.50 g.100 mL! 294103 M
SL-2 10 mL MgS04.7H20 0.75 g.100 mL-! 3.04.10% M
SL-3 10 mL NaCl 0.25 g.100 mL-! 428.104M
SL-4 10 mL KoHPO4 0.75 g.100 mL-! 431.10*M
SL-5 10 mL KH2PO4 1.75 g.100 mL"! 1.29.10° M
SL-6 10 mL CaClz 0.25 g.100 mL-! 1.70.10* M
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ZnS04.7H20 8.82 g.L'! 3.07.10°M

SL-7
MnCl,.4H,0 144 gL 7.28.10°°M
MoOs 0.71 g.L'! 493.10°M
(Trace Elements
Solution) I mL CuS04.5H20 157 g.L! 6.29.10°M
olution
Co(NO3).6H:0 0.49 gL 1.68.10°°M
SL-8 I mL H3BOs 1.14 g.100 mL! 1.85.10* M
SL.9 | L Na2EDTA.2H20 5.00 g.100 mL"! 1.71.10* M
- m KOH 3.10 2.100 mL"! 553.104M
SL-10 1 mL FeSO4.7H20 498 g.1 L! 1.79.10°M
SL-11 50 mL garden soil - -
Vit. Bl (Tl?iamine 0.100 g.100 mL-! 2.97.105M
HCI) Vit. H 0.025 mg.100 02109M
SL-12 I mL (Biotin) Vit. B12  mL 0.015 U1 100 M

(Cyanocobalamin) mg.100 mL"!

For 3N-BBM, add a triple quantity of NaNOs.
For 1 L final culture medium, add the prepared stock solutions to 850 mL
distilled water.

e Adjust medium to final pH of 5.5/6.5 and autoclave at 121°C for 20 min.

2.3 Total Saccharide (Carbohydrate) Content

Phenol-sulfuric acid reaction method (Zavtel et al., 2018) was used to determine the
total carbohydrate content of the two microalgal biomasses. For total saccharide
analysis, the stored pellets were dissolved in 500 ul of distilled water and 500 pl of
(5%) phenol solution was added. Samples to which phenol was added were mixed
using a rotator for 15 minutes. 60 pl of the prepared samples were transferred to a 96-
well microplate, 150 pl of sulfuric acid (H2SO4) was added and mixed for 1-2 min and

the samples were subjected to absorbance measurement at 490 nm wavelength.
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Table 7.Glucose calibration curve for total carbohydrate analysis

Glucose solu_tlion Distilled water (ul) Glucose conce:nration
(500 pg.ml™) (pg.ml)

25 475 1.5

50 450 3

75 425 4.5

100 400 6
300 200 18
500 0 30

2.4 Total Protein Content

For the determination of total protein content of microalgae, 50 mg weighed
microalgae samples were resuspended in 500 pl of lysis buffer (50 mM Tris-HCl
pH:8.0, 2% SDS, 10 mM EDTA, and protease inhibitor mix), homogenized using a
homogenizer for 2 min and centrifuged at 13000 rpm for 20 min at 4°C. Protein content
in the samples was determined by using the Bicinchoninic acid (BCA) method
(Bradford, 1976). The data obtained were presented as protein/mg % microalgae (fresh
weight) using the standard graph produced.

2.5 Chlorophyll / Carotenoid Content

Chlorophyll and carotenoid content were determined based on the Jeffrey and
Humphrey (1975) method. Firstly, in the washing step, 500 pl of distilled water is
added to 100 mg of microalgae sample previously stored at -86°C. After thawing, the
samples were vortexed and centrifuged at 2000 rpm for 3 minutes. In the extraction
step, after centrifugation, the supernatant was discarded and 500 pl of 90% acetone
solution was added. Then, mix it in an upside-down position with the rotator for 15
minutes. 240 pl of the supernatant was loaded into 96 well plates. The absorbance of
the supernatant at 750, 664, 647, 630, and 470 nm was measured against a 90% acetone
blank. Finally, the concentration of chlorophyll a, b, and ¢ was calculated according

to the equations of Jeffrey and Humphrey (1975):

Chlorophyll a = [11.85* (E664 - E750)- 1.54* (E647 - E750) - 0.08 (E630-E750)]

*dilution ratio
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Chlorophyll b = [-5.43* (E664 - E750) + 21.03* (E647 - E750) - 2.66 (E630-E750)]
*dilution ratio
Chlorophyll ¢ = [-1.67* (E664 - E750) - 7.60* (E647 - E750) + 24.52 (E630-E750)]
*dilution ratio

Total carotenoid= [1000 E470 — (1.86xChla) — (74.08xChlb)] / 206

2.6 Fluorescence Imaging of Neutral Lipid Molecules

For the fluorescence imaging of the neutral lipids in microalgae, a volume of
microalgae solution with an absorbance of 0.3 at 680 nm wavelength was taken and
the final concentration was 0,25 uM/2 ul of Nile Red (9 - diethylamino - 5 H -
benzophenoxazine - 5 - one) (Invitrogen) dye and 300 ul of40% DMSO solution were
vortexed, incubated in the dark with a thermos shaker set at 400 rpm and 40 °C for 15
min, then centrifuged at 3000 rpm for 3 minutes. After discarding the supernatant, the
sample was washed with potassium buffer saline (PBS) and vortexed twice, then 180
ul of the Nile Red stained sample was pipetted into the wells of the 96-well microplate
in a specific order. The measurement of the sample was carried out in 3 replicates.
Then, changes in lipid content were determined by looking at the fluorescence values
with the Biotek Cytation5 device, which has fluorescence features using 550 nm

excitation and 640 nm emission values (Satpati et al., 2015).

2.7 Determination of Lipid Profile with Fatty Acid Methyl Esters (FAME)

Lipid profile of microalgae was determined by Fatty Acid Methyl Ester (FAME)
analysis. Prior to FAME analysis, lipid extraction was performed to examine the total
fatty acid profiles. This extraction is an efficient method using both polar and apolar
solvents, based on Bligh and Dyer (1959) method. The purpose of using these solvents
with different properties is to obtain glycolipids, phospholipids and triacylglycerols
simultaneously and in one step. The lipids obtained are converted into fatty acid methyl
esters by transesterification. There are many different parameters, cell lysis techniques
and solvents, especially when determining the fatty acid profiles of microalgae. It has
been confirmed by studies that this technique is suitable for microalgae with some
modifications (Ryckebosch, et al., 2012). Many other studies show that chloroform

and methanol mixture increase the efficiency of lipid extraction in microalgae.
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Firstly, approximately 200 mg of samples collected from the designated experimental
stages were taken into 2 mL centrifuge tubes with screw caps and homogenized with
glass beads and 200 pL of solution A (2:1 methanol/chloroform). The homogenized
sample is then transferred to a 15 mL centrifuge tube to which 2.3 mL of solution A is
added. It is then shaken with rotation for 4 minutes followed by centrifugation at
10,000 x g/4 °C for 10 minutes. After centrifugation, the supernatant is collected, and
the pellet is washed twice with 1.5 mL of solution B (1:1 methanol/chloroform) and
centrifuged. The supernatants were transferred to the same centrifuge tube and passed
through a 110 mm filter with potassium phosphate solution. The remaining solution
was centrifuged and the lower chloroform phase containing the extracting lipid was
air-dried while the upper phase (water + methanol) was discarded. The air-dried
samples were incubated in methanolic sodium hydroxide and methanolic hydrochloric
acid for 15 minutes respectively. The samples were then treated with 2 mL hexane and
1 mL distilled water in rotation for 4 minutes with the addition of the internal standard.
This was done twice and at the end of each process the supernatant was removed and
transferred to a new 15 mL centrifuge tube. The finished centrifuge tubes were air
dried and the sample was finally dissolved with 100 uL hexane and prepared for gas
chromatography.

Gas chromatography settings were analyzed with a gas chromatography device
connected to a Thermo Scientific TRACE 1310 autosampler (Figure 11). The Agilent
DB-23 column with a length of 60 m x 0.25 mm x 0.25 pm was used for
chromatographic separation. High purity helium gas was used as the driving gas and
the flow rate was set to 1 mL per minute. Chromatographic separation was carried out
at 230°C with an initial temperature of 40°C for 3 minutes followed by an increase of
5 degrees per minute. Then, the undesired components in the column were removed
by holding at 300 °C for 3 minutes. The sampling volume is 1 pL, but the parameter
used to accurately identify unknown samples after decomposition is the standard
determined by retention times. SUPELCO PUFA-1, Marine Source was used as a

standard to further determine the unsaturated fatty acids in microalgae.

34



Figure 11. Gas Chromatography device

2.8 Determination of Functional Groups with Fourier Transform Infrared

(FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is considered a powerful analytical
method for macromolecular profile identification (Liu, et al., 2020). FTIR spectra
provide information on the macromolecular composition of biomass based on the
infrared absorption of functional groups (Jebsen, et al., 2012). After the widespread
use of the FTIR method, it is thought that this method may have a potential role in
determining the application pathway to proceed with the sample of interest (Meng, et
al., 2014). The FTIR method is known to have many advantages compared to
molecular analysis by conventional methods. FTIR is a fast, efficient, simple, and
simple analytical method that can be performed without the need for cell lysis. FTIR
spectroscopy also allows for fast and cell-destructive monitoring of microalgae growth

information.

FTIR analysis scans the mid-infrared region (400-4000 cm') as a biochemical
fingerprint. Macromolecules show specific bands in the FTIR spectrum, and these
specific bands are useful in determining the macromolecular content of microalgae.
The FTIR method was applied as an additional method to spectrophotometric
measurements to obtain information about the content of Antarctic microalgae

Chlorella sp. ASY A 34 and Scenedesmus sp. ASY A49. To perform the FTIR analysis,
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the sample was lyophilized and incubated in a 40°C oven for 1 hour, thus providing a
completely dry sample for analysis so that the presence of moisture in the sample did
not affect the spectrum result. FTIR spectra measurements were performed using a
Perkin Elmer Spectrum two FTIR instrument (Figure 12). The lyophilized microalgae
samples were analyzed in the spectrum range 400-4000 cm! at a resolution of 4 cm’!
by 128 scans. In the FTIR analysis results, only the 1000-3500 cm! spectrum range
was evaluated. In this study, only potential functional group and macromolecular
content profiles were attempted to be established, but in the case of studies requiring

a more detailed identification, the fingerprint spectrum region could also be evaluated.

Figure 12. FTIR device

2.9 Induction of Mycosporine-like Amino Acid (MAA) Synthesis

Chlorella sp. and Scenedesmus sp. were cultured under controlled conditions and then
subjected to stress treatments to peak MA A production. Onsterile Petri dishes, cultures
were constantly exposed to artificial UV-A, UV-B, and PAR for 72 hours to induce
MAAs (Figure 13). Following desired intervals of 12, 24, 48, and 72 hours of
continuous exposure, equal numbers of cells were harvested in each time interval and
MAAs were measured after extraction. To prevent overheating of the cells, all

experiment cultures were exposed to radiation at a consistent temperature of roughly
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17°C. Additionally, to prevent self-shading effects, the cultures were placed on a

shaker throughout the exposure.

L

Figure 13. Experiment for induction of MA A synthesis

2.9.1 Extraction of MAA

Microalgal biomass (approximately 100 mg fresh weight/20 mg lyophilized sample)
was incubated with 10 times the volume of 100% HPLC grade methanol at 4°C for 24
hours. After incubation, the methanolic supernatant was centrifuged at 4,000
rpm/4°C/15 min and transferred to a different tube. After the methanolic extract was
evaporated at 38°C, 1.5 mL of water: chloroform (3:1) solution was added to the tubes
and vortexed to dissolve the residual MeOH. The mixture was then centrifuged at
4,000 rpm/4°C/15 minutes and the pigment-free supernatant was transferred carefully
into a new tube. The resulting supernatant was filtered through a 0.2 pm pore-sized
syringe tip filter and the partially purified MA As were prepared for spectrophotometric
analysis. MA As in pure water were determined spectrophotometrically to confirm the

presence of UV protectant substances.
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2.9.2 Spectrophotometric Determination

MAA extracts were loaded onto plates for spectrophotometer (UV -star Microplate, 96

wells). It was then scanned on a UV-vis spectrophotometer (BioTek Cytation 5 Cell
Imaging Multi Mode Reader) between 250-750 nm (Figure 14).
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Figure 14. UV-Vis Spectrometer device

2.10 High Liquid Performance Chromatography (HPLC)

The partially purified MA A samples were analyzed on an HPLC system coupled with
diode array detector (DAD). The compounds were separated on a Phenomenex
Synergie 4p fusion RP (C18, 4um, 250 x 3mm) column and guard column (RP-18
(4x3mm) 1.D.). 10 uL of MAA samples were injected into the HPLC column through
an autoinjector. The mobile phase was 2.5% Methanol + 0.1% Acetic acid (HPLC
grade) and ran isocratically at a flow rate of 0.5 mL/min-! during the process (20 min).
The column oven temperature was set at 30°C. The column pressure was from 150 to
300 bar. The detection wavelength used for MAA detection was at 330 nm to get the
chromatogram of MAA in Chlorella sp. Absorption spectra were recorded between
240 and 400 nm for each peak that was detected. These compounds were characterized
based on their retention time during HPLC and by their characteristic UV absorption

patterns or absorption maxima. (Rastogi & Incharoensakdi, 2013).
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3. RESULTS

3.1 Identification, Purification and Culturing of the Chlorella sp. ASYA34 and
Scenedesmus sp. ASYA49

According to the gel electrophoresis image, Chlorella sp. has a clear band between
1500 bp and 2000 bp. Scenedesmus sp. has a clear band at 4000 bp when compared to
the marker (Figure 15).
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Figure 15. Gel electrophoresis image of Chlorella sp. ASY A34 and Scenedesmus sp.
ASYA49

3.2 The Growth of Chlorella sp. and Scenedesmus sp.

Both Chlorella sp. and Scenedesmus sp. increased in biomass from day 3 to 27.
Scenedesmus sp. was slightly higher than Chlorella sp. At day 27, Chlorella sp.

reached the absorbance 4,33. For Scenedesmus sp., the absorbance value was 4,98.
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Growth Curve of Chlorella sp. and Scenedesmus sp.

Absorbance
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Figure 16. The growth curves of Chlorella sp. and Scenedesmus sp.

3.3 Total Saccharide Content

The total carbohydrate content of Chlorella sp. ASYA34 and Scenedesmus sp.
ASY A49 was measured by phenol sulfuric acid method and results are represented in
Figure 17. According to the results, the total saccharide content of Scenedesmus sp.
ASY A49 is higher than the total saccharide content of Chlorella sp. ASY A34. While
Scenedesmus sp. ASYA49 contains 12,162 pg/ml total saccharide, Chlorella sp.
ASY A34 contains 7,900 pg/ml total saccharide concentration.
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Figure 17. Total saccharide content of Chlorella sp. and Scenedesmus sp.
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3.3 Total Protein Content

The protein content of Chlorella sp. ASYA34 and Scenedesmus sp. ASY A49 were
determined, and results are represented in Figure 18. The results showed that Chlorella
sp. ASYA34 has 28% protein content while Scenedesmus sp. ASYA49 has 33%
protein content. According to these results, the protein content of Chlorella sp.

ASY A34 is lower than the protein content of Scenedesmus sp. ASYA49.
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Figure 18. The total protein content of Chlorella sp. and Scenedesmus sp.

3.4 Total Chlorophyll and Carotenoid Content

The chlorophyll and carotenoid contents of Chlorella sp. ASY A34 and Scenedesmus
sp. ASYA49 was analyzed, and the results are represented in Figure 19. The
chlorophyll a content is higher than the chlorophyll 4 content in both species. When
the chlorophyll content of Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 were
compared, and the results showed that the chlorophyll content of Scenedesmus sp.
ASY A49 is nearly two times higher than the chlorophyll content of Chlorella sp.
ASYA34. When the chlorophyll b contents of both species were compared, the
chlorophyll b content of Scenedesmus sp. ASY A49 is slightly higher than the content
of Chlorella sp. ASY A34. The total chlorophyll content of Scenedesmus sp. ASY A49
is nearly 3 times higher than the carotenoid content. However, the total chlorophyll

content of Chlorella sp. ASYA34 is nearly 2.3 times higher than the carotenoid
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content. When the carotenoid content of both species was compared, results showed

that the carotenoid content of Scenedesmus sp. ASYA49 is 12% higher than the
carotenoid content of Chlorella sp. ASYA34.

Total Chlorophyll and Carotenoid Content
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Figure 19. Total chlorophyll and carotenoid content graph of Chlorella sp. and

Scenedesmus sp.

3.5 Fluorescence Imaging of Neutral Lipid Molecules

The fluorescence microscope images of Chlorella sp. ASY A34 and Scenedesmus sp.
ASY A49 obtained by staining them with Nile Red are given in Figure 20. When the

images are examined, lipid droplets can be clearly seen. Scenedesmus sp. ASY A49

can be characterized by larger lipid droplets.

Figure 20. Fluorescence imaging of lipid droplets after Nile Red staining

(a) Chlorella sp. ASY A34, (b) Scenedesmus sp. ASY A49.
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3.6 Determination of Lipid Profile with Fatty Acid Methyl Esters (FAME)

The primary fatty acids and the percentage of total saturated fatty acids (SFAs),
monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) were
determined to assess the fatty acid composition. The fatty acid constituents of
Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 was shown as pie charts in
Figure 21. The percentage of total fatty acid concentration in the two algal biomasses
was determined for eighteen fatty acids, which ranged from C10:0 to C22:5n3 DPA
was given in Table 7. Stearic (18:0), palmitic (16:0), and DPA (22:5-n3) acids were
the three most prevalent fatty acids in Chlorella sp., with percentages ranging from
49.39%, 7.4%, 4.88%, respectively. For Scenedesmus sp., palmitic, y-linolenic (18:3-
n6), and stearic acids were the most abundant fatty acids. There is no EPA, but DPA
fatty acid was detected in both microalgal biomass. Saturated fatty acids made up a

significant amount of the total fatty acid pool about 65% for Chlorella sp.

The saturated fatty acid content is more predominant in both microalgae. Chlorella sp.
ASY A34 stands out with 65% SFA content. In terms of MUFA, Scenedesmus sp.
ASYA49 with 32% almost triples the 13% of Chlorella sp. ASYA34. In terms of
MUFA, Scenedesmus sp. ASY A49 is ahead with 27% content (Figure 22). The data
showed that, Scenedesmus sp. and Chlorella sp. have similar fatty acid profile and

PUFAs were less prevalent than SFAs and MUFAs.

When the fatty acid profile was examined in detail, C18:0 Stearic Acid was prominent
for both species in terms of SFA, C17:1 cis-10-Heptadecenoic Acid was prominent for
Chlorella sp. ASYA34 for MUFA, while C15:1 cis-10-Pentadecenoic Acid was
prominent for Scenedesmus sp. ASYA49. In terms of PUFA, C22:5n3 DPA
Docosapentaenoic Acid (DPA)was prominent for Chlorella sp. ASY A34 while C18:3
(n6) y-Linolenic Acid was prominent for Scenedesmus sp. ASY A49.
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FAME PROFILE
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Figure 21. Fatty acid profiles of Chlorella sp. and Scenedesmus sp. represented as
pie charts
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Table 8. Types of fatty acids found in Chlorella sp. and Scenedesmus sp.

Abbreviation Common name Chlorella sp. | Scenedesmus sp.
C10:0 Capric acid 1.35 1.19
C11:0 Undecanoic acid 1.85 1.43
C13:0 Tridecanoic acid 2.36 1.29
C16:0 Palmitic acid 7.4 16.85
C17:0 Heptadecanoic Acid (Margaric) 0.78 0.29
C18:0 Stearic Acid 49.39 14.8
C20:0 Arachidic Acid (Eicosanoic) 1.78 3.74
C14:1 Myristoleic Acid 2.26 2.51
C15:1 cis-10-Pentadecenoic Acid 3.83 11.29
C16:1 Palmitoleic Acid 1.28 2.14
C17:1 cis-10-Heptadecenoic Acid 4.63 5.04

C18:1, cis (n9) Oleic Acid 0.57 8.11
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C22:1n11 Cis-11 Docosenoic Acid 0.75 2.23
C18:2, cis (n6) Linoleic Acid 4.09 5.31
C18:3 (n3) a-Linolenic acid 4.44 0.7
C18:3 (n6) v-Linolenic Acid 3.56 16.06
C20:2, Cis-11,14 Eicosadienoic Acid 4.69 0
C22:5n3 DPA Docosapentaenoic Acid (DPA) 4.88 2.37

Saturated/Unsaturated Ratio

%22 ———

%13 —

& sFA

Chiorella sp. ASYA24

@ MUFA

S 565

® FUFA

%32 ——————

Saturated/Unsaturated Ratio

Y27 —.

— %4

® PUFA

@ MUFa

® sFa

Scenedesmus sp. ASYA49

Figure 22. Saturated and unsaturated fatty acids ratio of Chlorella sp. and

Scenedesmus sp.

The nutritional quality of the lipid fraction was assessed by eight separate indexes

(Table 8). These are calculated based on the concentration of saturated fatty acids

(SFAs, C12:0, C14:0, C16:0, and C18:0), monounsaturated fatty acids (MUFAs,
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Cl15:1-05, Cl16:1-07, C17:1-07, C18:1-09), and polyunsaturated fatty acids (PUFAsS,
C18:2-w6, C18:3-m3) according to:

(1) Monounsaturated fatty acids (MUFAs) = Summation of single double bond in
long aliphatic chains

(2) Polyunsaturated fatty acids (PUFAs) = Summation of > 2 double bond in long
aliphatic chains

(3) P/S=PUFASs/SFAs

(4) Hypocholesterolemic/hypercholesterolemic fatty acids ratio (H/H) = (C18:1-
®9 + C18:2-06 + C 18:3-03)/ (C14:0 + C16:0)

(5) Degree of unsaturation (DU) = (MUFA w %) + 2 x (PUFA w %)

(6) Unsaturation index (UI) = X (FA w % x number of double bonds)

(7) Atherogenic index (Al) = (C12:0 + 4 x C14:0 + C16:0)/Z @3 PUFA + £ w6
PUFA + X MUFA

(8) Thrombogenic index (TI) =(C14:0 + C16:0 + C18:0)/[(0.5 x MUFA) + (0.5 x
®6 PUFA)+ (3 x ®3 PUFA) + (03/w6)

Table 8. Nutritional quality indexes of the lipid fraction of the Chlorella sp. and

Scenedesmus sp.

Species w6 Y w3 wb6/w3 P/S H/H Al TI UD

Chlorella sp.

7,73 9,32 0,83 0,34 87,94 0,25 41,2 56,8
ASYA34

Scenedesmus sp.
21,37 53 4,03 0,65 0 0,31 28,8 85,73
ASYA49

3.7 Determination of Functional Groups with Fourier Transform Infrared

(FTIR) Spectroscopy

The functional groups in microalgae were analyzed by using Fourier Transform
Infrared Spectroscopy (FTIR). The spectrum results of Chlorella sp. ASY A34 (a) and
Scenedesmus sp. ASY A49 (b) is represented in Figure 23. The spectrum results of both
microalgae showed similar peaks. The peak at 3280 cm™! and 3286 ¢cm™! represents the

hydroxyl groups in microalgae. The peaks at 2923 cm-! and 1738 cm! represent the
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lipid profile of Chlorella sp. ASY A34 occurs due to the stretching vibration of CH3

and C=0 bonds, respectively. In the spectrum of Scenedesmus sp. ASY A49, the peak

seen at 2854

cm! also represents the lipid content of microalgae. The protein content

of microalgae can be related with the peaks at 1646 cm™! and 1545 cm™!. The peak at

1646 cm! is related to the C=0 bond and referred to as Amide I while peak at 1545

cm! is related to the N-H group and referred to as Amide II. The peaks at 1047 cm’!

and 1059 cm! represent the polysaccharide content of microalgae and form due to the

stretching vibration of C-O-C groups. In this study, the FTIR analysis was used as a

confirmation
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Figure 23. FTIR Spectrum of Chlorella sp. ASY A34 (a) and Scenedesmus sp.

ASYA49 (b)
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3.8 Enhancement of Mycosporine like Amino Acid (MAA) Synthesis
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Figure 24. UV visible spectrum of MAA extract obtained from control groups.

For Chlorella sp. ASYA34 and Scenedesmus sp. ASY A49, no response occurred in

the control group. The control group did not include any stress treatment.
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Figure 25. High PAR (150 mmol photon/s/m?) stress

No response in MAA was observed for Chlorella sp. ASY A34 and Scenedesmus sp.
ASYA49 in a stress group with high PAR (150 mmol photons/s/m?).
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Figure 26. High salinity (0.5 M) stress

In stress group b with 0.5 M salt treatment, no possible MA A peak was observed for
both Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49.
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Figure 27. High PAR (150 mmol photon/s/m?) + Low temperature (5°C) stress

In stress group ¢, where 150 mmol photon/s/m? high PAR and 5°C low temperature
was applied together, no response occurred for Chlorella sp. ASYA34 and

Scenedesmus sp.
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Figure 28. UV-B (0.5-1.5 W/m?) + High salinity (0.5 M) stress.

In stress group d, where UV-B (0.5-1.5 W/m?) and High salinity (0.5 M) stress were

applied together, no response occurred for Chlorella sp. ASY A34 and Scenedesmus
sp. ASY A49.
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Figure 29. High PAR (150 mmol photon/s/m?) + UV-A (1-3 W/m?) stress

In stress group e, where 150 mmol photons/s/m? high PAR and 1-3 W/m? UV A were

applied, there was no response in terms of MAA for both species.
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Figure 30. High PAR (150 mmol photon/s/m?) + UV-B (0.5-1.5 W/m?) stress

In the stress group of 150 mmol photons/s/m? of high PAR and 0.5-1.5 W/m? of UV-
A (1-3 W/m?), no response of Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49

microalgae was observed in the 250-400 nm range.
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Figure 31. High PAR (150 mmol photon/s/m?) + UV-A (1-3 W/m?) + UV-B (0.5-1.5
W/m?) stress.

For the g group treated with 150 mmol photons/s/m? high PAR, 1-3 W/m? UV A and
0.5-1.5 W/m? UVB, Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 microalgae

did not show any response in terms of MAA.
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Figure 32. UV-B (0.5-1.5 W/m?) + Low temperature (5°C) stress
In group h, where 0.5-1.5 W/m? UVB and low temperature (5°C) stress were applied
together, possible MAA peaks occurred for both Chlorella sp. ASYA34 and

Scenedesmus sp. ASY A49. For both species, a response in the 330-340 nm range was
observed especially at 48 and 72 hours.
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Figure 33. MAA screening in Chlorella sp. and Scenedesmus sp.

Nine different stress groups were applied for Chlorella sp. ASY A34 and Scenedesmus
sp. ASYA49, which was sensitive to stress groups, and possible MAA peaks were
observed. For both microalgae, probable MAA peaks were observed in group h.
Group h includes UV-B (0.5-1.5 W/m?) + low temperature (5°C) stress. Both
microalgae exhibited possible MAA peaks at 48 and 72 h of treatment of this group.
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3.9 High Liquid Performance Chromatography (HPLC)

HPLC Chromatogram of partially purified MAAs from Chlorella sp., showing the
typical peak at retention time of 5.0 min with absorption maximum at 320 nm (Figure
33). To confirm the contribution of UV -absorbing compounds to the observed increase
in the UV-B region of the in vivo absorption spectra, aqueous extracts of the cultures
were analyzed by HPLC. The results revealed the presence of UV -B absorbing MAA
of the tested Chlorella sp. ASYA34. MAA was detected at 320 nm. Based on the
retention times (Rt) and absorption maxima (A max), the fraction obtained for
Chlorella sp. ASYA 34 is as shown in Figure 1. Since the spectral scanning result of
Chlorella sp. ASY A 34 and Scenedesmus sp. ASY A49 were identical, HPLC analysis

was optimized on one species.

<Chromatogram>
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Figure 34. HPLC Chromatogram of partially purified MAA extract from Chlorella
sp. ASYA34
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4. DISCUSSION

4.1 Total Saccharide (Carbohydrate) Content

The total saccharide content of microalgae shows variation according to the species.
In a research study on Chlorella sp., the 20% carbohydrate content was detected
(Castro et al., 2020).

In another study, the maximum carbohydrate content (34.1%) was produced by a kind
of Chlorella, C. orbicularis Tai-04 (Ho et al., 2013).

The carbohydrate content was found to be high in Chlorella sp. and C. vulgaris 47.4
and 50.0% respectively (Ferreira et al., 2019).

4.2 Total Protein Content

The total protein content of Chlorella sp. ASY A34 (28%) was lower when compared
to protein content of Scenedesmus sp. ASY A49 (18%). In a literature study, the protein
content of Chlorella vulgaris was detected as 45% (Belasco, 1997). In another study,
the protein content of Chlorella sp. was determined as 48.2% (Castro et al., 2020). In
another study, the protein content of Chlorella vulgaris was determined as 43% when
growth under similar growth conditions (Seyfabadi et al., 2011). When the result of
this study is compared with this literature information, the protein content of
microalgae in this project is lower than the literature. However, in a study, the protein
content of Chlorella vulgaris cultivated in the laboratory was 20%. It was lower than
the result of Chlorella sp. ASY A34. In the same study, they compared the laboratory
grown Chlorella vulgaris with five other commercially dried Chlorella strains. Higher
protein content obtained from commercial strains when compared to C. vulgaris

(Canelli et al., 2020).

4.3 Total Chlorophyll and Carotenoid Content

The chlorophyll and carotenoid content of microalgae show variation according to the
species and growth conditions. In a research study, the chlorophyll a content of
Chlorella vulgaris was determined as 9 ug/ml concentration (Seyfabadi et al., 2011).

In the study of Seyfabadi et al., the maximum chlorophyll a content was 13.25 pg/ml
and the minimum was 7.4 ug/ml for Chlorella vulgaris. They studied how different

light regimes can affect the chlorophyll and carotenoid contents. Chlorella sp.
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ASY A34 had lower content of chlorophyll @ when compared to that study (Seyfabadi
et al., 2011).

The concentration of chlorophyll in microalgae varies in response to variations in
incident light intensity.

According to (Stramarkou et al., 2017) chlorophyll a concentration in fresh biomass
of C. vulgaris was 82.02 mg g~!, while from freeze-dried biomass was 17.67 mg g~'.
From the study of Molnar et al. (2013), the optimal solvent for chlorophyll extraction
from C. vulgaris is methanol. It is consistent with the result of the Varaprasad et al’s
study (2019). Chlorophyll a content in methanol extract was 16.6 pg/ml and the
content of chlorophyll » was 3.7 pg/ml in Molnar et al’s study. Chlorophyll a exhibited
the highest result in methanol but for chlorophyll b, the highest result was obtained
from ethanol extraction. In total chlorophyll content, the appropriate solvent was
ethanol for C. vulgaris. The highest total carotenoid content was obtained from acetone

as extraction solvent in that study.

4.4 Determination of Lipid Profile with Fatty Acid Methyl Esters (FAME)

Microalgae biomass is excellent for usage in a variety of food applications since it is
high in proteins, lipids, and carbohydrates (Feinberg, 1984). After undergoing
transesterification, lipid contents are converted into fatty acid constituents, which vary
in amount and quality according on the culture environment.

According to the study by Tokusoglu and Unal, total SFA, MUFA, and PUFA results
were 22.22, 35.44, and 38.94, respectively. They obtained these results from the
microalga Chlorella vulgaris. In our study, the total SFA was 64.91 for Chlorella sp.
Almost three times higher SFA value was obtained from Chlorella sp. ASYA34. But
MUFA (13.32) and PUFA (21.74) values decreased when compared to that study
(Tokusoglu and Unal, 2003). Another study was done on C. vulgaris and the results
showed that total SFA (25.1) was lower but MUFA (14.8) and PUFA (60.0) were
higher than our findings (Canelli et al., 2020). In the same study, five commercial
Chlorella strains and C. vulgaris which were cultivated in the laboratory were
compared. They found that laboratory-grown C. vulgaris had the highest SFA and
PUFA values. They did not detect any EPA or DHA in any biomass but in this study,
DPA was detected in Chlorella sp. (laboratory-grown4.88) and Scenedesmus sp.
(2.37).
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A greater value of SFA (64.91%) was found as opposed to the 33.5% that Batista et
al. (2013) had previously reported. Compared to the 13.32% of MUFAs in the
Chlorella sp. biomass we examined, a higher percentage of MUFAs (24.9%) was
reported in the same study. Nabi and Heimann (2013) reported that, biodiesel quality
is regulated by the length of the fatty acid chain and the presence of a double bond.
According to the Mathimani et al. (2021), the palmitic acid (16:0) present in high
concentration at about 36.83% for Scenedesmus sp. In the present study, palmitic acid
has the highest value 16.85% in same microalga species, but lower than the reported
study. For Chlorella sp., palmitic acid (33.42%) was higher when compared with this
study (7.4%).

In terms of nutrition, microalgae have intriguing profiles full of various nutrients and
health-promoting elements, like polyunsaturated fatty acids (PUFAs). Especially, 3-
PUFAs, like a-linolenic acid, are essential fatty acids that the body needs to get them
from food because it is unable to make them on its own (Gebauer et al., 2006). An
excellent substitute for fish oil as a source of ®3-PUFAs would be microalgae. High
intake of fish oil or ®-3PUFAs, especially DHA and EPA, may lower the incidence of
prostate, colon, pancreatic, endometrial, and other cancers, according to
epidemiological studies (Arem et al., 2013; Bassett et al., 2016; Chavarro et al., 2007,
Hidaka et al., 2015; Kimura et al., 2007; Song et al., 2014; Theodoratou et al., 2007).
In an attempt to identify species that could be valuable for the aquaculture feed market
as well as for the development of new microalgal strains for the production of
biodiesel, many researchers have analyzed and assessed the fatty acid (FA) profiles of
different microalgae species (Benemann, 2013; Pereira et al.,, 2011; Renaud et al.,
1999, 2013). To distinguish groups of different taxonomic ranks, the FA profile is
typically used as a chemotaxonomic marker. The variation in lipid composition among
different groups of algae makes a species-specific profile of FA possible (Zhukova and
Aizdaicher, 1995). The molecules that makeup microalgae's FA profiles usually have
a chain length of 12 to 24 carbons and several degrees of unsaturation or double bond
count, namely saturated (0 double bonds), monounsaturated (1 double bond), and
PUFA (= 2 double bonds). The chains of the most prevalent FAs have an even number

of carbons along with lengths of 14, 16, and 18.
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The fatty acid profile of an ingredient must be assessed using several significant
markers, often known as the indices of lipid nutritional quality (INQ).

Ulbricht and Southgate state that the thrombogenicity (TI) and atherogenicity (AI)
index assess the possibility of inducing platelet aggregation (Ulbricht and Southgate,
1991). Greater protection against heart and coronary disorders is associated with lower
Al and TI scores (Ganzaroli et al., 2017). Furthermore, both general and abdominal
obesity have been positively correlated with Al and TI in recent research (Suara et al.,
2020). Moreover, research on pregnant women revealed a positive correlation between
Tl and gestational diabetes mellitus (Barbieiri et al., 2016). For Chlorella sp. ASY A34,
Al value is 0.25 while TI value is 41.2 in this study. In another study, Al and TI of
0.27 and 0.29, respectively, were found in C. vulgaris (Canelli et al., 2020).

Myristic (C14:0) and palmitic acids (C16:0) are categorized in the most atherogenic
substances; stearic acid (18:0) is thrombogenic but not atherogenic (Attia et al., 2015).
Foods with a polyunsaturated-to-saturated fatty acid ratio (P/S) less than 0.45 are
deemed undesirable due to their tendency to elevate blood cholesterol levels (Food and
Agriculture Organization of the United Nations, 2010).

From another perspective, obesity prevention and control as well as the lower risk of
chronic illnesses depend on a balanced w6/w3 fatty acid ratio (Simopoulos, 2008;
Simopoulos, 2016;). A ratio of w6-PUFAs to ®3-PUFAs less than 4 has been
suggested by nutrition experts as beneficial (Simopoulos, 2003; Simopoulos, 2016;
McManus et al., 2011). Chlorella sp. ASY A34 biomasses showed a ®6/m3 ratio below
4 (0.83).

The predominant fatty acid content of typical western diets is ®-6 rather than ®-3,
mostly because w-6 rich vegetable oils (including sunflower, peanut, and corn) are
consumed at higher levels than -3-type oils like fish and nuts (Simopoulos, 2008).
The hypo-/hypercholesterolemic-fatty acid (H/H) index should be considered while
researching the functional impact of fatty acids. The examined Chlorella sp. biomass
exhibited a superior H/H ratio when compared to marine fish (0.9-2.5) (Fernandes et
al., 2014). Higher H/H is directly correlated with the amount of PUFAs and is believed
to lower cholesterol (Matos et al., 2016).

Prior studies have demonstrated that an ®6/®w3 ratio of less than 4 can prevent
cardiovascular illnesses and reduce overall mortality by 70%; a ratio of 5 is beneficial
for asthma; a ratio of 2-3 can reduce inflammation in rheumatoid arthritis; and a ratio

of 2.5 can inhibit the growth of colorectal cancer cells (Simopoulos, 2008).
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In a valuable study, the lipid profile of Chlorella sp. was determined as 24.9 SFA, 14
MUFA, and 51.9 PUFA. When these results were evaluated in comparison with the
results of Chlorella sp. ASYA34, lipid content shows (Zhukova and Aizdaicher,
1995).

4.5 Determination of Functional Groups with Fourier Transform Infrared

(FTIR) Spectroscopy

The FTIR spectrums of Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 shows
a result directly proportional to the results of chemical analysis that is performed to
determine metabolite content. The chemical analysis result of saccharide content
shows that Scenedesmus sp. ASY A49 has a higher total saccharide content than the
Chlorella sp. ASYA34. When the FTIR spectrum results of both microalgae were
examined, results showed that the polysaccharide peak (at 1059 cm-!) of Scenedesmus
sp. ASYA49 has a lower transmittance value than the Chlorella sp. ASYA34.

Moreover, the protein content of Scenedesmus sp.

ASY A49 is higher than the protein content of Chlorella sp. ASY A34 according to the
results of chemical analysis. When the spectrum results were analyzed two main peaks
represent the protein content at 1640 cm! and 1545 cm!. The peaks of both microalgae
at these wavelengths are evaluated by comparing the results of chemical analysis for
protein content and results showed that the transmittance values of these peaks are
lower in the spectrum of Scenedesmus sp. ASYA49. The lipid contents of both
microalgae were also characterized by chemical measurement and the results showed

that Scenedesmus sp.

ASY A49 has four times higher lipid content than the Chlorella sp. ASYA34. When
the chemical analysis results were compared with FTIR spectrum results, FTIR
spectrum results confirmed the chemical analysis findings. The peaks at 1740 cm-1,
2923 cm-1, and 2854 cm-1 represent the lipid content of microalgae. The transmittance
values of Scenedesmus sp. ASYA49 at these peaks are lower than the transmittance
value of Chlorella sp. ASYA49. Therefore, the FTIR spectrum results confirm the

result of the chemical analysis.
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4.6 Enhancement of Mycosporine like Amino Acid (MAA) Synthesis

MA As are a type of water-soluble metabolites that are frequently extracted using polar
solvents like ethanol or aqueous methanol. Since MA As are highly soluble in water, it
is challenging to extract and isolate high-purity MAAs. A few MAA isolation and
identification techniques, including gel permeation (Takano et al., 1979; Tsujino et al.,
1978), ion exchange resins (Takano et al., 1979; Tsujino et al., 1978; Carreto et al.,
1990; Tsujino et al., 1980), preparative TLC on silica gel (Carreto et al., 1990), etc.,
were outlined in Carreto and Carignan's review (Carreto and Carignan, 2011).

The presence of MAAs could be rapidly ascertained using UV and TLC, and the
amount of MA A content was directly reflected in the spotted region on the TLC plate,
which was highly significant for MAA detection (Sun et al., 2021).

The extraction of MAAs was carried out using a wide range of solvents, including
acetonitrile (Llewellyn & Airs, 2010), 0.2% aqueous acetic acid with 0.5% methanol
(Volkmann and Gorbushina, 2006), distilled water (Chaves-Pena et al., 2019), etc. The
most typical temperatures are between 4 (Volkmann and Gorbushina, 2006; Banaszak,
1998; Chaves-Pena, 2019) and 45°C (Dela Cobaet al., 2009; Whitehead and Hedges,
2003), and it appears that temperature is an ignored factor that influences the extraction
of MA As. It was evident that the yields of MA A extracts from the four red macroalgae
were more significantly impacted by the solid-liquid ratio and the degree of extraction

than by the extraction period. (Sun et al., 2021).

4.7 High Liquid Performance Chromatography (HPLC)

Mycosporine-like amino acids are currently often identified and measured using two
methods: their distinctive UV absorption patterns, or absorption maxima, and their
retention time during high-performance liquid chromatography (HPLC). In this study,
the group that is effective in MAA production because of spectral scanning was
selected and the experiment was set up. Then, MA A was extracted, and chromatogram
results were evaluated using the software of HPLC.

MAA accumulation was induced by UV radiation and a clear correlation was
observed. To date, many studies have shown that intracellular production of MAAs
increases simultaneously with UV radiation (Sinha, R. P., & Héder, D. P. 2008). A
peak at 320 nm was detected in the chromatogram results of Chlorella sp. ASYA34.

Based on the retention times (Rt) and absorption maxima (Amax), the fraction obtained
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for Chlorella sp. ASYA34 is likely to be palythine (Xiong et al., 1999). In a study,
the Trebouxiophyceae class was evaluated in terms of MAA (Karsten et al., 2005).
Although this class does not have many MAA producers, the Chlorella species is one
of these MAA producers. Especially in Chlorella sp. ASY A34 and Scenedesmus sp.
ASY A49 species, where MAA production is observed in the combination of low
temperature and UV-B, it is seen that these synthesized molecules, in addition to their
UV absorption feature, have a function to ensure the stability of cell metabolism
against low temperatures. The fact that the putative MAA at 320 nm synthesized in
Chlorella sp. ASY A34 and Scenedesmus sp. ASY A49 species is palythine and no
other MAA is found in the chromatogram shows that these species can be used as a

natural MA A source.

5. CONCLUSION

In conclusion, the metabolite profile of Scenedesmus sp. ASY A49 is richer than the
profile of Chlorella sp. ASY A34. The amount of total saccharide, protein, and lipid
contents is higher in Scenedesmus sp. ASY A49. The mycosporine-like amino acids
are another metabolite that was investigated in this thesis project. After the application
of various stress factors, the UVB and cold stresses were determined as the main
inductive factor for mycosporine like amino acid production in both species. The
Scenedesmus sp. ASY A49 was pronounced for the first time in literature because in
previous studies the MAA productivity from Scenedesmus was not
observed. Therefore, the Scenedesmus sp. ASY A49 can be evaluated as a new source

to produce mycosporine-like amino acids under suitable stress conditions.
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