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FOREWORD

Bacteria adapted to Antarctica’s extreme conditions represent promising candidates
for sustainable bio-pigment production. This study investigated the pigment
production potential of Antarctic isolates and evaluated the biotechnological
applications of these natural compounds. Their cold tolerance and metabolic diversity
highlight their potential for future eco-friendly innovations.
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BIOSYNTHESIS OF PIGMENT BY BACTERIA ISOLATED FROM
ANTARCTICA

SUMMARY

Known as one of the world's most extreme environments, Antarctica is a region that
has attracted researchers from around the world, boasting dozens of creatures,
structures, and formations yet to be discovered. Human technology, as it has developed
to date, has the capacity to gradually expand our horizons beyond the known by
unlocking the mysteries of this continent. It serves as a guiding light for us in
sustainable living and clean energy technologies, which are among the most important
issues of our time, as well as in the protection of people and the planet. Every study
done for this continent is a treasure, providing inspiration and ideas to advance deep
research, learning and technology in every field, from microorganisms and metabolites
to ocean life and its diverse habitats, from geological formations to the rich structure
of its minerals. This study emerged as a result of interest and curiosity in the
microorganisms living on this remarkable continent.

Antarctica hosts a diverse range of microbial communities, and the ways these
communities adapt to extreme conditions compared to what we might call the world's
normally temperate regions is being closely studied today. Due to the microorganisms'
easy biodegradability, ease of controlled production in a laboratory setting, and rich
variety of contents, scientific research on natural pigments derived from
microorganisms has gained momentum in recent years as an alternative to synthetic
pigment production. Many studies are focused on improving microbial pigments by
bioengineering methods and generating scientific data on the adequate understanding
of their metabolic formation pathways and on improving the biotechnological
utilization of organic pigments. As a result, technologies based on chemical pigments,
which harm humans and the ecosystem, are beginning to give way to natural solutions
and transform.

In this study, pigment activities on Rhodococcus fascians isolated from ice cores from
the Horseshoe, Hovgaard, and Nansen Islands of Antarctica, as well as Brevibacterium
sp. and Microbacterium sp. isolated from the Ross Sea that belong to the Italian Maria
Zucchelli Station, are analyzed experimentally. An optimization study (Plackett-
Burman Design-PBD) was carried out to investigate the responses of bacteria to
medium components and environmental factors, and appropriate pH and temperature
values were investigated. To ascertain the chemical structure, FTIR, UV-Vis, NMR,
and TLC analyses were carried out. The disk diffusion method was used to test its
antibacterial activity, and DPPH (Free Radical Scavenging Test) tests were performed
to determine its antioxidant capacity, and the results were shared in this study.

Spectroscopically, the pigment structure obtained from R. fascians shows the presence
of a carotenoid-based pigment at 456 nm, as reported in the literature. The structure of
isorenieratene, a carotenoid-derived pigment, at 405-408 nm in Brevibacterium sp.,
and neurosporene, a carotenoid-derived pigment also reported in previous studies, at

XXiii



407-417 nm in Microbacterium sp., are strikingly similar. An optimization study was
conducted to determine the most efficient production conditions for three different
bacterial species. The highest total carotenoid concentration was obtained in
Rhodococcus fascians (485.00 ug/g), followed by Microbacterium sp. (179.89 ug/g)
and Brevibacterium sp. (63.62 ng/g). Pigments were extracted from the isolates and
their antimicrobial activities were determined to inhibit both Gram (+) and Gram (-)
bacteria. FTIR spectra for pigment production in these three Actinomycete bacterial
species confirmed the presence of functional groups associated with carotenoid-like
pigments. The FTIR analysis revealed strong O-H, C-H, and C=O stretching
vibrations, which supported the pigment structures suggested by the UV-Vis data.
DPPH was evaluated in detail for Rhodococcus fascians pigment by the free radical
scavenging test. DPPH inhibition increased from 17.46% to 84.99%, indicating high
antioxidant properties with ICso value = 0.36 ng/uL based on linear regression analysis
(R?*=0.8817). Further analysis of the chemical structure of the pigment obtained from
R. fascians using Fourier transform infrared (FTIR) and nuclear magnetic resonance
(NMR) spectroscopy revealed that it was a carotenoid pigment of the zeaxanthin and
lutein varieties.

Microbial studies conducted in extreme environments like space and Antarctica
demonstrate that microorganisms are more adaptable than their counterparts living
under normal conditions. Researching Antarctic-origin microorganisms is very
valuable in the search for solutions to existing problems in the space environment,
from biofilm formation to natural polymers and the use of natural carotenoid pigments.
Expeditions to the Moon and Mars will be able to make significant gains in the coming
years, such as preventing infections, reducing cell decay, recycling waste, protecting
against radiation, and improving food content, thanks to microorganism-based
technological solutions.
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ANTARKTIKA’DAN iZOLE EDILEN BAKTERILERDEN PIGMENT
BiYOSENTEZI

OZET

Antarktika, diinyanin en ekstrem kosullar1 olarak bilinen iizerinde heniiz kesfedilmeyi
bekleyen onlarca canli, yap1 ve olusumuyla diinyanin her yerinden arastirmacinin odak
noktasi olan bir bolgedir. Bugiine kadar gelisen insan teknolojisi, bu kitanin sirlarinin
¢oOziilmesiyle ufkumuzu adim adim bilinenin 6tesinde bir agsamaya tasima kapasitesi
tagimaktadir. Giiniimiiziin en 6nemli konularindan siirdiiriilebilir yasam ve temiz
enerji teknolojileri ile insan ve gezegene ait koruma c¢alismalarinda bize yol gosterici
bir 151k niteligi tasimaktadir. Mikroorganizmalardan, metabolitlere, okyanus yasami
ve igerisindeki ¢esitli habitatlara, jeolojik olusumlar1 ve madenlerinin zengin yapisina
kadar her alanda bize derin bir arastirma, 6grenme ve teknolojiyi ileriye tasiyacak
ilham ve fikirler sunan bu kita i¢in yapilan her bir ¢alisma hazine degeri tasimaktadir.
Bu caligsma bu harika kitada yasayan mikroorganizmalara yonelik ilginin ve merakin
bir sonucu olarak ortaya ¢ikmustir.

Antarktika ¢ok sayida farkli mikrobiyal topluluklara ev sahipligi yapmaktadir. Normal
kosullar diyebilecegimiz diinyanin farkli iliman bolgelerine kiyasla ekstrem kosullara
kars1 olusturduklar1 adaptasyonlar sayesinde gliniimiizde dikkatle incelenmektedirler.
Mikroorganizmalardan elde edilen dogal yapili pigmentler tizerinde yapilan bilimsel
incelemeler, bu mikroorganizmalarin biyolojik olarak kolay pargalanabilirligi,
laboratuvar ortaminda kontrollii tiretim kolaylig1 ve ¢esitli zengin igerikleri sebebiyle
son yillarda sentetik yapili pigment {iretimi yerine alternatif olarak diisliniilerek hiz
kazanmistir. Bir¢cok arastirma mikrobiyal kaynakli pigmentlerin biyomiihendislik
yollarla iyilestirilmesi ve metabolik olusum yollarmin yeterince anlagilabilmesi
tizerine bilimsel veri iiretmekte ve organik pigmentlerin bitoteknolojik yararlanim
yollarini iyilestirmeye yoOnelmistir. Bu sayede insana ve ekosisteme zarar veren
kimyasal pigmentlere dayali teknolojiler yerini dogal ¢oziimlere birakmaya ve
doniisme amacina gitmeye baglamistir.

Glintimiizde astaksantin, prodigiosin, viyolasein, piyosiyanin, zeaksantin ve
aktinorhodin gibi c¢ok sayida bakteriyel pigment, modern tipta yogun bicimde
arastirilmaktadir. Rekombinant DNA ve sentetik biyoloji yaklasimlar1 sayesinde,
farkli dogal pigmentlerin bakteri konak hiicrelerinde kontrollii biyosentezi pigment
endiistrisinde mikrobiyal sentez ¢alismalarin1 daha da giiclendirmektedir. Bu sayede
pigment lretimi icin genis alanlara ve bakim zorluklari olan uzun siireli bitki
yetistirilmesine gerek kalmadan, laboratuvar ortaminda bakteri kiiltiirleri araciligiyla
benzer lirlinler daha kisa siirede ve daha gelismis yapida elde edilebilmektedir.

Yapilarindaki 6zel antifriz proteinler, diisiik sicakliklarda aktif kalabilen enzimler ve
esnek membran yapilari, UV ve oksidatif strese kars1 dayanikliliklari, 6zel EPS adi
verilen bilesenleri ile biyopolimer yapida iirline doniisebilme potansiyelleri gibi
ozellikleriyle kutup bolgelerinden izole edilen psikrofilik ve psikrotrofik organizmalar
gelecegin teknolojik dontistimiinde ¢ok dnemli bir yere sahiptir.
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Bakteriler tarafindan sentezlenen karotenoid pigmentler, karbon iskelet uzunluklarina
gore genel olarak Cso, Ca ve Cso smiflarina ayrilmaktadir. f-karoten, likopen, B-
kriptoksantin, zeaksantin, lutein, kantaksantin, astaksantin ve izorenieraten gibi
bilesikler, dokuz izopren biriminden olusan Cao tetraterpen iskeletine sahip
karotenoidlerdir. Uzun konjuge ¢ift bag zincirleri sayesinde bu Cao karotenoidler giiclii
antioksidan ve fotokoruyucu 6zellik gostererek hiicreleri oksidatif ve foto-oksidatif
strese karst korumada Onemli rol oynamaktadir. Cso karotenoidler, alti izopren
biriminden tiireyen daha kisa zincirli pigmentlerdir ve &zellikle Gram-pozitif
bakterilerde tanimlanan 4,4'-diapophytoene, 4,4'-diapophytofluene, 4,4'-diapo-(-
carotene, 4,4'-diaponeurosporene ve bu iskelete baglh tiirevlerden stafiloksantin
(staphyloxanthin) bu sinifa aittir. Bu pigmentler genellikle zar yapisinin desteklenmesi
ve oksidatif strese karsi ek bir koruma saglamasiyla iliskilendirilmistir. Cso
karotenoidler, on izopren biriminden olusan daha uzun zincirli pigmentler olup daha
nadir goriilmekle birlikte 6zellikle ekstrem kosullara uyum saglamis bakterilerde
tanimlanmistir.  Corynebacterium  glutamicum’un dogal sar1 pigmenti olan
dekaprenoksantin (decaprenoxanthin) Cso karotenoidlere klasik bir 6rnek teskil eder;
bu pigmentin, diger Caso karotenoidler gibi plazma zarina entegre oldugu ve zar
stabilitesi ile oksidatif strese kars1 korunmada gorev aldig1 gosterilmistir.

Bu calismada Antarktika’nin Horseshoe, Hovgaard ve Nansen adalarindan elde edilen
buzul karotlarindan izole edilen Rhodococcus fascians ve Italyan Maria Zucchelli
istasyonuna ait Ross denizinden izole edilen Brevibacterium sp. ve Microbacterium
sp. tizerinde pigment aktivitelerini analiz etmek adina deneysel caligmalar yer
almaktadir. Bakterilerin ortam bilesenleri ve ¢evresel faktorlere verdikleri tepkileri
arastirmak adina optimizasyon ¢alismasi (Placcket-Burman Design-PBD) yiiriitiilmis,
uygun pH ve sicaklik degerleri aragtirilmistir. Kimyasal yapiy1 belirlemek adina FTIR,
UV-Vis, NMR ve TLC analizleri yapilmigtir. Antibakteriyal aktivitesi disk difiizyon
yontemi ile test edilmis ve antioksidan kapasitesi iizerine DPPH (Serbest Radikal
Stiptirme Testi) testleri yapilarak bu ¢alismada sonuglara ait veriler paylagilmistir.
Ross Denizi’nden izole edilen Brevibacterium suslarina ait alt1 adet 16S rDNA
dizisinin filogenetik analizi, Jukes—Cantor modeline dayali maksimum olabilirlik
yontemi kullanilarak gergeklestirilmistir. Elde edilen agacta en yiiksek olabilirlik
degerine sahip topoloji degerlendirilmis ve ilgili dallardaki bootstrap ylizdeleri ile
birlikte sunulmustur. Analiz sonuglari, Brevibacterium izolatlarina ait dort dizinin
Brevibacterium anseongense dali igerisinde kiimelendigini, kalan iki dizinin ise agacin
geri kalanindan belirgin bigimde ayristigini gostermistir. Bu iki dizinin konumu,
izolatlarin B. anseongense’ye yakin, ancak ondan ayrilan ve muhtemel yeni bir tiirii
temsil edebilecegini diisiindiirmektedir. Microbacterium izolatinin 16S rDNA dizisi
ise filogenetik agagta Microbacterium resistens ile yakin bir akrabalik gostermektedir;
ancak ilgili diigtimdeki diistik bootstrap degeri , bu yerlesimin istatistiksel olarak zayif
oldugunu ve izolatin filogenetik konumunun kesinlestirilebilmesi i¢in ek dizi verisine
ithtiya¢c duyuldugunu ortaya koymaktadir.Bu 6n filogenetik bulgular 1s18inda, soz
konusu izolatlarin taksonomik konumlarinin daha ayritili ve giivenilir bigimde
aydinlatilabilmesi i¢in tiim genom dizileme verilerinin elde edilmesi ve karsilagtirmali
genomik analizlerin gerceklestirilmesi planlanmaktadir. TAE 1II seferi kapsaminda
Tiirkiye’ye getirilen buzul karotlarindan izole edilen Rhodococcus susunun 16S rRNA
gen dizisi belirlenmis ve GenBank veri tabanina PP563783 erisim numarastyla
kaydedilmistir. Yapilan BLAST analizi, dizinin Rhodococcus fascians tip susuna
(NR_125492.1) karst %98,44 oraninda niikleotid benzerligi gosterdigini ortaya
koymustur. 16S rRNA dizilerine dayali filogenetik agac, MEGA 11.0.8 yazilimi
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kullanilarak Maksimum Olabilirlik yontemi ve Kamura-Tei modeli ile olusturulmus;
dallarin giivenilirligini degerlendirmek amaciyla 100 bootstrap tekrar1 uygulanmistir.

Ug farkli bakteri tiirii icin literatiir taranarak uygun deney kosullar1 ve optimal
ekstraksiyon  yontemleri  belirlenmeye  ¢alisilmigtir.  Brevibacterium  sp.,
Microbacterium sp. ve Rhodococcus fascians izolatlar1 tizerinde yiiriitillen 6n
ekstraksiyon denemeleri sonucunda, goriiniir 1s1kta inkiibasyonun karanlik kosullara
kiyasla bakteriyel biyokiitleyi artirdigi, ancak elde edilen pigmentlerin 1518a maruz
kaldiklarinda fotostabilitelerinin azaldigi ve belirgin fotodegradasyona ugradiklar
gozlemlenmistir.

Spektroskopik olarak, R. fascians tiirtinden elde edilen pigment yapisi i¢in 456 nm’de
literatiirdeki karotenoid yapili pigment varligin1 gostermektedir. Brevibacterium sp.
405-408 nm dalga boyunda karotenoid tiirevi bir pigment olan isorenieraten yapisi ile
ve Microbacterium sp. igin 407-417 nm dalga boyunda onceki ¢alismalarda da
belirtilen karotenoid tiirevi bir pigment olan noérosporen yapilt pigment benzerligi
dikkat cekmektedir. Ug farkli bakteri tiirii i¢in en verimli iiretim kosullarin1 belirlemek
amaciyla bir optimizasyon calismasi yiiriitiilmistiir. En yiiksek toplam karotenoid
konsantrasyonu Rhodococcus fascians'ta (485,00 pg/g) elde edilmis, bunu
Microbacterium tiirleri (179,89 png/g) ve Brevibacterium tiirleri (63,62 pg/g)
izlemistir. Izolatlardan pigmentler ¢ikarilmis ve antimikrobiyal aktiviteleri hem Gram
(+) hem de Gram (-) bakterileri inhibe ettigi belirlenmistir.

Aktinomiset sinifina ait olan bu ii¢ bakteri tiirline ait pigment ¢alismalarinda FTIR
spektrumlarinda 29202850 cm ™! araliginda alifatik C—H gerilmeleri, 17001730 cm™
bolgesinde karbonil (C=0) ve 1600-1650 cm™ civarinda konjuge C=C bantlarinin
gozlenmesi, tim pigmentlerin karotenoid iskeletine sahip oldugunu desteklemektedir.
DPPH serbest radikal siiptirme testi ile Rhodococcus fascians pigmenti igin ayrintili
olarak degerlendirilmistir. DPPH inhibisyonu %17,46’dan %84,99’a yiikselmis, lineer
regresyon analizi ile ICso degeri =0,36 ng/uL ile yiiksek antioksidan ozellikler
sergilemistir (R?>=0,8817). Rhodococcus fascians pigment ekstraktinin 'H NMR
spektrumunda 5-7 ppm araliginda yogun vinilik proton sinyalleri, *C NMR’de ise
120-140 ppm araliginda belirgin sp? karbon sinyalleri gdzlenmis, bu da literatiirde
Rhodococcus tiirlerinden bildirilen karotenoid pigment karigimlariyla uyumlu
izoprenoid iskeletini desteklemektedir.

Uzay ortam1 ve Antarktika gibi ekstrem ortamlarda yapilan mikrobiyal ¢aligmalar,
mikroorganizmalarin normal kosullara kiyasla adaptasyon yeteneklerini ortaya
koymaktadir. Biyofilm olusumundan, dogal polimerlere, dogal karotenoid 6zellikli
pigmentlerin kullanim alanlarina kadar, uzay ortaminda mevcut sorunlara ¢éziim
arayisinda Antarktika kokenli mikroorganizmalarin arastirilmasi oldukca degerlidir.
Oniimiizdeki yillarda Ay ve Mars’a gergeklestirilecek seferlerde, mikroorganizmalara
dayali gelistirilecek teknolojik ¢oziimler sayesinde enfeksiyonlarin 6nlenmesi, hiicre
bozunumunun azaltilmasi, atiklarin geri doniistiiriilmesi, radyasyona kars1 korunma ve
gida iceriklerinin iyilestirilmesi gibi 6nemli kazanimlar elde edilebilecektir.
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1. INTRODUCTION

Pigments are inorganic, organic and synthetic based. Inorganic pigments are
chemically stable and durable substances that do not dissolve with solvents [1].
Chemical oxides, sulfates, chromates, silicates, borates, molybdates, phosphates,
vanadates, iron cyanate, hydroxides, sulfides are inorganic pigments [2]. The source

of natural pigments is plants, minerals, insects or microbial organisms [3].

The first synthetic pigment was discovered in 1856 by William Henry Perkin during
his studies on an organic compound called aniline, a coal tar derivative. Perkin
synthesized this compound and produced a synthetic purple pigment called mauveine.
This synthetic dye created a major revolution, especially in the textile industry [4].
Although synthetic pigments have been used in the food, pharmaceutical, textile, and
cosmetic sectors for many years due to their ease of use and high stability, the tendency
towards natural pigments has increased, considering the damage they cause to humans
and the environment, their high toxicity, and pollution potential [5]. Pigments can be
classified in various ways according to their origin and chemical structure, as shown
in Table 1.1.

Table 1.1 : Classification of pigments according to their origin and chemical
structure.

Pigment Type Characteristics Examples
Organic compounds
obtained from plants,

Carotenoids,

Natural . Anthocyanins,
animals, and
: . Chlorophyll
microorganisms
According to Compounds produced  FD&C (Food, Drug,
Origin Synthetic in vitro using chemical and Cosmetic
processes colorants)
Inorganic compounds Lead chromate,
Inorganic synthesized or found in  Phthalocyanine blue,
nature Chrome fast green

Carotenoids are isoprenoid pigments with long hydrophobic chains containing double
bonds that make them soluble in lipid environments. Anthocyanins are oxygenated

heterocyclic flavonoid compounds with a benzo-pyran ring that are water soluble.



They change color according to the pH. Chlorophyll is a pigment composed of
tetrapyrrole rings and a central magnesium ion. Pigments can be classified based on

their chemical structure, as shown in Table 1.2.

Table 1.2 : Classification of pigments according to their chemical structures.

Tetrapyrrole Compounds with four Chlorophylls, Hem
Derivatives pyrrole rings group
Isoprenoid derivatives;

Lycopene, Carotene,

Carotenoids mostly polymeric Lutein, Capsanthin
structures
Non-Tetrapyrrolic _CompOL_mds C.O”ta'”'F‘g i .
. nitrogen in their chemical Purines, Pterins
Nitrogenous
structure
. Ring structures Flavins, Phenazines,
. Heterocyclic = . ;
According containing nitrogen Phenoxazines,
Compounds )
to the and/or oxygen Betalains
Structure Benzopyran Oxygenated heterocyclic Anthocyanins,
Derivatives compounds Flavonoids
Compounds containin Benzoguinone,
Quinones P g Naphthoquinone,

quinone groups Anthraquinone

Polymeric compounds
Melanins derived from nitrogen-
containing monomer

Eumelanin,
Pheomelanin

An examination of Table 1.2 reveals that classifying pigments based on their chemical
structures is an important step toward understanding their biological functions.
Tetrapyrrole derivatives are essential to structures like the heme group and play a
critical role in oxygen transport. Pigments that contain nitrogen but are not
tetrapyrroles contribute to genetic material through their purine and pterine structures
or are involved in redox balance. Heterocyclic compounds, such as phenazines and
phenoxazines, are particularly antimicrobial. Betalains can be used to replace
anthocyanins in certain plants. Quinone pigments contribute to energy production by
participating in electron transport chains. Melanin's polymeric structures remove free

radicals while also providing UV protection.

1.1 Chemical Structure of Pigments

Pigments are chemical compounds that absorb specific wavelengths of light in the

visible light spectrum. The resulting color is due to a molecule-specific structure called



a chromophore, which can absorb energy and excite an electron to a higher orbit. The
unabsorbed energy is reflected or refracted and detected by the eye and converted into
neural signals, which are interpreted by the brain as a color [7]. In the case of natural
pigments, color formation occurs when a polyene chain contains a minimum of six

conjugated double bonds [8].

Natural pigments can be divided into various categories according to their structural
properties. These include quinones, tetrapyrrole derivatives (heme and chlorophylls),
benzopyran compounds (flavonoids and anthocyanins), melanins, isoprenoid
derivatives (carotenoids and iridoids) and other N-heterocyclic compounds (betalains,
phenazines, flavins, phenoxazines, purines, pterins) [7].

1.1.1 Structure and properties of carotenoids

Carotenoids are natural pigments produced by plants and microorganisms and are
divided into two main groups: carotenes and xanthophylls. These pigments exist as
hydrocarbons (e.g., lycopene, o-carotene, B-carotene) or their oxygen-containing

derivatives (e.g., xanthophylls such as lutein, zeaxanthin, astaxanthin) [6].

These pigments have hues ranging from red to yellow and orange; their colors are
determined by the length of their carbon skeletons and the number of conjugated
double bonds. Carotenoids are C-40 isoprenoid pigments with at least 9 conjugated

double bonds and colors ranging from yellow to red [7].

1.1.2 Carotenoid biosynthesis pathway

There are two main pathways for the biosynthesis of carotenoids: the methyl-
erythritol-phosphate (MEP) and mevalonic acid pathways (MVVA). These pathways
produce a variety of carotenoids using precursor molecules such as isopentenyl
pyrophosphate and dimethylallyl diphosphate [8]. The first step in carotenoid
biosynthesis is the synthesis of C5 isoprenoid precursors via the MEP or MVA
pathways [9], [10].

1.1.3 GGPP synthesis and phytoene formation

C5 isoprenoid precursors (IPP and DMAPP) lead to the formation of the GGPP

(geranyl-geranyl pyrophosphate) molecule. Two molecules of GGPP are



enzymatically converted into phytoene by the enzyme phytoene synthase (PSY/CrtB)
as illustrated by the following reaction;

GGPP — Phytoene (Enzyme: Phytoene synthase, PSY/CrtB)
1.1.4 Phytoene to all-trans-lycopene conversion in plants and bacteria

In plants, the conversion of phytoene to all-trans-lycopene is catalyzed by four distinct
enzymes, whereas in bacteria, a single enzyme catalyzes all the steps of this

transformation.
* Phytoene — PDS — ZDS — CRTISO — all-trans-Lycopene
1.1.5 Conversion of lycopene to cyclic carotenoids
Lycopene is converted into cyclic carotenoids by the action of cyclase enzymes
* Lycopene — a-Carotene (enzyme: Lycopene e-cyclase, LYCE)

* Lycopene — [f-Carotene (enzyme: Lycopene [-cyclase, LYCB / CrtY)

1.1.6 Hydroxylation of cyclic carotenoids

Cyclized carotenoids are converted to more functional derivatives by hydroxylase

enzymes:
* a-Carotene — Lutein (enzyme: a-carotene ring e-hydroxylase, CHYE)
* f-Carotene — Violaxanthin (enzyme: f-carotene hydroxylase, CHYB / CrtZ)

Carotenoids are divided into carotenes and xanthophylls based on their chemical
structure and function. Figure 1.1 shows the chemical structures of different types of
carotenoids [11].

Carotenes

a-carotene

Torularhodin
B —carotene

y-carotene Astaxanthin

&-carotene I Canthaxanthin

Torulene

Figure 1.1 : Chemical structures of carotenoid types [11].



As shown in Figure 1.2, the biosynthesis of carotenoids in microorganisms occurs via
the mevalonate (MVVA) pathway [12].

Mevalonate Pathway
MVA--> DMAP <——> |PP

GGPP
Phytoene synthase ‘
v

AN A
Phytoene dehydrogenase ...}
v

WM)\WW_

Lycopene cyclase i

Carotenes

~ ‘ B- carotene

B- ring hydroxylase .|
M B- criptoxanthin

o

B- ring hydroxylase ....|

MY\/Y\:Q/ Zeaxanthin

Zeaxanthin epoxidase ...}

¥ "
W Violaxanthin

Figure 1.2 : Carotenoid biosynthesis through the MVVA pathway in microorganisms.

The biosynthesis of carotenoids in microorganisms primarily occurs through the
mevalonate (MVA) pathway. This pathway provides the essential isoprenoid
precursors required for carotenoid formation [12]. Figure 1.3 illustrates the chemical
structures of DHIR, IR, and lutein, highlighting their key functional groups and

branched carbon skeletons relevant to their biological activity.
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W\“““
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Figure 1.3 : Chemical structures of carotenoids DHIR, IR, and lutein.

Carotenoids include the structurally rare phenolic polyene 3,3'-dihydroxyisoreneniate
(DHIR). DHIR and isoreniatene (IR) are aromatic carotenoids produced by

Brevibacterium linens [13].



1.2 Spectral Properties of Carotenoids

1.2.1 Lycopene

Lycopene is a linear carotenoid that does not contain any rings. There are 11
conjugated double bonds, and it appears in red, which is associated with the expanded
conjugation system. The UV-Vis spectrum shows absorption at longer wavelengths
and a distinct spectral profile. Its conjugated structure enhances electron

delocalization, thereby supporting the red tone [14].

1.2.2 a-Carotene

a-Carotene is an asymmetric carotenoid with B-ring and e-ring. Although the &-ring
has a cyclic structure and a double bond, the location of the double bond and the
geometry of the ring prevent conjugation from extending as efficiently as the B-ring.
As a result, a-carotene has a shorter effective conjugation length than [-carotene,

which affects its UV-Vis absorption [14].

1.2.3 y-Carotene

y-Carotene is a carotenoid with a single ring structure. It contains 11 conjugated double
bonds and is structurally positioned between [B-carotene and lycopene. It appears
reddish-orange, and its UV-Vis absorption spectrum lies between that of lycopene and
[-carotene. The presence of a single ring causes a slight disruption in electron

resonance, placing its spectral characteristics in an intermediate position [14].

1.2.4 p-Carotene

[-Carotene is a symmetric carotenoid composed of two B-rings. Although it contains
11 conjugated double bonds, its cyclic structure results in a yellow-orange appearance.
The UV-VIS spectrum shows a shift toward shorter wavelengths compared to
lycopene, and its spectral absorption is generally less pronounced. The terminal rings

slightly interrupt the conjugation, affecting its overall spectral behavior [14].

UV-VIS absorption spectra of lycopene, y-carotene, and [B-carotene have been
compared by revealing the spectral features that distinguish their ring structures. The
characteristic spectra of these three compounds are evaluated in terms of maximum

wavelengths and absorption intensities and are presented in Figure 1.4.



Visible Absorption Spectra of Carotenoids in Petroleum Ether

= Lycopene (__)
y-Carotene (- - -}
B-Carotene (-.-.-.)

+++ a-Carotene (....)

Absorbance (a.u.)

350 375 400 425 450 475 500 525 550
Wavelength (nm)

Figure 1.4 : The visible absorption spectra of lycopene, y-carotene, B-carotene, and
a-carotene measured in petroleum ether [14].

1.2.5 Isorenieratene

Isorenieratene is a Cao aryl carotenoid bearing aromatic @-type rings at its ends [15].
Physically, isorenieratene, like other carotenoids, is an extremely hydrophobic, water-
insoluble pigment found primarily in cell membranes. Its conjugated polyene chain
provides significant antioxidant and photoprotective effects against photooxidative
stress by scavenging reactive oxygen species such as singlet oxygen and hydroxyl
radicals. Isorenieratene and its 3,3’-dihydroxy derivatives were found to significantly

reduce UV-induced DNA damage and lipid peroxidation [13].

1.2.6 Neurosporene

Neurosporene, an acyclic carotene with a 7,8-dihydro-y,y-carotene skeleton and
formula CsHss, is a polyene pigment that serves as a biosynthetic intermediate for
lycopene and various bacterial carotenoids. In bacteria and fungi, neurosporene serves
as an intermediate in the pathway from phytoene to phytofluene, (-carotene,
neurosporene, and lycopene. Bacteria convert 15-cis-phytoene to phytofluene, (-
carotene, and all-trans-neurosporene via a single Crtl-type 3-step phytoene desaturase.
[16]. Functionally, neurosporene has been identified as an accessory pigment in light-
harvesting complexes, a singlet oxygen quencher, an antioxidant that protects
membranes from oxidative stress, and all of which are important steps in

photooxidative stress adaptation [17].



1.3 Characteristics of Antarctic Bacteria

Antarctica, with its rich microbial diversity, is the source of many metabolites and
compounds with high biotechnological potential that are waiting to be discovered.
Bacteria discovered in Antarctica are notable for their remarkable adaptation to harsh
conditions, including extreme cold, drought, UV radiation, and food scarcity. They are
psychrophilic bacteria, meaning they can remain active at very low temperatures and
have antifreeze proteins that prevent intracellular fluids from freezing. These bacteria
are resistant to UV damage due to the presence of pigments or DNA repair
mechanisms. Pigment properties of some bacterial species isolated from Antarctica are

shown in

Table 1.3. Different bacteria harboring different pigment types, their biological

activities, and color varieties have been compiled from studies.

Table 1.3 : Pigment content of some bacterial species isolated from Antarctica.

Pigment Color  Biological Activity | dtlesni(i:ftiecr;?ilon Isé%'j:'c%n Ref.

Carotenoid (o-

carotene, echinenone, Microbacterium sp.  King George

canthaxanthin, ~ Orange  UVB resistance LEMMJ0L island 18]
astaxanthin)
. . . . . Janthinobacterium  Snow (King
Violacein Violet Antibacterial lividum -ROICE173 George-lsland) [19]
Land-locked
. freshwater
Flexirubin Yellow/ UV protector Flavobacterium sp. lakes [20]
orange Ant342 .
(Schirmacher
Oasis)
Carotenoid . Hymenobacter sp. Soil (King
(canthaxanthin) Red Photosensitive A9AS George Island) [21]

1.4 Literature Review

1.4.1 Studies on pigment production

Natural pigments contain many active ingredients that are environmentally friendly
and beneficial to human health. For example, lutein pigment found in higher plants
and microalgae has shown the ability to prevent and treat retinal damage, including
age-related macular degeneration, glaucoma, and diabetic retinopathy [22].
Tetrapyrroles, carotenoids, flavonoids, curcuminoids, betalains, and quinones are

common natural pigments obtained from plants, animals, and microorganisms [23].



Today, pigments of different types and shapes are widely used as additives or
nutritional supplements in the food industry, cosmetics, pharmaceuticals, animal feed,
and other fields. In the study conducted by Boo et al. (2012), antioxidant activities,
total polyphenol and flavonoid contents and antimicrobial effects of some plant
pigments were evaluated to be used in cosmetic products, and it was stated that these
plant sources contain active functional components and can be used as excellent
materials for natural cosmetics and food supplements [24]. Buttle et al. (2001)
investigated the effects of astaxanthin and canthaxanthin pigments on pigment
accumulation and color formation in the flesh of Atlantic salmon (Salmo salar L.) and
conducted studies on how these pigments can be used in commercial feed formulations
in fish farms. The study determined that the characteristic pink color of salmon meat
is due to naturally accumulated carotenoid pigments. It was also determined that as the
canthaxanthin content in the feed increases, the amount of canthaxanthin accumulated
in fish meat also increases [25] . It has been shown in the study conducted by Hamano
& Kilikian (2006) that the microorganism Monascus ruber supports the production of
red pigments using agricultural industrial wastes such as corn soaking liquid. Corn
soaking liquid provides a suitable nutrient medium for pigment production by
Monascus ruber, with the nutrients it contains, such as nitrogen, amino acids, and
vitamins. This finding is an important example of how agricultural waste can be
utilized in biotechnological processes, especially in areas such as pigment production
[26]. It was reported by Sopandi et al. (2013) that the fungus Penicillium resticulosum
has the potential to produce fungal pigments by utilizing agricultural industrial wastes.
The study revealed that this microorganism can increase pigment production by
utilizing the nutrient content of agricultural wastes [27]. The biotechnological use of
Penicillium species is also important in terms of environmental sustainability, as these
fungi can obtain valuable products by bioconversion of waste. Rhodotorula glutinis is
a microorganism used for carotenoid production. This microorganism promotes
carotenoid production by using agricultural wastes such as hydrolyzed waste flour of
mung bean as substrates. Carotenoids are compounds with important biological
activities, and this process is an example of the transformation of waste into valuable
biotechnological products. The activity of Rhodotorula glutinis in carotenoid
production provides an important insight into how this microorganism can be used in

biotechnological processes of agricultural waste [28].



1.4.2 Studies on the obtainment of bacterial pigments

Bacteria produce a variety of pigments, including carotenoids, melanin, prodigiosin,
pyocyanin, actinorhodin, and zeaxanthin [29]. Many microbial pigments exhibit
antioxidant, anti-inflammatory, or antimicrobial properties [30]. Carotenoids have a
wide range of uses, including organic food coloring, animal feed, textile and paper
dyeing, nutraceuticals, cosmetics and pharmaceuticals [31]. Melanin protects against
UV radiation by absorbing a wide range of electromagnetic spectrum and preventing
photo-induced damage. It also resists high temperatures and chemical stress. Melanin
is widely used in cosmetics, sunscreens, eyeglasses and the safe containment of
radioactive waste such as uranium [30]. Prodigiosin stands out as a powerful
therapeutic molecule, especially due to its immune response suppression and
anticancer effects. In addition, prodigiosin exhibits insecticidal, antifungal,
antibacterial, and antimalarial properties [32]. Pyocyanin has been used as a biological
control agent and is known for its antibacterial and antifungal activities [33].
Riboflavin (vitamin B2) is a water-soluble pigment with yellowish-green fluorescence.
Riboflavin supplements are used in phototherapy applications for the treatment of
neonatal jaundice. Additionally, riboflavin has been shown to be effective in relieving
migraine headaches when used in conjunction with beta-adrenergic drugs [30]. One
of the non-photosynthetic bacteria that produce carotenoid pigments is Rhodococcus
sp. In a study conducted by Shimokata and Tsukamura in 1989, the carotenoid
pigments of the Rhodococcus genus were examined in detail. As a result of the study,
Rhodococcus species were divided into three groups according to the types of
carotenes they contained: The first group produced beta-carotene, the second group
produced gamma-carotene-like compounds; the third group did not produce any
carotene [34]. In a study conducted by Osawa et al. (2011), OH-chlorobacten
glycoside, OH-y-carotene glycoside, OH-4-keto-y-carotene glycoside hexadecanoate,
and OH-chlorobacten glycoside hexadecanoate compounds were isolated and
identified as a new antioxidant carotenoid from Rhodococcus sp. It was reported that

these compounds exhibited strong antioxidant activities [35].

1.4.3 Studies on pigment production from antarctic bacteria

Bacterial pigments have an extremely high potential in biotechnological applications

due to their prevalence, species adapted to extreme conditions, especially in polar
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regions, and the special biological mechanisms that allow these species to adapt to
cold, as well as the potential new species that can be obtained from glaciers [36].
Microorganisms that can survive in the extreme conditions of Antarctica develop
various morphological and biochemical strategies, such as the production of
photoprotective compounds and protection mechanisms based on both enzymatic and
non-enzymatic antioxidant systems [37]. Therefore, these microorganisms adapt
themselves to cold by producing different pigments [38].Among the bacteria isolated
from Antarctica, especially Gram (+), the genera Staphylococcus, Bacillus,
Mesobacillus, Kocuria, Gordonia, Rhodococcus, Micrococcus, Arthrobacter,
Agrococcus and Salinibacterium are common and mostly exhibit carotenoid pigment
production [39], [40]. Correa-Llantén et al. (2012) studied the antioxidant potential of
pigments produced by an Antarctic microorganism (Pedobacter terrae) isolated from
Doumer Island [41]. The characterization of the pigment mixture produced by the
microorganism determined that this mixture consisted of nine pigments belonging to
the carotenoid group and showed a maximum absorption at 480 nm, as reported by
Zhang et al. (1997) [42]. The analysis of the pigment mixture by mass spectrometry
revealed the xanthophyll content. This study showed that the integration of the pigment
mixture consisting of various carotenoids into liposome membranes reduced the
degradation of lipids due to oxidative stress against UVB radiation and protected cell
membranes from oxidative damage. It was stated that it has the potential to be used in
biotechnological applications as an effective antioxidant, especially against high UVB
radiation. In a study conducted by Dieser et al. (2010), it was found that pigments
produced by microorganisms obtained from Antarctica reduced harmful oxygen

derivatives called reactive oxygen species (ROS) formed in bacteria [43].
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2. EXPERIMENTAL STUDIES

2.1 Materials

This section contains information about all of the materials and devices used in

experimental studies.

2.1.1 Chemicals compounds used in the experiments

The chemical reagents used in the study, along with their product codes and packaging
sizes, are listed in the table below. All reagents used were of analytical grade and were
applied according to experimental protocols. Table 2.1 shows the chemical reagents

used in pigment production, along with their product codes and packaging information.

Table 2.1 : Product codes and chemical reagents utilized in the experiment.

Chemical Name Brand and Catalogue Number Purity / Grade Pas(filzaege
D (+) Glucose anhydrous Carlo Erba - 454337 ACS (?r r;zlg/tlcal 1 kg
. Biolife - Mueller Hinton Agar
Mueller Hinton Agar Il - 401740 500 g
. . Labkim - S.0165.08.17/ Carlo
Sodium Chloride, (NaCl) Erba - 479687 Extra pure 1 kg
Potassium dihydrogen phosphate Merck - 1.04871.1000/ Baker Ph. Eur / Analytical 1 ka/ 500
(KH2PO) Analyzed - 0240 Grade gt g
Peptone from paseln (pancreatic ITW Reagents - A2210 o 500 g
digest)
Peptone from meat, bacteriological Millipore (5'\,/(I)e0rccgk) - 91249- — 500 g
Magnesium sulfate heptahydrate AFG Scientific - o 500
(MgSOs-7H:0) (M.W.246.47) g
Ammonium sulfate (NH4)2SO4) Merck - 101216.9029 Extra Pure 1 kg
25 mm PTFE hydrophilic syringe  ALWSCI Technologies -P/N o 100
filter, 0.22 pm MRZ0644 pcs/pack
Methanol, extra pure Merck - 1.06008.2500 Extra Pure 25L
-di -1- 0, 1
DPPH (2,2-diphenyl-1 Sigma-Aldrich — D9132-1G > 95% (typical 19
picrylhydrazyl) reagent grade)

Millipore (Sigma-Aldrich —
Yeast Extract 92144- 500G-F) — 500 ¢

36-38%
Hydrochloric Acid (HCI, 37%) Baker Analyzed-6081 (w/w)/Analytical 25L
Grade
>99.9%, Absolute
Ethanol Absolute Anhydrous Carlo Erba - 414601 Anhydrous, 1L

(EtOH) Analytical Grade
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2.1.2 Laboratory equipments

The equipment listed below was obtained from the research laboratories of the
University of Camerino, Faculty of Biology and Veterinary Medicine, and Istanbul
Technical University, Faculty of Chemistry and Metallurgy, where the experimental

studies were carried out. Table 2.2 provides an overview of the equipment, including

model specifications and intended applications.

Table 2.2 : Model features of the equipment used in experimental studies and their
purposes in research.

Equipment Model Application

Calculator PHOENIX instrument-BTG-303 Calculation the contents of I|_qU|d media
prepared for bacteria

Centrifuge Eppendorf-5415 C Pigment extraction/ 10,000 rpm

Centrifuge OHAUS Frontier 5718R Pigment extraction/ 7500 rpm

Shaking Incubator
Magnetic Stirrer
pH Meter
UV Spectrophotometer

Water Bath

Rotary Evaporatory

Shaking Water Bath

Ultrasonic
Homogenizer

FT-IR Spectrometer

Laboratory Drying
Oven

Freeze Dryer

ARGO LAB-SKI 4

LLG-Unistirrer 3

Giorgio Bormac S.r.1.-XS pH 50
VioLab

VWR UV-1600PC

New Brunswick-Gyrotory Shaker
G76

Heidolph Laborota 4000

Julaba-SW 23

Bandelin HD-4050

Shimadzu 8300

Heraeus, Germany

Christ ,Alpha 1-2 LDplus, Germany

Adjusting the temperature and agitation for
bacteria incubation.

Ensuring a homogeneous mix of medium
content

Calculation of different pH parameters

Detection of pigment absorbance bands,
peaks, and levels

Pigments are extracted from bacterial cells
using mechanical lysis.

Pigment concentration is accomplished by
vacuum-removing organic solvents from
pigment extracts.
Microorganisms are incubated at controlled
temperatures.

Using ultrasonic waves to disrupt cell
suspensions, which provides mechanical
lysis and pigment release.
Analysis of pigment functional groups and
chemical structures using characteristic
vibration bands in the infrared region.
Laboratory-type drying oven that can
operate in a nitrogen atmosphere.

The freeze-drying (lyophilization) of
pigment-containing samples results in dry
products.

2.1.3 Bacterial strains used

The study's bacterial strains included three Antarctic isolates: Brevibacterium sp.,
Microbacterium sp., and Rhodococcus fascians. The structures and properties of these
microorganisms are described in detail in the subheadings.

2.1.3.1 Brevibacterium sp.

Brevibacterium sp. cells can be morphologically rod-shaped or cocciform. These
bacteria are obligate aerobes, meaning they require oxygen for growth. They are
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chemoorganotrophic organisms that obtain energy from organic compounds. They act
oxidatively or neutrally towards sugars and are catalase-positive [44]. Taxonomic
classification of Brevibacterium species is important in terms of revealing the
phylogenetic position and systematic relationships of these bacteria. The taxonomic

levels to which Brevibacterium sp. belongs are presented in Table 2.3.

Table 2.3 : Taxonomic classification of Brevibacterium species.

Taxonomic Rank Name
Domain Bacteria
Phylum Actinobacteria (also referred to as Actinomycetota)
Class Actinobacteria
Order Micrococcales
Family Brevibacteriaceae
Genus Brevibacterium

Colony morphology, pigment production, physiological and biochemical properties of

Brevibacterium species are summarized in Table 2.4.

Table 2.4 : Colony and pigment characteristics in Brevibacterium species [45], [46].

Characteristics B. linens  B.iodinum  B. casei B. epidermidis B. mcbrellneri  B. otitidis
Colony morphology ~ Smooth, Smooth, Smooth, Contoured, Smooth,
: Smooth, creamy :
and consistency creamy creamy creamy friable, dry creamy
. Yellow-  Whitish-  Whitish- Whitish- - . Whitish-
Pigment - - - Whitish-beige -
orange grayish grayish yellowish yellowish
Growth at 37°C w + + + + +
Nitrate reduction + + V (-) V (+) - -
B-Glucosidase ) ) v ) ) )
activity
Xanthine hydrolysis + + + + \% -
Utilization of:
D-Arabinose - - + - - -
L-Arabinose - - - - - -
D-Arabitol V (-) - - + - -
Gluconate - - + + - -
Mannitol V (-) - - + - -

Symbols and Abbreviations:
+, positive; —, negative; V, variable; V (-), variable with most negative; V (+), variable with most positive; W, very weak
growth. (Table adapted from Funke et al. (1997) [45]; Pascual and Collins (1999) [46].)

Most Brevibacterium species can hydrolyze casein, gelatin, and milk proteins. They
grow well in media containing 8% NaCl. Their cell walls have a peptidoglycan
structure based on meso-diaminopimelic acid (A2pm) and are cross-linked. In
addition, complex teichoic acids consisting of neutral sugars, amino sugars, and sugar
alcohols are found in the cell walls. The main polar lipids are diphosphatidylglycerol,

phosphatidylglycerol, and dimannosyldiacylglycerol. The cells usually measure 0.6—
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1.0 um in diameter, and as the culture period is extended, they may transform into
cocci. These bacteria show optimum growth in the temperature range of 20-37 °C and
produce proteinase enzyme. These bacteria contain menaquinone (a derivative of
vitamin K) [47].

Cadaverine and putrescine are biogenic amines formed by the degradation of lysine
and ornithine. They are often associated with unpleasant odors but serve important
functions for microorganisms. In Brevibacterium species, these two compounds are
characteristic components of polyamines. Polyamines protect the cell membrane,

interact with DNA and RNA, and ensure cell division.

Various optimization studies are available in the literature to increase pigment
production in Brevibacterium species. Canthaxanthin, one of the pigments obtained
from these species, stands out as an important carotenoid pigment due to its strong
antioxidant properties and wide industrial application potential. In studies conducted
to increase canthaxanthin production, different approaches have been shown to be
effective. For example, in a study conducted on Brevibacterium sp. KY-4313 strain;
strategies such as obtaining a mutant strain, addition of carotenoidogenic chemicals,
and optimization of culture conditions were applied. In this context, a 32% increase in
pigment production was achieved in the mutant strain obtained by using N-
nitrosomethylurea. In addition, canthaxanthin production was completed at the level
of 9.3 mg/L in an innovative production medium containing fumaric acid and
molasses, and this value reached the level of 7.2 mg/L in the fermentor with medium
renewal [48]. In literature reviews, it is seen that the Brevibacterium genus is included
in the Corynebacterium group in some sources. Brevibacterium and Corynebacterium
are closely related groups, and in old classifications, Brevibacterium was considered
to be part of the Corynebacterium group. For this reason, expressions such as
"carotenoid-producing Corynebacterium Brevibacterium linens" are sometimes used
in the literature. Some Brevibacterium species, such as Brevibacterium vitarumen, are
not included in the 8th edition of Bergey's Manual, which is the main source for the
classification of bacteria. However, this species name is included in the 1980
Approved Lists, where bacteria are officially recognized. Just like Brevibacterium
vitarumen, it was thought that the species B. liquefaciens should actually be included

in the Corynebacterium genus [49].
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Guyomarc'h et al. (2000) found that Brevibacterium linens pigments absorb visible
light in the 350-550 nm range. It was reported that adding NaOH to the methanol
extract of B. linens pigments causes a pink-red color change with significant changes
in the spectrum, resulting in a bathochromic shift and a shift in maximum absorbance
to around 475 nm. While the pigment's color-changing properties can broaden
potential application areas, they can also limit its use by reducing the molecule's
stability [50]. The pigment's ability to absorb light in a broader spectrum allows it to
capture light toward the red region, which can be particularly advantageous in
applications such as photoprotection (protection against UV and visible light),
sunscreens, and cosmetics. Furthermore, the color change to pink-red allows the
pigment to be used as dye in various applications such as food, textiles, and biosensors.
Furthermore, such observed shifts indicate increased conjugation in the pigment's
structure and are generally associated with more stable colors. However, strong bases
such as NaOH can ionize or fragment the pigment molecule, altering its natural
structure, and therefore, the pigment's pH sensitivity can pose a potential stability

problem in industrial applications.

2.1.3.2 Microbacterium sp.

The Microbacteriaceae family is a member of the Actinobacteria class and is classified
as part of the Actinomycetales order [51]. Taxonomic classification of Microbacterium

species is presented in Table 2.5.

Table 2.5 : Taxonomic classification of Microbacterium species.

Taxonomic Rank Name
Domain Bacteria
Phylum Actinobacteria (Actinomycetota)
Class Actinobacteria
Order Micrococcales
Family Microbacteriaceae
Genus Microbacterium

The unique feature of the Microbacteriaceae family is that they contain group B
peptidoglycan cell walls and unsaturated respiratory menaquinones (vitamin K2
derivatives) compounds [44]. Their existence has been demonstrated in various
terrestrial and aquatic ecosystems, and isolated areas such as Antarctica [45], [52]. The

group B peptidoglycan structure consists of a cross-link connecting the peptidoglycan
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chains. This linkage is formed between the a-carboxyl group of D-glutamic acid and
the D-alanine of the adjacent peptide chain. In addition, a diamino acid such as 2,4-
diaminobutyric acid (DAB), lysine, or ornithine is often found in the peptidoglycan
structures of these bacteria. This acid can be involved in both cross-links and can be
found in the third position of the peptide chain. Colonies of the genus Microbacterium
are usually yellow, white, or orange. These bacteria are generally non-motile, but some
species may show limited motility. The main polar lipids found in cell membrane
structures include diphosphatidylglycerol (DPG), phosphatidylglycerol (PG), and
glycolipids (GL). In addition, the genomic G+C content of this genus ranges from 64%
to 65% [44]. Protective abilities against ultraviolet rays have been detected in bacteria
belonging to the Microbacterium genus. Micrococcus luteus, a pigmented bacterium
from the Microbacteriaceae family, has been reported to produce UV-protective
pigments [53].

2.1.3.3 Rhodococcus fascians

Rhodococcus is a genus of Gram-positive actinomycetes in the phylum Actinobacteria
that contains mycolic acid, has a high G+C content, are obligatory aerobes, and do not
form spores. According to studies, coccobacilli-rod shaped cells exist. Taxonomic

classification of Rhodococcus species is presented in Table 2.6.

Table 2.6 : Taxonomic classification of Rhodococcus species [48].

Taxonomic Rank Name
Domain Bacteria
Phylum Actinobacteria

Class Actinobacteria
Order Corynebacteriales
Family Nocardiaceae
Genus Rhodococcus

Most species can grow in a wide range of temperatures, pHs, and salts, and they are
known for their metabolic versatility, oxidatively degrading a wide range of
hydrocarbon compounds. They have nonmotile, urease-positive, slow-growing
colonies that are creamy-yellow and orange in color. Rhodococcus colony coloration
is primarily caused by carotenoid pigments embedded in the cell membrane and
mycolic acid layer. These pigments are made up of a tetraterpene skeleton with long

conjugated double bonds and cyclic or aromatic rings at the ends; some species also
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contain hydroxylated keto-derivatives, sugar-linked glycosides, and fatty acid
esters.[55]. Figure 2.1 shows Rhodococcus species colony morphology as well as

bacterial morphology under SEM [56].

(l 2 o

Figure 2.1 : The orange colonies of the Rhodococcus sp. A2-3 isolate observed in a
Petri dish (a) and their cellular morphology determined by SEM image (b) are
shown.

2.2 Experimental Setup

The experimental setup used in this study was configured to support bacterial growth,
pigment extraction, optimization studies, and analytical characterization processes. All
microbiological procedures were performed under sterile conditions in the Polar

Laboratories of the ITU Department of Chemical Engineering.

2.2.1 Plackett-Burman experiment design (PBD)

In this study, a Plackett-Burman experimental design was used to identify the key
factors influencing pigment production. The design included 12 conditions and three
replicates, and it was carried out separately for three distinct bacterial isolates. The
media components used in the study were D (+)-glucose anhydrous (Carlo Erba,
454337), Mueller Hinton Agar 1l (Biolife, 401740), sodium chloride-NaCl (Labkim
S.0165.08.17; Carlo Erba 479687), potassium dihydrogen phosphate-KH>PO4 (Merck
1.04871.1000; Baker Analyzed 0240), peptone from casein, pancreatic digest (ITW
Reagents, A2210), peptone from meat, bacteriological (Merck, 91249-500G),
magnesium sulfate heptahydrate-MgSO4-7H.O (AFG Scientific, MW 246.47),
ammonium sulfate-(NH4).SOs (Merck, 1216) and yeast extract (Sigma-Aldrich,
92144-500G-F) were prepared at concentrations appropriate to the temperature and pH
values specified in the design. The prepared cultures were grown in a controlled

incubator environment.
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2.2.2 Cultivation of bacterial cultures

Bacterial isolation and culture propagation were carried out in incubators (ARGO LAB
SKI 4; Julaba SW 23) with precisely controlled temperature and shaking rate. To
standardize the experimental conditions, the pH of the culture media was adjusted with
a calibrated pH meter (Giorgio Bormac XS pH 50 VioLab).

2.2.3 Biomass collection and pigment preparation

The bacterial biomass was separated using high-speed centrifuges (Eppendorf 5415 C
and OHAUS Frontier 5718R). The pigment was stabilized and made solvent-free by
lyophilizing the resulting pellets using a freeze-drying system (Christ Alpha 1-2
LDplus, Germany).

2.2.4 Pigment extraction steps

Pigments were removed from cells using chemical and mechanical methods:

e Chemical solubilization involves the use of organic solvents such as methanol
(Merck) and ethanol (Carlo Erba).

e Mechanical disruption of cells

o Ultrasonic treatment (Bandelin HD-4050, 20 kHz, 40% amplitude, 8

minutes)

o Shaking in a water bath (New Brunswick Gyrotory Shaker G76, 45°C, 130

rpm, 30 minutes)

e The pigment-containing supernatant collected at the end of extraction was
concentrated in a rotary evaporator (Heidolph Laborota 4000) to remove the
solvent.

2.2.5 Analytical pigment characterization

The chemical characteristics and structural elements of pigments were investigated
using a variety of analytical techniques.

2.2.5.1 Pigment analysis with UV-Vis spectrophotometry

The pigment samples' characteristic absorption bands in the visible region were
measured using a UV-Vis spectrophotometer (VWR UV-1600PC).
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2.2.5.2 Fourier transform infrared (FT-IR) spectroscopy analysis

FT-IR spectroscopy (Shimadzu 8300) was used to determine the functional groups
and molecular bond structures of the pigments. Characteristic peaks in the spectral

regions were used to determine the pigment structure.

2.2.5.3 pH-dependent stability test

The maximum absorbance values of pigments at various pH levels, along with the
resulting pigment concentration measurements, reveal the pigment's pH sensitivity.
The experimental steps were taken from literature studies [59]. All three bacterial
isolates received the medium and its components under the same conditions. Tryptic
Soy Broth (TSB; Biolife -4021552) was used as the basal medium, and the cultures
were incubated at 25°C with 140 rpm agitation [55].

2.2.5.4 Thin layer chromatographic (TLC) analysis

TLC analysis was used to separate pigments and compare Rf values. Analysis was
performed using the CAMAG Twin Trough Chamber system with appropriate solvent

mixtures.

2.2.5.5 DPPH antioxidant activity analysis

The antioxidant properties of the pigments were evaluated using a DPPH radical
scavenging test. The spectrophotometric analysis was performed with the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) reagent (Sigma-Aldrich D9132-1G).

2.2.5.6 NMR (Nuclear magnetic resonance) analysis

Chemical structures of the pigments were confirmed using high-resolution NMR

spectroscopy (Agilent VNMRS 500 MHz). The pigments’ structural components were
determined based on their *H and *3C NMR spectra.

2.2.5.7 Antibacterial activity analysis

The pigments' biological activity was assessed using Mueller Hinton Agar Il (Biolife,
Cat. No. 401740). The pigments' antimicrobial activity was tested against both Gram-
negative Escherichia coli and Gram-positive Staphylococcus aureus strains using the
disk diffusion method [56][54].
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2.3 Methods

The experimental methods used in the study are discussed in depth. Standard
laboratory protocols were followed in the preparation of bacterial cultures,
optimization studies using the Plackett-Burman design, pigment extraction,
antioxidant activity analysis (DPPH), antibacterial activity tests, and analytical
characterization techniques (UV-Vis, FT-IR, TLC, NMR).

2.3.1 Sample collection

Bacterial isolates were obtained from two distinct sources in Antarctica.
Brevibacterium sp. and Microbacterium sp. isolates were obtained from coastal
seawater samples collected near the Italian research base Mario Zucchelli Station
(MZS; 74°41'42" S, 164°07'23" E) in the Terra Nova Bay region of Antarctica, along
the coast of the Ross Sea. Rhodococcus fascians and Arthrobacter
psychrochitiniphilus were obtained from ice core (glacial carot) samples collected
during the 11 National Antarctic Science Expedition (TAE II) in 2018, covering three
regions: Horseshoe (67°49'42" S, 67°14'10.1" W), Hovgaard (67°49'42" S,
67°14'10.4” W), and Nansen (64°33'05.2" S, 62°05'32.3"” W) Islands.

Brevibacterium sp. and Microbacterium sp. were studied during an internship at
Camerino University (UNICAM), as part of the Erasmus K131 program, whereas
Rhodococcus fascians was transported under cold-chain conditions from Antarctica to
the Department of Chemical Engineering, Istanbul Technical University, where they

were maintained at low temperatures.

Figure 2.2 shows (a) the location of the Mario Zucchelli Station (MZS), the Italian
Antarctic base situated in Northern Victoria Land (VL); (b) an aerial photograph of
the station and its surrounding infrastructure, including 1: central buildings of the base,
2: fuel storage tanks, and 3: magnetic and astronomical observatories; and (c) a
ground-level view of the base highlighting 4: laboratory buildings, 5: accommodation
areas for both day and night use, 6: energy production units and water treatment

facilities, 7: workshops, storage areas, and hangars, as well as 8: helipads [54].
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Figure 2.2 : The location of the Antarctic base Mario Zucchelli Station (MZS) in
Northern Victoria Land (VL), where bacterial samples were taken [54].

Figure 2.3 shows images of the ice core samples at the time of collection during the II
National Antarctic Science Expedition (TAE I1).

Figure 2.3 : Images of the ice core samples at the time of collection during the 11
National Antarctic Science Expedition (TAE II).

Figure 2.3 shows the ice core sampling process, showing the field setup, core

extraction, drilling steps, and temperature measurements.
2.3.2 Phylogenetic analysis of microorganisms used in the study

2.3.2.1 Brevibacterium sp. and Microbacterium sp.

Phylogenetic analysis using 16S rDNA sequences of six Brevibacterium and
Microbacterium strains isolated from the Ross Sea allows the assessment of genetic
relationships between congenic species. Evolutionary relationships were inferred
using the Maximum Likelihood method based on the Jukes-Cantor model [55], and
the phylogenetic tree was constructed with MEGA7 software [56]. For Brevibacterium
sp. sequences, all positions containing gaps and missing data were eliminated,

resulting in a final dataset of 1347 positions.
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The analysis revealed that four Brevibacterium sequences clustered within the B.
anseongense clade, while the other two sequences were located at a different position
than existing strains, suggesting a potential new species. The Microbacterium isolate
exhibited a close relationship to Microbacterium resistens, but the low bootstrap value
at the corresponding node indicated that this placement had limited statistical support

and required confirmation with additional sequencing data.

2.3.2.2 Rhodococcus fascians

The G-spin™ Total DNA Extraction Mini Kit (iNtRON Biotechnology, South Korea)
was used to extract genomic DNA from pure bacterial isolates found in glacier cores
containing R. fascians. PCR mixtures prepared with universal 16S rRNA primers
(Sentobiolab, Turkey) were amplified using a standard program using Tag DNA
polymerase (Thermo Scientific, EP0402). PCR products were analyzed on a 3.0%
(w/v) agarose gel, purified with the EXO-SAP kit, and sequenced bidirectionally using
the ABI 3500 XL Genetic Analyzer (Applied Biosystems, USA). The obtained
forward and reverse sequences were edited using BioEdit (v7.2.5) to generate
consensus sequences. The isolates’ 16S rRNA gene sequences were compared to
database reference sequences using the NCBI BLAST tool. The sequences of the
relevant type and reference strains were obtained from NCBI, aligned with ClustalW,
and phylogenetic trees were constructed in MEGA 11 using the Maximum Likelihood
method and Tamura-Nei model (100 bootstrap repeats). The isolate's 16S rRNA gene
sequence exhibited 98.44% similarity with the reference strain of R. fascians
(GenBank accession number NR_125492.1), and the sequence acquired in this

investigation was registered in GenBank with the accession number PP563783.
2.3.3 Bacterial cultivation

2.3.3.1 Brevicacterium sp. and Microbacterium sp.

These bacterial isolates were obtained from Antarctic seawater samples
(Brevibacterium sp. and Microbacterium sp.). Samples were collected in sterile
containers and transported to the laboratory under refrigerated conditions. Serial
dilutions of seawater were prepared, and 100-uL aliquots were plated on appropriate
media (e.g., R2A agar) using the spread plate method. Plates were incubated at 4°C
for 4-6 weeks to allow colony growth. Colonies displaying distinct morphological

characteristics were selected, and pure cultures were obtained using the streak plate
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method. Pure isolates were mixed with a 15-20% glycerol solution and stored at -45°C
in cryovials. When required for experiments, aliquots were transferred to agar plates

or liquid media for further cultivation.

2.3.3.2 Rhodococcus fascians

Ice core samples with Rhodococcus fascians were isolated using modified procedures
described by Butinar et al. (2007) and Cappa et al. (2014) [57][58]. Briefly, ice samples
(40-90 mL) were aseptically thawed at room temperature and subjected to vacuum
filtration through sterile 0.45 um pore-size membranes. The membranes were then
aseptically transferred to sterile falcon tubes filled with 18 mL of physiological saline
solution (0.85% NaCl, w/v) and vortexed to ensure sample homogeneity. The resulting
suspensions were serially diluted and spread on Tryptic Soy Agar (TSA; Merck, No.
1.05458, Darmstadt, Germany) and Reasoner's 2A Agar (R2A; Merck, No. 1.00416;
Darmstadt, Germany). The plates were incubated for 3-6 weeks at temperatures
ranging from 4°C to 25°C, in accordance with Singh et al. (2013) [59]. A light
microscope was used to examine, purify, and observe emerging colonies at regular

intervals. Pure cultures were stored at -40°C with 20% (v/v) glycerol until analysis.
2.3.4 Plackett—Burman design (PBD)

2.3.4.1 Plackett—-Burman experimental design (PBD) for Brevibacterium sp.

Bacterial flasks were inoculated with 1% (v/v) of a 72-hour-old preculture,
corresponding to a cell density of approximately McFarland 0.5 (ODeoo = 0.1). The
inoculated flasks were incubated at 25°C with continuous agitation at 145 rpm to
ensure proper aeration and homogeneity. The inoculum volume for 1% (v/v)
inoculation in 50 mL of culture medium was calculated as 50 mL x 0.01 = 0.5 mL.
This procedure ensured a consistent starting cell density across all experimental runs,
allowing reproducible assessment of bacterial growth and pigment production under
the tested conditions shows an agar plate and liquid medium of Brevibacterium sp.;

the colonies show distinct pigmentation.
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Figure 2.4 : Morphology of Brevibacterium sp. colonies on solid medium and
appearance of the culture in liquid medium.

Based on information obtained from literature studies regarding the culture conditions
of Brevibacterium sp., a preliminary optimization study was conducted, and the
appropriate composition of the growth medium was determined as presented in Table
2.7-Table 2.9.

Table 2.7 : Basal medium composition used in the Plackett-Burman experimental
design for Brevibacterium sp. cultivation.

Component Amount

D (+) Glucose 20 g/L

Peptone 10g/L

Sodium Chloride (NaCl) 10 g/L

Yeast Extract 2g/L

Potassium Dihydrogen Phosphate (KH2PO4) 1g/L

In this study, the minimum and maximum values for Brevibacterium sp. culture
medium components and conditions were determined according to the Plackett-
Burman Design (PBD), as shown in Table 2.8.

Table 2.8 : Minimum and maximum values of culture medium components and

conditions for Brevibacterium sp. determined according to the Plackett-Burman
Design (PBD).

Minimum Maximum

Component Level (-1)  Level (+1)
D (+) Glucose 10 20
Peptone (g/L) 5 10
Sodium Chloride (NaCl) (g/L) 6 10
Yeast Extract (g/L) 2 5
1 3

Potassium Dihydrogen Phosphate (KH2PO4) (g/L)

The design for temperature and pH values, with minimum and maximum levels, is

presented in Table 2.9.
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Table 2.9 : Minimum and maximum values of temperature and pH used in the
Plackett-Burman Design for Brevibacterium sp. cultivation.

Factor Minimum Level (-1) Maximum Level (+1)
Temperature (°C) 25 28
pH 6.9 7.5

2.3.4.2 Plackett—-Burman experimental design (PBD) for Microbacterium sp.

Bacterial flasks were inoculated with 2% (v/v) of a 72-hour-old preculture,
corresponding to 1.0 mL of inoculum per 50 mL of culture medium, with a starting
cell density of approximately McFarland 0.5 (ODsoo = 0.1). The inoculated flasks were
incubated at 25 °C with continuous agitation at 145 rpm to ensure proper aeration and
homogeneity. This standardized procedure provided a consistent initial bacterial load
across all experimental runs, enabling reproducible assessment of both bacterial
growth and pigment production under the tested conditions. Figure 2.5 shows an agar
plate of Microbacterium sp.; the colonies show distinct pigmentation.

The basal medium used for the culture of Microbacterium sp. in the Plackett-Burman
experimental design was formulated similarly to that used for Brevibacterium sp.
(D(+) glucose 20 g/L, peptone 10 g/L, sodium chloride 10 g/L, yeast extract 2 g/L, and
potassium dihydrogen phosphate 1 g/L). Based on the literature review, the design for
temperature and pH levels was optimized, with minimum and maximum values as
shown in Table 2.10.

Figure 2.5 : Morphology of Microbacterium sp. colonies on solid medium and
appearance of the culture in liquid medium.

Table 2.10 : Minimum and maximum values of temperature and pH employed in the
Plackett-Burman design for Microbacterium sp. cultivation.

Factor Minimum Level (-1) Maximum Level (+1)
Temperature (°C) 25 30
pH 7 8
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A 15-run Plackett-Burman design matrix was used to evaluate the effect of key media
components and culture conditions (temperature and pH) on pigment yield. Different

concentrations of glucose, peptone, NaCl, yeast extract, and KH-POa were tested.

Table 2.11 shows the minimum and maximum values of culture medium components
and conditions for Microbacterium sp. determined according to the Plackett-Burman
Design (PBD).

Table 2.11 : Min. and max. values of medium cmponent for Microbacterium sp.

Component Minimum Maximum
Level (-1) Level (+1)
D (+) Glucose (g/L) 10 20
Peptone (g/L) 5 10
Sodium Chloride (NaCl) (g/L) 6 10
Yeast Extract (g/L) 2 5
Potassium Dihydrogen Phosphate (KH2POa4) (g/L) 1 3

2.3.4.3 Plackett—-Burman experimental design (PBD) for Rhodococcus fascians

Bacterial plates were inoculated with 1% (v/v) of a 48-h preculture, corresponding to
approximately the McFarland 0.5 standard (approximately ODsoo =~ 0.08-0.1, ~108
CFU/mL). The inoculated plates were incubated at 25°C with shaking at 140 rpm to
ensure proper aeration and homogeneity. For a 100 mL volume of culture medium, the
1% (v/v) inoculum volume was calculated as 1 mL (100 mL x 0.01 = 1.0 mL). This
procedure ensured a consistent initial cell density across all experimental runs,
allowing for reproducible assessment of bacterial growth and pigment production
under the tested conditions. Figure 2.6 depicts the agar plate images and pigment
colors of nine bacterial isolates purified from glacial ice cores collected during the
Turkish Antarctic Expedition-11 (TAE-II).
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Figure 2.6 : Agar plate cultures of nine bacterial isolates obtained from Antarctic ice
cores. (a) Agar plate of Rhodococcus fascians (b) Agar plates of nine different
bacterial species and the pigmentation resulting from bacterial growth.

Utilizing data from previous studies on the culture conditions of Rhodococcus
fascians, a preliminary optimization experiment was carried out to determine the
minimum and maximum parameter ranges for the appropriate growth medium
composition, as shown in Table 2.12. A Plackett-Burman experimental design with 15
runs was used to determine the major media components and culture conditions
(temperature and pH) that influence pigment yield. In this design, 12 conditions
contained experimental variables, and three conditions served as controls, with the
factors run at intermediate values. The experiments evaluated various concentrations
of glucose, peptone, yeast extract, NaCl, MgSOa4-7H20, KH2PO4, and (NH4)2SOs4, as
well as temperature (25-35 °C) and pH (6.5-7.2). Each factor was tested at two levels

(-1, +1) to identify variables with a significant effect on pigment production.

Table 2.12 : Nutritional factors’ concentrations at different levels in the Placket—

Burman.
Component Minimum Level (-1) Maximum Level (+1)
(X1) D(+) Glucose (g/L) 2
(X2) Pepton (g/L)

(X3) Yeast Ext (g/L) 2
(X4) NaCl (g/L) 0.1 1.3
(Xs) MgS04.7H20 (g/L) 0.1 1
(Xs) KH2PO4 (g/L) 0.1 1.3
(X7) (NH4)2S04 (g/L) 0.1 1
(X8) Temperature (°C) 25 35
(Xo) pH 6.5 7.2
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2.3.5 Pigment extraction procedure

2.3.5.1 Pigment extraction and quantification for Brevibacterium sp.

Pigment extraction was carried out according to the procedures outlined in the studies
of Guyomarc’h, F., Binet, A. and Dufossé, L. (2000) according to the following steps
[50]. Flasks containing 50 mL of production medium in 250 mL Erlenmeyer flasks
were inoculated with 1 % (v/v) of a 72-hour pre-culture, corresponding to 0.5 mL of
inoculum, and incubated at 145 rpm under the temperature and pH conditions specified
in the Plackett-Burman experimental design. Following incubation, cells were
harvested by centrifugation at 6000 x g for 15 min. The supernatant was inspected for
residual cells or excreted pigments and discarded. The resulting cell pellet was rinsed
with deionized water and centrifuged again under the same conditions, after which the
supernatant was removed. Both wet and dry biomass weights were recorded. The
washed biomass was suspended in 8 mL of 99.9 % ethanol and gently homogenized
to prevent clumping. The extraction was repeated three times until the pellet was
visibly bleached, using a total of 20 mL of ethanol. Samples were wrapped in
aluminum foil to minimize light exposure and extracted at 50 rpm until the cells were
visibly bleached, a process completed within approximately 2 h. The ethanol extract
was separated from the biomass by centrifugation at 6000 x g for 15 min, and the pellet
was examined for any remaining pigmentation before being discarded. To remove fine
cellular debris, the extract was subjected to an additional centrifugation at 10 000 x g
for 15 min. Pigment concentration in the clarified ethanol extract was finally quantified
spectrophotometrically using the Beer—Lambert law. The dry pigment extract was

stored at —20 °C for subsequent analyses.

2.3.5.2 Pigment extraction and quantification for Microbacterium sp.

Pigment extraction was carried out according to the procedures outlined in the studies
of Patil, S. J., & Pendse, A. S. (2023) according to the following steps [60]. Erlenmeyer
flasks containing 50 mL of medium adjusted to pH 7.0 were inoculated with a 2% (v/v)
inoculum (approximately 1 mL) of an active culture with an optical density (O.D.) of
0.9 at 540 nm. The cultures were incubated for 72 hours under continuous light
conditions at room temperature (RT) with shaking at 120 rpm. Following incubation,
the cultures were centrifuged at 8000 rpm for 15 minutes to obtain biomass. The
resulting cell pellet was suspended in distilled water, washed, and centrifuged at 4000

rpm for 15 minutes to remove any remaining medium components. The amounts of
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wet and dry biomass were recorded before extraction. The washed cell pellet was
suspended in 5 mL of methanol and vortexed for 1 minute. The mixture was then
incubated in a 60°C water bath for 15 minutes to ensure complete dissolution of the
pigment and then cooled to room temperature. Following cooling, the mixture was
centrifuged at 4000 rpm for 15 minutes, and the pigment-containing supernatant was
carefully collected. The supernatant was filtered through a 0.22 pm-pore membrane
filter to remove cellular debris. The resulting methanolic pigment extract was analyzed
by UV-Vis spectrophotometer to determine the characteristic absorption spectrum of
the produced pigments. The pigment solution was dried and stored in amber vials at

—20°C for later analysis.

2.3.5.3 Pigment extraction and quantification for Rhodococcus fascians

Pigment extraction was performed according to the protocol described by Silva et al.
(2019) [61]. To obtain pure colonies, the isolated stock cultures were first placed on
TSB agar and incubated at 25°C. Rhodococcus fascians colonies were then inoculated
into LB broth and grown until they reached the 0.5 McFarland standard after 24 hours
of incubation. This active preculture was added to the production medium at a 1% (v/v)
concentration to serve as the initial inoculum in production experiments. For example,
a 100-mL culture's inoculum volume was calculated to be 1 mL. The prepared active
inoculum was then transferred to a production medium prepared in accordance with
the Plackett-Burman experimental design. After 48 hours of incubation, 50-mL
aliquots were collected from the cultures and centrifuged at 8000 x g. The resulting
cell pellets were washed three times with 10 mL of distilled water and centrifuged
under the same conditions. Cell pellets were washed, freeze-dried, and stored at -20°C
for pigment extraction. Lyophilized cells were suspended in 20 mL of methanol and
vortexed for 5 minutes to extract pigments. Subsequently, the suspension was
incubated in a water bath at 40 °C for 30 minutes to facilitate mechanical disruption
and enhance pigment solubilization. The pigment-containing supernatant was
separated by centrifugation. The resulting supernatant was transferred to a round-
bottom flask wrapped in aluminum foil, and the methanol was evaporated using a
rotary evaporator at 40-45°C. The concentrated extract was then dried under a gentle
stream of nitrogen, with all steps performed under light-protected conditions to prevent
carotenoid degradation. Before analysis, the dry pigment extract was shaken in 4 mL
of hexane for 10 minutes. After that, 2.3 mL of 10% (w/v) NaCl solution was added
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to the mixture. The mixture was shaken for 15 minutes, then cooled to 4°C before the
organic phase was carefully collected. The aqueous phase was re-extracted with a 3:1
(v/v) mixture of hexane: diethyl ether for 10 min before centrifugation at 2500 x g for
4 minutes. All organic phases were combined, transferred to 10 mL glass tubes, and
completely dried under nitrogen flow at room temperature to obtain the final pigment

extract.
2.3.6 Characterization analysis

2.3.6.1 UV-Vis spectrophotometric analysis

The absorption profiles of bacterial pigments were determined using UV-Vis
spectrophotometric analysis. This technique provides important information about the
chromophore structures of pigments and their maximum absorption values at different
wavelengths. Using a UV-Vis spectrophotometer (VWR UV-1600PC), purified
pigment extracts from three different bacteria were prepared in methanol, and
wavelength-absorbance relationships were examined in detail [53]. Methanol was used
to create a stock solution containing 12,5 mg/mL of dry pigment. This stock solution
was diluted with 5% (v/v) methanol to produce working solutions with a final
concentration of 1 mg/mL for UV-Vis measurements.

2.3.6.2 Fourier transform infrared (FTIR) analysis

The bacterial pigments' FTIR spectra were recorded using a Shimadzu FT-IR 8300
spectrometer in the range of 400-4000 cm™! with a resolution of 4 cm™. The samples
were analyzed using the ATR technique. Approximately 1-2 mg of dry pigment from
each sample was used for analysis, and spectral data were exported to Microsoft Excel

and presented graphically.

2.3.6.3 Thin-layer chromatography (TLC) analysis

The composition and purity of the bacterial pigments produced were evaluated using
thin-layer chromatography (TLC). The protocol required for this study was chosen
after reviewing the literature studies [62]. Pigment extracts (5-10 uL) were spotted
onto TLC Silica gel 60 Fass aluminum sheets (20 x 20 cm; Merck, Darmstadt,
Germany), used as the stationary phase. The plates were developed in a mobile phase
that contained n-hexane and acetone (3:1, v/v). The solvent was dried at room

temperature. The plates were then examined under visible and ultraviolet light (254
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and 365 nm, respectively). Pigment bands were identified using their color and
migration distances. For each band, the R_f value was calculated by dividing the band
migration distance by the solvent front migration distance. The obtained Rf values
were interpreted by comparing them to TLC profiles of bacterial carotenoids
previously reported in literature. The study used a commercial B-carotene standard
(Lucarotin® 1 CWD/Y, 1% p-carotene; BASF, Germany) as the control. The Rf
(retention factor) value was calculated to determine the migration of bands in thin-
layer chromatography (TLC) analysis.

2.3.6.4 DPPH Radical scavenging assay

The DPPH (2,2-diphenyl-1-picrylhydrazyl) radical test is a technique for determining
an antioxidant molecule's ability to eliminate free radicals. The antioxidant activity of
pure compounds is measured using a color change method. DPPH is a purple-colored
stable radical that absorbs at 517 nm in methanol. The test works on the following
principle: the antioxidant removes a hydrogen atom (H) from the DPPH radical,
reducing DPPH to DPPH2 and changing the purple color to yellow; this change is
accompanied by a decrease in absorbance at 517 nm. Color change is measured
spectrophotometrically and used to determine antioxidant capacity [63]. The following
formula, adopted from Koshti et al. (2022), was used to calculate the DPPH radical

scavenging activity Equation 2.1 [53].

DPPH scavenging activity (%) = Acontrol=Asample » 10 (2.1)

Acontrol

Figure 2.7 shows a representative color change caused by the antioxidant effect during
the DPPH radical test. The purple color changes to yellow as the DPPH radical is
reduced by the antioxidant molecule, indicating the presence of free radical removal

and antioxidant capacity.

DPPH Test
: ¢
Antioxidant ‘ o),
-
u Oxidant ‘
DPPH(2,2Diphenyl-1- Yellow color appears g
Picrylhydrazyl) with antioxidant Analysis with
activity in the cell. spectrophotometer

Figure 2.7 : Representative display of color change resulting from antioxidant
effects in the DPPH radical test. Image prepared by the author using BioRender.com.
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2.3.6.5 Nuclear magnetic resonance (NMR) analysis

The purified carotenoid-type pigment was analyzed structurally using 'H and *C NMR
(Agilent VNMRS 500 MHz, Agilent Technologies, USA). The 'H NMR spectrum was
recorded at 500 MHz, and the '*C NMR spectrum was recorded at room temperature
on an NMR spectrometer operating at 126 MHz. The solvent was CDCls, and the
internal standard was TMS (tetramethylsilane). The data were analyzed to determine
the chemical shift regions of the pigment's protons and carbon atoms, as well as its
structural properties. Chemical shifts (8) are expressed in ppm) Analysis. Due to the
limited availability of pigment stocks from bacteria (Brevibacterum sp. and
Microbacterium sp.) obtained from Italy, this analysis could only be performed on the

pigment sample obtained from Rhodococcus fascians.

2.3.6.6 Antibacterial activity test

The antibacterial activity of the pigment extracts is evaluated using the disk diffusion
method. The test microorganisms used are Escherichia coli, Staphylococcus aureus,
for each bacterial strain, overnight cultures are prepared by transferring isolated pure
colonies into sterile tubes containing 10 mL of sterile Nutrient Broth (NB) using a
sterile loop, followed by incubation at 37°C for 16-18 hours. After incubation,
bacterial density is standardized by preparing a suspension according to the McFarland
standard using 0.85% NaCl (physiological saline) solution. For this purpose, 5 mL of
sterile physiological saline is added to sterile tubes, and 1-2 drops of the overnight
culture are transferred into these tubes. The turbidity of the suspension is visually
adjusted to match the 0.5 McFarland standard (approximately 1.5 x 10 CFU/mL). The
standardized bacterial suspensions are evenly spread onto the surface of Mueller-
Hinton Agar ((Biolife, 401740)) plates using sterile cotton swabs. Sterile white paper
disks are carefully placed onto the agar surface after being impregnated with the
pigment extract (approximately 10 pL per disk). Disks impregnated with only 10%
methanol are used as controls. The prepared plates are incubated at 37°C for 24 hours.
At the end of the incubation period, the diameters of the inhibition zones formed
around the disks are measured in millimeters (mm) using a transparent ruler and
recorded. These inhibition zone diameters are used to assess the antibacterial activity
of the pigment extracts against the tested bacterial strains [64]. Figure 2.8 depicts
experimental images of antibacterial activity tests performed using the disk diffusion
method.
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Figure 2.8 : Experimental images of the antibacterial activity of pigment.
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3. RESULTS AND DISCUSSION

3.1 Plackett-Burman Optimization Results

Experimental setup for the three bacteria is provided in the following sub-headings,
seperately.

3.1.1 Brevibacterium sp.

The culture medium composition and the Plackett-Burman experimental design (7

factors, 15 runs) used for Brevibacterium sp. are summarized in Table 3.1.

Table 3.1 : Plackett-Burman experimental design indicating the culture medium
composition and experimental runs for Brevibacterium sp.

Yeast Total .
RUN Glucose Peptone NaCl Extract KH2PO. Temp. oH Qell Caroten0|_d
(/L) (o/L)  (9/L) (g/L)  (°O) Weight/(g) Concentration
L) (ng/g)
1 15 7.5 8 3.5 2 265 72 0231 26.525
2 10 10 6 2 1 28 75 0,159 50.761
3 10 5 10 5 3 25 75 0,197 50.761
4 10 5 6 2 1 25 6.9 0,250 21.12
5 15 7.5 8 3.5 2 265 7.2 0,247 26.531
6 10 10 10 5 1 28 75 0,469 63.62
7 20 5 6 2 3 28 75 0452 27.07
8 20 10 6 5 1 25 6.9 0405 6.324
9 20 10 10 2 3 28 6.9 0,381 9.02
10 10 5 6 5 3 28 6.9 0,273 28.321
11 10 10 10 2 3 25 6.9 0,186 51.182
12 20 10 6 5 3 25 75 0,546 8.791
13 20 5 10 2 1 25 75 0,537 17.139
14 15 7.5 8 3.5 2 265 7.2 0,156 26.489
15 20 5 10 5 1 28 6.9 0572 0.56

In this study, a Plackett—Burman design consisting of 12 experimental conditions with
3 additional replicates (total of 15 runs) was applied to determine the primary media
components and environmental parameters affecting pigment production. This design
allows for rapid identification of the most influential factors with a limited number of
experiments. The Plackett-Burman experimental design was used to conduct a

preliminary screening of the factors affecting pigment production, and based on the

37



obtained results, the overall effect of the media components was examined. For more
detailed optimization studies, the Box-Behnken Design (BBD) and Central Composite
Design (CCD) methods can be used to determine the precise effects of each factor.
Figure 3.1 shows the standardized effects of factors on pigment production in the
Pareto chart. It shows which media component or environmental parameter has the

strongest influence on pigment production overall.

Pareto Chart of the Standardized Effects
(response is Results(pg/a), Alpha = 0,05)
2447
I
Glucose{g/L)
pH 4
MaCl{a/L)
£
5 Peptone(g/L)
=
Temperature{®C)
Yeast BxdracigfL)
KHZPO4{ gfL)
0 1 2 3 1 5 6 7
Standardized Fffect

Figure 3.1 : Pareto chart of the Plackett-Burman design for Brevibacterium sp.

The Pareto chart depicts the standardized effects of the independent variables on
pigment production. In the chart, the red line (2.447) represents the 95% confidence
level's statistical significance threshold. Factors that fall to the right of this threshold
are considered statistically significant.

The findings revealed that glucose concentration (g/L) had the greatest influence on
pigment production. Increased glucose levels were found to reduce pigment yield,
implying that excess carbon sources may inhibit secondary metabolite synthesis.
(Effect = -32,81; T = -6,95; F = 48,31; p < 0,001). The second significant variable
was pH. Changes in pH had a positive and statistically significant effect on pigment
production (Effect =16.94; T =3.59; F = 12.87; p =0.012). This finding demonstrates
that acidic and basic environments have a significant impact on microorganism
metabolism. Other variables, such as peptone (p = 0.165), NaCl (p = 0.129), yeast
extract (p = 0.550), KH2PO4 (p = 0.601), and temperature (p = 0.429), showed higher
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effect values for peptone and NacCl, indicating that these factors may play a secondary

role in pigment production.

Table 3.2 shows the effects of independent variables on pigment production (pg/g) in
coded units. The coded units make it easier to compare the effects of variables in

different units.

Table 3.2 : Estimated effects and coefficients for results (ng/g) (coded units).

Term Effect Coef  SE Coef T P
Constant - 27,89 2,360 11,82 0,000
(X1)-Glucose(g/L) -32,81  -16,41 2,360 -6,95 0,000
(X2)-Peptone(g/L) 7,45 3,73 2,360 1,58 0,165
(X3)-NaCl(g/L) 8,32 4,16 2,360 1,76 0,129
(X4)-Yeast Extract (g/L) -2,99 -1,49 2,360 -0,63 0,550
(X5)-KH2PO4(g/L) 2,60 1,30 2,360 0,55 0,601
(Xe)-Temp(°C) 4,01 2,00 2,360 0,85 0,429
(X7)-pH 16,94 8,47 2,360 3,59 0,012
Ct Pt - -1,37 5,278 -0,26 0,803

Model fit statistics: S = 8.17603; PRESS = 3609.76; R> = 91.92%;, R? (adj) = 81.15%, R? (pred) =
27.30%.

Effects of independent variables on pigment production (ng/g) in coded units. Using
coded units allows direct comparison of the relative effects of variables at different
scales. The standard error (S) of the model was calculated as 8.17603 pg/g, which
reflects the mean deviation between observed pigment yields and model-predicted
values. Experimental data were analyzed using the multiple linear regression method

in Minitab 16.0 software, and the general form of the model was expressed as follows:

In this model, Equations 3.1 and 3.2 represent the pigment concentration (pug/g), and
Xi represents the coded levels of the relevant factors.

Y = By + Xi-1 BiXi (3.1)
Y = Bo+ B1X1 + B2Xy + B3X3 + BaXy + BsXs + BeXe + B7X7 (3.2)

The regression equation obtained using the coded units as a result of the analysis is

presented in Equation 3.3.

Results (pug/g) = 27.89 — 16.41X1c05e + 3.73Xpeptone + 416X nact —
1.49Xyeqst + 1.30Xkn,po, + 2X1emp + 8.47Xpy

(3.3)
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The model's coefficient of determination (R* = 91.92%) explains approximately 92%
of the observed variance. The adjusted R? (R?*(adj) = 81.15%) indicates the model's
high explanatory power. Examination of the regression coefficients in the table reveals
that glucose concentration has a statistically highly significant (p < 0.001) and strong
negative effect on pigment production (Effect = —32.81; Coefficient = —16.41). This
result indicates that increasing the carbon source suppresses pigment biosynthesis. pH
has a positive and statistically significant effect (Effect = 16.94; Coefficient = 8.47; p
= 0.012). This finding indicates that pigment synthesis is supported at maximum pH.
Other variables such as peptone (Effect = 7.45; p = 0.165) and NaCl (Effect = 8.32;
p=0.129) tend to increase pigment production. Y east extract, KH2POs, and temperature
factors had limited effects. Selecting glucose, peptone, and NaCl as variables with
significant effect coefficients and examining them under different experimental
conditions during further optimization stages may help better understand their
potential roles. The center point (Ct Pt) result (-1.37 pg/g) indicates acceptable
reproducibility of the experiments and largely maintains the linearity assumption.
Equation 3.4 shows the regression equation generated with the experimental factors'
actual units. This model is used in practical evaluations because it allows for the

interpretation of the variable's physical quantities.

Y = —188.444 — 3.281X; + 1.491X, + 2.079X5; — 0.995X, +
1.302X5 + 1.335X¢ + 28.226X,

(3.4)

These findings show that the two models developed using coded and real units are
compatible, and that glucose and pH are the primary factors influencing pigment

production.

3.1.2 Microbacterium sp.

The culture medium composition and the Plackett-Burman experimental design (7
factors, 15 runs) used for Microbacterium sp. are summarized in Table 3.3. A 12-run
Plackett-Burman design (with 3 additional replicates a total of 15 runs) was applied to
identify the key media components and culture conditions influencing pigment
production in Microbacterium sp. This approach enables rapid screening of the most
significant variables with a limited number of experiments. The design allowed a
preliminary evaluation of factors affecting pigment yield and the overall impact of

each medium component.
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Table 3.3 : Plackett-Burman experimental design indicating the culture medium
composition and experimental runs for Microbacterium sp.

RUN Glucose Peptone NaCl g( ?f;;t KH:PO. T(imp. oH _CeII Tgtc‘;l;;?wrtcr):iinoor:d
@L  @L @L g @@L o P weigh(g) (o/e)
1 10 5 6 2 1 25 7 0,314 126.75
[ 2 10 5 6 5 3 30 7 0,184 179.89
3 10 10 6 2 1 30 8 0,275 107.63
4 20 5 6 2 3 30 8 0,425 35.764
5 10 10 10 2 3 25 7 0,215 125.306
6 20 10 6 5 3 25 8 0,398 73.11
7 10 5 10 5 3 25 8 0,300 89.66
8 15 7.5 8 35 2 275 75 0,098 62.03
9 15 7.5 8 35 2 275 75 0,098 62.01
10 20 10 6 5.0 1 250 7 0,225 88.646
11 20 5 10 2.0 1 250 8 0,104 9.615
12 20 5 10 5.0 1 300 7 0,247 48.987
13 15 7.5 8 3.5 2 275 75 0,101 60.22
14 10 10 10 5.0 1 300 8 0,398 77.319
15 20 10 10 2.0 3 300 7 0,406 34.729

For more detailed optimization, Box-Behnken (BBD) or Central Composite Design
(CCD) methods can be employed. Figure 3.2 illustrates the standardized effects of
these factors in a Pareto chart, highlighting those with the greatest influence on

pigment production.

Pareto Chart of the Standardized Effects
(response is Results (pgg) Alphe = 0,05)
245
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Peptons (gfL) 4
D 2 4 6 g 10
Standardized Effect

Figure 3.2 : Pareto chart of the Plackett-Burman design for Microbacterium sp.

Based on the Pareto chart derived from the Plackett-Burman design, the effects of
various medium components and environmental factors on pigment production were

investigated.
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The Pareto analysis revealed that glucose concentration exerted the most pronounced
negative effect on pigment biosynthesis (Effect = —69.28; p < 0.001). This finding
suggests that an excess carbon source can suppress secondary metabolite formation,
consistent with reports of catabolite repression in related Actinobacteria. Similarly,
NaCl displayed a significant negative influence (Effect = -37.70; p = 0.002), implying
that elevated salinity may reduce pigment accumulation rather than promoting
osmotic-stress—induced secondary metabolism. Conversely, yeast extract contributed
a positive and statistically significant effect (Effect = 19.64; p = 0.029), indicating that
additional complex nitrogen sources may stimulate pigment formation, possibly by
supplying growth factors or vitamins that enhance biosynthetic pathways. KH2PO4
also showed a positive tendency (Effect = 13.25; p = 0.103), suggesting that phosphate
availability could play a supportive role, although the effect did not reach the
conventional 95 % significance threshold. Among the physical factors, pH had a clear
negative effect (Effect = —35.20; p = 0.002), showing that higher pH lowered pigment
yield. Temperature showed a small negative trend (Effect = —4.79; p = 0.513), and
peptone gave a slight positive effect (Effect = 2.68; p = 0.711), but these were not
statistically significant in the tested range. The estimated effects and coefficients of
the results and the effects of the independent variables on pigment production (ng/g)

are shown in Table 3.4.

Table 3.4 : Estimated effects and coefficients for results (nug/g) (coded units).

Factor Effect  Coeff. SE Coeff. T-value P-value
Constant - 83,12 3,446 24,12 0,000
(X1) Glucose (g/L) -69,28  -34,64 3,446 -10,05 0,000
(X2)Peptone (g/L) 2,68 1,34 3,446 0,39 0,711
(X3)NaCl (g/L) -37,70  -18,85 3,446 -5,47 0,002
(Xa)Yeast Extract (g/L) 19,64 9,82 3,446 2,85 0,029
(X5)KH2POu (g/L) 13,25 6,63 3,446 1,92 0,103
(Xe)Temp (°C) -4,79 -2,40 3,446 -0,70 0,513
(X7) pH -35,20 -17,60 3,446 -5,11 0,002

Model fit statistics: S = 11,9358, PRESS = 7678,39, R-Sq = 96,73% R-Sq(pred) =70,63% R-Sq(adj)
=92,37%.

The screening model captured over 96% of the variance in pigment production,
highlighting glucose, NaCl, yeast extract, and pH as the main drivers of variability. In
this model Equations 3.1 and 3.2. The regression equation obtained using the coded

units as a result of the analysis is presented in 3.5.
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Y = 83.13 — 34.64Xg1c0se + 1.34Xpeptone — 18:85Xyacy
+9.82Xyeqst + 6.63Xku,po, — 2-46Xremp — 17.6X,p

(3.5)

Equation 3.6 shows the regression equation generated using the actual units of the
experimental factors. This model is used in practical evaluations because it enables the

interpretation of the variable's physical quantities.

Y = 512.638 — 6.92840X, + 0.53580X, — 9.42392X; +
6.54544X, + 6.62600Xs — 0.95893X, — 35.2017X,

(3.6)

These findings show that the two models developed with coded and real units are
compatible, and that glucose, NaCl, yeast extract, and pH are the main factors
influencing pigment production. These results provide a solid basis for subsequent
optimizations, such as Box-Behnken designs, by focusing on the most influential
factors identified in this preliminary study. According to the Optimization Plot data
obtained as a result of the experimental optimization performed with the Plackett—
Burman design (Minitab 16.0), the medium components and culture conditions that
provided the highest level of pigment production were determined as glucose 20 g/L,
peptone 5.0 g/L, NaCl 6 g/L, yeast extract 5.0 g/, KH2PO4 3.0 g/L, temperature 30
°C and pH 7.0, respectively.

3.1.3 Rhodococcus fascians

The culture medium composition and the Plackett-Burman experimental design (9
factors, 15 runs) used for Rhodococcus fascians are summarized in Table 3.5. To
identify environmental factors influencing pigment production, a nine-factor Plackett-
Burman (PBD) experimental design was used. The following factors were assessed:
glucose, peptone, yeast extract, NaCl, MgSO47H20, KH2POs, (NH4)SOs4,
temperature, and pH. The design consisted of 15 conditions (12 baseline conditions
and 3 center points). The experiment's pigment concentrations (lg/g) were analyzed

using Minitab 16.0 software for multiple linear regression.

43



Table 3.5 : Plackett—Burman design for 12 variables and 3 dummy variables (runs 4,
10, and 15) coded to complete the 15-run design.

NaC  MgSO

an Ol PO e kPO Q) Tem g Conntaton
(L) (@@L ) (@/L) (9/L) t(ar) (ng/g)
1 2 4 6 13 1 0.1 1 35 65  0.147 4217
2 2 4 2 13 1 13 0.1 35 72 0222 27.92
3 2 6 2 01 01 13 1 35 65  0.285 31.22
4 4 5 4 07 055 07 055 30 685 0218 42.20
5 6 4 6 13 01 13 0.1 25 65  0.045 200.00
6 6 6 2 13 01 0.1 0.1 35 72 0039 220.00
7 6 4 6 0.1 0.1 0.1 1 35 72 0074 452.70
8 2 6 6 13 01 13 1 25 72 0087 485.00
9 2 6 6 0.1 1 0.1 0.1 25 72 0281 61.56
10 4 5 4 07 055 07 055 30 685 0.230 43.91
11 6 6 2 13 1 0.1 1 25 65  0.060 180.00
12 6 6 6 0.1 1 13 0.1 35 65  0.069 95.16
13 6 4 2 0.1 1 13 1 25 72 0.069 255.07
14 2 4 2 01 01 0.1 0.1 25 65  0.161 93.16
15 4 5 4 07 055 07 055 30 685 0225 40.88

The overall regression model is expressed as Equation 3.7.

Y =By + Xi-1 BiXi (3.7)

The pigment concentration is denoted by Y, while the coded levels of the factors are

represented by X:.

The regression equation obtained using the coded units as a result of the analysis is

presented in Equation 3.8.

Y = 178.7 + 55.2X; + 0.2X, + 44.1X5 + 13.9X, — 68.3X; +
3.7X + 62.4X, — 33.8Xg + 71.7X,

(3.8)

The regression model in which the factors are expressed in real experimental units is

given in Equation 3.9.

Y = —1234.53 + 27.5789X, + 0.1595X, + 22.0511X5 +
151.888X: + 6.2186X, + 138.586X, — 6.76023Xs + 204.889X,

(3.9)

A Plackett-Burman experimental design with 15 runs was used to determine the major
media components and culture conditions (temperature and pH) that influence pigment
yield. In this design, 12 conditions contained experimental variables, and three

conditions served as controls, with the factors run at intermediate values. The
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experiments evaluated various concentrations of glucose, peptone, yeast extract, NaCl,
MgSO4-7TH-0, KH2POs, and (NH4)SO4, as well as temperature (25-35 °C) and pH
(6.5-7.2). Each factor was tested at two levels (-1, +1) to identify variables with a

significant effect on pigment production.

Figure 3.3 illustrates the standardized effects of these factors in a Pareto chart,

highlighting those with the greatest influence on pigment production.

Pareto Chartof the Standardized Effects
{response is Results (pgfg), Alpha = 0,05)

P |
MgS04 . 7H2 O (gfL) |

(NH4)2504 (g/L) 1 |

Glumsea (gL}

Yeast extract (gfL) 1

Term

Temperature [°C)

M= (gfL) 1
KH2PO4 (g/L) |
Pepton (gL} 1
0,0 0.5 1,0 L5 2.0 2.5 3,0
Standardized Efect

Figure 3.3 : Pareto chart of the Plackett-Burman design for Rhodococcus fascians.

Each factor's relative impact on pigment production is represented by horizontal bars
in the graph; the length of the bar indicates the effect size, and the red vertical line
denotes a significance level of a = 0.05. The graph indicates that the factors with the
greatest effects on pigment production are pH and MgSO4-7H:O. Positive standardized
effects indicate that pigment yield increases, whereas negative effects indicate that it
decreases. Nutrients like (NH4)2SO4 and glucose have significant effects, but not as
much as pH and MgSO.-7H-0. Other factors with lower effect values include yeast
extract, temperature, NaCl, KH.POs, and peptone. These findings suggest that pH and
magnesium salt concentration are critical for pigment production and should be

prioritized in production optimization.

Table 3.6 presents the impact of the independent variables on pigment production
(ng/g) expressed in coded units, which facilitates comparison of the effects across

variables with different measurement scales.
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Table 3.6 : Estimated effects and coefficients for results (ug/g) (coded units).

Factor Effect Coefficient SE Coefficient T-value P-value
Constant 178,7 23,96 7,46 0,002
Glucose (g/L) 110,3 55,2 23,96 2,3 0,083
Peptone (g/L) 0,3 0,2 23,96 0,01 0,995
Yeast Extract (g/L) 88,2 44,1 23,96 1,84 0,140
NaCl (g/L) 27,7 13,9 23,96 0,58 0,594
MgS04,7H20 (g/L) -136,7 -68,3 23,96 -2.85 0,046
KH2PO4 (g/L 7,5 3,7 23,96 0,16 0,884
(NH4)2S04 (g/L) 124,7 62,4 23,96 2,60 0,060
Temperature (°C) -67,6 -33,8 23,96 -1.41 0,231
pH 143,4 71,7 23,96 2.99 0,040
Ct Pt -136,3 53,59 -2,54 0,064
S = 83,0147 PRESS = 992211

R-Sq =91,18% R-Sq(adj)=69,14%

The factorial regression results between pigment production (pg/g) of Rhodococcus
fascians and different medium components and culture conditions are shown in the
above table. The "Effect" and "Coef" values in the table indicate the direction and
magnitude of each variable on pigment yield. Positive values represent an increasing
effect on pigment production, while negative values represent a decreasing effect.
According to the analysis results, pH and (NH4).SO4 show increasing effects on
pigment production, while MgSOa.-7H-0 stands out as a significant factor reducing
pigment production. The effects of other nutritional sources, such as glucose and yeast
extract, are more limited and less statistically significant. The R? value of the model is
91.18%, explaining a large portion of the model data variance. These results emphasize
that pH and magnesium salt concentration are particularly critical parameters for

optimizing pigment production.

Optimization plot data obtained from experimental optimization using the Plackett-
Burman design (Minitab 16.0) revealed that Rhodococcus fascians produced the most
pigment at low MgSO.-7H.O and NaCl concentrations, high yeast extract, and
moderate ammonium sulfate levels. Experimental data revealed that pigment synthesis
reached its highest level at pH 7.20 and an incubation temperature of 25°C. In the
study, it was found that the highest pigment yield (485 pg/g) was obtained with 2 g/LL
glucose, 6 g/L peptone, 6 g/L yeast extract, 1.3 g/L NaCl, 0.10 g/L MgSO.-7H-0, 1.3
g/L KH2POs4, 1.0 g/L (NH4)2SO4, 25°C and pH 7.20. This medium composition was
presented as the experimental optimum culture formulation discovered for
Rhodococcus fascians pigment production in the scope of the study. The three center

points used in this study were incorporated into the design to evaluate experimental
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error and potential curvature. The Plackett-Burman design only estimates main effects
and cannot analyze interactions between factors, resulting in a relatively low R?*(adj)
value. Some variables, such as glucose and (NH4)2SOa, were included in the analysis
despite not being significant at p<0.05 due to their biological significance and effects
near p<0.10. Multifactorial and non-replicated screening designs may result in lower
adjusted R? values, but the model still explains a significant portion of the data. The
fact that the residual distributions resemble a normal distribution suggests that the
model is consistent with the statistical assumptions.

3.2 Characterization Analysis Results

3.2.1 Effect of pH on the pigment stability for Brevibacterium sp.

Absorbance measurements performed with UV spectrophotometry at different pH
values reveal the pigment's chemical stability and pH sensitivity. These analyses help
determine the pigment's optimum pH and the pH range at which its color or absorbance
is maximized. UV-Vis spectrophotometric analyses of Brevibacterium sp. pigments
reveal significant changes in their absorbance properties depending on pH. Figure 3.4
shows the UV-Vis absorbance values of pigments measured in Brevibacterium sp.
bacteria grown at different pH values in TSB (Tryptic Soy Broth) at 25°C with an
agitation speed of 110 rpm.

Max. Absorbance at Different pH Levels
Brevibacterium sp.
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Figure 3.4 : UV-Vis absorbance of pigments produced by Brevibacterium sp. at
different pH values.
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The figure indicates that the absorbance is 0.082 at pH 5 (maximum wavelength
397nm), 0.209 at pH 7 (427nm) and 0.060 at pH 10 (372nm). These findings reveal
that the pigment exhibits the highest light absorption and therefore maximum stability
under neutral pH conditions (pH 7). The low absorbance in an acidic environment (pH
5) indicates that the light absorption of the pigment has decreased and the color form
may have partially changed. The fact that the absorbance is low again in a basic
environment (pH 10) suggests that structural changes have occurred in the pigment
molecules and that stability has decreased. These decreases are due to the changes in
the electronic structure and conjugation system of the pigment due to excessive
protonation (acidic environment) or deprotonation (basic environment). Therefore,
according to these three different pH conditions, the optimum stability and maximum
light absorption of the pigment was observed at pH 7; Acidic and basic environments
negatively affected the photostability of the pigment. The effects of different pH values

on pigment concentration in Brevibacterium sp. are shown in Figure 3.5.
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Figure 3.5 : The impact of various pH levels on pigment concentration.

The analysis results showed that pigment concentrations peaked at neutral pH (pH 7).
Pigment concentrations decreased significantly in both acidic (pH 5) and basic (pH
10) conditions. These results suggest that the pigment is more stable in neutral
environments, but its stability decreases at extreme pH values due to structural

degradation or fragmentation.
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3.2.2 Effect of pH on the pigment stability for Microbacterium sp.

The pH-dependent absorbance properties of Microbacterium sp. pigments were
investigated using a UV-Vis spectrophotometer. Figure 3.6 shows the growth
conditions of Microbacterium sp. at 407 nm wavelength under different pH conditions.
According to different pH conditions, optimum pigment stability and maximum light
absorption were observed at pH 7; acidic and basic environments negatively affected
pigment photostability. Acidic environments had the most negative effect on pigment
stability, while pH 7 achieved the optimum effect.

Absorbance at Different pH Levels
Microbacterium sp.
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Figure 3.6 : UV-Vis absorbance of pigments produced by Microbacterium sp. at
different pH values.

The effects of different pH values on pigment concentration in Microbacterium sp. are

shown in Figure 3.7.
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Figure 3.7 : The effect of various pH levels on pigment concentration.
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Pigment concentration varied significantly between pH conditions. At pH 7, the
highest pigment concentration was observed (0.554 mg/L) and remained at a moderate
level in acidic environments (pH 5), while there was a significant decrease in alkaline
environments (pH 10). These findings show that the pigment is sensitive to both low
and high pH conditions, with pigment yields remaining most consistent in the neutral

range.

3.2.3 Effect of pH on the pigment stability for Rhodococcus fascians

The stability of Rhodococcus fascians pigment was assessed under various pH
conditions using both total pigment concentration and measured absorbance values.
The findings indicate that pigment production and stability are pH dependent, with the
optimal range being close to neutral. In Figure 3.8 , absorbance measurements were
used to assess pigment stability. At pH 7, the highest absorbance value was 0.217 A,
while at pH 7.5 and 6 it was 0.15 A and 0.079 A respectively. At pH 9, the min.

absorbance was 0.05 A.

Absorbance at Different pH Levels
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Figure 3.8 : Effect of pH on the pigment stability of Rhodococcus fascians based on
absorbance measurements.

These findings show that pigment stability peaks at neutral pH and degrades in both
acidic and alkaline conditions. Overall, the data show that Rhodococcus fascians
pigment is more stable in the neutral pH range (pH 7-7.5) and performs best in terms
of both production and optical absorbance. Shifting the pH to more extreme levels,

such as 6 and 9, has a negative impact on the pigment's synthesis and structural
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stability. Figure 3.9 shows the total pigment concentration and biomass values

obtained at various pH levels.
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Figure 3.9 : Total pigment concentration and biomass values at various pH levels.

The figure shows that total pigment concentration peaked at pH 7, reaching 0.868
mg/L. Cellular biomass reached 1.8 g/L at this pH. At pH 7.5, pigment concentration
decreased slightly to 0.593 mg/L, while biomass production was relatively low at 1.36
g/L compared to pH 7. Under low pH (pH 6) conditions, pigment production decreased
significantly (0.314 mg/L), while biomass increased to 3.52 g/L. Pigment production
decreased to its lowest level (0.199 mg/L) in an alkaline environment (pH 9), while

biomass production reached its highest level (4.72 g/L).

This is a result of bacteria shifting their metabolic resources in different directions in
response to stress conditions. Pigment production is mostly a secondary metabolite,
while biomass increase is a product of primary metabolism. The fact that pigment
production peaked at pH 7, at 0.868 mg/L, is a result of the max. activity of carotenoid
biosynthesis enzymes within the optimal pH range. Key enzymes involved in the
synthesis of carotenoid pigments (e.g., phytoene synthase, desaturase, and cyclase) are
most active at a specific pH. Therefore, based on these data, the enzymes required for
pigment production achieved the ideal ionization state between pH 7 and 7.5. In other
words, metabolic progression shifted to pigment production. However, low and high
pH ranges stressed these bacteria and activated their primary defense mechanisms.
Therefore, metabolic energy was directed not toward pigment production but toward

maintaining essential vital processes and growth.

Extraction results performed to evaluate the solubility of the pigment produced by
Rhodococcus fascians in different solvents are presented Figure 3.10. Extraction
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studies in four different solvents show that the pigment's dissolution behavior is
influenced by solvent polarity. According to the findings, the pigment had the highest
solubility in methanol, with a relative absorbance value of 100%. Methanol was the
most prevalent, followed by diethyl ether (75.5%) and ethanol (66.5%). In contrast,
the pigment's solubility in ethyl acetate was extremely low, with a relative absorbance
value of only 36%. These findings suggest that the pigment is extracted more
efficiently in medium to high polarity solvents, with methanol, in particular, showing
compatibility with the pigment's structural features (possibly oxygen-containing

functional groups or xanthophyll-like character).
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Figure 3.10 : Comparative relative absorbance (%) of Rhodococcus fascians
pigment extracted with four different solvents.

3.2.4 Fourier transform infrared (FT-IR) spectroscopy of pigments

3.2.4.1 FT-IR analysis of the pigment extract from Brevibacterium sp.

According to the literature, secondary amide groups can replace the free N-H
stretching band by forming dimers (cis configuration) or polymers (trans
configuration) through hydrogen bonding. The prominent band in the 2922 cm™! region
in the spectrum represents asymmetric aliphatic C-H stretching vibrations (CH2-CH3
stretching), typical of carotenoid structure [65]. This band, which indicates the
presence of long isoprenoid chains, has been frequently observed in bacterial
carotenoids. This vibration originating from the isoprene chain supports the pigment's

aliphatic hydrocarbon backbone.
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The resulting FTIR spectrum (Figure 3.11) contain vibrational ranges that indicated

the pigment's carotenoid or isoprenoid nature.
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Figure 3.11 : Structural FTIR interpretation of the Brevibacterium sp. pigment

The broad band observed between 3500-3000 cm™! may be due to phenolic or aliphatic
O-H stretching vibrations and N—H stretching vibrations of the secondary amide. UV-
Vis analysis revealed that Brevibacterium sp. pigment has maximum absorption in the
407-412 nm range, which is consistent with pigments with medium-length conjugated
n-electron chains in the carotenoid class. According to the FTIR spectrum, the
conjugated C=C stretching vibration band appears at a higher frequency than linear
carotenoids [66]. While the C=C stretching band is typically observed in the 1500-
1520 cm™! range in linearly conjugated carotenoids (e.g., B-carotene), the fact that this
band becomes more pronounced around 1550-1580 cm™ in Brevibacterium pigment
suggests that the conjugation of the pigment does not form a completely linear chain,
but rather has the structural behavior seen in aryl carotenoids containing aromatic
rings. The FTIR spectrum shows bands corresponding to aromatic C=C vibrations in
the 1480-1600 cm ! range, indicating the presence of aromatic rings within the pigment
structure. Aromatic C-H bending vibrations in the 700-900 cm™! range also support the
aryl character. The 580 cm™ band in the low-frequency region of the spectrum
indicates the presence of three-ring conjugation or heavy-atom bonds. This region can
be interpreted as indicating the presence of ringed or rigid units in the pigment's

structure.

3.2.4.2 FTIR analysis of the pigment extract from Microbacterium sp.

The FTIR spectrum of the pigment from Microbacterium sp. shows characteristic

vibration bands consistent with carotenoidisoprenoid structures. The main absorption
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peaks are observed at 2920, 1620, 1398, 1050 and 514 cm™ and in a broad region
between 3000-3500 cm ™. The FTIR profile of Microbacterium sp. Figure 3.12 exhibits

diagnostic vibrational features indicative of an isoprenoid, carotenoid-like pigment.
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Figure 3.12 : FTIR analysis of the pigment extracted from Microbacterium sp.

The broad band between 3000-3500 cm ™! in the FTIR spectrum generally corresponds
to the O—H stretching vibration and indicates structures containing hydroxyl groups,
such as alcohols, phenolic compounds, or hydroxylated carotenoid derivatives. Indeed,
a distinct broad O—H band in this region has been reported in the literature in pigments
produced by Microbacterium oxydans [67]. The peak observed in the spectrum around
2920 cm™ is consistent with the asymmetric stretching vibration of aliphatic CH2-CH3
groups and frequently occurs as a strong absorption in carotenoids with long isoprene
chains [65]. Conjugated double bonds typically exhibit C=C stretching vibrations at
1500-1650 cm™ [68]. The band at 1620 cm™! in this study suggests that the pigment
has a short or medium-length conjugation chain. An aryl ring or a peripheral ring unit
in the structure may participate in conjugation to some extent. This frequency range is
supported by the fact that Microbacterium species produce primarily yellow-orange

pigments.

3.2.4.3 FTIR analysis of the pigment extract from Rhodococcus fascians

The 1600-1650 cm™ range is a critical region in the FTIR characterization of
carotenoids and confirms that the pigment contains conjugated double bonds [69]. The
1399 cm™ band is associated with CHs bending vibrations of methyl groups in the
isoprene chain, according to literature [70]. This region represents the methylation
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pattern found in carotenoids and contains information about the pigment's isoprenoid

skeleton.

The FTIR spectrum of Rhodococcus fascians (Figure 3.13) reveals characteristic
absorption bands associated with the structural features of the pigment.

100

90

80

70 4

Transmitance [T%]

60

50 o

40

T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavelenath [rm—11

Figure 3.13 : FTIR analysis of the pigment extracted from Rhodococcus fascians.

A study in the literature reported that the symmetric N-H: stretching vibrations of
amide groups in the FTIR spectrum formed a distinct peak around 3261 cm™. C-H
stretching vibrations of alkane and alkane-derived isopropyl and ethyl side chains were
observed at 2949 cm™!, C-N stretching vibrations at 1151 cm™, and C-H convex
vibrations of aromatic rings at 711 cm™, respectively [71]. These bands provide
important vibrational information about the structural properties of the Rhodococcus
fascians pigment, indicating that it has a mixed molecular structure with both aliphatic
and aromatic components. In addition, the pigment's high solubility in methanol
(MeOH) suggests that the structure may be a xanthophyll-type carotenoid with

oxygen-containing functional groups rather than a pure (3-carotene skeleton.

Additionally, the presence of pigment from Rhodococcus fascians is demonstrated in

Figure 3.14 using a scanning electron microscopy (SEM) image.
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Figure 3.14 : The pigment extracted from Rhodococcus fascians was imaged by
SEM, showing (a) a 20 um and (b) a 50 pm scale, at the ITU Faculty of Chemical
and Metallurgical Engineering.

3.2.5 UV-Vis spectrophotometric analysis

UV-Vis spectrophotometric analysis was performed to determine the absorption
profile of the bacterial pigments. Distinct peaks observed in the UV and visible regions
indicate the presence of extended double-bond systems within the pigment molecules.
Figure 3.15 shows the imax absorbance and wavelength in UV-vis spectrophotometry
of the ethanolic pigment solution obtained from Brevibacterium sp.

UV—Vis Absorption spectrum
0,25

408;0,203979

g 0:2 ——/-\
: L
= 466;0,148371
S 015 444;0,16719
< 01

0,05

370 400 430 460 490 520 550 580
Wavelength (nm)

Figure 3.15 : UV-Vis absorption spectrum of Brevibacterium sp. pigment extract.

The maximum absorption wavelength (Amax) Of the colored supernatant obtained after
pigment extraction was determined using UV/Visible spectrophotometer. The
spectrum of the Brevibacterium sp. pigment extract revealed a main maximum at 407

nm (A_max = 0.21). Previous studies have shown that three carotenoid pigment
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fractions isolated from Brevibacterium linens cells exhibit nearly identical electronic
absorption spectra [53], [76]. They later determined that the pigments with these
spectral properties were isorenieratene, 3-hydroxyisorenieratene, and 3,3'-
dihydroxyisorenieratene. These findings imply that the pigment isolated from the
Brevibacterium sp. strain in our study also contains a carotenoid-structured
chromophore and may have a structure similar to isorenieratene and its derivatives
described in the literature. Figure 3.16 shows the UV-Vis spectral analysis data for
Microbacterium sp. pigments. UV-Vis spectral analysis of pigments from

Microbacterium sp. revealed Amax at 407, 441, and 469 nm.
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Figure 3.16 : UV-Vis absorption spectrum of Microbacterium sp. pigment extract.

Literature studies suggest that the pigment structure may be a neurosporene-type C40
carotenoid or its derivative derivative [47], [72]. Neurosporene typically exhibits three
absorption maxima at approximately 410-420 nm, 435-440 nm, and 465-470 nm,
consistent with a Cao carotene containing nine conjugated double bonds. Figure 3.17
shows the UV-Vis spectral data for Rhodococcus fascians pigments. The spectrum has
a broad band structure in the visible region (300-600 nm), with three distinct
absorption peaks at 428, 457, and 490 nm.

57



UV—Vis absorption spectrum
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Figure 3.17 : UV-Vis absorption spectrum of Rhodococcus fascians pigment extract.

When combined with the TLC analysis data from this study, the absorption peaks in
the UV-Vis spectrum indicate a carotenoid/xanthophyll structure for the pigment, as
studies in the literature have shown that xanthophylls such as lutein and zeaxanthin

have similar multiband absorption profiles in the UV-Vis range [34], [73].

3.2.6 Thin-layer chromatography (TLC) of pigment extracts

The pigment diversity and band profiles were evaluated using thin layer
chromatography. 5-10 uL of pigment solutions were applied as spots onto silica gel
60 F2s4 aluminum plates (20 x 20 cm; Merck, Darmstadt, Germany), which served as

the stationary phase.

As a result, two bands were found in the TLC analysis of Rhodococcus fascians
pigment extract, with Rf values of 0.84 and 0.31, respectively. The Rf value for the

band corresponding to the Lucarotin® 1 reference pigment was calculated as 0.92.

In the literature, Rf values reported for xanthophylls in TLC studies are approximately
0.38 for zeaxanthin, 0.35 for violaxanthin, and 0.74-0.81 for lutein [74]. When the Rf
values obtained for the Rhodococcus fascians pigment extract in this thesis (0.31 and
0.84) are compared to these ranges, it is discovered that the band with Rf = 0.31
indicates a more polar, xanthophyllic carotenoid fraction, similar to the Rf values
reported for zeaxanthin and violaxanthin. In contrast, the band with Rf = 0.84 is located
in a region very close to the Rf range reported for lutein and the Rf = 0.92 value of the

[-carotene standard used as a control in this study, representing a lower-polarity,
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carotene-like pigment fraction. According to TLC results, at least two carotenoidic
components with distinct polarities are present in the pigments produced by R.

fascians.

3.2.7 DPPH (2,2-diphenyl-1-picrylhydrazyl) analysis

DPPH solution turns from purple to yellow after 15 and 30 minutes of antioxidant
interaction. After incubation, the absorbance of all mixtures was measured with a UV-
Vis spectrophotometer in the 517 nm wavelength range (bandwidth 1-2 nm). A 200
uM DPPH stock solution was prepared for use in the analyses. For this purpose, 2 mg
of DPPH (M = 394.32 g/mol) was placed in a 50 mL volumetric flask. A small amount
of methanol was added to completely dissolve it, and the volume was made up to 25
mL with methanol. The prepared DPPH stock solution was stored in an amber bottle
at 4°C and protected from light. The pigment stock solution was prepared at a
concentration of approximately 1.2 ug/uL. For this purpose, 12 mg of purified pigment
were dissolved in 10 mL of methanol. The stock solution concentration was 1,2 mg/mL
(1.2 pg/pLl), and all working concentrations were obtained by extracting appropriate
volumes of this stock solution. For the DPPH experiment, six different pigment
concentrations (0.24, 0.36, 0.48, 0.60, 0.72, and 0.84 pug/uL) were prepared in each
Eppendorf tube, totaling 1 mL (1000 pL). For this purpose, 200, 300, 400, 500, 600,
and 700 pL of the stock pigment solution were taken, respectively, and the volume of
each tube was completed to 1 mL with 200 uM DPPH solution. Thus, the ratio of the
stock pigment solution in the tubes was varied between 20-70% to obtain the working
concentrations. All tubes used in the experiment were gently mixed and incubated in
the dark at room temperature for 30 minutes. During this period, the pigment reacted
with the DPPH radical, causing a decrease in the purple color of the solution. For 30
minutes, the reaction mixtures were incubated at room temperature and in the dark.
The percentage of DPPH radical scavenging at each concentration was calculated
using Equation 2.1. Experimental observations of antioxidant interaction and color

change from purple to yellow after 15 and 30 minutes are displayed in Figure 3.18.
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Figure 3.18 : DPPH solution turns from purple to yellow after 15 and 30 minutes of
antioxidant interaction.

As17 absorbances and calculated percentage inhibition values of the tubes used in the

DPPH experiment are given in Table 3.7.

Table 3.7 : Solution volumes, pigment concentrations, Asi7 absorbances and
calculated percentage inhibition values of the tubes used in the DPPH experiment.

Sample 80:13321:?; 0 Plgmen(tucgc;:\lcs)ntratlon Absc()’rb\b)ance Inhibition %
D2 200 0.24 0.501 17.46
D3 300 0.36 0.302 50.19
Da4 400 0.48 0.219 63.92
Ds 500 0.6 0.206 66
Ds 600 0.72 0.127 79.08
D7 700 0.84 0.091 84.99

In this study, the control group (Do) was made up entirely of DPPH solution and
methanol, with no pigment. The absorbance value of this control solution measured at
517 nm (Asiz = 0.607) was used as a reference in calculating the DPPH radical
scavenging percentage for all samples. To quantify DPPH radical scavenging activity,
the pigment concentration with 50% inhibition (ICso) was calculated. This study used
the two dose-response curve points closest to 50%: 0.24 pg/uL (D2), which provided
17.46% inhibition, and 0.36 ug/uL (D3), which provided 50.19% inhibition. As a
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result, the pigment extract's ICso value was calculated to be 0.36 pg/uL. A linear model
was used in this study to determine the correlation between pigment concentration and
DPPH radical scavenging percentage. Figure 3.19 depicts the association between

pigment concentration and DPPH inhibition.

DPPH Radical Scavenging Assay
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Figure 3.19 : DPPH radical scavenging activity of the pigment extract from
Rhodococcus fascians as a function of concentration.

The pigment concentration (ug/uL) and the percentage of DPPH radical scavenging
are represented by x and y, respectively. A positive slope indicates that increasing the
pigment concentration significantly increases the percentage of DPPH radical
scavenging. The linear model explains 92% of the variance in the data, with a strong
linear relationship between concentration and percentage inhibition in the studied
concentration range (R? = 0.92). Therefore, the relevant regression equation was used
with confidence to estimate inhibition values for intermediate concentrations and to

calculate ICso.

3.2.8 Nuclear magnetic resonance (NMR) Analysis

The purified carotenoid-type pigment was analyzed structurally using 'H and '*C
NMR. The 'H NMR spectrum was recorded at 500 MHz, and the *C NMR spectrum
was recorded at room temperature on an NMR spectrometer operating at 126 MHz.
The solvent was CDCls, and the internal standard was TMS (tetramethylsilane). The
data were analyzed to determine the chemical shift regions of the pigment's protons
and carbon atoms, as well as its structural properties. Chemical shifts () are expressed

in ppm. Brevibacterium sp. and Microbacterium sp. microorganisms studied at the
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University of Camerino in Italy were unable to undergo NMR, TLC, SEM and DPPH
analyses due to a lack of sufficient pigment stock and the inability to transport culture
samples to Turkey. Pigment extraction for both bacterial species was performed using
only pure ethanol due to the lack of alternative organic solvents in the University of
Camerino's laboratory. Therefore, a comparison of extraction efficiencies with
different solvents was not possible. Figure 3.20- Figure 3.21 shows 'H (500 MHz,
CDCls) and spectra of the pigment isolated from Rhodococcus fascians. The upper
right and lower left panels show expanded regions of the aromatic (6 7.5-5.5 ppm) and

aliphatic (3 1.8-0.4 ppm) proton signals, respectively.
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Figure 3.20 : 'H spectra of the pigment isolated from Rhodococcus fascians.

'H NMR gives information about the hydrogen environment and molecular
arrangement, while *C NMR shows the carbon skeleton of the molecule. The presence
of oxygenated proton signals in the 3—4 ppm region is the key NMR feature detecting

xanthophylls from carotenes.
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Figure 3.21 : 'H spectra show expanded regions of the aromatic (a), aliphatic (b-c),
multiple O-alkyl-type (d) proton signals.

The'H NMR spectrum (500 MHz, CDCls) showed signals at 6 3.94-3.89 (m, 4H), 2.37
(s, 3H), 2.29 (s, 2H), 1.67-1.54 (m, 5H), 1.38-1.24 (m, 40H), 0.93 (s, 4H), 0.98-0.82
(m, 15H), and 0.08 (d, J = 3.4 Hz, 1H). Multiple signals in the olefinic region (6 6.0—

7.0 ppm) and multiple methyl resonances between & 0.9-2.2 ppm are seen in the

spectrum, which are indicative of a conjugated carotenoid/xanthophyll structure.

Carotenoids' 1H NMR spectra have been reported to exhibit signals in the range of

1.2-1.6 ppm for alkyl chain CH: protons and 0.8-1.0 ppm for terminal CHs protons
[80]. Figure 3.22- Figure 3.23 shows *C NMR (126 MHz, CDCls) spectra of the

pigment isolated from Rhodococcus fascians.
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Figure 3.22 : 3C NMR spectra of the pigment isolated from Rhodococcus fascians.

Resonances in the range of & 15—40 ppm for aliphatic CHs/CHz carbons, 6 60—75 ppm
for oxygenated C-O carbons, 6 120-140 ppm for olefinic carbons of the conjugated
polyene chain, and 6 167-178 ppm for carbonyl or ester-type C=0O carbons were
observed in the *C NMR spectrum (126 MHz, CDCls).

In xanthophylls such as zeaxanthin/lutein, C-OH carbons (alcoholic carbons) have a
o of 62—75 ppm. *C NMR supports the identification of the pigment as a xanthophyll-
type carotenoid by detecting conjugated C=C carbons, oxygenated C-O carbons, and
isoprenoid methyl carbons. Additionally, no distinct resonances attributable to
aromatic carbons in the 110-120 ppm region were observed. This observation supports
the linear carotenoid character of the pigment. The overall signal distribution and
relative intensities are more consistent with C40 carotenoids. Furthermore, the 120—
140 ppm range does not exhibit a regular pattern of intense signals; instead, the

resonances are more consistent with conjugated C=C carbons.
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Figure 3.23 : 3C NMR spectra shows expanded regions of the aliphatic (a), oxygen
bound (b), olefinic- double bound (c), carbonyl-ester-group carbon signals.

3.2.9 Antibacterial activity test

The antimicrobial activity of the pigments was determined using the disk diffusion
method in triplicate tests. Antimicrobial activity of the extracted pigment was tested
against the human pathogens Escherichia coli (Gram-negative) and Staphylococcus
aureus (Gram-positive). Trials were carried out in three parallel repetitions, all
measurements were made in millimeters, and the results were used as mean = SD (n =
3) in statistical evaluation. summarizes the inhibition zone diameters obtained through

disk diffusion tests.
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Figure 3.24 : Experimental images of the antibacterial activity of pigment extracts
produced by Rhodococcus fascians (G7), Brevibacterium sp. (B), and
Microbacterium sp. (M) against E.coli (Gram-) and S.aureus (Gram+) using the
using the disk diffusion method.

Table 3.8 : Inhibition zone diameters of bacterial pigment extracts against Gram-
positive and Gram-negative test strains (mm, mean = SD, n = 3).

Repl Rep2 Rep3

Microorganisms ~ Target mm) (mm) (mm)

Average SD SE  Average+SD Average+SE

R. fascians (G7) Gram (+) 8 9 6 7667 1528 0.882 71656277;E %%68715
R.fascians (G7) Gram () 10 11 8 9667 1528 0.882 91656277;E %%6871;
Bre"sigf"‘gée)””m Gram(+) 5 4 6 5000 1000 0577  S5=1 5505774
Bre"sigf"‘gée)”“m Gram() 3 3 4 3333 0577 0333 0 g
Micr:pt?a(f\tﬂe)”“m Gram (+) 3 4 7 4667 2082 1202 ‘;%%ﬁ 41'_62%71;
Micr;’p?"?‘,’\;e)”“m Gram(-) 5 4 3 4000 1000 0577  4+1 4+0.5774

The pigment fraction from R. fascians (G7) had the highest antibacterial activity, with
zone diameters of 7.67 + 1.53 mm for the Gram (+) test strain and 9.67 + 1.53 mm for
the Gram (-) strain (n = 3). The pigment extract from Brevibacterium sp. (B) showed
moderate inhibition with 5.00 £ 1.00 mm for Gram (+) bacteria and 3.33 + 0.58 mm
for Gram (-). Microbacterium sp. pigment zone diameters were 4.67 = 2.08 mm in the

Gram (+) strain and 4.00 £+ 1.00 mm in the Gram (-) strain.
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4. CONCLUSION AND RECOMMENDATIONS

This study investigated the pigment biosynthetic potential of Rhodococcus fascians,
Brevibacterium sp. and Microbacterium sp. strains isolated from ice and water samples
from different regions of Antarctica. Antarctic microorganisms have become a notable
biological resource for natural pigment production in recent years due to their unique
adaptation mechanisms developed under extreme conditions. Therefore, optimization
and characterization analyses were used to assess the pigment production potential of
three distinct actinobacterial isolates. A Plackett-Burman Design (PBD) optimization
study was carried out to examine the important media elements and environmental
factors influencing pigment yield. For each of the three bacterial species, the optimal
pH and temperature were determined, the critical media parameters affecting pigment
production were identified, and the total amounts of carotenoid were calculated. (R.
fascians = 485,00 ug/g, Microbacterium sp.=179,89 uglg, Brevibacterium sp. =63,62
ug/g). Second place went to the Microbacterium sp. isolate, which had 179.89 ng/g.
SEM analysis of pigments extracted from Rhodococcus fascians culture revealed
micron-sized clusters with irregular, rough, and waxy surface morphologies in 20 pm
and 50 pm images. This morphology is associated with the carotenoids combining
through hydrophobic interactions during drying and accumulating as amorphous
agglomerates without forming a crystalline structure. Furthermore, the absence of
crystalline structures in the SEM image indicates good purity of the extracted pigment.
The literature reports a wide range of specific pigment production values for strains of
Brevibacterium linens. Guyomarc'h et al. reported a range of 0.20-0.60 mg/g, whereas
Dufossé et al. found that pigment production among various strains ranged from 146
ug/g to 975 ng/g [50], [75].Research has suggested that variations in strain, culture
yield, and medium composition could be the cause of this discrepancy. It is thought
that variations in the amounts of medium components and the omission of casamino
acid composition from this experimental procedure could be cause factors for the
variation in yield when the culture compositions in these two articles were analyzed
for study conditions. The highest pigment yield for Microbacterium sp. found in this

investigation was 179.89 ng/g. Compared to the relatively high pigment yield of 7.5
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mg/g obtained in a study by Ojha et al., glucose, in particular, was reported to
negatively affect carotenoid yield, while sucrose and mannose increased pigment
production [72]. The lower level of 179.89 pg/g obtained by Microbacterium sp.
supports the inhibitory effect of glucose on carotenoid biosynthesis. This result
suggests that the choice of carbon source is a determinant of pigment biosynthesis and
that glucose may reduce yield by triggering metabolic repression mechanisms in some

species.

Additionally, it was found that Rhodococcus fascians had a higher pigment yield
(485.00 pg/g) than other Rhodococcus species reported in the literature. Specifically,
it exhibits 4-8-fold higher pigment production than R. sp. ANT_H53B strain and
approximately 30-fold higher than Rhodococcus sp. strains in Fe-supplemented
medium [76] [77]. In contrast, a 2023 study found that Rhodococcus aetherivorans
produced 6.4 mg/g of carotenoids in a glucose-containing medium and 3.0 mg/g in
agricultural waste sources like straw hydrolysate [78]. This high production capacity

is due to the strain's fully functioning MEP biosynthesis pathway.

The basic chromophore characteristics of the pigments were revealed by the UV-Vis
results. UV-Vis analysis of the three isolates revealed a strong resemblance to the
carotenoid/xanthophyll character of the Rhodococcus fascians pigment, the diaromatic
carotenoid isorenieraten of the Brevibacterium sp. isolate, and the spectral peaks of
neurosporene-derived pigments in Microbacterium sp. FTIR analyses also supported
these findings. Three isolates’ spectra showed aliphatic C-H stretches in the 2920-2850
cm™ ! region, conjugated C=C bands in the 1600-1650 cm ™ region, and carbonyl signals
in the 1700-1730 cm™! range. These bands represent the polyene chain structure of
carotenoids. When the pigment concentrations and biomass ratios of three different
bacterial species were compared, pigment performances of 0.868 gr/L for
Rhodococcus fascians, 0.836 mg/L for Brevibacterium sp., and 0.554 mg/L for
Microbacterium sp. were obtained. Although the total pigment concentrations
measured at pH 7 were comparable in Rhodococcus fascians and Brevibacterium sp.
cultures (0.868 and 0.836 mg/L, respectively), there was a significant difference in
specific yield. While the calculated pigment content in R. fascians was 0.482 mg/qg,
this value remained at 0.058 mg/g in Brevibacterium sp. This demonstrates that in
Brevibacterium sp, the metabolic flux is primarily directed toward primary growth,
with carotenoids synthesized in smaller amounts per cell. In other words, the higher

specific pigment vyield observed in R. fascians despite similar volumetric
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concentrations indicates that carotenoid biosynthesis pathways are more strongly up-
regulated in this species, whereas the carbon flux in Brevibacterium sp. is primarily
directed to primary growth processes. The difference in absorbances can be attributed
to two factors: quantity (total pigment concentration) and quality. Rhodococcus
fascians and Brevibacterium sp. have very similar pigment concentration mg/L values,
so the expected similar absorbance data is a physically reasonable result.
Microbacterium sp. absorbs less because its total pigment content is lower. The second
factor, the various pigment types, can be interpreted as the qualitative cause of this
difference. In other words, pigment mixtures from different species differ in terms of
conjugated system length and aromatic substitution level. This affects both the A _max
values and the molar absorption coefficient (¢) at the chosen wavelength. The number
of conjugated double bonds in different carotenoid pigments, whether the rings are
aromatic, and structures such as hydroxyl, keto, glycosyl, etc., at the end rings can all

explain the differences in UV-Vis absorbances.

The R. fascians extract produced two distinct bands in TLC analysis used to determine
pigment composition (Rf: 0.84 and 0.31). The [-carotene standard used for
comparison had an Rf value of 0.92. The first band's migration near the standard
indicates that the pigment has a carotenoid structure resembling that of B-carotene. The
lower Rf value of the second band indicates the presence of polar components in the
mixture. These findings suggested that rather than being a single molecule,
Rhodococcus fascians pigments might be a combination of carotenoids. Analysis of R.
fascians pigment using 1H and 1°*C NMR provided compelling evidence for the
existence of a carotenoid skeleton. The typical spectral characteristics of carotenoids
are supported by the broad aliphatic region signals (6 0.8-2.2 ppm), olefinic carbon
signals in the range of 120-140 ppm in 1°C NMR, and vinylic proton signals between
5and 7 ppm in 1H NMR. The pigment's polyene structure with long conjugated chains
is confirmed by the prominent observation of different CH./CHs chains. Both Gram-
positive and Gram-negative bacteria were inhibited by the pigments, according to
antibacterial tests. Using the DPPH free radical scavenging test, the study also assessed
Rhodococcus fascians pigment's antioxidant capacity. The pigment's DPPH inhibition
increased from 17.46% to 84.99%, with an ICso value of approximately 0.36 pg/uL
calculated by linear regression, indicating a strong antioxidant effect. The calculated
R? value of 0.8817 supports the validity of the model.
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The ICso value calculated for Rhodococcus fascians pigment in this study (0.36 pg/uL)
appears relatively moderate compared to the very low values reported in the literature
for some bacterial carotenoids. However, this difference is scientifically fully expected
and methodologically consistent considering the purity level, chemical composition,
and experimental conditions of the pigment sample used in this study. First,
antioxidant analyses in this study were conducted using crude pigment extracts. Crude
extracts contain not only the target pigment but also numerous impurities such as
lipophilic membrane components, phospholipids, and protein residues. This dilutes the
true concentration of the carotenoid molecule in solution, thereby reducing its DPPH
radical scavenging capacity, resulting in an increase in the apparent ICso value. In
contrast, the vast majority of the lowest ICso values reported in the literature were
calculated on high-purity, chromatographically separated single carotenoid

compounds.

This study demonstrates that bacteria isolated from various Antarctic regions have
pigment-producing capacity. This potential is exciting for biotechnological
applications. The UV resistance of these promising pigments should be evaluated, and
their use in paint formulations and application to cold surfaces should be investigated

in the future.
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